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PREFACE 

Tn its simplest form, an estuary is a region where a 

river meets an inlet of the sea, developing a transitional 

ecotone. As practically sheltered components of environment, 

estuaries provide a conducive ambience for large scale 

settlements, industries and related establishments. These 

developments have imposed profound environmental disturbances 

of varying magnitudes within the estuaries. 

Of late,. there has been a sudden spurt in research on 

estuaries - their components and dynamics, and their response 

to human influences. Scientific interest in estuaries is 

basically prompted by the fact that they are dynamically 

evolving iandforms. 	Each estuary is unique and each one 

sustains a different physical constraint. 	The physical 

characteristics of any estuary, in general, is influenced to 

a great extent by its geomorphic/geologic setup, tidal 

fluctuations and associated currents, climatic changes, 

freshwater influx etc. The continued effects of all these 

factors make an estuary a complex buffer zone between salt 

and fresh water domains. 

From geological point of view, sediments constitute an 
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integral 	part of any riverino/Askuarine 	system, 	and 

sediments are generally considered to be effective carriers 

of metals/elements, either in adsorbed state or residual 

forms. Within the estuarine limits, various changes occur in 

association and texture, chemistry and mineralogy of the 

sediments. This happens when the river water and the sea 

water of Widely differing compositions intermix resulting in 

strong gradients in chemical and physico-chemical properties. 

Between the two extreme ends, the land source and the sea 

source, the geochemical processes impose several limitations 

on interpretation of the sedimentary processes taking place 

within an estuary. Tn case of the terrestrial source, the 

influx of sediments is all the more enhanced if the system 

happens to traverse an active mining regions. The mining 

activity in any basin releases enormous quantities of loose - 

sediment along with leached metals from the waste garbage 

dumps. 

The present study area, the Mandovi estuary and its 

tributaries, present one such complex field with profound 

hydrodynamic variations and significant influence of human 

activities, particularly attached to mining activity. The 

basin• of Mandovi houses several large scale and numerous 

small scale iron and manganese mines. of recent, it has been 

deemed a ideal place for mushrooming industries. 
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The chief aim of this study is to determine the various 

sedimentological, mineralogical and geochemical parameters 

with respect to their temporal and spatial variations, and 

ascertain their response to anthropogenic influence. 

The various parameters investigated in the present study 

are presented in different chapters under their respective 

heads. 

Chapter T outlines the general introduction, review of 

literature, objectives and the geologic setting, morphology 

and climatology of the study area. Chapter TT details the 

materials used and methodologies adopted in the study 

Chapter TIT is dealt with in two parts - part A briefs the 

predominant physical processes that are active in the 

Mandovi, followed by a detailed study in salinity, pH and 

temperature variations. Part R deals with sediments in two 

sections. In the first section the temporal and spatial 

variations in total suspended matter are discussed while the 

second section deals at length with the changes in the 

texture of bed load sediments. The textural parameters are 

subjected to factor analysis to delineate the different 

depositional environments in the estuary. In chapter TV, the 

mineralogy of suspended and bedload sediments is discussed. 
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.Emphasis is laid on the clay minerals with the seasonal 

changes in spatial trend or relative abundance or these 

minerals. Chapter V, which deals extensively with the 

geochemistry of the sediments. Elemental variations in the 

hedload and suspended load of the• estuary and the 

distribution of the elements in the hedload of tributaries is 

given in this chapter. Various geochemical parameters are 

computed. The results are discussed in terms of chemical 

index of alteration, chemical maturity, enrichment factor and 

correlation within elements and with the texture of 

sediments. 	Anthropogonic influence is assessed by adopting 

index of geoaccumulation and enrichment factor. 	'Different 

modes of source are delineated by subjecting the data to R-

mode factor analysis. 

The entire work concludes with in chapter VT, the 

conclusions drawn from the sedimentological, mineralogical 

and geochemical investigations undertaken in the present 

study. 
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CHAP TER I 

INTRODUCTION 



Rivers 	constitute an integral and most 	important 

component of the hydrosphere. They are nature's own 

indigenous sculptors that carve the magnificient landscapes 

on the Earth's surface. All the same, they are essential and 

effective, natural conveyor belts to carry water and material 

Konta (1988) regards rivers as most important surface 

geological phenomenon and indispensable arteries of all human 

civilizations. No doubt, rivers have inspired people from 

different fields and professions in many unique ways, but to 

a geomorphologist and sedimentologist (Allen, 1977), the 

rivers express a movement of water, solute and sediments from 

land to oceans as a consequence of which the structures and 

its margins are altered through erosion and deposition as the 

river itself changes its characters. 

Rivers carry a wide variety of material either in 

dissolved form, in suspension, or along the bottom. 	Rivers 

are widely distributed all over the global surface. 	The 

total world supply of rivers to sea is 39,700 km 2 /a of which 

63% is supplied from the tropics i.e. between 30°N-30°S lat. 

(Raumgarther and Reichel, 1975; Konta , 1988). 

All 	rivers ultimately discharge their loads into the 

sea. On several occasions, under specific geomorphic setups 

and induced by certain natural phenomenon like tectonic, sea 
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level change or both, the sea encroaches the river valley. 

The stretch along the river valley that is influenced by 

seawater results in highly complex and dynamic environment's 

that have come to be termed as 'ESTUARTES'. Of the vast 

expanse of surface that river occupy, only 1% is covered by 

estuaries. 

Estuaries are indeed coastal bodies of water, but since 

they occupy an existing river valley and since their 

characters are typified by the discharge of the rivers, they 

can also he regarded as complimentary extensions of rivers. 

Between these two linear water bodies-rivers and estuaries, 

there exist certain specific discernible features that 

characterize their individuality. Rivers are dominated by 

unidirectional flows while estuaries are affected by two way 

waves and currents induced hy''tidal rise and fall in water 

level. The river discharge is independent of, but estuary 

discharge is dependent on channel size (Pethick, 1984). This 

fundamental difference was noted by Leopold et al.(1966) who 

further elaborated that estuaries receive an amount of water 

not in proportion to a fixed drainage area but determined by 

the capacity of channel supplying the water. 

Since 	the present study is concerned 	more 	with 

geological processes in an estuary it would he pertinent, 

here to understand the general aspects of an estuary. 
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1.1 DEFTNTTION 

The transitional ecotone at the confluence of a sea and 

a river is termed as 'estuary'. Etymologically the term is 

derived from the Latin word, aestus meaning heat, boiling, 

tide, and more specifically aestuarium, tidal. EStuaries 

present a diverse and perhaps the most complex of 

environments hence they pose a constraint on any attempts at 

giving a specific definition and organizing a systematic 

classification. 

The term estuary is defined in the Oxford dictionary as 

a tidal mouth of a great river. The Websters dictionary 

says-in physical geography, it is a drowned river mouth, 

caused by the sinking of land near the coast. Tn 

Oceanographic terms, Pritchard (1967) defines estuary as a 

semienclosed coastal body of water which has a free 

connection with open sea and within which sea water is 

measurably diluted with freshwater derived from land 

drainage. Following Dionne. (1963), Fairbridge (19801 defines 

an 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, 

in free connection with open sea; (h) 	a middle estuary, 

subject to strong salt and freshwater mixing; and 	(c) an 



upper or fluvial estuary, characterized by fresh water but 

subject to daily tidal action (Fig.i.1). 

1.2 CLASSIFTCATTON 

Classification of estuaries likewise has not been a 

convincing task. However, attempts have been made in 

classifying them on the basis of circulation patterns or 

advection - diffusion criteria (Pritchard, 1955); on the 

geomorphic set up of the estuary (Pritchard, 1967); on the 

basis of tidal rancje (Davis, 1964) which was further 

elaborated by Hayes (1975). Fairhridge (1980) has categorised 

estuaries into 7 basic types based on their physiography. 

They are : 

1. Fjord 

2. Ria 

3. Coastal plain type - Funnel shaped 

4. Bar-built estuary 

5. Blind estuary 

6. Delta front estuary 

7. Tectonic estuary 

Estuaries are amongst the most dynamically evolving 

landforms and are ephemeral by nature. Almost all the 

estuaries have originated as a result of the recent rise in 

sea level initiated around 18,000 to 15,000 years ago. With 
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warming 	up 	of 	the 	atmosphere, 	glaciers 	retreated, 

consequently raising the sea level. As a result, the sea 

advanced across the shelf and progressively drowned the river 

channels giving rise to present estuaries. Around 5,000 - 

3,000 years ago estuaries reached their peak in development, 

in number, size and complexity (Schubel, 1984). 

Estuaries enjoy a world wide distribution and occur in 

all types of climates and tidal ranges. The best developed 

amongst them are those along submerging coastline within the 

coastal plains of mid latitudes. Besides, estuaries are well 

developed as fjords along coastlines that have been 

influenced by recent glaciation. Apart from this, physical 

processes like longshore drift of sand also develop estuaries 

and estuarine lagoons by construction of spits, Kars etc 

across river mouths and coastal undulations. 

Estuary is essentially a zone of mixing of saline and 

freshwater. 	Freshwater contains on an average only 120 pp 

dissolved salts (Eisma and Burg, 1988) and has a density very 

near to 0.99707 at 25°C. Seawater contains on the average 35 

ppt dissolved salts (35 %) and has a density of about 1.0253 

at 25°C. Thus the mixing between two miscible liquids of 

widely 	differing properties 
	generates 	physico-chemical 

gradients of varying magnitudes within the estuary. 
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Scientific interest in this subject is prompted by the 

fact that estuaries are dynamically evolving landforms 

and every estuary is unique in that each one sustains a 

different physical constraints. Various factors that 

influence the behaviour of an estuary make it 	a complex 

buffer zone between salt and fresh water. 

1.3 FACTOR VARTARLES 

The main factor variables that determine the estuarine 

processes are the freshwater influx or the river discharge, 

tides, waves and meteorological forces associated 	with 

latitudinal climatic regions. The interactions between the 

oscillating tides, their vertical range and lengthwise flow, 

and the unidirectional stream flow, its velocity and volume, 

maintain the longitudinal and vertical salinity - temperatur‘" 

and hence the density gradients, that in turn drive 

unique estuarine circulations. These factors tend to 

the estuary a complex and dynamic environment of wa 

movement. 	The complexity of processes is al 1 the 

enhanced as the hydrodynamic regions, sediment load 

salinity gradients are continually modified in tune 
	i t 

changing inflow, tide and wind may be daily, fort-night- = Y 

seasons. 	All the estuarine processes are 	consi d 

modified by the geomorphic set up of the estuary. Of ,==, 
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factors, the river discharge and ocean tides command the main 

influence on estuarine processes. 

River discharge results in sediment influx and also in 

dilution of saline water. The capacity of a river to thrust 

fresh water and sediment into a estuary is called the 

flushing velocity (Crihhs, 1977) and this property determines 

the position in a river-estuary system where the sedimentary 

environments and dispersal rates change (Nichols and Riggs, 

1985). 

Tide is a periodic rise and fall in the sea surface. It 

can he a daily change (diurnal or semidiurnal), fortnightly 

(spring and neap tide), seasonal etc. Tides are the major 

energy sources that mix up the water masses and move sediment 

between seaward and landward extremes. Tides set-in 

horizontal tidal currents with movement of the tide into the 

estuary. Tides in estuaries are generally asymmetric due 

to which the wave is generally deformed producing ehh and 

flood current of unequal intensity and duration. This leads 

to development of differential or residual movement, either 

ebb or flood. The ebb and flood tides behave differently in 

the hydrodynamic regimes as regards the currents. Besides, 

in fortnightly changes, the spring tides are associated with 

stronger currents than the neap tide. These irregular 
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patterns of currents generally monitor the sediments movement 

in and out of the estuary. 

The importance of wave And wave action in an estuary is 

primarily a function of its basin morphology. Tnspite of an 

estuary being a protected environment, waves do play a 

significant role by contributing particulate matter through 

erosion of beds and banks. Waves aid the suspension of 

sediments which are further dispersed by currents exhibiting 

profound sedimentological effects. 

Wind stresses produce a surface flow of water in 

direction of the wind and tend to influence currents that 

affect transport of sediment, particularly in shallow 

restricted estuaries. The impact of wind along the estuary 

modifies its circulation pattern too. 

Climatic conditions hear a distinct impact on the 

estuarine processes, particularly in the belt characterized 

by monsoonal type of climate. Flooding of rivers and heavy 

influx of freshwater due to precipitation leads to a complete 

change in circulation patterns of the estuary producing 

exceptional hydrodynamic conditions with important 

sedimentological consequences. 
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Apart from the above mentioned factors, the morphology 

of the stream channel and estuary basin helps regulate the 

velocity and magnitude of tidal currents. This is visible in 

a wide, unrestricted estuary wherein the currents are 

typically slow with less turbulence, while a narrow, deep 

basin estuary experiences rapid, turbulent currents. 

1.4 	SEDTMENTSAND SEDIMENTARY PROCESSES 

Estuaries form an important stage in transportation of 

sediments between land and ocean. With respect to sedimentary 

processes they provide 'an obviously complex environment. 

Sediment transport, either in suspension or as bed load, is 

basically a function of estuarine stratification and 

circulation. The process is aided by dissipation of energy 

from the various factor variables. Since the residence time 

of the sediments in a estuary is longer than that of its 

water mass, sediments are trapped within. Subject to 

combined effect of the physical forces in an estuary, the - 

sediments are moved to and fro and recycled resulting in 

their mixing, erosion and accretion, virtually leading to 

modification of the bottom topography. Tmportant changes in 

composition and grain size of sediments are also induced 

alongwith flocculation and biological agglomeration. 

Estuarine sediments show a considerable variation in size. 
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Suspended particles range from 1 to 100 microns while 

bedloads comprise mainly of fine to medium sand. However, 

this generalisation may deviate significantly due to influx 

of sediment through tributaries joining the mainstream Along 

its course. 

	

From geological point of view, sediments form 	an 

integral part of any riverine/estuarine system, And are 

generally considered to be effective carriers of 

metals/elements, either in adsorbed form or residual state. 

Estuarine sediments basically have two distinct sources, the 

marine sediments-moving up the estuary, and the terrestrial 

sediments moving down the estuary. Between these, the 

geochemical processes impose several limitations on 

interpretation of sedimentary processes taking place within 

an estuary. Terrestrial sediment influx is All the more 

enhanced if the system happens to traverse an Active mining 

region. Mining activity in any basin releases large quantity 

of loose sediment along with leached metals from waste 

garbage and dumps. Quite a considerable quantity of loose 

sediment may he brought into the river system if the rocks in 

the catchment Area are highly weathered. Human activities 

like deforestation and development add to the effect by 

letting loose top layers of the soil. 
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Within 
	

an estuary, different changes 	of 	varying 

magnitude occur in the association and texture, chemistry and 

mineralogy of the sediments. This happen when the river 

water and ocean water of widely different: compositions are 

mixed resulting in strong gradients in chemic al and physico-

chemical properties (Burton and Liss, 1976). Tt affects the 

distribution patterns of dissolved and particulate 

components 	and 	leads to a variety of 	chemical 	and 

hiogeochemical reactions (fluinker, 1980). 

1.5 	PREVIOUS WORK 

Way back in 1947, the Atlantic Estuarine Research 

Society was organized to facilitate and promote effective 

communication between investigators in estuarine studies. The 

need for establishing such an organization was felt owing to 

the increased interest in estuaries and estuarine processes, 

their socio-economic implications/values and their response 

to human interference. Later years saw the emergence of the 

New England Estuarine Society, The South Atlantic Estuarine 

Research Society and the Gulf Estuarine Research Society 

serving their respective regions. All these later joined to 

Form the Estuarine Research Federation, by virtue of which we 

today have several important volumes, each dealing with 

specific aspects of estuarine study. 
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Beside this, the American Society of Limnology and 

Oceanography (U.S.A.) and the Brakish-water Sciences 

Association (U.K.)are more or less dedicated to estuarine 

research. 

As a result of the efforts, combined or individual, put 

in by these organizations and various workers all over the 

globe, a considerable amount of literature dealing with 

different aspects of estuaries is now available. One of the 

simplest introductory hooks, 'Estuaries' edited by 

Lauff(1967), is perhaps the most comprehensive volume dealing 

with different facets of estuaries. The estuaries of the 

Atlantic coast of North and South America and those along 

the European coast are specifically dealt with by Nelson 

(1972) and Barnes and Green (1972) 	respectively. Volumes 

edited by Wiley (1972), Tppen (1976) 	and McDowell 	(1976) 

cover special aspects of the physical characteristics and 

hydrodynamics of estuaries. Various parameters related to the 

chemistry 	and 
	

hiogeochemistry of estuaries 
	

are 	well 

documented by Burton and Liss (1976) and Olousson and Cato 

(1980). Apart from Dyer (1972), there has been no volume 

dedicated to sedimentology of estuaries , however, the 

Encyclopedia of Sedimentology ', edited by Fairbridge and 

Bourgeois 	(1978 c.t. Eairbridge, 1980) deals with specific 

aspects in the subject. Other compilations include those 
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edited by Wilson and Halecrow (1985) on estuarine management, 

Van de Kreek (1986) dealing with physics of shallow estuaries 

and Tjorn Kjerfve (1988) dealing with hydrodynamics of 

estuaries in two volumes. 

Currently many periodicals and journals publish articles 

and research publications related to estuaries. The journals 

'Estuaries' and 'Estuarine And Coastal Shelf Sciences' are 

more or less dedicated to estuarine research. 

Research related to estuarine environment in Tndia began 

as far back as early 20th •century. Rut only during the last 

two decades it has gained considerable momentum. India, with 

its coastline of about 5,780 km. offers a conducive 

environment for estuarine research all along. Yet, only a few 

estuaries either along east- or west-coast have gained 

considerable attention. Along the east coast of Tndia, much 

of the -research is concentrated on the Godavari estuary, 

brakish waters of Pulicat lake, Chilka lake, Mahanadi and 

Hoogly estuaries, Vellar-Coleroon estuaries. Other estuaries 

along the east coast that have received attention are the 

Vamsadhara estuary, Kistna estuary, the estuaries and 

backwaters of Ramnathapuram and Chinglepet districts of 

Tamilnadu. One of the best studied estuary along the west 

coast of India is the Vembanad lake and associated 
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backwaters of Kerala. 	Besides this, studies have been 

conducted on the Mandovi-Zuari estuarine complex of Goa, 

Narmada Estuary, Netravati Estuary, Terekhol and Vashisti 

Rivers,Beypore river estuary etc. 

A valuable reference guide to the work carried out on 

the Tndian estuaries upto December 1980 is well documented in 

ESTUARTNE RESEARCH TN TNDTA-A Bibliographic Study (NT0,1981). 

Based on these works, a state-of-the-art report NTO (1982) on 

ESTUARINE RESEARCH TN INDIA, highlights the salient features 

of the three most important estuarine complexes of southern 

India viz. the Mandovi-Zuari estuarine complex of Goa, the 

Cochin backwaters of Kerala, both along the west coast, and 

the Vellar-Coleroon estuarine complex along the east coast. 

Some of the important works carried out in Tndia during 

the last decade and half basically deal with the biological, 

hiogeochemical, geochemical, physico-chemical and geological 

aspects the estuaries. Geochemical investigations in 

various Tndian estuaries and rivers have been undertaken to 

study the environmental geochemistry and/or to understand the 

different geochemical processes that the elements and metals 

undergo in such environments. Important contributions are 

those of Rorole et al.(1982),Narvekar et ai.(1983), Sivakumar 

et al.(1983), Balakrishnan et al.(1984), Sarin Pt 	al.(1985), 

Nair et al .(1987), Ouseph (1987), Seralathan (1987), 	Zingde 
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et al.(1987), Subramaniam et al.(1988), Subramaniam and Jha 

(1988), Rajan et al.(1989), Nair et al(1990), Biksham et 

al.(1990), Veer et al.(1992), Padmalal and Seralathan (1993), 

Somayajulu et. al. (1993). An important contribution to the 

estuarine research in India is a volume edited by Nair 

(1987). This volume comprises of contributions related to 

various aspects of suspended sediment distribution, sediment 

texture, pollution by metal influx, physico-chemical aspects, 

hydrobiology and aspects of estuarine management. Studies 

related to the suspended sediments , sediment texture and 

mineralogy, physico-chemical and hydrographic characteristics 

etc. have also been dealt with by Zingde et al.(1985), 

Ramanathan et al.(1988), Joseph et al.(1989), Ravishankar et 

al.(1989), Bartia (1990), Sebastian et al.(1990), Rao and 

Swamy (1991), Varma et al.(1991), Mohan and Damodaran (1992), 

Reddy et al.(1992), Nair et al.(1993), Purandare (1993). 

Previous work in Mandovi Estuary: 

Though 	Mandovi and Zuari rivers together with the 

interconnecting Cumbarjua canal form an important estuarine 

complex on the west coast of India, it was only with the 

establishment of the National Institute of Oceanography (NTO) 

in the year 1966 ,ghat research activity began here. Farly 

work began with the investigations in environmental and 
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hydrographic characteristics of these estuaries. Notable 

contributions either in Mandovi,Zuari or both include those 

of Dehadrai (1970), Sankaranarayanan and Jayaraman (1971), 

Murty and Das (1972),Antony et al.(1973), Cherian et 

al.(1974, 1975), Varma and Rao (1975), Rao et al. (1976), 	De 

Sousa 	(1.977), Sankaranarayanan et al.(1978), Qasim and Sen 

Gupta (1981). Studies related to the circulation patterns and 

sedimentation at the entrance of Mandovi were carried out by 

Murty et.al.(1976), Narayanswamy (1976). Nayak and 

Chandramohan(1989) have studied the changes in adjoining 

beach and the shoreline stability respectively at the Mandovi 

estuary. Purandare (1988,1989) has investigated the dynamics 

at the estuarine entrance with reference to improvement in 

navigation in the hay. NTO (1979) carried out a major 

project investigating the pollution status of the Mandovi- 

Zuari Complex. In topics related to one or the other aspect 

of geochemistry, reference could he made of De Sousa (1983), 

Joshi et al.(1983), Rajyopal and Reddy (1984), Shirodkar and 

Sen Gupta (1985), Shirodkar and Anand (1985), D'Silva and 

Rhosle (1990), Algarswamy (1991). A major project carried out 

at the Marino Science Department of Goa University between 

1 989-1 992 deals with the sediment flux studies and the 

texture, mineralogy and chemistry of selected rivers in Goa 

(Nayak, 19931 .. Part of the present thesis includes the data 
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collected during the project work. Suspension sediments and 

its relation with other associated parameters and their 

variations with seasons has been studied for Mandovi (Rukhari 

and Nayak, 1991) and Zuari (Nayak and Rukhari, 1992). 

Variations in suspended matter concentrations in response to 

tide and season has been studied for both Mandovi and Zuari 

estuaries by Rukhari and Nayak (1993). 

1.6 	ATMS AND OBJECTTVES 

Of recent, estuarine studies have generated considerable 

interest, more so because of their importance in economic, 

social and human aspects. Estuaries and their basins provide 

a conducive ambience for developing cities, industries and 

similar establishments. These developments have led to 

environmental imbalances of great magnitude, particularly 

owing to waste disposal-domestic, industrial or otherwise. 

Considering the wide scope in studying 	geological 

processes in estuaries and impact of recent development on 

the estuarine environment, the present study was taken up 

with below mentioned objectives, in an estuary along the west 

coast, of Tndia. The present area - the Mandovi river along 

with its tributaries in Goa was taken up because it houses 

several large scale mines and provides favourable sites for 

fast growing industrial developments within the basin. 
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Objectives 

The main objectives of the present study are as follows: 

1. To understand the behavioural patterns of the estuary as 

regards its physical characteristics in response to 

climatic changes. 

2. To study the variation in total suspended matter along 

the estuary over a period of one year.. 

3. To study the spatial and seasonal changes in the texture 

of the bed load sediments within the estuary. 

4. To study the mineralogy of suspended and bed load 

sediments, with emphasis on clay minerals, within the 

estuary. 

5. To study the relative abundance'of elements in suspended 

sediment and bedload, seasonal variations in bedload 

concentration, comparison with a set of data analysed 

for the sediments in tributaries and understand the 

impact of mining on the estuarine sediments. 

1.7 	STUDY AREA 

River Mandovi and its tributaries comprise the area of 

present study (Fig 1.2) within the state of Goa. 	Hence it 

would 	he relevant here, to know in brief about 	the 

physiography, geology and climate of the region. 
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1.7A 	Physiography: 

Goa is a beautiful little state, mid-way along the west-

coast of India. Round between N 14 0  18' to N 150  48' lat and 

F 740  20' to F 75° 40' long, the state covers a total surface 

area of 3,702 km 2 . It is flanked on one side by the Arabian 

Sea and on the other by the Western Ghats. Geomorphically, 

the region can be delineated into three distinct zones from 

west to east (Fig. 1.3). 

1. The coastal plain, fringed with a coast line (105 km 

long), characterized by prominent marine landforms, 

alluvial plains, estuaries, beaches and dunes. 

2. Vast etch plains and low dissected denudational hills 

and table lands comprising the sub Ghats that include an 

intricate network of waterways and wetlands. 

3. A continuous range of highly dissected denudational 

hills in Western Ghats that rise about 1200 m above MSL 

1.7B 	Geology: 

The area is largely covered by pre-Cambrian Dharwars 

represented by quartzites, phyllites, chlorite-schists, 

gneisses, metabasalts, metagreywackes and banded hematite 

quartzites (Fig. 1.4) Resides, rocks belonging to Cuddapah 

19 



age occur fringing the northern stretch of the coast. 	A 

patch of Deccan Traps cover the crystalline rocks towards 

north-Past. An important feature is the extensive 

lateritization over most of the region owing to the tropical, 

moist climate with vast seasonal changes. The laterites are 

associated with iron and manganese ores along a linear belt 

within the midland of the state. 

According to Wagle (1982), the ancient Dharwarian rocks 

were peneplained before the outpouring of Deccan Traps. 

Later the costal tract experienced epirogenic movements, 

headward erosion, recession of scarps, superposition of 

streams; lateritization; submergence, emergence; progradation 

and retrogression. He has further concluded that the coast 

was subjected to submergence during Quaternary period 

followed by partial emergence during re cent time. The 

configuration of the Goa coast line appears to have been 

controlled by a set of NNW - SSE fractures which have 

undergone lateral shifts along the NNE-WSW mega-lineaments 

traversing the peninsular shield. (Prahhakar Rao, et al. 

1985). 

1.7C 	Climate : 

Goa enjoys a tropical maritime and monsoonal type of 

climate with profound orographic influence. There are three 
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distinct seasons in a year viz. 

(i) Monsoon (.Tune - Septemher) 

(ii) Winter (October-January) and 

(iii) Summer (February - May). 

Monsoon season experiences heavy precipitation brought 

in by south-west monsoon winds. The annual average rainfall 

is around 350 cm. Due to orographic influence rainfall 

increases towards the interior from around 300 cm near the 

coast to about 400 cm near the Ghats. 

Due 	to maritime influence, the diurnal 	range 	in 

temperature is quite low, being least (4-6°C) during 

monsoon, and maximum (10-12°C) during February. However, the 

overall temperature depends on the seasons with summers 

experiencing the highest temperatures upto an average of 35°C 

and winters averaging 20°C. 

Prevailing wind directions too change with time and 

season. Between October and April the winds in the morning 

are easterly to north-easterly changing to north or north 

east in May, while in the afternoon, they blow west or north-

west due to sea breeze effect. During the monsoons, winds 

are generally from west to south west throughout the day. 

Winds are fairly strong during monsoon and moderate during 

fairweather. 
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1.7D Mandovi River 

The state of Goa is naturally endowed with perhaps one 

of the hest waterways network. There are seven main rivers 

of which Mandovi and Zuari are the most important (Fig. 1.2) 

Together, they are considered. - life line' of Goa, and 

their basins cover 69% of the total geographic area of the 

state. All the rivers experience tidal/seawater influence to 

a considerable distance upstream. 

Mandovi is the longest of all rivers. Tt origirates in 

Parwa Ghat - a section of western Ghat in Karnataka state and 

traverses about 75 km before it joins the Arabian Sea. 

Geomorphologically, it is a coastal plain - or drowned river 

valley estuary (Qasim and Sen Gupta, 1981; Purandare, 1988) 

and shows a submerged extension of a former river valley 

opening towards the sea (Pathak et. al., 1987). Mandovi 

covers a basin area of 1530 km2  and a catchment area of about 

1150 km 2 . Along the courses it is joined by a vast tributary 

system and is marked by several islands, narrow bends and 

shallow depths. The average annual freshwater runoff is 

estimated to he 16 km 3 . 

Mandovi is a funnel shaped estuary. 	At the mouth, 

between Agnada and Cabo headlands, it measures 3.2 km, but 
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within 4 km. upstream it narrows down to less than 1 km, thus 

forming a bay. Futher upstream it narrows to a mere 0.25 km. 

Water depth is about 7.5 m at mouth and 2.5 m at upstream end 

of estuary with an average depth of 3.5 m. Near the mouth 

and within the hay, it is characterized by the presence of 

two shoaling zones viz. the Aguada bar and the Reis Magos 

bar. The river is navigable upto 42 km upstream which also 

marks 	the estuarine limits or the point of 	seawater 

influence. 

River Khandepar and river Madei are the two main 

perennial feeding rivers. Other tr libutaries are R. Mapusa, 

R. Volvota, R. Rogar, R. Nagoa. Tt needs to he specially 

mentioned, here, that for most part of their length, river 

Mandovi and its tributaries pass through regions of extensive 

mining activity basically iron and manganese ore. Mandovi 

basin houses 27 major mines besides a number of small scale 

mines. The river provides a cheap and effective mean of 

transportation of the iron ore from hinterlands to Marmagoa 

harbour which is situated in the mouth of the river Zuari. 

(Fig. 1.2). Tt is hence a common sight to see banks of the 

river and its tributaries lined with mined material, loading 

platforms, beneficiation plants and above all, massive dumps 

of rejects particularly in the upstream stretch. 
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The geology of Mandovi basin Comprises 	of iron and 

manganese ore bearing formations. Other lithological units 

that cover the basin to varying degree are argillites, 

metagreywackes, quartz chlorite schist and variegated 

phyllite, granitic - and felspathic gneiss, tilloid, handed 

ferrugenous quartzite, pink ferrugenous phyllite and 

limestone. The formations have been intruhed by basic dykes 

and quartz - pegmatite veins. The rocks belong to the Goa 

group of the.Dharwar Super Group (Fig. 1.4) 
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MATERIALS 
AND 

METHODS 



The task of fulfilling the objectives laid down For the 

present study requires extensive fieldwork on both temporal 

and spatial levels. Since the study area comprises the 

estuarine part and tributaries of a river system, it 

necessitates an appropriate selection of observation/sampling 

sites (hence forth referred to as stations) representing 

different sections of the system. 

Accordingly, 19 stations were selected within 	the 

estuarine limits of the Mandovi (Fig. 2.1) which also happens 

to he the navigable length and 9 stations were selected 

across its different tributaries (Fig. 2.2) 

The main thrust of this study is on estuarine sediments. 

Hence extensive work was carried out in the estuarine part of 

Mandovi. Monthly observations and samplings were made for a 

year at the 19 selected stations, whereas only seasonal study 

i.e. premonsoon, monsoon and postmonsoon was carried out in 

the 9 riverine stations. 

2.1 FTFLD METHODS 

During the monthly surveys in the estuary, samples were 

collected onboard a mechanised boat. To estimate the total 



suspended matter (TSM) and other related parameters, water 

samples were collected from near the surface and the bottom 

at each station using a Niskin sampling bottle. Water 

temperature and pH were recorded and sample stored in PVC 

containers for further analysis. Onboard collection during 

the monthly surveys commenced from the mouth and proceeded 

upstream with midflood of spring tide. 

A large quantity of water sample had to he collected to 

yield sufficient suspended sediment for mineralogical and 

chemical analysis. Hence about 40 litres of water sample was 

collected at each of the selected stations. Mineralogical 

studies were conducted for premonsoon and monsoon season 

while chemical studies were conducted for the postmonsoon 

season. 	For mineralogical studies, surface water samples 

were collected from stations M2,M4,M10,M11 and M17. 	For 

chemical element analysis surface water samples were 

collected from stations M1,M4,M7,M10,M13,M16,M19 while for 

bottom water, samples were collected from stations M1,10 and 

N119. Samples were stored in PVC containers till further 

analysis. 

Redload sediments were collected seasonally using a 

stainless steel VanVeen grab from all the stations of the 

estuary. From each collection, upper 5 cm of the sample was 
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transferred to prelabelled polythene bags and kept frozen for 

further analysis. 

in the 9 riverine stations, water samples were collected 

using a open bucket because of shallow 'depths,. 	Sediment 

samples were collected using a PVC corer. 	Samples were 

stored as mentioned above. Though samples were collected to 

represent all three seasons, only the premonsoon sediments 

were used for chemical analysis. 

2.2 	LABORATORY PROCEDURES 

The field work was duly followed up by laboratory 

analysis of the water and sediment samples. 	Water samples 

were 	used 	to 	determine salinity 	and 	estimate 	TSM 

concentration. A part of the estuarine hedload sediment 

samples was used for mechanical and mineral analysis and 

another part for estimation of organic carbon, major and 

trace elements. The riverine hedload sediments were used 

only for chemical analysis. 

Firstly the water samples were analysed for salinity and 

estimation of TSM. 

2.2A 	Salinity 

	

Salinity (or rather chlorinity) of the water 	was 
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determined following the standard Mohr Knudson Chlorinity 

titration method using silver nitrate and potassium chromate 

as reagents 10 ml of water sample was titrated against 

standardized AgNO1 using potassium chromate as an indicator. 

The chlorinity values thus obtained were converted to 

salinity using Knudson hydrographic tables. 

2.2R 	TSM 

One litre of the water sample was filtered through a 

preweighed, 0.4/4  nuclepore membrane filter paper using a 

filtration unit: under vacuum. The filter paper was then oven 

dried at 600C and weighed on a six decimal mettler balance 

again to obtain the TSM quantity expressed as mg/litre. 

Likewise 	the 	bulk water 	samples 	collected 	for 

mineralogical and chemical studies were filtered too. The 

sediment retained on the filter paper was thoroughly 

desalinated by repeated washings, dried, scrapped off from 

the paper and stored for further analysis. 

