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PREFACE 

 
Estuarine and coastal areas are complex and dynamic aquatic 

environment. Physical, chemical, geological and biological interactions 

between freshwater and salt water systems can have profound influence on the 

transport and fate of materials (nutrients, trace metals and rare earth elements) 

in the estuary. The distribution of nutrients and elements through complex 

processes of material exchange within these aquatic environments are also 

influenced by anthropogenic inputs. Now-a-days, such influences are more 

apparent in estuaries and surrounding coastal areas, than in open ocean, due to 

intense human activities.  

 

Over the past several decades, there has been rapid increase in human 

settlement along coastal regions / estuaries of the world. Consequently, many 

estuarine systems have been affected by the serious environmental 

deterioration and increased encroachment. Estuaries serve as important 

interfaces between rivers and the coastal sea, where inputs of terrestrial 

materials can be significantly modified and recycled before entering the 

coastal zone. A greater knowledge of the biogeochemical cycling of metals 

and nutrients in estuaries, such as transport, fate and transformation of 

chemical substances, is important to understand the intensity of the 

perturbations in these regions. 

 

Understanding of the input/export fluxes of nutrients and trace metals 

on coastal seas requires monitoring of their inputs through rivers and 

measuring their transport across the inlet to the coastal seas. However, while it 

is relatively straightforward to monitor a river's material flux to its receiving 

estuary, estimation of the subsequent material flux to the coastal zone is much 

more difficult, owing to the complex biogeochemical processes involved and 

varied intensity.  



 

Freshwater input in to a tidal system can bring about substantial 

changes in the water quality (salinity, nutrients, trace metals and plankton) 

even on short time scales. Temporal (intertidal and intra-tidal), spatial and 

seasonal variations in nutrients and trace metals are found to be appropriate to 

explain the fate and transport of nutrients and trace metals in an ecosystem. 

Moreover, fractionation (physical and chemical) of sediments for their 

different heavy metal species will be an appropriate step to estimate their 

dynamics in the estuarine and coastal region. Likewise, changes in salinity, 

freshwater input, currents and tides are very useful to explain the physical 

behavior and transport properties of these materials in an estuary. Redox 

potential can successfully provide the oxidizing or reducing conditions 

prevailing in the estuary. The mineralogy and texture of the estuary adds to the 

geochemical processes in the sediments of both estuarine and coastal areas. 

 

Cochin estuary is one of the largest tropical estuaries along the 

southwest coast of India sustaining rich bio-resources. There are several 

studies delineating the environmental changes in the Cochin estuary caused by 

anthropogenic activities. However, no studies have so far accomplished 

quantification of material transport across the estuary. This is the first attempt 

to quantify the fluxes of nutrients and heavy metals across the Cochin estuary. 

 

Scheme of Presentation 

Following an introductory chapter, the thesis is divided into the following six 

chapters. 

Chapter II.  Hydrography and nutrient fluxes 

Chapter III. Fractionation of trace metals in sediment 

Chapter IV. Fractionation of rare earths in sediment 

Chapter V.  Input and export fluxes of trace metals in the Cochin Estuary 



Chapter VI. Summary and Conclusion. 

 

Chapter I provides information on the importance of fractionation and 

flux studies in coastal marine regions. It also elaborates on the objectives and 

scope of the study. Chapter 2 deals with the dynamics and fluxes of nutrients 

through Cochin estuary. It also explains the inter-tidal, intra-tidal and seasonal 

changes in nutrients at different locations in the Cochin estuary. 

 

Chapter 3 discusses the fractionation of heavy metals in exchangeable, 

carbonate bound, reducible, organic bound and residual phases and the metal 

availability to biota.  Chapter 4 covers the fractionation of rare earth elements 

and its depositional characteristics. 

 

Chapter 5 explains the partitioning of heavy metals between dissolved 

and particulate phases in from 6 major rivers and Cochin estuary and it also 

discusses the heavy metal fluxes through rivers into Cochin estuary and the net 

transport to the adjacent coastal sea. Chapter 6 provides the summary and 

conclusion of the thesis. 
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Chapter 1 

GENERAL INTRODUCTION 

1.1 Introduction 

1.2 Aim and Scope of the study 

1.3 Prime Objectives 

 

 

1.1 INTRODUCTION 

An estuary is a partially enclosed coastal body of brackish waters, 

with one or more rivers or streams flowing into it and having a free connection 

to the open sea.  Estuaries serve as important interfaces between rivers and the 

coastal ocean, where inputs of terrestrial materials get significantly modified 

and recycled before entering the coastal waters. The dominant feature 

controlling the distribution, speciation and reactivity of chemical components 

within estuaries is the mixing of fresh and saline waters. Coastal waters form a 

multi-dimensional system wherein the dynamic processes are rarely in 

equilibrium. Unlike the open ocean where nutrients are mainly supplied from 

subsurface waters, estuarine and coastal systems receive nutrient load from 

river and land run-off, atmospheric deposition and benthic remineralization. 

