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Preface

A comprehensive study of Pb geochemistry in continental margin sediments of
India is presented in this thesis. The study comprises of deciphering the regional
distribution of Pb in sediments around India, assessing the natural and anthropogenic
Pb deposition in sediments, patterns of Pb accumulation in geochemically separable
phases, the stability of Pb-hosting phases, response of Pb and its binding phases to
varying bottom water oxygenation conditions, role of chemical properties (ionic
potential etc.) in controlling Pb geochemistry in relation to other trace elements in
aquatic sediments. An effort has been made to reconstruct the anthropogenic Pb
depositional history for the last 100 years. The study is based on about 150 core tops
and two sediment cores from both the continental shelves of India, 10 core tops from
two transects cutting across the oxygen minimum zone in the Arabian Sea, 10 surface
sediments from a coastal lagoonal/estuarine system. Five/four chemically separable
fractions were studied in 64 sediments. Sedimentation rates were determined in two
sediment cores (30 and 22 cm long); one representing each shelf, and the subsurface
sediments (1cm sections) of these two cores were also studied for bulk chemistry,
chemical fractionation and Pb isotopes.

While the geology of drainage areas in Indian sub-continent was found to be the
principal source to the sedimentary Pb content in the shelf areas around India,
anthropogenic influences are also seen in few locations, Fe/Mn oxyhydroxide has been
identified as the major hosting phase for naturally or anthropogenically mobilised Pb in
the sediments along the major parts of the Indian shelves. The high affinity of Pb for
Fe/Mn oxyhydroxide phase in the sediment is due to the site availability for Pb** ion on
Fe-oxyhydroxide phase and the less ability of Pb (compared to other trace metals viz.
Cu,Ni) to form complexes with sedimentary organic carbon (Corg). However, Corg has
been found to act as major host for sedimentary Pb in few sporadic locations of Indian
shelf.

This  thesis also  presents chemically significant  description  of



metal-ligand interactions in different binding phases of sediments. The role of ionic
potential; water exchange rate (k.,) of metals, ligand field stabilisation energy (LFSE)
and Jahn-Teller effect on Pb-ligand interactions in different binding phases of
sediments has been discussed in this thesis.The average stability and lability of Pb-
sediment complexes in the eastern shelf sediments is compared to the western part in
this thesis. Terrestrial nature of sedimentary Cog in the eastern shelf provides stronger
binding sites for Pb compared to the less terrestrial Corg in the western shelf sediments.
Thus, Pb forms more labile sedimentary Pb complexes with Cqrq from marine sources in
the western shelf sediment and thermodynamically more stable Pb-C,y complexes from
the terrestrial sources in the eastern shelf. This thesis also elucidates the impact of
varying dissolved oxygen concentration in overlying bottom water on geochemical
fractionation and lability of Pb complexes in the sediments across the OMZ, in the
eastern Arabian Sea. This study suggests that association of Pb with Fe/Mn
oxyhydroxide phase gradually decreases with decreasing DO concentration of the
overlying bottom water (due to dissolution of Fe (I11)/Mn oxyhydroxide phase). Pb
prefers to associate with sedimentary organic matter under the low oxygen
environment. The lability of Pb-sediment complexes gradually increases with
decreasing dissolved oxygen concentrations of bottom water. This finding has an
implication as the expansion of reduced oxygen levels in oceans (human-induced
changes) may have dramatic consequences on the mobility and bioavailability of Pb in
the coastal areas around India. Increasing flux of anthropogenic Pb during the last
century has also been recorded in both the shelf areas of India. Two distinct isotopic
signatures of stable Pb are seen in the sediments from either side of Indian continental
shelf (eastern and western) indicates the influence of two different anthropogenic
sources. The heavy industrial activities (mining, smelter and waste incineration) in
India are identified as the major source of anthropogenic Pb in the western shelf
sediments. The isotopic signature indicates that the Pb emission from Chinese coal

burning can be a possible source of anthropogenic Pb in the eastern shelf sediment.
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Introduction

Understanding the processes that control the distribution of lead (Pb) in marine
environment is of great importance because of its toxic nature. Continental margins are
the major depocenters of material transported from land and are key transition zones
acting as interface between land and deep-sea. Therefore, geochemistry of Pb in
continental margin sediments is controlled by the nature of the source rock,
biogeochemical processes operating during the deposition, and anthropogenic activity
on land. It has been reported that the anthropogenic flux of lead (Pb) in the surface
environment (4309 = 72 Gg/yr) is almost an order of magnitude higher than its
corresponding natural flux (Sen and Peucker-Ehrenbrink, 2012).

Traditionally, Pb mining, industrial activities (which involve Pb) and coal
combustion (another source of Pb) have been the major sources of anthropogenic
contribution. Lee et al. (2014) have estimated that the emission of Pb from coal
combustion has increased by 15 times in India from year 1970 to 2010. Increased
leaded petrol usage since nineteen seventies in India made it another major source of
anthropogenic Pb until it was phased out in the year 2000 (UNEP, 2007). Therefore, it
is expected that different natural reservoirs are prone to enhanced Pb accumulation.
However, the recently carried out review of sedimentary Pb (Chakraborty et al., 2015
and the references therein) has shown that the coastal sediments of India are relatively
pristine with respect to total Pb content. The variation in sedimentary Pb concentration
along the coast is found to be influenced by diverse geology of the Indian continent.
Traditionally, the total Pb content is used for evaluating the relative role of natural and
anthropogenic processes on its deposition. However, the total concentration of Pb
cannot completely provide the information about the natural processes which control its
distribution, speciation, pathways of deposition and fate in sediment. The knowledge of
the association of Pb with different chemical phases in sediments will help to

understand the natural geochemical processes.



Lead is quickly scavenged by negatively charged solid surfaces like clays,
carbonates, oxides and hydroxides of Fe, Mn as well as by organic carbon (Corg) in the
water column before becoming an integral part of sediment. Sedimentary Pb has been
reported to have the highest binding strength for adsorption onto hydrous oxides
compared to other trace metals (Benjamin and Lecke, 1981; Schindler, 1981: Leckie et
al., 1981). In many studies, oxides and hydroxides of Fe/Mn have been reported to be a
major scavenger of Pb in marine environment (e.g., O'Reilly & Hochella, 2003; Nelson
et al., 2002). However, the stability of these complexes may vary with varying oxygen
concentration in marine environment. The efficiency of sedimentary organic carbon
(Corg) in scavenging Pb is debatable. Both poor and significant association of Pb with
Corg has been reported in literature (Chakraborty et al.2012; Krupadam et al.2007;
Abaychi and Douabul, 1986). It is not clearly known whether the quality and quantity
of Corg Will play any role in determining Pb association with Cey. Carbonate can be an
important absorbent for Pb when Cyrq and Fe/Mn oxyhydroxides are less abundant in a
given deposition environment (Lopez-Sanchezet al., 1996; Izquierdoet al., 1997).

It is a challenge to understand the geochemical processes that control Pb
distribution, speciation and fate of Pb in the marine sediments around India owing to
the diverse geology, climatic variability, varying physical processes of littoral,
alongshore and overall circulation patterns, and anthropogenic activities.

To assess the gaps in our understanding and to define the scope of the work embarked
in this study, the literature on geochemical distribution of lead (Pb) in coastal and
estuarine sediments around India is reviewed by compiling the published data from the

literature.

1.1. Background study of Pb geochemistry in the coastal sediments

around India

The aim of this review is to provide the current understanding about the factors that
control Pb distribution in coastal sediments around India. Since the source rocks are
one of the major controls on Pb content in marine sediment, the diverse geology of the

adjacent mass and the lithology around the coastal India are described below.
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GEOLOGICAL MAP OF INDIA
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Figure 1.1 Geological map of India (source: Kessarkar et al., 2003 and Kessarkar et al., 2005).
The reviewed/compiled Pb geochemical data has been divided area-wise and the solid lines
represent different regions.
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1.1.1 Geological setting of India:

India’s geological map is shown in Figure 1.1. The diverse geological setting of India
has been described in three physiographic units viz. (i) the peninsula, (ii) the Indo-
Gangetic alluvial plain and (iii) the extra peninsular of India.(i) The Indian peninsula is
primarily composed of Deccan Traps of Cretaceous to Eocene period and metamorphic
rocks of Archean and Pre-cambrian age. The north western part (one third ) of Indian
peninsula is covered by Deccan trap basalt, it is believed that the Deccan Traps were
formed as a result of sub-aerial volcanic activity associated with the continental
deviation in this part of the Earth during the Mesozoic Era. The rocks are in general
fine grained, non-porphyritic doleritic or basaltic (tholeitic type) in composition. A
major part of Maharashtra, a part of coastal Gujarat, Karnataka, Madhya Pradesh and
Andhra Pradesh (partially) are made up by this type of rocks. The rest of the peninsular
shield (Bihar, a marginal part of West Bengal, Orissa ,Tamilnadu, Karnataka, Kerala
and Goa also fall under the same physiographic unit) is mainly composed of
Precambrian rocks, principally the Dharwars, Peninsular granitic gneiss, charnockites
and the Closepet Granite (Krishnan, 1968). The Dharwar metamorphic rocks comprise
of phyllites, slates, schists with chlorite, biotite, garnet, staurolite, kyanite, silllimanite
and hornblende (Srinivasan and Sreenivas, 1977; Krishnan, 1968; Naqvi et al., 1978;
Naqgvi et al., 1974); (ii) The Indo-Gangetic alluvial plains is the second major
physiographic unit of India which belongs to the Quaternary era. The alluvial deposits
were formed by the erosion of the Himalayan rocks by rivers and monsoon. Parts of
Rajasthan, Punjab, Haryana, Uttar Pradesh, Bihar, Assam and West Bengal come under
this second physiographic part; (iii) the third physiographic unit of India is the extra
peninsula -the Himalayas and their eastern extensions including Andaman and Nicobar
Islands. Most of the northern and north eastern states of India such as Jammu and
Kashmir, Himachal Pradesh, Uttarakhand, Sikkim, Arunachal Pradesh, Manipur and
Mizoram belong to this extra peninsula region.These part of India are primarily
comprised of igneous plutonic rocks and sedimentary rocks. Specific igneous plutonic
rock types in these zones include granite, diorite, gabbro, tonalite, and pegmatite. Types
of sedimentary rocks found in this region include marl, dolomite, greywacke, siltstone,

shale and limestone (Yin and Harrison, 2000).
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As the river dominated environment prevails, the sediment contributed by rivers
becomes the most predominant in the Bay of Bengal and Arabian Sea. Thus, diverse

geological setting of India controls the concentrations of geogenic Pb around India.

1.1.2 Contributing source rocks to coastal sediment around India:

The composition and relative abundance of clay minerals in coastal sediments
are controlled by their source rocks and weathering conditions.

The potential sources of Indian coastal and marginal sediments were described in
the past using different proxies (Goldberg and Griffin, 1970; Nair et al., 1982; Rao and
Rao, 1995; Kessarkar et al., 2003; Kurian et.al 2013). Mineralogical, studies on the
coastal sediments (collected from the east coast of India) have indicated a geographical
zoning related to the adjacent crustal rocks, soils and to the weathering processes
occurring there.

The sediments deposited by the Himalayan rivers (Ganges, Brahmaputra,
Gandak and Yamuna) are characterized by large amounts of illite, equal quantities of
kaolinite and chlorite, and little or no mixed-layer clays and montmorillonite (Subba
Rao, 1963; Goldberg and Griffin, 1970; Rao et al., 1988; Rao, 1991).The presence of
these minerals in the sediments collected from the north-eastern coastal region (coastal
areas of West Bengal and a part of Orissa) indicates that are mainly derived from the
weathering of Himalayan rocks. The concentration of Pb in the contributing rocks
granite, shale, greywacke, limestone, basalt and gabbros in the Himalayan region range
between 3.5 and 32 mg.kg” (Wedehpohl, 1978). Not considering the volume, the
average works out to ~ 15.0 mg.kg™. Sediments from the central and southern part of
the eastern continental margin are mainly derived from Mahanadi, Godavari, Krishna
and Cauvery. These coastal sediments are characterized by the absence of chlorite,
presence of high concentrations of montmorillonite (or smectite), trace quantities of
mixed-layer clays, and small quantities of illite (Subramanian, 1980). The Deccan Trap
basalts have been reported to be one of the major sources of detrital solids for the shelf
sediments in this region and mean concentration of Pb in these rocks are ~3.5 mg.kg™
(Table 1.1).

Mineralogy of sediments from the west coast of India suggest a geographical zoning
related to the adjacent rocks and soils (Gourbunova, 1966).
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Three distinct clay mineral assemblages have been reported in literature. (i) illite-

chlorite-rich sediment - supplied by Indus River which traverses Himalayan rock.

Table 1.1 Concentration of Pb in different lithologies (Taken from Wedepohl, 1978)

Lithology Concentration of
Pb (mg.kg™)

Continental crust 15
Oceanic crust 0.9
Basalts,gabbros 35
Granites 32
Limestones 5.0
Granulites 9.8
Greywackes 14
Gneisses, mica schists 16
Shale 22
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derived by Indus River, (ii) smectite-rich sediment from Deccan Traps derived by
Narmada Tapti and (iii) kaolinite-smectite-rich sediment from the Gneissic province
(Mattait et al. 1973; Nair et al. 1982a; Rao and Rao, 1995)

The illite and chlorite-rich assemblage derived from the Indus River (Indus Province) is
predominant in continental margin sediments to the north of the Gulf of Kachchh. The
average concentration of Pb in the source rocks of this region is ~ 15 mg.kg™
(Himalayan rock).

An assemblage of smectite with minor kaolinite, illite and chlorite, mostly derived
from the Deccan Trap basalts (Deccan Trap Province), occurs all along the inner shelf
from Saurashtra to Goa (Northern to central part of the west coast of India). Illiite,
however, dominates smectite in the outer shelf of Saurashtra (coastal areas of Gujarat)
and on the continental slope from Saurashtra to Goa. The concentration of Pb in the
source rock of this region ranges between 3.5 and 15 mg.kg™.

A smectite and kaolinite-rich assemblage with minor illite, chlorite and gibbsite
derived from the Gneissic Province occurs both on the shelf and slope between Goa and
Cochin (central to southern part of west coast of India). Geochemical study by Kurian
et al. (2013) along the western continental shelf of India has shown distinct north-south
provinciality with the source signatures, pointing at the Deccan basalt for sediments in
the north (from coastal Gujarat to Goa) and gneisses and granulites in south (from Goa
to southernmost part of Kerala). The average concentration of Pb in the source rocks of
the southern part of west coast region has been found to vary between 9.8 and16 mg.kg’
1

In addition to natural sources, anthropogenic activities can contribute substantially
to the Pb found in the coastal sediments. The geochemical forms, bioavailability of Pb
and fate of Pb-complexes in coastal sediments can be a function of site specific
sediment chemistry. However, understanding the geological setting of India and
contributing source rock to the coastal sediment are discussed to understand the impact
of geological setting on Pb distribution in coastal sediments around India.

The baseline data distributions/speciation and geochemistry of Pb in different
natural reservoirs in India is limited. In this review, we attempted to understand the
distribution of Pb and interpreted the factors that can control Pb distribution in coastal
sediments around India. Enrichment Factor (EF), was used (calculated on the basis of
the available data in literature) to understand the extent of Pb accumulation and

pollution in coastal sediments around India.
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1.1.3 Enrichment Factor (EF) of Pb

Enrichment factor has been widely used to distinguish the contribution from
anthropogenic and natural sources of heavy metals (Adamo et al., 2005; Darvish et al.,
2012) in sediment. This index is calculated using a normalizing element (such as Fe or
Al) which moderates the variation produced by natural heterogeneous sedimentation
(Landsberger et al., 1982; Loring, 1991) and allows detection of anthropogenic metal

contribution (if any) and its quantification.
The EF is calculated by using the following equation:

_ Gy X' Np

EF =
C, X N,

where, C, and Cy, are the examined metal content in sediment and background reference
sample, respectively; N,and Npare the normalizing element content in the sediment

and the background reference sample, respectively.

Fe and Al (depending upon the availability of data) were used as normalizing elements
to calculate EF of Pb in the coastal sediments. Remobilization and precipitation can
lead to changes in the Pb/Fe ratio in anoxic sediments (Schiff and Weissberg, 1999),
which is unlikely in the coastal and estuarine sediment. The average concentrations of
Pb (20 mg.kg™); Al (81 gm.kg™) and Fe (47 gm.kg™) in shale (Turekian and Wedepohl,

1961) were used as the background values.

Based on the Enrichment Factor (EF), Pb contamination can beclassified as follows : 1)
EF <1: noenrichment; 2) 1 < EF £3: minor enrichment; 3) 3 < EF<5: moderate
enrichment; 4) 5 < EF <10: moderatelysevere enrichment; 5) 10 < EF <25: severe
enrichment; 6) 25 < EF <50: very severe enrichment; 7) EF > 50:extremely severe

enrichment (Belgica et al., 2010).

In order to understand and identify the factors that control Pb distribution in
coastal sediment around India, the data set were further analyzed by correlation matrix

and regression analysis.
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1.1.4 Pb geochemistry in the coastal areas of India:

In this review, the east and west coasts of India were further divided into the
following six coastal regions to provide a better understanding of regional variation of

Pb-geochemistry around India (Figure 1.1).
East coast of India: East coast of India is divided into three parts:

= North-east coast-This part includes the coastal parts of West Bengal and
Odisha states. There are two major estuaries in this region (namely the

Ganges and Mahanadi estuaries )

= Central-east coast-This part includes the coastal region of Andhra
Pradesh. There are two major estuaries in this region (namely Godavari

and Krishna estuaries)

= South-east coast- This part includes the coastal region of Tamil Nadu.

There is one major estuary in this region (namely Cauvery estuary).
West coast of India: West coast of India is divided into three parts:

= North-west coast- This part includes the coastal region of Gujarat.
There are two major estuaries in this region (namely Narmada and Tapti

estuaries).

= Central-west coast-This part includes the coastal region of Maharashtra
Goa and northern part of Karnataka. There are three major estuaries in

this region (namely Ulhas, Mandovi and Zuari estuaries).

= South-west coast-This part includes the coastal region of Kerala and

there is one major estuary in this region (namely Cochin estuary).

The median value of Pb content was estimated from the compiled literature values for
each region is presented in Table 1.2. The lithology of drainage area of each of these

regions is also presented in the same table.
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North-east coast

Coastal part of West Bengal and Odisha belongs to this region. A good amount of
data (on Pb concentrations in sediments) is available in literature on the
Ganges/Hooghly and Mahanadi estuarine regions (estuaries) (Subramanian, 1993;
Subramanian et al., 1988; Sarkar et al., 2004; Chatterjee et al., 2007; Banerjee et al.,
2012; Mukherjee and Kumar, 2012;Saha et al., 2001;Ramesh et al., 1999; Sundaray et

al., 2012;Raj et al., 2013). However, data from the coastal areas are scarce.

Table 1.2 The average concentration of sedimentary Pb and contributing source rock of
the different coastal parts of India

Coastal areas of India Source rocks in the region Median value of
Pb (mg.kg™) in
the sediment

North east coast Igneous plutonic (granite, diorite, gabbro, 24.3
tonalite, monazite and pegmatite) , sedimentary
rocks (marl, dolomite, greywacke, siltstone, (n=105)
shale and limestone), (Yin and Harrison; 2000)
khondalites, charnockites,leptynites
granites, gneisses.
(Chakrapani and Subramanian; 1993)

Central east coast Basalt,Granite and sedimentary rock. 12.7
(Krishnan, 1966) (n=62)

South east coast Charnockites and intermediate granites. 16.0

(Chattopadhyay and Sarkar, 1999)

(n=335)

North west coast Basalt (majorly) and Himalayan rocks (Igneuos 58.3

plutonic and sedimentary rock)

(n=186)

Central west woast ~ Granites, gneisses, schists and charnockite. (Krishnan, 10.6

1968; Rao and Rao, 1995)

(n=41)

South west Coast Charnockites, khondalities, granite gneisses and 33.3

hornblende gneisses. (Nath et al., 2000)

(n=161)
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The concentration of Pb in the surface sediments from this area varied from 6.8-214.4
mg. kg™ with a median value of 24.3 mg.kg™ (Table 1.2). Much high concentration of
Pb has been reported (Sundaray et al., 2012) in Mahanadi estuarine region (ranging
from ~105-214 mg.kg™) compared to the Ganges/Hoogly estuary. The primary sources
of sediments deposited in the Hoogly estuary and nearby coastal areas are principally
due to the erosion of the Himalayan rocks which are drained by Ganges—Brahmaputra
river system.However, the erosion of Precambrian rocks of Indian peninsula is the
primary source of sediments deposited in the Mahanadi estuary and its nearby coastal
areas. Sediments of this region are composed of the minerals eroded from the major
rock types such as khondalites, charnockites, leptynites, granites, gneisses. The
drainage basin chiefly erodes rocks of acidic composition and probably contributes high
Pb content to the sediments of North eastern coastal region. The average concentration
of Pb in the source rocks of this area ranges between 5 and 32 mg.kg™.  The higher
sedimentary Pb content in the Mahanadi estuary compared to the Ganges/Hooghly
estuary may be due to the presence of the richest mineral belt of the subcontinent
(consisting of Fe ore, coal, lime-stone, dolomite, bauxite, Pb and Cu deposits) which
fall within the Mahanadi basin (Chakrapani and Subramanian, 1993). It has been
documented that there are 15 large industries in the Mahanadi basin (Jena, 2008) and
industrial effluent from these industries get released into the Mahanadi River (Jena,
2008). Several medium and small industries on the Mahanadi basin discharge 1, 00,000
m® of waste water every day; 12 coal mines discharge 14,000 m*® mine water daily
during non-monsoon months. These anthropogenic activities can be a reason for the
high Pb content in the Mahanadi estuarine sediments

The Pearson correlation and statistical regression analysis (based on the available
literature data from this region) show a significant positive correlation between Pb and
Fe/Mn in the sediment (Table 1.3), but with a weak correlation between Pb and organic
carbon (Coy) (Table 1.3). This is in very good agreement with the findings of
Subramanian et al, (1988) and Banerjee et al., (2012) that Corq does not control metal
distribution in the sediments of this region. The poor correlation can be due to low Cgq
content in the sediment. It has been reported that high microbial activity in this region
is mainly responsible for low Cqq content in the sediment (Canuel and Martens, 1993;
Chatterjee et al., 2007). It is well known that oxides and hydroxides of Fe, Mn are the
good scavengers of Pb, significant positive correlation and the good regression among

them suggest that Fe/Mn oxy-hydroxide might be the major controlling factor for Pb
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distribution in the sediments of this region (Figure 1.2(a,b)). The poor regression
between Pb with Al (Table 1.3) indicates that the anthropogenic sources dominate over
geogenic sources for Pb in the sediments of this region, which has a support from
moderately high EF values of Pb (Figure 1.3).

Central-east coast:

Geochemical information of Pb in coastal sediments from this region is limited.
The Pb concentrations in estuarine and coastal sediments of this area range between
10-14 mg.kg™ except few elevated concentrations of Pb reported in in the estuarine
sediments with a median concentration of 12.7 mg.kg™*(Table 1.2) (Satyanarayana et
al., 1994; Krupadam et al., 2007, 2003; Ray et al., 2006; Chakraborty et al., 2012a,b,c;
Ramesh et al., 1999). High concentration of Pb was found in the coastal sediments
adjacent to harbor region (Satyanarayana et al., 1994). The natural sources of Pb in the
coastal and estuarine sediment of this region can be from the adjacent land
mass/drainage area of Godavari and Krishna rivers with major geological formations
such as the Tertiary Deccan Traps, Archean granites, Precambrian and Gondwana
sedimentary rocks and recent alluvials (Krishnan, 1968). However, the mineralogical
studies indicate that majority of the sediments are eroded from basaltic rocks
(Subramanian, 1980) (depleted in Pb). The geochemical fractionation studies of Pb also
indicate the same (Krupadam et al., 2007; Chakraborty et al., 2012a, b, ¢). The
geogenic contribution of Pb in the total Pb of sediment in this region was found to be
relatively small.High concentrations of Pb in the sediments from this region has been
reported (Satyanarayana et al., 1994; Chakraborty et al.,2012b) in the literature and
indicate that anthropogenic input of Pb in the sediments were higher than geogenic
sources. The EF of Pb also indicates an anthropogenic input to the coastal sediments
(Figure 1.3). It was not possible to determine the predominant geochemical carrier of
Pb in these sediments due to the lack of data. However, Cyq has been reported to play a
key role in controlling Pb distribution and speciation in estuarine sediments from this
region (Krupadam et al., 2007; Chakraborty et al., 2012 a, b, and c).

South-east coast:

The Pb concentrationsof this region vary widely between 0.1 and 130 mg.kg™

(Raju et al., 2011;Veerasingam et al., 2012; Ravichandran and Manickam, 2012; Raj
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and Jayaprakash, 2007; Achyuthan et al., 2002; Selvaraj, 1999; Satpathy et al., 2010;
Dhanakumar et al., 2013; Ramesh et al., 1999; Kumar and Edward, 2009; Magesh et
al., 2013, 2011; Venkatramanan et al., 2014; Subramanian and Mohanachandran, 1990;
Anithamary et al., 2012; Jonathan et al., 2004; Sundararajan and Srinivasalu, 2010;
Palanichamy and Rajendran, 2000) with the median Pb concentration working out to
be 16 mg.kg™ for this region (Table 1.2). Charnockites, acidic to intermediate
composition associated with granites (Chattopadhyay and Sarkar, 1999) are the major
natural sources of Pb in the coastal and estuarine sediments of this region. Achyuthan
et al. (2002) reported that coastal sediments of Tamil Nadu are depleted in Pb. The
concentration of Pb in some of the places of south-east coast of India are found to be
much lower than the average values found in Earth‘s crust (13 mg.kg™) or shale (20
mg.kg™) (Turekian and Wedepohl 1961). On the other hand, in few places, some of the
estuarine as well as the coastal sediments have been reported to be moderately enriched
with Pb. The EF values are found to vary from 0.18 to 8.43. However the calculated EF
for the compiled data (Figure 1.3) in most of the areas in this region shows minor
enrichment of Pb (EF value is 1 to 3). The Pearson correlation and regression analysis
on the available literature data indicate a strong positive correlation between Pb and
Al(Figure 1.4, Table 1.4) and suggest that most of the Pb in this region are probably

from the crustal sources.
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Figure 1.2 Variation of total Pb concentrations with varying concentrations of (a) Fe and (b)

Mn in the sediment from of the north-east coast
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Table 1.3 Correlation coefficient matrix of Pb, Fe, Mn, Al, Cy, Sand, Silt and Clay in the
coastal and estuarine sediments from the North-east Coast of India.

Pb Fe Mn Al Corg Sand Silt Clay
Pb 1
Fe 0.82 1.00
Mn 0.78 0.86 1.00
Al 0.23 -0.46 -0.29 1.00
Corg 0.24 0.83 0.45 -0.05 1.00
Sand -0.01 -0.61 -0.52 0.20 0.41 1.00
Silt 0.01 0.65 0.65 -0.29 -0.28 -0.86 1.00
Clay 0.05 0.02 -0.16 0.25 -0.42 -0.54 0.06 1

Correlation is significant at the 0.01 level (2-tailed).

Table 1.4 Correlation coefficient matrix of Pb, Fe, Mn, Al, CaCO sand C, in coastal and
estuarine sediments from the South-east Coast of India

Pb Fe Mn Al Corg CaCO; Sand Silt Clay
Pb 1
Fe -0.83 1.00
Mn 082 -054 1.00
Al 0.73 -041 0.81 1.00
Corg 024 -0.49 0.07 0.70 1.00

CaCoO, -0.66 051 -075 -0.78 -0.45 1.00
Sand -0.79 048 -066 -081 -051 0.65 1.00
Silt 0.66 -0.36 0.58 0.72 0.40 -056 -0.94 1.00

Clay 082 -0.61 0.68 0.81 0.63 -0.67 -0.85 0.64 1.00
Correlation is significant at the 0.01 level (2-tailed)
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Figure 1.4 Variation of total Pb concentration with (a) Al, and (b) Mn concentrations in
sediments from the south-east coast.
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North-west coast:

The available literature data for this region covering the coastal parts of Gujarat
and northern Maharashtra indicate that the Pb concentrations in the region varies from
8.9 to 220 mg.kg™ (Rokade, 2009; Reddy et al., 2004; Tewari et al., 2001;Sahu and
Bhosale, 1991; Fernandes et al., 2012, 2011; Fernandes and Nayak, 2014; Patel et al.,
1985; Dilli, 1986; Zingde et al.,1988).The median concentration of Pb in this region
(58.3 mg.kg™; Table 1.2) is found to be higher compared to the rest of the coastal areas
of India. The concentrations of Pb in the estuarine sediments in general are higher than
in the coastal sediments.

The natural sources of Pb in the coastal sediment from this region can be from
the Himalayan rocks eroded by Indus River and the Deccan basalts drained by Narmada
and Tapti Rivers. The main source rocks for the study areas off Maharashtra would be
basalts from the Deccan Trap terrane. The average Pb content in basaltic rocks is 3.5
mg.kg™ (Karl, 1991). Thus, the geogenic contribution of Pb is very less to the coastal
sediment.The high value of EF in sediment indicates that heavy industrialization of
Gujarat and Maharashtra was probably responsible for this enriched concentration of Pb
in the coastal sediment of this region (Figure 1.5). Pearson correlation and regression
analysis shows significant positive correlations between Pb, and Fe/Mn (Figure 1.6,
Table 1.5). Concentrations of Cyyq in coastal sediments from this region has been
reported to be relatively low compared to the rest of the west coast of India (Paropkari
etal.,, 1993, 1992).
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Figure 1.6 Variation of total Pb concentration with Mn concentration in the sediments from
the north-west coast.

Table 1.5 Correlation coefficient matrix of Pb, Fe, Mn, and C, in coastal and estuarine
sediments from the North-west Coast of India

Pb Fe Mn Corg
Pb 1
Fe 0.43 1.00
Mn 0.50 0.62 1.00
Corg -0.32 0.29 -0.14 1.00

* Correlation is significant at the 0.05 level (2-tailed).
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Central-west Coast:

Coastal parts of southern Maharashtra, Goa and Mangalore belong to this region.
The Pb content in the region varies between 4.5 and 46.5 mg.kg™ (Alagarsamy, 2006;
Karbassi and Shankar, 2005; Rokade, 2009; Pandarinath and Narayana, 1992;
Krishnakumar et al., 1998) and the computed median concentration of Pb for this
region works out to 10.60 mg.kg® (Table 1.2). The source rocks in this area are the
Precambrian granites, gneisses, schists and charnockites (Krishnan,1969; Rao and Rao,
1995). Pb concentrations in estuarine sediments were higher than those held in marine
sediments of the region. Pb shows better association with Al and Mn when compared to
Corg and Fe. The strong positive relation with Al indicates the abundance of Pb in
sediment is principally from crustal sources (Figure 1.7, Table 1.6). The low average
values of EF support the fact that there is no (or little) anthropogenic input of Pb in this

region (Figure 1.5).
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Figure 1.7 Variation of total Pb concentration with (a) Al, and (b) Mn concentrations in

sediments from the central-west coast.
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Table 1.6 Correlation coefficient matrix of Pb, Fe, Mn, Al and Coq in coastal and estuarine
sediments from the Central-west Coast of India

Pb Fe Mn Al Corg
Pb 1.00
Fe 0.35 1.00
Mn 0.63 0.78 1.00
Al 0.72" 0.82 0.89 1.00
Corg 0.38 0.70 0.52 0.82 1.00

* Correlation is significant at the 0.02 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

South-west coast:

The Pb content in the region covering the coastal parts of Kerala vary between 0.2
and176.8 mg.kg™® (Balachandran et al., 2006; Sengupta et al., 2012; Kumar and
Edward, 2009; Sudhanandh et al., 2011; Martin et al., 2012;Nair and Ramachandran,
2002; Dipu and Kumar, 2013; Selvam et al., 2012), with the median concentration for
this region being 33.3mg.kg™ (Table 1.8). The highest value of Pb concentrations has
been found in Manakudy estuary (Kumar and Edward, 2009) and the lowest
concentration of Pb in sediment (Nair and Sujatha, 2012) is reported from the coastal
part of this region .The source rocks of this region are composed mainly of
charnockites, khondalities, granite gneisses and hornblende gneisses which are felsic (
enriched in Pb) in nature ( Nath et al., 2000) and probably contribute more natural Pb
to the estuarine or marine sediment. However, very high enrichment of Pb (EF~9) in
few sampling stations of estuarine sediment has been attributed to the point sources
(anthropogenic influence). Sediments belong to this area is mostly rich in organic
carbon (Balachandran et al., 2006; Kumar and Edward, 2009; Sudhanandh et al., 2011;
; Martin et al., 2012; Nair and Ramachandran, 2002) and the suboxic environment of
the overlying water column specially in the continental shelf preserves the carbon
content in the sediment (Martin et Balachandran et al., 2006 and reference there in).
Therefore, in this region Pb shows strong affinity towards Corq Within the sediments
[Figure 1.8(a), Table 1.7]. However, Pb shows similar affinity for Fe/Mn oxy hydroxide
phases [Figure 1.8(b), and Table.1.7]. It has been reported that Fe/Mn oxy-hydroxide

phase is relatively low in marine sediment (sub-oxic condition) in this region compared
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to the estuarine sediment (oxic condition). Therefore, association of Pb was found to be

higher with organic carbon in coastal sediment from this region.