Secondly, the bedload sediment samples were 	first 

desalinated by repeated washings and dried at. 60°C. 	As 

mentioned earl ier, a part of the sample was taken for 

mechanical analysis followed by mineralogical analysis and 

another part: for chemical analysis. 
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2.2C 	Mechanical analysis 

To study the textural characteristics of the sediments, 

mechanical analysis was carried out by combination of 

sieving and pipette method following Krumhein and Pettijohan 

(1938) and Friedman and Sanders (1978). 

A known quantity of the desalinated and dried sample 

(25-40 gm) was soaked overnight in a beaker with 25 ml. of 

10% sodium hexametaphosphate (used as a dispersant). 	The 

sample was then passed through a 230# sieve. 	The -230 # 

fraction was collected in a 1000 m14 measuring cylinder and 

the volume was made to 1000 ml. This sample was later used 

for further pipette analysis. 

Meanwhile, the +230# fraction was dried and weighed. Tt 

was treated with 10% HC1 followed by 10 ml of H202 and then 

with a combination of oxalic acid and Aluminium foil to 

remove the calcium carbonate, organic content and iron oxides 

respectively. The sample was then washed again and dried. 

2.2C4 	Sieve analysis 

Each treated sample was sieved on a vibrating sieve 

shaker for 10 minutes by using ASTM sieves arranged at 0.5 

phi interval. The material retained on each sieve was then 
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weighed on a single pan balance upto third decimal point and 

thus the weights of the different size fractions were noted. 

2.2Cii. Pipette analysis 

The -230# fraction washed down into the 1000 	ml 

measuring cylinder was used for pipette analysis. 	Before 

timing the first withdrawal the contents were homogenised by 

stirring for about 2 minutes using a sieved stirrer. 

20 ml each of the sample representing different size 

fraction was withdrawn using a pipette from specific depth at 

specific time according to following 

Fraction size 	 Depth of 

table. 

hr 	min 
time 

withdrawal sec 

4 20 0 0 46 

5 10 0 1 32 

6 10 0 6 06 

7 10 0 26 25 

8 10 1 32 42 

9 10 6 32 50 

(Standardized by NTO) 

2.2D Mineral analysis 

Emphasis, here was laid on the clay minerals 	in 

suspended and bed load sediments. X p D technique was used in 

this study. 

30 



On collecting the last fraction, 250 ml of the contents 

were siphoned and to this was added 5 ml. of acetic acid and 

15 ml of H202 to remove calcium carbonate and organic matter 

respectively and kept over night. 

Similarly, the suspended sediment stored earlier, was 

treated. The samples were then ,washed clear off the 

reagents, taking care not to loose sediment. 1 ml. each of 

these samples were then withdrawn and laid over glass slides 

to obtain oriented sections. The slides were air dried and 

kept in desicator. These slides were later scanned for clay 

mineral analysis using x-ray diffraction technique before and 

after glycolation. 

The slides were subjected to XRD analysis using a 

Philips X-ray diffractometer with the following 

specifications. 

Time constant = 5 sec 

Receiving slit = 0.3 nm 

Speed = 0.02°/sec 

Range = 5 x 10 3 cps 

2.2E Chemical analysis 

A fraction of the desalinated and dried sediment samples 
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stored for chemical analysis was finely powdered and kept 

aside for estimation of organic matter . Another fraction 

likewise was very finely powdered and used for elemental 

analysis. 

To analyse the organic carbon content, only the hedload 

samples of the estuary and tributaries were considered. The 

procedures adopted are as follows: 

2.2Ei Organic carbon 

The method described by El Wakeel and Riley (1957) was 

followed. 0.5 gm of the powered sediment was treated with 10 

ml. of chromic acid in a glass tube. The tube was closed and 

heated in a bath of boiling water for 15 minutes. 	The 

contents of the 	tube were then cooled and poured into 200 

ml of water. Adding 1. drop of ferrous-phenanthroline 

indicator, it was titrated with 0.2 N ferrous ammonium 

sulphate solution until the pink colour just persists. The 

procedure was checked for blanks without using sample. 

1 ml. of 0.2N ferrous ammonium 

Sulphate = 1.15 x 0.6 mg/gm 

2.2Eii 	Elemental analysis 

To carry out the elemental analysis the samples were 
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first digested and analysed using Inductively Coupled Plasma 

Analyser. 

300 mg of each of the powdered sample was accurately 

weighed and ignited at 700°C. The sample was then digested 

overnight at 80°C with 4 ml of concentrated acid mixture (HF, 

HNO3) in a closed teflon vessel. 96 ml of H31103 (25 gm/1) was 

then added to it to dissolved the fluorides and neutralise 

excess HF and a clear solution was obtained. Similarly 

international standard rock sample were also dissolved for 

calibration. 

The elements were then analysed from the resulting 

solution 	using 
	

Inductively 	Coupled 
	

Plasma 	Emission 

Spectrometer (TCP-ES) using ISA .Tobin Yuon JY 70 plus TCP 

spectometer equipped with simultaneous polychromater for 

major elements determination and with a high resolution 

sequential monochromater for trace elements. 

2.3 	COMPUTATION OF RESULTS 

Textural parameters for the bed sediments were carried 

out by using the formulae proposed by Folk and Ward (1957). 

The percentiles were interpolated from the cumulative curves 

plotted using the cumulative percentages of weighted 
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fractions. R-and Q-mode factor analysis were carried out 

using the weight percent data of the sediments. 

Correlation coefficient was computed for the chemical 

data after normalizing the values. Normalization was made 

following Sahu (1982). The values were transformed to log 

(C/(1-C), where C is the fractional representation of each 

sample. This method was followed because as the values of 

analysis are expressed by totaling to 100% they induce 

artificial negative close correlation among the major and/or 

minor components. This tends -  to usual statistical 

correlations among trace components. Such close correlation 

can be avoided for all types of components by using log 

(C/(1-C)) transformation, which reduces to logC 

transformation for trace components (Sahu and Ragchi, 1993). 

The element data was also subjected to R-Mode factor 

analysis. Factor analysis is a statistical technique for 

studying large and cumbersome data. Basically it is a 

process for grouping empirical data into meaningful "facies" 

or "factors" which can then be interpreted in their 

geological context. 
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CHAPTER III 

HYDROGRAPHY 

AND 
SEDIMENTOLOGY 



The chapter deals with the hydrographic characters of 

the estuary, variations in total suspended matter (TSM) and 

the texture and distribution of bedload sediments of Mandovi 

estuary. 

To start with, a brief resume' of the previous work 

dealing with the physical processes within the estuary is 

presented. Tt gives a general understanding of the factors 

influencing these processes. This is followed by discussions 

of the results of the different parameters considered for the 

present: work. 

The chapter is divided into two parts. Part A deals 

with the spatial and temporal variations in salinity, pH and 

temperature. Part R dealing with sediment is further divided 

into two parts. Part T covers the variations in the 

concentration of TSM. The changes are discussed in light of 

the prevailing hydrographic conditions. Relation of TSM 

concentration with salinity is discussed at the end of this 

part. Part TT deals in detail with Lice seasonal changes in 

textural parameters of bedload sediment. An attempt is made 

to delineate the sediment attributes using R mode and Q mode 

factor analysis. Tn the end a general reveiw and 

interrelations of different parameters are presented. 
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3.1 	PHYSICAL CHARACTERISTICS 

Prior 
	

to discussing the results of 	the 	present 

investigations, it would he appropriate, here, to understand 

the factors that govern the physical processes in the Mandovi 

as revealed in earlier works. References at length, on each 

one of the said factors, are drawn particularly from the 

technical reports on Mandovi-Zuari, NTO (1979) and Qasim and 

Sen Gupta (1981). 

Tn any estuary, each one of the said factors viz. the 

tides, freshwater discharge, climate, wind stresses on the 

water surface, transport induced by wind generated surface 

waves, internal waves and geomorphic setup, hears a definite 

impact in engineering the circulation patterns. Tn a general • 

introduction to geomorphic set up of Mandovi (Tst chapter), 

it, is seen that Mandovi is a funnel shaped estuary, exhibits 

a wide mouth, narrowing suddenly a short distance upstream 

and characterized by the presence of two shoaling bars (Fig 

3.1). Thes.e features of Mandovi in combination with other 

factors play an important role in modification of physical 

processes within the estuary. 

3.1A 	Waves 

Wave 	climate for monsoon and Fairweather 	periods 

inferred from ship reported visual wave data 	indicate 
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distinct wave approach patterns. Sea waves from deep water 

enter the bay and approach the shores of Mandov i mainly from 

west and south-west during monsoon and from north-west during 

Fairweather season. Wave amplitude during Fairweather is 

quite small, with significant wave height of 0.38 m and 

significant wave period of 6.8 sec. This is perhaps due to 

the fact that the bay is partially sheltered by Aguada 

headland to the waves coming frOm north-west. 

During monsoon, the geomorphic setup of the estuary 

fails to subdue the activity of waves approaching from 

southwest and west. Hence, the shores Are affected by waves 

that are steep and high, with a significant period of 7 sec. 

to 10 sec. The increase in wave Activity and the heavy 

swell prevailing during monsoon load Lo highly turbulent 

conditions on shoals (Qasim and Sen Gupta, 1981). Moreover, 

the shores are Affected by selective concentration of energy 

due to wave refraction Along Miramar stretch and Also show 

evidence of wave diffraction near Lire Cabo headland affecting 

the shores in its vicinity (Nayak and Chandramohan, 1987). 

Tn the upper reaches of estuary, the waves are only limited 

to those developed by traversing barge traffic and surface 

wind stress. 



3.1B 	Tides 

Mandovi is affected by mixed semidiurnal type tides with 

pronounced diurnal inequality and a large difference between 

successive flood and ebb tides. The spring tide range is 2 

2.4 m , while the neap tide range is 0.3 - 0.5 m. The tides 

propagate towards upstream and without much attenuation and 

phase lay, typical of a short estuary. The tidal prism 

upstream of Cabo is estimated to be around 78 millions cm 3 

 for a tidal range of 1.8 m (Purandare, 1988, 1989). However, 

Tndian tide tables indicate a Lime lay of 20 min, 30 min and 

50 min at Panaji jetty, Ribandar and Pilyao respectively with 

respect to that al. the adjacent Marmayoa Harbour. 

The 	semidiurnal 	tides affect the estuary 	to 

considerable distance upstream resulting in good flushing, a 

fact that renders the estuary fairly clean as compared to 

many other rivers in Tndi and other confluences with the sea 

(NTO, 1979). 

3.1C 	Currents: 

The earliest measurements of currents within Mandovi are 

reported by Murty and Das (1972) and Varma el. al. (1975). Tn 

one of the detailed studies carried out by NTO (1979), 

current velociti'es were monitored across five transects 
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selected along the estuary. The stations were spaced at 1,7, 

11, 20 and 34 km respectively from the mouth. The results of 

these observations are summarized in table (Table 3.1). Tn 

general this study reveals a gradual increase in current 

velocities from mouth Lo middle reaches of the estuary, but 

further ahead Lhe velocity decreases during all the three 

seasons. Ebb and flood velocities, on an average, are high 

in lower and upper estuary respectively. Monsoonal current 

velocities are. highest. Another interesting feature revealed 

in this study is that, the ebb current velocity is high along 

the northern bank, adjoining Aguada head land, but the flood 

current velocity is high along Lhe southern bank, adjoining 

cabo headland. Thus, Lhe seawater seems Lo enter the estuary 

along the southern banks during flood and leave along the 

northern banks during ebb. 

Purandare (1988, 1989) also studied the flow conditions 

based on hydraulic models of the estuary. A series or 

monitoring sLaLions on the bay from mouth to Tejo light house 

show a general increase in current velocity towards upstream. 

The velocity range for premonsoun season was 15-44 cm/sec 

(flood) and 26-53 cm/sec (ebb) for monsoon season the range 

was 15-37 •cm/sec (flood) and 15-67 cm/sec(ebb). All the 

observations 	show 	that 	the 	current 	velocities 	are 

considerably accelerated within the midstream. 	This 	is 
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perhaps due to sudden narrowing of the estuary near the Tejo 

light house, a short, distance upstream from mouth, wherein 

the flow is concentrated and channelized between narrow 

boundaries. 

3.117 River discharge: 

The annual average freshwater discharge in Mandovi is 

estimated to be 16 km 3  as mentioned earlier. The entire 

basin is affected by heavy precipitation during monsoons 

month (June-Sept._ember),wiLb a very high monthly run-off 

corresponding to about, 300-400 cumecs, while during 

nonmonsoon it is between 50-100 cumecs. Thus it is seen that: 

Ma ndov i receives very little freshwater influx during 

fairweather -  and a heavy influx during monsoon. As a 

consequence of this the flow pattern in the estuary are 

considerably modified. The various patterns produced in the 

estuary under different conditions have been developed from 

hydraulic model studies by Purandare (1988). Some of these 

figures are reproduced here (Ply 3.2). Also the features 

that characterize the Aguada bay are shown in (Pig 3.1) 

Physical 	parameters 
	

like 	longitudinal 	dispersion 

coefficient and stability characteristics have been computed 
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by Qasim and Sen Gupta (1981) and dealt with, in detail, 	in 

the NTO report (NT0,1979). 

These parameters are briefly summarised here . 

The 	longitudinal 	dispersion coefficient: 
	

i s  

ealculated from the relation. 

K x  = RA -1 S 

ds/dx 

Where R is the total mean downstream transport: across a 

section, A is the cross section. area, S is salinity at the 

point and ds is change in salinity with distance dx. Kx 

values for Mandov:i were found to vary from 550 to 10 x 10 6 

 em2 /sec -1 . The value continues to remain high upto about 20 

km upstream and further ahead it starts decreasing. 

Stability characteristics are defined by dimensionless 

Richardson Number Ri, expressed as 

gdp 

RI = 	pdz 

(du/dz) 2  

. Where y is acceleration due to gravity, p is the density 

of sea water, u is the velocity of water layer and z is the 

vertical distance. 
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Hi values in Mandovi range From 0.06 to 48 at different 

sections in different seasons. However, during monsoon the 

value is near-zero for most part of the length. Such results 

are expected of well mixed character of the river indicating 

turbulent mixing. 

Preliminary assessment: of the Flushing Lime (residence 

time) in Mandovi From measured values of tidal variation data 

on hathymeLry and freshwater runoff give figures of 50 days 

for nonmonsoon period and 5-6 days during monsoon (NTO, 

1979). 

Considering the various aspects of Mandovi river that 

are already investigated the other, aspects that taken up For 

the present study are discussed below. 

3.2 	SALTNITY; pH AND TEMPERATURE 

3.2A GaliniLy 

Salinity is the most conspicuous Feature of estuary so 

much so that iL is a Factor used to define the limits and 

characteristics of an estuary. Salinity changes estimated 

along the length of Mandovi For a period of one year show 

profound spatial and temporal changes (Table 3.2). 



The premonsoon season (February-March) is marked by high 

overall salinity. 	Salinity is remarkably high and shows 

little change upto station 6 (13 km) from the mouth. 	Beyond 

this, the values continue to drop upstream. 	Although the 

bottom waters are invariably more saline, the surface waters 

closely follow an identical trend with little difference 

between the two levels (Fig 3.3). TL is clearly seen that 

the length of salt water intrusion progressively increases 

upstream from February to May. During May the salinity even 

at the last station (40 km upstream) is considerably high. 

With onset of monsoon, a sharp fall in salinity values 

and gradual decrease in length of salt water intrusion is 

observed. The length to which salinity is detected during 

June and July is opt() stations M6 (11 Km) and M4 (9 km) 

respectively (Fig. 3.4). During August, salt water is 

probably present at mouth, but at. station M2 (3 km) upstream, 

where observations were made, the salinity WAS Absolutely 

zero. indicating fresh water dominance at both surface and 

bottom levels (hence a the figure for August Is not shown). 

The later month of monsoon - September, shows recovery of 

salinity profile wherein salinity was detected upto 

considerable distance upstream (19 km). Wide differences 

exist between bottom and surface waters, right upto the point 

whore salinity ceases. The bothim waters show high salinity 

43 



and a longer length of influence, 	Recovery of salinity 

profile observed during the last phase of monsoon, continues 

to develop during successive months of postmonsoon (Fig.3.5). 

Saline waters progressively influence longer lengths with 

gradual 	increase in overall salinity or the estuary during 

these months. 	Bottom waters are distinctly more saline. 

Significant differences boLweon bottom and surface values are 

noted within the lower estuary. Resides a distinct patch of 

high salinity water is observed at bottom or station Ml0 (22 

km from mouth) wherein the bottom is deeper than adjacent 

stations. Towards the later phase of postmonsoon, the 

profile virtually approximates the development of profile 

depicted by early premonsoon. 

3.2B pH 

in simple terms pH is the measure of the degree to which 

the water is acidic (pH <7) or alkaline (pH>7). Although 

several factors govern the pH of a water body, seawater 

seldom deviates from a range of 7.8 - 8.2, while river waters 

are seldom buffered. Thus, between the freshwater and 

saltwater end, pH values in an estuary show a considerable 

variations and the changes are more pronounced in that part 

of the estuary dominated by stream influences. 
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All the same, pH changes in Mandovi are also affected by 

freshwater-saltwater interaction and show different trends 

with changing seasons (Table 3.3). 

The premonsoon period shows general decrease towards 

upstream within a range of 8.15 - 7.10. However, the first 

few km , the zone corresponding wiLh high and almost steady 

salinity, shows a slight increase in pH. The surface and 

bottom waters closely follow an identical trend (Fig 1.6). 

All 	through the monsoon the estuary 	shows 	wide 

variations with the trend changing during each month (Fig. 

3.7) Tn June, pH initially increases from station M2 (7.99) 

to station M6 (8.08), then drops suddenly upto station Ml 0 

(6.78), but shows little variation for rest of the length. 

Tn July pH decreases upto station M10 but: shows a little 

change further ahead. August month shows a pecUliar 

behaviour in that, the value begins to decrease from mouth to 

station Ml0. pH shows a little change between station Ml 1 

and M1 7 and increases again there onwards. Towards late 

monsoon i.e. September, pH value deceases upto station Ml 6 

but increases again towards the last station 

The beginning of postmonsoon continues to show unstable 

trend. 	October month shows a gradual decrease in pH upto 

station M9 at both levels (surface and bottom). 	Further, 
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though the bottom value continues to drop the surface water 

value increases upto station Ml3 before it falls again (Fig. 

3.8). During rest of the season, the trend is fairly 

constant wherein the pH values decrease from station Ml upto 

station Ml4 but increase further upstream. Thus, it 

could be clearly seen that, the pH behaviour is considerably 

disturbed during the monsoon, and the effect cont inues to 

show partly through the postmonsoon period. 

3.2C 	Temperature 

TemporaLure of the estuarine waters particularly of 

landlocked, shallow estuaries, are generally 	influenced by 

atmospheric temperatures, unless certain other natural 

phenomena/artificial factors or otherwise, induce variations 

in the trend. Mandovi is no exception to this generalization 

(Table 3.4). 

Premonsoon 	season is characLerized by quite 	high 

atmospheric temperatures, with little range between maximum 

and minimum. Correspondingly, the water temperatures are also 

quite high with small range. Temperature increases gradually 

from mouth to upstream, with the surface waters being 

slightly warmer than bottom waters. The range of temperature 
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during premonsoon is 35 0  (surface) 29.5° (bottom) at the 

mouth and around 34°C in the upstream (Fig 3.9). 

Monsoon period shows a general fall in average monthly 

temperature. To June the waters at both levels show 

decreasing temperatures towards upstream except at mouth, 

wherein the temperature difference is quite notable between 

surface and bottom waters. While Lhe rest of Lhe estuary 

shows a little vertical variation, the stretch between 

station Mll and M18 shows no vertical variations (Fig 3.10). 

Tn July the temperature initially drops from station M2 to 

station M9, but further ahead it fluctuates within an average 

of 0.5°C. Bottom waters are slightly warmer or show same 

temperature as surface waters. August month shows the least 

overall temperature and range within 26.5°C to 26.9°C 

September month is characterized by remarkable difference 

between surface and bottom waters at least upto station M6, 

the maximum range observed being 30"C (surface) and 

25.4°C(bottom). 	Surface temperatures increase upto station 

6, hut: then decrease gradually towards upstream. 

Postmonsoon period too, shows spatial variations in 

temperatures. There is a general rise in temperature from 

station M1 to station M13 and there onwards waters get 

progressively cooler during successive months of this season, 
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varying between 26°C - 29.5°C. Surface waters are generally 

warmer (Fi,g. 3.11) 

3.2n Discussion 

Results of the three parameters described above show 

that the spatial and temporal variations bear a distinct 

seasonal signature. 

Variation in salinity profiles is most pronounced. 

During 	premonsoon the average salinity in the estuary is 

high and saline waters influence practically the entire 

length of the estuary as evidenced from significantly high 

values at station M19 in May (Fig. 3.12 and Fig. 3.13). This 

shows the marine dominance in the estuary. Little or no 

difference between the surface and bottom salinity values all 

along the length are indicative of well mixed conditions. It 

is seen that salinity remains high and practically constant 

for first few kms. This shows that the seawater surges en-

masse into the estuary replacing the brackish/freshwater 

giving an impression (if the estuary being an extended arm of 

the sHi4. Gradual fall in salinity from around 12 km from 

mouth to upstream indicates that a freshwater influx, however 

little it might be, still persists. IL should be remembered 

here that Mandovi is fed by two main perennial rivers w1'...7.h 
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contribute 	but 	to a meagre freshwater 	input 	during 

fairweather. 

By virtue of its vast tributary system, Mandovi sustains 

a large amount of fresh water influx during monsoon. The 

discharge gradually pushes the saltwater out of the system, 

As seen in August (Fig. 3.12)• wherein practically whole of 

the Mandovi 	is dominated by freshwater and behaves as a 

river. 	Such nearfresh water conditions have been reported 

earlier 	(flehadrai 	1970). With retreating monsoon during 

September, .salinity profile is, however, 	revived. 	The 

profiles (Fig. 3.4) show A distinct- layer of high bottom 

salinity and low surface salinity. The salt: waters wedge out 

of , arid into the estuary wiLh progressive and retreating 

monsoon respectively. 

Progressive increase in salinity values and length 

of intrusion show Lhe declining levels of freshwater influx. 

Though not much, there is yet a noticeable difference between 

bottom and surface salinity. Also, certain deeper section of 

estuary shows an abnormally high value. This is certainly 

due to retention of higher salinity waters in Lhe deeper 

sections since regions of increasing water depth and 

increasing runoff over surface Lend to show higher salinity 

at depth (Pritchard, 1967; Bowden an Hamilton, 1975). 
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Earlier studies too have revealed identical behaviour of 

the estuary in response to changing seasons, and hence this 

estuary has been regarded as mixed during premonsoon, 

stratified during monsoon and partially mixed during 

postmonsoon (Marty and Das, 1972; Varma et Al., 1975; Qasim 

and Sen Gupta, 1981; Cherian and Varma, 1975). Categorizing 

the estuary into these classes is based on the classification 

given by Pritchard (1952). 

Spatial variation in all the months almost, always show a 

higher bottom value. However there are occasions where the 

surface waters are more saline. This is perhaps due to the 

turbulence (Singbal, 1976) The estuary shows marine dominance 

during premonsoon, freshwater dominance in monsoon and 

revival of marine dominance during postmonsoon. 

Observation in pH variation also shows a distinct low in 

average pH during monsoon. The irregular trend in the pH 

profile along the length of the estuary is due to influence 

of freshwater from the numerous tributaries that flow through 

the different, terrains. The pH in estuarine waters is 

strongly influenced by the nature of terrain through which it 

flows (Singbal, 1985) and as mentioned earlier, pH of the 

water, therefore, varies the most in those places influenced 

by river discharge. 
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Within that part of estuary influenced by saline water, 

PH seems to he directly related to salinity but in the 

freshwater zone, the considerable fall in pH is perhaps due 

to acid leaching from the mine sites through which the 

tributaries flow. 

Temperature changes in Mandovi waters are typical a 

depiction of land locked, shallow estuary which is profoundly 

influenced by atmospheric temperatures. The average 

temperature as observed, and its range, in any season is in 

resonance with the atmospheric temperature typical of the 

prevailing climate. 	Thus temperature is highest during 

premonsoon and lowest during postmonsoon. 	However, during 

late monsoon and early post:monsoon seasons (September and 

October), bottom water temperatures are exceptionally lOw 

and show quite a large difference with higher surface water 

temperatures. This observation is Attributed Lo the 

upwelling phenomenon, typical along the west coast of India 

during this particular period. Hence cold bottom waters 

intrude the estuary along the bottom and their influence has 

been reit: as far as 5 kin upstream (Sankaranarayanan and 

Jayaraman, 1972). Surface waters are almost always warmer 

than bottom waters due to surface exposure to solar effect. 

Thus the results of these three different: parameters 
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show changes in response Lo changing climatic conditions and 

that the changes are virtually cyclic. All the same, the 

changes in these parameters are Also related to corresponding 

ebb and flood tide (Flukhari And Nayak, 1993) 



it 
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PART B 



SEDTMENTS TN THE ESTUARY 

Sediments are defined as fragmental 	unconsolidated 

material that originates from the disintegration of rocks and 

is transported by natural agencies (Colby, 1965). Sediments 

constitute one of the essential components of any aquatic 

system. Of aquatic systems, within a hydrological cycle, 

rivers command a great role in that, their waters carry more 

minerals and sediments released from (he uppermost parts of 

the earth's crust, along with other dissolved and particulate 

organic/inorganic material. All through the transport from 

land to ocean, the sediments, their mineralogy, texture and 

chemistry is considerably modified. The changes are all the 

more pronounced and complex when the rivers carry their load 

through estuaries. 

Sedimentation and related processes in rivers 	are 

dominated by a complex set of physical processes associated 

with unidirectional flow of water. Biological and chemical 

processes, whatsoever, are less important in sedimentation. 

Rut Sediments supplied into an estuary, enter a remarkably 

complicated environment that leaves much to be investigated 

yet. The sediments in an estuary undergo a repeated cycle of 

erosion, transport and deposition by ebb and flood tidal 

currents, and are thrown into suspension many times before 
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final accumulation (Nichols, 1986). 	A river derives its load 

from the weathered products of the crust and erosion of banks 

along with a substantial amount contributed by anthropogenic 

activity. Estuaries, on the other hand procure material from 

several sources representing both marine and continental 

regimes. 

A general scheme of supply and removal of sediment in 

estuaries is given in diagram (Fig. 3.14). 

Tndependent of the source, sediments can he divided into 

two distinctly different groups with respect to their 

behaviour in nature (Terzaghi and Peck, 1948; Raudkivi, 1976) 

viz., 

(i) fine sediments with particles smaller than 0.05 mm 

(to be exact 0.0625 mm) further classed into silts and 

clays. 

(ii) coarse sediments with grain size greater than 0.05 mm, 

further subdivided into sand and gravel. 

The movement and transport of these two categories of 

sediment basically depends upon the hydraulic conditions. 

The first category i.e. the fine sediments, 	is generally 

transported as suspended load dispersed in the 	entire 

vertical column of water body. Once in suspension, the 

particles tend to travel a considerable distance before they 
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are finally accumulated. The second category cf sediments, 

comprising mainly of sand and gravel move as a thin layer 

along river/estuary bed. Contrary to suspended load, in this 

case, the average distance travelled between erosion and 

deposition is relatively short ( Salomon and Forstner, 1984). 

The range of vertical excursion of particles is smaller in 

coarse sediments and they move rapidly. 

TL is in Fact difficult to strictly demarcate between 

suspended and bed sediment. Since their movement is 

controlled by hydraulic properties of the media they are 

contained in, sediment in suspension may well sAttle down due 

to subsiding velocities or flocculation. All the same, 

surface bed sediments may be thrown into suspension when 

aggravated. The behaviour is also depOrldHilL AS MUCh on the 

grain size along with hydraulic patterns, as is roughly 

indicated by Hjulstorm Curves (Fig. 3.15). IL is clear from 

the figure that although two thresholds are a 1 rnosL equal for 

coarse sediments, a relatively strong current is needed for 

the erosion of Fine cohesive sediments while the deposition 

of small particles require very quiet conditions. 

The two groups of sediments differ in mineralogical, 

physico-chemical and mechanical properties besides their 

different response to hydraulic conditions. Hence, in the 
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present 
	

study 	these two categories 	are 
	

dealt 	with 

individually. 

3.3 	TOTAL SUSPFNDFD MATTER (TSM) 

Concen1ration of TSM at: any point in an estuary depends 

upon the sediment input and sediment movement. The sediment 

input into the estuary might he from several sources (Fig. 

3.12) hut: frequent regional patterns of a dominant source 

from land or sea are discernible (Mac Manus, 1975). Sediment 

moves in estuary in response to turbulence or rather 

circulation patterns. These patterns are complete interplays 

of evercha nging river and tidal flows, complicated 	by 

freshwater 	flow, tidal range, salinity gradient:, the effect 

of topography and estuarine geometry (Dyer, 1972; Markofsky 

et al., 1986). Another important: factor contributing Lo 

toLA1 suspended matter is Lite resuspension of the finer and 

bed sediments. Erosion of particles from surface of deposit 

by current or wave motion is the chief process by which 

sediment is introduced hack into water column. Tt generally 

results when the imposed stress exceeds the resistance of the 

bed sediment caused by interparticle bond strength. Energy 

required for the process is derived from different sources 

that vary in magnitude And frequency. Some variations are 
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random, 	bill -. many are regular and periodic 	(Nichols, 
	1986). 

Suspended sediment could he used as a natural tracer to 

determine the surface circulation in estuaries and coastal 

region. Tidal influence on distribution of suspended solids 

help it: play a role of natural tracer in understanding tidal 

currents (Muralikrishna, 1985). 

As in any other estuary, TSM concentration and movement.. 

within Mandovi too is affected and governed by several 

factors. The foregoing discussion reflects the results of 

observation and causes of temporal and spatial variation of 

TSM in Mandovi (Table 3.5). Tn Mandovi, concentration of TSM 

during the entire period of premonsoon is well below 30 mg/1 

with an exception or two. Rarring the two peaks of high 

concentration (Fig. 3.16) the general trend shows a decrease 

in TSM towards upstream. 

Monsoon period is characterized by a high content of TSM .  

Concentration increases from June to August ranging from 

10.54 mg/1 to 166.03 mg/l. Highest values are recorded in 

August between station M8 and station M10 (Fig. 3.17). The 

concentration profiles are highly irregular but show a 

general increase towards upstream. Although the lower 

estuarine zone between station M2 and station M6 continues to 

show high concentration, the values are still lower than 

those observed in the upst ream. There is a distinct zone of 
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low concentration between stations Mll and M12 in June, -  July 

and August. With subsiding rains, the TSM concentration is 

lowered considerably during September. 

Postmonsoon concentrations are .  below 40 my/1 during the 

entire season (with one excepFion of 58.09 mg/1). rrsm  

profiles show a gradual decrease towards upstream and are 

less irregular (Fig. 3.18). The zone of higher concentration 

begins to show up prominently towards late postmonsoon 

period. 

The general observations show that the monsoon season is 

characterized by high TSM concentration. Moreover, unlike 

rho fairweather season, TSM increases towards upstream. 

Concentration is almost always-; high near mouth and within 

the hay portion of the estuary. Another important feature 

observed is that the,  boLtom waters generally show higher 

concentration compared L0 surface waters. The trend in the 

concentration of bottom and surface is generally alike. 

Indeed, there are exceptions to this generalization as could 

be observed during June, wherein the surface TSM decreases 

from Station M2 to station M6 while that of bottom waters 

increases between these stations. 

A conspicuous feature observed in TSM profiles almost 

during rho entire period of observations is the development 
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of a high concentration zone at or near the mouth region 

(lower estuary). This does not seem to he the turbidity 

maxima - a characteristic feature of many estuaries developed 

at: the interface of freshwater - saltwater. Tnstead, it 

results as a product_ of the intricate processes and combined 

effect of topography and hydrographic conditions prpavailing 

at:. Aguada bay. This factor is instrumental in eroding the 

bed sediments. 

Recalling the morphologic setup, and the wave and 

current pattern, attention is drawn here towards the two 

shoaling bars, the Aguada bar and the Reis Magus bar. The 

occurrence of these bars / shoals has been known since 

centuries and are believed to have remained considerably 

prominent. Even today these shoals/bars have neither grown 

nor have they reduced in size (Qasim and Sen Gupta, 1981). 

The depth over shoals range from 1.5 m to 2 m. Since AguAda 

hay lies hare to swells from southwest, west and northwest, 

the shoals are observed to be main sitks of wave breaking, 

so much so that they are deemed hazardous to barge traffic 

during monsoon. 

As the waves enter the hay, they dissipate their energy, 

thus creating vortices which agitate the bed sediments, 

particularly in the vicinity of shoals. Suspended 
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particulate matter concentrations are found to be positively 

correlated with current in estuaries (Thorn, 1975, Officer, 

1980). Now, since the observations commenced and proceeded 

upstream with mid flood of spring tide, it could be assumed 

that the bottom currents, which are especially strong during 

this phase of tide, scour the finer bottom sediments in the 

deeper portions of the mouth at station Ml. Erosion of 

particles from the surface of shoals by current or wave 

motion is the chief process by which sediment is introduced 

back into the water column. Moreover surface erosion takes 

place when the imposed stress exceeds the resistance of bed 

sediments caused by interparticle bond strength (Nichols, 

1986). 

Tt is observed that the fairweather seasons are tide 

dominated '(flas et Al., 1972), hence the currents too are 

mainly dominated by flood and ebb tides and these current,s 

are less stronger in the bay region than in the constricted 

parts (Murty et al., 1976). Model studies (Purandare, 1988) 

have shown that: the flood tide flows seem to converge towards 

the constriction And get channel ised further upstream. 

As a result of all these factors, the resuspended 

sediments are carried further upstream since water 

circulation follows the current direction leading to movement 

of sediment probably in same direction (Qasim and Sen Gupta 
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1981). The clay particles and hydroxides, of which the fine 

sediment is generally made up of, are expected to be 

flocculated at the prevailing salinity conditions, and that, 

flocculation is promoted by greater particle concentration 

(Dyer, 1972; Kranck, 1973). Tn the zone of WAVe breaking, 

the sediments are agitated, and agitation promotes faster 

growth of floccules (Postma, 1980). May be increasing 

current velocity towards the upstream helps most of the 

sediment, oven if it is flocculated, to overcome 

gravitational settling in this zone, thus increasing the 

resident time of the sediment in suspension, resulting in a 

zone of high TSM concentration. 