This makes coastal systems highly productive as compared to open oceans. 

Although the ocean marginal area comprising of estuaries, coastal and 

continental shelves occupy only about 10% of the global oceanic area, 

between 30% and 50% of the marine primary production and almost 90% of 
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the fishery production are reported from these regions (Romankevich, 1984; 

Walsh, 1988, 1991). 

 

 

 

The exponential development of human activities during the last 

century has caused a negative impact on all environmental compartments, 

including aquatic 

environments. However, the 

impact of these changes in the 

estuarine system on the coastal 

waters, are still not fully 

known. Nutrient enrichment 

(eutrophication) is perhaps the 

most widespread problem in estuaries around the world (Howarth et al., 2000, 

2002).  

 

Nutrients, especially nitrogen, have increased in rivers and estuaries 

resulting in harmful algal blooms with consequent reduction in dissolved 

oxygen in those waters. Understanding the behavior of nutrients and 

hydrographic conditions in estuaries has important implications for global 
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nutrient budgets and for controlling eutrophication of these systems (Pereira et 

al., 2001; Shen et al., 2003). Estuarine systems are capable of significantly 

modifying the flux of nutrients from land to sea (Falco et al., 2010). The 

effectiveness of the estuarine retention/transport depends at least in part on the 

geography of the estuary (Jickells et al., 2014) and internal nutrient cycling 

(Longphuirt et al., 2015). 

 

Industrially important trace metals and their compounds find a variety 

of uses in different fields of human endeavour, including agriculture, 

engineering, electronic equipments, health, hygiene, etc. The increasing use of 

trace metals in everyday life is generally viewed with great concern as it has 

been established that most of these trace metals are potentially toxic to aquatic 

organisms. 

 

 Metals are introduced into the water column under different forms: 

particulate, colloidal and dissolved (Kennish, 2002).  Upon entering the 

environment, many of these pollutants are subjected to a variety of physical, 

chemical, geological and biological processes, bringing about their 

disintegration or sometimes, even ultimate removal. Persistent chemicals that 

do not breakdown under above conditions remain in the water columns, 

leading to serious environmental and human health problems (Shibu, 1992). 

 

In estuaries, trace metals generally exist in two phases: i.e., in the 

dissolved phase in the water column and also in the particulate phase adsorbed 

on to sediments. The behaviour of trace metals in the aquatic environment is 

strongly influenced by adsorption to organic and inorganic particles. The 

dissolved fraction of the trace metals may be transported through the water 

column via the processes of advection and dispersion, while the adsorbed 
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particulate fraction may be transported with the sediments, which are 

governed by sediment dynamics. 

 

The partition of a trace metal between its dissolved and adsorbed 

particulate fractions depends on the physical and chemical characteristics of 

the suspended particles, together with various ambient conditions, such as 

salinity, pH, type and concentration of dissolved organic matter (Turner et al., 

2001; Turner and Millward, 2002). Resuspension of contaminated bed 

sediments caused by strong tidal currents or dredging operations may release a 

significant amount of trace metals into the water column, and this desorption 

of toxic metal contaminants from their particulate phase will have pronounced 

impact on the aquatic environments and ecosystems. 

 

The rare earth elements (REE) of sediments and sedimentary rocks 

naturally reflect the mineral content of these deposits and reveal the process of 



Genaral introduction CHAPTER 1 

 

Dynamics of trace metals, rare earth elements and nutrients in the CE 
5 

 

their formation/incorporation. REE contents of most sediments and  

sedimentary  rocks  are  similar  in  the  relative abundance  of individual  

elements  although  they  differ  in  absolute concentration (Balashov et. al., 

1964 and Spirn, 1965). REE are considered as useful tracers of various 

geological and oceanographic processes (Piper, 1974, Murray and Leinen, 

1993). Concentration of these elements in sediments are influenced by (1) 

particulate supply from the adjacent land masses (Piper, 1974, McLennan, 

1989; Nath et al., 2000; Hannigan et al., 2010), (2) biogenic sedimentation 

from overlying seawater (Murphy and Dymond, 1984) and (3) oxygenation 

conditions in the water column (Liu et al., 1988; Pattan et al., 2005). 

