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Preface 

Intertidal mudflat and mangrove sedimentary environments within estuaries and creeks are 

depositing sites for the material brought from different sources such as terrestrial, marine and 

atmospheric and received from both natural and anthropogenic processes. The deposited 

sediments therefore act as repositories and store signatures of environmental changes 

effectively in different geochemical phases of the sediments. Distribution pattern of size of the 

particles in sediment cores reflect prevailing hydrodynamic conditions of the past. 

Measurements of metals in sediment cores provide good records of historical contamination. 

Post-depositional processes such as early diagenesis play a significant role in metal 

remobilization, preservation and enrichment within the sediments. Amongst the different 

contaminants added to estuaries and creeks, trace metals are of major concern since, with a 

change in environmental conditions, sediment-bound metals have a tendency to remobilize 

and be released back to waters, thus imposing adverse effects on organisms. Therefore 

determining the bioavailable metal content is important rather than just the total concentration 

in the sediments. Deposition of organic matter in estuarine sediments largely depends upon 

the contributions from marine and terrestrial sources. Identification of variation in marine and 

terrestrial organic matter sources is therefore very important for the study of changing 

depositional environment from past to present.  

Maharashtra along the west coast of India is one of the rapidly industrializing and urbanizing 

regions. Earlier studies carried out along east and west coast of India has shown different 

levels of pollution or contamination. North of Mumbai is characterized by the presence of 

several smaller creeks such as Kolamb, Mahim, Dudh and Khonda creek and one major 

estuary i.e. Vaitarna estuary. However, no geochemical data is available for this region. 

Vaitarna estuary is one of the biggest and important estuaries of this region; Dudh creek is 

anthropogenically impacted since it receives direct effluents from nearby industries; and 

Khonda creek is present in ecologically sensitive region and surrounded by nearly 1435 

hectares of wetlands locally known as Khajan lands. While other creeks such as Kolamb and 

Mahim (Kelve-Mahim) are very small and mainly controlled by tidal processes. In the present 

study an attempt has been made to understand the response of intertidal sediments of north 

Maharashtra coast to changing environmental conditions.  

In the first chapter detailed information on estuaries and creeks is provided. It covers definition 

and classification of estuaries, creeks and their sub-environments with main focus on mudflats 



 

and mangrove sedimentary environments. Information on type of material deposited within 

these environments and the factors controlling sediment components, organic matter and 

metal distribution within sediments are given in detail. Recent literature on changing 

depositional environments of estuaries and creeks is presented in detail. The description of the 

study area and objectives of the present study are provided in this chapter. Second chapter 

provides detailed information on materials and methods adopted in order to fulfill the 

objectives of the study. Details of sampling, sub-sampling, storage and standard analytical 

procedures adopted are presented in this chapter.  

The third chapter describes results of the various sedimentological and geochemical analysis 

carried out on sediment sub-samples and discusses the inferences drawn. It is divided into 

three sections. The distribution pattern of sediment components (sand, silt and clay), organic 

nutrients (TOC, TN, TP) and results of clay mineral analyses are discussed for Vaitarna 

estuary and other creeks in Section I. The distribution of metals within the sediments is 

presented in Section II. Metals in sediments are studied in order to understand the role of 

diagenetic reactions on metal distribution, sources of metals as well as processes governing 

their distribution. Further, in order to understand the level of metal enrichment within the 

sediments, enrichment factor (EF) and index of geoaccumulation (Igeo) are computed. This 

section also discusses the results of distribution of metals associated with <2μm size fraction 

of sediments i.e. clay fraction bound metals. While, the results of speciation analysis, as well 

as, bulk sedimentary stable carbon and nitrogen isotopic signatures of the sediments are 

presented in section III of this chapter. The fourth chapter provides summary of the results and 

discussions. The references cited are listed in alphabetical order at the end of the thesis. 
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1.1. Introduction 

Estuaries and creeks are the predominant features along the coast. They form the 

transition zone between the land and the sea. These regions are physico-chemically 

unique, mainly because of their variable salinity as well as strong gradients in other 

parameters, such as temperature, pH, dissolved oxygen, redox potential, and amount 

and composition of particles (Chapman and Wang 2001). These dynamic, complex 

and unique systems are amongst the most productive marine ecosystems in the world 

(Dauvin 2008). Biogeochemical processes in such coastal systems are of considerable 

interest mainly because of their consequences for the net fluxes of dissolved and 

particulate matter, e.g. carbon, nutrients, pollutants, etc., from land to ocean 

(Robertson and Alongi 1995, Cobelo-García et al. 2005, Boldt et al. 2013). Also, 

historically, these regions have acted as centers for industrial and urban development, 

thus consequently receive large amount of anthropogenic waste, and hence are the 

major sites of trace metal accumulation and recycling (Mortimer and Rae 2000, 

Fernandes and Nayak 2012a).  

The word “estuary” is derived from the Latin word, aestus, meaning the tide. Estuaries 

are influenced by multiple factors, including their physical characteristics, chemical 

makeup, topography, biological systems and environmental protection; this has 

resulted in numerous definitions of estuaries and many methods of defining and 

determining their boundaries (Chen et al. 2013). There are more than 40 definitions of 

an estuary in modern science (Mikhailov and Gorin 2012). The most popular of which 

is that given by Pritchard (1967). According to him, an estuary is a semi-enclosed 

coastal 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 land drainage. 

Similarly, Fairbridge (1980) defined estuary as “an inlet of the sea reaching into a river 

valley as far as the upper limit of tidal rise, usually being divisible into three sectors: a) 

a marine or lower estuary, which has free connections with the open sea; b) a middle 

estuary subjected to strong salt and freshwater mixing; and c) fluvial or an upper 

estuary, characterized by freshwater but subjected to strong tidal action. However, the 

boundaries or the transition zones between these sectors shift according to constantly 



 

changing tides and river discharge. While, tidal creek is a narrow inlet on the sea coast 

and can be defined as “a narrow inlet of the sea, which is affected by flood and ebb of 

ocean tide”. Creeks are funnel shaped coastal waterways and are characterized by 

wide mouth. They typically develop in low gradient sea-word sloping coastal plains and 

are characterized by less fresh water influx. They are therefore largely controlled by 

tides.     

Further, estuaries are classified into different types based on the 

geology/geomorphology (Pritchard, 1967), the flow/circulation pattern (Pritchard 1955), 

the tides (Davies 1964) and by freshwater inflow and evaporation (Dyer 1979). Based 

on geology/geomorphology estuaries are divided into five types: (a) Drowned river 

valleys (coastal plain estuaries) (b) Rias (c) Fjord type estuaries (d) Bar-built estuaries 

and (e) Estuaries formed due to tectonic processes. Drowned river valleys (coastal 

plain estuaries) are formed as a result of sub aerial weathering and/or sea level rise. 

They are usually relatively shallow, V-shaped and show meandering characteristics. 

Their depth and width increases uniformly towards the mouth of the estuary. Rias are 

special type of drowned river valley estuaries which, have dissected mouth. Fjords are 

estuaries that have been formed by glacial erosion. They generally occur at higher 

latitudes, are relatively long and deep, and possess a shallow sill at the fjord mouth 

and fjord intersections. Bar-built estuaries are formed by the same processes as in the 

drowned river valleys. However, in this type of estuaries, sedimentation has kept pace 

with inundation, with a characteristic bar forming at the mouth. While, estuaries formed 

due to tectonic processes are created due to faulting, folding, earthquake, volcanoes 

or other diastrophic movements.  

Based on flow pattern/circulation pattern i.e. based on their salinity stratification 

estuaries are classified as: (a) Salt wedge estuary (b) Partially mixed estuary and (c) 

Well mixed or fully mixed estuaries (vertically homogeneous). Salt wedge estuaries 

are highly stratified and are river dominated. They exist wherever the tidal range is 

small. They show sharp salinity changes and hold large quantity of suspended load. 

Partially mixed estuaries occur when the volume rate of flow of the estuary during a 

flood tide is about ten times the volume rate of inflow of freshwater from the river. In 



 

this type of estuary, advection and turbulent mixing occurs across the freshwater-

saltwater interface. They show variation in salinity and there is large accumulation of 

suspended matter. While well mixed or fully mixed estuaries are shallow and wide with 

stronger tidal currents relative to the river flow in them. In this type of estuaries, salinity 

does not vary much with depth, although it may vary considerably across the width of 

the estuary. These estuaries have marine dominance and are influenced by the earth 

rotation.  

While based on tides, estuaries are classified as microtidal, mesotidal and macrotidal 

estuaries. Microtidal estuaries and creeks are formed wherever the tidal range is less 

than 2 m, and are dominated by freshwater discharge. These are highly stratified and 

thus lead to “salt wedge” type of estuary. Mesotidal estuaries and creeks are formed 

wherever the tidal range is between 2 to 4 m. The estuaries present in these regions 

have meandering characteristics, and formation of two deltas namely, ebb tide delta 

and flood tide delta (Boothroyd 1978) due to time velocity asymmetry. Macrotidal 

estuaries and creeks are formed where the tidal range is more than 4 m. They are thus 

formed under strong tidal currents.  

Based on the relationship between freshwater inflow and evaporation, estuaries are 

further classified mainly into two groups (a) positive estuaries and (b) negative 

estuaries. A positive estuary is an estuary where the fresh water derived from river 

discharge and precipitation exceeds evaporation. While estuaries in which evaporation 

exceeds land drainage plus precipitation are known as negative estuaries (inverse 

estuaries). However, if neither the fresh water inflow nor the evaporation dominates, 

such estuaries may be termed as neutral estuaries.  

Mudflats and mangroves are the depositional sub-environments within estuaries and 

creeks. Mudflats are coastal wetlands that form when mud is deposited by tides or 

rivers. These are un-vegetated regions that are exposed during low tide and 

submerged during high tide. Mudflats can be divided into three distinct zones: the 

lower tidal flats lie between mean low water neap and mean low water spring tide 

levels and are often subjected to strong tidal currents; the middle flats are located 



 

between mean low water and mean high water neaps; while the upper tidal flats lie 

between mean high water neap and mean high water springs (Dyer et al. 2000). 

Mangrove ecosystems are the prominent features of many tropical and subtropical 

estuaries (Bouillon et al. 2003b). They stabilize the environment from erosion and act 

as a buffer zone between the land and the sea (Ramanathan et al. 1999). At tropical 

latitude, mangroves grow at the upper tidal flats and are the least inundated parts of 

estuarine mudflats (Pande and Nayak 2013b). The factors like tidal range, duration, 

limit of tidal water penetration in the creeks and estuaries as well as nature of 

substratum, are the major factors determining the occurrence and extent of tidal 

landforms (Pethick 1984) which includes mudflats and mangroves.        

Physical processes of transportation and deposition of sediments in the water bodies 

such as estuaries and creeks primarily influence the grain size variations of sediments 

(Raj et al. 2013). Back and forth movement of sediments through the estuaries and 

creeks results in deposition of sand at both the ends i.e. near the head and the mouth 

(Kenjale 1993). The transport and sedimentation of fine particles is also an important 

feature of an estuary (Nikam 1993). From lower estuary to upper estuary, systematic 

sediment size sorting takes place, which is guided largely by tides and tidal currents. 

Normally, there is a seaward progression in grain size from mud-dominated sediments 

at the landwards end to sand-dominated sediments at the seaward end (Black 1998). 

In addition, grain size also varies within mudflat or tidal flat regions of estuaries and 

creeks. The upper flats are characterized by fine grained sediments (coarse clays), 

middle flats by fine silts and the lower flats by sandy mud (Shi and Chen 1996). 

Sedimentological parameters therefore vary within an estuarine system and thus can 

be used to understand local dynamic processes (Corbett et al. 2007).  

In estuaries and creeks, flocculation occurs due to mixing of fresh waters with saline 

waters, wherein, metals in dissolved and colloidal phase either tend to get adsorbed 

onto suspended clay particles, form complex with organic compounds or co-precipitate 

with oxides and hydroxides (Stecko and Bendell-Young 2000, Liaghati et al. 2003). 

Due to increase in size of floccules and slackening of flow velocity, suspended 

particles along with associated metals and organic matter tend to settle at the bottom 



 

and become part of the sediments. Within mudflats, layers of sediments get deposited 

over a period of time. Thus surface sediments represent recent inputs while the layers 

below are older deposits reflecting changes in environmental conditions from past to 

present in a sequence. The deposited sediments therefore act as repositories and 

store signatures of environmental changes effectively in different geochemical phases 

of the sediments. 

The occurrence of mudflats and mangroves at the fluvio-marine interface allows 

deposition of material originating from diverse sources (Cook et al. 2004b) such as 

terrestrial, marine and atmospheric and received from both natural and anthropogenic 

processes. Because of their sheltered nature, mudflats and mangroves accumulate 

large quantities of organic matter (Jickells & Rae 1997, Cook et al. 2004a, Sanders et 

al. 2010). They are highly productive ecosystems and have high impact on the carbon 

budget of the tropical and global coastal zone (Bouillon et al. 2008). Mudflat and 

mangrove sediments also have a high capacity to retain trace elements from tidal and 

river outflows (Tue et al. 2012). Clastic particulates are derived from the weathering of 

source rocks, while, organic matter includes autochthonous marine planktons, fresh 

water planktons and terrestrial plant material including mangrove litter. Material from 

anthropogenic discharges such as sewage and industrial effluents are also deposited 

in the sediment.   

Organic matter in such coastal environments is received mainly from marine and 

terrestrial sources. Sediments are however known to contain three major organic 

fractions: 1) fresh material that is oxidized regardless of oxygen conditions; 2) oxygen 

sensitive material that is only degraded in the presence of oxygen; and 3) totally 

refractory organic matter (Kristensen 2000). Organic carbon in sediments is 

considered to be of terrestrial or marine origin only if it has characteristic chemical or 

isotopic signatures that are indicative of a vascular plants (Benner 2004) or marine 

organic matter (eg. phytoplankton) respectively. While the transfer and movement of 

nutrients i.e. nitrogen (N) and phosphorus (P) from the catchment to the river mainly 

depend upon the weathering of soil as well as cycles of biological uptake and 

regeneration (Billen et al. 1991). However, processes such as catchment 



 

deforestation, increased land drainage, altered patterns of soil erosion and the 

development of agricultural and industrial processes have produced a marked 

increase in the terrestrial fluxes of N and P (Tappin 2002). Primary production within 

estuaries and creeks increases significantly due to leaching of nutrients from cleared 

catchments or agricultural soils (Mc Comb and Lukatelich 1995, Gerritse 1996). 

Significant part of this increased anthropogenic nutrient load is also retained within the 

sediments of estuaries (Gerritse et al. 1998). Thus processes such as eutrophication 

and sewage discharges result in excessive organic matter enrichment within the 

sediment; which may in turn lead to changes, such as seasonal oxygen depletion, 

production of hydrogen sulphide and benthic macrofaunal collapse. All these 

processes rapidly affect the functioning of the whole ecosystem, which may require 

years for recovery (Diaz and Rosenberg 1995, Lardicci et al. 2001, Frascari et al. 

2002). Thus a thorough knowledge of organic enrichment of sediments and its spatial 

distribution is therefore of primary importance for the assessment of the environmental 

quality of these ecosystems (De Falco et al. 2004).  

Organic matter deposition in coastal intertidal mudflat and mangrove sediment is 

however affected by changes in river discharge, catchment area disturbance and 

fluctuations in relative sea level (Lamb et al. 2007). Heavy rainfall leads to increased 

addition of terrestrial organic matter along with greater freshwater discharge to 

estuarine environment (Zong et al. 2006). While, construction of dams leads to 

changes in natural flow of fresh water as well as morphology of estuaries resulting in 

changes in the sedimentation patterns and increase in salinity (Schoer 1990, 

Rodriguez et al. 2001). Such modifications have been found to change the chemical 

and biological characteristics of estuaries and adjacent coastal regions (Nichols et al. 

1986, Alber 2002, Kimmerer 2002, Montagna et al. 2002, Surge et al. 2003, Acharyya 

et al. 2012). Thus major changes affecting biogeochemical processes operating within 

estuarine environments world wide are, reduction in freshwater due to diversion or 

dam building  (Rodriguez et al. 2001), local sea level fluctuations (Sanders et al. 2009) 

in addition to that of metal pollution. 



 

Metals of both natural as well as anthropogenic origin are deposited simultaneously 

within the sediments. Measurements of metals in sediment cores provide good records 

of historical contamination (Valgamma and Conley 2008, Hwang et al. 2009, Nair and 

Sujatha 2013). Human activities are largely responsible for increased metal deliveries 

to these environments (Hornberger et al. 1999) especially in recent years. Such 

coastal embayments near large industrial and urban areas receive the impact of 

effluent discharges leading to the contamination of water, sediments and/or biota 

(Ujevic et al. 2000, Prego and Cobelo-García 2003, Cobelo-García and Prego 2004). 

Metal binding in sediments is therefore determined by input coming from discharge of 

industrial and urban sewage or by atmospheric deposition in the catchment, but also 

by the extent to which the sediment is capable to bind and release metals (Du Laing et 

al. 2008). Behavior, transport and fate of metals are therefore determined by their 

nature of association with solid substrate and/or organic material (Rezaie-Boroon et al. 

2013).    

Sediment grain size is one of the significant factors influencing the concentration of 

heavy metals in coastal sediments with metal concentrations normally enriched in fine 

grained sediments (Nobi et al. 2010). The heavy metal mobilization depends on 

properties of the clay fraction of sediments. For inorganic materials like metals, their 

interaction depends on the surface physico-chemical properties of clays, particularly 

specific surface area (SSA) and high cation exchange capacities (CEC) (Sondi and 

Pravdić 1998). Formation of organic and inorganic coatings further modifies the native 

surface of clay in transitional environments (Sondi et al. 1994) like estuaries and 

creeks. Thus in addition to the adsorptive properties of clay fractions by simple ion 

exchange processes, the deposition of metals in natural environment is also governed 

by humic matter and/or iron and manganese oxides and hydroxides which act as 

natural surface coatings (Guo et al. 2006). Thus in the presence of humic substances, 

clay minerals act as metal sorbents through surface-metal-ligand ternary complexation 

(Zhang et al. 2001, Hizal and Apak 2006).    

According to Cundy et al. (2003) in the region where early-diagenetic mobilization has 

been minimal, mudflat cores from even the most heavily-disturbed estuarine sites can 



 

provide useful information on variations in historical contaminant input. However, post-

depositional processes such as early diagenesis may also play a significant role in 

metal remobilization, preservation and enrichment within these sediments (Skowronek 

et al. 1994, Singh and Nayak 2009). Study carried out by Roychoudhury (2007) 

showed that in coastal ecosystems, a number of processes can play a critical role in 

the enrichment and rapid recycling of trace metals among various reservoirs at a 

range of depth scales; thus, will have implications on our understanding of paleo-

climatic processes or anthropogenic activities. 

Amongst the different contaminants added to estuaries and creeks, trace metals are of 

major concern (Wu et al. 2011), since, sediment-bound metals have a tendency to 

remobilize and to be released back to waters following a change in environmental 

conditions, thus imposing adverse effects on organisms (Li et al. 2001). However, in 

order to determine the bioavailability of heavy metals, information on their chemical 

forms is very important rather than just the total concentration in the sediments 

(Förstner 1993). The study of metal concentration in bulk sediment does not provide 

enough information about the potential interactions between heavy metals and the 

biotic and non-biotic components in the environment (Álvarez et al. 2008). Metal 

speciation studies however give very important information on the mobility, 

bioavailability and related eco-toxicity as well as help in the determination of the origin 

of metals (Karathanasis and Pils 2005).  

Sequential extraction schemes have been designed and successfully used to 

determine the binding forms of trace metals in sediments; wherein, metals associated 

with different sedimentary fractions are sequentially extracted with reagents of 

increasing reactivity or dissolving power. The mobility and availability of metals 

decrease in the order of extracted fractions from readily exchangeable to residual 

(Lasheen and Ammar 2009). Exchangeable and carbonate bound metals exhibit the 

highest degree of mobility, followed by Fe-Mn oxide and organic/sulphide bound 

metals which show some degree of mobility, and the most inert phase i.e. residual 

bound metals which cannot be mobilized. Geochemical studies on sediment cores 

have therefore been found to be an excellent tool for establishing the effects of 



 

anthropogenic and natural processes on depositional environments of coastal sub-

environments (Badarudeen et al. 1996, Chatterjee et al. 2007, Thilagavathi et al. 2011, 

Banerjee et al. 2012, Fernandes and Nayak, 2012b).   

1.2. Literature review  

Authors Parameters 
analyzed 

Observations 

Pande and 
Nayak 
(2013a) 

Sediment grain 
size, TOC, metals,  

Two sediment cores collected from intertidal mudlfats of 
Dharamtar creek, one near the mouth and the other from 
middle region of Amba river were analyzed for sediment 
components, organic carbon and selected metals. 
Sediments were found to be mainly composed of silt and 
clay contributing greater than 90% in both cores, 
indicating calm environment prevailed during deposition 
of sediments. The distribution of metals was found to be 
largely controlled by sediment components, organic 
carbon and Fe-Mn oxyhydroxides at both the locations. 
EF and Igeo indicated different levels of metal 
contamination in Dharamtar creek. 

Volvoikar 
and Nayak 
(2013a) 

Sediment grain 
size, TOC, metals 

The study provided results of trace metal distribution in 
mangrove sediment cores collected from macro-tidal 
Khonda and Dudh creeks of Northern Maharashtra 
coast, India. Most of the metals showed significant higher 
addition in Dudh creek as compared to Khonda creek. 
Large difference in metal concentration between the two 
creeks was attributed to their proximity to industries. The 
higher Mn, Zn and Ni content in Khonda creek was 
mainly attributed to addition from domestic and 
agricultural wastes. While high deterioration of Dudh 
creek sediments was the outcome of addition from 
industrial effluents. 

Volvoikar 
and Nayak 
(2013c) 

Sediment grain 
size, TOC, metals 
in bulk sediments, 
metals in clay-sized 
fraction, metal 
speciation 

Sediment cores collected from intertidal mudflats of 
Vaitarna estuary were investigated for distributions of 
sediment components, organic carbon, metals (Iron, 
Manganese, Aluminium, Copper, Zinc, Cobalt, Nickel 
and Lead) in bulk sediments as well as clay sized 
fraction (<2 μm). Sorting of grain size under the influence 
of varying hydrodynamic energy conditions within 
Vaitarna estuary was discussed. Index of geo-
accumulation indicated different level of contamination 
for the studied metals at the three locations. Pb and Zn 
were mainly found to be associated with clay fraction and 
showed exclusive lithogenic origin. While all the other 
metals showed signatures of anthropogenic origin in 
addition to that of lithogenic. 

Kang and 
Trefry 
(2013) 

TP, IP, TN, Al, 

210Pb and 137Cs   
In this study, spatial and temporal distribution patterns of 
terrestrial total phosphorus (TP) were determined for 
both pre-development (1900-1920s) and post 



 

development (>1990s) sediments from the southwestern 
(SW) Everglades and Florida Bay. Aluminosilicates and 
organic matter were found to play major role in delivering 
terrestrial TP to sediments. Anthropogenic inputs of 
terrestrial TP was found to be most likely derived from 
freshwater runoff along the southwest coast of Florida. 

Martins et al. 
(2013) 

Clay mineralogy 
(XRD), sediment 
grain size, metals, 
TOC, benthic 
foraminifera,  
radiocarbon age 

The study was carried out with the aim of understanding 
recent climatic oscillations and their influence on 
sedimentation in the Ria de Vigo, a coastal embayment 
in Galicia, NW Spain. Their result indicated Total organic 
carbon (TOC) content to be a non suitable proxy for 
estimating changes in the past supply of OM due to 
diagenetic processes. The clay mineral assemblage of 
the studied site, characterized by the dominance of illite, 
intermediate concentrations of kaolinite and minor 
amounts of smectite and chlorite, revealed the 
prevalence of a typical temperate humid climate in the 
last 3 ka BP, the estimated age for the core base. 
However, the quantities of illite and chlorite increase in 
the muddy layers. The characteristics of these muddy 
layers were interpreted as representing relatively cold 
climatic oscillations associated with the strengthening of 
northerly winds and the prevalence of an upwelling 
regime.       

Hamzeh et 
al. (2013) 

Metals, acid volatile 
sulfides (AVS) 

In this study, concentrations of Cd, Ni, Pb, Hg, Zn and 
Cu were determined in sediment cores collected in the 
docks basin of Rouen harbor, Seine river estuary. The 
intensity of metal pollution during recent decades was 
evaluated using an enrichment factor (EF) and a 
geoaccumulation index (Igeo). The results of vertical 
distribution showed metal pollution in the past to be 
much higher than in the surface sediment. 
Simultaneously extracted metals/acid volatile sulfides 
ratio (SEM/AVS) was calculated to estimate the sediment 
toxicity. The observed low values of the toxicity index 
SEM/AVS in the core sediments indicated the 
inexistence of metal potential toxicity. The concentrations 
of these trace metals were found to be lower than the 
probable effect concentration values reported as 
consensus-based sediment quality guidelines for fresh 
water ecosystems.      

Fernandes 
et al. (2012) 

Grain size, TOC, 
TN, TP, metals  

Two short sediment cores collected from mangrove 
areas of Manori and Thane creeks along Mumbai coast 
were analyzed for sediment composition and metals. 
Maximum enrichment of Cu and Pb was observed in 
Manori creek and that of Mn in Thane creek. Based on 
contamination degree, both the core sediments were 
found to be considerably contaminated with metals.  

Choi et al. 
(2012) 

Metals The study was carried out to investigate the status of 
metal contamination in the sediments of coastal marine 



 

areas of South Korea. Cr, Ni, Cu, Zn, As, Cd, Pb and Hg 
were determined in twelve study sites. According to the 
enrichment factor values, Hg was found to be most 
contaminated metal. Overall, the metal contaminations of 
surface and bottom sediment in the South Korean 
harbors, was regarded as medium-low to medium-high-
priority sites.   

Rajkumar et 
al. (2012) 

FTIR spectroscopy, 
SEM attached to 
the EDS 

Fourier transform infrared spectroscopy (FTIR) and 
scanning electron microscope (SEM) investigation was 
carried out on clay minerals to characterize them in of 
the Sundarban mangrove core sediments of Moipith 
Matla and Belamati Island. The study revealed dominant 
association of kaolinite with subordinate amount of 
quartz, illite and chlorite. The geochemical and 
mineralogical evolution of mangrove sediment was found 
to result in the interaction of biotic and abiotic 
parameters, whose balance is conditioned by the climate 
that governs the hydrologic regime, the sedimentation 
dynamics, and of the organic matter. This study on the 
characterization of clay, provided substantial impact in 
the water-holding capacity, productivity, and 
mineralogical and chemical transformation in order to 
establish intermediate equilibrium between marine 
influence and continental contribution, as a part of the 
estuarine environment.      

Kalloul et al. 
(2012) 

Grain size, organic 
carbon, heavy 
metals, 137Cs and 
210Pb activities 

In this study, Al, Fe, Hg, Pb, Cu, Cd, Cr, Zn, Mn and Ni 
concentrations were determined in surface and core 
sediment samples collected in the Loukous estuary, 
Atlantic Coast, Morocco, to evaluate their levels and 
spatial distribution. Enrichment factor was also calculated 
as a criterion to assess whether their concentrations 
represented contamination levels or could be considered 
background levels. Their results showed that the 
distribution of metals in the Loukous estuary was 
principally influenced by industrial and urban wastes 
located mostly in the northern coastal area. While marine 
currents were found to be the additional factors 
influencing metal accumulation in sediments.  

Ruiz-
Fernández 
et al. (2012) 

Magnetic 
susceptibility, 
sediment grain 
size, organic and 
inorganic carbon, 
total nitrogen, trace 
elements (As, Cr, 
Cu, Hg, Ni, Pb, V 
and Zn), reference 
elements (Al, Ca, 
Sr, Rb), clay 
mineralogy, 210Pb 
dating, carbon 

The study was carried out in order to show the impact of 
land use change and industrial activities on the adjacent 
coastal environment of the Coatzacoalcos River. They 
reconstructed the historical changes of sediment 
transport and trace metals contamination based on the 
study of a 210Pb dated sediment core. The geochemical 
indicators revealed a change of sediment and 
contamination sources since the early 80’s in 
coincidence with the large industrial and urban 
development in the area. They concluded that the 
increased contamination loads were related to terrestrial 
sources, likely contaminated and eroded soils from the 
catchment, due to extensive land use changes. While 



 

isotope ratio (δ13C) potentially dangerous levels of As, Hg and Ni constituted 
a potential threat to marine aquatic life and humans 
through seafood consumption.       

Sritrairat et 
al. (2012) 

Sediment grain 
size, sediment bulk 
chemistry, stable 
carbon and 
nitrogen isotopes, 
pollen, spores, 
microfossils, 
charcoal, 210Pb and 
137Cs activities     

In this study, a stratigraphic paleoecological investigation 
was conducted at a Hudson River National Estuarine 
Research Reserve (HRNERR) site, Tivoli Bays. Marsh 
sediment cores were analyzed for ecosystem changes 
using multiple proxies. Their results revealed climatic 
shifts such as the warm and dry Medieval Warm Period 
(MWP) followed by the cooler Little Ice Age (LIA), along 
with significant anthropogenic influence on the watershed 
ecosystem. A ten-fold sedimentation rate increase due to 
land-use changes was also observed during the last 
century. The large magnitude of shifts in vegetation, 
sedimentation and nutrients during the last few centuries 
suggested that human activities have made the greatest 
impact to the marshes of the Hudson Estuary during the 
last millennium.          

Valsangkar 
(2011) 

Sediment grain 
size, clay 
mineralogy (XRD) 

Grain size and clay mineral distribution up to 45 cm 
depth in the silty clay sediments from 26 box cores from 
10° to 16° S along four longitudes (73.5° to 76.5° E) were 

studied for understanding spatial variability in the Central 
Indian Basin (CIB). Vertical profiles showed increase of 
sand and silt content, and decrease of clay with depth. 
The illite and chlorite clay minerals in the CIB were found 
to decrease systematically towards southern latitudes 
and indicated the influence of Ganges-Brahmaputra 
rivers up to 10°S. Dissimilar and opposite trends of illite 

and smectite mineral phases indicated mix environment. 
While smectite was suggested to originate from 90° E 

ridge, mid-Indian volcanic or local volcanism along 76.5° 
E fracture zone. The two fracture zones in the CIB 
therefore appeared to control the distribution of clay 
minerals.  

Marchand et 
al. (2011) 

TOC, TN, TS, 
metals, salinity, pH, 
redox 
measurements  

The aim of the study was to determine how metals were 
distributed in mangrove sediments and pore waters in 
relationship with their organic content. The coring sites 
represented live forests, dead forest and intertidal 
unvegetated area. Heavy metal distribution within 
sediments and pore water appeared to result from 
diagenetic processes linked to OM decomposition. 
Because of the specificity of the Avicennia root system 
and its position in the intertidal zone, heavy metals were 
found to be more bioavailable and potentially more 
mobile than beneath Rhizophora stand.  

Suresh et al. 
(2011) 

Grain size analysis, 
radioactivity 
(gamma-ray 
spectrometer), 
mineralogy, metals 

In this study, the concentration and spatial distribution of 
heavy metals (Pb, Cr, Cu, Zn and Ni) were studied to 
understand the metal contamination and its level of 
toxicity. Studied metal concentrations, except Cr, Pb and 
Pollution Load Index (PLI), were noted to show an 



 

increase towards the mouth of the river and was 
attributed to the increasing content of clay and human 
activities. Statistical analysis indicated clay mineral 
kaolinite to be the major factor for adsorbed dose rate 
and PLI.  

Di Luca et 
al. (2011) 

Grain size, OM, 
XRD, metal 
speciation  

The study was carried out with the aim of understanding 
metal retention and distribution in the sediment of a 
constructed wetland for industrial wastewater treatment. 
Total concentrations and fractions (exchangeable, 
carbonate-bound, Fe-Mn oxides bound, organic matter-
bound and residual) of metals in sediment were analyzed 
in this treatment wetland, in order to estimate the fate of 
metals over time. Metal concentrations and redox 
potential decreased with depth within the sediment. 
Based on their results, they expected the sediment to 
continue retaining metals in fractions that will not release 
them into the water while the chemical and 
environmental conditions remain unchanged.   

Duan et al 
(2011) 

Metals, sequential 
extraction, 210Pb 
dating 

To reflect the historical changes, the vertical profiles of 
concentrations, enrichment factors and burial fluxes of 
potential harmful elements (Ga, Ge, Mo, V, etc.) were 
determined in two sediment cores collected from Bohai 
Bay. Higher concentrations and burial fluxes of PHEs 
occurred in the 1960’s and 1980’s, matching the large 
runoff and industrial development. Result of enrichment 
factor indicated enhancement in extent of anthropogenic 
contamination in recent years. Result of sequential 
extraction technique revealed ecological risks of Mo, Te 
and Bi in both the cores.   

Liu et al. 
(2011) 

Metals, sequential 
extraction, grain 
size, pH, TOC, 
137Cs dating 

Two parallel sediment cores collected from tidal flat 
located in the Shuangtaizi River estuary were analyzed 
for heavy metal concentrations and chemical speciations. 
Correlation analysis indicated association of all the 
metals with each other, suggesting that they were 
derived from same sources and/or affected by same 
geochemical processes. Influence of TOC on the 
concentrations of Cr, Ni, Cu and Cd was also evident. 
Silt and clay contents also played an important role in the 
distribution of these metals. Residual fraction was found 
to be the dominant binding phase for most of the metals 
in this study. 

Qi et al. 
(2010) 

Sediment grain 
size, IC, TOC, TS, 
TN, metals, 210Pb 
and 137Cs dating  

Four short sediment cores (45 – 60 cm long) recovered 
from Pearl River Estuary were analyzed for grain size 
and geochemistry to reveal geochemical source and 
deposition environment and to assess enrichment and 
pollution of heavy metals in the sediments. Four 
geochemical sources were identified as lithogenic, 
marine, biogenic, anthropogenic and reductive deposit by 
the correlation analysis and principal component 
analysis. The representative elements and related 



 

elemental ratio reflected different depositional 
environments in the four cores, which were controlled by 
the hydrodynamic conditions in the estuary. According to 
their study, heavy metals began to increase in the 1960s 
and increased progressively in the 1980s and 1990s, 
responding to the rapid economic development in the 
Pearl River delta region in the last three decades.     

Acquavita et 
al. (2010) 

Grain size, TOC, 
TN, metals,  

A set of ten heavy metals was investigated in surface 
sediments collected in 21 sites of the Gulf of Trieste, 
Northern Adriatic Sea, Italy. The aim of this study was to 
obtain a preliminary assessment about the levels and 
spatial distribution of selected elements. Hydrodynamics 
was found to control the sediment grain size. While the 
distribution of several heavy metals was found to be 
controlled by the mineralogical components of sediment. 
The positive correlation of metals with TOC suggested a 
possible anthropogenic origin of the elements and their 
association with organic chelating molecules. Similar 
pattern of most of the elements further suggested a 
common source and/or similar enrichment mechanisms. 

Liu et al. 
(2010) 

Clay mineralogy Clay mineralogy of surface samples throughout the 
northeastern South China Sea (SCS) and surrounding 
fluvial drainage basins were investigated to reveal source 
and transport of detrital fine-grained sediments. Their 
results suggested that clay mineral assemblages in the 
northeastern SCS were mainly controlled by provenance 
supply and current transport and their downcore records 
did not bear contemporaneous paleoclimatic features. 
The implication of clay minerals for proxies of the late 
Quaternary East Asian monsoon evolution was realized 
through both the provenance supply and current 
transport processes.   

Zhou et al. 
(2010) 

OM, sediment grain 
size, Eh, sequential 
extraction (BCR)  

The study was carried out to investigate the influence of 
mangrove reforestation on heavy metal accumulation 
and speciation in intertidal core sediments from restored 
mangrove forest and adjacent mud flat in Yifeng Estuary, 
Southeastern China. Special attention was paid to upper 
20 cm of sediment, in which metal accumulation was 
enhanced and speciation was modified. The results 
suggested that mangrove reforestation facilitated the 
accumulation of heavy metals in the upper sediment 
layers but decreased their bioavailability and mobility.     