33
35
20 4
a0 4
- = 251
_'&n 25 4 _‘;ﬂ
Eb 20 E 20
2 2
15 131
10 4 10
5 5
i z 4 [ & 10 Z 4 E 2 10
Corg (%) Fe (%)
Figure 1.8 Variation of total Pb concentrations with the varying (a) C,q content and (b) Fe
concentrations in the sediments of South-west coast.
Table 1.7 Correlation coefficient matrix of Pb, Fe, Mn, Al, C,, CaCO 3 Sand, Silt and Clay in
coastal and estuarine sediments from the South-west Coast of India
Pb Fe Mn Al Corg CaCO; Sand Silt Clay
Pb 1
Fe 0.78 1.00
Mn 0.01 0.32 1.00
Al 0.72 0.61 0.04 1.00
Corg 0.88 0.82 0.01 0.68 1.00
CaCO; 0.12 -0.02 -0.22 0.07 0.11 1.00
Sand -0.95 -0.76 0.04 -0.68 -0.91 -0.18 1.00
Silt 0.88 0.67 -0.02 0.60 0.80 0.27 -0.93 1.00
Clay 0.81 0.72 -0.07 0.59 0.84 -0.04 -0.83 0.60

Correlation is significant at the 0.01 level (2-tailed)
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1.1.5 Quality of coastal sediments of India in terms of Pb :

To assess the quality of coastal and estuarine sediments of India in terms of Pb
pollution, the concentrations of Pb in sediments from six different coastal regions of
India (discussed above) is compared with the coastal and estuarine sediment from the
different parts of the world. The effect range low (ERL)/effect range median (ERM)
values proposed by Long et al. (1995) are also used to assess the quality of the coastal
sediments around India (Table 1.8). It is found that the concentrations of Pb in most of
the coastal and estuarine sediments around India are lower than the ERL values (Table
1.8) Furthermore the enrichment factor (EF) values also show that there was “no to
minor enrichment” of Pb in the coastal areas around India. This study suggests that the

coastal and estuarine sediments around India are not contaminated by Pb.
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Table 1.8 Comparison of the concentration of Pb in the coastal sediments of India with the

other parts of world. ERL, ERM values of Pb are also given

Concentration of Pb (mg.kg™)
in sediment

References

Pearl river estuary and
surrounding coastal area, China

Tees estuary, England
South west coast of Spain
Suez Gulf, Egypt
Mangrove sediments along the

coastline of French Guiana.

Swartkops River Estuary, Port
Elizabeth South Africa.

Mangrove and Lagoonal
Sediments from south east
Gulf of California,Mexico

Continental Shelf of the
North-western Black Sea,

Romania
North east coast of India

central east coast of India

South east coast of India

North west coast of India

central west coast of India

South west coast of India

Effect range low value (ERL)

Effect range median (ERM)

21.7-47.9

37-680

20-197

70.4-93.7

6.6-14.8

9.6-90.7

14-100

0.5-50.3

6.8-214.4
Av=35.8
Med=24.3

5.7-95
Av=26
Med=12.7

1.01-74.2
Av=22.7
Med=16
8.83-130
Av=57.5
Med=58.3
2-46.5
Av=14.9
Med=10.6
0.10-163.3
Av=45.0
Med=33.3
46.7

218

Ip et.al (2007)

Jones & Turki (11997)
Morillo, Usero, & Gracia
(2004)
el-Nemr et.al (2006)
Marchand et al ( 2006)
Binning and Baird (2001)

Soto-Jiménez and Paez-Osuna
(2001)

Secrieru and Secrieru (2002)

This study

This study

This study

This study

This study

This study

US NOAA's sediment
quality guidelines

US NOAA's sediment
quality guidelines

Av=average,Med=median
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1.2 The knowledge gap and the objectives of this study

The literature review provided an understanding on Pb distribution and predicted
the probable controlling factors in coastal sediments around India. The emphasis of
published Pb data of sediments around India is mainly centered on pollution.However;
knowledge on the processes controlling Pb geochemistry is limited. The compiled data
were not systematic in terms of time and area of sampling. Most of the sedimentary Pb
data were from estuarine system whereas Pb data from marine environment were less.
Pb has been usually studied along with a set of other elements and thus lacked a
rigorous study to understand its geochemistry. As Pb is particle reactive, it can
participate in biogeochemical reactions and can switch between the labile phases within
the sediments depending upon the physicochemical factors prevailing in the
depositional environment. Some Pb can be mobilized near the sediment surface during
the aerobic degradation of organic matter and also may be associated with the redox-
controlled cycles of Fe diagenesis (Gobeiel and Silverberg, 1989). Little is known on
the behaviour of Pb in response to varying bottom water oxygenation conditions.
Varying oxygenation conditions can lead to changes in organic matter preservation
patterns which in turn may control the organic matter bound metals (one such metal
could be Pb).The literature reveals that very little is known about Pb speciation in
geochemically separable phases in sediments around India. Also there is complete lack
of information on Pb isotopes in this area.  In view of large gaps in our understanding
of Pb geochemistry, and its importance in fields of Environmental and Marine
Geochemistry, a comprehensive study of Pb geochemistry of continental margin
sediments of India has been undertaken in this work. While a regional sedimentary Pb
distribution map is a major output, new approaches have been used to understand the
binding of Pb to various geochemical phases, and Kinetic speciation studies were
undertaken to assess the stability of Pb-binding geochemical complexes. In addition,
the fractionation study of Pb in response to varying bottom water oxygenation
conditions in the perennial oxygen minimum zone of the Arabian Sea has been carried
out. For the first time for Indian shelves, a Pb isotopic study has been presented. The
Pb geochemical study has been undertaken on ~150 core tops, few cores and
chemically separable fractions from both the continental margins of India with the

following objectives:
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(i) to assess the regional distribution pattern of Pb in continental shelf sediments
around India and to understand the contribution of natural and anthropogenic

processes in accumulating Pb to marine sediments

(i) to understand the distribution of Pb in different geochemical phases and to

identify the factors that control Pb speciation in continental shelf sediments

(ili)  to identify the sources and quantification of natural and anthropogenic Pb

content using radiogenic Pb isotopic ratio as a tracer

(iv)  toreconstruct the Pb accumulation history of few locations using fractionation

studies and radiogenic isotopes
1.3 Outline of the thesis

The entire work has been presented in seven chapters and a brief outline of each of
these chapters is presented below.

Chapter 1 presents an overall introduction for the whole thesis and a review on
geochemical distribution of lead (Pb) in coastal and estuarine sediments around India
by compiling the published data from the literature and defines the scope of this work
in relation to the existing knowledge gaps.

Chapter 2 describes the study area and the materials and methods employed for
the fulfillment of the research objectives. This chapter also describes the detailed
analytical procedures those were used in this study.

Chapter 3 describes the regional distribution pattern of Pb content and its
speciation in the continental shelf sediments around India. The regional distribution
maps are based on analyses of 153 surficial sediments (81 from Bay of Bengal and 72
from the Arabian Sea). The chemical fractionation studies were performed on 64
surficial sediments (28 from Bay of Bengal and 36 from the Arabian Sea).

Chapter 4 presents the relative stability and lability of Pb-sediment complexes
in the shelf sediments around India. Kinetic fractionation studies were performed on 21

surficial sediments (11 from Bay of Bengal and 10 from the Arabian Sea).

Chapter 5 describes influence of chemistry of other trace metals (such as Cu

and Ni) on Pb speciation in marine/estuarine sediments. This chapter presentsthe

influences of ligand field stabilization energy (LFSE), Jahn-Teller effect and water
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exchange rate (k.,) on metal distribution in different binding phases of estuarine/marine
sediments. This study also describes the influence of nature of sedimentary organic
matter (terrestrial and marine derived OC) in controlling the metal distribution and
speciation in estuarine sediment.

Chapter 6 describes the Pb-speciation in sediments of two transects, starting
from depths with oxygenated bottom water, through the intense oxygen minimum zone
(OMZ) and beyond the OMZ, off Gujarat and Goa in the eastern Arabian Sea to
understand the impact of varying bottom water oxygenation conditions on sedimentary
Pb speciation.

Chapter 7 presents the historical changes of Pb deposition in the shelf sediment
of India. Two dated sediment cores of 30 cm (dating back to 129 years BP) and 22 cm
long (118 years BP) representing the eastern and western shelves of India were studied
to understand the historical changes of Pb deposition.Total Pb content, enrichment
factor (EF) and Pb isotopes were used to assess the Pb deposition in coastal sediments

of India during the past century.

Chapter 8 summarizes the results and major conclusions of the thesis.
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Materials and Methods

2.1 Study area and sampling

Two major depositional types and areas chosen for this study were, 1) the
continental margins of India and, 2) the Vembanad lake, an estuarine system. The
description of these areas are presented below.

2.1.1 Continental margins around India

Continental margins of India comprising of eastern margin in the western Bay of
Bengal and the western margin in the eastern Arabian Sea are studied here. Both the
Bay of Bengal and the Arabian Sea are enclosed by land in the north and encounter
seasonally reversing monsoonal winds. However, the Arabian Sea undergoes stronger
water mass mixing due to stronger monsoonal winds and weaker stratified water mass
compared to the Bay of Bengal (Kumar et al., 2002). Thus, organic matter production is
higher in the nutrient enriched surface water of Arabian Sea compared to the Bay of
Bengal where surface water is depleted in nutrients (Kumar et al., 2002). Higher
productivity in Arabian Sea leads to higher consumption of dissolved oxygen (DO) by
the accumulated organic matter which subsequently leads to the near-total depletion of
oxygen at depths from 150 to 1000 m in the north western Indian Ocean (e.g., Banse et
al., 2014; Morrison et al., 1998). The western continental slope of India encircles the
second-most intense perennial oxygen minimum zone (OMZ) in the world tropical
ocean (e.g., Kamykowski and Zentara, 1990). The residence time of OMZ water is
believed to be less than a decade (Banse et al., 2014 and references therein). The upper
few hundred meters of this zone has been reported to be nearly anoxic but non-sulfidic
(Banse et al 2014). Naqvi et al., (1991) have also reported that this zone is

predominantly suboxic (<5 umol O,/kg) nature.



The shelf of western continental margin of India is wider than the eastern shelf.

The width of western shelf varies from 345 km off Daman in the north to 120 km off

Goa (central part) and narrows down to 60 km off Kochi in the south (Faruque et al.,
2014). In the eastern part, the width of the shelf varies from 35 km off Tamil Nadu
(southern part) to 60 km off north Andhra Pradesh (central part) and 120 km off West

Bengal (northern part) (Faruque et al., 2014). It has been well documented that both the

shelves receive huge amount of terrigenous input from large number of rivers flowing

through diverse geological formations of Indian sub-continent. However, the eastern

shelf receives more riverine input compared to the western part. The areas of the

shelves are further subdivided into six regions on the basis of their geology of the

adjacent land mass:

(i)

(i)

(iii)

(iv)

v)

(vi)

North-East: The shelf sediments of this region are derived from the erosion
of acidic Himalayan rocks mainly drained by the rivers Ganga and
Brahmaputra (G-B) (Goldberg and Griffin, 1970).

Central-East:Sediments of this region are mainly derived by Mahanadi,
Godavari, Krishna rivers which flow through major geological formations of
India such as the Tertiary Deccan Traps, Archean granites, Precambrian and
Gondwana sedimentary rocks and recent alluvials (Krishnan,1968)
South-East: Major contributor of sediments is Cauvery River which largely
drains Precambrian gneiss and schists of intermediate to acidic rocks
(Chattopadhyay and Sarkar, 1999).

North-West: Indus derived Himalayan rocks are the major source of
sediment of this region (Rao and Rao0,1995; Kesserkar et al., 2003,
Ramaswamy et.al., 2008; Kurian et.al., 2013).

Central-west: The geology of the adjacent landmass of this region is
Deccan Trap Basalt which is drained by rivers such as Narmada, Tapti,
Sabarmati, and Mabhi to the eastern Arabian Sea (Rao and Rao, 1995; Kurian
etal., 2013).

South-west: Precambrian gneiss and schist are the major geological
formations contributing sediments to the south-western continental shelf of
India (Krishnan, 1968; Rao and Rao, 1995).
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Around 150 surface sediment samples (core tops) and two sediment cores,
SSK35/SPC32 (30 cm long) and SSK40/SPC69 (22 cm long) were collected from the
shelf regions covering the eastern Arabian Sea (off shore areas Gujarat to Kerala) and
western Bay of Bengal (off shore areas from Bengal to Tamil Nadu) (Figure 2.1).
Sediment samples from continental shelf were collected by using a spade corer (at the
water depth of ~15 to ~440 m) during 35", 40™ and 50™ expeditions (June 2012 to
May, 2013) of CSIR-NIO’s research vessel Sindhu Sankalp for CSIR XII Plan Project
GEOSINKS.The details of the sampling locations are given in Table 2.1 and Table 2.2 .
In addition to these, sediment samples from ten stations were collected along two E-W
transects (cruises SSK71 and SSK 80) from the continental margin off Gujarat and off
Karwar, west coast of India (across the perennial OMZ) during 8"-21% November 2014
and 26™-30" March 2015 respectively (Figure 2.2). The sediment samples were
collected in such a way (along the transect) to ensure that there were distinct variations
in the dissolved oxygen (DO) concentration of the overlying bottom waters.The
sediment samples were also collected from the outer shelves (Stations # SSK71/SPC15,
SSK71/SPC16, SSKB80/SPC2), the upper slopes (stations # SSK71/SPC17,
SSKB80/SPC4, SSK80/SPC5), the middle slopes (stations # SSK71/SPC20,
SSKB80/SPC6) and the deeper region of the slopes (Stations # SSK71/SPC21,
SSK80/SPC7).

2.1.2 Vembanad Lake

In addition to marginal sediments, the Vembanad Lake in the South-west coast of India
was chosen to represent an estuarine sedimentary environment which acts as an
interface between the land and the ocean. The 90 km long Vembanad Lake is the
longest and largest brackish-water lake of India. The northern part of the lake is
connected to Arabian Sea through two openings (at Kochi and Azhikode) whereas
southern part of the lake receives freshwater discharge from the rivers. However, the
northern part of the lake is separated from its southern part by 1.5 km long
Thanneermukom bund which was constructed to prevent the sea water intrusion to the
southern part of the lake (Figure 2.1). Consequently, northern and southern parts of the
lake show two different sub-environments as the northern part is brackish and southern
part of the lake is freshwater dominated (Nath et al., 2000). Eight stations, four from
north and four from the southern part of the lake were selected for our study (Figure

2.1). The sampling was carried out when the Thanneermukom bund was closed during
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pre-monsoon time, March-April of 2012. Sediments were collected by Van Veen Grab.
All the collected surface sediment samples were sub sectioned and two sediment cores
(SSK35/SPC32 and SSK40/SPC69) were cut into 1 cm thin slices. The sediments were
preserved in frozen condition on collection. The samples were then freeze dried and
part of it was ground. The sediments were then subsequently stored at —4°C until

needed.
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Figure 2.1 Sampling locations in the continental margins around India and Vembanad Lake in
South-west coast of India. Two transects off Gujarat (green circles) and off Karwar (blue
triangles) in the Eastern Arabian Sea cut across the perennial OMZ
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Table 2.1 Longitude, latitude, and the water depth of the sediment samples collected from the eastern continental shelf of India

Station ID Longitude (°E) Latitude (°N) Depth (m) Station ID Longitude (°E) Latitude (°N) Depth (m)
SSK35/ SPC-1 89.02 21.11 31 SSK35/SPC-35 83.52 17.84 31
SSK35/SPC-2 89.02 21.06 49 SSK35/SPC-36 82.34 16.48 145
SSK35/ SPC-3 89.02 20.94 104 SSK35/SPC-37 81.99 16.26 44
SSK35/ SPC-4 88.70 21.00 29 SSK35/SPC-38 81.73 16.17 52
SSK35/SPC-5 88.69 20.94 44 SSK35/SPC-39 81.26 15.83 62
SSK35/SPC-6 88.50 20.93 36 SSK35/SPC-40 81.08 15.71 53
SSK35/SPC-7 88.50 20.68 120 SSK35/SPC-41 80.86 15.59 69
SSK35/ SPC-8 88.70 20.85 94 SSK35/SPC-42 80.31 12.35 56
SSK35/ SPC-9 88.50 20.84 77 SSK35/SPC-43 80.38 12.52 52

SSK35/ SPC-10 88.00 20.96 31 SSK35/SPC-44 80.24 12.52 33

SSK35/SPC-11 88.00 20.85 59 SSK35/SPC-45 80.57 12.68 107
SSK35/SPC-12 88.00 20.71 83 SSK35/SPC-46 80.67 12.72 190
SSK35/ SPC-13 87.64 20.69 54 SSK50/SPC-05S 80.67 13.00 269
SSK35/ SPC-14 87.67 20.94 415 SSK50/SPC-06 80.67 12.92 238
SSK35/ SPC-15 87.41 20.87 36 SSK50/SPC-07 80.6 12.99 202
SSK35/SPC-16 87.27 20.65 28 SSK50/SPC-08 80.6 13.08 199
SSK35/SPC-17 86.87 20.20 34 SSK50/SPC-09 80.6 12.68 148
SSK35/SPC-18 86.95 20.10 54 SSK50/SPC-10 80.5 12.70 77.8
SSK35/SPC-19 86.99 20.05 96 SSK50/SPC-11 79.9 11.82 25.7
SSK35/SPC-20 86.55 19.81 107 SSK50/SPC-12 79.9 11.82 56.6
SSK35/SPC-21 86.51 19.87 47 SSK50/SPC-13 79.9 11.39 56.6
SSK35/SPC-22 86.47 19.91 36 SSK50/SPC-14 80.0 11.39 81.9
SSK35/SPC-23 85.09 19.32 34 SSK50/SPC-15 79.9 11.39 35

SSK35/SPC-24 85.13 19.29 55 SSK50/SPC-16 80.1 10.83 51.5
SSK35/SPC-25 85.25 19.16 106 SSK50/SPC-17 80.0 10.83 316
SSK35/SPC-26 85.01 18.85 122 SSK50/SPC-18 80.11 10.33 25.8
SSK35/SPC-27 84.83 19.01 55 SSK50/SPC-19 80.2 10.33 52.9
SSK35/SPC-28 84.37 18.16 99.5 SSK50/SPC-20 80.2 10.68 182
SSK35/SPC-29 84.25 18.25 54 SSK50/SPC-21 80.2 10.84 197
SSK35/SPC-30 84.20 18.30 36 SSK50/SPC-22 80.3 10.85 345
SSK35/ SPC-31 83.99 18.13 333 SSK35/SPC-23 80.4 10.85 522
SSK35/SPC-32 84.04 18.05 55 SSK35/SPC-24 80.4 13.50 51.6
SSK35/SPC-33 83.73 17.59 114 SSK35/SPC-25 80.5 13.50 76.6
SSK35/SPC-34 83.57 17.75 54 SSK35/SPC-26 80.4 14.01 61
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Table 2.2 Longitude, latitude, and the water depth of the sediment samples collected from the western continental shelf of India

Station ID Longitude (°E) Latitude (°N) Depth (m) Station ID Longitude (°E) Latitude (°N) Depth (m)
SSK40/SPC1 72.68 14.77 350 SSK40/SPC43 71.21 20.20 75
SSK40/SPC2 72.88 14.27 420 SSK40/SPC44 70.67 20.20 33
SSK40/SPC3 72.89 14.18 440 SSK40/SPC45 70.16 20.01 54
SSK40/SPC4 73.56 12.92 279 SSK40/SPC46 70.67 20.63 34
SSK40/SPC5 73.31 14.83 108 SSK40/SPC47 70.17 20.72 33
SSK40/SPC6 73.63 15.42 33.64 SSK40/SPC48 70.17 20.91 53.7
SSK40/SPC7 73.50 15.42 54 SSK40/SPC49 70.06 21.00 104.5
SSK40/SPC8 73.11 15.42 103 SSK40/SPC50 69.72 21.00 321
SSK40/SPC9 73.11 15.42 98.3 SSK40/SPC51 69.20 21.01 53

SSK40/SPC10 72.71 16.26 53.59 SSK40/SPC54 68.88 22.75 55
SSK40/SPC11 73.14 16.25 33 SSK40/SPC55 68.14 22.75 341
SSK40/SPC12 73.30 16.25 34 SSK40/SPC56 67.65 22.75 30
SSK40/SPC13 73.14 16.99 54 SSK40/SPC57 68.09 22.75 15
SSK40/SPC14 73.00 17.00 101 SSK40/SPC58 68.33 23.00 23
SSK40/SPC15 72.23 17.00 95.5 SSK40/SPC59 68.84 22.92 16
SSK40/SPC16 71.88 18.00 50 SSK40/SPC60 68.34 23.15 18.3
SSK40/SPC17 72.37 18.00 35 SSK40/SPC61 68.35 23.31 24
SSK40/SPC18 72.77 18.00 34 SSK40/SPC62 68.38 23.19 32.2
SSK40/SPC19 72.61 18.50 54 SSK40/SPC63 68.14 2291 32
SSK40/SPC20 72.46 18.50 85 SSK40/SPC64 68.08 14.81 52.8
SSK40/SPC21 71.69 18.51 84 SSK40/SPC65 67.93 14.82 104.6
SSK40/SPC22 70.66 19.78 57 SSK40/SPC66 73.94 14.81 99.5
SSK40/SPC23 71.20 19.80 345 SSK40/SPC67 73.80 14.06 53.3
SSK40/SPC24 71.91 19.78 27.52 SSK40/SPC68 73.35 14.07 33
SSK40/SPC25 72.45 19.78 32 SSK40/SPC69 73.56 14.08 31
SSK40/SPC26 71.89 20.08 34.3 SSK40/SPC70 74.11 13.50 49.2
SSK40/SPC27 72.08 19.95 34 SSK40/SPC71 74.33 13.50 94
SSK40/SPC28 72.35 19.98 334 SSK40/SPC72 74.50 13.50 104.9
SSK40/SPC29 72.51 20.08 37 SSK40/SPC73 74.16 12.75 52.7
SSK40/SPC30 72.28 20.24 255 SSK40/SPC74 74.15 12.75 31
SSK40/SPC31 72.09 20.37 28 SSK40/SPC75 74.22 12.75 33
SSK40/SPC32 72.09 20.38 31 SSK40/SPC76 74.55 12.00 54
SSK40/SPC33 71.88 20.30 31 SSK40/SPC77 74.72 12.00 114.3
SSK40/SPC34 71.75 20.19 26 SSK40/SPC78 75.07 12.00 114.2
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SSK40/SPC35 71.61 20.29 20 SSK40/SPCT79 74.93 11.08 53

SSK40/SPC36 71.78 20.58 19.7 SSK40/SPC80 74.58 11.08 33
SSK40/SPC37 71.63 20.70 225 SSK40/SPC81 75.12 11.08 32
SSK40/SPC38 71.49 20.80 26 SSK40/SPC82 75.40 10.18 52.8
SSK40/SPC39 71.33 20.70 27 SSK40/SPC83 75.64 10.17 98
SSK40/SPC40 71.17 20.61 27.7 SSK40/SPC84 76.00 8.55 113.2
SSK40/SPC41 71.31 20.50 38.9 SSK40/SPC85 76.15 8.54 53.9
SSK40/SPC42 71.44 20.40 83.72 SSK40/SPC86 76. 26 8.55 32.7
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Table 2.3 Longitude, latitude, and the water depth of the sediment samples collected from two
transects from the western continental margin sediment of India

Station ID Longitude (°E) Latitude (°N) Depth (m)
Off Gujarat
SSK71/SPC15 69.7423 20.34 80
SSK71/SPC16 69. 3171 20. 2056 98
SSK71/SPC17 69. 2448 20. 2098 195
SSK71/SPC20 69. 1506 20. 2056 791
SSK71/SpC21 69. 2052 20. 2064 1544
Off Karwar
SSK80/SPC2 73.316 14.729 110
SSK80/SPC4 73.003 14. 759 304
SSK80/SPC5 72.674 14. 761 307
SSK80/SPC6 72.590 14.780 475
SSK80/SPC7 72.521 14.752 1638

Table 2.4 Longitude, latitude and water depth of the sediment samples collected from the
Vembalad Lake, West coast of India

Sample Longitude Latitude Depth
(°E) (°N) (m)
North of Thanneermukom Bund
Stn-1 76.3010 9.9140 5
Stn-2 76.3022 9.8920 2
Stn-3 76.3320 9.8790 4
Stn-4 76.3395 9.8810 2

South of Thanneermukom Bund

Stn-5 76.3816 9.6400 2
Stn-6 76.3765 9.6066 3
Stn-7 76.3895 9.5622 15
Stn-8 76.3648 9.5636 3
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2.2 Analysis of total carbon (TC), total inorganic carbon (TIC), and total nitrogen
(TN) in sediment:

Ground sediment samples were analyzed for total carbon (TC), total inorganic
carbon (TIC), and total nitrogen (TN) contents. The TC and TN contents in sediments
were determined using a Flash 2000 CHN elemental analyzer (Thermo Fisher Scientific
Incorporation). The precision of the analysis was within £ 5%. The soil NC content
(0.37% N and 3.5% C) was used as the certified reference material. TIC was
determined by coulometry (UIC Coulometrics). Calcium carbonate (12% C) was used
as a standard material. The relative standard deviation of the analysis was within + 2%.
The total organic carbon (Corg) content was derived by deducting TIC from TC. CaCO3
content in sediment was calculated assuming that the majority of inorganic carbon (or

carbonate) is associated with Ca.

2.3 Determination of the dissolved oxygen (DO) and pH in the overlying bottom

water

Dissolved oxygen concentrations in the overlying bottom seawater were
determined by Winkler method. The detailed description of the method is given in
literature (Broenkow and Cline, 1969; Bryan et al., 1976). The procedure of DO
measurement is briefly given in Appendix 1.2. The pH of the water samples were
determined by pH meter (Labindia, Mumbai, India). Salinity data obtained from
conductivity sensor of CTD system (Sea-Bird, USA) was used.

2.4 Sediment texture

Texture of the dry sediment (in < 63um) was analyzed by Particle Size Analyzer
(LPSA from Malvern Mastersizer 2000, Worcestershire, UK.). The detailed procedure
has been described in the literature by Ramaswamy and Rao (2006). The procedure is
briefly given in Appendix 1.3.The sand data (sieved) is presented in weight percentage
(wt %) and the silt and clay in vol (%) in this study.

2.5 Analysis of total metals (Pb, Cu, Ni, Ti, Mn and Fe) in sediment

Concentration of Pb and other trace and major elements in sediments were analysed by
digesting the sediment sample with 10.0 mL of acid mixtures of HF, HNO3 and HCIO,
(in 7:3:1 ratio) on a hot plate at 180 to 200°C. The sediments were digested and
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evaporated to dryness.The residues were re-dissolved in 2% HNO3; and analyzed by a
graphite furnace, flame atomic absorption spectrometer (GFAAS) (Model: PinAAcle
900T, Perkin-Elmer) and ICP-MS (Thermo FISCHER ICP-MS, X series 2, Germany)
at CSIR-National Institute of Oceanography (CSIR-NIO). MAG-1 (obtained from
USGS), a fine grained gray—brown clay mud with low carbonate content, from the
Wilkinson Basin of the Gulf of Maine, was used as a certified reference material
(CRM). The recoveries of the metals in CRM of all experiments were 95 to 98 %.The
reproducibility of the analysis was less than 1% of all the metals.

2.6 Sequential extraction study

The modified BCR sequential extraction protocol (proposed by Ure et al., 1993),
modified by Sahuquillo et al (1994), Quevauvillier et al (1997) and finally by Rauret et
al., 1999) was further slightly modified (Chakraborty et al., 2015) and used in this study
to understand the geochemical fractionation (operational speciation) of Pb and other
elements in the sediments. In this modified protocol, water soluble metal complexes (a
good indicator of bioavailability) in the sediments were separated. This step also helps
to remove excess salt content from the marine sediments. This modified BCR protocol
allows us to separate and determine the concentrations of water soluble metal
complexes (Fr. 1); ion-exchangeable, and carbonate/bicarbonate forms of metals (Fr.
2); metals bound to Fe/Mn oxyhydroxides i.e., reducible fraction of metals (Fr. 3);
concentrations of metals associated with organic phases, i.e., oxidizable fraction of
metals (Fr. 4) and residual metal fraction (Fr. 5) in sediment.All the extraction
processes were performed in Teflon containers. The reagents used in this study were of
Suprapur grade (of Merck) or better (ultrapure). The experimental procedure is
schematically presented in Figure 2.2. The concentrations of the metals in each
extracted solution and in residual fraction were determined by electrothermal atomic
absorption spectrometer (GFAAS). BCR-701 was used as certified sediment reference
material (CRM) (produced by IRMM- Institute Reference material and Measurements,
Geel, Belgium and marketed by Sigma Aldrich). The BCR-701 certificate does not
provide certified values for the water soluble fraction. Thus, Frl and Fr.2 (determined
by the modified method) were added and compared with the certified reported values.
Validation of the sequential extraction method was also done by comparing the total
metal concentrations (determined by GFAAS) with the sum of the concentrations of

metal fractions obtained by following the modified sequential extraction protocols. The
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comparable (close to 100% recovery) values of total metal concentrations support the
reliability and validity of the sequential extraction method. The recovery of certified Pb
and other metals in different geochemical fraction from BCR-701 were very good and
well within the acceptable range (x3% of the reported value). Replicate samples were
used to measure overall analytical precision. The reproducibility of each measurement

(n=3) was <1% for all elements.

Sediment (1 g)

Stepl
Extracting agent: Millipore water
Extraction: mjfv =1:40
8h end over end shaking

| Extract Water soluble metal

ResiduT of step 1 (Fractionl)

Centrifugation
and washing

Step 2
Extracting agent : 0.11 (M) Acetic acid
Extraction : mfv = 1:40
16 h edn over end shaking

Centrifugation
and washing Extract lon-exchangeable, and carbonate/bicarbonate
form of metals (Fraction2)

ResiduT of step 2

Step3
Extracting agent: 0.5 (M) Hydroxyl amine
hydrochloride (pH=1.5.2M HMNOy)
Extraction : mfv = 1:40
16 h end over end shaking

Centrifugation
and washing Extract Metals bound to Fe/Mn oxy-hydroxides
[Fraction 3)

Residue of step 3

Step 4
Digestion: H202 30% (digestion at 85 °C)
Extracting agent: 1(M)Ammonium acetate (pH 2, HNOy,
Extraction : mfv= 1:50
16 h end over end shaking

Centrifugation . . .
and washing Extract metals associated with sedimentary
organic matter/sulfide

Residue rf step 4 (Fraction 4)
Step5 Extract Residual phase which may hold metals
Digestion: HF +HNO; +HCIO, (7:3:1)  |——vd within their crystal structure
Extracting agent: 2% HNO, [Fraction 5)

Figure 2.2 Schematic presentation of modified BCR sequential extraction procedure
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2.7 Kinetic extraction study

To understand the stability of sedimentary metal complexes, Kinetically
distinguishable forms of metals in the sediments were studied by using kinetic model
proposed by Olson and Shuman (1985).In this study ethylenediaminetetraacetate
(EDTA)-extractable trace metal concentrations (from the sediments) as a function of

time was investigated.
Experimental Procedure

Two grams (2.0 gm) of sediment was added to 200 cm® of 0.05 M EDTA (Merck
Pvt. Ltd.) solution (at pH 6.0) in a Teflon beaker (400 cm®) and the mixture was
continually stirred with a Teflon-coated magnetic stirring bar throughout the
experiment. The ratio of the mass of sediment to the volume of EDTA solution
(mass/volume) was set at 0.01, as this ratio provided sufficiently high metal
concentrations in the extract to be accurately quantified, while requiring a minimum
amount of sediment. A homogeneous suspension was maintained with a constant
mass/volume ratio during sampling. Larger mass/volume ratio is undesirable, as they
can cause problems with filtration. At set time intervals (0 min, 5 min, 10 min, 30 min,
45min, 60 min, 2 hr, 6 hr, 12 hr, 24 hr, 48hr, 72 hr), 2 cm® aliquots of the suspension
were filtered through a 0.2 ml syringe filter (Millex, Millipore). The initial time for the
kinetic measurement (i.e.t = 0 s) was taken as the time just before the sediment was
added to the EDTA solution. The filtrate samples (1.0 cm®) were then (in 2% ultrapure
HNO3) analyzed by GFAAS to monitor the change in concentrations of metals in the
extracted solution as a function of time. The Kkinetic extraction experiments were
performed in triplicate for all the samples to ensure repeatability of the results.The
pictorial presentation of experimental set up is provided in Appendix 1.1.

EDTA was chosen as the extracting reagent, as it is a well-characterized, strong
chelating agent that allows good control of experimental variables. Most EDTA-metal
chelate complexes are formed rapidly and are extremely stable (Welcher 1958). The use
of EDTA as a complexing agent avoids difficulties associated with other complexants
in that a single 1:1 complex species is formed rather than a stepwise formation of
complexes, which helps to simplify calculations and interpretation of results (Welcher
1958). As a hexaprotic acid, it has an inherently large pH buffering capacity. In
addition, it forms negatively charged metal complexes at most pH values, helping to
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keep extracted metals in solution by minimizing readsorption of extracted metals to the
sediment. The Kinetic extraction experiments were performed in triplicate for all the

samples to ensure repeatability of results.

Theory of kinetic speciation study
Kinetically distinguishable forms of metals in the sediments and their stability were
studied by using kinetic model proposed by Olson and Shuman (1985). It is based on
the assumption that each sediment sample consists of n different components, in which
each component, M-sediment;, exists in equilibrium with its dissociation products: M?*
or extractable M complexes, and naturally occurring heterogeneous complexant,
sediment;. The subscript, i, represents different binding sites of the naturally-occurring
heterogeneous complexant.
The extraction of metals from sediment using EDTA (as an extractant) is

represented by the following reactions (charges are omitted for simplicity):

ke;
M — sediment; + EDTA - M — EDTA + sediment; (1)

Where M — sediment; and M — EDT A represent the metal ion M, bound to a sediment

binding site, sediment;, and EDTA, respectively. If EDTA is added in large excess, the

M is extracted from the original sediment binding site with a rate constantXi . The
change in concentration of M — sediment;with time is given by the following pseudo

first-order rate law.

dcp-sediment;
i—
dt - kiCM—sedimenti (2)

The integrated rate law derived from equation 2, expressed in terms of the
concentration of M-EDTA, shows that the concentration of metal extracted in solution,
Cm-EDTA, and rises exponentially over time to a limiting value, as shown in Eq. 3.
Unfortunately, it is impossible to study the individual binding sites separately, or to a
prioriknow the number of discrete binding sites, and there may be a nearly continuous
distribution of sediment binding sites. Hence, Eq. 3 is written as a summation of

exponentials.