It should be noted here that the zone of high TSM lies 

within 	the zone of high salinity. 	Hence the possibility of 

development 	of 	turbidity 	maxima 	due 	to 	freshwater 

interaction can he overruled. 

The TSM concentration subsides considerably beyond the 

above mentioned zone (except. during promonsoon) particularly 

upto station M6. This is perhaps due to settling of the 

sediments, once calmer conditions are restored in this zone. 

Two factors augment settling in this region one is 

widening of estuary which further inhibits the (by now) 

reducing currents and second is settling of flocculated 
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particles under gravity. This is perhaps one of the reasons 

for the presence of a fair amount of silt-clay fractions in 

bedload within this stretch (discussed in the next part of 

this chapter). 

During premonsoon, a second peak of higher concentration 

is discernible, roughly between station M7 and station M10. 

This is perhaps due Lo processes in action• at: freshwater 

salt water interface and which Are conducive to development 

of a turbidity maxima in estuaries (Postma, 1967; Meade, 

1972; Dyer, 1986). 

Recalling the salinity changes in premonsoon, 	it iR 

observed that during this season, salinity is very high at 

mouth and continues to remain so, almost upto station M7. 

Reyond 	this, 	however, 	there is gradual 	fall 	in 	salinity 

values 	indicating dilation by freshwater influx. 	This 	is 

probably the 	 of development or high TSM upstream 

between station M7 And station M10. 	The seaward 	moving 

material hrought in by freshwater And the landward moving 

material brought up by the seawater get entrapped 	in 

promoting 	conditions 
	

that form this zone 	of 	higher 

concentration. 	Moreover, 	there is very little, 	if any, 

difference 	between surface and bottom 	water 	salinity 

indicating effecItive vertical mixing. 	This condition further 

helps in 	virtually distributing the sediment in suspension. 
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The monsoon season is characterized by high TSM content 

and the average content increases from June to August. TSM 

concentrations in tributaries during this season a re quite 

high (Fig 3.19) no doubt, but they do not account for the 

even higher conceniration in the upper roaches of the 

estuary. Thus it is clear that apart from the rivers, most 

of the material is contributed to the estuary from numerous 

mine-ore dumps and and waste dumps that line estuary in the 

upper roaches. The highly irregular trend in TSM profile is 

attributed to varying quantities of sediment material brought 

into the estuary by different tributaries. 

The receding phase of monsoon, September, shows a 

considerable fall in TSM all along the estuary. one reason 

for this could be that most of Ihe sediment influx is 

basically the loose, surficial, easily orodable fine material 

in the vicinity of mines and mine dumps. Heavy rainfall upto 

August, virtually cleans off the susceptible material 

leaving behind an almost clean surface possihly with coarser 

materials which sustain effective erosion by the retarding 

flows owing to receding rains. The same general trend as 

observed in September continuos to exist all through the 

post:monsoon, however, the TSM concentration in I. estuary 
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gradually increases from October to January. 	The 	TSM 

profiles are quite gradual with no marked irregularity. 

Concentration decreases towards upstream. The zone of higher 

concentration begins to appear again. 

Besides the above mentioned observations, there are some 

general features that emerge in the spatial and temporal 

variations of TSM. The cicri.AHe in TSM concentration towards 

upstream and dominance of tide over the estuary during the 

Fairweather season may indicate a marine source of sediment 

influx. Tt has been mentioned that during Fairweather season 

substantial amount of sediment is added from ocean side to 

the estuary in association with the low swell of west and 

northwest (Murtv, et, al. 1976). Besides, higher 

concentrations of suspended matter in waters 	exceeding 

salinity of 30%. is attributed to an offshore in 	flux into 

river (NTO, 1986). On the contrary, during monsoon, decreasEe 

in concentration in the downstream direction and dominance of 

Freshwater condition indicate a terrestrial source. Such 

high concentrations of TSM during monsoon have also been 

observed earlier in Mandovi (Dohadrai, 1970 ; Antony eV_ al., 

1974). 

Tn addition, local variations observed may be mainly due 

to topographic effect and disturbance caused by barge 

traffic. Topography has a profound effect on the sediment 
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load in suspension. Mandovi has many sharp bends, varying 

widths and depths, all along its course. Varying cross-

section forms and bends in a estuary cause lateral variation 

in longitudinal current and lateral and vertical component of 

the flow. The water tends to flow in spiral fashion creating 

what is known as secondary flows (Dyer, 1978). 

Mandovi is navigable upto almost the 19th station. Most 

of the traffic comprise of barges, carrying ore. The passage 

of traffic also causes notable fluctuations in the 

observations, 	for, samples collected in trails of barges 

show higher concentration of TSM. 

In an attempt to understand the relation between TSM and 

salinity, their values were plotted against each other. The 

TSM concentration of all surface and bottom waters in 

individual season was plotted against corresponding salinity 

values (Fig. 3.20). Two distinct patterns emerge out - one 

for the fairweather (premonsoon and post:monsoon) and other 

for the monsoon. 

The relation between these two parameters can 	be 

explained in terms of 	flocculation, deflocculation 	and 

sediment: influx. 

Flocculation 	is a process whereby the 	particul 



suspended matter gets destabilized by double compression on 

coming in contact with even slightly saline water (Duinker, 

1980). As a result, the particles are attracted towards each 

other and form clumpy aggregates. Particulate suspension 

is otherwise relatively stable in freshwater environment by 

virtue of interparticle repulsive forces between 

electrically 	charged partielos. 	Flocculation 	leads 	to 

increase in settling velocity, causes a decrease in 

concentration of suspended matter in the upper layer, and an 

increase in lower layer, and increase in rate of 

sedimentation (Shen, 1982). However, flocculation is a 

reversible process i.e. estuarine sediments when carried into 

a freshwater regime begin to deflocculat(4. The floc 

characteristics are supposed to depend upon two factors 

(Gibbs, 1983). 

T. 	Floe formation, depending on the concentration of the 

suspended solid matter, on the cohesivity of 	the 

particles and on Vlio movement of Lhe particles 	(flocs) 

relative to each other. 

TT) Floc destruction, depending on the shear strength 	of 

the -  flocs and on the shear stress of the moving 

(turbulent) water. 

	

Tn the present: study, the TSM - salinity relation 	for 
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the fairweather season 	(Fig. 3.201 	shows 
	

decrease 	in 

concentration of TSM with decreasing salinity. High values 

rre assoeiated with the highest salinities recorded. This 

corresponds with that part or tho estuary which shows highly 

disturbed environment and increasinq current s as explained 

earlier. 	Hence basically the high TSM associated with high 

value of salinity .  is rather duo to resuspension or 	fine 

surface bed material which is, presumably, 	in flocculated 

form. 	The • intense agitation, no doubt, 	increases 	the 

flocculation, but at the same time it inhibits the size of 

floccules 	(Duinkers, 	19801. The smaller size of floes 

enables the currents to carry the suspended matter further 

upstream where it eventually settles down under gravity in 

the calmer region. Thus, by increasing the mean residence 

Lime of the suspended matter, resuspension reinforces 

horizontal advective transport. A decrease in concentration 

of TSM upto a salinity of 	 wherein majority of values 

are well below 10 mg/1 	further indicates gradual deposition 

of the suspended matter. 

Suspended matter so deposited, probably continues to 

move further upstream along or close to the bed under the 

influence of currents. Tn the due course of time the water 

is observed to he considerably diluted with freshwater 

influx which obviously comes in with its own sediment load. 
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Sudden influence of freshwater and its immediate vertical 

mixing, as indicated by salinity profiles, entrap the seaward 

and landward moving material and disperse it vertically to 

give a higher suspension concentration between salinity range 

of 22%4 - 28% . 

The TSM concentration over rest of the salinity range is 

quite low and in majority of observation, below 10 mg/l. 

This is perhaps due to the Flocculation of sediment and their 

eventual settling under conditions of reduced current  

velocities. 

The pattern depicted for monsoon is in contrast to that 

of fairweather season. The concentration of TSM decreases 

with increasing salinity, and most of the values, in that, 

the highest recorded concentrations of TSM are recorded at 

0%.. Though spatially distributed, concentrations of TSM are 

high (close to 50 mg/1) between salinity range of 22%. to 28% 

as in fairweather season. Over rest of the salinity range, 

concentrations are comparatively low i.s. below 30 mg/l. 

. One important: factor revealed here is, Mandovi is 

dominated by freshwater flow all through the monsoon season 

so-much that during August it virtually turns to a river. 

Also the season is marked by very high concentrations of TSM; -

most of it associated with entirely fresh water. Hence it is 
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a clear indication that. A large amount of suspended matter is 

brought into the river during monsoon. Discussions in the 

earlier section have shown that a majority of the material is 

brought into the system at the mid reaches and upstream end 

from numerous mines, mine dumps and the to  of mine 

washings. . The fact that mines contribute a larger quantity 

of suspended material is revealed in the observations of TSM 

concentration in riverine stations. Here, the tributaries 

that pass through active mining zone (Fig. 3.19 A&R) carry 

more suspended load than those that do not. 

On contrary, during fairweather season, there 	are 

indication of very meagre amount of freshwater discharge for 

major part of the season, as practically evidenced by 

absence of freshwater for a considerable stretch at mouth. 

Moreover, the estuary is dominated by marine influence and 

under such circumstances the trend in the TSM - salinity 

relation might be indicative of a marine source of sediment. 

Earlier studies (Sankaranarayanan and Jayaraman, 1972; Marty 

et al., 1976; Qasim and Son Gupta, 1981) have shown that a 

substantial amount of sediment is brought into the estuary in 

association with the low swells of west and north west. 

Findings of Shen et: al., (1982) probably throw more light 

on the TSM - salinity patterns observed in the present study. 

Empirical observations of the study carried out by these 
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work s have pointed out that the electropotontial 	(EP) 

variation of silt particlos suspended in water column 	arc' 

closely related to variations in salinity. FP value is very 

high at no, but drops rapidly at 5%o and is minimum at 13 980. 

The value becomes high again at 20%o. This is very 

significant because lower the value of EP, the thinner the 

electrostatic double layer on the particle surfaces and the 

greater the probability of collision between particles. 

Forces of attraction provail over repulsive forces, promoting 

flocculation, increased settling and sedimentation. 

Applying this to present study it could be seen that, 

during monsoon, where no salinity prevails, the waters show 

higher TSM. This may be because free particulate matter is 

deflocculated and hence retained in suspension 	longer. 

Hence, the higher recorded values are around no. 	Tncrease 

in salinity from no to Mo would mean a fall in EP value 

and hence an increase in flocculation. This results in, a 

decrease in TSM concentration, hence the low concentrations 

between this range of salinity during all seasons. 

	

The FP value is said to increase again at 20%o. 	This 

accounts for the rise in FP values resulting in conditions 

favourable for repulsive forces. Thus, sediment is 

deflocculated in this range and when thrown into suspension, 
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sustains settling around 20%. May he due to this reason, the 

salinity range between 22%, and 28%a, shows a 	higher 

concentration of TSM. 

Tnspite of the fact: th;,,r flocculation does not lake 

place at 0 9t,o, Fairweather-  season patterns show low TSM 

concentration towards the zone of 0 9 0 salinity. This is 

further proof that very little material, if any, is brought 

in by the freshwater influx, during Fairweather season. 

TSM load in relation to rainfall 

Since the rates of river discharge was not 	made 

available, it has been attempted to bring out the extent of 

influence of rainfall on the TSM load. 

The basin area of Mandovi is very small hence the 

feeding river respond significantly to rainfall with the 

freshwater increasing many folds during monsoon. The plots 

of monthly average rainfall and monthly average TSM (Fig. 

3.21) show that the TSM concentrations are very high during 

August, however, i nspi te of high rainfall during June the 

concentration is comparatively low. To asse s s this the total 

suspended matter budget was adopted (Kayak, 1993). The plot 

of relation between the total suspended matter budget and the 
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riinfall 	show two peaks corresponding with the rainfall 

peaks. This shows that the TSM concentration is low because 

it is diluted by the influx of freshwater and since the 

volume of water contained is more, the overall concentration 

of suspended matter is more. Another significant high peak 

in all the three viz., rainfall, TSM concentration and TSM 

load during August indicate that majority of the sediment is 

during this month - when the monsoon is particularly strong. 

The rainfall during early stages perhaps is too weak and just 

promotes the loosening of sediment thus directly washing it 

down. Thus it is evident that maximum amount of the 

materials is brought into Mandovi during monsoon and hence it 

could he possibly correlated to the river discharge. 

1.4 REDLOAD SEDTMENT 

Analysis of textural parameters is an indispensable tool 

to 	delineate 
	

transport 	mechanism 
	

and 	depositional 

environments 	of sediments of both modern and 	ancient 

sedimentary provinces. Classic studies by Folk and Ward 

(1957), 	Passega 	(1957), 	Mason and Folk 	(1958), 	Friedman 

(1961,1967), 	Visher 	(1969), 	have shown that 	different 

environments 	leave 	distinct 	signatures 	on 	textural 

characteristics 	(attributes). 	Existence of 	qualitative 

relationship between energy, sediment supply and deposition 
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WAS shown in the work of Tanner (1961), Ball 	(1967), 	Todd 

(1968), Beall (1970), Allen (1971). 

Various methods proposed to describe the transport 

mechanism are based on the fact that differing modes of 

transport seem to include measurable different textural 

responses in the sediment and act selectively on certain 

grain sizes (Tnman, 1949). Those can be well elucidated from 

cumulative graphs on log probability or from comparison 

with standard CM patterns (Passega, 1957). 

Deciphering the relation between depositional or energy 

environment and the textural parameter is quite difficult in 

estuarine sediments because the energy and the environmental 

patterns are complex and any one location probably represents 

several "end member" environments (Klovan, 1966; Visher, 

1969; Allen, 1972). 

Tn 	1 i yltI co- available lilorature and present 	findings, 

this section deals with deciphering of the results and the 

relevance of various parameters (Table 3.6) computed for 

hodload sediments of three different seasons. 

3.4A 	Modal distribution 

Frequency plots for ,A11 rho stations are given in the 
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figure (Fig. 3.22). Each one of these plots represent the 

size frequency distribution of all the seasons. 

Stations M1 and M4 show dominance of fine mode and a 

wide spread band between 4 0 and 9 0. Tn most of the 

stations upto M11, the 2 0 fraction is the most dominant with 

a finer mode. 

Except for one or two, majority of the sediments show a 

bimodal distribution with a very dominant mode at around 2 0 

and subsidiary finer mode at 9 O. There is a distinct shift 

in the mode towards the coarser size during monsoon. 

Stations M1 and M4 in all the seasons are characterized by 

the dominance of fine mode with wide spread hand. 	Stations 

M2, M5 and M11 show significant change in the 	modal 

distribution. Stations at the upstream end i.e. from M13 to 

M19 are all characterized by very coarse mode and at times 

the sediments are polymodal which might he reflecting the 

material spill from the ore dumps and ore loading. 

Stations M6 to M9 and Station M12 show little shift in 

main mode but vary in the intensity of its abundanc e . 

3.4B 	Graih size parameters 

3.4Bi 	Mean Size (Mz) 
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Mean size of the bedload sediments in all the three 

seasons vary over a wide range in their spatial distribution 

(Fig. 3.23). A general coarsening of the sediment is 

observed in the upstream direction, though the trend is not 

always smooth. 

During premonsoon, mean size ranges from - 1.085 	to 

6.680 O. A little change, confined to the range of 6.59 0 - 

6.49 0, is observed between stalion Mi and station M4, but 

further ahead there is a gradual increase in size upto 

station M9, decreasing suddenly at station M10 ( 5.975 0). 

Here onwards, sediment begins to coarsen towards upstream and 

the stretch beyond station M15 is basically dominated by 

coarse to very coarse sand intermixed with rock fragments, 

and subangular pebbles. 

Monsoon season shows a general dominance in coarser 

fraction along the entire stretch, ranging between 0.335 

and 6.947 0. Sediments upto station M3 are quite coarse 

compared to premonsoon but tlio mean size remains considerably 

low between station M4 and station M6, dominated by coarse to 

medium silt sediment. Except for a patch of fine sediment 

between station M10 and station M11, the mean size shows a 

increasing, trend from station M6 to station M16 beyond which, 

the size decreases again. 



Mean size of the postmonsoon sediments show a very 

uneven trend fluctuating with wide range in size between 

stations. The trend begins with finest size (6.910 0) at 

station M1 but shifts to sand class at station M2 and station 

M3. However, station M4 records a sharp decrease in size. 

Except for a stretch of very fine to fine sand between 

station M9 to station M11, there is general increase in size 

towards upst- ream, wil - h the sediment luirning more pebbly from 

station M17.onwards. 

Thus, it could be seen that the majority of the sediment 

in all three seasons is dominated by 0.0 0 to 4.0 0 size. 

More regularity in the trend of premonsoon change is perhaps 

due to the fact that, very little sediment is brought into 

the system from the freshwater end. Earlier studies showed 

that a considerable amount of material is probably includ4d 

into the estuary from the marine side. The distribution of 

sediments is generally affected by tides and tidal currents. 

Monsoon reasonon the of leer hand shows coarsening of sediment 

or rather addition and removal of fine sediments at certain 

stretches. No doubt a majority of sediment influx is during 

monsoon, hut: clue to strong down stream currents the finer 

sediments are washed off the bed surface leaving behind the 

coarser sediments. Since a major stretch of the Mandovi is 
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dominated by Freshwater during monsoon, there is little 

flocclulation to enable finer sediment to settle down. 

However, at the extreme upstream end, sediments are 

relatively very fine. This is because, the sediment, both 

fine and coarse, brought in by the Madei and Khandepar 

rivers deposit their load here, as the sharp bends in the 

river course in this stretch probably effect in 	sudden 

reduction of the high flow velocity. 	However, the same 

material under the influence of more steady postmonsoon 

flows, tends to get eroded from this upstream stretch, only 

to be subsequently deposited between M9 and station M11. 

Thus the upstream end is dominated by pebbly sediment during 

post monsoon. 

3.4Rii 
	

Standard deviation (Sorting Coefficient) (6; ) 

Temporal and spatial variations in sorting of sediments 

is diagramatically represented (Fig. 3.24) Sorting 

coefficient in premonsoon season varies from 0.452 0 to 4.403 

0' The degree of sorting changes from station to station 

with exceptions of station M7 and station M17 which show 

well sorted and moderately well sorted sediments 

respectively. 	All other stations show poor to very poor 

sorting. 	Yet the mouth region seems to show comparatively 

better sorted sediments. Sorting is poor at stations 	Ml,M3 
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and M4 and very poor at stations M2,M5 and M6. 	Beyond 

station MA, sorting gets progressively poorer. 

Monsoon indicates an overall improvement in sorting. Tt 

ranges from 0.413 to 2.407. Stations M3,M4 and M13,M14,M15 

are moderately to moderately well sorted. Station M7, as in 

premonsoon, nont:inues to show well sorted sediment. Best of 

the locations are dominated by poorly 1x very poorly sorted 

sediment. 

Postmonsoon SPPMS to show a mixed trend with sorting 

coefficient. ranging from 0.457 ro 3.436. Sediment in the 

mouth Are as usual, comparatively better sorted with well 

sorted sediment at station M3. Except for stations MR,M12 

and M13, which show well to moderately sorted sediment, the 

rest of the stations show poor to very poorly sorted 

sediments. 

Thus in general, it could be seen that the sediments, in 

the estuary are basically poorly ported, yet, 	sorting is 

comparatively better towards the mouth of Mandovi. 	On an 

average, the monsoon season shows comparatively 	better 

sorting followed by postmonoon and premonsoon. 	Very poor 

sorting during prolionoon and the fact that the eWAiary 	is 

dominated by tidal currents reflects the inefficiency of 

currronts as sorting agents. 	Better orLing at mouth 	is 
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perhaps duo Lo the constant reworking of sediments by wave s 

at: all times. In the upper reaches, better sorting is 

associated with decrease in the fine - size fraction in 

sediments, indicating a removal of finer fraction which 

narrows the sorting range to induce a better sorting rather 

than any one mechanism directly affecting the sorting. 

3.4Riii 	Skewness (Ski) 

Skewness during promonsoon varies from -0.7 to +0.819 

and moves from negative end at mouth to a positive end at: 

the upstreams. From station MI to station M6, the sediments 

show extensive skewness values beginning with negative at 

station M1 and progressively increasing (towards positive) 

upt:o station M6. From station M7 onwards the trend is very 

uneven. Except at station M10 wherein the sediments are 

negatively skewed (-0.255), rest of the stations show very 

positively skewed sediments, though to different degrees 

within a narrow range. 

The skewness of sediment is rendered negative 	by 

addition of a finer tail. 	AL first four stations, 	skewness 

is 	negative and the value progressively increases 	in 

correspondence with the docroise in finer fraction. Also 

station M1 0 shows presence of a significant amount of finer 

sediment fraction. 
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Monsoon season shows a mixed trend in skewness value. 

Tt ranges from -0.435 to +0.811. Stations M2,M14 and M19 are 

almost symmetrical in distribution. Stations M3,M5,M11,M13 

and M17 are negative to very negatively skewed while 

remaining stations show positive to very positive skewness. 

Different quantities of fine and coarse material brought in 

through the numerous tributaries and mine washings into the 

river probably leads to the marked irregularity in the trend. 

Unlike fairweather, more stations in this season show 

negative skewness. 

Postmonsoon sediments change from very negatively skewed 

at station M1 to very positively skewed at station M7. 

However, further upstream, very positively skewed sediments 

prevail except at station Ml, M2 and M13 wherein the 

respective. sediments are symmetric and negatively skewed. 

The longitudinal seasonal variations in skewness is shown in 

figure (Fig. 3.25). 

3.4Riv 	Kurtosis (KG) 

Kurtosis 	ranges 	from 0.502 to 5.967 	i.e. 	very 

platykurtic to extremely leptokurtic in the 	promonsoon 



season. 	Sediments between station M1 and station M6 are 

mesokurtic to very platykurtic with the latter dominating. 

The sediment at rest of the stations are leptokurtic, to 

extremely leptokurtic. Station M10, however, is an exception 

because it shows very platykurtic nature of sediment. 

During monsoon there is significant change in the trend 

with the kurtosis values ranging from 0.491 to 4.230. Very 

few stations show leptokurtic to very leptokurtic nature in 

contrast with the premonsoon. Sediments change from 

mesokurtic at 'station M2 to leptokurtic at station M3, while 

station M4,M5 and M6 are dominated by platykurtic to very 

platykurtic sediments. Majority of the sediment is 

leptokurtic to extremely leptokurtic between station M7 and 

station M12. And the sediments in the upstream reaches beyond 

station M13 are dominantly platykurtic to very platykurtic. 

Postmonsoon season shows a range of 0.474 to 6.932. 

Majority of the stations show leptokurtic to very leptokurtic 

nature. However, stations M7 and M12 show very platykurtic, 

stations M2„M5 show platykurtic and station M4 shows 

mesokurtic sediments. The trend is highly irregular.. 

Seasonal variations in kurtosis are shown in the figure (Fig. 

3.26) 

When compared with the frequency curves (Fig. 3.22, 
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A,B,C), it is clearly seen that the leptokurtic to extremely 

leptokurtic sediments are those in which the sand size mode 

is very prominent. Platykurtic and very Platykurtic 

sediments are those dominated by a wide hand width of either 

the fine size (Mz >4 0 or the coarser size (Mz < 0.2 0). 

3.513v 	Bivariant relations: 

To understand the interrelation between the different 

statistical parameters discussed, they were all plotted 

against each other grouping all samples of individual season. 

a) Mz V/s Ski : (Fig. 3.27) : 	Tn all the three seasons it 

is seen that negative skewness is associated with 

sediments finer than 6 0. However, during monsoon, a 

number of sediment samples within a size range of 0.0 0 
to 2.0 	and coarser than 0.0 0 are positively to very 

positively skewed. 

b) Mz 	,(1 (Fig 3.27) : Coarse sediment between 0.5 0 to 

2 0 tend to show a better sorting. Sediments show poor 

sorting with increase in Mz towards finer sediments i.e. 

sorting is observed to worsen from Mz 2 0 to 4 and 	in 
sediment coarser than 0.0 0. However, sediments finer 

than 4 0 show progressively better sorting. 

c) Ski. V/s 
	

(Fig. 3.28) : These plots show different 
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patterns during the three seasons. 

In premonsoon, negatively skewed sediments are those 

that belong to 6 range of 1.6 to 2.2. Sediments with 

Jess than 1.6 show decreasing ski value with decrease 

in. Ga. On the other hand, sediments with 67 more 

than 2.2 show decrease in ski value as sorting worsens. 

Tn monsoon, the plot shows a 'V' shaped trend. As 

sorting improves from 2.5 to 1.5, ski values decrease 

till passing from positive to negative skewness. With 

further improvement in sorting from 1.0 to 0.4, the 

trend reverses such that sediments pass from being very 

negatively skewed at 1.0 to positively skewed at 

0.4. 

During postmonsoon, Ski and 6-71-  seem to behave quite 

indifferently towards each other. Most of the sediments 

are clustered between Ski 0.3 and 0.9 falling in the 

range of 1.5 to 2.5. A faint, if any, trend indicates a 

decrease in Ski with improvement in sorting. 

d) 	Kg Vs 61-  (Fig. 3.28) 	: This relation shows a peculiar, 

pattern. The sediments with Kg more than 2.0 show a 

rapid increase in values with improved sorting, while 

those with Kg less than 2.0 show gradual increase in the 

same direction. This basically indicates that two 
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principle sets of sediments are present one, in which 

sorting improves as the sediments change rapidly from 

leptokurtic to platykurtic nature over a wider range, 

and second in which sorting improves as sediments 

gradually change from mesokurtic to platykurtic nature 

within a comparatively smaller range. 

e) Kg V/s Mz (Fig. 3.29) : These plots show a general 

trend in which Kg decreases with increasing Mz. 

However, between a mean size of 2 0 and 4 0, sediments 

vary over an entire range from mesokurtic to extremely 

leptokurtic. Tn all the seasons, the higher Mz 

sediments are generally mesokurtic to platykurtic. 

f) Kg V/s Ski (Fig. 3.29) : in all the three seasons, as 

the sediment, pass from negative end to positive end of 

skewness, 	they tend to grade from mesokurtic 	to 

extremely leptokurtic. 

Rivariant plots are deemed to he extremely useful in 

revealing geological significance of the sediments.. 

Although in theory the measures are geometrically 

independent, in actual practice it is usually found that 

for a given suite of samples the measures are linked by 

some mathematical relationship. Perhaps the 

relationships and trends may he clues to the mode of 
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deposition (Folk and Ward, 1957). 

Relation between skewness and mean 'Size reveals that the 

sediment between 0.5 and 2.0 0 and sediments finer than 

4.0 0 show negative skewness. The former group is 

specifically associated with monsoon while the later 

group is associated with all seasons. Sediment coarser 

than 0.5 and that between 2.0 0 and 4.0 0 show 

positive skewness. 

It is already seen that the sediment of Mandovi are 

basically bimodal.. Addition or removal of any one of 

these modes in such bimodal sediments, affects the 

change in skewness and also the size of sediment. 

3.4Rvi Discussion 

The finer group of sediment with negative skewness are 

dominant at the mouth region. Here addition of silt - clay 

fraction to the sediment by settling, shifts the skewness 

towards negative. Tt is clearly seen that skewness value 

increase with decrease in the finer fraction (Fig. 3.20). 

Hence, this particular development of negatively skewed 

sediments is induced by input of fine sediment which is 

prominent in fairweather and during this season the sediment 
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is derived from marine source and is essentially fine. 

Development of second group of coarse negatively skewed 

sediment is seen only during monsoon in the mid upstream 

reaches. This is due to the addition of a gravel mode as is 

evidenced from frequency curves (Fig. 3.22). According to 

Folk and Ward (1957), addition of a some amount of gravel to 

otherwise pure sand, increases the finer tail producing 

negative Skewness. 

Relation between sorting coefficient, mean size and 

skewness reveals a contradictory feature. Addition of a 

distinct mode generally worsens the sorting (Falk and Ward, 

1957) but it is observed, here, that negatively skewed 

sediments, obviously with an influenced mode, show better 

sorting and that finer sediments are comparatively better 

sorted. One explanation for this could he, the very 

environments that impart negative skewness to sediments 

develop better sorting as well. For example, in the mouth 

region, the estuary is influenced by tides. The to and fro 

movement of the flow associated with ebb and flood tide 

probably produces relatively better sorted sediments. On the 

other hand, the better sorting in coarse sediment of monsoon 

season may he because the gravely mode itself, is perhaps 

well sorted in due course of transportation. Hence addition 

of such sorted mode imparts moderately well sorted to well 
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sorted status to the sediment. 

Kurtosis likewise could he related with all the other 

parameters. Particularly the Platykurtic nature is 

associated with two different dominant modes at extreme ends. 

Looking at the frequency curves, it is clear that thos 

sediments in which there is greater amount of finer material 

distributed in the range of 4 0 to 8 0 and also those 

sediments that show a broad hand width at coarser end are 

platykurtic. Sediments in which the intermediate size is 

dominant are basically mesokurtic to leptokurtic. This is 

the reason that the two groups of sediments show the peculiar 

relation with standard deviation in which both platykurtic 

and mesokurtic sediments tend to get more leptokurtic with 

increase in values (worsening sorting). Leptokurtic 

sediments, are basically those that are positively skewed and 

poorly sorted and fall between sediment class of O. 0 and 4 

3.4C 	Sand-salt Clay composition .  

The sediments of Mandovi show varying percentage of silt 

and clay (finer) fraction in all the seasons (Table 3.7). 

Tn premonsoon (Fig. 3.30), there is a gradual decrease in 
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clay fraction from stations M1 to M6. Tt seems that the clay 

size fraction has a greater control on the grain size 

parameters as reflected in the corresponding change in mean 

size and skewness. The Stations M7 and M13, and Stations M16 

and M17 are dominantly sand hut the former group comprise of 

medium sand and the latter coarse sand with fair amount of 

rock fragments and subangular/angular pebbles, possibly from 

the loading platforms. While rest of the stations show a 

varying degree, though less, of finer fration, station M10 

shows a significant amount of it. It should be noted here 

that the water depth of this station is over 10 m and finer 

material has a tendency to accumulate at deeper levels under 

comparatively calm conditions. 

During monsoon, the flow velocity, in general, is 

considerably high in both the river and its tributaries and 

dominantly directed downstream due to heavy influx 	of 

freshwater. 	This tends to wash off much of the finer 

material from the bed, leaving behind sediment with little or 

no finer fraction (Fig. 3.31). However, certain station like 

M5, M6, M11, M17 and M19 show a significant quantity of finer 

fraction. From location map it could he• seen that these 

stations are either at or near the point of confluence of 

tributaries that, join the river. Moreover, the stretch 

between stations MI7 and MI9 cover an island and sharp herds 



too, while at stations M5, M6 and M11, the river is 

comparatively wide. These features probably suddenly check 

the flow of water leading to the deposition of finer material 

interspersed with coarse. 

Close to mouth region, strong ebb current at M3 and high 

energy dissipation closer to M2, combined with the river 

discharge keep the bottom sediment clean of fine material. 

Receding rainfall during late monsoon and reduced river 

flow in post monsoon develops more steadier conditions which 

eventually wash off most of the fine material from its sites 

of accumulation and may distribute it over the length. The 

sediment input from the marine source begins to show up with 

the station M1 and M2 recovering hack the clay fraction. 

Most of the station along entire length contain fine fraction 

to some degree (Fig. 3.32) 

	

The sediments &se 	plotted in a triangular diagram 

sand - silt - clay (Fig. 3.33). 

3.41) 	Factor analysis 

As mentioned earlier, factor analysis is a statistical 

method for studying large data'sets and is basically a 

process of grouping empierical data into meaningful 
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compartments or factors that might fit into a particular 

geological context. 

The grainsi7e data consisting of weight percentage of 

the sediments from three different seasons is separately 

subjected to Q - and R -Mode factor analysis using a Fortran 

programme. In both, the first three factors are found to he 

sufficient to explain 73% of the variation in the sediments. 

Q-mode of factor analysis is one whereby the samples are 

grouped together by similarity of attributes. 	This method 

was first used by Klovan (1966). P-mode factor analysis is 

used to group the measured attributes of a series of samples 

into factors including those parameters having same response 

to environmental influence. This method was first used by 

Allan et al., (1972). 

Different factor loadings in the three different seasons 

seem to he associated with different parameters. This is 

probably due to profound longitudinal variations brought 

about by material influx during monsoon and to some extent in 

postmonsoon. Factor loadings for the premonsoon are strictly 

associated with specific parameters. 

3.4Di 	Q-mode Factor analysis 

Promonsoon: The first three factors explain 74.95 	of 
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the total variations (Table 3.8). Loadings of factor 1, 

which account for 37.28% of total variation is associated 

with those stations that have sediment mean size finer than 

4.8 0, showing a very negative skewness and a platykurtic 

nature. 

Factor 	2 accounts for 20.95% variation. 	Tt 	is 

associated with sediments having mean size between 1.8 and 

2.9 p, indicating very positively skewed and leptokurtic 

sediments. This factor, in other words, is basically 

associated with almost pure sand or those stations in which 

sand is dominant. 

Factor 3 accounts for 16.33% of the variation. 	Tt is 

associated with two sets of sediments : one with mean size 

greater than 0.45 0 and other less than 0.45 0. Roth the sets 

are very positively skewed. This factor is independent of 

kurtosis. 

None of the above three factor shows any relevance to 

sorting. 	This factor further shows, that tidal currents 

which are dominant in premonsoon are inefficient sorting 

factors. 

Monsoon: The first three factors considered account for 

a total of 85.37% variations. However, the associations are 

not similar L( those ohserved in premonsoon. 
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Factor 1 accounts for 41.95% of the total variation. Tt 

is associated with sediments that have a mean size between 

1.3 and 2.8 0 and are dominantly very positively skewed 

sediments. 

Factor 2 accounts for 30.74% of the variation. 	These 

loadings show the attributes of factor 1 dUring premonsoon in 

that, it is associated with two sets of sediments : one finer 

than 5 0 and other coarser than 0.4 9S. Most of the samples 

are symmetrical to very negatively skewed, and platykurtic to 

very platykurtic. 