Passos et al. 
(2010) 

Sequential 
extraction (BCR) 

Fractionation of the metals Cd, Cr, Cu, Ni, Pb and Zn in 
sediments was performed for samples collected from 
eight locations in the Poxim river estuary of Sergipe 
State, northeast Brazil. The result indicated highest 
mobility and bioavailability of Zn, thus indicating 
anthropogenic sources, while Cr was found mainly in the 
residual fraction and could be used as an indicator for 
the contribution from natural sources. Principal 



 

component analysis (PCA) clearly separated the metals 
into three groups. These groupings were mainly due to 
different distributions of the metals in various fractions, in 
sediments from the different locations.     

Yu et al. 
(2010) 

Grain size, δ13C, 
C/N 

This paper presented bulk δ13C and C/N of organic 
matter from source to sink in the Pearl River catchment, 
delta and estuary and discussed the applicability of δ13C 

and C/N as indicators for sources of organic matter in 
deltaic and estuarine sediments. Comparison of the δ13C 

and C/N between the sources and sink indicated a 
weakening TOM and freshwater POC input in the surface 
sedimentary organic matter seawards, and a 
strenghtening contribution from the marine organic 
matter. The result therefore suggested that bulk organic 
δ13C and C/N analysis can be used to indicate sources of 
sedimentary organic matter in estuarine environments.       

Chatterjee et 
al. (2009) 

Metals, organic 
carbon, pH, grain 
size 

This paper presented a comprehensive account 
regarding concentration, distribution and possible 
sources of trace elements in 20-30 cm sediment cores 
collected at the confluence of the Ganges River and Bay 
of Bengal (Sunderban wetland, India). The aim was to 
evaluate the fluvio-marine and geochemical processes 
influencing the metal distribution. The interelemental 
relationship revealed the identical behaviour of elements 
during its transport in the estuarine environment. The 
overall variation in concentration was attributed to 
differential discharge of effluents originating from 
industrial, agricultural and domestic sewage.     

Essien et al. 
(2009) 

Grain size, TOC, 
TON, metals 

In this study, the concentration and distribution of 
selected heavy metals in epipelic and benthic sediments 
of Cross River Estuary mangrove swamp were studied to 
determine the extent of anthropogenic inputs from 
industrial activities and to estimate the effects of 
seasonal variations on geochemical processes in the 
estuarine ecosystem. Lowest metal concentrations were 
found during the dry season, compared to the wet 
season. PLI and Igeo revealed overall low values but the 
enrichment factors for Cu, Zn and V were high and this 
reflected the intensity of anthropogenic inputs related to 
industrial discharge into the estuary.  

Karbassi et 
al. (2008) 

Metals, sequential 
extraction, 210Pb 
dating  

The study investigated sedimentation rate, contents of 
heavy metals (Zn, Co and Ni), enrichment factor and 
speciation of Zn, Co and Ni of a sediment core from 
Gorgan Bay. The result indicated increase in heavy 
metal contents towards the top of the sediment core. 
Chemical partitioning studies revealed that percentiles 
and amounts of Zn, Ni and Co in non-lithogenous phases 
increased slightly towards the top of the core sediment 
sample. A slight increasing trend in pollution level of the 
sediments of the study area was also noted over the last 



 

70 years.   

Freese et al 
(2008) 

Grain size, TOC, 
δ13Corg, biomarkers 
like n-alkanes, n-
alkanols, fatty acids 
and sterols 

In this study, two sediment cores collected from an 
intertidal flat of the German Wadden Sea near the island 
of Spiekeroog, were investigated for the quantity and 
composition of fossil organic matter (OM). Based on δ13C 

values and the ratio of short to long chain n-alkanols, the 
lowermost parts of the cores were found to contain 
mainly terrestrial OM. In the upper sand dominated parts 
of the cores total organic carbon (TOC) contents were 
low. While at the surface, marine organic matter had not 
undergone intense diagenetic alteration, and hence was 
found to be the dominant fraction.      

Allen et al. 
(2007)  

δ13C and C/N In this study, bulk organic δ13C and C/N ratios from mid-
Holocene salt marsh deposits with sedimentary banding 
revealed subtle but significant differences between 
coarse- and fine-grained deposits. These observations 
were consistent with findings from seasonally sampled 
modern silts, and with the interpretation, on physical and 
palynological grounds, of the fine-grained and coarse-
grained components as warm-season and cold-season 
deposits, respectively. The control was considered to be 
seasonal variations in the character of the organic matter 
supplied.   

Farkas et al. 
(2007) 

Metals, TOC, 
sequential 
extraction 

In this study, the magnitude and ecological relevance of 
metal pollution of the middle Po river deriving from the 
River Lambro tributary was investigated by applying 
different sediment quality assessment approaches. Total 
metal concentrations in the surficial sediments revealed 
significant pollution inputs on the whole river stretch 
investigated, with a distinct peak at the inlet of the river. 
Based on the consensus SQG’s most samples had 
contamination characteristics of acute toxicity for all 
investigated metals.  

Prasad et al. 
(2006) 

Metals, sequential 
extraction 

The fractionation of Fe, Zn, Cu, Pb, Mn and Cd in the 
sediments of the Achankovil River, Western Ghats, India 
using sequential extraction method was carried out to 
understand the metal availability in the basin for biotic 
and abiotic activities. Sediment grain size had significant 
control over the heavy metal distribution. The core 
sediments showed increasing trend of heavy metal 
concentration with depth due to the recent addition of 
anthropogenic sources and post-diagenetic activities. 
Metal concentration except Cd and Cu indicated low bio-
availability.  Among the non-residual fraction, maximum 
amount of heavy metals were bound to Fe-oxides.    

Ogrinc et al. 
(2005) 

Carbon and 
nitrogen isotope 

They determined elemental and C- and N-isotopic 
compositions of organic material (OM) in surface 
sediments and sediment cores from the Gulf of Trieste (N 
Adriatic), an area characterized by relatively high riverine 
input. They observed a significant change in the source 



 

of organic material downcore in these sediments which, 
along with geological evidence, indicated contributions 
from freshwater swamps typical of coastal lakes with 
intermittent connections to the sea (brackish) prior to ~ 
9000 BP. Depth variations in a core from a salt marsh 
further indicated temporal variability of OM deposition 
and transformations in a changing brakish-marine 
environment in the past.  

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

 

1.3. Objectives 

Maharashtra along the west coast of India is one of the rapidly industrializing and 

urbanizing regions. Areas around Mumbai are well studied by various researchers, 

which mainly focused on the level of metal pollution (Jha et al. 2002, Ram et al. 2003, 

Fernandes et al. 2011). Other studies carried out along east and west coast of India 

(Ayyamperumal et al. 2006, Priju and Narayana 2006, Janaki-Raman et al. 2007, 

Kwokal et al. 2008, Singh et al. 2013) have also shown different levels of pollution or 

contamination. North of Mumbai is characterized by the presence of several smaller 

creeks and one major estuary. However, no geochemical data is available for this 

region. In the present study an attempt has therefore been made to understand the 

response of intertidal sediments of north Maharashtra coast to changing environmental 

conditions. Thus the objectives of the present study are - 

• To analyze sedimentological, clay mineralogical and geochemical parameters 

• To understand the processes of deposition within mudflats and mangroves 

• To reconstruct paleoenvironment and to understand the role of sea level 

changes if any in the deposition of sediment.  

1.4. Study area 

India has a coastline of about 7500 km. Indian peninsular have the Arabian Sea in the 

west and Bay of Bengal in the east. Rivers supplying freshwater and terrestrial organic 

and inorganic particulate and dissolved material to Arabian Sea are rapid, short and 



 

swift flowing and having hardly any delta formations as compared to those rivers in the 

east. The coastal belt along west coast of India is comprised of wide variety of 

ecosystems which include estuaries, lagoons, creeks, sandy and rocky beaches, cliffs, 

etc. These are the transition zones where there is interaction between marine, 

terrestrial, atmospheric as well as anthropogenic processes. 

Based on the geomorphological variations, the west coast of India is divided into the 

Gujarat coast, Maharashtra, Goa and northern Karnataka coast, and southern 

Karnataka and Kerala coast. The coast of Maharashtra is characterized by pocket 

beaches flanked by rocky cliffs, estuaries, bays and mangroves at some places; while 

mudflats are found mainly along estuaries and creeks (Nayak 2005). The coast of 

Maharashtra is characterized by a medium to high tidal range. In addition to spring and 

neap tides, semi diurnal tides, seem to have more impact on the tidal estuaries and 

creeks (Karlekar 1993). The narrow strip of land between the Arabian Sea and the 

Sahyadri hills of Maharashtra, Goa and northern Karnataka states is known as Konkan 

coast. Konkan falls in a different orographic province; it is separated from the plateau 

by Sahyadrian scarp having a height that varies between 700-900m. The rocky 

Konkan coast of Maharashtra is characterized by impressive sea cliffs, sea caves and 

shore platform at number of places (Mate 1993). As one moves towards north, Konkan 

coast becomes wider. The dominant geomorphic process in the region is terrestrial 

erosion resulting from high relief (Deswandikar 1993).  

The study area is situated in Thane district of Maharashtra (Fig. 2.2). Thane is the 

northernmost district of Konkan region in the northwest of Maharashtra state. It 

extends between 20°20’N latitude and 73°45’E longitudes and is one of the most 

industrialized districts in the state (Mirgane and Bhagure 2009). Both tide and wind 

dominate the regime; leading to well-mixed conditions almost throughout the year 

(Swamy 1994). Thane district has the presence of number of perennial rivers, 

extensive seashore and high mountainous range. The region is characterized by 

several creeks which include Kolamb, Dudh, Mahim, Khonda, etc. and an estuary i.e. 

Vaitarna estuary. The estuary and creeks of this region provides macrotidal 

environments with increasing tidal range towards north i.e. 4.67 m near Kolamb creek, 



 

4.75 m at Vaitarna estuary, 4.91 m at Mahim creek, 5.03 m at Dudh creek and 5.65 m 

at Khonda creek (Chauhan et al. 2004).  

Tidal landforms, especially the mudflats, are conspicuous coastal features of northern 

coast of Maharashtra. The northern coast is known for exceptionally wider mudflats. 

The formation of wider and thicker mud flats is associated, generally with the high tidal 

range, greater than three metres (Karlekar 1993). While even a smallest sheltered inlet 

along the Konkan coast unmistakably shows mangrove swamps. The estuaries of 

small, swift streams of Konkan have provided good sites for mangrove growth. The 

growth of mangroves in the smallest favourable corner of estuary is a function of 

conducive of silt and clay substratum. The clay provided by the weathering and 

erosion of coastal hinterland finds its way to the estuaries and creeks along the 

Konkan coast where they can easily grow (Kulkarni 1993). Common mangrove 

species reported from this region are Avicennia alba, Avicennia marina and Sonneratia 

apetala. Avicennia officinalis, Rhizophora mucronata and Rhizophora apiculata are 

less common in this region (Naskar and Mandal, 1999). 

Vaitarna, is one of the largest of Konkan rivers. It has a length of approximately 154 

kilometres and a drainage area of 3647 sq km that covers almost the entire northern 

sections of the district. It rises in the Tryambak hills in the Nasik district, opposite the 

source of the Godavari, and enters Thane district at Vihigaon near Kasara, after 

passing through a deep gorge while descending from the plateau top to the Konkan 

lowland. It has a number of tributaries, the most important being Pinjal, Surya and 

Tansa. The Western Ghats in the region slope towards the west (Rastogi et al. 1997), 

leading Vaitarna and its tributaries to flow westwards. Vaitarna, Tansa and Surya 

rivers are dammed towards their upper reaches to develop water reservoirs for power 

generation, irrigation and water supply purposes. The tidal influence is observed up to 

50 km from the mouth (Gazetteer 1982).  

Kharekuran-Murbe (Dudh) macrotidal creek with a spring and neap tidal range of 5.35 

and 2.1 (Swamy et al. 1982) respectively, is located in Thane District of Northern 

Maharashtra coast (Fig. 2.2). The freshwater to the creek is supplied by Dudh River. 



 

The creek is approximately 23 km long and shows a meandering path from the mouth 

to the upper limit of tidal influence. The catchment area is underlain by basaltic lava 

flows that erupted through fissures during the Late Cretaceous Period to the early 

Eocene Epoch and recent alluvium consisting of sands and clays overly the lava flows 

(Naik et al. 2007). Tarapur Maharashtra Industrial Development Corporation (MIDC) 

with a number of industrial units lies in close proximity to the creek. The wastewater 

generated from the cities located in the region along with industrial effluent is finally 

disposed to the creeks (MPCB 2005). The addition of industrial effluents along with 

municipal wastes has resulted in the deterioration of water quality of the creek (Naik et 

al. 2007).  

Khonda creek lies in more pristine region, is much less impacted by human activities. 

Hundred meter wide Savta creek and four hundred meter wide Khonda creek join 

together to form five hundred meter wide Dahanu creek. Freshwater to this creek is 

received from rivers Pankhadi, Kankradi, Gonda, Gorduna, etc. Nearly 1435 hectares 

of wetlands locally known as Khajan lands surrounds this creek. While, Kolamb and 

Mahim (Kelve-Mahim) creeks are very small and mainly controlled by tidal processes. 

All these creeks ultimately drain into the Arabian Sea.  

Geology of the study area 

The study area is the part of the Deccan volcanic province (DVP) also known as 

Deccan Trap. The basaltic terrain has an undulating topography with landforms typical 

of the DVP (Shankar and Mohan 2006). The Deccan Trap basalts have uniform 

tholeiitic composition, are dark green to black volcanic rocks with a wide variety of 

textural character (Wensink 1973). In the Northwestern part these tholeiitic basalts 

show notable picritic and alkali occurrences. They are largely microporphyritic with 

phenocrysts of plagioclase, subordinate augite and rare olivine (Sano et al. 2001, Sen 

2001). The sediments within the estuary and creeks along this coast will be influenced 

by the mineral and chemical composition of rocks within the catchment area. 

 



 

 

 

 

 

 

Chapter 2  

 

 

 

 

 

Methodology 
 



 

2.1. Introduction 

The most important requirement of any scientific study is to collect representative 

sample and obtain good quality data from the sample using standard protocols. The 

sample should essentially represent the environment of interest, should be 

undisturbed, and free from contamination. Care should be taken to eliminate or 

minimize contamination during sampling, sub-sampling, storage and analytical 

procedures. Every step mentioned in the standard protocols should be strictly followed 

and care should be taken to avoid any errors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Flowchart of the steps followed in sediment core sampling and analysis 
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In the present study, systematic sampling was done, wherein core samples collected 

from mudflat and mangrove sub-environments represented upper-middle region, 

lower-middle region and lower region, i.e. closer to the mouth of the estuary and 

creeks. Since present study involved trace metal analysis, contact of the samples with 

metallic objects was avoided. In order to avoid alteration of chemical components in 

the sediments, sub-samples were stored in ice. All the apparatus used were acid 

washed, rinsed with distilled water and dried in the oven prior to all the analyses. 

Analytical grade reagents were used throughout the study. The steps mentioned in the 

standard protocols were strictly followed.   

Detailed information on methods of sampling, sub-sampling, storage, analytical 

procedures used in order to obtain accurate data as well as details of data processing 

are given in this chapter and also outlined in the form of a flow chart (Fig. 2.1).  

  

 

Fig. 2.2. Map showing location of studied estuary and creeks along north Maharashtra coast 



 

 

Fig. 2.3.a. Map showing locations of the sediment cores sample collection in Kolamb creek 

 

 

Fig. 2.3.b. Map showing locations of the sediment cores sample collection in Vaitarna estuary 



 

 

Fig. 2.3.c. Map showing locations of the sediment cores sample collection in Mahim creek 

 

 

Fig.2.3.d. Map showing locations of the sediment cores sample collection in Dudh creek 



 

             

Fig. 2.3.e. Map showing locations of the sediment cores sample collection in Khonda creek 

2.2. Field survey: sampling and sub-sampling 

Intertidal sediment core samples were collected during the field survey conducted in 

May 2009. Total seventeen cores were collected (Fig. 2.2 and 2.3) varying in length 

from 16 cm to 102 cm. Details of the core samples are presented in Table 2.1. 

Sampling stations were located using hand held Global Positioning System (GPS). 

Sediment cores were collected using hand operated PVC corer. Following the 

collection, sub sampling was done at 2 cm interval with the help of a plastic knife. The 

sub-samples were sealed in clean plastic bags, labeled and stored in ice box and 

transferred to the laboratory.  

2.3. Laboratory analysis 

Sediments were oven dried at 60°C in the laboratory. Portion of the dried sample was 

powdered and homogenized using an agate mortar and pestle. Un-ground sediment 

samples were used for the analysis of sediment components (sand: silt: clay), clay  



 

Estuary/Creek Stn 
no. 

Name of the 
place 

Station location Core 
length 
(cm) 

Collected from 

Kolamb creek 
1 Vagoli 19º24'31.4"N; 72º46'23.9"E 86 Mudflat 

3 Sulishapada 19º23'53.7"N; 72º46'21.0"E 46 Mudflat 

Vaitarna 
estuary 

4 Chikaldongri 19º28'56.3"N; 72º46'58.7"E 88 Mudflat 

5 Chikaldongri 19º28'56.3"N; 72º46'58.7"E 102 Mangrove 

6 Umbarpada 19º31'35.0"N; 72º53'37.5"E 60 Mangrove 

7 Umbarpada 19º31'35.0"N; 72º53'37.5"E 66 Mudflat 

8 Narangi 19º29'44.6"N; 72º47'46.4"E 92 Mudflat 

9 Jalsar 19º31'23.9"N; 72º47'11.3"E 52 Mudflat 

10 Vithalwadi 19º33'07.8"N; 72º47'03.6"E 62 Mudflat 

Mahim creek 11 Poolnaka 19º37'40.7"N; 72º44'04.0"E 86 Mudflat 

Dudh creek 

12 Murbe 19º44'43.9"N; 72º42'39.6"E 56 Mangrove 

13 Kumbhavali 19º45'41.7"N; 72º43'28.7"E 16 Mangrove 

22 Umbroli 19º46'13.0"N; 72º45'15.1"E 30 Mudflat 

Khonda creek 

16 
Dhakti 

Dahanu 
19º58'01.5"N; 72º43'16.2"E 72 Mangrove 

18 Dandigarh 19º53'15.3"N; 72º45'34.2"E 66 Mangrove 

20 Savta 19º57'49.8"N; 72º46'79.5"E 44 Mudflat 

21 Aagwan 19º57'33.1"N; 72º46'07.1"E 42 Mudflat 

Table 2.1. Details of sediment cores and sampling locations 

mineralogy and clay chemistry. While, powdered and homogenized samples were 

used for the estimation of total organic carbon, total nitrogen, total phosphorus, bulk 

sediment chemistry, metal speciation, bulk sedimentary stable carbon (δ13Corg) and 

nitrogen (δ15N) isotopic ratios. The procedures followed in various laboratory analyses 

are detailed below. 

2.3.1. Sediment component (sand: silt: clay) analysis 

In-order to determine the sand: silt: clay ratio, pipette analysis was carried out 

following Folk (1968). The procedure is based on Stoke’s settling velocity principle. 10 

g of oven dried sediment sample was transferred into clean 1000 ml glass beaker. 

Distilled water was added to the beaker and stirred with the help of a glass rod. 

Sediment was then allowed to settle overnight. The next day water from the beaker 

was decanted using a decanting pipe. This step was repeated for 4 to 5 times in order 

to remove the salinity. After decanting, 10 ml of 10 % sodium hexametaphosphate was 

added to dissociate clay particles. Next day 5 ml of 30 % hydrogen peroxide was 



 

added to oxidize organic matter. Contents of the beaker were poured over 63-micron 

(230 mesh size) sieve and the filtrate was then collected in 1000 ml cylinder. The 

beaker and the material collected over the sieve were washed thoroughly till the 

solution becomes clear. The solution from the cylinder was made up to the 1000 ml 

mark. This solution was then homogenized for about 2 minutes using a stirrer. The 

stirring time was noted and the solution was allowed to settle. Based on the room 

temperature (Table 2.2), pipetting time was calculated for size 8 .  

The sand on the sieve was transferred to pre-weighed labeled 100 ml beaker and kept 

for drying at 600 C. 25 ml of solution from the cylinder was pipetted out at calculated 

time by inserting the pipette up to 10 cm depth from the cylinder. Pipetted solution was 

then transferred into a clean pre-weighed 100 ml beaker and kept for drying. After 

drying, the beakers containing sand and clay were kept in a dessicator in order to 

remove any moisture and then weighed. 

Percentage of sand, silt and clay were calculated as follows. 

% Sand = (Weight of sand / Total weight of sediment) × 100 

Weight of clay = (Weight of clay × 1000 / 25) – 1    

% Clay = (Weight of clay / Total weight of sediment) × 100  

% Silt = 100 - (% of sand + % of clay) 

 

Size Ø Depth to which pipette is to 
be Inserted (cm) 

Time at which water is to be pipetted out 
Hours: Minutes: Seconds  

 
 

   280C 290C 300C 310C 320C 

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 0:37:42 1:37:15 0:33:51 

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 - - - 

Table 2.2. Time schedule to be used for pipette analysis 

2.3.2. Clay mineral analysis  



 

The procedure followed is the same as that for pipette analysis up to stirring the 

sample in 1000 ml cylinder. However, the pipetting time was calculated for size 9 . 

Here sample was pipetted out using a small decanting pipe. The decanting pipe was 

inserted up to 10 cm depth and the contents were transferred to a clean 500 ml 

beaker. To this 5 ml of acetic acid and 10 ml of hydrogen peroxide were added and 

stirred well in order to remove carbonates and organic matter respectively. The 

contents from the beaker were then kept overnight for settling. The clear liquid at the 

top was decanted. Distilled water then was added to the beaker and the contents were 

allowed to settle overnight. This step was repeated several times to free clay from 

excess reagents. 1 ml of the clay was then pipetted and spread uniformly over a pre-

numbered clean slide. The slide was then air dried to obtain uniformly distributed thin 

layer of clay. The prepared slide was exposed to ethylene glycol vapours at 100° C for 

one hour. The slide was then scanned from 3° to 15° 2 at 1.2° 2/min on Philips X-ray 

diffractometer (PW 1840 model) using nickel-filtered Cu K radiation. Further, to 

distinguish between kaolinite and illite peaks, sample was scanned again in the range 

of 24º to 26º 2 at 0.5º 2/min. The percentage of clay minerals was calculated by 

weighting the integrated peak area of basal reflections in the glycolated X-ray 

diffractograms by semi-quantitative method given by Biscaye (1965). 

2.3.3. Clay for chemical analysis 

In order to obtain clay fraction for the study of clay chemistry, the procedure in pipette 

method till decanting was followed as that for clay mineralogy. Here, the contents of 

the beaker were directly dried in the oven in order to remove water. The completely 

dried clay was then crushed to fine powder using agate mortar and pestle and used for 

digestion for metal analysis. 

2.3.4. Organic carbon estimation 

The organic carbon in sediment sub-samples was estimated using the method given 

by Gaudette et al. (1974) also known as Walkey-Black method. The method utilizes 

exothermic heating and oxidation with potassium dichromate (K2Cr2O7) and 

concentrated sulphuric acid (H2SO4) and involves the following procedure. 



 

0.5 g powdered homogenized sediment sample was placed in a clean 500 ml conical 

flask. To this 10 ml of standard dichromate solution and 20 ml of concentrated H2SO4 

with silver sulphate (Ag2SO4) was added. The flask was then gently rotated for about a 

minute. The mixture was then allowed to stand for 30 minutes. After 30 minutes 200 ml 

milliQ water, 10 ml of 85 % phosphoric acid (H3PO4) and 0.2 g sodium fluoride (NaF) 

was added to this mixture.  Excess dichromate was then back titrated with 0.5N 

Fe(NH4)2SO46H2O solution using diphenylamine as an indicator to a one-drop end 

point i.e. brilliant green. Silver sulfate was used to prevent the oxidation of chloride 

ions. Standardization blank without sample was run following the same procedure.  

Organic carbon percentage was calculated as follows. 

% Organic carbon = 10 (1-T/S) × F 

Where,  

S = Standardization blank titration, ml of ferrous solution 

T = Sample titration, ml of ferrous solution 

F = Factor which is derived as follows. 

F = (1.0 N) × 12/4000 × 100/Sample weight 

   = 0.6 when sample weight is exactly 0.5 g 

Where,  

 12/4000 = m. eq. wt. carbon  

2.3.5. Total nitrogen 

Total nitrogen percentage was obtained from elemental analyzer coupled with IRMS. 

Approximately 15 mg of finely powdered sediment sub-sample was packed in tin 

capsule and combusted in an elemental analyzer coupled with mass spectrometer. 

Accuracy of the instrument and the method was checked using standard reference 

material IAEA-N-1 (562). A precision of 0.005 % was indicated by replicate analysis of 

the reference standard.  

2.3.6. Total phosphorus 

Total phosphorous analysis was carried out following Murphy and Riley (1962). 

Wherein, 1 g of powdered sediment sub-sample was taken in an oxidation flask. To 



 

this a mixture of potassium persulfate and boric acid in sodium hydroxide solution was 

added. The oxidation flask was then sealed and autoclaved for half an hour. The 

solution was allowed to cool to room temperature. 5 ml of the digested mixture was 

pipetted out and made up to 50 ml with milli Q water and 1 ml of mixed reagent 

(ammonium molybdate solution + H2SO4 + potassium antimony tartarate) and 1 ml of 

ascorbic. The solution was then mixed thoroughly and allowed to stand. The 

absorbance was measured at 880 nm after about 10-15 minutes using a 1 cm cell 

against reagent blank. Reagent blank was prepared following the same steps without 

sediment sample.  

2.3.7. Digestion of sediment for metal analysis 

For total decomposition of sediments, 0.3 g of finely powdered sediment sample was 

digested in open Teflon beaker. 10 ml of 7:3:1 acid mixture of HF, HNO3 and HClO4 

was added slowly to the sample. Care was taken to avoid excessive frothing. The 

mixture was kept overnight and later dried completely on a hot plate at 700 C. After 

drying, again 5 ml of the above mixture was added to the beaker and dried for 1 h in 

order to ensure complete digestion of the sediment. To this 2 ml of concentrated HCl 

was added and dried completely. To the dried sample 10 ml of 1:1 HNO3 was added 

and warmed for few minutes. The solution was then made to 100 ml using Milli Q 

water and was then stored in pre-cleaned plastic bottle. Separated clay fractions from 

selected sub-samples were also digested following the same procedure used for bulk 

sediments.   

2.3.8. Chemical speciation of metals 

A modified sequential extraction procedure proposed by Tessier et al. (1979) was 

used in the present study to understand metals associated with different sedimentary 

phases. The type of association will in turn help in understanding the processes by 

which metals were incorporated within the sediments. The method therefore provides 

information on metal sources, mobility, bioavailability, as well as risk of toxicity to 

sediment dwelling organisms. The procedure involves five steps wherein metals 

associated with different sedimentary fractions/phases are separated using 



 

successively aggressive reagents [MgCl2 (exchangeable), NaOAc (carbonates), 

NH2OH.HCl (Fe/Mn oxides), H2O2 (organic/sulphidic) and HF-HNO3-HClO4 (residual)].   

Fraction I: Adsorbed and Exchangeable (F1)   

The metals in this fraction are loosely bound and are easily released by the ion-

exchange processes. Metals in this fraction are the most mobile and are easily 

available for biological uptake. They may be from both authigenic as well as 

anthropogenic sources.  Changes in ionic composition of water are likely to affect the 

sorption-desorption processes. Metals at the weathering site get adsorbed forming an 

electrical double layer. This, with increase in ionic strength gets desorbed due to ion-

exchange reaction. Magnesium chloride is an effective reagent for desorbing specially 

adsorbed trace metals.  

1g of powdered sediment sub-sample was taken in 50 ml plastic centrifuse tube. To 

this 8 ml of magnesium chloride solution (1 M MgCl2, pH 7) was added. The mixture 

was agitated frequently for one hour at room temperature on orbital shaker (model 

RC2100) and then centrifuged (Remi Cooling Compufuge (model CPR 30)) at 8000 

rpm for 10 minutes. The supernatant was stored in clean plastic bottles for metal 

analysis. The residue was washed with deionised water. 

Fraction 2: Carbonate bound (F2)  

The metal content bound to this fraction is sensitive to pH changes and can have 

possibility to mobilize when pH is lowered. Here metals are thought to have been co-

precipitated along with that of biogenically as well as chemically precipitated 

carbonates. Metals in this fraction are leached by buffered acetic acid and sodium 

acetate. 

To the residue from the first fraction (F1), 8 ml of 1 M sodium acetate solution (NaOAc 

adjusted to pH 5 with acetic acid i.e. HOAc) was added. The mixture was agitated 

periodically for 5 hours at room temperature on orbital shaker. Solution was then 

centrifuged at 8000 rpm for 10 minutes and the supernatant was collected for metal 

analysis. The residue was then washed with deionised water. 



 

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

Oxides of Fe and Mn are sinks or excellent scavengers of trace metals. These oxides 

are present as fine mineral particles or as coatings on mineral surfaces. Fe-Mn oxides 

scavenge metals by different mechanisms which include co-precipitation, adsorption, 

surface complex formation, ion exchange and penetration of the lattice. They are 

thermodynamically unstable under anoxic conditions. The oxides and hydroxides of Fe 

and Mn are known to enter into solution under reducing condition and low pH and thus 

form an important component in their cycle in nature.  The reagents used i.e. 

hydroxylamine hydrochloride and acetic acid for leaching of iron and manganese 

oxides reduce these metals to their ferrous and manganous form respectively, and are 

capable of keeping large amounts of liberated metals in solution. 

The residue from second fraction (F2) was extracted with 20 ml of 0.04 M 

Hydroxylamine hydrochloride (NH2OH.HCl) in 25 % (v / v) HOAc at 96º  3ºC with 

occasional agitation for 6 hours. The solution was then centrifuged at 8000 rpm for 10 

minutes and the supernatant was collected in clean plastic bottle for metal analysis. 

The residue was washed with deionised water. 

Fraction 4: Organic matter and sulfide bound fraction (F4)  

This fraction includes metals associated with organic material such as living 

organisms, detritus or organic coatings on inorganic mineral particles. It also includes 

metals bound to little amount of sulfide minerals. Degradation of organic matter under 

oxidizing conditions may lead to release of soluble trace metals. Metals in this fraction 

are not considered to be very mobile or available. Metals in this phase are associated 

with high molecular weight stable humic substances which are known to release small 

amounts of metals very slowly. However, metals in this fraction cannot be considered 

as harmless since in addition to acting as a sink, metals in this fraction also act as a 

reservoir for pollution. Hydrogen peroxide in acid medium is used to oxidize organic 

matter in sediments. Here, ammonium acetate is used to prevent adsorption of 

extracted metals on the oxidized sediment. 



 

To the residue from third fraction (F3), 3 ml of 0.02 M HNO3 and 5 ml of 30 % H2O2 

which was adjusted to pH 2 with HNO3 were added.  The mixture was agitated 

periodically at 85ºC for 2 hours. After two hours, 3 ml of 30 % H2O2 (pH 2 with HNO3) 

was added. The mixture was then again heated at 85º C for three 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 deionized water. 

Fraction 5: Residual fraction (F5) 

The fraction which remains after removal of first four phases is known as detrital 

fraction. It consists of primary and secondary minerals holding trace metals in their 

crystal lattice structure. Metals in this fraction are inert and do not participate in 

chemical or biochemical reactions under normal environmental conditions. 

The residue from the fourth fraction (F4) was transferred into a clean acid washed 

teflon beaker. It was then digested completely with 7:3:1 HF, HNO3 and HClO4 acid 

mixture.  

2.3.9. Atomic Absorption Spectrophotometer (AAS) analysis 

The digested solutions obtained for bulk metal chemistry, clay chemistry as well as 

those obtained during sequential extraction procedure were aspirated into the flame of 

atomic absorption spectrophotometer (AAS) (Varian AA240FS) for the analyses of the 

metals viz. iron (Fe), manganese (Mn), aluminium (Al), copper (Cu), zinc (Zn), cobalt 

(Co), nickel (Ni) and lead (Pb). Care was taken to avoid contamination at every step. 

Reagent blanks without sample and certified reference standard from the Canadian 

National Bureau of Standards (BCSS-1) were also treated following the same 

procedure and analyzed along with the sample solutions. Reagent blanks indicated 

absence of contamination for all the metals studied. The accuracy of the analytical 

procedure was assessed using certified standard reference material (BCSS-1). 

Recovery was 95 % for Mn and Co, 96 % for Fe, Cu, Ni and Al, 98 % for Zn and Pb. 



 

The Atomic Absorption Spectrophotometer (AA240FS) was standardized by calibration 

curve method before analyzing the samples for metal concentration. The calibration 

standards of different concentrations were prepared for all the metals from the stock 

solutions (1000 mg/l). Reproducibility of the instrument was checked by analyzing 

duplicate random samples. The precision obtained for the metals is as follows: Fe 2.19 

%, Mn 3.04 %, Al 3.24 %, Co 2.16 %, Cu 2.75 %, Ni 2.89 %, Pb 2.26 % and Zn 3.67 % 

of the standard deviation (% SD).  

The recovery of metals from sequential extraction procedure was good and was 

calculated as follows.  

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

concentration obtained after total acid digestion  100 

2.3.10. Bulk sedimentary stable carbon δ13Corg and nitrogen δ15N isotope ratios 

For δ13Corg analysis, powdered oven dried sediment sub-samples were treated with 2N 

HCl to remove inorganic carbon while un-acidified samples were run separately for 

nitrogen isotope analysis on a Thermo-Finnigan Delta-V-Plus continuous flow isotope 

ratio mass spectrometer attached to an elemental analyzer (Thermo EA1112) at 

National Institute of Oceanography (NIO), Goa, India. The stable isotope ratios are 

reported in per mil deviations from international standard VPDB and atmospheric air 

for δ13Corg and δ15N respectively. External precision was 0.07-0.09 ‰.  

 

2.4. Data Processing 

Ternary diagram proposed by Pejrup (1988) was used to understand the 

hydrodynamic conditions in which sediments have been deposited over a period of 

time. Diagram (Fig. 2.4) is divided into four sections (I to IV) reflecting increasingly 

violent hydrodynamic conditions. Each section is further divided into four classes (A to 

D) according to their sand content. Thus, the triangle has been divided into 16 groups 

each having a different number and a letter providing the groups with unique 

characteristics. 



 

 
Fig. 2.4. Ternary diagram proposed by Pejrup (1988) 
 

Statistical correlation, t-test and principal component analyses (PCA) were carried out 

on sediment components, organic carbon and metals of the studied cores by using the 

software SPSS. 

Sediment quality assessments  

Enrichment factor (EF) and Index of geoaccumulation (Igeo) were computed to 

understand the enrichment of metal concentrations and the degree of pollution in 

sediments of the creek. Enrichment factor (EF) proposed by Simex and Helz (1981) 

was calculated using the average metal concentration of the earth’s crust (Wedepohl 

1995) according to the following equation (Dai et al. 2007).  

Enrichment factor = (Csample / Alsample) / (Ccrust / Alcrust) 

Where, Csample and Ccrust is the concentration of the element in the sample and in the 

continental crust respectively. Alsample and Alcrust represent concentration of Al in the 

sample and in the continental crust respectively. In this study, Al is used as a 

normalizer, because, trace element concentrations can be normalized to an element 

which is conservative with respect to chemical weathering and which has no significant 

anthropogenic source and Al fulfils this requirement (Wang et al. 2008). EF is divided 

into seven classes of contamination (Chen et al. 2007) as shown in Table 2.3a.      

Geoaccumulation index as proposed by Müller (1969) was calculated as.  