Cy-epra(t) = Z?=1 CM—sedimenti(l - e_kit) (3)

Chapter 2 Page 39



This system described by equation 3 can be approximated by a two-component first-

order reaction model

cy—gpra(t) = c1(1 — ef1t) + ¢, (1 — e¥2h) (4)

Where, ¢y _gpra(t) is the concentration of M (metal) extracted by EDTA at time
t,C1,C; are the concentrations of EDTA-extractable M initially bound to labile (quickly
extracted), or stable (with respect to the time scale of measurement) sediment binding

sites, respectively, and Ky ,K; are the corresponding dissociation rate constants.
Non-linear regression analysis for Kinetic measurements

In Kinetic speciation method the experimental data (concentration of EDTA
extractable Pb or other metal against time) was fitted to the kinetic model by non-linear
regression analysis using the Marquadt-Levenberg algorithm. The number of the
component was found by the minimum number of parameters required to accurately fit
the data was determined by finding the number of components in which the sum of
square of the weighted residuals shown below achieved a minimum value.

c®)-cr()]?
c(t)?

Sum of squares of the weighted residuals = Z[
Where, C(t) is the experimental value and C+(t) is the calculated value using the
parameters obtained from the regression analysis.

For a poly functional, complexant such as sediment, the number of components is
not a simple issue. The small number of components with specific rate constants may
not accurately describe the chemistry of the binding sites of sediment. A binding site
may have a range of binding energy because of the heterogeneous nature. This in turn
will lead to a distribution of values for the dissociation rate constants for the complexes.
Nevertheless, the specific rate constants may represent an average value for a group of

complexes on a particular site.

The lability criteria in kinetic speciation study

The concept of lability describes the ability of complexes to maintain equilibrium
with the free metal ion, M, within the context of an ongoing interfacial process in which
a particular species, usually M, is consumed. Consider sediment of n components, in
which each component, designated M-sediment;, exists in equilibrium with its

dissociation products:

Chapter 2 Page 40



k
1
M-sediment, _— ~ M+sediment,  (Slow) 1

Ly
Where, where kjand k.; is the rate constants for complex association and dissociation
respectively and the thermodynamic stability constant, K, equals ki/k.;.

Under conditions of sufficient excess ligand (L) over metal (M), the association
reaction is quasi-monomolecular with rate constant £’; = kic.. On time scales, t, much
larger than the characteristic lifetimes of M (1/k’;) and M-sediment; (1/k.;), a given
metal ion undergoes frequent interchange between M and M-sediment;. The complex
system is then sufficiently dynamic to maintain bulk equilibrium and obeys the double
condition (Gaabass et al., 2009)
kit k-1t >>1 )

In the usual situation of practical interest, K’ (=K csediment) & 1/K-1) > 1, S0 Eq. 2 reduces
to kat>> 1. Thus, metal complexes in sediment will be called labile if their kit>>1.

2.8 Chronology of sediment core

Chronology of the cores was constructured using excess “°Pb activity method
determined by Gamma Spectroscopy in Radiochronology Laboratory, Laval University,
Canada.

The age for each depth of the sediment cores were estimated by estimating the
sedimentation rate. The activities of **°Pbe,. were plotted logarithmically against the
sedimentation depth. Sedimentation rates were calculated from this plot by following
the constant initial concentration (CIC) model (Rooth and Cornwell, 2003; Koide et al.,
1972). Assuming the top most layer of the core represent the year of collection, each
sediment sections was dated (calendar year) by dividing the mean depth of the sediment

interval by sedimentation rate.
2.9 Isotopic analysis:

2.9.1. Determination of stable Pb isotopes in sediment samples

For identification and quantification of sources of anthropogenic Pb, stable
isotopes of Pb (***Pb, 2%°Ph, 2*’Ph, 2®Ph) were analysed in the authigenic component of

the sediment.However, the anthropogenic component extracted from bulk sediment is
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an operationally defined phase and therefore it does not mean that the leached fraction
only contain anthropogenic Pb but, there is a possibility that natural Pb can also leach
out during the extraction process. Nevertheless, the leached fraction can be considered
as dominated by anthropogenic Pb.

The experimental procedure for Pb isotope analysis is described below

Sediment leaching

An approximate amount of 300 mg of sediment samples were taken in Teflon
containers and washed with deionized water prior to the leaching. Authigenic Pb was
extracted by shaking 20 ml of freshly prepared hydroxyl amine hydrochloride (HH)
solution (containing NH,OH.HCI +CH3COOH+NaOH) adjusted at pH 3.5 to 4 pH)
with the washed sediment samples in an orbital shaker for 1 hr at 125 rpm. These
leachates were then separated from the sediments by centrifugation for 30 min at 4500
r.p.m. The supernatant clear leachates were then transferred to Teflon containers and
consecutively digested with conc HNO; and 6 M HCI on hotplate at 100° C.The
digested leachates were then extracted in 1M HCI solution. The solution was then used

for cation column separation.

Chemical separation and mass spectrometry

To avoid isobaric interference during isotopic measurement, Pb was chemically
separated by using HBr-HCI chemistry and passing through a column containing AG1-
X8 cation exchange resin.

The stable Pb isotopic ratios (*°°Pb/ 2*Ph, 2"Pb/*Pb, %®Pb/**Ph, ®Pb/?°®ph,
206pp/207ph) wwere then measured by Nu Plasma MC-ICP-MS at GEOMAR, Helmholtz
Centre for Ocean Research, Germany. linstrument drift and matrix effects during
measurement were corrected by using an internal standard of TI. The reproducibility
and accuracy of the measurements were checked by using USGS marine sediment
MAG 1. Reproducibility of Pb isotope ratios for MAG-1 was within 0.1% of the mean

value. The internal precision (2se) of each Pb isotope analyses was within 0.05%.

2.9.2 Determination of 8C, in sediment samples by Isotope Ratio Mass
spectrometer (IRMS):
Sources of the total sedimentary organic carbon (Corg) Were identified by analyzing

8 1*C,. in sediment samples by using Isotope Ratio Mass spectrometer (IRMS) at CSIR-
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NIO, Goa. Subsamples of sediments for 8*3Cy contents were acidified with HCI (10%)
to remove carbonates. Traces of HCI were removed by washing the sediments several
times with distilled water. The sediments were then used for 8C. analysis.
Calibration was carried out using 2, 5-Bis-(5-tetrabutyl-benzoxazol-2-yl) thiopen
(BBOT) as a standard. 8*3Cy of Corg Was determined with the Thermo Finnigan Flash
1112 elemental analyzer, linked with a Thermo Finnigan Delta V plus IRMS. The
overall analytical precision for replicate samples was within +1.6% for Cyrq and +0.2%o
for *°Cqc. All isotopic compositions are reported as, per-mil (%o) relative to variation
() from the PDB standard.

613(_.[1_ j(u{_. "IEL')

l ("c, ”L':]m—l} < 1000

Sample
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Patterns of lead distribution and the processes that control its

speciation in the continental shelf sediments around India

3.1 Introduction

Understanding of distribution and chemical speciation of lead (Pb) in marine
environment is of great importance because of its toxic nature. Continental shelf
sediments act as a major sink for heavy metals (including Pb). The Pb concentration in
the continental shelves may reflect different geochemical and anthropogenic processes
that occur in the adjacent landmass. The literature review (discussed in Chapter 1) has
shown that the coastal environment of India is relatively pristine with respect to total Pb
content and it’s variation along the coast is mainly due to the diverse geology and
varying anthropogenic activities in some sporadic locations along the Indian coastline.
However, the compiled literature data were not systematic in terms of time and area of
sampling. Most of the sedimentary Pb data are from estuarine areas whereas the data
from marine environment are limited. In addition, the chemical phases hosting Pb are
not well defined in the literature. However, the solid-phase geochemical speciation of
sedimentary Pb is required for understanding the processes which control the Pb
distribution and speciation in the coastal sediments around India.

The diverse geology, the long coastline (7000 km), climatic variability, oceanographic
settings, and anthropogenic activities along the coastline of India can control the
distribution pattern and speciation of Pb in estuarine and continental margin sediments
around India. The objectives of this study were to (i) assess the regional distribution
pattern of Pb to evaluate the relative contribution of natural and anthropogenic
processes in accumulating Pb to the continental shelf sediments of India (ii) asses the
distribution of Pb in different geochemical phases of the marine sediments around India

and to (iii) identify the factors that control Pb speciation in coastal sediment.



To understand the regional distribution pattern of lead content in the continental

shelf sediments around India, 153 surficial sediment (core top) samples (81 from Bay

of Bengal and 72 from the Arabian Sea) were collected along the shelves of India. The

chemical fractionation studies were performed on 64 sediments (28 from Bay of Bengal
and 36 from the Arabian Sea) (Figure 3.1).
It has been well documented that both the shelves receive huge amount of terrigenous

input from large number of rivers flowing through diverse geological formations of
Indian sub-continent (Goldberg and Griffin, 1970; Goodbred and Kuehl, 2000).To

facilitate an easy evaluation of the data, the long continental shelves of India (study

area) were further subdivided into six regions on the basis of their geology of the

adjacent land mass:

(i)

(i)

(iii)

(iv)

(v)

(vi)

North-East: The shelf sediment of this region is derived from the erosion of
acidic Himalayan rocks mainly drained by the rivers Ganga and Brahmaputra
(G-B) (Goldberg and Griffin, 1970).

Central-East: Sediment of this region is mainly derived by Mahanadi,
Godavari, Krishna rivers which flow through major geological formations of
India such as the Tertiary Deccan Traps, Archean granites, Precambrian and
Gondwana sedimentary rocks and recent alluvial sediments (Krishnan,
1968).

South—East: Cauvery River largely drains Precambrian gneiss and schists of
intermediate to acidic rocks to the shelf of this region (Chattopadhyay and
Sarkar, 1999).

North-West: Indus derived Himalayan rocks are the major source of
sediment of this region (Rao and Rao, 1995; Kesserkar et al., 2003, Kurian
et al., 2013; Ramaswamy et.al., 2008).

Central-west: The geology of the adjacent landmass of this region is
Deccan Trap Basalt which is drained by rivers such as Narmada, Tapti,
Sabarmati, and Mahi to the eastern Arabian Sea (Rao and Rao,1995; Kurian
et al.;2013).

South-west: Precambrian gneiss and schists are the major geological
formations contributing sediments to the south-western continental shelf of
India (Krishnan, 1968; Rao and Rao, 1995).
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Figure 3.1 Geology of India with the sampling sites located in the eastern (red circles and
yellow triangles) and western (red stars) continental shelves of India

3.2 Results:

3.2.1 Distribution of total Pb content and other geochemical parameters in the

continental shelf sediments around India

The total Pb content in the continental shelf sediments of India determined for this
study is presented in Figure 3.2. The concentration of sedimentary Pb was found to
vary between 1.5 mg.kg™ (in the western shelf) and 36.7 mg.kg™ (in the eastern shelf).
Region-wise comparison in the sedimentary Pb content showed that sediments from
north-east region had the highest median/average concentration of sedimentary Pb
(median: 26.3, mean: 25.9, SD: 3.9 mg.kg™) followed by central—east (median: 24.2,
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mean: 24.91, SD: 7.4mg.kg™) > north-west (median: 21.2, mean: 22, SD: 3.8 mg.kg™)
>south-east (median: 16.1, mean: 16.4, SD: 6.9 mg.kg™) > south-west (median: 12.6,
mean: 12.1, SD: 3.4 mg.kg™) > central-west (median: 11.2, mean: 11.6, SD:5.5 mg.kg"
1) region.

Total Pb content and the concentrations of important geochemical parameters that
can control trace elements such as CaCOg, total organic carbon (Corg) and Fe in selected
sediments are presented in Table 3.1. The highest median concentration of CaCO3 was
found in the shelf sediments collected from the south-east coast (~15.9 %) followed by
north-west (~15 %) > south-west (10.9 %) > central-west (9.9 %) > central-east (3.6 %)
> north-east (~2.5 %) region of India.

Regional variation was also observed in the concentration of sedimentary
organic matter (presented as Corq) along the coastal areas of India. Low Cyq content
(<1%) was observed in most of the sediments from eastern shelf. In the western shelf
except for the northern region, Coq content was comparatively higher than the other
regions. The highest TOC content was found in the shelf sediments of south-west
region (~2.2 %) followed by central-west (~1.1%) > central-east (~1.0%) > south—east
(~0.8%)> north-east (~0.7%) > north-west (~0.6%) region.Low TOC content in the
Indian shelf sediments especially the eastern shelf and the outer shelf of western part of
the continent has also been reported in the literature (Paropkari et al.,1992; Paropkari et
al.,1993; Sarkar et al.,2004; Banerjee et al.,2012,Kurian et al.,2013; Krishna et
al.,2013).

Concentration of Fe in most of the shelf sediments was found to be higher than
the average crustal abundance (3.5%, McLennan; 2001). This finding is consistent with
the concentrations reported earlier (Mascarenhas et al., 1985; Paropkari et al., 1990;
Rokade, 2009; Ray et al., 2005; Dhanakumar et al., 2012; Kurian et al.; 2013; Sundaray et
al., 2011; Chakraborty et al.2015a). The highest median Fe content was found in the
sediment collected from the central-east (~8.1%) coast followed by central-west
(~7.4%) > north-east (~6.1) > north-west (~5.5%) > south—west (~3.5%) > south-east
(~2.7%) region of India.

The mobility and bioavailability of sedimentary metals depend strongly on their
chemical speciation in the system. Chemical speciation of metals and determination of
different natural ligands in sediment system always helps in understanding different
geochemical processes which is responsible for remobilisation of metals in the

systems(Gleyzes et.al., 2002 and references therein). Therefore, further geochemical
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fractionation (operational speciation) studies were carried out to provide better
understanding of different geochemical processes that control Pb distribution and its

fractionation in continental shelf sediments around India.

20°N

15°N

Concentration of Pb (mg.kg ")

Arabian sea \ a | & Bay of Bengal |
g 'y §
% 3 |
10°N '
2
5°N I l§ 5
70°E 75°E 80°E 85°E 90°E

Figure 3.2 Distribution pattern of total Pb content (mg.kg ™) in the continental shelf sediments
around India.
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3.2.2 Geochemical fractionation study of Pb in the continental shelf sediments

around India

The concentrations of chemically separated Pb (mg.kg™) from different
geochemical hosting phases of continental shelf sediments from the different
geographical locations around India are presented in Table 3.2 and described below.

Geochemical fractionation of sedimentary Pb in the north-eastern continental

shelf region (Ganga-Bramhaputra derived sediment):

Figure 3.3(a) shows the distribution of Pb in different geochemical binding phases
of shelf sediments from the north-eastern continental region of India. The
concentrations of water soluble (Fr.1), exchangeable, and carbonate/bicarbonate Pb-
complexes (Fr.2) were found to vary from ~2.8 to 8.3% (average~5%) of the total Pb
content in the studied sediments. Lowest concentration of Pb was found in these
geochemical forms (Fr.1 and Fr.2). A major fraction (33.7-57.2 %, with an average of
~40%) of the total sedimentary Pb was found to be associated with Fe/Mn
oxyhydroxide phase (Fr.3) in the sediments [Figure 3.3(a)]. A fraction (4.2 to 13.3 %,
with an average ~14 %) of the total Pb was associated with the sedimentary organic
carbon phase [Figure 3.2(a)]. Another major fraction (32.6 to 56.9 %, with an average
~47 %) of the total sedimentary Pb content was present within the residual phase of the
sediment. This residual Pb represents inert or immobile Pb present in the primary or
secondary mineral structure of the sediment and comes from weathered source rocks of
the sediment. The variation in the total concentration of Pb in the residual phase varied

from ~9.5 to 13 mg.kg™.
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Table 3.1 Concentration of Pb (mg.kg ™), CaCOs (%), Fe (%) and Cqrq (%) in the sediments from six continental shelf regions of India

Area Station Pb (mg.kg™) CaCO5(%) Fe (%) Corg (%) Area Station Pb (mg.kg™) CaCO3(%) Fe (%) Corg (%)

North-east SSK35/SPC1 29.0+£0.5 2.6 7.3%0.1 0.49 North-west SSK40/SPC56 20.5+0.4 25.9 5.540.6 0.58
SSK35/SPC3 30.4+0.2 19 5.6+0.1 0.54 SSK40/SPC58 21.2+1.0 7.4 5.9+0.16 0.62

SSK35/SPC5 26.3£0.2 29 5.840.5 0.58 SSK40/SPC61 18.3+0.5 18.2 5.6+0.9 0.50

SSK35/SPC7 28.9+0.6 25 6.0+£0.3 0.65 SSK40/SPC62 20.3+0.5 19.2 5.6+£1.2 0.66

SSK35/SPC9 26.2+0.3 25 6.2+0.6 0.72 Med=21.4 15.0 5.5 0.55

SSK35/SPC12 26.7+£0.4 41 5.7+0.7 0.68 Central-west SSK40/SPC47 14.6+0.5 8.2 7.6%1.2 1.18

SSK35/SPC16 25.6+0.9 16 6.9+1.1 0.69 SSK40/SPC51 23.4+0.3 415 6.4+0.6 1.36

SSK35/SPC19 26.1+1.1 24 7.7+0.2 0.82 SSK40/SPC32 6.3+0.3 6.5 9.0+0.8 0.90

Med=26.5 Med=2.5 Med=6.1 Med=0.66 SSK40/SPC34 12.9+0.3 7.5 8.6+2.1 0.29

Central-east SSK35/SPC22 36.7+0.4 18 8.1+0.5 0.27 SSK40/SPC36 15.1+0.4 155 9.0+£1.0 0.86
SSK35/SPC24 31.1+1.7 21 9.1+0.8 1.03 SSK40/SPC39 24.2+0.7 75 7.6+0.1 0.31

SSK35/SPC26 13.3+0.5 59.3 7.8£1.3 0.97 SSK40/SPC41 19.1+0.8 6.9 7.3£0.03 0.43

SSK35/SPC28 24.4+0.5 56.8 11.0+0.5 1.73 SSK40/SPC46 12.1+0.1 6.8 7.5+0.4 1.02

SSK35/SPC31 35.3+0.3 1.9 5.240.1 0.71 SSK40/SPC23 10.8+0.3 79.5 6.9+0.8 0.93

SSK35/SPC33 19.9+0.3 74.8 11.8+0.6 0.74 SSK40/SPC24 10.5+0.3 72 6.3+0.1 1.00

SSK35/SPC35 20.9+0.3 31 3.2+£0.07 2.36 SSK40/SPC17 8.6+0.3 78.3 6.2+2.1 1.44

SSK35/SPC36 20.3£0.2 29 8.2+0.1 0.99 SSK40/SPC19 8.78+0.8 25.2 49+1.1 161

SSK35/SPC37 18.1+0.2 4.0 8.3+0.5 0.38 SSK40/SPC11 12.0+0.6 81.3 7.4+1.3 2.63

SSK50/SPC26 18.4+0.1 9.0 1.3+05 0.99 SSK40/SPC12 10.7+£0.4 115 7.5+2.1 2.13

Med=20.57 Med=3.6 Med=8.1 Med=0.98 SSK40/SPC6 13.9+0.5 77.2 12.9+0.8 2.89

South east SSK50/SPC24 15.9+0.3 13.7 0.3+£0.03 0.44 SSK40/SPC7 12.8+0.2 39 6.1+0.3 2.89
SSK50/SPC25 11.6+0.6 42.4 8.8+0.3 2.09 Med=12.5 9.9 74 1.10

SSK35/SPC42 18.9+0.4 18.1 0.6+0.1 0.49 South-west SSK40/SPC63 16.5+0.1 11.2 5.3+0.1 3.06

SSK35/SPC44 28.7£0.4 12.1 3.5+0.8 0.88 SSK40/SPC68 9.4+0.5 15.7 3.5+0.4 291

SSK50/SPC10 10.9+0.1 61.8 0.7+£0.6 1.30 SSK40/SPC69 14.6+0.7 131 45+0.1 2.65

SSK50/SPC11 10.1+0.1 111 6.7+0.07 0.24 SSK40/SPC70 8.9+0.2 149 2.0+0.1 151

SSK50/SPC13 16.5+0.5 6.1 0.2+0.1 0.68 SSK40/SPC73 8.1+0.5 49 24+0.1 224

SSK50/SPC15 17.4+0.7 5.1 2.0+0.07 157 SSK40/SPC74 17.6+0.5 4.6 5.7+0.1 3.01

SSK50/SPC17 5.9+0.2 24.7 5.6+0.3 0.45 SSK40/SPC75 19.1+0.3 6.6 4.8+0.4 3.03

SSK50/SPC19 10.6+0.4 78.9 6.1+0.09 1.23 SSK40/SPC79 9.3+0.2 12.8 4.4+0.9 161

Med=13.4 Med=15.9 Med=2.7 Med=0.78 SSK40/SPC80 14.8+0.8 6.3 34+2.1 0.79

North-west SSK40/SPC59 30.4+0.1 11.8 52+1.1 0.49 SSK40/SPC81 12.8+1.2 8.5 1.6+£2.0 0.61
SSK40/SPC57 21.6+0.3 6.8 55+1.0 0.51 SSK40/SPC85 6.5+1.5 10.7 0.9+0.1 0.43

SSK40/SPC60 22.7+0.8 79 4.0+0.8 0.47 SSK40/SPC86 16.2+£1.7 12.8 3.440.1 2.12

SSK40/SPC55 25.1+1.1 26.3 5.6+0.4 0.66 Med=13.7 10.9 35 2.18
|
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Table 3.2 Concentration of Pb (mg.kg™) in, water soluble fraction (Fr.1); ion-exchangeable and carbonate/bicarbonate fraction (Fr. 2); Fe/Mn
oxyhydroxides i.e., reducible fraction (Fr. 3); sedimentary organic matter and sulfide fraction, i.e., oxidizable fraction (Fr. 4) and residual fraction (Fr.
5) in the studied sediments

Area Station Fr.1 Fr.2 Fr.3 Fr.4 Fr.5 Area Station Fr.1 Fr.2 Fr.3 Fr.4 Fr.5
(mg.kg™) (mg)-kg' (mg.kg™)  (mg.kg?)  (mg.kg™) (mg.kg™) (mgkg")  (mg.kg?) (mgkg?)  (mg.kg?)

North-east SSK35/SPC1 0.5 12 16.6 1.2 9.5 North-west SSK40/SPC56 0.0 0.5 10.0 0.6 9.4

SSK35/SPC3 0.4 0.8 13.4 14 14.4 SSK40/SPC58 0.0 0.7 9.9 0.6 10.1

SSK35/SPC5 0.8 14 9.3 3.1 11.8 SSK40/SPC61 0.0 0.7 5.7 0.5 11.4

SSK35/SPC7 0.5 0.8 10.8 3.8 13.0 SSK40/SPC62 0.0 1.0 8.1 0.5 10.6

SSK35/SPC9 0.2 0.7 9.3 1.6 14.4 Median 0.0 0.8 8.7 0.7 10.3

SSK35/SPC12 0.6 0.8 11.6 14 12.3 Central-west  SSK40/SPC47 0.0 0.2 6.4 2.3 5.7

SSK35/SPC16 0.3 0.4 8.9 14 145 SSK40/SPC51 5.6 8.9 6.7 2.3 5.3

SSK35/SPC19 0.7 0.9 8.8 2.6 13.1 SSK40/SPC32 0.5 1.2 2.7 19 5.2

Median 0.5 0.8 10.1 15 13.0 SSK40/SPC34 0.3 1.2 2.4 35 55

Central-east SSK35/SPC22 0.7 0.7 155 4.0 15.9 SSK40/SPC36 0.8 1.6 3.9 5.2 3.6

SSK35/SPC24 0.7 25 8.8 2.9 16.1 SSK40/SPC39 7.3 5.7 35 35 4.7

SSK35/SPC26 0.4 0.2 0.9 4.0 7.8 SSK40/SPC41 2.7 2.1 3.2 5.4 5.8

SSK35/SPC28 0.0 0.3 0.7 7.0 16.5 SSK40/SPC46 0.9 0.6 3.7 16 5.4

SSK35/SPC31 0.9 0.4 11.2 1.3 21.5 SSK40/SPC23 0.1 0.2 2.7 2.2 5.7

SSK35/SPC33 0.4 0.0 2.2 5.0 12.4 SSK40/SPC24 0.1 0.1 3.0 25 4.9

SSK35/SPC35 0.0 0.7 2.2 14 16.5 SSK40/SPC17 0.2 0.1 0.3 2.6 5.5

SSK35/SPC36 0.6 0.6 75 14 10.2 SSK40/SPC19 0.1 0.6 0.2 2.2 5.7

SSK35/SPC37 0.7 15 5.9 2.0 7.8 SSK40/SPC11 0.0 0.2 2.7 2.6 6.5

SSK50/SPC26 0.1 3.6 5.7 1.6 7.4 SSK40/SPC12 0.0 0.1 2.9 2.7 5.0

Median 0.5 0.8 8.9 1.6 13.0 SSK40/SPC6 0.1 0.2 4.5 2.8 6.4

South east SSK50/SPC24 0.3 0.7 5.6 0.7 8.6 SSK40/SPC7 0.3 0.1 3.7 2.9 5.9

SSK50/SPC25 0.2 0.6 0.4 2.2 8.2 Median 0.2 0.4 3.0 2.6 5.5

SSK35/SPC42 0.6 0.2 2.2 0.5 15.4 South-west SSK40/SPC63 0.2 0.1 7.1 2.6 6.5

SSK35/SPC44 0.2 1.2 35 0.9 22.9 SSK40/SPC68 0.1 0.2 17 18 5.6

SSK50/SPC10 0.1 0.1 0.5 2.8 7.3 SSK40/SPC69 0.2 0.2 6.9 15 5.8

SSK50/SPC11 0.1 0.3 1.6 2.0 6.1 SSK40/SPC70 0.7 0.2 0.3 15 6.2

SSK50/SPC13 0.2 19 3.3 2.0 9.2 SSK40/SPC73 1.0 0.2 0.5 2.6 3.8

SSK50/SPC15 0.1 1.6 5.6 1.3 8.7 SSK40/SPC74 0.2 0.3 8.4 0.6 8.1

SSK50/SPC17 0.4 0.1 15 0.1 3.9 SSK40/SPC75 0.3 0.6 8.2 2.0 8.1

SSK50/SPC19 0.2 0.5 0.2 1.0 8.6 SSK40/SPC79 0.2 0.3 0.2 2.1 6.5

Median 0.2 0.6 1.9 1.2 8.6 SSK40/SPC80 0.2 0.3 2.9 0.6 10.9

North-west SSK40/SPC59 0.5 1.3 9.2 9.5 10.0 SSK40/SPC81 0.5 0.2 2.0 0.6 9.5

SSK40/SPC57 0.0 0.7 6.7 35 10.7 SSK40/SPC85 0.7 0.5 1.2 0.6 35

SSK40/SPC60 0.4 1.1 8.2 0.7 12.4 SSK40/SPC86 0.1 0.4 9.8 0.6 5.3

SSK40/SPC55 0.1 0.8 13.4 1.0 9.8 Median 0.2 0.3 2.4 15 6.3
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Figure 3.3 Percentage of Pb ( with respect to total sedimentary Pb)
distributed in Fr.1 (water soluble),Fr.2 (carbonate/bicarbonate and
exchangeable),Fr.3 (Fe/Mn oxyhydroxide),Fr.4 (organic) and Fr.5
(residual) phase of sediments collected from (a) north-east ;(b)central-east
and (c) south-east continental shelf of India
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Geochemical fractionation of sedimentary Pb in the central-eastern continental

shelf region (Mahanadi-Godavari rivers derived sediment):

Distribution of Pb in different geochemical phases of the sediments collected from the
central-eastern continental shelf region is presented in Figure 3.3b. The concentration
of Pb as water soluble (Fr.1), exchangeable, and carbonate/bicarbonate complexes
(Fr.2) forms in the studied sediments varied from ~1.2 to 20.2 % (with an average value
of ~7% ) of the total Pb content in the sediments. The concentrations of these weak Pb
complexes (Fr.1+Fr.2) were low in this region.

A major fraction (~3 to 42.2 % with an average value of ~23 %) of the total
sedimentary Pb was found to associate with Fe/Mn oxyhydroxide phase (Fr.3). In some
of the sediments, sedimentary organic carbon binding phase was an important host for
Pb (as shown in Figure 3.2b). About40 to 79 % (ave. ~57%) of total Pb was found to
associate with residual phase of the sediments. The absolute concentration of Pb in

residual phases of the sediments varied from ~7.4 to 21.5 mg.kg™

Geochemical fractionation of sedimentary Pb in south-eastern continental shelf

area (Granulitic terrain and Cauvery derived sediment):

The distribution pattern of Pb in different binding phases of sediments collected from
the south eastern continental shelf of India is presented in Figure 3.3c. The lowest
concentration of non-residual Pb (~ 2.1 to 12.2% with an average of ~6.8% of the total
Pb) was present as water soluble, exchangeable and carbonate/bicarbonate Pb
complexes (Fr.1 and Fr.2) in the sediments. The concentrations of Pb associated with
Fe/Mn oxyhydroxide binding phase (~2 to 34 %, with an average ~16% of the total Pb)
in the sediments (Figure 3.2c) were comparatively lower than the other two regions of
the eastern continental shelf. Association of Pb with sedimentary organic carbon
binding phase was found to vary from ~1.4 to 25.6 % (with an average ~11%) of the
total Pb content of the sediments. The highest fraction (~54 to 81%, with an average of
~67%) of the total Pb was found to be present in the mineral structure (residual phase)
of the sediments which is in average higher than the northern shelf regions (Table 3.2)
of east coast of India. Large variation was observed in the concentration of Pb (~6 to 23

mg.kg™) in residual phase of the sediments.
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Geochemical fractionation of sedimentary Pb in north-western continental shelf

area (Indus derived sediment):

Distribution of sedimentary Pb in different binding phases of the sediment
collected from this region is presented in Figure 3.4a. A very similar geochemical
distribution pattern of Pb was observed in the sediments collected from the north-east
continental shelf region (Figure 3.3a).

Low concentrations of Pb (~ 2.5 to 5%, ave. ~4% of total Pb) were present as water
soluble, exchangeable and carbonate forms (Frland Fr2) in the sediments. The major
fraction of the total Pb (~30 to 54 %) was associated with Fe/Mn oxyhydroxide phase
in the sediments. Low concentration of Pb was found to associate with organic phase in
the sediments (~2.4 to 31 % of the total Pb). In majority, the amount of Pb associated
with organic carbon was less than 3 % of the total sedimentary Pb. A major fraction of
total Pb (~33 to 63 %, ave. ~44%) was present in the residual phase. The absolute Pb
content in residual phases of the sediments varied from 9.8 to 12.4 mg.kg™* which was

found to have similar variation as the north-eastern region.

Geochemical fractionation of sedimentary Pb in central-western continental shelf

(Narmada-Tapti—-Mahi derived sediment):

Distribution of Pb in different geochemical phases of the shelf sediments from the
central-west coast of India is shown in Figure 3.4b. Relatively higher concentration of
Pb (~1.4 to 53 %, ave. ~14% of total Pb) was present as water soluble, exchangeable
and carbonates forms (Fr.landFr.2).The fraction of total Pb associated with Fe/Mn
oxyhydroxide (Fr.3) (2 to 44 % with an average of ~ 23% of the total Pb) and organic
phase (Fr.4) (8 to 35% with an average of ~22% of the total Pb) was found to be
similar. An approximate 19 to 64 % (with an average of ~ 43 %) of the total Pb was in
the residual phase of the sediment. The absolute concentration of Pb in the residual

phase was relatively lower (3.5 to 6 mg.kg ™) than the other regions.
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Geochemical fractionation of sedimentary Pb in south-west continental shelf

(sediments derived from granulitic terrain):

Sedimentary Pb distribution in the different binding phases of the sediments from
this region is presented in Figure 3.4c. It shows that ~ 2 to 15 %, (ave.~ 6.3% ) of the
total Pb was present as water soluble, exchangeable and carbonate/bicarbonate
complexes (Fr.land Fr.2). A major fraction (~2 to 62 %, average ~27 %) of the total
Pb was associated with Fe/Mn oxyhydroxide phase. Significant association of Pb (~ 3
to 33 % of the total Pb) was also found with the sedimentary organic matter from this
region. Percentage of Pb in the residual phase was comparatively higher than that of the
other two regions of the west coast. Approximately 32 to 74 % (with an average of
~54%) of total sedimentary Pb was found to be in the mineral or residual phase.

The geochemical fractionation study in the shelf sediments from the different
regions of India revealed that Fe-Mn oxyhydroxide was the major non-residual hosting
phase for sedimentary Pb. The association of non-residual Pb with organic phase was
found to be less. As Fe/Mn oxyhydroxide phase was found to be major non-residual
hosting phase, fractionation studies of Fe was also carried out in order to assess which

of the Fe hosting phase is a predominant host of Pb.

