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Preface
Mudflat, one of the important sub-environments in estuaries, is known for deposition of material
entering into an estuary through natural as well as anthropogenic pathways. Prior to deposition
within mudflats, the material tend to get modified with change in physico-chemical parameters
viz., salinity, pH, Eh and dissolved oxygen within estuaries. The variation in these physico-
chemical parameters is most common in lower and middle estuarine regions in comparison to
upper estuarine region. However, change in energy conditions and associated mixing processes
results in varying depositional environment among lower and middle estuarine regions. Further,
mudflats are known to preserve undisturbed signature of environmental changes and therefore,
study of estuarine mudflat core sediments from lower and middle regions will facilitate
reconstruction of the depositional environment within estuaries with time. Metal is common non-
biodegradable contaminant which enters the estuarine environment and causes concern to
sediment associated biota due to its bioaccumulation and toxicity characteristics. It has been
reported that with change in physico-chemical parameters metals can be mobilized and released
from sediments to water column resulting in their availability to biota. Hence, it is necessary to
study various forms of metals along with total metal concentration to understand the impact of

metals on the estuarine environment.

The Vashishti, Vaghotan, Mandovi, Sharavathi and Gurupur estuaries are smaller rivers/estuaries
with length of less than 200 km, along central west coast of India. These estuaries experience
tropical climate. The rivers have highest water flow rate during monsoon period. The tidal range,
rock types in the catchment area, amount of rainfall and associated runoff differ among these
estuaries. Further, there is enhanced supply of metals and other pollutants in estuaries along
central west coast of India as a result of rapid industrialization and urbanization in the recent
years. Moreover, construction of dams on rivers and its tributaries, and agricultural and dredging
activities in and around the catchment area have changed the deposition pattern of estuarine
sediments as well as metals. With this background, in the present study an attempt has been
made to understand the depositional environment within lower and middle regions of estuaries

along central west coast of India.



The first chapter includes introduction, wherein detailed information on estuaries is provided. It
comprises of definition of an estuary and its classification based on geomorphology, circulation
pattern and tidal range. Further, information regarding estuarine sub-environments is also
provided with major emphasis on the mudflat sedimentary environment. Details regarding the
material entering the estuarine environment through natural as well as human induced activities,
undergoing modification with respect to physical, chemical and biological parameters, and
deposition in quiet estuarine sub-environment-mudflats are presented. Also, factors regulating
distribution and abundance of sediment components, organic matter and metals in lower as well
as middle estuarine regions are emphasized. Recent literature on depositional environment of
lower and middle estuarine regions is presented in this chapter. The description of the study area
and objectives of the present study are detailed at the end of this chapter. The study area consists
of five estuaries namely, Vashishti, Vaghotan, Mandovi, Sharavathi and Gurupur estuaries, along
central west coast of India. The second chapter includes detailed information on material and
methods adopted in order to fulfill the objectives of the present study. Details of core sediment
sampling, sub-sampling, storage and standard analytical procedure adopted are given in this
chapter.

The third chapter describes results of the various sedimentological and geochemical analysis
carried out on sediment sub-samples and presents discussion and inferences drawn. It is divided
into three sections. Section | involves study of sediment components, pH, organic carbon
content, bulk element chemistry, clay mineralogy, clay chemistry and speciation of elements in
the lower estuarine regions along central west coast of India. The study of sediment components,
pH, organic carbon content, bulk element chemistry, clay mineralogy, clay chemistry and
speciation of elements in the middle estuarine regions along central west coast of India is
presented in the section Il. While, comparison of sediment components, pH, organic carbon
content, bulk element chemistry, clay mineralogy, clay chemistry and speciation of elements in
the lower estuarine region with that of middle estuarine region is presented in the section IlI.
Summary of the results and discussions is given in fourth chapter. The references cited are listed
at the end of the thesis.
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Chapter 1

INTRODUCTION



1.1 Introduction

An estuary is a partially enclosed body of water along the coast where freshwater from rivers
and streams meets and mixes with salt water from the sea. Estuary has been defined in
numerous ways by authors based on its physico-chemical, geological and biological
characteristics. According to Pritchard (1967) an estuary is a semi-enclosed body of water,
which has a free connection with the open sea, and within which sea water is measurably
diluted with fresh water derived from the land drainage. Estuary is also defined as an inlet of
the sea reaching into a river valley as far as the upper limit of the tidal rise by Fairbridge
(1980). Estuary is divided into three regions a) a marine or lower estuary, which has free
connections with the open sea; b) a middle estuary subjected to strong salt and fresh water
mixing; and c) fluvial or upper estuary, characterized by freshwater but subjected to strong
tidal action. The boundaries distinguishing these regions shift according to tidal and riverine

influences.

On the basis of geology/geomorphology an estuary is divided into five types by Pritchard
(1967). (a) Drowned river valleys (coastal plain estuaries) which are formed as a result of
sub-aerial weathering and/or sea level rise. Such kinds of estuaries are usually shallow, V-
shaped and exhibit meandering characteristics. Depth and width of such estuaries increase
uniformly towards the mouth. (b) Rias are special type of drowned river valley estuaries with
dissected mouth. (c) Estuaries formed due to the erosion by glacier, are commonly known as
Fjords. Fjords are long and deep and generally occur at higher latitudes. They are also
characterised by shallow sill seen at the fjord mouth and fjord intersections. (d) Bar-Built
estuary is one in which sedimentation has kept pace with inundation and a characteristic bar
is seen at the mouth. (e) Estuaries formed due to tectonic processes which are created as a
result of subsidence or land movement associated with faulting, folding, volcanoes, landslides

and other diastrophic movements.

Estuaries can also be divided into different types based on their salinity stratification
(Pritchard 1955). (a) Salt wedge estuaries are dominated by river water and are generally seen
where tidal range is small. The sharp changes in the salinity and large quantity of suspended
load are characteristics of such estuaries. (b) In partially mixed estuaries, the vigorous rise
and fall of the tide generates strong turbulence and causes partial mixing between the fresh

water and the salt water. On the other hand, (c) well mixed or fully mixed estuaries have



strong tidal mixing and lower rate of river flow that mixes the sea water throughout the
shallow estuary. In such kind of estuaries, salinity does not show much variation with depth.

The rotation of the earth influences well mixed estuaries.

Tidal range varies from one estuary to another based on its geomorphological conditions and
location of an estuary. Using this characteristic, estuary is classified as microtidal, mesotidal
and macrotidal estuary. Estuaries with tidal range of less than 2 m are named as microtidal
estuaries. They are dominated by river water and can form salt wedge type of estuary.
Estuaries whose tidal range varies between 2 to 4 m are termed as mesotidal estuaries. They
exhibit meandering characteristics and formation of two deltas namely, ebb tide delta and
flood tide delta (Boothroyd 1978) due to time velocity asymmetry. The region having tidal
range of more than 4 m leads to the formation of macrotidal estuaries. The tidal influence is

very strong in such estuaries.

Further, as stated earlier, estuary can be divided into lower, middle and upper regions on the
basis of river-sea water mixing. The mixing of fresh and saline water brings change in the
physico-chemical parameters which in turn alter material within an estuary transported
through natural and anthropogenic activities. In comparison to upper estuarine region, lower
and middle regions of an estuary are therefore of considerable importance with respect to the

biogeochemical processes as waves and tides are forcing factors for mixing (Xin et al. 2010).

Intertidal mudflats and mangroves are prominent sub-environments found on the fringe of
estuaries (O’Brien et al. 2000). Mudflats are formed by the deposition of mud by tides or
rivers. It generally consists of silt and clay with high organic matter. They are exposed and
submerged during low and high tides, respectively (Wang et al. 2008). According to Dyer et
al. (2000), mudflats can be divided into three categories, namely: the lower tidal flats that lie
between mean low water neap and mean low water spring tides and are often subjected to
strong tidal currents; the middle flats which are located between mean low water and mean
high water neaps; the upper tidal flats that lie between mean high water neap and mean high
water springs. The occurrence and extend of mudflats in an estuary is determined by tidal
range, duration, limit of tidal water penetration as well as nature of substratum in estuaries
(Pethick 1984).



Mudflats are developed in lower as well as middle regions of an estuary. However, processes
and factors influencing their formation differ within these regions. Grain size distribution in
an estuary is influenced by the physical processes concerned with the transportation and
deposition of sediments (Raj et al. 2013). Tidal flats contain higher percentage of coarser
sediments near the mouth of an estuary (Kenjale 1993). This is directly influenced by the
tidal action. The higher hydrodynamic condition near the mouth of an estuary favours the
deposition of coarser sediments (Siraswar and Nayak 2011). On the other hand, wave and
tidal energy carrying finer sediments from the lower estuarine region decreases as they
approaches the middle estuarine region and deposits the same facilitating development of
finer sediment rich mudflats. In general, systematic sediment size sorting is observed within
mudflats from lower to middle estuary. Further, mudflats are proved to be accumulation sites
of sediments and contaminants (Madkour 2013). Among the pollutants, metals have received
significant attention in the recent years due to their long-term effects on the environment.
Trace metals are introduced into the estuarine environment through run-off, atmospheric and
marine sources as a result of natural processes as well as from human induced activities.
Metals in the dissolved phase get adsorbed onto suspended matter, which gradually sink to
the bottom and later incorporate into cohesive sediments of mudflats within estuaries. Over a
period of time, layers of sediments are deposited within mudflats. The surface sediments
represent the recent input, whereas the layers below are older deposits reflecting changes in
environmental conditions from past to present in a sequence (Volvoikar 2014). Mudflats
preserve undisturbed record of environmental changes (Singh and Nayak 2009) and therefore,
study of estuarine mudflat core sediments from lower and middle regions will help to

reconstruct the depositional environment within estuaries with time.

The behaviour of suspended matter, which initiates the adsorption of metals onto sediments,
varies between lower and middle estuarine regions. Tidal and seasonal variations in salinity
and water temperature within an estuary regulate biological and chemical processes that
consequently affect suspended matter by flocculating or deflocculating it. The degree of
flocculation is highly dependent upon a number of parameters such as mineralogy
(Winterwerp and van Kesteren 2004), electrolytic levels which tend to be altered through
salinity in an estuary (Krone 1963), which can in turn affect the zeta-potential of clay
particles (Chassagne et al. 2009), suspended sediment concentration (SSC; Burban et al.
1989), organic content (Kranck 1984), and turbulent mixing (Winterwerp 1998; Manning
2004a). The flocculation of mineral particles containing organic matter greatly enhances the
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settling velocity of the aggregates (Kranck 1984). This process is predominant in the middle
estuarine region which favours deposition of finer sediments associated with organic matter,
than that of the lower estuarine region. Further, as the suspended sediment concentration
increases, flocculation potential and the resultant settling velocity also increases, while the
turbulence creates inter-particle collisions and stimulates flocculation (Mehta 1989;
McAnally and Mehta 2001). However, too much turbulence can break flocs apart. The

suspended sediment concentration and the turbulence show peak values in the middle estuary.

Estuarine mudflats are complex mixing zones of organic matter derived from diverse sources
such as terrigenous, marine, atmospheric and anthropogenic. Terrestrial sources of organic
matter, such as soil and vascular plants from the upper reach are the dominant contributor in
estuaries (Wu et al. 2000). Heavy rainfall leads to increased addition of terrestrial organic
matter along with higher freshwater discharge to estuarine environment (Zong et al. 2006).
However, activities like construction of dam for the diversion of fresh water for drinking and
irrigational purposes in the recent times have resulted in changes in the natural flow of fresh
water and sedimentation patterns (Rodriguez et al. 2001). This led to increase in tidal surge
thereby increasing organic matter of marine origin into the estuary. In addition,
phytoplankton produced in riverine and coastal waters, marsh plants, and benthic organisms
act as major sources of organic matter (Mudge and Norris 1997; Shi et al. 2001). In the recent
years, more and more river-estuary systems are influenced by anthropogenic inputs as a result
of intense shipping activities, oil spills, and atmospheric deposition as well as changes in
land-use patterns, deforestation, and discharge of industrial and municipal waste contributing
to additional input of organic matter (Rabouille et al. 2001). Organic matter readily gets
adsorbed onto finer sediments due to its larger surface area (Binning and Baird 2001).
Therefore, concentration of organic matter is generally higher in the middle estuarine region,

favouring deposition of finer sediments, as compared to the lower estuarine region.

The metal concentration within estuarine mudflat sediments often contains a substantial
natural contribution from the earth’s upper continental crust (Achyuthan et al. 2002) as a
result of weathering. In addition, with time there is change in the life style of human’s and to
meet their needs, more and more industries were set up in the last few years. In general, there
is revolution in industrialization and urbanization in the last few decades. This has
transformed estuaries as sink for pollutants, which eventually settles down in mudflat
sediments. The concentration of metals found in the recent times is considerably higher when
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compared to mudflat sediments that were deposited before pre-industrial time (Trefry and
Presley 1976). The concentration of metals in sediments varies within an estuary. As stated
earlier, in comparison to lower estuarine region, the mixing of fresh and saline waters is
higher in the middle estuarine region which facilitates suspension of finer sediments (Billen
et al. 1991) for a longer period of time and therefore retains more metals. In addition, middle
estuarine region generally receives higher metal and other pollutant input from industries
located in its proximity. Willams et al. (1994) stated that the distribution of metals in
sediments depends upon factors such as the grain size, mineralogy, distance of element
sources to estuary, hydrodynamics, the chemical characteristics (e.g. sorption-adsorption
capacity of trace metals, flocculation, etc.), and the chemical and biochemical condition of
sedimentary environment. These factors generally favour higher deposition of metals in the
middle estuarine region than the lower estuarine region. Earlier studies on estuarine mudflat
sediments have reported higher concentration of metals in the middle portion of the estuary
than the lower region (Siraswar and Nayak 2011; Pande and Nayak 2013) along west coast of
India.

The content of metals in river sediments, chiefly in the clay fraction, is a very good indicator
of environmental pollution (Helios-Rybicka and Kyziol 1990). In the finest fraction of
sediments (clay), due to the active surface of their components there takes place a continuous
enrichment of metals (Nobi et al. 2010). The physico-chemical properties of clays, mainly
cation exchange capacity and specific surface area determine the interaction of metals in an
estuary (Sondi and Pravdic 1998). The weathering of rocks releases metals, which are held in
the lattice structure of alumino-silicate minerals in clays (Volvoikar and Nayak 2013a). Also,
clay minerals, due to their large specific surfaces, possess the ability to adsorb cations (Bradl
2002). The presence of humic substances further enhances sorption of metals onto clay
minerals through surface-metal-ligand complexation (Hizal and Apak 2006). However,
distribution of clay minerals is not uniform within an estuary. The changes in salinity, in
addition to temperature and geology of the area govern the percentage of clay minerals in an
estuary (Weaver 1989; Chamley 1989). If the rock present in the catchment area is basic rock
like basalt, weathering of the rock will release more smectite and weathering of acidic rock
like granite, will release more kaolinite. Further, the higher smectite indicates the presence of
littoral plains with poorly-drained vertisols formed under seasonal climatic factors, while
kaolinite points to altitude-controlled, well-drained source areas with intense hydrolysis
under warm and humid climate (Bican-Brisan and Hosu 2006). Illite and especially chlorite
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suggest relatively high altitude source areas controlled by an intense mechanical alteration
and a fast transport of the terrigenous supply into the sedimentation basin. In addition,
smectite generally flocculates faster in highly saline conditions, whereas flocculation of
kaolinite is higher in the slight saline conditions. Further, as smectite being finer in size (0.1 -
0.9 um) than illite, chlorite and kaolinite it tend to adsorb more metals. Therefore, mixing of
fresh and saline water determines flocculation of clay minerals and in turn regulates sorption

of metals onto clay minerals within an estuary.

Metals have great ecological significance in the estuarine environment due to their
persistence, bioaccumulation and toxicity characteristics (Klavin et al. 2000; Tam and Wong
2000). Metals are essential for aquatic organisms, however can become toxic if present above
a certain threshold concentration (Depledge et al. 1994). The total metal concentration and
distribution of metals in sediments provide the information about spatial extent as well as
magnitude of change of the environment (Martin et al. 2012). In estuaries, where fresh water
interacts with saline waters, changes in pH, Eh and turbidity are most common (Wotter et al.
2011). The variation in these physico-chemical parameters can cause remobilization of metals
from sediments, thereby affecting concentration of chemical speciation of metals and can
even pose an environmental risk (Calmano et al. 1993). Additionally, mobility and
bioavailability of metals in sediments strongly depend on the mineralogical and chemical
forms in which they occur (Baeyens et al. 2003) and each chemical form of a particular metal
have considerable impact on the ecosystem (Tessier et al. 1979). Therefore, it is necessary to
study different forms of metal in addition to the total metal content to understand
bioavailability of metals, their origin, transport and mobilization (Larumbe and Casado 1989;
Perin et al. 1997). The sequential extraction procedure has been widely used to separate out
metals associated with five different fractions. The mobility of metals is highest in the first
two fractions, i.e. exchangeable and carbonate (Lasheen and Ammar 2009). Metals tend to
mobilize from Fe-Mn oxide and organic/sulphide bound fractions, however, mobility of
metals is less when compared to the first two fractions namely exchangeable and carbonate
phases. In residual fraction, metals remain stable and are unaffected by changes in physico-

chemical parameters.



1.2 Literature review

Table 1.1 Literature survey of the studies carried out in the recent past in India and other

parts of the world.

Authors Parameters Observations
analyzed

Fernandes and | Sediment The study involved sand, silt, clay, organic carbon and
Nayak (2015) | components, bulk metal concentration (Al, Fe, Mn, Ni, Co, Cu, Zn
organic carbon, |and Cr) in mudflat and mangrove core sediments
total metal representing middle Sharavathi estuary. In addition,
concentration metal concentrations in different sediment size fractions
and metals in (sand (<4d), medium silt (6@) and clay (8Q)) was also
different size studied by authors. Finer sediments, organic carbon and
fractions. bulk metals concentration was higher in the mudflat
environment, while mangrove sediments were higher in
coarser material. The degradation of organic matter and
complexation of metals with organic carbon helped in
their adsorption onto finer sediments. Further,
enrichment factor for Zn was higher in silt and clay
fractions, while it was higher in sand and silt fractions
for Co in the mangrove core than the mudflat core.
Copper was higher in silt and clay fractions of mudflat
core. Chromium was enriched in sand, silt as well as

clay fractions of both the cores.
Anand and Total metal This study was carried out to determine the distribution
Kala (2015) concentration of heavy metals (Cd, Cu, Pb, Cr, Ni, and Zn) in the

coastal waters and sediments of Mandapam,
Thoothukudi, Arumuganeri and Kanyakumari coasts.
Water and sediment samples were enriched in heavy
metal concentration which was attributed by the authors
to input from anthropogenic activities in the catchment

area.

Nasnodkar and

Grain size,

The distribution of grain size, organic carbon and metals




Nayak (2015)

organic
carbon and total
metals

concentration

in mudflat core sediments collected from lower regions
of three tropical estuaries, viz. Mandovi, Sharavathi and
Gurupur was studied. The similar distribution pattern of
metals to that of finer sediments and organic carbon in
three estuaries indicated role of finer sediments and
organic carbon in distribution of metals. In addition,
correlation, factor and cluster analyses suggested role of
Fe and/or Mn oxides in adsorption of metals onto
sediments. However, the factors regulating distribution
of metals varied among the three estuaries. In addition,
metals showed difference in their associations with Fe
and/or Mn oxide within cores collected from Mandovi
and Sharavathi estuaries. The difference in metals
behaviour was attributed by authors to variation in rock
types in basins, in addition to changes in response to
natural forces and human activities, with time, as well

as variation in tidal range.

Lak et al.
(2015)

Grain size and
total metal

concentration

The study involved in understanding distribution of
heavy metals (Fe, Al, Mn, Cu, Zn, Cr, Pb, Ni and Cd) in
Shafaroud River-South West of Caspian Sea sediments
of various size (<38 um, 38-63 um, 63-125 um, 125-
250 um, 250-500 pm, 500 pm-1 mm). It indicated
higher concentration of metals viz. Cu, Mn and Zn in <
38 um (clay and silt) size particles. Metals viz. Al and
Cd were higher in 63-125 um size particles, while Fe
and Pb were higher in 125-250 um and 38-63 pm size
particles respectively. The concentration of Cr and Ni

was higher in 250-500 um size particles.

Guo and Yang
(2015)

Grain size and
Total metal

concentration

The distribution of heavy metals (Cu, Zn, Cr and Pb) in
three sediment cores collected from the lower basin of
the Changjiang (Yangtze River) and the inner shelf mud
of the East China Sea were analysed by authors. Their

study suggested enrichment in concentrations of Pb and




Zn since 1950s. Further, after removing the grain size
effect on elemental concentrations, they inferred that the
sources of heavy metals predominantly came from
natural weathering detritus, while human contamination

had increased over the last half century.

Cao et al.
(2015)

Total metal

concentration

The elements (Al, Fe, Mn, Cr, Co, Ni, Cu, Zn, As, Pb
and Ca) in the bottom sediment of the Changjiang
Estuary and its adjacent continental shelf of the East
China Sea were studied to map their spatial distribution
and to assess their potential risk to the associated biota.
Except Ca, rest all the metals were higher in the inner
shelf and north-eastern part, and were found to decrease
from the coast to the offshore of the Changjiang
Estuary. Ca was most abundant in the outer shelf
sediments and decreased in inner shelf. Authors
reported that the sediments appeared to be contaminated
with arsenic (As) due to economic development from
1980s in the inner shelf. However, the potential
ecological risk from the metals was low in the coastal
sea off the Changjiang.

Abdullah et al.
(2015)

Clay minerals

The clay mineral composition of the surface estuarine
sediments from the selected estuaries (Terengganu
River, Kemaman River, Dungun River and Besut River)
of Terengganu was investigated by the authors in order
to know the types of clay minerals, source of sediments
and their distribution. Results indicated that the clay
minerals found from the Holocene sediments were
dominated with kaolinite and illite/muscovite and few
amounts of chlorite and smectite. The abundance of
kaolinite and illite was attributed to the weathering
products of granite or igneous rocks along the East
Coast of Peninsular Malaysia containing feldspar and

mica. They further suggested that warm and humid
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climate lead to excessive weathering of rocks and

transformation of minerals.

Chakraborty et
al. (2015)

Organic carbon
and speciation of

metals

The chemical speciation of lead (Pb) and cadmium (Cd)
in the coastal and estuarine sediments along the central
east coast of India was studied. The results of this study
suggested that concentrations of non-residual and
dynamic complexes (which are good indicators of
bioavailability) of these toxic metals gradually
increased with increasing total metal loading in
sediments. Their study indicated role of total metal
loading and trace metal competitions in distribution and
speciation of metals. Also, total organic carbon (TOC)
to a certain extent played important role in regulating

speciation of Pb and Cd in sediments.

Osakwe et al.
(2014)

Speciation of

elements

The sequential extraction procedure was employed to
investigate the potential environmental risk of metals
(Cd, Cu, Zn, Ni, Pb and Fe) in sediments from the upper
reaches of Imo River system in South-eastern Nigeria.
Chemical speciation of metals revealed that Cd in
sediment prevailed mostly in exchangeable fraction,
while Cu, Pb and Fe were more in the residual fraction.
Metals viz. Zn and Ni were found more in carbonate,
organic and residual fractions. Further, mobility factor
indices for metals in sediments revealed a high
environmental contamination risk for Ni and Cd, which
suggested an environmental threat to the river

ecosystem.

Zhuang and
Gao (2014)

Total metal

concentration

Surface sediments in the Xiaoginghe estuary, South-
western coastal Laizhou Bay, were examined to assess
the bio-toxic risk of heavy metals (Cd, Cu, Ni, Pb and
Zn) with the effects range-low and effects range median
guidelines (ERL-ERMS) and the concentration ratio of

simultaneously extractable metals to acid volatile
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sulfides ([SEM]/[AVS]). Based on the ERL-ERM
guidelines, bio-toxic effect caused by Cu, Ni, Pb and Zn
could be expected in the riverine surface sediments of
the Xiaoginghe estuary; and Ni indicated bio-toxic
effects in the surface sediments in the marine area.
Further, AVS-SEM guidelines revealed that no bio-
toxic effect could be caused by any of the studied
metals in both riverine and marine sediments, since
there were excess sulfides in surface sediments which
could form water-insoluble substances with free metal

ions and reduce the bioavailability of heavy metals.

Oyedotun et al.
(2013)

Grain size

Grain size distribution in 44 short sediment cores
(length < 15 cm) collected from the Camel estuary was
studied. In the lower estuarine region, mixture of fine-
medium and coarser sand suggested marine sediment
source, and higher energy processes. In the middle
estuary, mixture of finer sediments (silt and clay) with
fine-medium sand suggested fluvially-sourced material,
while concentration of fine sand, silt and clay was
higher in the upper estuary. The absence of fine-
medium sand in the upper estuary suggested that
marine-derived sediments were not supplied to the far

inner estuary.

Singh et al.
(2013)

Sediment
components,
organic carbon
and total metal

concentration

Three mudflat sediment cores collected from intertidal
regions of the Zuari estuary and Cumbarjua canal were
analysed for sediment components, organic carbon,
trace (Co, Cr, Zn, Cu, and Pb) and major metals (Al,
Mn, Fe, Ca, Mg, and K). The cores collected from the
upper middle estuarine environment showed higher
percentage of finer sediments, organic carbon and most
of the metals than core which was sampled from the
lower estuarine environment. Further, enrichment factor

computed in all the cores was found to be above 2 for

12




all the studied metals except Zn, which suggested a high

degree of metal contamination.

Volvoikar and

Grain size,

The distributions of sediment components, organic

Nayak (2013a) | organic carbon, | carbon, metals (Fe, Mn, Al, Co, Zn, Cu, Ni and Pb) in
total metals, bulk sediments and clay sized fraction was investigated
metals in clay- in sediment cores collected from intertidal mudflats of
sized fraction Vaitarna estuary. The study of depositional environment
and metal of mudflat sediments suggested sorting of grain size
speciation under varying hydrodynamic energy conditions. Metals

viz. Fe, Mn, Al, Co, Cu and Ni suggested their
anthropogenic origin in addition to their lithogenic
source in the Vaitarna estuary. On the other hand, Pb
and Zn indicated their lithogenic origin.

Pande and Sediment The study involved spatial and depth-wise distribution

Nayak (2013) | components, of sediment components, organic carbon and selected
organic carbon metals (Fe, Mn, Al, Ni, Cr, Co, Zn and Pb) across upper
and total metals | and middle tidal flats from lower and middle estuarine
concentration regions of Kundalika Estuary, central west coast of

India. Deposition of sediments indicated change in
hydrodynamic conditions with time in lower and middle
estuarine regions. Clay, organic carbon and Fe-Mn
oxides played important role in distribution of metals.
Further, Ni, Cr and Co indicated anthropogenic source
in the middle flats of the lower estuary.

Ganesh et al. Grain size and The textural and clay mineralogical study of Gosthani

(2013) clay minerals estuarine sediments was carried out. The textural study

indicated sediments of medium grain size, moderately
sorted, positively skewed and were deposited under
moderate to low energy conditions with dominant
rolling and suspension mechanisms. The clay
mineralogy of these sediments indicated dominance of
illite, while kaolinite, montmorillonite and chlorite were

present in minor amounts in sediments. The hinterland
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lithology composed of khondalites with associated
acidic and basic rocks was the major source for clay

minerals.

Feng et al.
2012

Total metal
concentration
and “°Pb
sediment dating

The distribution of heavy metals (Pb, Zn, Cd and As) in
surface and core sediments of the Pearl River Estuary
was investigated. The spatial distribution of heavy
metals displayed a decreasing pattern from the turbidity
maxima to both upstream and downstream of the
estuary, which suggested that suspended sediments
played an important role in the trace metal distribution
in the Pearl River Estuary. In the sediment cores, fluxes
of heavy metals were consistent with a predominant
anthropogenic input in the period 1970-1990. Further,
from the mid-1990s to the 2000s, they reported
significant decrease in heavy metal pollution which was

attributed to pollution control in the Pearl River Delta.

Banerjee et al.

(2012)

210Pb
geochronology
and total metal

concentration

pp geochronology and trace metal distribution in four
sediment cores collected from selected locations of
Sundarbans mangroves and Hooghly estuary, North-
East coast of India were determined. The mass
accumulation rates ranged from 0.41 g cm™ vyear?
(estuarine region) to 0.66 g cm™ year' (mangrove
region). In mangroves as well as estuarine systems, Fe-
Mn oxy-hydroxides were observed to be a major factor
for trace metal accumulation when compared to organic
matter. Core collected from the Hooghly estuary
showed less contamination in comparison to the

mangrove region due to high energy conditions.

Lan et al.
(2012)

Clay minerals

The surface sediments off the Yangtze River estuary
were studied in order to understand the assemblages and
the distributions of clay minerals. Their results showed
dominance of illite in sediments. Illite-smectite-

kaolinite-chlorite-assemblage was the main type of the
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clay minerals assemblage in the area. Further, their
study suggested rocks in the basin of the Yellow River
and the Yangtze River as the source for clay minerals.

Liu et al.
(2011)

Grain size, pH,
total organic
carbon, cation
exchange
capacity, total
metals and

speciation of

In this study a sediment core collected from coastal
zone near the Qiao Island in the Pearl River Estuary was
analyzed for total metal concentrations (Cu, Pb, Cr, Zn),
chemical partitioning, and physico-chemical properties.
The sediment pH influenced Cr, Cu, and Zn associated
residual

with Fe/Mn oxides, organic/sulfide and

fractions. The influence of total organic carbon content

metals and cation exchange capacity on the total concentrations
and fractions of almost all the metals was not seen.
Residual and Fe/Mn oxides fractions were dominant
binding phases for Cu, Pb, Cr, and Zn.
Siraswar and Sand, silt, clay, | The sediment cores representing lower, lower middle

Nayak (2011)

organic carbon
and total metal

concentration

and upper middle regions of the Mandovi estuary were
analysed for sediment components, organic carbon and
bulk metal concentration. Coarser sediments were
higher in the lower estuarine region, while finer
sediments and organic carbon were higher in lower
middle and upper middle estuarine regions. The
distribution of metals in sediments was influenced by

finer sediments, organic carbon and Fe-Mn oxides.

Zakir and
Shikazona
(2011)

Speciation of

elements

The geochemical partitioning of Fe, Mn, Co, Ni and Mo
were examined in sediments collected from the whole
old Nakagawa river (NR), Tokyo, Japan. Metals viz.
Co, Ni and Mo were highest in amorphous Fe oxy-
hydroxide phase, whereas Fe and Mn were highest in
silicates and residual phase. The normalization of
metals using Al suggested that most of the sampling
stations of NR were enriched with Ni, Mo and Mn.
Further, risk assessment code (RAC) indicated medium

degree risk to sediment associated biota from Ni, Mo,
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Co and Mn.

Delgado et al.
(2011)

Clay minerals
and speciation of

metals.

Clay minerals and speciation of metals analyses were
carried out in sediments of the Guadiana Estuary.
Mineralogical analysis showed presence of quartz,
albite, and clay minerals (illite, smectite, kaolinite, and
vermiculite) along with several small, reactive
compounds (including soluble sulphated salts, Fe-Mn
oxy-hydroxides, organic matter, and pyrite) in
sediments capable of retaining metals, which can be
subsequently  released, causing  environmental
degradation. BCR (Community Bureau of Reference)
sequential extraction suggested higher As, Cd, Cu, Mn,
Pb and Zn in the mobile fractions. The environmental
risk indices demonstrated moderate to considerable
ecological risk for almost the entire estuary, associated
mainly with acid mine drainage from the nearby Iberian

Pyrite Belt.

Fernandes and
Nayak (2010)

Sediment
components, pH,
organic carbon,
phosphorus,
nitrogen and
total metal

concentration

A 60 cm mudflat sediment core collected from the
Ulhas estuary was studied for sediment components,
pH, TOC, TP, TN, and metals such as Fe, Mn, Cu, Pb,
Co, Ni, Zn, Cr, V and Al. On the basis of distribution
pattern of sediment components, core was divided into
three sections, namely lower, middle and upper
sections. Finer sediments were higher in lower and
upper sections, while the middle section was dominated
with coarser sediments. The variation in grain size along
the length of the core indicated difference in

sedimentation rate and associated processes with time.

Chunyan et al.
(2010)

Clay minerals

The authors studied clay minerals in the surficial
sediments of major coastal estuaries, i.e., from North to
South, the Yellow, abandoned Yellow, Yangtze,
Qiantang, Ou, Min, Han, and Pearl River estuaries. The

results showed the change of diagnostic clay minerals
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from smectite to kaolinite from the Yellow to the Pearl
River estuary. The ratio of S/Ch decreased Southward,
while K/I moved reversely, implying change in climate
setting from cool/dry to humid/hot with intensified
weathering processes. Further, indicated role of climate,
parent-rock, and sediment transport along the coast in
the distribution of clay minerals.

Sharmin et al.
(2010)

Clay minerals
and speciation of

elements

The geochemical partitioning and mobility pattern of
Fe, Mn, Cd, Cu, Cr and Ni in sediment samples
collected from Nomi River, Tokyo, Japan was studied.
The highest concentration of Cd was reported in
adsorbed, exchangeable and carbonate (AEC) fractions,
while, Fe, Mn, Cr and Ni were higher in the residual
phase. The maximum association of Cu was recorded
with amorphous Fe oxy-hydroxide phase. The risk
assessment code applied suggested medium risk from
Cu, Ni and Cr to sediment associated biota, whereas Cd

indicated high degree of risk.

Okuku et al.
(2010)

Speciation of

elements

The sediment samples collected from eight sites along
the Eastern African Coast were analysed for speciation
of metals (Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, and Zn)
using three-step BCR sequential extraction procedure.
Cd, Mn and Co was more concentrated in labile
fractions compared to other elements and therefore,

suggested their availability for biological uptake.

Fernandes and
Nayak (2009)

Sediment
components,
organic carbon,
total phosphorus,
and total metals

concentration

The distribution of sediment components, organic
carbon, total phosphorus, and selected elements (Fe, Mn
and Cr) was studied in mudflat sediment cores from
lower and middle Mandovi estuary. The study revealed
that the sediment components, organic carbon, and
phosphorus played an important role in distribution of
Fe, Mn and Cr. It also indicated that hydrodynamic

energy conditions resulting in deposition of sediments
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varied among lower and middle estuarine regions.
Further, remobilization of elements, early diagenetic
processes operating and importance of the oxic-anoxic
layer in the distribution and concentration of trace

metals was discussed.

Patchineelam | Sediment Grain size, organic matter and clay mineral analyses
and Neto components, were carried out in bottom sediments of Guanabara Bay.
(2007) organic matter The inner section of the bay was enriched with finer
and clay sediments and organic matter. Among the clay minerals,
minerals kaolinite was higher than illite and smectite. The clay

minerals identified showed detrital characteristics which
indicated an absence of recent authigenic processes
within the surface sediments of the bay. Further,
smectite was low (0.15 %) for the station having
average salinity of 14 °/, in the inner region, whereas, it
was higher (17 %) for the station with average salinity
of 32 %/ in more saline region of the bay. An inverse

relationship between kaolinite and smectite in relative

abundance was observed along the bay.

1.3 Objectives

The central west coast of India is known for smaller rivers/estuaries having length of less
than 200 km. This region experiences tropical climate and water flow rate in rivers along this
region is highest during monsoon period. However, there is difference in estuaries with
respect to amount of rainfall and associated runoff they receive. In addition, rock types in the
catchment area and tidal range varies among the estuaries along this region. Further, rapid
industrialization and urbanization has enhanced release of metals and pollutants. In addition,
other human induced activities like construction of dams, agricultural practices, dredging
activities etc. have altered the deposition pattern of estuarine sediments and metals. With this
background, in the present study an attempt has been made to understand the depositional
environment within lower and middle regions of estuaries along central west coast of India

with the following objectives.
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 To study the distribution (spatial and temporal) and abundance of sediment

components from selected locations within estuaries along central west coast of India.

* To understand the source and the factors influencing the distribution of sediment

components along central west coast of India.

1.4 Study area

The west coast of India extends from Gujarat to Kanyakumari in Tamil Nadu. It is bounded
in the west by the Arabian Sea. Maharashtra, Goa and Karnataka together comprise the
central portion of the west coast of India. This region is highly diverse with respect to coastal
environmental features such as estuaries, creeks, lagoons, bays etc. Among these, an estuary
is a highly dynamic environment due to variations in pH, salinity, temperature, dissolved
oxygen, redox potential, and amount and composition of sediment particles (Chapman and
Wang 2001). The variation in these physico-chemical parameters brings about modification
in dissolved and particulate matter entering the estuarine environment through natural
weathering of rocks as well as from pollutants released by human activities (Jordao et al.
2002). Such biogeochemical processes within estuaries are of importance as they affect the

net fluxes of the pollutants (Boldt et al. 2013), which can cause concern to associated biota.

A large number of rivers originate in the Western Ghats and drain into the Arabian Sea. They
are fast flowing and are mostly perennial rivers. This characteristic of the rivers leads to the
formation of estuaries rather than deltas. Mudflat is one of the important sub-environments
found in estuaries. Estuaries receive material from multiple sources such as natural
weathering of rocks, domestic and industrial sewage outfalls, effluents from mines, and
agricultural runoff which eventually gets deposited within mudflat sediments. The growing
population and associated rapid industrialization in and around central west coast of India has
increased anthropogenic inputs. Therefore, estuarine mudflats are under increasing stress
from the human activities as well as by sea level change. The geochemical study of estuarine
mudflat sediments was hence felt essential to understand the depositional environment of

sediments with time along with abundance of metals.

For the present study five estuaries namely, Vashishi, Vaghotan, Mandovi, Sharavathi and

Gurupur were selected from North to South within central west coast of India.
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Vashishti River originates in the Western Ghats and drain into the Arabian Sea. The river
forms a wider channel with sweeping meanders from Chiplun city and has a long stretch of
40 km comprising mudflats and mangroves. Shoals and sand bars are present at the mouth of
the Vashishti River and they show a seasonal shift. The highest tide near the mouth is 3.1 m
during spring and reduces to 0.7 m during neap tide. Estuary is dominated by semi-diurnal
tides (Panchang 2014). The river has number of tributaries, the most important of which are
Jagbudi and Tambi. The catchment area of the Vashishti river consists of Deccan trap basalts
(Zingde et al. 1995) having tholeiitic composition (Wensink 1973). The southwest monsoon
with an average precipitation of 2500 mm rainfall and strong winds (Ingole et al. 2002)
brings material from catchment area to the estuary. The middle estuarine region of the
Vashishti is in close proximity of Lote Parshuram industrial zone that accommodates various
chemical industries which discharge their untreated wastes into the Vashishti river and this
discharge was estimated to reach a mark of 45,000 m®day by 2010 (Nair et al. 1998). In
addition to industrial hazards, the estuary is also subjected to other anthropogenic activities

such as domestic and agricultural wastes discharge and sand mining (Dandekar 2010).

The Vaghotan River with a total length of 68 km flowing from the east to west direction rises
in the Kajirda region of the Western Ghats (Sahyadris), in Maharashtra and flows for a
distance of 24 km where it becomes tidal. The river further rapidly widens to join the sea in a
wide estuary that is protected from the South by the rocky height of the Vijayadurg fort. The
river is free from sand bars and is therefore navigable for vessels of medium size up to 32 km
inland. The River Vaghotan reflects a dominant tectonic control with steep graded profiles
and deep V-shaped valleys. Its basin area consists of extensive cover of laterite (Tripati et al.
1998) over the Deccan trap basalts. It receives an annual average rainfall of 3,028 mm, most
of which occurs during the monsoon period. The Vaghotan River debouches water and
sediments into the Vijaydurg bay. The sediment in the bay is composed of sand and silty clay
with variable proportions of quartz, feldspar, calcareous minerals and heavy minerals. The
rate of deposition at the South of Vijaydurg coast is reported to be around 1.27 cm/year based
on #°Pb geochronology (Gujar 1996; Gujar et al. 2005).

The Mandovi River forms an important estuarine system on the central west coast of India. It
has a tidal range of 2.3 and 1.5 m during spring and neap tide, respectively (Rao et al. 2011).
The river is 70 km long and has a catchment area of 1150 km? (Pathak et al. 1988). The
catchment area of the Mandovi estuary comprises of Western Dharwar Craton (WDC)
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containing meta-volcanic and meta-sedimentary rocks (Naqvi 2005). The river drains through
the Western Ghats. The river receives an annual average rainfall of 2932 mm. During
monsoon, a salt wedge is formed at the mouth region due to strong tidal action and large
riverine flow. There are about 27 active large mines in the basin area of Mandovi that
generate 1500-6000 tons of rejects per day per mine, a substantial portion of which is
expected to ultimately end up in the river (Fernandes and Nayak 2009). The estuarine channel
of the Mandovi River is widely used for the transport of iron and ferro-manganese ores to the
Marmugao harbour throughout the year.

The Sharavathi River originates near Ambuthirtha and joins the Arabian Sea at Honnavar. It
has a total length of 130 km and a catchment area of 3600 km? (Ramachandra et al. 2004).
Sharavathi has a tidal range of 1.41 and 0.66 m during spring and neap tide respectively
(Kumar et al. 2011). The basin area of the Sharavathi River consists of two groups of rocks,
namely Dharwar system and peninsular gneiss containing metamorphic and crystalline rocks
which are made up of granites and granitic-gneisses. The annual average rainfall near
Honnavar is 3521 mm (Avinash et al. 2008). In 1964, a dam was constructed near
Linganamakki on Sharavathi which is used for generation of hydroelectric power. There were
well established open cast mining activities in the catchment area of this river, however, they
have been halted since last few years. The extensive urbanisation, especially near Honnavar
has exposed estuary to increasing stress from domestic wastes in addition to activities like

agriculture and sand mining.

The Gurupur River is also known as Phalguni/Kulur River. It has a total length of 87 km and
a catchment area of 540.62 km?. The highest tide is 1.54 m near Mangalore and decreases to
0.25 m during neap tide (Radheshyam et al. 2010). The rock types in the catchment area of
the Gurupur River consists of gneisses and continental type of sedimentary deposits with
dolerite and norite dikes (Radhakrishna and Vaidyanadhan 1994). The Gurupur estuary
receives an annual average rainfall of 3900 mm (Kumar et al. 2010). Kudremukh mine of
Karnataka is one of the largest iron ore mine within the catchment area of Gurupur. The iron
ore concentrate from Kudremukh mine was transported to Kudremukh Iron Ore Company
Limited (KIOCL) located at Mangalore through pipelines; the ore was pelletised and then
exported to different countries. The mine has not been in working conditions for the past few
years. The Baikampady industrial zone accommodates various chemical and pharmaceutical
industries, is located on the bank of the Gurupur River.
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Chapter 2

METHODOLOGY



2.1 Introduction

According to Leedy and Ormrod (2001), “research is a viable approach to a problem only

when there are data to support it”. A scientific study involves a process of collecting

representative sample data from an area and processing it, to infer attributes of that area. The

sample should essentially represent the given environment to fulfil the objectives of the

study. It is vital to avoid or minimize sample contamination during sampling, subsequent sub-

sampling, storage and analytical procedure. Each step mentioned in the analytical protocol

has to be strictly adhered for ensuring a reliable analytical result.

Sediment cores collection
(Hand operated PVC corer)
Sub-sampling and
storage in ice box

l
l

Oven drying at 60°C

v N

[ Bulk sediment sub-samples ]

!

Sand:Silt:Clay
(Pipette method)

Powdered and
homogenized sediment sub-

samples
(Agate mortar and pestle)

/

| /
\

Clay mineralogy

Clay chemistry
Bulk
chemistry

Metal speciation
and chemistry

]

|
/

Fig. 2.1 Flow chart of the steps followed in sediment core sampling and analysis
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In the present study, sediment cores were collected from the mudflats, sub-environment of
the estuaries, representing lower and middle estuarine regions. During sampling, care was
taken to avoid metallic interference as the present study involved metal analysis. Microbial
activities are known to alter the chemical composition of sediments; hence, in order to avoid
such alterations, sediment sub-samples were stored in ice. The apparatus were acid washed,
rinsed with distilled water and later dried in the oven prior to analysis. Analytical reagents of
suprapure grade were used throughout the study. Each and every step mentioned in the
standard protocol was strictly followed.

The detailed information regarding method of sampling, sub-sampling, storage, analytical
procedures used for obtaining reliable data are outlined in the form of a flow chart (Fig 2.1).

Also, details of data processing are given in this chapter.

& Vashishti Estuary

& Vaghotan Estuary

& Mandovi Estuary

S}haravathi Estuary

Central West

Coast
Gurupur Estuary

£

Fig. 2.2 Map showing location of studied estuaries along the central west coast of India
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17°37’ N

17°29° N

7317 E 7326 E

Fig. 2.3a Map showing locations of the sediment cores collected from the Vashishti estuary

16’34’ N

1627 N

7320’ E 73'30° E

Fig. 2.3b Map showing locations of the sediment cores collected from the VVaghotan estuary
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15%B1°’N

1527’ N

73'48’ E 7957’ E

Fig. 2.3c Map showing locations of the sediment cores collected from the Mandovi estuary

14°18° N

14°14° N

7427’ E 7431 E

Fig. 2.3d Map showing locations of the sediment cores collected from the Sharavathi estuary
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12'57° N

1252’ N

74’49’ E 7457 E

Fig. 2.3e Map showing locations of the sediment cores collected from the Gurupur estuary

2.2 Field survey: sampling and sub-sampling

Intertidal mudflat sediment cores were collected from the five tropical estuaries, along central
west coast of India during the field survey conducted in May 2011. Total of 10 sediment
cores (Fig. 2.2 and 2.3), two from each estuary, representing lower and middle estuarine
regions were collected. Cores varied in their length from 48 cm to 82 cm. Detailed
information regarding the cores is presented in the Table 2.1. Sediment cores were collected
using a hand operated PVC corer and sampling stations were located using a global
positioning system (GPS). Following the sediment core collection, core length was measured.
Further, cores were sub-sampled at 2 cm interval using a plastic knife. Sub-samples were then

sealed in clean plastic bags, labelled, stored in ice box and later transferred to the laboratory.

2.3 Laboratory analysis

Upon reaching to the laboratory, pH of the sub-samples was measured (Thermo Orion 420A
+ model) and the sub-samples were stored at 4°C till further analysis. Later, the sub-samples
were oven dried at 60°C. Part of the dried sediments was used for the analysis of sediment
components (sand:silt:clay), clay mineralogy and clay chemistry. Portion of the dried
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sediments was finely powdered and homogenized using an agate mortar and pestle. The
powdered and homogenized sediment samples were used for the estimation of total organic
carbon, bulk metal chemistry and speciation of metal. The procedures followed for the

determination of various sediment parameters are detailed below.

Table 2.1 Details of sediment cores and sampling locations

Name of the Portion of the Estuary Station location Length of the
Estuary core (cm)

Vashishti Lower (VS-1) 17° 34’ 31.20”N; 73° 10’ 22.79”E 48
Middle (VS-2) 17°34° 02.47”N; 73° 21’ 55.26"E 70
Vaghotan Lower (VG-1) 16° 30' 17.81"N; 73° 20' 55.60"E 60
Middle (VG-2) 16° 30' 31.25"N; 73° 23' 46.06"E 54
Mandovi Lower (MD-1) 15°30' 23.81"N; 73° 49' 25.60"E 58
Middle (MD-2) 15° 31' 11. 37"N; 73° 55' 29.43"E 82
Sharavathi Lower (S-1) 14° 15° 51.40”N; 74° 26° 18.90”E 68
Middle (S-2) 14° 14’ 39.46”N; 74° 30” 35.90”E 60
Gurupur Lower (GP-1) 12°52° 19.10”N; 74° 49’ 27.90”E 60
Middle (GP-2) 12°56° 18.26”N; 74° 49’ 53.88"E 72

2.3.1 Sediment component analysis (sand:silt:clay)

To determine the sand:silt:clay ratio, pipette analysis was carried out following the method
given by Folk (1974). The analysis is based on Stoke’s settling velocity principle. Distilled
water was added to a 1000 ml glass beaker containing 10 g of oven dried sediment sample
and stirred with the help of a glass rod. After allowing the sediment to settle for overnight,
the water from the beaker was decanted using a decanting pipe without disturbing the
sediment in the beaker. This step was repeated for 4 to 5 times in order to remove the salinity
of the sediment. Following decantation, 10 ml of 10 % sodium hexametaphosphate was
added to dissociate clay particles. On the next day, 5 ml of 30 % hydrogen peroxide solution
was added to oxidize organic matter completely. Contents of the beaker were poured over 63
micron (230 mesh size) sieve and the filtrate was then collected in a 1000 ml cylinder. The
beaker as well as the material collected over the sieve was washed thoroughly until the
solution became clear. The solution from the cylinder was made up to 1000 ml mark using
distilled water and homogenized for about 2 minutes with the help of a stirrer. The stirring

time was noted down and the solution was allowed to settle. The room temperature was
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determined using a thermometer and by following the Table 2.2, pipetting time was

calculated for size 8 ¢.

Table 2.2 Time schedule to be used for pipette analysis

Depth at
which
Size & pipette is Time at which water is to be pipetted out
to be Hours: Minutes: Seconds
inserted
(cm)
28°C 29°C 30°C 31°C 32°C
4 20 0:00:48 0:00:46 0:00:46 0:00:44 0:00:44
5 10 0:01:36 0:01:34 0:01:32 0:01:29 0:01:28
6 10 0:06:25 0:06:15 0:06:06 0:06:57 0:05:52
7 10 0:25:40 0:25:02 0:24:25 0:24:49 0:23:27
8 10 1:42:45 1:40:13 1:37:42 1:37:15 1:33:51
9 10 6:30:00 6:40:40 6:32:50 6:32:10 6:11:30
10 10 27:06:00 26:30:00 - - -

The sand remained on the sieve was transferred to a pre-weighed labelled 100 ml beaker and
kept for drying at 60°C. At calculated time, 25 ml of the solution from the cylinder
representing the clay fraction was pipetted out by inserting the pipette up to 10 cm depth. The
pipetted solution was then transferred into a clean pre-weighed 100 ml beaker. The beaker
was then kept for drying at 60°C. After drying the samples, the beakers containing sand and
clay were weighed. The percentage of sand, silt and clay was calculated using following
formulae.

% Sand = (Weight of sand / Total weight of sediments) x100

X = (Weight of clay x 1000/25) — 1

% Clay = (X / Total weight of sediment) x100

% Silt = 100 - (% of Sand + % of Clay)

2.3.2 Clay mineral analysis

Clay mineral analysis of selected sub-samples was carried out. It involves same procedure as
followed for pipette analysis up to stirring the sample in a 1000 ml cylinder. However, the
pipetting time for the clay mineral analysis was calculated for size 9 ¢. The decanting pipe

was inserted up to 10 cm depth and the sample was transferred to a clean 500 ml beaker. 5 ml
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of acetic acid and 10 ml of hydrogen peroxide were added to the beaker and stirred well in
order to remove carbonates and organic matter, respectively. The contents from the beaker
were then allowed to settle for overnight. The clear liquid at the top of the beaker was
decanted using a decanting pipe. Later, distilled water was added to the beaker and the
contents were allowed to settle overnight. This step was repeated for 4 to 5 times to free clay
from excess reagents. Using the pipette, 1 ml of the clay was then pipetted and spread
uniformly over a pre-numbered clean glass slide. The slide was air dried completely to obtain
uniformly distributed thin layer of clay. The prepared slide was exposed to ethylene glycol
vapours at 100°C for 1 hour. The slide was then scanned from 3° to 15° 26 at 1.2° 26/min on
the X-ray diffractometer (PW 1840 model), using nickel-filtered Cu Ka radiation. Further,
slide was scanned again in the range of 24° to 26° 26 at 0.5° 26/min in order to distinguish
between kaolinite and illite peaks. The percentage of clay minerals was calculated by
weighting the integrated peak area of basal reflection in the glycolated X-ray diffractograms

by following the semi-quantitative method given by Biscaye (1965).
2.3.3 Clay fraction chemical analysis

The clay fraction of the selected sub-samples for the study of clay chemistry was obtained by
following the procedure of pipette method up to the step of decanting. In this study, the
contents of the beaker were directly dried in the oven in order to evaporate the water. The
dried clay fraction was then acid digested for metal analysis following the procedure given by
Jarvis and Jarvis (1985).