Igeo = log2 Cn / 1.5 Bn 



 

Where, Cn is the concentration of the studied element and Bn is the geochemical 

background value taken from global average shale for element ‘n’ and factor 1.5 is 

used to compensate for lithogenic variations in background data. Igeo is divided into 

seven classes and are shown in table 2.3b.      

 

 

 

 

 

 

 

b Igeo Igeo  classes Sediment quality 

 < 0 0 Unpolluted 

 0 - < 1 1 Unpolluted and moderately polluted 

 1 -2 2 Moderately polluted 

 2 – 3 3 Moderately to highly polluted 

 3 – 4 4 Highly polluted 

 4 – 5 5 Highly to very highly polluted 

 > 5 6 Very highly polluted 

Table 2.3.a. EF showing levels of contamination (Chen et al. 2007)   b. Igeo class showing 
sediment quality (Müller 1969)  

Environmental condition of mudflat and mangrove sediments was also assessed by 

adopting a benchmark method. Metal concentration obtained from total sediment 

decomposition as well as those associated with different sedimentary phases 

(sequential extraction procedure) were compared with Sediment Quality Values 

(SQV’s) using SQUIRT (Screening Quick Reference Table 2.4a). SQUIRT was 

developed by NOAA for screening purposes. The guideline values were categorized 

by Buchman (1999) into five classes (Table 2.4b) namely TEL, ERL, PEL, ERM and 

AET. These guidelines are used to understand the risk of the metals to the sediment 

dwelling organisms (Dessai and Nayak 2009). The probability of toxicity of metals to 

sediment dwelling organisms is known to increase from TEL to AET.  

a EF Level of contamination 

 < 1 no enrichment 

 < 3 minor enrichment 

 3 – 5 moderate enrichment 

 5 – 10 moderately severe enrichment 

 10 – 25 severe enrichment 

 25 – 50 very severe enrichment 

 > 50 extremely severe enrichment 



 

Elements  TEL ERL PEL ERM AET 

Fe - - - - 22 % (Neanthes) 

Mn - - - - 260   (Neanthes) 

Cu 18.7 34 108 270 390 (Microtox and Oyster Larvae) 

Zn 124 150 271 410 410 (Infaunal community) 

Co - - - - 10     (Neanthes) 

Ni 15.9 20.9 42.8 51.6 110 (Echinoderm Larvae) 

Pb 30.2 46.7 112 218 400 (Bivalve) 

Table 2.4.a. Screening Quick Reference Table (SQUIRT) for metals in marine sediments 
(Buchman 1999). 

 
Sediment Guidelines  

Threshold Effect Level (TEL) Maximum concentration at which no toxic 

effects are observed 

Effects Range Low (ERL) 10th percentile values in effects or toxicity 

may begin to be observed in sensitive 

species 

Probable Effects Level (PEL) Lower limit of concentrations at which toxic 

effects are observed 

Effects Range Median (ERM) 50th percentile value in effects 

Apparent Effects Threshold (AET) 
Concentration above which adverse 

biological impacts are observed. 

Table 2.4.b. Sediment guidelines and terms used in SQUIRT 
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Results and Discussion 
 

 

 

 



 

Within the study area from South to North, the creeks and estuary are located as 

Kolamb creek, Vaitarna estuary, Mahim creek, Dudh creek and Khonda creek.  

Section I: Sediment components (sand: silt: clay) and Organic elements (TOC, 

TN, TP) 

3.1: I Sediment components 

3.1. IA. MUDFLATS 

Kolamb creek 

Two intertidal mudflat cores were collected from Kolamb creek. Core S1 of length 86 

cm was collected from the upper middle portion of the creek (19º24'31.4"N; 

72º46'23.9"E) while core S3 of length 46 cm represents the lower middle portion 

(19º23'53.7"N; 72º46'21.0"E). Sand in core S1 ranges from 0.81 % to 45.2 % (avg. 

22.3 %), while silt and clay varies from 25.0 % to 54.2 % (avg. 36 %) and 17 % to 72.1 

% (avg. 41.7 %) respectively. In core S3, sand, silt and clay vary from 0.64 % to 46 % 

(avg. 20.4 %), 26 % to 69 % (avg. 36.3 %) and 27.0 % to 62.5 % (avg. 43.3 %) 

respectively.  

a.   b.  
Fig. 3.1.1.a. Vertical distribution of sediment components (sand: silt: clay) and  b. ternary diagram 
showing deposition of sand, silt and clay under varying hydrodynamic energy conditions after Pejrup 
(1988) in core S1 wherein section I, II and III are represented by circular, triangular and diamond 
shaped symbols respectively.         

Both the cores show similar distribution pattern of sediment components (Fig. 3.1.1 

and 3.1.2). The two cores are divided into three sections based on the observed 

distribution pattern of sediment components from bottom to surface. In core S1, 



 

section I ranges from 86 cm to 54 cm, section II varies from 52 cm to 20 cm and 

section III varies from 18 cm to surface of the core (Fig. 3.1.1a). While in core S3, 

section I ranges from 46 cm to 42 cm depth, section II varies from 40 cm to 24 cm and 

section III ranges from 22 cm to surface of the core (Fig. 3.1.2a). Sand percentage is 

much lower than the average value and remains almost constant in section I of core 

S1; while it is noted to be higher than average in sections II and III. In section II, it 

shows a drastic increase up to 28 cm depth followed by a slight decreasing trend till 20 

cm depth. Further up sand remains almost constant up to 12 cm and then show a 

decrease towards the surface. While clay indicates higher than average values in 

section I and lower than average values in section II and III. Clay is noted to 

compensate for the variation in silt especially in section I and III.  

a.   b.  
Fig. 3.1.2. a. Vertical distribution of sediment components (sand: silt: clay) and  b. ternary diagram 
showing deposition of sand, silt and clay in core S3 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.   

While in core S3, sand percentage is noted to be almost constant and much lower 

than the average value in section I. Silt in section I indicate a decreasing trend while 

clay shows a corresponding increase.  In section II, sand, silt and clay is noted to be 

almost constant. Further up in section III, sand indicates sudden large increase up to 

14 cm depth and a decrease towards the surface. Silt and clay compensate for the 

variation in sand especially in sections II and III. Ternary diagram further indicated 

deposition of sediments under less violent to relatively violent hydrodynamic energy 

conditions in this creek with higher sand content towards surface. It is therefore 



 

evident that the depositional environment of Kolamb creek favors greater deposition of 

coarser particles in recent years as compared to the past.          

While the observed spatial variation in sediment components i.e. relatively higher 

average sand and lower clay percentage in core S1 collected from upper middle 

portion as compared to core S3 collected from lower middle portion is attributed to the 

location of the core samples from which they are collected. Core S1 is collected from 

the mudflat of the main creek channel thus subjected to relatively higher tidal energy 

conditions allowing higher deposition of coarser particles as compared to core S3 

which is collected from a protected narrow sub-channel located towards the mouth of 

the main creek.  

Vaitarna estuary  

Five intertidal mudflat sediment cores were collected from Vaitarna estuary. Amongst 

which, core S4 of length 88 cm is collected near the river mouth (19°28’56.3”N; 

72°46’58.7”), core S8 of length 92 cm represents lower middle estuary (19º29'44.6"N; 

72º47'46.4"E); while core S9 having length of 52 cm (19°31’23.9”N; 72°47’11.3”E) and 

core S10 of length 62 cm (19º33'07.8"N; 72º47'03.6"E) are collected from a creek 

located towards the northern bank of the lower middle estuary; whereas core S7 

having length of 66 cm represents the upper middle estuary (19°31’35.0”N; 

72°53’37.5”E).       

In core S4 collected closer to the mouth, sand varies from 14.5 % to 59.3 % (avg. 39.3 

%), silt ranges from 11.9 % to 47.6 % (avg. 26.6 %) and clay varies from 15.8 % to 

55.4 % (avg. 34.0 %). While, sand in core S8 collected from lower middle estuary 

ranges from 0.4 % to 34 % (avg. 12 %), silt from 20 % to 53 % (avg. 29 %) and clay 

from 27 % to 78 % (avg. 59 %). In core S9 collected from the creek located towards 

the northern bank, sand, silt and clay vary from 3.7 % to 27.8 % (avg. 11.5 %), 26.4 % 

to 75.4 % (avg. 37.6 %) and 8.4 % to 66.8 % (avg. 50.8 %) respectively. In core S10 

collected from the inner portion of the creek, sand, silt and clay ranges from 2.1 % to 

23 % (avg. 5 %), 23 % to 34 % (avg. 28 %) and 53 % to 75 % (avg. 67 %) 

respectively. While in core S7 collected from the upper middle portion of the estuary, 



 

sand, silt and clay varies from 2.4 % to 48.8 % (avg. 11.3 %), 24.9 % to 52.0 % (avg. 

39.5 %) and 16.6 % to 72.5 % (avg. 49.2 %) respectively.  

a.   b.  
Fig. 3.1.3. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S4 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.   

Based on the distribution pattern of sediment components, core S4 collected towards 

the mouth of the estuary is divided into three sections. Section I, II and III ranges from 

88 cm to 60 cm, 58 cm to 30 cm and 28 cm to surface of the core respectively (Fig. 

3.1.3a). Large variation in the distribution of sand is observed from bottom to surface 

in core S4 with overall decreasing trend. Wherein, sand shows a decrease from 

bottom to 80 cm depth of section I, followed by a gradual increase up to 72 cm and a 

decrease till 64 cm and a sudden increase at 62 cm depth. In section II sand indicates 

a fluctuating decreasing trend.  While silt shows a gradual decrease in section I and an 

increasing trend in section II. Clay compensates for the variation in sand percentage in 

sections I and II; with larger fluctuations around the average line. Sand maintains 

lower values especially within the upper 16 cm of section III. Here silt compensates for 

the variation in sand while clay shows a gradual increasing trend towards the surface.  

In core S8 collected from the lower middle estuary, section I ranges from 92 cm to  86 

cm, section II varies from 84 cm to 42 cm while section III varies from  40 cm to 

surface of the core (Fig. 3.1.4a). Sand in section I show slight increasing trend from 

bottom to 86 cm depth and have lower than average values. In section II sand 

indicates large fluctuations with higher than average values. While sand exhibits an 



 

overall decreasing trend with lower than average values in section III, except at 32 cm 

depth. Clay show opposite distribution pattern to that of sand and to some extent with 

that of silt in all the three sections. Silt in this core, show sudden increase in middle 

section between 80 cm and 64 cm depths with its peak value at 72 cm depth.  

a.   b.  
Fig. 3.1.4. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S8 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.     

a.   b.  
Fig. 3.1.5. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S9 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.             

In core S9 collected from the creek located at the northern bank of lower middle 

estuary, section I varies from 52 cm to 30 cm, section II ranges from 28 cm to 16 cm 

while section III ranges from 14 cm to surface of the core (Fig. 3.1.5a). All the 

sedimentological parameters namely sand, silt and clay show large fluctuations around 



 

the average line in section I. In section II, sediment components remain almost 

constant close to the average line. While in section III, increase in clay is compensated 

by decrease in sand percentage.  

a.   b.  
Fig. 3.1.6. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S10 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.   

In core S10, collected from the inner portion of the creek which is located at the 

northern bank of the lower middle estuary; section I, II and III varies from 62 cm to 26 

cm, 24 cm to 12 cm and 10 cm to surface of the core respectively (Fig. 3.1.6a). Sand 

percentage is almost constant in section I and III except for a small peak at 46 cm 

depth. In section II, sand exhibits slight increasing trend up to 20 cm, above which it 

shows a sudden positive peak at 18 cm depth. Further, sand shows a gradual 

decreasing trend up to 12 cm depth. Clay compensates for the variation in sand 

percentage in this section. It also indicates opposite distribution pattern to that of silt 

especially in section I and III.  

In mudflat core S7 collected from the upper middle estuary, section I, II and III varies 

from 66 cm to 58 cm, 56 cm to 42 cm and 40 cm to surface of the core respectively 

(Fig. 3.1.7a). In section I, sand and silt show a decrease from 66 cm to 62 cm depth 

followed by an increase till 58 cm. Clay compensates for the variation in sand and silt. 

In section II, large decrease in clay percentage is compensated by large increase in 

sand percentage. Silt show large fluctuations around the average line in this section. In 

section III, sediment component distribution is almost constant.        



 

a.   b.  
Fig. 3.1.7. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S7 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.      

High energy conditions favor deposition of coarser sediments while calm conditions 

favor deposition of finer particles. Sediment components when plotted on ternary 

diagram indicate data points in the three sections of core S4 to be widely scattered 

(Fig. 3.1.3b). In section II of core S8, data points are widely scattered under less 

violent to relatively violent hydrodynamic energy conditions (Fig. 3.1.4b). While data 

points representing section III are closely spaced and fall under less violent energy 

conditions. Data points in core S9 are closely spaced except for bottom section I. In 

this core sediment is deposited mainly under less violent hydrodynamic energy 

conditions (Fig. 3.1.5b). Similarly in core S10, all the data points are closely spaced 

and fall under less violent hydrodynamic class (Fig. 3.1.6b). While in core S7, data 

points representing section II are spaced apart and fall under relatively violent 

hydrodynamic class, whereas those representing sections I and III are closely spaced 

and represent sediment deposited under less violent energy conditions (Fig. 3.1.7b).  

The higher sand percentage in sub-surface sediments and increase in clay component 

towards surface in all the cores reflects prevailing hydrodynamics. The large variations 

in grain size distribution in core S4 as well as in lower section of core S9 and in middle 

section of cores S8 and S7 may be the result of changes in material supply and 

processes involved at the site of deposition. Dredging activities must have also 

contributed for the distribution of sediment components (Huaiyang et al. 2004). It is a 

known fact that fine grained sediments are easily kept in suspension and they need 



 

calm conditions to settle from the water column (Dolch and Hass 2008). The depth-

wise distribution pattern of sediment components together with results of ternary 

diagram suggests prevalence of relatively higher and varying hydrodynamic energy 

conditions facilitating greater deposition of coarser sand particles in the past. While 

lower and stable hydrodynamic conditions towards surface seem to have favored 

deposition of finer particles in recent years in Vaitarna estuary. The grain size 

distribution of tidal wetlands may also be affected by other factors such as changes in 

sediment source and biological factors in addition to hydrodynamics (Yang et al. 

2008). 

Spatial variation in sediment distribution is also evident. The high sand content in core 

S4 is a reflection of the high level of hydrodynamic energy (Huerta-Diaz et al. 2008) 

conditions towards mouth of the estuary. While higher deposition of finer clay particles 

in sheltered region of core S10 is attributed to comparatively low tidal energy regime 

promoting transport of mainly fine particulates to this area (O’Reilly et al. 1995). Zhang 

et al. (2002) reported that in the intertidal flats, hydrological dynamics control the grain 

size distribution from seaward to landward, and grain size in turn controls the 

distribution of the element concentrations.        

Mahim creek         

One mudflat core (core S11) was collected from Mahim creek (Fig. 3.1.8). In this core 

sand varies from 6 % to 75 % (avg. 33 %), silt and clay ranges from 12 % to 40 % 

(avg. 33 %) and 7 % to 58 % (avg. 34 %) respectively. Section I, II and III varies from 

86 cm to 76 cm, 74 cm to 32 cm and 30 cm to surface of the core respectively. Sand 

shows higher than average values in section I and III, while lower than average values 

are noted in section II. It shows a decreasing trend from 82 cm to 72 cm depth. Above 

which sand indicates an overall increasing trend up to 18 cm depth, followed by a 

decreasing trend towards the surface. Clay compensates for the variation in sand from 

bottom to surface of the core. Silt in section I shows opposite distribution pattern to 

that of sand while remains constant around the average line in sections II and III. Data 

points on ternary diagram indicate coarser sediments in section I to have been 



 

deposited mainly under relatively violent hydrodynamic class IIIB; while those in 

section III, are mainly deposited under relatively violent hydrodynamic class IIIC. In 

section II, finer sediments seem to have been deposited under less violent 

hydrodynamic class IIC and D. Thus, suggesting periodic changes in the 

hydrodynamic energy conditions over a period of time at this location in Mahim creek.   

a.   b.  
Fig. 3.1.8. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 

showing deposition of sand, silt and clay in core S11 wherein section I, II and III are represented by 

circular, triangular and diamond shaped symbols respectively.    

Dudh creek 

One mudflat sediment core (core S22) was collected from the inner part of the Dudh 

creek (Fig. 3.1.9). The percentage of sand varies from 10.3 % to 78.0 % (avg. 34.7 %), 

of silt from 9.74 % to 48.3 % (avg. 32.7 %) and of clay from 11.02 % to 47.7 % (avg. 

32.7 %). From the distribution pattern of sediment components with depth, the core 

can be divided into two sections, section I ranging from bottom to 20 cm depth and the 

upper section II varying from 18 cm depth to the surface. In the lower section, sand 

decreases gradually and is compensated by silt and clay. Above this, in the upper 

section of the core, sand shows gradual increasing trend with slightly lower values 

between 12 and 10 cm. Silt and clay largely compensate for the variation in sand 

percentage at all depths except near the surface of the core between 8 cm to surface 

wherein increase in silt percentage up to 4 cm depth followed by subsequent decrease 

at the surface is compensated by clay. Thus, similar to sediments of Vaitarna estuary, 



 

mudflat core collected from Dudh creek also indicated higher sand percentage towards 

the bottom as compared to surface sediments. However, ternary diagram indicated 

data points to be widely scattered between classes II and III, thus suggesting variation 

in hydrodynamic energy conditions over a period of time at this location. 

a.   b.  
Fig. 3.1.9. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S22 wherein section I and II are represented by circular 
and diamond shaped symbols respectively.         

Khonda creek 

Two mudflat cores were collected from Khonda creek. Core S20 is collected from the 

lower middle portion (19º57'49.8"N; 72º46'79.5"E) while core S21 represents the inner 

part of the creek (19º57'33.1"N; 72º46'07.1"E). Sand in core S20 varies from 0.3 % to 

40 % (avg. 10.5 %), silt from 0.7 % to 54 % (avg. 17 %) and clay from 29 % to 99 % 

(avg. 73 %). While sand, silt and clay in core S21 ranges from 0.2 % to 7.4 % (avg. 1.8 

%), 19 % to 40 % (avg. 25 %) and 53 % to 81 % (avg. 73 %) respectively.  

The vertical distribution pattern of sediment components is shown in Fig. 3.1.10. Core 

S20 is divided in to three sections; section I varies from 44 cm to 36 cm, section II and 

III ranges from 34 cm to 16 cm and from 14 cm to surface of the core respectively. 

Sand in section I indicate higher than the average values and show a gradual 

decreasing trend except at 42 cm depth. In section II sand exhibits a gradual 

decreasing trend with lower than average values. While in section III, sudden increase 

at 14 cm depth is followed by decrease up to 10 cm depth, above which, sand remains 

constant, except slight increase at the surface. Clay indicates increasing trend with 



 

fluctuations in sections I and II. In section III, clay indicated sudden decrease where 

corresponding increase in sand was noted. In general, clay exhibits higher than 

average values in this section.  

a.   b.  
Fig. 3.1.10. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S20 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.         

Core S21 can be divided into two sections. Section I varies from 42 cm to 16 cm while 

section II range from 14 cm to surface of the core. Sand is constant around the 

average line in section I while in section II it shows slight increase up to 10 cm where a 

small peak is evident, followed by a decrease towards the surface (Fig. 3.1.11). Clay 

content in section I show higher than average values between 36 cm and 22 cm 

depths. In section II, clay indicates lower than average values between 14 cm and 6 

cm depths, with a low peak at 10 cm depth. Silt compensates for the variation in clay 

in both the sections.  

Thus, similar to Vaitarna and Dudh creek sediments, mudflat cores collected from 

Khonda creek also indicated a decrease in deposition of coarser sediments and an 

increase in deposition of finer sediments towards the surface. However, in core S20 

sediments seem to have been deposited under varying hydrodynamic energy 

conditions ranging from calm to less violent to relatively violent (Fig. 3.1.10b). Widely 

spaced data points further suggested prevalence of large variation in depositional 

environment closer to the mouth of the creek. In contrast, closely spaced data points 

of core S21 (Fig. 3.1.11b) suggest deposition of finer sediments under uniform less 



 

violent hydrodynamic energy conditions over a period of time towards the interior of 

the creek. High average sand percentage in core S20 collected from lower middle 

portion and high clay content in core S21 collected from the inner part of the creek is 

therefore attributed to progressive sorting of sediments by tidal currents as well as 

decrease in the energy conditions away from the mouth.     

a.   b.  
Fig. 3.1.11. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S21 wherein section I and II are represented by circular 
and diamond shaped symbols respectively.         

3.1. IB. MANGROVES 

Vaitarna estuary 

Two mangrove sediment cores were collected from Vaitarna estuary (Fig. 3.1.12). 

Core S5 of length 102 cm is collected closer to the mouth while core S6 of length 60 

cm is collected from the upper middle estuary. In core S5, sand, silt and clay range 

from 1.6 % to 75 % (avg. 20.6 %), 18.0 % to 50 % (avg. 25.6 %) and 7.2 % to 80.1 % 

(avg. 53.8 %) respectively. In core S6, sand, silt and clay vary from 3.3 % to 21.4 % 

(avg. 11.2 %), 28.2 % to 39.7 % (avg. 33.8 %) and 43.0 % to 62.2 % (avg. 55.0 %) 

respectively. Grain size sorting is clearly evident similar to that observed for mudflat 

sediment cores collected from the same estuary.  



 

a.   b.  
Fig. 3.1.12. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S5 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.         

Core S5 is divided into three sections; section I range from 102 cm to 80 cm depth, 

section II varies from 78 cm to 50 cm while uppermost section III ranges from 48 cm to 

surface of the core (Fig. 3.1.12). Sand in section I exhibit a decreasing trend with very 

high values. In section II, further decrease in sand percentage is noted. While in 

section III, sand percentage is lower than the average and almost constant up to the 

surface. Clay is found to compensate for the variation in sand percentage in all the 

three sections. Silt is almost constant from bottom to surface except slight increase 

between 54 cm and 44 cm depths.  

In core S6, collected from the upper middle estuary, section I range from 60 cm to 44 

cm depth, section II varies from 42 cm to 14 cm while uppermost section III ranges 

from 12 cm to surface of the core (Fig. 3.1.13). Sand shows a gradual decreasing 

trend similar to that in core S5, however with lower abundance. It indicates values 

higher than average in section I, close to average in section II and lower than average 

in section III. Clay compensates for the variation in sand. Silt is constant from bottom 

to surface of the core except slight increase above 6 cm depth.  



 

a.   b.   
Fig. 3.1.13. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S6 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.         

Ternary diagram indicated mangrove sediments in Vaitarna estuary to have been 

deposited under less violent energy conditions except few points in section I of core 

S5, wherein they fall under relatively violent energy conditions (Fig. 3.1.12b, 3.1.13b). 

Mangrove cores therefore indicate a gradual shift in depositional environment from 

relatively high energy conditions in the past to calm conditions in recent years. Gradual 

change in hydrodynamic energy conditions seems to have favored gradual increase in 

deposition of finer particles from bottom to top of the core. Decrease in sand content 

towards the surface was also evident in mudflat cores; however change in sediment 

components is more clear or gradual in mangrove sediments.        

Dudh creek 

Two mangrove sediments cores were collected from Dudh creek. Core S12 of length 

56 cm was collected towards the mouth (19º44'43.9"N; 72º42'39.6"E) while 16 cm long 

core S13 represents the middle part of the creek (19º45'41.7"N; 72º43'28.7"E). In core 

12, the percentage of sand varies from 11.3 - 85.8% (avg. 32.6%), that of silt varies 

from 6.64 - 38.6% (avg. 30.7%) and of clay from 7.6 - 58% (avg. 36.7%). In core S13, 

sand, silt and clay ranges from 3.3 % to 78 % (avg. 49 %), 17 % to 79 % (avg. 36 %) 

and 5 % to 29 % (avg. 16 %) respectively.  



 

a.   b.  
Fig. 3.1.14. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S12 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively.         

Based on the distribution pattern of sediment components, core S12 can be divided 

into three sections (Fig. 3.1.14). Section I varies from 56 cm to 30 cm, section II range 

from 28 cm to 14 cm and section III from 12 cm to surface of the core. In the lower 

section I, fluctuating trend is observed with values lower than the average. In the 

middle section of the core, sand percentage increases drastically from 30 cm to 24 cm 

depth. Further up, sand concentration decreases up to 14 cm. The variation in sand 

percentage is compensated by silt and clay in section I and II. In the upper section III, 

sand percentage is relatively low and is almost constant. The clay percentage is high 

in this section, with a slight decrease at 12 cm depth, followed by an increase up to 10 

cm; where clay concentration is highest. Further up, a gradual decrease in clay up to 

the surface is seen which is compensated by silt.  

Core S13 is divided in to two sections. In this core, section I varies from 16 cm to 12 

cm depth. While section II ranges from 10 cm to surface of the core. Sand in section I 

show an increasing trend. In section II, sand indicate a decrease at 10 cm depth 

followed by a gradual increasing trend up to 6 cm and a decrease till surface of the 

core. Silt compensates for the variation in sand from bottom to surface (Fig. 3.1.15). 

Clay indicates higher than average values in section I. In section II clay show a 

gradual decreasing trend up to 4 cm depth followed by a sudden increase at the 

surface. In this section, clay indicate lower than average values except at the surface.  



 

In the core collected near the creek mouth, the high sand content in the middle section 

reflects a higher hydrodynamic energy as the grain size of sediment reflects prevailing 

hydrodynamic condition. Waves and tides associated with currents must have 

facilitated deposition of coarser sediment fraction in the middle section carrying away 

finer sediment components (Siraswar and Nayak 2011). Further, abrupt change in 

sand percentage suggests a transition from a relatively high energy depositional 

environment to lower energy environment (Fox et al. 1999) in recent years. However, 

sediments in this core seem to have been deposited under less violent hydrodynamic 

energy conditions (Fig. 3.1.14b).  The smallest core collected in the present study i.e. 

core S13 of length 16 cm may be said to represent recently deposited sediments. 

Widely spaced data points falling under relatively violent to violent hydrodynamic 

energy conditions further suggests large variation in depositional conditions at the 

middle part of the creek (Fig. 3.1.15b). The middle portion of the creek therefore 

seems to receive and deposit additional varying amount of sedimentary particles in 

recent years.  

a.   b.  
Fig. 3.1.15. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S13 wherein section I and II are represented by circular 
and diamond shaped symbols respectively.         

The spatial distribution of sediment components in the creek revealed relatively higher 

average percentage of sand and silt and lower average percentage of clay in the core 

collected from the middle part of the creek as compared to the core collected from the 

mouth. Creek with just 23 km length and with Deccan basalts as the main geological 

formation in the catchment area, large variation in natural sediment input and 



 

mineralogy is not expected. However, human activities such as construction in near 

vicinity result in availability of loose sediment material of mixed size. Thus, addition of 

varying higher amount of coarser sediment in the middle portion of the creek may be 

due to input of such mixed size sediment material from nearby catchment area in 

recent years. Around 2000 mm rainfall received between June and September every 

year may bring and deposit such coarser sediments in the middle part of the creek. 

The wide range of sediment components at two locations therefore indicate 

differences in hydrodynamics of depositional environments (He et al. 2006) and type of 

material retained at these locations (Volvoikar and Nayak 2013b). 

Khonda creek 

Two mangrove cores were collected from Khonda creek. Core S16 of length 72 cm 

was collected closer to the mouth while core S18 of length 66 cm is collected from the 

inner part of the creek. Sand, silt and clay in core S16 varies from 16.5 % to 61.6 % 

(avg. 45.6 %), 11.7 % to 49 % (avg. 25.5 %) and 3 % to 62 % (avg. 29 %) respectively. 

While in core S18, sand, silt and clay ranges from 1.02 % to 85.1 % (avg. 33.8 %), 

3.08 % to 41.9 % (avg. 19.9 %) and 11.8 % to 77.7 % (avg. 46.3 %) respectively. 

a.   b.  
Fig. 3.1.16. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S16 wherein section I, II and III are represented by 
circular, triangular and diamond shaped symbols respectively wherein section I and II are represented 
by circular and diamond shaped symbols respectively.                 

Section I in core S16 collected closer to the mouth, range from 72 cm to 60 cm depth, 

section II from 58 cm to 40 cm and section III varies from 38 cm to surface of the core. 



 

In section I, sand percentage is lower than the average and indicates a decrease from 

bottom to 66 cm, followed by an increase up to 60 cm depth. In section II, sand is 

almost constant around the average line (Fig. 3.1.16). While in section III, larger 

fluctuations around the average line are noted with prominent lower peaks at 38 cm, 

30 cm and 14 cm depths. Clay indicates opposite distribution pattern to that of sand. 

Silt show fluctuating trend around the average line from bottom to surface of the core.  

Core S18 collected from the inner part of the creek can be divided into two sections. 

Section I varies from 66 cm to 34 cm depth and section II ranges from 32 cm to 

surface of the core. Sand indicates a gradual decreasing trend from bottom to surface, 

with values above average in section I and lower than the average in section II. Clay 

compensates for the variation in sand in the two sections. Silt also shows an increase 

from bottom to surface of the core (Fig. 3.1.17).  

a.   b.   
Fig. 3.1.17. a. Vertical distribution of sediment components (sand: silt: clay) and b. ternary diagram 
showing deposition of sand, silt and clay in core S18 wherein section I and II are represented by circular 
and diamond shaped symbols respectively.         

The larger fluctuations in distribution of sediment components in core S16 collected 

closer to the mouth may be attributed to varying tidal action. Data points on ternary 

diagram also indicated large variation in hydrodynamic energy condition at this 

location; wherein sediments seem to have been deposited under less violent to 

relatively violent to violent hydrodynamic energy conditions. While in core S18 

collected from the interior, sediments are deposited under less violent hydrodynamic 

energy conditions, and show a gradual change in the type of sediment deposited over 



 

a period of time. Increased marine inundation must have probably resulted in greater 

deposition of finer particles in the interior of the creek in recent years. Estimates of 

mean sea level rise made from past tide gauge data at selected stations along the 

coast of India indicate a rise of slightly less than 1mm/year (Unnikrishnan et al. 2006). 

3.1: II A. 1. Organic carbon in mudflats 

Kolamb creek 

Organic carbon (OC) in core S1 ranges from 0.2 % to 1.9 % (avg. 1.1 %) and that in 

core S3 from 0.6 % to 2.2 % (avg. 1.1 %).   

                       a.                 b.    
Fig. 3.1.18. Vertical distribution of organic carbon in a. core S1 and  b. core S3 

OC in section I of core S1 is almost constant and close to the average line (Fig. 

3.1.18a), whereas in section II, lower than average values for OC are noted which 

shows a decreasing trend from 52 cm to 46 cm depth, followed by a gradual 

increasing trend up to 16 cm depth of section III, except a sudden decrease at 34 cm. 

In section III, OC exhibits higher than the average values and shows a decreasing 

trend from 16 cm depth upto the surface of the core. Core S3 however indicates peak 

value in section I, i.e., at 44 cm depth (Fig. 3.1.18b). In section II, OC shows a 

decreasing trend with higher than average values up to 28 cm depth. Above 28 cm, 

OC values are noted to be lower than the average except at the surface. It shows a 

constant trend up to 16 cm depth followed by a fluctuating trend towards the surface. 

OC shows variation similar to that of finer sediment components in this creek. 



 

Vaitarna estuary 

OC varies from 0.7 % to 2.4 % (avg. 1.4 %), 0.7 % to 1.6 % (avg. 1.3 %), 0.8 % to 5.9 

% (avg. 1.7 %), 0.6 % to 1.2 % (avg. 1 %) and 0.9 % to 2 % (avg. 1.3 %) in core S4, 

core S8, core S9, core S10 and core S7 respectively.    

OC in core S4 exhibits large fluctuations in sections I and II. In section I, OC fluctuates 

around the average line while in section II, OC percentage is noted to be higher than 

the average except at 44 cm, 40 cm and 34 cm depths. While in section III, OC shows 

a gradual decreasing trend towards the surface with values lower than the average. In 

section I of core S8, OC does not show much variation and remains lower than the 

average value. In section II, OC indicate larger fluctuations with sudden lower peaks at 

80 cm, 72-70 cm and 48 cm depths. While, it is noted to be higher than the average 

between 78-74 cm depths and 62-50 cm depths. In section III, OC shows an 

increasing trend up to 6 cm depth, followed by a decrease towards the surface. In core 

S9, very high OC % with fluctuating decreasing trend is noted from bottom to 38 cm 

depth of section I, followed by an increasing trend up to 32 cm and a decrease at 30 

cm depth (Fig. 3.1.19). Further up in sections II and I, OC % is almost constant and 

have values lower than the average. While, in section I of core S10, OC % is almost 

constant and remains higher than the average value up to 32 cm depth; above 32 cm 

it shows a slight decreasing trend. In section II, OC % indicates slight increase till 22 

cm depth followed by sudden large decrease till 18 cm depth and an increasing trend 

up to the surface of the core. In upper two sections (i.e. section II and III) OC % is 

lower than the average except between 26-24 cm and at the surface of the core. OC in 

core S7 shows large fluctuations in section I and II with lower values between 58 cm 

and 48 cm depths similar to finer sediment components. In section III, OC indicates 

increasing trend from 28 cm to 12 cm depth. OC is noted to be lower than the average 

in this section except for prominent higher peaks at 36 cm, 14 cm and 12 cm depths 

(Fig. 3.1.20). 



 

a.    b.    c.  
Fig. 3.1.19. Vertical distribution of organic carbon in  a. core S4  b. core S8  and  c. core S9 

a.                 b.  
Fig. 3.1.20. Vertical distribution of organic carbon in  a. core S10 and  b. core S7 

Relatively high OC obtained towards the bottom of core S9 as well as the other cores, 

point towards addition of high proportion of terrestrial organic matter which is known to 

include a higher proportion of biologically resistant organic compounds which are less 

susceptible to biological degradation leading to a better preservation (Alvarez-Iglesias 

et al. 2006). In the upper sections of most of the cores OC is low, and in core S9 it is 

almost constant, thus indicating presence of labile organic matter of marine origin.  

Dudh creek 

OC in core S22 varies from 0.38 % to 5.45 % (avg. 2.68 %). In section I it shows a 

gradual increasing trend with values lower than the average. Between 20 cm and 10 

cm depths of section II, OC remains almost constant with values similar to that of 



 

average. Above 10 cm gradual large increase in OC is noted with highest 

concentration at the surface. The distribution pattern of OC in this core is similar to that 

of silt (Fig. 3.1.21).  

a.  
Fig. 3.1.21. Vertical distribution of organic carbon in core S22 

The higher values of organic carbon associated with finer sediment component namely 

silt in the upper section of the core indicates enhanced supply of organic material from 

the overlying water column in recent years (Badr et al. 2009) probably through polluted 

waters.    

Khonda creek  

OC in core S20 and core S21, ranges from 0.73 % to 1.28 % (avg. 0.98 %) and 0.53 

% to 1.34 % (avg. 0.78 %) respectively. It shows an increasing trend in section I of 

core S20 with values lower than the average (Fig. 3.1.22). While in section II, between 

36 cm and 24 cm depths OC is noted to be higher than the average. Above 22 cm 

depth up to the surface OC fluctuates around the average line. While in core S21, OC 

remains lower than the average up to 22 cm depth of section I. Above 22 cm, OC 

shows sudden large increase up to 18 cm depth followed by a decrease till 14 cm 

depth of section II. OC is however noted to be higher than the average value above 22 

cm depth, except at 8 cm. OC therefore did not show similarity in distribution pattern 

with that of sediment components. Thus factors other than grain size must be 



 

controlling the distribution of organic carbon in mudflat cores collected from Khonda 

creek. 

a.                 b.  
Fig. 3.1.22. Vertical distribution of organic carbon in a. core S20  and  b. core S21 

3.1: II B. 1. Organic carbon in mangroves 

Vaitarna estuary 

OC in core S5 and in core S6 varies from 0.21 % to 1.97 % (avg. 0.95 %) and 1.04 % 

to 1.52 % (avg. 1.24 %) respectively. In section I of core S5, OC show increasing trend 

with larger fluctuations from bottom to 88 cm depth (Fig. 3.1.23a). In this section OC is 

noted to be lower than the average. In section II, OC maintains higher than average 

values with highest concentration at 50 cm depth. In section III, lower than average 

values are noted wherein OC shows slight decreasing trend up to 22 cm followed by 

increase towards the surface. While in core S6, OC indicates overall fluctuating 

increasing trend (Fig. 3.1.23b). Highest value is however observed at the bottom of the 

core.  