3.2.3 Geochemical fractionation of Fe in the continental shelf sediments of India

Fe content (mg.kg™) in different geochemical phases of the shelf sediments is
given in Table 3.3 and the relative percentage of total Fe distributed in different
geochemical phases of the sediments from the eastern and western continental shelves
are given in Figures 3.5 (a) and (b) respectively. Fe was present mainly in the residual
phase (Fr.5) (~70 to 90%) of the sediments. The oxyhydroxide form of Fe (Fr.3) was
found to be ~2 to 47 % of the total Fe content in the sediments. Regional distribution
shows that, the highest median concentration of Fe in oxyhydroxide form was in the
sediments collected from the north-west (~16% of the total Fe content) followed by
north-east (~14%) > south-east (~12%) > central-east (~8%) > north-west (~7%) and >
central-west (~6%) continental shelf of India. Approximately 0.4 to 22 % of the total Fe
was found to be associated with organic phase of the sediments.

The variation in median concentration of Fe associated with sedimentary organic phase
in different shelf regions around India is given below. Highest percentage of total Fe
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(~10%) was associated with sedimentary organic matter in the sediments from south—
west region, followed by central-west (~5%) > central-east (~2.8 %) > north-east
(~1.6%) > north-west (~1.4 %) > south-east (~1.3%) region.
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Table 3.3 Concentration of Fe (mg.kg™) in, water soluble fraction (Fr.1); ion-exchangeable and carbonate/bicarbonate fraction (Fr. 2); Fe/Mn
oxyhydroxides i.e., reducible fraction (Fr. 3); sedimentary organic matter and sulfide fraction, i.e., oxidizable fraction (Fr. 4) and residual fraction (Fr.
5) in the studied sediments

Area Station Fr.l Fr.2 Fr.3 Fr.4 Fr.5 Area Station Fr.l Fr.2 Fr.3 Fr.4 Fr.5

(mgkg™) (mgkg’)  (mgkg?)  (mg.kg™) (mg.kg™) (mgkg?)  (mgkg”)  (mgkg?)  (mgkg') (mg.kg™)

North-east SSK35/SPC1 6.0 596 10310 906 60800 SSK40/SPC56 70 432 5378 890 47895

SSK35/SPC3 6.1 298 8310 869 46500 North-west SSK40/SPC58 69 539 5549 1187 51235

SSK35/SPC5 15.1 738 8793 974 47000 SSK40/SPC61 55 449 4758 870 49768

SSK35/SPC7 276 1143 7718 1053 50200 SSK40/SPC62 50 549 4389 1265 49854

SSK35/SPC9  66.5 509 9353 953 52500 Median 69 474 4758 880 49312

SSK35/SPC12  52.7 903 6946 949 47600 Central-west ~ SSK40/SPC47 137 132 3472 3660 68899

SSK35/SPC16  43.8 1720 8985 1092 57100 SSK40/SPC51 98 86 3751 3104 56486

SSK35/SPC19 484 95 7058 1696 68280. SSK40/SPC32 204 85 5554 1232 82851

Median 35.7 667 8552 963 51350 SSK40/SPC34 72 81 3917 255 82125

Central-east SSK35/SPC22  69.2 94 16292 1651 62680. SSK40/SPC36 420 83 6361 1429 81431

SSK35/SPC24  71.0 325 6465 2089 82400 SSK40/SPC39 329 178 4024 674 70720

SSK35/SPC26  36.0 48 1639 1533 74860 SSK40/SPC41 767 205 3731 787 67985

SSK35/SPC28 475 62 2158 7061 100600 SSK40/SPC46 315 116 3568 3102 68075

SSK35/SPC31  53.2 44 8263 1010 42500 SSK40/SPC23 112 159 4516 5939 58155

SSK35/SPC33  74.2 71 2123 6834 115400 SSK40/SPC24 991 45.2 5257 1548 55219

SSK35/SPC35  64.2 52 3473 134 28300 SSK40/SPC17 112 26.3 1838 4966 54798

SSK35/SPC36  70.4 234 7426 1744 73920 SSK40/SPC19 61 88.3 518 8379 39974

SSK35/SPC37  121.0 354 8593 1804 72220 SSK40/SPC11 60 130 5335 9947 58299

SSK50/SPC26  19.5 210 4414 1015 54860 SSK40/SPC12 55 436 7864 4707 62149

Median 66.7 83.0 5439 1697 73070 SSK40/SPC6 68 317 9506 21874 97733

South east SSK50/SPC24  13.2 187 5100 454 19280 SSK40/SPC7 382 58 6178 9798 44935

SSK50/SPC25 175 40 2172 651 53520 Median 124 88 4270 3382 65067

SSK35/SPC42  31.8 5 2256 187 10520 South-west SSK40/SPC63 1694 388 7973 11581 31794

SSK35/SPC44  12.9 135 2960 348 11230 SSK40/SPC68 159 145 5735 6353 22439

SSK50/SPC10  28.1 62 1525 843 85600 SSK40/SPC69 51 115 6641 7169 31265

SSK50/SPC11 187 197 5151 343 30200 SSK40/SPC70 191 26 263 664 18535

SSK50/SPC13 322 232 3567 591 30460 SSK40/SPC73 19 24 632 1990 21555

SSK50/SPC15  29.3 413 4763 1888 3100 SSK40/SPC74 24.2 246 9820 6894 40076

SSK50/SPC17  37.2 53 4006 310 62700 SSK40/SPC75 30.3 206 9287 6821 31637

SSK50/SPC19  28.7 47 1533 490 61000 SSK40/SPC79 46.3 29.8 256 965 43062

Median 28.4 99 3263 472 30330 SSK40/SPC80 46.8 964 13555 1359 17654

North-west SSK40/SPC59  52.0 473 3149 768 47657 SSK40/SPC81 43.6 213 3708 725 11480

SSK40/SPC57  73.1 529 3846 537 50340 SSK40/SPC85 36 83.0 1205 162 7351

SSK40/SPC60  32.6 583. 2695 566 36302 SSK40/SPC86 375 85 8861 4072 21324

SSK40/SPC55  73.3 381 5137 1279 48855 Median 45 130 6188 3031 21997
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Figure 3.5 Percentage of Fe ( with respect to total sedimentary Fe) distributed in Fr.1 (water soluble),Fr.2 (carbonate/bicarbonate and

exchangeable),Fr.3 (Fe/Mn oxyhydroxide),Fr.4 (organic) and Fr.5 (residual) phase of sediments collected from (a) eastern and (b) western continental

shelf of India.

Page 60

Chapter 3



3.3 Discussion

3.3.1 Diverse geology of India and its impact on total Pb distribution in the

continental shelf sediments around India

Distribution of total Pb content (varying from 1.5+0.1 to 36.7+0.4 mg.kg™) in the
shelf sediments around India was found to vary regionally. The diverse geology of
Indian continent (Krishnan, 1968; Naqvi, 2005) is one of the reasons for this regional
variation in sedimentary Pb content in the continental shelves areas (e.g., Chakraborty
et al.,, 2015). Sediments derived from Himalayan rocks transported by Ganga-
Brahmaputra and Indus rivers in the northern part of continental shelves (north-east and
north-west coast region of India respectively) was found to have relatively higher
concentration of sedimentary Pb (26-29 mg.kg™ in the north-east and 18-30 mg.kg™ in
the north-west).

Concentration of sedimentary Pb in the central eastern shelf was found to vary
from ~13 to 36.7 mg.kg™.However, the geology of adjacent land mass has been
reported to consist of different types of rocks (basalt, metamorphosed granite and
sedimentary rocks) (Krishnan, 1968;Chakrapani and Subramanian,1999). It was
extremely difficult to pin point the source rocks of these sediment samples by relating
the sedimentary Pb content possibly because of large variation and diverse geology.
The central region of the western shelf was found to have the lowest sedimentary Pb
content among the other five regions. This low concentration can be attributed mainly
to the mafic nature of the source rocks (Krishnan, 1968; Rao and Rao, 1995; Kurian
et.al., 2013) in the adjacent land mass which is known as ‘Deccan Trap Basalt’ of
peninsular India. However, the concentration (6 -24 mg.kg™) of total sedimentary Pb in
this region was higher compared to the Pb content reported in the mafic rocks. This
enriched concentration of Pb was either due to the mixing of felsic component or the
contribution from anthropogenic activities to the shelf sediment. Mixed sources of
Deccan basalts and South Indian granulites were reported for shelf sediments off
Karnataka (Kurian et al., 2013). The sources of sedimentary Pb in this region are
discussed later.

The median concentrations of Pb in the sediments from the southern part of both the
shelves (16.1 and 12.6 mg.kg™ in the eastern and western region respectively) was close
to the Pb content found in the probable source rocks of the adjacent land in this region
[granulites (9.8 mg.kg™) to gneisses,schists (16 mg.kg™) (Wedepohl, 1978)]. The
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granulitic terrain of southern India was probably the major contributor of sediments to
the shelves of southern India (e.g., Nath et al., 2000; Kurian et al., 2013).

In addition to the source rock contribution, Pb can be contributed from other
geochemical (atmosphere, water column etc.) and also the anthropogenic sources which
is difficult to be assessed from total Pb data. Thus, a geochemical fractionation study of

Pb in these sediments was performed and the data are discussed below.

3.3.2 Major hosting phases of Pb and identifying the factors controlling Pb
distribution in shelf sediments

North-eastern and north-western shelf:

The northern regions of eastern and western continental shelves of India receive
sediments from similar source (Himalayan rocks) and the geochemical distribution
pattern of Pb in different binding phases also showed the similarities (Figure 3.3(a) and
3.4(a)). The concentration of Pb as water soluble, exchangeable and
carbonate/bicarbonate complexes (Fr.land Fr.2) did not increase with the increasing
total Pb loading in the sediment from the north-eastern continental shelf (Table
3.4).This indicates that other Pb-binding ligands were available to form
thermodynamically more stable Pb complexes in the sediments. However, in the north-
western shelf, an increase in concentration of Pb in Fr.1 and Fr.2 (0.5 to 1.8 mg.kg ™)
with increasing Pb loading in the sediment (Table 3.7, r’=0.77 and 0.70, p<0.01) was
observed. This is probably due to the high carbonate content (~15%) of the sediment
which provided enough binding sites to host Pb. Conversely, in the north-eastern shelf,
CaCOg; content was relatively low (~2.5%) and thus the concentration of Pb did not
increase in Frl and Fr2 with the increasing total Pb loading in the sediments.
Association of Pb with Fe/Mn oxyhydroxide phase gradually increased with the
increasing total Pb content in the sediments from both the regions (Tables 3.4 and 3.5).
This indicates that Fe/Mn oxyhydroxide was the major binding phase for Pb in the
sediments, which is probably due to the high Pb adsorption efficiency on Fe/Mn
oxyhydroxide in the sediment Pb in Fe/Mn oxyhydroxide. It has been reported that Fe-
based nano particles are promising adsorbent for Pb. Goethite (a-FeOOH) and
lepidocrocite (y-FeOOH), two different phases of Fe oxyhydroxide nano-particles has
been reported to have high adsorption capacity of Pb in aqueous solution (McKenzie et
al., 1980; Babel et al., 2003; Liu et al., 2008). Co-precipitation of Fe/Mn
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oxyhydroxides in water column along with Pb and adsorption of Pb on their surface
also probably increased Pb concentration in Fe/Mn oxyhydroxide phase of the
sediments in this region.

However, Pb showed weak affinity towards the sedimentary organic carbon
binding phases in the studied samples. Less amount of total Pb was found to be
associated with organic carbon (Corg) phase in these sediments [Figure 3.3a and 3.4a].
The association of Pb with Cqq (Fr. 4) did not increase with the increasing total Pb
loading in the sediments from the north-eastern shelf region (Table 3.4). This is in
agreement with the findings of Chakraborty et.al (2015a) that sedimentary organic
carbon does not control the mobility of Pb in this region. However, association of Pb
with Fr.4 was found to be increased with increasing Pb/Coyrg (Pb/Corg represents the
normalised concentration of Pb with respect to sedimentary organic carbon content)
inthe north-western shelf sediments (Table 3.5). Nevertheless, it is important to note
that the concentration of Corq Was low in this region and thus the association of Pb with
this phase was low. Fe/Mn oxyhydroxide was also found to control Pb speciation in
both the regions. The concentration of Pb in the residual phase in the north-eastern shelf
varied from ~9.5 to 13 mg.kg™ and very close to that in western region (varied from
~9.4 to 12.4 mg.kg™). The concentration of Pb in residual phases indicate the acidic
nature of source rock and the similarity in sedimentary residual Pb of both these regions
implies that the source rocks of the sediments of both the regions were similar in nature
(from Himalaya). This is interesting since, the Indus River which would have
contributed most of the sediments to the northwestern shelf, has been reported to carry
a significant portion of Karakoram derived material in addition to that from Higher
Himalayas (Clift et.al.,2002) while the major source of north-eastern shelf would be
Ganges-Brahmaputra rivers. The Ganga Plain sediments were found to be derived
gneiss and Cambro-Ordovician granites of High Himalayan Crystalline series IHHCS)
(Galy and France-Lanord, 2001; Singh 2009). Homogenization and thorough mixing of
lithologic and chemical diversity in the denudation regime (e.g., Dutta and
Subramanian, 1998) may be responsible for the similar composition of residual portion
of sediments from north-western and north-eastern shelves. A significant difference in

concentration between the total sedimentary Pb content and the residual Pb content
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Table 3.4 Correlation coefficient matrix of five geochemical phases (Fr.1, Fr.2, Fr.3, Fr.4, and Fr.5) of Pb (mg.kg ™), total Pb (mg.kg *),Pb/C,sand CaCOj in
the sediments from North-eastern continental shelf of India

Pb-Fr1 Pb-Fr2 Pb-Fr3 Pb-Fr4 Pb-Fr5 TM(Pb) Pb(T)/C,; CaCO3
Pb-Fr.1 1.00

Pb-Fr.2 0.73 1.00
Pb-Fr.3 -0.06 0.36 1.00
Pb-Fr.4 0.51 0.26 -0.41 1.00
Pb-Fr.5 -0.58 -0.78 -0.62 -0.03 1.00
TM(Pb) -0.12 0.21 0.77 0.00 -0.22 1.00
Pb(T)/Coy ~ 0.03 -0.43 -0.83 0.15 0.46 -0.82 1.00
CaCO3 0.46 0.39 0.09 0.03 -0.47 -0.17 0.08 1.00

Correlation is significant at the 0.01 level (2-tailed). Bold humbers represent statistical significant correlation

Table 3.5 Correlation coefficient matrix of five geochemical phases (Fr.1, Fr.2, Fr.3, Fr.4, and Fr.5) of Pb (mg.kg ™), total Pb (mg.kg '1),Pb/Corg and CaCQOz in
the sediments from North-western continental shelf of India

Pb-Fr.l Pb-Fr2 Pb-Fr3 Pb-Fr4 Pb-Fr5 TM(Pb) Pb(T)/Cye CaCO3

Pb-Fr.1 1.00

Pb-Fr.2 0.83 1.00

Pb-Fr.3 0.07 0.01 1.00

Pb-Fr.4 0.63 0.59 -0.03 1.00

Pb-Fr.5 0.34 0.33 -0.62 -0.21 1.00

TM(Pb) 0777 070" 0.44 0.84" -0.27 1.00

Pb(T)/Corq 0.91 0.70 0.02 0.86" 0.10 0.85 1.00

CaCO3 -0.36 0.33 0.49 -0.30 -0.49 -0.12 -0.36 1.00

*Correlation is significant at the 0.01 level (2-tailed).
** Correlation is significant at the 0.02 level (2-tailed). Bold numbers represent statistical significant
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in the studied sediment may be due to significant anthropogenic input of Pb (fluvial and

atmospheric) to these shelves (Table 3.2).

Central-eastern shelf:

Geochemical fractionation study of sedimentary Pb in this region suggests that,
except for few sporadic locations, Fe/Mn oxyhydroxide phase was the major hosting
phase for Pb (~3 to 42.2 % of the total Pb). The increasing concentration of total
sedimentary Pb was found to correlate with increased Pb association in Fe/Mn
oxyhydroxide hosting phase (Table 3.6, r’=0.88, p<0.01).This probably suggests that
there were enough Pb-binding sites in the Fe/Mn oxyhydroxide phase of the studied
sediments. However, the sedimentary organic carbon content played an important role
in controlling Pb distribution in some of the sediment samples. It was found that the
sediments having higher concentration of Cory (> 1%, Table3.1) showed the significant
association of Pb with organic binding phases in the sediments.A weak correlation
between Pb/ Cqq ratio and the Pb bound to organic phase (Fr 4) (Table 3.6) suggest that
Corg Was not the key factor controlling the sedimentary Pb speciation in this region.

The concentration of Pb content in the residual phase (~40 to 79 %, average ~57%)
was found to increase with increasing concentration of total sedimentary Pb (~7.4 to
21.5 mg.kg™) (Table 3.6, r’=0.81, p<0.01). The large variation in concentration of
sedimentary Pb in the residual phase (see Table 3.2) was indicative of the presence of
mixed sources of mafic and felsic composition in the sediments from this region. It has
already been reported that marine sediments from this region receives sediment from
Mahanadi, Godavari and Krishna river which flow through both mafic and felsic
geological formations (Chakraborty et al., 2015 and references therein) and hence, the

residual phase of sedimentary Pb showed the signature of mixed sources.

Central-western shelf:

The geochemical distribution pattern of sedimentary Pb was found to be different in
this region from the other shelf regions. Association of Pb with Fr.1 and Fr.2 phases
was found to increase with the increasing total Pb loading (Table 3.7, r’=0.86 and 0.90,
p<0.01) in the sediments from this region. The presence of high carbonate content
(Table 3.1) in the sediment increased the concentration of Pb in Frl+Fr2 forms.
Concentrations of Pb associated with Fe/Mn oxyhydroxide and organic phases of the

sediments were very similar (Table 3.2) in this region. It was found that association of
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Pb gradually increased in both the phases with increasing Pb loading in the sediment
(Table 3.7, r’=0.74 and 0.64 (p<0.01) respectively). This indicates that sufficient
uncomplexed Pb-binding sites were available in the sediments. Concentrations of
sedimentary Fe and Cog content in the sediments were high in this region and thus,
there was almost uniform distribution of sedimentary Pb in these two binding phases
(Figure 3.4 b). The variation in concentration of Pb (3.6 to 6.5 mg.kg™) in the residual
phase of the sediment was not dependent on the total Pb content of the sediments from
this region (Table 3.7). The concentration of Pb in residual phase of the sediments in
this region was relatively low (3.6 to 6.5 mg.kg™) compared to the residual Pb
concentration in the other shelf sediments. The Pb content in the residual phase of the
studied samples from this region are very similar to those of basaltic lava flows, dykes
of Toranmal section (Pb concentration: 1.3 to 6.7 mg.kg™) and Tapi rift (Pb
concentration: 2.1 to 5.9 mg.kg™) of Deccan volcanic province (Chandrashekharam et
al., 1999).
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Table 3.6 Correlation coefficient matrix of five geochemical phases (Fr.1, Fr.2, Fr.3, Fr.4, and Fr.5) of Pb (mg.kg ™), total Pb (mg.kg ™), Pb/C,qand CaCO3

in the sediments from Central-eastern continental shelf of India

Pb-Fr.l Pb-Fr2 Pb-Fr3 Pb-Fr4 Pb-Fr5 TM(Ph) Pb(T)/Cys CaCO3

Pb-Fr.1 1.00
Pb-Fr.2 -0.06 1.00

Pb-Fr.3 0.60 0.11 1.00

Pb-Fr.4 -0.33 -0.41 -0.11 1.00

Pb-Fr.5 0.18 -0.32 0.51 0.08 1.00

TM(Pb) 0.47 -0.03 0.88 0.00 0.81 1.00

Pb(T)/Corq -0.80 -0.11 -0.73 0.03 -0.08 -0.55 1.00

CaCO3 -0.38 -0.49 -0.63 0.78 -0.19 -0.44 0.24 1.00

Correlation is significant at the 0.01 level (2-tailed). Bold numbers represent statistical significant correlations.

Table 3.7 Correlation coefficient matrix of five geochemical phases (Fr.1, Fr.2, Fr.3, Fr.4, and Fr.5) of Pb (mg.kg ™), total Pb (mg.kg ™), Pb/Cqgand CaCO3
in the sediments from Central-western continental shelf of India

Pb-Fr1 Pb-Fr2 Pb-Fr3  Pb-Fr4 Pb-Fr5  TM(Ph)  Pb(T)/Cuy  CaCO3

Pb-Fr.1 1.00

Pb-Fr.2 0.91 1.00

Pb-Fr.3 0.50 0.51 1.00

Pb-Fr.4 0.36 0.43 0.12 1.00

Pb-Fr.5 -0.29 -0.29 -0.05 -0.38 1.00

TM(PDb) 0.86 0.90 0.74 0.64 -0.18 1.00

Pb(T)/Corg 0.57 0.47 0.34 0.81 -0.13 0.68 1.00

CaCO3 -0.18 -0.11 -0.18 -0.21 0.49 -0.16 -0.32 1.00

Correlation is significant at the 0.01 level (2-tailed). Bold numbers represent statistical significant correlations
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Southern parts of eastern and western shelf:

Sediments collected from the southern parts of both the shelves were found to have
similar concentration of total sedimentary Pb. This probably indicates the possible
similar source rocks. It has been reported that Precambrian gneiss and schist are the
major source rocks in this region. Thus, a very similar geochemical distribution pattern
of Pb in the different binding phases of the sediments along the shelf of eastern and
western part was also observed (Figure 3.3c and Figure 3.4c respectively).

Due to the presence of high carbonate content in both the regions, a considerable
percentage of total Pb was found to be present as carbonate/bicarbonate complexes (as
indicated by high Pb in Frl+ Fr2). Formation of labile and weak Pb-sediment
complexes increased with increasing Pb loading in the sediment collected from the
eastern shelf. However, formation of weak Pb complexes (Fr1+Fr2) did not increase
with the increasing total Pb loading in the sediments from the south-western shelf
region. This clearly indicates that suitable binding sites in other geochemical phases of
the sediment were available for hosting Pb in the sediments collected from the western
shelf. However, association of Pb with the organic phase did not increase with the
increasing Pb loading in the sediments from both the shelves (Tables 3.8 and 3.9). The
poor correlation between Pb/Cory ratio and the total Pb loading (Tables 3.8 and 3.9)
clearly indicates that sedimentary organic matter were not available for hosting Pb.
Association of Pb with Fe/Mn oxyhydroxide phase in the sediments from both the
shelves was increased with increasing Pb loading in the sediments (Tables 3.8 and 3.9).

It is interesting to note that association of Pb with sedimentary organic matter (with
~1.1%) was more than its association with Fe/Mn oxyhydroxide (Fet = 7.4%) phase in
the sediment collected from the central west coast of India. However, sediments from
south-western region where Fe content (~3.5%) was lower and Cyq content (2.18 %)
was relatively higher than the central west coast region showed an opposite trend and
probably suggest that the concentration of sedimentary Fe in oxyhydroxide form is
more important than the total sedimentary Fe content to adsorb Pb.

Percentage of Pb in the residual phase was comparatively higher in the southern
part of both the shelves than their respective northern regions. Approximately ~54 to
81% of total Pb (with an average of ~67%) in the south-eastern shelf and 32 to 74 % of
total Pb (with an average of ~54%) in the south-western shelf was found to be in the

mineral or residual phase of the sediment. A significant increase in Pb concentration
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Table 3.8 Correlation coefficient matrix of five geochemical phases (Fr.1, Fr.2, Fr.3, Fr.4, and Fr.5) of Pb (mg.kg ™), total Pb (mg.kg ), Pb/C,yand CaCO3
in the sediments from South-eastern continental shelf of India

Pb-Fr1 Pb-Fr.2 Pb-Fr3 Pb-Fr4 Pb-Fr5 TM(Pb) Pb(T)/Cyq CaCO3

Pb-Fr.1 1.00

Pb-Fr.2 -0.41 1.00

Pb-Fr.3 -0.15 0.62 1.00

Pb-Fr.4 -0.64 0.10 -0.32 1.00

Pb-Fr.5 0.15 0.30 0.24 -0.24 1.00

TM(Pb) -0.03 0.56" 0.54™ -0.17 0.93" 1.00

PB(T)/Corg -0.25 -0.16 -0.54 0.44 -0.36 -0.44 1.00

CaCO3 -0.05 0.50" -0.74 0.25 -0.24 -0.45 0.68 1.00

*Correlation is significant at the 0.01 level (2-tailed).
** Correlation is significant at the 0.1 level (2-tailed). Bold numbers represent statistical significant

Table 3.9 Correlation coefficient matrix of five geochemical phases (Fr.1, Fr.2, Fr.3, Fr.4, and Fr.5) of Pb (mg.kg ™), total Pb (mg.kg ™), Pb/Cqgand CaCO3
in the sediments from South-western continental shelf of India

Pb-Frl Pb-Fr2 Pb-Fr3 Pb-Fr4 Pb-Fr5 TM(Pb) Pb(T)/Cy, CaCO3

Pb-Fr.1 1.00
Pb-Fr.2 0.09 1.00

Pb-Fr.3 -0.57 0.17 1.00

Pb-Fr.4 0.16 -0.32 -0.16 1.00

Pb-Fr.5 -0.44 -0.07 0.16 -0.34 1.00

TM(Pb) -0.62 0.09 0.89" -0.13 0.56" 1.00

Pb(T)/Corq -0.33 -0.51 0.73 0.44 0.04 0.63 1.00

CaCO3 -0.12 -0.03 -0.07 0.16 -0.29 -0.22 0.19 1.00

*Correlation is significant at the 0.01 level (2-tailed).
** Correlation is significant at the 0.05 level (2-tailed). Bold numbers represent statistical significant
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in the residual phase was found with increasing total Pb loading in the sediments from
both the southern regions (Table 3.8, r’=0.93, p<0.01 and Table 3.9, r*=0.54, p<0.05
respectively). However, unlike the total Pb content, residual Pb from these two regions
showed dissimilarity. In the south-eastern region residual Pb varied from ~6 to 23
mg.kg™ whereas in the western part residual Pb varied from 3.5 to 10.9 mg.kg ™.
However, while assessing the residual Pb in each sediment samples, it was found that a
considerable number of sediments contain similar residual Pb content in both the
shelves and it was close to the concentration of Pb reported in granulites (9.8 mg.kg™)
(Wedepohl,1978). This is consistent with the interpretations drawn from clay mineral
studies (Chauhan and Guijar, 1996) from the shelf in the southern tip of India. They
found that the sediments in these areas were derived from chemical weathering of the
granulitic rocks in the catchment area of the Karmana, Neyyar and Tambraparni Rivers.
Rest of the samples in both the regions had different residual Pb content. In the eastern
shelf, the concentration of residual Pb in rest of the samples was higher than the
granulitic concentration. However in the western shelf, residual Pb content in rest of the
samples were of mafic signature (Table 3.2) .This probably is due to the coastal currents
which would have transported sediments from northern regions to the south.
The geochemical fractionation study of Pb in the shelf sediments around India

revealed the following:

(@) Fe/Mn oxyhydroxide was the major non-residual hosting phase followed by
sedimentary organic binding phase for Pb.
(b) Total sedimentary Fe and organic carbon content did not control Pb speciation in
the continental shelf sediments.
(c) The concentration of labile and mobile Pb complexes in sediment was found to
depend on sedimentary carbonate content.

In order to understand the geochemical processes that control the distribution and
speciation of Pb with different binding phases of the sediment, geochemical

fractionation of Fe was carried out.
3.3.3 Effect of Fe fractionation on geochemical association of Pb in sediments

Distribution of Fe in different binding phases of the sediments is shown in Figure
3.4 (Table 3.3). The concentration of Fe in Fr.3 represents the amorphous Fe-
oxyhydroxide form which was the major binding phases for Pb. While, the Pb bound to

Chapter 3 Page 70



Fe-oxyhydroxide did not show a positive correlation with the total Fe content, but a
positive correlation was seen between the concentration of Pb associated with Fe/Mn
oxyhydroxide phase and the concentration of Fe in oxyhydroxide form (Table 3.10) in

the sediments.

Table 3.10 Correlation coefficient matrix of five geochemical phases (Fr.1, Fr.2, Fr.3, Fr.4, and
Fr.5) of Fe (mg.kg ‘1),Corg (%)and two geochemical phases ( Fr.3 and Fr.4) of Pb (mg.kg '1) in
the eastern continental shelf sediments of India

Fe-Fr.l1 Fe-Fr.2 Fe-Fr.3 Fe-Fr.4 Fe-Fr5 Corg Pb-Fr.3 Pb-Fr.4

Fe-Fr.1 1.00
Fe-Fr.2 -0.08 1.00
Fe-Fr.3 0.11 0.46 1.00

Fe-Fr.4 0.16 -0.22 0.40 1.00

Fe-Fr.5 0.09 -0.14 0.06 0.20 1.00

Corg 0.13 -0.30 0.39 0.77 -0.18 1.00

Pb-Fr.3 0.02 0.61 0.64 0.05 0.03 0.07 1.00

Pb-Fr.4 0.22 -0.12 -0.15 0.01 0.39 -0.09 -0.34 1.00

Correlation is significant at the 0.01 level (2-tailed).
Bold numbers represent statistical significant correlatio

This finding clearly suggests that association of Pb with Fe/Mn oxyhydroxide phase
depend not on the total sedimentary Fe content but on the concentration of Fe in
oxyhydroxide form. It was observed in this study that in spite of having lower total
sedimentary Fe content in the sediments, high association of Pb with Fe/Mn
oxyhydroxide phase was seen in the sediments from the north-east compared to central-
east and the south-west compared to central west regions (Table 3.1). It was found that
higher concentration of Fe as oxyhydroxide form in the sediments collected from the
north-east and south west coast (Table 3.3) is responsible for the higher association of
Pb with Fe/Mn oxyhydroxide phase compared to the central-east and central-west
(where total Fe content was higher but its oxyhydroxide form was less than the southern
part) respectively. A part of sedimentary Fe was also found to be associated with
organic phase of sediment (Table 3.9) and the association was found to be increased

with increasing concentration of Cq in the shelf sediments (Table 3.10).
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3.4 Conclusions

This study suggests that, geogenic (residual Pb) sources of Pb controlled total
sedimentary Pb concentration specifically in the central-east, south-east and south-west
coast regions of India. However, significant anthropogenic Pb (non-residual Pb) input
was observed in the other continental shelve areas (such as north-east, north-west and
central-west coast of India). Total sedimentary Fe and organic carbon content did not
control Pb speciation in continental shelf sediments. The concentration of sedimentary
Fe/Mn in oxyhydroxide forms and quantity and quality of sedimentary organic matter
determined the distribution and speciation of Pb in the continental shelf sediments.
Fe/Mn oxyhydroxide phase was the major hosting phase for sedimentary Pb. However,
sedimentary organic matter also acted as host for Pb in some sediment. The distribution
and speciation of Pb in the sediment was found to depend on the relative abundance of
the above two binding phases in the sediment. Concentration of Pb in residual phase

was found to carry signature of the source rocks of the sediments.

3.5 Global Implication

This study reveals that Fe(lll)-oxyhydroxide phase is the major hosting phase for
non-residual Pb in the continental shelf sediments around India. It is well known that Pb
association with Fe/Mnoxyhydroxide phases in the sediments gradually decreases with
the decreasing dissolved oxygen concentration of the overlying bottom water (due to
dissolution of Fe(lll)/Mn oxyhydroxide phase). Climate models have predicted
declining oceanic dissolved oxygen due to global warming. This study suggests that
expansion of reduced oxygen levels may have dramatic consequences on the mobility
and bioavailability of Pb in the coastal areas around India in future.
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Chapter 4



Stability and lability of sedimentary Pb complexes: A Kinetic
fractionation study

4.1 Introduction

Geochemical fractionation (or operational speciation) of sedimentary Pb, discussed
in the previous chapter provided the knowledge of major hosting phases of Pb and the
factors which control the distribution and speciation of Pb in the shelf sediments around
India. However, the knowledge of geochemical fractionation of Pb in sediment is not
sufficient enough to understand the stability or lability of Pb complexes in a given
system. Hence, in addition to geochemical fractionation, Kinetic fractionation study was
carried out to understand the nature of the Pb-sediment complexes (labile or inert) and
their corresponding dissociation rate constants (Kg).

It has been well documented that sedimentary organic matter and Fe-oxyhydroxide
are the major hosting phases of Pb in marine sediment (Tessier and Campbell, 1987;
Coston et al., 1995; Takahasi et al., 2007; Chakraborty et al., 2012 and Chapter 3 of this
thesis) Therefore, 21 sediment samples were selected (on the basis of their varying
sedimentary organic carbon and Fe-oxyhydroxide content) around India for kinetic
fractionation study. The results of kinetic fractionation study of Pb-sediment complexes
are further combined with the outcome of the geochemical fractionation study
(presented in the previous chapter) to identify the labile Pb-complexes and the key

factors that control stability and lability of Pb-complexes in marine sediments.

4.2 Results

4.2.1 Concentration of total sedimentary organic carbon (Corg), 8"°Corg,, CaCOs
(%) ,total Fe (%) and its oxyhydroxide form (mg.kg™),total sedimentary Pb and

Pb in different geochemical phases in the sediments

The concentrations of total Pb (mg.kg?) and its important binding phases
sedimentary organic carbon (Corg) (%), total Fe (%) and its oxyhydroxide phase (mg.kg

"y in the selected sediments from eastern and western continental shelves are presented



in Tables 4.1 and 4.2 respectively. Percentage of total sedimentary Pb distributed in
different geochemical phases of the sediments from eastern and western shelf is also
presented in Tables 4.3 and 4.4 respectively. These data (presented in Tables 4.1, 4.2,
4.3 and 4.4) except the 813Corg values have already been presented and discussed in the
previous chapter (Chapter 3). However, for the sake of convenience, these data of
selected sediment samples are again presented with the new data in this chapter.