Factor 3 accounts for 14.42% of the total variation. 

This factor is dominated by symmetric to negatively skewed 

sediments coarser than 0.74. 

The overall pattern defined by this set of sediments is 

not very clear. However, the dominance of sand class is quite 

evident. 

Postmonsoon: The three factors considered account for 

78% of the total variation. 

Factor 1 accounts for 38.55% of the total variation and 

is dominated by positively skewed, medium to fine sand 
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category in the mean size range of 1.9 to 3.8 0. Most of the 

sediment samples that belong to this factor show presence of 

0 to 20% of finer sediment. 

Factor 2 which accounts for 25% of the variations is 

characterized by a group of sediments that show no systematic 

attribute i.e. none of the parameters is specifically 

associated this Factor. 

Factor 3 explains 14.42% of the variation. 	Tt is 

associated with very coarse, very positively skewed sediments 

that belong to the uppermost reaches of the estuary. 	These 

sediments are leptokurtic to extremely leptokurtic. 	Tt is 

found that this particular group of sediments are associated 

with a substantial amount: of angular to suhangular pebbles 

and rock fragments. Hence, this factor is not an indication 

of high energy zone but only a region wherein the coarse 

material from mine dumps and loading is deposited. 

3.4Dii 	R-mode factor analysis: 

The factor loadings of the first three fractions (Table 

3.9) are interpreted following Allen et al., (1972). 
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Tn premonsoon the three factors account for 82.01% of 

the total variations (Fig. 3.34). 

Factor 1, which explains 45.74% of the variation shows 

very high loadings for sediment size finer than 3.5 0. Hence 

this factor is associated with the finer fraction of the 

sediment 

Factor 2 accounts for 22.83% of the variation and shows 

high loadings for grain sizes coarser than 0.5 0. Thus, this 

factor is associated with sediments coarser than 0.5 0. 

Factor 3 accounts for 13.44% of the variation. 	Tt is 

associated with grain size between 3.5 0 and 0.5 0. With 

increase in the grainsize, the loadings change from positive 

to negative with two peak values betWeen them. This factor 

is basically associated with the coarse to fine mean size 

sediments. 

Factor loadings of the monsoon period show different 

attributes. The first three factors account for 85.27% of 

the total variation. 

Factor 1 attributing for 41.95%, as in premonsoon, is 

associated with sediment having mean size finer than 3.5 0. 
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Factor 2, 	unlike premonsoon, is associated with the 

grain size between 4.0 0 and 0.5 0, a trend quite similar to 

factor 3 of premonsoon and it accounts for 10,74% of 

variation. 

Factor 3 which accounts for 12.58% of the 	total 

variation is associated with the coarser fraction with me ;n 

size beyond 0.5 0. 

Loadings in the three factors of postmonsoon account for 

70.7% of the total variation of which they share 39.48%, 

23.99% and 13.91%. Their dominant loadings are almost 

similar to the corresponding premonsoon factors. 

Allan et al., (1972) in their findings have found that 

factor 1 is associated with coarse material and factor 2 with 

the fine material quite in contrast with the present finding. 

However, the major groups distinguished are identical. Hence 

the factor analysis is interpreted following their work. 

From the above findings and based on work of Allen et 

al., (1972), it can he conceived that there are three 

distinct size populations. 

Population T 	- Coarser than 0.5 0 

Population TT - Silt, clay and fine sand fraction i.e., 
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finer than 3.5 0 

Population TTT - Tntermediate (3.0 to 0.5 0) 

The population TT can he further divided into subgroups 

in size range of 3.5 0 to 2.0 0 and 2.0 0 to 0.5 0. 

Thus the presence of a distinct population in sediment 

dispersal system is corroborated by factor .analysis. 	By 

comparison to various grain size 	interpretation methods, 

distinct transport mechanisms seem to he reflected in the 

groupings. 

a) Finer than 3.5 0 	- uniform suspension 

h) 3.5 0 to 2.0 0 	- graded suspension 

c) 2.0 0 to 0.5 0 

	

	- Saltation (graded suspension plus 
bedload). 

d) Coarser than 0.5 0 - Surface creep (pure bedload) 

The fact that the distinct populations are associated 

with distinct modes of transport and deposition is further 

elucidated in the CM pattern of Passega (1957) as shown in 

the (Fig.3.35). 

SALTENT FEATURES 

1. 	The southwest monsoon has a remarkable control over the 

estuary in imparting its characteristics to hydrographic 

features. 	The estuary show marine dominance during 
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fairweather and freshwater dominance during monsoon. Tt 

changes from being well mixed during premonsoon, shows 

indications of stratification during monsoon and is 

virtually partially mixed during postmonsoon. pH 

changes during Fairweather corresponds salinity and 

remain lowest: during monsoon. Temperature Changes are 

basically a compliment of atmospheric temperatures. 

2. Total suspended matter (TSM) concentration is maximum 

during 	monsoon. 	However, during 	fairweather 	the 

unsteady conditions at mouth and the saltwater 

freshwater interface upstream develop zones of higher 

concentration. 

3. Sediment texture ranges from very fine to very coarse 

sand. Sediments are mainly bimodal and show a general 

coarsening towards upstream. Higher flow velocities 

during monsoon are responsible for the sediment coarse 

grained. 

4. Although the material is brought from hinterland and 

directly washed down from mines and mine dumps, there 

are indication of a marine source. 

5. Factor 	analysis 	indicate 	distinct 	modes 

transportation. 
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Table 34 Summarised representation of current pattern in Mandovi estuary 

Velocity at different stations 

Season 	 M1 	 M2 	 M3 	 M4 
	

M5 
cm/sec 	cm/sec 	cm/sec 	cm/sec 

Flood Ebb 	Flood Fhb 	Flood Fhb 	Flood Fhb 

Pre- 	 7-18 11-26 13-22 42-60 	12-72 35-62 12-37 Max 27 	2-11 
monsoon 

Monsoon 	Max 30 Max 65 Max 65 Max 60 	28-63 30-50 48-80 53-73 
(Near Verem) 

Postmonsoon 
	

7-1.1 12-33 	 9-48 	18-28 



TA.B72 3.2 

IMNT”LY SALINITY ('') VARIATIONS IN MONDOVI ESTUARY 

STATION FEB 	MAR 	APR 	MAY 
	

JUN 	JUL *AUG SEPT OCT 	NOV 	DEC 	JAN 

M1 S 33.91 35.88 36.40 36.41 29.66 31.82 33.13 34.44 34.81 
34.27 36.06 36.85 36.98 36.48 34.81 34.25 35.56 36.31 

M2 S 33.91 36.06 36.58 36.98 23.27 5.94 12.79 32.75 32.38 34.06 34.81 
B 33.91 35.88 36.40 36.60 33.95 28.77 35.72 34.63 33.13 34.06 35.91 

M3 S 33.91 36.06 35.70 37.36 22.13 0.28 8.40 31.82 30.70 33.88 34.44 
B 33.91 35.70 36.40 36.98 30.90 1.32 25.78 32.19 31.63 33.88 34.44 

M4 S 33.91 35.70 36.40 36.98 19.07 0.38 8.59 28.07 26.26 32.75 . 34.06 
B 34.27 35.70 36.85 36.23 26.70 0.66 29.22 29.20 28.45 32.75 34.06 

M5 S 33.18 35.17 36.06 36.6 13.73 0.19 4.39 26.95 27.33 31.26 33.50 
B 34.27 34.99 36.40 36.23 22.10 0.19 26.55 27.51 28.26 31.26 33.50 

M6 S 33.18 34.99 34.65 36.6 8.39 0 2.86 21.90 23.02 30.13 31.82 
B 33.18 34.99 34.31 36.6 17.93 0 28.65 26.39 27.70 30.51 32.57 

M7 S 30.99 32.88 34.59 36.23 8.01 1.34 21.90 20.40 29.57 29.20 
B 31.35 34.13 34.59 36.23 8.01 1.72 24.33 25.27 29.57 29.76 

M8 S 27.34 30.06 31.83 35.85 0.95 0.09 9.36 11.04 19.28 23.96 
B 27.34 30.06 32.54 34.34 0.76 0 14.22 16.47 19.28 24.52 

M9 S 25.16 27.93 29.70 32.26 0.48 0 9.17 12.35 17.22 20.78 
B 25.52 28.29 29.70 32.64 0.38 0 10.86 15.01 17.59 22.46 

M10 S 22.97 24.91 27.93 30.57 0.19 5.61 4.49 13.85 18.72 
B 23.15 26.07 28.63 30.57 0.19 11.42 10.48 18.16 22.46 

Mil S 20.42 23.56 27.04 29.06 0.09 3.74 3.93 12.91 17.03 
B 21.15 24.37 27.22 29.62 0.19 4.30 8.80 11.98 18.34 

M12 S 19.14 21.50 24.73 26.79 0 1.78 3.18 9.73 15.35 
B 19.32 23.30 25.45 27.92 0 3.93 3.93 9.92 16.28 

1.113 S 16.59 19.53 22.94 25.66 0.84 2.43 8.42 13.10 
B 16.77 20.34 22.94 26.42 1.12 3.56 9.17 13.48 

M14 S 14.76 18.72 21.86 23.96 0.28 0.75 6.18 10.48 
B 14.95 18.54 21.86 24.91 0.19 1.12 6.93 10.86 

MI5 S 12.94 16.55 19.35 22.08 0 0 3.74 7.86 
B 13.31 16.73 19.35 22.45 0 0 4.49 8.42 

M16 S 10.94 14.20 17.36 19.81 1.87 5.61 
B 10.94 15.19 16.82 20.38 1.87 5.80 

117 S 7.84 13.57 15.46 16.98 0.28 2.99 
B 8.02 12.30 15.74 17.92 0.28 3.37 

MIS S 4.92 10.69 13.30 15.47 0 0.56 
B 5.29 10.69 13.75 16.13 0 0.94 

M19 S 2.73 9.43 5.20 0.19 0 
B 3.10 0 

S:Surfaee water ; B:Bottom water 
* During August salinity was zero along the entire length. 



nE 3.3 

.11 LL pH =IArIONS IN MOND'OI ESTUARY 

SfA3*j1N 	FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC JAN 

8.03 8.00 8.06 8.03 7.74 7.81 6.00 8.01 7.82 

B 	3.09 8,08 8.02 7.99 7.74 7.81 8.06 7.94 7.93 

1`12 S 	8,05 8,06 8.05 8.06 8.02 7.58 6,82 7.74 7.87 8.03 8.02 7.85 

B 	8.05 8.04 8.03 8.08 7.99 8.06 6.95 7.73 7.86 8.05 8.04 7.89 

M3 S 	8.05 8.08 8.07 8.08 8.07 7.34 6.81 7.70 7.86 8.01 7.95 7.66 

B 	8,04 8.07 8.07 8.08 8.01 7.19 6.75 7.72 7.88 8.02 8.02 7.87 

M4 S 	7,99 8.08 0.07 8.05 8.08 7.28 6.76 7.70 7.79 7.97 8.01 7.83 

B 	8.03 8.05 8.07 8.05 8.05 7.11 6.74 7.70 7.82 7.98 7.99 7.85 

MS S 	7.'33 3.07 8.04 7.93 8.08 6.98 6.70 7.52 7.78 7,96 7.99 7.85 

B 	7.97 8.08 8.01 8.02 8.07 6.99 6.72 7.67 7.79 7.99 8.00 7.85 
NO S 	7.93 8.02 7.93 7.95 7.97 6.94 6.71 7.54 7.71 7.85 7.88 7.82 

7.85 8.03 7.91 7.97 8.08 6.92 7.72 7.68 7.73 7.94 7.97 7.82 

M7 S 	7.80 7.84 7.86 7.90 7.94 6.90 6.68 7.42 7.68 7.84 7.87 7.73 
B 	7.85 7.89 7,84 7.91 7.92 6.89 6.67 7.34 7.69 7.92 7.94 7.75 

M8 S 	7.78 7.80 7.71 7.86 7.72 6.89 6.60 7.29 7.55 7,53 7.70 7.62 
B 	7.89 7.84 7.70 7.87 7.62 6.87 6.62 7.26 7.55 7.60 7.74 7.60 

M9 S 	7,76 7.74 7,65 7.85 7.50 6.88 6.59 7.23 7.47 7.52 7.59 7.50 
B 	7.76 7.74 7.62 7.64 7.41 6.86 6.60 7.10 7.47 7.61 7.60 7.51 

Ni0 S 	7,72 7.74 7.60 7.80 6.79 6.84 6.39 7.19 7.55 7.38 7.43 7.50 
B 	7.68 7.67 7.53 7.81 6.78 6.87 6.39 7.11 7.49 7.45 7.45 7.49 

M11 S 	7.65 7.71 7.58 7.78 6.79 6.87 6.37 7.06 7.57 7.36 7.43 7.44 

B 	7.57 7.62 7.53 7.76 6.79 6.90 6.41 7.02 7.43 7.38 7.44 7.46 

M12 S 	7.58 7.62 7.53 7.78 6.84 6.80 6.39 7.17 7.51 7,32 7.44 7.41 
B 	7.63 7.59 7.56 7.63 6.84 6.78 6.45 6.99 7,34 7.24 7.40 7.36 

1113 S 	7,49 7,57 7.44 7.59 6.81 6.85 6.45 7.03 7.61 7.31 7.40 7.32 
B 	7.52 7.51 7.41 7.57 6.73 6.87 6.41 7.04 7.39 7.19 7.31 7.30 

M14 S 	7.68 7.57 7.27 7.46 6.79 6.87 6.42 7.00 7.51 7.27 7.37 7.33 
B 	7.54 7.58 7.25 7.33 6.81 6.86 6.44 7.00 7.39 7.22 7.31 7.28 

M15 S 	7.65 7.45 7.17 7.26 6.63 6.83 6.46 7.02 7.44 7.33 7.38 7.39 
B 	7.63 7.38 7.18 7.15 6.82 6.84 6.42 6.97 7.37 7.30 7.31 7.31 

1'16 S 	7.31 7.56 7.20 7.20 6.83 6.78 6.43 6.94 7.41 7.36 7.44 7.39 
B 	7.33 7.42 7.27 7.12 6.80 6.84 6.44 6.99 7.37 7.33 7.44 7.38 

1117 S 	7.54 7.50 7.24 7.17 6.86 6.80 6.47 7.02 7.38 7.32 7.61 7.49 
8 	7.59 7.40 7.18 7.12 6.84 6.81 6.41 7.04 7.39 7.30 7.58 7.44 

1118 S 	7.54 7.39 7.30 7.13 6.86 6.67 6.71 7.11 7.38 7.30 7.60 7.69 
7.53 7.38 7.24 7.12 6.87 6.68 6.63 7,11 7.35 7.31 7.57 7.63 

1119 S 	7.65 7.20 7.29 7.42 6.84 6.86 6.70 7.14 7.37 7.28 7.57 7.67 
7.57 6.84 6.88 6.71 7.13 7.40 7.32 7.56 7,67 

S:Surfac watei ; B:BoLtoto water 



TABLE 3.4 

MONTHLY TEMPERATURE ( °C) VARIATIONS IN MONDOVI ESTUARY 

STATION 	FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC JAN 

M1 S 	28.00 30.00 30.50 31.80 28.25 27.70 28.00 27.10 25.90 
B 	29.00 28.10 29.75 30.00 24.50 26,10 28.25 27.60 26.00 

M2 S 	28.60 29.20 30.50 32.00 30.00 27.25 26.70 30.00 27.90 28.25 27.00 25.80 
B 	28.65 28.60 29.50 31.25 28.50 28.50 26.80 25.40 27.05 28.25 27.00 26.25 

M3 S 	28.70 28.80 30.50 31.75 29.80 27.25 26.80 30.00 27.85 28.25 26.90 26.30 
B 	27.90 28.40 30.25. 31.50 29,30 26.90 26.50 27.10 27.80 28.25 26.90 25.90 

M4 S 	28.95 29.00 30.75 31.50 29.50 26.90 26.50 30.20 28.60 28.20 26.90 25.90 
B 	27.90 28.80 30.25 31.25 29.40 26.90 26.25 27.00 28.40 28.30 27.00 26.20 

M5 S 	28.90 29.00 30.90 31.75 29.50 26.90 26.80 30.50 28.95 28.70 26.80 26.10 
B 	29.50 29.00 30.80 31.50 29.30 26.90 26.40 27.00 28.75 28.20 26.90 26.20 

M6 S 	29.90 29.50 31.25 32.25 29.50 26.90 26.25 30.60 29.75 28.30 26.90 26.30 
B 	29.50 28.30 31.00 32.00 29.20 26.90 26.25 26.70 29.00 28.10 27.00 26.25 

M7 S 	30.00 29.70 31.25 32.90 28.85 26.50 26.25 30.10 29.80 28.40 27.00 26.50 
B 	30.50 29.90 31.25 31.80 29.20 26.50 26.25 30.00 29.50 28.30 27.40 26.75 

Mg S 	30.00 30.20 31.75 32.25 28.80 26.25 26.25 29.70 30.75 29.25 27.60 26.25 
B 	30.50 30.20 31.90 32.25 28.80 26.25 26.25 29.75 30.75 28.25 27.65 26.90 

M9 S 	29.50 30.50 32.75 32.75 28.60 26.25 26.25 29.40 30.75 28.40 27.50 26.95 
B 	29.75 30.20 32.00 32.75 28.80 26.00 26.25 29.00 30.85 28.00 27.40 26.80 

M10 S 	29.00 30.40 32.25 32.75 26.80 26.75 26.80 29.40 32.00 29.25 27.90 27.45 
B 	29.50 30.50 32.25 32.80 27.20 26.50 26.90 29.10 30.90 28.25 27.80 27.25 

Mll S 	29.25 30.60 32.25 32.80 27.25 26.50 27.20 29.50 32.00 29.50 26.85 27.65 
B 	29.00 30.60 32.25 32.80 27.10 26.25 26.80 29.25 31.25 28.40 27.00 27.00 

M12 S 	29.75 30.50 32.50 33.50 27.40 26.25 26.80 29.75 31.80 29.25 27.50 28•.00 
B 	29.50 30.20 32.50 32.80 27.25 26.25 26.80 29.00 30.90 28.25 27.10 27.00 

M13 S 	29.75 31.00 33.00 33.00 27.00 26.25 26.90 29.25 32.25 29.20 27.30 27.50 
B 	29.50 30.80 32.50 32.80 27.00 26.25 26.80 28.90 31.25 28.15 26.95 27.00 

M14 S 	30.00 30.90 33.25 33.75 26.95 26.50 26.80 29.20 31.80 29.25 27.20 27.90 
B 	29.50 30.70 32.75 33.25 26.95 26.80 26.80 28.70 31.00 28.25 26.90 27.00 

M15 S 	30.00 30.70 33.25 34.00 26.90 26.25 26.80 29.00 31.50 28.75 27.00 27.20 
B 	29.50 30.50 33.00 33.50 26.90 26.75 26.80 28.60 31.25 28.75 26.95 26.80 

M16 S 	29.70 31.30 33.50 34.00 26.90 26,00 26.90 28.85 31.25 28.20 27.00 27.25 
B 	29.70 30.80 33.25 33.50 26.90 26.50 26.80 28.80 30.75 27.50 27.00 27.10 

M17 S 	30.00 31.40. 33.50 33.75 26.90 26.50 26.60 29.00 31.25 28.25 26.80 27.45 
B 	29.25 30.40 32.75 33.25 26.90 26.80 26.90 28.85 30.75 27.80 26.60 26.90 

M18 S 	30.00 30.90 33.75 33.80 27.00 26.50 26.75 28.75 30.75 27,80 26.45 26.95 
B 	30.00 30.80 32.75 33.80 26.80 26.50 26.75 28.40 30.55 27.80 26.30 26.80 

M19 S 	30.00 33.50 33.00 30.75 26.80 26.80 26.71 38.75 30.80 27.70 26.20 26.95 
B 	30.00 26.80 26.00 26.71 28.25 30.05 27.25 25.90 26.50 

S:Surface water ; B:Bottom water 



TABLE 5.5 

MONTHLY TOTAL SUSPENDED MATTER (mg/I) IN MONDOVI ESTUARY 

STATION 	FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC JAN 

MI S 	4.50 17.32 3.21 5.94 7.56 4.47 6.70 12.64 13.15 
8 	18.32 33.39 21.20 60.49 20.71 23.24 34.33 37.54 18.55 

M2 S 	5.53 17.38 12.66 10.89 21.20 24.61 36.27 5.49 8.05 10.66 11.06 16.37 
B 	8.20 23.32 22.24 20.46 18.42 53.19 40.72 20.96 10.74 12.35 12.77 15.71 

M3 S 	8.35 21.63 13.69 7.67 24.37 19.15 38.42 9.59 11.84 4.92 18,38 22.03 
B 	9.83 26.89 19.34 8.86 41.63 26.78 60.90 11.56 7.88 8.70 19.45 23.70 

M4 S 	13.07 17.89 13.25 19.31 20.84 19.28 40.06 8.34 15.63 6.42 11.21 25..85 
B 	13.07 17.88 12.89 24.71 48.54 24.01 62.84 14.11 7.92 10.17 11.65 25.01 

M5 S 	6.86 7.49 13.51 17.03 18.26 25.72 42.64 7.79 13.26 7.30 14.24 24.92 
B 	10.62 9.55 13.66 18.30 49.11 22.86 114.49 11.09 18.49 6.69 18.43 27.04 

116 S 	12.26 4.32 9.44 8.58 15.03 23.92 43.35 7.93 4.18 9.72 4.62 17.17 
B 	8.91 7.15 9.59 11.90 51.03 30.45 111.21 8.08 7.25 8.36 8.43 22.79 

M7 S 	4.65 2.22 4.52 2.75 14.82 25.46 64.97 6.66 6.14 5.93 4.15 37.74 
B 	6.20 3.34 3.93 15.12 16.75 28.90 78.33 5.21 5.75 9.33 8.58 56.48 

MS S 	6.46 11.03 7.43 22.52 16.86 17.28 40.00 4,43 3.44 5.47 3.95 18.41 
6.54 13.32 6.83 18.35 20.50 25.87 153.71 4.50 4.41 4.71 7.34 28.30 

M9 S 	5.21 13.26 7.11 6.08 14.62 21.54 101.93 4.22 4.85 7.31 7.26 16.17 
B 	3.38 16.34 11.18 14.60 18.12 28.76 166.03 4.63 5.52 7.03 4.23 32.18 

M10 S 	5.83 9.75 8.07 8.89 20.40 13.53 17.32 5.39 4.55 5.39 3.66 12.24 
B 	8.52 16.14 12.77 23.13 26.39 14.83 31.44 4.44 3.58 8.49 3.61 12.30 

MI1 S 	5.50 7.99 7.85 6.39 26.37 14.24 10.54 4.53 3.72 5.18 2.81 11.91 
B 	6.49 11.74 15.01 4.69 29.80 21.75 34.00 7.65 6.81 6.78 16.50 

M12 S 	4.91 4.27 5.86 21.68 21.18 23.36 31.24 7.33 4.89 5.51 4.73 8.12 
B 	4.91 13.11 6.55 21.45 23.20 38.46 92.21 6.88 5.11 5.81 4.90 11.37 

M13 S 	4.22 5.23 7.33 6.65 21.02 25.72 22.87 6.15 3.74 3.70 7.58 7.71 
B 	4.15 9.53 11.19 9.48 21.43 37.45 63.97 5.64 4.99 7.59 4.18 11.43 

M14 S 	2.98 4.17 4.03 16.51 29.34 34.62 39.83 4.98 4.55 4.53 4.04 6.21 
3.59 9.94 4.71 19.75 29.55 35.56 51.94 5.70 5.10 5.59 4.20 9.82 

M15 S 	2.43 5.33 5.07 5.94 28.67 44.98 35.54 5.70 4.02 2.60 5.97 8.26 
B 	5.29 6.73 5.99 5.38 35.45 56.61 46.60 6.32 3.89 6.25 3.45 9.57 

M16 S 	4.07 6.04 4.92 14.93 33.81 37.72 41.79 4.46 2.93 2.86 2.97 4.86 
4.58 8.37 4.63 15.96 30.79 40.40 49.01 5.75 3.38 3.94 2.89 4.29 

M17 S 	4.04 6.74 5.33 4.42 31.63 38,98 42.72 5.16 3.17 2.34 4.55 3.84 
B 	5.09 17,35 5.54 5.57 66.16 41.65 47.40 7.00 3.38 3.33 3.07 3.43 

M18 S 	4.94 10.46 4.89 11.38 13.28 27.36 55.60 7.51 2.99 3.18 1.53 1.56 
B 	4.52 12.27 4.35 12.23 56.47 28.19 64.76 6.42 2.43 3.11 1.85 1.37 

M19 S 	3.39 6.20 4.68 59.35 39.31 49.16 9.95 1.95 2.53 1.82 1.06 
B 	6.75 37.70 10.09 2.54 2.44 1.43 1.15 

S:Surface water ; B:Bottom water 



TABLE : 3.6 

TEXTURAL PARAMETERS OF THE SEDIMENTS 

STN Mz 

PREMONSOON 

Ski 	61 Kg Mz 

MONSOON 

Ski 	067 Kg Mz 

POSTMONSOON 

Ski 	OT Kg 

MI 6.590 -0.650 1.792 0.557 6.910 -0.739 1.621 0.742 
M2 6.400 -0.700 2.222 0.914 2.040 -0.015 0.514 1.033 2.400 1.590 0.802 6.932 
M3 6.680 -0.637 1.617 0.615 1.355 -0.219 0.597 1.453 2.027 0.287 0.314 1.027 
M4 6.467 -0.366 1.701 0.640 5.872 0.104 1.795 0.531 6.600 -0.101 1.498 0.739 
M5 4.643 0.383 2.426 0.502 6.747 -0.431 1.542 0.688 1.933 0.666 1.403 4.401 
M6 4.543 0.819 2.272 0.693 4.572 0.639 2.407 0.570 5.098 0.449 2.165 0.474 
M7 1.815 0.152 0.452 1.384 1.938 0.271 0.413 1.174 2.618 0.757 1.813 3.169 
MO 3.513 0.811 2.266 2.556 2.330 0.160 0.471 1.211 
M9 1.967 0.664 1.286 5.967 2.053 0.395 1.549 3.543 3.785 0.856 2.515 1.556 
M10 5.975 -0.255 2.081 0.535 2.633 0.716 2.002 2.302 3.563 0.805 2.528 1.521 
Mll 4.008 0.677 2.342 2.161 5.808 -0.435 2.384 0.593 3.197 0.808 2.178 2.552 
M12 2.868 0.725 2.738 1.233 1.717 0.585 1.635 4.230 1.105 0.033 0.457 0.651 
1413 2.097 0.349 3.259 1.566 0.125 -0.267 0.851 0.491 0.570 -0.128 0.947 1.140 
M14 0.457 0.411 1.829 4.283 0.600 -0.074 0.608 1.050 1.540 0.432 2.250 2.398 
M15 2.193 0.365 3.334 1.585 -0.743 -0.386 0.948 1.109 0.335 0.369 2.248 2.070 
M16 -0.067 0.706 2.365 2.319 0.335 0.492 2.138 0.676 0.037 0.456 2.347 1.690 
M17 -1.085 0.358 0.893 1.271 5.967 -0.207 2.127 0.695 -1.300 0.528 1.378 3.923 
M18 2.477 0.325 4.303 1.084 -1.183 0.509 1.608 3.085 
1419 6.143 -0.030 1.653 0.639 -2.167 0.102 3.436 1.742 



TABLE : 	3.7 

SAND - SILT - CLAY 	COMPOSITION OF THE BEDLOAD SEDIMENT 

PREMONSOON 	 MONSOON 
STN. 	SAND 	S ILT °J. 	CLAY *). 	SAND °J. 	SILT */. CLAY */. 

POSTMONSOON 
SAND °J. 	SILT °). CLAY'/. 

MI 11.77 46.77 41.46 98.50 S+C 1.500 8.340 47.78 43.88 
M2 22.98 34.96 42.06 97.70 S+C 2.300 91.43 2.040 6.530 
M3 18.40 42.18 39.41 97.90 S+C 2.100 99.00 S+C 1.000 
M4 9.120 54.15 36.73 15.69 65.48 18.83 11.96 62.0E 25.96 
M5 56.80 23.39 19.81 5.020 57.73 37.65 90.35 3.070 6.580 
M6 73.10 11.45 15.45 64.24 19.06 16.70 52.26 28.73 19.41 
M7 92.86 4.100 3.042 98.10 S+C 1.900 86.25 5.850 7.900 
MS 82.15 7.300 10.55 98.50 S+C 1.500 
M9 91.45 2.520 6.030 92.54 1.190 6.270 77.98 10.95 11.07 
M10 31.15 37.70 31.50 83.00 12.84 4.160 77.93 11.42 10.65 
rill 81.31 9.150 9.540 29.83 35.25 34.92 83.91 7.610 8.480 
M12 77.37 12.77 9.860 90.22 2.930 6.850 98.70 S+C 1.300 
M13 92.30 5.400 2.300 97.60 S+C 2.200 97.30 S+C 2.700 
M14 90.77 2.290 6.940 98.20 S+C 1.800 85.46 6.000 8.540 
M15 82.98 7.670 9.350 98.20 S+C 1.800 90.50 3.650 5.850 
M16 96.50 2.500 2.000 97.66 2.030 0.310 93.00 2.810 4.190 
M17 97.40 1.600 1.000 27.87 49.64 22.49 94.72 1.360 3.920 
M18 78.70 7.900 13.40 94.07 1.250 4.680 
M19 9.510 72.69 17,80 92.30 4.050 3.650 



T..BLE : 3.8 

VAR :MAX ROTATED 	R-MODE FACTOR SCORES FOR THE BEDLOAD SEDIMENTS 

PREMONSOON 	FACTORS 	 MONSOON 	FACTORS 
0 	 1 	 2 	 3 	 1 	 2 3 

POSTMONSOON 	FACTORS 
1 	 2 	 3 

1 -1.S .2201 -.6167 .0221 .1064 .2094 -.8710 .2145 -7898 -.1025 
2 -1.0 .2033 -.9312 .1281 .1719 -.0474 -.9388 .2529 .8653 .1215 
3 -0.5 .2196 -.9211 .2392 .2502 -.4734 -.8093 .2496 .7420 .4734 
4 0.0 .2546 -.7672 .5300 .2419 -.6247 -.6771 .2495 .5760 .6771 
5 0.5 .2119 -.2646 .7502 .2630 -.7663 -.4598 .2184 .1688 .8852 
6 1.0 .2725 .0031 .8532 .4182 -.8020 -.2159 .1906 -.0687 .8894 
7 1.5 .5728 .3560 .5947 .6159 -.6064 .1436 .2767 -.5409 .6433 
8 2.0 .6890 .4859 -.0155 .7582 .2085 .4978 .4249 -.7467 -.1518 
9 2.S .6950 .4707 -.4074 .6173 .5027 .3974 .4362 -.5502 -.5477 

10 3.0 .2315 .1769 -.7619 .2857 .8418 .0220 .1482 -.1893 -.5749 
11 3.5 -.0991 .1778 -.7517 -.0501 .6923 -.1031 -.3137 -.0490 -.4612 
12 4.0 -.6792 .2614 .0494 -.8253 .1373 .1036 -.7219 -.1069 -.3013 
13 5.0 -.9206 .2610 -.1803 -.9631 .0512 .2119 -.9221 -.0574 -.0639 
14 6.0 -.9381 .2113 -.1614 -.9662 .0742 .2151 -.9548 -.0350 -.0814 
15 7.0 -.9222 .2405 -.1973 -.9662 .0843 .2076 -.9858 -.0442 -.0909 
16 8.0 -.9149 .2526 -.1991 -.9581 .1157 .2148 -.9845 -.0673 -.1132 
17 9.0 -.9012 .2952 -.2290 -.8080 .2346 .2476 -.9419 -.0405 -.1503 



TABLE : 3.9 

VARIMAX ROTATED Q-MODE FACTOR SCORES FOR BEDLOAD SEDIMENTS 

STATION 
PREMONSOON 
1 	 2 

FACTORS 
3 

MONSOON 
1 

FACTORS 
2 3 

POSTMONSOON 	FACTORS 
1 	 2 	 3 

M1 .9562 -.0344 .0706 -.0830 .4958 -.3247 
M2 .9708 .0639 .1548 .9389 -.1975 .1280 .2817 .4238 -.0325 
M3 .9667 -.0515 .1770 .7439 -.1051 -.5947 .9445 -.0438 .0222 
M4 .9604 -.0961 .1001 -.2290 .8452 .2673 -.1466 .5626 -.3840 
M5 .6800 .0519 .6676 -.1276 .9244 .1862 .9246 -.2683 -.1207 
M6 .2765 -.1016 .6657 .3753 .4077 .5080 -.0037 .7302 -.3447 
M7 -.2845 .7616 .4393 .9621 -.1331 -.0097 .9656 -.1595 -.1238 
M8 . 	.9711 .0643 .1538 .8612 .1588 .0106 
M9 -.1511 .7499 .4351 .9326 -.0871 -.0399 .9598 .0140 -.1129 
M10 .9432 -.1026 .2483 .9640 .0247 -.0852 .9376 -.1329 -.1796 
MI1 .1026 .1660 .8303 .1612 .8394 .2758 .9900 -.0202 -.1162 
M12 .0583 	- .7883 -.0564 .7423 .0515 -.6112 .3819 -.7545 -.2506 
M13 -.1754 .7850 -.4022 -.2280 -.4795 -.7006 .0308 -.9225 -.0859 
M14 -.0516 .2918 -.4850 -.0708 -.1852 -.9110 .4382 -.7901 -.2317 
M15 .0473 .9498 -.1564 .3171 -.2309 -.8912 -.0673 -.8130 .1524 
M16 -.1493 .0294 -.7384 -.0775 -.5933 .2572 -.1001 -.4546 .8114 
M17 -.1744 .0019 -.6984 -.1200 .9268 .3227 -.1707 -.0537 .9176 
M18 .2268 .4089 -.3477 -.1598 -.0417 .9530 
M19 -.2559 .8660 .2463 -.0799 .0502 .6572 
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FIG. 3.1 SCHEMATIC REPRESENTATION ( MODIFIED FROM MURTY 
et. al., 1976 ) OF THE AGUADA BAY IN MANDOVI ESTUARY 

AND BATHYMETRY OF THE INLET OF THE SEA NAVIGATIONAL 
CHANNEL) AND WAVES OVER THE SHOALS. STIPPLED AREAS 
INDICATE THE TWO SHOALS (AGUADA AND REIS MAGOS) ON 
EITHER SIDE OF THE INLET; SOLID ARROWS INDICATE THE CUR-
RENT DIRECTION; BROKEN ARROWS INDICATE THE POSSIBLE 
COURSE OF THE MOVEMENT OF SEDIMENTS ALONG THE SHOAL 
AND IN THE INLET. WAVE CRESTS ARE MARKED BY ARROWS 
OVER THE SHOALS WHERE MAXIMUM WAVE BREAKING OCCURS. 
NUMBERS OVER THE SHOAL AND IN THE NAVIGATIONAL CHA-
NNEL INDICATE DEPTH IN METRES. I. 5m DEPTH CONTOURS 
OVER REIS MAGOS SHOAL HAVE BEEN RULED WITH CLOSE-
SPACED LINES (After Qasim and Sen Gupta, 1981) 



FLOW CONDITIONS FOR NONMONSOON SEASON 

FLOW CONDITIONS FOR AVERAGE MONSOON SEASON 

FIG.3.2. FLOW CONDITIONS WITHIN AGUADA BAY OF MANDOVI 

( After Purandare, 1989 ) 
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FIG. 3.6. pH VARIATIONS DURING PREMONSOON 
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FIG. 3.9. TEMPERATURE VARIATIONS DURING PRE MONSOON 
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FIG. 3.16. TSM VARIATIONS DURING PREMONSOON 
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FIG. 3.27 BIVARIANT PLOTS 
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FIG. 3. 35. C M PATTERN FOR MANDOVI SEDIMENTS 
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CHAPTER IV 

MINERALOGY 



This chapter deals with the mineralogical variations 

observed in the suspended and the bedload sediments of the 

As mentioned in Chapter IT, mineralogical studies were 

conducted using X-ray diffraction technique. Oriented slides 

of the sediment samples were scanned from 3° to 30° 20 at 2° 

per minute on a Phillip X-ray diffractometer using Nickel 

filter Cu K radiations, proportional counter and probe 

height analyser. 