OC in mangrove cores collected from Vaitarna estuary did not show similarity with 

distribution pattern of sediment components. However, relatively higher OC % in the 

middle section of core S5 probably suggest greater deposition of refractory organic 

matter of terrestrial origin in past at this location, similar to that of mudflat cores. 



 

a.                 b.  
Fig. 3.1.23. Vertical distribution of organic carbon in  a. core S5 and  b. core S6 

Dudh creek 

The organic carbon value varies from 0.24 - 1.73 % (avg. 0.99 %) and 0.2 % to 3.15 % 

(avg. 1.11 %) in core S12 and core S13 respectively. OC in section I of core S12 

indicates higher than values except a lower peak at 40 cm depth. While in sections II 

and III, OC remain lower than the average wherein it indicates large decreasing trend 

from 28 cm to 22 cm depth of section II. Above 22 cm, OC shows gradual increase 

towards the surface (Fig. 3.1.24).  

a.                 b.  
Fig. 3.1.24. Vertical distribution of organic carbon in  a. core S12 and  b. core S13 

In section I of core S13, OC is noted to be higher than average value. OC shows 

increase at 14 cm followed by a sudden decrease at 12 cm depth. In section II, OC is 

lower than the average and indicates a decreasing trend up to 6 cm followed by an 

increase towards the surface of the core. OC in this core shows distribution pattern 



 

similar to that of clay. Thus OC was noticed to be higher in lower section as compared 

to middle and upper sections of mangrove core S12 collected from Dudh creek. In 

core S13, OC seem to be associated with finer sedimentary fraction.  

Khonda creek 

OC varies from 0.03 % to 0.77 % (avg. 0.3 %) in core S16 and ranges from 0.15 % to 

0.87 % (avg. 0.5 %) in core S18. In core S16, OC shows fluctuating trend similar to 

that noted for sediment components. OC is noted to be higher than the average in 

section I with prominent peaks at 70 cm and 64 cm depths. In section II and III, OC 

fluctuates around the average line except lower values at 34 cm and between 30 cm 

and 20 cm depths. In core S18, OC shows a gradual increasing trend from bottom to 

surface of the core similar to that of finer particles. Here OC is noted to be lower than 

the average value in section I, and higher than the average value in section II (Fig. 

3.1.25). 

a.                 b.  
Fig. 3.1.25. Vertical distribution of organic carbon in  a. core S16 and  b. core S18 

Thus OC in mangrove cores collected from Khonda creek is closely associated with 

sediment components which in turn were dependent on the tidal action or 

hydrodynamic energy conditions at the sampling locations.     

 

 



 

3.1: II A. 2. Total nitrogen (TN %) in mudflats 

Vaitarna estuary 

Total nitrogen in cores S4, S9 and S7 range from 0.04 % to 0.08 % (avg. 0.07 %), 0.04 

% to 0.10 % (avg. 0.08 %) and 0.07 % to 0.13 % (avg. 0.10 %) respectively. TN % 

therefore shows a spatial variation with higher values at the upper middle portion of 

the estuary and lower values closer to the mouth.  

a.   b.   c.  
Fig.3.1.26. Vertical distribution of total nitrogen (TN %) in  a. core S4  b. core S9 and  c. core S7 

The depth-wise distribution pattern of total nitrogen in core S4 indicates a fluctuating 

trend from bottom to surface. Lower than average values are noted in section I except 

at 84 cm depth, while higher than average values are observed in section II. In section 

III, TN shows fluctuating trend with peak values at 20 cm depth and at the surface. In 

core S9, TN indicates lower than average values in sections I and II while higher than 

average values are noted in uppermost section III. The depth-wise distribution pattern 

indicates fluctuating decreasing trend up to 32 cm depth of section I. Further, TN 

shows an increase till 26 cm depth of section II, above which TN remains almost 

constant in this section. At 14 cm depth of section III TN shows a sudden large 

increase, above this it indicates a decreasing trend towards the surface. The 

distribution pattern of TN in core S7 shows large similarity with that of TOC. TN in this 

core suggests higher than average values in section I with a decreasing trend (Fig. 

3.1.26). In section II sudden decrease in TN is noted between 58 cm and 48 cm 



 

depths. Further up TN indicates slight increase till 42 cm depth. Between 42 cm and 

26 cm depths of section III, TN shows a fluctuating decreasing trend followed by an 

increasing trend till 12 cm depth.  A sudden decrease is noted at 10 cm depth, above 

which TN remains constant around the average line. Increase in TN towards surface 

suggests increase in productivity in recent years. While higher average concentration 

of TN in mudflat core S7 collected from the upper middle estuary is attributed to 

greater input of nutrient load from adjoining river.  

3.1: II B. 2. Total nitrogen (TN %) in mangroves 

Vaitarna estuary 

a.   Fig. 3.1.27. Vertical distribution of total nitrogen (TN %) in core S5 

TN in core S5 varies from 0.02 % to 0.08 % (avg. 0.05 %). TN indicates a gradual 

increasing trend from bottom to 50 cm depth of section II. Values remain lower than 

average in section I and higher than average in section II. In section III, TN indicates a 

sudden decrease at 40 cm depth, above which TN shows slight decrease up to 26 cm 

followed by a gradual increasing trend towards the surface with higher than average 

values above 10 cm depth (Fig. 3.1.27). Increase in TN concentration towards surface 

probably suggests greater marine productivity in recent years. Similar increase in TN 

values was also noted for mudflat cores collected from Vaitarna estuary.  

 

3.1: II A. 3. Total phosphorus (TP mg/g) in mudflats  



 

Vaitarna estuary 

TP in cores S4, S9 and S7, range from 0.12 mg/g to 0.49 mg/g (avg. 0.22 mg/g), 0.14 

mg/g to 0.45 mg/g (avg. 0.25 mg/g) and 0.13 mg/g to 0.26 mg/g (avg. 0.19 mg/g) 

respectively. TP in core S4 fluctuates around the average line in all the three sections 

with prominent peaks at 62 cm and 14 cm depths (Fig. 3.1.28). While in core S9, TP 

indicates an overall increasing trend from bottom to 6 cm depth except prominent 

peaks at 38 cm and 22 cm, above which it remains closer to the average line. Similar 

to that in core S4, TP in core S7 does not indicate any specific trend and show values 

closer to the average line. Increase in TP concentration in core S9 probably suggests 

increased marine inundation at this location.  

a.    b.    c.  
Fig. 3.1.28. Vertical distribution of total phosphorus (TP mg/g) in  a. core S4  b. core S9 and  c. core S7 

3.1: II B. 3. Total phosphorus (TP) in mangroves  

Vaitarna estuary 

TP in core S5 varies from 0.11 mg/g to 0.47 mg/g (avg. 0.24 mg/g). Similar to that of 

mudflat core S9, mangrove core S5 also indicated an overall increase in TP 

concentration (Fig. 3.1.29) from section I (avg. 0.16 mg/g) to section III (avg. 0.32 

mg/g). Thus suggesting increase in marine inundation/ productivity.   



 

a.  
Fig. 3.1.29. Vertical distribution of total phosphorus (TP mg/g) in a. core S5 

3.1: II A. 4. TOC/TN ratio in mudflats  

Vaitarna estuary 

TOC/TN range from 8.87 to 14.6 (avg. 12.2) in core S4, 10.5 to 59.5 (avg. 17.5) in 

core S9 and 7.90 to 11.1 (avg. 8.87) in core S7.  

TOC/TN ratio (Fig. 3.1.30a) shows highest value of 14.6 at the bottom of the core S4. 

In sections I and II TOC/TN range from 11.5 to 14.6. In section III, TOC/TN ratio shows 

a gradual decreasing trend up to the surface with TOC/TN value of 12.9 at 30 cm and 

8.87 at the surface. In core S9 TOC/TN ratio (Fig. 3.1.30b) shows a smooth gradual 

decreasing trend from 46 cm to surface of the core i.e. from section I to section III 

(data for TOC/TN ratio below 46 cm is not available). However, very high value at 42 

cm depth, a peak value at 32 cm depth and a small increase at 14 cm depth is noted. 

In mudflat core S7 Increase in TOC/TN ratio is noted in section II between 50 cm and 

42 cm depths with highest value of 11.1 at 48 cm (Fig. 3.1.30c). In section III, a peak 

value at 36 cm depth is noted; further TOC/TN ratio shows gradual increasing trend 

from 24 cm to surface of the core; wherein TOC/TN ratio increases from 8.01 to 9.05. 

Thus relatively higher TOC/TN values are noted below 34 cm depth in this core in 

section III. 



 

a.    b.    c.  
Fig. 3.1.30. Vertical distribution of TOC/TN in   a. core S4   b. core S9 and   c. core S7 

3.1: II B. 4. TOC/TN ratio in mangroves  

Vaitarna estuary 

In mangrove core S5 TOC/TN varies from 7.00 to 30.8 (avg.13.7). Higher TOC/TN 

ratios (avg. 16.1) are noted below 50 cm i.e. in sections I and II. Whereas, TOC/TN 

ratio is relatively lower (avg. 11) in section III. 

a.   

Fig. 3.1.31. Vertical distribution of TOC/TN in  a. core S5    

Different organic matter sources are characterized by distinct values of C/N ratios (Ku 

et al. 2007). The low cellulose and high protein compositions of phytoplankton is 



 

known to result in lower TOC/TN ratios while high cellulose/lignin and low protein 

content of vascular terrigenous plant result in higher C/N ratios (Hu et al. 2006). Thus 

higher TOC/TN ratio values towards bottom and lower values towards surface indicate 

dominance of autochthonous carbon sources in recent years as compared to the past 

(Hubeny et al. 2009). It also point towards decrease in deposition of organic matter of 

terrestrial origin in recent years as compared to the past. Larger fluctuations in 

TOC/TN values in the lower portion of the cores reflects larger variation in terrestrial 

source input under varying energy conditions prevailing in the past. While gradual 

change towards the surface, point towards increased algal productivity probably 

favored under relatively less dynamic energy conditions in recent years.  

Thus the results of sediment components together with results of nutrients (TOC, TN 

and TP) indicated a change in the type of organic matter and sediment components 

deposited within the sediments of Vaitarna estuary over a period of time. The 

depositional environment of Vaitarna estuary seem to have changed from higher 

energy conditions allowing deposition of coarser particles in the past to lower energy 

conditions depositing finer particles in recent years. Higher deposition of organic 

matter in lower and middle sections of the cores suggested deposition of refractory 

organic matter of terrestrial origin in the past. TN and TP also showed increase 

towards surface suggesting increase in phytoplankton productivity in recent years. 

TOC/TN further indicated a decrease in terrestrial input from past to present. 

TOC v/s TN plots indicate significant positive correlation in core S4 and S7, (Fig. 

3.1.32.a,b). This indicates common source or similar depositional processes for TOC 

and TN in cores S4 and S7. While in cores S9 and S5, TOC and TN did not show 

significant association (Fig. 3.1.32.c,d) and are therefore assumed to have different 

origin or dissimilar processes of deposition. The similarity in distribution and 

association of organic matter in cores S5 and S9 may be attributed to relatively 

protected environments from which they are collected, i.e. mangroves and a more 

protected narrow sub channel respectively.   



 

 
Fig. 3.1.32. Scatter plots illustrating coefficient of determination (R

2
) between C% and N%:  a) mudflat 

core collected towards the mouth (core S4); b) mangrove core collected towards the mouth (core S5); c) 
mudflat core collected from the lower middle estuary (core S9); d) mudflat core collected from the upper 
middle estuary (core S7) 

Further, cores S4 and S5 are compared to understand the spatial variation between 

adjacent mudflat and mangrove sediment collected towards the mouth of the estuary. 

The results indicate high range and average values of TOC/TN in mangrove core S5 

as compared to mudflat core S4. Thus, pointing towards greater deposition of 

mangrove litter in mangrove sediment as compared to adjacent mudflat. In mangrove 

ecosystems, mangrove plant litter fall is the main supplier of terrestrial organic matter 

fraction to the sedimentary organic matter pool (Prasad and Ramanathan, 2009). 

3.1: III. Distribution of sediment components and TOC along north Maharashtra 

coast  

When average values of sediment components and TOC are compared (Table 3.1.1), 

sand in cores collected towards the mouth, exhibit increase (i.e. Kolamb < Vaitarna < 

Dudh < Khonda) from south to north of the study area, while silt, clay and TOC in 

general show a corresponding decrease. In cores collected from the lower middle 

portions of the estuary and creeks, sand and clay do not show such a variation, while 

in cores collected from the upper middle portions, silt indicates a decrease from south 

to north (i.e. Vaitarna > Mahim > Dudh > Khonda). As stated earlier the study area 



 

represents macro-tidal environment with increasing tidal range towards north. Increase 

in sand and decrease in finer sediment components towards north especially near the 

mouth may therefore be directly related to the difference in tidal energy conditions at 

these locations.  

 Name of the estuary/creek Sand Silt Clay TOC 

Towards mouth of 

estuary/creek 

Khonda creek (S16) 45.6 25.5 29 0.3 

Dudh creek (S12) 32.6 30.7 36.7 0.99 

Mahim creek (S11) -- -- -- -- 

Vaitarna estuary (S5) 20.6 25.6 53.8 0.95 

Kolamb creek (S3) 20.4 36.3 43.3 1.1 

Lower middle 

estuary/creek 

Khonda creek (S20) 10.5 17 73 0.98 

Dudh creek (S13) 49 36 16 1.11 

Mahim creek (S11) -- -- -- -- 

Vaitarna estuary (S9) 11.5 37.6 50.8 1.7 

Kolamb creek (S1) 22.3 36 41.7 1.12 

Upper middle 

estuary/creek 

Khonda creek  (S21) 1.8 25 73 0.78 

Dudh creek (S22) 34.7 32.7 32.7 2.7 

Mahim creek (S11) 33 34 33 -- 

Vaitarna estuary (S7) 11.3 39.5 49.2 1.3 

Kolamb creek -- -- -- -- 

Table 3.1.1. Average of sediment components and TOC in cores collected along north 
Maharashtra coast    

 

3.1. IV. Clay mineralogy 

Clay minerals are hydrous alumino-silicates and are grouped as phyllo-silicates or 

layered silicates. They are the products of weathering and soil formation processes 

(Chaudhri and Singh 2012). They are < 2μm in size and have a high ability of 

adsorbing positively charged metal species. The adsorption capabilities result from 

their high surface area as well as a net negative charge on the mineral structure 

(Rajkumar et al. 2012). They basically point towards the intensity of weathering, 

especially the degree of hydrolysis at source rock regions (Chamley 1989). The clay 



 

mineral assemblages within sediment is dependent upon the hinterland geology, 

drainage and climate, and are also source specific (Chauhan and Vogelsang 2006). 

Their distribution is affected by various processes such as size sorting during transport 

(Reddy et al. 1992), differential flocculation (Singer 1984) and dispersal of clay 

minerals due to prevalence of regional and local currents (Naidu et al. 1985).      

3.1. IV. A: Distribution of clay minerals in mudflats  

Vaitarna estuary 

Mudflat core S4 collected closer to the mouth and core S7 collected from the upper 

middle portion of Vaitarna estuary are studied for their clay mineralogical composition. 

The abundance of clay minerals in the two cores follow the order of smectite > illite > 

kaolinite > chlorite. Smectite ranges from 43 % to 74 % (avg. 54 %) and 70 % to 76 % 

(avg. 71 %) in core S4 and core S7 respectively. While illite varies from 14 % to 37 % 

(avg.30 %) in core S4 and from 10 % to 19 % (avg. 14 %) in core S7. Kaolinite in core 

S4 ranges from 7 % to 12 % (avg. 9 %) and that in core S7 from 5 % to 12 % (avg. 8 

%). Chlorite varies from 4 % to 10 % (avg. 7 %) and 2 % to 9 % (avg. 6 %) in core S4 

and S7 respectively.     

a.       b.  
Fig. 3.1.33. Vertical distribution of clay minerals in   a. core S4 and  b. core S7  



 

In core S4, smectite and illite show large range. The vertical distribution pattern of 

smectite indicates decrease from 70 cm to 60 cm depth of section I (Fig. 3.1.33a). In 

section II, smectite shows a gradual increasing trend with its highest value at 30 cm. 

While in section III, it indicates a decrease till 10 cm depth, above which it remains 

almost constant except at the surface where it shows a sudden increase. Illite shows 

opposite distribution pattern to that of smectite along the length. Kaolinite and chlorite 

however remain almost constant from 70 cm to surface of the core. Unlike core S4, 

core S7 indicates smaller range and standard deviation values for the clay minerals. 

The vertical distribution pattern is noted to be almost uniform from 60 cm to surface of 

the core (Fig. 3.1.33b).  

Prevalence of relatively lower hydrodynamic energy conditions towards the upper 

middle region must have facilitated uniform deposition of clay minerals over a period of 

time. While large variation in distribution of smectite and illite in core S4, may be 

attributed to varying energy conditions allowing varying trend of deposition of clay 

mineral particles closer to the mouth. The observed spatial variation i.e. relatively 

higher percentage of smectite in core S7 collected from the upper middle estuary as 

compared to core S4 collected closer to the mouth, and higher percentage of illite in 

core S4 as compared to core S7, can be explained by their relative stabilities. The 

salinity of estuarine waters destabilizes suspended clay particles as a result of which 

they form aggregates and undergo deposition. Study carried out by Edzwald and 

O’Melia (1975) has indicated montmorillonite (smectite) to show lower stability than 

illite. Smectite entering Vaitarna estuary must be aggregating and settling faster 

towards upstream region. While because of its higher stability in less saline waters, 

illite shows greater seaward abundance.     

3.1. IV. B: Distribution of clay minerals in mangroves  

Khonda creek 

Mangrove core S16 collected closer to the mouth of Khonda creek is studied for clay 

mineralogical composition. Similar to mudflat cores collected from Vaitarna estuary, 

mangrove core S16 also indicates smectite to be the dominant clay mineral in Khonda 



 

creek. Clay mineral assemblage also follow the same order of abundance i.e. smectite 

> illite > kaolinite > chlorite. Smectite in this creek varies from 50 % to 81 % (avg. 66 

%) and illite ranges from 11 % to 32 % (avg. 21 %); while, kaolinite and chlorite range 

from 5 % to 10 % (avg. 8 %) and 2 % to 9 % (avg. 6 %) respectively. Similar to core 

S4 collected from Vaitarna estuary,  Smectite and illite in core S16 also show large 

variation and opposite distribution pattern to each other; while kaolinite and chlorite 

remain almost constant from bottom to surface of the core (Fig. 3.1.34).  

The clay mineral composition of north Maharashtra coast is therefore characterized by 

the dominance of smectite, followed by illite and minor amount of kaolinite and chlorite. 

Catchment area of Vaitarna estuary and Khonda creek forms the part of Deccan 

basalt, which is the main source of smectite in this region (Rao and Rao 1995). 

Kaolinite finds its source in the Precambrian gneissic rocks (Thamban and Rao 2002). 

Illite and chlorite are known to have their origin mainly from physical weathering of 

Precambrian terrain in the Himalayas, while Indus River is the major source of illite 

and chlorite to the eastern Arabian Sea. Thus, clay minerals seem to have been 

transported and deposited within sediment of north Maharashtra coast from these 

sources.  

a.      
Fig. 3.1.34. Vertical distribution of clay minerals in a. core S16 

 



 

Section II: Metals in bulk sediments and clay fractions 

3.2. IA. 1. Distribution of Al, Fe and Mn in bulk sediments of mudflats 

Vaitarna estuary 

Fe, Mn and Al vary from 7.4 % to 12.5 % (avg. 9.7 %), 887 ppm to 1518 ppm (avg. 

1115 ppm) and 7.7 % to 12.9 % (avg. 10.2 %) respectively in core S4, while in core S9 

Fe, Mn and Al range from 7.9 % to 11.8 % (avg. 10.2 %), 715 ppm to 1274 ppm (avg. 

1100 ppm) and 5.5 % to 11.2 % (avg. 9.3 %) respectively. In core S7, Fe varies from 

6.4 % to 11.6 % (avg. 9.4 %), Mn ranges from 1256 ppm to 2264 ppm (avg.1734 ppm) 

and Al varies from 6.1 % to 10.9 % (avg. 9.1 %). The average percentages of metals 

in all the three cores when compared indicated relatively high Al, Fe and Mn 

concentrations in core collected near the mouth (core S4), lower middle estuary (core 

S9) and upper middle estuary (core S7) respectively.  

a.  b.  c.  
Fig. 3.2.1. Vertical distribution of major elements in  a. core S4  b. core S9 and  c. core S7 

Near the mouth (core S4) Al shows large fluctuating trend with higher than average 

values in sections I and II, except at 68 cm and 50 cm depths (Fig. 3.2.1a). Al shows a 

sudden decrease at 28 cm depth of section III, followed by an increasing trend towards 

the surface; however it maintains lower than average values in this section. At the 

lower middle estuary (core S9) Al shows an overall increasing trend with lower than 

average values in section I except at 32 cm and 30 cm depths. In sections II and III, Al 



 

is almost constant with higher than average values (Fig. 3.2.1b). Core S7 collected at 

the upper middle estuary indicated fluctuations with overall decreasing trend for Al 

from bottom to a depth of 18 cm (Fig. 3.2.1c). Above 18 cm sudden and large 

decrease in Al concentration followed by an increase towards the surface is noted 

which is similar to trend in core S4. 

Aluminium is a typical lithogenic element, and is considered to be an important erosion 

indicator suggesting terrigenous input (Shi et al. 2010) to the sediment. It is therefore 

considered to act as a “proxy” for the clay content (Abrahim and Parker 2008). 

However, in the present study Al and clay did not show much similarity in distribution 

pattern especially in cores S4 and S7. Thus, indicating association of Al with other 

sedimentary components (silt and sand) in addition to that of clay. 

Vertical profile of Fe in core S4 shows an increasing trend from bottom to a depth of 

around 32 cm of section II with minor variations (Fig. 3.2.1a). Above 32 cm, in section 

III Fe maintains an overall high percentage as compared to the lower depths and 

shows decreasing trend from 20 cm to surface. Fe shows similar distribution pattern to 

that of Al between 80 cm and 42 cm depths. Mn indicates a decrease from bottom to 

76 cm depth of section I, and remains constant around the average line till 58 cm 

depth of section II. Above 56 cm, Mn value fluctuates with an overall increasing trend 

and a peak at 18 cm depth. Mn distribution matches Al between 58 cm and 42 cm 

depths. In core S9, Fe shows fluctuating increasing trend in section I, and is almost 

constant with values close to the average line in sections II and III (Fig. 3.2.1b). Mn 

also shows fluctuating trend with relatively lower values from bottom to a depth of 38 

cm in section I. Above 38 cm depth, Mn is almost constant with slightly higher than 

average values. Mn distribution matches Al from bottom to 44 cm depth. At the upper 

middle estuary (core S7), Fe shows large variations from bottom to 52 cm depth of 

section II and 42 cm to 30 cm depth of section III (Fig. 3.2.1c). Both Fe and Al show 

increase at the surface and a sudden decrease at 16 cm depth. Mn shows an overall 

increasing trend with large variations between 50 cm depth of section II and 30 cm 

depth of section III.  



 

The similarity in distribution pattern of Fe and Mn with Al at various depths in these 

cores represents portion of alumino-silicate mineral bound fraction and/or weathered 

material of terrestrial source rock. Fe and Mn are redox sensitive elements and their 

distribution pattern has been used previously to understand early diagenetic processes 

(Cundy and Croudace 1995, Ruiz-Fernandez et al. 2007). In the partly reduced 

sediment layers, dissolution of Fe-Mn oxyhydroxides takes place producing Fe+2 and 

Mn+2 species. Large increase in Fe and Mn concentration in core S4 can therefore be 

attributed to migration and reprecipitation of Fe+2 and Mn+2 species as oxy-hydroxides 

near the oxic-suboxic interface. While the presence of distinct Fe and Mn peaks in 

core S7 i.e. at 54 cm and 44 cm respectively must be the result of their difference in 

oxidation. Higher stability of Fe oxyhydroxides under mildly reducing conditions and 

faster oxidation kinetics of Fe+2 compared to Mn+2 occasionally leads to diagenetic 

enrichment of Fe at greater depth as compared to diagenetic Mn enrichment 

(Zwolsman et al. 1993). However, additional peak of Fe at 34 cm depth in this core is 

probably a result of repetition of diagenetic reactions (Soto-Jimenez and Paez-Osuna 

2008). While in core S9, though the distribution pattern of Fe and Mn is almost similar, 

no such maxima or peak values are noted. The similarity in distribution pattern of Fe 

with Mn in core S4 and more precisely in core S9 therefore indicated association of the 

geochemical matrix between the two elements (Jonathan et al. 2010).  

Dudh creek 

In the core collected from the inner portion of the creek (core S22), Fe varies from 8.55 

% to 13.1 % (avg. 10.2 %), Mn ranges from 748 ppm to 2347 ppm (avg. 1616 ppm) 

while Al varies from 7.78 % to 10.3% with an average value of 8.96 %. Al is observed 

to have higher than average values between 24 cm of lower section I to 8 cm depth of 

upper section II (Fig. 3.2.2). The variation in Al concentration largely agrees with the 

distribution pattern of clay. In the lower section of the core, Al shows an increasing 

trend similar to that of finer sediment components and organic carbon, except at 20 cm 

where Al concentration decreases. In the upper section of the core, Al increases up to 

14 cm followed by a decrease towards the surface.  



 

Fe in the lower section of the core shows the same point to point variation as that of 

clay and silt from bottom to 22 cm, while Mn decreases in this section and has an 

opposite trend to that of Fe. A similar decrease has also been noted for sand in this 

section. Further in the upper section II, Fe shows a decreasing trend up to the depth of 

16 cm followed by a fluctuating trend up to 6 cm and then increase towards the 

surface with the highest value at 4 cm depth. The Mn shows an increasing trend from 

20 cm to 12 cm depth, with the highest concentration at 12 cm depth. Above this Mn 

decreases drastically up to 8 cm followed by a gradual decrease up to 4 cm. Mn 

variation matches clay in the upper section between 14 cm up to the surface of the 

core, while Fe concentration shows a slight similarity to silt. Fe and Mn in this core did 

not show similarity in their distribution patterns. They also did not agree with the 

distribution pattern of Al.  

 
Fig. 3.2.2. Vertical distribution of major elements in a. core S22 

Difference in association of the two redox sensitive metals with sediment components 

is clearly evident in this core. Dissimilarity in the distribution patterns of major elements 

(Fe, Mn and Al) suggests difference in their processes of deposition. The sudden 

increase in Fe concentration at 4 cm depth may be due to the recent addition of 

wastes from industries present in the catchment area making their way directly or 

indirectly to the creek (Bhagure and Mirgane 2010). A peak value of Mn at 12 cm 

along with slight increase in Fe concentration at this depth in the core collected from 

the inner portion of the creek probably indicates precipitation of Fe and Mn-oxides in 

the oxic sediments (Caetano et al. 2009). 



 

Khonda creek 

In core S21 Fe, Mn and Al vary from 5.57 % to 7.87 % (avg. 6.69 %), 990 ppm to 1394 

ppm (avg. 1123 ppm) and 7.44 % to 10.8 % (avg. 9.42 %) respectively. Al indicates 

lower than average values from bottom to 32 cm depth, while higher than average 

values are noted above 30 cm, except at 16 – 14 cm. Not much variation in Al 

distribution pattern is noted from bottom to 34 cm depth. This is followed by a large 

increase till 30 cm. Above 30 cm depth, a slight decreasing trend up to 24 cm followed 

by an increase till 20 cm and a decrease up to 16 cm depth is noted. While in section 

II, Al shows an increase up to 8 cm followed by a slight decreasing trend towards 

surface. The distribution pattern of Al in section II agrees with that of silt. Not much 

variation in Fe distribution pattern is noted in this core, except a peak at 18 cm and an 

increase above 6 cm depth. Mn also fluctuates around the average line and indicates 

a peak value at 20 cm depth and large increase above 8 cm. Fe and Mn however 

show opposite distribution pattern to each other in lower section I, while show large 

similarity in the upper section II. Fe and Mn enrichment within upper 6 cm (Fig. 3.2.3) 

suggests diagenetic enrichment and/or anthropogenic input.     

          
Fig. 3.2.3. Vertical distribution of major elements in a. core S21 

3.2. IA. 2. Distribution of trace metals in bulk sediment of mudflats 

Vaitarna estuary 



 

In core S4 values for metals vary from 96 ppm to 141 ppm (avg. 122 ppm) for Cu, 123 

ppm to 172 ppm (avg. 150 ppm) for Zn, 71ppm to 106 ppm (avg. 92 ppm) for Co, 131 

ppm to 169 ppm (avg. 153 ppm) for Ni and 29 ppm to 83 ppm (avg. 60 ppm) for Pb. In 

core S9 trace metal concentration ranges from 81 ppm to 143 ppm (avg. 117 ppm) for 

Cu, 118 ppm to 170 ppm (avg. 152 ppm) for Zn, 65 ppm to 93 ppm (avg. 80 ppm) for 

Co, 111 ppm to 143 ppm (avg. 130 ppm) for Ni and 58 ppm to 143 ppm (avg.  95 ppm) 

for Pb. While in core S7 metal values vary from 129 ppm to 192 ppm (avg. 148 ppm) 

for Cu, 141 ppm to 186 ppm (avg. 157 ppm) for Zn, 65 ppm to 101 ppm (avg. 83 ppm) 

for Co, 116 ppm to 146 ppm (avg. 130 ppm) for Ni and 69 ppm to 111 ppm (avg. 87 

ppm) for Pb. The average concentration of metals indicate variation in the spatial 

distribution of metals with relatively high concentration of Co and Ni towards the mouth 

(core S4), Pb in core collected from the lower middle estuary (core S9) while high 

concentration of Cu and Zn in upper middle estuary (core S7). 

Vertical distribution pattern of Cu indicates an overall increasing trend with fluctuations 

from bottom to surface in the core S4 maintaining relatively higher values within upper 

six centimeters (Fig. 3.2.4). Zn is almost constant in section I, while in sections II and 

III it shows large fluctuating trend. Co indicates increasing trend in section I, while it 

shows a fluctuating decreasing trend in section II, which continues further up in section 

III up to 12 cm depth. At 10 cm, a sudden increase in Co concentration is noted, above 

which it shows a decrease towards the surface. It also shows similar point to point 

variation pattern to that of Zn from bottom to 12 cm depth. Similarly the variation in 

distribution pattern of Ni is almost the same as that of Co. All the metals except Pb 

show a prominent decrease at 56 cm depth. Similarly a peak value at 44 cm depth is 

evident for most of the studied trace metals. Pb has its maximum concentration at the 

bottom and varies with fluctuating trend up to 26 cm depth, followed by a gradual 

increase towards the surface. Pb exhibits inverse relationship with Fe whereas most of 

the other metals show similarity with Fe and Mn at various depths.  



 

 
Fig. 3.2.4. Vertical distribution of trace elements in core S4  

In core S9, Cu shows an increasing trend from bottom to surface, with lower than 

average values in section I and higher than average values in sections II and III, 

except at 26 cm. Zn fluctuates below 40 cm depth of section I with lower than average 

values, above which it remains constant till 30 cm depth. In sections II and III, it shows 

a gradual increasing trend with higher than average values. The distribution pattern of 

Zn matches with that of Cu. Co and Ni also indicates larger fluctuations below 40 cm 

depth of section I. This is followed by a gradual increasing trend up to 30 cm wherein 

values are noted to be higher than the average line. In section II, a decrease is noted 

which continues up to 12 cm depth of section III. Above which both the metals show 

an increasing trend towards the surface. The variation patterns of Co and Ni agrees 

with that of Zn and Cu at various depths; however unlike Zn and Cu they indicate a 

decreasing trend between 30 cm and 12 cm. Pb indicates a decreasing trend from 

bottom to surface of the core. It shows higher than average values in lower section I. 

OC had also indicated similar higher values towards the bottom of the core. Metals, 

namely Zn, Ni and Cu show similarity in distribution pattern to that of Mn and Al; while 

Co shows similarity with Fe (Fig. 3.2.5).  



 

 
Fig. 3.2.5. Vertical distribution of trace elements in core S9  

  
Fig. 3.2.6. Vertical distribution of trace elements in core S7 

In Core S7 collected at the upper middle estuary, fluctuating trend of Cu is noted from 

bottom to 32 cm depth of section III. The prominent peak at 36 cm depth is similar to 

that of OC (Fig. 3.2.6). Above 32 cm, Cu increases gradually towards the surface of 

the core. Zn decreases gradually from bottom to 32 cm depth followed by an increase 

up to 28 cm and a decreasing trend till 6 cm depth. Above this Zn shows a large 

increase towards the surface. Co concentration is observed to be close to the average 

line from bottom to 8 cm depth, except between 46 cm and 28 cm depths where Co 

shows relatively larger variations. Large increase in Co concentration is observed 

above 8 cm depth. The point to point variation pattern in Co concentration agrees with 

that of Fe below 28 cm depth, it also agrees with Cu and Zn at some depths. Pb and 



 

Ni exhibit fluctuating trend with higher than average values in sections I and II; while in 

upper section III they maintain relatively lower values. Ni shows a peak value at 50 cm, 

corresponding to a similar increase in Cu and sand percentage at this depth. The 

variation in distribution pattern of Ni matches Co below 16 cm depth.  

The inter-element relationships observed on the basis of vertical distribution of metals 

in cores S4, S9 and S7 suggest that they are derived from the same source and/or 

have undergone similar post-depositional changes (Zwolsman et al. 1996, Sullivan 

and Taylor 2003, Wang and Zhai 2008). Lack of significant differences in distribution of 

most of the metals between cores S9 and S7 and between core S9 and S4 further 

provide support for their similar source of input in Vaitarna estuary.  

Enrichment of metals towards the surface of all the three cores indicated either 

additional input during recent years or diagenetic remobilization. It is known that 

reductive dissolution of Fe-Mn hydroxides in the lower suboxic zone releases 

dissolved Mn (II) and Fe (II) and associated trace metals to pore waters (Koretsky et 

al. 2007). The Mn (II) and Fe (II) together with other metals must have diffused and 

redistributed within the upper sediments and re-precipitated within the oxic zone thus 

scavenging porewater trace metals towards the surface of the cores. However, in core 

S7 metals did not show much similarity with the distribution pattern of Fe and Mn. 

Also, in all the three studied cores, metals did not show sharp peak values 

corresponding to Fe and Mn. Koschinsky (2001) stated that solid element distribution 

does not always correspond exactly to the present redox zonation. Some metals may 

not follow the strict pattern of redox zonation, as they may have several reactions 

characteristics and/or only a small fraction may be diagenetically reactive. Higher 

average concentration and enrichment of Co and Ni in core S4 and Cu, Zn and Co in 

core S7 within upper few centimeters must therefore be reflecting enhanced 

anthropogenic addition in recent years as well.  