The concentration of Cyq in the sediments collected from the eastern continental

shelf ranged from 0.49 to 2.36 % (Table 4.1). The sediments from this region were
found to have lower Cory content (<1%) except in few sediment samples.é}lgcorgvalues
(presented in Table 4.1) in these sediments ranged from -19.61 to -25.08%.. CaCO3
content was low in most of the locations and found to vary from 1.8 to 74 % in the
sediments (see Table 4.1).The Fe concentration showed large variations (0.3 to 11.8 %).
The oxyhydroxide form of Fe (a major binding phase for Pb) was found to vary from
2123 to 10310 mg.kg . The concentration of Pb varied from 15.9+0.3 to 36.7+0.4
mg.kg ™ in the sediments (Table 4.1).
The concentration of Cog in the sediments from the western continental shelf ranged
from 3.03 to 0.49 % (Table 4.2). Sediments from the northern part of the shelf were
found to have lower Cyq content (<1 %) compared to the southern part, where, on an
average, Corg CONteNt was more than 2.5 % in the sediments. 3"*Corq values varied from
-21.33 to -20.23 %o in the sediments along the shelf (shown in Table 4.2).The north—
south variability was found to be seen in isotopic composition as well, where the 613C0rg
values in the sediments from northern part were seen to be heavier compared to the
southern part.Concentration of CaCO3; was found to vary from 3.9 to 81.3 % in the
sediments and the average CaCO; content was higher that the eastern shelf. The
concentrations of Fe and Fe-oxyhydroxide in the sediments from this region were found
to vary from 4.5 to 12.9 % and 3149 to 9506 mg.kg™ respectively. The concentration of
sedimentary Pb was found to vary from 12.0£0.6 to 30.4+0.1 mg.kg™ in the sediments
from the western shelf of India (Table 4.2).
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Table 4.1 Concentration of Pb (mg.kg ™) and total organic carbon (Corg) (%), C:Nuotar ,813Corg (%o)in the eastern continental shelf of India

Fe/Mn
. Conc.of Pb Cor oXy- CaCO; oBc,,
Station moke) ) e g r())/xide @) CNmoar g "
(mg.kg™)

SSK35/SPC1  29.0#05 049  7.3+0.1 10310 2.6 879  -22.58
SSK35/SPC5  26.3t0.2 058  5.8%0.5 8793 2.9 10.05  -23.38
SSK35/SPC7 289406 0.65  6.00.3 7718 25 879  -21.89
SSK35/SPC19 26111  0.82  7.720.2 7058 2.4 1048  -22.18
SSK35/SPC22 367404  1.03  8.1%05 16292 18 1239  -23.86
SSK35/SPC33  19.9+0.3 074 11.8+0.6 2123 748 7491  -23.95
SSK35/SPC35  20.9+0.3  2.36  3.2+0.07 3473 3.1 3848  -25.08
SSK50/SPC26 18401 099  1.3%05 4414 9.0 931  -19.61
SSK50/SPC24  15.9+0.3 044  0.30.03 5100 137 1344  -21.19
SSK50/SPC15  17.4+0.7 157  2.020.07 4006 5.1 1140  -20.89
SSK50/SPC17 509402 045  5620.3 4763 247 1647  -24.18
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Table 4.2 Concentration of Pb (mg.kg ™) and total organic carbon (Corg) (%), C:Nuotar ,813Corg (%o)in the western continental shelf of India

Fe/Mn oxy-

. Conc.of Pb  Cyy o : CaCO; . 3"Corg
Station (mg.kg'l) (%) Fe (%) T?:%rﬁzlge (%) C:Nolar (%0)

SSK40/sPCc59  30.4+0.1 0.49 5.2+1.1 3149 11.8 13.16 -20.23
SSK40/SPC57  21.6+0.3 0.51 5.5¢1.0 3846 6.8 10.34 -20.33
SSK40/SPC55  25.1+1.1 0.66 5.6£0.4 5137 26.3 12.61 -20.73
SSK40/SPC39  24.2+0.7 0.31 7.6£0.1 4024 7.5 10.3 -20.66
SSK40/SPC11  12.0+0.6 2.63 7.4+1.3 5335 81.3 13 -22.04
SSK40/SPC6 13.9£0.5 2.89 12.9+0.8 9506 1.2 12.21 -20.94
SSKA40/SPC7 12.8+0.2 2.89 6.1+0.3 6178 3.9 11.3 -20.44
SSK40/SPC69  14.6+0.7 2.65 4.5£0.1 6641 13.1 13.22 -21.35
SSK40/SPC74  17.6+0.5 3.01 5.710.1 9820 4.6 1241 -21.33
SSK40/SPC75  19.1+0.3 3.03 4.8+04 9287 6.6 12.53  -21.09
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The percentage of total Pb associated with different geochemical phases (Fr.1, Fr.2,
Fr.3, Fr.4 and Fr.5) of the eastern and western continental shelf sediment is given in
Table 4.3 and 4.4 respectively. The percentage of total Pb in the non-residual binding
phases were found to vary from 35 to 67 % in the eastern continental shelf sediment, a
major part of the non-residual Pb was found to associate with Fe/Mn oxyhydroxide
phase (Fr.3) (10.6 to 57.2 % of total Pb) followed by organic (Fr.4) ( 1.4 to 25.1 % of
total Pb), exchangeable/carbonate (Fr.2) (0.1 to 19.3 % of total Pb) and water soluble
phase (0 to 6.9 % of total Pb) of the eastern continental shelf sediments. In the western
continental shelf, the association of Pb with different non-residual sedimentary phases
followed the same order as it was in the eastern shelf. The highest association of Pb was
found with Fe/Mn oxyhydroxide phase (Fr.3) (13.0 to 53.5 % of total Pb) followed by
organic phase (Fr.4) (3.3 to 31.1 % of total Pb), exchangeable/carbonate (Fr.2) (1.1 to
27.1 % of total Pb) and water soluble phase (0.2 to 34.4 % of total Pb). The non-
residual fraction of total Pb was found to vary from 46 to 67% in the western
continental shelf sediments.

It is important to note that geochemical fractionation study does not provide any
information about the stability of the metal complexes (associated with different
binding phases) in the sediments. In order to know the stability and lability of Pb-
sediment complexes in the shelf sediments, further experiments were carried out by

using competing ligand exchange method.

4.2.2 Kinetic fractionation of Pb-sediment complexes

The change in concentration of Pb released from Pb-sediment complexes in
presence of EDTA was monitored against time. The kinetic extraction curves of Pb
from Pb-sediment complexes from the eastern and western continental shelves are
presented in Figures 4.1 and 4.2 respectively. Each curve shows an exponential increase
of Pb concentration in EDTA solution as a function of time. There is a distinct feature
in each curve (a sharply rising part followed by a slow or unchanged part). The non-
linear regression analysis was carried out and the experimental data were fitted with
two component model system. The sharply rising part of each curve represent the labile
Pb-sediment complexes (C;) with rapid dissociation rate constant (kq1) and the second
part parallel to x axis represent inert Pb-sediment complexes (C,) of very slow

dissociation rate constant (Kg).
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Table 4.3 Percentage of total Pb associated with water soluble (Fr.1), exchangeable and
carbonate/bicarbonate (Fr.2), Fe/Mn oxyhydroxyde (Fr.3),organic (Fr.4) and residual (Fr.5)
phase of the eastern continental shelf sediments

Station Fr1(%) Fr2(%) Fr3(%) Fra(%) Fr5(%)
SSK35/SPC1 18 4.2 57.2 4.2 32.6
SSK35/SPC5 3.1 5.2 35.5 11.6 44.6
SSK35/SPC7 1.8 2.7 37.4 13.3 44.8
SSK35/SPC19 2.7 3.5 33.7 10.0 50.0
SSK35/SPC22 1.6 1.8 42.2 10.9 435
SSK35/SPC33 1.8 0.1 11.0 25.1 62.0
SSK35/SPC35 0.0 35 10.6 6.6 79.3
SSK50/SPC26 0.6 19.6 31.0 9.0 39.9
SSK50/SPC24 1.6 4.5 35.6 4.4 54.0
SSK50/SPC15 0.4 9.3 32.5 7.6 50.2
SSK50/SPC17 6.9 2.3 24.5 14 64.9

Table 4.4 Percentage of total Pb associated with water soluble (Fr.1), exchangeable and
carbonate/bicarbonate (Fr.2), Fe/Mn oxyhydroxyde (Fr.3), organic (Fr.4) and residual (Fr.5)
phase of the western continental shelf sediments

Station Fri1(%) Fr2(%) Fr3(%) Fra4(%) Fr5(%)
SSK40/SPC59 1.6 4.2 30.2 31.1 32.9
SSK40/SPC57 0.2 3.2 31.1 16.1 49.4
SSK40/SPC55 0.5 3.3 53.5 3.9 39.0
SSK40/SPC39 34.4 27.1 13.0 14.3 19.2
SSK40/SPC11 0.4 1.2 22.8 21.6 54.0
SSK40/SPC6 0.4 1.2 32.2 20.2 459
SSK40/SPC7 2.0 1.1 28.5 22.5 459
SSK40/SPC69 1.6 1.4 47.0 10.5 39.5
SSK40/SPC74 0.9 1.8 47.9 3.3 46.1
SSK40/SPC75 15 3.0 43.0 10.3 42.2
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Figure 4.1 Release of labile Pb species from sediments of eastern continental shelf as a function

of time in presence of 0.05M EDTA at pH 6
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Figure 4.2 Release of labile Pb species from sediments of western continental shelf as a

function of time in presence of 0.05M EDTA at pH 6
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It should not be considered that there were two discrete binding sites for Pb present
in the sediments. It is well known that determination of different types of metal-binding
sites in a polyfunctional, complexant such as sediment is not a simple issue (Langford
and Gutzman, 1992; Chakraborty, 2007; Chakraborty et al., 2011; Chakraborty et al.,
2012).Metal binding sites in sediments may have range of binding energies because of
the heterogeneous nature. Thus, two discrete types of binding sites with specific
dissociation rate constants of Pb-sediment complexes may not accurately describe the
chemistry of the binding sites of the sediment. The specific dissociation rate constants,
presented in this study, may represent anaverage value for a group of complexes on a
particular site. The numerical data that describe the fitted line i.e, the percentage of
kinetically distinguishable Pb-complexes (labile (c;) and inert (c;)) and their
corresponding dissociation rate constant (kg1 and kg, respectively) in the sediments of
eastern and western continental shelf are given in Tables 4.5 and Table 4.6 respectively.

The percentage of weak Pb-sediment complexes (c;) in the eastern shelf sediment
samples ranged from ~3 to 46 % (with an average of ~ 27%) of the total sedimentary Pb
complexes with the dissociation rate constant ranging from 1.2x10° to 6.4 x10° S*
(presented in Table 4.5). The percentage of dynamic sedimentary Pb complexes (a good
representative of labile complexes) was found to be lower in the eastern part and it
varied from 4 to 20 % (av. ~11 %) of the total sedimentary Pb. The dissociation rate
constant of these complexes was found to vary from 1.6 x107 to 4.8 x10® S™* (shown in
Table 4.6). The percentage of inert Pb complexes (C,) and their corresponding
dissociation rate constants (Kg) in the eastern and western shelf sediments are provided

in Tables 4.5 and 4.6 respectively.

4.2.3 Kinetically distinguishable forms of Pb-sediment complexes and their

dissociation rate constants

Kinetic fractionation experiment showed that sedimentary Pb complexes from both
the continental shelves comprised of two kinetically distinguishable components. The
exponential curves for all the sediment samples showed similar rising pattern (Figures
4.1 and 4.2). The initial section of the steeply rising parts of the curves was almost
indistinguishable from each other, indicating dynamic Pb-sediment complexes with fast
dissociation rate constants. However, the overall steep section for each curves were
different from each other. The difference was found to be shown (Tables 4.5 and 4.6) in

calculated dissociation rate constant (Kqz) for the labile complexes of the sediments
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Table 4.5 Percentage of labile (C;) and inert (C,) complexes and their corresponding
dissociation rate constants (Kg;) (S*) and (Kg,)(S™) respectively in the eastern continental shelf
of India

Station C1(%) Ka(S™h C(%) Kg(S™h
SSK35/SPC1 45.5 6.4x 107 54.5 <10°
SSK35/SPC5 25.6 5.1x 10° 74.4 <10°
SSK35/SPC7 21.6 4.1x 103 78.4 <10°®
SSK35/SPC19 28.8 2.4x 10° 71.2 <10°
SSK35/SPC22 12.4 3.1x10° 87.6 <10°
SSK35/SPC33 3.1 1.2x 10°® 96.9 <10°®
SSK35/SPC35 26.0 5.2x 10° 74.0 <10°
SSK50/SPC26 25.7 2.4x10° 74.3 <10°
SSK50/SPC24 45.8 3.9x 107 54.2 <10°®
SSK50/SPC15 19.7 2.2x10° 80.3 <10°
SSK50/SPC17 19.2 2.7x 103 80.8 <10°

Table 4.6 Percentage of labile (C;) and inert (C,) complexes and their corresponding
dissociation rate constants (Kg;) (S™) and (Kg)(S™) respectively in the western continental
shelf of India

Station C1(%) ka1 (S Co(%) kea(Sh
SSK40/SPC59 20.3 4.8x 103 79.7 <10°
SSK40/SPC57 4.2 4.4x 107 95.8 <10°
SSK40/SPC55 5.2 4.2x 10°° 94.8 <10°
SSK40/SPC39 8.2 5.0x 10 91.9 <10°
SSK40/SPC11 11.4 1.6x 10° 88.6 <10°
SSK40/SPC6 13.2 2.2x 10 86.8 <10°
SSK40/SPC7 17.1 2.6x 10 82.9 <10°
SSK40/SPC69 18.0 1.0x 10 82.0 <10°
SSK40/SPC74 5.3 3x 10°° 94.7 <10°
SSK40/SPC75 7.3 2.9x 10 92.7 <10°
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from both the shelves. The variation was also observed in the height of the steep
section of each curve (Figures 4.1 and 4.2), suggesting the concentration of labile Pb-
sediment complexes in the sediments varied along the shelves.The average
concentration of labile Pb-sediment complexes (presented in percentage of the total
sedimentary Pb) was found to be higher in the eastern shelf (~27 %) compared to the
western shelf (~11%).

A major part of the sedimentary Pb-sediment complexes in both shelves were inert
(c,) in nature with very slow dissociation rate constant (<1x10°s™) (see Tables 4.5 and
4.6).

4.3 Discussion

4.3.1 Influences of Pb/ [Corg] and [Pb]/[Feoxyhydroxide] ratios on the stabilities of Pb-

sediment complexes

The stability of Pb-sediment complexes in shelf sediments depends on total
sedimentary Pb loading and quantity and quality of sedimentary binding phases
(Szarek-Gwiazda and Mazurkiewicz-Boron, 2006; Chakraborty et al., 2011;
Chakraborty et al., 2012). It has been discussed in the previous section that Cory and Fe-
oxyhydroxide were the major Pb-binding phases in the sediments. Thus, the influences
of Pb/ [Corg] and [Pb]/[Feoxyhydroxice] ratios on the stabilities of Pb-sediment complexes
are discussed below.

The dissociation of Pb-sediment complexes was found to depend on Pb/ [Cor]
ratio. The dissociation rate constant of the labile complexes (kq1) of Pb was found to
increase with increasing Pb/Cqyq ratio in both the eastern and western shelf sediments
(Figures 4.3(a) and 4.3(b) respectively).

A steady increase in dissociation rate constant (kgq;) was observed with the
increasing Pb/ [Cyg] ratio in the eastern shelf sediment. However, the increasing trend
of kqg1 against Pb/Cqrq Was found to be different in the western shelf sediment. Variation
in concentration of the total sedimentary organic matter (Cor) in the northern and
southern part of the western continental shelf influenced the stability of Pb-sediment
complexes. Sediment samples containing low Cy (<1 %) from the northern part of the
western continental shelf showed slow increase in dissociation rate constant of Pb-
sediment complexes with increasing Pb loading compared to the Pb-sediment

complexes from the southern part of the western continental shelf sediment, where Cg
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concentration was higher (<2.5%) (Figure 4.3.(b)).

The increase in dissociation rate constant (kq1) of Pb-sediment complexes with
increasing Pb/ [Cog] ratio suggests that there was progressive association of Pb with the
weaker sites of the sediments. Thermodynamically more stable Pb complexes formed at
lower Pb/[Cyg] ratio in the sediments.

At lower Pb/[Cor] ratio, Pb undergoes more stable complex formation with
available stronger binding sites of the sedimentary organic carbon. Thus, with
increasing Pb loading, for a given concentration of Cyg (with limited stronger binding
sites for Pb), the formation of thermodynamically weaker complexes would probably
increase. However, the findings in the western shelf sediment contradict the above
explanation. It is necessary to consider several other factors (such as nature of the
sedimentary binding sites, trace metal competition for a specific binding site) which
may control the Pb-sediment complexation.

The variations in concentration of sedimentary Pb-labile complexes with the
changing concentration of Fe-oxyhydroxide in the sediments were not statistically
significant. Concentrations of labile Pb-sediment complexes were mainly controlled by
the quality and quantity of Coq than Fe-oxyhydroxide binding phase in the sediments.

4.3.2 Geochemical phases of sedimentary Pb and its kinetically distinguishable

forms

In kinetic fractionation study, a non-specific complexing agent (in this study
EDTA) removes metals associated with carbonates, oxides, sulphate minerals, organic
and exchangeable sedimentary phases (Chakraborty et al.,2011, Ure, 1991; Kennedy et
al.,1997) depending upon their stability. However, in geochemical fractionation study
specific reagents are used to extract metals by dissolving specific geochemical phases
of sediments. Therefore, the results obtained from these two studies were compared in
this section to provide a better understanding about the stability or lability of specific
metal-sediment complexes. It has been reported that, naturally or anthropogenically
mobile metals get associated with the sedimentary phases such as, carbonate,
exchangeable, Fe/Mn oxyhydroxide and organic (Goldberg, 1954; Tessier et al., 1979;
Chakraborty et al., 2015). Since, these metals are susceptible to remobilise under
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different environmental conditions they are most likely labile in nature. Whereas,
metals remained in the residual phase of sediments are inert in nature (Chakroborty et
al., 2011). Therefore, in this study, labile complexes of Pb (C,), separated in Kinetic
fractionation were compared with the different non-residual phases (Fr.1, Fr.2, Fr.3 and
Fr.4) of the sediments.

The concentration of labile complexes of Pb in the sediments from eastern shelf
was found to be increased with increasing association of Pb with water soluble (Fr.1),
exchangeable, carbonate/bicarbonate (Fr.2) and Fe/Mn oxyhydroxide phase (Fr.3) of
the sediments (Figure 4.3(a)). However, the lability of Pb complexes was found to be
decreased with increasing association of Pb with organic phase (Figure 4.3(b). This
probably indicates that Pb associated with Fr.1, Fr.2 and Fr.3 phases occupied weaker
binding sites and hence formed labile complexes. However, it should be mentioned that,
sum of the concentration of Pb in Fr.1, Fr.2 and Fr.3 phases was found to be greater
than the concentration of labile Pb complexes and therefore it could be inferred that all
the Pb associated with Fr.1, Fr.2 and Fr.3 were not labile in nature. On the other hand,
though concentration of Cyy was low in the entire eastern shelf sediments, Pb was
found to form strong complexes (occupied stronger binding sites) and therefore with the
increasing association of Pb with organic phase, the overall stability of sedimentary Pb
complexes was increased.

In the western shelf sediments, the nature of Pb-sediment complexes was different
from the eastern continental shelf region. It was found that increasing concentration of
exchangeable and carbonate forms of Pb and association of Pb with Fe/Mn-
oxyhydroxide decreased the lability of sedimentary Pb complexes (Figure 4.5(a)).
However, increasing association of Pb with sedimentary organic phase (Fr.4) increased
the lability of sedimentary Pb complexes (Figure 4.5 (b)). This indicates that
sedimentary Pb associated with carbonate and Fe/Mn oxyhydroxide phase formed
thermodynamically stable complexes whereas, water soluble and Pb-organic complexes
were found to be thermodynamically labile in nature.

Total non-residual sedimentary Pb complexes separated in geochemical
fractionation study was compared with the labile fraction of Pb found in kinetic
fractionation study. It was interesting to note that the percentage of non-residual Pb was
found to be higher than the percentage of labile complexes of Pb in the entire shelf
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sediments. Therefore, it could be inferred that all the non-residual Pb (determined in
geochemical fraction study) complexes were not kinetically labile in nature.

Contrast behaviour of Pb-sediment complexes was observed in the two different
shelves. 1t is well known that, Pb complexes extracted in Fr.2 by BCR sequential
extraction method were the sum of exchangeable and carbonate forms in the sediments.
In the eastern shelf sediments, Pb was mainly in the exchangeable forms (as the CaCO3
content was low, Table 4.1). These exchangeable forms of Pb were found to be labile in
nature. Conversely, with higher CaCO; content (compared to the eastern shelf) (see
Tables 4.1 and 4.2) in the western shelf sediments, Pb formed thermodynamically more
stable complexes with sedimentary carbonate phase.

It was interesting to note that, Pb formed labile complexes with Cqq in the western
shelf sediment. However, Pb-C,y complexes were found to be thermodynamically more
stable in the eastern shelf sediments. This observation was independent of Cgpy
concentrations. It is suggested that the nature of Cyq probably played an important role
in controlling Pb-fractionation in the continental shelf sediments.

The nature of Corg from both the shelves were investigated and discussed below.

4.3.3 Nature of organic carbon and the stability of sedimentary Pb complexes

Organic matters derived from terrestrial origin are usually bigger molecules and more
complex in nature compared to the marine derived organic matter (Hedges et al., 1997;
Baldock et al.2004). Marine derived organic matter contains more of nitrogen
containing binding ligands (Prahl et al., 1994; Baldock et al.2004; Miiller et al., 1977).
However, the bigger organic molecules derived from terrestrial origin has been reported
to contain higher number of metal binding ligands (such as —OH (hydroxyl) and —
COOH (carboxyl), phenolic-OH, etc) (Boggs et al., 1985; Christman and Gjessing;
1987 and references therein).

Larger surface area and greater number of binding ligands of terrestrial derived organic
matters usually forms stable complexes with metals compared to marine derived
organic matter. Thus, one could expect that the source of organic matter in sediments
may play important role on the stability of Pb-organic complexes in sediment.
Therefore the source of Coyg in both the shelves was investigated to understand the

dissimilar behaviour of Pb-C,y complexes in the two different shelves.
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C/N molar ratio and 8'°C values of sediments were used to identify the sources of Co
in the sediments, which are widely used in the literature (Meyers and Ishiwatari, 1993,;
Meyers, 1997; Zhang et al., 2009). The freshly deposited marine produced organic
matter has been reported to have C:Npoar ratio in between 6-9 (Bordovskiy, 1965; Prahl
et al., 1994, 1980) and 813Corg of -20.5%o. The vascular terrestrial C3 plant produced
OM has been reported to have C:Npopar ratio in between 12-14 or more (Hedges et al.,
1986; Prahl et al., 1994, 1980) and 5"*Cqq Of -30 to -23 %o (Smith and Epstein, 1971;
Pancost and Boot, 2004). However, the values in between may indicate mixture of both
marine and terrestrial organic matter.

Except for few sporadic locations in the eastern shelf, C/N molar ratios in the
sediments from both eastern and western shelves (Table 4.1 and 4.2 respectively) show
the signature of terrestrial derived organic carbon (C/N ratio >11). However, in marine
environment, the bacterial consumption of organic nitrogen (during deposition/post
deposition) leads to the elevation of C/N ratio in sedimentary organic matter. Thus C/N
ratio sometimes mislead in identifying the actual sources of organic matter (Ishiwatari
and Uzaki 1987; Raymo et al., 1996). Therefore §°C was assessed to characterize the
sedimentary organic carbon source.

§13C values, a robust indicator of Corg Sources, showed two distinct features in the
sedimentary organic matter from both the shelves. 8*3C values in the eastern shelf
sediments (-19.61 to -25.08 %o0) was found to be lighter compared to the western shelf
sediments (-20.23 —21.35 %o). This indicates that the eastern continental shelf of India
receives more terrestrial organic matter compared to the western shelf. This finding is
consistent with the earlier studies reported in literature (Kirshna et al., 2013; Agnihotri
et al.,2003; Cowie et al.,2009). The high riverine input in the eastern shelf was probably
responsible for the accumulation of more terrestrial organic matter in the shelf
sediments than the western shelf where riverine contribution is limited.

Formation of relatively more labile sedimentary Pb complexes with Cqq (mainly
derived from marine sources) in the western shelf sediment and thermodynamically
more stable Pb-Coy complexes (with terrestrial derived Ceq) in the eastern shelf
sediments suggest that nature and sources of Cyq played an important role in
determining the stability and lability of Pb-sediment complexes in the shelf sediments

around India.
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4.4 Conclusions

Sedimentary Pb complexes in the continental shelf around India were comprised of two
kinetically distinguishable forms (labile and inert Pb complexes). The inert Pb
complexes were the major part of the total sedimentary Pb in the continental shelf
sediments around India. The average percentage of total labile Pb-sediment complexes
was more in the eastern shelf sediments compared to the western part.

It was found that Pb formed weaker complexes with water soluble, exchangeable,
carbonate and Fe/Mn oxyhydroxide phases and stronger complexes with organic phase
of the sediment from the eastern continental shelf. However, in the western shelf
sediments, Pb formed weaker organic complexes.

Terrestrial nature of organic carbon in the eastern shelf provides stronger binding
sites for Pb compared to the less terrestrial organic carbon in the western shelf
sediments. Thus, Pb formed more labile sedimentary Pb complexes with Cyyg (from
marine sources) in the western shelf sediment and thermodynamically more stable Pb-

Corg complexes (from the terrestrial sources) in the eastern shelf.
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Chapter 5



Influence of chemistry of other trace metals on Pb speciation

5.1 Introduction

Geochemical and kinetic fractionation study on Pb discussed in the previous
chapters has revealed that the quality of binding phases i.e. the presence of specific
binding ligands/sites in geochemical phases predominantly control the Pb speciation in
marine sediments. However, the availability of binding sites will depend on the
concentration of major binding phases (e.g. concentration of oxides/hydroxides of Fe
and Mn, organic carbon etc) and the other trace metals which can compete with Pb for
the complexation for same binding site.

It has also been documented that the rate of complex formation and stability of the
formed complex determine the speciation of the metals in aquatic environment. If the
rate of complex formation of a metal (M) with natural ligand (L) is faster and the
stability of the formed complex (M-L) is higher (compared to the other metals in a
given environment) then the metal (M) will be more associated with the ligands (L)
than the other metals present in the system. A metal with faster kinetics of complex
formation with high stability of the metal complex may out-compete other metals from
complex formation with the same ligands in marine environments.

However, there are only few studies that have attempted to understand the
influences of metal chemistry on metal-heterogeneous binding ligand interactions in
marine sediments. There are several studies available in literature that have vividly
discussed about the influences of metal chemistry on metal speciation in aquatic
environment (Tessier and Turner, 1995; Florence et al., 1992). Three factors have been
identified (Sekaly et al., 1999; Fasfous et al., 2006; Chakraborty and Chakrabarti, 2008;
Chakraborty et al.,, 2012b) to influence trace metal speciation in freshwater
environment: (1) metal to ligand mole ratio, (2) ionic potential (z%r), and (3) Ligand
Field Stabilization Energy (LFSE) of metals. However, the influences of these basic



chemical characteristics of metals on their speciation in marine sediments are not
known.

In this study,we tried to compare the speciation of Cu, Ni and Pb in the light of

their chemical characteristics (ionic potential (z%/r),LFSE and water exchange rate (K,
to understand the influence of other trace metal (Cu and Ni) chemistry on the speciation
of Pb.Since the type of sedimentary organic matter (terrestrial and marine organic
matter (OM) from in situ biological production) was also found to play an important
role in Pb-organic complexation (in Chapter 4), the speciation of these metals are also
compared in the sediments containing different nature of organic carbon.
Vembanad Lake in Kerala, west coast of India was chosen as the study area (Figure 5.1)
(described in Chapter 2) because northern and southern part of the lake exhibit two
different sub-environments. The northern part is brackish and southern part of the lake
is freshwater dominated (Nath et al., 2000) and thus organic carbon in the collected
sediments across the lake was different in nature (Sarkar et.al., 2016). Different
geochemical parameters were analysed and geochemical fractionation of Cu, Ni and Pb
was carried out in eight sediment samples collected from both the parts of the lake.

5.2 Results
5.2.1 Distributions of sand, silt, clay, Corg, TN and total metals in sediment along
the lake:

The sediment texture is reported to be highly variable in estuaries including this
Lake (Renjith and Chandrmohankumar 2007). Finer sediments were found in both north
and southern side of the lake with a distinct coarsening on either side of the bund. This
variation in texture may be result of variation in detrital sediment settlement from
influence of mixing in the depositional environment. Sediments, collected at the middle
of the lake (both side of the bund) was dominated by coarser particles. The average
concentrations of sand, silt, clay) in the studied sediments are presented in Table 5.1.
The concentration of Cyqy in the sediments was varying from 0.9-3.8%. The
concentration of sedimentary TN was in the range of 0.1-0.4%. Significant positive
correlation coefficient was found between the Cog, TN and the finer particles (silt +
clay) content in the sediments (Sarkar et al., 2016). This indicates that Coq and TN had
high affinity for the fine-grained sediment and strongly adsorb towards large surfaces of
fine-grained sediments. The concentration of trace metals (Ni, Cu, and Pb) in the

studied sediment varied from northern to the southern part of the lake (Table 5.1).These
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metal concentrations were within the range reported from the other coastal sediments
around India (Table 5.2). The average concentrations of Ni and Pb, in the sediments
were higher in the southern part of the lake ( Ni ranging from ~19.4 to 45.9 mg.kg*with
an average concentration of 36.5 mg.kg™and and Pb concentrations ranging from ~22.0
to 45.3 mg/kg, with an average Pb concentration of 32.4 mg/kg) than the northern part
of the lake (Ni ranging from ~21.1 to 36.1 mg.kg™, with an average concentration of
28.5 mg.kg™ and the concentrations of Pb ranging from ~24.4 to 34.0 mg.kg™, with an
average Pb concentration of 30.9 mg.kg™). However, the average concentrations of Cu
in the sediments were relatively higher in the northern part (Cu ranging from ~22.2 to
82.2 mg.kg™, with an average concentration of 45.5 mg/kg) than the southern part of the
lake (Cu concentrations ranging from ~23.5 to 51.5 mg.kg™, with an average Cu
concentration of 34.3 mg/kg). Distribution and speciation of these metals in the lake

sediments were further determined by following BCR sequential extraction protocol.
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coast of India

Chapter 5 Page 93



5.2.2 Chemical fractionations (operational speciation) of Ni, Cu and Pb in the
sediments by using sequential extraction method

Distribution and speciation of Ni, Cu and Pb in different binding phases of the
sediments are described below. Four geochemical phases of sedimentary metals viz.
sum of water soluble, exchangeable and carbonate/bicarbonate (Fr.1), Fe/Mn-
oxyhydroxide (Fr.2), organic (Fr. 3) and residual (Fr.4) were separated in this study.

Ni speciation:

Distribution of Ni in different binding phases of the studied sediments is presented
in Figure 5.2a. It shows that lowest fraction of total concentration of Ni (vary from ~
0.8 to 3.0% of the total Ni) were present as water soluble, exchangeable and
carbonate/bicarbonate-Ni complexes (Fr.1) in the sediments. However, the absolute
concentration of Ni (~ 0.12 to 0.57 mg.kg™) in Fr.1 gradually increased with the
increasing total Ni concentrations in the sediments (Figure 5.2b).

Association of Ni with Fe/Mn-oxyhydroxide binding phases (Fr.2) in the sediments
were higher (4 to 15% of the total Ni) (Figure 5.2a) than the Frl. The concentration of
Ni associated with Fe/Mn oxyhydroxide binding phase gradually increased (~0.9 to 5.0

mg.kg™) with the increasing Ni loading in the sediments (R?=0.70) (Figure 5.2c) This
indicates that Fe/Mn oxyhydroxide phase in the sediments acted as one of the important
binding phases for Ni. The highest fractions of non-residual Ni (~ 22.0 to 27.0% of the
Total Ni) were found to associate with organic binding phases in the sediments (Fr 3)
(Figure 5.2d). The concentration of Ni in Fr.3 (associated with organic binding phases)
gradually increased (~4.0 to 8.0 mg.kg?) with the increasing Ni loading in the
sediments (R?=0.93) (Figure 5.2d). Major fractions of the total Ni (~9.5 to 22.0 mg.kg"
1) were present within the structure of the sediments (Fr.4). Figure 5.2e shows the
variation of residual fraction with changing total Ni content in the sediments. The range
of Ni concentrations in residual fraction of the sediment is consistent with the lithology
of the source rock (granulitic terrain) (Nath et al. 2000).

Figure 5.2f shows that the concentrations of Ni associated with organic phases (Fr. 3)
gradually increased with the Ni-to-Cqq ratio; the results indicate a progressive increase
in association of Ni with organic binding phase with the increasing Ni loading. The
relative affinity of Ni for the different non-residual binding phases in the sediments was
in the following order; Cogbinding phase> Fe/Mn-oxyhydroxide phase> exchangeable,

carbonate/bicarbonate phases.