2.3.4 Organic carbon estimation

The total organic carbon in sediment sub-samples was estimated by following the method
given by Gaudette et al. (1974). It utilizes exothermic heating and oxidation with potassium
dichromate (K,Cr,07) and concentrated sulphuric acid (H,SQO,). Details of the procedure are

as follows.

An amount of 0.5 g of the homogenised sediment sample was treated with 10 ml of 1N
standard dichromate solution and 20 ml of concentrated H,SO,4 with silver sulphate in a clean
500 ml conical flask. The flask was gently rotated for a minute and allowed to stand for 30
minutes. After 30 minutes, 200 ml of the milliQ water, 10 ml of 85 % phosphoric acid
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(H3PO,) and 0.2 g sodium fluoride were added to this mixture. Excess dichromate solution
was then back titrated with 0.5 N ferrous ammonium sulphate (Fe(NH,),SO46H,0) solution
using diphenylamine as an indicator to a one-drop end point i.e. brilliant green. In this
method, silver sulphate was used to prevent oxidation of chloride ions. Standardization blank
without the sample was run following the same procedure. Total organic carbon percentage
was calculated as follows.
% of Total organic carbon =10 (1-T/S) x F
Where,
S = Standardization blank titration, ml of ferrous solution
T = Sample titration, ml of ferrous solution
F = Factor which is derived as follow
F = (1.0 N) x 12/4000 x 100/Sample weight

= 0.6, when sample weight is exactly 0.5 g
Where,

12/4000 = m. eq. wt. carbon

2.3.5 Sediment digestion for bulk metal analysis

Total digestion of sediment sample was carried out following the method proposed by Jarvis
and Jarvis (1985). 0.2 g of finely powdered sediment sample was placed in a Teflon beaker.
10 ml of acid mixture of HF, HNO3, HCIO,4 was added slowly to the sediment sample in the
ratio of 7:3:1. Proper care was taken to avoid excessive frothing and the mixture was
completely dried on a hot plate at 150°C. After drying, 5 ml of the above acid mixture was
added to the beaker and dried for 1 hour. Later, 2 ml of the concentrated HCI was added and
dried completely. Further, 10 ml of 1:1 HNO3; was added to the final residue of the teflon
beaker and warmed for few minutes. The contents of the teflon beaker were transferred to a
50 ml volumetric flask and the volume was made up to 50 ml with milliQ water. This
solution was then transferred to the pre-cleaned plastic bottle. Also, separated clay fractions

from the selected sub-samples were acid digested following the above mentioned procedure.
2.3.6 Chemical speciation of metals

Selected sub-samples were processed through modified sequential extraction procedure

(Dessai and Nayak 2009) proposed by Tessier et al. (1979) to investigate different phases of

31



metals. Using this procedure, it is possible to identify metals associated with number of
fractions: “exchangeable”, “carbonates”, “Fe/Mn oxides”, “organic/sulphidic” and “residual”
(Tessier et al. 1984). The non-residual, including exchangeable, carbonate, reducible and
oxidizable, is considered to be mobile or environmentally reactive fraction with respect to
geological and chemical processes. In contrast, the residual also called lithogenous or detrital
fraction is usually considered to be immobile or environmentally unreactive. Metals in this
fraction remain fixed in sediments within matrix of silicates and other detrital minerals

(Wang et al. 2012).

Fraction I: Adsorbed and exchangeable (F1)

The metals in this fraction are weakly adsorbed on sediments or on their essential
components namely clays, Fe hydrated oxides and humic acids. The metals that can be
released by ion-exchange processes are held in this fraction (Marin et al. 1997; Tokalioglu et
al. 2000). Changes in ionic composition and pH could cause re-mobilisation of metals from
this fraction. Metals in this fraction are easily available for biological uptake. Magnesium

chloride is an effective reagent for desorbing sediment adsorbed metals (Tessier et al. 1979).

1 g of finely powdered sediment sample was taken in a 50 ml plastic centrifuge tube. To this,
8 ml of 1 M magnesium chloride (MgCl,) solution was added at pH 7. The mixture was
frequently agitated for 1 hour at room temperature on the orbital shaker (Model RC2100).
Then this mixture was centrifuged (Remi cooling compufuge, CPR30) for 10 minutes at 8000
rpm. The supernatant was transferred to a 25 ml volumetric flask and the final volume was
made up to 25 ml using milliQ water. Later, the solution was stored in a clean 25 ml plastic

bottle for metal analysis. The residue was washed with deionised water.
Fraction 2: Carbonate bound (F2)
The metals associated with the carbonate fraction can be mobilized with changes in pH.

Buffered acetic acid and sodium acetate are highly effective in leaching of metals from this

fraction.
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8 ml of 1 M sodium acetate solution (NaOAc, adjusted to pH 5 with acetic acid) was added to
the residue from the first fraction (F1). The mixture was agitated for 5 hours on the orbital
shaker at room temperature. The solution was then centrifuged for 10 minutes at 8000 rpm.
The supernatant was transferred to a 25 ml volumetric flask and the final volume was made
up to 25 ml using milliQ water. Later, the solution was stored in a clean 25 ml plastic bottle

for metal analysis. The residue was washed with deionised water.

Fraction 3: Fe-Mn oxide bound fraction (F3)

Metals viz. Fe and Mn often exhibit similar behaviour in aquatic environment. They get
reduced in anoxic conditions and are oxidized (present as oxides or oxy hydroxides) under
oxic conditions (Lin et al. 2011). These oxides are present as coatings on the finer sediments
and in oxic conditions, they can scavenge trace metals from the water column
(Venkatramanan et al. 2014). Fe-Mn oxy hydroxides are sensitive to redox potential changes
and in anaerobic conditions they are thermodynamically unstable. This property of Fe-Mn
oxy hydroxides can cause mobilization of metals adsorbed on to their surfaces (Kumar et al.
2011). Hydroxylamine hydrochloride and acetic acid can reduce iron and manganese oxides
to their ferrous and manganous form, respectively and are capable of retaining large amounts

of liberated metals in solution.

The residue from the second fraction (F2) was extracted with 20 ml of 0.04 M hydroxylamine
hydrochloride (NH,OH.HCI) in 25 % (v/v) HOAC at 96 + 3°C with occasional agitation for 6
hours. The solution was then centrifuged for 10 minutes at 8000 rpm. The supernatant was
transferred to a 25 ml volumetric flask and the final volume was made up to 25 ml using
milliQ water. Later, the solution was stored in a clean 25 ml plastic bottle for metal analysis.

The residue was washed with deionised water.

Fraction 4: Organic carbon and sulphide bound fraction (F4)

The metals in this fraction are associated with organic matter such as living organisms,
detritus or organic coatings on inorganic mineral particles (Tessier et al. 1979). It also
includes metals bound to the sulphide minerals. The metals bound to this fraction are

temporarily inaccessible. The processes of aerobic or anaerobic decomposition of organic
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matter can induce metal release to water or other fractions. Hydrogen peroxide in acidic
medium is used to oxidize organic matter in sediments, while ammonium acetate is used to

prevent adsorption of extracted metals on the oxidized sediments (Tessier et al. 1979).

3 ml of 0.02 M HNO3 and 5 ml of 30 % H,0, after adjusting to pH 2 with HNO3 were added
to the residue from the third fraction (F3). The mixture was agitated periodically to 85°C for
2 hours. Then, 3 ml of 30 % H,0, (adjusted to pH 2 with HNO3) was added. The mixture was
then again heated at 85°C for 3 hours with intermittent agitation. The sample was allowed to
cool at room temperature. After cooling, 5 ml of 3.2 M NH4OAc in 20 % (v/v) HNO3; was
added and then diluted to 20 ml followed by continuous agitation for 30 minutes. After
agitation, solution was centrifuged, decanted and stored. The residue was washed with

deionised water.
Fraction 5: Residual fraction (F5)

This fraction includes mainly metals built in the crystal lattice of minerals. In natural
conditions, they are practically inaccessible for living organisms and can be treated as

permanently immobile.

The residue from the fourth fraction (F4) was transferred into a clean acid washed teflon
beaker and digested completely with an acid mixture following the method given by Jarvis
and Jarvis (1985).

2.3.7 Atomic Absorption Spectrophotometer (AAS) analysis

The digested solution obtained for bulk metal chemistry, clay chemistry as well as those
attained during sequential extraction procedure was aspirated into the flame atomic
absorption spectrophotometer (AAS, VarianAA240FS) for the analysis of metals viz.
aluminium (Al), iron (Fe), manganese (Mn), nickel (Ni), cobalt (Co), cupper (Cu), zinc (Zn)
and chromium (Cr). Reagents blank and certified reference standard 2702 obtained from the
National Institute of Standards and Technology (NIST) were also treated following the same
procedure and analysed along with the sample solutions. The accuracy of the analytical

procedure was assessed using certified standard reference material 2702. The average
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recoveries, = standard deviations found for each metal were 96+12, 89+12, 91+15, 86+16,
74+12, 82+15, 84+16 and 79+14 for Al, Fe, Mn, Ni, Co, Cu, Zn and Cr, respectively. The
AAS was standardized by calibrating curve method before analysing the samples. The
calibration standards of different concentrations were prepared for all the metals from the
stock solution (1000 mg/l). The instrument was also checked for its reproducibility by

repeating the standard after every ten samples.

The recoveries for metals from the sequential extraction procedure were good and were

calculated as follow.

Recovery = (Fraction 1 + Fraction 2 + Fraction 3 + Fraction 4 + Fraction 5) / Total metal

concentration obtained after total acid digestion x 100.

2.4 Data processing

A triangular/ternary diagram proposed by Pejrup (1988) was used to understand the
hydrodynamic conditions prevailed during deposition of sediments over a period of time.
Ternary diagram (Fig 2.4) is divided into four sections (I to IV) which reflect increasing
violent hydrodynamic conditions. Each section is further divided into four classes (A to D)
with respect to their sand content. Thus, there are total 16 groups each having a different

number and a letter providing the groups with unique characteristics.

Ternary diagram as well as vertical depth wise distribution of sand, silt, clay, organic carbon,

pH and metals in the studied cores was plotted using the software Grapher 7.
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Fig. 2.4 Ternary diagram proposed by Pejrup (1988)
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Statistical analysis

Pearson’s correlation and paired sample t-test analyses were performed on sand, silt, clay,

organic carbon, pH and metals of the studied cores using Statistica 7.

Global average shale values

The global average shale values proposed by Turekian and Wedepohl (1961) were used in the
present study as a reference material for the assessment of contamination levels. The global
average shale values are 8.8 %, 4.72 %, 850 ppm, 50 ppm, 19 ppm, 45 ppm, 95 ppm and 90
ppm for Al, Fe, Mn, Ni, Co, Cu, Zn and Cr, respectively.

Screening quick reference table

In order to understand the risk of studied metals to the sediment dwelling organisms, the data
set of the metals in the bulk sediments and bioavailable fractions (sum of the first four
fractions) were compared with sediment quality values (SQV) using the screening quick
reference table (SQUIRT) (Table 2.3a). SQUIRT was developed by NOAA for screening
purposes. The guideline values were categorized by Buchman (1999) into five classes (Table
2.3b) namely TEL, ERL, PEL, ERM and AET. The probability of toxicity of metals to
sediment dwelling organisms is known to increase from TEL to AET. The SQV is applied to
achieve information on the toxicity of metals to the biota and thus, to understand its impact

on the environment.
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Table 2.3.a Screening quick reference table (SQUIRT) for metals in marine sediments

(Buchman 1999). Except Fe, all the values are in pg/g.

Elements Threshold Effect Range Probable Effect Range Apparent Effect

Effect Level Low Effect Level Median Threshold
(TEL) (ERL) (PEL) (ERM) (AET)
Fe % - - - - 22 (Neanthes)
Mn - - - - 260 (Neanthes)
Ni 15.9 20.9 42.8 51.6 110 (Echinoderm
Larvae)
Co - - - - 10 (Neanthes)
Cu 18.7 34 108 207 390 (Microtox and
oyster larvae)
Zn 124 150 271 410 410 (Infaunal
community)
Cr 52.3 81 160 370 62 (Neanthes)

Table 2.3.b Sediment guidelines and terms used in SQUIRT.

Sediment guidelines

Threshold Effect Level (TEL)

Effects Range Low (ERL)

Probable Effects Level (PEL)

Effects Range Median (ERM)
Apparent effects Threshold (AET)

Maximum concentration at which no toxic
effects are observed

10™ percentile values in effects or toxicity
may begin to be observed in sensitive species

Lower limit of concentration at which toxic
effects are observed
50™ percentile value in effects

Concentration above which adverse biological
impacts are observed
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Risk assessment code

The risk assessment code was also attempted to determine the risk of metals to the marine
biota released from exchangeable and carbonate fractions using the following criteria, % of
the total concentration <1: no risk, will be considered safe for the environment, 1-10: low
risk, 11-30: medium risk, 31-50: high risk, > 50: very high risk, and can easily enter the food
chain (Perin et al. 1985).
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Chapter 3

RESULTS
AND
DISCUSSION



Introduction

The study area constitutes five estuaries viz. Vashishti, Vaghotan, Mandovi, Sharavathi and
Gurupur from North to South, along central west coast of India. The mudflat sedimentary
environments in these estuaries were investigated to understand deposition environment,
metal enrichment, source and bioavailability of metals and their possible impact on
associated biota. The sediment cores collected were divided into sections based on grain size
variations to distinguish varying hydrodynamic and geochemical conditions with time.

Section I: Lower estuarine region

3.1.1 Sediment components

Vashishti estuary

The percentage of sand in the lower region of the Vashishti estuary (core VS-1) ranged from
0.14 % to 5.64 % (avg. 2.12 %), while silt and clay varied from 17.18 % to 48.09 % (avg.
38.61 %) and 49.64 % to 81.24 % (avg. 59.27 %) respectively (Table 3.1.1a). The core VS-1
was divided into two parts based on distribution of sediment components, lower 48 to 12 cm
and upper section 12 cm to surface (Fig. 3.1.1a). In the lower section, sand varied from 0.14
% to 5.64 % (avg. 2.47 %), while silt and clay varied from 31.94 % to 48.09 % (avg. 41.04
%) and 49.64 % to 67.92 % (avg. 56.48 %) respectively (Table 3.1.1b). In the upper section,
sand, silt and clay varied from 0.31% to 1.58 % (avg. 0.80 %), 17.18 % to 36.18 % (avg.
29.35 %) and 63.08 % to 81.24 % (avg. 69.85 %) respectively.

In core VS-1 (Fig. 3.1.1a), overall decrease in sand percentage was seen in the lower section
with peak value at 43 cm and 18 c¢cm, while silt and clay altered around an average line.
However, silt percentage was slightly higher from 30 to 28 cm and also 22 to 14 cm depth.
Further, in the upper section, percentage of sand and silt decreased towards the surface, while
there was an increase in clay percentage towards the surface. Silt compensated clay all along
the depth profile. The data plotted on the ternary diagram indicated deposition of sediments
in relatively violent hydrodynamic energy conditions with high clay content (Fig. 3.1.2a).
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Table 3.1.1a Range and average concentration of sediment components, pH and organic carbon in cores VS-1, VG-1, MD-1, S-1 and GP-1

Sand (%) Silt (%) Clay (%) pH Organic Carbon (%)
Sediment
core Range Avg Range Avg Range Avg Range Avg Range Avg
Min Max Min Max Min Max Min Max Min Max

VS-1 014 | 564 | 212 | 17.18 | 48.09 | 38.61 | 49.64 | 81.24 | 59.27 | 6.80 | 7.69 7.29 190 | 515 | 2.68
VG-1 247 | 16.51 | 10.23 | 30.85 | 49.19 | 37.81 | 38.40 | 62.60 | 51.96 | 5.73 | 6.88 6.52 | 214 | 330 | 2.60
MD-1 3.15 | 72.29 | 36.80 | 10.11 | 54.36 | 34.99 | 14.48 | 45.36 | 28.21 | 6.30 | 8.03 743 | 0.48 | 3.33 2.12
S-1 21.75 | 94.28 | 69.42 | 0.36 | 35.08 | 12.47 | 0.12 | 50.32 | 18.11 | 6.17 | 8.17 749 | 0.12 | 205 | 0.70
GP-1 27.17 | 93.49 | 6285 | 1.80 | 52.67 | 22.05 | 1.00 | 33.52 | 15.10 | 6.36 | 7.26 6.86 | 0.09 1.87 | 0.95
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Table 3.1.1b Section wise range and average concentration of sediment components, pH and organic carbon in cores VS-1, VG-1, MD-1, S-1 and GP-1,

where L=Lower, M=Middle and U=Upper sections

Sand (%) Silt (%) Clay (%) pH Organic Carbon (%)

Sediment
core Range Avg Range Avg Range Avg Range Avg Range Avg

Min Max Min Max Min Max Min Max Min Max

VS-1 (L) | 0.14 5.64 2.47 3194 | 48.09 | 41.04 | 49.64 | 67.92 | 56.48 6.83 7.69 7.34 1.90 5.15 2.80
(U) | 031 1.58 0.80 17.18 | 36.18 | 29.35 | 63.08 | 81.24 | 69.85 6.80 7.28 7.07 211 2.55 2.22
VG-1 (L) | 846 | 1558 | 1092 | 30.85 | 41.15 | 34.29 | 48.12 | 58.32 | 54.79 6.76 6.88 6.81 231 2.78 2.53
(M) | 247 | 13.39 5.82 3253 | 4739 | 38.49 | 47.88 | 62.60 | 55.69 6.10 6.81 6.59 2.43 3.07 2.68
(U) | 859 | 16.51 | 1236 | 33.34 | 49.19 | 39.43 | 38.40 | 55.32 | 48.21 5.73 6.82 6.31 2.14 3.31 2.59
MD-1 (L) [62.90 | 7229 | 67.59 | 10.11 | 15.14 | 12.82 | 17.60 | 22.92 | 19.59 7.65 8.03 7.83 0.48 0.86 0.68
(U) | 3.15 | 5215 | 25.07 | 28.89 | 54.36 | 43.44 | 1448 | 45.36 | 31.49 6.30 7.68 7.28 1.66 3.33 2.67
S-1 (L) | 42.39 | 94.28 | 86.53 0.36 16.49 5.62 0.64 41.12 7.85 7.09 8.17 7.90 0.12 1.31 0.30
(U) | 21.75| 86.39 | 55.91 0.78 35.08 | 17.88 0.12 50.32 | 26.21 6.17 8.10 7.16 0.18 2.05 1.02
GP-1 (L) |27.17 | 93.49 | 53.66 1.8 52.67 | 26.07 2.64 33.52 | 20.27 6.75 7.26 6.99 0.09 1.87 1.20
(M) | 73.25 | 91.55 | 82.93 5.29 21.49 | 12.77 1.00 10.64 4.30 6.36 7.08 6.71 0.20 1.00 0.44
(U) | 3782 | 62.14 | 49.46 | 24.02 | 34.18 | 29.16 | 13.84 | 28.00 | 21.38 6.47 6.84 6.68 0.67 1.67 1.21
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Vaghotan estuary

Sand in the Vaghotan estuary (core VG-1) ranged from 2.47 % to 16.51 % (avg. 10.23 %),
while silt and clay varied from 30.85 % to 49.19 % (avg. 37.81 %) and 38.40 % to 62.60 %
(avg. 51.96 %) respectively (Table 3.1.1a). On the basis of variations in distribution pattern
of sediment components core VG-1 (Fig. 3.1.1b) was divided into three sections, the lower

(60 to 46 cm), middle (46 to 30 cm) and upper (30 to surface) sections. In the lower section
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(Table 3.1.1b), sand ranged from 8.46 % to 15.58 % (avg. 10.92 %), while silt and clay
varied from 30.85 % to 41.15 % (avg. 34.29 %) and 48.12 % to 58.32 % (avg. 54.79 %)
respectively. In the middle section, sand, silt and clay varied from 2.47 % to 13.39 % (avg.
5.82 %), 32.53 % to 47.39 % (avg. 38.49 %) and 47.88 % to 62.60 % (avg. 55.69 %)
respectively. In the upper section, sand ranged from 8.59 % to 16.51 % (avg. 12.36 %), while
silt and clay varied from 33.34 % to 49.19 % (avg. 39.43 %) and 38.40 % to 55.32 % (avg.
48.21 %) respectively.

The percentage of sand maintained along average line in the lower section, whereas it showed
decreasing trend in the middle section which was followed by an increase up to 8 cm depth in
the upper section (Fig. 3.1.1b). Thereafter, percentage of sand decreased towards the surface.
Silt percentage was less than the average line in the lower section. It showed an increase from
lower to middle sections. However, in the upper section, silt percentage decreased from 30 to
8 cm depth. Further, there was an increase in silt percentage towards the surface. Clay
percentage was more than the average line in the lower section with not much variation. In
the middle section, clay exhibited increasing distribution pattern which was followed by a
decreasing trend towards the surface in the upper section. Sediments of lower and middle
sections of the Vaghotan estuary seemed to be deposited under relatively violent energy
conditions, whereas sediments of the upper section were deposited under relatively violent to
violent energy conditions (Fig. 3.1.2b).

Mandovi estuary

In core MD-1, collected from the Mandovi estuary, sand ranged from 3.15 % to 72.29 %
(avg. 36.80 %), while silt and clay varied from 10.11 % to 54.36 % (avg. 34.99 %) and 14.48
% to 45.36 % (avg. 28.21 %) respectively (Table 3.1.1a). On the basis of variations in
distribution pattern of sediment components core MD-1 (Fig. 3.1.1c) was divided into two
sections, the lower (58 to 44 cm) and the upper (44 to surface) sections. The percentage of
sand in the lower section (Table 3.1.1b) of the core MD-1 ranged from 62.90 % to 72.29 %
(avg. 67.59 %), while silt and clay varied from 10.11 % to 15.14 % (avg. 12.82 %) and 17.60
% to 22.92 % (avg. 19.59 %) respectively. On the other hand, in the upper section of the core
MD-1, sand ranged from 3.15 % to 52.15 % (avg. 25.07 %), while silt and clay varied from
28.89 % to 54.36 % (avg. 43.44 %) and 14.48 % to 45.36 % (avg. 31.49 %) respectively.
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In core MD-1 (Fig. 3.1.1c), sand percentage was more than the average line in the lower
section and was less than the average line in the upper section. In the lower section of core
MD-1, sand dominated over silt and clay with an average value of 67.59 %. The distribution
pattern of coarser as well as finer sediments did not show much variation in this section. In
the upper section, average sand percentage (25.07 %) reduced to less than half of the lower
section and showed sudden decrease up to 40 cm depth. This was followed by a gradual
decrease towards the surface. The decreasing trend of sand was well compensated by
increasing trend of finer sediments. The data plotted on the ternary diagram showed (Fig.
3.1.2c) accumulation of coarser sediments in the lower section of the core MD-1 with sand
percentage varying from 50 to 90 % fell within group BII. This indicated sediment deposition
under less violent hydrodynamic energy conditions. However, sediments from the upper
section suggested their deposition under relatively violent conditions. Thus, indicating change

in the depositional environment with time.

Sharavathi estuary

In core S-1, sand ranged from 21.75 % to 94.28 % (avg. 69.42 %), while silt and clay varied
from 0.36 % to 35.08 % (avg. 12.47 %) and 0.12 % to 50.32 % (avg. 18.11 %) respectively
(Table 3.1.1a). The core was divided into two sections based on distribution of sediment
components. The lower and upper sections are from 68 to 40 cm and 40 to surface of the core
S-1 (Fig. 3.1.1d) respectively. The percentage of sand in the lower section of the core S-1
(Table 3.1.1b) ranged from 42.39 % to 94.28 % (avg. 86.53 %), while silt and clay varied
from 0.36 % to 16.49 % (avg. 5.62 %) and 0.64 % to 41.12 % (avg. 7.85 %) respectively. On
the other hand, in the upper section of the core S-1, sand ranged from 21.75 % to 86.39 %
(avg. 55.91 %), while silt and clay varied from 0.78 % to 35.08 % (avg. 17.88 %) and 0.12 %
to 50.32 % (avg. 26.21 %) respectively.

Similar to core MD-1, sand percentage in core S-1 (Fig. 3.1.1d) was more than the average
line and less than the average line in lower and upper sections respectively. In the lower
section of the core S-1, sand showed sharp increase from bottom to 66 cm depth and further
remained nearly constant throughout the section. Silt showed a corresponding opposite
distribution pattern to that of sand profile in this section. The clay percentage decreased
sharply from bottom to 66 cm depth, from where gradual decrease was seen. In the upper
section, decreasing pattern of sand was compensated by increasing pattern of silt and clay.
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The data plotted on the ternary diagram indicated deposition of coarser sediments of the
lower section under (Fig. 3.1.2d) varying, calm to extremely violent conditions. Sediments in
the upper section, with comparatively finer sediments, indicated their deposition under less

violent conditions.

Gurupur estuary

In core GP-1, sand, silt and clay varied from 27.17 % to 93.49 % (avg. 62.85 %), 1.80 % to
52.67 % (avg. 22.05 %) and 1.00 % to 33.52 % (avg. 15.10 %) respectively (Table 3.1.1a).
The core GP-1 collected from the lower region of the Gurupur estuary was divided into three
sections based on the distribution pattern of sediment components from bottom to surface
(Fig. 3.1.1e). The lower, middle and upper sections were from 60 to 30 cm, 30 to 10 cm and
10 to surface of the core GP-1 respectively. The percentage of sand in the lower section of the
core GP-1, ranged from 27.17 % to 93.49 % (avg. 53.66 %), while silt and clay varied from
1.80 % to 52.67 % (avg. 26.07 %) and 2.64 % to 33.52 % (avg. 20.27 %) respectively (Table
3.1.1b). On the other hand, in the middle section of the core GP-1, sand ranged from 73.25 %
to 91.55 % (avg. 82.93 %), while silt and clay varied from 5.29 % to 21.49 % (avg. 12.77 %)
and 1.00 % to 10.64 % (avg. 4.30 %) respectively. In the upper section, sand, silt and clay
ranged from 37.82 % to 62.14 % (avg. 49.46 %), 24.02 % to 34.18 % (avg. 29.16 %) and
13.84 % to 28.00 % (avg. 21.38 %) respectively.

In the lower section of the core GP-1 (Fig. 3.1.1e), sand showed overall decreasing trend with
its percentage largely within less than the average line. The distribution patterns of silt and
clay were opposite to that of sand. In the middle section, percentage of sand was more than
the average line and that of silt and clay was less than the average line. Further, in the upper
section, sand percentage decreased, while silt and clay percentage increased towards the
surface. The data plotted on the ternary diagram showed that (Fig. 3.1.2e) finer sediments
were deposited under less violent to relatively violent conditions in the lower section. In the
middle section, coarser sediments were deposited under relatively violent to extremely
violent conditions, whereas in the upper section sediments were deposited under relatively

violent conditions.
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3.1.2 pH

Vashishti estuary

The value of pH in the core VS-1 (Table 3.1.1a) varied from 6.80 to 7.69 (avg. 7.29). In the
lower section of the core VS-1, pH ranged from 6.83 to 7.69 (avg. 7.34), whereas it varied
from 6.80 to 7.28 (avg. 7.07) in the upper section (Table 3.1.1b).

In the lower section (Fig. 3.1.3a), pH exhibited fluctuating distribution pattern and was
largely more than the average line. Further, in the upper section, pH showed an overall
increasing trend towards the surface of the core VS-1. However, pH value was less than the

average line in this section.

Vaghotan estuary

In core VG-1 (Table 3.1.1a), pH varied from 5.73 to 6.88 (avg. 6.52). In this core, pH varied
from 6.76 to 6.88 (avg. 6.81), 6.10 to 6.81 (avg. 6.59) and 5.73 to 6.82 (avg. 6.31) in lower,
middle and upper sections respectively (Table 3.1.1b).

In the lower section (Fig. 3.1.3b), pH remained nearly constant and was more than the
average line. Further, in the middle section, pH was more than the average line and
maintained constant level up to 38 cm, followed by a drastic decrease at 36 cm. Thereafter,
pH maintained along average line in the middle section. In the upper section, although pH
value was less than the average line, it showed gradual increase towards the surface in the
core VG-1.

Mandovi estuary

The value of pH in the core MD-1 (Table 3.1.1a) varied from 6.30 to 8.03 (avg. 7.43). In the
lower section (Table 3.1.1b), it varied from 7.65 to 8.03 (avg. 7.83), whereas in the upper
section it ranged from 6.30 to 7.68 (avg. 7.28).

A gradual decrease in pH was observed from bottom to surface of the core MD-1 (Fig.
3.1.3c).
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Fig. 3.1.3 Variation of pH with average line in sediment cores VS-1 (a), VG-1 (b), MD-1 (c),
S-1 (d) and GP-1 (e).

Sharavathi estuary

In core S-1 (Table 3.1.1a), pH varied from 6.17 to 8.17 (avg. 7.49). It varied from 7.09 to
8.17 (avg. 7.90) and 6.17 to 8.10 (avg. 7.16) in lower and upper sections respectively (Table
3.1.1b).

In the lower section (Fig. 3.1.3d), pH was more than the average line, whereas it decreased
from more than the average line to less than the average line towards the surface in the upper
section.

Gurupur estuary

In core GP-1 (Table 3.1.1a), pH varied from 6.36 to 7.26 (avg. 6.86). In lower, middle and
upper sections of the core GP-1, pH varied from 6.75 to 7.26 (avg. 6.99), 6.36 to 7.08 (avg.

6.71) and 6.47 to 6.84 (avg. 6.68) respectively (Table 3.1.1Db).

The pH showed overall decrease from bottom to surface of the core GP-1 (Fig. 3.1.3e).
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3.1.3 Organic carbon

Vashishti estuary

In core VS-1 (Table 3.1.1a), organic carbon percentage ranged from 1.90 % to 5.15 % (avg.
2.68 %). In lower and upper sections it varied from 1.90 % to 5.15 % (avg. 2.80 %) and 2.11
% to 2.55 % (avg. 2.22 %) respectively (Table 3.1.1Db).

The organic carbon concentration remained nearly constant from bottom to surface of the
core VS-1 (Fig. 3.1.4a), except from 22 to 14 cm depth where an increase in its concentration

was seen.

Vaghotan estuary

The organic carbon percentage in the core VG-1 (Table 3.1.1a) ranged from 2.14 % to 3.30 %
(avg. 2.60 %). It varied from 2.31 % to 2.78 % (avg. 2.53 %), 2.43 % to 3.07 % (avg. 2.68 %)
and 2.14 % to 3.31 % (avg. 2.59 %) in lower, middle and upper sections respectively (Table
3.1.1b).

The concentration of organic carbon showed overall increase from lower to middle sections
of the core VG-1 (Fig. 3.1.4b). The concentration drastically decreased from 34 to 28 cm. In
the upper section, from 30 to 10 cm depth its concentration was less than the average line,
while further above its concentration was more than the average line towards the surface.
Overall an increasing distribution pattern of organic carbon was seen in the upper section of
the core VG-1.

Mandovi estuary
In core MD-1 (Table 3.1.1a), organic carbon percentage ranged from 0.48 % to 3.33 % (avg.
2.12 %). In the lower section of the core MD-1 (Table 3.1.1b), organic carbon percentage

ranged from 0.48 % to 0.86 % (avg. 0.68 %), whereas in the upper section it varied from 1.66
% t0 3.33 % (avg. 2.67 %).
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The average organic carbon percentage was higher in the upper section of the cores MD-1
(Fig. 3.1.4c). Organic carbon percentage remained less than the average line in the lower
section, while in the upper section overall increasing trend was observed up to the surface of
the core MD-1.
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Fig. 3.1.4. Variation of organic carbon with average line in sediment cores VS-1 (a), VG-1
(b), MD-1 (c), S-1 (d) and GP-1 (e).

Sharavathi estuary

The organic carbon percentage in the core S-1 (Table 3.1.1a) ranged from 0.12 % to 2.05 %
(avg. 0.70 %). It varied from 0.12 % to 1.31 % (avg. 0.30 %) and 0.18 % to 2.05 % (avg. 1.02
%) in lower and upper sections respectively (Table 3.1.1b).

Similar to the core MD-1, average organic carbon percentage showed higher value in the
upper section of the core S-1 (Fig. 3.1.4d). In the lower section of the core S-1, organic
carbon showed sudden decrease from bottom to 66 cm depth, from where its concentration
remained nearly constant throughout the section. In the upper section, an increasing
distribution pattern of organic carbon was observed up to the surface, with prominent

decreasing peak seen at 14 cm depth.
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Gurupur estuary

In core GP-1 (Table 3.1.1a), organic carbon percentage ranged from 0.09 % to 1.87 % (avg.
0.95 %). It varied from 0.09 % to 1.87 % (avg. 1.20 %), 0.20 % to 1.00 % (avg. 0.44 %) and
0.67 % to 1.67 % (avg. 1.21 %) in lower, middle and upper sections respectively (Table
3.1.1h).

In the lower section of the core GP-1 (Fig. 3.1.4e), the concentration of organic carbon
increased with fluctuating trends from bottom to 36 cm depth which was followed by a
decrease. In the middle section, organic carbon percentage was lower than the average line

which was followed by an increasing trend up to the surface in the upper section.

When the average values of sediment components of five estuaries were considered (Table
3.1.1a), sand increased, while silt, clay and organic carbon decreased from cores VS-1 to S-1
i.e. from North to South. However, at core GP-1, slight decrease in sand and an increase in
silt and organic carbon were noted. The pH along this coast, between cores VS-1 and GP-1
varied from 6.52 to 7.49.

When sediment components were compared among sections, average sand was higher in the
lower section at cores VS-1, MD-1 and S-1 (Table 3.1.1b). In case of the core VG-1, lower
and upper sections showed high sand compared to middle, while in the core GP-1, middle
section showed higher sand. Silt showed higher value in the upper section in cores VG-1,
MD-1, S-1 and GP-1. But, it maintained higher value in the lower section in the core VS-1.
Clay was higher in the upper section in cores VS-1, MD-1, S-1 and GP-1. However, in the

core VG-1, middle section maintained higher value of clay.

Using the average values of sand, silt and clay when different sections were compared, it was
clear that sand decreased, while finer sediments increased from lower to upper sections in
cores VS-1, MD-1 and S-1. This indicated decrease in sediment size over the years in these
cores. In core VG-1, sand decreased and finer sediments increased from lower to middle
sections. However, upper section showed higher sand and silt, and lower clay indicating
coarse material input in the recent years. In core GP-1, higher sand percentage in the middle

section suggested additional input of sand material.
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The pH values indicated decrease from lower to upper sections in cores VS-1, MD-1, S-1 and
also in VG-1 and GP-1. Higher values of the organic carbon were observed for the sections
with higher finer sediments, except in core VS-1 where higher organic carbon value was
obtained for the lower section.

In cores MD-1 and S-1, decrease in sand content was well represented in profiles (Fig. 3.1.1),
which was compensated by an increase in silt and clay from bottom to surface of the cores. In
case of the core VS-1, sand and silt showed decrease, whereas clay showed an increase. In
these cores, pH decreased while organic carbon increased from bottom to surface. This
indicated association of organic carbon with finer sediments. In case of the core VG-1, sand
decreased and finer sediments increased from lower to middle section. However, in the upper
section, sand and silt were increased, while clay was decreased. In this core, pH profile
agreed with sand, and organic carbon with silt profile. In core GP-1, higher sand input in the
middle section was responsible for diluting concentration of silt, clay and organic carbon and

also, in decreasing the pH values.

3.1.4 Bulk sediment chemistry

Major metals (Al, Fe and Mn)

Vashishti estuary

Al, Fe and Mn varied from 7.52 % to 9.85 % (avg. 8.71 %), 9.20 % to 14.95 % (avg. 12.06
%) and 685 ppm to 1245 ppm (avg. 1045 ppm) respectively (Table 3.1.2a) in the core VS-1.
In the lower section (Table 3.1.2b), concentration of Al, Fe and Mn varied from 7.52 % to
9.53 % (avg. 8.66 %), 9.20 % to 14.95 % (avg. 12.34 %) and 685 ppm to 1245 ppm (avg.
1037 ppm) respectively. On the other hand, in the upper section, concentration of Al, Fe and
Mn ranged from 8.19 % to 9.85 % (avg. 8.89 %), 10.21 % to 11.90 % (avg. 10.98 %) and 957
ppm to 1155 ppm (avg. 1067 ppm) respectively.

Aluminium exhibited fluctuating distribution pattern in the lower section (Fig. 3.1.5a) with
increasing trend from bottom up to 32 cm, followed by decreasing trend up to 16 cm and then
showed increase. While in the upper section, a prominent increasing trend was seen towards

the surface of the core VS-1. The distribution pattern of Fe also showed similar distribution
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Table 3.1.2a Range and average concentration of major metals in cores VS-1, VG-1, MD-1, S-1 and GP-1

Al (%) Fe (%) Mn (ppm)
Sediment core Range Range Range

Min ! Max Avg Min . Max Avg Min : Max Avg
VS-1 7.52 9.85 8.71 9.20 14.95 12.06 685 1245 1045
VG-1 7.97 11.50 10.33 11.18 14.38 13.26 882 2520 1375
MD-1 3.56 6.58 5.03 0.31 5.64 2.84 336 1366 650
S-1 2.11 9.48 4.77 0.31 6.02 2.23 16 192 115
GP-1 3.15 11.23 6.65 1.08 5.91 3.51 43 156 108

Table 3.1.2b Section wise range and average concentration of major metals in cores VS-1, VG-1, MD-1, S-1 and GP-1 where L=Lower,

M=Muiddle and U=Upper sections

Al (%) Fe (%) Mn (ppm)

Sediment core Range Range Range
Min Max AVg Min Max AVg Min Max AVg
VS-1 (L) 7.52 9.53 8.66 9.20 14.95 12.34 685 1245 1037
(V) 8.19 9.85 8.89 10.21 11.90 10.98 957 1155 1067
VG-1 (L) 9.36 11.12 10.37 11.18 13.98 13.04 1202 1541 1410
(M) 7.97 10.90 9.63 12.42 13.87 13.04 1188 2520 1586
(V) 9.81 11.50 10.70 11.86 14.38 13.51 882 1849 1234
MD-1 (L) 3.55 491 4.18 0.31 4.77 1.68 336 494 403
(9)) 4.60 6.58 5.36 0.78 5.64 3.28 417 1366 744
S-1 (L) 2.11 6.75 3.40 0.31 6.02 2.79 16 192 115
(V) 2.66 9.48 5.86 0.37 3.57 1.80 36 181 115
GP-1 (L) 3.31 11.23 8.22 1.08 591 4.28 43 156 115
(M) 3.15 5.78 4.22 1.58 2.82 2.28 59 155 103
(V) 4.26 7.36 6.46 2.34 4.38 3.53 85 120 97
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Table 3.1.2c Range and average concentration of trace metals in cores VS-1, VG-1, MD-1, S-1 and GP-1

Ni (ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)
Sediment
core Range Avg Range Avg Range Avg Range Avg Range Avg
Min Max Min Max Min Max Min Max Min Max

VS-1 45 96 68 22 66 51 237 325 281 339 387 363 127 176 149
VG-1 114 132 126 66 95 86 416 636 489 89 109 100 82 134 110
MD-1 27 58 42 8 23 15 10 31 21 35 1531 219 23 175 76

S-1 11 51 32 3 15 7 2 43 15 33 2293 730 5 96 41
GP-1 13 59 40 3 12 8 2 38 16 278 1919 644 16 127 81
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Table 3.1.2d Section wise range and average concentration of trace metals in cores VS-1, VG-1, MD-1, S-1 and GP-1 where L=Lower, M=Middle
and U=Upper sections

_ Ni (ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)
Sediment
core Range Avg Range Avg Range Avg Range Avg Range Avg
Min | Max Min Max Min Max Min Max Min Max
VS-1 (L) | 45 92 66 41 67 53 247 325 289 339 387 361 128 176 151
(V)| 54 96 77 22 56 44 238 266 253 356 384 370 132 145 140
VG-1 (L) | 119 132 127 7 91 85 459 553 486 90 101 97 97 125 112
(M) | 124 131 128 66 89 82 417 591 482 93 98 96 105 117 111
(V)| 114 130 124 79 95 88 424 636 495 96 109 104 83 134 107
MD-1 (L) | 27 36 33 8 13 9 10 18 15 141 304 209 23 174 74
(V)| 36 58 45 13 23 18 20 31 23 35 1531 223 53 121 77
S-1 (L)] 11 39 23 3 11 5 2 14 7 33 2165 | 1026 5 96 39
V)| 26 51 39 3 15 9 5 43 21 85 2293 497 18 61 42
GP-1 (L) | 13 59 44 3 12 9 2 38 20 278 463 397 16 127 85
(M) | 16 49 33 4 6 3 22 10 359 1468 599 28 105 64
(V) | 29 48 40 7 8 7 15 12 1467 | 1918 | 1739 71 124 107
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with increase from bottom to 32 cm, followed by decrease up to 20 cm and then increase in
the lower section. In the upper section, Fe exhibited decreasing trend except at the surface.
The concentration of Mn decreased from bottom to 20 cm depth with fluctuations in the
lower section which was followed by an increase up to the surface.

(k) Ni (ppm) Cu (ppm) Cr (ppm)
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Fig. 3.1.5a Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk
sediments in the core VS-1.

Vaghotan estuary

In core VG-1, Al, Fe and Mn varied from 7.97 % to 11.50 % (avg. 10.33 %), 11.18 % to
14.38 % (avg. 13.26 %) and 882 ppm to 2520 ppm (avg. 1375 ppm) respectively (Table
3.1.2a). In the lower section (Table 3.1.2b), Al, Fe and Mn ranged from 9.36 % to 11.12 %
(avg. 10.37 %), 11.18% to 13.98 % (avg. 13.04 %) and 1202 ppm to 1541 ppm (avg. 1410
ppm) respectively; while they varied from 7.97 % to 10.90 % (avg. 9.63 %), 12.42% to 13.87
% (avg. 13.04 %) and 1188 ppm to 2520 ppm (avg. 1586 ppm) respectively in the middle
section. In the upper section, Al, Fe and Mn ranged from 9.81 % to 11.50 % (avg. 10.70 %),
11.86 % to 14.38 % (avg. 13.51 %) and 882 ppm to 1849 ppm (avg. 1234 ppm) respectively.
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In the lower section (Fig. 3.1.5b), Al increased, Fe decreased and Mn was fluctuating around
the average line. In the middle section, Al showed lower values with negative peak at 40 cm,
whereas Fe and Mn showed higher fluctuations around the average. In the upper section, all
the three elements fluctuated around the average except top 10 cm where they showed a

decreasing trend.
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Fig. 3.1.5b Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk

sediments in the core VG-1.

Mandovi estuary

In core MD-1(Table 3.1.2a), Al, Fe and Mn varied from 3.56 % to 6.58 % (avg. 5.03 %), 0.31
% to 5.64 % (avg. 2.84 %) and 336 ppm to 1366 ppm (avg. 650 ppm) respectively. In the
lower section of the core MD-1 (Table 3.1.2b), Al, Fe and Mn varied from 3.55 % to 4.91 %
(avg. 4.18 %), 0.31 % to 4.77 % (avg. 1.68 %) and 336 ppm to 494 ppm (avg. 403 ppm)
respectively; while, in the upper section of the core MD-1 Al, Fe and Mn ranged from 4.60 %
to 6.58 % (avg. 5.36 %), 0.78 % to 5.64 % (avg. 3.28 %) and 417 ppm to 1366 ppm (avg. 744

ppm) respectively.
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Aluminium concentration increased from bottom up to 26 cm (Fig. 3.1.5¢). Further, it showed
slight decrease towards surface. Iron concentration decreased in the lower section with sharp
increasing peak at 54 cm depth. In the upper section, Fe showed overall an increasing
distribution pattern up to the surface. Manganese exhibited gradual increasing trend from

bottom to 20 cm depth and then maintained constant trend.
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Fig. 3.1.5c Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk
sediments in the core MD-1.

Sharavathi estuary

In core S-1 (Table 3.1.2a), Al, Fe and Mn varied from 2.11 % to 9.48 % (avg. 4.77 %), 0.31
% t0 6.02 % (avg. 2.23 %) and 16 ppm to 192 ppm (avg. 115 ppm) respectively. In the lower
section of the core S-1 (Table 3.1.2b), Al, Fe and Mn varied from 2.11 % to 6.75 % (avg.
3.40 %), 0.31 % to 6.02 % (avg. 2.79 %), 16 ppm to 192 ppm (avg. 115 ppm) respectively;
while, in the upper section of the core S-1 Al, Fe and Mn ranged from 2.66 % to 9.48 % (avg.
5.86 %), 0.37 % to 3.57 % (avg. 1.80 %) and 36 ppm to 181 ppm (avg. 115 ppm)

respectively.
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In the lower section (Fig. 3.1.5d), Al, Fe and Mn showed, fluctuating distribution with Al
values less than the average line, and Fe and Mn on the average line. Further, Fe and Mn
exhibited higher degree of fluctuations compared to Al. In the upper section, Al concentration
increased towards the surface. Also, Mn showed an increasing distribution pattern with
fluctuations. Iron maintained almost constant values from 40 to 10 cm depth, which was

followed by an increase towards the surface.
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Gurupur estuary

In core GP-1 (Table 3.1.2a), Al, Fe and Mn varied from 3.15 % to 11.23 % (avg. 6.65 %),
1.08 % to 5.91 % (avg. 3.51 %) and 43 ppm to 156 ppm (avg. 108 ppm) respectively. In the
lower section of the core GP-1 (Table 3.1.2b), Al, Fe and Mn ranged from 3.31 % to 11.23 %
(avg. 8.22 %), 1.08 % to 5.91 % (avg. 4.28 %) and 43 ppm to 156 ppm (avg. 115 ppm)
respectively; while, in the middle section Al, Fe and Mn varied from 3.15 % to 5.78 % (avg.
4.22 %), 1.58 % to 2.82 % (avg. 2.28 %) and 59 ppm to 155 ppm (avg. 103 ppm)
respectively. In the upper section, Al, Fe and Mn varied from 4.26 % to 7.36 % (avg. 6.46
%), 2.34 % to 4.38 % (avg. 3.53 %) and 85 ppm to 120 ppm (avg. 97 ppm) respectively.
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The concentration of Al, Fe and Mn showed more than the average line in the lower section
and less than the average line in the middle section (Fig. 3.1.5e). Further, they showed an
increasing distribution pattern towards the surface in the upper section. All the three elements
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Fig. 3.1.5e Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk
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sediments in the core GP-1.

Trace metals (Ni, Co, Cu, Zn and Cr)

Vashishti estuary

In core VS-1 (Table 3.1.2c), Ni, Co, Cu, Zn and Cr varied from 45 ppm to 96 ppm (avg. 68
ppm), 22 ppm to 66 ppm (avg. 51 ppm), 237 ppm to 325 ppm (avg. 281 ppm), 339 ppm to
387 ppm (avg. 363 ppm) and 127 ppm to 176 ppm (avg. 149 ppm) respectively. In the lower
section (Table 3.1.2d), concentration of Ni, Co, Cu, Zn and Cr varied from 45 ppm to 92 ppm
(avg. 66 ppm), 41 ppm to 67 ppm (avg. 53 ppm), 247 ppm to 325 ppm (avg. 289 ppm), 339
ppm to 387 ppm (avg. 361 ppm) and 128 ppm to 176 ppm (avg. 151 ppm) respectively. On

the other hand, in the upper section, concentration of Ni, Co, Cu, Zn and Cr ranged from 54
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ppm to 96 ppm (avg. 77 ppm), 22 ppm to 56 ppm (avg. 44 ppm), 238 ppm to 266 ppm (avg.
253 ppm), 356 ppm to 384 ppm (avg. 370 ppm) and 132 ppm to 145 ppm (avg. 140 ppm)

respectively.

Nickel in the lower section showed an overall increase with fluctuations up to 32 cm and then
maintained constant values around the average line (Fig. 3.1.5a). The distribution of Ni in the
upper section showed a prominent increase which was similar to the distribution of clay.
Metals viz. Cu and Cr showed similar distribution pattern to Fe with increase up to 32 cm
from bottom followed by decrease up to 20 cm and then increased up to 12 cm. In the upper
section, both the metals showed decreasing trend. Cobalt fluctuated around an average line
from lower to upper sections, except at 4 cm depth where it exhibited sharp negative peak.
Zinc showed decrease from bottom to 18 cm depth which was followed by an increase up to
12 cm depth. Further, in the upper section, although concentration of Zn decreased towards

the surface, it maintained more than the average line.

Vaghotan estuary

In core VG-1 (Table 3.1.2c), Ni, Co, Cu, Zn and Cr ranged from 114 ppm to 132 ppm (avg.
125 ppm), 66 ppm to 95 ppm (avg. 86 ppm), 416 ppm to 636 ppm (avg. 489 ppm), 89 ppm to
109 ppm (avg. 100 ppm) and 82 ppm to 134 ppm (avg. 110 ppm) respectively. In the lower
section (Table 3.1.2d), Ni, Co, Cu, Zn and Cr ranged from 119 ppm to 132 ppm (avg. 127
ppm), 77 ppm to 91 ppm (avg. 85 ppm), 459 ppm to 553 ppm (avg. 486 ppm), 90 ppm to 101
ppm (avg. 97 ppm) and 97 ppm to 125 ppm (avg. 112 ppm) respectively. In the middle
section, Ni, Co, Cu, Zn and Cr varied from 124 ppm to 131 ppm (avg. 128 ppm), 66 ppm to
89 ppm (avg. 82 ppm), 417 ppm to 591 ppm (avg. 482 ppm), 93 ppm to 98 ppm (avg. 96
ppm) and 105 ppm to 117 ppm (avg. 111 ppm) respectively; while in the upper section, Ni,
Co, Cu, Zn and Cr ranged from 114 ppm to 130 ppm (avg. 124 ppm), 79 ppm to 95 ppm
(avg. 88 ppm), 424 ppm to 636 ppm (avg. 495 ppm), 96 ppm to 109 ppm (avg. 104 ppm) and
83 ppm to 134 ppm (avg. 107 ppm) respectively.

Metals viz. Ni, Co, Cu and Cr fluctuated around an average line in lower and middle sections

and showed overall decrease towards the surface in the upper section (Fig 3.1.5b). The

concentration of Zn however, decreased from lower to middle sections and was less than the
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average line. In the upper section, concentration of Zn increased up to 8 cm depth and was

more than the average line. Further, its concentration decreased towards the surface.

Mandovi estuary

In core MD-1 (Table 3.1.2c), Ni, Co, Cu, Zn and Cr ranged from 27 ppm to 58 ppm (avg. 42
ppm), 8 ppm to 23 ppm (avg. 15 ppm), 10 ppm to 31 ppm (avg. 21 ppm), 35 ppm to 1531
ppm (avg. 219 ppm) and 23 ppm to 175 ppm (avg. 76 ppm) respectively. In the lower section
of the core MD-1 (Table 3.1.2d), Ni, Co, Cu, Zn and Cr varied from 27 ppm to 36 ppm (avg.
33 ppm), 8 ppm to 13 ppm (avg. 9 ppm), 10 ppm to 18 ppm (avg. 15 ppm), 141 ppm to 304
ppm (avg. 209 ppm) and 23 ppm to 174 ppm (avg. 74 ppm) respectively; while in the upper
section of the core MD-1, Ni, Co, Cu, Zn and Cr ranged from 36 ppm to 58 ppm (avg. 45
ppm), 13 ppm to 23 ppm (avg. 18 ppm), 20 ppm to 31 ppm (avg. 23 ppm), 35 ppm to 1531
ppm (avg. 223 ppm) and 53 ppm to 121 ppm (avg. 77 ppm) respectively.

Metals viz. Ni, Co and Zn did not show much variation throughout the lower section, similar
to Mn (Fig. 3.1.5c). Metals viz. Cu and Cr exhibited increasing distribution pattern in this
section. In the upper section, Cu exhibited similar distribution pattern to that of Mn with
increasing trend up to the surface. Metals viz. Zn and Cr showed gradual decrease up to the
surface with sharp increasing peak observed in case of Zn at 40 cm depth. Nickel exhibited
increasing pattern up to 30 cm depth, from where its concentration gradually decreased
towards the surface. Cobalt showed gentle increase up to 22 cm depth, followed by sudden

increase up to 20 cm depth. In the upper 20 cm of the core MD-1 Co was nearly constant.