The chief minerals that can be identified in this range 

are the clay minerals, which constitute a very important 

group of minerals that go a long way in defining and 

redefining the sedimentological and geochemical 

characteristics of sediments. Clay minerals of surficial 

sediments have been used widely as a first order guide to the 

source, environment and transport paths of the fine grained 

sediments (Grim, 1968; Biscay, 1965; Griffin et al., 1968; 

Hashimi and Nair, 1989). 

There has been a considerable amount of work done on the 

clay minerals in sediments in Tndia. The first report was 

perhaps by Subba Rao (1963), wherein he studied clay mineral 

assemblages of the Indian continental shelf sediments. 
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Subsequently, clay minerals were studied along the offshore 

of the east coast by Siddiquie (1967); Rateev et al.(1969); 

Goldberg and Griffin (1970); Venkatrathnam and Biscay (1973); 

Mallik (1976); Murty and Srivastava (1979) and Purnachandra 

Rao (1982). Studies on the clay mineral groups in the 

Arabian Sea sediments were undertaken by Rateev et al. 

(1969); Goldberg and Griffin (1970); Srivastava (1970); 

Mattiat et al. (1973); Kolla et al. (1976, 1981); Nair et al. 

(1982) and Hashimi (1990). 

The first systematic study on the lateral changes of 

clay mineral assemblages from fresh water to saline water 

environments of rivers was made by Naidu (1966), within the 

Godavari River. Similar studies were carried out on the 

fluvial sediments of the Krishna (Swamy et al., 1973) and the 

Cauvery (Seralathan and Setaramswamy, 1982). Subramanian 

(1980) has presented some qualitative data on clay mineralogy 

of suspended matter of a number of rivers of the Indian 

subcontinent. Naidu et al. (1985) have studied the 

characteristics of clay minerals in bedloads of major rivers 

of India. In one of the recent studies Mohan and Damodaran 

(1992) have presented the distribution of clay minerals in 

sediments of Vellar river environment. 
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To understand the general percentage and variation in 

different rivers and offshore of India, the relative 

abundances of different minerals are summarized in table 4.1. 

Clay minerals generally originate from the weathering of 

a wide variety of rocks on the continents their 

quantitative and qualitative characters being dependent on 

the climate and intensity of weathering. As products of 

weathering, clay, in sedimentological terms, refers to a size 

class finer than 8 0, while in mineralogical terms, clays 
form a distinctive group of minerals. 

Clay minerals are basically hydrous aluminium silicate 

matter, originating as the most common inorganic material of 

the Earth's surface from the interaction between the exposed 

rocks and the energy of weathering processes (Konta, 1985). 

They possesss sheet structure and are categorized under the 

family of phyllosilicates. Structurally, they are made up of 

two dimensional silicon - oxygen framework. There are two 

general structural configurations - one which comprise of 

two - dimensional tetrahedral layer with weak hydrogen 

bonding in between, and the other with a octahedron layer 

between two tetrahedron layers. 

One of the important properties o f clays is their 

ti xotropic character. They possess tremendous capacity to 
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of their relative decreasing abundance. 

4.1A 	Kaolinite 

Kaolinite is an important neutral lattice mi' srini" 
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hold 	or loose water in response to 	temperature 	and 

availability. 	They have a considerable cation exchange 

capacity owing to the loosely held cations that can he easily 

exchanged for others. 

4.1 MINERAL IDENTIFICATION 

In the present study, the minerals are identified from 

their characteristic peaks. Their relative proportions were 

estimated by measuring the area of the principle reflections 

using a polar planimeter. The identification from their 

characteristic reflections and semiquantitative analysis of 

clay minerals were carried out following Biscay (1965) using 

multiplying factors 1,1,2 and 4 for gihbsite, 

montmorillonite, kaolinite and illite respectively. 	Their 

lateral and seasonal variations are discussed. 

The chief clay minerals identified in the suspended 

(Fig. 	4.1, 4.2) and hedload (Fig. 4.3, 4.4, 	4.5) 	sediments 

are kaolinite, illite, montomorillonite and.gibbsi 	der 



belongs to the kaolinite group of minerals, that have a 

general formula (Al4Si4010 (OH)8). This group of minerals is 

isochemical but not isostructural. Kaolinite is basically a 

mineral related to the surficial zones of the Earth's crust 

where it is formed. It is characterized by hexacoordination 

of aluminium. Because of its extreme composition, i.e., the 

most aluminous phase possible in the presence of free silicon 

and a strictly alkali free mineral, it is a limiting case of 

a clay mineral composition. In other words, the role of 

kaolinite in clay mineral assemblages is peripheral to, or a 

limiting case for, chemiographic representation of clay 

mineral systems which contain free silica forms as a 

compositional pole (Velde, 1985). It is stable throughout 

the range of most clay mineral environments. 

4.1B 	Tllite 

Illite. is a low potassium aluminum mica like mineral 

having a general formula K1_2 . 5A14 (Si, Al)8 020(OH)4. The 

crystal structure is relatively disordered with a variable 

relative content of K1, Mg, Si, Fe 2 ' and Fe 3 '. Velde (1985) 

recognizes four different origins of illite material 

crystallized during weathering, reconstituted degraded mica, 

detrital mica formed at high temperatures and the unaffected 

detrital illite from sedimentary rocks. As he puts it - 
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'Defined and re-defined by its originator, R.E. Grim; debated 

and further re-defined, denied a proper existence and 

reprieved, this species has attracted the attention of clay 

mineralogists for many decades. The general character of low 

charge and high Si-content of illite is attributed to solid 

solution with a chemical component such as pyrophyllite in 

the aluminous system or chlorite in an Fe-Mg system. Tt is 

apparently stable, or unaffected by transport in river for 

relatively short periods of time (Hurley et al. 1961) but 

laboratory observations have shown a change when they come 

in contact with sea water (Carrol and Starkey, 1960). 

4.1C 	Gibbsite 

The composition of gihbsite is 8[A1OH 

Gihhsite is most frequently identified as a mineral 

formed during early stages of rock weathering. It exists in 

different weathering zones under a wide variety of climatic 

conditions, and forms an equally wide range of rock 

compositions. This makes it difficult to decipher its actual 

genesis. It can only persist under conditions where aqueous 

fluids have very low dissolved mineral content - either at 

very beginning of the weathering process or in its final 

stages in lateritic soils. But owing to its low tolerance 
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for silica in solution (<5 ppm) 
	

is usually lost in 

transport (Velde, 1985). 

4.1D 	Montmorillonite 

This mineral has the structural formula A14Si8020 (OH)4 

nH2O with Mg, As. 

It is a soft, white clay mineral occurring as an 

alteration product of Al-silicates. Basically, it is of 

pyrophyllite type with the substitution chiefly in the 

octahedral layer allowing the weak binding of the 

exchangeable cations and water molecules in 	interlayer 

position. 	The water is readily lost, and regained, as are 

the interlayer cations with accompanying large changes in the 

C-dimension from a mica - like figure of 1.0 nm to values 

sometimes more than 2.0 nm. Thus, montmorillonite is also 

referred to as the swelling clay. 

Differential floculation of clay minerals during mixing 

of freshwater and saltwater in fairweather Seasons, and the 

varying amounts of material influxed at different points 

along the entire stretch of Mandovi, give rise to significant 

lateral variations in the mineral distribution. 
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The longitudinal variations observed in the relative 

abundance of the different clay minerals is discussed below. 

4.2 	BEDLOAD 

The relative abundance of the minerals and 	their 

seasonal changes along the length of the estuary (Table 4.2) 

are presented in figures 4.6. 

4.2A 	Kaolinite 

The 100% peak by which this mineral is identified is 

representative of Chlorite and Kaolinite. Tn the present 

study, no attempt is done to separate the two. However, 

considering the absence subsidiary peaks of chlorite, but 

presence of the same in kaolinite, it is assumed that the 

kaolinite and chlorite peak represents kaolinite and 

discussed as such. 

Kaolinite is the most 	abundantly occurring mineral in 

Mandovi.• During premonsoon its abundance ranges from 44.01% 

to 73.39%. The highest content is recorded at station M6, 

but on either sides, it decreases both towards upstream. and 

downstream. 

In monsoon kaolinite content ranges from 52.91% to 

77.73% with an average percentage higher than premonsoon. 
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Except for station M19, there is a general decrease towards 

upstream. 

The postmonsoon trend is quite irregular in that the 

kaolinite content increases or decreases between stations. 

The range of abundance is 50.94% to 85.71% (Table 4.2). 

4.2D 'Mite 

Mite is next in abundance to kaolinite. 	in the 

premonsoon, the percentage of illite varies from 9.77% to 

46.33%. Initially it'decreases from M1 to M6 but increase 

gradually further upstream. 

The monsoon sediments show a general increase in illite 

towards upstream, except for station M19. The range of 

illite is 5.88% to 26.45%. 

Postmonsoon sediments show a low average illite content. 

The abundance ranges from 9.52% to 24.75% and show an 

increase from M1 to M13. However, M16 and M19 show lesser 

amount of the mineral. 

4.2C Montmorillonite 

Montmorillonite, a mineral characterized by smaller 

size and low settling velocity compared to kaolinite and 
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illite comes next in abundance to these minerals. 

It shows an average higher abundance in premonsoon, 

ranging between 5.14% to 22.78%. It shows a systematic 

decrease towards upstream direction, with the highest 

percentage being recorded at Ml. 

The monsoon, except for a stray high value at M16, there 

seems to be a general decrease in the mineral content towards 

upstream. The average value is the lowest of the three 

seasons. 

The postmonsoon sediments show very high percentage 

(28.80%) at station Ml but for rest of the stretch the values 

fluctuate between 3.65% and 6.12%. 

4.2D 	Gibbsite 

Gibbsite is a mineral that, on an average, constitutes 

the least fraction of the above discussed minerals. 

Gibbsite varies over a range of 3.80% at M16 to 8.86% at 

M1 showing a general decrease towards upstream. The lowest 

value 2.56%, however, is recorded at M10. 
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In monsoon, the sediments show a gradual increase in 

gihbsite content towards upstream. The range of variation 

observed is 5.88% at M4 to 10.58% at M16. 

During the postmonsoon the stretch between M7 and M13 

shows a high percentage of gibbsite. The mineral is most 

detected at M16 and the content is quite low at M19. 

4.3 	SUSPENDED SEDTMENTS 

Suspended sediments were analysed for premonsoon and 

monsoon seasons. As in the bedload, the suspended sediments 

too, show dominance of kaolinite followed by illite, 

montmorillonite and gibbsite. The variation of clay mineral 

abundance of both the seasons (Table 4.3) is presented in 

(Fig.4.7). 

4.3A 	Kaolinite 

The premonsoon season shows a gradual decrease in 

kaolinite percentage in downstream direction. The range of 

variation is 63.7% to 84.65%. 

in monsoon, 	overall percentage of kaolinite is very 

high with a get, al decrease towards downstream. 	The 

abundance ranges from 85.51% to 93.22%. 
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4.3B 	Tllite 

Tllite follows kaolinite in its relative abundance. 

During premonsoon, it shows two high peak values , one at M2 

(19.75%) and other at M14 (16.83%). At remaining stations, 

it var 4 ,-s over a small range of 7.25% to 8.46%. 

Monsoon sediments show an increase in abundance towards 

upstream, though M10 shows a low value. The range of 

variation is 5.92% to 10.47%. 

4.3C 	Montmorillonite 

This mineral almost matches the abundance of illite in 

the premonsoon season. Reflecting the trend by bed 

sediments, it decreases from mouth to upstream. The highest 

value is recorded at M2 (16.39%) while the least is recorded 

at M17 (3.19%). Station M10, however, deviates from the 

trend by showing a low concentration. 

Sediment in suspension, during monsoon are distinctively 

impoverished in montmorillonite. There is a gradual decrease 

towards upstream over a small range (0.28% to 3.09%). 
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4.31) 	rihbsite 

In premonsoon season, gihbsite shows high concentrations 

in mid reaches between M10 and M14 hut decreases on either 

sides of this stretch. Its range of abundances is 3.26 to 

8.68%. Monsoon sediments show a wide ranges of 1.98 to 

6.25%. The highest value being noted at M21 and the lowest at 

M17. 

Triangular plots, taking three of these minerals at a 

time at the apices are plotted for all the seasons and both 

bedload and suspended sediments (Fig. 4.8). 

4.4 DISCUSSION 

Clay mineral associations of river/estuarine systems 

correspond to the respective climatic belts and permeability 

of rocks (Konta, 1985). This fact has well been highlighted 

by differences in the mineralogy of different rivers in India 

(Naidu et al., 1985) and abroad (Trion, 1983; Konta, 1985) as 

being a function of the regional contrasts in the drainage 

basin geology and climate. Clay mineral studies along the 

western continental shelf of India (Nair et al., 1982; 

Purnachandra Rao et al., 1983; Hashimi and Nair, 1989) have 

shown that the adjoining coastal geology and weathering 

processes control the distribution and to a large extent the 
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relative abundance of various clay minerals within the shelf 

sediments. This is reflected in the specific mineral 

assemblages on the shelf being characterized by a particular 

province of the onshore lithofacies. 

With this view, it could he expected that the clay 

mineral assemblages, in the present study area to he derived 

from the various lithological units in the basin and the 

processes dominant therein. But, the relative abundance and 

the pattern of individual mineral distribution suggest more 

than one source. 

Tn the present study, montmorillonite and kaolinite are 

observed to be predominantly characteristic minerals in the 

mouth region and upstream end respectively although kaolinite 

is quite high. it has been mentioned (Nair et al., 1982) 

that montmorillonite and kaolinite in the western continental 

shelf sediments are derived from the coastal laterites and 

that montmorillonite is more dominant in three rocks. 	Later 

Hashimi and Nair, (1989) have further added that 	the 

montmorillonite level exceeds that of kaolinite in the west 

coast estuarine sediments including Mandovi. 

In the present study the estuarine .sediments are rich in 

kaolinite, both in suspension and kool load. Tt should be 

noted that though montmorillonite has been found to he the 
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most 	dominant 	mineral 	in 	tropical 	river 	sediments 

(Trion,1983) drew conclusions that in the fine grained, 

poorly drained sediments, predominantly montmorillonite is 

formed, while in coarsely crystalline rocks and coarse to 

medium grained sediments with high permeability and good 

drainage kaolinite is formed. This is well 	elucidated in 

Deccan Traps, wherein the soils developed therein 	are 

supposed to he the source of montmorillonite rich sediments 

(Goldberg 	and 	Griffin, 	1970; 	Kolla, 	1976,1981) 	and 

subordinate kaolinite 	(Nair et al., 1982), 	found in the 

shelf. Tn the northern part of Deccan Traps, limited 

leaching and moderate rainfall with restricted circulation 

has led to the development of montmorillonite, while moving 

south extensive leaching aided by high rainfall and good 

drainage over porphyritic basalt has resulted in the origin 

of kaolinite (Bhattacharya and Sinha, 1976). Further south, 

there is a gradual decrease in montomorillonite as the 

lithology changes to crystalline metamorphics and phyllitic 

rocks. 

Kaolinite is found to he the most dominant mineral in 

the study area and is invariably associated with gihbsite. 

Detrital kaolinite is formed in part by erosion of clays 

comprising kaolinite, but most importantly, the erosion of 

weathering profiles in leached acid environments by 
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lateritization 	are supposed to he a chief source 	of 

kaolinite. 	Prevailence of kaolinite and gihhsite in the 

weathering profiles formed under tropical conditions is well 

known and represents enrichment of alumina in the weathering 

profile compared to the parent material (Biscay, 1965). 

Association 	of kaolinite and gihbsite in 	Mandovi 

sediments need not he an exceptional case either. Roth the 

minerals are formed in soils, most notably from argillic, 

pelitic and crystalline rocks and to some extent from basic 

rocks during weathering process (Millot, 1964; Tarely, 1969; 

Hay and Jones, 1972). Abundance of kaolinite is all the more 

enhanced in presence of laterites and lateritic soil, and it 

prevails in rivers especially of low relief gradient and 

sufficiently permeable weathered rock (Trion, 1983; Konta, 

1985). Tt should be noted here that geologically the Mandovi 

basin comprises of metamorphosed crystalline rock, pink 

phyllites intercalated with ferrugenous bands, Greywackes 

etc., and traversed by basic dykes, all weathered to varying 

degrees. The type of hot and wet climate regimes acting on • 

various rocks result in a variety of deep soil profiles 

(Chernozen soils and latisols) with extreme development of 

high alumina bauxite and highly ferrugenous laterite (Hashimi 

et al., 1989). Gihbsite and kaolinite are most important 

products of silicate alteration in laterites and lateritic 
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soils wherein strong leaching produces moderate dislocation 

and results in the formation of kaolinite, while intense 

leaching results in complete dislocation so that the 

octahedral layer remains free eventually crystallizing to 

gihbsite (Bhattacharya and Sinha, 1976). 

Kaolinite and gibbsite show a very weak correlations 

with the fine size fraction of the sediment r = -0.073 

(gibbsite), r = -0.314 (kaolinite). Though kaolinite and 

gihbsite have the same source of origin, they show a weak 

correlation with each other, both in suspended and hedloads 

sediments (r = -0.217). This is perhaps because both 

kaolinite and gibbsite are brought into the estuary, besides 

the river influx, from various mine dumps, whose material is 

basically laterite top cover, at different points all along 

the upstream, hence the irregular trend, Moreover, gibbsite 

persists under conditions where aqueous fluids have very low 

dissolved mineral content - either at the very beginning of 

the weathering process or in the final stages in laterite 

soils. Tt is generally lost upon transport owing to its low-

tolerance for silica in solution (Velde, 19(15). 

Tllite is the second most dominant mineral in both, the 

suspended and bedload sediments. General observation shows a 

decrease in abundance of the mineral in the downstream 

direction, maximum abundance being recorded in the upper 
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reaches. Tllite certainly has its origin in the rocks of the 

basin, but its relation with gihbsite and kaolinite indicates 

it perhaps also originates'from a different material unlike 

the other two minerals. 

Tllite, in the present study seems to he originated from 

the metamorphosed argillites (phyllite) in the highland. 

Mite is by far the most dominant mineral species of clay 

Mineral in the argillaceous sedimentary rocks (Grim, 1968; 

Millot, 1964). During the process of lithification and deep 

burial, illite appears to remain, or at least is slow to 

react with other minerals (Velde, 1985). Hence, it could be 

assumed that illite, in the present context, is perhaps 

derived as the unaffected detrital illite from the 

metamorphosed sediments in the hinterland. 

Besides, 	illite appears to he early 	product 	of 

weathering in cycles of intense alteration or as one of the 

stable products under intermediate conditions (Jackson, 1959; 

Meunier, 1980). Although laterites and lateritic soils in 

the area are products of such conditions, they does not seem 

to be worthwhile parent material, because their influx at 

different points of the estuary seem to show no significant 

effect en illite trend. 
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The fact that illite decreases in downstream direction 

indicates that the mineral is not influxed anywhere except at 

the upstream end. Here it seem to have been brought in by 

the two important tributaries, the Madei and the Khandepar. 

Correlation coefficient of illite with clay content, is 

-0.2583 and that with gibbsite and kaolinite is -0.0355.and - 

0.7429 respectively. 

Fall velocities of illite, kaolinite and montmorillonite 

in sea water are 0.083, 0.0135 and 0.0015 cm/sec respectively 

(Whitehouse et al., 1960). With adequate particle 

concentration, the size and consequently the fall velocity of 

montmorillonite floccules varies over the entire range of 

salinity, but floculation of illite and kaolinite is almost 

complete above a salinity of 4%.. Thus on coming in contact 

with sea water, illite owing to its higher mass tends to 

settle down and progressively the sediment is impoverished 

downstream. This explains the observed trend of illite. 

Though the Mite is negatively correlated with kaolinite, it 

is basically because of the enrichment or decrease in the 

concentration of one that develops a corresponding negative 

effect in the other, since these two are most dominant 

minerals. 

116 



Higher concentration of illite observed at themouth 

region may be attributed to the formation of this mineral 

from montmorillonite. Tt is observed that salinity is 

highest at this station. Montmorillonite converts to illite 

by absorbing more potassium ions from saline waters (Mohan 

and Damodaran, 1992). 

Montmorillonite is one of the chief minerals in the 

estuarine sediments. Highest concentration of this mineral 

is found at the mouth of the estuary with a gradual decrease 

in the upstream direction. The lowest average percentage is 

recorded in monsoon season. 

A characteristic feature of montmorillonite is its 

smallest size (Gibbs, 1977) and slowest settling velocity 

(Whitehouse et al., 1960) compared to kaolinite and illite. 

Hence, while in suspension it tends to get carried away by 

currents and water flow. Perhaps this is the reason for the 

low relative content of montmorillonite in the hedload 

sediments during monsoon. Sedimentological studies in the 

Previous chapter has revealed that strong flow conditions 

remove much of the finer materials from the hedload sediments 

by erosion and resuspension. The resuspended sediment and 

hence the minerals are carried by the downstream flows and 

montmorillonite being the lightest is most affected. But 
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surprisingly, the abundance of this mineral in suspension 

sediment is also consistently low over the entire length 

during monsoon. No doubt, montomorillonite is susceptible to 

erosion and transport, but the large amount of TSM influx 

during monsoon fails to produce any enhancement or variation 

in the longitudinal profile. This indicates that a little 

amount of this mineral is contributed by the drainage basin. 

Tn case of substantial amounts of montmorillonite being 

brought into the estuary from the hinterland, there should 

have been a higher accumulation of it in the vicinity of the 

confluence of the two main feeding tributaries, the Madei and 

the Khandepar in the upstream, especially in the premonsoon. 

During this season the flow velocity and corresponding 

currents are very weak in the upper reaches of the estuary 

and montmorillonite owing to its small size forms aggregates 

and settles in high proportions at places where bottom 

currents are weak (Stanley and Liyange, 1968; cit. Mohan and 

Damodaran, 1992). Thus one could expect higher 

concentrations at upstream end if a sufficient amount of the 

mineral is brought by the tributaries. 

Instead, during fairweather, highest concentrations of 

montmorillonite are observed at the mouth of the estuary. 

High concentrations of montmorillonite at the mouth, 

especially when the zone happens to be a high energy domain, 
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may be indicative of a marine source. As mentioned in the 

previous chapters, earlier studies have shown that although 

montmorillonite decreases towards south along the western 

Indian shelf, it still continues to he the most dominant 

mineral followed by kaolinite and illite, off Goa coast. 	Tt 

is supposed that montmorillonite drifts towards 
	

south, 

steered by the circulation pattern in the Arabian sea along 

the shelf. May he during this transport, it enters the 

estuary mouth along with associated minerals and sediments 

(Reddy and Vardachari, 1972). 

High abundance of montmorillonite is associated with 

highest salinity values and the fraction of clay sediments. 

Montmorillonite shows good correlation with clay content (r = 

0.858), which is particularly dominant in lower estuary. 

Since a significant amount of this clay is supposed to have 

been brought in from the sea side, it could be assumed that 

an equally significant amount of clay minerals are brought 

in, too. Hence, montmorillonite shows a gradual but distinct 

decrease towards upstream, owing perhaps, to progressive 

settling and impoverishment. 

Correlation of montmorillonite with other minerals show 

r = -0.577 (kalonite), -0.004 (gillbsite) and -0.058 (illite). 

This shows that the relative abundance of montmorillonite 
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and its decreasing trend towards upstream does not actually 

affect the overall profiles of other minerals and that it is 

less dependent on these. 

The marine source is also reflected in kaolinite and 

illite. Abundance of illite, too, increases at the mouth, 

while that of kaolinite increases in the mid reaches. 

Kaolinite, in the midreaches is enriched, probably because of 

the entrapment of the mineral brought in by both the fresh 

and marine waters. 

Thus, the spatial and temporal variations in 	the 

relative abundance of the minerals show distinct sources. 

The non-clay minerals that are identified in 	the 

sediments of Mandovi are quartz, felspar and goethite. 

These minerals are comparatively more prominent in the 

suspended sediments but to a very less extent in the bedload. 

This is perhaps due to the fact that for the bedload, only 

the clay pattern was considered, which was collected from 

pipette analysis. Thus there is very little quartz or 

felspar if any, since it is not mainly incorporated in clay 

fractions. On the other hand, suspended sediments were 

directly taken for preparing slides without any size 

separation. 	hence they might be incorporating some amount 

of silt fraction in them. Since silt is basically made up of 
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fine quartz and felspar, these peaks are detected in the 

suspended load. 

The relative percentage of these minerals seems to be 

more in monsoon than premonsoon. This would mean a 

relatively higher percentage of the silt fraction during 

monsoon. is dues to a relatively higher energy which keeps 

can be inferred to be stronger than in premonsoon. 

Crystallinity of minerals is seen to become poorer 

towards upstream and the minerals in monsoonal sediments are 

less crystalline than during fairweather, particularly in 

suspended sediments. 	It should be recalled here that the 

suspended sediment concentration, and may he the 	clay 

content, in the upstream end is considerably high. 	Perhaps 

due to this the minerals are poorly crystallized as the 

degree of crystallinity decreases with increase in clay 

content (Weaver, 1989). 

SALIENT FEATURES 

1. Kaolinite, 	illite, montmorrinite and gihbsite are the 

chief clay minerals. 

2. Of all the minerals, kaolinite is the most dominant 

mineral. 	Almost all of them originate in the basin to 

varying degrees. However, there are indications of clay 
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minerals being brought to the estuary from the marine 

source. 

3. 	Kaolinite and gihbsite predominantly have the origin in 

the laterite and lateritic soils. Tllite originates 

basically from the metasediments and weathering of 

granetic geneiss, while majority of the montmorillonite 

is brought in from offshore. 
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Table 4.1A :Summarized peak area of clay mineral groups and 
rough estimates of clay mineral constituents in < 
2/um fraction of sediments of the major rivers of 
Tndian peninsula and the western Tndian shelf 
sediments *(Mohan and Damodaran, 1992), ** 
(Hashimi et a]., 1989), and rest (Naidu 	At 
a] .,1985) 

Rivers/Seas Smectite Tllite Raolinite 	Chlorite 

Godavari 41-60 13-16 8-11 2-7 

Mahanadi 12-25 30-38 22-28 3-11 

Nagavali 7-20 34-36 30-31 5 

Vamsadhara 4-10 50 .30 3 

Brahmani 4-18 33-38 30-36 4-6 

Narbada 57-63 6-14 7-8 4-5 

Tapti 55-81 9-11 4-5 3-6 

Vellar *  62-81 0 ----> 19-38 	<---- 
River 

Vellar *  66-82 0 ----> 17-34 	<---- 
Estuary 

Nearshore *  46-82 0-7 ----> 37-47 	<---- 
Vellar 

West coast ** 
 continental 

shelf transi-
tion zone 

70-81 1-3 18-28 0-2 



Table 4.1B : Range weighted peak area percentage in <2 
fraction of sediments of major rivers of India 

Rivers 

(Naidu et al., 

Expandable 
minerals 

1985) 

Illite Kaolinite Chlorite 

Ganga a 73-78 0 22-27 

Yamuna 0 71 0 29 

Ghagra 0 71 0 29 

Gandhak 0 76 0 34 

Narbada 73-84 6-17 4-8 4-9 

Tapti 75-84 8-14 3-5 4-7 

Mahanadi 29-44 30-38 22-28 3-11 

Brahmani 9-31 33-34 30-43 4-6 

Vamsadhara 17-30 35-50 25-35 2-5 

Nagavali 13-28 35-37 31-43 5-9 

Godavari 66-81 8-16 7-16 Tr-8 

Krishna 82-91 Tr 4-8 5-10 

Cauveri 26-66 9-33 13-38 3-12 



Table: 4.2 

Relative percentage abundance of clay minerals in bedload . 

STATION 
PREMONSOON 
K+C 	I M G 

MONSOON 
K+C I M G 

POSTMONSOON 
K+C 

M1 48.11 20.25 22.78 8.86 50.94 13.58 28.86 6.62 
M4 54.05 16.22 21.62 8.11 77.73 5.88 10.51 5.88 80.77 10.00 3.65 5.58 
M6 73.39 9.79 10.70 6.12 71.19 12.53 7.93 8.35 72.11 13.66 4.74 9.49 
M10 68.21 18.47 10.74 2.56 73.96 11.84 5.92 8.25 73.47 12.24 6.12 8.17 
M13 56.55 30.85 5.14 7.46 64.35 20.79 6.19 8.67 61.85 24.75 5.15 8.25 
M16 44.01 46.33 5.80 3.86 69.20 15.22 1.74 13.84 85.71 9.52 4.76 0.00 
M19 74.79 12.82 4.91 7.48 79.69 11.72 3.90 4.69 

Table: 4.3 

Relative percentage abundance of clay minerals in suspended sediments 

PREMONSOON 	 MONSOON 
STATION 	K+C 	I 	M 	G 	K+C 

M2 65.58 14.75 16.39 3.28 85.90 7.56 3.09 3.43 
M4 71.01 7.25 15.94 5.80 85.70 5.24 3.47 6.55 
M10 80.20 7.29 3.74 8.68 88.81 5.92 0.24 5.03 
M14 63.70 16.83 13.22 6.25 85.51 10.47 1.40 2.62 
M17 84.66 8.46 3.19 3.70 93.22 4.52 0.28 1.98 

R+C - Kaolinite + chlorite; I - Illite; M - Montmorillonite; G - Gibbsite 
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CHAPTER V 

GEOCHEMISTRY 

si 



This 	chapter deals with the geochemistry of 	the 

sediments in Mandovi estuary and its tributaries. 

Bedload sediments for three seasons in Mandovi estuary 

and the bedload of tributaries were analyzed for 16 elements 

including major and trace. Bottom and surfa .ce suspended 

sediment samples of postmonsoon were also analyzed at 

selected stations for selected elements. 

The results are discussed in terms of their spatial 

distribution and seasonal variation, correlation between all 

the elements, chemical index of alteration, chemical maturity 

of sediments and source and sinks for the metals. 

Contributing sources are delineated by aid of R-mode factor. 

analysis. Anthropogenic effects and environmental impact are 

assessed by computing enrichment factor and index of 

geoaccumulation. 

In recent times geochemical investigations in estuarine 

and riverine environments have gained considerable momentum. 

Two main reasons for this sudden spurt of research in these 

environs are the revolutionary improvements in analytical 

techniques and the increased awareness to the environmental 

impact due to anthropogenic activities. 
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Sediments are essential constituents of the hydrosphere 

and are the most important carriers of metals. Metals 

released through weathering process and their transport to 

rivers is one of the major fluxes in the hydrological cycles. 

Weathering includes physical, chemical and biological actions 

which disintegrate or decompose the rock. The qualitative 

and quantitative attributes of the metals are dependent on 

the rock types through which the rivers drain. The 

variations in metals, especially trace metals of stream 

sediments can he characterized as a function of potential 

controlling factors by the following formula (Dahlherq, 

1968). 

T = f(L,H,G,C,M,e) 

in 	which 	T 	represents 	the 	resulting 	trace 	metal 

concentrati on, L the influence of lithogenons units, H the 

hydrologic effects, G the geologic features, C the 

anthropogenic cultural influence, V the type of vegetation 

rover, M the effects of mineralized zones and the orrvw 

plus effects of additional factors not defined in the model. 

With respect to supergene chemical processes inindinl 

weathering and pedogenesis, three "distributive" 1 - vps of 

elements in minerals have been distinguished (Lelong ot al. 

1976). 
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Camouflaged Elements : Elements which exhibit the same ionic 

radians, but a similar or different charge : e.g. Ph, Cs, Pb 

may replace FO-  in felspar; Mn, Co, Zn, L , Cr and V may 

replace FP 2 ', FP-1 i', Mg or Al in Fe - Silicates. 

Autonomous Elements: Elements which are located outside the 

structure of the essential minerals, but incorporated into 

accessory ones: Pg., S and Cu are, found in sulphide 

minerals, R is found in tourmalines, Zr in Zircon, Cr in 

chromite and rare earths in apatites and monazites. 

Fissural elements: Elements which are linked to lattice 

surface, retained in an adsorbed form on intercrystallino 

surfaces inside the physical discontinuities of the crystal 

or inside the fissures eg. Ni, Co and Mn inside the 

micrafigures antigorite, Cu, Cr, W and V inside 

microfaults in biotite. 