Amongst the studied metals, Zn was noticed to show an increase in concentration 

from mouth to upper middle estuary (i.e. core S4< core S9< core S7). Thus in the 

present study Zn concentration seems to have been controlled by grain size which in 



 

turn was controlled by hydrodynamic processes. Core S4 has been collected from a 

narrow sub-channel near the mouth of Vaitarna estuary and is affected mainly by 

marine processes. However, this channel further extends southwards into a populated 

and urbanized region. Core S7 is collected from a region which is directly connected to 

major river/tributaries on its upper reaches. While no major tributaries/river join the 

creek of Vaitarna estuary from which core S9 has been collected. The surrounding 

region of this creek is mainly comprised of agricultural land and village areas with less 

population. Thus, the higher average concentration of Pb noticed in core S9 as 

compared to cores S4 and S7 does not represent anthropogenic input. This is also 

supported by depth–wise distribution pattern which has shown a decreasing trend 

towards the surface. Higher concentration of metals at the other two locations however 

reflects additional input in recent years probably of anthropogenic origin brought in by 

the tributaries.  

The protected area of core S9 must have facilitated the deposition of sediments under 

relatively less dynamic environment systematically recording changes in metal input. 

Thus observed gradual increasing trends of Cu and Zn similar to that of Al and Mn and 

opposite to that of organic carbon suggest gradual change in depositional conditions 

facilitating enrichment of these metals at this location from past to present. Reduced 

fresh water inflow over a period of time is known to be one of the factors which may 

contribute to the gradual accumulation of metals within an estuary (Ruiz and Saiz-

Salinas 2000). However, as discussed earlier, this portion of the estuary does not 

receive fresh water from any major river, and sediment deposition seems to be mainly 

controlled by tidal processes at this location. Also as this portion of the estuary falls 

mainly under pristine region, increased anthropogenic activities does not justify for 

gradual metal enrichment, though there can be some input from agriculture. The 

presence of higher percentage of organic carbon i.e. organic matter of terrestrial origin 

towards the bottom of core S9 seems to have diluted the metal concentration at 

greater depths. Organic matter of terrestrial origin must have been received during 

some flood events occurred in past probably as a result of heavy rainfall. Rainfall data 

of last hundred years was obtained from the Indian Meteorological Department (IMD), 

Pune. Rainfall data of three different stations of Thane district have indicated increase 



 

in rainfall approximately between years 1954 and 1961 (Fig. 3.2.7).  Decreasing trend 

of Pb similar to that of organic carbon either suggests a common source or trapping of 

Pb by organic matter or probably Pb have been introduced via organic materials (Du et 

al. 2008). 

   
Fig. 3.2.7. Rainfall data of last 100 years for three different stations in Thane district   

The higher concentration of Pb towards the bottom is probably a result of close 

association of Pb with humic (terrestrial) organic matter and sulfides (Rimmer 2004). 

Unlike core S9, cores S4 and S7 did not exhibit systematic variations, rather showed 

larger fluctuations in metal distribution with varying patterns from bottom to surface of 

the cores. Thus, indicating a whole range of processes and sources affecting their 

distribution pattern. While significant difference observed for almost all the metals 

between cores S4 and S7 may be attributed to the difference in their physical 

environments. 

Dudh creek 

For the core collected from the inner portion of the creek (core S22), values for metals 

vary from 155 ppm to 1555 ppm (avg. 795 ppm) for Cu, 346 ppm to 8101 ppm (avg. 

2835 ppm) for Zn, 265 ppm to 356 ppm (avg. 313 ppm) for Co, 128 ppm to 506 ppm 

(avg. 336 ppm) for Ni and 249 ppm to 335 ppm (avg. 284 ppm) for Pb.  



 

 
Fig. 3.2.8. Vertical distribution of trace elements in core S22  

In general Cu, Zn and Ni show increasing trend, while Co and Pb show an overall 

decreasing trend from bottom to surface of the core (Fig. 3.2.8). In the lower section I, 

Cu, Zn and Ni show an increasing trend with lower than average values. In this 

section, they agree with the distribution pattern of finer sediment components and 

organic carbon. Pb decreases up to 24 cm which further increases up to 20 cm depth, 

while Co indicates a gradual decreasing trend similar to that of sand and Mn. Co and 

Pb in this section exhibit higher than average values. In the upper section of the core, 

Ni and Cu show higher than average values, while Pb and Co exhibit lower than 

average values. Zn shows lower than average values up to 14 cm depth, above which 

it indicates higher than average values. Ni, Cu and Zn show same variation pattern as 

that of organic carbon; while the distribution pattern of Co and Pb agrees with that of 

Mn and Fe respectively. 

Although metals are usually associated with finer fractions they have also been shown 

to accumulate on the surface of coarser materials like sand (Kljaković-Gaspić et al. 

2009) in anthropogenically impacted regions. Thus, decreasing trend of Pb and Co 

similar to that observed for sand suggest their association. While similarity in the 

distribution patterns of metals, namely Cu, Zn and Ni with finer sediment components 

and organic carbon suggest their association. Finer-grained fractions and their 

associated sediment phases have a higher proportion of trace elements more often 



 

greater than the coarse-grained sediments which are connected with larger surface 

area of smaller particles (Mikulic et al. 2008).  

Khonda creek 

In core S21 collected from inner part of the creek, trace metals concentration range 

from 118 ppm to 132 ppm (avg. 123 ppm) for Cu, 101 ppm to 117 ppm (avg. 110 ppm) 

for Zn, 31.3 ppm to 52.3 ppm (avg. 41.1 ppm) for Co, 104 ppm to 117 ppm (avg. 112 

ppm) for Ni and  47 ppm to 94.3 ppm (avg. 63.4 ppm) for Pb. Cu indicates lower than 

average values from bottom to 22 cm depth of section I except at 38 cm and 32 cm; 

while higher than average values are noted within the upper 20 cm of the core (Fig. 

3.2.9). Similarly lower than average values are noted for Co in the lower section I, 

while it maintains higher values within the upper section II. From bottom to 30 cm 

depth of section I, Ni indicates almost constant trend close to the average value, 

above which it shows larger variation around the average line. Zn indicates an 

increasing trend while Pb shows a fluctuating trend from bottom to surface of the core.  

The point to point variation pattern of Cu agrees with that of Zn and Co, thus 

suggesting their similar source. Increase in metal concentration (Cu, Zn and Co) within 

section II is similar to that observed for sand, silt and OC; thus suggesting their 

association. Additionally, Zn also exhibits large similarity in distribution pattern with 

that of Al between 40 cm and 8 cm depths; indicating its lithogenic source. Further, 

none of the trace metals show similarity in distribution pattern or sudden large increase 

within upper six centimeters of the core similar to that observed for Fe and Mn. Thus, 

suggesting minor or insignificant role of Fe-Mn oxyhydroxides in controlling distribution 

of trace metals. It also suggests less influence of anthropogenic activities in metal 

enrichment within surface or recently deposited sediment.    



 

 
Fig.3.2.9. Vertical distribution of trace elements in core S21 

3.2. IB. 1. Distribution of Al, Fe and Mn in bulk sediment of mangroves 

Vaitarna estuary 

Fe, Mn and Al vary from 4.2 % to 9.8 % (avg. 7.7 %), 278 ppm to 904 ppm (avg. 457 

ppm) and 6.9 % to 11.5 % (avg. 9.5 %) respectively in core S5, while in core S6, Fe 

ranges from 3.3 % to 11 % (avg. 6.1 %), Mn varies from 1614 ppm to 2054 ppm (avg. 

1768 ppm) and Al ranges from 8.1 % to 9.9 % (avg. 9.2 %). Major elements show 

spatial variation in distribution pattern, wherein, average Fe and Al concentration is 

noted to be higher in core S5 collected towads the mouth while average Mn 

concentration is high towards the upper middle estuary i.e. in core S6.   

Al indicates lower than average values from bottom to 86 cm and above 26 cm depths 

(Fig. 3.2.10a). While higher than average values are noted between 80 cm and 30 cm 

depths. The vertical distribution pattern indicates a decrease from bottom to 94 cm, 

followed by an increase till 74 cm of middle section II. Relatively lower values are 

noted between 74 and 60 cm depths. Above 60 cm, Al decreases gradually up to 6 cm 

followed by an increase at the surface. The distribution pattern of Al did not match with 

that of clay. However, similar to silt, Al in this core indicates higher values between 60 

cm and 40 cm depths, suggesting association of Al with silt.  



 

a.   b.  
Fig.3.2.10. Vertical distribution of major elements in  a. core S5 and  b. core S6 

Fe in this core indicates higher than average values from bottom to 64 cm depth of 

section II and upper 14 cm of section III. While lower than average values are noted 

between 60 cm and 18 cm depths. The vertical distribution pattern of Fe in lower 

section I shows a gradual decrease up to 90 cm followed by an increase till 86 cm. 

Between 86 cm and 46 cm depths, Fe indicates a gradual decreasing trend. Above 

which it shows an increase till 34 cm, followed by a decrease up to 26 cm and an 

increase towards the surface.  

Mn indicates higher than average values in lower section I and lower than average 

values in middle and upper sections II and III respectively. It shows a gradual 

decreasing trend from bottom to 74 cm depth. Above which it remains constant except 

a slight increasing trend from 20 cm to surface of the core. Both Fe and Mn therefore 

show a similar decreasing trend with higher values in lower part of the core. Amongst 

the sediment components, sand percentage has also shown a similar decrease. 

Gradual decreasing trend of Fe and Mn from bottom to aproximately 60 cm depth 

similar to that of sand therefore suggests that these metals are probably derived from 

similar source and are associated with coarser sand particles (Aloupi and Angelidis 

2002). Further, enrichment of Fe towards the surface probably represent additional 

anthropogenic input in recent years in addition to that of diagenetic enrichment.    

In core S6 collected from the upper middle estuary, Al shows a decreasing trend from 

bottom to surface of the core similar to that observed for sand. Wherein higher than 



 

average values are noted in the lower section I (Fig. 3.2.10b). Al in this section shows 

fluctuating trend. In middle section II, Al indicates a decrease at 42 cm followed by 

increase till 38 cm depth. Further, it remains constant up to 34 cm and then decreases 

till 30 cm depth. Between 30 cm and 14 cm depths, Al remains constant around the 

average line. While in the upper section III, Al shows lower than average values. It 

indicates a sudden decrease at 12 cm depth, above which it remains almost constant. 

Al in this core seem to be associated with coarser sand component.  

Fe indicates large variation in distibution pattern from bottom to surface of the core. 

None of the sediment components had shown such a large variation in their 

distribution pattern in this core. The variation pattern of Fe however shows large 

similarity with that of OC. In lower section I, Fe indicates highest concentration at 60 

cm depth as well as prominent peaks at 56 cm and 44 cm depths. In section II, it 

remains almost constant up to 20 cm followed by an increase between 18 cm and 16 

cm depths. While in section III, it fluctuates with lower than average values between 14 

cm and 8 cm depths, above which it shows a sudden increase at 6 cm, followed by a 

decrease towards the surface.  

Mn indicates an increasing trend from lower section I to upper section III similar to that 

of clay. The vertical distribution pattern shows lower than average values in section I, 

while in section II, Mn fluctuates around the average line. In section III, it shows a large 

increase between 12 cm and 4 cm depths. Mn shows similarity in distribution pattern 

with that of Fe in section III. Enriched concentration of Mn above 12 cm depth 

suggests additional anthropogenic input in recent years. While its similarity in 

distribution pattern with that of clay further suggest their association and greater 

deposition in recent years. In general major elements (Fe, Mn and Al) did not show 

much similarity in their distirbution pattern suggesting difference in their sources as 

well as processes of deposition.  

 

Dudh creek 



 

In core S12 collected towards the mouth of the creek Fe varies from 7.31 % to 10.8 % 

(avg. 8.96 %), Mn ranges from 1038 ppm to 2144 ppm (avg. 1546 ppm) while Al varies 

from 6.38 % to 10.5% (avg. 8.66 %). While in core S13 collected from the middle part 

of the creek Fe, Mn and Al vary from 4.2 % to 8.5 % (avg. 6.0 %), 741 ppm to 1621 

ppm (avg. 1161 ppm) and 7.1 % to 8.4 % (7.7 %) respectively. The three studied 

major elements indicate higher concentration in core S12 collected closer to the mouth 

as compared to core S13 collected from the middle part.  

a.   b.  
Fig. 3.2.11. Vertical distribution of major elements in a. core S12 and b. core S13 

Al indicates a large fluctuating trend along the length of the core (Fig. 3.2.11a). In 

general, higher than average values are noted from 56 cm to 48 cm depths and above 

20 cm depth. In the lower section I, Al shows an overall decreasing trend with peaks of 

high and low values in between. Distribution of Al agrees with that of organic carbon 

between 38 cm and 30 cm depths. In the middle section of the core, an overall 

increasing trend is noted. In the upper section of the core, Al concentration is higher at 

12 cm, followed by a gradual decrease up to 4 cm and a slight increase at the surface. 

Al indicates terrigenous input and is the major component in the clay lattice. However 

in core S12, Al did not show much similarity in distribution pattern with that of clay 

component.   

Concentration of Fe and Mn is low in the lower section I of the core as compared to 

middle and upper sections II and III (Fig. 3.2.11b). In the lower section, Fe is observed 

to show an overall decreasing trend. Mn also decreases in this section with fluctuating 



 

trend. In the middle section, a sudden and large increase in Fe concentration up to 22 

cm depth is observed. Above this Fe concentration decreases up to 14 cm. The Fe 

concentration is high in this section. Mn concentration varies the same way as Fe in 

this section and shows a sudden increase up to the depth of 24 cm which further 

decreases. In the upper section of the core, Fe shows a gradual decrease towards the 

surface. While Mn shows similar distribution pattern as that of Fe up to the depth of 10 

cm with the highest value at 12 cm, above which Mn concentration is almost constant. 

Fe and Mn show a similar point to point variation pattern between 56 - 52 cm, 30 - 24 

cm and 14 cm to the surface of the core.  

The sudden increase in redox sensitive Fe and Mn above 30 cm depth indicates 

changing redox condition from anoxic to oxic (Sundararajan and Natesan 2010), while 

similar point to point variation pattern of Fe and Mn further indicate strong association 

of the geochemical matrix between the two elements.   

In core S13, Al in section I shows an increase from 16 cm to 14 cm followed by a 

decrease at 12 cm depth. While in section II it indicates a decreasing trend up to 4 cm 

followed by an increase at the surface. Al shows same distribution pattern as that of 

clay, therefore suggesting alumino-silicate bound metal fraction. Fe and Mn in section I 

show a decreasing trend from 16 cm to 14 cm depth similar to that of silt. While in 

section II, Fe indicates an increase up to 8 cm followed by a decrease at 6 cm and an 

increase till surface of the core. Mn shows a sudden increase at 10 cm depth, above 

which it shows a decreasing trend towards the surface. Fe shows same variation 

pattern as that of silt along the length of the core except at 8 cm depth, thus 

suggesting association of Fe with silt.   

 

 

Khonda creek 

Fe, Mn and Al in core S16 vary from 3.4 % to 7.3 % (avg. 5.8 %), 1141 ppm to 1696 

ppm (avg. 1377 ppm) and 5.8 % to 6.8 % (avg. 6.3 %) respectively. Al in core S16 



 

shows lower than average values from bottom to 54 cm depth of section II, and from 

28 cm to 18 cm depth of section III. Higher than average values are observed from 52 

- 30 cm and above 16 cm depths. The vertical distribution pattern indicates slight 

increase from bottom to 64 cm and a decrease till 60 cm depth. Further up it shows a 

gradual increasing trend up to 48 cm and a decrease till 44 cm depth. This is followed 

by a fluctuating increasing trend up to 30 cm, a decrease till 18 cm and a prominent 

increase at 16 cm depth. Above which minor increase towards the surface is noted 

(Fig. 3.2.12).  

 
Fig.3.2.12. Vertical distribution of major elements in core S16 

Fe fluctuates around the average line from bottom to 10 cm depth of section III, above 

which it shows a decrease towards the surface with lower than average values. Fe 

shows a prominent peak at 28 cm depth. Such large fluctuating trend is also noted 

earlier for sediment components in this core.  

Mn indicates an increasing trend from bottom to surface of the core with prominent 

peaks at 46 cm, 38 cm and 28 cm. Wherein, lower than average values are noted in 

lower section I and middle section II, while higher than average values are observed in 

upper section III. Major elements (Fe, Mn and Al) did not show similarity in their 

distribution pattern in this core, suggesting different processes governing their 

distribution.                   

3.2. IB. 2. Distribution of trace metals in bulk sediment of mangroves 



 

Vaitarna estuary 

For the core collected towards the mouth of the estuary (core S5), values for metals 

vary from 89 ppm to 126 ppm (avg. 109 ppm) for Cu, 154 ppm to 363 ppm (avg. 233 

ppm) for Zn, 59 ppm to 97 ppm (avg. 73 ppm) for Co, 103 ppm to 158 ppm (avg. 126 

ppm) for Ni, 22 ppm to 75 ppm (avg. 50 ppm) for Pb. While in the core collected from 

the upper middle part of the estuary i.e. in core S6, values for metals range from 118 

ppm to 157 ppm (avg. 133 ppm) for Cu, 108 ppm to 154 ppm (avg. 129 ppm) for Zn, 

60 ppm to 88 ppm (avg. 73 ppm) for Co, 122 ppm to 147 ppm (avg. 135 ppm) for Ni 

and 49 ppm to 107 ppm (avg. 77 ppm) for Pb. The studied trace metals except Zn are 

noted to be higher in core S6 as compared to core S5.  

 
Fig. 3.2.13. Vertical distribution of trace elements in core S5 

The vertical distribution patterns of Zn, Pb and Cu in core S5 indicate an overall 

increasing trend from bottom to surface of the core (Fig. 3.2.13). They show similarity 

in their distribution patterns at various depths and also largely agree with the 

distribution pattern of clay. Thus, suggesting their association with clay and a similarity 

in source and/or post depositional behavior (Alaoui et al. 2010). Clay acts as 

adsorbent and play an important role in ion exchange reactions (Matini et al. 2011). As 

suggested earlier, reduction in freshwater inflow to Vaitarna estuary in recent years 

must have resulted in higher accumulation of clay and associated metals (Zn, Pb, Cu) 

within the estuary. Ni and Co show a decreasing trend. Similar decreasing trend is 

noted for sand, Mn and to some extent Fe in this core. These metals therefore seem to 



 

be associated with coarser particles as well as Fe and Mn probably as oxyhydroxides. 

Further, higher concentration of Co between 66 cm and 46 cm depths agreed with that 

of silt and OC, thus suggesting their association. 

In core S6, Zn and Ni decrease gradually from bottom to surface of the core (Fig. 

3.2.14). Similar decreasing trend is also noted for sand and petrogenetic element Al 

(Zhou et al. 2004). The decrease in Zn and Ni may therefore be attributed to reduction 

in deposition of coarser particles towards the surface of the core, as these metals 

seem to be associated with sand. They therefore appear to have a common lithogenic 

source probably from physical weathering of basalt rocks constituting the catchment 

area.  

 
Fig.3.2.14. Vertical distribution of trace elements in core S6 

Cu indicates a gradual increasing trend from bottom to surface of the core similar to 

that of silt, clay, OC and Mn. Co decreases gradually from bottom to 26 cm depth, 

followed by a fluctuating increasing trend till 20 cm. Above 20 cm, Co increases up to 

6 cm, followed by a decrease towards the surface. Pb shows a large fluctuating 

increasing trend from bottom to surface of the core. Increasing trend is also noted for 

finer sediment components in this core. Increase in concentration of Cu, Co and Pb 

towards the surface therefore strongly suggest higher accumulation of these metals in 

recent years along with finer particles. It also indicates a common source for these 

metals within Mangrove sediments of upper middle portion of Vaitarna estuary. Thus in 

core S6, sediment components seem to play a major role in metal distribution.  



 

Dudh creek 

In core collected towards the mouth of the creek (core S12), the concentration of 

metals varied from 100 ppm to 156 ppm (avg. 129 ppm) for Cu, 165 ppm to 268 ppm 

(avg. 197ppm) for Zn, 36 ppm to 76 ppm (avg. 52 ppm) for Co, 110 ppm to 173 ppm 

(avg. 128 ppm) for Ni and 4.67 ppm to 116 ppm (avg. 46.6 ppm) for Pb. While in core 

collected from the middle part of the creek (core S13), the concentration of metals 

range from 71 ppm to 273 ppm (avg. 148 ppm) for Cu, 102 ppm to 369 ppm (avg. 194 

ppm) for Zn, 72 ppm to 107 ppm (avg. 86 ppm) for Co, 73 ppm to 130 ppm (avg. 102 

ppm) for Ni and 55 ppm to 94 ppm (avg. 73 ppm) for Pb.   

In general Cu and to some extent Zn concentrations are lower in section I of core S12 

as compared to sections II and III (Fig. 3.2.15). Co indicates large fluctuating trend 

around the average line from bottom to surface of the core. Ni concentration is high in 

the upper section III as compared to sections I and II. Metals namely Cu, Zn and Ni 

show similar point to point variation pattern and also agree with that of Fe and Mn. Pb 

concentration is high towards the bottom and top of the core. It shows large similarity 

in the distribution pattern with that of Al. In addition, Zn also shows similar point to 

point distribution pattern as that of Al in section I between 50 cm and 30 cm depths. In 

the middle section of the core, Cu, Zn and to some extent Co shows drastic increase 

agreeing with sand, Fe and Mn distribution.  

 
Fig.3.2.15. Vertical distribution of trace elements in core S12 



 

The increased concentration of metals in the coarser fractions may be attributed to 

inputs from the anthropogenic sources such as nearby industrial wastes. The higher 

concentration of metals in the middle and upper sections of the core, similar to that of 

Fe and Mn, further indicates precipitation of Fe-Mn oxyhydroxides and co-precipitation 

of metals in the top sections of the core that were in contact with oxygenated bottom 

waters (Selvaraj et al. 2010).  

 
Fig.3.2.16. Vertical distribution of trace elements in core S13 

In section I of core S13, concentration of trace metals is noted to be higher than the 

average line (Fig. 3.2.16). While in the upper section II, metals indicate lower than 

average values. In this core, almost all the studied trace metals show large similarity in 

their distribution patterns. They also agree with the distribution patterns of OC, silt, 

clay and Al at different depths. Thus, higher concentration of metals below 12 cm 

depth similar to that of OC and finer particles indicate their association and a common 

source. The color of the core is noted to be black below 12 cm depth, thus probably 

suggesting presence of metal sulphides in the lower section of the core. Higher 

deposition of coarser particles towards surface, seem to probably act as a diluting 

factor for metals in this core.  

Khonda creek 

In core S16, collected towards the mouth of Khonda creek, metals concentration range 

from 86 ppm to 104 ppm (avg. 94 ppm) for Cu, 89 ppm to 117 ppm (avg. 97 ppm) for 

Zn, 48 ppm to 64 ppm (avg. 57 ppm) for Co, 96 ppm to 139 ppm (avg. 113 ppm) for Ni 

and 38 ppm to 110 ppm (avg. 63 ppm) for Pb.   



 

Cu indicates higher than average values in section I. Above which, it fluctuates around 

the average line up to the depth of 30 cm of section III. While lower than average 

values are noted above 30 cm depth, except between 18 cm and 12 cm. Cu indicates 

almost same point to point distribution pattern as that of clay and OC from bottom to 

surface of the core. Zn shows fluctuating trend from bottom to surface, with sharp 

positive peaks at 40 cm and 20 cm depths. However, it does not show similarity in 

distribution pattern with any of the sediment components, OC and major elements. Co 

shows almost constant trend from bottom to 30 cm depth and above 14 cm depth of 

section III, with slightly higher than average values. While between 26 cm and 14 cm 

depths it shows lower than average values with increasing trend. Ni indicates a 

gradual increasing trend from bottom to surface of the core. Similar increasing trend is 

also noted for Al and Mn in this core. It shows lower than average values from bottom 

to 52 cm depth of section II. Above which it fluctuates around the average line up to 

the depth of 16 cm in section III, while higher than average values are noted above 16 

cm depth. Pb shows fluctuating trend with higher than average values between 48 cm 

and 28 cm depths. It indicates similarity in distribution pattern with that of Fe between 

54 – 46 cm, 34 – 26 cm and 14 cm to surface of the core. A small peak at 48 cm depth 

is noted for Fe, Cu, Co and Pb in this core (Fig. 3.2.17). While a sudden prominent 

peak at 28 cm depth is seen for Fe, Mn, Co and Pb. However, all the studied trace 

metals show distinct trends in this core.  

 
Fig.3.2.17. Vertical distribution of trace elements in core S16 



 

Distinct trends of metals, from bottom to surface of core S16 results from differences in 

sources and associations of metals in this core. However, sudden peak value of Fe, 

Mn, Pb, Co and to some extent Ni at 28 cm depth indicates, role of post depositional 

diagenetic reactions in subsurface metal enrichment. Within a sediment profile, the 

dissolved pore-water Fe (II) and Mn (II) 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).  

3.2. IIA. Correlation and Principal component analysis (PCA) of Mudflat 

sediments  

Vaitarna estuary 

Further, to understand the sources and factors controlling metal distribution and the 

inter-relationship between the studied parameters, correlation and Principal 

component analyses are carried out.  

   

 
Table 3.2.1. Correlation between studied parameters in core S4 



 

a.      b.  

 

  c.  
Fig. 3.2.18. PCA for  a. core S4,  b. core S9 and c. core S7 

In core collected towards the mouth (core S4), Co is found to be associated with Al, Ni 

and Pb (Table 3.2.1). The result of PCA also indicates higher loadings of Al, Co and 

Pb in the first Principal component which explains 21.5 % of the total variance (Fig. 

3.2.18a). Fe is found to be associated with silt, while Cu is associated with silt as well 

as clay. Further Cu shows positive association with Fe, Mn and Zn. Similarly Ni is also 

associated with Mn and Zn. In the same way, Fe, Mn, Cu, Zn and Ni indicate higher 

loadings in the second Principal component which explains 20 % of the total variance. 

None of the studied metals show significant positive association with sand and OC. 

Whereas clay indicate higher loading in the third Principal component which explains 

15.6 % of the total variance. Thus suggesting insignificant role played by coarser sand 

particles, organic matter and clay component in metal distribution. Fe-Mn oxy-

hydroxides however seem to control the distribution of Cu, Zn and Ni in this core. 



 

While association of Co and Pb with Al, suggests their origin from a common lithogenic 

source.   

 
Table 3.2.2. Correlation between studied parameters in core S9 

In core collected towards the lower middle estuary (core S9), most of the metals are 

strongly positively correlated with Fe and Mn (Table 3.2.2) except for Pb, indicating, 

Fe-Mn oxyhydroxide to be the major phase controlling the distribution of metals within 

this core. Metals namely Cu, Zn and Mn indicate positive association with Al. The 

result of PCA also shows higher loadings of Mn, Al, Cu, Zn and Ni in the first Principal 

component explaining 39.0 % of the total variance (Fig. 3.2.18b). The result therefore 

suggests terrestrial origin for these metals. Further, Fe indicates positive association 

with silt. Similarly, the second Principal component explaining 21.2 % of the total 

variance also indicates higher loadings of silt and Fe. Co and Pb show significant 

positive association with sand. The third principal component which explains 19.5 % of 

the total variance also shows high loadings of sand, Co, Ni and Pb. Thus relatively 

coarser sand and silt components are found to control metal distribution in this core, 

rather than clay and OC usually known to act as metal adsorbents.   



 

Table 3.2.3. Correlation between studied parameters in core S7 

While in core collected towards the upper middle estuary (core S7), Ni and Pb are 

found to show significant positive association with sand, while Fe indicates positive 

association with silt. The second Principal component explaining 20.6 % of the total 

variance also shows higher loadings of sand, silt and Fe in this core (Fig. 3.2.18c). 

Metals did not show significant positive association with clay and OC. Only one metal 

i.e. Co exhibited good correlation with Fe (Table 3.2.3) indicating association of Co 

with ferric hydroxides. Lack of correlation of metals with Fe and Mn confirmed that 

their distribution in this core is not dependent on redox conditions (Ruiz-Fernandez et 

al. 2009). Amongst the studied metals only Pb indicates strong positive association 

with Al and Ni; and good association with Zn. The first Principal component explaining 

22.5 % of the total variance also indicates higher loadings of Al, Ni and Pb. Thus, 

suggesting their common lithogenic source. Lack of significant correlations among 

concentrations of most of the trace metals support their origin from different sources 

and/or difference in processes governing metal distribution in this core. However, third 

Principal component explaining 13.8 % of the total variance show high loadings of Cu, 

Zn, Co and to a lesser extent Mn, suggesting different set of processes governing their 

distribution.  

Thus Fe-Mn oxyhydroxide is found to be one of the major controlling factors for the 

distribution of most of the metals within cores S9 and to some extent in S4 of Vaitarna 



 

estuary. In case of core S4 collected towards the mouth where sand percentage is 

relatively higher, infiltration of oxygenated water through the sandy sediments must 

have exerted a significant control over the development of diagenetic Fe phases 

(Ohmsen et al. 1995). Also, most of the metals did not show good correlation with clay 

and OC indicating their less association. Fe and Pb indicate strong positive correlation 

with silt and sand respectively at all the three stations. Co and Ni were also associated 

with sand fraction in core S9 and S7 respectively indicating role of coarser fraction in 

distribution of these metals.  

Dudh creek 

In core S22, Pb and Co are significantly correlated with each other and in turn show 

positive correlation with sand (Table 3.2.4), thus suggesting their common source and 

association with coarser particles. Cu, Ni and Zn are significantly correlated and these 

metals in turn are positively correlated with silt and OC. Similarly, the first Principal 

component explaining 48.8 % of the total variance also show high loadings on silt, OC, 

Cu, Zn and Ni. The result therefore suggests Cu, Zn and Ni to have a common 

anthropogenic source. Al and Ni are significantly associated with clay in this core. 

Additionally, the second Principal component explaining 25.8 % of the total variance 

also indicates high loadings of clay and Al (Fig. 3.2.19a). The studied trace metals 

except Co did not show significant association with Fe and Mn, thus suggesting 

absence of diagenetic enrichment of metals in this core.  



 

 Table 3.2.4. Correlation between studied parameters in core S22 

 

a.          b.  
Fig. 3.2.19. PCA for a. core S22 collected from Dudh creek b. core S21 collected from Khonda creek  

Khonda creek 

In core S21, silt, OC, Al, Cu, Zn and Co are positively associated with sand, metals 

(Al, Cu, Zn and Co) in turn show strong association with each other (Table 3.2.5). 

Further, the first Principal component explaining 28.3 % of the total variance also 

shows high loadings of sand and silt (Fig. 3.2.19b). While second Principal component 

explaining 25.4 % of the total variance indicates high loadings of sand, Al, Cu, Zn and 

Co. These metals therefore seem to be associated with coarser particles and have a 

common lithogenic origin. The third Principal component explaining 13 % of the total 

variance shows high loadings of OC and Fe. None of the studied trace metals indicate 

significant positive association with clay, Fe and Mn. Fe-Mn oxyhydroxides and clay 

component therefore seem to play insignificant role in metal distribution in this core.  



 

Table 3.2.5. Correlation between studied parameters in core S21 

3.2. IIB. Correlation and Principal component analysis (PCA) of Mangrove 

sediments 

Vaitarna estuary 

In core S5, Fe, Mn, Co and Ni are strongly positively correlated with sand (Table 

3.2.6). The result of PCA also indicated higher loadings of sand, Mn and Ni in the first 

Principal component which explains 43.8 % of the total variance (Fig. 3.2.20a). Cu is 

found to be associated with both silt as well as clay. Additionally, silt controls the 

distribution of Co and Al while clay controls the distribution of Zn and Pb. Further, Cu 

shows positive association with Zn, Pb and terrigenous element Al, therefore 

suggesting their common lithogenic source. Ni is associated with Fe, Mn and Co, while 

OC shows positive association with Co. Similarly, silt, OC, Al, Co and Ni are found to 

have their high loadings in second Principal component which explains 22.1 % of the 

total variance; the result therefore suggests Co and Ni also to have natural origin. Fe 

shows high loading in third Principal component which explains 14.7 % of the total 

variance.  



 

Table 3.2.6. Correlation between studied parameters in core S5 

a.      b.  
Fig. 3.2.20. PCA for a. core S5 collected towards the mouth b. core S6 collected from upper middle 
estuary 

Thus all the sediment components (sand, silt and clay) are found to play a significant 

role in metal distribution in this core. The trace metals transported from human 

activities are often associated with organic matter, adsorbed on Fe-Mn hydrous 

oxides, or precipitated as hydroxides, sulphides and carbonates (Forstner 1983). In 

this core, Fe-Mn oxyhydroxides and organic matter did not play a major role in metal 

distribution. In spite of their difference in association with sediment components, 

almost all the studied metals indicate a common lithogenic source. Physically 

comminuted, but not chemically decomposed, material containing some or all of the 

original minerals with their inherited load of heavy metals of all grain sizes, therefore 

seem to have been transported to, and deposited (Loring 1991) in sediments close to 

the mouth of Vaitarna estuary.   



 

Similarly in core S6 collected from upper middle portion of the estuary, Al, Zn and Ni 

show strong positive association within themselves as well as with sand (Table 3.2.7). 

The result of PCA also indicates higher loadings of sand, Zn and Ni in the first 

Principal component which explains 35.2 % of the total variance (Fig. 3.2.20b), thus 

suggesting a common lithogenic source for Zn and Ni. Cu is associated with both silt 

and clay. It is also found to be strongly positively associated with OC, Mn, Co and Pb. 

While Co and Mn show strong positive correlation with silt and clay respectively. 

Second Principal component which explains 24.1 % of the total variance also indicates 

higher loadings of silt, Cu, Co and Pb. Their vertical distribution patterns have also 

indicated increase towards surface. Thus, Cu, Co and Pb are associated with finer 

particles and affected by similar processes and/or have similar sources, both natural 

as well as anthropogenic. OC and Fe show higher loadings in third Principal 

component which explains 12.5 % of the total variance. Similar to core S5, Fe-Mn 

oxyhydroxides in core S6 are found to play insignificant role in metal distribution. 

Sediment components therefore seem to act as one of the important factors controlling 

metal distribution in this core.    

Table 3.2.7. Correlation between studied parameters in core S6 

 

Dudh creek 



 

Table 3.2.8. Correlation between studied parameters in core S12 

a.          b.  
Fig.3.2.21. PCA for a. core S12 collected closer to the mouth b. core S13 collected from middle part of 
Dudh creek 

In core S12 collected towards the mouth of Dudh creek, significant positive correlation 

of Cu, Ni and Zn is noted with Fe and Mn (Table 3.2.8). The result of PCA also shows 

higher loadings of Fe, Mn, Cu, Zn and Ni in the first Principal component which 

explains 32.4 % of the total variance (Fig. 3.2.21a). Second Principal component 

explaining 27.4 % of the total variance indicates high loadings of silt and clay. While 

the third Principal component explaining 12 % of the total variance shows high 

loadings of Co and Pb. No major influence of sediment components on the distribution 

of metals is evident except for Co and Mn which shows significant positive correlation 

with sand and Ni with that of clay. Thus, oxides of Fe and Mn can be considered as 

the most important component in influencing processes of metal transport and 

distribution (Thomas and Bendell-Young 1999) in this core except for Pb which seems 

not influenced by diagenetic processes. 



 

In core S13 collected from the middle part of Dudh creek, OC is found to be 

associated with silt. Fe, Cu, Co and Pb also indicate significant association with silt 

(Table 3.2.9). The result of PCA also shows higher loadings of silt, clay, OC, Fe, Cu, 

Co and Pb in the first Principal component which explains 43.5 % of the total variance 

(Fig. 3.2.21b). Clay controls the distribution of Al and Cu. Al in turn is associated with 

Ni. Metals namely Cu, Co, Pb and Zn are found to be associated with OC. The second 

Principal component explaining 33.0 % of the total variance and indicates high 

loadings on clay, OC, Al, Cu, Zn and Ni. Further Co, Pb and Cu shows significant 

association with each other. The result therefore strongly suggests common 

anthropogenic source for these metals. Trace metals in this core do not show 

significant association with Fe and Mn. Similarly high loading of only one metal i.e. Mn 

is noted for the third Principal component explaining 12.5 % of the total variance. 