Sharavathi estuary

In core S-1 (Table 3.1.2¢), Ni, Co, Cu, Zn and Cr varied from 11 ppm to 51 ppm (avg. 32
ppm), 3 ppm to 15 ppm (avg. 7 ppm), 2 ppm to 43 ppm (avg. 15 ppm), 33 ppm to 2293 ppm
(avg. 730 ppm) and 5 ppm to 96 ppm (avg. 41 ppm) respectively. In the lower section of the
core S-1 (Table 3.1.2d), Ni, Co, Cu, Zn and Cr varied from 11 ppm to 39 ppm (avg. 23 ppm),
3 ppm to 11 ppm (avg. 5 ppm), 2 ppm to 14 ppm (avg. 7 ppm), 33 ppm to 2165 ppm (avg.
1026 ppm) and 5 ppm to 96 ppm (avg. 39 ppm) respectively; while, in the upper section of
the core S-1, Ni, Co, Cu, Zn and Cr ranged from 26 ppm to 51 ppm (avg. 39 ppm), 3 ppm to

63



15 ppm (avg. 9 ppm), 5 ppm to 43 ppm (avg. 21 ppm), 85 ppm to 2293 ppm (avg. 497 ppm)
and 18 ppm to 61 ppm (avg. 42 ppm) respectively.

In the lower section (Fig. 3.1.5d), Ni, Co and Cu showed fluctuating distribution pattern with
concentration less than the average line. Chromium fluctuated around the average line in this
section. Further, in the upper section, Ni, Co, Cu and Cr showed overall an increasing trend.
Zinc exhibited large fluctuating distribution pattern from lower section to 32 cm of the upper
section. Thereafter, its concentration remained nearly constant in the upper section.

Gurupur estuary

In core GP-1 (Table 3.1.2c), Ni, Co, Cu, Zn and Cr varied from 13 ppm to 59 ppm (avg. 40
ppm), 3 ppm to 12 ppm (avg. 8 ppm), 2 ppm to 38 ppm (avg. 16 ppm), 278 ppm to 1919 ppm
(avg. 644 ppm) and 16 ppm to 127 ppm (avg. 81 ppm) respectively. In the lower section of
the core GP-1 (Table 3.1.2d), Ni, Co, Cu, Zn and Cr varied from 13 ppm to 59 ppm (avg. 44
ppm), 3 ppm to 12 ppm (avg. 9 ppm), 2 ppm to 38 ppm (avg. 20 ppm), 278 ppm to 463 ppm
(avg. 397 ppm) and 16 ppm to 127 ppm (avg. 85 ppm) respectively; while, in the middle
section Ni, Co, Cu, Zn and Cr ranged from 16 ppm to 49 ppm (avg. 33 ppm), 4 ppm to 8 ppm
(avg. 6 ppm), 3 ppm to 22 ppm (avg. 10 ppm), 359 ppm to 1468 ppm (avg. 599 ppm) and 28
ppm to 105 ppm (avg. 64 ppm) respectively. In the upper section, Ni, Co, Cu, Zn and Cr
varied from 29 ppm to 48 ppm (avg. 40 ppm), 7 ppm to 9 ppm (avg. 8 ppm), 7 ppm to 15
ppm (avg. 12 ppm), 1467 ppm to 1918 ppm (avg. 1739 ppm) and 71 ppm to 124 ppm (avg.
107 ppm) respectively.

Metals viz. Ni, Co, Cu and Cr exhibited large fluctuations in the lower section similar to that
of Al, Fe and Mn (Fig. 3.1.5e). Their concentration was more than the average line in the
lower section and was less than the average line in the middle section. Also, these metals
showed an increasing trend towards the surface in the upper section. Zinc exhibited nearly
constant concentration from bottom to 14 cm depth which was followed by an increase

towards the surface.

When the average values of major elements were considered, Al, Fe and Mn were highest in
the core VG-1 and lowest in the core S-1 (Table 3.1.2a). However, values of these elements

were also higher in the core VS-1.
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When the average values were compared between sections (Table 3.1.2b), in core VS-1, Al
and Mn were higher in the upper section, while Mn remained higher in the lower section. In
core VG-1, Al and Fe, were higher in the upper section and Mn in the middle section. Iron
values, however, varied in a small range from 13.04 to 13.51 %. In core MD-1, all the three
elements viz. Al, Fe and Mn were higher in the upper section. In core S-1, Al was high in the
upper section, Fe in the lower section, while Mn showed same concentration in both sections.
In core GP-1, highest value for all the three elements was seen in the lower section. Lowest
value for Al and Fe was in the middle section, while for Mn it was in the upper section.

In case of trace metals when five estuaries were compared, highest value was recorded in the
core VG-1 for Ni, Co and Cu (Table 3.1.2c). Core VS-1 showed highest value for Cr and core
S-1 for Zn. Lowest value for all the studied metals were obtained for core S-1, except for Zn.

Core MD-1 showed lowest value of Zn.

When the average values of the sections were compared (Table 3.1.2d), in core VS-1, Ni and
Zn were higher in the upper section and Co, Cu and Cr in the lower section. In core VG-1,
Co, Cu and Zn were highest in the upper section, while Cr showed highest value in the lower
section and Ni in the middle section. However, similar to Fe, variation in Ni values was in
small range between 124 and 128 ppm. In core MD-1, all the studied metals showed higher
concentration in the upper section. In core S-1, all the metals except Zn were highest in the
upper section. In core GP-1, Zn and Cr showed highest value in the upper section, while Ni,

Co and Cu showed highest value in the lower section.

When the sediment components of five estuaries were compared at lower estuarine regions, it
was noted that sand varied from 2.12 % to 69.42 %, while silt and clay ranged from 12.47 %
to 38.61 % and 15.10 % to 59.27 % respectively (Table 3.1.1a). It was evident from the
contour diagram (Fig. 3.1.6a) that sand percentage increased and clay percentage decreased
from North to South in the lower estuarine mudflats along central west coast of India. Silt
percentage also exhibited overall decrease from Vashishti to Gurupur estuaries. The variation
in grain size was attributed to the location of the core samples from which they were
collected and processes influencing lower estuary. In addition, the rock types in catchment
area of five estuaries seemed to have affected sediment grain size. The basin area of the
Vashishti River is overlaid by the lateritic plateau that was either formed by in-situ from the
laterisation of Deccan trap basalts or formed due to the lateritic material brought down from
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the Sahyadrian hill ranges. The Deccan trap basalts have uniform tholeiitic composition and
are dark green to black volcanic rocks with a wide variety of textural character (Wensink

1973). Similar to Vashishti, basin area of the Vaghotan River also has thick and extensive
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Fig. 3.1.6a Distribution of sediment components along the study area.

cover of laterite over the Deccan trap basalts (Tripati et al. 1998; Gujar et al. 2008). The
geological formations within catchment area of Mandovi estuary include Western Dharwar
Craton (WDC) of meso-archaean age. The WDC is characterized by high-Mg basalts and
komatites with meta-volcanic and meta-sedimentary rocks (Nagvi 2005). The catchment area
of the Sharavathi estuary consists of pre-Cambrian rocks. The Dharwar system and
peninsular gneiss are the two major groups of rocks found in the Sharavathi river basin. The
Dharwar system contains metamorphic rocks and is rich in iron and manganese. The
peninsular gneisses are crystalline rocks and are made up of granite, granodiorite, granito-
gneiss, migmatite etc. The basin area of the Gurupur River is overlaid by the Pliocene to
Recent laterite capped plateaus and alluvium over the gneisses and continental type of
sedimentary deposits with dolerite and norite dikes (Radhakrishna and Vaidyanadhan 1994)
containing iron bearing minerals. Overall, the rock types vary from basalts to granite from
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North to South along central west coast of India. The weathering of basalts releases finer
sediments (Wilson 1978), whereas granite on the other hand, has a coarse grained texture
which releases higher proportion of sand. Also, the amount of rainfall increases from North to
South along central west coast of India, which might have helped in retaining only coarser
sediments in the Southern portion of central west coast of India. In addition, tidal range is one
of the important factors which affect the sediment grain size (Nasnodkar and Nayak 2015)
and it varies from high to low along west coast of India from North to South, respectively
(Mukhopadhyay and Karisiddaiah 2014). It is a known fact that mudflats are well developed
with higher clay fraction in regions subjected to high tidal influence (Verney et al. 2006). On
the other hand, higher rainfall and runoff will carry finer sediments in suspension retaining

coarser sediments within the estuary.

In the lower section of all the cores (Fig. 3.1.1), except core GP-1, sand was higher. Sand
percentage was more than the average in cores MD-1 and S-1, decreased from more than the
average to less than the average in the core VS-1 and maintained along average line in the
core VG-1 in this section. Further, in the upper section, sand percentage was less than the
average in cores VS-1 and MD-1, decreased from along the average line to less than the
average line in the core S-1. Also, sand percentage in the middle section of the core VG-1
was less than the average line. The higher sand in the lower section indicated presence of
relatively higher hydrodynamic environment in the past along central west coast of India. The
transition from relatively higher to lower energy environment must have led to decrease in
sand in the upper section of cores VS-1, MD-1 and S-1, and in the middle section of the core
VG-1. However, the increase in sand percentage in the upper section of the core VG-1 must
be the result of increased human activities, such as sediment dredging in the recent times in
the catchment area. In core GP-1, the decrease in sand percentage in the lower section and
increase in the middle section was attributed to the change in morphology of the Gurupur
estuary with time (Nasnodkar and Nayak 2015). Gurupur and adjacent Netravathi rivers join
the Arabian Sea near Mangalore and gave rise to two spits, the Northern sand spit at the
Gurupur River known as ‘Mangalore spit’ and the Southern spit 'Ullal' at the Netravati River.
The supply of sediment for the growth of these spits was reported as from longshore drift and
river discharge (Kunte and Wagle 1991). The estuarine mouths of Gurupur and Netravathi
rivers have been reportedly migrating towards the North since long (Bannur et al.
1991;Gangadhar 1995), forcing the two spits to change the shape, size and orientation (Hegde
and Raveendra 2000). The alignment of the shoal near the estuarine mouth of the Netravathi
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River has altered the flow direction towards the Gurupur estuary (Hegde and Raveendra
2000). This might have resulted in the erosion of the Mangalore spit, directing coarser
sediments into the Gurupur estuary. Raghavan et al. (2001), stated that Mangalore spit which
consists of coarse to fine sand has reduced by 750 m from its distal end in length and its
width has increased by 155 m from 1910 to 1993. Therefore, it may be construed that erosion
of the Mangalore spit may have led to increase in coarser sediments observed in the middle
section in the Gurupur estuary. Further, construction of breakwater to impede the erosion of
the Mangalore spit in 1996 (Raghavan et al. 2001) must have led to decrease in sand

observed in the upper section.

pH at lower estuarine regions in five estuaries varied from 6.52 to 7.49 (Table 3.1.1a). It
showed fluctuating pattern from North to South along central west coast of India (Fig.
3.1.6b). In all the five estuaries there was change in pH towards more acidic nature from

bottom to surface of a core.
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Fig. 3.1.6b Distribution of pH along the study area.

When organic carbon of five estuaries was compared at lower estuarine regions, it was noted
that organic carbon varied from 0.70 % to 2.68 % (Table 3.1.1a). The percentage of organic
carbon showed overall decrease from Vashishti to Gurupur estuaries (Fig. 3.1.6c).

The decrease in organic carbon from North to South along central west coast of India, similar
to finer sediments suggested that grain size exerts a significant impact on the abundance of
organic matter in sediments. Organic carbon has higher affinity towards finer sediments
(Hedge et al. 1993) due to the higher surface area/volume ratio of finer sediment grain
(Muzuka and Shaghude 2000).
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Fig. 3.1.6¢ Distribution of organic carbon along the study area.

The distribution pattern of organic carbon was similar to silt and clay in cores MD-1, S-1 and
GP-1, and similar to silt in cores VS-1 and VG-1 suggesting its association with finer
sediments. Organic carbon concentration was highest near the surface of the cores viz. VG-1,
MD-1, S-1 and GP-1 and decreased with depth in the upper section of cores VG-1, MD-1 and
S-1, and from upper to middle sections of the core GP-1. This suggested that in addition to
grain size, degradation of organic matter by micro-organisms might have influenced organic
carbon concentration in sediments. In core VS-1, relatively higher percentage of organic
carbon, observed from 22 to 14 cm pointed towards higher deposition of organic matter in the
recent past and/or partial decomposition and preservation of refractory organic matter in the
sediments (Banerjee et al. 2012). Decomposition of organic matter associated with fresh
water interaction with sea water must be responsible for change in pH.

In the study area, major metals in the bulk sediments varied with a range for Al from 4.77 %
to 10.33 %, Fe from 2.23 % to 13.26 % and Mn from 108 ppm to 1375 ppm, while trace
metals varied with a range for Ni from 32 ppm to 126 ppm, Co from 7 ppm to 86 ppm, Cu
from 15 ppm to 489 ppm, Zn from 100 ppm to 730 ppm and Cr from 41 ppm to 149 ppm
(Table 3.1.2a and c). Major as well as trace metals (except Zn) showed overall decrease from
North to South along central west coast of India (Fig. 3.1.6d and e), similar to finer sediments
and organic carbon. Hence, suggested that sediment grain size along with organic matter
regulated the distribution of metals in the lower region of tropical estuaries. Finer-grained
fractions and their associated sediment phases have a higher proportion of metals due to the

larger surface area of smaller particles (Mikulic et al. 2008).
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Fig. 3.1.6e Distribution of trace metals in the bulk sediments along the study area.

Similar to distribution of silt and clay, the average concentration of metals (Table 3.1.2b and
d) was higher in the upper section than the lower section in cores MD-1 (all the metals) and
S-1 (except Fe and Zn). In addition, Mn, Ni, Zn and Cr in the core VS-1, Co, Cu, and Zn in
the core VG-1, Zn and Cr in the core GP-1 were higher in the upper section. The sectional

variation in concentration of metals therefore, indicated role of grain size in the vertical
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distribution of metals in Mandovi, Sharavathi and other estuaries. Among the studied tropical
estuaries, Mandovi, Sharavathi and Gurupur estuaries host mining and associated activities in
their catchment area. In addition, development activities in the catchment area has increased
over the years with population expansion and bringing more land under agricultural activities.
These activities must be responsible for releasing higher finer sediments with organic matter
load. Hydrodynamic change from higher energy to relatively lower can also be due to
increase in sea level (Rhein 2013), which brings in more saline water into the estuary and

provides condition for deposition of more finer sediments

Pearson’s correlation analysis of the core VS-1 (Table 3.1.3a), revealed significant
correlation between sand and Fe as well as Cr; silt with organic carbon and Cu; and clay with
Al and Ni. Further, Fe exhibited significant correlation with Cu and Cr. Also, Co with Cu;

and Cu with Cr showed significant correlation.

Table 3.1.3a Correlation between sediment components, pH, organic carbon and metals in
bulk sediments in core VS-1 (n=24). Values in bold indicates significant correlation at p<0.05

Sand (%)| Silt (%) | Clay (%)| OrgC (%)| pH Al (%) | Fe (%) [Mn (ppm)| Ni (ppm)|Co (ppm)|Cu (ppm)|Zn (ppm)| Cr (ppm)
Sand (%) | 1.00
Silt (%) 0.19 1.00
Clay (%) | -0.38 | -0.98 1.00
OrgC(%)| 012 0.43 -0.43 1.00
pH 0.13 0.20 -0.16 0.10 1.00
Al (%) 015 | -0.46 0.46 -0.48 0.06 1.00
Fe (%) 0.59 017 -0.28 -0.36 012 | 025 1.00
Mn (ppm) | 0.02 -0.32 0.30 -0.71 0.10 0.30 0.18 1.00
Ni(ppm) | -005 | -0.59 0.56 -0.20 030 | 030 -0.03 -0.02 1.00
Co(ppm)| 0.36 012 019 0.15 014 | -015 0.38 0.05 -0.06 1.00
Cu(ppm) | 0.26 0.42 -0.44 -0.15 0.13 0.09 0.74 0.03 -0.10 0.44 1.00
Zn(ppm) | 008 | -0.27 027 -0.48 -0.31 | -0.07 0.19 0.15 0.25 0.35 0.16 1.00
Cr(ppm) | 0.50 013 -0.22 -0.51 0.02 0.16 0.82 0.35 0.15 0.39 0.49 0.18 1.00

The similar distribution pattern of Fe to that of sand in the core VS-1 indicated either its
association with coarser sand particles (Aloupi and Angelidis 2002) or presence of Fe rich
minerals in sand grade. The significant correlation between Fe and sand further supported
association of Fe with coarser sediments. Also, similar distribution pattern of Cu, Co and Cr
to that of Fe and significant correlation of Fe with Cu and Cr indicated that distribution of Cu
and Cr was regulated by Fe as with change in redox conditions they are precipitated along
with iron sulphides (Kumar and Edward, 2009) in deeper levels. Copper seemed to be
associated with silt, while Al and Ni with clay. The increase in Mn and Zn concentration

towards surface of the core VS-1 probably suggested anthropogenic input in the recent years.
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It is important to mention here that the core VS-1 was collected in the vicinity of a fishing
jetty and therefore the scrapings of paint from the fishing trawlers might have contributed
towards higher Zn concentration in sediments in the recent years, while elevated
concentration of Mn towards surface was possibly associated with increasing discharge of

municipal and industrial waste water.

The results of correlation analysis of the core VG-1 showed significant correlation of sand
with Al, Co and Zn; while clay with Mn, Ni and Cr (Table 3.1.3b). Among the metals, Zn
showed significant correlation with Al and Fe; while Mn with Ni. Further, Zn exhibited

significant association with Co, while Cr with Ni.

Table 3.1.3b Correlation between sediment components, pH, organic carbon and metals in bulk

sedimentsin core VG-1 (n=30). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) | Clay (%) [Org C (%)] pH | Al(%) | Fe(%) | Mn (ppm)|Ni(ppm)|Co (ppm)|Cu (ppm)|Zn (ppm)| Cr (ppm)

Sand (%) | 1.00

Silt(%) | -0.12 1.00

Clay(%) | -0.55 | -0.76 | 1.00

OrgC(%)| -0.10 028 | -017 1.00
pH 0.15 0.03 0.07 019 1.00

Al(%) | 054 | 002 | 033 | 031 | 029 | 1.00

Fe (%) 0.24 024 | 005 012 | -0.33 | -0.09 1.00

Mn (ppm) | -0.51 012 | 043 023 | 004 | 013 | -0.12 1.00

Ni(ppm) | -024 | -0.30 | 0.40 054 | -001 | 010 | 0.14 0.39 1.00

Co(ppm)| 0.42 019 | 0.1 040 | -049 | 020 0.36 -0.36 0.25 1.00
Cu(ppm)| 019 | -014 | 024 0.09 | -020 | 0.03 015 0.34 0.14 -0.05 1.00
Zn (ppm) | 0.60 003 | -0.41 023 | -0.59 | 042 0.43 -0.36 013 0.61 0.11 1.00

Cr(ppm)| -033 | -018 | 037 058 | -010 | -0.13 | 0.08 0.26 0.56 017 0.31 0.03 1.00

The distribution pattern of Al was somewhat similar to sand particularly in lower and upper
sections in the core VG-1. Also, Co and Zn exhibited similar distribution as sand to a certain
extent. In addition, distribution of Mn, Ni and Cr was similar to clay in this core. The vertical
distribution of these metals as well as results of correlation analysis therefore, indicated
adsorption of Al, Co and Zn onto sand and that of Mn, Ni and Cr onto clay size particles. The
coarser sediments stay in place for a longer period of time (Tessier and Campbell 1982) and
therefore sometimes develop oxide coatings and hence, adsorb trace metals. Moreover, all the
trace metals might not be necessarily associated with the fine-grained alumino-silicates, but
rather with the coarser silt fraction (Roussiez et al. 2006). This explains the adsorption of
some of the metals onto sand. Further, in this core, all the metals exhibited overall decrease
towards the surface which probably suggests their diffusion from sediments in the recent

years. In the partly reduced sediment layers, dissolution of Fe-Mn oxyhydroxides takes place
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producing Fe*? and Mn*? species (Volvoikar and Nayak 2013b). This process in turn releases
trace metals adsorbed onto Fe-Mn oxyhydroxides. In addition, diversion of river water by
canals for irrigation and drinking purpose in the recent years must have led to changes in
natural flow of fresh water affecting sedimentation patterns (Rodriguez et al. 2001). Zhang et
al. (2002) reported that in the intertidal flats, hydrological dynamics regulates the grain size
distribution and grain size in turn regulates the distribution of the element concentration. The
decrease in sand and clay and an increase in silt in the top 10 cm of the core VG-1 supported
the change in sedimentation pattern in the recent years.

The results of correlation analysis of the core MD-1 revealed significant correlation of finer
sediments with organic carbon; and Al, Fe, Mn, Ni, Co and Cu with finer sediments and
organic carbon (Table 3.1.3c). Among the metals, Al showed significant correlation with Ni,
Co and Cu; Fe with Mn, Co and Cu; while Mn with Co and Cu. Further, Ni with Co and Cu;

Co with Cu; and Zn with Cr also showed, significant correlation.

Table 3.1.3c Correlation between sediment components, pH, organic carbon and metals in bulk

sedimentsin core MD-1 (n=29). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) |Clay (%)|0rg C (%)| pH Al (%) | Fe (%) | Mn (ppm) | Ni (ppm) | Co (ppm)| Cu (ppm)|Zn (ppm)| Cr (ppm)
Sand (%) | 1.00
Silt (%) -0.96 1.00
Clay (%) | -0.86 0.67 1.00
OrgC (%)| -0.96 094 | 0.78 1.00
pH 0.82 -0.81 | -0.66 -0.81 1.00

Al (%) -0.57 0.55 | 047 0.52 035 | 1.00
Fe (%) -0.69 0.63 | 0.65 0.70 -0.54 | 010 1.00
Mn (ppm) | -0.80 0.74 | 0.73 0.76 -0.86 | 035 | 0.68 1.00
Ni (ppm) | -0.62 0.60 | 0.52 0.63 031 ] 080 | 023 0.35 1.00
Co(ppm)| -0.85 085 | 0.67 0.88 082 | 044 | 0.56 0.76 0.47 1.00
Cu(ppm)| -0.86 0.82 | 074 0.81 -0.73 | 0.67 | 0.54 0.78 0.70 0.72 1.00
Zn(ppm) | 0.21 -0.08 | -0.39 -0.27 022 | 021 | -043 -0.31 0.12 -0.14 -0.06 1.00
Cr(ppm) | 0.19 013 | 026 -0.18 012 | 015 | -0.50 -0.15 0.24 -0.08 0.08 0.38 1.00

The increasing distribution pattern of metals (except Zn and Cr) from lower to upper sections,
similar to silt, clay and organic carbon suggested their adsorption onto finer sediments and
organic carbon in the core MD-1. The significant correlation of Al, Fe, Mn, Ni, Co and Cu
with finer sediments and organic carbon further supported the same. Finer-grained sediments
hold a higher proportion of trace elements due to the larger surface area of smaller particles
(Mikulic et al. 2008). Also, the strong correlation between these trace metals and organic
carbon underlines an association in the form of organometallic complexes (Zourarah et al.

2009). Moreover, gradual decrease in organic carbon, Al, Fe, Mn, Ni, Co and Cu with depth
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indicated that these metals were significantly redistributed by the degradation of organic
matter. During initial deposition, trace metals associated with organic matter (Salomons and
Forstner 1984) tend to get redistributed upon early aerobic degradation of organic matter,
resulting in a gradual decrease in metal concentration with depth (Valette-Silver 1993).
Further, catchment area of the Mandovi estuary is known for Fe and Mn ore mining and its
associated activities. It is most likely that Fe and Mn may play an important role in the
distribution of metals. Iron and Manganese exhibit similar behaviour in the estuarine
environment. Upon reaching sediments, Fe and Mn oxide are readily reduced into anoxic
sediments either as electron acceptors in microbial mediated respiratory oxidation of organic
carbon (Thamdrup 2000) or reduced chemically by hydrogen sulphide (Kappler and Straub
2005). Reduced Fe and Mn may remobilize and precipitate as carbonates, adsorb onto clay
minerals, carbonates, and metal oxide (Kristiansen et al. 2002) in relatively oxic conditions.
The enrichment of Fe and Mn in the upper section of the core MD-1 therefore indicated that
they were precipitated as insoluble oxy-hydroxide in sediments when brought across a redox
gradient into an oxidizing environment (Brown et al. 2000) while, their lower concentration
in the lower section suggested their dissolution under reducing diagenetic conditions
(Dulaiova et al. 2008; Ram et al. 2009). In this core, trace metals viz. Ni, Co and Cu showed
significant correlation with Fe and/or Mn suggesting role of Fe and/or Mn oxide in
distribution of these trace metals as they are known to scavenge trace metals from the water
column (Venkatramanan et al. 2014). Among the metals, distribution pattern of Zn and Cr
was different from rest of the metals indicating their different source in the estuary and the

significant correlation among themselves suggested their close association.

The correlation analysis results of the core S-1 showed significant correlation of finer
sediments with organic carbon; silt with Ni, Co and Cu; clay with Al, Mn, Ni, Co and Cu;
organic carbon with Al, Mn, Ni, Co, Cu and Cr; and pH with Zn (Table 3.1.3d). Among the
metals, Al exhibited significant correlation with Mn, Ni, Co, Cu and Cr; Fe with Mn, Zn and
Cr; while Mn with all the trace metals. In addition, Ni showed significant correlation with Co,
Cu and Cr; Co with Cu and Cr; while Cu and Zn with Cr.

Similar to Mandovi estuary, most of the metals (Al, Mn, Ni, Co, Cu and Cr) in the Sharavathi
estuary showed overall increasing distribution pattern from lower to upper sections as that of
finer sediments and organic carbon. Also, these metals exhibited significant correlation with

silt and/or clay and/or organic carbon indicating their adsorption onto finer sediments and

75



Table 3.1.3d Correlation between sediment components, pH, organic carbon and metals in

bulk sediments in core S-1 (n=34). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) [Clay (%)|Org C (%)| pH | Al(%) | Fe (%) [Mn (ppm)|Ni (ppm)|Co (ppm)|Cu (ppm)|Zn (ppm)| Cr (ppm)

Sand (%)[__1.00

Silt (%) -0.90 1.00

Clay (%) | -0.96 0.76 | 1.00

OrgC (%) -0.84 0.75 | 0.82 1.00

pH 0.88 0.78 | -0.85 -0.82 1.00

Al (%) -0.83 0.73 | 0.82 0.90 0.75 | 1.00

Fe (%) 0.02 -0.04 | 0.02 0.02 010 | 047 | 1.00

Mn (ppm)| -0.37 027 | 0.39 0.38 033 | 059 | 051 1.00

Ni(ppm)| -0.74 064 | 0.74 0.80 068 | 0.85 | -0.04 0.51 1.00

Co(ppm)| -0.74 0.57 | 0.77 0.87 069 | 094 | 022 0.63 0.88 1.00

Cu(ppm)| -0.74 064 | 073 0.81 069 | 0.81 | -007 0.46 0.89 0.82 1.00

Zn(ppm)| 028 023 | -0.28 -0.27 037 | 013 | 0.39 0.48 0.1 -0.05 0.22 1.00
Cr(ppm)| -0.31 022 | 034 0.38 012 | 052 | 0.52 0.60 0.51 0.62 0.38 0.53 1.00

complexation with organic carbon (Chatterjee et al. 2007). In the lower section of the core S-
1, most of the metals exhibited fluctuating distribution patterns which suggested their
mobilization from the sediments. As seen from the triangular diagram, lower section of the
core S-1 was enriched in coarser sediments (Fig. 3.2d) with sand percentage between 90 and
100 %. In coarser sediments, the porosity is much higher compared to finer sediments and
there is enough opportunity for the metals to get mobilized from the coarser sediments (Clark
1992). The increasing concentration of Al, Mn, Ni, Co and Cu observed in finer sediments
enriched upper section of the core S-1 compared to the lower section further supported their
mobilization and re-precipitation under oxic conditions. The significant correlation of Mn
with all the trace metals indicated role of Mn oxide in regulation of trace metals across the
redox boundary (Kumar and Edward 2009). The Fe oxide too seemed to have certain role in
distribution of Zn and Cr. According to Zabetoglou et al. (2002), Fe often correlates well with
concentrations of trace metals in aquatic environments. However, nature, crystallinity, size of
the crystals, surface charge of metal oxide and mixed metal oxide (e.g., Fe-Al oxide) also
play an important role in the sorption selectivity of trace elements in cationic form (Violante
et al. 2008). This might be the possible reason for difference in affinity of trace metals
towards Fe and Mn. Further, like Mandovi estuary, Sharavathi estuary is also a reservoir of
iron ore mining wastes. Therefore, input of Fe and Mn from mining related activities must be
facilitating adsorption of trace metals onto sediments. Among the metals, the distribution
pattern of Zn was different from rest of the trace metals particularly in the upper section and
its poor correlation with most of the trace metals indicated different source, may be
anthropogenic (scrapings of paint from barges used for transportation of iron ore and fishing

trawlers as well as agricultural and domestic wastes).

76



The correlation analysis results of the core GP-1 revealed significant correlation of finer
sediments with organic carbon; Al, Fe, Ni, Co, Cu and Cr with finer sediments and organic
carbon (Table 3.1.3e). Also, pH showed significant correlation with Al, Fe and Co. Among
the metals, Al exhibited significant correlation with Fe, Ni, Co, Cu and Cr, while Fe and Mn
with all the trace metals (except Zn). In addition, Ni showed significant correlation with Co,
Cu and Cr; Co with Cu and Cr; while Cu and Zn with Cr.

Table 3.1.3e Correlation between sediment components, pH, organic carbon and metals in

bulk sediments in core GP-1 (n=30). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) [Clay (%)|Org C (%)| pH Al (%) | Fe (%) [Mn (ppm)| Ni (ppm) [ Co (ppm)|Cu (ppm)| Zn (ppm) | Cr (ppm)

Sand (%)| 1.00

Silt (%) | -0.92 1.00

Clay (%) | -0.91 0.68 | 1.00

OrgC (%) -0.91 0.81 0.87 1.00

pH -0.40 0.31 0.42 0.42 1.00

Al (%) -0.82 0.74 | 0.77 0.92 0.53 | 1.00

Fe (%) -0.84 0.76 | 0.78 0.95 046 | 0.95 | 1.00

Mn (ppm)| -0.18 010 | 023 0.28 023 | 030 | 042 1.00

Ni (ppm) | -0.65 0.56 | 0.64 0.76 030 | 074 | 0.86 0.70 1.00

Co(ppm)| -0.79 070 | 0.75 0.90 040 | 0.89 | 0.94 0.55 0.92 1.00

ppm)| -0.69 0.67 | 0.59 0.81 036 | 0.83 | 0.87 0.42 0.77 0.82 1.00

Cu (
Zn(ppm)| -0.16 019 | 0.11 0.12 027 | 006 | 004 | -020 -0.07 0.09 0.13 1.00
Cr(ppm)| -0.64 0.68 | 0.49 0.73 012 | 0.66 | 0.77 0.43 0.77 0.82 0.63 0.36 1.00

The decrease in metal concentration (except Zn) in the middle section than lower and upper
sections of the core GP-1 was attributed to dilution of concentration by input of coarser
sediments. German and Svensson (2002) reported that change in particle size distribution
results in a variation in distribution pattern of metals in the sediments, with higher proportion
of metals associated with finer fractions than coarser. In this core, except Zn, all the metals
exhibited similar distribution pattern as that of finer sediments and organic carbon. Also,
significant correlation of most of the metals (Al, Fe, Ni, Co, Cu and Cr) with finer sediments
and organic carbon suggested that sediment grain size exerts a significant control on the
vertical distribution of metals (Nasnodkar and Nayak 2015). In addition, significant
correlation of trace metals with Fe and Mn indicated role of Fe-Mn oxide in distribution of
metals in the lower region of the Gurupur estuary. The basin area of the Gurupur River, as
discussed earlier, is rich in Fe bearing minerals, in addition to Mn. The natural weathering of
basin rocks might be the source of Fe and Mn in the Gurupur river sediments. Additionally,
as mentioned earlier, the Kudremukh iron ore mine is located in the catchment area of the
Gurupur River and the heavy rainfall in this region must be bringing large amount of Fe rich

material, in addition to Mn from the catchment area into the river which might have favoured
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the adsorption of trace metals. Further, similar to Sharavathi estuary, distribution pattern of
Zn in the Gurupur estuary was different in comparison to other metals and its enrichment in
the top 14 cm of the core GP-1 indicated different source, probably originating from the
anthropogenic activities like scrapings of paint from fishing trawlers as well as agricultural
and domestic wastes. The poor correlation of Zn with most of the trace metals further

supported its different source.

Further, in order to understand difference in sediment components, pH, organic carbon,
metals concentration in the bulk sediments among the cores, the data was plotted on the
isocon diagram (Fig.3.1.7). On comparison of core VS-1 with core VG-1, clay, pH, Cr and
Zn were higher in the core VS-1, while sand, Al, Co, Ni, Cu and Mn were higher in the core
VG-1. Organic carbon and silt were slightly higher in the core VS-1, while Fe in the core
VG-1. The comparison of cores VS-1 and MD-1 indicated higher clay, silt, Al, Fe, Mn, Ni,
Co, Cu, Zn and Cr in the core VS-1, while sand was higher in the core MD-1. Organic carbon
was slightly higher in the core VS-1, while pH in the core MD-1. Between cores VS-1 and S-
1, clay, silt organic carbon, Al, Fe, Mn, Ni, Co, Cu and Cr were higher in the core VS-1,
whereas sand and Zn in the core S-1. pH was slightly higher in the core S-1. Further, between
cores VS-1 and GP-1, clay, silt, organic carbon, Al, Fe, Mn, Ni, Co, Cu and Cr were higher in
the core VS-1, while sand and Zn in the core GP-1. pH was slightly higher in the core VS-1.
On comparison of cores VG-1 and MD-1, clay, Al, Fe, Mn, Ni, Co, Cu and Cr were higher in
the core VG-1, while sand and Zn in the core MD-1. The concentration of organic carbon and
silt was slightly higher in the core VG-1, while pH in the core MD-1. Among cores VG-1 and
S-1, clay, silt, organic carbon, Al, Fe, Mn, Ni, Co, Cu and Cr were higher in the core VG-1,
while sand, pH and Zn in the core S-1. Between cores VG-1 and GP-1, clay, silt, organic
carbon, Al, Fe, Mn, Ni, Co, Cu and Cr were higher in the core VG-1, whereas sand and Zn in
the core GP-1. pH was slightly higher in the core GP-1. Further, on comparison of cores MD-
1 and S-1, clay, silt, organic carbon, Fe, Mn, Ni, Co, Cu and Cr were higher in the core MD-1
while sand and Zn in the core S-1. Aluminium was slightly higher in the core MD-1, whereas
pH in the core S-1. Among cores MD-1 and GP-1, silt, clay, organic carbon, pH, Co, Cu and
Mn were higher in the core MD-1 while, sand, Fe, Al and Zn in the core GP-1. Nickel was
slightly higher in the core MD-1, while Cr in the core GP-1. Further, between cores S-1 and
GP-1, Zn was higher in the core S-1, whereas silt, Cr, Fe, Ni, Al and Co in the core GP-1.
Sand, clay, pH and Mn were slightly higher in the core S-1, while organic carbon and Cu in
the core GP-1.
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Fig. 3.1.7 Isocon plots for sediment components, pH, organic carbon and metals in the bulk

sediments
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As discussed earlier, change in the catchment area geology has led to variation in grain size
from North to South along the study area. The basalt in the North might have led to higher
finer sediments in the Vashishti estuary. However, most of the metals were present in higher
concentration in the Vaghotan estuary than the Vashishti. Further, on comparison of
Mandovi, Sharavathi and Gurupur estuaries with either Vashishti or Vaghotan estuary a
systematic pattern was observed with respect to sediment components, organic carbon and
metals. It was sand that seemed to be higher in Mandovi, Sharavathi and Gurupur estuaries
than Vashishti and VVaghotan estuaries, in which finer sediments, organic carbon and most of
the metals were in higher concentration. The granite and granitic gneisses towards the South
of the study area must be responsible for higher sand percentage. However, higher
concentration of Zn in Mandovi, Sharavathi and Gurupur estuaries in comparison to
Vashishti and Vaghotan estuaries (except in core MD-1 v/s core VS-1) indicated

anthropogenic input.

3.1.5 Clay mineralogy

Vashishti estuary

In core VS-1, the abundance of clay minerals was in the order of smectite > kaolinite > illite
> chlorite (Table 3.1.4a). The percentage of smectite, illite, kaolinite and chlorite ranged from
27.84 % to 76.10 % (avg. 53.00 %), 6.93 % to 37.94 % (avg. 14.50 %), 19.26 % to 38.01 %
(avg. 25.63 %) and 3.16 % to 10.10 % (avg. 6.87 %) respectively.

Distribution of clay minerals in the core VS-1 is presented in the figure 3.1.8a. The
distribution pattern of all the clay minerals showed slight fluctuating trend from bottom to 22
cm depth followed by drastic change up to 18 cm. This change has resulted in positive peak
at 18 cm for kaolinite and illite, and negative peak for smectite. From 14 c¢cm to surface,
percentage of smectite increased, whereas kaolinite and illite showed fluctuations around the

average line. Chlorite showed fluctuating distribution pattern from 22 cm and surface.
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Table 3.1.4a Range and average concentration of clay minerals in cores VS-1, VG-1, S-1 and GP-1.

Smectite (%) Ilite (%) Kaolinite (%) Chlorite (%)
Sediment core Range Range Range Range
! - g Avg - g Avg - g Avg - 9 Avg
Min Max Min Max Min Max Min Max
VS-1 27.84 76.10 53.00 6.93 37.94 14.50 19.26 38.01 25.63 3.16 10.10 6.87
VG-1 11.86 38.40 25.30 11.49 25.40 18.74 33.76 56.50 46.47 4.32 16.95 9.49
— -
Lower Mandovi 22.06 19.23 37.58 21.13
estuary
S-1 2.42 11.11 5.02 6.65 23.71 12.15 59.68 79.75 74.01 451 14.58 8.82
GP-1 2.59 6.70 4.67 9.39 21.93 14,51 61.97 76.98 69.93 6.72 15.91 10.90

*Average concentration of clay minerals in the lower Mandovi estuary was referred from Singh (2008)
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Fig. 3.1.8a Variation of clay minerals with average line in sediment core VS-1

Vaghotan estuary

In the lower estuarine region of the Vaghotan estuary (core VG-1) the abundance of clay
minerals was in the order of kaolinite > smectite > illite > chlorite (Table 3.1.4a). The
percentage of smectite ranged from 11.86 % to 38.40 % (avg. 25.30 %), while illite varied
from 11.49 % to 25.40 % (avg. 18.74 %). The percentage of kaolinite and chlorite ranged
from 33.76 % to 56.50 % (avg. 46.47 %) and 4.32 % to 16.95 % (avg. 9.49 %) respectively.

Distribution of clay minerals in the core VG-1 is presented in the figure 3.1.8b. The smectite
and kaolinite values remained constant from bottom to 30 cm, followed by a fluctuating trend
towards the surface. Illite and chlorite showed fluctuation around the average line opposite to
each other from bottom to 30 cm of the core VG-1, from where chlorite decreased with
fluctuations and illite maintained almost constant trend. The distribution pattern of kaolinite

was largely opposite to that of smectite in this core.
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Fig. 3.1.8b Variation of clay minerals with average line in sediment core VG-1

Mandovi estuary

Clay mineral analysis carried out by Singh et al. (2014) in the sediment core collected from
the lower region of the Mandovi estuary has been used in the present study. They reported
abundance of kaolinite in the lower estuarine core. The average percentage of smectite, illite,
kaolinite and chlorite reported by Singh et al. (2014) is 22.06 %, 19.23 %, 37.58 % and 21.13

% respectively.

Sharavathi estuary

In core S-1, kaolinite was abundant in comparison to other clay minerals. Clay minerals
assemblage was in the decreasing order of abundance i.e. kaolinite > illite > chlorite >
smectite (Table 3.1.4a). The percentage of smectite, illite, kaolinite and chlorite varied from
2.42 % to 11.11 % (avg. 5.02 %), 6.65 % to 23.71 % (avg. 12.15 %), 59.68 % to 79.75 %
(avg. 74.01 %) and 4.51 % to 14.58 % (avg. 8.82 %) respectively.
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Distribution of clay minerals in the core S-1 is presented in the figure 3.1.8c. From bottom to
30 cm, all the minerals showed large fluctuations. Between 30 cm and surface, distribution
pattern of smectite and illite showed decreasing trend, whereas kaolinite and chlorite showed
an increase towards the surface of the core S-1, with chlorite showing positive peak at 16 cm.
Kaolinite exhibited opposite trend to that of smectite from bottom to surface. Similarly,
chlorite exhibited increasing trend whereas illite decreasing trend when the whole profile was
considered.

Smectite (%) Kaolinite (%)
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Fig. 3.1.8c Variation of clay minerals with average line in sediment core S-1

Gurupur estuary

Similar to core S-1, core GP-1 collected from the lower region of the Gurupur estuary also
indicated kaolinite as the dominant clay mineral. Clay mineral assemblage was in the order of
abundance i.e. kaolinite > illite > chlorite > smectite (Table 3.1.4a). Smectite in this core
varied 2.59 % to 6.70 % (avg. 4.67 %) and illite ranged from 9.39 % to 21.93 % (avg. 14.51
%); while, kaolinite and chlorite ranged from 61.97 % to 76.98 % (avg. 69.93 %) and 6.72 %
to 15.91 % (avg. 10.90 %) respectively.
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Distribution of clay minerals in the core GP-1 is presented in the figure 3.1.8d. The smectite
and illite showed overall increase from bottom to 18 cm, while, kaolinite and chlorite
exhibited increase from bottom to 40 cm followed by decrease up to 10 cm with fluctuations.
In top 10 cm, all the clay minerals exhibited an increasing trend towards the surface.
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Fig. 3.1.8d Variation of clay minerals with average line in sediment core GP-1
When average values of clay minerals of five estuaries were considered, smectite decreased
from VS-1 to GP-1 i.e. from North to South. Kaolinite showed overall increase towards
South with exceptions, namely Mandovi and Gurupur, wherein it was present in slightly
lower concentration. Illite along this coast, between VS-1 and GP-1 varied from 12.15 to
19.23 %, while chlorite from 6.87 to 21.13 %.
3.1: 6 Clay chemistry

Major metals (Al, Fe and Mn)

Vashishti estuary
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The concentration of Al, Fe and Mn in the clay fraction of the core VS-1 varied from 8.06 %
t0 9.90 % (avg. 8.77 %), 9.37 % to 12.27 % (avg. 10.54 %) and 605 ppm to 1160 ppm (avg.
856 ppm) respectively (Table 3.1.4Db).

Element distribution profile in the clay component of the core VS-1 is presented in the figure
3.1.9a. Metals viz. Fe and Mn exhibited overall increasing trend from bottom to around 22
cm, while Al showed increase from bottom to 30 cm, followed by a decreasing trend up to 22
cm. Further, Al and Mn showed increase towards the surface, while Fe showed decrease.

However, Mn in the upper 2 cm showed decrease.

Al (%) Mn (ppm) Co (ppm) Zn (ppm)
8 92 800 1200 40 80 160 320

Depth (cm)
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Fig. 3.1.9a Variation of metals in clay fraction with average line in sediment core VS-1

Vaghotan estuary
The concentration of Al, Fe and Mn in the clay fraction of the core VG-1 ranged from 8.03 %

to 14.34 % (avg. 11.37 %), 3.91 % to 5.33 % (avg. 4.75 %) and 501 ppm to 1320 ppm (avg.
842 ppm) respectively (Table 3.1.4b).
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Table 3.1.4b Range and average concentration of major metals in clay fraction in cores VS-1, VG-1, MD-1, S-1 and GP-1

Sediment Al (%) Fe (%) Mn (ppm)
core _ Range Avg _ Range Avg _ Range Avg
Min Max Min Max Min Max
VS-1 8.06 9.90 8.77 9.37 12.27 10.54 605 1160 856
VG-1 8.03 14.34 11.37 3.91 5.33 4.75 501 1320 842
MD-1 6.14 9.95 7.94 3.02 6.17 4.37 344 2915 1368
S-1 6.24 9.67 8.06 2.55 4.94 4.01 219 393 263
GP-1 3.38 11.94 7.34 1.13 3.07 212 52 148 104

Table 3.1.4c Range and average concentration of trace metals in clay fraction in cores VS-1, VG-1, MD-1, S-1 and GP-1

Sediment Ni (ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)
core . Range Avg . Range Avg . Range Avg . Range Avg . Range Avg
Min Max Min Max Min Max Min Max Min Max

VS-1 110 135 128 41 75 60 157 240 185 178 313 231 124 188 157
VG-1 48 70 60 30 43 38 172 259 215 159 466 264 134 178 158
MD-1 55 95 67 20 39 27 146 263 208 222 374 294 178 278 207
S-1 53 94 70 21 40 28 140 511 212 190 1338 264 119 286 226
GP-1 26 64 46 10 22 18 120 367 239 193 372 281 73 319 191
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Element distribution profile in the clay component of the core VG-1 is presented in the figure
3.1.9b. From bottom to around 30 cm, Al and Fe exhibited an overall increase, while Mn
showed an increase from bottom to 50 cm which was followed by a gradual decrease up to 30
cm. Further, Al showed overall decreasing trend from 30 cm to the surface. Iron exhibited
overall an increase from 30 to 6 cm which was followed by a decrease towards the surface,

while Mn showed overall decrease from 30 to 22 cm and then increased towards the surface.

Al (%) Mn (ppm) Co (ppm) Zn (ppm)
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Fig. 3.1.9b Variation of metals in clay fraction with average line in sediment core VG-1

Mandovi estuary

In core MD-1, the concentration of Al, Fe and Mn in the clay fraction ranged from 6.14 % to
9.95 % (avg. 7.94 %), 3.02 % to 6.17 % (avg. 4.37 %) and 344 ppm to 2915 ppm (avg. 1368
ppm) respectively (Table 3.1.4b).

Element distribution profile in the clay component of the core MD-1 is presented in the figure
3.1.9c. From bottom to 40 cm, Al showed overall an increasing trend, while Fe exhibited

decreasing trend. The concentration of Mn remained nearly constant from bottom to 40 cm.
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Further, Al and Fe showed increasing peak at 30 cm between 40 and 22 cm. Manganese
exhibited overall an increase from 40 to 22 cm. The concentration of Al and Fe decreased
from 22 to 18 cm which was followed by nearly constant trend up to 6 cm. Further, they
showed an increase towards the surface. Manganese showed decrease from 22 to 6 cm and
further, increased towards the surface.

Al (%) Mn (ppm) Co (ppm) Zn (ppm)
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Fig. 3.1.9¢c Variation of metals in clay fraction with average line in sediment core MD-1

Sharavathi estuary

In this estuary (core S-1), concentration of Al, Fe and Mn in the clay fraction ranged from
6.24 % to 9.67 % (avg. 8.06 %), 2.55 % to 4.94 % (avg. 4.01 %) and 219 ppm to 393 ppm
(avg. 263 ppm) respectively (Table 3.1.4b).

Distribution of metals in the clay component of the core S-1 is presented in the figure 3.1.9d.
Metals viz. Al and Fe showed decreasing peak at 60 cm, while Mn exhibited overall an
increase. Further, Al, Fe and Mn showed overall decrease from 50 to 30 cm. The

concentration of Al and Fe showed overall increasing trend from 30 cm to surface of the core
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S-1, while Mn exhibited fluctuating trend with overall decreasing trend towards the surface.

At 18 cm, all the three metals showed negative peak and at 22 cm positive peak.
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Fig. 3.1.9d Variation of metals in clay fraction with average line in sediment core S-1

Gurupur estuary

Metals viz. Al, Fe and Mn in clay fraction in the core GP-1 varied from 3.38 % to 11.94 %
(avg. 7.34 %), 1.13 % to 3.07 % (avg. 2.12 %) and 52 ppm to 148 ppm (avg. 104 ppm)
respectively (Table 3.1.4b).

Element distribution profile of clay component in the core GP-1 is presented in the figure
3.1.9e. Metals viz. Al and Fe showed overall increasing trend from bottom to 40 cm, while
Mn, exhibited overall decreasing trend. From 40 to 22 cm, Al and Fe exhibited decreasing
distribution pattern, whereas Mn showed increasing distribution pattern. Further, Al, Fe and
Mn showed decrease from 22 to 18 cm. Thereafter, concentration of these metals increased

towards the surface.
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Fig. 3.1.9e Variation of metals in clay fraction with average line in core GP-1

Trace metals (Ni, Co, Cu, Zn and Cr)

Vashishti estuary

The concentration of Ni, Co, Cu, Zn and Cr in the clay fraction of the core VS-1 varied from
110 ppm to 135 ppm (avg. 128 ppm), 41 ppm to 75 ppm (avg. 60 ppm), 157 ppm to 240 ppm
(avg. 185 ppm), 178 ppm to 313 ppm (avg. 231 ppm) and 124 ppm to 188 ppm (avg. 157
ppm) respectively (Table 3.1.4c).

Nickel showed decreasing trend from bottom to 30 cm which was followed by an increase up
to 22 cm (Fig 3.1.9a). Metals viz. Cu and Zn exhibited overall increasing trend from bottom
to around 22 cm, while Co and Cr showed similar distribution to that of Al. Nickel showed
decreasing peak from 22 to 16 cm whereas other metals namely Cu, Co, Zn and Cr exhibited
increasing peak in this part. Further, all the trace metals showed overall decrease towards the

surface with Cu and Zn showing a positive peak at 6 cm depth, similar to Mn.
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Vaghotan estuary

The concentration of Ni, Co, Cu, Zn and Cr in the clay fraction of the core VG-1 ranged from
48 ppm to 70 ppm (avg. 60 ppm), 30 ppm to 43 ppm (avg. 38 ppm), 172 ppm to 259 ppm
(avg. 215 ppm), 159 ppm to 466 ppm (avg. 264 ppm) and 134 ppm to 178 ppm (avg. 158
ppm) respectively (Table 3.1.4c).

The distribution pattern of Ni and Co was largely similar to Al throughout the core VG-1 (Fig
3.1.9b). From bottom to around 30 cm, Cu exhibited overall an increase, while Zn showed
slight fluctuations. Chromium showed an increase from bottom to 50 cm which was followed
by a gradual decrease up to 30 cm, similar to Mn. Further, Cu, Zn and Cr showed sharp
increase from 30 to 22 cm. From 22 to 6 cm, these trace metals showed increase with initial

decrease. Increase towards surface was similar to that of Mn.

Mandovi estuary

In core MD-1, the concentration of Ni, Co, Cu, Zn and Cr in the clay fraction ranged from 55
ppm to 95 ppm (avg. 67 ppm), 20 ppm to 39 ppm (avg. 27 ppm), 146 ppm to 263 ppm (avg.
208 ppm), 222 ppm to 374 ppm (avg. 294 ppm) and 178 ppm to 278 ppm (avg. 207 ppm)
respectively (Table 3.1.4c).

The concentration of Ni, Co and Cr remained nearly constant from bottom to 40 cm (Fig
3.1.9¢). Copper exhibited decreasing trend, while Zn showed an overall increasing trend from
bottom to 40 cm. All the trace metals showed increasing peak at 30 cm between 40 and 22
cm. The distribution of Ni and Co was similar to Al and Fe from 22 cm to surface. Zinc
exhibited overall an increase from 22 cm to surface, whereas Cr showed decrease from 22 to
10 cm and maintained along average line up to 6 cm. Further, it showed a decreasing trend
towards the surface. The concentration of Cu increased from 22 to 10 cm which was followed

by a decreasing trend towards the surface.

Sharavathi estuary

In this estuary (core S-1), concentration of Ni, Co, Cu, Zn and Cr in the clay fraction ranged
from 53 ppm to 94 ppm (avg. 70 ppm), 21 ppm to 40 ppm (avg. 28 ppm), 140 ppm to 511
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ppm (avg. 212 ppm), 190 ppm to 1338 ppm (avg. 264 ppm) and 119 ppm to 286 ppm (avg.
226 ppm) respectively (Table 3.1.4c).

Metals viz. Ni, Co, Cu and Zn exhibited increasing peak at 60 cm, whereas concentration of
Cr remained nearly constant (Fig 3.1.9d). Further, all the trace metals showed overall
decrease from 50 to 30 cm. Metals viz. Ni, Co, Cu and Zn showed overall decrease from 30

cm to surface similar to Mn, while Cr exhibited overall increasing trend, similar to Al and Fe.