The release of the camouflaged elements depends on the 

degree, of decomposition of the parent minerals while the 

fissural elements are generally very rapidly released during 

changes of the chemical environment- 

Release and migration of the metals depend upon the 

susceptibility of the mineral to chemical weathering, their 

solubility limits - Rh and pH conditions, the redox 
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conditions etc because such conditions evoke significant 

migration contrasts (Perel'man, 1967). A further mechanism 

of weathering (SQlomons and Forstner, 1984) is the entrapping 

of elements in secondary mineral products. Partition of 

chemical elements between main facies of weathering shows 

associations of: 

Al-Ga-B (Bauxite), Fe-Ti-V-Cr-Mo (Iron crust) 

Mn-Fe-Co-Ph-Ba-Sn-Ni-Cu (Manganese crust), 

Ca-Sr-Ra-Zn (Calcite crust), Ca-Sr-Ba (sulphates) 

Al-Si02-Ga-B (Kaolinite) 

Si02-Ti-Al-Fe-Mg-Ni-7,n-Pb-Cu (Montmorillonite). 

Within 	the Mandovi basin, significant amounts 	of 

anthropogenic inputs are anticipated owing to large scale 

mining activity. Open cast mining for iron and manganese 

ores is prevalent in Goa. Such mining developments result in 

large scale movement of earth material, distortion of natural 

morphology and drainage. Massive loosening of material 

through excavation releases enormous quantities of metals in 

the hydrosphere resulting in enrichment of the metals to 

considerable magnitudes. 

More than 27 large mines and numerous small scale mines 

are active within the Mandovi basin. Most of these mines 

discard 1,000 - 6,000 tonnes of waste per mine per day (Sen 
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Gupta and Singbal, 1985). Most of the mined ore is loaded 

onto barges and transported to Marmagoa' Harbour. Hence, it 

is a common sight to see a series of loading platforms along 

the banks of the estuary particularly beyond station M16. 

Most of the loading platforms have adjoining heneficiation 

plants, the washings and tailing of which are generally 

released into the main stream. Resides a large amount of ore 

is spilled into the estuary during the loading process. 

The tributaries of Mandovi generally pass through mining 

zones and provide favourable sites, on their banks, or in 

close vicinity, for dumping the waste debris. A significant 

amount of material is leached into the streams particularly 

during monsoons. 

Hence in anticipation of possible element/metal flux and 

enrichment, the sediments of • Mandovi were chemically 

analysed. To understand the seasonal -variation in the 

longitudinal section and distribution pattern in the complex 

environments of Mandovi, sediment samples of three seasons 

were analysed. To determine the extent of concentration and 

distribution of elements in various tributaries that feed the 

Mandovi estuary, sediments from 9 selected stations were 

analysed. Differences in concentration of suspended 

sediments are detected by analysing the surface and bottom 

suspended sediments at selected stations for selected 

127 



elements. 

The bedload samples are analysed for 10 major and 16 

trace metals, total organic carbon (TOC) and loss 

on ignition. 	The results of the chemical analysis are 

presented for the bedload in (Table 5.1) and for suspended 

load in (Table 5.2). 

The results of temporal and spatial variations are 

discussed beginning with loss on ignition (LOT), TOC and then 

the chemical elements. 

5.1. 	LOSS ON TGNTTTON (LOT) 

Loss on ignition is often considered to he an indication 

of organic matter. in the present study LOT has been 

detected for all the bedload sediments by calcination at 

10500C. Applying the conversion factor of 1.724 for 

converting the organic matter to organic carbon, the LOT 

values are not actually in conformation with the organic 

carbon which has also been detected for these sediments. One 

reason for this could be the high temperature to which the 

sediments are subjected. At a high temperature, other 

substances, besides organic matter are destroyed as shown by 

Manickam et al„(1985). 
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During ignition„ at around 180°C, the water content-, 

al.lophane and colloidal matter undergo destruction. With 

increasing temperatures the vegetable organic matter is lost 

at around 260°C. With subsequent rise in temperature, weight 

loss is due to dehydration and destruction of other minerals 

such as clays and carbonates. 

Hence the LOT in the Mandovi sediments is perhaps due to 

combined destruction of organic matter, clays, carbonates and 

inherent water. May he due to this fact high LOT values are 

associated with sediments rich in the finer fraction 

particularly clay. 	The seasonal variations of LOT in the 

sediments are as follows: 

premonsoon sediments, LOT varies from 3.96% in sand 

rich sediment to 18.06%. in sand deficient sediment. 

Tn monsoon it varies from 1.17%'to 17.88% and in post 

monsoon it range from 3.62% to 17.99%. Again the highest 

values are associated with the abundance of finer sediment 

fractions. 

During fairweather, high LOT values are recorded at the 

mouth region with a nonsystematic decrease towards upstream. 

Tn monsoon, the trend is almost same, except that station IvW) 
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shows a high LOT value. Ignition loss is considerably low in 

the sediments of the tributaries. 

9.2 	TOTAL ORGANTC CARRON (TOC) 

Total organic carbon studies have great significance in 

geochemical investigation. This stem out from the fact that 

organic matter acts as a binder for metals and helps in 

adsorption particularly of trace metals. Relation between 

organic carbon and metal concentration has been used as a 

good indicator of anthropogenin influence in aquatic 

environments. 

Tn sediments, organic carbon may he of marine origin or -

detrital origin or mixed origin (Rordovskiy, 1965). The 

dominance of one source over the other depends on various 

depositional factors such as primary productivity in 

overlying waters, depth of deposition and proximity to 

settlement and the waste discharge from the same. 

The amount and composition of organic matter largely 

influence the diagenesis of sediments by altering the redox 

conditions as a consequence of its decomposition. Fven 

within the normal marine sediments deposited under oxidizing 

environment, depletion of most: of the oxidizing agents i.e.. 

0 2. NO3 -, 
 SO4, HCO3 - , metal oxides of Fe and Mn (Richards 
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1965, Froelich of al., 1979) takes place. 

Total organic carbon, like the loss on ignition, is 

strongly associated with the abundance of finer sediments. 

Tn all the three seasons, organic carbon decreases from mouth 

towards upstream and the content is lower in monsoon than in 

the fairweather (Table 5.3). 

Different 	factors 	are 	perhaps 	responsible 	for 

accumulation and depletion of organic carbon along the entire 

stretch of the estuary. 

One of the important factor that affects the variation 

of organic carbon is the plankton activity in overlying 

waters. Normally an increase in primary productivity would 

increase the organic carbon in sediment (Shen and Presley, 

1986; Shen and Huang, 1989). The humic material influxed 

from land and also the oxidation of organic matter by 

organism living on bottom also affect the organic carbon 

content in sediments. Earlier studies have shown that 

Mandovi retains typical estuarine conditions throughout most 

part of the year and sustain highest phytoplankton counts, 

chlorophyll-a concentration and benthic production 

particularly in the lower estuary (Devassy, 1983). 	Present 

studies have recorded low bottom temperature near the mouth 

and recent studies (Nayak, 1993) have shown a very low oxygen 
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content in the lower reaches of the estuary with gradually 

increase of the same towards upstream. Low oxygen content-, of 

waters immediately above the bottom sediments would favour 

high organic matter in bottom sediments (Sverdrup et al., 

1942). The phytoplankton abound in the mouth region in the 

high salinity zone. On their accumulation, oxidation is 

initiated to some extent due to low temperatures and low 

dissolved oxygen contents resulting in high total organic 

carbon values. 

Another source that contributes to TOC content near 

monsoon, however less important it might be, is perhaps the 

sewage of Panjim city. A small inlet discharges a large 

quantity of sewage material into the estuary within 1.1 

Aguada bay. This probably brings in A substantial amount of 

organic carbon and the possibility of trace metal influx from 

this cannot be ruled out. 

Higher concentration of total organic carbon in mid 

reaches of the estuary i.e. station M10 in all the seasons 

and at M19 during monsoon may be related to other factors. 

Tn the mid reaches of the estuary, i.e. at station M10 

the higher values are associated with the finer sediment. 

abundance and depth of water column. Tt was noted earlier 

that finer sediment has a tendency to accumulate at deeper 
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portions under relatively calm conditions. 	May he the 

organic carbon is adsorbed on the large surface area of the 

finer sediment and getsincorporated in the hedload. 

Tt 	was 	pointed 	out in 	the 	Chapter 	TTT 	on 

sedimentological variations that a majority of the fine 

material brought in by the tributaries is perhaps arrested at 

the upper reaches owing to the configuration of the river. 

Tnspite of high dissolved oxygen content at the location, the 

rapid rate of accumulation of the fine grained inorganic 

matter and may he an influx of organic matter from hinterland 

leads to a high total organic carbon content. 

The low total organic carbon content in the monsoon 

season is well in resonance with the higher dissolved oxygen 

content. 

All the tributaries show a low organic content may he 

due to lack of source and presence of higher dissolved oxygen 

in the overlying waters. 

Since total organic carbon is supposed to he a good 

scavenging agent of metals, especially trace metals, it has 

been correlated with the elements detected in the present 

study (Table 5.4). To understand the seasonal variation and 

also the extent to which it affects the freshwater sediments, 

the correlation coefficients were computed separately for the 
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three different seasons and the tributaries, for elements. 

Correlation with loss of ignition and the sediment textural 

classes is also included in the table (Table 5.4). 

	

5.3 	MAJOR FLFMPNTS 

	

5.3A 	Silicon 

Silica is an important and essential constituent of a 

majority of known minerals. The element silicon belongs to 

Group TVA and is the main electropositive constituent of the 

upper lithosphere. 

Silica is one of the most abundant major element oxide 

in the present study. 

In premonsoon season, silica, within fine estuarine 

sediments of Mandovi, varies from 34.4% to 74%, equivalent to 

16.0S% to 34.54%. Silicon concentration is comparatively 

high at station M7, M13 and M16 but considerably low at: 

station M1 and M10 and lowest at M4. 

Silica percentage during monsoon progressively increases 

from station M4 to M13, indeed with little fluctuation, hut: 

further reduces considerably upto station MI9. The range of 

concentration is 11.50% to 77.10% equivalent to 14.73% to 

36.04% of silicon. 
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Concentration of silica in the postmonsoon follows a 

trend similar to that of premonsoon season, at: least upto 

station M7 but further ahead there is no marked 	variation 

in the longitudinal concentration of this oxide. 	Between 

either ends, the range in variation is 39.% to 75.0%, Si07 

equivalent to 18.23% to 35.06% of silicon. 

In all the three seasons, the concentration of silica is 

directly related to the relative percentage of sand fraction. 

It shows a strong positive correlation with sand i.e. r 

0.8675. The high and low percentage is invariably associated 

with high sand and clay fractions respectively. 

Silica concentrations in majority of the tributaries are 

lower than in the estuarine sediments. Except for high 

percentage of 70.33% at station R4 (Si = 32.86%), it ranges 

between 25.20% to 57.15% (Si = 11.78% to 26.72%). 

5.3B 	Titanium 

The element titanium of which this oxide is made of 

be to group TV R and is considered strongly lithophile. 

Tt is one of the few elements whose affinity for nonmetals 

other than oxygen and sulphur is so strong that t s 

georhemical distribution is apparently affected. Titanium is 
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carried in minerals like ilmenite, titaniferrions magnetite, 

rutile, sphene etc to varying levels, and is generally 

incorporated in sediments as a rather insoluble heavy mineral 

assemblage. 

Titanium concentrations in Mandovi estuarine s. liment:s 

show a general decrease towards upstream except during 

monsoon. 

In premonsoon, the range of TiO2 concentration is 0.37% 

to 1.14% (Ti = 0.222% to 0.683%) with a gradual decrease 

towards upstream. However, station M10 shows higher 

concentration. 

During monsoon, TiO2 concentration range from 0.34% to 

1.20% (Ti = 0.204% to 0.719%). Though the concen t of 

Ti decreases from station M2 to M1 3, there is sudden 

increase at M1 6 and M1 9. Station Ml 0 continues to show 

comparatively higher value. 

The postmonsoon trend shows a gradual decrease from 

station M1 to M13 while M16 and M19 show but a slight 

increase in concentration of the element. The range of Tin-)  

is 0.42% to 1.13% (Ti = 0.252% to 0.677%). 

Tn all the three seasons, station Mll shows the lowest 

recorded values. 	Correlating with the texture of 	the 
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sediment. Ti shows r = -0.7401, 0.7081 and 0.6979 with sand, 

silt and clay respectively. Strong positive correlation of 

Ti 	with silt could be indi•arive of segregation of the 

mineral 	of titanium in this fraction, 	since crystals of 

rutile are generally associated with silt: and soil. 

Tn the sediments of tributaries the Tin-) concentration 

varies from 0.45% to 1.38% i.e. equivalent to 0.270% to 

0.827%. 

5.3C 	Aluminium 

Aluminium is a group TTT element and along with silica, 

it is the most important constituent of rock forming 

minerals. Aluminium is incorporated in most of the minerals 

in all types of rocks. During weathering process, most of 

this element in the original mineral is contained in the 

newly formed clay minerals while a small amount: gets into 

solution. 

Variations in aluminium concentration were studied in 

both , the bodload and suspended sediments of the estuary. 

fn the bedload sediments there is little seasonal change 

at individual stations except at. station M19. 
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During premonsoon, A1705 ranges from 6.3% in sand 

dominant sample to 14.53% in sediment with abundant clay (Al 

3.44% to 7.7%). The element. shows a general deere,le in 

the upstream direction. 

Aluminium concentration in monsoon and postmonsoon shows 

a similar trend as in premonsoon, but with a higher 

concentration at M19. Tn monsoon the range of A1703 is 6.05% 

to 15.9%, corresponding to 3.202% to 8.415% Al, and that 

during postmonsoon is 6.50% to 15.25% corresponding to :1.44 9  

to 8.071%. The element Al is strongly correlated with clay 

content of the sediments with r = 0.88991, while with sand 

and silt it shows r = -0.9658 and r = 0.9352 respectively. 

Concentration of Al in the suspended .load, both in 

surface water and bottom water show a decrease toward: 

upstream. However, higher concentration (15.77%) is recorded 

in the surface waters of stalion M13. 

Sediments in the tributaries of Mandovi show Al203 

concentration range of 4.35% to 13.3%. 

5.3D 	Tron 

Fe203 determined in the present study is cony;i(lProd 

total iron since the sample powder is preignited to 700 0 c 
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before analysis, whereby Fe() is supposed (not verified) to 

oxidised to Fe203. 

Trim is a group VTTT (i) element. 	Tt is of particular 

importance in the present study since the river and its 

tributaries pass through active mining zone rich in iron And 

manganese. The geochemical processes asSociated with 

mobilization of iron depends very much on the process of 

oxidation and reduction. The behaviour of iron too, in the 

process of weathering is dependent largely upon the stages of 

oxidation of iron compounds involved. 

The concentration of iron in the estuarine sediments are 

detected for suspended sediment and bedload Alongwith thp 

sediments in tributaries. 

Premonsoon bodload sediments show a highly disturbed 

profile wherein the concentration rise and fall with every 

station. Stations Ml, M7 and M13 show lower Fe content while 

M4, M10 And to some extent M16 show very'high concentrations. 

The range of variation is 12.05% to 30.80% Fe203 which 

corresponds to 8.42A% to 21.54% Fe. 

Tn monsoon, Fe concentration is considerably high at 

upstream 	And lower roaches of the estuary 	with 	low 

concentration 	within intermediate 	stretch. 
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concentration ranges From 9.00% to 31.60% i.e 6.295% to 

20.10% Fe. 

Tn the postmonsoon, iron concentration along the length 

of the estuary shows a trend identical to the previous 

seasons. However, the Fe content is consideratOy lower than 

in monsoon at: the upper reaches i.e. station M16 and M19. 

Apart from a initial sharp fall from station M4 to M7, Fe 

content shows a general rise towards upstream. The range in 

concentration of Fe201 is 10.70% to 24.60% corresponding to a 

Fe content of 7.404% to 17.21%. 

Of all the three seasons, it iR clear ,that the highest 

concentrations of Fe are recorded in monsoon season. The 

element doesn't show a very significant correlation with 

sodiment texture r = -0.6030, 0.6620 and 0.4208 with sand, 

silt: and clay respectively. 

Suspended sediments show a distinct increase in Fe 

(•()Iti.it 	f roiti mon I h ro lips 1. ronto iii the 	 ry bot.h in sunarr ,  

and bottom waters. Fe content in surface suspended sediment. 

ranges from 14.09 9-,; to 24.40% while in bottom waters it ranges 

from 13.41% to 24.40%. Bottom waters in the upper half of 

the estuary show higher percentage of Fe than surface 

sediment. 

140 



Tn the tributaries, highest Fe content is associated 

with those stations that are in close vicinity of mines or 

mine dumps while the stations away from mining and mineral 

zone show low Fe content. The concentration varies from 

13.55% to 49.20%. 

Seasonal and spatial variations of Si, Ti, Al and Fe in 

estuarine sediments and the bedload of tributaries are 

presented in figures (Fig. 5.1, 5.2). 

5.3F 	Manganese 

Manganese belongs to the group VTTA. After iron, it is 

yet another important element in the present: study for its 

abundance and relevance would he directly related to the 

iron, manganese and ferromanganese mines and their dumps that 

abound in the basin. 

Tn the premonsoon, the bedload sediments in the lower 

half of the estuary show high content of Mn than the upper 

half. Stations M4 and M10 are characterised by the highest 

concentrations. concentration Along the estuary 

fluctuates between r range of 0.17% and 1.06% (0.287% and 

0.821% Mn). 
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During monsoon, there is a general decrease in the 

concentration towards upstream From M4 to M16 hut: 

increases sharply at M19. This station shows the highest 

concentration of the three seasons. Concentration ranges 

from 0.13% to 1.33% of MnO or 0.101% to 1.007% of Mn. 

In postmonsoon, following an initial increase of Mn from 

station Ml to M4, the concentration decreases in same V-end 

as in monsoon upto M13. However from M16 to M19, the 

concentration increases marginally. The range of 

concentrations of MnO is 0.11% to 0.96% i.e. 0.085% to 0.743% 

of Mn. 

Suspended sediments show a distinct increase 	from 

station M1 to M19. Concentration of Mn is high in suspended 

sediments of surface waters at station M1 but: at M10 ami 

M19, the suspended sediments in bottom waters are rich in Mn. 

Surface water sediment show a concentration of Mn from 0.59% 

to 1.52%. While the bottom water sediments show a range of 

0.35% to 1.75% Mn. 

MnO in tributaries ranges From 0.09% to 2.20% (0.070 to 

1.704% Mn). As in iron, the highest and the lowest 

concentrations of Mn are associated with the proximity of the 

stations to mining zones and mine dumps. 
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On correlating Mn with the textural fractions 	of 

sediments, 	it is found that 	= -0.5094, 0.5848 and 0.1107 

with sand, silt and clay respectively. 

5.3F 	Magnesium 

Magnesium is one of the alkaline earths 	elements 

belonging to group TTA. Tt is generally supposed to be the 

most scarce of major elements of upper lithosphere. 	it is 

susceptible to weathering and is released mainly as chloride 

and insoluble sulphate. Resides, magnesium is also 

transported, partly as chemically undecomposed, finely ground 

mineral particle and partly as magnesium bearing clay 

minerals derived mainly from basic and ultrahasic rocks. 

Magnesium in the present study, shows a distinct decline 

towards upstream both in hedload and •suspended sediments. 

Highest values are associated with sediments at station Ml. 

The concentration of the element in bedload during the three 

different. seasons clw;ply follow a similar trend with little 

di ffererice. Mgr) concentration ranges from 0.78% to 2.74% in 

premonsoon, 0.53% to 1.87% in monsoon and 0.39% to 3.21 

during postmonsoon. 

Tn suspended sediments, the bottom waters are more 

enriched in the element, than the surface waters. The range 
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in bottom waters is 1.21% to 3.59% and the content declines 

sharply towards upstream. In the s.nrr,Ace suspended 

sediments, stations M4 and M10 show a higher concentration, 

but otherwise the content decreases towards upstream ranging 

from 0.62% to 2.79%. 

Sediments of the tributaries show varying concentrations 

of the element. The highest value (Mg° = 2.02%) is recorded 

at station 17 1. In rest of the stations the values range from 

0.38 to 1.34%. 

Tn 	relation with the sediment texture, Mg 
	Shows 

coefficient of correlation r = -0.5393, 0.4170, 0.6811 	with 

sand, silt and clay respectively. 

5.3C 	Calcium 

Close on heels to magnesium, calcium is one of the major 

electropositive constituents of the earth's crust. TI: is the 

chief constituent of many minerals like calcic pyroxenes, 

plagioclase felspars (especially labrodorito and bytownite), 

apatite, melilites etc. Calcium minerals act like hosts to 

many elements particularly trace metals and rare earths, for 

example calcic pyroxenes of basic igneous rocks contain 

yttrium earth. Calcium minerals like apatite fluorite, 
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spheric!, 	calcite, scheelito are well known calcin hosts for 

rare earths. Calcium minerals are susceptible to 

decomposition by weathering and leaching affecting their 

elimination from silicates. 

Calcium content: in the sediments of Mandovi estuary 

closely follow a strikingly similar trend in the three 

seasons. Concentration is very high at the mouth at station 

M1 but decreases sharply at M4. Further ahead there is a 

gradual decrease. However, station M7, characterized by a 

high sand fraction shows marginally high concentration of Ca 

in all the three seasons. 

Tn premonsoon the range of Can is 0.64% to 2.34% 

accounting for 0.457% to 1.672% Ca. On an average, the 

content is lowest of the three seasons. 

Tn monsoon, Can varies from 0.55% to 1.422% equivalent: 

to 0.393% to 1.005% Ca. 

Postmonsoon sediments show the highest'concentration at 

most of the stations. The range of Can varies from 0.75% to 

accounting for 0.536% to 2.144% of Ca. 

	

Most of the sediments in tributaries seem to 	he 

impoverished in calcium content. 	closely following the 
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behaviour of magnesium, except for station 138, all other 

stations show low Ca concentration. CaO at R8 is 1.24% (Ca = 

0.886%) while in rest of the stations, Ca( varies from 0.25% 

to 0.91 accounting for 0.179% to 0.650% of Ca. 

Ca does not 	show any significant relation with the 

sediment classes r = 0.2120 with sand, 0.0574 With silt and 

0.4534 with clay. 

5.311 	Sodium 

Sodium is one of the alkali earth metals be 	to 

group T A. 

Sodium, 	in 	combination with other 	elements, 	'is 

abundantly present: in the lithosphere and hydrosphere. it is 

an essential element in most of the important. rock forming 
• 

minerals 	like 	albite, 	aegerine, 	nepheline, 	analcite, 

feldspathoids etc. Like calcium, sodium, too is susceptible 

to weathering and readily forms soluble salts. The 

distribution of sodium is mainly a function of precipitation, 

evaporation, drainage and circulation, controlled by climate, 

topography, and the texture and mineralogy of the parent 

material. 
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The 	estuarine sediments in Mandovi show a distinct 

decrease 	in 
	

sodium 	concentration 
	

towards 	upstream 

particularly from station M7 to M19. 	Station M4 shows 

considerably low concentration in all the throe seasons. 

In premonsoon sediments, Na content initially decreases 

from Ml to M4 but it increases quite considerably M7, 

followed by a sharp decline at M10. Further ahead, the 

element shows a gradual decrease. The element content is 

lowest of the throe seasons and ranges from 0.29% to 0.64% of 

Na2O equivalent to a Na content of 0.215% to 0.475%. 

In monsoon and postmonsoon sediments, Na concentrations 

closely follow the same trend of variation, as in premonsoon 

Na2O range from 0.26% to 0.75% which is equivalent to 0.193% 

- 0.378% of. Na during monsoon. The postmonsnon sediments 

show a Na2O ranges of 0.32% to 0.69% which accounts for 

0.237% to 0.512% Na and is the highest of the three seasons. 

Tributaries show a low sodium content. Following Mg and 

Ca, station RA continues to show high sodium content wherein 

Na2O is 0.43% equivalent to 0.319% of Na. Tn rest of the 

stations it ranges from 0.07% to 0.29%. ,Interestingly, the 

stations that show a higher concentration of iron are 

impoverished in Na content. 
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Na does not show any significant relation with the 

sediment texture as indicated by coefficient of correlation 

r = 0.0089 with sand, -0.1029 with silt and 0.1564 with clay. 

The temporal and spatial variation in Mn, Mg, Ca and Na 

in estuaries .ire presented in (Fig. i .3) and their 

distribution in tributaries is shown in (Fig. 5.4). 

5.3T 	Potassium 

Potassium, an alkali element of group TA, is a typical 

lithophile element. Some of the chief minerals in which 

potassium is an essential constituent are potash feldspars, 

feldspathoids, micas etc. Geochemically, its ions are far 

more easily adsorbed on certain colloids like hydroxide of 

aluminium and ferric iron. Potassium is more,readily fixed in 

clay minerals in cation exchange reaction. Potassium has a 

tendency to be concentrated in fine grained sediment by 

adsorption and cation exchange from percolating solution. 

The bed sediments of Mandovi estuary show a general 

decrease in potassium content towards upstream. 	Though 
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basically the distribution follows a similar trend, 	some 

large seasonal differences are evident at certain statiow:i. 

Tn premonsoon, barring a slightly higher conLent at 

station M10, potassium shows a general decrease from Mi to 

M16. The concentration is highest at the month (Ml) with K20 

being 1.09% and least al Ml6 where K20 content is 0.41%. 

Those values correspond to a K content of 0.909% and 0.340% 

respectively. 

During monsoon, potassium decreases rather gradually 

from station M4 to M76 but increase considerably at M19. The 

stretch between M7 and M10 show little variation. The range 

in K20 content is 0.78% to 0.36% which is equivalent to 

0.648% to 0.299% of K. 

Postmonsoon records higher concentration, at: most of the 

stations with station M1 showing the highest value or all thy' 

throe seasons. The element: concentration initially decreases 

rapidly from Mi to M7 and show- little variation upio M16 

followed by a slight increase at M19- K20 content in 

sediment during postmnnsonn ranges from 1.26% to 0.35% 

corresponding to 1.046% to 0.291%, of N. 

Tn the sediments of tributaries, potassium content: 

varies from station to station within a range of 0.23% to 
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0.63% of K2O accounting for 0.191% to 0.523% of K. 	The 

concentrations in most of the tributaries are considerably 

lower than in the estuarine sediments. 

5.3J 	Phosphorus 

Phosphorus is a member or group V in the periodic table. 

Tt is supposed to be one of the most important mineral 

constituent of the lithosphere. The bulk of this element 

occurs in the' minor;i1 apatite. Resides, monazite and 

xenotime, the carriers of rare earths and characteristics of 

granites and pegmat ites contain 25% to 35% P205. Phosphorus 

emanates from the igneous rocks primarily and gets liberated 

by weathering process. A notable part of phosphorus remains 

in the residue as insoluble fragments of apatite, monazite 

and other phosphate bearing resistant minerals. A 

considerable enrichment of phosphate-is' noted in oxidate 

sediments, the limonites and oolite iron ores etc. 

Phosphate content in the Mandovi sediments was detected 

for the hedload and suspended sediments. 

Within the bedload, in all the three seasons phosphorus 

show a decrease towards upstream upto station M1 6, with a 

notable increase in concentration At. M19. 
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Tn 	premonsoon, 	except 	for 	a 	slightly 	higher 

concentration at M10, the element decreases from M1 to M16. 

The range of phosphorus content during this season is 0.052% 

to 0.153%. 

In monsoon, the phosphorus content varies very little 

between M7 and M16, but shows high concentration at. N14 and 

M1 9. Tts concentration ranges from 0.04R% to 0.105%. 

In postmonsoon, the element concentration falls sharply 

from Ml to M7 but further ahead it varies very little with 

some decrease upto M16, station M1 9 shows a marginal 

increase in the concentration. The range of phosphorus: 

content is 0.044% to 0.1R%. 

Of all the three seasons, premons:non sediments, in 

general , show a higher concentration of the element. 

Suspended sediments show a several fold increase in the 

metal content. The surface suspended sediments show high 

phosphorus content AL Mi and M11, and lowest at M16 and M19. 

The range of variation is 0.29% to 0.441%. Bottom suspended 

sediments are enriched in phosphorus only at M19, Over 

entire stretch, the concentration varies within a small range 

of 0.41% to 0.46%. 
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The sediments of tributaries show A range of 0.057 9,; to 

0.144M phosphorus. 

Spatial 	and temporal variation in the potassium and 

phosphorus content in estuarine sediments and the tributaries 

are shown in (Fig. 5.5 ). 

5.4 	MINOR/TRACE ELEMENTS 

5.4A 	Strontium 

Tn 	the estuarine sediments of premonsoon 	season, 

strontium conteni decreases sharply from station M1 to M4, 

but further upstream it, shows a 	gradual decrease. 

concentration ranges from 35 ppm to 137 ppm. 

Monsoon season sediments follow a similar trend of 

distribution but with a marginal 	increase at M19. 	The 

overall concentrarion 	is lowest: of the three seasons, And 

ranges between 35 ppm to 6A ppm. 

Post monsoon season depicts on identical trend. However, 

the concentration at M1 and to some extent at M4 are 

considerably higher than the other two seasons. The range in 

concentration is 33 ppm to 170 ppm. 

in the tributaries, sediments at PR show the highest 

concentration of 47 ppm followed by R1 which shows 41 ppm. 
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in rest of the stations, Sr varies from 16 ppm to 27 ppm. 

Thus it could be clearly seen that tributaries content a 

very low concentration of strontium and within the estuary, 

the sediments are impoverished during monsoon. 

5.4B 	Barium 

in the premonsoon season barium shows low concentration 

at station M7. At: Ml, M4 and M10 there is a slight. variation 

in the content, but from M10, it shows a distinct decrease in 

concentration towards upstream. 

in monsoon and postmonsoon, apart From a marginally 

higher concentration at M10, barium shows a gradual decrease 

upto M16 but a remarkable increase at M19. The concentration 

of this element at M19 tieing highest during monsoon. 

The range of variation in the three seasons is 104 ppm 

to 155 ppm duriny premonsoon, 77 ppm to 206 ppm during 

monsoon and 90 ppm to 160 ppm during postmonsoon. 

Concentrations during premonsoon are low in the lower-

estuary and that during monsoon are high in the same stretch. 

Barium in tributaries shows high values and in at least 

five of the stations, the concentr a tions are over 150 ppm. 

The range is 91 ppm to 202 ppm. 
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5.4C 	Scandium 

In the estuarine sediments, although there seems to L a 

general decrease towards upstream, certain s;:ations show very 

high concentrations. 

Tn premonsoon, the concentration increase and cl(--_recie 

almost alternately at each station. sLitions Ml , M4 and MI0 

show high values while M7, Mll and M16 show lower 

concentrations. 	The range of concentration is 11 ppm to 2"), 

ppm. 

Tn monsoon, except for a discernible peak value at MI0, 

the concentration shows a gradual decrease upto M16 followed 

by a sharp rise at M19. The rang- of concentration is 10.7 

ppm to 29 ppm. 

The postmonsoon sediments show a gradual decline in 

scandium concentration from M1 to M16 followed by a 

significantly higher concentration at M19. 

the tributaries, 	sediments at. 1;6 	ad 1;7 	are 

characterized 	highest concentrations of 32 ppm and 33 ppl 

respectively. 	Tn rest of the stations, however, 	the 

concentration ranges from 9 ppm to 21 ppm. 

154 



5.4D 	Vanadium 

Vanadium shows a gradual increase towards upstream witli 

the highest values recorded between stations M1 6 and MI9. 

Station M4, shows relatively higher concentration and hardly 

any seasonal variation. 

Tn premcfnsoon and monsoon, vanadium concentrations rise 

and fall alternately with every station but show a general 

increase towards upstream. The range of concentration during 

premonsoon is 135 ppm to 190 ppm and that: of monsoon iR 130 

ppm to 210 ppm. Beyond M1 f1 and LowaTds upstream monsoon 

sediments are more enriched in vanadium. 

Tn postmonsonn, except for the higher concentration at: 

M4 and marginally high value at Ml, the vanadium content 

gradually decreases from MI9 towards downstream, with MI9 

recording the highest concentration. The range of 

concentration is 140 ppm to 210 ppm. 

Vanadium in most: of the tributaries is over 200 ppm and 

the highest concentration of 630 ppm is recorded al station 

R7. Rest of the stations show a range of 125 ppm to 405 ppm. 

Thus it: could he seen that the concentration of vanadium 

is significantly higher than in estuarine sediments. 
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The spatial and temporal variations in Sr, Ba, So and V 

for estuaries are presented in figure (Fig. 5.6) and for 

tributaries in figure (Fig. 5.7). 

5.4F 	Chromium 

Tn premonsoon, the concentration of chromium within the 

estuarine bedload sediments shows a gradual increase in the 

upstream direction with the maximum concentration at stations 

M7 and M1 6 (450 ppm) while at other stations the value ranges 

from 225 ppm to 275 ppm. 

During monsoon, a gradual increase in the concentration 

of Cr is observed in upstream di recti on. But at the last 

station i.e. M19, a low value (350 ppm) is recorded. For the 

remaining stations, it ranges from 246 ppm to 500 ppm. 

During postmonsoon, Cr concentration gradually increases 

in the upstream direction. Tt ranges from 224 ppm, at 

station Ml, to about 570 ppm at station M19. 

Tt can also be seen that Cr concentration is 

constant for stations M1 and M4, and is almost: independent 

of the season. Bottom suspended sediments generally show 

more Cr concentration with a very narrow range compare to the 

surface suspended sediments. Roth surface and bottom 

suspended sediments show almost equal concontiriAtion of Cr For 
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the stations Ml to M13. While the remaining stations M16 and 

MI9 show a gradual decrease that varies with a marked 

difference between surface and bottom suspended sediments. 

Tn the riverine sediment: samples, three stations R3, R6 

and R7 show maximum concentration of Cr (1420 ppm) .  while the 

remaining stations show the concentration of Cr that ranges 

from 200 ppm to 650 ppm. Station R2 shows the least 

concentration (200 ppm.) 

5.4F 	Cobalt . 