Chapter 5 Page 94



Table 5.1 Sampling location, sediment texture, Cqq, TN and Ni, Cu, and Pb content in the surface sediments of Vembanad Lake

Sample Longitude Latitude Depth Corg (%) TN(%) Sulfide C:Nmolar Clay + Ni Cu Pb
(°E) (E) (m) (Mg.kg™) Silt (%) (mg.kg?)  (mg.kg?)  (mg.kg?)
North of Thanneermukkom Bund
Stn-1 76.3022 9.8920 2 2.58 0.22 13.52 71.3 240x0.7 822x28 325+0.8
Stn-2 76.3320 9.8790 4 1.61 0.14 613.5 13.07 22.6 329+12 29.0+x05 24.4+0.7
Stn-3 76.3395 9.8810 2 3.55 0.33 12.55 99.4 36.1+18 48.7+12 32614
Stn-4 76.3453 9.8410 2.5 0.96 0.08 687.8 13.48 29.1 21105 222x04 340+1.2

South of Thanneermukkom Bund

Stn-5 76.3816 9.6400 2 1.53 0.13 763.0 13.37 37.1 194+05 265+0.7 304+12
Stn-6 76.3765 9.6066 3 0.93 0.08 668.9 14.48 21.9 33.7+18 235+06 220+2.2
Stn-7 76.3895 9.5622 3 3.67 0.31 149.4 13.85 95.2 470+£19 515+1.38 31.9+0.7
Stn-8 76.3648 9.5636 2 2.60 0.20 500.1 14.93 77.2 459+25 355%1.2 453+23
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Table 5.2 Concentration in the estuarine sediments of India and the ISGQ, PEL, ERL and
ERM values of Ni, Cu and Pb

Ni Cu Pb References

(mg. Kg™) (mg. Kg*)  (mg.Kg?)
Ganges Estuary 33.9 21.6 23.4 Banerjee et al.(2012)
Godavari Estuary 251 258 14.4 Krupadam et al.(2007)
Cauvery estuary 13.5 295 8.5 Dhanakumar et al.(2013)
Narmada Estuary 200 188.3 13.9 Sharma and Subramanian

' ' (2010)

Mandovi Estuary 64.0 46.9 18.7 Chakraborty et al.(2014b)
Cochin Estuary 57 43.4 39.8 Martin et al.(2012)
Vembanad Lake .
(North) 28.5 45.5 30.9 This Study
Vembanad Lake .
(South) 42.2 34.2 324 This Study
ISGQ NA 18.7 30.2 Long et al., 1995
PEL NA 108 112 Long et al., 1995
ERL 20.9 34 46.7 SQG (NOAA)
ERM 51.6 270 218 SQG (NOAA)
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Figure 5.2 Ni speciation: a) distribution of Ni (%) as Frl, Fr2,Fr3, and Fr4 in the sediments, b)
variation of Ni in Fr1 (mg kg—1), ¢) variation of Ni in Fr2 (mg kg—1), d) variation of Ni in Fr3
(mg kg—1),and e) variation of Ni in Fr4 (mg kg—1) with total concentration of Ni (mg kg—1) in
sediments. f) Variation of Ni (%) associated with organic phases (Fr3) with the Ni-to-C,q ratio
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Cu speciation:

Distribution and speciation of Cu in the studied sediments are shown in Figure 5.3.
Relative proportion of Cu content in different binding phases is shown in Figure 5.3a.
Concentration of Cu as water soluble, exchangeable and carbonate/bicarbonate
complexes (Fr. 1) were low and found to vary from ~0.3 to 3.0 % of the total Cu in the
sediments (Figure 5.3b). Figure 5.3b shows that the absolute concentration of Cu (~0.1
to 0.9 mg.kg™) in Fr.1 did not gradually increase with the increasing Cu loading in the
sediments (unlike Ni) (R?=0.14). This indicates that enough binding sites were probably
available for Cu to form thermodynamically stable complexes in the sediments. This
statement is based upon the assumption that Cu forms thermodynamically weaker
complexes in Fr. 1 than other binding phases.

The fraction of total Cu associated with Fe/Mn oxyhydroxide binding phase (Fr 2)
was found to vary from ~ 3.5 to 26.0%. Figure 5.3c shows that the concentration of Cu
in Fr.2 gradually decreased (~6.2 to 3.0 mg.kg™) with the increasing Cu loading in the
sediments (R?=0.50) (Figure 5.3c). The highest factions of non-residual Cu were found
to associate with organic binding phases in the sediments (Fr 3) and probably the
preemient binding phase for Cu in the studied sediments. The fraction of the total Cu
associated with organic binding phase in the studied sediment was found to vary from ~
15.0 to 32.0%. The concentration of Cu associated with organic phases of the sediments
gradually increased (~4.0 to 8.0 mg.kg™) with the increasing Cu loading in the
sediments (R?=0.75) (Figure 5.3d).

Geochemical fractionation study suggested that major part of the total Cu in the
sediments was present within the structure of the sediments (Fr.4) (~12.0 - 58.0 mg.kg
1y and suggests that these sediments were mainly derived from the crustal sources with
more felsic composition. Figure 5.3e shows that the concentrations of Cu in the residual
fraction gradually increased with the increasing total Cu loading.

Figure 5.3f shows that the concentrations of Cu associated with organic phases (Fr 3)
gradually increased with the increasing Cu/Cyyq ratio in the sediments. The results
indicate a progressive increase in complexation of Cu with different binding sites
present in the organic phase with the increasing Cu/Cyq ratio. The relative affinity of
Cu for different non-residual binding phases in the sediments were in the following
order;  Cygbinding  phase>  Fe/Mn-oxyhydroxide  phase>  exchangeable,

Carbonate/bicarbonate phases.
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Figure 5.3 Cu speciation: a) distribution of Cu (%) as Frl, Fr2,Fr3, and Fr4 in the sediments, b)
variation of Cu in Frl (mg.kg'l), ¢) variation of Cu in Fr2 (mg.kg'l), d) variation of Cu in Fr3
(mgkg-1),and e) variation of Cu in Fr4 (mg.kg™) with total concentration of Cu (mg.kg™)
in sediments. f) Variation of Cu (%) associated with organic phases (Fr3) with the Cu-to-Cyq
ratio
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Pb speciation:

Distribution of Pb in different binding phases of the sediments is shown in Figure
5.4a. The concentrations of water soluble, exchangeable and carbonate/bicarbonate
complexes of Pb (Fr. 1) were low and found to vary from ~0.3 to 2 % of the total Pb
content in the studied sediments. Pb concentration in Fr 1 (~0.1 to 2.0 mg/kg) were
found to increase slowly with the increasing total Pb content in the sediments (R?=0.16)
(Figure 5.4b). This indicates that there were other Pb-binding ligands available to form
thermodynamically stable Pb- complexes in the sediments.

The highest fraction of the non-residual Pb (~ 20.0 to 48.0% of the total Pb) was found
to associate with Fe/Mn oxyhydroxide (Fr. 2) binding phase. Absolute Pb concentration
associated with Fe/Mn oxyhydroxide in the sediment gradually increased (~2.0 to 7.0
mg/kg) with the increasing total Pb loading in the sediments (R?=0.92) (Figure 5.4c).
The second highest faction of non-residual Pb (~ 7.0 to 30.0% of the total Pb) was
found to associate with the organic binding phase in the sediments (Fr.3). The
concentration of Pb associated with organic binding phases did not gradually increase
(~4.0 to 8.0 mg/kg) with the increasing Pb loading in the sediments (R?=0.12) (as
shown in Figure 5.4d). Unlike the other two elements considered here, this
experimental data suggest that Pb preferred to associate with Fe/Mn oxyhydroxide
binding phase than organic binding phases in the sediments.

Pb was primarily present in the residual fraction (Fr. 4) (~11.0 to 22.0 mg.kg™) of
the studied sediments. The concentration of Pb (in the residual fraction) gradually
increased with the total Pb concentrations of the sediments (Figure 5.4e).

Like other two elements (Ni and Cu), the concentrations range of Pb in the residual
fraction also support that these sediments were mainly derived from felsic sources and
consistent with earlier study (Nath et al., 2000). Figure 5.4f shows that there was no
progressive increase in association of Pb with organic binding phases of the sediments
against the increasing Pb/Cqq ratio. This indicates that Pb preferred to associate with
Fe/Mn-oxyhydroxide binding phase than organic binding phases in the sediments.The
relative affinity of Pb for different non-residual binding phases in the sediments was in
the order of;, Fe/Mn-oxyhydroxide phase >C,q binding phase > exchangeable,
Carbonate/bicarbonate phases.This study suggests that Cu had highestaffinity (as
reflected by its concentrations in Fr. 3) for organic binding phases in the sediments
followed by Ni and Pb, while, Pb had highest association with Fe/Mn-oxyhydroxide
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phases. These differences in distribution of these metals in different binding phases can

be attributed to their metal chemistry and several other factors which are discussed

below.
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Figure 5.4 Pb speciation: a) distribution of Pb (%) as Frl, Fr2,Fr3, and Fr4 in the sediments, b)
variation of Pb in Frl (mg.kg'l), c) variation of Pb in Fr2 (mg.kg'l), d) variation of Pb in Fr3

(mg.kg™),and e ) variation of Pb in Fr4 (mg.kg™) with total concentration of Pb (mg.kg™) in
sediments. f) Variation of Pb (%) associated with organic phases (Fr3) with the Pb-to-C, ratio
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5.3 Discussion

Total concentrations of Ni, Cu and Pb in the studied sediments (Table 5.1) were
found to be similar to the concentrations reported in other coastal sediments around
India (Table 5.2).

According to the Canadian sediment quality guidelines for the protection of
aquatic life, the interim sediment quality (ISQGs) and probable effect levels (PELS) for
these metals are presented in Table 5.2. The United States environmental protection
agency has also suggested that effects range low (ERL) and effects range median
(ERM) values for these metals in coastal sediment. The studied sediments were found
to be of good quality (in terms of Pb concentration). However, the concentrations of Ni
and Cu were found to be in between the ERL and ERM concentrations (20.9-51.6
mg.kg™ for Ni and 34-270 mg.kg™ for Cu).

A significant positive correlation coefficient between the Cqqg, TN and the finer
particle (silt + clay) content in the bulk sediments indicates that there was high sorption
and affinity of Coq and TN on the surface of finer particles in the studied sediments.
The similar observation has been reported in literature (Chakraborty et al., 2014b,
2015c).

Sequential extraction study determined the distribution of Ni, Cu and Pb in
different binding phases of the sediments. It was found that these metals had different
affinities for different binding phases in the sediments. It is hypothesised that the
distribution of metals (Ni, Cu and Pb) in different binding phases of the studied
sediments must provide chemically significant description of metals-ligand interactions
in the sediments. It was found that Cu showed highest affinity for organic binding
phases followed by Ni and Pb in the studied sediments. However, Pb had highest
association with Fe/Mn-oxyhydroxide binding phases followed by Ni and Cu. Different
factors are discussed below to understand their influences on metals distribution in

different binding phases of the studied sediments.

5.3.1 Effect of metal/Coy ratio in geochemical fractionation of metals in the
sediments

Total metal loading, quantity and quality of binding ligands in estuarine sediments
play important role in controlling metal speciation and their distribution in sediment.

Figure 5.5 shows the effects of metal/ Cqg ratio in geochemical fractionation of metals

Chapter 5 Page 102



in the sediments.Figure 5.5a shows that increasing [Ni]/ Cor ratio increased the
accumulation of Ni in the organic phases of the studied sediments (across the lake
sediments). It was found that enough uncomplexed Ni binding ligands were present in
the organic binding phases of the sediments. Figure 5.5b and 5.5c shows the variation
of accumulation of Ni in the organic phases against the varying [Ni]/ Cor ratio in the
sediments from the northern and southern part of the lake. Organic phases in the
sediments collected from the southern part of the lake were found to have better Ni
complexing capacity.

Figure 5.5d shows the effect of varying [Cu]/ Cuyq ratio on Cu accumulation in
organic phases of the studied sediments (across the lake sediments). It was found that
the accumulation of Cu gradually increased with the increasing [Cu]/ Cqrq ratio. This
study indicates that enough uncomplexed Cu binding ligands were present in the
organic binding phases of the sediments. Figure 5.5e and 5.5f show the variation of
accumulation of Cu in the organic phases of the sediments against the varying [Cu]/
Corg ratio in the sediments collected from the northern and southern part of the lake.
Comparison of both the figures suggests that organic phases in the sediments collected
from the southern part of the lake had better Cu complexing capacity.

However, a poor relation was observed between Pb accumulations in organic phases of
the studied sediments (across the lake sediments) against [Pb]/ Corq ratio. Accumulation
of Pb in organic phases did increase with the increasing [Pb]/ Coq ratio (Figure 5.5 g, h,
and i) in the sediments. Organic phase in the sediment collected from the southern part
of the lake was found to have better complexing capacity for Pb than the northern part
of the lake. Figure 5.5 clearly shows that there was a distinct difference in the metal
complexing capacity of the sedimentary organic phases in the southern and northern
part of the lake. A systematic study was performed to understand if there is any
difference in the nature of organic matter and its impact on metal speciation in the

sediment.
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Figure 5.5 Association of Ni (%) with organic phase (Fr3) as a function of [Ni]/C,yq ratio in the

studied sediments: a) across the lake sediments and b) northern part and c) southern part of the
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5.3.2 Sources of organic matter and its impact on geochemical fractionation of
metals in the sediments

C:Nimolar ratio and 8"*Cory Were used to investigate the source of OM in the studied
sediments from the Vembanad Lake. Both of these parameters have been widely used
Meyers and Ishiwatari, 1993; Meyers, 1997; Zhang et al., 2009) to understand the
sources of OM in sediments. However their utility and efficacy is based on the end-
member (viz. fresh terrigenous OM and in-situ phytoplankton produced OM) shows
distinct elemental and isotopic ratio from each other and these signatures does not get
altered preferentially in sediments. The freshly deposited marine produced OM has
C:Npolar ratio of 6-9 (Bordovskiy, 1965; Prahl et al., 1994, 1980) and 5"*Corq 0f -20.5%o.
The vascular terrestrial C3 plant produced OM has C:Nmoiar ratio of 12-14 or more
(Hedges et al., 1986; Prahl et al., 1994, 1980) and 8"°Cyrq Of -30 to -23 %o (Smith and
Epstein, 1971; Pancost and Boot, 2004). The values in between may indicate mixture of
both marine and terrestrial OM. However the terrestrial C4 plant produced OM is richer
in 8"Corg (~ -17 t0 -9 %o, (Smith and Epstein, 1971; Pancost and Boot, 2004;). But we
did not consider C4 plants to be potential source in this area, as most of the vegetation
in its watershed area is of C3 type.

The Figure 5.6a shows the latitudinal variation of C:Npgjar ratio and 813Corg in the
studied sediment along the lake. There was a drop in C:Npoar ratio in the northern part
of the lake sediment compared to the C:Npoiarratio found in the sediment from southern
part of the lake. This decreasing C:Nmoar ratio indicates that the sedimentary Coqq in
from the northern part of the Vembanad Lake was mainly influenced by marine OM
derived from in situ biological production and decreasing contribution from terrestrial
OM. Further determination of stable isotopic ratio of Cog (813Corg) in the sediments
confirms the increasing influence of marine Cory towards the northern part of the lake.
Figure 5.6b shows that the 813Corg in sediments from north varied from -23.93%o near
Thannirmukkam Bund to -21.29 %o at northern most station. This clearly indicates
increasing dominance of marine influence towards north. Similar observation has also
been reported by Gireeshkumar et al. (2013) from sediments north of Thannirmukkam
Bund. The 613C0,g in the sediments from the southern part of the lake varied from -25.57
%0 to -27.19%0 without any significant trend. Thus, sediments from the southern part
receive OM from terrestrial origin. Similar observation has been reported by Verma and

Subramanian (2002). It can be inferred that OM with terrestrial origin (in the southern
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part of the lake sediment) had more metal (Ni, Cu and Pb) complexing capacity than

marine derived OM in the northern part of the lake.

5.3.3 Effect of ionic potential on geochemical fractionation of metals in the
sediments

The intention of this section is to understand the influence of ionic potential of the
studied metals on their geochemical fractionation in the major binding phase (organic
phase) of the sediments. lonic potential is a measure of density of charge of the ion. It
is presented by charge/radius ratio of an ion. lonic potential gives a sense of how
strongly or weakly the ion will be electrostatically attracted to ions of opposite charge.
High ionic potential of metal (high z%/r) increases the covalency of metal-ligand bond
(assuming the ligand is same). Thus, distribution of three different metals in the major
binding phase (organic phase) of the studied sediment is interpreted by using their
varying ionic potential (ionic potential (z%/r): Ni (0.048), Cu (0.055), and Pb (0.034)).
Figure 5.7 shows the variation of metal association in the organic binding phases of the
sediment from the different sampling sites of the lake. It shows that the association (as a
result of complexation of metals) of metals gradually increased with the increasing
ionic potential. It is assumed that the increasing covalency of Cu-ligand bond increased
the thermodynamic stability of the Cu-ligand complexes in the sediments and highest
concentrations of Cu was found to associate with organic phase followed by Ni and Pb.
Figures 5.7a, b, c represent the variation of metal association in the organic phases of
the sediments collected from the northern part of the lake. Figures 5.7d, e, f represent
the sediments collected from the southern part of the lake. This study clearly indicates
that ionic potential is an important parameter that can be used to understand the

interactions of metals with organic binding phases of sediments.

5.3.4 Effect of metal chemistry on their distribution in different binding phases of
the sediments

The geochemical distributions of a metal in different binding phases of marine
sediments are influenced by the metal chemistry and the nature of ligands present in the
sediment.

Association of a metal with different binding phases in sediment depends on the

rate of complex formation by the metal and the stability of the formed complex.
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Rate of complex formation (ks) of a metal with different ligands (in any binding phases
in sediment) depend on the water exchange rate of the metal ion (k.,) and the stability
of the outer-sphere complex (Kos) of the metal with a particular ligand. The relation is
given by: ki=Kos.K.w

Thus, the distribution of Ni, Cu and Pb in organic and Fe/Mn oxyhydroxide phases
of the studied sediments should be controlled by their Kosand k..

Kos Is primarily dependent on the charge of the reacting metal and ionic strength of
the medium. In this study, Ni, Cu and Pb were considered as dipositive. It is assumed
that the depositional environments (particularly ionic strength of the medium) were
same for all the metals (during complexation) and thus, the rate of complex formation
(ks) with different ligands in the sediment were dependent only on the water exchange
rates of the metal ions (K.y).

Sequential extraction study suggests that highest concentration of Cu was
associated with organic phases of the sediments followed by Ni and Pb.

The k. of Ni, and Cu are 3x10* (s%), 1x10° (s respectively. This clearly suggests that
the faster water exchange rate helps Cu to undergo faster complex formation with the
ligands in the binding phases of the sediment than Ni.

The Irving-Williams Series suggest that the stability constant for the formation of a
high-spin complexes by Cu(ll) is higher than Ni(Il) complexes.

The smaller ionic radii and higher crystal field stabilization energy (CFSE) of Ni** is
expected to increase the stability of Ni-sediment complexes than Cu-sediment
complexes but octahedral Cu (1) complexes are subject to the Jahn-Teller effect, which
affords Cu-sediment complex extra stability. Thus, a major part of the total Cu was
associated with organic phases than Ni.

Faster water exchange rate of Cu (Il) increased the rate of complex formation of
Cu?* ion with the ligand in the organic phases of the sediment. The Cu- ligand (from
organic phase) complexes gain extra stability by the Jahn-Teller effect. The combined
effects of these two phenomenons and high ionic potential increased the concentrations
of Cu in the organic phases of the sediments than Ni and Pb. The second highest
concentration of metal associated with organic phases in the studied sediment was Ni.
The higher ionic potential of Ni?* (0.048) than Pb?* (0.034) increase the stability of Ni-
ligand complexes in the organic phase of the sediments. In addition to that high CFSE

of Ni (I1) (compared to Pb?* ions) make Ni-organic complexes increasingly stable than
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Pb. High k-w (7x10° s™) of Pb did not help to associate with organic phases in the
sediments.

However, maximum concentration of Pb was found to associate with Fe/Mn oxide
phases of the sediment followed by Ni and Cu. Similar observation has also been
reported in literature. Lion et al (1982) have reported that more than 70% of the
extractable Pb from estuarine sediments can be associated with Fe and Mn oxides.
Luoma and Bryan (1981) have also reported that iron is an important binding phase for
Pb. Fe/Mn-oxyhydroxides has been reported to occur widely in surficial and subsurface
geological environments and they are efficient scavengers of trace metals including Pb.
The high concentration of Pb in Fe/Mn-oxyhydroxide in the sediments was probably
due to co-precipitation of Pb** and Fe**. High surface area or site availability for Pb*
ion on Fe-oxyhydroxide phase (Nelson et al., 1999; Lu et al., 2011) and greater binding
strength over simple precipitate surface (Manceau et al.2002) was probably responsible
for the high concentration of Pb in Fe/Mn oxyhydroxide phase.

The decreasing concentrations of Cu in Fe/Mn—oxyhydroxide phases with the
increasing Cu loading in the sediment suggest that Cu did not prefer to associate with
Fe/Mn oxyhydroxide phases. Increasing concentrations of Cu in organic phases with the
increasing Cu-loading suggest that enough binding sites were available for Cu in the

organic binding phases of the sediments.

5.4 Conclusions

This study provides chemically significant description of metals-ligand interactions
in different binding phases of sediments. It was found that Cu showed highest affinity
for organic binding phases followed by Ni and Pb in the studied sediments. However,
Pb had highest association with Fe/Mn-oxide phases followed by Ni and Cu. Nature of
sedimentary Corg (terrestrial and marine derived Cog) Was found to play an important
role in controlling metal distribution and speciation in marine sediments. Metals were
found to have more affinity for terrestrial Corg than the marine derived Coyq in the
sediments. This study also suggests that ionic potential of the metal is an important
parameter that can be used to understand the interactions of metals with organic binding
phases of sediments. Faster k., of Cu (1) (1x10° s increased the rate of complex
formation of Cu®* ion with the ligand in the organic phases of the sediments. The Cu-
ligand (from organic phase) complexes gain extra stability by the Jahn-Teller effect.
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The combined effects of these two phenomena and high ionic potential increased the
association of Cu in the organic phases of the sediments than Ni and Pb. The smaller
ionic radii of Ni** (0.72 A) than Pb®* (1.20 A) increase the stability of Ni-ligand
complexes in the organic phase of the sediments. In addition to that high CFSE of Ni
(11) (compared to Pb®* ions) make Ni-organic complexes increasingly stable than Pb.
The high concentration of Pb in the Fe/Mn-oxyhydroxide binding phase was probably
due to co-precipitation of Pb*" and Fe**. High surface area or site availability for Pb*
ion on Fe-oxyhydroxide phase and greater binding strength over simple precipitate
surface was probably responsible for the high concentration of Pb in Fe/Mn

oxyhydroxide phase.
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Effects of bottom water dissolved oxygen variability and trace
metal (Cu) competition on lead fractionation in the sediments
across the oxygen minimum zone, Western Continental
margin of India

6.1 Introduction

Changes in concentrations of dissolved oxygen in bottom water can modify metal
speciation in the bottom sediments (Calmano et al., 1993; Middleburg and Levin,
2009). Different fractions of metals (operational speciation) in sediment can be
classified based upon their association with different binding phases in the sediments:
acid soluble forms (water soluble, exchangeable and carbonate/bicarbonate forms);
reducible forms (metal associated with Fe, Mn-oxyhydroxide binding phases);
oxidizable forms (metal associated with sedimentary organic carbon binding phases);
and residual forms (metals within the structure of sediment). The first three forms of
metals (acid soluble, reducible and oxidizable) are considered as bioavailable forms of
metals (non-residual) in sediment. The residual fraction of metal is considered as inert
and non-bioavailable pool of metals (Alvarez et al., 2002; Kwon, and Lee, 2001;
Chakraborty et al., 2012; 2014).

Sedimentary organic matter and Fe/Mn oxyhydroxide have been reported to be the
major metal binding phases in oxic sediments (Luoma and Bryan 1981; Tack and
Verloo, 1995). Reduction of Fe(lll), and Mn(IV) (from Fe/Mn-oxyhydroxide)
predominates under hypoxic or anoxic condition (Greatz et al, 1973). However,
preservation of sedimentary organic matter has been reported under the same condition
(Jahnke et al., 1982; Henrichs and Reeburgh 1987; Lovely, 1987; Pedersen and Calvert,
1990; Paropkari et.al., 1993; Nath et.al., 1997; Middelburg and Levin, 2009). Thus, a
change in dissolved oxygen concentration (from oxic to hypoxic and then close to
suboxic) in overlying water can modify Fe(lll)/Mn-oxyhydroxide and sedimentary
organic binding phases of the bottom sediments. Thus, changes in bottom water oxygen



levels may alter the distribution and speciation of metals associated with these two
major metal binding phases

Copper (Cu) has been reported to have significant affinity towards organic phases
in marine sediments (Chakraborty et al., 2015a; Chakraborty et al., 2016; Flemming and
Trevors, 1989; Hanson and Quinn 1983). Major fractions of non-residual Cu has been
reported to associate with sedimentary organic matter (oxidazable form). However, lead
(Pb) has been reported to show strongest affinity for Fe/Mn-oxyhydroxide phase in
sediments (reducible phase) (Chakraborty et al., 2015a; Chakraborty et al., 2015b;
Belzile et al., 1989). Thus, distinct effects of varying bottom water oxygen
concentration are expected to impact Cu and Pb speciation (as Fe/Mn-oxyhydroxide
and sedimentary organic matter are the major hosting phases for these two metals) in
the bottom sediments.

The Arabian Sea hosts the second-most intense perennial oxygen minimum zone
(OM2Z2) in the world tropical ocean (Kamykowski and Zentara, 1990), with near-total
depletion of oxygen at depths from 150 to 1000 m (Banse etal., 2014; Morrison et al.,
1998). It is of global biogeochemical significance because of denitrification in the upper
part leading to N, and N,O production (Naqvi and Noronha, 1991). The residence time
of OMZ water is believed to be less than a decade (Banse et al., 2014). The upper few
hundred meters of this zone has been reported to be nearly anoxic but non-sulfidic
(Banse et al 2014). Naqvi and Noronha (1991) have also reported that this zone is
predominantly suboxic (<5 umol Oy/kg) in nature. The changing redox condition of
overlying bottom water from this region is expected to have tremendous impact on Cu
and Pb speciation in the bottom sediments and their stability across the OMZ, and thus,
this study was undertaken, across the two transects of the OMZ in the eastern Arabian
Sea.As Fe is the redox sensitive element and act as the major bonding phase (specially
the oxyhydroxide form of Fe) of trace metals, total sedimentary Fe and its different
geochemical forms were also studied in the sediments.

Sediment samples were collected in two transects passing through the perennial
OMZ from the western continental margin of India. Off Karwar, in the southern part
of the shelf ,where the existence of upwelling-favourable conditions has been reported
and off Gujarat ,the northern part of the shelf, where the upwelling has been reported to
be less conspicuous (Muraleedharan and Kumar 1996) (Figure 6.1).

The sediment samples were collected in such a way to ensure that there were

distinct variations in the dissolved oxygen (DO) concentration of the overlying bottom
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waters. The definitions of various stages of oxygen deficiency in seawater are described
in Table 6.1 Table 6.2 presents the details of the sediment sampling locations and the

variation in, temperature salinity, dissolved oxygen concentration and redox state of the
overlying bottom water.
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- 1050 m

Figure 6.1 Study area: Sediment samples were collected from (a) the continental margin off Karwar (SSK#80) and off Gujarat (SSK#71), west
coast of India; (b) Schematic diagram of sampling locations with respect to depth and oxygen concentrations

Page 114

Chapter 6



Table 6.1 The description of oxic, hypoxic, suboxic and anoxic conditions are defined below

Stage Criteria
Oxic 0,>62.49 uM*;
NO ;=0 pM, NO3>0 uM
Hypoxia 4.46<0, <62.49 uM;
NO ,=0 uM, NO3>0 uM
Suboxia 0,<4.46 uM, NO ;,, NO 3>0 uM;
HZSZOHM
Anoxia 0,=0 uM , NO 2, NO 3=0 uM,

H28>0},LM

*1 ml 1™'=1.43 mg 1™'=44.6 uM (Nagqyvi et al 2010)
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Table 6.2 Geographical locations of sampling sites, temperature, salinity, Dissolved oxygen (DO) (UM), redox state of the overlying bottom water, depth (m)
from where the sediment samples were collected, concentration of C,4 (%), texture (sand,silt+clay) (%), total Pb, Cu and Fe (mg.kg™) in the studied sediment

Station LAT LONG  Depth  Temp. Salinity DO Redox Particle size Pb Ccu Fe
(°N) (°E) (m) C)  (Psu) (UM)  state org 172
Sand  Silt+Clay (mg.kg™) (mg.kg?) (mg.kg?)
(%) (%)
SSK71/SPC15 2020.44 69 44.54 80 23.6 36.4 81.1 Oxic 1.1 77 23 9.6£0.4 35.0+1.3 74158
SSK71/SPC16 202056  6931.71 98 22.9 36.4 67.5 Oxic 1.1 92 8 8.0+0.6 27.2¢0.8 65856
SSK71/SPC17 2020.98 69 24.48 195 19.9 35.9 32.0 Hypoxic 2.5 58 42 11.3x0.9 36.2¢1.3 54891
SSK71/SPC18 2020.40 6921.19 297 14.8 35.8 7.4 Hypoxic 3.8 45 55 8.8#0.1  39.70.4 73446
SSK71/SPC21 2020.64 6902.052 1544 5.3 35.1 47.3 Hypoxic 3.4 4 96 9.8#1.4 50.3+1.4 63151
SSK80/SPC2 144372 7318.93 110 26.8 39.2 150.5 Oxic 1.0 59 41 12.8+0.1 19.4%0.1 33210
SSK80/SPC4 144552  7300.19 563 10.9 37.2 8.2 Hypoxic 6.5 5 95 12.1+1.3  41.7¢0.1 30940
SSK80/SPC5 144565 724045 329 12.7 37.1 4.7 (S:L:gzexfg 8.0 14 86 115804 35418 31050
SSK80/SPC6  1446.79 723542 682 11.3 38.1 14.9 Hypoxic 6.8 24 76 11.9+0.3 31.7+1.8 22260
SSK80/SPC7 144515 723124 1711 4.1 37.9 84.6 Oxic 1.7 6 94 10.0¢1.1 39.620.2 36760
The concentrations of Pb and Cu are expressed as mean + standard deviation (n=3)
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6.2 Results

6.2.1 Variability of dissolved oxygen (DO) concentrations (in bottom water),

texture and sedimentary organic carbon content (in sediments) across the OMZ

The various stages of oxygen deficiency in the overlying bottom water (in the study
areas) are described in Table 6.2. The sediment samples were purposely collected
across the OMZ where the condition of the overlying bottom water changed from oxic
to hypoxic and close to suboxic. The distributions of particle size in the sediments are
presented in Table 6.2. Coarser particles (sand) (ranging from ~4 to 92%) dominated at
the edge of the continental shelf but finer particles (silt+clay) subjugated (ranging from
~8 t0 96%) in the sediment collected from the continental slope areas. The sedimentary
organic matter (presented as total organic carbon, Corg) content was found to vary from
~1.1 to 8.0 %. A significant positive correlation coefficient was found between the
finer sized particles (silt + clay) and Cqq (r = 0.62 p <0.05, n = 10) (Table 6.3) content
in the sediments. This indicates that there was high sorption and affinity of Cyq on the
finer particles in the studied sediments. A similar observation has been reported in the
literature (Hedges and Keil, 1995; Paropkari et al., 1987; Chakraborty et al., 2015c).
Significant negative correlation was observed between the Cqrq content in the sediments
and the dissolved oxygen (DO) of the overlying bottom water (Table 6.4, Figure 6.2).
It was found that less amount of sedimentary organic matter (represented by Corg) Was
associated with the finer particles of the sediments under oxic environment. However,
preservation of organic matter in the sediment was found to be more under the low
oxygen environment. It has been reported that hypoxia of the overlying bottom water
may increase organic matter (of higher quality, i.e. less degraded) accumulation and
burial in the underneath sediment (Middelburg and Levin, 2009; Nath et al., 1997).

6.2.2 Distribution of total metals (Cu and Pb) in the surface sediments across the
oMz

The Cu and Pb content in the surface sediments across the OMZ were found to vary
from 19.4+0.1 to 53.1+0.2 mg.kg™ and 8.0+0.6 to 12.8+0.1 mg.kg™ respectively (Table

6.2). Apparently it seems that varying concentration DO of the overlying bottom water
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Table 6.3 Pearson correlation coefficient between the finer particles (silt + clay) and Ceq

sand% Silt% clay% Silt+clay  Cgyq

sand% 1

Silt% -0.93 1

clay% -0.95 0.77 1

Silt+clay -1 0.93 0.95 1

Corg -0.62 0.68 0.50 0.62 1

Correlation is significant at the 0.05 level (2 tailed)(n=10)

Table 6.4 Pearson correlation of dissolved oxygen (DO) in overlying bottom water, total organic carbon (C,), Cu, Pb, and Fe associated with Fe/Mn-
oxyhydroxide (Fr.3), and the organic binding phase (Fr.4) in the sediments

DO(UM) Coq(%) CuFr3 CuFrd4 PbFr3 PbFr4 FeFr3 FeFr.4

DO(HM) 1.00
Cora(%) -0.78 1.00

Cu.Fr3 0.40 -0.38 1.00

Cu.Fr4 -0.82 0.82 -0.21 1.00

Pb.Fr3 0.64 -0.12 0.20 -0.28 1.00

Pb.Fr4 -0.48 0.40 -0.46 0.55 -0.38 1.00

Fe.Fr3 0.89 -0.46 0.36 -0.58 0.91 -0.46 1.00

Fe.Fr4 -0.02 0.48 -0.37 0.39 0.60 0.09 0.34 1.00

Correlation is significant at the 0.01 level (2 tailed)(n=10)
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carg (%)

across the OMZ had little effect on the total Cu and Pb content distribution in the
studied sediments. However, positive statistical correlation was observed between the
Corg content, finer particle (silt+clay) content, and distance from the shore with the total
Cu and Pb concentrations in the sediments. It is important to mention that total metal
concentration in the sediment does not provide useful information about their specific
chemical forms and their stability in the sediments. Thus, geochemical fractionation and
kinetic fractionation studies of Cu and Pb were carried out to understand different
geochemical processes that would take place in the sediment under the changing DO

concentration of the overlying water across the OMZ in the Arabian Sea.