Gurupur estuary

Metals viz. Ni, Co, Cu, Zn and Cr in the clay fraction of the core GP-1 varied from 26 ppm to
64 ppm (avg. 46 ppm), 10 ppm to 22 ppm (avg. 18 ppm), 120 ppm to 367 ppm (avg. 239
ppm), 193 ppm to 372 ppm (avg. 281 ppm) and 73 ppm to 319 ppm (avg. 191 ppm)
respectively (Table 3.1.4c).

Metals viz. Ni and Cr showed overall increasing trend from bottom to 40 cm, while Co, Cu
and Zn exhibited overall decreasing trend (Fig 3.1.9¢). From 40 to 22 cm, Ni, Co and Cr
exhibited decreasing distribution pattern, whereas Cu and Zn showed increasing distribution
pattern. Further, trace metals showed decrease from 22 to 18 cm. Thereafter, concentration of
Ni, Co and Cr increased towards the surface, while Cu and Zn showed an increase from 18 to

10 cm which was followed by a decreasing trend towards the surface.

When the average values of major elements in the clay fraction of five estuaries were
considered, Al was highest in the core VG-1, Fe in the core VS-1 and Mn in the core MD-1.

All three elements were present in lowest concentration in the core GP-1.

With respect to trace metals in the clay fraction when five estuaries were compared highest
value was recorded in the core VS-1 for Ni and Co. Core GP-1 showed highest value for Cu,
while core MD-1 for Zn. Chromium was highest in the core S-1. Metals viz. Ni and Co

exhibited lowest value in the core GP-1, while Cu, Zn and Cr in the core VS-1.

In the study area, clay minerals varied with a range for smectite from 4.67 % to 53.00 %,
illite from 12.15% to 19.23 %, kaolinite from 25.63 % to 74.01 % and chlorite from 6.87 %
to 21.13 % (Table 3.1.4a). When the data of clay minerals for five estuaries was compared it
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revealed decrease in percentage of smectite from Vashishti to Gurupur estuary, while, there
was overall increase in percentage of kaolinite from North towards the South in the study
area (Fig 3.1.10). The systematic variation in percentage of these clay minerals can be
attributed to change in source rocks from North to South in the catchment area of rivers
studied, (as discussed earlier). Chauhan and Vogelsang (2006) stated that the difference in
clay mineral assemblages within sediments of the estuaries indicates change in hinterland
geology, drainage and climate, and source. The weathering of Deccan trap basalts
(Parthasarathy, 2003) in arid to semi-arid climate must have led to the release of smectite in
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Fig 3.1.10 Distribution of clay minerals along the study area

sediments of the Vashisthi and VVaghotan estuaries. Rao and Rao (1995) have earlier reported
presence of high smectite in the inner continental shelf off Ratnagiri-Goa along continental
margins of India which they concluded of basaltic source. Further South, rock types vary
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from meta-volcanic and meta-sedimentary rocks to granites and granite gneisses, as discussed
earlier. The weathering of granites might have released more kaolinite. The present study also
indicated presence of considerable amount of illite in estuaries along central west coast of
India. Illite is generally transformed from smectite during the process of transportation.
According to Eberl (1984) AI** ions substitute for Si** in the smectite tetrahedral sheets,
thereby increasing the negative charge on smectite interlayers. Upon achieving critical layer
charge, the interlayer potassium dehydrates expands smectite interlayers into non expanding
illite interlayers. In addition, illite could also be formed by the weathering of non-layer
silicate, such as feldspar from granites under moderate hydrolysis conditions, and by the
degradation of micas (Fagel et al. 2003). The weathering of igneous and metamorphic rocks
might have released chlorite as it is commonly found in igneous rocks as an alteration
product of mafic minerals such as pyroxene, amphibole and biotite, and also associate with

metamorphic rocks.

The processes such as size sorting during transport (Reddy et al. 1992), differential
flocculation (Singer 1984), dispersal of clay minerals due to prevalence of regional and local
currents, supply of sediment from multiple sources and organo-mineral interactions (Naidu et
al. 1985) tend to affect distribution of clay minerals. These factors might have led to

variations in concentration of clay minerals in cores VS-1, VG-1, S-1 and GP-1 with time.

Within the study area, major metals in the clay component varied with a range for Al from
7.34 % to 11.37 %, Fe from 2.12 % to 10.54 % and Mn from 104 ppm to 1368 ppm, while
trace metals varied with a range for Ni from 46 ppm to 128 ppm, Co from 18 ppm to 60 ppm,
Cu from 185 ppm to 239 ppm, Zn from 231 ppm to 294 ppm and Cr from 157 ppm to 226
ppm (Table 3.1.4b and ¢). Among these metals, only Fe, Ni and Co showed overall decrease
from North to South along central west coast of India (Fig. 3.1.11a and b), similar to clay,

while rest of the metals exhibited fluctuating distribution pattern.
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Fig 3.1.11b Distribution of trace metals in the clay fraction along the study area
Pearson’s correlation analysis results of the core VS-1 showed significant correlation of

smectite with Mn; and of chlorite with Al and Cr (Table 3.1.5a). Among the metals, Cu and

Zn exhibited significant correlation with each other.
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Table 3.1.5a Correlation between clay minerals and metals in clay fraction incore VS-1

(n=9). Values in bold indicates significant correlation at p<0.05

Smectite (%) | llite (%) |Kaolinite (%)| Chlorite (%)| Al(%) | Fe (%) [Mn (ppm)|Ni (ppm)| Co (ppm)| Cu (ppm)|Zn (ppm)| Cr (ppm)

Smectite (%) 1.00

llite (%) -0.78 1.00
Kaolinite (%) 061 0.87 1.00
Chlorite (%) 035 -0.01 -0.07 1.00

Al (%) 0.12 -0.30 022 0.77 1.00

Fe (%) -0.28 0.06 0.01 0.23 011 ] 1.00

Mn (ppm) 0.95 -0.74 -0.71 -0.39 005 | 022 | 100

Ni (ppm) 0.36 -0.80 -0.75 0.16 011 | 0.08 0.34 1.00

Co (ppm) 029 0.35 0.34 0.03 006 | 035 | -027 | -013 1.00

Cu (ppm) 0.41 0.49 0.14 0.02 000 | 037 | -019 | -056 0.06 1.00

Zn (ppm) -0.11 0.30 0.02 -0.01 019 | 029 008 | -058 0.03 0.93 1.00

Cr (ppm) 048 0.20 0.05 0.71 044 | 006 | -047 | -010 0.32 0.34 0.24 1.00

Similar distribution of Cu and Zn throughout the core VVS-1 and significant correlation among
themselves indicated their association with each other. The significant correlation of smectite
with Mn, and chlorite with Al and Cr suggested adsorption of these trace metals onto
respective clay minerals or substitute into the lattice structure of clay minerals. Prost and
Yaron (2001) stated that clay minerals readily interact with almost all soil contaminants.
Further, clay minerals provide binding surfaces for metals in sediment, because of their
adsorptive properties (Essa and Faragallah 2006). In core VS-1, the decreasing peak of Co,
Cu, Zn and Cr at 18 cm contrasting with increasing peak of major metals indicated that major
metals did not involve in regulating distribution of these trace metals between 22 and 10 cm.
However, an increasing peak of Cu and Zn, similar to Mn at 6 cm suggested role of Mn oxide
and decrease near surface of Co, Cu, Zn and Cr similar to Fe and Mn indicated role of Fe-Mn

oxide in distribution of these trace metals in the recent years.

In core VG-1, smectite showed significant correlation with Zn (Table 3.1.5b). Among the
metals, Al showed significant correlation with Ni and Co. Metals viz. Ni with Co; Cu with Zn

and Cr; and Zn with Cr also exhibited significant correlation.

The similar distribution of Ni and Co to Al in the VG-1 indicated association of these trace
metals with Al. The significant correlation of Ni and Co with Al further supported their
association. Volvoikar and Nayak (2013a) stated that clay-sized fraction of sediments
represents stable weathering product or strong erosion of source rocks and mainly holds
metals within lattice structure of alumino-silicate minerals. Alternatively, trace metals may be

adsorbed to clay minerals. Among the trace metals, Cu, Zn and Cr showed similar
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distribution from 30 cm to surface and agreed largely with the distribution of Mn. Further,

significant correlation among them indicated that these metals might have similar sources or

enrichment mechanism in the recent years.

Table 3.1.5b Correlation between clay minerals and metals in clay fraction incore VG-1

(n=10). Values in bold indicates significant correlation at p<0.05

Smectite (%) | lllite (%) |Kaolinite (%)| Chiorite (%)| Al (%) | Fe (%) |Mn (ppm)|Ni (ppm)|Co (ppm)|Cu (ppm)|Zn (ppm)| Cr (ppm)
Smectite (%) 1.00
llite (%) 0.03 1.00
Kaolinite (%) -0.89 0.36 1.00
Chlorite (%) 057 -0.61 053 1.00
Al (%) 051 0.28 0.27 0.27 1.00
Fe (%) 0.23 0.34 -0.30 -0.38 033 | 1.00
Mn (ppm) 045 013 0.37 0.13 004 | 067 | 100
Ni (ppm) 040 0.40 0.17 0.08 097 | 048 | -0.10 1.00
Co (ppm) 0.37 0.38 0.16 0.05 096 | 053 | 018 0.99 1.00
Cu (ppm) 0.44 0.57 0.72 0.33 006 | 055 | 019 | 018 017 1.00
Zn (ppm) 0.72 0.29 -0.77 049 044 | 043 | 023 | 028 | 031 0.80 1.00
Cr (ppm) 0.22 0.58 -0.34 -0.55 002 ] 063 | 008 0.12 0.14 0.71 0.65 1.00

In core MD-1, correlation results showed significant correlation of Al with Fe, Mn, Ni, Co
and Cr; and Fe with Mn, Ni, Co and Cr (Table 3.1.5c). Metals viz. Ni with Co and Cr; and Co

with Cr also exhibited significant correlation.

Table 3.1.5¢ Correlation between metals in clay fraction incore MD-1 (n=10). Values in bold

indicates significant correlation at p<0.05

Al (%) Fe (%) | Mn (ppm) Ni (ppm) [Co (ppm)Cu (ppm) Zn (ppm) | Cr (ppm)
Al (%) 1.00
Fe (%) 0.96 1.00
Mn (ppm) 0.70 0.71 1.00
Ni (ppm) 0.92 0.91 0.42 1.00
Co (ppm) 0.95 0.94 0.54 0.98 1.00
Cu (ppm) 0.61 0.61 0.30 0.56 063 | 1.00
Zn (ppm) 0.56 0.48 0.52 0.44 055 | 048 | 1.00
Cr (ppm) 0.84 0.85 0.31 0.96 093 | 057 | 027 1.00

In Mandovi estuary (core MD-1), from bottom to 40 cm similar distribution was observed

among Al and Zn; Fe and Cu; and Mn, Ni, Co and Cr. Further, from 40 to 22 cm except Mn,

major as well as trace metals showed increasing peak suggesting adsorption of trace metals

onto Fe oxide in this section of the core MD-1. Also, from 22 cm to surface except Cu, Cr

and Zn, rest of the metals were nearly similar in their distribution. Therefore, the vertical

distribution of metals suggested change in their association along the length of the core MD-

1. Trace metals get readily adsorbed onto Fe-Mn oxyhydroxides. However, stability of Fe

99




oxyhydroxides under mild reducing conditions is higher, and faster oxidation kinetics of Fe*?
compared to Mn*? occasionally leads to diagenetic enrichment of Fe as compared to
diagenetic Mn enrichment (Zwolsman et al. 1993). Such phenomenon can lead to change in
trace metal association with time. The correlation results showed significant correlation of

Mn, Ni, Co and Cr with Fe indicating role of Fe oxide in distribution of metals.

The correlation results of the core S-1 exhibited, significant correlation of smectite with illite;
illite with Ni, Cu and Zn; and kaolinite with Fe and Cr (Table 3.1.5d). Among the metals, Al
showed significant correlation with Fe and Cr; while Fe with Cr. All the metals, except Cr

exhibited significant correlation among themselves.

Table 3.1.5d Correlation between clay minerals and metals in clay fraction incore S-1

(n=11). Values in bold indicates significant correlation at p<0.05

Smectite (%) | llite (%) |Kaolinite (%)| Chlorite (%)| Al (%) | Fe (%) [Mn (ppm)|{Ni (ppm)| Co (ppm)|Cu (ppm)|Zn (ppm)| Cr (ppm)
Smectite (%) 1.00
lllite (%) 0.64 1.00
Kaolinite (%) -0.83 -0.85 1.00
Chlorite (%) -0.28 -0.63 0.19 1.00
Al (%) -0.28 -0.39 0.37 0.19 1.00
Fe (%) -0.61 -0.78 0.79 0.32 0.73 | 1.00
Mn (ppm) -0.09 017 0.19 -0.01 018 | 040 1.00
Ni (ppm) 0.39 0.68 -0.59 037 032 | -014 | 018 1.00
Co (ppm) 0.00 0.52 023 048 042 | 007 0.24 0.89 1.00
Cu (ppm) 0.20 0.81 0.56 053 017 | 043 | 017 0.79 0.79 1.00
Zn (ppm) 0.02 0.75 -0.38 -0.62 019 | 038 | 009 0.67 0.79 0.96 1.00
Cr (ppm) -0.78 -0.69 0.77 0.33 066 | 073 005 | -022 0.04 035 | 023 1.00

The nearly similar distribution pattern of Al, Fe and Cr in the core S-1 indicated adsorption of
Cr onto Fe oxides. The significant correlation among these metals further supported the same.
Metals viz. Ni, Co, Cu and Zn showed similar distribution pattern and significant correlation
among themselves indicated their close association with each other or similar enrichment
mechanism. The significant correlation of illite with Ni, Cu and Zn indicated role of illite in
their distribution. Further, significant correlation between smectite and illite supported the
clay mineral modification from smectite to illite. Manganese oxide did not seem to regulate
the distribution of metals in the clay component of the Sharavathi estuary. Kaolinite showed

significant correlation with Fe and Cr supporting their terrigenous source.

In core GP-1, correlation analysis results showed significant correlation of kaolinite with Mn,
Ni and Co; and chlorite with Ni (Table 3.1.5e). Among the metals, Al exhibited significant
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correlation with Fe, Ni and Cr while, Fe with Ni and Cr. Manganese showed significant
correlation with Co. Metals viz. Ni with Co and Cr; and Cu with Zn also showed significant

correlation.

Table 3.1.5e Correlation between clay minerals and metals in clay fraction in core GP-1

(n=10). Values in bold indicates significant correlation at p<0.05

Smectite (%) | lllite (%) |Kaolinite (%)| Chlorite (%)| Al(%) | Fe (%) [Mn (ppm)|Ni (ppm)| Co (ppm)|Cu (ppm)|Zn (ppm)| Cr (ppm)
Smectite (%) 1.00
llite (%) 0.28 1.00
Kaolinite (%) 0.22 049 1.00
Chlorite (%) -0.34 -0.70 0.67 1.00
Al (%) -0.34 0.29 057 042 1.00
Fe (%) -0.12 -0.14 0.63 0.30 092 | 1.00
Mn (ppm) -0.01 058 0.73 0.55 024 | 037 1.00
Ni (ppm) 0.29 -0.56 0.74 0.64 087 | 086 | 061 1.00
Co (ppm) 0.13 -0.66 0.69 0.52 044 | 054 | 0.92 0.78 1.00
Cu (ppm) -0.16 022 047 0.20 050 | 047 | 011 0.29 0.05 1.00
Zn (ppm) 0.08 -0.36 0.06 0.01 021 ] 001 | 058 013 0.60 0.69 1.00
Cr (ppm) 0.17 0.16 0.62 0.35 096 | 098 | 028 0.83 045 05 | -0.14 1.00

In core GP-1, distribution pattern of Al, Fe, Ni and Cr was similar to each other indicating
role of Fe oxide in distribution of Ni and Cr. The result of correlation analysis supported the
same. Manganese seemed to regulate the distribution of Co. All the metals except Cu and Zn,
showed an increase towards the surface indicating higher addition of clay bound metals in the
recent years. Metals viz. Cu and Zn showed significant correlation between each other
indicating they are derived from the similar source. Among the clay minerals, kaolinite
showed significant correlation with Mn, Ni and Co, while chlorite with Ni suggesting their
adsorption onto respective clay minerals or their substitution within clay lattice structure.

Further, in order to understand difference in clay minerals and metals concentration in the
clay fraction among the cores, the data was plotted on the isocon diagram (Fig.3.1.12). On
comparison of core VS-1 with core VG-1, smectite, Fe, Ni and Co were higher in the core
VS-1, while illite, kaolinite, chlorite, Al, Cu and Zn were higher in the core VG-1.
Manganese was slightly higher in the core VS-1, whereas Cr was nearly equal in both the
cores. The comparison of cores VS-1 and MD-1 indicated higher smectite, Al, Fe, Co and Ni
in the core VS-1, while illite, kaolinite, chlorite, Mn, Zn, Cr and Cu in the core MD-1.
Between cores VS-1 and S-1, illite, smectite, Al, Fe, Mn, Ni and Co were higher in the core
VS-1, whereas kaolinite, chlorite, Zn, Cr and Cu in the core S-1. Further, between cores VS-1

and GP-1, smectite, Al, Fe, Mn, Ni and Co were higher in the core VS-1, while kaolinite,
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chlorite, Zn, Cr and Cu in the core GP-1. Illite had equal concentration in both the cores. On

comparison of cores VG-1 and MD-1, smectite, kaolinite, Al and Co were higher in the core
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Fig. 3.1.12 Isocon plots for clay minerals and metals in the clay fraction
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VG-1, while chlorite, Zn, Cr and Mn in the core MD-1. The concentration of Fe and Cu was
slightly higher in the core VG-1, while that of illite and Ni in the core MD-1. Among cores
VG-1 and S-1, illite, smectite, Al, Fe, Mn and Co were higher in the core VG-1, while
kaolinite, Ni, Cr and Zn in the core S-1. Chlorite and Cu were slightly higher in the core VG-
1. Between cores VG-1 and GP-1, illite, smectite, Al, Fe, Mn, Ni and Co were higher in the
core VG-1, whereas kaolinite, chlorite, Cu, Zn and Cr in the core GP-1. Further, on
comparison of cores MD-1 and S-1, illite, chlorite, smectite, Mn was higher in the core MD-1
while, kaolinite and Zn in the core S-1. Chromium was slightly higher in the core S-1,
whereas concentration of Co, Ni, Fe, Cu and Al was nearly equal in both the cores. Similarly
among cores MD-1 and GP-1, illite, chlorite, smectite, Fe, Mn, Ni and Co were higher in the
core MD-1 while, kaolinite and Cu in the core GP-1. Al, Zn and Cr had slightly higher
concentration in the core MD-1. Further, between cores S-1 and GP-1, kaolinite was higher in
the core S-1, while illite and chlorite in the core GP-1. Smectite was slightly higher in the

core S-1. Among the metals, except Cu, rest all the metals were higher in the core S-1.

From the above described results it was clear that on comparison of core VS-1 with cores S-1
and GP-1 most of the metals were present in higher concentration in the core VS-1. Also,
most of the metals exhibited higher concentration in the core VG-1 in comparison to cores S-
1 and GP-1. Basalts in the catchment area of Vashishti and Vaghotan estuaries might have
contributed higher concentration of metals. Further, in cores collected from Vashishti and
Vaghotan estuaries percentage of sand was less than 15 % and that of clay was more than 50
% in the bulk sediments (Table 3.1.1a). On the other hand, sand was more than 60 % and clay
was less than 20 % in the bulk sediments of Sharavathi and Gurupur estuaries. This suggested
that due to less concentration of clay in Sharavathi and Gurupur estuaries there was larger
competition among the metals for absorption sites onto clay size particles than in case of
Vashishti and Vaghotan estuaries wherein comparatively sufficient clay size particles were
available for the adsorption of metals. Trace metals compete with each other for adsorption
sites (McLean and Bledsoe 1992). The difference in clay percentage seemed to have also
resulted higher concentration of metals in the Mandovi estuary than the Gurupur estuary.
Further, some of the metals were higher in the core MD-1 in comparison to cores VS-1 and
VG-1. Also, most of the metals were present in higher concentration in the core S-1 in
comparison to cores MD-1 and GP-1.
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The average concentration of metals in the bulk sediments for the samples considered for the
clay fraction in sediment cores is presented in the Table 3.1.6. Further, when isocon plots of
metals in clay fraction and bulk sediments were plotted (Fig 3.1.13), Fe, Mn, Cu and Zn were
noted to be higher in the bulk sediments, while rest of the metals were higher in the clay
component of the core VS-1. In case of the core VG-1, Fe, Mn, Ni, Co and Cu showed higher
average value in the bulk sediments, while Al, Zn and Cr were present in higher average
concentration in the clay fraction. In Mandovi estuary (core MD-1), all the metals were
present in higher concentration in the clay fraction than the bulk sediments. Among the
metals, only Zn showed higher average concentration in the bulk sediments than the clay
fraction in the core S-1. In case of the Gurupur estuary (core GP-1), Fe and Zn had higher
average concentration in the bulk sediments than the clay fraction, while Al, Ni, Co, Cu and
Cr were present in higher average concentration in the clay fraction. Mn showed equal

average concentration in bulk sediments and clay fraction in the core GP-1.

Table 3.1.6 Average concentration of metals in the bulk sediments for the samples
considered for the clay fraction in sediment cores VS-1, VG-1, MD-1, S-1 and GP-1

Al (%) | Fe(%) [Mn (ppm)|Ni(ppm)|Co(ppm)|Cu(ppm)|Zn (ppm)|Cr(ppm)
VS-1 8.69 12.01 1061 69 50 277 361 147
VG-1 10.20 13.33 1337 125 84 482 101 106
MD-1 5.02 3.49 731 41 17 22 254 62
S-1 5.36 2.19 126 35 8 15 687 43
GP-1 5.65 3.03 104 37 ¥4 11 720 80

The variation in metal concentration between clay fraction and bulk sediments in the tropical
estuaries was attributed to complexity in the admixture of sediment particles and non clastic
chemical phases of the estuarine sediments (Padmalal and Seralathan 1995). The association
of metals with sediment fractions showed systematic variation. In the Northern part of the
study area (Vashishti and VVaghotan estuaries), metals were significantly associated with clay
as well as bulk sediments. On the other hand, in middle and lower portion of the study area
(Mandovi, Sharavathi and Gurupur estuaries), metals were largely associated with the clay
fraction of the sediment. Clay minerals and clay size particles tend to adsorb metal (Liaghati
et al. 2003) and therefore metals were associated with clay in all studied tropical estuaries.
Higher Zn in Sharavathi and Gurupur estuaries must be from some other source may be

anthropogenic. More Fe in the bulk sediments of the Gurupur estuary might be due to
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magnetite mining in the catchment area. However, metals were significantly associated with

bulk sediments in Vashishti and Vaghotan estuaries which were attributed to the catchment

area geology. As discussed earlier, catchment area of Vashishti and Vaghotan estuaries

consists of basalts containing olivine, pyroxene, calcium plagioclase and amphibole minerals,

whereas catchment area of Mandovi, Sharavathi and Gurupur estuaries varies from meta-

volcanic and meta-sedimentary rocks to granites and granite gneisses containing quartz and

feldspar. These minerals are present in coarser sand and silt particles in addition to clay size

particles. In comparison to quartz and feldspar; olivine, pyroxene and amphibole consist of

higher Fe, Mg, Mn and other trace metals, which must be contributing additional metal input

to the bulk sediments of Vashishti and Vaghotan estuaries.
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3.1.7 Speciation of elements

The speciation analysis of selected elements whose average value in the bulk sediments
exceeded the global average shale value was carried out. The range and average
concentration of Fe, Mn, Ni, Co, Cu, Zn and Cr in different fractions in cores VS-1 and VG-
1, along with Zn in cores MD-1, S-1 and GP-1 are given in the Table 3.1.7. In order to
understand the variations in elemental concentration with depth in different fractions in these
cores the chemical partitioning of metals is diagrammatically represented in Figure 3.1.14.

Vashishti estuary

In core VS-1, except Mn all the studied metals were associated with more than 65 % in the
residual fraction. Metals viz. Fe and Zn showed least concentration in the exchangeable
fraction compared to other fractions, whereas, Ni, Co, Cu and Cr were present in least
concentration in the carbonate fraction. Manganese was highest in the Fe-Mn oxide fraction,
while showed least concentration in the organic fraction. Next to the residual fraction, Fe, Zn
and Co were associated with the Fe-Mn oxide fraction and Cu, Cr and Ni in the organic
bound fraction, followed by the Fe/Mn oxide fraction. Manganese was also present in
significant concentration in exchangeable and carbonate bound fractions.
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Fig. 3.1.14a Variation of Fe associated with different fractions in core VS-1.
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Table 3.1.7 Range and average concentration of Fe, Mn, Ni, Co, Cu, Zn and Cr in different fractions of cores VS-1, VG-1, S-1, MD-1 and GP-

1.
VS Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
Fe (%) 0.31-1.06 046 0.86-2.71 1.74 3.28-8.36 523 1.27-6.83 2.63 82.56-92.90 890.94
Mn (%) 2.69-16.01 582 6.43-15.87 11.34 20.16-55.12 4171 3.49-775 5.56 23.25-45.68 35.57
Ni (%) 3.304 .01 3.65 2.04-3.11 236 3.324.60 4.12 5.21-8.14 6.01 81.61-8547 83.86
Co (%) 5.87-7.50 6.64 3.67-596 454 10.80-15.24 1328 623-12.12 8.60 63.95-72.62 66.94
Cu (%) 0.19-0.66 035 0.05-0.62 034 0.95-2.99 1.92 12.87-27 84 18.58 69.07-83.68 78.82
Zn (%) 1.86-542 3.50 3.69-9.13 546 14.84-18.85 16.80 5.73-10.72 7133 59.48-7039 66.91
Cr (%) 0.93-2.13 140 0.06-035 0.17 2954 .84 3.86 5.77-10.25 7.60 82.55-89.01 86.98
VG-l Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
Fe (%) 0.002-0.003 0.002 0.001-0.002 0.002 1.29-2.31 1 74 1.08-1.73 1.33 96.13-97 .45 96.96
Mn (%) 1.35-0905 5.02 2.19-9.07 590 8.61-2429 1547 2.95-733 5.13 55.49-81.65 68.49
Ni (%) 1.33-2.13 1.71 224-334 272 1.98-3.54 2.77 3.27-439 3.81 86.92-90.81 88.99
Co (%) 0.34-0.59 043 0.44-0.89 0.65 1.37-2.54 1.75 0.98-1.86 1.34 04.11-96.71 95.83
Cu (%) 0.05-1.16 039 057-426 242 0.31-1.78 1.21 1.14-6.09 4.35 88.76-97.93 0103
Zn (%) 0.72-3.66 1.82 2.94-6.79 427 4.75-12.64 8.40 3.99-6.23 3.22 74.42-86.39 80.29
Cr (%) 2.10-3.78 294 0.08-048 029 3.82-8.69 6.18 3.75-5.61 4.77 83.12-88.97 85.83
MD-1 Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
) Range Average Range Average Range Average Range Average Range Average
ZIn (%) 0.26-2.00 122 3.75-8.05 641 8§41-2290 17.86 820-18.58 13.14 52.54-76.63 61.37
3 Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
Zn (%) 0.50-3.55 1.55 6.98-23.77 13.18 2.10-9.43 712 3.84-844 6.69 64.56-77.28 71.46
GP-1 Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
Zn (%) 1.00-3 87 188 5.05-13.12 806 887-1741 1270 2.39-602 443 64.52-77 82 72 84
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Fig. 3.1.14c Variation of Ni associated with different fractions in core VS-1.

108



Depth (cm)

Co

2 m:ﬁmg—
s N

E M Exchangeable
8 N =

2 W Carbonate
10 R

O Fe-Mn
[
14 |-x\\\ * Org/Sulp
. i <
12 Y = Residual
30 N
'::F—
40 RN
*‘
48 RN
|
T T T T T 1
o 20 40 60 80 100

Concentration (%)

Fig. 3.1.14d Variation of Co associated with different fractions in core VS-1.

8 Aﬂﬂﬂ@%— m Excahngeable
10 mz Y Carbonate

T
S —————————————
= o
§14Emmﬁ'z— OFe-Mn
184&&!2&%@'— = Org/Sulp
= 3 s
30 EmDllelli—— o = Residual

o] 20 40 60 80 100

Concentartion (%)

Fig. 3.1.14e Variation of Cu associated with different fractions in core VS-1.

109



Zn

e -~ ——
4 N
G S e ———————————————————————

1
8 N:m’g W Exchangeable

B N\ - - ——————————————— ¥ Carbonate
'§ 14 SO = ———————————————— OFe-Mn
13 EEESN e W Org/Sulp
30 SN - .. ———————————————— = Residual
40 >-\\\\\\ _—
ag Al‘i\\\\\\\\\I:
6 2'0 46 sb éo 160

Concnetration (%)

Fig. 3.1.14f Variation of Zn associated with different fractions in core VS-1.

Cr

6 —_— ]
8 ’:ME B Exchangeable

E, i0 X Carbonate
-
§ 14 M= CFe-Mn
18 ‘{ - & Org/Sulp
30 Moo = Residual
=
40 =
48%555%
o 20 40 60 80 100

Concentration (%)

Fig. 3.1.14g Variation of Cr associated with different fractions in core VS-1.

Fe along with Ni and Cr showed almost constant concentration in all the fractions from
bottom to surface of the core VS-1. However, at 18 cm depth Fe and Ni showed slightly
higher total bioavailable phases. Manganese concentration increased in the Fe-Mn oxide

fraction whereas, its concentration decreased in the residual fraction from bottom to surface.
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Further, Mn exhibited high concentration at 18 cm depth in the exchangeable phase.
Distribution pattern of Fe-Mn oxide phase revealed diagenetic remobilization as a major
process involved in the case of Mn. Cobalt concentration remained nearly constant in all the
fractions in the core VS-1, however with relatively high concentration in bioavailable phases
compared to Fe, Ni and Cr. Metals viz. Zn and Cu also had higher concentration like Co with
higher value at 18 cm depth. Metals viz. Co and Zn were available more in the Fe-Mn oxide
phase, whereas Cu was bioavailable more in the organic bound fraction. Further, along the

depth total bioavailability of Zn and Co was considerably high next to Mn.

Vaghotan estuary

All the metals viz. Fe, Mn, Ni, Co, Cu, Zn and Cr were highest (>65 %) in the residual
fraction in the core VG-1. Except Cr, all the metals were present in least concentration in the
exchangeable fraction. However, concentration of Fe was equal in exchangeable and
carbonate fractions. Chromium was available in least concentration in the carbonate fraction.
Next to the residual fraction, Fe, Mn, Co, Zn and Cr were associated with the Fe-Mn oxide
while Ni and Cu with the organic bound fraction. Except Mn concentration in the Fe-Mn

oxide phase, all the metals in individual bioavailable phases were less than 10 %.
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Fig. 3.1.14h Variation of Fe associated with different fractions in core VG-1.
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Fig. 3.1.14n Variation of Cr associated with different fractions in core VG-1.

The concentration of sum of bioavailable phases in Fe along with Co remained nearly
constant from bottom to surface of the core VG-1. Manganese in all the bioavailable phases
increased from bottom to 30 cm. Further, it decreased up to 6 cm followed by increase
towards the surface. Exchangeable phase increased up to 30 cm from bottom and then

decreased towards the surface. In top 4 cm of the core, large increase in the Fe-Mn oxide
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phase indicated diagenetic remobilization. Residual phase compensated increase and decrease
in Mn associated with total bioavailable phases. Metals viz. Ni and Cu remained nearly
constant throughout the core VG-1, however Cu exhibited an increase in the residual fraction
at 6 cm. The total bioavailable Cu and Ni were slightly higher than that of Co and Fe. Zinc in
the residual fraction decreased from bottom to 18 cm, while its concentration increased in
carbonate, Fe-Mn oxide and organic bound fractions. Zinc bound to the exchangeable
fraction was comparatively lower than the other bioavailable phases and does not show much
variation. Further, between 18 and 14 cm, there was sharp increase in the residual fraction,
while its concentration decreased in the bioavailable phases. Thereafter, Zn associated with
the bioavailable phases (oxides, carbonates and exchangeable) showed gradual increase
towards the surface and decreased in the residual fraction. Chromium exhibited decrease

from bottom to surface in the bioavailable fractions.

Mandovi estuary

In case of the core MD-1, Zn showed highest concentration in the residual fraction and had
least concentration in the exchangeable fraction. Next to the residual fraction, Zn was
associated with the Fe-Mn oxide fraction, followed by the organic bound fraction. Both these
fractions (Fe-Mn oxide and organic/sulphur) represent significant bioavailable concentration
of Zn.
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Fig. 3.1.140 Variation of Zn associated with different fractions in core MD-1.
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The distribution pattern of Zn showed increase in the residual fraction from bottom to 40 cm,
followed by decreasing trend towards the surface of the core MD-1. Zinc associated with
carbonate and Fe-Mn oxide fractions decreased from bottom to 50 cm and further, exhibited
overall increasing trend towards the surface. Zinc bound to the organic fraction showed less
concentration at 40 cm, followed by an increasing trend towards the surface. The
concentration of Zn associated with the exchangeable fraction was negligible in comparison
to other bioavailable fractions, however, it showed increasing trend from bottom to 4 cm.
Distribution pattern of Fe-Mn oxide phase suggested diagenetic remobilization of Zn in this

core.

Sharavathi estuary

In the Sharavathi estuary (core S-1), Zn was highest in the residual fraction and showed least
concentration in the exchangeable fraction. Among the bioavailable fractions, Zn was present
in significant amount in the carbonate fraction. Fe-Mn oxide and organic bound fractions

showed considerable amount of Zn.
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Fig. 3.1.14p Variation of Zn associated with different fractions in core S-1.

Zinc concentration decreased from bottom to 60 cm in the residual phase and further, showed

overall increasing trend towards the surface. Zinc associated with carbonate fraction showed
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increase from bottom to 60 cm, followed by overall decreasing trend towards the surface.
However, its concentration in the bioavailable phases showed increase at 14 cm. Zinc bound
to the exchangeable fraction was negligible in comparison to rest of the bioavailable phases
and showed fluctuating trend throughout the core S-1.

Gurupur estuary

Zn was present in highest concentration in the residual fraction and had least concentration in
the exchangeable fraction in the core GP-1. Next to the residual fraction, Zn was associated
with the Fe-Mn oxide fraction. It was available in considerable concentration in the carbonate

fraction.
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Fig. 3.1.14q Variation of Zn associated with different fractions in core GP-1.

Zinc associated with the residual fraction showed fluctuating distribution pattern from bottom
to surface. The concentration of Zn showed overall increase in the Fe-Mn oxide fraction from
bottom to surface of the core GP-1, whereas it exhibited decreasing trend in the carbonate
phase. Zinc concentration in the organic bound fraction remained almost constant throughout
the core GP-1. In the exchangeable fraction, it showed overall decreasing trend from bottom

to 4 cm, followed by an increase towards the surface of the core.
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All the elements, studied from five estuaries were present in highest percentage in the
residual phase, except for Mn in the core VS-1, indicating that these elements were associated
with minerals that make up the sediment particles (Fernandes 2012). The residual fraction
contains minerals which hold trace metals within their crystal structure derived from the
parent rock (Ratuzny et al. 2009). Further, they indicate that the metals were transported in
solid form. The metals in this fraction are considered to be of geochemical background rather
than the anthropogenic source. The residual phase is generally considered as inert phase as it
does not react in the natural conditions. The metals derived from the anthropogenic input are
generally associated with the non-residual fraction i.e bioavailable fractions. The metals in
bioavailable phases are environmentally reactive with respect to geological and chemical
processes (Hseu 2006). The trace metals in the exchangeable fraction include metals weakly
adsorbed on sediments or on their essential components namely clays. Metals can also be
associated with sediment carbonates which are susceptible to change in pH (Tessier et al.
1979). Metals associated with Fe hydrated oxides and humic acids are metals that can be
released by ion-exchange processes and metals that can be co-precipitated in sediment (Marin
et al. 1997; Tokalioglu et al. 2000). Changes in ionic composition and pH could cause re-
mobilisation of metals from these fractions. Fe-Mn oxide fraction consists of metals adsorbed
onto iron-manganese oxide particles or coatings which can be mobilized with changes in
redox conditions (Kumar et al. 2011). In addition, trace metals may bound to various forms of
organic matter viz. living organisms, detritus, coatings on mineral particles, etc which can be
released by degradation of organic matter under oxidizing conditions in natural waters
(Tessier et al. 1979). As the concentration of oxygen in sediment decreases, usually because
of microbial degradation of organic matter, the metal oxide coatings begin to dissolve,
releasing adsorbed metals.

In core VS-1, among the bioavailable fractions, the highest concentration of Mn (41.71 %)
and 13.28 % and 16.80 % of Co and Zn respectively were present in the Fe-Mn oxide phase.
The low percentage of Mn (35.57 %) in the residual fraction can be attributed to the relatively
large ionic radius of Mn which makes its retention by soil silicates difficult (Fernandes 2012).
In addition, the considerable concentration of Mn present in the carbonate bound fraction was
due to the similarity in ionic radii to that of calcium which allows Mn to substitute for Ca in
the carbonate phase (Pedersen and Price 1982; Zhang et al. 1988). Also, concentration of Mn
and Zn was highest in the exchangeable fraction at 18 cm indicating diagenetic re-
mobilization of Zn along with Mn. The increasing concentration of Mn in the Fe/Mn oxide
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fraction from bottom to surface of the core VS-1 indicated its remobilization and re-
precipitation. The change in the redox potential and pH may have led to mobilization and re-
precipitation of Mn in the recent years in the core VS-1. Yuan et al. (2004) stated that
considerable amount of Mn may be released into the environment if conditions become more
acidic or if the sediments are subjected to more reducing conditions. The presence of
considerable amount of Cu in the organic bound fraction in this core must be due to strong
affinity of Cu towards organic matter (Li et al. 2001) and can form highly stable complexes.
The source for these metals viz. Mn, Zn, Cu and Co in this core might be anthropogenic viz.
industrial, sewage and agricultural in addition to metals released from chemical weathering of

parent rock basalt.

In the Vaghotan estuary (core VG-1), Mn was 15.47 % in the Fe-Mn oxide fraction. In
addition, among the bioavailable fractions, Zn and Cr were also available in slightly higher
concentration in the Fe-Mn oxide fraction. The decrease in concentration of Mn associated
with the bioavailable phases, particularly Fe-Mn oxide phase between 30 and 4 cm and
further increase towards the surface indicated remobilization of Mn to oxic surface sediments
where it is re-precipitated as oxides (Farmer and Lovell 1984). The decrease in concentration
of Zn in the Fe-Mn oxide fraction at 14 cm followed by increase in the recent years suggested
remobilization and adsorption onto Fe-Mn oxy hydroxides under oxic environment. The trace
metals Zn and Cr may be adsorbed onto iron-manganese oxide particles (Zabetoglou et al.

2002) during precipitation.

In core MD-1, Zn was 17.86 and 13.14 % in Fe-Mn oxide and organic bound fractions
respectively. Harrington et al. (1998) stated that Zn occurs mainly in the Fe-Mn oxide
fraction due to its strong bonding with Fe oxides. Also its increase in Fe-Mn oxide and
organic bound phases in the recent years indicated remobilization of Zn and co-precipitation
with Fe-Mn oxide near the surface. Among the bioavailable fractions, Zn was highest (13.18
%) in the carbonate fraction in the core S-1. The results indicated the role of carbonates in
scavenging Zn introduced into the Sharavathi estuary. However, Zn concentration in the
carbonate phase decreased in the recent years. Among the bioavailable phases in the core GP-
1, Znwas 12.79 % in the Fe-Mn oxide fraction and it increased towards the surface indicating
co-precipitation with Fe-Mn oxide.
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3.1.8 Screening quick reference table (SQUIRT)

The concentration of metals in the bulk sediments as well as sum of their bioavailable
fractions is given in the Table 3.1.8.

Table 3.1.8 Average concentrations of total metals and bioavailable fractions in selected sub-
samples in cores VS-1, VG-1, MD-1, S-1 and GP-1. Fl=exchangeable fraction and F2=

carbonate fraction.

VS-1 VG-1
Total metals concentration |Sum of bioavailable fractions F1+F2(%) Total metals concentration|Sum of bioavailable fractions|F1+F2(%)
Fe (%) 11.79 0.21 2.20 Fe (%) 13.33 048 0.004
Mn (ppm 1058 376 17.09 Mn (ppm) 1291 391 1091
Ni (ppm) 71 8 6.01 Ni (ppm) 124 8 4.43
Co (ppm) 48 9 11.18 Co (ppm) 84 13 1.08
Cu (ppm 273 26 1.81 Cu (ppm) 482 20 2.82
Zn (ppm) 363 25 8.96 Zn (ppm) 101 15 6.09
Cr (ppm) 144 18 1.51 Cr (ppm) 101 9 3.23
MD-1 51
Total metals concentration|Sum of bioavailable fractions| F1+F2(%) Total metals concentration|Sum of bioavailable fractions F1+F2(%)
Zn(ppm) 226 18 7.63 Zn (ppm) 647 7 14.72
GP-1
Total metals concentration|Sum of bioavailable fractions|F1+F2(%
Zn (ppm) 950 6 9.94

On comparison of Table 3.1.8 with table 2.1.3 a and b, it was observed that the percentage of
total Fe and sum of bioavailable Fe was very low compared to apparent effect threshold
(AET) in cores VS-1 and VG-1 indicating no harm to the aquatic life from Fe. There are no
reported values for Mn and Co for first four classes but the total Mn as well as sum of
bioavailable Mn exceeded the AET values in cores VS-1 and VG-1. Total as well as
bioavailable Co values exceeded the AET in core VG-1 while, in case of core VS-1 total Co
was more than the AET and the sum of the bioavailable Co was very much near to AET.
Thus, Mn and Co were potentially bioavailable and might become toxic to environment of
Vashishti and Vaghotan estuaries. The value of total Cr fell under effect range low (ERL) to
probable effect level (PEL) in these two estuaries, whereas, total Ni fell between effect range
medium (ERM) and AET in core VS-1 and was more than the AET in core VG-1. However,
sum of the bioavailable fractions of Cr and Ni fell below threshold effect level (TEL) in these
estuaries indicating no potential bioavailability of these elements as these elements were
observed to be highest in the residual fraction in cores VS-1 and VG-1. The concentration of
total Cu fell between ERM and AET in core VS-1, while in case of core VG-1, it exceeded
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the AET. The bioavailable fraction of Cu fell between TEL and ERL in both these cores.
Hence, Cu was likely to cause concern to associated biota in these estuaries to some extent.
The values of total Zn fell under PEL to ERM in the core VS-1, while its value was below
TEL in the core VG-1. In case of the core MD-1, value of total Zn fell between ERL to PEL,
while its value in cores S-1 and GP-1 exceeded AET. However, sum of the bioavailable

fractions of Zn was below TEL in all five estuaries.

The results therefore indicated concern from Mn and Co, and to some extent from Cu to
sediment associated organisms in Vashishti and Vaghotan estuaries. Other metals level was
lower than the TEL of the neanthes, echinoderm larvae, microtox and oyster larvae, and
infaunal community. Benthic invertebrates are an important link in the transfer of substances
to higher trophic levels because of their close association with sediments and their ability to
accumulate metals (Burgos and Rainbow 2001). However, no standards are available on

benthic invertebrates as of now to compare metal toxicity.

3.1.9 Risk assessment code

The risk assessment code indicates the sediment which can release metals from exchangeable
and carbonate fractions; % of the total concentration <1: no risk, will be considered safe for
the environment, 1-10: low risk, 11-30: medium risk, 31-50: high risk, > 50: very high risk,

and can easily enter the food chain (Perin et al. 1985).

When sum of the percentage of metals in exchangeable (fraction 1) and carbonate fractions
(fraction 2) of studied cores (Table 3.1.8) were compared with risk assessment code it was
noted that Fe, Ni, Co, Cu, Zn and Cr were within the degree of low risk, while Mn was within
the degree of medium risk in the core VS-1. All the metals fell under the category of low risk
in the core VG-1. Zinc was within the degree of low risk in cores MD-1 and GP-1, whereas in
the core S-1 it fell under the category of medium risk.

The results of risk assessment code revealed low to medium risk from metals bound to

exchangeable and carbonate phases to associated biota in studied estuaries.
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Section Il: Middle estuarine region

3.2.1 Sediment components

Vashishti estuary

The percentage of sand in the middle region of the Vashishti estuary (core VS-2) ranged from
9.18 % to 79.58 % (avg. 35.64 %), while silt and clay varied from 12.82 % to 61.22 % (avg.
43.86 %) and 6.44 % to 29.60 % (avg. 20.49 %) respectively (Table 3.2.1a). The core VS-2
was divided into three parts based on the distribution of sediment components, lower 70 to 52
cm, middle 52 to 38 cm and upper section 38 cm to surface (Fig. 3.2.1a). In the lower section,
sand varied from 20.78 % to 43.95 % (avg. 31.91 %), while silt and clay varied from 38.77 %
to 55.73 % (avg. 47.18 %) and 16.60 % to 28.40 % (avg. 20.92 %) respectively (Table
3.2.1b). In the middle section, sand, silt and clay varied from 29.94 % to 79.58 % (avg. 60.26
%), 12.82 % to 48.54 % (avg. 26.72 %) and 6.44 % to 21.52 % (avg. 13.01 %) respectively,
whereas in the upper section sand, silt and clay ranged from 9.18 % to 54.93 % (avg. 28.14
%), 31.83 % to 61.22 % (avg. 48.69 %) and 12.04 % to 29.60 % (avg. 23.17 %) respectively.

Sand showed fluctuating pattern in lower and upper sections of the core VS-2 (Fig. 3.2.1a). In
the middle section, there was a large increase in sand and was more than the average. The
distribution pattern of sand was largely compensated by finer sediments. The data plotted on
the ternary diagram indicated deposition of sediments in violent hydrodynamic energy

conditions. It also showed high sand content in the middle section (Fig. 3.2.2a).

Vaghotan estuary

The percentage of sand in the core VG-2 ranged from 0.46 % to 19.57 % (avg. 6.00 %), while
silt and clay varied from 10.60 % to 48.60 % (avg. 23.21 %) and 43.72 % to 88.76 % (avg.
70.71 %) respectively (Table 3.2.1a). The core VG-2 was divided into two sections, lower 54
to 30 cm and upper section 30 to surface based on the variations in distribution pattern of
sediment components (Fig. 3.2.1b). In the lower section, sand, silt and clay varied from 0.46
% to 3.10 % (avg. 1.60 %), 10.60% to 28.10 % (avg. 20.71 %) and 69.32 % to 88.76 % (avg.

77.85 %) respectively, whereas in the upper section sand, silt and clay ranged from 4.84 % to
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Table 3.2.1a Range and average concentration of sediment components, pH and organic carbon in cores VS-2, VG-2, MD-2, S-2 and GP-2

Sand (%) Silt (%) Clay (%) pH Organic Carbon (%)
Sediment
core Range Avg Range Avg Range Avg Range Avg Range Avg
Min Max Min Max Min Max Min Max Min Max

VS-2 9.18 | 79.58 | 35.64 | 12.82 | 61.22 | 43.86 | 6.44 | 29.60 | 2049 | 542 | 6.74 | 6.22 | 021 | 212 1.19
VG-2 0.46 | 1957 | 6.00 | 10.60 | 48.60 | 23.21 | 43.72 | 88.76 | 70.71 | 595 | 6.82 6.47 121 | 341 2.29
MD-2 460 | 81.70 | 30.12 | 13.86 | 75.40 | 4299 | 0.16 | 4848 | 26.89 | 572 | 7.71 6.91 | 0.33 | 3.00 1.85
S-2 7.98 | 9423 | 38.75 | 457 | 89.14 | 43.10 | 0.64 | 42.00 | 18.16 | 550 | 7.02 6.07 | 0.09 | 3.04 1.87
GP-2 491 | 50.20 | 14.89 | 27.37 | 63.77 | 45.24 | 21.24 | 54.72 | 39.87 | 6.32 | 7.66 6.89 | 041 | 4.28 2.26
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Table 3.2.1b Section wise range and average concentration of sediment components, pH and organic carbon in cores VS-2, VG-2, MD-2, S-2 and GP-
2, where L=Lower, M=Middle and U=Upper sections

_ Sand (%) Silt (%) Clay (%) pH Organic Carbon (%)
Sediment Range Range Range Range Range

core . Avg - Avg - Avg . Avg - Avg

Min Max Min Max Min Max Min Max Min Max

VS-2 (L) |[20.78 | 43.95 | 31.91 | 38.77 | 55.73 | 47.18 | 16.60 | 28.40 | 20.92 [ 5.90 6.38 6.22 | 0.78 1.64 1.17

(M) 29.94 | 79.58 | 60.26 | 12.82 | 4854 | 26.72 | 6.44 | 21.52 | 13.01 | 5.93 6.74 6.33 | 0.21 1.64 0.69

(U)| 9.18 | 54.93 | 28.14 | 31.83 | 61.22 | 48.69 | 12.04 | 29.60 | 23.17 | 5.42 6.69 6.17 | 0.21 2.12 1.40

VG-2 (L) | 0.46 | 3.10 1.60 | 10.60 | 28.10 | 20.71 | 69.32 | 88.76 | 77.85 | 6.19 6.82 6.54 | 2.12 3.41 2.81

(U)| 4.84 | 1957 | 10.10 | 14.68 | 48.60 | 25.53 | 43.72 | 76.12 | 64.09 | 5.95 6.72 6.41 | 121 2.53 1.81

MD-2 (L) | 8.22 | 19.32 | 14.79 | 37.76 | 46.42 | 42.69 | 36.28 | 48.48 | 4252 | 7.43 7.58 751 | 2.26 2.61 2.45

(M) | 17.47 | 81.70 | 66.19 | 13.86 | 56.37 | 26.94 | 0.16 | 26.16 | 6.88 | 6.18 7.32 6.95 | 0.33 2.41 1.10

(U)| 4.60 | 39.71 | 20.93 | 37.45 | 75.40 | 48.40 | 0.32 | 41.72 | 30.67 | 5.72 7.71 6.79 | 1.01 3.00 2.00

S-2 (L)| 799 | 23.73 [ 1291 | 4531 | 77.83 | 60.21 | 7.32 | 42.00 | 26.88 | 5.52 6.27 576 | 2.21 3.04 2.66

(M)| 798 | 9423 [ 67.07 | 457 | 89.14 | 26.11 | 0.64 | 1596 | 6.82 | 5.50 6.68 6.22 | 0.09 2.81 0.81

(U)|36.92 | 51.79 | 4421 | 27.85 | 39.88 | 34.18 | 20.36 | 23.20 | 21.61 | 6.50 7.02 6.69 | 1.82 2.69 2.28

GP-2 (L) | 491 | 21.05 | 14.72 | 33.49 | 48.24 | 39.04 | 37.16 | 54.72 | 46.23 | 6.51 7.66 728 | 1.34 4.28 2.67

(U)| 5.79 | 50.20 | 15.04 | 27.37 | 63.77 | 50.79 | 21.24 | 50.08 | 34.17 | 6.32 6.78 6.54 | 0.41 2.47 1.90
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19.57 % (avg. 10.10 %), 14.68 % to 48.60 % (avg. 25.53 %) and 43.72 % to 76.12 % (avg.
64.09 %) respectively (Table 3.2.1Db).
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Fig. 3.2.1 Variation of sediment components with average line in sediment cores VS-2 (a),
VG-2 (b), MD-2 (c), S-2 (d) and GP-2 (e).
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Fig. 3.2.2 Ternary plots for cores VS-2, VG-2, MD-2, S-2 and GP-2.
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The percentage of sand did not show much variation in the lower section, while in the upper
section its concentration increased from 30 to 14 cm and then decreased towards the surface
of the core VG-2 (Fig. 3.2.1b). Silt showed overall increase from bottom to 40 cm. Further, it
fluctuated up to 8 cm, followed by sharp increase at 6 cm and then showed overall increase
towards the surface. The vertical distribution pattern of clay was largely opposite to that of
silt throughout the core. The data plotted on the ternary diagram indicated deposition of
sediments of the lower section under calm to relatively violent energy conditions, while
majority of the sediments of the upper section were deposited in relatively violent energy

conditions (Fig. 3.2.2a). This indicated the change in the deposition environment with time.