Tn 	premonsoon, concentration of 	cobalt 	gradually 

decreases upstream with relatively higher values observed at 

stations M4 (35 ppm), M10 (28 ppm). For the remaining 

stations the concentration of cobalt ranges from 18 ppm to 22 

ppm. 

During monsoon, almost the same trend as that of 

premonsoon is observed. Co concentration gradually decreases 

upstream with relatively higher values ohServed at station 

M10 (20 ppm). For the remaining stations the values range 

from 15 ppm to 30 ppm. Station MI9 show a very high 

concentration (about 35 ppm) during this season. 

Tn postmonsoon, the concentration of Co also gradually 
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decreases in the upstream direction from station M2 to 	M1 E, 

while M1 and M9 shows the same concentration (25 ppm) and for 

the other stations ih ranges from 3.5 ppm to 18 ppm. 

Suspended 
	

sediments 	contain 
	relatively 	higher 

concentration of Co than the hedload Sediments. Bottom  

suspended sediments contain higher concentration of Co than 

the surface suspended sediments. Bottom suspended sediments 

show exactly reverse relationship to that of bedload 

sediments as the concentration of cobalt gradually doroil:-;p; 

upstream within A range of 36 ppm to 45 ppm. 

Tn 	the 	surface 
	suspended 	sediment, 	also 	the 

concentration of Co gradually increases from station M1 (34 

ppm) to station M13 (40 ppm) and then decreases further. 

Station M19 shows the lowest concentration (28 ppm). 

Tn the riverine sediment samples, no peculiar trend it 

observed. Maximum concentration of Co is observed at station 

R6 (86 ppm). 

5.4G 	Nickel 

(luring promonsonn, the concentration of Nickel within 

the estuarine bedload sediments show a gradual decrease in 

the upstream direction with sudden peaks at station M10 (100 

ppm) and at_ station M16 (80 ppm). Tt ranges from 56 ppm 
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(station M13) to 107 ppm (station M4). 

Tn monsoon, concentration of Ni shows almost a similar 

trend as in premonsoon. Tt ranges from 52 ppm (M10) to 105 

ppm (M4). Rut at station M19, it shows a higher 

concentration (150 ppm). 

During poslmonsoon Also, concentration of Ni shows a 

decreasing trend in the upstream direction. Tt gradually 

decreases from 107 ppm at station M4 to 58 ppm at station 

M16. Tt then increasesat station M19 (90 ppm). 

Suspended 	sediments 	contain relatively 	a 	higher 

concentration of Ni than the bedload sediments and show an 

exactly reverse relationship to that of the bedload, as the 

concentration of Ni increases in the upstream direction. 

Surface 	suspended 	sediments 	. contain 	a 	higher 

concentration of Ni than the bottom suspended sediments. 

Surface suspended sediments show a gradual increase from 145 -  

PPm at: station M1 to 280 ppm at station M13. From thi!; 

station onwards the concentration decreases to 145 ppm at 

station M1 9. Station M7 shows the lowest concentration (1 20 

ppm). 

In the bottom suspended sediments, the gradual increase 

in the concentration of Ni in the upstream is within a very 
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narrow range i.e. from 110 ppm at M1 to about 145 ppm at 

station M19. 

Riverine sediments do not. show any marked 	trend. 

Station R1 	(140 ppm) and station R6 (160 ppm) show higher 

concentrations while for the remaining stations the value 

ranges from 50 ppm (station R2) to about 115' ppm (station 

R6). 

5.411 
	

Yttrium 

Tn premonsoon, the concentration gradually decreases in 

the upstream direction. Rut station M10 shows a slightly 

higher concentration of Y (20 ppm). For the remaining 

stations the values range from 24 ppm (M1) to about 8 ppm 

(M16). 

During monsoon also, the concentration of Y shows a 

similar decreasing trend in the upstream direction. Stray 

values are observed at stations M10 (13 ppm) and M19 (23 

ppm) - . Rut for the remaining stations it ranges from 8 ppm 

(station 	M16) 	to about 20 ppm 	(station 	M4). 	The 

concentration is least in this season for all the stations. 

Tn postmonsoon, again, the concentration 	gradually 

decreases in the upstream direction with higher values 

160 



observed at station M13 (21 ppm) and station M19 	(11 ppm). 

For the remaining stations it ranges from 7 ppm (station M16) 

to about 25 ppm (station M1). Thus it can he seen that 

during this season the range of concentration of Y is larger 

than during any other season. 

Tn the riverine samples, the conoent: rati on of Y ranges 

from 8 ppm (station R5) to about 15 ppm (station R9). For 

the remaining stations the value range from 9 ppm (station 

R3) to about 14 ppm (station R1). 

Spatial and temporal variations for Cr, Co, Ni and Y are 

presented for estuary (Fig. 5.8) and tributaries (Fig. 5.0). 

5.4T 	Zirconium 

Tn the premonsoon, the concentration of Zirconium show: 

a decreasing trend in the upstream direction. But it shows 

relatively higher concentrations at. M4 (100 ppm) and M1 0 (80 

ppm) • While for the remaining stations the values range from 

34 ppm (M13) to 00 ppm (station M1). 

During monsoon it almost follows the same trend as in 

the premonsoon. The value ranges from 34 ppm (station M13) 

to 100 ppm (station M4). Relatively higher values are 

observed at M10 (80 ppm) and M19 (88 ppm). 
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in postmonsoon, the concentration of Zr shows a gradual 

decrease in the upstream direction. Higher values arc 

observed at M10 (53 ppm) and M19 (56 ppm). For the remaining 

stations, it ranges from 37 ppm (M13 and M19) to 100 ppm 

(station M4). 

Tt should he noted here that the stations M7 and M10 

behave quite differently in the different seasons. 

At station M7, the concentration of Zr increases from 

premonsoon to postrnonsoon while at: M10 it decreases. Stations 

Ml, M4 and M13 show an almost equal concentration of Zr in 

the three seasons. While stations M1 6 and M1 9 show more 

concentration of Zr during monsoon than during postmonsoon. 

5.4.T 	Niobium 

Tn premonsoon 1he concentration .of Niobium generally 

shows a gradual 	docrod!-;(e in the upstream directions. 	Ti, 

ranges from 4.5 ppm (station M7) to 11.5 ppm (station M4). A 

higher 	value 	is observed at station M10 	(9.5 	ppm). 

During monsoon, the concentration of Nb also shows 

decreasing trend in the upstream direction. Tt ranges from 3 

ppm (station M13) to 10.5 ppm (station M1). 	Station M16 (6.5 

ppm) and station M19 (10 ppm) show slightly higher values in 

the extreme upstream direction. 
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Tn 	postmonsoon, the concentration of Nh shows 	a 

decreasing trend in the upstream direction. The values range 

from 3.7 ppm (station M13) to 12.2 ppm (station M1). Rut the 

stations M16 (4.5 ppm) and M19 (6 ppm) show slightly higher 

concentrations. 

Thus it can be seen that these two stations M16 and M19 

behave differently from the normal trend and hence show 

higher values in monsoon and postmonsoon. Station M10 and ' 

M1 3 show exactly reverse relationship in the concon[ration oF 

Nh. At station M10 the concentration increases from 

premonsoon to postmonsoon while at station Ml 3 it decreases. 

In the riverine samples, the concentration of Nh shows a 

bimodal distribution as stations R3, R7 (7.5 ppm) and RA (9 

ppm) show higher concentrations than the remaining stations, 

for which the values range from 4 ppm (R5) to about 7 ppm 

(R1). 

5.4K 
	

Lanthanum 

Tn premonsoon, the concentration of Lanthanum shows a 

gradual decrease in upstream direction. The values range 

from 6.4 ppm (station M13) to 25 ppm (station M4). La in 

higher at station M10 (19 ppm) and at station M19 (24 ppm) 
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deviating from the normal trend. Thus the range is quite 

large in this season. 

During monsoon, the concentration of La decreases in the 

upstream direction with station M10 showing a slightly higher 

value (12.5 ppm). For the remaining stations the values 

range from 5.7 ppm (station M7) to 24 ppm (station M4). 

Tn postmonsoon, the concentration of La is the least of 

all the seasons and is decreasing in the upstream direction. 

Thus it ranges from 5.7 ppm (station M13) Lo 26 ppm (station 

M1). Stations M16 and M19 show a gradual increase from the 

normal trend. At station M19, the concentration of La is 

minimum during postmonsoon as compared to monsoon. 

Riverine sediment samples show no peculiar trend, AS LhO 

concentration or Ti varies within a very narrow range. T 

ranges from 7.5 ppm (station P5) to aboOt 11 ppm (station 

111). While. the other st.alions show A range of 1 ppw ($lation 

114) to 10 ppm (station R9). 

Yttrehium 

Ytterbium also follows the same trend as that of 

Lanthanum, wherein stations M16 and M19 show a gradual 

increase 	in the concentration of Yb from the 

decreasing trend in the upstream direction. 
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During 	premnnsoon, concentration of 	Yh 	c. -!(!r(s 

gradually in the upstream direction with higher values being 

observed at station min (1.75 ppm). The values range from 

0.8 ppm (station M13) to 2.1 ppm (station M4). Station M16 

shows a slightly lower value than the highest. 

In monsoon also, the concentration of Yb decreases in 

the upstream direction, ranging from 7 ppm (station M13) to 

1.8 ppm (station M4). Hero also stations M16 and M19 show 

higher concentrations, with station M1 9 showing the highest 

(2.2 ppm). 

During 	postmnnsonn, the concentratinn of Yb 	also 

decreases in the upstream direction. The values ranges from 

0.7 ppm (station M16) to 2.2 ppm (station M1). Station M19 

shows a slightly higher value (1 ppm) than the lowest. 

TL should he not.ed [hid. station M19 shows 	i marked 

difference in the concentration, of Yb with abnut 2.2 ppm 

during promonsnon and 1 ppm during pnstmonsoon. 

Riverine sediments do not: show any marked trend in 

concentration of Yb. Station R7 shnws the highest 

concentration (1.6 ppm) and station R5 shows the least 

concentration (0.6 ppm). While for the remaining stations 

165 



the value range from 1 ppm (R2, R3, R4) to about. 1.4 ppm (R1 

and R6). 

Spatial and temporal variations of Z 	Nb, la and Yb are 

presented for estuary (Fig. 5.10) and for tributaries 	(Fig. 

5.11). 

5.4M 	Molybdenum 

Molybdenum 	shows 	a 	highly 	irregular 	trend 	oF 

distribution in the estuary during fairweather. 

During premonsoon highest concentrations of this element 

are observed at stations M7 and M16 in association with a 

high percentage of sand fraction in sediments. Stations Ml, 

M10 and M13 remain constant. The Mo content of sediments 

varies from 1 ppm to 5 ppm with a mean of 2.5 ppm. 

During monsoon, it shows a systematic decrease in the 

upstream direction. 	Highest concentratiOn is recorded at 

station M4 (6 ppm) and the lowest at M19 (2 ppm). 	Average 

content: is 3.833 ppm. 

Tn monsoon, Mo is practically absent at: stations M1 and 

M10. Station M4 has the highest content (4 ppm). Stations 

M7, M1.6 and M19 show similar amounts of the element while M13 

shows a slightly higher value. The range of variation is 0 

to 4 ppm with an average of 1.286 ppm. 

166 



Along the tributaries, those stations associated with 

the highest: concentrations of iron viz., R3, R4 and R7 show 

the highest concentrations of Mo ranging from 5 ppm to 6 ppm. 

Except R5 which shows a virtual absence of this element. 

Rest of the stations show uniform concentration of 1 ppm. 

5.4N 	Zinc 

Concentrations of Zinc were detected for bedload and 

suspended sediments of the estuary and bed 1 oad of the 

tributaries. 

During all the three seasons, Zn content in the hedload 

increases or decreases with every station. 	The seasonal 

trend 	is remarkably identical, except: that slighlly higher 

concentrations are recorded in premonsoon sediments at. Ml0 

and in monsoon sPdimonts at: M1 6 and M19. The premonsoon 

concentration varies from 46ppm to 102 ppm with an average of 

76 ppm. Tn monsoon, the range is from 30 ppm Lo 99 ppm with 

an average of 70.03 ppm. During postmonsoon, the average 

concentration is 67 ppm within a range of 44ppm to 99 ppm. 

Suspended sediments show a very high concentration of 

Zn. Zn content in the bottom suspended sediment shows a 

sharp decrease in the downstream. Surface sediments too, 

follow the same trend, but show a sharp increase in the 
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concentration at station Ml. The element content in surface 

suspended sediment range from 140 ppm to 400 ppm. While in 

bottom sediments the range is from 180 ppm to 37() ppm. 

Zn content of the sediments in tributaries ranges from 

60 ppm to 140 ppm. Station R4 shows the lowest 

concentration. Higher concentrations are associated with the 

stations located within mining zones. However, stations RA 

and R9 show concentrations of over 80 ppm. 

5.40 	Lead 

Redload sediments are considerably enriched in lead than 

the suspended sediments. Wide seasonal differences in the 

bedload contents are observed at stations M10, M16 and M19. 

Least and almost constant concentration of the element is 

observed at station M7. Premonsoon sediments seem to be 

considerably enriched since they show highest concentrations 

of all the throe seasons at majority of the stations. Pb 

content 	in 	the sediments of st -.ations Mil along with M7 	i!-; 

considerably low. 

The range in Pb concentration during premonsoon is 17 

ppm to 56 ppm with an average of 37.33 ppm. The monsoon 

sediments show a range of 18ppm to 50 ppm with an average of 

33.17 ppm while the content in postmonsoon sediments vary 
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within a comparatively narrow range of 15 ppm to 46 ppm with 

an average concentration of 26.43 ppm. 

Except 	at 	the 	upper reaches . of 	the 	estuary, 

concentration of the element in both the surface suspended 

and bottom suspended sediments is almost, constant. However, 

there is a slight lowering of the concentration in bottom 

sediments towards mouth of the estuary. Station Mll shows A 

higher concentration in the surface suspended sediments. The 

concentration at both levels vary within a small range of 

about 8 ppm to 17 ppm. 

Tn the tributaries, the lowest Ph content is observed at 

E4 followed by E8 and E9. Station E6 records the highest 

concentration of 75 ppm. Rest of the stations show 

considerable enrichment of the metal within the sediment. 

5.4P 	Copper 

Copper content in the bpdload sediments follows an 

identical t.rend ill all the three seasons. Significant 

differences in suspended concentrations Al- e discernible at 

stations M10 and M19. Station M4 followed by M1 show higher 

concentrations in all the seasons. The range in Cu content 

during premonsoon is 33 ppm to 84 ppm with an average of 57 

ppm. Monsoon sediments show a range Of 31 ppm to RA ppm, 
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with an average of 56 ppm. Tn postmonsoon season the element: 

contents range from 13 ppm to 04 ppm. 

Within the suspended sediments, concentration in bottom 

suspended sediments show a gradual decline towards the mouth 

And ranges from 60 ppm to a little above 100 PPnl- 
 Surface 

suspended sediments, show in almost 1-fold in( r( iso i.e. over 

300 ppm at station Ml. From station M13 to M19, there is a 

gradual decrease. Stations M10 and M13 show marginally high 

values. Concentrations of Cu in surface suspended sediments, 

besides Ml, vary between 40 ppm and 120 ppm. 

Spatial and temporal variations for Mo, Zn, Ph and Cu 

are presented for estuary (Fig. 5.12) and for tributaries 

(Fig. 5.13). 
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5.5 	CHEMICAL/STATTSTTCAL PARAMETERS 

5.5A 	Chemical Index of Alteration 

The influx of sediments and hence the metals / elements 

they carry is derived from a terrain that, has been weathered 

to a considerable degree. To understand the impact of 

sediment: weathering, and their status of maturity in relation 

to geochemical variations in elemental concentrations, the 

chemical maturity and the chemical index of alteration have 

been calculated for all the hedload sediments in estuary and 

tributaries. 

Chemical index of alteration is calculated using the 

formula of Nesbit and Young (1982) as 

CTA = [Al203/Al203 + CaO + Na2O + K2O] x 100 

The seasonal trend observed in the chemical 	index 	or 

alteration (CTA) are described here. 

premonsoon, CTA values range from around 71% to 

89.7%. The least and the highest value being associated with 

stations M7 ands M4 respectively. However, there 	is a 

general 	increase in alteration index towards upstream with 

station M1 showing low values upto station M7. Station M10 

shows a marginally high index of alteration. 
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Tn monsoon, there is a general increase in the index in 

all the stations except M16. A high value is seen at_. M4, but 

the highest index of around 91 is recorded at M19. This is 

perhaps due to the deposition of a large amount of material 

at this station during this season. Tt should be remembered 

that most of the material brought into the river system 

during this season is weathered, leached out, fragmentary, 

loose material from the exposed surfaces of mines and mine 

dumps. CTA value in this season ranges from 71 at M7 to 91 

at M19. However, station M10 shows a slightly higher value. 

In postmonsoon, the CTA value ranges from 74 at M7 to 85 

at M19. Station M10 shows comparatively high value again. 

Tower values are encountered at station M1 also. 

Thus it could be seen that the CTA index is generally 

high during monsoon, may be due to the above mentioned 

reason. There is more altered material at the upstream end. 

The sediment. at M10 perhaps undergoes further insitu 

alteration due to which He alteration index is almost always 

high. 

CTA 	index at M7 is almost always 	low 	because, 

granulnmetric analysis have shown that the station consists 

of high sand content and chemically it shows a peak value for 

Na, probably an indication of the presence of sodic feel sp ars  

172 



along with quartz. Majority of the fine altored material 	is 

perhaps removed from these sediments as an interploy or 

current configurations. 

5.5B 	Chemical Maturity (Chm) 

Chemical 	maturity 	i5.-3 defined by li 	3 	(10f5) 	as 	tho 

ratio of 

Al : 	(Na + Mg + Ca). 

Tn premonsoon, Chm values range from 1.3 to 4.8. 

Tn monsoon the values vary from 1.3 to 6.8 and in 

postmonsoon the range is 1.6 to 3.4. 

Tt is found that Chm values Are strongly associated with 

CIA values in that the highest and lowest values and the 

range between them is exactly in resonance with each other. 

The high Chm values and hence the high CTA testify to 

strong leaching of the rock material in the river basin 

(Banta, 1986). 

The 	sesonAl 	v;AriFliTion 	or CTA Find 	Chm 	For 	=111 	1_11 

s tations 	in os;timry and LhA st a tions 	in VribnL;Arip 

prpsPnLod in 	(Tdblo 5.5). 
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5.5C 	Tnterelement and textural relationship 

To understand the relationship existing between the 

various elements and its response to seasonal changes, the 

element data or the sediments of individual season in the 

estuary and in sediments of the tributaries was subjected to 

correlation. The hulk of data, including the major and trace 

elements, was initially normalized following Sahu (1922). 

The correlation coefficient. matrix of individual data sots is 

presented in the tables (Table 5.12 to 5.15). 

From the result of correlation, it could be clearly seen 

that excellent correlation exists especially between the 

trace elements and the heavy metals. Si and Cr, at majority 

of the times are positively correlated with each other but 

negatively correlated with rest of the elements. Ca, Mg, Ma, 

Sr and V are the only elements that generally show a poor 

correlation with each other and rest of the elements as well. 

Seasonal 	impact on the element associations is 

in correlation coefficients relating Ti, Fe, Mn, Mg and 

amongst major elements and Sr among the minor elements. 

During fairweather, Ti shows a good correlation with 

some major elements and most of the trace elements, but 

during monsoon, it is less significantly correlated with 
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some, but poorly correlated with many. 

Fe shows extremely good correlation with all the trace 

elements in premonsoon, but a poor correlation with major 

elements. 	During monsoon, good correlation with few, and a 

moderate relationship with soma of the elements is seen. 	Tn 

postmonsoon, 	it is poorly correlated with almost All the 

elements. 

Mn shows a significant correlation with trace elements, 

but a less significant relation with major elements during 

premonsoon. Tn monsoon, it shows excellent correlation with 

most of the trace elements and some major. elements, but in 

postmonsoon following Fe, it is poorly correlated with all 

the elements. 

Except for a couple or two of the elements, Ca and Mg 

show a poor correlation with all the elements during 

premonsoon and monsoon. Tn post monsoon, however, they show 

good correlation with most of the major and some minor and 

trace elements. 

Although the trace element Sr shows no significant 

relation during premonsoon and monsoon, it shows very good 

correlation with majority of the elements in postmonsoon. 
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Some of the important differences between tributaries 

and 	estuarine 	sediment chemistry are 	discernible 	in 

correlations associated with Ti, Mn, Ra, Y, Yb, Pb and V. 

Unlike the estuarine sediments, all these elements except V 

show a very poor or less significant relation with other 

elements. The element. V, which does not: show much 

relationship with any element, seems to develop a good 

relation with Ni, Co, Cr and Mo with all of which it is 

positively correlated. 

Tn relation with sediment texture, several investigators 

repeatedly advocated that the metal scavenging ability of 

elastic sediments increases as particle size 	decreases 

(nibbs, 	1977; Williams et al., 1978; Lee, 1985; 	Riksham of 

al., 1991). However, it is said that: the selection of 

certain grain size fractions - especially in tracing of 

sources of pollution - remains a controversial for the 

following reason given by Salomons and Forstner (1984). 

1. Since the larger sediment fractions are less affected by 

scour and transport, they may reflect the effect of 

urbanization on the distribution of heavy metals over an 

extended period of time at a given location. 

2. The fine sand fraction ( approx. 20 um to 200 um 

diameter) seems to be of particular interest for the 
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differentiation 	of 	natural 	and 	pollutant 	metal 

transport, firstly because it comprises most of the 

total sediment, and secondly becaUse there are most 

obvious differences between individual metals. 

3. 	The silt and clay fractions comprise the major carriers 

for both natural and anthropogenic metal compounds 

(although in relatively small portions); they are widely 

distributed within the sedimentation area and are least 

affected by grain size effects. 

In the present study, most of the trace metals and the 

heavy metals show a very good correlation with grain size or 

rather the main sand-silt-clay fractions. Si and Cr show a 

significant positive correlation with sand and obviously 

negative correlation with both silt and clay, indicating that 

silica is basically a compliment of sand fraction and that: 

chromium is invariably associated with this coarse sediment 

fraction probably within the quartz. Mg, Ca and Na show a 

weak correlation with grain size indicating that their 

behaviour is less controlled by the changes in grain size. 

Fe, Mn and majority of the trace and heavy metals show a 

strong correlation with clay and some show even stronger 

relation with silt. This is perhaps due to the reason that 

these elements viz., Ti, Sc, Co, Ni, Zr, La and Yh also 

happen to he the constituents of certain heavy minerals and 
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moreover silt sized fractions are quite enriched in heavy 

minerals. 	Perhaps the strong association of these elements 

and their corresponding concentrations a re basically 

contributed by the heavy minerals which might. he present in 

the sediments. 

Aluminium, which is a bisic clay constituents, 	majority 

of the trace elements and heavy metals show a good 

relationship with clay. This is perhaps due Lo the great 

cation exchange capacity of clays, wherein the elements when 

mobilized get adhered to or adsorbed on the surfaces of the 

clays, thus rendering them potential storehouses of those 

elements. 

To understand the different contributing sources or 

rather the phases with which the elements are associated, the 

element data was subjected to factor analysis discussed 

further. 

5.6 	DISCUSSION 

The 	chemical composition of stream 	sediments 	is 

characterized by tho. type of geologic terrain that the stream 

and its tributaries pass through. Many a time, t_he natural 

background composiinns develop significant anomalies clue to 
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human interference. 	On mobilization, as sediments pass 

through the estuarine zone, their chemical composition is 

subject to profound physico-chemical stresses owing to 

changes in Fh-pH redox conditions etc. 

All the same, beginning with the tributaries of Mandovi, 

the chemical composition of sediments also is subjected to 

all these factors along the journey through hinterland and 

estuary. 

As revealed in the results of distribution of elements 

in different: tributaries, it is very clear that the chemical 

composition of sediments is basically a compliment of the 

geology and the environment that surrounds the station. Two 

distinct group of zones emerge nut: one which comprise of 

stations that are least affected by mining and other 

anthropogenic influences and the other comprising of stations 

that are amidst: the mines or in close proximity of mining 

regions and dumps. 

The least concentrations in a majority of the heavy 

metals and trace elements are found at station R4 followed by 

RR and R9. Considering the geological setup of the terrain 

through which these tributaries pass, it is basically 

characterized by presence of dolomitic limestones in the 

north-east part of the basin, groywacke r  granite and granitic 
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gneiss. Hence those stations are rich in typical carbonate 

facies elements like Sr, Mg, Ca, Na, Nh and high content of 

Zr, La, Yb, Sr, Ra, Ni and Y. 

On the other hand, stations R3, R6 and R7 which are 

right amidst the active mines show highest concentration of 

Fe followed by Cr, Co, Sr, V, Mo, Ph, Cu, Zn. These stations 

are characterized by a low content of Ca, Na, Mg, Si and 

Mn is most dominant in R5 and R6. Tt should he noted that 

stations R1 and R2 are in close vicinity of iron ore mines 

and massive waste dumps abound on their banks. 	These 

stations are dominantly rich in Mn followed by Fe and the 

trace elements. 	Flements like Zr, La and Yb are at: their 

maximum at RI and R2. This indicates that most of the heavy 

metals and trace elements are invariably associated with the 

iron and manganese. These elements are released, rather 

effortlessly by the mining activity, into the river system 

from whence they are carried into the estuary. 

The spatial variations observed in all the major and 

minor elements within the sediments of estuary show that: a 

majority of the elements show a general decrease in 

concentration towards upstream. Some show a distinct 

decrease in the upstream, irrespective of grains size effects 

and quite a few of the metals like Cr and V and to some 

extent silica show a 9onor,41 deoreiie in [hi,  downstream. 
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This observation is inspite of the fact that majority of 

those metals that increase in concentration downstream are 

expected to he influxed at the upstream end of the estuary. 

The case is especially clear with iron and manganese. These 

two elements are basically inflnxed at the upstream end 

because of the proximity to mines and the mine dumps. Though 

the concentration at the upstream end is high, there is, in 

general a gradual increase towards downstream. This 

indicates that there is a gradual huild-up of the elemental 

concentration in the downstream direction. 

Although there is a poor correlation between 	the 

elemental concentration and the mean size of sediments, Lhe 

metals are positively correlated with the finer fraction. 

Considering the wide range of particle size within a sample 

and dominance of any one fraction, poor correlation between 

mean size and elemental concentration can be expected. Rut, 

the correlation with the finer fraction indicates that these 

metals are Adsorbed on the clays which generally abound in 

the lower estuary. 	 The concentration of iron and 

manganese increases downstream probably owing to 	their 

adsorbance on the clay Ira( Lion. Tron and manganese oxides 

are 	particularly 	good scavengers 	of 	trace 	elements 

(Kranskopf, 1956; Seralathan, 1987). 	This it: is obvious that 
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increase in the concentration of these oxides would also 

increase the trends of trace and minor element 

concentrations. This fact is evidently, substantiated in the 

correlation since most of the trace and heavy metals except 

Na, K, Ca, Cr and Si are showing a positive correlation with 

Mn And FP. Ca, Mg, Na do not show much relation with other 

elements during promonsoon and monsoon, but: during 

postmonsoon, there is a significant correlation between these 

elements and other elements. This is perhaps due to the 

competitive exchange between easily dissolvable Fe and Mn in 

river particulates and Na, K, Ca and Mg in seawater during 

extensive mining (Padmalal and Seralathan, 1993). 

One of the main factors that usually contribute to 

enrichment of elements in the downstream direction is perhaps' 

the increasing organic carbon content. Increase in organic 

carbon level in fine particulates catalyse the metal 

scavenging ability (Sholkovitz and Copela .nd, 1981). 

Apart from the grain size, another factor that affect s 

the abundance of elements at some particular stations like 

M4, M10 And M19 in the chemical maturity and the chemical 

index of alteration. Those stations that show A high Chm And 

CTA values are particularly enriched in iron, manganese and 

trace elements. At. Ml 9, as the case is during monsoon r.rid 

postmonsoon, 	it h 	already been explained that 
	

large 
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quantity of material, both fine and coarse, is arrested at 

the bottom. This material is basically derived as altered 

product from mine surfaces and dumps. A considerable amount 

of this material, though coarse, still persists in 

postmonsoon. 

This may not be the case with station M10, because 

station M10 	is characterised by fine sand and clay and 

deeper water column. Here perhaps the already altered 

sediment undergoes further insitu alteration. Tt is possible 

since the material at that depth is hardly disturbed as has 

already been discussed in earlier sections. 

At M4, most of the material influxed is perhaps from the 

excavations on the northern banks. The highly weathered 

laterite material is directly washed down into the river or 

physically dumped into it at this station (in connection with 

the construction of Mandovi bridge). This material is 

naturally rich in loose elements and also minerals as 

discussed earl ier. 

The associating higher concentrations of trace and heavy 

metals with maturity index is all the more clear in the 

tributary stations. Here, away from the complexity of t.hr,  

estuarine dynamics, chemical alteration an( maturity directly 

affect the elemental concent.rations. 
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Since the chemical maturity signifies strong leaching 

of the rock material, and CTA gives the intensity of 

weathering, it is possible that in the sediments that show 

higher values in these two parameters, metals are released 

and adsorbed on the surfaces thus enri chiny i r 

concentrations in the bulk sediments. 

Al: the same time, high concentrations of the metals at 

station M1 are not: associated with high CTA and Chm. This 

shows that some other phenomenon is responsible For the 

enrichment of the metals at this region. 

Tt has been pointed out in textural studies 	and 

mineralogical studies that: substantial amount of sediment is 

brought into the estuary from the sea side. Studies on the 

trace element distribution in the western continental shelf 

of Tndia (Ran and Mu•ty, 1990) have shown a considerably high 

concentrations of Ni, Cu, Sr, Zn offshore, Goa. Compared with 

this present study shows a relatively low concentration of 

these elements in mid reaches of Mandovi estuary. There is 

thus, every chance that along with the sediment influx from 

the offshore, there is a corresponding elemental influx too. 

This tends to increase the abundance concentration of the 

element in the month region or the estuary. 
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Hence, two distinct zones might be acting as sinks to 

the elements in the estuary, one at the mid estuary i ( 

around station Ml () and other at: the .mouth. 	These two 

locations in their own way might behave as sinks 	station 

M10 for the downstream moving material and Ml - for the 

elements influxed from sea. 

One of the striking features observed in the temporal 

variations of elemental concentrations is the remarkable 

stability in the trend of the longitudinal profiles. There 

seems to he hardly any change in the concentrations ;,J1 

individual stations except at those that are significantly 

affected by textural changes. This implies that, for a major 

part of the estuary, minor, changes in the texture and 

mineralogy do not induce profound changes in the bulk 

geochemistry, and that, at each of the stations similar 

condil ions or certain parameters prevail at all times. 

5.6A 
	

Factor analysis 

As mentioned earlier, factor analysis is a statistical 

technique which helps in grasping those parameters that have 

identical attributes. 

1 A. 



The elemental data of individual seasons for the estuary 

and the tributaries was separately subjected to factor 

analysis and the various isolated factor loadings of first 

five factors are considered. 

Premonsnnn : The first five factors account, for 109M of the 

total variations (Table 5.6). 

Factor 1: 	Tt 	is associated with 68.61% of the variations. 

Ti 	shows the highest negative loading on Co 

followed by Zr, La, Yb, Nb, Al , Zn, Cr, Ra, 	Ti, 

K, 	P, Mn, 	Fe, 	Si 	has the highest positive 

loading. 

Factor 2 : This factor accounts for 17.98% of the total 

variations. Tt shows highest positive loading on 

Na followed by Sr, Mg and Ca. The factor is aiso 

loaded positively on P, K, and negatively on Fe, 

Si, T i 

Factor 3 : This 	factor explains 5.82") % of the 	total 

variations. Tt has highest positive loadings on 

Mo followed by Cr and Si and high negative 

loadings on K, P, 111,=1, Sr and Zn. 

Factor 4: 	This 	factor 	accounts for 	5.114% 	of 	the 

variations. 	Tt shows highest positive loadings 
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on V followed by Ph. Tt also shows significantly 

high positive loadings on Ni, Cu, Fe with high 

negative loadings in Ca. 

Factor 5: 	This factor accounts for a mere 2.465% of the 

variations. 	The highest loadings in all the 

elements are shared by the, first four factors. 

However, high negative loadings are obtained in 

Mn, Fe, Ra, Ni and Zn. 

The revelations in all the five factors could he 

deciphered as follows: 

Factor 1 is essentially a detrital factor since 	most 

of the elements are negatively loaded. Moreover, since the 

loadings are associated with a highest negative 	Al but 

positive S 
	

it could mean that this factor is associated 

with the finer detrital source. 

Factor 2 is associated with carbonate source since it 

shows the typical minerals of carbonate facies.. 

Factor 3 dominated by Mo and positive loadings on Si and 

Cr is perhaps secondary detrital factor. As the 

correlation is strongly positive between Si, Cr and the sand 

fraction, this factor may he inferred as a secondary detrital 

factor associated with the coar s e fraction. 
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Factor 4 and 5 together probably are associated with 

heavy mineral fractions and anthropogenic inputs particularly 

the release of Fe and Mn from mines. 

Thus the five factors point out to four possible 

Sources. The first factor which is related to the finer 

size, may he indicative of marine influx since marine 

material -  in the form of fine fractions is added to the 

estuary. 

Monsoon : The first five factors account for the total of 100% 

variations (Table 5.7). 

Factor 1: This factor explains 67.584 9,,, of the variations. 

Tt shows highest negative loading on Ra, followed 

by Mn, Yb, Al, Y, Co, La, Ni, R, Sc, Cr, P, 	Zr, 

Nb, 	Zn, - all negative. High loadings are also 

obtained on Ph, Sr and Fe. 	The factor shows 

positive hearing on Si and Cr and a high positive 

on Ca. 

Factor 	2: This 	fact or accounts for 21.294 	or 	the 

variations. Tt shows highest positive loadings on 

My, Na, Ca and Sr followed by high negative 

loadings on Fe , V and Ph. 
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Factor 3 : Associated with 7.5% of the total variation, this 

factor shows highest negative loading on Ti 

followed by V, Fe and Pb.• High negative loadings 

Are also obtained on Zn, Nb, Zr, P and Sc. Tt 

has high positive loadings for Si, Ca and Na. 