SSK 71

4 1 R?=0.76 O S5K80

R?=0.90

O B N W o U1 O N 0 ©

0 20 40 60 80 10 0 50 100 150 200

Dissolved oxygen (LM)

Figure 6.2 Variation of total organic carbon (C,g) (%) with varying bottom water oxygen
concentration (DO) (UM) in the northern (shown on left) and the southern (right) transects of
Eastern Arabian Sea
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Figure 6.3 Distributions of Cu (a) and Pb (b) in different binding phases of the surficial

sediments across the OMZ

SPC71 and SPC80 representing northern and southern transects
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6.2.3 Geochemical fractionation of Cu and Pb in the surface sediments across the
oMZ

Distributions of Cu and Pb in the different binding phases of the studied sediments
are shown in Figure 6.3a and 6.3b and the data (in percentage) are presented in Table
6.5. The lowest fraction of the total concentration of both the metals (vary from 0.1 -
0.9% of the total Cu and ~ 0.0 - 2.7% of the total Pb) in the sediments were present as
water soluble complexes.

The fraction of exchangeable and carbonate/bicarbonate forms of Pb and Cu (Fr.2)
in the sediments were found to vary from ~0.1 - 2.1% and 0.0 - 21.3% of the total Cu
and Pb concentrations in the sediments respectively. Concentrations of Cu and Pb
associated with Fe/Mn-oxyhydroxide binding phases (Fr.3) in the sediments were
higher than their concentrations in the Frl and Fr.2. Scavenging property of Pb by
Fe/Mn oxyhydroxide phase in water column and sediment has been identified as an
important process in controlling speciation and geochemistry of Pb in marine system
(Jones and Turki, 1997; Tessier et al., 1979; Chakraborty et al., 2015a). However, the
Fr.2 of Pb was occasionally higher than the Fr.3 in the underneath sediments (off
Karwar) where DO concentration of the overlying bottom water was low (Table 6.5).
The fraction of total Pb associated with Fe/Mn oxyhydroxide binding phase gradually
increased (~2.8 to 32.9% of the total Pb across the two transects) with the increasing
DO level of the overlying bottom water (Figure 6.4). The variations of Pb content (in
terms of percentage of the total Pb) in the Fe/Mn oxyhydroxide binding phase against
the varying DO level of the overlying bottom water from the two transects are shown
separately in the inset (Figure 6.4).

Compared to Pb, less Cu was bound to Fe/Mn oxyhydroxide (0.7 to 5.0% of the
total Cu across the two transects). This indicates that Fe/Mn oxyhydroxide phase in the
studied sediments acted as one of the important hosting phases for Pb but not for Cu.
Major fractions of the total non residual metal (8.6 — 33.6% of the total Pb and 14.1 to
30.3% of the total Cu) were associated with sedimentary organic matter and sulphides
(Fr 4). 1t was found that Cu had more affinity towards the organic binding phases
(including sulphides) than Fe/Mn oxyhydroxide binding phases in the sediments. Strong
affinity of Cu for organic binding ligands has already been reported in the literature
(Chakraborty et al 2007). Major fractions of the total Pb (~43.7 — 67.3% of the total Pb)
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and Cu (66.4 — 80.9 % of the total Cu) were present within the structure of the
sediments (Fr.5).

As Fe is the redox sensitive element and act as the major bonding phase (specially
the oxyhydroxide form of Fe) of trace metals, geochemical fractionation study of Fe
was performed to understand the changes in concentration of Fe-oxyhydroxide binding

phase in the studied sediments.

6.2.4 Geochemical fractionation of Fe in the surface sediments across the OMZ

The Fe content in the surface sediments across the OMZ were found to vary from
22260 to 74158 mg.kg™ (Table 6.2).Distributions of different geochemical forms of Fe
in the studied sediments (across the OMZ) are presented in Table 6.5. The highest
fraction of the total Fe was present in the residual phase (i.e. within the structure of the
sediment) in all the sediments. The second highest fraction of the total Fe was
associated with organic phase or present as Fe-sulphide. It has been reported that
organic matter can trap Fe in marine environment. It was also found that the
concentrations of Fe associated with organic binding phase increased with increasing
sulphide concentrations in the sediments. Thus, one could expect that sedimentary
organic matter were the major binding phases for Fe in the sediments. The
concentration of Fe(l11)-oxyhydroxide (one of the major hosting phases for Pb and Cu )

was found to be the third highest fraction of the total Fe in all the sediment.
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Table 6.5 Percentage of total Cu and Pb and the concentration of Fe in different binding phases of the studied sediments across the OMZ

Station DO (uM) Fr1(%) Fr2(%) Fr3(%) Fr4(%) Fr5(%)
SSK71/SPC15 81.1 0.0 0.5 2.9 20.9 75.6
SSK71/SPC16 67.5 0.0 0.3 3.0 19.5 77.1
SSK71/SPC17 32.0 0.1 0.1 2.2 26.8 70.8
SSK71/SPC18 7.4 0.1 0.1 0.8 25.3 73.7
Cu SSK71/SPC 21 47.3 0.5 0.1 2.6 19.2 7.7
SSK80/SPC 2 150.5 15 2.1 5.0 14.1 77.4
SSK80/SPC4 8.2 0.5 0.6 0.7 26.8 714
SSK80/SPC5 4.7 0.6 0.7 0.8 29.1 68.8
SSK80/SPC6 14.9 0.8 0.9 1.7 30.3 66.4
SSK80/SPC7 84.6 0.9 0.7 3.4 14.1 80.9
SSK71/SPC15 81.1 0.2 0.1 8.1 24.3 67.3
SSK71/SPC16 67.5 0.0 0.3 8.0 29.1 62.6
SSK71/SPC17 32.0 0.0 0.2 6.2 32.9 60.7
SSK71/SPC18 7.4 0.0 0.1 2.8 33.6 63.5
Pb SSK71/SPC 21 47.3 0.0 0.0 8.2 25.1 66.7
SSKB80/SPC 2 150.5 2.7 2.9 32.9 8.6 52.9
SSK80/SPC4 8.2 0.7 13.1 3.8 30.4 52.0
SSK80/SPC5 4.7 0.8 8.8 4.0 315 54.9
SSK80/SPC6 14.9 1.0 9.4 3.8 27.0 58.8
SSK80/SPC7 84.6 0.7 21.3 12.6 21.7 43.7

Station DO (uM) Fri(mg.kg™) Fr2( mg.kg™) Fr3( mg.kg™) Fr4( mg.kg™) Fr5( mg.kg™)

SSK71/SPC15 81.1 2.1 37.4 329.9 278.2 73510

SSK71/SPC16 67.5 3.7 10.9 370.9 180.8 65290

SSK71/SPC17 32.0 134 13.7 192.2 541.1 54130

Fe SSK71/SPC18 7.4 3.9 16.3 128.4 1237.8 72060

SSK71/SPC 21 47.3 11.9 16.3 269.2 1083.8 61770

SSK80/SPC 2 150.5 0.0 41.6 1166.6 1927.3 30074

SSK80/SPC4 8.2 0.0 12.3 267.8 1267.6 29392

SSK80/SPC5 4.7 0.0 20.3 197.0 1552.2 29280

SSK80/SPC6 14.9 0.0 23.3 356.4 1080.4 20799

SSK80/SPC7 84.6 0.0 14.6 588.0 397.5 35759
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Pb associated with Fe/Mn oxyhydroxide phase (%) (Fr.3)
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Figure 6.4 Variation of Pb (%) in Fe-Mn oxy-hydroxide phase in the studied sediment with varying bottom water oxygen concentration (DO)(uM) (together

for both the transects on left and the individual transects on the right)
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Figure 6.5 Variation of Pb (%) in organic phase in the studied sediment with varying bottom water oxygen concentration (DO) (UM) (togetherfor both the
transects on left and the individual transects on the right)
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Figure 6.7 Variation of Cu (%) in organic phase in the studied sediment with varying bottom water oxygen concentration (DO) (uM)(togetherfor both the
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6.3 Discussion

6.3.1 Impact of varying dissolved oxygen concentration in the bottom water on

geochemical fractionation of Cu and Pb in the sediment

In this section, the impact of varying dissolved oxygen concentrationin the overlying
bottom water on geochemical fractionation of Cu and Pb in the underneath sediments
are discussed.

Table 6.4 indicates that there was a strong positive correlation (r=0.70, p <0.05, n = 10)
between the Pb content associated with Fe/Mn-oxyhydroxide binding phase (Pb Fr.3) in
the sediment and the dissolved oxygen concentrations of the overlying bottom water.
There was a gradual decrease in Pb association (~8.2 to 2.8 % (SSK 71) and 32.9 to 3.8
% (ssk-80) of the total Pb) with Fe/Mn-oxyhydroxide binding phase in the sediment
with the decreasing dissolved oxygen concentrations (from ~81.1 to 7.4 uM (SSK-71)
and 150.5 to 8.2 uM (SSK-80)) of the overlying bottom water (Table 6.5 and Figure
6.4).

It is well known that reduction (Fe(lll) to Fe(ll)) and dissolution of Fe(lll) takes
place under hypoxic condition (Berner,1981; Lovely and Phillips,1988; Nealson and
Saffarini ,1994; Sgrensen,1982). Metals (trace/heavy) associated with Fe(lll)-
oxyhydroxides are expected to be released during dissolution of Fe(lll) process under
low oxygen environment. Thus, one could expect a gradual decrease of Pb association
with Fe(ll)-oxyhydroxide phase in the sediments with the decreasing dissolved oxygen
level of the overlying bottom water. It is interesting to note that there was a strong
negative correlation (r = -0.57, p <0.05, n = 10) (Table 6.4) seen between the Pb
associated with the sedimentary organic phases (Pb Fr.4) and the dissolved oxygen
concentration of the overlying bottom water. Increase in concentration of sedimentary
organic matter with decreasing DO level was probably responsible for the increase in
Pb association with organic binding phases in the sediments (as shown in Figure 6.5).

The concentration of Cu associated with Fe(lll)-oxyhydroxide (Cu Fr.3) in the
sediments was positively (r = 0.97, p <0.05, n=10) correlated with the DO concentration
of the overlying bottom water (Figure 6.6). Association of Cu with Fe (llI)-
oxyhydroxide in the sediments decreased (~3.0 to 0.8 % (SSK 71) and 5.0 to 0.7 %
(SSK-80) of the total Cu) with the decreasing DO concentrations (from ~81.1 to 7.4 uM
(SSK-71) and 150.5 to 8.2 uM (SSK-80)) of the overlying bottom water as shown in

Figure 6.6. Table 6.5 shows that there was increase in Cu association with the
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sedimentary organic matter (from ~19.2 to 26.8 % (SSK 71) and 14.1 to 30.3 % (ssk-
80) of the total Cu) with the decreasing DO level (from ~81.1 to 7.4 uM (SSK-71) and
150.5 to 8.2 uM (SSK-80) of the overlying bottom water (Figure 6.7). Slow degradation
of organic matter lead to increased preservation of sedimentary organic matter at low
oxygen environment in this region.

The steady decrease in the Cu concentration associated with Fe/Mn oxyhydroxide is
probably due to the reduction and dissolution of Fe(ll1)/Mn-oxyhydroxide binding
phase in the sediment. Preservation of more organic matter in the sediments under low
oxygen environment was also observed. It was found that Cu started accumulating more
with the organic binding phases of the sediments with decreasing concentration of
dissolved oxygen of the overlying bottom water. However, further geochemical
fractionation study of Fe was performed to understand the changes in concentration of

Fe-oxyhydroxide binding phase in the studied sediments.

6.3.2 Impact of varying dissolved oxygen concentration in the bottom water on

geochemical fractionation of Fe in the surface sediments

It is important to note that there was no significant variation of the total
sedimentary Fe concentration with varying DO concentrations of the overlying bottom
water observed. However, a significant variation in the concentration of Fe (llI)-
oxyhydroxide was found with varying DO level of the overlying bottom water.Figure
6.8a and 6.8b shows that the concentration of Fe(lll) oxyhydroxides in the surface
sediments gradually decreased with the decreasing DO concentration of the overlying
bottom water. This is due to increase in reduction of Fe(l11) to Fe(Il) (and dissolution of
Fe(Il) from the sediment to the overlying bottom water) with decreasing DO
concentration of the bottom water. The similar variation was also found with the
concentration of Cu and Pb associated with Fe/Mn oxyhydroxide binding phases (Fr.3)
in the sediments with varying DO concentration of the overlying bottom water. The
concentration of Pb and Cu associated with Fe/Mn oxyhydroxide binding phase
gradually decreased with the decreasing DO concentration of the overlying bottom
water.

Impact of varying dissolved oxygen concentration of the overlying bottom on
trace/heavy metals speciation and their release from the underneath sediment in the

Arabian Sea is poorly known. Thus, the impact of decreasing DO concentrations of the
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overlying bottom water on the stability and lability of Cu and Pb complexes in the

underneath sediment were further studied.
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Figure 6.8 Variation of the concentration of oxyhydroxide form of Fe (mg.kg ™) in the studied

sediment with varying bottom water oxygen concentration (DO) (UM)

6.3.3 Impact of varying dissolved oxygen concentration in the overlying bottom
water on the stability of Cu and Pb complexes in the underneath sediments

Kinetic fractionation study was performed to quantitatively estimate the stability
and lability of the metal complexes in the underneath sediments across the OMZ. The
Kinetic extraction data are presented in Figure 6.9a and 6.9b. The data were fitted to the
kinetic model by nonlinear regression analysis, as described elsewhere (Chakraborty et
al. 2012; Chakraborty et al. 2011; Gaabass et al. 2009; Hassan et al. 2006; Mandal et al.
2002; Sekaly et al. 1999a; Sekaly et al. 1999b), to obtain the relative percentages of the
kinetically distinguishable complexes and their associated dissociation rate constants.
The percentage of labile and inert complexes of Cu and Pb and their corresponding
dissociation rate coefficients are presented in Table 6.6.
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Table 6.6 The percentage of labile (C,) and inert (C,) complexes of Cuand Pb and their
corresponding dissociation rate coefficients Ky, and K, respectively

Station C: (%) Ka (S1) C, (%) Kgx10°(S™Y)
SSK71/SPC15 5.7 3.3x10° 94.3 <10®
Cu SSK71/SPC16 6.3 3.9x10° 93.7 <10°®
SSK71/SPC17 4.3 2.4 x10° 95.7 <10°®
SSK71/SPC18 37 1.8 x10 96.3 <10°®
SSK71/SPC16 13.9 3.6 x107 86.1 <10°®
Pb SSK71/SPC17 19.8 5.9 x10°® 80.2 <10°®
SSK71/SPC18 27.0 7.8 x10°® 73.0 10°
SSK80/SPC4 22.7 6.1x10 77.3 <10°®

Figure 6.10a and 6.10b show the variation in percentages of labile metal complexes and
their dissociation rate constants (Figure 6.11c and 6.11d) in the sediments against the
changing DO concentration of the overlying bottom water.

The kinetic fractionation study indicates that Cu-sediment complexes were stronger
than the Pb-sediment complexes under low oxygen environment. The decrease in
bottom water DO (from 81.1 to 7.4 uM) decreased the fractions of labile Cu-complexes
from 6.3 to 3.7 % of the total Cu in the underneath sediments. The corresponding
dissociation rate constant of the Cu-sediment complexes was found to change from 1.8
x 10° to 3.9 x 10 s, This study indicates that the lability and dissociation rate
constants of Cu-sediment complexes gradually decreased (i.e. stability of the Cu-
sediment complexes steadily increased) with the decreasing DO concentration of the
overlying bottom water.

It was found that the lability and dissociation rate constant of Pb-sediment
complexes increased with the decreasing DO concentration in the overlying bottom
water. The change in DO concentration from 7.6 to 81.1 puM increased the
concentration of labile Pb-complexes from 19.8 to 27.0 % of the total Pb content in the
sediment. The dissociation rate constant of the Pb-sediment complexes was found to
increase from 5.9 x 10° to 7.9 x 102 s Although the results from the kinetic
fractionation experiments are operationally defined, the observed trends in metal
lability in sediment as a function DO concentration of the overlying water column
elucidate the relative stability of metal-sediment complexes across the OMZ. This study

suggests that low oxygen environment in the overlying bottom water may increase
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lability of Pb-sediment complexes in the underneath sediment and may increase

bioavailability of Pb in the system.
6.4 Conclusions:

This study provided useful information on the impact of varying dissolved oxygen
concentration in overlying bottom water on geochemical fractionation of Cu and Pb
complexes in the underneath sediments across the OMZ, in the eastern Arabian Sea.
Increasing concentration of sedimentary organic matter (under low oxygen environment
of the overlying bottom water) increased Cu complexation and association of Cu with
the organic binding phases of the sediment. The average stability of Cu-sediment
complexes was found to increase with decreasing dissolved oxygen concentrations of
overlying bottom water. However, association of Pb with Fe/Mn-oxyhydroxide phase
gradually decreased with decreasing dissolved oxygen concentration of the overlying
bottom water. Pb was found to associate with sedimentary organic matter under the low
oxygen environment. The lability of Pb-sediment complexes gradually increased with
decreasing dissolved oxygen concentrations of bottom water. The labile Pb-sediment
complexes may participate in exchange fluxes at the sediment-water interface at the

low oxygen environment in the western continental margin of India.
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Signature of increasing anthropogenic Pb input in last
century in the shelf sediments of India: A stable Pb isotopic
and fractionation study

7.1 Introduction

As mentioned in the introductory chapter, that Pb flux in different natural
environment has been increasing due to anthropogenic activities in many parts of the
world and has already been reported to surpass the Pb flux from different natural
processes (Sen and Peucker-Ehrenbrink, 2012). Combustion of leaded gasoline (in
automobile), coal (thermal power plant) and other high temperature industries such as
mining and smelting are the major sources of anthropogenic Pb in environment.

India is one of the most rapidly growing countries in terms of industrialization
and urbanization. Emission of Pb from gasoline combustion reached maximum during
mid 90’s in India. However, it has been reported that release of Pb from gasoline
steadily declined (e.g., Lee et al., 2014), after the banning of leaded gasoline in 2000
(UNEP, 2007). However, other sources of Pb (coal, mining and smelters) are still active
in a developing country like India where, the growth of industrialization and economic
development are in full swing. One of the major requirements of this fast developing
country is the energy and the requirement is majorly met by the coal fired power plants
(one of the probable sources of Pb). It has been reported that around 116 coal based
thermal power plants (situated all over the country) supply more than 51% of India's
commercial energy demand (http://www.cea.nic.in). In addition to that, heavy
industries in India also use significant amount of coal which may release considerable
amount of Pb to the natural environment.

Lee et al. (2014) has shown that the amount of Pb emission from coal combustion
in the recent years has crossed the highest Pb emission registered from gasoline

combustion in the mid 90’s.



Stable isotopic signature of Pb study by Lee et al (2014) have suggested that
combustion of leaded gasoline and burning of coal from India are the major sources of
increasing dissolved Pb in the surface Indian Ocean.

Marine sediments are one of the best environmental archives to understand the
historical evolution of anthropogenic Pb in the adjacent continent as it receives
elemental flux in both atmospheric and fluvial pathways. Therefore, Pb emitted in
Indian atmosphere or discharged in different rivers, marine sediments are thought to be
the ultimate sink for these emissions. Thus, to understand the historical evolution of
anthropogenic Pb in India, two well dated marine sediment cores, collected from
central eastern continental shelf, off Nagavali river, (SSK35/SPC32) of 30 cm long and
southern western continental shelf, off Sita Suvarna river (SSK40/SCP69) of 22 cm
long were studied. The sampling sites of eastern and western continental shelf were ~20
km away from the coast of Andhra Pradesh and Karnataka (Figure 7.1).

Total Pb content, Enrichment Factor (EF), geochemical fractionation study and
stable Pb isotopes has been widely used as powerful tools to understand historical input
of anthropogenic Pb (if any) and its fate in marine sediments.

Stable Pb isotopes are the most effective tracer to identify the sources of Pb in the
environment. Pb has four stable isotopes in nature, viz., ?**Pb, 2®Ph, #’Pb, *®®pp.
Among these, “*Pb is the only primordial isotope with no radioactive progenitor. The
other three isotopes are the end members of U-Th radioactive decay series (***U-?°Pb,
2%5-2ppy and 2**Th-*®pb) and are called radiogenic isotopes. Therefore, the
concentration of primordial Pb is constant but, the concentration of *°Pb, 2’Pb and
2%8p has been increasing with time relative to ?*Pb.

Pb has distinct isotopic ratios in rocks and ore bodies. The stable isotopic ratios
(e.g. 2°°Pb/?* Pb, 2"Pb/?® Ph, 2°8Pb /2* Pb, 2®Pb /*%Pb, 2°°Pb /*°’Pb) in rocks depend on
the concentration of primordial Pb and parent U-Th in rocks and, the age of formation
of the rock. On the other hand, the isotopic composition in ores depends on the age of
ore formation. During formation of a Pb ore, Pb becomes isolated from its radioactive
parent isotopes (U/Th) present in the rocks and therefore the isotopic compositions of
Pb stops changing. These compositions are generally less radiogenic than the isotopic
composition of Pb in rocks where Pb are still in contact with its parent isotopes (Bacon
et al., 2005; Hansmann and Koppel, 2000; Sangster et al., 2000; Semlali et al., 2001).
Therefore, anthropogenic Pb which is ultimately derived from ore, in general shows

low isotopic ratios compared to the natural Pb. For example, 2*Pb/?°’Pb ratio in
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Australian ore (source of Pb used in petrol) is 1.06-1.09 (Monna et al., 1997) whereas,
206pp/207ph ratio typically found in geogenic Pb is 1.18-1.22. Thus, the presence of less
radiogenic Pb in environmental samples is indicative of athropogenic sources.

In this study, an attempt was made to assess the anthropogenic contribution in
the sediment cores by looking at the variation in the total sedimentary Pb content,
Enrichment Factor (EF), Pb distribution in different sedimentary geochemical phases.

Additionally, Pb isotopes were used to investigate the Pb sources.

25°N

20°N

15°N

10°N

5°N

Ocean Data View

70°E 80°E 90°E 100°
Figure 7.1 Study area: two sediment cores collected from eastern (SSK35/SPC32) (off
Nagavali River, northern Andhra Pradesh) and western (SSK40/SPC69) (off SitaSuvarna River,
Karnataka) continental shelves of India
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7.2 Results

7.2.1 Downcore variation of Pb, Fe, Mn Ti content

Downcore variation in the concentration of Pb and other redox sensitive and
refractory metals (Fe, Mn and Ti) in the sediment cores collected from the eastern
(SSK35/SPC32) and western (SSK40/SPC69) continental shelves of India are presented
in Tables 7.1 and 7.2. There was 1.5 to 2 times enrichment in the concentration of Pb
observed on the core surface compared to the subsurface values. The concentration of
Pb was found to range from ~21.9 £ 0.4 at the deepest layer (29-30 cm) studied here to
41.9 +0.8 mg.kg * at 5-6 cm depth of core representing a 2-fold increase in core
collected from the eastern shelf. For the core collected from western shelf, Pb content
varied from ~10.3 + 0.2 at the deepest layer (21- 22 cm) to 15.6+0.3 mg.kg™ at the
surface of the core. There was very little/no variation was observed in sedimentary Pb
content from the deepest layer to 14-15 cm in eastern shelf core. After that, a steady
increase was observed in sedimentary Pb concentration up to 6-7 cm depth, followed by
a decline in Pb content up to 1-2 cm depth. However, further enrichment in Pb
concentration was observed in the surface layers. Periodic increase and decrease was
observed in Pb concentration from the deepest layer (21-22 cm) to 9-10 cm depth of
western shelf core. After that, there was a steady increase in Pb content up to the
surface layer of the core.

The concentration of Fe, Mn and Ti in the sediment at different depth of the
SSK35/SPC32 core was found to vary from 4.80+0.02 to 5.67+0.03%, 470 +3 to 588+3
mg.kg™® and 0.28 +0.01 to 0.37+0.01 % respectively (Table 7.1). For SSK40/SPC69
core, the concentration of Fe, Mn and Ti varied from 3.90+0.02 to 5.68+0.03%, 286 +2
to 4082 mg.kg™, 0.40+0.01 to 0.43+0.01% respectively (Table 7.2).

7.2.2 Down-core variation of geochemical fractionation of Pb

Geochemical fractionation (or operational speciation) study was carried out in
selected samples from both the cores to understand the changes of anthropogenic
contribution and the fate of deposited Pb in the sediments with respect to time. The
percentage of total sedimentary Pb and the absolute concentration of Pb (mg.kg™)

distributed in different geochemical phases of the sediment layers of the cores
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Table 7.1 Down core variation of Pb, Fe, Mn and Ti content in sediment core
SSK35/SPC32. Corresponding calendar ages estimated from #°Pbyycss dating are also
given.

Pb Mn . Calender

Depth — (mgkg?y)  PEO)  (mgkgsy T age(ap)
0-1 35.6+0.7 5.67+0.03 563+2.8 0.32+0.01 2012
1-2 28.3+0.6 525+2.6 0.31+0.01 2008
2-3 29.1+0.6 6.25+0.03 553+2.8 0.33+0.01 2005
4-5 32.9+0.7 544+2.7 0.31+0.01 1998
6-7 41.9+0.8 5.17+0.03 553+2.8 0.37+0.01 1992
8-9 24.9+0.5 508+2.5 0.28+0.01 1985
9-10 26.4+0.5 588+2.9 0.31+0.01 1981
12-13 24.5+0.5 5.24+0.03 529+2.6 0.28+0.01 1971
15-16 22.4+0.4 543+2.7 0.32+0.01 1964
17-18 22.6x0.5 533+2.7 0.30+0.01 1948
19-20 21.5+0.4 5.58+0.03 546+2.7 0.32+0.01 1941
21-22 22.6x0.5 505+2.5 0.31+0.01 1933
22-23 20.8+0.4 4.50+0.02 471+2.4 0.30+0.01 1929
23-24 21.7+0.4 535+2.7 0.33+0.01 1925
26-27 20.6x0.4 5.24+0.03 524+2.6 0.32+0.01 1912
27-28 21.4+04 470+2.4 0.29+0.01 1908
28-29 21.9+04 4.80+0.02 500+2.5 0.32+0.01 1898

Table 7.2 Down core variation of Pb, Fe, Mn and Ti content in sediment core
SSK40/SPC69. Corresponding calendar ages estimated from 2°Pbeyc.ss dating are also
given.

Depth Pb Mn . Calender
o) (mgkgy T (mgkgy T ace(ap)
0-1 15.6+0.3 5.39+0.03 403+2.0 0.43+0.01 2011
2-3 15.0+0.3 5.43+0.03 398+2.0 0.42+0.01 2001
5-6 14.3+0.3 5.68+0.03 402+2.0 0.42+0.01 1981
6-7 12.8+0.3 5.17+0.03 408+2.0 0.40+0.01 1975

9-10 11.8+0.2 5.46+0.03  403+2.0 0.42+0.01 1958
12-13 12.8+0.3 5.37+0.03 41321  0.41+0.01 1940
14-15 10.6+0.2 5.33+0.03  408+2.0 0.42+0.01 1927
17-18 11.2+0.2 5.41+0.03 414+2.1 0.42+0.01 1899
21-22 10.3+0.2 3.90+0.02  286+14  0.41+0.01 1866
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Table 7.3 Downcore variation of Pb content in different geochemical phases of sediment cores
SSK35/SPC32 (Bay of Bengal) and SSK40/SPC69 (Arabian Sea)

Depth Fr.1 Fr.2 Fr.3 Fr.4 Fr.5
(cm) (mgkg?)  (mgkg!)  (mgkg')  (mg.kg')  (mg.kg™h)
0-1 0.1 1.9 19.4 33 10.8
2-3 0.1 0.8 16.6 16 9.9
6-7 0.6 3.2 175 23 135
SSK35/SPC32 12-13 0.1 0.9 11.8 1.9 9.8
19-20 0.1 11 7.1 13 11.9
22-23 0.1 0.3 9.7 18 8.9
26-27 0.1 0.9 7.9 17 10.0
28-29 0.1 0.3 5.9 13 14.3
Depth Fr.1 Fr.2 Fr.3 Fr.4 Fr.5
(cm) (mgkg?)  (mgkg!)  (mgkg")  (mg.kg')  (mg.kg™h)
0-1 0.0 0.1 8.0 16 5.8
2-3 0.0 0.1 7.6 15 57
5-6 0.0 0.1 6.8 14 5.9
SSK40/SPC69 6-7 0.0 0.1 57 13 57
9-10 0.0 0.1 43 18 5.6
12-13 0.0 0.1 55 13 6.0
14-15 0.0 0.1 4.0 12 53
17-18 0.0 0.1 4.4 1.0 57
21-22 0.0 0.1 38 0.7 5.8

SSK35/SPC32 and SSK40/SPC69 are presented in Figure 7.2a, b and Table 5.3
respectively. The percentage of Pb in non-residual phase (sum of water soluble (Fr.1),
carbonate and exchangeable (Fr.2), Fe/Mnoxyhydoxide (Fr.3) and organic (Fr.4) phase)
was found to be increased upward the cores. On the other hand a steady decrease in the
percentage of Pb in residual phase (Fr.5) towards the surface of the cores was observed.
The concentration of water soluble Pb complexes (Fr.1) was negligible in both the
cores. The concentration of soluble Pb complexes along the sediments layers of
SSK35/SPC32 was found to be 0.1 mg.kg™ with an exceptional increase to 0.6 mg.kg™
at 6-7 cm depth. The concentration of water soluble Pb in the sediments of
SSK40/SPC69 core was below the detection limit of the instrument. A periodic increase
and decrease in the concentration of Pb associated with Fr.2 was observed upward the
core, SSK35/SPC32. The concentration of Pb in Fr.2 varied from 0.3 mg.kg "at the
bottom of the core (29-30 cm) to 3.2 mg.kg™ at 6-7 cm depth of the core. Whereas, in
SSK40/SPC69 core the concentration of Pb in Fr.2 was uniform and it was 0.1mg.kg™
in different depths of the sediment core. In both the cores, major part of non-residual Pb
(130.5 to 57.2 % of total Pb in the eastern shelf and 36.4 to 51.5 % of total Pb in the
western shelf ) in the sediments to associate with Fe/Mnoxyhydroxide phase (Fr.3)
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followed by the organic phase (Fr.4).There was increasing association of Pb with both
these phases towards the surface of the core (Table 7.3).The concentration of Pb in
Fe/Mn oxyhydroxide and organic phase gradually increased from 5.9 to 19.4 mg.kg *
and 1.3 to 3.3 mg.kg *in SSK35/SPC32 and 3.8 to 8 mg.kg * and 0.7 to 1.8 mg.kg™in
SSK40/SPC69 core respectively. Concentration of Pb within the residual phase of the
sediments varied from 8.9 t014.3 mg.kg™ in SSK35/SPC32 core. However, there was
no systematic trend in the core. On the other hand, residual Pb (Fr.5) in different depths
of SSK40/SPC69 core was found to be nearly constant with little variation of 5.3 to 6.0
mg.kg'l'

7.2.3 Sediment core chronology

The age for each depth of the sediment cores were estimated by using sedimentation
rate (SR). The core collected from the eastern shelf showed one distinct change in SR
from the depth of 15-16 cm of the core. The mean SR was estimated to be 0.298 cm/yr
in the upper portion (15-16 cm to the surface layer of the core) and 0.249 cm/yr in the
lower portion of the core (29-30 cm to 16-17 cm). The SR was also found to change
twice in the core, collected from western shelf. The mean SR gradually decreased from
0.210 cm/yr in upper portion (4-5 to surface layer) to 0.170 cm/yr in the middle portion
(14-15 to 5-6 cm) to 0.128 cm/yr in the lower portion (21-22 to 15-16 cm) of the core.
The calculated calendar age for each depth of core collected from eastern shelf
(SSK35/SPC32) and western self (SSK40/SPC69) are presented in Tables 7.1 and 7.2
respectively. The bottoms of both the cores represent pre-industrial age of India. The
bottom layer of the sediment core (22 cm), collected from the western shelf represent
older age (~ 145 yrs) compared to the core collected from the eastern shelf (~114 yrs).

7.2.4 Stable Pb isotopic variation

The historical evolution of anthropogenic Pb input in the marine sediment was
further studied by using Pb isotopic composition. The Pb isotopic composition was
determined in the non-residual phases (a good representative of anthropogenic Pb
component) of the bulk sediment.

The variation in Pb isotopic ratios (*°Pb/?* Pb, 2°/Pb/?* Ph, 28 ph /2% pp, 2% pp
/2%°Pb, 2 Ph /%7Pb) in the sediment cores SSK35/SPC32 and SSK40/SPC69 are given
in Table 7.4 and 7.5 respectively. A very similar changing trend in different isotopic
profiles (*°*Pb/?* Ph, 2"Pb/?* Pb, 28 Ph /%% Pb, and ?° Ph /2°’Pb) was found in both the

Chapter 7 Page 142



cores as shown in Figure 7.3a and b. In SSK35/SPC32 core, the overall decrease in
ratios (*®°Pb/?% Ph, 2'Pb/?** Pb, 2% Pb /%* Pb, and *® Pb /*’Pb) was observed from
19.019, 15.843, 39.637 and 1.200 at the bottom sediment (depth 29 to 30 cm) to
18.575, 15.761, 38.978 and 1.179 at the surface sediment (0 to 1cm) of the core. A very
similar observation was also made in the other core. A decrease in Pb isotopic ratios
was seen in SSK40/SPC69 core, where the ratios were decreased from 18.470, 15.628,
38.805 and 1.182 at the bottom (21 to 22 ¢cm) to 18.10, 15.618, 38.311 and 1.159 at the
surface (0 to 1 cm). However, it is interesting to note that the upward decrease in

isotopic ratios in both the cores were not linear as shown in Figure7.3a and b.