Mandovi estuary

Sand in the middle region of the Mandovi estuary (core MD-2) ranged from 4.60 % to 81.70
% (avg. 30.12 %), while silt and clay varied from 13.86 % to 75.40 % (avg. 42.99 %) and
0.16 % to 48.48 % (avg. 26.89 %) respectively (Table 3.2.1a). On the basis of variations in
sediment parameters, the core MD-2 (Fig. 3.2.1c) was divided into three sections, the lower
82 to 74 cm, middle 74 to 56 cm and upper section 56 cm to surface. In the lower section,
sand varied from 8.22 % to 19.32 % (avg. 14.79 %), while silt and clay varied from 37.76 %
to 46.42 % (avg. 42.69 %) and 36.28 % to 48.48 % (avg. 42.52 %) respectively (Table
3.2.1b). In the middle section, sand, silt and clay varied from 17.47 % to 81.70 % (avg. 66.19
%), 13.86 % to 56.37 % (avg. 26.94 %) and 0.16 % to 26.16 % (avg. 6.88 %) respectively,
whereas in the upper section sand, silt and clay ranged from 4.60 % to 39.71 % (avg. 20.93
%), 37.45 % to 75.40 % (avg. 48.40 %) and 0.32 % to 41.72 % (avg. 30.67 %) respectively.

In the lower section of the core MD-2, not much variation was observed in sand and silt
percentage, while overall decreasing trend was seen in case of clay (Fig. 3.2.1c). In the
middle section, however, there was large increase in sand percentage and was more than the
average value. Silt and clay compensated distribution of sand in this section. In the upper
section, sand did not show much variation from 56 to 22 cm, followed by a gradual decrease
towards the surface. Similar to sand, silt also did not show much variation from 56 to 22 cm,
except at 54 cm where its sharp increasing peak was seen. Further, there was overall slight
increase in silt percentage in the top 22 cm of the core. The concentration of clay varied from
more than the average line (54 to 34 cm) to along the average line from 32 to 8 cm. However,
clay exhibited sharp decreasing peak at 54 cm. In the top 8 cm of the core, clay showed an
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increasing trend towards the surface. The data plotted on the ternary diagram indicated
deposition of sediments of lower and upper sections under relatively violent to violent energy
conditions (Fig. 3.2.2c). The coarser sediments of the middle section were deposited under

violent to extremely violent energy conditions.

Sharavathi estuary

In core S-2, percentage of sand, silt and clay ranged from 7.98 % to 94.23 % (avg. 38.75 %),
4.57 % to 89.14 % (avg. 43.10 %) and 0.64 % to 42.00 % (avg. 18.16 %) respectively (Table
3.2.1a). On the basis of distribution pattern of sediment components (Fig. 3.2.1d ), the core S-
2 was divided into three sections, the lower (60 to 32 cm), middle (32 to 10 cm) and upper
(10 cm to surface) sections. In the lower section, sand varied from 7.99 % to 23.73 % (avg.
12.91 %), while silt and clay vary from 45.31 % to 77.83 % (avg. 60.21 %) and 7.32 % to
42.00 % (avg. 26.88 %) respectively (Table 3.2.1b), whereas in the middle section, sand, silt
and clay varied from 7.98 % to 94.23 % (avg. 67.07 %), 4.57 % to 89.14 % (avg. 26.11 %)
and 0.64 % to 15.96 % (avg. 6.82 %) respectively. In the upper section, sand, silt and clay
ranged from 36.92 % to 51.79 % (avg. 44.21 %), 27.85 % to 39.88 % (avg. 34.18 %) and
20.36 % to 23.20 % (avg. 21.61 %) respectively.

In the lower section of the core, sand was lower than average and not much variation in
percentage was seen (Fig. 3.2.1d). The silt and clay showed increasing and decreasing
distribution pattern in this section, respectively. In the middle section of the core, sand
percentage increased drastically from 32 to 10 cm with a sharp decreasing peak at 22 cm
depth. Further, in the upper section, sand percentage decreased towards surface. The variation
in sand percentage was compensated by silt and clay, more precisely; silt showed point to
point variation compensating sand in the upper two sections. The majority of sediment
components of the Sharavathi estuary (Fig. 3.2.2d) fell in group Il and IV indicating
deposition of sediments under violent to extremely violent hydrodynamic conditions. The
ternary diagram clearly suggested deposition of coarser sediments in the middle section of the

core S-2.
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Gurupur estuary

The percentage of sand in the core GP-2, ranged from 4.91 % to 50.20 % (avg. 14.89 %),
while silt and clay varied from 27.37 % to 63.77 % (avg. 45.24 %) and 21.24 % to 54.72 %
(avg. 39.87 %) respectively (Table 3.2.1a). On the basis of variations in the distribution
pattern of sediment components with depth, the core GP-2 (Fig. 3.2.1e) was divided into two
sections, viz. a lower section from bottom to 40 cm and the upper section from 40 cm to
surface. In the lower section, sand varied from 4.91 % to 21.05 % (avg. 14.72 %), while silt
and clay varied from 33.49 % to 48.24 % (avg. 39.04 %) and 37.16 % to 54.72 % (avg. 46.23
%) respectively (Table 3.2.1b), while in the upper section sand, silt and clay ranged from 5.79
% to 50.20 % (avg. 15.04 %), 27.37 % to 63.77 % (avg. 50.79 %) and 21.24 % to 50.08 %
(avg. 34.17 %) respectively.

The sand did not show much variation in lower and upper sections, except at 12 cm depth
where a prominent increasing peak of sand was observed (Fig. 3.2.1e). Silt showed overall
slightly decreasing distribution pattern in the lower section, while in the upper section its
percentage increased towards the surface, with fluctuations. In both the sections, the variation
in silt percentage was compensated by clay. In case of the core GP-2 (Fig. 3.2.2¢e), sediment
components varied from group Il to Ill suggesting deposition of sediments in relatively
violent to violent energy conditions from lower to upper sections. It also showed an increase

in silt percentage in recent times in the core GP-2.

3.2.2 pH

Vashishti estuary

The value of pH in the core VS-2 (Table 3.2.1a) varied from 5.42 to 6.74 (avg. 6.22). In the
lower section of the core VS-2, pH ranged from 5.90 to 6.38 (avg. 6.22), whereas it varied
from 5.93 to 6.74 (avg. 6.33) in the middle section (Table 3.2.1b). In the upper section, pH

ranged from 5.42 to 6.69 (avg. 6.17).

Overall the pH fluctuated around the average line in the core VS-2 (Fig. 3.2.3a).
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Fig. 3.2.3 Variation of pH with average line in sediment cores VS-2 (a), VG-2 (b), MD-2 (c),
S-2 (d) and GP-2 (e).

Vaghotan estuary
In core VG-2 (Table 3.2.1a), pH varied from 5.95 to 6.82 (avg. 6.47). In this core, pH varied
from 6.19 to 6.82 (avg. 6.54) and 5.95 to 6.72 (avg. 6.41) in lower and upper sections

respectively (Table 3.2.1Db).

In core VG-2, pH showed overall decrease from bottom to 40 cm, followed by an increase up

to 30 cm (Fig. 3.2.3b). Thereafter, it exhibited overall decreasing trend towards the surface.
Mandovi estuary

The value of pH in the core MD-2 (Table 3.2.1a) varied from 5.72 to 7.71 (avg. 6.91). In the
lower section (Table 3.2.1b), it varied from 7.43 to 7.58 (avg. 7.51), whereas in the middle
section it ranged from 6.18 to 7.32 (avg. 6.95). In the upper section, pH ranged from 5.72 to

7.71 (avg. 6.79).

Overall decrease in pH was observed from bottom to surface of the core MD-2 (Fig. 3.2.3c).
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Sharavathi estuary

In core S-2 (Table 3.2.1a), pH varied from 5.50 to 7.02 (avg. 6.07). It varied from 5.52 to
6.27 (avg. 5.76), 5.50 to 6.68 (avg. 6.22) and 6.50 to 7.02 (avg. 6.69) in lower, middle and
upper sections respectively (Table 3.2.1b).

The pH was less than average in the lower section, whereas it varied from more than average
to less than average in the middle section (Fig. 3.2.3d). Further, in the upper section, pH

increased towards the surface and was more than the average.

Gurupur estuary

In core GP-2 (Table 3.2.1a), pH varied from 6.32 to 7.66 (avg. 6.89). In lower and upper
sections of the core GP-2, pH varied from 6.51 to 7.66 (avg. 7.28) and 6.32 to 6.78 (avg.

6.54) respectively (Table 3.2.1b).

The pH was more than average in the lower section which decreased to less than average in

the upper section (Fig. 3.2.3e).

3.2.3 Organic carbon

Vashishti estuary

In core VS-2 (Table 3.2.1a), organic carbon percentage ranged from 0.21 % to 2.12 % (avg.
1.19 %). It varied from 0.78 % to 1.64 % (avg. 1.17 %), 0.21 % to 1.64 % (avg. 0.69 %) and
0.21 % to 2.12 % (avg. 1.40 %) in lower, middle and upper sections respectively (Table
3.2.1b).

The distribution pattern of organic carbon was similar to finer sediments in the core VS-2

(Fig. 3.2.4a). It showed fluctuating distribution in lower and upper sections, while decrease in

the middle section.
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Fig. 3.2.4 Variation of organic carbon with average line in sediment cores VS-2 (a), VG-2
(b), MD-2 (c), S-2 (d) and GP-2 (e).

Vaghotan estuary

The organic carbon percentage in the core VG-2 (Table 3.2.1a) ranged from 1.21 % to 3.41 %
(avg. 2.29 %). It varied from 2.12 % to 3.41 % (avg. 2.81 %) and 1.21 % to 2.53 % (avg. 1.81

%) in lower and upper sections respectively (Table 3.2.1b).

Organic carbon was more than the average line in the lower section of the core VG-2,

whereas in the upper section it was less than the average line (Fig. 3.2.4b).

Mandovi estuary

In core MD-2 (Table 3.2.1a), organic carbon percentage ranged from 0.33 % to 3.00 % (avg.
1.85 %). In the lower section of the core MD-2 (Table 3.2.1b), organic carbon percentage
ranged from 2.26 % to 2.61 % (avg. 2.45 %), whereas in the middle section it varied from
0.33 % to 2.41 % (avg. 1.10 %). In the upper section, organic carbon varied from 1.01 % to
3.00 % (avg. 2.00 %).
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A gradual decrease was seen in case of organic carbon from bottom to 74 cm in the lower
section of the core MD-2 and was more than the average line (Fig. 3.2.4c). Further, its
concentration decreased in the middle section and was less than the average line, largely
similar to finer sediments. In the upper section, organic carbon showed overall increase

towards the surface with fluctuations.

Sharavathi estuary

The organic carbon percentage in the core S-2 (Table 3.2.1a) ranged from 0.09 % to 3.04 %
(avg. 1.87 %). It varied from 2.21 % to 3.04 % (avg. 2.66 %), 0.09 % to 2.81 % (avg. 0.81 %)
and 1.82 % to 2.69 % (avg. 2.28 %) in lower, middle and upper sections respectively (Table
3.2.1b).

Organic carbon showed a similar distribution pattern to that of finer sediments in the core S-2
(Fig. 3.2.4d). Organic carbon was more than the average line in lower and upper sections,
whereas in the middle section it was less than the average value.

Gurupur estuary

In core GP-2 (Table 3.2.1a), organic carbon percentage ranged from 0.41 % to 4.28 % (avg.
2.26 %). It varied from 1.34 % to 4.28 % (avg. 2.67 %) and 0.41 % to 2.47 % (avg. 1.90 %)

in lower and upper sections respectively (Table 3.2.1b).

Organic carbon showed overall decreasing trend from bottom to surface of the core GP-2

with a negative peak at 12 cm (Fig. 3.2.4e).

When average values of sediment components of five estuaries were considered, sand and
clay fluctuated from core VS-2 to GP-2. Sand was more than 30 % in cores VS-2, MD-2 and
S-2, while clay was highest in the core VG-2 and least in the core S-2. Silt decreased from
VS-2 to VG-2 and then increased up to GP-2 i.e. towards the South. Except core VG-2, silt
was more than 40 % in rest of the cores. Along the study area, between cores VS-2 and GP-2,
pH varied from 6.07 to 6.91, while organic carbon ranged from 1.19 to 2.29 %.
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When the sediment components were compared among sections, average sand was higher in
the middle section at cores VS-2, MD-2 and S-2. In case of cores VG-2 and GP-2, upper
section showed higher sand than the lower section. Silt showed higher value in the upper
section at cores VS-2, VG-2, MD-2 and GP-2. However, it showed higher value in the middle
section at core S-2. Clay was higher in the upper section at core VS-2, however it maintained
higher value in the lower section at cores VG-2, MD-2, S-2 and GP-2.

Using the average values of sand, silt and clay when different sections were compared, it was
clear that sand and silt showed increase from lower to upper sections in cores VG-2 and GP-
2, whereas a decrease in percentage of clay. This indicated increase in sediment size with
time in these cores. In case of cores VS-2, MD-2 and S-2, sand increased while finer
sediments decreased from lower to middle sections. However, upper section showed higher
value of finer sediments and lower sand. The higher sand value in the middle section

suggested additional input of sand material in these estuaries.

pH indicated decrease from lower to upper sections in cores VG-2, MD-2 and GP-2, while its
values increased from lower to upper sections in the core S-2. pH was higher in the middle
section of the core VS-2. Higher values of organic carbon were seen for the sections with
higher finer sediments in cores VS-2 and S-2. In cores VG-2, MD-2 and GP-2, organic
carbon was higher in the sections having higher concentration of clay.

In cores VS-2, MD-2 and S-2, increase in sand in the middle section was well represented in
profiles (Fig. 3.2.1), which was compensated by decrease in finer sediments. In these cores,

organic carbon also decreased in the middle section indicating its dilution by coarser

sediments.

3.2.4 Bulk sediment chemistry

Major metals (Al, Fe and Mn)

Vashishti estuary

Metals viz. Al, Fe and Mn varied from 6.68 % to 9.33 % (avg. 8.20 %), 9.46 % to 19.87 %
(avg. 15.01 %) and 1344 ppm to 2198 ppm (avg. 1702 ppm) respectively (Table 3.2.2a)
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Table 3.2.2a Range and average concentration of major metals in cores VS-2, VG-2, MD-2, S-2 and GP-2

Al (%) Fe (%) Mn (ppm)
Sediment core Range Range Range

Min ’ Max Avg Min ! Max Avg Min ! Max Avg
VS-2 6.68 9.33 8.20 9.46 19.87 15.01 1344 2198 1702
VG-2 7.67 11.45 10.19 6.22 14.08 10.37 391 761 531
MD-2 5.33 10.20 7.62 10.76 21.33 15.67 1297 6839 3260
S-2 1.84 10.69 8.02 1.51 7.23 4.87 123 2547 1181
GP-2 0.08 15.24 10.18 5.44 14.93 7.86 112 309 157

Table 3.2.2b Section wise range and average concentration of major metals in cores VS-2, VG-2, MD-2, S-2 and GP-2, where L=Lower,
M=Middle and U=Upper sections

Sediment Al (%) Fe (%) Mn (ppm)

core - Range Avg - Range Avg - Range Avg
Min Max Min Max Min Max

VS-2 (L) 6.74 8.84 8.06 9.46 10.76 10.04 1344 1882 1591
(M) 6.68 8.80 8.04 15.79 19.56 18.04 1566 1750 1654
V) 7.24 9.33 8.35 13.17 19.87 16.59 1512 2198 1782
VG-2 (L) 7.67 10.76 9.63 6.22 11.01 8.66 391 761 550
V) 8.21 11.45 10.71 9.76 14.08 11.97 457 656 514
MD-2 (L) 7.55 10.20 9.21 11.87 16.38 13.56 1379 2969 2119
(M) 5.33 8.77 6.31 10.76 16.70 14.16 1298 4920 2180
V) 5.70 9.88 7.76 12.31 21.33 16.57 1710 6839 3833
S-2 (L) 9.89 10.69 10.40 6..06 7.23 6.52 1323 2072 1762
(M) 1.84 10.10 4.95 1.51 6.45 2.85 123 2547 603
(9)) 8.03 9.75 8.86 441 6.07 5.15 656 1002 881
GP-2 (L) 4.80 13.93 9.58 5.44 14.93 7.16 112 226 159
V) 0.08 15.24 10.72 6.15 10.42 8.49 122 309 154
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Table 3.2.2c Range and average concentration of trace metals in cores VS-2, VG-2, MD-2, S-2 and GP-2

Ni (ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)
Sediment
core Range Avg Range Avg Range Avg Range Avg Range Avg
Min Max Min Max Min Max Min Max Min Max
VS-2 60 167 116 36 79 61 313 382 345 378 548 453 135 183 160
VG-2 87 127 111 52 84 71 210 410 293 85 103 94 119 239 160
MD-2 39 118 76 20 38 29 18 117 40 261 3720 | 1179 | 156 438 252
S-2 37 148 103 5 54 27 65 190 141 21 100 72 66 183 132
GP-2 33 199 65 24 57 31 18 43 32 75 400 161 309 1602 680
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Table 3.2.2d Section wise range and average concentration of trace metals in cores VS-2, VG-2, MD-2, S-2 and GP-2, where L=Lower, M=Middle

and U=Upper sections

. Ni (ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)
Sediment Range Range Range Range Range
core - Avg - Avg - Avg - Avg - Avg
Min | Max Min Max Min Max Min Max Min Max
VS-2 (L)| 133 | 167 148 36 73 54 334 367 351 426 548 469 152 171 160
(M) | 82 149 128 50 65 59 320 362 337 446 543 473 151 174 162
(U)| 60 163 93 53 79 65 314 382 346 378 539 437 135 183 160
VG-2 (L) | 87 128 108 52 84 68 210 410 285 90 103 97 119 155 143
(U)| 106 | 121 115 65 78 73 269 344 301 85 98 92 139 239 175
MD-2 (L) | 80 95 89 30 34 32 38 45 42 406 434 418 204 243 229
(M) [ 79 118 99 25 37 30 25 42 35 535 825 656 236 438 308
U 39 104 66 20 38 29 18 117 42 261 3721 | 1495 | 156 337 238
S-2 (L)| 105 | 148 131 17 54 33 172 190 179 89 101 94 161 183 170
(M) | 37 138 69 6 33 21 65 173 97 22 90 46 66 166 92
U)| 94 122 109 20 38 30 129 147 138 66 85 75 111 137 119
GP-2 (L) | 44 104 53 24 33 28 23 43 32 75 193 163 309 646 396
(U)] 33 | 199 76 26 57 34 18 43 31 101 400 | 160 | 463 | 1603 | 935
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in the core VS-2. In the lower section (Table 3.2.2b), Al, Fe and Mn varied from 6.74 % to
8.84 % (avg. 8.06 %), 9.46 % to 10.76 % (avg. 10.04 %) and 1344 ppm to 1882 ppm (avg.
1591 ppm) respectively, whereas in the middle section, Al, Fe and Mn ranged from 6.68 % to
8.80 % (avg. 8.04 %), 15.79 % to 19.56 % (avg. 18.04 %) and 1566 ppm to 1750 ppm (avg.
1654 ppm) respectively. In the upper section, Al, Fe and Mn ranged from 7.24 % to 9.33 %
(avg. 8.35 %), 13.17 % to 19.87 % (avg. 16.59 %) and 1512 ppm to 2198 ppm (avg. 1782

ppm) respectively.

In core VS-2 (Fig. 3.2.5a), Al concentration fluctuated around an average line from bottom to
surface. The concentration of Fe remained nearly constant in the lower section and was less
than the average value, while it increased in the middle section and was more than the
average value. Further in the upper section, not much variation was seen from 38 to 18 cm,
followed by fluctuating trend towards the surface. Manganese showed lower values between
70 and 60 cm depth, almost constant trend in the middle section and overall increasing

distribution pattern in the upper section.
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Fig. 3.2.5a Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk

sediments in the core VS-2.
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Vaghotan estuary

In core VG-2, Al, Fe and Mn varied from 7.67 % to 11.45 % (avg. 10.19 %), 6.22 % to 14.08
% (avg. 10.37 %) and 391 ppm to 761 ppm (avg. 531 ppm) respectively (Table 3.2.2a). In the
lower section (Table 3.2.2b), Al, Fe and Mn ranged from 7.67 % to 10.76 % (avg. 9.63 %),
6.22 % to 11.01 % (avg. 8.66 %) and 391 ppm to 761 ppm (avg. 550 ppm) respectively;
while they varied from 8.21 % to 11.45 % (avg. 10.71 %), 9.76 % to 14.08 % (avg. 11.97 %)
and 457 ppm to 656 ppm (avg. 514 ppm) respectively in the upper section.

Aluminium showed overall increase from lower to upper sections in the core VG-2 (Fig.
3.2.5b). Iron exhibited overall increasing trend from bottom to 10 cm and then decreased
towards the surface. Manganese showed overall increasing trend from bottom to 34 cm and

then decreased up to 10 cm. Further it showed increase towards the surface.
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Fig. 3.2.5b Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk

sediments in the core VG-2.

Mandovi estuary

In core MD-2 (Table 3.2.2a), Al, Fe and Mn varied from 5.33 % to 10.20 % (avg. 7.62 %),
10.76 % to 21.33 % (avg. 15.67 %) and 1297 ppm to 6839 ppm (avg. 3260 ppm)
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respectively. In the lower section (Table 3.2.2b), Al, Fe and Mn varied from 7.55 % to 10.20
% (avg. 9.21 %), 11.87 % to 16.38 % (avg. 13.56 %) and 1379 ppm to 2969 ppm (avg. 2119
ppm) respectively; while, in the middle section Al, Fe and Mn ranged from 5.33 % to 8.77 %
(avg. 6.31 %), 10.76 % to 16.70 % (avg. 14.16 %) and 1298 ppm to 4920 ppm (avg. 2180
ppm) respectively. In the upper section, Al, Fe and Mn varied from 5.70 % to 9.88 % (avg.
7.76 %), 12.31 % to 21.33 % (avg. 16.57 %) and 1710 ppm to 6839 ppm (avg. 3833 ppm)

respectively.

Aluminium showed overall decrease from lower to middle section of the core MD-2 (Fig.
3.2.5¢). Its concentration was more than average value in the lower section and was less than
the average value in the middle section. In the upper section, it increased from 56 to 52 cm
and then decreased up to 8 cm. Thereafter, its concentration increased towards the surface.
Iron and manganese exhibited overall increase from bottom to 44 cm. Further, concentration
of Fe decreased towards the surface, while Mn decreased up to 8 and then increased towards

the surface.
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Fig. 3.2.5c Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk
sediments in the core MD-2.
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Sharavathi estuary

In core S-2 (Table 3.2.2a), Al, Fe and Mn varied from 1.84 % to 10.69 % (avg. 8.02 %), 1.51
% to 7.23 % (avg. 4.87 %) and 123 ppm to 2547 ppm (avg. 1181 ppm) respectively. In the
lower section (Table 3.2.2b), Al, Fe and Mn varied from 9.89 % to 10.69 % (avg. 10.40 %),
6.06 % to 7.23 % (avg. 6.52 %) and 1323 ppm to 2072 ppm (avg. 1762 ppm) respectively,
while in the middle section, Al, Fe and Mn ranged from 1.84 % to 10.10 % (avg. 4.95 %),
1.51 % to 6.45 % (avg. 2.85 %) and 123 ppm to 2547 ppm (avg. 603 ppm) respectively. In
the upper section, Al, Fe and Mn varied from 8.03 % to 9.75 % (avg. 8.86 %), 4.41 % to 6.07
% (avg. 5.15 %) and 656 ppm to 1002 ppm (avg. 881 ppm) respectively.

Metals viz. Al, Fe and Mn did not show much variation in the lower section and were more
than the average value in the core S-2 (Fig. 3.2.5d). In the middle section, these metals
decreased from 32 to 28 cm. Further, concentration of Al increased up to 10 cm, while Fe and
Mn remained nearly constant up to 14 cm and then increased up to 10 cm. The concentration
of these metals was less than the average value in the middle section. In the upper section,

these metals showed overall increase towards the surface.
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Fig. 3.2.5d Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk

sediments in the core S-2.
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Gurupur estuary

In core GP-2 (Table 3.2.2a), Al, Fe and Mn varied from 0.08 % to 15.24 % (avg. 10.18 %),
5.44 % to 14.93 % (avg. 7.86 %) and 112 ppm to 309 ppm (avg. 157 ppm) respectively. In
the lower section (Table 3.2.2b), Al, Fe and Mn ranged from 4.80 % to 13.93 % (avg. 9.58
%), 5.44 % to 14.93 % (avg. 7.16 %) and 112 ppm to 226 ppm (avg. 159 ppm) respectively,
while in the upper section, Al, Fe and Mn varied from 0.08 % to 15.24 % (avg. 10.72 %),
6.15 % to 10.42 % (avg. 8.49 %) and 122 ppm to 309 ppm (avg. 154 ppm) respectively.

In core GP-2, Al showed overall increase from lower to upper sections, with sharp decreasing
peak at 8 cm (Fig. 3.2.5e). Iron did not show much variation in the lower section, except at 46
cm where it showed a prominent increasing peak and increasing trend from 32 cm to surface
in the upper section. Manganese concentration showed fluctuating decreasing trend in the
lower section, but Mn did not show much variation in the upper section. However, at 12 cm
and surface, Mn showed prominent increasing peaks. The distribution pattern of Mn was
slightly similar to sand.
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Fig. 3.2.5e Variation of Al, Fe, Mn, Ni, Co, Cu, Zn and Cr with average line in bulk
sediments in the core GP-2.
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Trace metals (Ni, Co, Cu, Zn and Cr)

Vashishti estuary

In core VS-2 (Table 3.2.2¢), Ni, Co, Cu, Zn and Cr varied from 60 ppm to 167 ppm (avg. 116
ppm), 36 ppm to 79 ppm (avg. 61 ppm), 313 ppm to 382 ppm (avg. 345 ppm), 378 ppm to
548 ppm (avg. 453 ppm) and 135 ppm to 183 ppm (avg. 160 ppm) respectively. In the lower
section (Table 3.2.2d), Ni, Co, Cu, Zn and Cr varied from 133 ppm to 167 ppm (avg. 148
ppm), 36 ppm to 73 ppm (avg. 54 ppm), 334 ppm to 367 ppm (avg. 351 ppm), 426 ppm to
548 ppm (avg. 469 ppm) and 152 ppm to 171 ppm (avg. 160 ppm) respectively, whereas in
the middle section, Ni, Co, Cu, Zn and Cr ranged from 82 ppm to 149 ppm (avg. 128 ppm),
50 ppm to 65 ppm (avg. 59 ppm), 320 ppm to 362 ppm (avg. 337 ppm), 446 ppm to 543 ppm
(avg. 473 ppm) and 151 ppm to 174 ppm (avg. 162 ppm) respectively. In the upper section,
Ni, Co, Cu, Zn and Cr varied from 60 ppm to 163 ppm (avg. 93 ppm), 53 ppm to 79 ppm
(avg. 65 ppm), 314 ppm to 382 ppm (avg. 346 ppm), 378 ppm to 539 ppm (avg. 437 ppm)
and 135 ppm to 183 ppm (avg. 160 ppm) respectively.

Nickel did not show much variation from bottom to 42 cm but maintained more than the
average value in the core VS-2 (Fig. 3.2.5a). Further, it decreased at 40 cm and up to 8 cm its
concentration was less than the average value. From 8 to 6 cm, a sharp increase in Ni was
observed, followed by decrease towards the surface. Cobalt showed fluctuations with overall
increasing distribution pattern from bottom to surface. Metals viz. Cu and Cr fluctuated
around the average line and showed overall increasing trend towards the surface in the top 20
cm. The concentration of Zn exhibited constant trend along the average line up to 40 cm

followed by decrease from 40 to 36 cm and then showed gradual increase.

Vaghotan estuary

In core VG-2 (Table 3.2.2¢), Ni, Co, Cu, Zn and Cr ranged from 87 ppm to 127 ppm (avg.
111 ppm), 52 ppm to 84 ppm (avg. 71 ppm), 210 ppm to 410 ppm (avg. 293 ppm), 85 ppm to
103 ppm (avg. 94 ppm) and 119 ppm to 239 ppm (avg. 160 ppm), respectively. In the lower
section (Table 3.2.2d), Ni, Co, Cu, Zn and Cr ranged from 87 ppm to 128 ppm (avg. 108
ppm), 52 ppm to 84 ppm (avg. 68 ppm), 210 ppm to 410 ppm (avg. 285 ppm), 90 ppm to 103
ppm (avg. 97 ppm) and 119 ppm to 155 ppm (avg. 143 ppm) respectively. On the other hand,
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in the upper section, Ni, Co, Cu, Zn and Cr varied from 106 ppm to 121 ppm (avg. 115 ppm),
65 ppm to 78 ppm (avg. 73 ppm), 269 ppm to 344 ppm (avg. 301 ppm), 85 ppm to 98 ppm
(avg. 92 ppm) and 139 ppm to 239 ppm (avg. 175 ppm) respectively.

Metals viz. Ni, Co and Cu showed overall increase from bottom to 34 cm and then showed
gradual decrease towards the surface of the core VG-2 (Fig. 3.2.5b). Zinc fluctuated from
bottom to 34 cm which was followed by decreasing trend towards the surface. Chromium did
not exhibit much variation from bottom to 28 cm, followed by positive peak at 26 cm.

Further, it showed fluctuations along average line.

Mandovi estuary

In core MD-2 (Table 3.2.2c), Ni, Co, Cu, Zn and Cr ranged from 39 ppm to 118 ppm (avg. 76
ppm), 20 ppm to 38 ppm (avg. 29 ppm), 18 ppm to 117 ppm (avg. 40 ppm), 261 ppm to 3720
ppm (avg. 1179 ppm) and 156 ppm to 438 ppm (avg. 252 ppm) respectively. In the lower
section (Table 3.2.2d), Ni, Co, Cu, Zn and Cr varied from 80 ppm to 95 ppm (avg. 89 ppm),
30 ppm to 34 ppm (avg. 32 ppm), 38 ppm to 45 ppm (avg. 42 ppm), 406 ppm to 434 ppm
(avg. 418 ppm) and 204 ppm to 243 ppm (avg. 229 ppm) respectively; while in the middle
section, Ni, Co, Cu, Zn and Cr ranged from 79 ppm to 118 ppm (avg. 99 ppm), 25 ppm to 37
ppm (avg. 30 ppm), 25 ppm to 42 ppm (avg. 35 ppm), 535 ppm to 825 ppm (avg. 656 ppm)
and 236 ppm to 438 ppm (avg. 308 ppm) respectively. In the upper section, Ni, Co, Cu, Zn
and Cr ranged from 39 ppm to 104 ppm (avg. 66 ppm), 20 ppm to 38 ppm (avg. 29 ppm), 18
ppm to 117 ppm (avg. 42 ppm), 261 ppm to 3721 ppm (avg. 1495 ppm) and 156 ppm to 337
ppm (avg. 238 ppm) respectively.

Metals viz. Ni and Co did not show much variation in the lower section of the core MD-2
(Fig. 3.2.5c). Further, they exhibited fluctuations in the middle section. From 32 to 8 cm they
showed fluctuating decreasing trend and then increased towards the surface. Copper
maintained along the average line up to 8 cm, however sharp increasing peak was seen at 34
cm. Further, it showed overall increase towards the surface in the top 8 cm. Zinc
concentration remained nearly constant from bottom to 40 cm, followed by wide fluctuations
up to 6 cm and further, remained almost constant towards the surface with higher value.
Chromium maintained almost constant concentration in the lower section which was

followed by increase in the middle section. In the upper section, its concentration decreased
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up to 8 cm and then sharply increased at 6 cm, followed by constant value towards the

surface.

Sharavathi estuary

In core S-2 (Table 3.2.2c), Ni, Co, Cu, Zn and Cr varied from 37 ppm to 148 ppm (avg. 103
ppm), 5 ppm to 54 ppm (avg. 27 ppm), 65 ppm to 190 ppm (avg. 141 ppm), 21 ppm to 100
ppm (avg. 72 ppm) and 66 ppm to 183 ppm (avg. 132 ppm) respectively. In the lower section
(Table 3.2.2d), Ni, Co, Cu, Zn and Cr varied from 105 ppm to 148 ppm (avg. 131 ppm), 17
ppm to 54 ppm (avg. 33 ppm), 172 ppm to 190 ppm (avg. 179 ppm), 89 ppm to 101 ppm
(avg. 94 ppm) and 161 ppm to 183 ppm (avg. 170 ppm) respectively, while in the middle
section, Ni, Co, Cu, Zn and Cr ranged from 37 ppm to 138 ppm (avg. 69 ppm), 6 ppm to 33
ppm (avg. 21 ppm), 65 ppm to 173 ppm (avg. 97 ppm), 22 ppm to 90 ppm (avg. 46 ppm) and
66 ppm to 166 ppm (avg. 92 ppm) respectively. In the upper section, Ni, Co, Cu, Zn and Cr
varied from 94 ppm to 122 ppm (avg. 109 ppm), 20 ppm to 38 ppm (avg. 30 ppm), 129 ppm
to 147 ppm (avg. 138 ppm), 66 ppm to 85 ppm (avg. 75 ppm) and 111 ppm to 137 ppm (avg.
119 ppm) respectively.

Nickel exhibited overall increasing trend in the lower section of the core S-2, whereas Cu, Zn
and Cr maintained nearly constant concentration in this section (Fig. 3.2.5d) with higher than
average value. In the middle section, these metals decreased from 32 to 28 cm, followed by
increase up to 10 cm. Further, these metals showed increase towards the surface. Cobalt
exhibited fluctuating trend in the lower section and was largely more than the average value
which decreased to less than the average value in the middle section. It increased towards the

surface in the upper section.

Gurupur estuary

In core GP-2 (Table 3.2.2¢), Ni, Co, Cu, Zn and Cr varied from 33 ppm to 199 ppm (avg. 65
ppm), 24 ppm to 57 ppm (avg. 31 ppm), 18 ppm to 43 ppm (avg. 32 ppm), 75 ppm to 400
ppm (avg. 161 ppm) and 309 ppm to 1602 ppm (avg. 680 ppm) respectively. In the lower
section (Table 3.2.2d), Ni, Co, Cu, Zn and Cr varied from 44 ppm to 104 ppm (avg. 53 ppm),
24 ppm to 33 ppm (avg. 28 ppm), 23 ppm to 43 ppm (avg. 32 ppm), 75 ppm to 193 ppm (avg.
163 ppm) and 309 ppm to 646 ppm (avg. 396 ppm) respectively, while in the upper section
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Ni, Co, Cu, Zn and Cr ranged from 33 ppm to 199 ppm (avg. 76 ppm), 26 ppm to 57 ppm
(avg. 34 ppm), 18 ppm to 43 ppm (avg. 31 ppm), 101 ppm to 400 ppm (avg. 160 ppm) and
463 ppm to 1603 ppm (avg. 935 ppm) respectively.

Nickel did not vary in the lower section of the core GP-2, except at 48 cm it showed an
increasing peak (Fig. 3.2.5€). In the upper section, Ni showed large fluctuations from 34 to 16
cm, followed by a constant trend up to 8 cm. Further, Ni increased towards the surface. Like
Ni, the concentration of Co did not vary in the lower section. The concentration of Co was
similar to sand and Mn in the upper section. Cobalt concentration was highest at 12 cm depth
and coincided with sand and Mn peak at this depth. The fluctuating distribution pattern of Cu
was observed in both the sections. Zinc concentration remained nearly constant in the lower
section with prominent decreasing peak at 42 cm. In the upper section, Zn showed overall
decrease up to 4 cm, followed by a sudden increase towards the surface. Like rest of the trace
metals, Cr concentration did not vary in the lower section. However, in the upper section it

showed overall increase towards the surface.

When the average values of major elements were considered, Al was highest in the core VG-
2 and lowest in the core MD-2 (Table 3.2.2a). However, its value was also higher in the core
GP-2. Metals viz. Fe and Mn were highest in the core MD-2. Iron was lowest in the core S-2,
while Mn in the core GP-2.

When average values were compared between the sections (Table 3.2.2b) in core VS-2, Al
and Mn were higher in the upper section, while Fe in the middle section. In core VG-2, Al
and Fe were higher in the upper section, while Mn was higher in the lower section. In core
MD-2, Al was higher in the lower section, while Fe and Mn remained higher in the upper
section. In core S-2, all the three elements viz. Al, Fe and Mn were higher in the lower
section. Metals viz. Al and Fe were higher in the upper section of the core GP-2, while Mn in

the lower section.

In case of trace metals when five estuaries were compared highest value was recorded in core
V/S-2 for Ni, Cu and Zn, while in core VG-2 for Co (Table 3.2.2c). Chromium was highest in
the core GP-2. Lowest value for Ni and Cu was seen in the core GP-2, whereas Co, Zn and Cr

were lowest in the core S-2.
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When the average value of the sections was compared (Table 3.2.2d), in core VS-2, Ni and
Cu were highest in the lower section, whereas Zn and Cr in the middle section. Cobalt was
highest in the upper section. In core VG-2, Ni, Co, Cu and Cr were highest in the upper
section, while Zn was reported highest in the lower section. In case of core MD-2, Ni and Cr
were highest in the middle section, Co in the lower section and Zn in the upper section. The
value of Cu was equal in lower and upper sections and was highest in these sections. In core
S-2, all the trace metals were highest in the lower section. In core GP-2, Ni, Co and Cr were
highest in the upper section, while Cu and Zn remained highest in the lower section.

When the sediment components of five estuaries were compared at middle estuarine regions,
it was noted that sand varied from 6.00 % to 38.75 %, while silt and clay ranged from 23.21
% to 45.24 % and 18.16 % to 70.71 % respectively (Table 3.2.1a). It was seen from the
contour diagram (Fig. 3.2.6a) that sand and clay fluctuated from North to South in the middle
estuarine mudflats along central west coast of India. Silt with initial decrease from Vashishti
to Vaghotan estuaries, further exhibited overall increase up to Gurupur estuary. Sediment
components in the middle region of the studied estuaries did not show systematic pattern,
unlike lower estuarine region. The lower estuary is in free connection with the open sea and
is dominated by marine processes regulated by waves and tides (Dalrymple et al. 1992), and
the upper estuary is dominated by freshwater input derived from river and its tributaries. The
middle estuary, however, is exposed to mixing of sea and river water and hence is subjected
to greater variations in depositional processes. Among the studied estuaries, the length of
estuaries from mouth to middle region were 21, 15, 19, 16 and 14 km in Vashishti, Vaghotan,
Mandovi, Sharavathi and Gurupur estuaries respectively. The higher length indicated higher
tidal range in the Vashishti estuary and lesser distance suggested lower tidal range in the
Gurupur estuary. However, slightly lower distance from mouth to middle region in core VG-
2 might be due to change in geomorphology. Further, more the tidal influence more is the
mixing of fresh and saline water (US DA 1963) retaining finer sediments in suspension for a
longer period of time which eventually coagulates and later settles down to form mudflats.
Hence, larger tidal range helps in the formation of well-developed mudflats in the Vashishti
estuary than the Gurupur estuary. With this approach higher finer sediments are expected in
the estuaries towards North. In the present study, silt showed less variation among the
estuaries, except the Vaghotan estuary. However, large variation in sand and clay was seen.
Tambi and Jagbudi tributaries join Vashisthi in the middle estuarine region. The average
water depth near the confluence point of Tambi and Vashishti was 10 m and near the
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confluence point of Jagbudi and Vashisthi was 5 m (Nair et al. 1998). The more water depth
near the confluence point of tributary and river suggests higher energy associated with runoff
of the tributary. Higher energy runoff seem to have brought along with it coarser particles
from surrounding catchment area into the middle region of the Vashishti estuary carrying
away finer sediments. On the other hand, release of higher sand particles towards the
Southern part of the study area from the parent rock, as discussed earlier must have increased
sand percentage in Mandovi and Sharavathi estuaries. However, decrease in sand was
observed in the Gurupur estuary. Therefore, factors viz. runoff from tributaries and catchment

area geology may have resulted variation in sand and clay percentage in the present study.
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Fig. 3.2.6a Distribution of sediment components along the study area.

In the lower section of core VS-2 sand fluctuated around the average value, while was less
than the average value in cores MD-2 and S-2 (Fig. 3.2.1). Further, sand percentage was more
than the average value in the middle section of these cores. This suggested relatively higher
hydrodynamic environment experienced by the middle section of cores VS-2, MD-2 and S-2.
In the upper section, however sand decreased compared to the middle section in these cores.
The higher percentage of sand in the middle section in cores VS-2 and MD-2 must have been
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received during flood events which occurred in the past probably as a result of heavy rainfall.
Further, sediment dredging for sand mining in the Sharavathi estuary might have decreased
sand in the recent years. In the Vaghotan estuary, increase in sand percentage from lower to
upper sections suggested higher hydrodynamic conditions in the recent years might be due to
human activities in the catchment area. In case of the Gurupur estuary, sand did not show
much variation between the sections, however percentage of silt increased in the upper
section. It was already seen in the core GP-1, collected from the lower region of the Gurupur
estuary, an increase in sand between 30 and 10 cm. This suggested that higher hydrodynamic
conditions near the mouth of the estuary must have facilitated higher deposition of coarser
sediments carrying away finer sediments (silt) towards the middle region (Siraswar and
Nayak 2011).

pH at middle estuarine regions in five estuaries varied from 6.07 to 6.91 (Table 3.2.1a). It
showed varying pattern from North to South along central west coast of India (Fig. 3.2.6b). In
cores VG-2, MD-2 and GP-2 there was change in pH towards more acidic nature from
bottom to surface, whereas in the core S-2, pH varied from acidic to basic nature. In the

Vashishti estuary, however, pH varied with a small range.

6.95
L 6.65
a . 1 - core VS-2
t 2 - core VG-2
i 3 - core MD-2
t 6.35 4 - core S-2
u 5 - core GP-2
d
e

6.05

73 74 75 76

Longitude

Fig. 3.2.6b Distribution of pH along the study area.

When organic carbon of five estuaries was compared at middle estuarine regions, it was
observed that organic carbon varied from 1.19 % to 2.29 % (Table 3.2.1a). The percentage of
organic carbon showed variation from Vashishti to Gurupur estuaries (Fig. 3.2.6c).
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Fig. 3.2.6¢ Distribution of organic carbon along the study area.

The distribution pattern of organic carbon was similar to silt and clay in cores VS-2, MD-2
and S-2 suggesting its association with finer sediments. In core GP-2, organic carbon
decreased from lower to upper sections, similar to clay. The similar distribution pattern of
organic carbon to that of silt and/or clay in cores VS-2, MD-2, S-2 and GP-2 reflected the
incorporation of organic matter into the finer fractions of sediment by adsorption phenomena
(Keil et al. 1994) due to similar settling velocity (Raj et al. 2013) and larger surface area of
finer sediments. In case of core VG-2, organic carbon was more than average value in the
lower section and less than average value in the upper section, opposite to that of sand. This
suggested that higher sand input in the upper section must have diluted the organic matter

content.

In the present study, major metals in the bulk sediments varied with a range for Al from 7.62
% to 10.19 %, Fe from 4.87 % to 15.67 % and Mn from 157 ppm to 3260 ppm, while trace
metals varied with a range for Ni from 65 ppm to 116 ppm, Co from 27 ppm to 71 ppm, Cu
from 32 ppm to 345 ppm, Zn from 72 ppm to 453 ppm and Cr from 132 ppm to 680 ppm
(Table 3.2.2a and c). Metals viz. Fe and Co along with Cu showed overall decrease from
North to South in the middle region of estuaries along central west coast of India (Fig. 3.2.6d
and e), while Cr exhibited overall increase towards the South. Rest of the metals, however

showed fluctuating distribution pattern.
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Fig. 3.2.6e Distribution of trace metals in the bulk sediments along the study area.

Pearson’s correlation analysis of the core VS-2 (Table 3.2.3a) revealed significant correlation
of sand with pH, Fe, Ni and Cr; silt with clay, organic carbon and Al; clay with organic
carbon and Al; and organic carbon with Al. Further, Fe exhibited significant correlation with
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Co, while Mn with Co, Cu and Cr. Also, Ni with Zn and Cr; and Cu with Cr showed

significant correlation.

Table 3.2.3a Correlation between sediment components, pH, organic carbon and metals in bulk

sediments in core VS-2 (n=35). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) |Clay (%)|0rg C (%)| pH Al (%) | Fe (%) [Mn(ppm)|Ni(ppm)|Co (ppm)|Cu (ppm)|Zn (ppm)|Cr (ppm)
Sand (%) 1.00
Silt (%) -0.99 1.00
Clay (%) -0.95 0.89 1.00
OrgC(%)| -0.81 0.79 0.79 1.00
pH 0.35 -0.35 | -0.32 -0.20 1.00

Al (%) -0.53 0.57 0.43 0.53 -0.09 1.00
Fe (%) 0.38 -041 | -0.28 -0.20 0.12 0.04 1.00
Mn (ppm) 0.06 -0.08 | -0.02 0.01 -0.24 | -0.05 0.31 1.00
Ni (ppm) 0.41 -0.38 | -0.46 -0.40 0.22 -0.23 -0.38 -0.27 1.00
Co (ppm) 0.20 -022 | -0.13 -0.03 -0.17 | -0.22 0.37 0.66 -0.12 1.00
Cu(ppm) [ -0.02 0.03 0.05 -0.08 0.18 -0.34 -0.28 0.35 0.28 0.28 1.00
Zn (ppm) 0.27 -0.27 | -0.26 -0.28 -0.17 | -0.31 -0.10 0.05 0.35 0.12 0.16 1.00
Cr (ppm) 0.50 -0.52 | -044 -0.51 0.19 -0.52 0.06 0.44 0.38 0.28 0.58 0.14 1.00

In core VS-2, similar distribution pattern of Fe, Mn, Co, Cu and Cr, and good correlation of
Co, Cu and Cr with Mn, and Co with Fe suggested adsorption of Co, Cu and Cr onto Fe
and/or Mn oxy-hydroxides. Further, Fe, Ni and Cr showed good correlation with sand in this
core. According to Achyuthan et al. (2002), in the sediments of estuarine and near shore
regions, iron oxide (hematite) occurs as a coating of 5-7 um size around the coarser quartz
and feldspar grains which could facilitate adsorption of Ni and Cr onto coarser sediments.
Although, clay and silt fractions of the sediments and organic matter have been considered as
the main adsorbing agents for metals, the contribution of the coarser fraction of the sediments
cannot be ignored (Jain and Ram 1997). Presence of Lote Parshuram industrial estate in
proximity of the middle estuary makes it prone to maximum effect of industrial wastes which
might have accumulated in the surrounding mudflat sediments. It further suggested that
excess metals from non-natural sources may have accumulated in the sand-sized fraction.
Zinc seemed to be from different source may be anthropogenic. The significant correlation of

Al with silt and clay indicated that the finer sediments are lithogenous along with silicates.

The results of correlation analysis of the core VG-2 showed significant correlation of sand
with Al, Fe and Cr; silt with Al; clay with pH and Zn; and pH with Zn (Table 3.2.3b). Among
the metals, Al showed significant correlation with Fe, Ni, Co and Cu; while Fe with Ni, Co,
Cu and Cr. Also, Mn exhibited significant correlation with Ni and Co. Further, Ni showed

significant association with Co, Cu and Cr, while Co with Cu.
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Table 3.2.3b Correlation between sediment components, pH, organic carbon and metals in bulk

sediments in core VG-2 (n=27). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) | Clay (%) |Org C (%)| pH Al (%) | Fe (%) |Mn (ppm)|Ni (ppm)|Co (ppm)|Cu (ppm)|Zn (ppm)| Cr (ppm)

Sand (%) 1.00

Silt (%) 0.11 1.00

Clay (%) -0.58 -0.87 1.00

OrgC (%) | -0.67 -0.02 0.35 1.00

pH -0.35 -0.41 0.50 0.05 1.00

Al (%) 0.51 0.44 -0.57 -0.49 -0.46 1.00

Fe (%) 0.81 0.10 -0.49 -0.76 -0.15 | 0.60 1.00

Mn(ppm) | 029 | 030 | 009 | 021 | 015 | 022 | 002 1.00

Ni (ppm) 0.24 0.18 -0.26 -0.51 0.06 0.63 0.60 0.50 1.00

Co (ppm) 0.34 0.01 -0.17 -0.52 0.08 0.58 0.67 0.38 0.92 1.00

Cu (ppm) 0.19 -0.03 -0.06 -0.22 -0.08 | 0.41 0.40 0.27 0.49 0.47 1.00

Zn (ppm) -0.61 -0.29 0.54 0.17 049 | 035 -0.58 0.12 0.02 -0.09 -0.05 1.00

Cr (ppm) 0.46 -0.09 -0.17 -0.58 -0.03 | 022 0.54 -0.16 0.40 0.38 0.31 -0.21 1.00

The increase in Al, Fe and Cr concentration in the recent years (upper section), similar to
sand indicated their association with coarser sediments in the Vaghotan estuary. This was
further verified from the correlation analysis where in good correlation of these metals with
sand was observed. Metals viz. Mn, Ni, Co, Cu and Zn concentration decreased towards the
surface that suggested diffusion of these metals in the recent years. Trace metals can be
mobilized after their deposition and then relocalized in the sediment column (Gobeil and
Cossa 1993) or diffuse to the water column (Morfett et al. 1998). Trace metals showed good
correlation with Fe and/or Mn suggesting their adsorption onto Fe and/or Mn oxy-
hydroxides. According to Duchart et al. (1973), trace metals are first sorbed or precipitated
onto the Fe/Mn oxides forming films or layers near the sediment surface. Zinc distribution

seemed to be regulated by clay and influenced by pH.

The results of correlation analysis of the core MD-2 (Table 3.2.3c) revealed significant
correlation of sand with Ni and Cr; silt with clay and organic carbon; clay with organic
carbon, Al and Mn; and organic carbon with Al. Among the metals, Al showed significant
correlation with Fe, Mn, Co, Cu and Zn, while Fe with Mn and Zn. Further, all the trace

metals showed significant correlation with each other.

In case of core MD-2, concentration of Al and Mn was low in the middle section, similar to
clay. Also, these elements showed significant correlation with clay. This indicated dilution of
these metals by higher coarser sediments in the middle section. However, distribution of rest
of the metals did not seem to be influenced by higher sand percentage in the middle section.
Higher Cr in this section was associated with coarser sediments. In the upper section (from 56

to 8 cm), trace metals viz. Ni, Co, Zn and Cr exhibited wide fluctuations in their distribution
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pattern suggesting their mobilization from sediments. Further, increase in metal concentration
(except Fe) in the top 8 cm suggested their adsorption in oxic conditions. However, Mandovi
estuary being a reservoir of mining wastes, addition of metals in the recent years from mining
related activities cannot be ignored. Also, sewage sludge dump sites, municipal waste
discharge, antifouling paints, agricultural and industrial wastes contributed additional input.
Further, the significant correlation among the trace metals suggested their similar source or

similar enrichment mechanism (Bibi et al. 2007).

Table 3.2.3c Correlation between sediment components, pH, organic carbon and metals in bulk

sediments in core MD-2 (n=41). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) |Clay (%)|0Org C (%)| pH Al (%) | Fe (%) [Mn (ppm)|Ni (ppm)| Co (ppm)|[Cu (ppm)| Zn (ppm)| Cr (ppm)

Sand (%) 1.00

Silt (%) -0.81 1.00

Clay (%) | 0.85 | 038 | 1.00

OrgC(%)| -067 | 051 | 061 | 1.00

pH 0.07 -0.07 | -0.04 -0.08 1.00

Al (%) -0.56 0.30 0.61 0.56 0.10 1.00

Fe (%) -0.27 0.28 0.17 0.08 0.04 0.32 1.00

Mn (ppm) | -0.37 0.23 0.39 0.21 -0.07 | 0.54 0.77 1.00

Ni(ppm) | 043 | -0.37 | 035 | 023 | 016 | 022 | 001 | 0.09 | 1.00

Co(ppm) | 0.01 -0.01 0.03 0.12 -0.01 0.54 0.23 0.20 0.82 1.00

ppm -0.25 0.13 0.27 0.26 -0.22 | 0.42 0.26 0.24 0.37 0.65 1.00

Cu (ppm)
Zn(ppm) | 019 | 017 | 0.14 015 | 043 [ 032 | 033 | 029 [ 0.32 0.63 0.68 1.00
Crippm) | 053 | -045 | 043 | 047 | 019 | 002 | 004 | 007 | 0.78 0.69 037 | 055 1.00

The correlation analysis results of the core S-2 showed significant correlation of sand with
pH; silt with clay and organic carbon, and clay with organic carbon (Table 3.2.3d). Further,
finer sediments and organic carbon showed significant correlation with all the metals. Among
the metals, Al, Fe and Mn exhibited significant correlation with all the trace metals. Also,

trace metals showed significant correlation among themselves.