Thus, finer sediment components and organic matter mainly control the distribution of 

metals in this core. 

 
Table 3.2.9. Correlation between studied parameters in core S13 

 

Khonda creek 

OC and Al are found to be associated with clay in core S16 collected towards the 

mouth of Khonda creek (Table 3.2.10). Cu shows significant association with clay and 



 

OC. The result of PCA also shows higher loadings of clay, OC and Cu in the first 

Principal component which explains 28.3 % of the total variance (Fig. 3.2.22). Trace 

metals do not show good correlation with major elements, except Ni which is 

associated with Mn and Al. The second Principal component explaining 15.8 % of the 

total variance also shows high loadings of Al and Ni, thus suggesting its natural 

source. However, third Principal component explaining 13.2 % of the total variance 

indicates high loadings of Fe and Pb suggesting similar processes governing their 

distribution. Lack of significant correlation of trace metals with each other, therefore 

support their origin from different sources and/or different processes governing their 

distribution in this core.    

Table 3.2.10. Correlation between studied parameters in core S16 

Correlation and PCA analysis therefore suggested metals in Dudh creek sediments to 

have mainly anthropogenic origin. While the distribution of metals in Vaitarna estuary 

and Khonda creek sediments is controlled by different factors. Their sediments are 

also found to receive metals from different sources, which include both natural as well 

as anthropogenic.  

 



 

 
Fig. 3.2.22. PCA for Core S16 

3.2. IIIA. Pollution level in mudflat sediments 

Further, in order to understand the level of metal enrichment within the sediments, 

enrichment factor (EF) and index of geoaccumulation (Igeo) are computed.  

Vaitarna estuary  

a.   b.   c.  
Fig.3.2.23. Distribution of EF with depth for a. core S4 b. core S9 and c. core S7 

The average values of EF of Cu, Co and Ni indicate moderately severe enrichment, 

while that of Fe, Mn and Zn reveal minor enrichment in the three mudflat sediment 

cores of Vaitarna estuary (Table 3.2.11). Pb however shows minor enrichment in core 

S4 collected closer to the mouth, while it shows moderate enrichment in cores S9 and 

S7 collected from the lower middle and upper middle estuary respectively. Index of 



 

geo-accumulation (Table 3.2.11) also indicates different levels of contamination for the 

studied metals. All the metals therefore seem to have been affected by anthropogenic 

activities in this estuary.  

Pb, Co followed by Cu show highest enrichment amongst the studied metals at the 

three locations. Amongst the three cores, core S7 indicate greater anthropogenic 

influence. The observed heavy metal contamination in sediments may therefore affect 

the water quality and bioaccumulation of metals in aquatic organisms, resulting in 

potential long-term implications on human health and ecosystem (Venkatramanan et 

al. 2012).    

Table 3.2.11. Average values of EF and Igeo in cores collected from Vaitarna estuary 

From the depth variation of EF, sudden increase in magnitude of enrichment is noticed 

for almost all the metals above 30 cm and 18 cm depth of core S4 and S7 respectively 

Metal Avg EF 
value 

Level Avg Igeo 
value 

Sediment quality 

a) Average values of EF and Igeo in core S4 

Fe 2.4 Minor enrichment 1.6 Moderately polluted 

Mn 1.6 Minor enrichment 1 Moderately polluted 

Cu 6.6 Moderately severe enrichment 2.0 Moderately polluted 

Zn 2.2 Minor enrichment 1.2 Moderately polluted 

Co 6.1 Moderately severe enrichment 2.8 Moderately to highly polluted 

Ni 6.3 Moderately severe enrichment 1.7 Moderately polluted 

Pb 2.7 Minor enrichment 2.1 Moderately to highly polluted 

b) Average values of EF and Igeo in core S9 

Fe 2.8 Minor enrichment 1.7 Moderately polluted 

Mn 1.8 Minor enrichment 1.4 Moderately polluted 

Cu 6.8 Moderately severe enrichment 1.9 Moderately polluted 

Zn 2.5 Minor enrichment 1.3 Moderately polluted 

Co 6.0 Moderately severe enrichment 2.7 Moderately to highly polluted 

Ni 6.0 Moderately severe enrichment 1.5 Moderately polluted 

Pb 4.9 Moderate enrichment 2.8 Moderately to highly polluted 

c) Average values of EF and Igeo in core S7 

Fe 2.7 Minor enrichment 1.6 Moderately polluted 

Mn 2.9 Minor enrichment 1.6 Moderately polluted 

Cu 9.1 Moderately severe enrichment 2.3 Moderately to highly polluted 

Zn 2.6 Minor enrichment 1.3 Moderately polluted 

Co 6.2 Moderately severe enrichment 2.7 Moderately to highly polluted 

Ni 6.1 Moderately severe enrichment 1.5 Moderately polluted 

Pb 4.4 Moderate enrichment 2.7 Moderately to highly polluted 



 

(Fig. 3.2.23). While EF values of most of the metals in core S9 exhibit a decrease 

towards the surface. Unlike EF, the result of depth variation of Igeo does not indicate a 

large increase within upper sections of cores S4 and S7 (Fig. 3.2.24).  

Thus increase in magnitude of metal input (except Pb) to Vaitarna estuary is therefore 

clearly evident in recent years as compared to the past. This increase may therefore 

be attributed to increased anthropogenic activities in recent years. However, increase 

in metal enrichment may also be the outcome of natural processes such as increased 

addition of land derived particulates or diagenetic metal enrichment within sediment 

column. 

a.  b.  c.   
Fig. 3.2.24. Distribution Igeo with depth for a. core S4 b. core S9 and c. core S7   

Dudh creek 

The average values of EF and Igeo of the studied metals in core S22 reveal that 

mudflat sediment of Dudh creek is severely enriched and extremely polluted with all 

the studied trace metals, namely Zn, Cu, Co, Pb and Ni. Fe and Mn also show minor 

enrichment (Table 3.2.12a).  

Also, from the depth variation of EF and Igeo (Fig. 3.2.25), an increase in magnitude of 

enrichment is seen for most of the metals from bottom to top of the core and thus has 

resulted in extreme deterioration of sediment quality of the creek in recent years, due 

to the release of waste from MIDC.    



 

 
Table 3.2.12. Average values of EF and Igeo in mangrove cores collected from a. Dudh creek b. 
Khonda creek      

 

a.                 b.  
Fig. 3.2.25. Distribution with depth of a. Enrichment factor and b. Igeo for in core S22  

Khonda creek 

The average values of EF and Igeo of metals in core S21 suggest mudflat sediment of 

Khonda creek to be least contaminated with Zn (Table 3.2.12b). Similarly, Fe, Mn and 

Co also shows minor enrichment. The result indicates moderate enrichment of Ni and 

Metal Avg EF 
value 

Level Avg Igeo 

value 
Sediment quality 

a) Average values of EF and Igeo in core S22 collected from Dudh creek 

Fe 2.9  Minor enrichment  1.7  Moderately polluted  

Mn 2.7  Minor enrichment  1.9  Moderately polluted  

Cu 47.8  Very severe  4.4  Highly to very highly polluted  

Zn 48  Very severe  4.9  Highly to very highly polluted  

Co 23.5  Severe  4.6  Highly to very highly polluted  

Ni 15.6  Severe  2.8  Moderately to highly polluted  

Pb 15  Severe  4.4  Highly to very highly polluted  

b) Average values of EF and Igeo in core S21 collected from Khonda creek 

Fe 1.8 Minor enrichment  1.1 Moderately polluted  

Mn 1.8 Minor enrichment  1.5 Moderately polluted  

Cu 7.2 Moderately severe enrichment 2.0 Moderately polluted 

Zn 1.8 Minor enrichment 0.8 Unpolluted to moderately 
polluted 

Co 2.9 Minor enrichment 1.7 Moderately polluted  

Ni 5.0 Moderate enrichment 1.3 Moderately polluted 

Pb 3.1 Moderate enrichment 2.2 Moderately to highly polluted 



 

Pb while Cu reveals moderately severe enrichment. The result of Igeo shows 

anthropogenic influence, wherein sediment is noted to be moderately polluted with Fe, 

Mn, Cu, Co and Ni and moderately to highly polluted with Pb. Thus all the studied 

metals show different levels of metal contamination within mudflat sediment of Khonda 

creek.    

a.                 b.  
Fig. 3.2.26. Distribution with depth of a. Enrichment factor and b. Igeo for core S21 

The depth-wise distribution pattern of EF of metals did not show enrichment towards 

the surface of the core (Fig. 3.2.26a). However, Igeo values of Co indicate large 

increase above 22 cm depth (Fig. 3.2.26b). Similarly, Igeo values of Fe and Mn also 

show increasing trend above 8 cm depth. Thus, suggests increase in magnitude of 

metal (Co, Fe and Mn) input in recent years. While the higher EF values below 30 cm 

and between 20 – 12 cm depths correspond to lower Al concentration at these depths.    

 

 

3.2. IIIB. Pollution level in mangrove sediments 

Vaitarna estuary 

Mangrove sediment of upper middle estuary (Core S6) is found to be moderately to 

highly polluted with Mn, Cu, Co and Pb (Table 3.2.13), and that with only Co in 

sediment core collected closer to the mouth (core S5). Other metals except Mn are 



 

however moderately polluted in core S5, while core S6 is moderately polluted with Zn 

and Ni. Fe and Mn are found to be unpolluted to moderately polluted in sediments 

collected from the upper middle estuary (core S6) and closer to the mouth (core S5) 

respectively.  

 

Table 3.2.13. Average values of EF and Igeo in mangrove cores collected from Vaitarna 
estuary 

The average EF and Igeo values in the two cores when compared indicate higher 

magnitude of metal enrichment or contamination (except for Fe and Zn) in core S6 

collected from the upper middle estuary as compared to core S5 collected closer the 

mouth. The difference in metal enrichment at the two locations may be attributed to 

addition of metals to upper middle estuary from the adjoining river as well as influence 

of relatively higher tidal flushing of metals towards the mouth.     

Metal Avg EF 
value 

Level Avg Igeo 

value 
Sediment quality 

a) Average values of EF and Igeo in core S5  

Fe 2.1 Minor enrichment 1.3 Moderately polluted 

Mn 0.7 No enrichment  0.1 Unpolluted to moderately 
polluted 

Cu 6.3 Moderately severe enrichment 1.9 Moderately polluted 

Zn 3.7 Moderate enrichment 1.8 Moderately polluted 

Co 5.1 Moderately severe enrichment 2.5 Moderately to highly polluted 

Ni 5.6 Moderately severe enrichment 1.5 Moderately polluted 

Pb 2.4 Minor enrichment 1.9 Moderately polluted 

b) Average values of EF and Igeo in core S6  

Fe 1.7 Minor enrichment 0.9 Unpolluted to moderately 
polluted 

Mn 2.9 Minor enrichment 2.1 Moderately to highly polluted 

Cu 7.9 Moderately severe enrichment 2.1 Moderately to highly polluted 

Zn 2.1 Minor enrichment 1.0 Moderately polluted 

Co 5.4 Moderately severe enrichment 2.5 Moderately to highly polluted 

Ni 6.1 Moderately severe enrichment 1.6 Moderately polluted 

Pb 3.9 Moderate enrichment 2.5 Moderately to highly polluted 



 

a.                 b.  
Fig. 3.2.27. Distribution with depth of a. Enrichment factor and b. Igeo for core S5  

The depth-wise distribution patterns of EF and Igeo (Fig. 3.2.27) exhibit increase in 

magnitude of metal (Fe, Cu, Zn and Pb) enrichment towards the surface of core S5. 

Mn shows high EF and Igeo values towards the bottom. While, Co and Ni exhibit up-

core decreasing trends. In core S6, depth-wise distribution of EF and Igeo indicate up-

core increase for Mn, Cu, Co and Pb, while up-core decrease is noted for Zn and Ni 

(Fig. 3.2.28). 

a.                 b.  
Fig. 3.2.28. Distribution with depth of a. Enrichment factor and b. Igeo for core S6 

Dudh creek 

The average values of EF and Igeo of the studied metals in both the cores reveal that 

the mangrove sediments of Dudh (Kharekuran-Murbe) creek is highly enriched and 



 

polluted with Cu, Co and Ni, followed by moderate enrichment of Pb and Zn. Fe and 

Mn indicate minor enrichment in core S12 (Table 3.2.14a). While in core S13, Fe falls 

under unpolluted class and Mn indicates minor enrichment. Spatial variation in the 

degree of pollution is also evident between the mangrove cores collected from the 

creek and is observed to be of concern towards the middle estuary i.e. in core S13 

(Table 3.2.14b), where the level of trace metal enrichment is higher than in the core 

collected towards the mouth. Relatively less concentration of metals near the mouth 

may be due to higher tidal flushing, dragging most of the contaminants towards the 

sea before it can settle in the creek. 

 
Table 3.2.14. Average values of EF and Igeo in mangrove cores collected from Dudh creek 

Also, from the depth variation of EF and Igeo (Fig. 3.2.29a,b) an increase is seen in 

magnitude of enrichment for most of the metals from bottom to top of the core S12. 

Similar up-core increase has also been observed earlier for mudflat core collected 

from the inner portion of the creek. The enrichment is therefore attributed to increased 

addition of metal contaminants in the form of industrial effluents in recent years. The 

depth variation of EF and Igeo (Fig. 3.2.30a,b) in core S13 however show decrease 

towards the surface for most of the studied metals. As stated earlier, core S13 is the 

smallest core collected in the present study, and represents sediment deposited in 

Metal Avg EF 
value 

Level Avg Igeo 

value 
Sediment quality 

a) Average values of EF and Igeo in core S12 

Fe 2.6  Minor enrichment  1.5  Moderately polluted  

Mn 2.6  Minor enrichment  1.9  Moderately polluted  

Cu 8.2  Moderately severe enrichment  2.1  Moderately to highly polluted  

Zn 3.4  Moderate enrichment  1.6  Moderately polluted  

Co 4.1  Moderate enrichment  2.0  Moderately polluted  

Ni 6.2  Moderately severe enrichment  1.5  Moderately polluted  

Pb 2.4  Minor enrichment  1.5  Moderately polluted  

b) Average values of EF and Igeo in core S13 

Fe 0.03  No enrichment  -5.2  Unpolluted  

Mn 2.2  Minor enrichment  1.5  Moderately polluted  

Cu 10.4  Severe enrichment  2.2  Moderately to highly polluted  

Zn 3.7  Moderate enrichment  1.5  Moderately polluted  

Co 7.5  Moderately severe enrichment  2.8  Moderately to highly polluted  

Ni 5.5  Moderately severe enrichment  1.1  Moderately polluted  

Pb 4.3  Moderate enrichment  2.4  Moderately to highly polluted  



 

recent years. The high concentration of metals above 16 cm is therefore of major 

concern since change in pH, redox conditions, bioturbation or physical disturbance of 

sediment profile has a potential to release these harmful metals to the overlying water 

column. Such high concentration of metals in sediment may also be harmful to the 

sediment dwelling organisms.    

a.                 b.  
Fig. 3.2.29. Distribution with depth of a. Enrichment factor and b. Igeo for core S12 

a.                 b.  
Fig.3.2.30. Distribution with depth of a. Enrichment factor and b. Igeo for core S13 

Khonda creek 

From the average values of EF and Igeo in core S16, Zn and Fe are noted to be least 

affected by anthropogenic activities, while Mn shows moderate enrichment. 



 

Enrichment of metals namely Cu, Co, Ni and Pb in mangrove sediment of Khonda 

creek seems to be of major concern (Table 3.2.15). 

Table 3.2.15. Average values of EF and Igeo in core S16 

 

a.                 b.  
Fig. 3.2.31. Distribution with depth of a. Enrichment factor and b. Igeo for Core S16 

The depth-wise distribution patterns of EF of metals however show up-core decreasing 

trends for Fe, Cu and Co and an increasing trend for Ni (Fig. 3.2.31). EF values of Zn 

and Mn remain almost constant from bottom to surface, while that of Pb shows 

increase in the middle portion. The result of depth-wise distribution of Igeo also 

suggests up-core decreasing trend for Fe. Igeo values of Cu, Zn and Co show almost 

constant trend while Pb exhibit increase in the middle portion. Igeo values of Mn and 

Ni, however, show an increase towards the surface. Based on the result of depth-wise 

distribution pattern, it can be concluded that, the magnitude of metal (Fe, Cu, Co and 

Zn) input has not increased in recent years, therefore suggesting anthropogenic 

Metal Avg EF 
value 

Level Avg Igeo 

value 
Sediment quality 

a) Average values of EF and Igeo in core S16 

Fe 2.3 Minor enrichment 0.9 Unpolluted to moderately polluted  

Mn 3.2 Moderate enrichment 1.8 Moderately polluted 

Cu 8.0 Moderately severe enrichment 1.6 Moderately polluted 

Zn 2.3 Minor enrichment 0.6 Unpolluted to moderately polluted 

Co 6.0 Moderately severe enrichment 2.2 Moderately to highly polluted 

Ni 7.4 Moderately severe enrichment  1.3 Moderately polluted 

Pb 4.5 Moderate enrichment 2.2 Moderately to highly polluted 



 

influence to play a minor role in Khonda creek. However, metals namely Ni and Mn 

suggest their non-point anthropogenic source in recent years. Diagenetic activities 

probably play a major role in enrichment of Pb in the middle part of the core, rather 

than anthropogenic input.    

3.2. IV. Major and trace elements along north Maharashtra coast  

In order to understand the variation pattern and factors controlling the distribution of 

studied metals along north Maharashtra coast, average values of metals in cores 

collected from Vaitarna estuary, Dudh creek and Khonda creek are compared (Table 

3.2.16). In cores collected towards the mouth of studied estuary and creeks, metals 

namely Fe, Mn, Cu and Ni are observed to be significantly higher in Dudh creek. Pb is 

high in Khonda creek while Al, Zn and Co are higher in Vaitarna estuary. While in 

cores collected from the lower middle regions (metal data for core collected from lower 

middle region of Khonda creek is not available), concentration of Al, Fe, Ni and Pb is 

higher in Vaitarna estuary; whereas Mn, Cu, Zn and Co concentration is higher in 

Dudh creek. Unlike Dudh creek, Khonda creek and Vaitarna estuary do not have the 

presence of major point source of metals in the catchment area. Thus the observed 

elevated concentration of metals in Khonda creek and Vaitarna estuary seem to have 

mainly natural origin from weathering of Deccan basalts and that in Dudh creek mainly 

from anthropogenic sources.   

Al and Zn however indicate a decrease in concentration from south to north i.e. their 

highest concentration is noted in Vaitarna estuary, followed by Dudh creek and lowest 

in Khonda creek. Similar south to north decrease is noted earlier for finer clay 

component in cores collected towards the mouth. Thus, Al and Zn seem to represent 

clay fraction bound elements and their distribution therefore seems to be controlled by 

varying tidal energy conditions at the three locations. However, when less 

anthropogenically impacted Vaitarna estuary and Khonda creek are compared; all the 

metals except Mn and Pb are noted to be significantly higher in Vaitarna estuary.  

Further, when upper middle regions are compared, Al and Mn are found to be higher 

in Khonda creek and Vaitarna estuary respectively. While all the other metals show 



 

significant enrichment in Dudh creek as compared to other two locations. Since Dudh 

creek exhibit mainly anthropogenic influence on metal distribution, upper middle 

regions of Vaitarna estuary and Khonda creek are compared. The result indicates 

most of the metals (except Al) to be significantly higher in Vaitarna estuary, similar to 

that observed towards mouth. Thus, metals along north Maharashtra coast, in general, 

exhibit a northward decrease.  

 
Name of the 
estuary/creek 

Al 
(%) 

Fe 
(%) 

Mn 
(ppm) 

Cu 
(ppm) 

Zn 
(ppm) 

Co 
(ppm) 

Ni 
(ppm) 

Pb 
(ppm) 

Towards 

mouth of 

estuary/creek 

Khonda creek 
(S16) 

6.3 5.8 1377 94 97 57 113 62.8 

Dudh creek 
(S12) 

8.7 9 1546 129 197 52.1 129 46.6 

Vaitarna 
estuary (S5) 

9.5 7.7 457 109 233 73 126 50.2 

Lower middle 
estuary/creek 

Khonda creek 
(S20) 

-- -- -- -- -- -- -- -- 

Dudh creek 
(S13) 

7.7 6.0 1166 148 194 86.4 102 72.6 

Vaitarna 
estuary (S9) 

9.3 10.2 1100 117 152 80.2 130 95 

Upper middle 
estuary/creek 

Khonda creek  
(S21) 

9.4 6.7 1123 123 110 41 112 63.4 

Dudh creek 
(S22) 

8.9 10.2 1616 796 2835 313 336 284 

Vaitarna 
estuary (S7) 

9.1 9.4 1734 148 157 82.5 129.7 86.5 

Table 3.2.16. Average of major and trace elements in cores collected along north Maharashtra 
coast    

3.2. VA. 1. Distribution of Al, Fe and Mn in clay fraction of mudflats 

Vaitarna estuary 

Fe, Mn and Al range from 4.5 % to 12 % (avg. 6.9 %), 288 ppm to 857 ppm (avg. 576 

ppm) and 7.1 % to 12 % (avg. 9.3 %) respectively in core S4, while in core S7 Fe, Mn 

and Al vary from 5.0 % to 6.7 % (avg. 5.9 %),  446 ppm to 1556 ppm (avg. 920 ppm) 

and 10.4 % to 12.3 % (avg. 10.4 %) respectively. When average concentration of 

major elements in clay fraction of sediment at the two locations are compared, Fe is 

found to be high in core S4 while Mn and Al is noted to be high in core S7.  



 

a.     b.  
Fig. 3.2.32. Vertical distribution of major elements in a. core S4 and b. core S7  

In the lower section I of core S4, Al is noted to be almost constant with lower than 

average values (Fig. 3.2.32a). In section II, Al shows large fluctuations with largely 

lower than average values, except at 50 cm depth where a prominent positive peak is 

observed. In section III, Al exhibits higher than average value. Al shows an increasing 

trend from 46 cm to 6 cm depth, above which it shows a decrease towards the 

surface. Fe is noted to be almost constant around the average line from bottom to 70 

cm depth of section I. Above this up to 34 cm depth of section II, Fe shows lower than 

average value except a prominent peak at 50 cm depth similar to that of Al. Above 34 

cm, Fe indicates an increasing trend with largely higher than average value and a 

prominent peak at 6 cm depth. Fe shows large similarity in distribution pattern with that 

of Al, suggesting their common source. Mn shows a large fluctuating trend around the 

average line from bottom to surface of the core. 

In section I and II of core S7, Al fluctuates around the average line (Fig. 3.2.32b). 

While in section III, it shows a sudden decrease at 34 cm depth. Further, Al increases 

up to 14 cm and then remains almost constant up till the surface. Lower than average 

value are noted between 34 cm and 18 cm depths, while higher than average values 

are observed above 14 cm. Fe show a decreasing trend from bottom to 50 cm depth of 

section II with higher than average values, except at 62 cm. Between 50 cm and 42 

cm Fe remains constant around the average line. In section III, Fe shows a fluctuating 

trend around the average line. While, Mn indicates higher than average value between 

62 cm and 14 cm depth, except at 50 cm and 34 cm where lower than average value 



 

are noted. Lower than average values are also observed at 66 cm and above 14 cm 

depths. The distribution pattern indicates an increase from bottom to 58 cm, followed 

by a decrease till 50 cm. Mn further increases up to 42 cm where it shows its peak 

value. Further, Mn decreases gradually up to 34 cm and then increases at 30 cm. 

Above 30 cm, Mn shows slight decreasing trend up to 14 cm. It shows a sudden 

decrease at 10 cm depth, and then remains almost constant up to the surface. Thus, 

major elements in clay fraction of core S7 does not show much similarity in their 

distribution patterns.   

The higher concentration of Fe above 30 cm depth within core S4, a peak value of Fe 

at 34 cm depth and enrichment of Mn between 46-38 cm within core S7 is similar to 

that observed for bulk sediments, thus indicates diagenetic enrichment. While drastic 

increase in Al concentration above 30 cm and 18 cm depth of core S4 and S7 

respectively, corresponds to the depth where simultaneous decrease in Al 

concentration within bulk sediment is noted.  

Dudh creek 

In lower section I, Al indicates a decrease from bottom to 26 cm followed by a gradual 

increase up to 22 cm depth (Fig. 3.2.33). Above 22 cm depth, Al shows a decreasing 

trend towards the surface of the core. Higher than average values are noted between 

24 cm and 10 cm depths, while lower than average values are observed between 30-

26 cm and above 10 cm depth. Fe in section I shows an increase till 24 cm depth, 

followed by a decrease at 22 cm and then increase till 18 cm of section II. Above this 

Fe shows a large fuctuating trend around the average line. While Mn exhibits slight 

increase up to 24 cm depth, followed by a decrease till 20 cm and an increasing trend 

up to 10 cm depth. Above this, it shows a decrease at 6 cm and a slight increase 

towards the surface. Thus, not much similarity in the distribution patterns of major 

elements is observed in this core. 



 

    
Fig. 3.2.33. Vertical distribution of major elements in core S22 

The depth-wise distribution pattern of Al in clay fraction matches with that of Al in bulk 

sediment. Thus supporting for its main association with clay component in this core. 

Similarly, a peak value of Fe at 4 cm depth matches with that observed for Fe in bulk 

sediment; therefore supporting its anthropogenic and/or diagenetic enrichment at this 

depth. Mn however, showed no similarity in distribution pattern with that observed in 

bulk sediment.  

 

 

 

3.2. VA. 2. Distribution of trace metals in clay fraction of mudflats  

Vaitarna estuary 

In core S4, values for metals vary from 86.5 ppm to 164 ppm (avg. 124 ppm) for Cu, 

140 ppm to 239 ppm (avg. 176 ppm) for Zn, 31 ppm to 91 ppm (avg. 48 ppm) for Co, 

62 ppm to 119 ppm (avg. 104 ppm) for Ni and 45 ppm to 95 ppm (avg. 74 ppm) for Pb. 

While in core S7, trace metal concentration range from 113 ppm to 154 ppm (avg. 135 

ppm) for Cu, 142 ppm to 233 ppm (avg. 178 ppm) for Zn, 48 ppm to 75 ppm (avg. 59 

ppm) for Co, 113 ppm to 164 ppm (avg. 138 ppm) for Ni and 37 ppm to 178 ppm (avg. 



 

97 ppm) for Pb. Spatially, all the studied trace metals in clay fraction are higher in 

concentration in core collected towards the upper middle estuary (core S7) as 

compared to core collected closer to the mouth (core S4).  

In core S4, Cu shows a fluctuating decreasing trend from bottom to 22 cm depth (Fig. 

3.2.34), with higher than average values between 86 – 70 cm and at 50 cm depth. 

Above this, Cu indicates large increase at 18 cm, decrease till 10 cm and a peak value 

at 6 cm depth with higher than average values. While it shows its lowest concentration 

at the surface. Zn shows its peak value at the bottom. It indicates large fluctuating 

trend from 82 cm to 46 cm depth. Above this up to 6 cm depth Zn indicates a gradual 

increasing trend, except at 22 cm where a sudden decrease is noted and a lower 

value at the surface. Thus higher than average values are noted at the bottom, at 70 

cm, 62 – 58 cm and 18 – 6 cm depths. The point to point variation pattern of Zn 

matches Cu at different depths. They also show large similarity in distribution pattern 

with that of Al. Co remains almost constant around the average line in section I. While 

in section II, it exhibits a decreasing trend up to 50 cm depth, which further increases 

gradually up to 18 cm depth of section III and mostly indicates lower than average 

values. Above this Co exhibits large fluctuating trend with prominent peaks at 14 cm 

and 6 cm depths. While Ni shows a fluctuating decreasing trend from bottom to 34 cm 

depth of section II. In section III, Ni indicate increase up to 22 cm, followed by a large 

decrease at 18 cm, increase till 10 cm, a decrease at 6 cm and a slight increase at the 

surface. Pb indicates fluctuating trend with prominent negative peaks at 62 cm, 42 cm 

and 14 cm depths.             



 

 
Fig. 3.2.34. Vertical distribution of trace elements in a. core S4 

Increase of metals (Cu, Zn and Co) above 22 cm depth is similar to that of Al. 

Correlation analysis also shows strong positive association of these metals with Al 

(Table 3.2.17). The result therefore suggests greater deposition of clay fraction bound 

metals in recent years.    

 

Fig. 3.2.35. Vertical distribution of trace elements in a. core S7 

In core S7, Cu shows large fluctuating trend from bottom to 34 cm depth (Fig. 3.2.35). 

Above this it shows a decreasing trend up to 10 cm depth followed by increase 

towards the surface. Zn indicates a decrease from bottom to 62 cm of section I. This is 

followed by a large increase till 54 cm and a decreasing trend up to 42 cm depth of 

section II. In section III, Zn indicates an increasing trend up to 30 cm, wherein it shows 



 

its peak value at 30 cm depth. This is followed by a decrease up to 10 cm and an 

increase towards the surface. Co fluctuates around the average line from bottom to 34 

cm. While it shows higher than average values between 30 – 14 cm depths and lower 

than average values above 10 cm. Peak value at 30 cm is similar that observed for Zn. 

Ni shows a peak value at 62 cm of section I, above this up to 50 cm depth of section II, 

it decreases gradually. It shows large increase at 46 cm depth similar to that observed 

for Cu and Co. This is followed by a decrease till 38 cm, and an increasing trend 

towards surface with prominent peak at 30 cm. While Pb shows an increasing trend up 

to 38 cm depth of section III. It indicates a sudden decrease at 34 cm and a prominent 

positive peak at 30 cm agreeing with other metals. Above this up to 6 cm depth Pb 

shows a gradual decreasing trend, followed by a large increase at the surface.            

 

CoreS4 Al Fe Mn Cu Zn Co Ni Pb 

Al 1.00        

Fe .68 1.00       

Mn -.42 -.52 1.00      

Cu .45 .24 -.18 1.00     

Zn .45 .33 -.18 .61 1.00    

Co .38 .35 -.03 .55 .39 1.00   

Ni -.16 .28 .03 -.47 -.25 -.34 1.00  

Pb .05 .18 .17 .04 .20 -.18 .32 1.00 

Marked correlations are significant at p < 0.05   N= 22 

                                                                     

Core S7 Al Fe Mn Cu Zn Co Ni Pb 

Al 1.00        

Fe -.07 1.00       

Mn -.51 -.22 1.00      

Cu -.10 -.21 -.01 1.00     

Zn -.15 -.19 -.06 .40 1.00    

Co -.52 -.36 .61 .42 .32 1.00   

Ni -.02 -.28 .20 .33 .05 .43 1.00  

Pb -.07 -.41 .13 .47 .65 .48 .26 1.00 

Marked correlations are significant at p < .05                                                 N= 17 

Table 3.2.17. Correlation between metals in separated clay fraction  

Sudden increase in metal concentration (Zn, Co, Ni and Pb) at 30 cm, together with 

enrichment of Mn strongly point towards their diagenetic enrichment. However, only 

Co shows strong positive correlation with Mn amongst these metals (Table 3.2.17). 

Further Cu, Zn, Ni and Pb exhibit enrichment towards the surface of the core. While Zn 



 

and Pb show strong positive association with each other, thus suggesting a common 

source.               

Further, when isocon plots of metals in clay fraction v/s metals in bulk sediment are 

plotted (Fig. 36a,b), Zn and Pb are noted to be higher in clay fractions of both the 

cores while Ni and Al are higher in clay fraction of core S7. Fe, Mn and Co 

concentration is however higher in bulk sediments of both the cores as compared to 

the clay. Similarly, Al and Ni in core S4 and Cu in core S7 are relatively higher in bulk 

sediment as compared to the clay.   

a.      b.  
Fig. 3.2.36. Isocon plots for metals in a. core S4 and b. core S7 

Together with anthropogenic additions such as domestic and agricultural wastes, 

sediments of Vaitarna estuary must be receiving abundant immature physically 

weathered materials (Jung et al. 2010) comprising of multitude of minerals such as 

altered pyroxene, amphiboles and plagioclase feldspars containing a whole range of 

metals (Chang et al. 2007) as the source area consists largely deccan basalts. Clear 

identification of origin of metals whether natural or anthropogenic is of utmost 

importance. The observed variation in metal distribution between the bulk and 

separated clay sediment fraction in this study is therefore attributed to the complexity 

in the admixture of sediment particles and nonclastic chemical phases of the estuarine 

sediments (Padmalal and Seralathan 1995). According to Roussiez et al. (2006) all the 

trace metals may not be necessarily associated with the fine-grained alumino-silicates, 

but rather with the coarser silt fraction. This explains for the higher concentration of 

metals (Fe, Mn Co in both the cores and Ni in core S4) in bulk rather than clay fraction. 

Fe and Mn hydrous oxides and organic matter play important role in metal sorption 

onto the surfaces of clay minerals (Allen et al. 1990, Zhang et al. 2007, Sondi et al. 



 

2008, Fernandes and Nayak 2009, Kumar and Edward 2009). The observed lower 

average concentrations of these metals within clay fraction was attributed to lower 

association of clay fraction with that of Fe-Mn oxyhydroxides as well as organic 

carbon. On the other hand, bulk sediments represent metals associated with crystal 

lattice structure of weathered minerals, as well as metals incorporated by surface 

sorption processes. This is further supported by good correlation observed between 

metals and relatively coarser size fractions in bulk sediments.  

In the sediments of estuarine and near shore regions, iron oxide (hematite) occurs as 

a coating of 5-7 μm size around the coarser quartz and feldspar grains (Achyuthan et 

al. 2002). Such coatings must have facilitated the adsorption of metals onto the 

surfaces of relatively coarser sediments in the present study. In core S7 peak 

concentrations of trace metals at greater depth inferred diagenetic enrichment during 

the sediment deposition. The higher average concentration of Pb and Zn in clay 

fraction as compared to bulk sediments in both the cores was probably the result of 

their high retention capacity onto clay particles (Covelo et al. 2007, Vega et al. 2006). 

Smectite is the dominant clay mineral within the sediments of Vaitarna estuary. The 

study carried out by Ghayaza et al. (2011) has shown smectite to have a good 

capacity to retain Zn as well as Pb. Thus, in the present study Pb and Zn must have 

been competing successfully for the binding sites of finer particles as compared to the 

other metals leading to their observed enrichment within the clay fraction. Within 

Vaitarna estuary, the observed enriched concentrations of Pb and Zn therefore seem 

to be unaffected/least affected by anthropogenic activities as compared to other 

studied metals which have shown anthropogenic signatures.  

Dudh creek 

Metal concentration in clay fraction of core S22 ranges from 57 ppm to 531 ppm (avg. 

299 ppm) for Cu, 37 ppm to 3576 ppm (avg. 1145 ppm) for Zn, 18 ppm to 57 ppm 

(avg. 36 ppm) for Co, 60 ppm to 390 ppm (avg. 145 ppm) for Ni and 46 ppm to 143 

ppm (avg. 90 ppm) for Pb. 



 

 
Fig. 3.2.37. Vertical distribution of trace elements in core S22  

Cu, Zn and Pb show an overall increasing trend from bottom to surface of the core 

(Fig. 3.2.37). Less than average values are noted for Cu in lower section I, while 

higher than average values are observed in upper section II. Zn and Pb show almost 

same distribution pattern as that of Cu. Correlation analysis also indicate positive 

correlation of Cu with Zn and Pb (Table 3.2.18), thus suggesting their association and 

a common source. The point to point variation pattern of Cu also matches Fe in 

section I, and that with Mn from bottom to 14 cm depth. Co shows an increase from 

bottom to 26 cm depth, followed by a decreasing trend up to 18 cm and a slight 

increase at 14 cm depth of section II. Above this Co indicates large increase at 12 cm 

depth, followed by a decreasing trend up to 4 cm and an increase at the surface. The 

result of correlation analysis further indicates association of Co with Mn. Lower than 

average values are noted for Ni from bottom to 6 cm depth. Ni exhibits almost constant 

trend up to 6 cm depth, followed by large increase within upper 4 cm. Thus, increased 

concentration of clay fraction bound metals towards surface, suggests large increase 

in anthropogenic addition of almost all the studied metals in recent years.  