206 py /204p}y 207ppy /204ppy 208 ppy /204ppy 206 pp /207pfy
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Figure 7.3 Variation of stable Pb isotopic ratios (***Pb/?* Pb, 2’Pb/?* Pb, ?*® Pb /** Pb, and %
Pb /*’Pb) along the sediment cores collected from (a) eastern (SSK35/SPC32) and (b) western
(SSK40/SPC69) continental shelves of India
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Table 7.4 Downcore Pb isotopic data of the sediment core, SSK35/SPC32 from the eastern shelf of India

Eﬂ,?)t h 2061204 p 2se 2071204 p 258 2081204pp 2 se 2081206 p} 2 se 2061207 p}y 2se

0-1 18.575 0.001 15.761 0.002 38.978 0.005 2.098 0.0001 1.179 0.0000
2-3 18.663 0.001 15.788 0.002 39.127 0.005 2.097 0.0001 1.182 0.0000
4-5 18.583 0.001 15.761 0.001 38.980 0.004 2.098 0.0001 1.179 0.0000
6-7 18.518 0.001 15.740 0.002 38.863 0.005 2.099 0.0001 1.177 0.0000
8-9 18.767 0.001 15.799 0.001 39.276 0.004 2.093 0.0001 1.188 0.0000
10-11 18.897 0.001 15.826 0.001 39.480 0.004 2.089 0.0001 1.194 0.0000
12-13 18.890 0.001 15.823 0.002 39.473 0.005 2.090 0.0001 1.194 0.0000
14-15 18.849 0.001 15.809 0.002 39.398 0.005 2.090 0.0001 1.192 0.0000
17-18 18.965 0.002 15.836 0.002 39.589 0.005 2.088 0.0001 1.198 0.0000
19-20 18.963 0.001 15.839 0.001 39.591 0.004 2.088 0.0001 1.197 0.0000
23-24 18.947 0.001 15.828 0.001 39.541 0.004 2.087 0.0001 1.197 0.0000
26-27 18.974 0.001 15.828 0.001 39.556 0.005 2.085 0.0001 1.199 0.0000
29-30 19.019 0.002 15.843 0.002 39.637 0.006 2.084 0.0001 1.200 0.0000
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Table 7.5 Down core Pb isotopic data of the sediment core SSK40/SPC69 from the western shelf of India

32‘23’1 2061204 p 2se 2071204 py 258 2081204p} 2 se 2081206 p} 2 se 2061207 p}y 2se
0-1 18.10 0.00146 15.618 0.001742 38.311 0.00516 2.117 0.000121 1.159 2.86E-05
1-2 18.28 0.001452 15.626 0.001592 38.616 0.00502 2.112 0.000128 1.170 0.000027
2-3 18.16 0.001318 15.616 0.00165 38.389 0.00504 2.114 0.000141 1.163 3.12E-05
3-4 18.25 0.001186 15.618 0.001416 38.535 0.00444 2.112 0.000122 1.168 2.64E-05
4-5 18.21 0.001326 15.622 0.001538 38.489 0.00462 2.113 0.000119 1.166 2.42E-05
5-6 18.21 0.001258 15.617 0.001576 38.476 0.00496 2.113 0.000139 1.166 0.00003
6-7 18.31 0.001804 15.620 0.00206 38.651 0.00628 2.110 0.000146 1.173 3.08E-05
7-8 18.26 0.001446 15.622 0.001806 38.565 0.00562 2.112 0.000147 1.169 3.44E-05
9-10 18.41 0.001284 15.629 0.001474 38.799 0.00456 2.108 0.000111 1.178 2.54E-05

12-13 18.48 0.001552 15.638 0.001782 38.896 0.00528 2.105 0.000126 1.182 0.000029

14-15 18.51 0.001572 15.639 0.001886 38.895 0.00578 2.102 0.000142 1.183 3.26E-05

17-18 18.27 0.001108 15.628 0.001412 38.519 0.00454 2.108 0.000128 1.169 0.000029

21-22 18.47 0.00134 15.628 0.001652 38.805 0.00518 2.101 0.000137 1.182 3.12E-05

Chapter 7 Page 145



7.3 Discussion

7.3.1 Increasing Pb input with respect to time in the shelf sediments of India

The down-core profile for total sedimentary Pb content in the cores from the
eastern and the western shelf of India showed an overall increase in Pb accumulation in
the last century. The increase in Pb accumulation in the marine sediments from eastern
shelf (20.6 to 41.9 mg.kg™) was more compared to the western shelf (10.3 to 15.6
mg.kg™). The study areas, likely to get fluvial as well as atmospheric input, were
probably affected by the anthropogenic activities occurring in the adjacent continent.
Number of studies (Harikumar et al.2009; Lee et al., 2014; Chakraborty et al., 2016) on
trace metal contamination in marine environment of India, supported the fact of
increasing metal contamination with time. Nevertheless, the natural processes, such as,
mineralogical/textural variation along the core and the redox mediated post depositional
remobilisation also play an important role in controlling elemental distribution within
the sediment cores (Zwolsman et al.,1993; Hornberger et al.,1999; Outridge et
al.,2005). To understand the upward increase in Pb content in both the cores, the

following studies were carried out.

Down-core variation in the enrichment factor (EF) of Pb: An indicator of

anthropogenic input

Enrichment factor (EF) of Pb was calculated to normalize the sedimentary Pb
content with respect to mineralogical or textural variation and estimate the
anthropogenic contribution of Pb in the studied sediment. As described in Chapter 2,
EF was calculated by taking the ratio of normalized Pb content of the sample to the
background value of normalized Pb content. Ti was used as a reference material (Boes
et al., 2011; Shotyk et al., 2001) to normalize the concentration of Pb in the sediments.
The average concentrations of Pb and Ti of the deepest layer of the sediment cores were
taken as the background concentrations in this study.

The variation in EF of Pb in both the cores (Figure 7.4a and b) was following the
similar variation as found for the total Pb along the core. In both the cores, EF of Pb
was found to enrich at the surface layers. The increasing EF in both the cores indicates
that the variation in Pb content along the core was not due to the mineralogical

variation of the depositing sediments in the last ~150 years.
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Figure 7.4 Downcore variation of Pb (mg.kg™) content and its EF in sediment cores
from the eastern (a) and western (b) continental shelves of India
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Figure 7.5 Down-core profile of Fe (%), Mn (mg.kg ) and Pb (mg.kg )
in the sediment of (a) eastern and (b) western continental shelf of India
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Assessing redox mediated post depositional changes in the cores

It is well known that redox mediated remobilisation of sedimentary Pb can govern
the upward increase of Pb content in the sediment cores. However, Pb is not known as
the redox sensitive element whose solubility changes with changing redox environment.
Nevertheless, a major part of sedimentary Pb was found to be associated with Fe
(1n/Mn oxyhydroxide phase whose solubility changes with changing redox condition
(as discussed in chapters 3, 5 and 6). Thus, the mobilisation of Fe and Mn under
changing redox environment may increase mobility of Pb along the core. In reduced
environment, Pb gets released from sediment to pore water due to the dissolution of
particulate Fe(ll11)/Mn(IV) oxyhydroxide to soluble Fe(ll)/Mn(Il).The diffusion of
soluble Pb from deeper layer and the re-precipitation at surface layer of sediment (at
redox interface) increases Pb content upward the core. Therefore, similar kind of
concentration profiles is expected for Fe, Mn and Pb, if the upward enrichment of Pb
was due to the remobilisation of Fe and Mn. However, no similarity was observed
between the down-core profile of Pb, Fe and Mn (Figure 7.5a and b). No significant
surface enrichment was observed for both Fe and Mn in the studied cores. Thus,
upward enrichment of Pb was not due to redox mediated post depositional

mobilisations.

7.3.2 Upward increase in sedimentary non-residual Pb content: indication of

increasing anthropogenic input

It is well known that, non-residual geochemical phases of sediment host metals
which are mobilised by natural or anthropogenic process (Tessier et al., 1979; Badri
and Aston, 1983; Schlinder, 1999; Chakraborty et al, 2012) and the residual phase hosts
metals which are chemically inert and reside within the mineral structure of sediment.
The geochemical fractionation study indicates that, association of Pb (presented as
relative percentage with respect to their total Pb concentrations) with all the non
residual binding phases increased upward the sediment core. This suggests the
increasing concentration of mobilized Pb up the cores. As discussed in the in previous
sections, natural processes were not responsible for the upward increase in Pb
concentration in the cores. Thus, the increasing concentration of non-residual Pb
(Figure 7.2a and b) indicates the increasing anthropogenic Pb contribution with time.

Among the non-residual phases, Fe/Mn oxyhydroxide was the major hosting
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phase for anthropogenic Pb. A significant increase in association of Pb with Fe/Mn
oxyhydroxide phases was observed with the increasing non-residual Pb (Figure 7.6a
and 7.7 a) in both the cores. There was increase in association of Pb with sedimentary
organic phase observed in the sediment cores (from the bottom to the surface).
However, the percentage of total Pb associated with organic phase (Fr.4) was much
lower than the relative percentage of Pb associated with Fe/Mn oxyhydroxide phase
(Fr.3) (Figure 7.6b and 7.7b).

Therefore, down-core variation in total Pb, EF and geochemical fractionation of
Pb suggest that there was increasing anthropogenic input upwards the core. However,
further study was carried out to provide better understanding of anthropogenic Pb input
in the shelf sediments of India and identify the probable sources of anthropogenic Pb in

the sediments by using stable Pb isotope.

7.3.3 Assessing the historical anthropogenic Pb input:

The bottom of core SSK35/SPC32 from the eastern shelf was dated ~120 years
back from the sampling time. This represent the pre-industrial period of India or the
time when heavy industries were not started. The isotopic composition of the leachate
from the sediment collected from the bottom most part (29-30 cm) of the core
represents the isotopic composition found in natural rocks (***Pb/*’Pb =1.20).This
directly indicates that the major source of the sedimentary Pb was the source rocks and
there were no/little anthropogenic influences. The upward decrease in the ®°Pb/?°’Pb
ratios in the core (with time) indicates the mixing of Pb from less radiogenic sources in
the sediments. However, in the first 12 cm from the bottom of the core (see Table7.4
and Figure 7.8), the isotopic variation was narrow and indicating the slow increase in
the anthropogenic Pb input. The upward decreasing Pb isotopic ratio clearly indicates
the increasing anthropogenic input in the sediments during the last century. A
significant decrease in isotopic ratio was observed during the year 1948. This is
consistent with the time when heavy chemical industries started in the early 40’s in
India (Indian Industries: Historical Perspective of Indian
Industries:http://www.yourarticlelibrary.com/industries/indian-industries-historical-
perspective-of-indian-industries/19708/). After that, periodic decrease and increase
were observed upward the core suggesting varying anthropogenic input with time in the

sediments.
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Figure 7.8 Historical changes in Pb isotopic (**Pb/?°’Pb) signature and EF in the core
SSK35/SPC32 from the Eastern shelf
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Figure 7.9 Historical changes in Pb isotopic (**Pb/?°’Pb) ratios and EF in sediment core
SSK40/SPC69 from the western shelf.
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This can also be possible that, there was no decrease in anthropogenic contribution
in different interval but the relative contribution from multiple anthropogenic sources
with different isotopic ratios. . Therefore, the increase in isotopic ratio might be due to
the increase in the contribution from more radiogenic source of Pb and not for the
relatively higher contribution from geogenic source. Moreover, the variation of
206pp/207ph was found to have a mirror image relation with variation in EF down the
core. With the increase in EF, observed decrease in isotopic ratio (Figure 7.8) indicates
the increased anthropogenic input to the sediments.

The lowest 2°°Pb/?’Pb ratio, found in 1992 (Figure 7.8), was probably due to the
highest emission of Pb from gasoline combustion during mid 90’s (Lee et.al, 2014).
However, there was increase in 2°Pb/2’Pb ratio during 2005 was probably due to the
phasing out leaded gasoline in 2000 from India. However, the decrease in isotopic ratio
in the uppermost layer indicates that anthropogenic sources are still active and the
phasing out of leaded gasoline could not reduce the anthropogenic emission of Pb in the
Indian environment.

Stable Pb isotopic signature of the deepest layer of the core (SSK40/SPC69)
collected from the western shelf of southern India (off Karnataka) was less radiogenic
(*°°Ph/*"Pb =1.182) than that found in the eastern shelf core (off Andhra Pradesh) and
Pb isotopic composition study suggests that historical evolution of Pb in the core from
the western shelf was different from the core collected from the eastern shelf of India.

This change in the isotopic ratio was due to the difference in geological
heterogeneity of the sources of these two shelf sediments. We assumed that the deepest
layer of the core was not contaminated by anthropogenic Pb as it was ~150 years older
than the recent time of sampling. Sudden drop in 2°*Pb/*"Pb ratio from 1.182 at the
deepest layer to 1.169 at 17-18 cm depth (Table 7.2 and Figure 7.9) along with the
increase in EF indicate that there was increase in anthropogenic Pb input in 1899
(Figure 7.9).

It has been reported in literature that the industrialisation started in Karnataka in
1884  (Chapter-1l  Industrial Development of Karnataka an  Overview
http://shodhganga.inflibnet.ac.in/bitstream/10603/62948/11/11 chapter%202.pdf).
However, not much information is available about the type and the location of industry
in Karnataka. Nevertheless, the decreased Pb isotopic ratio (along with the increased

EF) indicates that Pb pollution occurred during that period.
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Pb isotopic ratio reached the background value in the next layer i.e in 1927. A
constant decrease was observed from the year 1940 to 1969. The increasing
anthropogenic Pb input was consistent with the time of the growth in industrialisation
in India as well as in Karnataka.

However, the emission of Pb in Indian environment due to the usage of leaded

gasoline was not reflected in the isotopic profile of this core.

7.3.4 ldentification of probable anthropogenic source

It is well known that, leaded gasoline combustion, coal combustion and Pb
processing and smelting plants are the major anthropogenic Pb emitters in the
environment (Monna et al., 1997; Pacyna and Pacyna, 2001; Bollhdfer and Rosman,
2000). In India, Pb emission is expected from all these three major sources.

To identify the source of anthropogenic Pb in the studied sediments, stable Pb
isotopic composition of the above mentioned sources are discussed below.

The alkyl Pb used in gasoline was imported in India from two major suppliers’ viz.
Associated Octel and Ethyl Corporation in U.S.A (Bollhoffer and Roseman, 2001). The
Pb used to synthesis alkyl Pb was extracted from Pb ores from the Broken Hill type
deposit in Australia having the isotopic composition of 1.040 (***Pb/*’’Pb) and 2.224
(*®°Pb/*®Pb) and Mississipi Valley type Pb deposit in USA having the isotopic
composition of 1.406 (***Pb/*°’Pb) and 1.860 (*>°Pb/?°®Pb).Thus, it is expected that the
isotopic composition of sediment similar to Broken Hill, Australia or Mississipi Valley,
USA ore will indicate the gasoline source.

The isotopic composition of coal in general has more radiogenic signature
compared to the Pb isotopic composition of gasoline. The 2°*Pb/*’Pb ratio of major
coal deposits worldwide ranges from 1.15 to 1.24 (D"iaz - Somoano et al; 2009; Farmar
et al., 2012). The Pb isotopic composition of Indian coal is not known. However, to
meet the coal consumption demand, India imports coal for power generation from
Indonesia (*°*Pb/*°’Pb:1.180 to 1.188), South Africa (*°Pb/°’Ph:1.211 to 1.225) and
Australia (*°Pb/?%’Ph:1.253t01.257) (https://www.pwc.in/assets/pdfs/industries/power-
mining/icc-coal-report.pdf).

There are active Pb processing and smelting plants present in different parts of
India, e.g., Rajasthan (north-west), Mumbai (central-west), Kolkata (north-east), Bihar
(north-east), Orissa (north-east) and Andhra Pradesh (central-east). The isotopic

composition of Pb emitting from Pb smelters are actually the isotopic composition of
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Figure 7.10 Co-isotopic plot (208Pb/206Pb vs 207Pb/206Pb) of the studied sediments in comparison to literature values for natural and anthropogenic end
members :continental crust (Millot et al., 2004).;coal (Farmer et al.,1999; Diaz-Somoano et al., 2009; Alvarez-Iglesias et al.,2012 and references therein);
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Pb ore extracted in smelting plants. Thus it is expected that the composition of Pb
coming from smelting plant might have the isotopic signature of Indian ores. The
isotopic composition of Indian ore ranges from 1.106 to 1.114 (***Pb/*°’Pb) and 2.152
to 2.157 (*®®*Pb/*®Pb) (Deb et al., 1989). In addition to that, India imports Pb ore from
China with isotopic composition of 1.1716 (***Pb/*’Pb) and 2.068 (*°Pb/*°®Pb) (Zhu,
1998), Korea (isotopic composition not found) and Australia with the isotopic
composition varied from 1.043 to 1.204 (***Pb/*°’Pb) and 2.222 to 2.049 (***Pb/*®°Pb)
(Sangster et al., 2000 and references therein) (http://ficci.in/spdocument/20317/mining-
industry.pdf).

In order to identify the probable anthropogenic sources of Pb in the studied
sediments, isotopic ratios (**°*Pb/’Pb vs *°Pb/*®®pb) of the samples and the other
probable sources (mentioned above) were plotted in a triple isotopic plot (Figure
7.10).The isotopic composition of the leachates of the eastern and western continental
shelf sediments falls closer to the Indonesian and European coal (Figure 7.10).
However, it was discussed earlier that the sediment leachates contain both
anthropogenic and natural Pb and thus, the isotopic composition of the leachates were
the resultant mixture of anthropogenic and natural isotopic signature. To know the
isotopic signature of total anthropogenic component of the sediments a binary mixing
model proposed by Ferrand et al. (1999) was applied. The equation of the binary mixing

model is shown below.

<Pb206> _ (( Pb206> (Pb206> ) y [Pblnarural . (Pb206>
207 - 207 - 207 207
Pb mean Pb natural Pb anthrop [Pblmean Pb anthrop

The isotopic composition of the anthropogenic component was calculated by
plotting all the isotopic ratios (*®®*Pb/?**Pb, 2°’Pb/**Pb, 2°Pb/***Pb and **°Pb/**’Pb) one

by one against the inverse of corresponding Pb concentration (1/[Pb] ), calculating the

regression line, and then extrapolating the value of isotopic ratio at 1/[Pb] =0. Thus, the
Pb isotopic ratio of the samples at 1/[Pb]=0, signified the isotopic ratio of
anthropogenic component (Figure 7.11).

The anthropogenic isotopic ratios (Table 7.5) of sediments from both the regions
indicate that the eastern and western shelf of India receives anthropogenic Pb from
different sources. The anthropogenic composition of the western shelf sediment (***Pb/
207ppy: 1.105; 2°°Ph/*®Pb: 2.149) was found to be less radiogenic compared to the
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Figure 7.11 Dispersion plots for isotope ratios *®Pb/**Pb, ’Pb/***Pb, **°Pb/***Pb, 2°®Pb/*°Pb

and 2®Pb/*’Pb vs. 1/[Pb]: SSK35/SPC32 (eastern continental shelf) (N=13, r*=0.95, r’=0.94,
r?=0.95, r’=0.92 and r’=0.94, respectively) and SSK40/SPC69 core from western shelf (N=11,

r’=0.72, r’=0.52, r*=0.80, r*=0.85 and r*=0.81, respectively)
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eastern shelf isotopic composition (*°°Pb/*’Pb: 1.145; 2*°Pb/*®®Pb:2.120). The
anthropogenic isotopic ratio of the sediments from western shelf had the similar
isotopic composition of Indian ore (Figure 7.11) which indicate that heavy industries
were the major source of anthropogenic Pb to the western continental shelf. On the
other hand, anthropogenic isotopic signature of eastern shelf did not match with the
isotopic signature of the mentioned anthropogenic sources. Since the isotopic signature
of Indian coal is unknown, there could be a possibility of Indian coal being the source
of anthropogenic Pb in the eastern shelf. In addition to that isotopic signature of
Chinese coal (*®®*Pb/?*’Pb: 1.141 to 1.18 (D’iaz- Somoano et al.2009) was found to have
the similarity with the anthropogenic signature of eastern shelf sediment. It has been
reported that Bay of Bengal receives aerosols from china and south-east Asia (Moorthy
et al.,2008; Saxena et al.,2014) and thus, Pb emitted from the Chinese coal combustion
might be the source of anthropogenic Pb in the eastern shelf sediments. This study was
further supported by the stable Pb isotopic study by Lee et al. (2015) in the water of
Arabian Sea and Bay of Bengal, where it was reported that, due to the monsoonal wind
pattern Bay of Bengal receives more aerosol from china and south-east Asia whereas
Arabian Sea receives more continental atmospheric outflow from India. Thus, these two

regions showed distinct anthropogenic Pb signature.

7.4 Conclusions:

Down-core variation of total Pb, its EF, geochemical fractionation and Pb isotopic
ratios (*®°Pb/?** Ph, 2’Pb/?® Pb, 2% Pb /*** Pb, and *® Pb /*’’Pb) in the sediment cores
from the continental shelves of India suggests that there was increasing anthropogenic
Pb input over the last century. Isotopic signature of Pb in the shelf sediments indicates
that anthropogenic Pb sources in the eastern and western shelf of India were different
and leaded gasoline was not the major source of anthropogenic Pb. The anthropogenic
composition of the western shelf sediment (*°°Pb/ ?’Pb: 1.105; 2°Pb/*®Pb: 2.149) was
found to be less radiogenic compared to the eastern shelf isotopic composition
(*°°Pb/*"Pb: 1.145; 2°Pb/*®®Ph:2.120). Analysis by binary mixing model suggests that
Pb emitted from the heavy industries (e.g, ore mining, Pb processing and smelting
plants) of India was the major sources of anthropogenic Pb to the western continental
shelf. However, it was difficult to identify the anthropogenic Pb sources in the eastern
shelf of India by using Pb isotope. The sources of anthropogenic Pb in the eastern shelf

sediment were convoluted. Since the isotopic signature of Indian coal is unknown, there
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could be a possibility of Indian coal being the source of anthropogenic Pb in the eastern
shelf. However, Pb isotopic signature suggests that Chinese coal could be one of the

major sources of anthropogenic Pb found in the eastern shelf sediment of India.
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Summary and Conclusions

This thesis provides the first comprehensive account of Pb geochemistry of
continental shelf sediments of India and assesses the geochemical processes controlling
the Pb accumulation and fractionation into different host phases.It also deciphers the
natural versus anthopogenic Pb input into these sediments. A new approach of kinetic
fractionation has been employed to evaluate the stability of Pb hosting non-residual
phases. The response of Pb-hosting phases to the changes in bottom water oxygenation
and its impact on Pb fractionation in suboxic to anoxic sediments was studied. For the
first time to my knowledge, Pb isotopes have been measured in the sediments of this
part of the world. Dating of couple of sediment cores helped evaluate the historical
changes in the human-induced Pb accumulation pattern for the last hundred years.
Large variation in Pb content was observed in the shelf sediments around India. Ganga-
Brahmaputra and Indus derived sediments in the northern part and Mahanadi-Godavari-
Krishna derived sediments in the central-east part contain higher Pb compared to the
central-west and southern regions of the continental shelf. In addition to whole-
sediment analyses, chemically separable phases were sequentially extracted and
assessed the Pb fractionation among these phases.The residual phase revealed that, the
diverse geology of Indian land mass greatly influenced the variation observed in
sedimentary Pb content of Indian shelves. The acidic rocks of Himalaya contributed
higher geogenic Pb in the northern part whereas basaltic terrain influenced sediments of
central west region contain the lowest concentration of geogenic Pb. In some places
(sporadically) evidences of anthropogenic Pb were also observed. Fe/Mn oxyhydroxide
was the major hosting phase of naturally/anthropogenically mobilized Pb in the shelf
sediments around India. In addition, sedimentary organic carbon also played important

role in binding Pb in few sporadic locations of central and southern west regions.



The extent of association of mobilized Pb in different binding phases of sediment was
not dependent on the relative abundance of total Fe or organic carbon content in the
sediment. Fe fractionation study revealed that the Fe in oxyhydroxide form controlled
the association Pb with Fe-Mnoxyhydroxide phase and the other non-residual phases as
well.

Kinetic fractionation study on selected sediment samples collected from shelf
regions around India showed that Pb complexes in shelf sediments from either side of
the India comprised of two kinetically distinguishable components. Major part of
sedimentary Pb was kinetically inert in nature. The average percentage of total labile
Pb-sediment complexes was more in the eastern shelf sediments compared to the
western part. Stability of Pb-sediment complexes was found to depend on the Pb
loading and the nature of the organic carbon in the sediments. Pb formed weaker
complexes with water soluble, exchangeable, carbonate and Fe/Mn oxyhydroxide
phases and stronger complexes with organic phase of the sediment from the eastern
continental shelf. However, in the western shelf sediments, Pb formed weaker organic
complexes.

Terrestrial nature of organic carbon in the eastern shelf seems to provide stronger
binding sites for Pb compared to the less terrestrial organic carbon in the western shelf
sediments. Thus, Pb formed more labile sedimentary Pb complexes with sedimentary
organic carbon from marine sources in the western shelf sediment and
thermodynamically more stable Pb-organic carbon complexes in Eastern shelf
sediments with organic carbon predominantly from the terrestrial sources

This study also suggests that trace metal competition for specific binding sites play
important role in the geochemical speciation of Pb in sediments. It was found that Cu
showed highest affinity for organic binding phases followed by Ni and Pb in the studied
sediments. However, Pb had highest association with Fe/Mn-oxyhydroxide phases
followed by Ni and Cu. lonic potential; water exchange rate (k.,) of metal, ligand field
stabilisation energy (LFSE) and Jahn-Teller effect control the metals-ligand interactions
in different binding phases of sediments. Faster k., and higher ionic potential of Cu in
combination with the extra stability of Cu-ligand (from organic phase) complexes due
to the Jahn-Teller effect increased the association of Cu in the organic phases of the
sediments than Ni and Pb. The smaller ionic radii of Ni** (0.72 A) than Pb?* (1.20 A)

increase the stability of Ni-ligand complexes in the organic phase of the sediments. In
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addition to that high CFSE of Ni (II) (compared to Pb* ions) make Ni-organic
complexes increasingly stable than Pb. The high concentration of Pb in the Fe/Mn-
oxyhydroxide binding phase was probably due to co-precipitation of Pb* and Fe*.
High surface area or site availability for Pb?* ion on Fe-oxyhydroxide phase and greater
binding strength over simple precipitate surface was probably responsible for the high
concentration of Pb in Fe/Mn oxyhydroxide phase.

Varying oxygen concentration in the overlying bottom water also control the Pb
fractionation in sediment. The reduction and dissolution of Fe (I11)/Mn-oxyhydroxide
binding phase at low oxygen environment in the overlying bottom water increases the
lability of Pb-sediment complexes in the underneath sediment and may increase
bioavailability of Pb in the oceans.

This study describes the effect of varying bottom-water oxygen concentration and
trace metal (Cu) competition on geochemical fractionation (operational speciation) of
Pb in the surface sediments across the oxygen minimum zone (Arabian Sea) in the west
coast of India. Both, Cu and Pb were redistributed among the different binding phases
of the sediments with changing dissolved oxygen level (from oxic to hypoxic and close
to suboxic) in the bottom water. The average lability of Cu-sediment complexes
gradually decreased (i.e., stability increased) with the decreasing dissolved oxygen
concentrations of the bottom water. Decreasing bottom-water oxygen concentration
increased Cu association with sedimentary organic matter. However, Pb association
with Fe(ll1l)/Mn-oxyhydroxide phases in the sediments gradually decreased with the
decreasing dissolved oxygen concentration of the overlying bottom water (due to
dissolution of Fe (I11)/Mn oxyhydoxide phase). The lability of Pb-sediment complexes
increased with the decreasing bottom-water oxygen concentration. This study suggests
that bottom-water oxygen concentration is one of the key factors governing stability and
lability of Cu and Pb complexes in the underneath sediment. Sedimentary organic
matter and Fe (111)/Mn oxyhydroxide binding phases were the major hosting phases for
Cu and Pb respectively in the study area. Increasing lability of Pb- complexes in bottom
sediments may lead to positive benthic fluxes of Pb at low oxygen environment.

Down-core variation in total Pb, EF and geochemical fractionation of Pb in the
sediments collected from continental shelf of India suggested that, even after the
banning of leaded gasoline between mid 90’s to 2000 in India, anthropogenic Pb input

in the marine sediment of India is still increasing over the last century.

Chapter 8 Page 162



Isotopic signature of the shelf sediments showed that, leaded gasoline was not the
major source of anthropogenic Pb in the shelf sediments of India. The eastern and
western shelf of India receives anthropogenic Pb from two different sources. The
anthropogenic composition of the western shelf sediment (“®Pb/ *’Pb: 1.105;
206pp208ph- 2 149) was found to be less radiogenic compared to the eastern shelf
isotopic composition (*°Pb/?%’Ph: 1.145; 2°Pb/?%ph:2.120). Pb emitted from the heavy
industries (e.g, ore mining, Pb processing and smelting plants) of India was the major
source of anthropogenic Pb to the western continental shelf. However, the source of
anthropogenic Pb in the eastern shelf sediment was not clear. Since the isotopic
signature of Indian coal is unknown, there could be a possibility of Indian coal being the
source of anthropogenic Pb in the eastern shelf. However, the similarities in isotopic
signature of eastern shelf sediment with the Chinese coal suggest the deposition of
aerosol containing Pb from Chinese coal combustion in the Bay of Bengal.

Geochemical fractionation study indicated that, Fe/Mnoxyhydroxide phase was the
major hosting phase for anthropogenic Pb in the sediment.

Thus, it is expected that, climate change including the vertical/lateral expansion of
oxygen minimum zone may increase the positive benthic flux of Pb to the overlying

waters around India and may impact the benthic ecosystem.
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Appendix

In this section, the experimental set up of kinetic fractionation study, the measurement

technique of dissolved oxygen in seawater and the method of texture determination of

sediment are described.
1.1 Experimental set up for Kinetic fractionation study

Teflon bottle
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Figure: Experimental set up for kinetic fractionation study



1.2 Determination of Dissolved Oxygen by Winkler’s Method
Principle:

Dissolved oxygen (DO) determination measures the amount of dissolved (or free)
oxygen present in water. DO is determined by the titrimetric method developed by
Winkler.

1. Dissolved molecular oxygen in water is not capable of reacting with Kl, therefore an
oxygen carrier such as manganese hydroxide is used. Mn(OH); is produced by the
action of KOH on MnSO,.

2. Mn(OH), so obtained reacts with dissolved molecular oxygen to form a brown
precipitate of basic manganic oxide, MNnO(OH),.

3. MnO(OH), then reacts with concentrated sulphuric acid to liberate nascent oxygen.
4. Nascent oxygen results in oxidation of Kl to I».

5. This liberated iodine is then titrated against standard sodium thiosulphate solution
using starch as an indicator.

6. Thiosulphate reduces iodine to iodide ions and itself gets oxidized to tetrathionate
ion. (Refer the reactions below.)

Reactions

2NaOH + MnSO4 — Mn(OH); + K,SOq ...(1)
2Mn(OH); + O, — 2MnO(OH); ...(2)

MnO(OH); + H,SO4 — MnSO, + 2H,0 + [0] ...(3)
2K + H,S04 + [0] — K2S04 + H0 + 15 ... (4)

L+1 —>1I5 ..(5)

25,05+ 15 — 3I'+S,0¢ ... (6)

Calculations

1000 mL of 1N Na,S,03 = 8 g oxygen

V mL of 0.025 N Na,S,03; = Vx0.025 x8/ 1000 g oxygen per 100 mL water sample
=V x 0.025 x 8 mg oxygen per 100 mL water sample

=V x 0.025 x 8 x 10 mg oxygen per 1000 mL water sample



Precautions
1. Do not allow air to trap while sampling water during DO analysis.

2. Dip the tip of the pipette just at the bottom of the DO bottle and gently release the
reagents.

3. Take care that the chemicals do not flow out from the bottle while shaking/swirling.

4. Observe the colour changes during the DO reaction, if any.

1.3 Methodology for sediment texture analysis

This method is a combination of wet sieving of the fraction >63 pum and Laser Diffraction
method on the <63 um carbonate and organic carbon free fraction.

The salt content from the sedimentsamples were removed by washing repeatedly with

deionized water. After that the sediment samples were dried at 45° C. Samples of 2 to 5g were
disaggregated in deionized water and treated overnight with 30% H,O,to remove the organic
matter content. The samples were then sieved through 63 um sieve to separate the sand from the
silt+clay fraction. The material retained on the sieve represents the sand. Thesand fraction was
dried and weighed to determine sand content.
The size distribution of the mud fraction (silt and clay) was measured with a Malvern laser
particle size analyzer (Mastersizer 2000) which follows Laser Diffraction Method. This method
is based on the principle that particles of a given size diffract light through a given angle, the
angle increases with decreasing particle size. In this technique, a narrow beam of
monochromatic light is passed through a sample cell containing an upward moving suspension
of particles. The diffracted light is focused on to detectors, which sense the angular distribution
of scattered light intensity from which the size distribution is calculated.

To measure the percentage of silt (<63 to >4 um) and clay (<4 um) content, a small aliquot
of the mud fraction was diluted in 1 L of particle free water, and the size distribution was
measured while the suspension was continuously pumped around. This ensures random
orientation of most particles relative to the laser beam, and the equivalent spherical cross-
sectional diameter is measured. Obscuration of the light beam by the mud solution was
maintained between 8 and 20%. Pump and stirrer speeds were kept constant throughout the
analysis. Calibration of the instrument was carried out using various Duke’s latex and glass
sphere standards in the range of 0.2 to 62um. Prior to measurement, the samples were

ultrasonicated for 1 to 2 min.The silt and clay data are presented in vol (%).