The distribution patterns of most of the trace elements agreed with the distribution patterns of
finer sediments and organic carbon in the core S-2 which suggested that sediment grain size
regulates the vertical distribution of metals. Association of metals with finer sediment
particles was attributed to co-precipitation and complexation of metals on particle surfaces
and this determines the distribution pattern of metals in sediments (Ho et al. 2010). These
trace metals, along with finer sediments and organic carbon, showed significant positive
correlation with Al. Aluminium is a geochemical proxy and a strong correlation of it with
metals further suggested that particle size contributes significantly to the variations of these

elements (Zhang et al. 2007). Further, a similar point-to-point distribution of Fe and Mn was
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observed from bottom to 14 cm depth in the core S-2. This was supported by strong positive
correlation between Fe and Mn which Jonathan et al. (2010) attributed to the strong
association of the geochemical matrix between Fe and Mn. From the overall distribution
pattern, a prominent increase in concentration of Fe from 14 cm towards the surface was seen
which must be the result of higher supply during recent years or remobilization of Fe which

later associated with finer sediments and organic carbon in surface section.

Table 3.2.3d Correlation between sediment components, pH, organic carbon and metals in bulk

sediments in core S-2 (n=30). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) [Clay (%)|Org C (%)| pH Al (%) | Fe (%) |Mn (ppm)| Ni (ppm)|Co (ppm)|{Cu (ppm)|Zn (ppm)| Cr (ppm)

Sand (%)| 1.00

Silt (%) -0.93 1.00

Clay (%) | -069 | 0.36 | 1.00

Org C (%)| -0.81 0.65 0.75 1.00

pH 0.37 -024 | -0.46 -0.35 1.00

Al (%) -0.77 0.61 0.75 0.97 -0.46 | 1.00

Fe (%) -0.83 0.68 0.76 0.97 -042 | 097 1.00

Mn (ppm)| -0.79 0.72 0.56 0.89 -0.41 0.87 0.92 1.00

Ni (ppm) | -0.76 0.65 0.62 0.94 -0.38 | 0.95 0.95 0.89 1.00

Co (ppm)| -0.49 0.36 0.51 0.54 -027 | 048 0.52 0.50 0.43 1.00

ppm)| -0.83 0.68 0.76 0.97 -0.49 | 097 0.98 0.93 0.95 0.54 1.00

Cu (ppm)
Zn (ppm) | -0.80 0.65 0.72 0.96 -0.47 | 097 0.98 0.89 0.95 0.51 0.99 1.00
Cr(ppm)| -0.86 0.72 0.74 0.92 -0.49 | 0.90 0.95 0.91 0.89 0.54 0.96 0.93 1.00

The correlation analysis results of the core GP-2 revealed significant correlation of sand with
Mn and Co; silt with Ni and Cr; clay with organic carbon and pH, and organic carbon with
pH and Cu (Table 3.2.3e). Also, pH showed significant correlation with Cu. Among the
metals, Fe exhibited significant correlation with Co and Cr, while Mn with Co. In addition,

Co showed significant correlation with Cr, while Cu with Zn.

Table 3.2.3e Correlation between sediment components, pH, organic carbon and metals in bulk

sediments in core GP-2 (n=36). Values in bold indicates significant correlation at p<0.05

Sand (%) | Silt (%) |Clay (%)|Org C (%)| pH Al (%) | Fe (%) [Mn (ppm)|Ni (ppm)|Co (ppm)|Cu (ppm)|Zn (ppm)Cr (ppm

Sand (%) | 1.00

Silt(%) | -046 | 1.00

Clay (%) | -0.38 | -0.65 | 100

OrgC(%)| -0.41 -0.01 0.36 1.00

pH -0.11 -0.39 | 0.51 0.68 1.00

Al (%) -0.37 0.05 0.27 -0.03 -0.21 1.00

Fe (%) 0.04 0.31 -0.35 -0.32 -0.48 | 0.01 1.00

Mn (ppm) | 0.49 -0.27 | -0.14 -0.19 009 | -0.13 | 0.02 1.00

Ni (ppm) | -0.15 043 | -0.32 -0.14 -026 | 0.14 0.06 -0.15 1.00

Co (ppm) | 0.38 0.11 -0.44 -0.58 -0.56 | 0.08 0.40 0.51 -0.10 1.00

Cu(ppm)| -0.45 0.25 0.13 0.43 036 | 017 | -0.25 -0.02 -0.03 | -0.29 1.00

Zn(ppm) | -0.32 0.14 0.13 0.25 0.17 0.19 | -0.04 0.21 -0.04 0.21 0.36 1.00
Cr(ppm) | 0.07 048 | -0.57 -0.61 -0.69 | -0.07 | 0.57 0.02 0.27 0.63 -022 | 013 | 1.00
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A gradual increase in Fe concentration towards the surface in the core GP-2 must be due to
additional supply from industrial input (Bhagure and Mirgane 2010) in the recent years. Iron
was associated with silt at this location. The slight similarity in Mn and sand distribution
patterns along with a peak value at 12 cm depth in the core GP-2 indicated association of Mn
with coarser sediments. This was also supported by the significant positive correlation of Mn
with sand. In core GP-2, Fe and Mn exhibited different distribution pattern and insignificant
correlation (Table 2c), unlike core S-2. The differences in Fe and Mn distribution pattern and
their associations could be due to difference in elemental behaviour with respect to physico-
chemical conditions and source of supply (Volvoikar and Nayak 2013a). The similar
distribution pattern of Co to that of sand in the core GP-2 suggested its association with
coarser sediments. The significant correlation of Co with sand further supported their
association (Table 2c). Also, significant correlation of Co with Mn was observed. Although
metals are usually associated with finer fractions they have also been shown to accumulate on
the surface of coarser materials like sand (Kljakovic-Gaspic et al. 2009) possibly when
received from non-natural sources. The coarser sediments sometimes develop oxide coatings
as they stay in place for a longer period of time (Tessier and Campbell 1982). This must have
facilitated adsorption of Co onto the Mn oxide coatings on the sand grains (Badr et al. 2009).
Iron also showed good correlation with Co, however its poor correlation with sand limits its
role in the regulation of Co. The increase in Cr concentration towards the surface suggested
its higher addition in recent years, probably from anthropogenic sources. Chromium showed
good correlation with silt and Fe indicating their close association. Further, core GP-2 was in
close proximity to the Baikhampady industrial area accommodating major refineries, storage
of crude and finished petroleum products, LPG storage and bottling, fertilizer plant,
pharmaceutical industry, brewery, edible oil processing units, sea food processing units, lead
refining unit, cashew processing units, paint and dispersion unit, iron ore pelletization plant
and pig iron plant apart from few engineering, fabrication, plywood plants and ready-mix
plants (MOEF 2011). Although, these industries discharge their effluents through lined pipes
into the Arabian Sea (Adiga and Poornananda 2013), there is no proper drainage system for
storm water drains and surface runoff within the industrial cluster and the adjacent area.
Since the topography of the area is sloping towards the river course, the storm water/surface
runoff flow towards the Gurupur River through nalas/other natural drains (MOEF 2011). This
must have caused anthropogenic addition of metals. However, the absence of elevated
concentration of metals (except Fe and Cr) in the Gurupur estuary in the recent years
indicated not much change in industrial effluent discharge with time. This may be mainly due
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to the implementation of environmental protection policies, improvement in waste treatment
systems and discharge of wastes into the Arabian Sea by the Karnataka state pollution control
board (KSPCB) in co-ordination with the central pollution control board and Baikampady

industrial cluster.

Further, in order to understand difference between estuaries in sediment components, pH,
organic carbon, metals concentration in the bulk sediments, the data was plotted on the isocon
diagram (Fig.3.2.7). On comparison of core VVS-2 with core VG-2, sand, silt, Fe, Mn Cu and
Zn were higher in the core VS-2, while clay, organic carbon, Al and Co were higher in the
core VG-2. Nickel was slightly higher in the core VS-2, while pH in the core VG-2. The
concentration of Cr was equal in both the cores. The comparison of cores VS-2 and MD-2
indicated higher sand, Co, Cu and Ni in the core VS-2, while Clay, organic carbon, pH, Cr,
Zn and Mn were higher in the core MD-2. Silt and Al were slightly higher in the core VS-2,
while Fe in the core MD-2. Between cores VS-2 and S-2, clay, Fe, Mn, Ni, Co, Cu, Zn and
Cr were higher in the core VS-2, whereas sand and organic carbon in the core S-2. Silt, pH
and Al were slightly higher in the core VS-2. Further, between cores VS-2 and GP-2, sand,
Fe, Mn, Ni, Co, Cu and Zn were higher in the core VS-2, while clay, organic carbon, pH, Al
and Cr in the core GP-2. Silt was slightly higher in the core GP-2. On comparison of cores
VG-2 and MD-2, clay, Al, Ni, Co and Cu were higher in the core VG-2, while sand, silt, pH,
Fe, Mn, Zn and Cr in the core MD-2. The concentration of organic carbon was slightly higher
in the core VG-2. Among cores VG-2 and S-2, clay, pH, Al, Fe, Ni, Co, Cu, Zn and Cr were
higher in the core VG-2, while sand, silt and Mn in the core S-2. Organic carbon was slightly
higher in the core VG-2. Between cores VG-2 and GP-2, clay, Fe, Mn, Ni, Co and Cu were
higher in the core VG-2, whereas sand, silt, Zn and Cr in the core GP-2. Organic carbon and
Al were nearly equal in both the cores, while pH was slightly higher in the core GP-2.
Further, on comparison of cores MD-2 and S-2, clay, pH, Fe, Mn, Co, Zn and Cr were higher
in the core MD-2, while sand, Ni and Cu in the core S-2. Silt, organic carbon and Al were
nearly equal in both the cores. Among cores MD-2 and GP-2, sand, pH, Fe, Mn, Ni, Cu and
Zn were higher in the core MD-2 while, clay, organic carbon, Al and Cr in the core GP-2. Silt
and Co were slightly higher in the core GP-2. Further, between cores S-2 and GP-2, sand,
Mn, Ni and Cu were higher in the core S-2, whereas clay, organic carbon, pH, Al, Fe, Co, Zn
and Cr in the core GP-2. Silt was slightly higher in the core GP-2.
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Fig. 3.2.7 Isocon plots for sediment components, pH, organic carbon and metals in the bulk

sediments.

The core VS-2 has higher concentration of sand than the rest of the cores (except core S-2),

however, the concentration of most of the metals was higher in the Vashishti estuary than

Vaghotan, Sharavathi and Gurupur estuaries. The concentration of Al, Ni, Co and Cu was

also higher in the Vashisthi estuary than the Mandovi estuary. Although clay and silt

components adsorb metal ions much better than sediment fractions of higher size, one should
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take into account that most rivers and tributaries sediment contain 90-95 % of sand and only
0-10 % of clay and silt (Jain and Ram 1997). Therefore, as the Vashishti estuary received
coarser sediment input from tributaries (as discussed earlier) in the middle region, the overall
contribution of the sand content to adsorption of metal ions could be comparable to or even
higher than that of clay and silt fraction. On the other hand, concentration of most of the
metals was higher in the Vaghotan estuary than Sharavathi and Gurupur estuaries. Also, Al,
Ni, Co and Cu were higher in the Vaghotan estuary than the Mandovi estuary. This suggested
adsorption of metals onto clay rich sediments (70.71 %) of the VVaghotan estuary. In addition,
as stated earlier the rock types vary from basalts to granites and gneisses from North to South
along the study area. Basalts generally contain higher Fe, Mn and other associated metals
compared to granites and gneisses which must have resulted in higher concentration of metals
in Vashishti and Vaghotan estuaries than rest of the estuaries. Further, on comparison of
cores MD-2 and GP-2 with core S-2, most of the metals were higher in the cores MD-2 and
GP-2 than core S-2 which indicated dilution of metals concentration by higher sand in the
core S-2. However, concentration of most of the metals was higher in the core MD-2 than the
core GP-2.

3.2.5 Clay mineralogy

Vashishti estuary

In core VS-2, the abundance of clay minerals was in the order of smectite > kaolinite > illite
> chlorite (Table 3.2.4a). The percentage of smectite, illite, kaolinite and chlorite ranged from
28.36 % to 52.70 % (avg. 41.26 %), 3.32 % to 41.56 % (avg. 20.19 %), 11.68 % to 49.60 %
(avg. 29.00 %) and 4.70 % to 12.19 % (avg. 9.55 %) respectively.

Distribution of clay minerals in the core VS-2 is presented in the figure 3.2.8a. The
distribution pattern of smectite showed decrease from bottom to 60 cm, followed by slight
increasing trend up to 30 cm. Further, it exhibited fluctuating distribution pattern around
average line up to the surface. Kaolinite and illite showed slight fluctuating distribution
pattern around the average line with overall slight decreasing trend from bottom to 14 cm.
Further, they showed positive peak at 4 cm. Chlorite exhibited fluctuating distribution pattern
throughout the core VS-2.
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Table 3.2.4a Range and average concentration of clay minerals in cores VS-2, VG-2, S-2 and GP-2.

Smectite (%) Ilite (%) Kaolinite (%) Chlorite (%)
Sediment core Range Range Range Range
I - g Avg - J Avg - g Avg - 9 Avg
Min Max Min Max Min Max Min Max
VS-2 28.36 52.7 41.26 3.32 41.56 20.19 11.68 49.6 29 4.7 12.19 9.55
VG-2 10.92 37.12 18.34 9.35 22.49 16.41 27.63 58.44 49.33 9.28 23.03 15.92
—— -
Middle Mandovi 14.16 20.44 42.02 23.38
estuary
S-2 1.71 14.72 5.85 49 20.3 8.72 59.31 88.38 77.6 3.29 10.87 7.82
GP-2 2.53 7.62 4.96 8.84 19.79 12.93 63.91 79.85 72.38 5.57 13.34 9.73

*Average concentration of clay minerals in the middle Mandovi estuary was referred from Singh (2008)
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Fig. 3.2.8a Variation of clay minerals with average line in sediment core VS-2

Vaghotan estuary

In the vaghotan estuary (core VG-2), the abundance of clay minerals was in the order of
kaolinite > smectite > illite > chlorite (Table 3.2.4a). The percentage of smectite and illite
varied from 10.92 % to 37.12 % (avg. 18.34 %) and 9.35 % to 22.49 % (avg. 16.41 %)
respectively, whereas kaolinite and chlorite ranged from 27.63 % to 58.44 % (avg. 49.33 %)
and 9.28 % to 23.03 % (avg. 15.92 %) respectively.

Distribution of clay minerals in the core VG-2 is presented in the figure 3.2.8b. The clay
minerals exhibited fluctuating distribution between bottom and 30 cm which has resulted in
positive peak at 40 cm for smectite and chlorite, while negative peak for illite and kaolinite.
Above 30 cm, concentration of smectite and kaolinite showed overall decreasing and
increasing trend towards the surface, respectively. The concentration of illite increased from
30 to 10 cm and then decreased towards the surface, whereas chlorite showed overall increase

towards the surface with fluctuations.
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Fig. 3.2.8b Variation of clay minerals with average line in sediment core VG-2

Mandovi estuary

The average concentration of smectite, illite, kaolinite and chlorite in the middle region of the
Mandovi estuary was 14.16 %, 20.44 %, 42.02 % and 23.38 %, respectively (Singh 2008).

Sharavathi estuary

In the middle estuarine region of the Sharavathi estuary (core S-2) the abundance of clay
minerals was in the order of kaolinite > illite > chlorite > smectite (Table 3.2.4a). The
concentration of smectite ranged from 1.71 % to 14.72 % (avg. 5.85 %), while illite varied
from 4.90 % to 20.30 % (avg. 8.72 %) in the core S-2. Kaolinite and chlorite ranged from
59.31 % to 88.38 % (avg. 77.60 %) and 3.29 % to 10.87 % (avg. 7.82 %) respectively.

Distribution of clay minerals in the core S-2 is presented in the figure 3.2.8c. The
concentration of smectite, illite and kaolinite fluctuated from bottom to 30 cm. Further,

smectite and illite showed sharp increasing peak at 22 cm, while kaolinite exhibited
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decreasing peak. Above 22 cm, smectite and illite showed overall decease towards the
surface, whereas kaolinite exhibited overall increase. Chlorite concentration fluctuated

throughout the core S-2.
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Fig. 3.2.8c Variation of clay minerals with average line in sediment core S-2

Gurupur estuary

In core GP-2, the abundance of clay minerals was in the order of kaolinite > chlorite > illite >
smectite (Table 3.2.4a). The percentage of smectite, illite, kaolinite and chlorite ranged from
2.53 % to 7.62 % (avg. 4.96 %), 8.84 % to 19.79 % (avg. 12.93 %), 63.91 % to 79.85 % (avg.
72.38 %) and 5.57 % to 13.34 % (avg. 9.73 %) respectively.

Distribution of clay minerals in the core GP-2 is presented in the figure 3.2.8d. The clay

minerals fluctuated around average line from bottom to 30 cm in this core. Further, towards

surface, all the minerals showed overall increase with fluctuations.
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Fig. 3.2.8d Variation of clay minerals with average line in sediment core GP-2
When average values of clay minerals of five estuaries were considered, smectite decreased
from VS-2 to GP-2 i.e. from North to South. Kaolinite, in general increased towards South
with some exceptions, namely Mandovi and Gurupur, wherein slightly lower values were
recorded. Illite and chlorite showed highest percentage in the Mandovi and lowest in the
Sharavathi estuary.
3.2.6 Clay chemistry
Major metals (Al, Fe and Mn)
Vashishti estuary
In core VS-2, the concentration of Al, Fe and Mn in the clay fraction varied from 4.46 % to

9.00 % (avg. 7.57 %), 7.11 % to 10.73 % (avg. 9.77 %) and 1184 ppm to 1759 ppm (avg.
1527 ppm) respectively (Table 3.2.4b).
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Table 3.2.4b Range and average concentration of major metals in clay fraction in cores VS-2, VG-2, MD-2, S-2 and GP-2

Al (% Fe (% M
Sediment (%) e (%) n (ppm)
core Range AV Range AV Range AV
Min Max g Min Max g Min Max g

VS-2 4.46 9.00 7.57 7.11 10.73 9.77 1184 1759 1527
VG-2 4.97 11.05 8.80 3.51 5.60 4.69 154 412 306
MD-2 0.55 9.91 7.31 0.36 5.85 4.49 227 6413 3248
S-2 0.87 13.18 8.18 0.29 6.08 3.84 97 1106 692
GP-2 11.83 | 17.25 13.66 2.66 4.92 3.83 87 173 140

Table 3.2.4c Range and average concentration of trace metals in clay fraction in cores VS-2, VG-2, MD-2, S-2 and GP-2

. Ni (ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)
Sediment Ran Ran Ran Ran Ran
core - ge Avg - ange Avg - ange Avg - ange Avg - ange Avg
Min Max Min Max Min Max Min Max Min Max

VS-2 79 127 112 39 65 48 189 292 244 | 199 350 266 71 133 113
VG-2 36 73 62 14 43 34 163 207 186 | 153 288 192 | 107 159 141

MD-2 14 80 63 9 34 27 38 193 151 82 354 252 24 204 162
S-2 12 183 81 7 95 42 51 418 204 60 428 227 27 440 236
GP-2 65 251 129 21 37 28 108 251 176 | 201 367 249 | 259 1517 | 714
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Element distribution profile in the clay component of the core VS-2 is presented in the figure
3.2.9a. Metals viz. Al and Fe decreased from bottom to 40 cm and then exhibited overall
increase up to 22 cm. Further, they showed sharp decrease up to 6 cm and later increased
towards the surface. Manganese showed fluctuating distribution throughout the core VS-2
with overall increase.

Al (%) Mn (ppm) Co (ppm) Zn (ppm)
1200 1600 30 70 160 320

Depth (cm)

11 70 130 160 320 60 120
Fe (%) Ni (ppm) Cu (ppm) Cr (ppm)

Fig. 3.2.9a Variation of metals in clay fraction with average line in sediment core VS-2

Vaghotan estuary

In core VG-2, Al, Fe and Mn in the clay fraction varied from 4.97 % to 11.05 % (avg. 8.80
%), 3.51 % to 5.60 % (avg. 4.69 %) and 154 ppm to 412 ppm (avg. 306 ppm) respectively
(Table 3.2.4b).

Element distribution profile in the clay component of the core VG-2 is presented in the figure
3.2.9b. Metals viz. Al, Fe and Mn showed decrease from bottom to 40 cm and then increased
up to 30 cm. Further, they exhibited overall decrease up to 10 cm and then increased towards
the surface.
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Fig. 3.2.9b Variation of metals in clay fraction with average line in sediment core VG-2

Mandovi estuary

The concentration of Al, Fe and Mn ranged from 0.55 % to 9.91 % (avg. 7.31 %), 0.36 % to
5.85 % (avg. 4.49 %) and 227 ppm to 6413 ppm (avg. 3248 ppm) respectively in the core
MD-2 (Table 3.2.4b).

Element distribution profile in the clay component of the core MD-2 is presented in the figure
3.2.9c. The major metals viz. Al, Fe and Mn showed decrease in their concentration between
bottom and 60 cm. Further, they exhibited increase up to 50 cm and then showed gradual

decrease towards surface, except Mn which showed increase in top 10 cm.

168



0

Depth (cm)

0 80 0 0 240
Fe (%) Ni (ppm) Cu (ppm) Cr (ppm)

Fig. 3.2.9¢ Variation of metals in clay fraction with average line in sediment core MD-2
Sharavathi estuary

In this estuary (core S-2), concentration of Al, Fe and Mn in the clay fraction ranged from
0.87 % to 13.18 % (avg. 8.18 %), 0.29 % to 6.08 % (avg. 3.84 %) and 97 ppm to 1106 ppm
(avg. 692 ppm) respectively (Table 3.2.4b).

Distribution of metals in the clay component of the core S-2 is presented in the figure 3.2.9d.
From bottom up to 40 cm, Al and Fe did not show much variation, while Mn exhibited
overall increasing trend. However, concentration of all the three metals was more than the
average value. Further, Al, Fe and Mn decreased to less than the average value up to 22 cm
which was followed by sharp increase up to 18 cm. Thereafter, concentration of these metals
showed overall decrease up to 10 cm. In the top 10 cm of the core S-2, Al did not show much

variation, while Fe and Mn exhibited overall increase towards the surface.
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Fig. 3.2.9d Variation of metals in clay fraction with average line in sediment core S-2

Gurupur estuary

In core GP-2, Al, Fe and Mn in the clay fraction varied from 11.83 % to 17.25 % (avg. 13.66
%), 2.66 % to 4.92 % (avg. 3.83 %) and 87 ppm to 173 ppm (avg. 140 ppm) respectively
(Table 3.2.4b).

Element distribution profile of clay component in the core GP-2 is presented in the figure
3.2.9e. Metals viz. Al and Fe exhibited decrease from bottom to 60 cm which was followed
by increase up to 50 cm. Aluminium further exhibited decreasing trend up to surface. Iron
however showed constant values along average line from 50 to 14 cm. Then Fe exhibited
sharp increase up to 10 cm and maintained higher values above average line in the upper 10
cm. Manganese showed increase from bottom to 50 cm followed by decrease up to 30 cm.
Further, it increased with fluctuations up to 4 cm and then exhibited decreasing trend towards

surface.
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Fig. 3.2.9e Variation of metals in clay fraction with average line in sediment core GP-2

Trace metals (Ni, Co, Cu, Zn and Cr)

Vashishti estuary

In core VS-2, the concentration of Ni, Co, Cu, Zn and Cr in the clay fraction varied from 79
ppm to 127 ppm (avg. 112 ppm), 39 ppm to 65 ppm (avg. 48 ppm), 189 ppm to 292 ppm
(avg. 244 ppm), 199 ppm to 350 ppm (avg. 266 ppm) and 71 ppm to 133 ppm (avg. 113 ppm)
respectively (Table 3.2.4c).

The distribution pattern of Ni and Cr was similar to major elements viz. Al and Fe throughout
the core VS-2 (Fig 3.2.9a). Copper increased from bottom to 60 cm and further, its
concentration was similar to that of Al, Fe, Ni and Cr but with less fluctuation. Trace metals
viz. Ni, Cu and Cr exhibited decreasing peak at 6 cm. Cobalt showed increase from bottom to
60 cm, similar to distribution of Cu and then it maintained constant value along average line

up to 10 cm. In top 10 cm, Co exhibited sharp increase. Zinc exhibited overall decrease with
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large fluctuations from bottom to 20. Thereafter, its concentration was almost constant up to

4 cm. In the upper 4 cm, it exhibited sharp increase.

Vaghotan estuary

In core VG-2, Ni, Co, Cu, Zn and Cr in the clay fraction varied from 36 ppm to 73 ppm (avg.
62 ppm), 14 ppm to 43 ppm (avg. 34 ppm), 163 ppm to 207 ppm (avg. 186 ppm), 153 ppm to
288 ppm (avg. 192 ppm) and 107 ppm to 159 ppm (avg. 141 ppm) respectively.

The distribution pattern of Ni and Co was similar to major elements in the core VG-2 (Fig
3.2.9b). Copper showed overall decrease from bottom to 20 cm and then showed increasing
value at 14 cm. Further, its concentration decreased up to 10 cm and then increased towards
the surface. Zinc with initial increase from bottom to 40 cm showed overall decrease up to 10
cm and then increased towards the surface. Chromium decreased from bottom to 40 cm and

then exhibited increasing trend towards the surface.

Mandovi estuary

The concentration of Ni, Co, Cu, Zn and Cr ranged from 14 ppm to 80 ppm (avg. 63 ppm), 9
ppm to 34 ppm (avg. 27 ppm), 38 ppm to 193 ppm (avg. 151 ppm), 82 ppm to 354 ppm (avg.
252 ppm) and 24 ppm to 204 ppm (avg. 162 ppm) respectively.

All the trace metals showed decrease in their concentration between bottom and 70 cm,
similar to major metals (Fig 3.2.9c). Further, they showed increase up to 40 cm, except Ni
which showed decrease between 50 and 40 cm. From 40 cm to surface, Ni and Cu showed
decreasing trend similar to Al and Fe. Chromium exhibited constant trend whereas Cu
increased up to 20 cm and then decreased towards surface. Zinc increased from 40 to 30 cm
and then decreased up to 20 cm followed by constant trend.

Sharavathi estuary

In this estuary (core S-2), concentration of Ni, Co, Cu, Zn and Cr in the clay fraction ranged

from 12 ppm to 183 ppm (avg. 81 ppm), 7 ppm to 95 ppm (avg. 42 ppm), 51 ppm to 418 ppm
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(avg. 204 ppm), 60 ppm to 428 ppm (avg. 227 ppm) and 27 ppm to 440 ppm (avg. 236 ppm)

respectively.

In core S-2, distribution pattern of trace metals was largely similar to major metals (Fig
3.2.9d). Trace metals showed slight decrease between bottom and 40 cm which was followed
by decrease in their concentration up to 22 cm. Further, trace metals exhibited sharp
increasing peak at 18 cm and then showed overall decrease up to 10 cm. In the top 10 cm of

the core S-2, trace metals did not show much variation in their concentration.

Gurupur estuary

In core GP-2, Ni, Co, Cu, Zn and Cr in the clay fraction varied from 65 ppm to 251 ppm
(avg. 129 ppm), 21 ppm to 37 ppm (avg. 28 ppm), 108 ppm to 251 ppm (avg. 176 ppm), 201
ppm to 367 ppm (avg. 249 ppm) and 259 ppm to 1517 ppm (avg. 714 ppm) respectively.

Nickel showed overall increase from bottom to 20 cm and then showed slight decrease
followed by sharp positive peak at 10 cm and then decreased towards the surface of the core
GP-2 (Fig 3.2.9¢e). Cobalt exhibited overall increasing trend from bottom to 50 cm followed
by constant values up to 20 cm and then it showed sharp increasing peak at 10 cm. The
concentration of Cu fluctuated from bottom to surface of the core S-2, whereas Zn exhibited
overall decrease towards the surface. Chromium showed overall increasing distribution from
bottom to surface, however, increase was more prominent in the top 14 cm, similar to
distribution of Fe and Mn.

When the average values of major elements in the clay fraction of five estuaries were
considered, Al was highest in the core GP-2, Fe in the core VS-2 and Mn in the core MD-2.
Aluminium was lowest in the core MD-2, while Fe and Mn in the core GP-2. Average
concentration of Fe decreased from North to South in the studied estuaries.

On comparison of average values of trace metals in the clay fraction of five estuaries highest
value was recorded in the core VS-2 for Co, Cu and Zn. Core GP-2 showed highest value for
Ni and Cr. Metals viz. Ni and Zn exhibited lowest value in the core VG-2, while Co and Cu
in the core MD-2. Chromium was lowest in the core VS-2. Average Cr value increased from
North to South.
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In the present study, clay minerals varied with a range for smectite from 4.96 % to 41.26 %,
illite from 8.72 % to 20.44 %, kaolinite from 29.00 % to 77.60 % and chlorite from 7.82 % to
23.38 % (Table 3.2.4a). When the data of clay minerals for middle region of five estuaries
was compared it revealed decrease in percentage of smectite from Vashishti to Gurupur
estuary, while, there was overall increase in percentage of kaolinite from North towards the
South in the study area (Fig 3.2.10), similar to lower estuarine region. Such a variation in
percentage of these clay minerals can be attributed to change in the catchment area source
rocks of rivers from North to South of the study area (as discussed earlier). The production,
supply and composition of clay minerals in the estuarine environment largely depend on
geology and drainage of the hinterland area, and climate variations (Chamley 1989). The
processes governing clay minerals abundance and distribution may differ between lower and
middle stretch of estuaries in the study area, however, it does not seem to have affected
spatial distribution of clay minerals in the present study. Further, Illite showed overall
decrease in its concentration from North towards the South in the study area. Such a
distribution of illite which is largely similar to smectite suggested their close association as
illite could be transformed from smectite during diagenesis of argillaceous sediments (Li et
al. 1997).
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Fig 3.2.10 Distribution of clay minerals along the study area
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The variation in clay minerals concentration in cores VS-2, VG-2, S-2 and GP-2 was similar
to their distribution in lower estuarine regions. The small size of the clay minerals makes
them prone to erosion, transport and redistribution by factors viz. wind transport, fluviatile
transport, as well as transport and erosion by currents (Ehrmann et al. 1992). One or more of
these factors along with physico-chemical factors like salinity, pH etc might have led to

variations in concentration of clay minerals within the studied sediment cores.

The major metals in the clay component varied with a range for Al from 7.31 % to 13.66 %,
Fe from 3.83 % t0 9.77 % and Mn from 140 ppm to 3248 ppm, while trace metals varied with
a range for Ni from 62 ppm to 129 ppm, Co from 27 ppm to 48 ppm, Cu from 151 ppm to
244 ppm, Zn from 192 ppm to 266 ppm and Cr from 113 ppm to 714 ppm (Table 3.2.4b and
c). Iron showed overall decrease from North to South along central west coast of India, while
Cr exhibited overall increase from Vashishti to Gurupur estuaries (Fig. 3.2.11a and b). Metals

viz. Al, Mn, Ni, Co, Cu and Zn exhibited fluctuating distribution pattern.
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Fig 3.2.11a Distribution of major metals in the clay fraction along the study area
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Pearson’s correlation analysis results of the core VS-2 showed significant correlation of illite
with Kaolinite; and of chlorite with Cu (Table 3.2.5a). Among the metals, Al exhibited
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significant correlation with Fe. Further, Al and Fe showed significant correlation with Ni, Cu

and Cr. Trace metals viz. Ni, Cu and Cr exhibited significant correlation among themselves.

Table 3.2.5a Correlation between clay minerals and metals in clay fraction in core VS-2

(n=11). Values in bold indicates significant correlation at p<0.05

Smectite (%) | llite (%) |Kaolinite (%)|Chlorite (%) Al (%) | Fe (%) | Mn (ppm)|Ni (ppm)| Co (ppm) | Cu (ppm)|Zn (ppm)|Cr (ppm)
Smectite (%) 1.00
llite (%) -0.53 1.00
Kaolinite (%) -0.57 0.93 1.00
Chlorite (%) 0.00 -0.47 -0.50 1.00
Al (%) 0.35 -0.79 -0.70 0.60 1.00
Fe (%) 0.45 -0.76 -0.69 0.57 0.96 1.00
Mn (ppm) -0.34 -0.05 -0.09 0.10 0.08 0.03 1.00
Ni (ppm) 0.44 -0.75 -0.72 0.58 0.96 0.98 0.05 1.00
Co (ppm) -0.33 0.10 0.26 -0.31 -0.25 -0.45 0.05 -0.49 1.00
Cu (ppm) 0.22 -0.87 -0.74 0.63 0.81 0.73 0.09 0.68 0.10 1.00
Zn (ppm) 0.25 -0.03 0.07 -0.20 0.19 0.20 0.11 0.07 0.21 0.14 1.00
Cr (ppm) 0.51 -0.79 -0.79 0.59 0.93 0.93 0.12 0.96 -0.39 0.68 0.09 1.00

The similar distribution pattern of Al, Fe, Ni, Cu and Cr in the core VS-2 indicated their
similar source and adsorption of Ni, Cu and Cr onto Fe oxides. The significant correlation of
Al, Fe, Ni, Cu and Cr among themselves further supported the same. Further, increased value
of these metals towards surface indicated role of diagenetic mobilization. Within a sediment
profile, the dissolved pore-water Fe (I1) and Mn (11) cations produced by bacterial reduction
of Fe-Mn oxides at greater depths migrate upwards. These cations then get re-precipitated
under oxic conditions and thereby scavenge other pore-water trace metals (Spencer 2002).
Hence, distribution of trace metals in sediments is often regulated by diagenetic elements
which are susceptible to change in redox potential. The significant correlation of chlorite with

Cu indicated role of chlorite in its distribution.

In core VG-2, smectite showed significant correlation with Zn, while kaolinite with Al, Fe,
Mn, Ni, Co and Cr (Table 3.2.5b). Among the metals, Al, Fe and Mn exhibited significant
correlation with each other. Further, these major metals showed significant correlation with
Ni and Co. Also, Al exhibited significant correlation with Cr. In addition, Ni exhibited

significant correlation with Co, while Cu with Zn.

Metals viz. Ni and Co showed similar distribution to that of Al, Fe and Mn in the core VG-2
and significant correlation of these trace metals with major metals suggested role of Fe and
Mn oxides in distribution of Ni and Co. Further, significant correlation of Zn with smectite
and of Al, Fe, Mn, Ni, Co and Cr with kaolinite indicated their lithogenic source. Clay
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minerals play important role in sorption of metals by soils and sediments as they act as

mechanical substrate for precipitation and flocculation of organics and secondary minerals
(Jenne 1976).

Table 3.2.5b Correlation between clay minerals and metals in clay fraction in core VG-2

(n=10). Values in bold indicates significant correlation at p<0.05

Smectite (%) | llite (%) [Kaolinite (%)|Chlorite (%)| Al (%) | Fe (%) | Mn (ppm)|Ni (ppm)| Co (ppm) | Cu (ppm)|Zn (ppm)| Cr (ppm)
Smectite (%) 1.00
llite (%) -0.17 1.00
Kaolinite (%) -0.92 -0.02 1.00
Chlorite (%) 0.25 -0.66 -0.37 1.00
Al (%) -0.84 -0.06 0.93 -0.33 1.00
Fe (%) -0.69 -0.31 0.71 0.09 0.82 1.00
Mn (ppm) -0.67 -0.47 0.78 0.09 0.87 0.93 1.00
Ni (ppm) -0.85 -0.11 0.85 -0.10 0.93 0.94 0.91 1.00
Co (ppm) -0.84 -0.13 0.83 -0.05 0.90 0.95 0.91 0.98 1.00
Cu (ppm) 043 -0.11 -0.31 -0.03 -0.53 -0.53 -0.52 -0.64 -0.63 1.00
Zn (ppm) 0.91 -0.12 -0.82 0.17 -0.87 -0.75 -0.74 -0.90 -0.88 0.73 1.00
Cr (ppm) -0.76 0.08 0.83 -0.42 0.68 043 0.50 0.53 0.51 0.02 -0.61 1.00

In core MD-2, correlation results showed significant correlation of Al, Fe and Mn with each

other (Table 3.2.5c). Further, Al and Fe exhibited significant correlation with all the trace

metals, while Mn with Ni, Co and Cr. Also, trace metals showed significant correlation

among themselves. The distribution pattern of metals in the core MD-2 and results of

correlation analysis indicated role of Fe-Mn oxides in distribution of trace metals. Elements

are readily scavenged by Fe-Mn oxides (Takematsu et al. 1993). Major as well as trace

metals exhibited decrease in their concentration between bottom and 50 cm which suggested

their dilution by input of coarser material in the core MD-2 (Fig. 3.2.1c). Further, significant

correlation among trace metals indicated their common source in the estuary.

Table 3.2.5¢c Correlation between metals in clay fraction in core MD-2 (n=12). Values in

bold indicates significant correlation at p<0.05

Al (%) Fe(%) | Mn(ppm) | Ni(ppm) |Co (ppm)[Cu (ppm) Zn (ppm) |Cr (ppm
Al (%) 1.00
Fe (%) 0.92 1.00
Mn (ppm) 0.61 0.67 1.00
Ni (ppm) 0.99 0.95 0.66 1.00
Co (ppm) 0.98 0.97 0.65 0.99 1.00
Cu (ppm) 0.80 0.80 0.19 0.80 0.82 1.00
Zn (ppm) 0.76 0.86 0.40 0.77 0.82 0.85 1.00
Cr (ppm) 0.98 0.93 0.58 0.98 0.99 0.85 0.82 1.00

The correlation results of the core S-2 exhibited significant correlation of smectite with illite

(Table 3.2.5d). Among the metals, major metals viz. Al, Fe and Mn showed significant
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correlation among themselves. Further, Al and Fe exhibited significant correlation with all
the trace metals, while Mn with Cr. Trace metals showed significant correlation with each

other.

Table 3.2.5d Correlation between clay minerals and metals in clay fraction in core S-2

(n=10). Values in bold indicates significant correlation at p<0.05

Smectite (%) | llite (%) |Kaolinite (%)|Chlorite (%)| Al(%) | Fe (%) [Mn (ppm)[Ni (ppm)| Co (ppm) | Cu (ppm)|Zn (ppm)| Cr (ppm)
Smectite (%) 1.00
lllite (%) 0.83 1.00
Kaolinite (%) -0.92 -0.89 1.00
Chlorite (%) -0.03 -0.19 -0.21 1.00
Al (%) -0.29 -0.56 0.40 0.15 1.00
Fe (%) -0.35 -0.60 0.45 0.19 0.89 1.00
Mn (ppm) -0.31 -0.71 045 0.31 0.82 0.81 1.00
Ni (ppm) -0.21 -0.26 0.19 0.17 0.83 0.75 047 1.00
Co (ppm) -0.19 -0.22 0.16 0.16 0.80 0.69 043 0.99 1.00
Cu (ppm) 0.10 0.03 -0.10 0.13 0.66 0.64 0.27 0.91 0.89 1.00
Zn (ppm) 0.04 -0.03 -0.04 0.12 0.73 0.69 0.34 0.95 0.94 0.96 1.00
Cr (ppm) -0.27 -0.57 0.40 0.16 0.97 0.88 0.79 0.83 0.79 0.71 0.73 1.00

The similar distribution pattern of trace metals to that of major metals (Fig 3.2.9d) in the core
S-2 and significant correlation of trace metals with Fe suggested their adsorption onto Fe
oxides. Also, significant correlation among trace metals indicated that they may have
originated from the common source. Further, peak values of metals in the clay fraction
obtained between 22 and 10 cm revealed that the metals brought to the estuary got selectively
associated with the clay fraction. Smectite seemed to be closely associated with illite in this
core.

In core GP-2, correlation analysis results showed significant association of smectite with Fe
and Ni, while kaolinite with chlorite (Table 3.2.5¢). Among the metals, Fe exhibited
significant correlation with Ni, Co and Cr. Further, Ni, Co and Cr showed significant

correlation among themselves.

In core GP-2, Ni, Co and Cr exhibited nearly similar distribution to that of Fe. Also, these
trace metals showed significant correlation with Fe indicating their adsorption onto Fe oxy-
hydroxides in the clay fraction. Anderson and Benjamin (1990) reported that Fe oxides
constitute significant sinks of metals in aquatic systems. In this core, smectite seemed to
regulate the distribution of Fe and Ni as clay minerals with smaller size and large specific
surfaces, possess the ability to adsorb cations (Bradl 2002).
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Table 3.2.5e Correlation between clay minerals and metals in clay fraction in core GP-2

(n=11). Values in bold indicates significant correlation at p<0.05

Smectite (%) | lliite (%) |Kaolinite (%)|Chlorite (%)| Al (%) | Fe (%) | Mn (ppm)|Ni (ppm)| Co (ppm) | Cu (ppm)|Zn (ppm) | Cr (ppm)
Smectite (%) 1.00
lilite (%) 0.24 1.00
Kaolinite (%) -0.12 -0.42 1.00
Chlorite (%) 0.14 -0.30 0.62 1.00
Al (%) -0.34 057 043 0.18 1.00
Fe (%) 0.64 0.23 0.12 0.56 -0.22 1.00
Mn (ppm) 0.28 017 044 0.53 0.12 0.60 1.00
Ni (ppm) 0.62 0.35 0.07 0.32 -0.49 0.89 053 1.00
Co (ppm) 0.55 0.24 0.35 0.41 -0.14 0.75 0.56 0.83 1.00
Cu (ppm) 0.03 -0.34 -0.57 -0.53 0.09 -042 -0.52 -0.41 -0.50 1.00
Zn (ppm) -0.44 -0.58 0.04 -0.11 0.20 -0.61 -0.67 -0.62 -0.70 0.44 1.00
Cr (ppm) 0.58 0.36 0.00 0.30 -0.48 0.90 0.56 0.98 0.72 -0.40 -0.63 1.00

Further, in order to understand variation between estuaries in clay minerals and metals
concentration in the clay fraction, the data was plotted on the isocon diagram (Fig.3.2.12). On
comparison of core VS-2 with core VG-2, smectite, illite Fe, Mn, Ni, Cu and Zn were higher
in the core VS-2, while kaolinite, chlorite, Al and Co were higher in the core VG-2.
Chromium was present in equal concentration in both the cores. On comparison of cores VS-
2 and MD-2, smectite, Ni, Co and Cu were higher in the core VS-2, while kaolinite, chlorite,
Mn, Cr and Zn in the core MD-2. Aluminium was slightly higher in the core VS-2, while Fe
in the core MD-2. The concentration of illite was equal in both the cores. Between cores VS-
2 and S-2, smectite, illite, chlorite, Fe, Mn, Ni, Co, Cu, Zn and Cr were higher in the core
VS-2, while kaolinite in the core S-2. Aluminium was present in equal concentration in both
the cores. Further, between cores VS-2 and GP-2, smectite, illite, Fe, Mn, Ni, Co, Cu and Zn
were higher in the core VS-2, while kaolinite, Al and Cr in the core GP-2. Chlorite had equal
concentration in both the cores. On comparison of cores VG-2 and MD-2, smectite, kaolinite,
Al, Ni, Co and Cu were higher in the core VG-2, while chlorite, illite, Fe, Mn, Zn and Cr in
the core MD-2. Among cores VG-2 and S-2, smectite, illite, chlorite, Al, Fe, Ni, Co, Cu, Zn
and Cr were higher in the core VG-2, while kaolinite and Mn in the core S-2. Between cores
VG-2 and GP-2, smectite, illite, chlorite, Fe, Mn, Ni, Co and Cu were higher in the core VG-
2, whereas kaolinite, Zn and Cr in the core GP-2. Aluminium had equal concentration in both
the cores. Further, on comparison of cores MD-2 and S-2, smectite, illite, chlorite, Fe, Mn,
Co, Cr and Zn were higher in the core MD-2 while, kaolinite, Ni and Cu in the core S-2.
Aluminium was slightly higher in the core S-2. Similarly among cores MD-2 and GP-2,
smectite, illite, chlorite, Fe, Mn, Ni, Cu and Zn were higher in the core MD-2, while
kaolinite, Al and Cr in the core GP-2. Cobalt was slightly higher in the core GP-2. Further,
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between cores S-2 and GP-2, smectite, kaolinite, Mn, Ni and Cu were higher in the core S-2,
while illite, chlorite, Al, Fe, Co, Zn and Cr in the core GP-2.
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Fig. 3.2.12 Isocon plots for clay minerals and metals in the clay fraction
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On comparison of core VS-2 with cores S-2 and GP-2, most of the metals were present in
higher concentration in the core VS-2. Also cores VG-2 and MD-2 showed higher
concentration of metals than cores S-2 and GP-2. The rock types in the catchment area being
basalts in case of Vashishti and Vaghotan, meta-sediments in the Mandovi and granites and
granitic gneisses in case of Sharavathi and Gurupur, metals released to estuaries are expected
to vary considerably. Further, as discussed earlier, higher tidal range in Vashishti, Vaghotan
and Mandovi estuaries in comparison to Sharavathi and Gurupur estuaries favours retention
of higher finer sediments in suspension for a longer period of time. This might have
facilitated higher adsorption of metal onto clay particles in Vashishti, Vaghotan and Mandovi
estuaries than Sharavathi and Gurupur estuaries. In addition, smectite, a finer size clay
mineral (Bican-Brisan and Hosu 2006) has higher concentration in cores VS-2, VG-2 and
MD-2 than cores S-2 and GP-2 which might have favoured additional adsorption of metals.
Further, core VS-2 had higher concentration of metals than core VG-2, while comparison of
core VS-2 with MD-2 indicated considerable number of metals in higher concentration in
both the cores. Also, considerable numbers of metals were present in higher concentration in
cores MD-2 and GP-2 in comparison to cores VG-2 and S-2, respectively.

The average concentration of metals in the bulk sediments for the samples considered for the
clay fraction in sediment cores is presented in the Table 3.2.6. Further, when isocon plots of
metals in clay fraction and bulk sediments were plotted (Fig 3.2.13), Al, Fe, Mn, Co, Cu, Zn
and Cr were noted to be higher in the bulk sediments, while Ni was slightly higher in the clay
component of the core VS-2. In case of the core VG-2, Al, Fe, Mn, Ni, Co, Cu and Cr
showed higher average value in the bulk sediments, while Zn was present in higher average
concentration in the clay fraction. In Mandovi estuary (core MD-2), Fe, Ni, Co, Cr and Zn
were present in higher concentration in the bulk sediments, while Mn and Cu in the clay
fraction. Aluminium was slightly higher in the bulk sediments. In core S-2, Fe, Mn and Ni
showed higher average concentration in the bulk sediments, while Al, Co, Cu, Zn and Cr in
the clay fraction. In case of the Gurupur estuary (core GP-2), Fe, Mn, Co and Cr had higher
average concentration in the bulk sediments than the clay fraction, while Al, Ni, Zn and Cu

were present in higher average concentration in the clay fraction.
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Table 3.2.6Average concentration of metals in the bulk sediments for the samples considered

for the clay fraction in sediment cores VS-2, VG-2, MD-2, S-2 and GP-2

Al(%) | Fe(%) |Mn(ppm)|Ni(ppm)|Co(ppm)|Cu(ppm)|Zn (ppm)|Cr(ppm)
VS-2 8.37 15.61 1809 109 61 351 453 160
VG-2 10.40 11.01 510 110 71 313 93 160
MD-2 7.63 15.27 2952 77 30 40 1477 259
S-2 7.39 4.54 1008 94 26 131 65 118
GP-2 10.98 8.30 159 75 33 31 171 852
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Fig. 3.2.13 Isocon plots for metals in cores VS-2, VG-2, MD-2, S-2 and GP-2

The sediment cores collected from the middle estuarine region showed higher concentration

of most of the metals in the bulk sediments of Vashishti, Vaghotan and Mandovi estuaries,
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while higher concentration of most of the metals in the clay fraction of the Sharavathi
estuary. Gurupur estuary also showed considerable number of metals with higher
concentration in the clay fraction. Such a distribution of metals in the tropical estuaries was
attributed to change in catchment area geology along the study area. Coarser sediments
released from basalts and meta-sediments might be ferromagnesian minerals which are

responsible for higher metal concentration in the bulk sediments.

3.2.7 Speciation of elements

The speciation analysis of selected elements whose average value in the bulk sediments
exceeded the global average shale value was carried out. The range and average
concentration of Fe, Mn, Ni, Co, Cu, Zn and Cr in different fractions in the core VS-2 and Fe,
Ni, Co, Cu and Cr in the core VG-2, Fe, Mn, Ni, Co, Zn and Cr in the core MD-2, Fe, Mn,
Ni, Co, Cu and Cr in the core S-2, along with Fe, Ni, Co, Zn and Cr in the core GP-2 are
given in the Table 3.2.7. In order to understand the variations in elemental concentration with
depth in different fractions in these cores the chemical partitioning of metals is

diagrammatically represented in Figure 3.2.14.

Vashishti estuary

Metals viz. Fe, Mn, Ni, Co, Cu, Zn and Cr were highest (>70 %, except Mn) in the residual
fraction in the core VS-2. Manganese in the residual phase was 47.99 %. Next to the residual
fraction, Fe, Co and Zn were associated with the Fe-Mn oxide fraction, while Cu and Cr with
organic bound fraction. Nickel concentration was low in the bioavailable fractions. Among
the bioavailable fractions, Mn was highest in the exchangeable fraction, present in significant
level in the Fe-Mn oxide fraction and lowest in the organic fraction. Metals viz. Fe, Cu and
Zn showed least concentration in the exchangeable fraction, while Ni, Co and Cr in the

carbonate fraction.