However, when isocon plot of metals in clay fraction v/s metals in bulk sediment is 

plotted for core S22 (Fig. 3.2.38), almost all the studied metals except Al are noted to 

be higher in bulk sediment as compared to clay fraction, thus suggesting role of 

coarser particles in controlling metal distribution in this core as compared to finer clay. 

Elevated concentrations of metals in bulk sediment must be largely representing 



 

metals of anthropogenic origin, rather than natural weathered particles from source 

rocks unlike Vaitarna estuary. Fe-Mn oxide and organic matter coating therefore seem 

to act as important factor of metal binding on relatively coarser sand and silt particles 

in this core. 

Core S22 Al Fe Mn Cu Zn Co Ni Pb 

Al 1        

Fe 0.2 1       

Mn 0.1 0.1 1      

Cu -0.4 0.0 0.5 1     

Zn -0.5 0.2 0.3 .81 1    

Co 0.0 0.2 .65 0.1 0.1 1   

Ni -0.4 0.3 -0.0 0.4 0.5 -0.0 1  

Pb -0.3 0.0 0.3 .88 .64 0.0 0.3 1 

Marked correlations are significant at p < 0.05                                                 N=12 

Table 3.2.18. Correlation between metals in separated clay fraction in core S22                      

 
Fig. 3.2.38. Isocon plot for metals in core S22   

3.2. VB. 1. Distribution of Al, Fe and Mn in clay fraction of mangrove sediment 

core 

Khonda creek 

In section I of core S16, Al shows a decrease from bottom to 66 cm depth, followed by 

an increase till 60 cm depth (Fig. 3.2.39). Further an increasing trend is noted in 

section II, with its highest peak at 42 cm depth. Similarly in section III, Al shows a  

peak value at 34 cm depth. Above this, it shows a decreasing trend up to 22 cm 

followed by a sudden increase at 20 cm. Between 18-10 cm depths Al increases, and 

further remains almost constant up to the surface. Fe in this core shows same point to 



 

point variation pattern as that of Al. While Mn indicates large fluctuating trend around 

the average line with its peak value at 22 cm depth.      

 
Fig. 3.2.39. Vertical distribution of major elements in core S16 

Fe and Mn in clay fraction of this core did not show similarity in distribution pattern with 

that observed for bulk sediment. Rather indicated opposite pattern wherein Fe shows 

increase within upper few centimeters in clay fraction, where corresponding decrease 

in bulk sediment has been noted earlier. Similarly, Mn in clay fraction shows a 

decrease within upper few centimeters while it shows increase within bulk sediment.  

3.2. VB. 2. Distribution of trace metals in clay fraction of mangrove core 

Trace metal concentration in clay fraction of core S16 varies from 139 ppm to 247 ppm 

(avg. 182 ppm) for Cu, 75 ppm to 408 ppm (avg. 229 ppm) for Zn, 33 ppm to 79 ppm 

(avg. 51 ppm) for Co, 72 ppm to 109 ppm (avg. 90 ppm) for Ni and 95 ppm to 129 ppm 

(avg. 110 ppm) for Pb. 

Cu shows large fluctuating trend around the average line from bottom to surface of the 

core (Fig. 3.2.40). Zn is noted to have lower than average values between 66 cm and 

20 cm depths, except sharp positive peaks at 60 cm and 34 cm; while higher than 

average values are observed above 20 cm depth. The distribution pattern indicates 

almost constant trend for Zn in sections I and II. In section III, Zn shows an increasing 

trend from 30 cm to 10 cm depth, followed by a decrease towards the surface.  



 

 
Fig. 3.2.40. Vertical distribution of trace elements in core S16  

Co shows lower than average values from bottom to 20 cm depth, except at 54 cm; 

while higher than average values are observed between 18 cm depth and surface of 

the core. The vertical distribution pattern of Co shows fluctuating trend in sections I 

and II. While in section III, Co exhibits a decreasing trend up to 26 cm followed by a 

large increase till 20 cm depth. Above this it shows high values with fluctuating trend. 

Ni exhibits an increasing trend from bottom to 40 cm depth, followed by a decreasing 

trend up to 30 cm, gradual increase till 6 cm depth and a decrease at the surface. 

While, Pb remains almost constant and close to the average line in sections I and II, 

except a negative peak at 60 cm depth. In section III, lower than average values are 

noted up to 18 cm depth, while higher than average values are observed within upper 

14 cm. It shows a decreasing trend up to 30 cm, followed by an increase towards the 

surface. Large increase in metal concentration (Zn, Co, Ni and Pb) within upper few 

centimeters of the core, therefore suggest increased addition of clay fraction bound 

metals in recent years as compared to the past.  

Correlation analysis further indicates Pb to be strongly associated with Fe, Zn, Co and 

Ni (Table 3.2.19). Trace metals namely, Zn, Co, Ni and Pb are further found to be 

strongly associated with each other, thus suggesting their common source.  

 

 



 

Core S16 Al Fe Mn Cu Zn Co Ni Pb 

Al 1        

Fe .59 1       

Mn -0.24 -.54 1      

Cu 0.24 0.19 0.1 1     

Zn 0.12 0.41 -0.33 -0.05 1    

Co -0.11 0.28 -0.25 -0.13 .55 1   

Ni 0.23 0.35 0.09 -0.17 .53 .56 1  

Pb 0.15 .45 -0.08 0.27 .5 .61 .55 1 

Marked correlations are significant at p < 0.05                                               N= 21 

Table 3.2.19. Correlation between metals in separated clay fraction in core S16              

 
Fig. 3.2.41. Isocon plot for metals in core S16 

Isocon plot of metals in clay fraction v/s metals in bulk sediment indicates, Al, Fe, Cu, 

Zn and Pb to be high in clay fraction as compared to bulk sediment (Fig. 3.2.41). Thus 

Cu, Zn and Pb seem to have a natural origin. While Mn, Co and Ni are higher in bulk 

sediment, and probably represent metals originating from both natural as well as 

anthopogenic sources.  

 

 

 

 

 

 

 



 

Section III: Metal speciation and bulk sedimentary stable isotope (δ13Corg and 

δ15N) ratios 

3.3. I. Metal speciation   

The sediments, in addition to acting as sink for metals, also act as source of trace 

metals to the overlying water-column and to benthic biota especially when they are 

polluted. Impact of the pollution on environment is however related to the availability of 

the heavy metals, i.e. to the reversibility of the process by which metals are 

incorporated to the solid matrix (Alvarez et al. 2011). Bioavailability or bioaccumulation 

of metal contaminants is in turn mainly dependent on the partitioning behavior or 

binding strength of the contaminant to sediment (Eggleton and Thomas 2004). It is in 

fact the physicochemical forms of the trace metals that determine their potential 

bioavailability and remobilization (Ibhadon et al. 2004). Knowledge of geochemical 

partitioning of metals in sediments is therefore of great importance in risk assessment 

(Burton et al. 2006).  It is necessary to identify and quantify the forms in which a metal 

is present in sediments to gain a more precise understanding of the potential and 

actual impacts of elevated concentrations, and to evaluate processes of downstream 

transport, deposition and release under changing environmental conditions (Li et al. 

2000, Krupadam et al. 2006).  

A large part of metals introduced by human activity are known to be present in the 

exchangeable and carbonate fractions. The metals associated with these first two 

fractions are therefore the most mobile forms. Reducible (Fe-Mn oxide phase) and 

organic/sulphide fractions act as sink of metals. Metal content bound to these fractions 

can be mobilized with increasing reducing or oxidizing conditions in the environment. 

While metals in the residual fraction, strongly bound to solid matter, originate mainly 

from natural sources (Filgueiras et al. 2002, Trujillo-Cárdenas et al. 2010). Amongst 

the studied locations, Dudh creek is subjected to highest anthropogenic pressure, 

since it receives direct effluents from the nearby industries. Speciation of metals i.e. 

the concentration of metals (Fe, Mn, Cu, Zn, Ni and Pb) in the five fractions 

(exchangeable, bound to carbonates, bound to Fe-Mn oxide, bound to organic 



 

matter/sulphide and residual) have therefore been studied with the aim to investigate 

metal mobility, bioavailability and origin.  

3.3. IA. Speciation of metals in mudflats 

In core S22 collected from inner portion of Dudh creek, Fe associations with different 

fractions follow the order: residual > Fe-Mn oxide > organic/sulphide > carbonate > 

exchangeable. Fe varies from 42069 ppm to 64356 ppm (avg. 50563 ppm) in residual 

fraction (F5), and account for 46.3 % to 90.3 % (avg. 71 %) when recomputed taking 

all five fractions to hundred. After residual, Fe is found to be mainly associated with 

Fe-Mn oxide fraction (F3), wherein it ranges from 6241 ppm to 52948 ppm (avg. 20711 

ppm) and accounts for 9.4 % to 50 % (avg. 26 %). While in organic/sulfide bound (F4) 

fraction Fe varies from 180 ppm to 5211 ppm (avg. 1771 ppm) attaining 0.3 % to 4.8 % 

(avg. 2.3 %) of the total. In carbonate bound (F2) fraction it ranges from 15.51 ppm to 

1584 ppm (avg. 219 ppm) and attaining 0.02 % to 1.74 % (avg. 0.28 %). Fe is found to 

be least associated with exchangeable fraction (F1) in this core, wherein it varies from 

2.58 ppm to 29.1 ppm (avg. 9.93 ppm) and account for 0.004 % to 0.032 % (avg. 

0.013 %).  

Highest percentage of Fe associated with the residual fraction is attributed to its high 

abundance in the earth’s crust (Yuan et al. 2004, Jain et al. 2008). Metals associated 

with this fraction cannot be remobilized under the conditions normally encountered in 

nature (Izquierdo et al 1997). The depth-wise distribution pattern of Fe in Fe-Mn oxide 

fraction however shows an increase while Fe in residual fraction shows a decrease 

from bottom to surface of the core (Fig. 3.3.1). Thus suggesting decrease in addition of 

Fe of lithogenic origin in recent years as compared to the past. Higher association of 

Fe with reducible fraction (Fe-Mn oxide) above 8 cm depth suggest, the oxidation and 

reprecipitation of Fe released as Fe2+ from Fe-Mn oxyhydroxides dissolved under 

reducing conditions in lower levels.    



 

 

Fig. 3.3.1. Vertical distribution of Fe associated with different fractions in core S22      

 

Fig. 3.3.2. Vertical distribution of Mn associated with different fractions in core S22 

The percentage of Mn associated with different fractions is in the order: residual > Fe-

Mn oxide > exchangeable > carbonate > organic/sulphide. Mn in residual fraction (F5) 

ranges from 168 ppm to 427 ppm (avg. 244 ppm) and account for 22.3 % to 58 % 

(avg. 44 %) when recomputed taking all five fractions to hundred. Fe-Mn oxide bound 

(F3) Mn varies from 63.3 ppm to 331 ppm (avg. 178 ppm) attaining 18 % to 42 % (avg. 

29 %) of the total. After Fe-Mn oxide faction, Mn is mainly associated with 

exchangeable (F1) and carbonate bound (F2) fraction and account for 0.9 % to 24 % 

(avg. 11.1 %) and 5.3 % to 18.3 % (avg. 10.9 %) respectively. While least association 



 

is found with organic/sulphide bound (F4) fraction, wherein Mn ranges from 4.8 ppm to 

54 ppm (avg. 31 ppm) and account for 1.3 % to 6.5 % (avg. 5.1 %).  

Mn in exchangeable fraction shows an increase from bottom to surface of the core 

(Fig. 3.3.2), thus suggesting gradual increase in anthropogenic Mn loading in recent 

years. Between 16 cm and 10 cm depths, Mn shows least association with residual 

fraction, and large increase in exchangeable and Fe-Mn oxide fractions.  Similar to 

that of Fe, Mn also seems to represent influence of post depositional changes on its 

speciation at this depth. 

 
Fig. 3.3.3. Vertical distribution of Cu associated with different fractions in core S22 

Associations of Cu with different fractions follow the order: organic/sulphide > residual 

> Fe-Mn oxide > carbonate > exchangeable. Cu is mainly associated with 

organic/sulfide fraction (F4), wherein it varies from 10 ppm to 891 ppm (avg. 405 ppm) 

attaining 7.4 % to 65 % (avg. 46 %) of the total. Followed by residual fraction (F5) 

wherein it ranges from 94 ppm to 353 ppm (avg. 190 ppm) and account for 15.7 % to 

67.4 % (avg. 34 %). In Fe-Mn oxide (F3) and carbonate (F2) fractions, Cu vary from 22 

ppm to 179 ppm (avg. 58 ppm) attaining 2.3 % to 18 % (avg. 9.5 %) and 10.9 ppm to 

216 ppm (avg. 78 ppm) attaining 5.7 % to 17.6 % (avg. 9.4 %) respectively. Least 

quantity of Cu is found to be associated with exchangeable (F1) fraction, wherein Cu 

ranges from 0.82 ppm to 18.5 ppm (avg. 7.7 ppm) and account for 0.4 % to 1.8 % 

(avg. 1.1 %). 



 

The result indicate oxidizable (organic/sulphide) fraction to be the major phase 

controlling the distribution of Cu in this core. Cu can be used as a tracer for biologic 

input as it behaves like a micronutrient and appears to be released from organic 

carrier phases in sediments (Shaw et al. 1990). Cu is often associated with organic 

matter and sulphides, the latter perhaps being in the form of cuprous sulphide when 

found in anoxic conditions and in the presence of sulphur compounds (Alagarsamy 

2009). Study carried out by Jones and Turki (1997) on the sediments of Tees estuary, 

North-east England also indicated oxidizable fraction to be the dominant Cu host. 

Further, the depth-wise distribution pattern indicate residual fraction bound Cu to show 

a large decrease and that associated with organic/sulphide fraction to exhibit a large 

increase from bottom to surface of the core (Fig. 3.3.3). The upper 22 cm of the core 

therefore reflects non-lithogenic source as the main source of Cu in this part of the 

creek.   

Zn associations with different fractions follow the order: Fe-Mn oxide > residual > 

carbonate > organic/sulphide > exchangeable. Fe-Mn oxide bound (F3) Zn varies from 

34 ppm to 1155 ppm (avg. 486 ppm) attaining 32 % to 62 % (avg. 49 %) of the total. 

After Fe-Mn oxide fraction Zn is mainly associated with residual fraction, wherein it 

ranges from 56 ppm to 174 ppm (avg. 91 ppm) attaining 2.7 % to 53 % (avg. 19 %) of 

the total. Followed by carbonate fraction wherein it varies from 7.2 ppm to 1068 ppm 

(avg. 211 ppm) accounting for 5.2 % to 39 % (avg. 16 %). In organic/sulphide (F4) 

fraction it ranges from 6 ppm to 182 ppm (avg. 83 ppm) accounting for 2.7% to 13 % 

(avg. 9.2 %). While least concentration of Zn is associated with exchangeable fraction 

(F1), wherein it varies from 0.13 ppm to 421 ppm (avg. 113 ppm) attaining 0.08 % to 

20.8 % (avg. 6.7 %) of the total.          



 

 
Fig. 3.3.4. Vertical distribution of Zn associated with different fractions in core S22 

Similar to that of Cu, Zn also indicates a gradual decrease in residual bound fraction 

and an increase in exchangeable, carbonate and Fe-Mn oxide bound fractions from 

bottom to surface of the core (Fig.3.3.4). Residual bound Zn is noted to be very low 

above 24 cm depth and almost negligible at the surface, thus suggesting surface 

sediment to represent mainly/exclusively anthropogenically added material i.e. 

industrial waste/effluents. The result also indicates Zn to be mainly associated with Fe-

Mn oxide fraction. Trace metal contaminants are known to get adsorbed onto or 

occluded within the hydrogenous and biogenic phases which coat natural particles 

(Chapman et al. 1998, Turner 2000). The most significant of which is hydrous iron and 

manganese oxides, characterized by high adsorptive capacities and low degrees of 

crystallinity; the latter effect is caused by successive cycles of dissolution-precipitation 

and facilitates the non-stoichiometric incorporation of metals into the oxides (Chao 

1984). 

The percentage of Ni associated with different fractions is in the order: Fe-Mn oxide > 

residual > organic/sulphide > carbonate > exchangeable. Major concentration of Ni is 

associated with Fe-Mn oxide (F3) fraction wherein it ranges from 9.9 ppm to 205 ppm 

(avg. 104 ppm) accounting for 10 % to 56 % (avg. 39 %) of the total. After Fe-Mn oxide 

fraction Ni is associated mainly with residual fraction (F5) and varies from 65 ppm to 

100 ppm (avg. 83 ppm) attaining 18 % to 71 % (avg. 37 %). Followed by 



 

organic/sulphide (F4) fraction wherein it ranges from 4.6 ppm to 63 ppm (avg. 36 ppm) 

attaining 4.8 % to 19 % (avg. 14 %) and carbonate (F2) fraction wherein Ni varies from 

5.6 ppm to 49 ppm (avg. 15 ppm) accounting for 2.7 % to 13 % (avg. 5.9 %) of the 

total. Least concentration is associated with exchangeable (F1) fraction wherein it 

varies from 6.5 ppm to 22 ppm (avg. 11 ppm) thus accounting for 2.4 % to 8.5 % (avg. 

4.7 %). 

Similar to that of Zn, Ni also indicates a decrease in residual bound fraction and an 

increase mainly in Fe-Mn oxide bound fraction from bottom to surface of the core (Fig. 

3.3.5). Ni in organic/sulphide fraction also indicates an increase towards surface i.e. up 

to 4 cm depth.        

 
Fig. 3.3.5. Vertical distribution of Ni associated with different fractions in core S22 

Pb associations with different fractions follow the order: residual > Fe-Mn oxide > 

organic/sulphide > exchangeable > carbonate. Pb in residual fraction (F5) varies from 

32 ppm to 73 ppm (avg. 45 ppm) attaining 29 % to 56 % (avg. 42 %) of the total. After 

residual, Pb is associated mainly with Fe-Mn oxide (F3) fraction wherein it ranges from 

8.2 ppm to 80.2 ppm (avg. 30.5 ppm) accounting for 12 % to 42 % (avg. 25 %). 

Followed by association with organic/sulphide (F4) fraction wherein Pb ranges from 

6.2 ppm to 49 ppm (avg. 20.6 ppm) accounting for 9 % to 25 % (avg. 18 %) of the 

total. While in exchangeable (F1) fraction it varies from 5.7 ppm to 20 ppm (avg. 8.8 

ppm) attaining 4.6 % to 12 % (avg. 8 %). Least association of Pb is found with 



 

carbonate (F2) fraction wherein it ranges from 4.1 ppm to 18.8 ppm (avg. 8.1 ppm) 

and account for 4.3 % to 11 % (avg. 7.2 %) of the total.  

Similar to other studied metals Pb also exhibits a decrease in residual fraction and an 

increase in Fe-Mn oxide and organic/sulphide fractions from bottom to surface of the 

core (Fig. 3.3.6). Non-lithogenic source is found to be the main source of Pb in this 

core especially within upper 20 cm i.e. in recent years as compared to the past.   

Thus metal speciation in mudflat core S22 have been completely modified by 

anthropogenic activities in recent years.       

 
Fig. 3.3.6. Vertical distribution of Pb associated with different fractions in core S22 

3.3. IB. Speciation of metals in mangroves   

In core S12 collected closer to the mouth of Dudh creek, the percentage of Fe 

associated with different fractions follow the order: residual > Fe-Mn oxide > 

organic/sulphide > exchangeable > carbonate. Fe in residual fraction varies from 

40718 ppm to 63004 ppm (avg. 51701 ppm) and account for 83 % to 94 % (avg. 90 %) 

of the total. While in Fe-Mn oxide fraction, it ranges from 2888 ppm to 5959 ppm (avg. 

4494 ppm) thus accounting for 5.3 % to 10 % (avg. 7.8 %). After Fe-Mn oxide fraction 

Fe is mainly associated with sulphide/organic fraction wherein it ranges from 89 ppm 

to 5648 ppm (avg. 1409 ppm) attaining 0.1 % to 10 % (avg. 2.6 %) of the total. Least 



 

concentration of Fe is found to be associated with exchangeable and carbonate 

fractions. In exchangeable fraction Fe varies from 6 ppm to 13 ppm (avg. 9 ppm) and 

that in carbonate fraction it ranges from 2.6 ppm to 31 ppm (avg. 8.6 ppm). Fe 

concentration therefore account for 0.009 % to 0.024 % (avg. 0.016 %) and 0.004 % to 

0.046 % (avg. 0.015 %) respectively in exchangeable and carbonate fractions when 

recomputed taking all five fractions to hundred. Main association of Fe with residual 

fraction throughout the core suggests its natural/lithogenic origin (Fig. 3.3.7).  

 
Fig. 3.3.7. Vertical distribution of Fe associated with different fractions in core S12 

Mn associations with different fractions follow the order: residual > Fe-Mn oxide > 

carbonate organic/sulphide > exchangeable. Major concentration of Mn is found to be 

associated with residual fraction (F5) wherein it varies from 228 ppm to 617 ppm (avg. 

352 ppm) and account for 29 % to 72 % (avg. 50.4 %). After residual fraction Mn is 

mainly associated with Fe-Mn oxide fraction (F3). In this fraction it varies from 94 ppm 

to 467 ppm (avg. 231 ppm) attaining 12.3 % to 50 % (avg. 30 %) of the total. This is 

followed by high association with carbonate fraction (F2) wherein Mn ranges from 40.2 

ppm to 115 ppm (avg. 70 ppm) accounting for 5.9 % to 17 % (avg. 9.9 %) of the total. 

In organic/sulphide fraction (F4), Mn varies from 16 ppm to 120 ppm (avg. 58 ppm) 

attaining 1.8 % to 14 % (avg. 7.7 %). While, its least association is noted with 

exchangeable fraction (F1) wherein it varies from 5.3 ppm to 18.7 ppm (avg. 11.8 

ppm) thus accounting for 1.1 % to 2.4 % (avg. 1.7 %) of the total.  



 

Mn in exchangeable and carbonate bound fractions does not show much variation 

from bottom to surface of the core (Fig. 3.3.8). However, it shows large increase in Fe-

Mn oxide fraction above 18 cm depth, where corresponding decrease in residual 

bound Mn is observed. The result therefore strongly suggests migration of soluble 

Mn2+ ions from the reducing subsurface layers and subsequent precipitation and 

enrichment of MnO2 upon re-oxidation in the oxygenated surface layer (Sirinawin and 

Sompongchaiyakul 2005).  

 
Fig. 3.3.8. Vertical distribution of Mn associated with different fractions in core S12 

The associations of Cu with different fractions follow the order: residual > Fe-Mn oxide 

> organic/sulphide > carbonate > exchangeable. Highest association of Cu is noted 

with residual fraction (F5) in this core. In this fraction Cu varies from 62 ppm to 109 

ppm (avg. 91 ppm) attaining 58 % to 76 % (avg. 68 %) of the total. After residual 

fraction Cu is mainly associated with Fe-Mn oxide fraction (F3), wherein it ranges from 

11 ppm to 26 ppm (avg. 16.8 ppm) attaining 8 % to 17 % (avg. 12.6 %) of the total. 

While, in organic/sulphide fraction (F4), it varies from 4.1 ppm to 30 ppm (avg. 16 

ppm) and account for 3 % to 22 % (avg. 12 %). In carbonate fraction (F2), Cu varies 

from 5 ppm to 11 ppm (avg. 7.3 ppm) and account for 4 % to 7.3 % (avg. 5.5 %). 

While, least association of Cu is found with exchangeable fraction (F1), wherein it 

ranges from 0.3 ppm to 3.8 ppm (avg. 2 ppm) attaining 0.2 % to 2.8 % (avg. 1.5 %). 



 

Cu in this core is largely associated with the residual fraction and therefore suggests 

its main lithogenic origin. In addition, the depth-wise distribution pattern of Cu 

associated with different sedimentary fractions does not show much variation from 

bottom to surface of the core (Fig. 3.3.9). The speciation of Cu in this core, therefore, 

seems to have not been modified much by post depositional or anthropogenic 

processes.       

 
Fig. 3.3.9. Vertical distribution of Cu associated with different fractions in core S12 

Zn associations with different fractions follow the order: residual > Fe-Mn oxide > 

organic/sulphide > carbonate > exchangeable. Zn varies from 42 ppm to 83 ppm (avg. 

62 ppm) in residual fraction (F5), and account for 50.1 % to 89.5 % (avg. 71 %). After 

residual Zn is found to be mainly associated with Fe-Mn oxide fraction (F3), wherein it 

ranges from 6.7 ppm to 41 ppm (avg. 19.5 ppm) and accounts for 7.9 % to 38 % (avg. 

21 %). While in organic/sulfide bound (F4) fraction Zn varies from 1 ppm to 8 ppm 

(avg. 4.4 ppm) attaining 1.2 % to 10 % (avg. 5.1 %) of the total. In carbonate bound 

(F2) fraction it varies from 0.9 ppm to 6.0 ppm (avg. 2.5 ppm) and attaining 1 % to 5.8 

% (avg. 2.7 %). Zn is found to be least associated with exchangeable fraction (F1), 

wherein it ranges from 0.2 ppm to 0.9 ppm (avg. 0.5 ppm) and account for 0.3 % to 

1.16 % (avg. 0.5 %) of the total.  



 

The depth-wise distribution pattern of Zn associated with Fe-Mn oxide fraction shows 

sudden increase above 16 cm depth (Fig.3.3.10), thus suggesting mobilization and re-

precipitation of Zn with Fe-Mn oxides within oxic surface sediment.   

 
Fig. 3.3.10. Vertical distribution of Zn associated with different fractions in core S12 

Ni associations with different fractions follow the order: residual > Fe-Mn oxide > 

exchangeable > organic/sulphide > carbonate. Ni in residual fraction (F5) varies from 

53 ppm to 80 ppm (avg. 67 ppm) attaining 58 % to 80 % (avg. 68.1 %) of the total. 

After residual, Ni is associated mainly with Fe-Mn oxide (F3) fraction wherein it ranges 

from 6.3 ppm to 23 ppm (avg. 12.5 ppm) accounting for 6.3 % to 19.4 % (avg. 12.4 %). 

This is followed by association with exchangeable (F1) fraction wherein Ni ranges from 

5.1 ppm to 9.6 ppm (avg. 8.2 ppm) accounting for 5 % to 10.2 % (avg. 8.4 %). While, 

in organic/sulphide (F4) fraction it varies from 3 ppm to 12 ppm (avg. 7.8 ppm) 

attaining 3 % to 12 % (avg. 7.9 %) of the total. Least association of Ni is found with 

carbonate (F2) fraction wherein it ranges from 1.7 ppm to 5.7 ppm (avg. 3.2 ppm) and 

account for 1.8 % to 4.8 % (avg. 3.2 %) of the total.    

Exchangeable and carbonate bound Ni does not show much variation from bottom to 

surface of the core (Fig. 3.3.11). However, Fe-Mn oxide bound Ni shows a decreasing 

trend from bottom to 18 cm depth, followed by an increasing trend above 16 cm. 



 

Similar increase above 16 cm depth was also evident for Fe-Mn oxide bound Mn and 

Zn.        

 
Fig. 3.3.11. Vertical distribution of Ni associated with different fractions in core S12 

The percentage of Pb associated with different fractions is in the order: residual > 

exchangeable > carbonate > organic/sulphide > Fe-Mn oxide. Major concentration of 

Pb is associated with residual fraction (F5) wherein it ranges from 21 ppm to 28 ppm 

(avg. 24 ppm) accounting for 48.8 % to 68.6 % (avg. 58.6 %) of the total. After residual 

fraction, Pb is mainly associated with exchangeable fraction wherein it varies from 5.1 

ppm to 7.9 ppm (avg. 6.3 ppm) attaining 12.1 % to 18 % (avg. 16 %). This is followed 

by association with carbonate fraction (F2) wherein Pb ranges from 3 ppm to 5.9 ppm 

(avg. 4.6 ppm) attaining 7.8 % to 13.5 % (avg. 11 %). In organic/sulphide fraction (F4), 

Pb varies from 1.2 ppm to 5.1 ppm (avg. 3.5 ppm) accounting for 3 % to 13 % (avg. 

8.4 %). Least concentration is associated with Fe-Mn oxide (F3) fraction wherein it 

varies from 0.08 ppm to 6.1 ppm (avg. 2.6 ppm) thus accounting for 0.2 % to 13.7 % 

(avg. 6.2 %) of the total.      

Not much variation in distribution of Pb in exchangeable and carbonate bound 

fractions is observed from bottom to surface of the core (Fig. 3.3.12). Relatively higher 

concentration of Pb in exchangeable, carbonate and organic/sulphide bound fractions 

however suggests its high possibility of mobilization. Further, slight increase in Fe-Mn 



 

oxide bound Pb and corresponding decrease in residual bound Pb above 14 cm depth, 

probably suggests, increase in anthropogenic Pb input in recent years as compared to 

the past.   

Trace metal concentration therefore seem to have mainly lithogenic origin. However, 

during the post depositional processes, Fe-Mn oxide seems to largely control the 

metal distribution in this part of the creek i.e. closer to the mouth.  

 
Fig. 3.3.12. Vertical distribution of Pb associated with different fractions in core S12 

In core S13 collected from middle part of the Dudh creek, Fe associations with 

different fractions follow the order: residual > Fe-Mn oxide > organic/sulphide > 

carbonate > exchangeable. Highest concentration of Fe is found to be associated with 

residual fraction (F5) in this core, wherein it varies from 39789 ppm to 45258 ppm 

(avg. 42791 ppm) and account for 81.6 % to 88 % (avg. 85.6 %). After residual fraction 

Fe is mainly associated with Fe-Mn oxide fraction (F3). In this fraction it varies from 

5715 ppm to 8253 ppm (avg. 6494 ppm) attaining 11.2 % to 16 % (avg. 13 %) of the 

total. This is followed by association with organic/sulphide (F4) fraction, wherein Fe 

ranges from 92.3 ppm to 2110 ppm (avg. 693 ppm) accounting for 0.18 % to 4.3 % 

(avg. 1.4 %) of the total. While, least association is found with carbonate (F2) and 

exchangeable (F1) fractions. Fe in carbonate fraction varies from 10.6 ppm to 80.3 

ppm (avg. 28.1 ppm) attaining 0.02 % to 0.15 % (avg. 0.06 %). In exchangeable 



 

fraction (F1) wherein it varies from 4.7 ppm to 18.5 ppm (avg. 9.8 ppm) thus 

accounting for 0.009 % to 0.04 % (avg. 0.02 %) of the total.  

Higher concentration of Fe in residual fraction suggests its origin mainly from 

lithogenic sources (Fig. 3.3.13). While, significant high concentration in Fe-Mn oxide 

fraction suggests its precipitation as Fe-Mn oxy-hydroxides.   

 
Fig. 3.3.13. Vertical distribution of Fe associated with different fractions in core S13 

Mn associations with different fractions follow the order: Fe-Mn oxide > carbonate > 

residual > organic/sulphide > exchangeable. Fe-Mn oxide bound (F3) Mn varies from 

178 ppm to 775 ppm (avg. 383 ppm) attaining 25.5 % to 52.5 % (avg. 36.8 %) of the 

total. After Fe-Mn oxide fraction Mn is mainly associated with carbonate fraction, 

wherein it varies from 163 ppm to 494 ppm (avg. 305 ppm) attaining 23.4 % to 43.2 % 

(avg. 29.6 %) of the total. Followed by residual fraction wherein it ranges from 210 

ppm to 332 ppm (avg. 254 ppm) accounting for 17.7 % to 47.5 % (avg. 27.5 %). In 

organic/sulphide (F4) fraction it ranges from 21.4 ppm to 88.8 ppm (avg. 54.7 ppm) 

accounting for 3.1 % to 7.9 % (avg. 5.2 %). While least concentration of Mn is 

associated with exchangeable fraction (F1), wherein it varies from 4.4 ppm to 21.7 

ppm (avg. 8.9 ppm) attaining 0.4 % to 1.9 % (avg. 0.9 %) of the total.  

Unlike Fe, Mn exhibits lower association with residual fraction and higher association 

with other sedimentary fractions such as Fe-Mn oxide and carbonate (Fig. 3.3.14), 



 

thus suggesting its mainly non lithogenic origin. It also strongly point towards higher 

mobility of Mn in this core.        

 
Fig. 3.3.14. Vertical distribution of Mn associated with different fractions in core S13 

The associations of Cu with different fractions follow the order: residual > 

organic/sulphide > Fe-Mn oxide > carbonate > exchangeable. In this core, Cu is found 

to show highest association with residual fraction (F5), wherein it ranges from 53.2 

ppm to 91.4 ppm (avg. 73.8 ppm) attaining 28.7 % to 65.5 % (avg. 55.1 %) of the total. 

After residual fraction Cu is mainly associated with organic/sulphide fraction (F4), 

wherein it varies from 10.4 ppm to 148 ppm (avg. 45.7 ppm) attaining 12.5 % to 54.1 

% (avg. 25.1 %) of the total. While Fe-Mn oxide bound (F3) Cu varies from 12.8 ppm 

to 27.8 ppm (avg. 17.3 ppm) and account for 8.6 % to 16 % (avg. 12.5 %). In 

carbonate fraction (F2), it ranges from 4.3 ppm to 17 ppm (avg. 9.0 ppm) and account 

for 5 % to 6.7 % (avg. 6.0 %). While least association of Cu is found with 

exchangeable fraction (F1), wherein it varies from 0.3 ppm to 2.8 ppm (avg. 1.7 ppm) 

attaining 0.2 % to 2.5 % (avg. 1.4 %). 

Cu concentration in residual fraction shows a slight increase from bottom to surface of 

the core (Fig. 3.3.15). Following residual bound fraction Cu is mainly associated with 

organic/sulphide fraction and indicates a decrease from bottom to surface, thus 

suggesting decrease in mobility of Cu towards surface of the core. Large percentage 



 

of Cu in oxidizable phase suggests complexation by organic matter in the oxic/suboxic 

zone and incorporation in sulphides in the anoxic zone (Rubio et al. 2010).   

 
Fig. 3.3.15. Vertical distribution of Cu associated with different fractions in core S13 

The percentage of Zn associated with different fractions is in the order: residual > Fe-

Mn oxide > organic/sulphide > carbonate > exchangeable. High concentration of Zn is 

associated with residual fraction (F5) wherein it ranges from 38 ppm to 53.7 ppm (avg. 

44 ppm) accounting for 27 % to 67 % (avg. 48 %) of the total. After residual fraction, 

Zn is mainly associated with Fe-Mn oxide fraction (F3) wherein it ranges from 19.2 

ppm to 64.7 ppm (avg. 38.4 ppm) attaining 26.7 % to 51.2 % (avg. 37.5 %). This is 

followed by association with organic/sulphide fraction (F4) wherein it ranges from 2.2 

ppm to 17.5 ppm (avg. 7.7 ppm) attaining 3 % to 16.1 % (avg. 7.3 %) of the total. 

While, in carbonate fraction (F2), Zn varies from 2.5 ppm to 20 ppm (avg. 7.5 ppm) 

accounting for 3.4 % to 14.1 % (avg. 6.9 %). Least concentration is found to be 

associated with exchangeable fraction (F1) wherein it varies from 0.04 ppm to 1.17 

ppm (avg. 0.44 ppm) thus accounting for 0.06 % to 0.8 % (avg. 0.4 %) of the total. 

Similar to Cu, Zn associated with residual fraction in this core exhibit an increasing 

trend from bottom to surface (Fig. 3.3.16). However, following residual bound fraction it 

is mainly associated with Fe-Mn oxide fraction and therefore will exhibit higher mobility 

than that of Cu. Fe-Mn oxide as well as organic/sulphide and carbonate bound Zn 

exhibit a decreasing trend from bottom to surface of the core.  