 

Physical,  chemical  and  biological processes within an estuary vary 

over a  broad spectrum,  both in  space  and  time  (Morris,  1990;  Dyer,  

1991).  Spatial variations depend on the topography of the estuary, on the 

gradients in salinities and on the fine sediment concentration (Nair et al., 

1992). While annual and seasonal variations depend on the climatological 

factors, fortnightly and diurnal variations are caused by tidal actions (Holmes, 

1986; Vale, 1990). 

 

An estuary provides a particularly unique chemical environment for 

element cycling (Burton and Liss, 1976; Elderfield, 1978; Morris et al., 1982; 

Martin and Whitfield, 1983).  Within an estuary, the suspended matter carried 

by rivers is subjected to varying salinity and pH, often causing (1) 

precipitation of the suspended particles by  flocculation  (Sholkovitz, 1976, 

1978;  Sholkovitz  and Copland, 1981) and (2) chemical  exchange  between  

the  suspended sediment and estuarine waters that  changes  the  chemistry  of 

both (Vander Weijden et al., 1977).  Gradients in the chemical environment, 

e.g., in the salt or oxygen content, may change the partitioning of trace metals 
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and their transport mechanisms (Carey, 1990). Estuarine physicochemical 

gradients, biogeochemical processes, and organism physiology are jointly co-

ordinating the fate and potential effects of metals in estuaries (Machado et al., 

2016). 

 

The Cochin estuary is one of the largest tropical estuarine systems 

along the west coast of India, spreading over 250km
2
 (10°10’ N, 76°15’E in 

the north to 09° 30’N, 76°25’E in the south), and providing a good nursery 

ground for a wide variety of flora and fauna.  Cochin estuary has unique 

topography; oriented parallel to the coastline and connected to the sea through 

2 inlets at Munambam and Kochi (Madhupratap et al., 1987; Srinivas et al., 

2004). The Cochin barmouth is 450 m wide and is dredged to a depth of 10-13 

m through which tides act within the estuary. Major portion of the estuary has 

a depth in the range of 2-7 m. The condition of the substrata is predominantly 

muddy (Balachandran, 2001).  The freshwater runoff into the estuary is 

primarily contributed by the rivers Periyar, Pampa, Achankovil, Manimala, 

Meenachil, and Muvattupuzha. The river runoff is high during wet season 

(June - September) characterized by Indian Summer Monsoon (ISM). This 

period is followed by a moderate runoff period (October - December), and the 

rest of the year is relatively dry period. The hydrography of the Cochin estuary 

is greatly influenced by tides, freshwater water flow and estuarine circulation 

(Revichandran et al., 2011; Shivaprasad et al., 2013). The flushing timescale 

of the estuary ranged from 1 to 2.5 days during the wet season and were 8.7 

days during the dry season (Vinita et al., 2015a). The flow characteristics and 

the mixing pattern of Cochin estuary are very peculiar and have great 

influence in the bio-resources, transportation, waste disposal and plankton 

dynamics (Balachandran et al., 2005; Sooria et al., 2015). 
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A number of multidisciplinary studies have been undertaken in the 

Cochin estuary during past several decades. The hydrography  of  the  estuary  

was  investigated  by  several investigators including Sankaranarayanan and 

Qasim, 1969;  Qasim and Gopinathan, 1969; Sankaranarayanan  et  al., 1986; 

Madhupratap et al., 1987;  Udayavarma et al., 1981;  Gopalan et al., 1983; 

Chandramohan, 1989; Balachandran, 2001; Srinivas et al., 2003, 2005; 

Revichandran et al., 2011. The information available includes spatial and 

seasonal distributions of temperature, salinity, dissolved oxygen, pH, 

alkalinity, and suspended solids of surface and bottom waters of the region. 

Recent studies reported the seasonal stratification, tidal intrusion length and 

spatial tidal asymmetry in Cochin estuary (Shivaprasad et al., 2013; Bincy et 

al., 2013; Vinita et al., 2015b).  

 

Qasim and Madhupratap, 1979;  Nair et al., 1975; Madhupratap et al., 

1977; Saraladevi, 1979;  Pillai, 1977; Kurup, 1983; Madhu et al., 2007, 2010; 

Jyothibabu et al., 2006; Vineetha et al., 2015 and several others have 

investigated the biological characteristics of the estuary in detail. Recent 

studies reveal the seasonal dynamics of plankton food web, trophic status and 

the response of autotrophic pico- and nano plankton to summer monsoon 

(Sooria et al., 2015; Rajaneesh et al., 2015 Arya et al., 2016). The diurnal 

variations in bacterial and viral abundance in Cochin estuary has been studied 

(Parvathy et al., 2015). The microbial diversity in the Cochin estuary and their 

effect on nitrogen fixation and nitrification has been reported recently (Vipin 

et al., 2015; Jabir et al., 2017).  