In residual as well as bioavailable fractions, Fe and Ni did not show much variation from
bottom to surface of the core VS-2. Manganese in exchangeable, carbonate and Fe-Mn oxide
fractions together showed overall increase from bottom to 18 cm and then decreased up to 8
cm. Further, its concentration increased towards the surface. Manganese exhibited high
concentration at 18 cm depth and near surface in exchangeable and Fe-Mn oxide fractions
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Table 3.2.7 Range and average concentration of Fe, Mn, Ni, Co, Cu, Zn and Cr in different fractions of cores VS-2, VG-2, MD-2, S-2 and GP-

2.
VS-2 Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
Fe (%) 0.09-0.39 0.20 1.02-3.78 1.96 4.91-7.66 6.44 0.30-0.99 0.64 | 87.86-92.69 | 90.76
Mn (%) | 22.06-40.89 28.57 2.40-9.40 6.21 12.25-20.34 16.4 0.36-2.09 0.84 [ 30.03-61.67 | 47.99
Ni (%) 1.28-2.77 2.10 1.12-2.25 1.58 1.73-2.77 2.24 1.28-3.19 2.33 [90.15-94.19 | 91.75
Co (%) 3.15-9.80 6.41 3.13-6.77 4.86 9.97-15.95 12.13 3.66-8.88 6.35 | 63.86-77.28 | 70.25
Cu (%) 0.06-0.41 0.21 0.01-0.79 0.34 2.42-5.82 4.30 4.40-11.69 8.09 |8347-91.35| 87.06
Zn (%) 1.58-3.59 2.40 3.21-9.27 5.05 7.08-14.17 10.28 2.77-6.53 421 | 71.56-83.88 | 78.07
Cr (%) 1.09-1.64 1.22 0.07-0.26 0.17 4.08-8.76 5.66 3.90-9.28 591 |[84.15-89.81 | 87.04
VG2 Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
Fe (%) %%%0156 0.0011 | 0.001-0.002 | 0.002 0.95-2.38 1.42 0.95-3.82 1.85 |93.80-98.04 | 96.72
Ni (%) 1.83-15.89 5.06 3.13-5.84 4,01 2.99-4.77 3.72 4.06-5.31 472 | 70.63-87.22 | 82.49
Co(%) | 336485 | 400 | 540702 | 614 |13251903 | 1665 | 1> | 1281 |551364.85| 6031
Cu (%) 0.30-2.66 1.11 2.10-8.53 441 0.10-1.20 0.47 2.96-5.46 435 |83.35-92.40 | 89.66
Cr (%) 0.37-1.78 1.04 0.10-0.37 0.23 2.23-7.03 3.32 0.29-1.82 1.00 |89.11-96.16 | 94.41
MD-2 Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
Fe (%) | 0.005-0.0074 | 0.0013 %%%02%1 0.0006 1.45-4.10 2.25 1.37-4.51 2.35 [92.35-96.59 | 95.40
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Mn (%) 1.38-34.18 11.29 2.06-16.99 11.18 5.60-50.05 30.74 | 2.29-12.31 6.72 | 22.06-61.71 | 40.08
Ni (%) 2.46-28.41 5.77 2.65-4.62 3.75 5.03-11.74 7.94 4.75-8.94 7.33 |[57.23-80.95| 75.21
Co (%) 3.94-14.60 6.38 3.87-5.86 5.08 5.20-18.94 1456 | 2.62-11.17 8.86 | 56.68-72.87 | 65.13
Zn (%) 1.48-8.86 3.26 4.67-9.97 6.87 5.37-15.89 11.19 | 4.56-10.89 8.68 | 63.31-74.24 | 70.00
Cr (%) 0.52-2.92 1.67 0.18-1.33 0.73 5.31-9.41 6.66 4.32-11.69 8.72 [ 78.79-86.31 | 82.22
5.2 Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
Fe@s) | 200 | 0.0014 | 0001-0006 | 0004 | 6771090 | 858 | 007-086 | 043 |88.93-9312 | 90.98
Mn (%) 2.27-20.99 16.25 1.80-6.84 3.58 8.48-25.91 16.66 | 0.71-11.28 2.88 | 46.57-84.76 | 60.62
Ni (%) 1.50-7.13 3.70 2.82-9.83 4.67 5.32-9.96 7.04 4.48-6.34 528 |68.64-8451| 79.31
Co (%) 4.19-14.24 8.10 5.52-15.13 8.28 13.30-24.84 | 19.27 | 1.19-36.52 8.42 | 38.01-62.89 | 55.93
Cu (%) 0.16-1.50 0.65 3.91-23.13 8.86 0.96-2.06 1.48 0.73-12.97 8.75 | 70.62-86.25 | 80.25
Cr (%) 1.07-3.89 2.07 0.39-6.65 2.89 4.21-9.84 7.33 7.21-13.89 | 10.86 |67.93-86.59 | 76.86
G- Exchangeable Carbonate Fe-Mn Organic/Sulphide Residual
Range Average Range Average Range Average Range Average Range Average
0.0002- 0.0004-
0, - - -
Fe (%) 0.0100 0.0021 0.0010 0.0006 1.11-9.23 4.90 0.47-11.51 3.70 [ 79.26-98.30 | 91.40
Ni (%) 0.58-3.51 1.75 0.89-5.15 2.26 2.72-7.37 4.06 2.08-5.43 3.20 [ 79.31-93.38 | 88.73
Co (%) 6.22-18.37 10.32 3.49-6.75 4.61 5.66-19.39 12.58 5.80-9.91 8.37 | 51.27-70.19 | 64.12
Zn (%) 0.32-14.98 5.55 4.50-9.15 6.25 6.58-23.09 12.25 2.25-7.32 457 | 64.00-7853 | 71.39
Cr (%) 0.44-7.56 2.26 0.18-2.15 0.65 0.61-12.92 3.55 0.99-18.95 559 |[58.42-97.77 | 87.95
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indicating diagenetic remobilization. The residual fraction compensated variations in Mn in
the bioavailable fractions. Cobalt exhibited increase from bottom to surface in exchangeable
and carbonate fractions. Its concentration was slightly higher at 18 to 14 cm depth and in the
top 4 cm in Fe-Mn oxide and organic phases. Metals viz. Cu and Cr associated with Fe-Mn
oxide and organic phases showed similar distribution. In the organic phase, they were higher
between 30 and 14 cm and in top 4 cm. Zinc bound to the exchangeable phase did not show
much variation in this core, however, slight increase at 30 cm and near the surface was seen
in the carbonate phase. Zinc concentration in Fe-Mn oxide and organic phases had increased

between 18 and 14 cm, and in top 4 cm.
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Fig. 3.2.14a Variation of Fe associated with different fractions in core VS-2.
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Fig. 3.2.14b Variation of Mn associated with different fractions in core VS-2.
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Fig. 3.2.14g Variation of Cr associated with different fractions in core VS-2.

Vaghotan estuary

In core VG-2, Fe, Ni, Cu and Cr were associated more than 80 %, except Co which was
60.31 % in the residual fraction. Next to the residual fraction, Co was associated with the Fe-
Mn oxide fraction and also available in more than 10 % in the organic bound fraction. Metals
viz. Fe, Ni, Cu and Cr were present in less than 6 % in individual bioavailable phases. Iron
and cobalt were least in the exchangeable fraction, while Ni and Cu in the Fe-Mn oxide

fraction. Chromium was present in least concentration in the carbonate fraction.

The distribution of Fe in the core VG-2 showed two sections, lower from bottom to 40 cm
and upper from 40 cm to surface. The concentration of Fe was slightly higher in the
bioavailable (organic) phases in the lower section than the upper section indicating formation
of Fe sulphide at deeper anoxic level. Similar to Fe, Ni showed increase in bioavailable
phases from bottom to 40 cm. It showed increasing trend in the exchangeable fraction,
whereas decreasing trend in the residual fraction from bottom to 40 cm. However, did not
show much variation in carbonate, Fe-Mn oxide and organic phases. From 40 cm to surface,
Ni concentration decreased in stages in the bioavailable phases and increased in the residual
phase. However, its concentration remained nearly constant in different phases. In core VG-2,
Co concentration in the bioavailable phases was around 40 %. Cobalt did not show much
variation in exchangeable and carbonate phases but showed variation in Fe-Mn oxide and

organic phases. Cobalt in Fe-Mn oxide and organic phases increased from bottom to 40 cm
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followed by decrease up to 14 cm and then increased towards surface, indicating
remobilization in these phases. Copper associated with the exchangeable fraction was slightly
higher in the bottom half of the core which was negligible towards the surface. In carbonate
and organic phases, Cu was more concentrated and slight increase was seen at 50 cm, 18 cm,
10 cm and near surface. Chromium in bioavailable phases was seen in exchangeable and Fe-
Mn oxide phases. It was relatively higher in the Fe-Mn oxide phase. At 40 cm, slight increase

in Cr in the Fe-Mn oxide phase was observed, compared to other depths.
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Fig. 3.2.14h Variation of Fe associated with different fractions in core VG-2.
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Fig. 3.2.14i Variation of Ni associated with different fractions in core VG-2.
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Fig. 3.2.14k Variation of Cu associated with different fractions in core VG-2.
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Mandovi estuary

In core MD-2, Fe, Mn, Ni, Co, Zn and Cr were highest in the residual fraction. Metals viz.
Fe, Ni, Co, Zn and Cr were present in more than 65 % in the residual fraction, while Mn was
around 40 %. Next to the residual fraction, Mn, Ni, Co and Zn were present in the Fe-Mn
oxide fraction, while Fe and Cr in the organic bound fraction. Metals viz. Fe, Ni, Co and Cr
were available in least concentration in the carbonate fraction. Manganese was least in the
organic bound fraction, whereas Zn in the exchangeable fraction. The concentration of Fe

was the lowest in the bioavailable fractions.

Iron did not show much variation in any of the fractions in the core MD-2. Manganese
associated with the exchangeable fraction showed overall decrease from bottom to surface
except very high values at 60, 18 and 10 cm depths. In carbonate and Fe-Mn oxide fractions,
Mn concentration increased from bottom to 30 cm followed by overall decrease up to 10 cm.
Further, it exhibited increasing trend towards the surface in these fractions. Manganese bound
to the organic fraction showed overall increase towards the surface. The vertical distribution
of Ni did not show much variation in any of the fractions in the core MD-2. However, at 60
cm increase in the exchangeable phase and at 4 cm large increase in the exchangeable and
decrease in the residual phase was seen. Cobalt in the exchangeable phase exhibited slight

increase at 60, 18 and 10 cm, similar to Mn. Cobalt associated with the carbonate fraction
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remained nearly constant in the core MD-2. Its concentration decreased from bottom to 60
cm in the organic phase and then showed slightly increasing values towards the surface.
Cobalt in the Fe-Mn oxide phase was higher in the middle portion of the core between 50 and
14 cm, and also at 8 cm and surface. Similar to Mn, Zn exhibited slight increase at 60 and 10
cm in the exchangeable fraction. Zinc bound to the organic phase exhibited overall increase
from bottom to surface. Fe-Mn oxide and carbonate phases showed variation with slightly
higher values in the middle portion of the core. Chromium in different phases did not show

much variations except in the organic phase in which it exhibited higher values towards

surface.
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Fig. 3.2.14m Variation of Fe associated with different fractions in core MD-2.
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Fig. 3.2.140 Variation of Ni associated with different fractions in core MD-2.
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Fig. 3.2.14q Variation of Zn associated with different fractions in core MD-2.
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Sharavathi estuary

In core S-2, Fe, Mn, Ni, Co, Cu and Cr were highest (> 70 %) in the residual phase, except
Mn and Co which were 60.62 and 55.93 % respectively. Next to the residual fraction, Fe, Mn,
Ni and Co was associated with the Fe-Mn oxide phase, Cu with the carbonate phase and Cr
with the organic phase. Manganese was available in considerable concentration in the
exchangeable fraction and Cu in the organic phase. Metals viz. Fe, Ni, Co, Cu and Cr showed

least concentration in the exchangeable phase, while Mn in the organic phase.

The distribution of Fe from bottom to 30 cm was slightly higher in the Fe-Mn oxide phase
than from 30 cm to surface. Manganese was with high concentration in the exchangeable
fraction, except between 18 to 14 cm where it showed less concentration. Manganese in
carbonate and organic bound fractions was almost constant with depth, except higher value at
30 and 18 cm, respectively. Manganese in the Fe-Mn oxide phase showed slight increase
from bottom to 30 cm which was followed by sharp decrease at 18 cm. Further, it maintained
low concentration up to 10 cm and showed slightly higher values from 8 cm to surface. Sum
of the bioavailable phases was higher in the lower part from bottom to 30 cm. From 14 cm to
surface, bioavailable Mn increased towards surface. Nickel exhibited increase in the
bioavailable fractions from bottom to 18 cm. It was highest and constant between 18 and 14

cm, and then gradually decreased towards surface. Cobalt in the exchangeable fraction
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increased from bottom to 18 cm and then showed overall decrease towards the surface. Its
concentration in both exchangeable and carbonate fractions was much higher between 18 and
14 cm. In the Fe-Mn oxide fraction, it decreased from bottom to 8 cm followed by increase
towards the surface. Cobalt exhibited very high concentration at 8 cm in the organic phase.
Copper in exchangeable and Fe-Mn oxide phases was negligible. Carbonate phase showed
high values between 18 and 14 cm. Compared to other depths organic phase was almost
constant except from 18 to 14 cm depth wherein it was very less. Chromium showed overall
increase from bottom to 14 cm in exchangeable, carbonate and organic phases and then
exhibited overall decrease towards the surface. The organic phase showed slightly higher

values at 6 cm. Fe-Mn oxide phase was high between 18 and 14 cm.
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Fig. 3.2.14s Variation of Fe associated with different fractions in core S-2.
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Fig. 3.2.14w Variation of Cu associated with different fractions in core S-2.
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Fig. 3.2.14x Variation of Cr associated with different fractions in core S-2.

Gurupur estuary

In core GP-2, Fe, Ni, Co, Zn and Cr were associated more than 70 %, except Co which was
64.12 % with the residual fraction. Among the bioavailable phases, Fe, Ni, Co and Zn were
highest in the Fe-Mn oxide fraction, while Cr was associated more with the organic fraction.
Metals viz. Fe, Co and Cr were present in least concentration in the carbonate fraction, while

Ni in the exchangeable fraction and Zn were least in the organic bound fraction.

The concentration of Fe and Ni associated with the residual fraction increased from 60 cm to
surface and Cr from 50 cm to surface of the core GP-2. Iron bound to Fe-Mn oxide and
organic phases, Ni bound to carbonate, Fe-Mn oxide and organic phases were higher at 60 cm
depth, and Cr bound to exchangeable, Fe-Mn oxide and organic phases was higher at 50 cm
of the core GP-2. The bioavailable concentration was much higher in case of Co and Zn when
compared to Fe, Ni and Cr. Metals viz. Co and Zn associated with the exchangeable fraction
showed higher concentration between 40 and 18 cm in this core. Cobalt showed less
concentration associated with carbonate, Fe-Mn oxide and organic phases between 40 and 18
cm. Also, Zn exhibited overall decrease in its bioavailable concentration between 40 and 14
cmbound to carbonate, Fe-Mn oxide and organic phases. Zinc associated with carbonate, Fe-
Mn oxide and organic phases increased from 14 cm to surface. Cobalt associated with the

carbonate phase increased, Fe-Mn oxide phase decreased from 10 cm to surface.
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The speciation study of selected sub-samples of sediment cores collected from five estuaries
showed highest concentration of all the analysed metals in the residual phase indicating their
natural occurrence to large extent as derived from the parent rock (Ratuzny et al. 2009).
However, some metals with very high concentration in the bioavailable phases indicated
anthropogenic origin.

In core VS-2, among the bioavailable fractions, Mn was highest in the exchangeable phase
and also its concentration was higher near the surface. Also, it exhibited increase in the Fe-
Mn oxide phase near the surface. Cobalt bound to exchangeable and Fe-Mn oxide phases also
showed increase near the surface. Increase in Co and Zn, similar to Mn near the surface in the
Fe-Mn oxide phase revealed diagenetic remobilization of these metals. Distribution of sum of
bioavailable phases of Mn, Co, Cu and Zn along with Cr showed enrichment of these metals
near the surface and decrease between 10 and 6 cm, indicating remobilization of bioavailable
phases. Metals migrate through pore water towards the surface and get adsorb onto sediments

under oxic conditions (Brown et al. 2000).

Metals viz. Fe, Ni, Cu and Cr were less than 18 % in the bioavailable phases and exhibited
overall decrease in their concentration from bottom to surface of the core VG-2. Cobalt in Fe-
Mn oxide (16.65 %) and organic (12.81 %) phases in the core VG-2 were considerably high.
Cobalt was most mobile in the surface environment under acidic and reducing conditions,
where the formation of high valence phases of Fe and Mn is inhibited. Cobalt is rapidly
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removed from solution by co-precipitation and sorption in most oxidising, near-neutral or
alkaline stream water as the dissolved Fe and Mn precipitate out as secondary oxides,
hydrous Mn oxides having a particularly strong sorption affinity for cobalt (Longhinos 2011).
Also Co can be organically bound (McBride 1994). High Co concentration in all the
bioavailable phases indicated that it was from different source might be anthropogenic.
Typically metals of anthropogenic inputs tend to reside in the first four fractions (Ratuzny et
al. 2009) which are accessible to organisms. Cobalt concentration in the first two phases was

around 10 %.

In core MD-2, Mn was present in significant concentration (30.74 %) in the Fe-Mn oxide
phase. Moreover, increase in distribution of Mn in the Fe-Mn oxide phase towards the surface
reflected its diagenetic mobilization and precipitation in the near surface sediments. Due to
constantly varying Eh within the aquatic environment, metals do not remain permanently
sequestered within the aquatic environment (Depledge and Fossi 1994). This results in the
mobilization of sediment-bound metals (Fytianos and Lourantou 2004) and later precipitation
in oxic conditions. Manganese also exhibited increase near the surface in carbonate and
organic phases and was therefore environmentally significant for mobility, availability for
uptake by aquatic biota and possible toxicity (Yuan et al. 2004). Zinc bound to the organic
phase showed increase in the surface sediments in this core. Apart from Mn and Zn, rest of
the metals did not exhibit increase in bioavailability at surface. However, decrease in
exchangeable phase of Mn, Ni, Co and Zn near surface revealed diffusion of these metals
from sediments to water column. The distribution of sum of bioavailable phases of Co and Zn
were higher at 18 and 10 cm, and later decreased towards surface. Further, higher
concentration of metals in the bioavailable phases indicated their different source might be

anthropogenic.

In core S-2, Mn and Co increased towards the surface in the Fe-Mn oxide phase. In addition,
Mn was also considerably high towards the surface in the exchangeable fraction. Further, in
this core between 18 and 14 cm, drastic decrease in Mn and increase in Ni, Co, Cu and Cr
was seen in some of the bioavailable fractions which suggested no role of Mn in regulating
distribution of these trace metals. Distribution of Mn and to some extent Co in bioavailable
phases indicated diagenetic mobilization. From 18 to 14 cm, most of the trace metals were
trapped in carbonate and organic phases. The higher concentration of Mn, Co and Cr towards
surface indicated their anthropogenic source. The high concentration of Fe in the residual
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fraction of the core S-2 suggested that it was largely present in the immobile state and not
available for the biota. Rest of the metals were in considerable concentration in the
bioavailable phases. Metals bound to the residual phase are most strongly bound and so least
available for uptake by organisms, while those metals in the exchangeable phase are most

available for uptake (Davies 1984).

In core GP-2, less and decrease in concentration of Fe, Ni and Cr in the bioavailable phases
towards surface was noted. Among these metals, Cr was bound to the organic phase in the
lower half of the core suggesting adsorption onto sulphides under anoxic conditions. In
anoxic conditions, sulphides produced from sulphate reducing bacteria are either re-oxidized
or precipitated with numerous trace metals and therefore, sulphides play a predominant role
in the distribution of trace elements (Saulnier and Mucci 2000). Further, the sulphide results
in a more efficient scavenging of trace metals in anoxic conditions (Lesven et al. 2008). The
concentration of Co and Zn was much higher in the exchangeable fraction between 40 and 14
cm which further decreased towards the surface. The concentration of Co and Zn in the Fe-
Mn oxide and Co in the organic phase was higher from 14 cm to surface. The distribution
pattern of Co and Zn therefore suggested their mobilization from the exchangeable phase in
the recent sediments to adsorb onto Fe-Mn oxides or organic coatings on inorganic mineral

particles (Tessier et al. 1979).

3.2.8 Screening quick reference table (SQUIRT)

The concentration of metals in the bulk sediments as well as sum of their bioavailable

fractions is given in the Table 3.2.8.

On comparison of table 3.2.8 with table 2.3 a and b, it was observed that the percentage of
total Fe and sum of bioavailable Fe was lower than the apparent effect threshold (AET) in all
the estuaries indicating no harm from Fe to the sediment associated biota. Total Mn as well as
sum of bioavailable Mn in Vashishti, Mandovi and Sharavathi estuaries exceeded AET
suggesting its probable toxicity to the sediment associated organisms. In the Gurupur estuary,
value of total Ni ranged from effect range median (ERM) to AET, whereas bioavailable Ni
varied from threshold effect level (TEL) to effect range low (ERL) demonstrating its concern

to the sediment associated biota. Although, total Ni in rest of the estuaries exceeded
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Table 3.2.8 Average concentrations of total metals and bioavailable fractions in selected sub-samples in cores VS-2, VG-2, MD-2, S-2 and GP-
2. F1=exchangeable fraction and F2=carbonate fraction.

VS-2 VG-2
Total metals concentration Sum of bioavailable fractions | F1+F2 (%) Total metals concentration Sum of bioavailable fractions F1+F2 (%)
Fe (%) 15.28 0.27 215 | Fe (%) 10.49 0.51 0.002 |
Mn (ppm) 1840 572 34.91 Ni (ppm) 110 11 9.07
Ni (ppm) 114 4 3.68 Co (ppm) 70 13 10.23
Co (ppm) 64 10 11.28 Cu (ppm) 303 16 5.52
Cu (ppm) 353 26 0.50 Cr (ppm) 163 4 1.27
Zn (ppm) 452 23 7.45
C (ppm) 164 19 1.55
MD-2 S-2
Total metals concentration Sum of bioavailable fractions F1+F2 (%) Total metals concentration Sum of bioavailable fractions F1+F2 (%)
Fe (%) 15.42 0.76 0.001 Fe (%) 4.94 0.80 0.004
Mn (ppm) 3069 1596 22.46 Mn (ppm) 1056 365 19.83
Ni (ppm) 77 15 9.52 Ni (ppm) 102 10 8.37
Co (ppm) 31 7 11.45 Co (ppm) 27 9 16.38
Zn (ppm) 1634 14 10.12 Cu (ppm) 139 16 9.51
Cr (ppm) 259 19 2.40 Cr (ppm) 123 22 4.94
GP-2
Total metals concentration Sum of bioavailable fractions F1+F2 (%)
Fe (%) 8.47 0.45 0.002
Ni (ppm) 63 19 4.01
Co (ppm) 34 8 14.93
Zn (ppm) 168 10 11.80
C (ppm) 927 31 2.01
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the TEL, sum of bioavailable Ni was lower than the TEL suggesting not much concern to
associated biota from Ni. Total as well as bioavailable Co exceeded the AET in the core VG-
2 while, in case of the core VS-2 total Co was more than the AET and the sum of the
bioavailable Co equals AET value. Therefore, indicated concern from Co to sediment
associated biota in Vashishti and Vaghotan estuaries. In case of Mandovi, Sharavathi and
Gurupur estuaries, total Co exceeded the AET, while sum of bioavailable Co was lower than
the AET revealing not much concern to the aquatic life of these estuaries from these metals.
Associated organisms of the Vashishti estuary seemed to be at concern from Cu as its
concentration in bulk sediments ranged from ERM to AET, while sum of bioavailable Cu
varied from TEL to ERL. Bioavailable Cu in Vaghotan and Sharavathi estuaries was lower
than the TEL. The concentration of total Zn in Vashishti and Mandovi estuaries was more
than the AET while, in the Gurupur estuary it ranged from ERL to probable effect level
(PEL). However, sum of bioavailable Zn in these estuaries was lower than the TEL
suggesting not much concern to the sediment associated biota. Total Cr ranged from PEL to
ERM in Vashishti, Vaghotan and Mandovi estuaries, whereas in the Sharavathi estuary, it
ranged from ERL to PEL. In the Gurupur estuary, total Cr was more than the ERM. In all
these estuaries, however sum of bioavailable Cr was lower than the TEL indicating not much

concern to the associated organisms.

The speciation of elements therefore indicated concern from Mn, Co and Cu to sediment
associated organisms in the Vashishti estuary. Cobalt concentration suggested concern to
sediment associated biota in the VVaghotan estuary, while biota from Mandovi and Sharavathi
estuaries was at concern from Mn. Nickel was likely to cause concern to aquatic life of the
Gurupur estuary. Exposure of sediment-dwelling organisms to metals may occur via uptake
of interstitial waters, ingestion of sediment particles and via the food chain (Luoma 1989).
Therefore, necessary steps are required to reduce the effect and also reduce the further input

of the anthropogenic material to these estuaries.

3.2.9 Risk assessment code

When sum of the percentage of metals in exchangeable (fraction 1) and carbonate fractions
(fraction 2) at studied cores (Table 3.2.8) were compared with risk assessment code it was
noted that in core VS-2 Fe, Ni, Cu, Zn and Cr were within the degree of low risk, Co within
the degree of medium risk and Mn in the category of high risk. In core VG-2, all the metals
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were within the degree of low risk. In core MD-2, Fe, Ni, Zn and Cr fell under the category
of low risk, while Mn and Co within the degree of medium risk. Metals viz. Fe, Ni, Cu and
Cr were within the degree of low risk in the core S-2, whereas Mn and Co fell under the
category of medium risk. In core GP-2, Fe, Ni and Cr were within the degree of low risk,

while Co and Zn fell under the category of medium risk.

Among the metals studied, only Mn in the core VS-2 showed higher degree of risk associated
with exchangeable and carbonate phases.

Section I11: Comparison of lower and middle estuarine regions

3.3.1 Sediment components, pH, organic carbon and metals in bulk sediments

In order to understand difference between lower and middle regions of estuaries, the data of
sediment components, pH, organic carbon, metals in the bulk sediments was plotted on
isocon diagram (Fig.3.3.1). On comparison of core VS-1 with core VS-2, clay, organic
carbon and pH were higher in the core VS-1, while sand, silt, Fe, Mn, Ni, Co, Cu and Zn
were higher in the core VS-2. Aluminium was slightly higher in the core VS-1, whereas Cr in
the core VS-2. Among cores VG-1 and VG-2, sand, silt, organic carbon, Fe, Mn, Ni, Co and
Cu were higher in the core VG-1, while clay and Cr in the core VG-2. pH and Al were nearly
equal in both the cores, while Zn was present in slightly higher concentration in the core VG-
1. In case of cores MD-1 and MD-2, sand and pH were higher in the core MD-1, whereas silt,
Al, Fe, Mn, Ni, Co, Cu, Zn and Cr were higher in the core MD-2. Clay and organic carbon
were slightly higher in the core MD-1. On comparison of cores S-1 and S-2, sand, pH and Zn
were higher in the core S-1, while silt, organic carbon, Al, Fe, Mn, Ni, Co, Cu and Cr were
higher in the core S-2. Clay was equal in both the cores. Among the cores GP-1 and GP-2,
sand and Zn were higher in the core GP-1, whereas silt, clay, organic carbon, Al, Fe, Mn, Ni,
Co, Cu and Cr were higher in the core GP-2. pH was equal in both the cores.

In Vaghotan, Mandovi, Sharavathi and Gurupur estuaries sand was higher in the lower
estuarine region than the middle estuarine region, whereas silt was higher in the middle
estuarine region of Vashishti, Mandovi, Sharavathi and Gurupur estuaries. In general in any

given estuarine system, lower estuary with more marine influence, high waves, tides and
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Fig. 3.3.1 Isocon plots for comparing sediment components, pH, organic carbon and metals in
the bulk sediments in Vashishti (VS-1 v/s VS-2), Vaghotan (VG-1 v/s VG-2), Mandovi (MD-
1 v/s MD-2) Sharavathi (S-1 v/s S-2) and Gurupur estuaries (GP-1 v/s GP-2).

currents maintains high energy and facilitates deposition of coarser sediments. Middle
estuarine region is known for mixing of fresh and saline waters which facilitates calm
conditions and therefore helps in deposition of finer sediments, organic matter and metals.
However, in the present study, clay and organic carbon did show higher concentration in the
middle region of all the estuaries. Further, in Vashishti, Mandovi, Sharavathi and Gurupur
estuaries, concentration of most of the metals was higher in the middle region than the lower
region which was attributed to their retention on finer sediments which remain in suspension
for longer period of time in the middle estuarine region. In addition, the Lote Parshuram
industrial estate in the catchment area of the Vashisthi estuary, Baikampady industrial area

near Mangalore in the catchment area of the Gurupur estuary and mining related activities in
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the catchment area of Mandovi and Sharavathi estuaries are located in proximity to middle
region of these estuaries. Therefore, middle region of these estuaries is prone to maximum
input of metals from such anthropogenic activities compared to lower estuarine region. In
addition, metals transported to the lower estuarine region often get discharge into nearby sea
by strong tides and currents (Karbassi et al. 2013) that might have decreased their
concentration in the lower estuarine region. On the other hand, most of the metals were
higher in the lower region than the middle region of the VVaghotan estuary. The core VG-1
was collected from the sheltered portion of the lower VVaghotan estuary. The decrease in tidal
current velocities in the sheltered portion compared to the main estuarine channel might have

facilitated higher deposition of metals at this location.

3.3.2 Clay minerals and metals in the clay fraction

To understand difference between estuaries in clay minerals and metals in the clay fraction,
the data was plotted on the isocon diagram (Fig.3.3.2). When cores VS-1 and VS-2 were
compared smectite, Al and Ni were higher in the core VS-1, while illite, kaolinite, chlorite,
Fe, Mn, Cu and Zn were higher in the core VS-2. Metals viz. Co and Cr were nearly equal in
both the cores. Further, on comparison of cores VG-1 and VG-2 smectite, illite, Mn and Zn
were present in higher concentration in the core VG-1, while chlorite, Fe, Ni, Co and Cu were
higher in the core VG-2. Aluminium was slightly higher in the core VG-1, while kaolinite in
the core VG-2. Chromium was available in nearly equal concentration in these cores. Among
the cores MD-1 and MD-2, smectite and Cu were higher in the core MD-1, while illite,
kaolinite, chlorite, Fe, Mn, Ni, Zn and Cr were higher in the core MD-2. Aluminium was
slightly higher in the core MD-1, while Co in the core MD-2. In case of cores S-1 and S-2,
illite, chlorite, Al, Cu, Zn and Cr were higher in the core S-1, while smectite, Fe, Mn and Ni
in the core S-2. Cobalt was slightly higher in the core S-1, while kaolinite in the core S-2. On
comparison of cores GP-1 and GP-2, illite, Zn and Cu were observed in higher concentration
in the core GP-1, whereas in the core GP-2 Al, Fe, Mn, Ni, Co and Cr were present in higher
concentration. Chlorite was slightly higher in the core GP-1, while smectite and kaolinite in
the core GP-2.

Among the clay minerals, smectite was higher in the lower region of Vashishti, VVaghotan and
Mandovi estuaries, while in Sharavathi and Gurupur estuaries it was slightly higher in the

middle estuarine region. lllite was higher in lower region in Shravathi and Gurupur estuaries
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indicating transformation of smectite to illite. Kaolinite on the other hand was slightly higher
in the middle region of all the estuaries. The variation in percentage of clay minerals within
an estuary was attributed to processes governing flocculation of clay minerals. For instance, a
rapid flocculation of kaolinite takes place under a 2 %o of salinity, leading to fast
sedimentation in slightly saline waters (Deconinck and Stresser 1987) whereas, smectite
flocculates in normal saline waters. Further, metals in the clay fraction were higher in the
middle region than the lower region in Vashishti, Mandovi and Gurupur estuaries. As stated
earlier, finer sediments stay in suspension for a longer period of time in the middle estuarine
region compared to the lower estuarine region. Therefore, clay size particles might have
favoured higher adsorption of metals in the middle estuarine region. In case of Vaghotan and
Sharavathi estuaries, however, numbers of metals were present in higher concentration in the

lower estuarine region, as well, indicating their association with smectite and illite.
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Fig. 3.3.2 Isocon plots for comparing clay minerals and metals in the clay fraction in
Vashishti (VS-1 v/s VS-2), Vaghotan (VG-1 v/s VG-2), Mandovi (MD-1 v/is MD-2)
Sharavathi (S-1 v/s S-2) and Gurupur estuaries (GP-1 v/s GP-2).
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3.3.3 Speciation of elements

The data of speciation of elements in lower and middle regions of studied estuaries was used
for understanding the possible concern from metals to associated biota (SQUIRT). Further,
results obtained individually for lower as well as middle regions of estuaries were compared.
In case of Vashishti estuary, Mn, Co and to some extent Cu was likely to cause concern to
sediment associated biota in lower as well as middle regions. Metals viz. Mn, Co and to some
extent Cu also indicated concern to sediment associated biota in the lower Vaghotan estuary,
while biota in the middle estuarine region was at concern from Co. In the lower region of
Mandovi, Sharavathi and Gurupur estuaries speciation of Zn was carried out and it did not
reveal concern to sediment associated biota. On the other hand, in the middle region of
Mandovi and Sharavathi estuaries Mn indicated concern to sediment associated organisms,

while sediment associated biota of the middle Gurupur estuary was at concern from Ni.
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Chapter 4

SUMMARY
AND
CONCLUSION



Estuaries are the transitional zones between marine and terrestrial environments and are
divided into lower, middle and upper regions based on the variations in sea-river water
mixing. The lower estuary has open access to sea and therefore the processes operating in this
region are governed by wave and tidal energy, while fresh water influx derived from river
and its tributaries dominate the upper estuary. The middle estuary, on the other hand is
subjected to mixing of sea and river water. The material brought into an estuary through
rivers is modified under changing physical, chemical and biological conditions and allowed
to deposit in quiet environment within estuaries like mangroves and mudflats. A large
quantity of organic and inorganic material enters the estuarine mudflats through natural
processes as well as from pollutants released by human activities. The lower and middle
regions of an estuary are significant with respect to the biogeochemical processes as waves
and tides are forcing factors for mixing. The processes and factors regulating the distribution
and abundance of metals, however, differ between lower and middle estuarine regions.
Hence, study of mudflat sediments with time from lower and middle estuarine regions is
important in understanding factors and processes involved in distribution and abundance of
metals under varying depositional conditions.

The central west coast of India is known for smaller rivers/estuaries, micro to meso tidal
range estuaries, monsoon controlled tropical climate, varying geological formations in the
catchment area and rapid industrialization and urbanization region in the last two decades. In
addition, with growing population, increase in land use-land cover, increase in agricultural
activities, construction of dam must have altered the rate of sediment discharge to the
estuaries. Further, to meet the needs of growing population, freshwater from rivers and its
tributaries is diverted which has decreased river flow and resulted in enhanced tidal surge and
changed mixing processes. Rise in mean sea level is also indicated in the recent years along
the Indian coast. Additionally, activities viz. sand mining, fishing of benthic species and
increasing use of estuarine channel by barges for transportation purpose has resulted in
disturbing bottom sediments. All these processes and factors are capable of bringing change
in deposition pattern of estuarine sediments and distribution of metals. As a consequence of
this, estuaries along central west coast of India are considered as sink as well as source for
material, metal and pollutants. With this background, in the present study an attempt was
made to understand the depositional environment within lower and middle regions of

estuaries along central west coast of India with following objectives.
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 To study the distribution (spatial and temporal) and abundance of sediment

components from selected locations within estuaries along central west coast of India.

* To understand the source and the factors influencing the distribution of sediment

components along central west coast of India.

In order to accomplish the objectives, sediment cores representing lower and middle regions
from five selected estuaries were collected and sub-sampled at 2 cm interval. In the
laboratory, analysis for sediment components (Folk 1974), pH, organic carbon content
(Gaudette et al. 1974), bulk element chemistry (Jarvis and Jarvis 1985), clay mineralogy
(Biscaye 1965), clay chemistry (Jarvis and Jarvis 1985) and speciation of elements (Tessier et
al. 1979; Dessai and Nayak 2009) were carried out. Statistical analyses involving Pearson’s
correlation matrix was attempted to understand the association of metals in sediments.
Further, total metal concentration in the bulk sediments and metal concentration in the
bioavailable fractions were compared with the sediment quality values (SQV’s) using
SQUIRT’s table (Buchman 1999) to understand the pollution status with respect to associated
biota. In addition, risk assessment code (RAC) (Perin et al. 1985) was used to evaluate the
risk of metals released from the labile and readily bioavailable fractions (exchangeable and
carbonate) to the associated biota. The data obtained was used to understand source of

sediment components and processes involved.

Lower estuarine regions

The sediment components when compared within the lower region of tropical estuaries along
central west coast of India indicated increase in sand and overall decrease in finer sediments
from North to South. Such a distribution pattern of grain size was attributed to variation in
the product of weathering of rock types from basalts to granites and granitic gneisses in
catchment area of studied estuaries. The weathering of basalts released higher finer sediments
to the Vashishti and Vaghotan estuaries, while weathering of granites and granitic gneisses
released higher sand to the estuaries towards the South of the study area. In addition, higher
tidal range towards North led to the deposition of higher finer sediments, whereas, higher
rainfall and associated runoff towards the South helped in retaining the coarser sediments. pH
exhibited fluctuating trend along the study area. The distribution of organic carbon in the

lower estuarine region from Vashishti (North) to Gurupur (South) estuaries showed
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decreasing trend, similar to finer sediments. Thus, suggested the role of grain size in
distribution of organic matter in sediments. Major as well as trace metals (except Zn) showed
overall decrease from North to South along central west coast of India and therefore,
suggested that sediment grain size along with organic carbon regulated the distribution of

metals in the lower region of tropical estuaries.

Further, the study of grain size in sediment cores collected from the lower estuarine regions
of Vashishti (VS-1), Vaghotan (VG-1), Mandovi (MD-1) and Sharavathi (S-1) estuaries
indicated increase in sand in the lower section followed by an increase in finer sediments.
Thus, suggested presence of relatively higher hydrodynamic environment in the past along
central west coast of India which has changed from relatively higher to lower energy
environment. This has led to decrease in sand in the upper section of Vashishti, Mandovi and
Sharavathi estuaries and in the middle section of the Vaghotan estuary. However, human
induced activities in the catchment area of the VVaghotan estuary seem to have resulted in an
increase in coarser size sediments in the recent years. In the lower region of the Gurupur
estuary (GP-1), however, different pattern of distribution of sediment components in
comparison to other studied estuaries was attributed to the change in morphology of the
Gurupur estuary with time. The vertical distribution of organic carbon in all the sediment
cores was similar to either silt or clay which indicated its association with finer sediments.
Most of the metals in Mandovi and Sharavathi estuaries, Ni and Zn in the Vashishti, Ni and
Cu in the Vaghotan and Zn and Cr in the Gurupur estuaries were higher in sections with
higher percentage of silt and/or clay and therefore, indicated role of grain size in the
distribution of metals. Further, Fe and Cr in the core VS-1 and Co and Zn in the core VG-1,
collected from lower Vashishti and Vaghotan estuaries respectively, were found to be
associated with sand indicating formation of Fe coating on sand grains. In core VG-1, overall
decrease in metals towards the surface indicated their diffusion from sediments. In core MD-
1, collected from the lower Mandovi estuary, finer sediments, organic carbon and Fe oxides
mainly regulated distribution of metals. Diagenetic enrichment of Fe and Mn was also noted
in this core which influenced the distribution of trace metals. In core S-1, collected from the
lower Sharavathi estuary, metal distribution seemed to be largely governed by finer
sediments, organic carbon and Mn oxides. Mobilization of metals from sand rich lower
section to finer sediments rich upper section was observed in this core. In core GP-1,
collected from the lower Gurupur estuary, metal distribution was regulated by finer
sediments, organic carbon and Fe-Mn oxides. The decrease in metal concentration (except
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Zn) in the middle section of the core GP-1 was attributed to dilution of concentration by input
of coarser sediments. In general, inter comparison of lower estuarine cores indicated increase
in metals concentration released from weathering of basalts in Vashishti and Vaghotan
estuaries and decrease in metals in estuaries with granite and granitic gneisses in the
catchment area along Southern portion of the study area. Therefore, suggested catchment area
geology as the major source and sediment size, organic matter and Fe-Mn oxide as factors

regulating the distribution of metals in the lower region of the tropical estuaries.

The clay minerals data of the study area along lower estuarine regions revealed decrease in
percentage of smectite from Vashishti to Gurupur estuary, while overall increase in
percentage of kaolinite. The systematic variation in percentage of these clay minerals was due
to the change in source rocks from North to South in the catchment area of rivers studied. The
distribution of metals in the clay fraction of sediments showed overall decrease in Fe, Ni and

Co and fluctuating trend for rest of the metals from North to South along the study area.

The vertical distribution of clay minerals indicated role of processes operated with time, such
as size sorting during transport and differential flocculation. Smectite and chlorite in the core
V/S-1, smectite to a lesser extent in the core VG-1, Fe oxide in the core MD-1, illite, kaolinite
and to some extent Fe oxide in the core S-1, and kaolinite, chlorite along with Fe-Mn oxides
in the core GP-1 provided important binding sites for metals in the clay fraction. In addition,
Cu, Zn and Cr in the core VG-1, Ni, Co, Cu and Zn in the core S-1, and Cu and Zn in the core
GP-1 showed similar distribution pattern and significant correlation among themselves and
therefore, indicated their close association with each other or had undergone similar post-
depositional changes. Further, on comparison of metals in the clay fraction among the cores,
most of the metals showed higher concentration in cores VS-1 and VG-1 in comparison to
cores S-1 and GP-1 which was attributed to release of metals from rock types in the
catchment area and percentage of clay among these cores. The comparison of metals in the
clay fraction with that of bulk sediments revealed systematic variation. In the Vashishti and
Vaghotan estuaries metals were significantly associated with clay as well as bulk sediments,
while in Mandovi, Sharavathi and Gurupur estuaries metals were largely associated with the
clay fraction of the sediment. Such a distribution pattern of metals was due to metals
associated with minerals within the rock types in the catchment area.
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Further, speciation of selected elements whose average value in the bulk sediments exceeded
the global average shale value was carried out. In core VS-1, Mn was significantly high,
while Co and Zn were available in considerable amount in the Fe-Mn oxide phase and thus
indicated their strong bioavailability. Manganese in the Fe/Mn oxide fraction showed
increase from bottom to surface of the cores VS-1 and thus suggested increase in Mn of
anthropogenic origin in recent years. In core VG-1, considerable concentration of Mn, Zn and
Cr in the Fe-Mn oxide phase indicated their bioavailability. In the Fe-Mn oxide phase,
increase in Mn in the core VS-1, and increase in Mn and Zn in the core VG-1 near the surface
suggested their diagenetic mobilization. Zinc also indicated its considerable bioavailability in
cores MD-1, S-1 and GP-1. The results of speciation of elements when compared with the
screening quick reference table suggested concern from Mn, Co, and to a lesser extent from
Cu to the sediment associated organisms in Vashishti and Vaghotan estuaries. Further, risk
assessment code revealed low to medium risk to the sediment associated biota from metals

bound to the first two phases.

Middle estuarine regions

The sediment components in the middle estuarine region of tropical estuaries along central
west coast of India indicated fluctuating trend of sand and clay, while silt with initial decrease
from Vashishti to Vaghotan estuaries, further exhibited overall increase up to Gurupur
estuary from North to South. The fluctuating trend of sand and clay along the study area was
attributed to various factors involved in mixing which includes fresh water addition,
catchment area geology and physico-chemical factors in the estuaries. pH, organic carbon and
most of the metals viz. Al, Mn, Ni and Zn also showed fluctuating distribution pattern.
However, Fe, Co and Cu showed overall decrease from North to South along central west
coast of India, while Cr exhibited overall increase towards the South. The spatial variation in
concentration of organic carbon and some of the metals along the study area was attributed to
the location of the core sample from which they were collected. The middle regions of
Vashishti and Gurupur estuaries were in close proximity to industries. The input of industrial
waste material in these estuaries and mining waste from mines operating in the catchment
area of Mandovi, Sharavathi and Gurupur estuaries contributed to variation in percentage of
sediment components, organic carbon and metals viz. Mn, Ni and Zn along the study area.
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Further, the grain size in sediment cores collected from the middle estuarine regions of
Vashishti (VS-2), Mandovi (MD-2) and Sharavathi (S-2) estuaries indicated increase in sand
in the middle section, while in the upper section in case of the VVaghotan estuary (VG-2). The
higher sand in certain sections of these cores was attributed to input from natural as well as
human induced activities in the catchment area. In cores VS-2 and S-2, finer sediments
compensated distribution pattern of sand from bottom to surface, whereas in the core MD-2,
finer sediments compensated increase in sand in the middle section. In core VG-2, silt
showed overall increase from bottom to surface which was largely compensated by clay. In
core GP-2, collected from middle estuarine region of the Gurupur estuary, sand did not show
much variation between the sections. However, increase in silt in the upper section of the
core GP-2, reflected role of tidal and wave energy in carrying away finer sediments from
lower estuarine region and depositing the same in the middle estuarine region. The
distribution pattern of clay was opposite to that of silt in this core. The vertical distribution of
organic carbon in cores VS-2, MD-2, S-2 and GP-2 was similar to silt and/or clay and thus
suggested incorporation of organic carbon into finer sediments. In core VS-2, sand showed
significant association with Fe, Ni and Cr. The coatings of iron oxide onto coarser sediments
helped in adsorption of Ni and Cr. Also, correlation analysis indicated that Mn regulated the
distribution of Co, Cu and Cr. The presence of Lote Parshuram industrial estate in the
proximity of the middle Vashishti estuary provided additional metal input. Metals viz. Al, Fe,
Ni, Co, Cu and Cr in sediments of the core VG-2 indicated their association with sand and/or
Fe-Mn oxides. The vertical distribution of Mn, Ni, Co, Cu and Zn in this core revealed their
diffusion from sediments in the recent years. In core MD-2, Ni and Cr were associated with
sand, while Al and Mn were associated with clay. Further, vertical distribution of trace metals
viz. Ni, Co, Zn and Cr indicated mobilization from deeper layer to shallow depth which latter
adsorbed under oxic conditions. The significant correlation among the trace metals indicated
their common source and/or similar enrichment mechanism in this core. The similar
distribution of metals and their significant association with finer sediments and organic
carbon suggested role of finer sediments and organic carbon in distribution of metals in the
core S-2. Further, Fe and Mn indicated similar point-to-point distribution from bottom to 14
cm depth which indicated strong association among Fe and Mn. In core GP-2, sand regulated
the distribution of Mn and Co. The slight increase in Fe and Cr towards the surface suggested
their anthropogenic input in the Gurupur estuary. The inter comparison of middle estuarine
cores indicated increase in metals concentration in Vashishti and Vaghotan estuaries when
compared with Mandovi, Sharavathi and Gurupur estuaries. The higher concentration of
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metals in estuaries along Northern part of the study area was attributed to input of metals
from weathering of basalts brought by tributaries, and clay enriched sediments of Vaghotan

estuary favouring adsorption of metals.

Similar to lower estuarine region, the clay minerals data along the middle estuarine regions of
the study area revealed decrease in percentage of smectite from Vashishti to Gurupur estuary,
while overall increase in percentage of kaolinite which was attributed to change in catchment
area geology along the study area. The distribution of metals in the clay fraction of sediments
showed overall decrease in Fe from North to South along central west coast of India, while
Cr exhibited overall increase from Vashishti to Gurupur estuaries. Metals viz. Al, Mn, Ni,

Co, Cu and Zn showed fluctuating distribution pattern.

The clay minerals distribution showed variation along the length of cores VS-2, VG-2, S-2
and GP-2. Iron oxides and to some extent chlorite in the core VS-2, kaolinite and to some
extent smectite along with Fe-Mn oxides in the core VG-2, Fe-Mn oxides in the core MD-2,
Fe oxide in the core S-2, and smectite and Fe oxides in the core GP-2 played important role
in the distribution of trace metals in the clay fraction. Further, diagenetic remobilization was
evident at 6 cm depth in the core VS-2. Trace metals showed significant correlation among
themselves in cores MD-2 and S-2 which suggested their common source in these estuaries.
In addition, peak values of metals in the clay fraction obtained between 22 and 10 cm i.e.
portion of the core representing higher sand percentage in the bulk sediments in the core S-2
indicated that the metals brought to the estuary got selectively associated with the clay
fraction. On comparison of metals in the clay fraction among the cores, most of the metals
showed higher concentration in the cores VS-2 and VG-2 than MD-2, S-2 and GP-2. The
higher concentration of metals in cores VS-2 and VG-2 was attributed to release of metals
from their catchment area rich in basalts and adsorption of metals onto clay particles which
remained in suspension for a longer period of time as a result of higher tidal range in
Vashishti and Vaghotan estuaries. Further, the comparison of metals in the clay fraction with
that of bulk sediments in the middle estuarine region indicated higher concentration of metals
in bulk sediments in Vashishti, Vaghotan and Mandovi estuaries, while metals were
associated with bulk as well as clay fraction of the sediment in Sharavathi and Gurupur
estuaries. Thus, suggested role of catchment area geology and physico-chemical conditions of

depositing site in the distribution of metals.
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Metal speciation within the sediments of the core VS-2 indicated considerable concentration
of Mn and Co in the bioavailable fractions (exchangeable and/or Fe-Mn oxide). The increase
in concentration of these metals towards the surface of the core indicated concern to sediment
associated biota. In core VG-2, Co was available in considerable concentration in Fe-Mn
oxide and organic phases, while metals viz. Fe, Ni, Cu and Cr were present in negligible
levels in the bioavailable phases. The concentration of Mn in carbonate, Fe-Mn oxide and
organic phases in the core MD-2 reflected its environmental significance with respect to
associated biota. Also, Zn in the organic phase to some extent indicated its bioavailability. In
core S-2, Mn and Co were bound to the Fe-Mn oxide phase and to some extent Mn associated
with the exchangeable fraction indicated increase towards the surface and thus suggested
their availability to sediment associated organisms. In case of core GP-2, the vertical
distribution of Co and Zn in the bioavailable fractions revealed their mobilization from the
exchangeable phase which got adsorbed onto Fe-Mn oxides and organic phases. Diagenetic
mobilization of Mn, Co and Zn in the core VS-2, Mn in the core MD-2, and Mn and to some

extent Co in the core S-2 was evident.

The data of speciation of elements when compared with the screening quick reference table
indicated concern to sediment associated organisms in the Vashishti estuary from Mn, Co and
Cu. Cobalt concentration suggested concern to biota in the Vaghotan estuary, while biota
from Mandovi and Sharavathi estuaries was at concern from Mn. Nickel was available higher
in the Gurupur estuary in the bioavailable phases. Further, risk assessment code revealed
higher degree of risk from Mn bound to exchangeable and carbonate phases to associated

biota in the middle Vashishti estuary.

Lower v/s middle estuarine regions

Sand in most of the estuaries viz. Vaghotan, Mandovi, Sharavathi and Gurupur estuaries was
higher in the lower estuarine region than the middle estuarine region which was attributed to
waves and tidal energy facilitating retention of coarser particles. On the other hand, silt in
most of the estuaries viz. Vashishti, Mandovi, Sharavathi and Gurupur was higher in the
middle estuarine region which was attributed to mixing of fresh and saline waters facilitating
deposition of finer sediments. However, clay and organic carbon did not reveal higher
concentration in the middle region of all the estuaries. The concentration of most of the
metals in the bulk sediments was higher in the middle region of Vashishti, Mandovi,
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Sharavathi and Gurupur estuaries than the lower region. The higher concentration of metals
in the middle region of these estuaries was attributed to mixing which facilitated retention of
metals onto finer sediments which remain in suspension for a longer period of time. Input
from industries and mining related activities located in the proximity also contributed metals.
On the other hand, higher metal concentration in the lower region of the Vaghotan estuary
was explained with reference to location of the core from which it was collected. The
variation in percentage of clay minerals between lower and middle regions of an estuary was
attributed to processes governing flocculation of clay minerals. Further, metals in the clay
fraction were higher in the middle region than the lower region in most of the estuaries
(Vashishti, Mandovi and Gurupur) which suggested role of mixing and associated processes.
The results of speciation of elements between lower and middle estuarine regions were
compared. It indicated concern from Mn, Co and to some extent from Cu to the sediment
associated biota in lower as well as middle estuarine regions of the Vashishti estuary. Metals
viz. Mn, Co and to some extent Cu also indicated concern to sediment associated biota in the
lower Vaghotan estuary, while biota in the middle VVaghotan estuary was at concern from Co.
In the lower region of Mandovi, Sharavathi and Gurupur estuaries, speciation of Zn did not
reveal concern to sediment associated biota. On the other hand, in the middle region of
Mandovi and Sharavathi estuaries Mn indicated concern to sediment associated organisms,
while Ni concentration suggested concern to sediment associated biota in the middle Gurupur
estuary.
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Abstract The present study investigates processes and fac-
tors which determine the distribution of grain size, organic
carbon and metals in mudflat sediment cores collected from
lower regions of three tropical estuaries, viz., Mandovi,
Sharavathi and Gurupur. The three rivers are similar in terms
of monsoonal characteristics and discharge pattern, but are
different in tidal range, catchment area geology and anthropo-
genic activities. The data revealed increase in finer sediments,
organic carbon and metals in the recent years in Mandovi and
Sharavathi estuaries, while the data revealed decrease in the
Gurupur estuary. The increase in finer sediments in Mandovi
and Sharavathi estuaries was attributed to catchment area ac-
tivities, rainfall and runoff and mixing behaviour within estu-
aries. The change in the morphology of the Mangalore spit led
to an increase in coarser sediments in the recent years in the
Gurupur estuary. The similarity in distribution pattern of
metals to that of finer sediments and organic carbon in three
estuaries indicated the role of finer sediments and organic
carbon in distribution of metals. In addition, correlation, factor
and cluster analyses suggested the role of Fe and/or Mn oxide
in adsorption of metals onto sediments. However, the factors
regulating distribution of metals varied among the three estu-
aries, which are attributed to variations in rock types in their
basins, in addition to changes in response to natural forces and
human activities.
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Introduction

Estuaries are proved to be accumulation sites of sediments and
contaminants (Madkour et al. 2011). Trace metals are intro-
duced into the estuarine environment as a result of natural
processes as well as from pollutants released by human activ-
ities (Jordao et al. 2002). Metals in the dissolved phase get
adsorbed onto suspended matter, gradually sink to the bottom
and later incorporate into cohesive sediments of mudflats
within estuaries due to their high mud content. Higher con-
centrations of metals are found in finer sediments of mudflats
(Tam and Wong 2000) due to a synergetic action of physical
(surface area) and chemical (mineralogy) characteristics of the
particles. In addition, metal distribution also depends upon
organic matter content (Emam and Saad-Eldin 2013) and de-
positional environment of sediments (Willams et al. 1994).
Over the last decade, the study of estuarine mudflat sediment
cores has proved to be an excellent tool for understanding of
natural processes regulating metal distribution in coastal de-
positional environments (Vinodhini and Narayanan 2008).
The understanding of processes and factors affecting metals
concentration helps in determining metal behaviour within
coastal environments. As a result, an increasing demand for
understanding of processes and factors regulating metal dis-
tribution has emerged in the recent years (Jingchun et al. 2010;
Volvoikar and Nayak 2013). The present study involves grain
size, organic carbon and metal analysis of sediment cores
collected from the three tropical estuaries along central west
coast of India. All the three rivers, namely Mandovi,
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Sharavathi and Gurupur, originate in the Western Ghats and
drain into the Arabian Sea. The three rivers are largely similar
with respect to period of rainfall they receive and runoff, but
are different from each other in terms of tidal energy, rocks
present in their basins, geomorphology and human activities.