 

 
Fig. 3.3.16. Vertical distribution of Zn associated with different fractions in core S13 

The associations of Ni with different fractions follow the order: residual > Fe-Mn oxide 

> carbonate > organic/sulphide > exchangeable. Highest association of Ni is observed 

with residual fraction (F5). In this fraction it varies from 58 ppm to 68 ppm (avg. 62.6 

ppm) attaining 32.2 % to 64 % (avg. 51.4 %) of the total. After residual fraction Ni is 

mainly associated with Fe-Mn oxide fraction (F3), wherein it ranges from 19.3 ppm to 

60 ppm (avg. 36.2 ppm) attaining 20.1 % to 34.1 % (avg. 27.4 %) of the total. While in 

carbonate fraction (F2), Ni varies from 5 ppm to 25 ppm (avg. 11.2 ppm) and account 

for 5.2 % to 14.2 % (avg. 8.2 %). In organic/sulphide fraction (F4), it ranges from 2.2 

ppm to 29 ppm (avg. 9.9 ppm) and account for 2.3 % to 16 % (avg. 6.9 %). While least 

association of Ni is found with exchangeable fraction (F1), wherein, it ranges from 5.9 

ppm to 8.2 ppm (avg. 7.5 ppm) attaining 4.6 % to 8.2 % (avg. 6.1 %) of the total. 

Residual fraction bound Ni exhibit an increasing trend from bottom to surface of the 

core (Fig. 3.3.17) similar to that observed for Cu and Zn. While Fe-Mn oxide, 

organic/sulphide and carbonate bound Ni show a decrease from bottom to surface of 

the core, suggesting increase in lithogenic metal input at this location. However 

exchangeable fraction bound Ni shows slight increase towards surface.    



 

 
Fig. 3.3.17. Vertical distribution of Ni associated with different fractions in core S13 

The associations of Pb with different fractions follow the order: residual > 

exchangeable > carbonate > Fe-Mn oxide > organic/sulphide. Highest concentration of 

Pb is found to be associated with residual fraction (F5), wherein it varies from 25.1 

ppm to 47.8 ppm (avg. 29.7 ppm) and account for 45.2 % to 61.4 % (avg. 52.2 %). 

After residual fraction Pb is mainly associated with exchangeable fraction (F1). In this 

fraction it ranges from 7.5 ppm to 11.5 ppm (avg. 9 ppm) attaining 7.1 % to 20.6 % 

(avg. 16.6 %) of the total. This is followed by association with carbonate (F2) fraction, 

wherein it ranges from 5.9 ppm to 10.9 ppm (avg. 7.9 ppm) accounting for 6.3 % to 

19.8 % (avg. 14.6 %) of the total. Pb in Fe-Mn oxide (F3) fraction varies from 2.3 ppm 

to 18.4 ppm (avg. 5.9 ppm) attaining 4.6 % to 17.4 % (avg. 9.3 %). While least 

association is found with organic/sulphide (F4) fraction, wherein, it varies from 1 ppm 

to 25 ppm (avg. 5.4 ppm) thus accounting for 1.7 % to 24 % (avg. 7.4 %) of the total.  

Similar to other studied metals, Pb also exhibits a slight increasing trend in residual 

fraction towards surface (Fig. 3.3.18). While, Fe-Mn oxide and organic/sulphide bound 

Pb indicates a decrease towards surface  However, following residual bound fraction 

Pb is mainly associated with exchangeable and carbonate fractions. Therefore seem 

to have very high mobility as compared to other metals. Pb in these fractions shows an 

increasing trend towards surface, thus suggesting increased anthopogenic input in 

recent years as well.  



 

 
Fig. 3.3.18. Vertical distribution of Pb associated with different fractions in core S13 

Mangrove sediment core (core S13) collected from the middle portion of the creek 

therefore seems to receive relatively higher proportion of lithogenic material in recent 

years as compared to the past. Metal concentration of anthropogenic origin also 

shows a simultaneous increase. Higher proportion of lithogenic material/sedimentary 

particles therefore must have been received from construction activities being carried 

out nearby; while industries present in the near vicinity release continuous large 

amount of waste/effluents to this creek.   

Dudh creek - spatial variation of metal species 

Metals in Dudh creek sediment show very high concentration in bioavailable fractions 

(exchangeable, carbonate, Fe-Mn oxide and organic/sulphide fractions), thus 

suggesting significant addition of metals from non-lithogenic sources. In mudflat core 

S22 collected from the inner portion of the creek, metals namely, Mn, Cu, Zn and Ni 

(Table 3.3.1) show values above AET (Table 2.4.a, b - under methodology chapter). 

While, in mangrove cores S12 and S13, collected towards the mouth and the middle 

portion of the creek respectively, only one metal i.e. Mn indicates values above AET, 

thus suggesting very high bioavailability and risk of toxicity of this metal to sediment 

dwelling organisms. Followed by risk of toxicity of Ni in core S13 wherein its average 

value in bioavailable fraction falls above ERM. While risk of toxicity of Pb in core S22, 

Cu in cores S12 and S13 and Ni in core S12 is relatively lower as their values fall 



 

above ERL. Fe concentration at the three core locations is much lower than AET and 

that of Pb and Zn in cores S12 and S13 is much below TEL, thus are not harmful to 

the organisms. In addition, the magnitude of metal enrichment in bioavailable fraction 

is noted to show a decrease from inner portion of the creek to closer to the mouth i.e. 

metal concentration in bioavailable fraction follows the order: core S22 > core S13 > 

core S12 for all the studied metals except Mn.   

ppm Core S12  
(Mangrove) 

Core S13  
(Mangrove) 

Core S22  
(Mudflat)  

Fe 5920  7225  22711 
Mn 370  751  335  
Cu 42  74  549  
Zn 27 54  893  
Ni 32 65  165  
Pb 17  28  68  

Table 3.3.1. Average concentration of metals in bioavailable fractions (F1+F2+F3+F4) of cores 
collected from Dudh creek          

3.3. II. Comparison of speciation of metals in Dudh creek sediment with Vaitarna 

estuary and Khonda creek 

Surface sediments act as diffusion barrier for solutes migrating upwards from reducing 

zones of sediment and exchange readily with suspended sediments and water. 

Organisms feeding on suspension matter and also epibenthic organisms are exposed 

directly to metals in the environment of the sediment-water interface (Luoma and 

Bryan 1981). Thus, speciation analysis have also been carried out on the surface 

sediment sample of core S7 (Fig. 3.3.19) collected from Vaitarna estuary and core S16 

(Fig. 3.3.20) collected from Khonda creek which are found to be most affected by 

anthropogenic activities in their respective regions. The result of speciation analysis 

indicated all the studied metals except Mn to be mainly associated with residual 

fraction at the two locations. Thus, indicating lithogenic as the main source of metals in 

Vaitarna estuary and Khonda creek unlike Dudh creek which show non-lithogenic 

origin for most of the studied metals especially in the inner portion of the creek. 



 

 
Fig. 3.3.19. Fractionation of metals in surface sample of core S7 

 
Fig. 3.3.20. Fractionation of metals in surface sample of core S16 

However, Mn in Vaitarna estuary and Khonda creek shows values above AET (Table. 

3.3.2), thus suggesting its high bioavailability followed by risk of toxicity of Ni to 

sediment dwelling organisms. Fe concentration remains much lower than AET, while 

Zn and Pb are noted to fall under TEL, thus are not harmful to the organisms. While, 

surface sample of core S22 collected from the inner portion of Dudh creek, indicated 

very high magnitude of enrichment in bioavailable fraction for almost all the studied 

metals. 

 



 

 Dudh creek Vaitarna estuary Khonda creek 

Ppm Core S12 Core S13 Core S22 Core S7 Core S16 

Fe 5781 6199 48874 8114 5861 

Mn 641 574 164 670 689 

Cu 35 48 1038 59 28 

Zn 47 37 2673 24 18 

Ni 42 44 303 29 28 

Pb 22 22 137 23 26 

Table 3.3.2. Concentration of metals in bioavailable fractions (F1+F2+F3+F4) in surface 
sediments of cores collected from Dudh creek, Vaitarna estuary and Khonda creek 

 

3.3. III. Bulk sedimentary organic stable carbon isotope (δ13Corg) ratio 

The deposition of organic matter in estuarine sediments largely depends upon the 

contributions from marine and terrestrial sources. Identification of variation in marine 

and terrestrial organic matter sources is therefore very important for the study of 

changing depositional environment from past to present. Different organic matter 

sources are characterized by distinct values of stable carbon isotope ratios. Marine 

organic matters are typically enriched in 13C than the terrestrial plant material 

(Schubert and Calvert 2001) owing to differences in photosynthetic mechanism and 

carbon sources (Meyers 1997). Terrestrial C3 vascular plants and C4 plants employ 

different photosynthetic pathways and produce different δ13C values. The δ13C of C3 

plants (-26 ‰ to -28 ‰) and C4 plants (-12 ‰ to -14 ‰) indicates terrestrial end 

member (Ku et al., 2007); while, the δ13C of -19 ‰ to -22 ‰ (Hu et al., 2006) suggests 

aquatic end member. Values of δ13C in estuarine sediments are dependent on 

changes in relative proportions of these two sources. Earlier studies have shown burial 

and microbial decomposition, diagenetically induced variation to play minor or 

insignificant role in altering the signatures of δ13C (Meyers 1994,  Freudenthal et al. 

2001, Chen et al. 2008). Bulk sedimentary organic stable carbon isotope (δ13Corg) 

ratios therefore have been widely and successfully used as marker to estimate the 

changes in relative proportions of terrigenous and marine organic matter in coastal 

sediments (Chmura and Aharon 1995, Müller and Voss 1999, Dehairs et al. 2000, 

Gonneea et al. 2004, Kennedy et al. 2004, Ogrinc et al. 2005, Wilson et al. 2005, Usui 



 

et al. 2006, Zhang et al. 2007, Ramaswamy et al. 2008, Sanders et al. 2009, Böttcher 

et al. 2010). 

3.3. IIIA. Distribution of bulk sedimentary organic stable carbon isotope (δ13Corg) 

ratio in mudflats of Vaitarna estuary  

δ13Corg values vary from -23.4 ‰ to -21.6 ‰ (avg. -22.5 ‰) in core S4, from -28.4 ‰ to 

-20.2 ‰ (avg. -22.6 ‰) in core S9 and from -24.2 ‰ to -21.7 ‰ (avg. -23.0 ‰) in core 

S7. In core S4, δ13Corg values fluctuate between a narrow range of -22.9 ‰ and -22.0 

‰ from bottom i.e. section I to 34 cm depth of section II (Fig. 3.3.21a), with the 

exception of highest value of -21.6 ‰ at 84 cm and the lowest value of -23.4 ‰ at 70 

cm depth. In section III, enrichment of δ13Corg is observed reaching value of -21.9 ‰ at 

the surface. In core S9, gradual increase in δ13C isotopic signatures is noted from 

section I to section III i.e. from bottom to surface of the core (Fig. 3.3.21b). In section I, 

the lowest δ13C value of -28.4 ‰ is observed at the bottom which gradually increases 

to -22.5 ‰ at 30 cm depth. Enrichment of δ13Corg continues further in section II and 

section III reaching heavier value of -20.2 ‰ at 8 cm depth. Above 8 cm, less 

significant but gradual negative shift is observed with δ13Corg value of -20.7 ‰ at the 

surface. In core S7, the δ13Corg value of bottom most sample is close to the average 

value of -23.0 ‰ (Fig. 3.3.21c). Large negative shift is noted in section II, i.e. between 

50 and 42 cm depths, with an average δ13Corg value of -24.1 ‰. In section III, δ13Corg 

values remain almost constant, close to the average value above 36 cm depth. Slight 

enrichment of δ13Corg to -22.8 ‰ is however noted within the upper 4 cm of the core. 



 

a.      b.      c.  
Fig. 3.3.21. Distribution of δ

13
Corg with depth - a. mudflat core collected towards the mouth (core S4); b. 

mudflat core collected from the lower middle estuary (core S9); c. mudflat core collected from the upper 
middle estuary (core S7).   

3.3. III B. Distribution of bulk sedimentary organic stable carbon isotope (δ13Corg) 

ratio in mangroves  

In mangrove core S5, δ13Corg values range from -23.8 ‰ to -19.7 ‰ (avg. -21.7 ‰). 

Isotopically lighter values (avg. -22.8 ‰) are noted below 50 cm i.e. in sections I and II 

(Fig. 3.3.22); whereas, δ13Corg is relatively heavier (avg. -20.5 ‰) in section III. Lowest 

value of -23.8 ‰ is noted at the bottom; while sudden shift in δ13C to heavier value of -

19.7 ‰ is evident at 40 cm depth.  

 
Fig. 3.3.22. Distribution of δ

13
Corg with depth: a. mangrove core collected towards the mouth (core S5) 

The variation in δ13Corg ratio along the length of the core is used to reconstruct mixing 

scenarios of terrigenous v/s marine plant material (Rosenbauer et al. 2009) in 



 

estuarine sediments. Since, bulk sedimentary organic stable carbon isotope (δ13Corg) 

ratio analysis has been carried out on mudflat and mangrove cores collected from a 

single estuary i.e. Vaitarna estuary, the interpretations of results of both mudflats and 

mangrove cores have been considered together in discussion.  

The relatively depleted values of δ13Corg towards bottom (i.e. between 50 to 42 cm 

depth in mudflat core S7, below 32 cm depth in mudflat core S9 and below 60 cm 

depth in mangrove core S5), and enriched values towards the surface of the cores, 

indicate, increase in addition of organic matter of marine origin in recent years as 

compared to the past (Hubeny et al., 2009). While the result of depth-wise distribution 

pattern of TOC/TN ratio (3.1: IIA.4 and IIB.4) had indicated a corresponding decrease 

in deposition of organic matter of terrestrial origin in recent years. Variation in δ13Corg in 

the core therefore, point towards change in the proportion of marine and terrestrial 

organic matter deposited within the sediment of estuary, over a period of time. The 

observed high temporal variability in organic matter distribution may therefore have a 

major impact on the overall carbon dynamics in intertidal ecosystems (Bouillon et al. 

2003a). 

Heavy monsoons recorded between 1954 and 1961 therefore seem to be responsible 

for the addition of higher proportion of terrestrial organic matter through runoff in the 

past. The absence of distinct trend of δ13Corg signature in core S4 has been related to 

large variation in hydrodynamic energy conditions at this location. The large fluctuating 

trend of δ13Corg below 30 cm, 40 cm and 30 cm depth of cores S4, S5 and S9 

respectively, further, indicate addition of variable amounts of organic matter probably 

resulting from variation in fresh water influx in the past.  

Decrease in rainfall following the year 1958, construction of dams and diversion of 

freshwater, seem to have resulted in reduction in terrestrial organic matter input in 

recent years, and is probably reflected as heavier δ13Corg and lower TOC/TN ratio 

signatures towards the surface. According to Lamb et al. (2006) the direction of 

change in δ13Corg and C/N ratio is the most important factor in interpreting 

environmental changes (e.g. relative sea level) rather than the absolute values. 



 

Spatial variation in δ13Corg signatures  

Large fluctuations in δ13Corg values in the lower portion of the cores reflects variation in 

organic matter input under varying hydrodynamic energy conditions prevailing in the 

past; while gradual change towards surface point towards deposition of organic matter 

under relatively less and uniform dynamic energy conditions in recent years. Sediment 

components, metals and TOC/TN had also shown fluctuating trend in section I and a 

gradual change towards surface similar to that of δ13Corg. The amplitude of change in 

δ13Corg signature is very high in core S9 as compared to the other three cores. Core S9 

is collected from a protected area and according to Andrews et al. (1998) in the least 

well-flushed parts of an estuary, down-core variation in δ13Corg profiles should be quite 

smooth or progressive. The protected area of core S9 therefore seem to have favored 

deposition of sediment along with associated organic matter and metals under 

relatively less dynamic environment, thus systematically recording changes.  

Lighter δ13Corg between 50 cm and 42 cm depth of core S7 together with 

corresponding rise in TOC/TN and sand percentage probably indicate, higher 

deposition of land derived organic matter along with coarser particles in the past. The 

slight enrichment of δ13Corg values above 22 cm depth indicates increasing marine 

influence in recent years. However, TOC/TN ratio gave contrasting results; in this 

portion, it increases and tends to point towards decreasing marine influence. The other 

three cores collected closer to the mouth i.e. cores S4, S5 and S9, indicated increased 

marine influence in deposition of organic matter in recent years. Similarly, core S7 has 

indicated increase in marine influence in recent years as evident from the readings of 

δ13Corg. Core S7 is collected from upper middle portion of the estuary which is directly 

connected to major river on its upper reaches. Increasing TOC/TN values towards the 

top must therefore be pointing towards increased sewage contribution (Yang et al. 

2011) to upper middle estuarine region in recent years. All the studied metals had also 

shown large increase towards surface of the core, thus pointing towards 

anthropogenic input in addition to that of diagenetic enrichment. 



 

Amongst the four studied cores, core S5 and core S9 are collected from relatively 

protected environments, i.e. mangroves and a more protected narrow sub channel 

respectively as compared to cores S4 and S7. Core S5 collected towards the mouth of 

the estuary is found to accumulate organic matter with heavier δ13Corg values relative 

to core S9 collected from the lower middle estuary. While comparing core S4 and core 

S7, relatively heavier δ13Corg values are noted all along the length of core S4, except 

slightly depleted values at 70 cm and 30 cm depths. While in core S7, all the δ13Corg 

values are relatively depleted. This difference in δ13Corg values is attributed to the 

location of the cores. Cores S4 and S5 are located seaward when compared to cores 

S7 and S9 and therefore seem to deposit relatively higher proportion of marine organic 

matter. Thus, suggesting decrease in marine contribution with increasing distance 

from the mouth to the upstream of the estuary. It also indicates dilution of fluvially 

derived terrestrial organic matter towards the mouth of the estuary. 

3.3. IV. Inter-relationship between geochemical proxies (δ13Corg, TOC/TN and 

metals) 

It is known that humic substances have high metal binding capacity (Sondi et al. 2008) 

and if they are of marine origin then these humic substances form more stable 

complexes (Übner et al. 2004) than freshwater/terrestrial source. Higher and variable 

concentration of metals towards the bottom of core S9 and higher concentration of Fe, 

Mn and some of the trace metals below 60 cm depth of core S5 coincide with relatively 

lighter δ13Corg values and higher TOC/TN ratios. Thus, metals, Fe-Mn oxyhydroxides 

and coarser sedimentary particles seem to have been associated and deposited under 

greater terrestrial influence in the past. While, heavier δ13Corg, lower TOC/TN ratio 

values and high metal concentration towards the surface of cores S4 and core S5, 

point towards association of metals with organic matter deposited under greater 

marine influence in recent years.  The higher deposition of metals and finer particles 

towards surface of the cores may therefore be attributed to reduction in freshwater 

input and resulting increase in salinity.  

 



 

 

 

 

 

 

 

 

 

3.3. V. Bulk sedimentary stable nitrogen isotope (δ15N) ratio 

In addition to carbon isotope ratios, bulk sedimentary stable nitrogen isotope (δ15N) 

ratios have also been widely used to trace the sources of organic matter (Bouillon et 

al. 2000, Chong et al. 2001, Wu et al. 2007) as well as, as an indicator of 

eutrophication (Voβ and Struck 1997, Struck et al. 2000). However, contradictory 

observations have been reported on the diagenetic alteration of δ15N. Different post 

depositional changes such as, loss of easily degradable compounds like amino acids 

and carbohydrates which are generally enriched in 15N (Prahl et al. 1997); uptake of 

“light” inorganic nitrogen by bacteria attaching to the organic substrate (Nakatsuka et 

al. 1997), etc. have been proposed to explain the negative shift of sedimentary δ15N 

values. In contrast, isotopic fractionation due to metabolism of the organisms that are 

responsible for the organic matter degradation is generally considered to cause 15N-

enrichment in the bulk sediments (Ostrom et al. 1997, Sachs and Repeta 1999).  

Nitrogen isotopic composition of marine organic matter varies from 3 ‰ to 12 ‰ with a 

mean value of approximately 6 ‰ (Wada and Hattori 1991, Maksymowska et al. 

2000), while terrestrial plants have a δ15N range of -5 to +18 ‰ with average of 

approximately 3 ‰ (Ku et al. 2005). While according to Corbett et al. (2007), the 



 

sedimentary nitrogen isotopic signatures of > 3 ‰ indicate marine source, between 1.5 

– 3.0 ‰ represent estuarine and values ranging between 0.0 – 1.5 ‰ indicate 

terrestrial origin.         

3.3. VA. Distribution of bulk sedimentary stable nitrogen isotope (δ15N) ratio in 

mudflats  

Bulk sedimentary stable nitrogen isotope (δ15N) values range from 3.9 ‰ to 6.3 ‰ 

(avg. 5 ‰) in core S4 collected towards the mouth, 3.5 ‰ to 7.6 ‰ (avg. 5 ‰) in core 

S9 collected from the lower middle estuary and 3.2 ‰ to 6.4 ‰ (avg. 4.6 ‰) in core S7 

collected from the upper middle estuary. In core S4 (Fig. 3.3.23a), the distribution 

pattern of δ15N is almost the same as that of δ13Corg. In section I, δ15N values indicate 

a fluctuating decreasing trend (avg. 4.9 ‰); while in sections II (avg. 4.3 ‰) and III 

(avg. 5.5 ‰), δ15N values show a gradual increasing trend towards the surface.  

a.    b.    c.  
Fig. 3.3.23. Distribution of δ

15
N with depth - a. mudflat core collected towards the mouth (core S4); b. 

mudflat core collected from the lower middle estuary (core S9); c. mudflat core collected from the upper 
middle estuary (core S7).  

In section I of core S9 (Fig. 3.3.23b), δ15N values (avg. 5.5 ‰) exhibit a large 

fluctuating increasing trend with higher than average values i.e. enriched values up to 

32 cm depth (except at 46 and 40 cm depths). This is followed by a sudden decrease 

at 30 cm depth. While in section II (avg. 4.6 ‰), δ15N values show a fluctuating 

increasing trend and in section III (avg. 4.9 ‰), it fluctuates around the average line 

except a prominent decrease at 12 cm depth and indicate a slight increase at the 



 

surface. Whereas, in core S7 (Fig. 3.3.23c), the variation pattern of δ15N indicates 

large similarity with that of δ13Corg.  δ
15N values exhibit a decreasing trend from bottom 

to 52 cm depth of section II with higher than average/enriched values. Between 50 and 

42 cm depths it exhibits much lower than average or depleted values (avg. 3.3 ‰). 

Above this, δ15N values show a fluctuating trend around the average line up to the 

depth of 22 cm, followed by an increase or enrichment towards the surface.  

3.3. VB. Distribution of bulk sedimentary stable nitrogen isotope (δ15N) ratio in 
mangroves 

Values of bulk sedimentary stable nitrogen isotope (δ15N) ratios vary from 3.7 ‰ to 6.9 

‰ (avg. 5.6 ‰) in core S5 collected closer to the mouth. δ15N values in this core 

indicate a gradual increasing trend from bottom to surface of the core (3.3.24). 

Increasing trend was also noted for δ13Corg in this core. In section I, the lowest δ15N 

value of 3.7 ‰ is observed at the bottom which gradually increases to 5.7 ‰ at 50 cm 

depth. Enrichment of δ15N continues further reaching heavier value of 6.7 ‰ at the 

surface.  

a.  
Fig. 3.3.24. Distribution of δ

15
N with depth: a. mangrove core collected towards the mouth (core S5) 

Values of δ15N in sediment of Vaitarna estuary are in agreement with other estuarine 

and coastal environments (Church et al. 2006, Chen et al. 2008, Zhang et al. 2009). 

According to Huon et al (2002), δ15N value of 5.5 ± 0.6 ‰ reflect mixtures of marine 

and terrestrial inputs. Average values of δ15N in all the studied cores are close to 5 ‰. 

δ15N values therefore suggests mixing of marine and terrestrial organic matter within 



 

the estuary or prevalence of brackish conditions throughout. However, the gradual 

enrichment of δ15N from bottom to surface of mangrove core S5, above 60 cm and 30 

cm depths of mudflat cores S4 and S9 suggest increase in productivity or marine 

influence in recent years. The result of δ15N is therefore in agreement with that of 

δ13Corg and TOC/TN. The large similarity in distribution patterns of δ15N with that of 

δ13Corg and opposite to that of TOC/TN in core S4, S7 and S5 therefore indicate δ15N 

to be a reliable tool to understand environmental changes effectively in the present 

study.      

High values of δ15N towards the surface however fall under the range reported for 

anthropogenic nitrogen loadings. NO3 from domestic activities have significantly higher 

δ15N values (5 – 20 ‰; Heaton 1986) than other NO3 sources (Prasad and 

Ramanathan 2009). Increase in δ15N values towards surface therefore indicates that 

an isotopically heavy source of nitrogen became more influential in recent years. Thus, 

runoff from agricultural fields, domestic sewage and waste water is a possible source 

of isotopically enriched nitrogen (Zimmerman and Canuel 2002) in sediment of 

Vaitarna estuary in recent years. Enrichment of δ15N in the lower section of mudflat 

core S9; however, seem to be the result of early diagenesis rather than pointing 

towards source variability.  
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Summary and Conclusion 
 

 

 

 

 

 



 

Mudflats and mangroves develop along intertidal regions within estuaries and creeks. 

These low energy environments favor deposition of fine grained sediments along with 

associated metals and organic matter. Changes in fresh water inputs due to diversion, 

dam building, and changes in precipitation pattern as well as local sea level 

fluctuations have a significant influence on natural biogeochemical processes 

operating within these coastal sub-environments. In addition, coastal regions are the 

sites of major port, industrial, urban and recreational activities. As a result, large 

amounts of contaminants both organic as well as inorganic are being added to 

mudflats and mangroves.  

North Maharashtra along the west coast of India is one of the rapidly industrializing 

and urbanizing regions. Large number of dams has been built on rivers joining 

estuaries and creeks of this region over the last few decades. Freshwater is being 

diverted for drinking and agricultural purposes. In addition, the region has experienced 

a change in precipitation pattern over the past few years. Estimates of mean sea level 

rise along the coast of India have indicated a rise of slightly less than 1mm/year. All 

these processes therefore have a potential to change the deposition pattern of 

sediment particles, organic matter and metal input within coastal sediments over a 

period of time. Earlier studies along this coast mainly focused on Mumbai and the 

surrounding regions, largely focusing on metal pollution. North of Mumbai is 

characterized by the presence of several smaller creeks which include Kolamb, Dudh, 

Mahim, Khonda, etc. and one estuary i.e. Vaitarna estuary. No geochemical data is 

available for this region. In the present study therefore an attempt was made to 

understand the response of intertidal sediments of north Maharashtra coast to 

changing environmental conditions. Thus the objectives of present study were - 

• To analyze sedimentological, clay mineralogical and geochemical parameters 

• To understand the processes of deposition within mudflats and mangroves 

• To reconstruct paleoenvironment and to understand the role of sea level 

changes if any in the deposition of sediment.  



 

In order to achieve the objectives, various sedimentological and geochemical analyses 

were carried out, which include, sediment component analyses, organic nutrients 

(TOC, TN, TP), TOC/TN ratio, metals in bulk and clay fraction of sediments, bulk 

sedimentary stable carbon (δ13Corg) and nitrogen isotope (δ15N) ratio analyses as well 

as metal speciation analyses on sediment core samples. Statistical analyses 

comprising of Pearson’s Correlation and principal component analyses (PCA) were 

computed to understand the association and source of metal input in sediments. 

Enrichment factor (EF) and Index of geoaccumulation (Igeo) were computed to 

understand the enrichment of metal concentrations and the degree of pollution in 

sediments. Metal concentration obtained from total sediment decomposition as well as 

those associated with different sedimentary phases (sequential extraction procedure) 

were further compared with Sediment Quality Values (SQV’s) using SQUIRT’s table.  

The study of distribution of sediment components in general, indicated a decrease in 

deposition of coarser particles and simultaneous increase in deposition of finer 

particles from bottom to surface of the cores. Thus suggested prevalence of relatively 

higher and varying hydrodynamic energy conditions facilitating greater deposition of 

sand particles in the past; while, lower and stable hydrodynamic conditions in recent 

years seemed to have resulted in deposition of finer particles towards surface. Spatial 

variation in distribution of sediment components was attributed to the location of the 

core samples from which they were collected. High average sand percentage in cores 

collected from lower middle portion and high clay content in cores collected from the 

inner part of the Khonda creek and Vaitarna estuary was attributed to progressive 

sorting of sediments by tidal currents as well as decrease in the energy conditions 

away from the mouth. Organic nutrients also indicated a change in vertical distribution 

pattern in cores collected from Vaitarna estuary. Higher percentage of TOC in lower 

and middle sections of the cores suggested deposition of refractory organic matter 

probably of terrestrial origin in the past. While increasing trend of TN and TP along 

with lower percentage of TOC towards surface probably point towards increased 

deposition of labile organic matter of marine origin in recent years. Further, TOC/TN 

ratio also showed a decrease from bottom to surface of the cores, and therefore 

strongly suggested decrease in deposition of organic matter of terrestrial origin in 



 

recent years. While increase in TOC values towards surface for cores collected from 

Dudh creek was attributed to increased anthropogenic nutrient loadings in recent 

years in the form of industrial and domestic wastes. When average values of sediment 

components and TOC were compared sand in cores collected towards the mouth, 

exhibited an increase from south to north of the study area i.e. Kolamb < Vaitarna < 

Dudh < Khonda; while silt, clay and TOC in general showed a corresponding 

decrease. Similarly, in cores collected from the upper middle portions, silt indicated a 

decrease from south to north i.e. Vaitarna > Mahim > Dudh > Khonda. Increase in 

sand and decrease in finer sediment components towards north was attributed to the 

difference in tidal energy conditions at these locations, since, the study area 

represents macro-tidal environment with increasing tidal range towards north. The clay 

mineral composition of north Maharashtra coast was found to be characterized by the 

dominance of smectite, followed by illite and minor amount of kaolinite and chlorite. 

While spatial variation i.e. higher percentage of smectite in cores collected from the 

upper middle portions as compared to cores collected closer to the mouth, and higher 

percentage of illite in cores collected closer to the mouth as compared to cores 

collected from upper middle regions of Vaitarna estuary and khonda creek, was 

explained by the relative stabilities of clay minerals.  

Further, distribution and association of redox sensitive metals namely Fe and Mn and 

lithogenic element Al were studied. The result indicated association of Al with other 

sedimentary components such as silt and sand, in addition to that of clay in cores 

collected from Vaitarna estuary. The similarity in distribution pattern of Fe and Mn with 

Al at various depths further represented portion of alumino-silicate mineral bound 

fraction and/or weathered material of terrestrial source rock. While in core S22 

collected from Dudh creek Fe, Mn and Al showed dissimilar distribution patterns, thus 

suggesting difference in their processes of deposition. Diagenetic enrichment of Fe 

and Mn was noted in cores S4, S7 and S5 collected from Vaitarna estuary, in cores 

S12 and S22 collected from Dudh creek and core S21 collected from Khonda creek. 

Distribution of trace metals namely Cu, Zn, Co, Ni and Pb was also studied. Large 

similarity in vertical distribution patterns of metals in some of the studied cores 

suggested that they were derived from the same source and/or had undergone similar 



 

post-depositional changes. Coarser fraction of sediment was found to play a significant 

role in distribution of metals in cores collected from Vaitarna estuary as well as in 

cores collected from Khonda creek. Metals in these cores were found to have their 

origin from different sources i.e. both lithogenic as well as anthropogenic origin and/or 

different processes governed their distribution. In core S22 collected from Dudh creek, 

metals were found to be mainly associated with sand and clay and were found to have 

mainly anthropogenic origin. Index of geo-accumulation and EF indicated different 

levels of contamination for the studied metals in Vaitarna estuary and Khonda creek. 

While, Dudh creek sediments were found to be severely enriched and extremely 

polluted with almost all the studied trace metals especially in the inner portion of the 

creek. The depth-wise distribution patterns of EF and Igeo exhibited increase in 

magnitude of metal enrichment towards the surface, thus suggesting increase in 

magnitude of metal input in recent years. Further, average values of metals in cores 

collected from Vaitarna estuary, Dudh creek and Khonda creek were compared in 

order to understand their spatial variation. Amongst the studied metals, Al and Zn 

indicated a decrease in concentration from south to north i.e. their highest 

concentration was noted in Vaitarna estuary, followed by Dudh creek and lowest in 

Khonda creek. Al and Zn was therefore said to represent clay fraction bound elements 

and their distribution therefore seemed to have been controlled by varying tidal energy 

conditions near the mouth at the three locations. Metals along north Maharashtra 

coast, in general were found to exhibit a northward decrease. 

Distribution of metals in clay fraction of sediments was also studied. Greater 

deposition of clay fraction bound metals in recent years within sediment of Vaitarna 

estuary, Khonda creek and Dudh creek sediments, suggested increase in 

anthropogenic addition of metals in recent years. The result indicated Pb and Zn within 

Vaitarna estuary and Pb, Zn and Cu within Khonda creek to be unaffected/least 

affected by anthropogenic activities. While, almost all the studied metals were found to 

be of anthropogenic origin in Dudh creek. Fe-Mn oxide and organic matter coating 

seemed to act as important factor of metal binding on relatively coarser sand and silt 

particles in the present study. 



 

Further, speciation of metals i.e. the concentration of metals (Fe, Mn, Cu, Zn, Ni and 

Pb) in the five fractions viz. exchangeable, bound to carbonates, bound to Fe-Mn 

oxide, bound to organic matter/sulphide and residual was studied in order to 

investigate metal sources, mobility, bioavailability, as well as risk of toxicity to 

sediment dwelling organisms. Metal speciation within sediment of Dudh creek was 

found be highly modified by anthropogenic activities in recent years. In general, 

studied metals indicated a decrease in residual bound fraction, and simultaneous 

increase in bioavailable fractions from bottom to surface of the cores, thus suggesting 

a decrease in addition of metals of lithogenic origin in recent years as compared to the 

past. Influence of post depositional changes on metal speciation was also noted in 

mudflat core S22 and mangrove core S12. Metals namely, Mn, Cu, Zn and Ni showed 

values above AET in core collected from the inner portion of the creek, thus 

suggesting their potential risk of toxicity and high bioavailability to sediment dwelling 

organisms. However, the magnitude of metal enrichment in bioavailable fraction was 

also noted to show a decrease from inner portion of the creek to closer to the mouth. 

Unlike Dudh creek, lithogenic source was found to be the main source of metals in 

Vaitarna estuary and Khonda creek. 

The result of bulk sedimentary organic stable carbon isotope (δ13Corg) ratio analysis 

carried out on sediments of Vaitarna estuary indicated relatively depleted values of 

δ13Corg towards bottom and enriched values towards the surface of the cores, thus  

indicating increase in addition of organic matter of marine origin in recent years as 

compared to the past. Variation in δ13Corg supported by results of TOC/TN ratio 

therefore, pointed towards a change in the proportion of marine and terrestrial organic 

matter deposited within the sediment of estuary, over a period of time. The observed 

high temporal variability in organic matter distribution therefore may have a major 

impact on the overall carbon dynamics in intertidal ecosystems. 

Bulk sedimentary stable nitrogen isotope (δ15N) ratio analysis was also carried out on 

sediment of Vaitarna estuary. Values of δ15N in all the studied cores suggested mixing 

of marine and terrestrial organic matter within the estuary or prevalence of brackish 

conditions throughout. However, the gradual enrichment of δ15N from bottom to 



 

surface of mangrove core S5, above 60 cm and 30 cm depths of mudflat cores S4 and 

S9 suggested increase in productivity or marine influence in recent years. The result of 

δ15N therefore agreed with that of δ13Corg and TOC/TN. Runoff from agricultural fields, 

domestic sewage and waste water was found to be a possible source of isotopically 

enriched nitrogen in sediment of Vaitarna estuary in recent years. While enrichment of 

δ15N in the lower section of mudflat core S9; was attributed to early diagenesis 

processes rather than source variability.    
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