 

The  greater awareness on the potential health hazards due to the 

industrial and domestic effluents added to this estuary  prompted  several 

researchers to study on the pollution aspects, its carrying capacity, disruption 
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in the life cycle of organisms (Unnithan et al., 1977; Azis and Nair, 1981, 

Maheswari et al., 2006; Harikumar et al., 2009; Laluraj 2009; Sreekanth et al., 

2015; Ramaswamy et al., 2017), morphological changes (Dineshkumar et al., 

2014), destruction of natural habitat (Gopalan et al., 1983; Kurup, 1992; Shibu 

et al., 1990; Sujatha, 1999; Balachandran et al., 2003, 2006), diversity of bio-

resources (Jiya et al., 2011; Priju et al., 2007), salt water intrusion 

(Shivaprasad et al., 2013; Vinita et al., 2015a),  flow restrictions 

(Balachandran et al., 2005), environmental impact of dredging (Balchand et 

al., 2000), eutrophication and changes in biogenic properties (Gopinathan et 

al., 1984; Balachandran, 2001; Nair et al., 2010; Gupta et al., 2009; Martin et 

al., 2011, 2013), changes in the quality of organic matter (Renjith et al., 2013; 

Gireeshkumar et al., 2013a), over exploitation and declining resources 

(Balchand, 2001; Menon et al., 2000; Balchandran et al., 2003, 2005, 2008b; 

Martin et al., 2011) etc. The above studies clearly stressed the need for the 

conservation of the ecosystem for better aquatic life. Rapid industrialization 

along the estuarine/riverine coasts during the past few decades and the 

resultant increase in human settlements have led to emergence of several large 

cities in these areas. These developments and the consequent high pollution 

load released into the estuary necessitate a critical evaluation of the ecosystem 

with a view to suggest appropriate remedial measures for its mitigation. 

 

1.2  AIM AND SCOPE OF THE STUDY 

A greater knowledge of the biogeochemical process in estuary, which 

involves the transformation and transport of chemical substances, is critical in 

understanding the effects of these environmental alterations. The effective 

management of the input of nutrients and trace metals on coastal seas require 

continuous monitoring of their riverine inputs and their effective transmission 
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through estuaries, thereby providing a realistic estimate of inputs to the coastal 

sea. Although several studies, delineating the environmental changes of the 

Cochin estuary caused by anthropogenic activities have been studied, only 

Naik et al., 2000 has reported on quantification of the material transport across 

the estuary. In the present study, we measured the nutrient fluxes through 

different locations in the Cochin estuary over successive spring and neap tidal 

cycles of a post-monsoon, monsoon and pre-monsoon seasons. This is the first 

attempt to quantify the fluxes of nutrients from the Cochin estuary into the sea. 

Fractionation of rare earths was performed to access the geochemical 

variability and depositional condition affecting their fate and transport in the 

estuarine and coastal environment. For unraveling the trace metal dynamics, 

the metal fluxes through 6 major rivers discharging into estuary and from 

different locations in the Cochin estuary over a complete tidal cycle were 

computed. Environmental impact of metal pollution in sediment depends not 

only on the total concentration of the metals, but also on their mobility and 

availability, which influence their release / interaction with other components 

of the ecosystem such as water, plankton and air. Different sequential 

extraction methods were employed for estimation of the mobility of trace 

metal in sediments. 

 

1.3   PRIME OBJECTIVES 

 To understand the intra-tidal, inter-tidal, spatial and seasonal variations 

in the dissolved nutrients in the Cochin estuary and their transport to 

the sea (input and export fluxes of nutrients in the Cochin estuary). 

 To study the present status of trace metals in the sediments of the 

Cochin estuary and adjacent coastal sea and their chemical 



CHAPTER 1 
Genaral introduction 

 

Dynamics of trace metals, rare earth elements and nutrients in the CE  
10 

 

fractionation to identify the mechanism of trace metal accumulation 

and their mobility.  

 To study the distribution and fractionation of rare earths and 

radioactive uranium and thorium in the sediments of Cochin estuary 

and adjacent coastal regions to infer their provenance, behaviour and 

depositional conditions. 

 To study the input and export fluxes of trace metals in the Cochin 

estuary. 