Study area

The Mandovi river forms an important estuarine system on the
central west coast of India. The river is 84 km long and has a
catchment area of 1150 km* (Pathak et al. 1988). It drains
through the Western Ghats. The river receives an annual av-
erage rainfall of 2932 mm. It has a tidal range of 2.3 and 1.5 m
during spring and neap tide, respectively (Rao et al. 2011).
During monsoon, a salt wedge is formed at the mouth region
due to strong tidal action and large riverine flow. There are
about 27 active large mines in the basin area of Mandovi that
generate 1500—6000 tons of rejects per day per mine, a sub-
stantial portion of which is expected to ultimately end up in
the river (Fernandes and Nayak 2009). The estuarine channel
of the Mandovi river is widely used for the transport of iron
and ferromanganese ores to the Marmugao harbour through-
out the year. The Sharavathi river originates near Ambuthirtha
and joins the Arabian Sea at Honnavar. It has a total length of
130 km and a catchment area of 3600 km? (Ramachandra
et al. 2004). The annual average rainfall near Honnavar is
3521 mm (Avinash et al. 2008), and Sharavathi has a tidal
range of 1.41 and 0.66 m during spring and neap tide, respec-
tively (Kumar et al. 2011). In 1964, a dam was constructed
near Linganamakki on Sharavathi, which is used for the gen-
eration of hydroelectric power. There were well-established
open cast mining activities in the catchment area of this river;
however, they have been halted since the last few years. The
extensive urbanisation, especially near Honnavar, has exposed
estuary to increasing stress from domestic wastes in addition
to activities like agriculture and sand mining. The Gurupur
river is also known as Phalguni/Kulur river. It has a total
length of 87 km and a catchment area of 540.62 km”. The
Gurupur estuary receives an annual average rainfall of
3900 mm (Kumar et al. 2010). The highest tide is 1.54 m near
Mangalore and decreases to 0.25 m during neap tide
(Radheshyam et al. 2010). The Kudremukh mine of
Karnataka is one of the largest iron ore mine within the catch-
ment area of Gurupur. The iron ore concentrate from
Kudremukh mine was transported to Kudremukh Iron Ore
Company Limited (KIOCL) located at Mangalore through
pipelines; the ore was pelletised and then exported to different
countries. The mine has not been in working conditions for the
past few years. The Baikampady industrial zone accommo-
dates various chemical and pharmaceutical industries and is
located on the bank of the Gurupur river.
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In the present study, an attempt has been made to under-
stand the processes and factors determining the distribution of
metals in the sediments of estuaries facing dissimilar natural
and anthropogenic pressure.

Materials and methods
Sample collection

Three mudflat sediment cores were collected from the lower
estuarine regions of Mandovi (latitude, 15°30'22.67" N, and
longitude, 73°49'26.36" E), Sharavathi (latitude, 14°15’
52.94" N, and longitude 74°26'18.92" E) and Gurupur river
(latitude, 12°52'20.54" N, and longitude, 74°49'28.35" E)
(Fig. 1).The three cores were collected during the field survey
conducted from 6th to 11th of May 2011. The cores were
sampled by inserting the hand-held PVC corer (150 cm length
and 6.5 cm diameter) into the intertidal mudflat sediments.
The length of the cores collected from Mandovi (MD-1),
Sharavathi (S-1) and Gurupur (GP-1) estuaries were 58, 68
and 60 cm, respectively. All the three cores were sub-sampled
at 2-cm interval using the plastic knife in order to avoid metal
contamination. The sub-samples were carefully transferred to
pre-labelled polyethylene bags and then brought to the labo-
ratory in ice boxes. The sampling station locations were ob-
tained by a hand-held global positioning system (GPS).

Laboratory analysis

In the laboratory, sub-samples were oven dried at 60 °C. The
sediment component analysis was carried out following pi-
pette technique (Folk 1974), after dissociation of clay particles
and oxidation of organic matter with 10 % sodium
hexametaphosphate and 30 % H,O,, respectively. For the
geochemical analysis, a portion of the dried sediment samples
was finely powdered using mortar and pestle. Part of the pow-
dered and homogenised samples was used for the estimation
of organic carbon. Total organic carbon (TOC) was deter-
mined by exothermic heating and oxidation with potassium
dichromate and silver sulphate, followed by titration of excess
dichromate with 0.5 N ferrous ammonium sulphate (Walkley
and Black 1934; Gaudette et al. 1974). The remaining part of
powdered and homogenised samples was used for elemental
analysis, in which samples were completely dissolved in HF/
HNO3/HCI1O4 (7:3:1) and dried on a hot plate using total dis-
solution technique (Jarvis and Jarvis 1985). The digested sam-
ples were then aspirated for Fe, Mn, Pb, Ni, Co, Cu, Zn and Cr
with the help of Varian AA 240 FS flame atomic absorption
spectrometry (AAS) with an air/acetylene flame at specific
wavelengths. The accuracy of the analytical method was test-
ed by digesting standard reference material 2702 obtained
from National Institute of Standards and Technology (NIST)
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Fig. 1 Map showing sampling locations

and was aspirated into the AAS. The recoveries of all the
metals were good, which lie between 89 and 97 %. The
instrument was also checked for its reproducibility by repeat-
ing standard after every ten samples.

Statistical analysis

The correlation analysis between sand, silt, clay, organic car-
bon and metals of cores MD-1, S-1 and GP-1 were performed.
Additionally, principal component analysis (PCA) involving
factor and cluster analyses were attempted to understand
source and association by using the software Statistica 7.

Results

The cores MD-1, S-1 and GP-1 could be divided into two
vertical sections based on the differences in sediment colour:

—_—

Brown colour with grey patches from 0 to 44 cm in core
MD-1, from 0 to 40 cm in core S-1 and from 0 to 30 cm in
core GP-1

2. Light and dark grey colour from 44 to 58, 40 to 68 and 30
to 60 cm in cores MD-1, S-1 and GP-1 respectively.

Sediment components

The range and average percentage of sand-silt—clay in sec-
tions I and II of cores MD-1, S-1 and GP-1 are given in
Table 1. As can be seen from Table 1, in section II, which
represents the recent sediments, there is an increase in finer
sediments in cores MD-1 and S-1, while core GP-1 shows
enrichment of coarser sediments. The down core variations
of sand-silt—clay of cores MD-1, S-1 and GP-1 are shown in
the Fig. 2a, b and c respectively. The cores MD-1, S-1 and GP-
1 divided into sections I and II based on the variations in
sediment parameters agrees with sections divided based on
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Table 1 Range and average of sediment components and organic carbon in sediments of cores MD-1, S-1 and GP-1
Sample location Sand (%) Silt (%) Clay (%) Org. C (%)
Range Average Range Average Range Average Range Average
MD-1 Section 11 3.15-52.15 25.07 28.89-54.36 43.44 14.48-45.36 31.49 1.66-3.33 2.67
Section I 62.90-72.29 67.59 10.11-15.14 12.82 17.60-22.92 19.59 0.48-0.86 0.68
S-1 Section 11 21.75-86.39 5591 0.78-35.08 17.88 0.12-50.32 26.21 0.18-2.05 1.02
Section I 42.39-94.28 86.53 0.36-16.49 5.62 0.64-41.12 7.85 0.12-1.31 0.30
GP-1 Section 11 37.82-91.55 73.36 5.29-34.18 17.46 1.00-28.00 9.18 0.2-1.67 0.66
Section I 27.17-93.49 53.66 1.80-52.67 26.07 2.64-33.52 20.27 0.09-1.87 1.20

colour variations. In core MD-1, sand percentage is more than
the average line in section I and is lesser than the average line
in section II. In section I of core MD-1, sand dominates over
silt and clay with an average value of 67.59 %. The distribu-
tion pattern of coarser as well as finer sediments does not
show much variation in section I. In section II, the average
sand percentage (25.07 %) reduces to less than half of section I
and shows sudden decrease up to 40-cm depth, followed by
gentle decrease towards the surface. The decreasing trend of
sand is very well compensated by increasing trend of silt and
clay. Like core MD-1, sand percentage in core S-1 is more
than the average line and less than the average line in sections
I and II, respectively. In section I of core S-1, sand shows
sharp increase from bottom to 66-cm depth and further re-
mains nearly constant throughout the section. The silt shows

a corresponding opposite trend to that of sand profile. The clay
percentage decreases sharply from bottom to 66-cm depth,
from where gradual decrease is seen. In section II of core
S-1, a decreasing pattern of sand is observed, which is com-
pensated by increasing pattern of silt and clay. In core GP-
1, distinct different behaviour of sand is observed from
other two cores. In section I of core GP-1, sand shows
overall decreasing trend with its percentage less than the
average line. The distribution patterns of silt and clay is
opposite to that of sand. In section II of core GP-1, per-
centage of sand is more than the average line and that of
clay is less than the average line and does not show much
variation up to 12-cm depth. Further above, sand percent-
age decreases while clay percentage increases. The silt
shows increasing trend up to the surface.

a b c
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Fig. 2 a Down core variation of sediment components and organic
carbon with vertical lines of average values in core MD-1. b Down core
variation of sediment components and organic carbon with vertical lines
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of average values in core S-1. ¢ Down core variation of sediment
components and organic carbon with vertical lines of average values in
core GP-1
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Organic carbon

The range and average concentration of organic carbon in
sections I and II for cores MD-1, S-1 and GP-1 are given in
Table 1. The average organic carbon percentage has increased
in the recent years in cores MD-1 and S-1, while it has de-
creased in core GP-1. As can be seen from the Fig. 2a, organic
carbon percentage remains constant in section I, while in sec-
tion II, overall increasing trend is observed up to the surface of
core MD-1. In section I of core S-1 (Fig. 2b), organic carbon
shows sudden decrease from bottom to 66-cm depth, from
where its concentration remains nearly constant throughout
the section. In section II (Fig. 2b), increasing distribution pat-
tern of organic carbon is observed up to the surface, with
prominent decrease seen at 14-cm depth. In section I of core
GP-1 (Fig. 2¢), the concentration of organic carbon increases
with erratic trends from bottom to 36-cm depth and further
shows a decrease. In section II (Fig. 2¢), organic carbon shows
overall increasing trend up to the surface with increase being
more prominently observed in the top 12 cm of the core GP-1.

Metal geochemistry

The range and average concentration of metals (Fe, Mn, Pb,
Ni, Co, Cu, Zn and Cr) in sections I and II for cores MD-1, S-1
and GP-1 are given in the Table 2. In cores MD-1 and S-1, all
the metals (except Fe and Zn in core S-1) show higher average
concentration in section II than in section I, whereas in core
GP-1, average metal concentration (except Pb and Zn) is
higher in section I than in section II.

The vertical profile of metal concentration for cores MD-1,
S-1 and GP-1 are shown in the Fig. 3a, b and c, respectively. In
core MD-1, Mn, Pb, Ni, Co and Zn do not show much vari-
ation throughout section I. Cu and Cr exhibit increasing dis-
tribution pattern, while Fe percentage decreases in section [
with a sharp increase observed at 54-cm depth. In section II,
Fe shows overall increasing distribution pattern up to the sur-
face with prominent decrease observed from 18 to 6-cm depth.
Cu and Mn exhibit similar distribution pattern with increasing
trend up to the surface. Pb, Zn and Cr show gentle decrease up
to the surface with sharp increase observed in case of Pb and
Zn at 26- and 40-cm depth, respectively. Ni exhibit increasing
pattern up to 30-cm depth, from where its concentration grad-
ually decreases towards the surface. Co shows gentle increase
up to 22-cm depth, followed by sudden increase up to 20-cm
depth. The upper 20 cm of the section II shows nearly constant
concentration of Co. In section I of core S-1, Fe, Pb, Co and Cr
show decreasing trend with wide fluctuations. Mn and Zn
exhibit overall increasing distribution pattern up to 52-cm
depth, which is followed by fluctuating trend. Cu and Ni show
increasing trend. In section II, Mn, Pb, Ni, Co and Cu show
increasing distribution pattern, while Fe shows overall de-
creasing trend up to the surface. Zn exhibits wide fluctuations

Table 2 Range and average of Fe, Mn, Pb, Ni, Co, Cu, Zn and Cr in sediments of cores MD-1, S-1 and GP-1

Mn (ppm) Pb (ppm) Ni (ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)

Fe (%)

Sample location

Range  Average

Average

Range  Average Range Average Range Average Range Average Range

Average

Range

Average

Range

77
74

)

53-121
23-174

223
209

497
1026

35-1531

23

20-31

18

13-23

45

36-58
27-36
26-51

52

27-180

744
403

417-1366

336494
36-181

3.28
1.68
1.80
2.79
2.64

4.

Section II  0.78-5.64

D-1

141-304
85-2293
33-2165

15
21

10-18

8-13
3-15
3-11

30-116 48 33
4-10

31-95

0.31-4.77

Section I

18-61
5-96
29-125

16-127

5-43

2-14

4-22

39
23

61

115

Section II  0.37-3.57

S-1

39
76

11-39

28-64 46
1649

115

101

16-192

0.31-6.02
1.58-4.38
1.08-5.91

Section I

925

359-1919
278-463

11

20

35

13-59 44

31

24-37

60-155

Section II

GP-1

85

397

2-38

3-12

31

43-156 115 22-38

28

Section I
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Fig.3 a Down core variation of Fe, Mn, Pb, Ni, Co, Cu, Zn and Cr with
vertical lines of average values in core MD-1. b Down core variation of
Fe, Mn, Pb, Ni, Co, Cu, Zn and Cr with vertical lines of average values in

up to 32-cm depth, followed by gentle decrease towards the
surface. The concentration of Cr increases up to 16-cm depth
which is followed by fluctuating trend up to the surface. In
core GP-1, all the metals (except Zn) show overall increasing
trend in section I. The concentration of Zn remains nearly
constant throughout section I. In section II, Mn and Cu con-
centration decreases up to the surface. Fe, Ni, Co and Cr show
overall decreasing pattern up to 8-cm depth. Further above,
their concentration increases towards the surface. Pb concen-
tration decreases up to 20-cm depth and further shows
increase towards the surface. Zn exhibits nearly constant con-
centration up to 14-cm depth, which is followed by an
increase.

Discussion
Sediment components

When the distribution of sediment components in section I of
Mandovi, Sharavathi and Gurupur estuaries is compared, it is
observed that, in section I of cores MD-1 and S-1, coarser
sediments are higher with an average sand percentage of
86.53 % in core S-1 and 67.59 % in core MD-1. The core
GP-1 is enriched with finer sediments in section I along with
organic carbon. In section II of cores MD-1 and S-1, the per-
centage of finer sediments and organic carbon is higher, while
in core GP-1, average sand percentage is much higher than
finer sediments. The grain size of sediment reflects prevailing
hydrodynamic energy conditions (Dolch and Hass 2008).
Therefore, the variation in the percentage of sand between
sections I and II of cores MD-1 and S-2 indicates transition
from a relatively higher-energy depositional environment to
lower-energy environment, whereas it also suggests transition
from lower-energy depositional environment to higher-energy
environment (Fox et al. 1999) in core GP-1. Further, large
variation in sand, silt and clay in section II of cores MD-1
and S-1 compared to section I indicates fluctuation in
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hydrodynamic conditions. Highest freshwater discharge oc-
curs during the south-west monsoon (Kessarkar et al. 2010)
along the west coast of India, and the runoff of the rivers for
the remaining period of the year is almost negligible and es-
tuary increasingly becomes an extension of sea (Shetye et al.
2007). A major dam constructed on the Sharavathi river in the
mid-1960s and smaller dams on tributaries of Mandovi, for
diversion of river water for drinking and irrigational purposes
in the recent years, are responsible for the decrease in fresh
water runoff. This in turn enhances tidal surge regulating
changed mixing processes leading to deposition of fine-
grained sediments in the recent years. Additionally, the con-
tribution of finer sediments due to the anthropogenic activities
like mining, industrial discharge, agricultural practices, and
domestic wastes along with natural processes (Wallbrink and
Olley 2004) within their catchment area cannot be ignored.
The geological formations within catchment area of Mandovi
estuary include Western Dharwar Craton (WDC) of meso-
archaean age. The WDC is characterised by high-Mg basalts
and komatites with meta-volcanic and meta-sedimentary
rocks (Naqvi 2005). The geological formations within
Sharavathi catchment area include pre-Cambrian rocks. The
Dharwar system and peninsular gneiss are the two major
groups of rocks found in the Sharavathi river basin. The
Dharwar system contains metamorphic rocks and is rich in
iron and manganese. The peninsular gneisses are crystalline
rocks and are made up of granite, granodiorite, granito-gneiss,
migmatite, etc. The rate and intensity of weathering of these
rocks vary with respect to properties of minerals and their
resistance (Mukherjee 2013). The rock types present in the
catchment area, therefore, might also contribute for the
variation in percentage of silt and clay between Mandovi
and Sharavathi estuaries, in the recent years. In mudflat
sediments of Gurupur estuary, however, coarser sediments
are dominant in the recent years. Gurupur and adjacent
Netravathi rivers join the Arabian Sea near Mangalore and
give rise to two spits, the northern sand spit at the Gurupur
river known as “Mangalore spit” and the southern sand spit
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“Ullal spit” at the Netravati river. The supply of sediment for
the growth of these spits is reported as from longshore drift
and river discharge (Kunte and Wagle 1991). The estuarine
mouths of Gurupur and Netravathi rivers have been reportedly
migrating towards the north since long (Bannur et al. 1991;
Gangadhar 1995), forcing the two spits to change the shape,
size and orientation (Hegde and Raveendra 2000). The
alignment of the shoal near the estuarine mouth of the
Netravathi river has altered the flow direction towards the
Gurupur estuary (Hegde and Raveendra 2000). This might
have resulted in the erosion of the Mangalore spit, directing
coarser sediments into the Gurupur estuary. Raghavan et al.
(2001) stated that the Mangalore spit, which consists of coarse
to fine sand, has reduced by 750 m from its distal end in
length, and its width has increased by 155 m from 1910 to
1993. Therefore, it may be construed that erosion of the
Mangalore spit may have led to the increase in coarser sedi-
ments observed in the recent years in the Gurupur estuary as
corroborated from the present analysis.

When the sediment components are plotted on a triangular
diagram proposed by Pejrup (1988) to understand hydrody-
namic conditions prevailed during deposition of sediments, it
is observed that sediments of section I of core MD-1 (Fig. 4a)
containing coarser sediments with sand percentage between
50 to 90 % fall within group BII and sediments from section 11
of the same core (Fig. 4a) fall largely in group CIII indicating

Fig. 4 Triangular diagram for the a
classification of hydrodynamics
of cores MD-1 (a), S-1 (b) and
GP-1 (c) (Pejrup 1988)

change in depositional environment with time. In section I of
core S-1 (Fig. 4b) with coarser sediments, the points fall in
group A indicating deposition under more dynamic conditions
as they vary from hydrodynamic I (calm conditions) to IV
(extremely violent conditions). Sediments of section II
(Fig. 4b) with comparatively finer sediments fall within group
BII and CII, indicating their deposition under less violent con-
ditions. Finer sediments from section I of core GP-1 (Fig. 4c)
falls largely in group C indicating their deposition under less
violent (I) to relatively violent conditions (III). In the recent
years, coarser sediments from section II of core GP-1 (Fig. 4c)
fall largely in group B, indicating deposition under relatively
violent (II) to extremely violent conditions (IV).

The distribution pattern of organic carbon is largely similar
to that of silt and clay in all three cores, suggesting higher
affinity of finer sediments towards organic carbon (Kumar
and Sheela 2013) due to the higher surface area/volume ratio
of finer sediment grain (Zhou et al. 2007) and similarity in
settling velocity (Raj et al. 2013). The increase in organic
carbon concentration in the top few centimetres of the three
cores suggests the increasing discharge of organic matter as-
sociated with industrial, agricultural, mining and domestic
wastes into the estuaries in the recent years. Organic matter
concentration is highest near the sediment surface and further
down decreases. The decrease in organic carbon concentration
with depth in section II of cores MD-1 and S-1 reflects the
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degradation of organic matter due to the microbial activity
(Singh and Nayak 2009). Further, the lower concentration of
organic carbon observed in section II of core GP-1 than in
section [ and in section I of cores MD-1 and S-1 than in section
II suggests dilution by the influx of coarse-grained sediments
(Pichaimani et al. 2008) in these sections.

Metal geochemistry

The higher average concentration of most of the metals ob-
served in section II than in section I of cores MD-1 and S-1
can be related to their association with finer sediments (Abilio
et al. 2006) and organic matter. The anthropogenic activities in
the recent times (Harikumar et al. 2009) must have contributed
additional metal input. The finer sediments provide active
surfaces for the adsorption of metals. Furthermore, the
complexing nature of organic carbon plays important role in
binding of the metals (Chatterjee et al. 2007). In cores MD-1
and S-1, most of the metals and organic carbon decreases with
depth indicating that metals are significantly redistributed by
the degradation of organic carbon. During initial deposition,
trace metals associated with organic matter (Salomons and
Forstner 1984) may be getting redistributed by early aerobic
degradation of organic matter, resulting in a gradual decrease
in metal concentration with depth (Valette-Silver 1993). The
higher percentage of Mn (in sections I and II) and Fe (in
section II) in core MD-1 than cores S-1 and GP-1 reflects
the greater input of Fe and Mn from mining activities in the
catchment area of the Mandovi river. This was also reported
earlier by Bukhari (1994). Upon reaching sediments, Fe and
Mn oxides are readily reduced into anoxic sediments either as
electron acceptors in microbial mediated respiratory oxidation
of organic carbon (Thamdrup 2000) or reduced chemically by
hydrogen sulphide (Kappler and Straub 2005). Reduced Fe
and Mn may remobilise and precipitate as carbonates, adsorb
onto clay minerals, carbonates, and metal oxide (Kristiansen
etal. 2002) in relatively oxic conditions. The enrichment of Fe
and Mn in section II of core MD-1, therefore, indicates that
they are precipitated as insoluble oxy-hydroxide in sediments
when brought across a redox gradient into an oxidising envi-
ronment (Brown et al. 2000), while their lower concentration
in section I suggests their dissolution under reducing diage-
netic conditions (Dulaiova et al. 2008; Ram et al. 2009).
Further, the similar distribution pattern of Mn and Cu in sec-
tion I of core MD-1 indicates that distribution of Cu is regu-
lated by Mn in the redox boundaries and is precipitated onto
Mn oxide (Kumar and Edward 2009). Distribution of Ni and
Co seems to be regulated by Fe. Likewise, while considering
the distribution of metals in the Sharavathi estuary, it is ob-
served that most of the metals in section I of core S-1 exhibit
wide fluctuations, which suggest their mobilisation from the
sediments. As seen from the triangular diagram, section I of
core S-1 is enriched in coarser sediments (Fig. 4b) with sand
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percentage between 90 and 100 %. In coarser sediments, the
porosity is much higher compared to finer sediments, and
there is enough opportunity for the metals to get mobilised
from the coarser sediments (Clark 1992). This is supported
from the increasing distribution pattern of Mn, Pb, Ni, Co
and Cu observed in finer sediments enriched section II of core
S-1 compared to section I. Cr distribution, however, seems to be
regulated by Fe. The distribution pattern of metals in core GP-1
reveals decrease in metal concentration in section II than in sec-
tion I, which can be attributed to dilution of concentration by
input of coarser sediments in section II in recent years as
discussed earlier. According to German and Svensson (2002),
the change in particle size distribution results in a variation in
distribution pattern of metals in the sediments, with higher pro-
portion of metals associated with finer fractions than coarser.
Further, the similarity between the profiles of Fe, Ni, Co and
Cr seen in section II of core GP-1 indicates that either these
elements have undergone similar early-diagenetic remobilisation
and re-precipitation around the redox boundary or that these
elements are derived from the similar source. The variations in
metal distribution is associated with the extent to which the pre-
cipitation or dissolution of Fe and Mn oxide/hydroxide act as
specific “sink” or source of metal (Lacuraj and Maria 2000).
The lack of coincident peaks between the redox sensitive ele-
ments (Fe and Mn) and Ni, Co and Cr in the present study point
out that early-diagenetic remobilisation has not significantly af-
fected the vertical distributions of these trace metals. Grain size is
one of the important factors that regulate the distribution of
metals in the coastal area (Venkatramanan et al. 2013). The dis-
tribution pattern of all the studied elements (except Zn) agrees
with the distribution pattern of grain size and organic carbon in
both the sections of core GP-1, which suggests that sediment
grain size exerts a significant control on the vertical distribution
of metals. The enrichment of Zn in the top 14 cm of the section I
of core GP-1 indicates different source, probably originating
from the anthropogenic activities (Liu et al. 2011) in the
Gurupur river. In the present study, it is seen that the distribution
of metals in all three estuaries is regulated by sediment grain size.
Tidal range is one of the factors that affect the sediment grain
size, and its amplitude varies from high to low along west coast
of India from north to south, respectively (Mukhopadhyay and
Karisiddaiah 2014). Hence, tidal range may also be a factor
regulating metals distribution in these tropical estuaries.

According to Bowen (1979), concentration of Fe, Mn, Pb,
Ni, Co, Cu Zn and Cr in world sediments is 4.1 %, 770 ppm,
16 ppm, 52 ppm, 8 ppm, 32 ppm, 127 ppm and 71 ppm,
respectively. On comparison of average metals concentration
of three estuaries with the world sediments, only Pb and Zn
are found to be higher in all three estuaries. The three estuaries
being reservoirs of the mining-related activities, as well as
agricultural and domestic wastes, the input of Pb and Zn from
automobile exhaust and domestic waste may be the major
source of their enrichment in sediments.
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Section wise comparison of cores MD-1, S-1 and GP-1
Pearson’s correlation

To understand the influence of sediment components on metal
distribution in the sediment, Pearson’s correlation analysis
among the grain size, organic carbon and metals were per-
formed. In section I of core MD-1 (Table 3), most of the
metals (except Mn, Co and Zn) show independent behaviour.
Mn, Co and Zn, however, show significant positive correla-
tion with sand. In addition, significant correlation of Mn with
Co is noted. This suggested adsorption of Co and Zn onto the
Mn oxide coatings on the sand grains (Badr et al. 2008). The
coarser sediments stay in place for a longer period of time
(Tesssier and Campbell 1982) and therefore sometimes devel-
op oxide coatings and, hence, adsorb more trace metals.
Further, the Mandovi estuary receives mining wastes from
its catchment area, and the presence of heavy minerals or
coarser fractions of mine and industrial wastes may also in-
crease metal concentration in the coarser fractions. The results
of correlation analysis for section II of core MD-1(Table 4)
show difference in metal associations, revealing that there is
no single decisive factor governing the distribution of metals.
It is the coarser as well as finer sediments along with organic
carbon and Fe-Mn oxide, which are regulating the distribu-
tion of metals. Input from large-scale open cast mining of
ferromanganese is very much expected at this site. However,
distribution pattern and association of metals indicate post
depositional mobilisation and concentration of metals.

In section I of core S-1 (Table 5), all the trace metals (except
Ni) show significant correlation with Fe and Mn. Ni shows good
correlation only with Mn. Fe-Mn are known to scavenge metals
from the water column (Venkatramanan et al. 2014) and therefore
suggests important role of Fe and Mn oxy-hydroxide in the

adsorption of metals. Furthermore, these trace metals show sig-
nificant correlation among themselves, suggesting that they are
derived from the common source. The finer sediments and or-
ganic carbon show good correlation with some of the metals. The
coatings of organic matter are prevalent in fine-grained sediments
(Basaham 2009), and these coatings bind a variety of trace ele-
ments (Wangersky 1986). Like section I, a good correlation of
metals with clay and organic carbon is also noticeable in section
11 of core S-1 (Table 6). However, it is only Mn oxide that seems
to play an important role in the adsorption of metals as significant
correlation of Mn with Ni, Co and Cu is observed. According to
Zabetoglou et al. (2002), Fe and Mn oxide/hydroxide have high
affinity towards most trace metals, and Fe often correlates well
with concentrations of other metals in aquatic environments.
However, in case of section II of core S-1, only Mn is found to
correlate well with most of the studied elements as compared to
Fe, indicating that Mn is the major carrier for metals.

In both the sections of core GP-1 (Tables 7 and 8), most of
the trace metals show significant correlation with Fe along
with finer sediments and organic carbon, suggesting that their
distribution is strongly controlled by Fe cycling than Mn cy-
cling. The basin area of the Gurupur river is overlaid by the
Pliocene to recent laterite capped plateaus and alluvium over
the gneisses and continental type of sedimentary deposits with
dolerite and norite dikes (Radhakrishna and Vaidyanadhan
1994) containing iron-bearing minerals. The natural
weathering of these rocks may be the source of Fe in the
Gurupur river sediments. Further, as mentioned earlier, the
Kudremukh iron ore mine is located in the catchment area of
the Gurupur river and the heavy rainfall in this region must be
bringing large amount of Fe-rich material from the catchment
area into the river, which may have favoured the adsorption of
trace metals. The inter-relationships observed among Pb, Ni,
Co, Cu, Zn and Cr in section I of core GP-1 suggest similar

Table 3  Correlation between sand, silt, clay, organic carbon and metals in section I of core MD-1 (n=8)

MD-1(I) sand% silt% clay% ORG.C% Fe(%) Mn(ppm) Pb(ppm) Ni(ppm) Co (ppm) Cu(ppm) Zn (ppm) Cr (ppm)
Sand (%) 1.00

Silt (%) -0.92 1.00

clay % -0.94 0.72  1.00

Org.C% —0.65 0.56  0.64 1.00

Fe (%) —-0.83 072 0.81* 053 1.00

Mn (ppm)  0.83* -093 -0.62 —0.51 -0.65 1.00

Pb (ppm) 060 -0.72 —-041 -0.56 -042 071 1.00

Ni (ppm) 064 —-061 -059 -0.03 -0.38  0.65 0.51 1.00

Co (ppm) 0.86* -0.89 -0.71 —0.57 -0.76  0.82° 0.77° 0.60 1.00

Cu (ppm) 023 -048 0.02 -046 0.09 0.54 0.38 —0.04 0.28 1.00

Zn (ppm) 0.80* -0.81 -0.69 —0.59 —0.68 0.65 0.66 0.44 0.95° 0.27 1.00

Cr (ppm) 068 -079 -0.50 -0.17 -0.55 0.84* 0.25 0.54 0.53 0.43 0.38 1.00

# Correlation is significant at 0.01 level

® Correlation is significant at 0.02 level
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Table 4 Correlation between sand, silt, clay, organic carbon and metals in section II of core MD-1 (n=21)

MD-1 (I)  Sand (%)

Silt (%) Clay (%) Org. C (%) Fe (%) Mn (ppm) Pb (ppm) Ni(ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)

Sand (%) 1.00

Silt (%)  —0.74 1.00

Clay (%) —0.84 025  1.00

Org. C (%) —0.80 068 059  1.00

Fe (%) -0.73 0650 052 076 1.00

Mn (ppm) —0.74 0.59° 058 059 075  1.00

Pb(ppm) 023 037 003 0.8 023 —0.08

Ni(pm) 029  —061 007  —024 026 —035

Co (ppm)  —0.66 065 042 0.72° 0.60° 0.55°
Cu(ppm) —0.60 031 0.62° 040 040  0.68°
Zn(ppm) 053 028 053  —0.62 ~0.55  —0.44

Cr(ppm) 078  —0.67 058  —0.84 -0.76  —0.64

1.00
0.29 1.00
—0.24 —0.45 1.00
0.25 0.20 0.22 1.00
0.13 0.16 —-0.30 —-0.20 1.00
0.32 0.40 —0.61 -0.28 0.65° 1.00

# Correlation is significant at 0.01 level

® Correlation is significant at 0.02 level

source or a similar enrichment mechanism of these trace
metals in the Gurupur river sediments.

From Pearson’s correlation analysis, it is clear that there is
difference in behaviour of the metals in the three estuaries and
also within two sections of the cores MD-1and S-1. The dom-
inance of Fe cycling in GP-1 and Mn cycling in S-1 may be
the result of variations in source rock in their basins and fac-
tors affecting the source rock. The geological factors differ
among the three estuaries and can affect the weathering of
source rocks (Nesbitt and Young 1996), which in turn affect
the chemical composition of the sediments. In addition, hu-
man activities may be the factor responsible for the observed
metal variations within two sections of the cores MD-1 and
S-1.

Principal component analysis (PCA)

PCA has been used in the evaluation of environmental data to
explore associations and origins of trace elements (Kulahcl
and Sen 2008), obtaining interesting conclusions that are not
immediately obvious (Zeng and Wu 2013).

Factor analysis

In present study, factor analysis was performed on data set of
cores MD-1, S-1 and GP-1 in order to identify the major fac-
tors that determine the distribution of metals in sediment. The
numbers of factors are selected on the basis of criteria given by
Kaiser (1960), with eigenvalues >1. Tables 9, 10 and 11

Table 5 Correlation between sand, silt, clay, organic carbon and metals in section I of core S-1 (n=15)

S-1.(I) Sand (%)

Silt (%) Clay (%) Org. C (%) Fe (%) Mn (ppm) Pb (ppm) Ni(ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)

Sand (%) 1.00

Silt (%)  —0.73 1.00
Clay (%) —0.96 0.50 1.00

Org. C (%) —0.95 0.68°  0.92* 1.00

Fe (%) -0.41 0.17 045 0.28 1.00

Mn (ppm) —0.43 032 041 0.30 0.82*  1.00
Pb (ppm) —0.55 039 053 0.46 0.72*  0.85°
Ni(ppm)  —0.59 0.58°  0.50 0.44 0.55  0.79°
Co (ppm) —0.79 042 083 0.70 0.80° 0.78
Cu(ppm) —0.60 0.58° 0.2 0.57° 0.61*  0.79°
Zn (ppm)  —0.29 037 022 0.22 0.70°  0.90°
Cr(ppm)  —0.69 0.59°  0.63 0.63" 0.73*  0.75°

1.00

0.66" 1.00

0.84° 0.68" 1.00

0.83" 0.81* 0.77* 1.00

0.88" 0.64" 0.65" 0.80" 1.00

0.75* 0.74* 0.84" 0.89* 0.72* 1.00

# Correlation is significant at 0.01 level

® Correlation is significant at 0.02 level
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Table 6  Correlation between sand, silt, clay, organic carbon and metals in section II of core S-1 (n=19)

S-1 (1) Sand (%) Silt (%) Clay (%) Org.C (%) Fe (%) Mn (ppm) Pb (ppm) Ni(ppm) Co (ppm) Cu(ppm) Zn (ppm) Cr (ppm)
Sand (%) 1.00

Silt (%) —0.84 1.00

Clay (%) —0.93 0.59* 1.00

Org. C (%) —0.62 0.48 0.60* 1.00

Fe (%) —0.44 0.50 0.32 0.54° 1.00

Mn (ppm) —0.60 0.44 0.60* 0.66" 0.19 1.00

Pb (ppm) —0.14 —0.14 0.30 0.48 0.03 044 1.00

Ni (ppm) —0.39 0.14 0.49 0.69* 020 0.73* 0.82% 1.00

Co (ppm) —0.50 0.27 0.56* 0.84* 0.39 0.76" 0.75% 0.93* 1.00

Cu(ppm) —0.49 0.28 0.54° 0.67° 022 0.68" 0.62% 0.84° 0.75% 1.00

Zn (ppm) 0.29 -0.18 -032 -0.23 -0.43  0.06 0.03 —0.11 -0.14 -0.24 1.00

Cr(ppm) —0.13 0.05 0.15 0.41 029 043 0.60% 0.67* 0.69* 0.44 0.38 1.00

# Correlation is significant at 0.01 level

® Correlation is significant at 0.02 level

represent the number of factors in cores MD-1, S-1 and GP-1,
respectively.

Three factors identified in section I of core MD-1 consti-
tutes 86 % of the total variance. The first factor, contributing
63.79 % of the total variance shows significant loading on
sand, Co and Zn and good loading on Mn and Pb. This asso-
ciation indicates the role of Mn oxide coatings on coarser
sediments in the binding of metals and, hence, can be called
as coarser sediment controlled factor. Factor 2 with 12.27 % of
the total variance has significant loadings on Cu, and good
loadings on Mn and Pb can be referred to as Mn oxide con-
trolled factor (I). In factor 3 with 10.33 % of the total variance,
significant loadings on Mn, Ni and Cr and good loadings on
sand and Co are observed. It can be termed as Mn oxide
controlled factor (IT). Within this section, two groups of metals

are distinguished to be associated with Mn. Mn oxide have
long been recognised as important adsorbing phase governing
the cycling of trace metals in aquatic environments (Murray
1987). In section II of core MD-1, two factors are evident,
accounting for 69 % of the total variance. Factor 1 has signif-
icant loadings on clay, organic carbon, Mn, Fe and Cu and
good loadings on silt and Co. This factor accounts for 54.07 %
of the total variance and suggests association of these metals
with finer fractions. This factor can be called as clay controlled
factor, assuming the elements are enriched in the clay fraction.
Factor 2 with 15.78 % of the total variance shows significant
loadings for Ni and good loadings for Pb, Cr and Cu. This
factor reveals good association of these trace metals, suggest-
ing that they are derived from a common source, which may
be anthropogenic. Therefore, in section I of the core collected

Table 7  Correlation between sand, silt, clay, organic carbon and metals in section I of core GP-1 (n=16)

GP-1 () Sand (%) Silt (%) Clay (%) Org.C (%) Fe (%) Mn (ppm) Pb (ppm) Ni(ppm) Co (ppm) Cu(ppm) Zn (ppm) Cr (ppm)
Sand (%) 1.00

Silt (%) -0.90 1.00

Clay (%) —0.83 0.50 1.00

Org. C (%) —0.86 0.75*  0.75% 1.00

Fe (%) —0.76 0.68*  0.63" 0.96* 1.00

Mn (ppm) —0.14 0.07 0.19 0.33 0.41 1.00

Pb (ppm) —0.68 0.65* 052 0.80° 0.80°  0.50 1.00

Ni(ppm)  —0.64 0.51 0.62% 0.86° 0.90*  0.67° 0.84* 1.00

Co (ppm) —0.69 0.57°  0.63* 0.92° 095  0.61° 0.87* 0.98* 1.00

Cu(ppm) —0.76 0.72*  0.58* 0.94* 0.93* 032 0.88* 0.85% 0.90* 1.00

Zn (ppm) —0.71 0.60°  0.64° 0.85* 0.88* 0.53 0.88* 0.93* 0.93* 0.85° 1.00

Cr(ppm) —0.55 0.63* 028 0.76* 0.86" 0.46 0.81* 0.80% 0.83° 0.79° 0.82° 1.00

# Correlation is significant at 0.01 level

® Correlation is significant at 0.02 level
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Table 8 Correlation between sand, silt, clay, organic carbon and metals in section II of core GP-1 (n=14)

GP-1 (1)  Sand (%)

Silt (%) Clay (%) Org. C (%) Fe (%) Mn (ppm) Pb (ppm) Ni(ppm) Co (ppm) Cu (ppm) Zn (ppm) Cr (ppm)

Sand (%)  1.00

Silt %) —0.96 1.00
Cly (%) —0.96 0.85*  1.00

Org. C (%) —0.93 0.86* 093" 1.00

Fe (%) ~0.89 0.84* .88 0.92° 1.00

Mn (ppm) 005  —0.12  0.02 -0.05 022 1.00
Pb (ppm) —0.39 042 033 042 055 045
Ni(ppm)  —0.47 046 045 045 0.71%

Co (ppm) —0.84 0.82*  0.79° 0.81° 0.92* 029
Cu(ppm) 021 024 0.5 033 040 043
Zn (ppm)  —0.83 0.82* 0.77° 0.77° 0.70*  —0.19
Cr(ppm) —0.81 0.79° 0.76" 0.79* 093* 036

0.68°

1.00
0.50 1.00

0.71° 0.75° 1.00

0.59° 0.39 0.35 1.00

0.45 0.19 0.73 0.30 1.00

0.67° 0.79* 0.96* 0.47 0.70° 1.00

# Correlation is significant at 0.01 level

® Correlation is significant at 0.02 level

from the Mandovi estuary, sand and Mn oxide seem to be
major factors, while in section II, clay played a major role in
the distribution of metals.

Section I of core S-1 has two factors contributing 83 % of
the total variance. Factor 1 with 66.64 % of the total variance
has significant positive loading for sand while significant neg-
ative loadings for finer sediments, organic carbon and metals.
The results, therefore, indicate difference in geochemical be-
haviour of coarser and finer sediments and suggest that the
metals in this section are associated with finer sediments and
organic carbon. Factor 2 with 17.07 % of the total variance has
good loadings for Zn, Mn, Fe and Pb, indicating the role of

Table9  Factor analysis matrix after varimax rotation for core MD-1

MD-1 (section I) MD-1 (section II)

Factor |  Factor2 Factor3 Factor1  Factor2
Variance (%)  63.79 12.27 10.33 54.07 15.78
Sand (%) 0.792 0.096 0.566 -0916 0.242
Silt (%) —0.645 -0.377 —0.643 0.571 —0.661
Clay (%) -0.816 0.169 —0.420 0.854 0.182
Org. C (%) —0.824 -0.421 0.162 0.823 —0.341
Fe (%) —0.793 0.172 —0.399 0.789 —0.340
Mn (ppm) 0.502 0.450 0.713 0.825 —0.166
Pb (ppm) 0.613 0.427 0.260 —0.008 0.671
Ni (ppm) 0.267 —-0.135 0.822 —-0.089 0.812
Co (ppm) 0.795 0212 0.464 0.597 —0.521
Cu (ppm) 0.052 0.973 0.123 0.756 0.425
Zn (ppm) 0.831 0.193 0.277 —0.627 0.153
Cr (ppm) 0.163 0.291 0.861 —0.763 0.474

The italicised values represent significant positive/negative correlation
among the variables in each factor

@ Springer

Fe—Mn oxide in adsorption of metals and, hence, can be
termed as Fe-Mn oxide controlled factor. Section II of core
S-1 has three factors accounting for 80 % of the total variance.
Factor 1 with 51.31 % of the total variance has significant
loadings for Pb, Ni, Co, Cu and Cr and good loadings for
organic carbon and Mn. This factor can be called as Mn oxide
controlled factor. Factor 2 has significant loadings on silt and
clay and good loadings on organic carbon, Fe and Mn. This
factor can be called as finer sediments controlled factor. Factor
3 shows good loadings on Fe, organic carbon and Cu. This
factor can be termed as organic carbon controlled factor. Thus,
in section I of the core collected from the Sharavathi river,
finer sediments, organic carbon and Fe—Mn oxide are the ma-
jor factors, while in section II, it is the Mn oxide along with
finer sediments and organic carbon are regulating the distribu-
tion of metals. The elements readily get sorbed or co-
precipitated onto the Fe-Mn hydroxide or oxide (Lee
1975) in finer sediments due to their larger surface area.
Fe and Mn exhibit similar behaviour in aquatic environ-
ment. They get reduced in anoxic conditions and are
oxidised under oxic conditions (Lin et al. 2011).
However, the nature, crystallinity, size of the crystals,
surface charge of metal oxide and mixed metal oxide
(e.g. Fe—Al oxide) also play an important role in the
sorption selectivity of trace elements in cationic form
(Violante et al. 2008). This may have caused difference
in behaviour of Fe/Mn oxide in section II.

Sections I and II of core GP-1 have two factors each with
85 and 83 % of the total variance, respectively. In section I,
factor 1 with 74.29 % of the total variance has significant
loadings for silt, clay, organic carbon and Cu and good load-
ings for Fe, Zn, Pb, Co, Ni and Cr. This factor can be called as
finer sediments controlled factor. Factor 2 with 11.70 % of the
total variance shows significant loadings on Mn, Ni, Pb, Co,



Arab J Geosci (2015) 8:9389-9405

9401

Table 10  Factor analysis matrix after varimax rotation for core S-1

S-1 (section I) S-1 (section II)

Factor |  Factor2 Factor ]  Factor2 Factor 3
Variance (%)  66.64 17.07 51.31 1991 9.48
Sand (%) 0.808 0.577 -0.204 —0.934 —0.157
Silt (%) —0.631 -0.422 —0.054 0.934 0.041
Clay (%) -0.757  —0.553 0.340 0.772 0.207
Org. C (%) -0.721 —0.655 0.645 0.544 0.237
Fe (%) -0.751 0.393 0.155 0477 0.462
Mn (ppm) —0.844 0.470 0.643 0.567 —0.165
Pb (ppm) -0.877 0.293 0.898 —0.124 0.023
Ni (ppm) —0.820 0.116 0.952 0.189 0.081
Co (ppm) -0.938 —0.024 0.907 0.335 0.116
Cu (ppm) —0.903 0.151 0.778 0312 0.207
Zn (ppm) —0.768 0.552 0.025 —0.141 -0.967
Cr (ppm) —0.922 0.045 0.752 0.066 —0.366

The italicised values represent significant positive/negative correlation
among the variables in each factor

Zn and Cr and good loadings on Fe, Cu and organic carbon.
This factor can be called as Fe-Mn oxide controlled factor. In
section II, factor 1 with 65.02 % of the total variance has
significant loadings for silt, clay, organic carbon, Fe, Co, Zn
and Cr, suggesting the role of finer sediments and organic
carbon in the adsorption of metals. This factor can be called
as finer sediments controlled factor. Factor 2 with18.23 % of
the total variance shows significant loadings for Mn, Pb and
Ni and good loadings for Cu, Cr, Co and Fe. This factor can be
called as Fe—Mn oxide controlled factor. The factor analysis

Table 11  Factor analysis matrix after varimax rotation for core GP-1

GP-1 () GP-1 (I)

Factor 1 Factor 2 Factor 1 Factor 2
Variance (%) 74.29 11.7 65.02 18.23
Sand (%) —0.948 -0.207 -0.975 —0.135
Silt (%) 0.866 0.165 0.944 0.128
Clay (%) 0.769 0.198 0.933 0.132
Org. C (%) 0.814 0.535 0.934 0.183
Fe (%) 0.697 0.661 0.856 0.457
Mn (ppm) —0.150 0.871 -0.222 0.891
Pb (ppm) 0.571 0.710 0.343 0.719
Ni (ppm) 0.490 0.846 0.345 0.808
Co (ppm) 0.563 0.810 0.802 0.538
Cu (ppm) 0.735 0.593 0.147 0.675
Zn (ppm) 0.588 0.745 0.881 0.039
Cr (ppm) 0.457 0.746 0.759 0.608

The italicised values represent significant positive/negative correlation
among the variables in each factor

suggests that finer sediments and Fe—Mn oxide are the major
factors influencing the distribution of metals in both the sec-
tions of core GP-1. The affinity between finer fractions and
trace elements is attributed to their larger surface area (EI-
Kashouty and El-Sabbagh 2011) and higher cation exchange
capacity (Nair and Ramachandran 2002). It is important to
note here that though the concentrations of trace metals are
drastically decreased in section II due to larger input of coarser
sediments in core GP-1, the factors regulating trace metals
within sediments were not affected.

Cluster analysis

Cluster analysis is a multivariate technique, whose primary
purpose is to classify the objects of the system into categories
or clusters based on their similarities. The results of a hierar-
chical clustering procedure are displayed graphically using a
tree diagram (Fig. 5a—f), also known as a dendrogram, which
shows all the steps in the hierarchical procedure (Richard and
Dean 2002). Cluster analysis was applied to the different pa-
rameters analysed in sediment, employing a complete linkage
method with Euclidean distance.

The dendrogram plot consists of two clusters in section I of
core MD-1. The first cluster shows association of finer sedi-
ments and organic carbon forming group with Fe. The larger
surface area of finer sediments and organic coatings must have
facilitated adsorption of Fe (Lu et al. 2005). The second clus-
ter comprises of sand, Mn, Pb, Ni, Co, Cu, Zn and Cr. The
presence of Mn oxide coating over the coarser sediments may
have caused adsorption of these metals. In section II of core
MD-1, three clusters are observed. The first cluster comprises
of Fe and Cr indicating the role of Fe in the distribution of Cr.
The second cluster consists of finer sediments, organic carbon,
Cu and Mn. This cluster suggests association of Cu and Mn
with finer sediments and organic matter. The association of
Co, Ni, Zn and Pb with sand is evident from the third cluster.
Tam and Wong (2000) reported that the difference in trace
metal concentrations between fine-grained and sand-sized
fractions became less significant when the site is more con-
taminated. Mining waste may increase metals concentration in
the sediments of the Mandovi estuary.

In section I of core S-1, three clusters are observed. The
first cluster consists of Cr, Cu, Zn, Pb, Mn, Co and Fe. The
metals in this cluster may be associated with Fe-Mn oxide.
The second cluster shows association of finest fraction clay
with organic carbon, while association of Ni with silt and sand
is seen from the third cluster. Three clusters are evident from
section II of core S-1. The first cluster consists of Cr, Pb, Cu,
Co, Ni, Mn and organic carbon. Similar to results of correla-
tion analysis, cluster analysis also shows the role of Mn oxide
in distribution of metals in the recent years in the Sharavathi
estuary. The second cluster shows the association of Fe with
finer sediments, whereas the association of Zn with
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Fig. 5 Cluster analysis of cores MD-1 [section I (a), section II (b)], S-1 [section I (¢), section II (d)] and GP-1 [section I (e), section II (f)]

coarser sediments is seen from the third cluster. The
distribution pattern of Zn in section II of the core S-1
is different from the rest of the metals, and its associa-
tion with coarser sediments suggests non-natural source
of Zn in the recent years.

@ Springer

In both the sections of core GP-1, three clusters are observed.
In section I, Cr and Mn form the first cluster, which suggests the
role of Mn oxide in distribution of Cr. The second cluster consists
of Zn, Co, Ni, Pb, Fe, Cu and organic carbon. Second cluster,
therefore, indicates association of these metals with Fe oxide.
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The third cluster comprises of silt and clay. In section I, distri-
bution of Ni seems to be regulated by Mn as they form first
cluster. The second cluster consists of Cu and Pb, indicating their
similar source or enrichment mechanism in the recent sediments.
The third cluster comprises of finer sediments, organic carbon,
Zn, Fe, Cr, Co. The metals in the third cluster may be associated
with finer sediments, organic carbon and Fe oxide. Cluster anal-
ysis strongly supports the results obtained through factor analysis
and helps in delineating the factors regulating the metals
distribution.

Conclusion

The sediment cores analysed from the lower estuarine regions of
the three tropical estuaries revealed increase in finer sediments in
the Mandovi and Sharavathi estuaries in the recent years, while
they revealed increase in coarser sediments in the Gurupur estu-
ary. In Mandovi and Sharavathi estuaries, the catchment area
activities, rainfall, runoff and mixing behaviour led to the in-
crease in the concentration of finer sediments in the recent years.
The association of metals with finer sediments and organic car-
bon facilitated increased metal concentration in the recent years
in these estuaries. However, in Gurupur estuary, dilution of metal
concentration is observed by input of coarser sediments in the
recent years. The correlation, factor and cluster analyses showed
difference in metals behaviour in the three estuaries. In Mandovi
estuary, there is no single decisive factor governing the distribu-
tion of metals. Sediment components along with Fe and/or Mn
oxide regulated distribution of metals. In Sharavathi estuary, Mn
oxide governed the distribution of metals, while in Gurupur es-
tuary, the distribution of metals is largely regulated by Fe oxide.
In addition, metals showed difference in their associations with
Fe and/or Mn oxide within cores collected from Mandovi and
Sharavathi estuaries. This difference in metal behaviour is attrib-
uted to variations in rock types in their basins, in addition to
changes in response to natural forces and human activities, with
time, as well as variation in tidal range.
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