 

 

 

 

 

 

*****$$***** 
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HYDROGRAPHY AND NUTRIENT FLUXES  

2.1 Introduction 

2.2 Nutrient flux and its importance 

2.3 Study region and Methodology 

2.4 General hydrography 

2.5 Nutrient fluxes 

2.6 Summary and Conclusion 

 

2.1.  INTRODUCTION 

It has been estimated that 61% of the world population lives along the 

coastal margin (Alongi, 1998). These demographic changes have detrimental 

effects on the overall biogeochemical cycling in estuaries. Nutrient enrichment 

is perhaps the most widespread problem in estuaries around the world 

(Howarth et al., 2000, 2002). Physical processes play an important role in 

regulating the chemistry and biology of estuaries (Bianchi et al., 1999; 

Hobbie, 2000). An estuary is a semi-enclosed body of water, where seawater 

is measurably diluted by freshwater (Hobbie, 2000). The biogeochemical 

cycles of estuaries are mainly controlled by the river and groundwater 

discharge, tides, re-suspension and exchange flow characteristics (Leonard and 

Luther, 1995). 

 

The physical and chemical environment is commonly expressed in 

terms of water quality parameters such as temperature, salinity, dissolved 

oxygen, pH and nutrients. The mixing of river water and seawater can be quite 
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varied in different estuarine systems. The tidal mixing and salinity gradients 

can significantly affect concentrations of both dissolved and particulate 

constituents in the adsorption/desorption, flocculation and biological 

processes. In short, estuarine processes are highly variable with respect to time 

and space that also influence the water quality. 

 

Nutrients are the raw materials for the marine food chain, as they are 

essential to the primary production. The elements required in relatively large 

amounts are generally referred as macro nutrients that constitute carbon, 

oxygen, hydrogen, nitrogen, and phosphorus. Macronutrients constitute 0.2 to 

1% of dry organic weight which also includes sulfur, chlorine, potassium, 

sodium, calcium, magnesium, iron, and copper. Nutrients needed in trace 

amounts are generally called micronutrients. These elements often constitute 

less than 0.2% of dry organic matter. Some common micronutrients required 

by living organisms include aluminum, boron, bromine, chromium, cobalt, 

fluorine, gallium, iodine, manganese, molybdenum, selenium, silicon, 

strontium, tin, titanium, vanadium, and zinc. 

 

Nutrient inputs to estuarine waters come from land, rivers, 

groundwater, atmospheric deposition, sewage and other anthropogenic 

activities. Nutrient concentrations have been significantly increased in global 

rivers by human activity through waste discharge and agriculture (Seitzinger et 

al., 2002; Statham, 2011; Moore et al., 2003), leading to eutrophication of 

estuarine and coastal ecosystems (Jickells, 1998; Diaz and Rosenberg, 1995). 

Anthropogenic inputs have caused many estuarine-coastal systems to shift to 

N surplus leading to eutrophication (Bricker et al., 1999; Hoch and Kirchman, 

1995; Gattuso et al., 1998; Middelburg and Nieuwenhuize, 2000). Increased 

heterotrophic activities have been observed in such ecosystems due to 
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anaerobic processes such as denitrification, anammox and methanogenesis 

(Fasham, 2003). The effects include impacts on species diversity, appearance 

of harmful algal blooms and development of hypoxia (Jickells, 1998). Though 

water quality management emphasizes control on the point sources such as 

wastewater treatment, most of these inputs are “nonpoint sources”. 

 

2.2  NUTRIENT FLUX AND ITS IMPORTANCE 

In transport phenomena (heat transfer, mass transfer and fluid 

dynamics), flux is defined as the rate of flow of a property per unit area, which 

has the dimensions [quantity] x [time]
-1

x [area]
-1

. Both natural and 

anthropogenic activities have significant influence on the transport of nutrients 

to estuaries and to coastal waters. Estuaries are the intermediate zones of land-

sea interactions contributing significantly to the nutrient fluxes in to the ocean 

on varying time scales (Simpson et al., 2001). The nutrient delivery is 

influenced by catchment hydrology, freshwater flow and tides (Pennock et al., 

1994; Justic et al., 1995; Doval et al., 1997; Mackas and Harrison, 1997). 

Anthropogenic activities enhance nutrient levels lead to eutrophication and 

oxygen depletion (Beukema, 1991; Parker and O’Reilly, 1991) and often upset 

the coastal water ecology. Hence, transport measurements are important to 

study the nutrient economy and productivity patterns of coastal marine 

systems (Dehairs et al., 2000; McManus et al., 2001). 

 

2.3  STUDY REGION AND METHODOLOGY 

2.3.1  Regional Setting 

Cochin estuary is the second largest estuary along the west-coast of 

India that spreads over 250km
2 

(10°10′ N, 76° 15′ E in the north to 09° 30′ N, 

76° 25′ E in the south) and length of Ḑ80 km providing a nursery ground for a 

wide variety of aquatic plants, shell and fin-fishes. 