Factor 4: 	This factor is associated with 2.872% of the 

total variations. Highest positive loading is 

reserved for Mo followed by significantly high 

loadings on Sr, Zn and high negative on Cr. 

Factor 5: 	The 	factor shows a meagre contribution 	of 

0.7496%. 

During the monsoon season, the ,results of 	factor 

analysis are deciphered as follows: 

Factor 1 as in premonsoon represents the detrital 

fraction. High loadings on Ra followed by Mn, Fe and other 

heavy metals probably represent. the dominance of material/ 

metals released from mining zones. fraction. Since it shows 

highest loading as Ra followed by Mn the detritus sediments 

are probably considerably enriched from the land derived 

detrital. 

Factor 2 is the carbonate factor. 
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Factor 3 And 4 arc: together associated with probably 

secondary detritus and heavy minerals. 

Postmonsonn: The first five factors cover a total variation 

of 99.6089% (Tahle 9.8). 

Factor 1: Associated with a total of 66.174% of variation, 

this factor shows highest negative loading on Al 

followed by Nb, Zn, La, Ni, Zr, Cu, Yb, Ra, P, 

Ti , Nh, Co, Sr, Mg. High negative loadings 

are found on Ca and Fe, and high positive 

loadings on Si and Cr. 

Factor 2: 
	

This 	factor 
	

accounts for 21.892% 	of 	the 

variations and has highest loadings on V followed 

by Cr both positive and a significantly high 

loading on Fe. 

Factor 1: 	Accounting for 6.3095% of the total variation. 

This factor is associated with highest loading on 

Mn followed by Mo and Fe. Tt shows high loading 

for Cu, Ph, V - all positive. Resides it loa:ls 

the highest negative value on CA with significant 

values for Sr, Mg And P. 
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Factor 
	

4: 	This 	factor shares 
	

3.929 9,=. of 	the 	total 

variations. Highest positive loadings are on Na 

followed significantly by Mg, Ti, Ca, Sr and Ra. 

High negative association with V, Fe and Mn is 

seen. 

Factor 5: 	Affecting a mere 1.305%;, this factor 	shows 

highest positive loading on Y followed by Mn and 

K. 

The loadings obtained and the association of different 

factors in the post monsoon are interpreted as follows: 

Factor 1, as in and premonsoon and monsoon, continues to 

represent a detrital factor. Highest negative loadings on Al 

followed by most of the highest loadings of other elements 

and the highest negative loading on Si could he indicative of 

the association of this factor with clay dominant: detritus. 

Negative correlation of Al and all the negatively loaded 

elements with Si and sand fraction further support: this. 

Factor 2 and 5, together, probably represent a secondary 

detrital and heavy mineral source. 

Factor 3 dominated by Mn and Fe alongwith Co, V, Ph is 

perhaps indicative of anthropogenic origin basically from 

mines where these elements abound. 
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Factor 4 is representative of carbonate source. 

Tributaries': The factor analysis of the elemental data for 

sediments in tributaries show that the first five factors 

account for 92.614% of the total variations (Table 5.9). 

Factor 1: 	Accounting for 41.317% of the variation, this 

factor finds highest loadings on Cu, followed by 

Al, Se, V, Cr, Mo, Nb, Ni and Co all are 

negative. Significant high negative loadings aro 

obtained on P, Zr, Ph, Zn and high positive 

loadings on Si, Ca, Na and K. 

Factor 2 : This factor explains 21.227% of the variations. 

Highest positive loading is fOund on Sr followed 

by Na, Ca, Ti, Mg. Significant high loadings are 

obtained on Si, Nb Y. The factor gives high 

negative loadings on Mo, Cr, Fe, P and V. 

Factor 3 : The factor 	is associated with 14.F192% of the 

total variations. Highest negative loadings are 

with Mn, followed by Ra and Fe. High loadings 

for Ph, Ni, Co and La and highest negative 

loading is on Si followed hy K. 

Factor 4: 	This 	factor 	covers 6.508% 	of 	the 	total 

variations. 	Loadings that are positive 	and 
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highest arc. observed on Y, Zn, Yb, La and 

subsequently high on Fe and P. 

Factor 5: This factor accounts for just 1.305% of the 

contribution. it shows highest negative loadings 

for Zr and La followed significantly by K and Nb. 

The five factors and their associated elemental loadings 

are inferred as follows: 

Factor 1 is associated with highest loadings in those 

elements that are characteristic of detritus. Hence, it. clan 

be inferred as a detrital component. 

Factor 2 is probably A mixed secondary detrital and 

carbonate factor. 

Factor 3 is basically due to the elements typical of 

mining .  zones. Hence it can he interpreted as an 

anthropogenic factor. 

Factor 4 and 5 are perhaps due to a heavy mineral 

since the elements associated in these factors are 

typical of such minerals. 
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5.6R 	Anthropogenic 	influence 	and 	quantification 

environmental impact 

Pnrichmont factor 

For most part of their length, the tributaries 

Mandovi pass through active mining anti mineralized zones. 

Considerable amount of the material and metals are released 

into the sediments of these tributaries from washings/ 

tailings and run-off from mines and weathering of the exposed 

surface. 	Hence it is obvious that there could be 

significant enrichment -  of heavy metals to these sediments. 

The element analysis data has clearly shown that the stations 

in 	close proximity 	of mines show 	considerably 	high 

concentrations of heavy and trace metals. While the stations 

not affected by mines and anthropogenir effects show very low 

content of these metals. Earlier studies on geochemistry of 

iron ores, manganese and ferromanganese ores and .,-Isgoni,Ated 

geological rock units in the catchment area (Sreeramchandra 

Rao, 	et al., 1985; Raikar and Sahu, 1985; Sahu and Saraf, 

1985; Guha Sarkar, 1985) show comparable result that: could 

account for the higher concentration of metals in tributaries 

passing through mining zones. 

To 	understand the extent. of enrichment in 	these 

sediments of the river and its tributaries, the concfopt of 

enrichment factor (FF), as used by Borolo et al. (1 0 25), was 
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used. Enrichment factor (FF) is given by 

EF = [Metal/All Sediment sample 

[Metal/All Background. 

The geochemical data of the post Archaean average shale 

(PAAS) given by Taylor and McLennan (1985) were used as the 

background. The result obtained for all the elements are 

presented in the table (Table 5.10). 

Enrichment factor is remarkably high for manganese and 

iron followed by high factor in Cr, Ni, V, Cu, Ph, Mo and Zn. 

Most of the metals that are showing higher factor of 

enrichment are invariably associated with high EF in Mn and 

Fe. Enrichment of these elements is of great magnitude in 

the tributaries [ban in Lho estuary. 

Most of the material brought into the tributaries do 

come to the estuary. Within the estuary these metals are 

incorporated in sediments ei ther in adsorbed or residual form 

and distributed along the length, with selective accumulation 

at some sites. Tn orho• words, the scud i merits arc 

anthropogenically polluted. 
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Tnclex or Gpnaocumul,,ition 

To assess the impact And extent of pollution the Tric,ex 

of Geoaccumulation as proposed by Muller (1979) was computed 

for those elements that show a high enrichment factor and ,,,4r6,  

potential pollutants. 

Index of GeoaccumulaTion (Tgeo) is given by Formula. 

log2 Cn 

Tgeo = 

1.5 x Rn 

Cn is the measured concentration of the element 'n' and 

'Bn' is the background value, again the PAAS values a re 

considered as background. The factor 1.5 is used because of 

possible variations of the background data due to lithogenic 

effects. 

The 	Tndex 	of 	Geoaccumulation 	consists 	of 	7 

grades/classes, whereby the highest grade/class (6) reflects 

100-101d enrichment; above Lile background values 

(2 6  = 64 x 1.5). 

The pollution intensity is deciphered from the Tgeo 
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sediment accumulation 	facior as 	follows: 

Pollution 	intensity 	 Sediment accumulation Typo 	Clast2; 

Very strongly polluted >5 6 

Strongly to very strongly 
polluted 4 	- 	5 5 

Strongly polluted >3 	- 	4 4 

Moderately to strongly polluted >2 	- 	3 3 

Moderately polluted >1 	- 	2 2 

Unpolluted 	to moderately polluted >0 	- 	1 

Practically unpolluted <0 

The Tye° values computed for 10 metals for tht E, 

different seasons in the estuary and the tributary sediments 

is presented in (Table 5.11). 

The 	results show that the estuary and 	tributary 

sediments fall in class 0 to 1 i.e. practically unpolluted to 

moderately polluted with reference to Zn, Co and Co and V. 

Ni and Ph. With respect to Fe, the estuary in all the 

seasons is moderately strongly polluted within T geo class 2. 

Tn most of the tributary stations except R4, the sediments 

are strongly polluted falling in class 3 i.e. a 24-fold 

enrichment. 

The pollution effect is perhapS the greatest from Mn. 

Tn premonsnnn it-. shows A to 12 fold enrichment between Tgeo 
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class 2 and 3. During monsoon and postmonsoon, the sediments 

are moderately to very strongly polluted showing 12 - 48 fold 

enrichment. 

Tn tributaries, station R4, which is away from marked 

antropogenic effects is almost Unpolluted but rest of the 

stations show a high index of pollution with Tgeo class 

ranging from 1 to 3 indicating about 12 fold enrichment. 

Enrichment of chromium at the practically unpolluted 

station R4 is perhaps due to its association with Silica 

rather than iron or manganese ores, like other heavy metals. 

This matches with the enrichment of factor of silica in that 

particular station. 

Tt should be noted here that the Tgeo index to assess 

pollution was actually to used with the elemental data in 

less than 2 um-size fraction. Tn the present study it is 

used as the hulk sample with no size separation. Yet one 

important aspect that COMPS to light is that even with roarse 

fraction, Tgeo index show a significant intensity of 

pollution in the sediments. Moreover, heavy and trare metal 

concentrations inrrease with decrease in size. So, the index 

of pollution may show a higher intensity if computed for 

pelptir Or <2 um size fraction. Tn any rase there is no 

denying of fact that the estuary and tributaries are polluted 
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the el f=.rlif-rits. 

199 

to varying degrees and to alarming levels at certain zones. 

The primary source of this pollution can be ascertained to be 

from the release of metals in the mining zones and along the 

length of the estuary. 

SALTENT FEATURES 

1. Tn tributaries, stationsin close vicinity of mines and 

mine dumps, show a significant enrichment in heavy metals 

and trace 'elements than those away from such influence, 

indicating the mines and mine dumps as the main site of 

release of metals/elements. 

2. The distribution of majority of the elements within 

estuary show an increasing trend towards down stream. 

3. Except Cr and Zn almost all the heavy metals show higher 

concentration in the suspended sediments. 

4. Mobilization of the elements and their 	respective 

accumulation seems to be controlled by the grain size, 

degree of alteration/chemical maturity and the organic 

carbon content. 	Sediment. that are fine grained show 

high content of organic carbon or the sediments that 

show high Alteration index show higher concentration of 



5. R - mode factor analysis indicate four distinct sources. 

The detrital - one associated with the fine grained 

sediments and the other with coarse grained, source 

associated with carbonate fa•tor, source associated with 

heavy minerals and the last controlled by anthropogenic 

influence. 

6. Index of geoaccumulation shows that the mid reaches of 

the estuary and its tributaries are moderately to highly 

polluted with respect to Fe, Mn and Cr. Most of the 

elements aro continuously enriched against the hack 

ground levels. 
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TABLE : 5.1 

CUTICAL ANALYSIS OF BEDLOAD SEDIMENTS 
(IN PE'zWENTAGES) 

PREY.WSON 

Ti Al Fe Mn Mg Ca Na K P LOI TOTAL 

1 Ml 43.50 1.14 14.50 17.10 0.54 2.74 2.34 0.56 1.09 0.35 16.05 100.3 
2 M4 34.40 1.03 14.55 27.00 1.00 1.50 0.68 0.29 0.85 0.25 18.06 99.61 
3 M7 70.60 0.79 6.50 12.05 0.71 1.99 1.50 0.64 0.50 0.15 3.96 99.39 
4 1210 39.00 1.05 11.20 30.80 1.06 1.57 0.92 0.40 0.90 0.24 11.98 99.12 
5 M13 74.00 0.37 6.50 12.30 0.37 0.90 0.86 0.39 0.41 0.12 4.25 100.5 
6 116 66.60 0.38 7.25 17.85 0.44 0.78 0.64 0.29 0.41 0.13 5.41 100.2 

MONSOON 

7 	1,+ 39.20 1.13 13.15 27.50 0.98 1.51 0.83 0.42 0.78 0.23 13.97 99.70 
8 	117 75.15 0.64 6.74 9.00 0.33 1.87 1.42 0.75 0.56 0.13 3.17 99.76 
5 	111O 61.25 0.98 9.18 15.25 0.62 1.57 1.10 0.51 0.56 0.14 8.23 99.39 
10 N13 77.10 0.34 6.10 10.40 0.13 0.83 0.84 0.37 0.40 0.11 3.14 99.76 

11 M16 53.50 1.20 6.05 31.60 0.21 1.17 0.87 0.31 0.36 0.14 3.78 99.19 
12 	M!.9 31.50 0.98 15.90 29.00 1.30 1.09 0.55 0.26 0.78 0.24 17.88 99.48 

POSTIICNSOON 

13 MI 45.20 1.13 15.25 11.15 0.11 3.21 3.00 0.61 1.26 0.42 17.99 99.33 
14 M4 39.00 1.09 13.50 24.60 0.96 1.58 0.95 0.41 0.90 0.24 16.93 100.2 
15 M7 68.90 0.78 7.70 11.70 0.47 1.87 1.35 0.69 0.60 0.14 5.13 99.33 
16 M10 64.90 0.83 8.52 14.15 0.58 1.71 1.18 0.58 0.61 0.14 6.40 99.61 
17 M13 75.00 0.42 6.50 10.70 0.19 1.11 0.99 0.43 0.46 0.10 3.62 99.52 
18 M16 70.80 0.43 6.85 14.60 0.23 0.91 0.75 0.33 0.35 0.11 4.59 99.95 
19 M19 60.30 0.56 8,80 20.38 0.41 0.90 0.80 0.32 0.43 0.15 6.68 99.73 

TRIBUTifRIES 

20 RI 31.20 1.34 6.35 47.00 2.20 1.34 0.91 0.28 0.30 0.23 7.27 98.42 
21 P2 46.00 0.70 7.20 35.60 1.04 0.55 0.49 0.24 0.52 0.15 6.75 99.24 
22 R3 41.30 0.49 10.95 35.50 0.38 0.38 0.32 0.11 0.58 0.24 8.25 98.50 
23 R4 70.30 0.84 7.55 13.55 0.09 0.69 0.56 0.30 0.36 0.13 5.07 99.44 
24 R5 38.70 0.45 4.35 49.20 1.10 1.15 0.62 0.10 0.31 0.17 3.02 99.17 
25 R6 26.00 0.68 13.30 46.00 1.35 0.54 0.30 0.09 0.23 0.19 10.10 98.78 
26 R7 25.20 0.78 13.05 46.60 0.31 0.39 0.25 0.07 0.46 0.33 11.19 98.63 
27 R8 57.15 1.38 9.30 20.80 0.73 2.02 1.24 0.43 0.45 0.13 6.23 98.86 
28 R9 46.00 0.49 6.20 37.00 0.50 1.00 0.83 0.29 0.63 0.17 6.19 99.29 

SD 1.00 2.00 2.00 2.00 3.00 2.00 2.00 3.00 3.00 3.00 
DT, 0.02 0.02 0.04 0.04 0.03 0.20 



TABLE : 5.1 (CONT') 

CHEMICAL ANALYSIS OF THE BEDLOAD SEDIMENTS 
(IN PPM) 

STN. 	Sr 

PREMONSOON 

Ba Sc V Cr Co Ni 

M1 137.00 150.00 21.000 155.00 230.00 27.000 95.000 24.000 

M4 54.000 149.00 23.000 175.00 225.00 34.000 107.00 24.000 

M7 65.000 110.00 12.500 140.00 445.00 21.000 77.000 10.500 
M10 60.000 155.00 20.000 165.00 270.00 27.000 100.00 20.000 

M13 44.000 101.00 11.000 135.00 342.00 17.000 56.000 8.000 
M16 35.000 104.0, 13.500 190.00 440.00 19.000 78.000 8.000 

MONSOON 

M4 68.000 175.00 21.000 175.00 246.00 30.000 101.00 20.000 
M7 63.000 118.00 12.000 130.00 365.00 18.000 69.000 10.000 
M10 53.000 136.00 17.500 167.00 362.00 25.000 93.000 13.500 

M13 35.000 97.000 10.700 145.00 420.00 15.000 52.000 7.00() 
M16 30.000 77.000 13.000 210.00 580.00 17.000 68.000 8.000 
M19 47.000 206.00 25.000 185.00 350.00 34.000 150.00 23.000 

POSTMONSOON 

M1 170.00 160.00 22.000 144.00 224.00 25.000 103.00 25.000 
M4 65.000 160.00. 21.000 175.00 245.00 35.000 107.00 23.000 
M7 67.000 118.00 13.700 140.00 360.00 21.000 74.000 12.400 
M10 60.000 128.00 15.000 154.00 425.00 20.000 79.000 13.000 
M13 41.000 100.00 11.000 144.00 400.00 17.000 58.000 21.000 
M16 33.000 90.000 11.500 152.00 410.00 18.000 59.000 7.500 
M19 35.000 112.00 18.500 210.00 570.00 25.000 87.000 11.000 

TRIBUTARIES 

R1 43.000 200.00 17.000 235.00 685.00 41.000 138.00 14.000 
R2 22.000 165.00 12.500 135.00 210.00 20.000 50.000 10.500 
R3 20.000 185.00 21.000 405.00 1400.0 30.000 106.00 9.000 
R4 27.000 120.00 14.000 205.00 400.00 17.000 56.000 11.000 
R5 16.000 175.00 9.000 125.00 240.00 20.000 66.000 8.000 
R6 18.000 202.00 32.000 396.00 1380.0 89.000 160.00 12.000 
R7 16.000 93.000 33.000 630.00 1470.0 49.000 108.00 14.000 
R3 47.000 153.00 20.500 270.00 440.00 38.000 115.00 12.000 
R9 26.000 135.00 13.800 174.00 370.00 27.000 70.000 15.000 

SD 5.000 5.000 5.000 5.000 5.000 10.000 5.000 5.000 
DL 1.000 3.000 0.500 3.000 2.000 2.000 2.000 0.500 



Contd. 

STN. 	Zr 	Nb 	La 

PREMONSOON 

Yb 	Mo 	Zn Pb Cu 

M1 	88.000 	11.000 	24.000 2.000 	1.000 	100.00 40.000 75.000 

M4 	100.00 	11.300 	25.000 2.100 	3.000 	101.00 51.000 84.000 

M7 	40.000 	4.800 	7.700 1.000 	5.000 	54.000 17.000 33.000 
M10 	80.000 	9.500 	19.000 1.800 	1.000 	102.00 40.000 68.000 

M13 	34.000 	4.500 	6.400 0.800 	1.000 	46.000 20.000 36.000 

M16 	38.000 	4.500 	7.000 0.900 	4.000 	53.000 56.000 46.000 

MONSOON 

M4 	100.00 	10.500 	21.000 1.900 	6.000 	93.000 44.000 77.000 

M7 	44.000 	5.000 	7.000 1.000 	5.000 	47.000 18.000 31.000 

M10 	61.000 	7.500 	12.000 1.300 	4.000 	73.000 26.000 61.000 
M13 	34.000 	3.000 	5.700 0.700 	4.000 	38.000 20.000 34.000 
M16 	55.000 	6.500 	6.800 0.800 	2.000 	75.000 41.000 45.000 
M19 	88.000 	10.000 	24.000 2.200 	2.000 	99.000 50.000 88.000 

POSTMONSOON 

M1 	90.000 	12.200 	26.000 2.100 	0.000 	92.000 32.000 73.000 
M4 	100.00 	10.200 	24.000 2.200 	4.000 	99.000 46.000 82.000 
M7 	48.000 	6.000 	9.000 1.100 	1.000 	57.000 18.000 41.000 
M10 	53.000 	6.200 	10.100 1.200 	0.000 	63.000 23.000 48.000 
M13 	37.000 	3.700 	5.700 0.800 	2.000 	44.000 15.000 34.000 
M16 	38.000 	4.500 	6.200 0.700 	1.000 	47.000 21.000 40.000 
M19 	52.000 	6.000 	9.200 1.000 	1.000 	67.000 30.000 66.000 

TRIBUTARIES 

R1 	57.000 	7.200 	10.900 1.400 	1.000 	117.00 57.000 69.000 
R2 	94.000 	6.200 	10.600 1.000 	1.000 	82.000 52.000 41.000 
R3 	75.000 	7.700 	9.600 1.000 	6.000 	94.000 66.000 76.000 
R4 	50.000 	5.600 	8.000 1.000 	1.000 	65.000 24.000 63.000 
R5 	29.000 	4.000 	7.500 0.600 	0.000 	91.000 53.000 39.000 
R6 	60.000 	6.500 	9.500 1.400 	5.000 	108.00 75.000 87.000 
R7 	80.000 	7.500 	9.800 1.600 	6.000 	137.00 62.000 104.00 
R8 	73.000 	8.700 	9.300 1.300 	1.000 	86.000 30.000 89.000 
R9 	40.000 	4.100 	10.000 1.300 	1.000 	105.00 47.000 44.000 

SD 	5.000 	5.000 	5.000 5.000 	 5.000 5.000 5.000 
DL 	1.000 	1.000 	1.000 0.200 	2.000 	2.000 8.000 2.000' 

SD : STANDARD DEVIATION ; DL : DETECTION LIMITS 



TABLE : 5.2 

CHEMICAL ANALYSIS OF SUSPENDED SEDIMENTS. 

  

	  PPM 	  
MN 	MG 	P 	CR 	CO 	NI 	ZN 	PB 	CU STN. 	AL 	FE 

AT SURFACE 

M1 11.93 14.07 0.59 1.99 0.48 181.8 33.38 143.8 398.6 11.31 305.9 
M4 14.73 16.56 0.66 2.79 0.39 205.4 32.23 142.8 142.3 11.09 72.24 
M7 12.18 16.87 0.68 1.79 0.39 211.3 34.12 120.6 168.8 9.79 75.01 
M10 12.68 16.87 0.93 1.66 0.44 202.4 36.94 157.8 253.5 11.22 106.4 
M13 15.77 18.63 1.52 2.46 0.47 205.3 39.67 278.8 295.6 14.74 92.23 
M16 6.93 16.34 1.46 0.79 0.29 83.99 29.19 168.5 185.8 9.31 51.35 
M19 5.79 16.34 1.38 0.62 0.29 77.30 26.99 139.1 346.1 8.07 38.69 

AT BOTTON 

PPM 
STN. AL FE MN MG P CR CO NI ZN PB CU 

M1 15.11 13.41 0.35 3.59 0.46 205.5 37.05 109.8 190.4 9.57 66.31 
M10 15.02 19.16 1.10 2.35 0.41 233.6 43.72 137.4 267.3 11.58 79.35 
M19 12.75 24.40 1.75 1.21 0.42 164.3 44.80 142.8 364.0 15.54 91.77 



TABLE : 5.3 

TOTAL ORGANIC CARBON CONTENT IN THE BEDLOAD 

STATIONS TOC ) 

1 M1 4.654 PREMONSOON 
2 M4 5.312 
3 M7 2.200 
4 M10 3.470 
5 M13 2.360 
6 M16 3.010 

7 M4 4.100 MONSOON 
8 M7 1.760 
9 M10 2.420 

10 M13 1.744 
11 M16 2.100 
12 M19 5.260 

13 M1 5.218 POSTMONSOON 
14 M4 4.910 
15 M7 2.850 
16 M10 3.550 
17 M13 2.011 
18 M16 2.410 
19 M19 3.929 

20 R1 2.138 TRIBUTARIES 
21 R2 1.929 
22 R3 2.350 
23 R4 1.491 
24 R5 0.867 
25 R6 2.806 
26 R7 3.290 
27 R8 1.810 
28 R9 1.730 



TABLE : 5.4 

CORRELATION BETWEEN TOTAL ORGANIC 

PRE 	MON 

CARBON 

POS 

- ELEMENTS 

TRIB 

Si -0.8552 -0.8807 -0.9426 -0.8388 
Ti 0.6822 0.5463 0.8665 -0.1777 
Al 0.9630 0.9505 0.9553 0.7301 
Fe 7062.0 0.7248 0.5521 0.7528 
Mn 0.5276 0.8709 0.1809 0.1819 
Mg 0.4539 0.0029 0.6263 -0.5988 
Ca -0.2132 -0.7152 0.5498 -0.7749 
K 0.1021 -0.4816 0.2536 -0.9198 
P 0.8206 0.8029 0.8217 -0.2999 
Sr 0.8440 0.9721 0.9130 0.8357 
Ba 0.4372 0.3198 0.6906 -0.6293 
Se 0.8043 0.8635 0.9107 -0.1321 
V 0.9208 0.9397 0.9861 0.8858 
Cr 0.4964 0.4511 0.3433 0.8539 
Co -0.8687 -0.5444 -0.6029 0.8199 
Ni 0.8878 0.9171 0.8596 0.7458 
Y 0.7991 0.9216 0.9780 0.5973 
Zr 0.8620 0.9211 0.5282 0.1505 
Nb 0.9081 0.8744 0.9578 0.4067 
La 0.8986 0.7978 0.9638 0.4040 
Yb 0.9050 0.9472 0.9576 0.2635 
Mu 0.8863 0.9225 0.9220 0.6212 
Zn 0.8480 0.8116 0.9823 0.7835 
Pb 0.7018 0.8034 0.9048 0.7485 
Cu 0.9466 0.9083 0.9635 0.6560 
Sand -0.9188 -0.9726 -0.8782 
Silt 0.9328 0.9780 0.8503 
Clay 0.8907 0.9450 0.8511 

- TEXTURE 



TABLE: 5.5 

CHEMICAL MATURITY (CHM) 	AND CHEMICAL INDEX OF ALTERATION (CIA). 

STATIONS 	CHM 	 CIA 

1 M1 2.0524 78.42 PREMONSOON 
2 M4 4.7945 88.88 
3 M7 1.2523 71.12 
4 M10 3.1162 83.46 
5 M13 2.3773 79.66 
6 M16 3.3599 84.40 

7 M4 3.8326 86.63 MONSOON 
8 M7 1.3216 71.17 
9 M10 2.3013 80.86 

10 M13 2.3450 79.12 
11 M16 2.0550 79.71 
12 M19 6.7700 90.91 

13 M1 1.7810 95.80 POSTMONSOON 
14 M4 3.6910 85.66 
15 M7 1.5640 74.47 
16 M10 1.5570 78.24 
17 M13 2.0280 77.57 
18 M16 2.7260 82.73 
19 M19 3.4450 85.02 

20 R1 2.0170 80.99 TRIBUTARIES 
21 R2 4.4310 85.21 
22 R3 10.7300 91.56 
23 R4 3.8460 86.09 
24 R5 1.9010 80.86 
25, R6 11.5960 95.55 
26 R7 14.8200 94.36 
27 R8 2.0310 81.44 
28 R9 2.3250 77.99 



TABLE : 5.6 

VARIMAX ROTATED R-MODE FACTOR SCORES FOR PREMONSOON 

FACTOR 1 FACTOR 2 FACTOR 3 FACTOR 4 FACTOR 5 

	

1 Si 	.6469 

	

2 Ti 	-.8277 

	

3 Al 	-.9302 

	

4 Fe 	-.6650 

	

5 Mn 	-.6981 

	

6 Mg 	-.4657 

	

7 Na 	-.1365 

	

8 Ca 	.1410 

	

9 K 	-.8139 

	

10 P 	-.7715 

	

11 Sr 	-.3937 

	

12 Ba 	-.8716 
13 Se 

	

14 V 	-.2138 

	

15 Cr 	.8748 

	

16 Co 	-.9774 

	

17 Ni 	-.8533 

	

18 Y 	-.9413 

	

19 Zr 	-.9652 

	

20 Nb 	-.9450 

	

21 La 	-.9503 

	

22 Yb 	-.9459 

	

23 Mo 	.2816 

	

24 Zn 	-.8904 

	

25 Pb 	-.3804 

	

26 Cu 	-.9215 

-.3173 
.4378 
.2228 

-.3510 
-.2214 
.8620 
.9679 
.8128 
.4498 
.5541 
.8843 
.2073 
.1171 

-.2919 
-.0573 
-.0085 
.1082 
.2604 
.1228 
.1986 
.2084 
.2027 

-.0512 
.1863 

-.2143 
.0515  

.3910 

.0098 
-.1736 
-.1642 
.2042 
.0560 

-.0939 
.2003 

-.2860 
-.2576 
-.2252 
-.2259 
-.1018 
.1578 
.4783 
.1146 
.1317 

-.1460 
-.1192 
-.1948 
-.1590 
-.1287 
.9501 

-.2119 
-.0012 
-.1841  

-.2773 
-.0609 
.2318 
.3092 

-.0901 
-.1751 
-.1578 
-.5109 
.1149 
.1684 

-.0208 
.1207 
.2667 
.9109 
.0276 
.1187 
.3388 
.1008 
.1577 
.1393 
.1551 
.1522 
.1240 
.1835 
.8997 
.3335  

.5011 
-.3456 
.0358 

-.5586 
-.6433 
-.0792 
.1045 

-.1355 
-.2006 
-.0553 
.1089 

-.3628 
-.1601 
-.1201 
-.0440 
-.1320 
-.3579 
-.1213 
-.1195 
-.1008 
-.0642 
-.1566 
.0084 

-.3064 
.0038 

-.0552 

go 
VARIANCE 

67.616 17.982 5.822 5.111 2.465 



TABLE : 5.7 

VARIMAX ROTATED R-MODE FACTOR SCORES FOR MONSOON 

FACTOR 1 FACTOR 2 FACTOR 3 FACTOR 4 FACTOR 5 

     

	

1 Si 	.7359 

	

2 Ti 	-.2738 

	

3 Al 	-.9676 

	

4 Fe 	-.3121 

	

5 Mn 	-.9729 

	

6 Mg 	-.0925 

	

7 Na 	.4457 

	

8 Ca 	.1988 

	

9 K 	-.9485 

	

10 P 	-.8744 

	

11 Sr 	-.5193 

	

12 Ba 	-.9963 

	

13 Se 	-.9360 

	

14 V 	-.0769 

	

15 Cr 	.7325 

	

16 Co 	-.9559 

	

17 Ni 	-.9360 

	

18 Y 	-.9665 

	

19 Zr 	-.7962 

	

20 Nb 	-.7897 

	

21 La 	-.9439 

	

22 Yb 	-.9681 

	

23 Mo 	-.0389 

	

24 Zn 	-.7164 

	

25 Pb 	-.5685 

	

26 Cu 	-.8792 

.2336 

.1325 
-.1379 
-.3402 
-.0440 
.9833 
.8453 
.8846 
.1674 

-.1214 
.6911 

-.0014 
-.1074 
-.3941 
-.2695 
-.0247 
-.0784 
-.0280 
-.0324 
.0545 

-.1270 
-.0218 
.4726 

-.1007 
-.3556 
-.2015 

.6271 
-.9436 
-.2033 
-.8619 
-.2271 
-.0732 
.2854 
.3957 

-.0907 
-.3954 
.0715 

-.0303 
-.3247 
-.8766 
-.2612 
-.2755 
-.2301 
-.2409 
-.5404 
-.5989 
-.2804 
-.2368 
.2494 

-.6875 
-.7117 
-.4070 

.0351 
-.0701 
.0444 

-.110Q 
.0037 
.1368 
.0519 
.1412 
.2284 
.1246 
.4941 
.0760 

-.0296 
-.2557 
-.5650 
.0358 

-.2538 
.0776 
.2662 
.1145 
.1129 
.0655 
.8444 

-.0420 
-.0859 
.0350  

-.0969 
-.1106 
.0387 
.1783 
.0021 

-.0237 
-.0524 
.0376 
.1091 
.2208 
.0587 
.0258 

-.0777 
-.0705 
.0577 

-.0919 
-.0170 
.0323 
.0464 

-.0401 
.0390 
.0432 
.0057 

-.0470 
.1912 

-.1395 

% 	67.584 
VARIANCE 

21.294 7.499 2.872 0.749 



TABLE 	: 	5.8 

VARIMAX ROTATED R-MODE FACTOR SCORES 

FACTOR 1 	FACTOR 2 	FACTOR 

FOR POSTMONSOON 

3 	FACTOR 4 	FACTOR 

1 	Si .9714 .0273 -.2128 .0631 -.0787 
2 	Ti -.8775 -.1830 .1358 .4189 .0279 
3 	Al -.9806 -.1220 -.0541 .0433 .1350 
4 	Fe -.4297 .3383 .7160 -.4179 -.1161 
5 	Mn -.2938 .0868 .9337 .1403 -.0831 
6 	Mg -.6706 -.3011 -.4256 .5192 .0914 
7 	Na -.6103 -.2376 -.6428 .3687 .1407 
8 	Ca -.1401 -.2712 -.1894 .9248 .0125 
9 	K -.8721 -.2729 -.1982 .2795 .2170 

10 	P -.8976 -.1755 -.3668 .1048 .1299 
11 	Sr -.7268 -.2693 -.5176 .3372 .1292 
12 	Ba -.9159 -.1015 .1476 .3014 .1755 
13 	So -.9705 .2256 .0316 .0230 .0650 
14 	V -.2389 .8044 .3027 -.4382 -.0971. 
15 	Cr .6014 .7423 -.0346 -.1840 -.2262 
16 	Co -.8147 .0919 .5353 -.1213 .0989 
17 	Ni -.9616 .1582 .1792 .1157 .0641 
18 	Y -.5935 -.2730 -.0425 .0916 .7434 
19 	Zr -.9537 -.1420 .2126 .0377 .1521 
20 	Nb -.9743 -.1482 -.0701 .1383 .0640 
21 	La -.9627 -.2085 .0294 .0617 .1579 
22 	Yb -.9366 -.1910 .1647 .1499 .1882 
23 	Mo -.1289 -.1927 .7728 -.3886 .4149 
24 	Zn -.9743 .0000 .2002 .0497 .0899 
25 	Pb -.8679 .0811 .4228 -.2446 .0103 
26 	Cu -.9432 .2095 .2000 -.1535 .0507 

0 66.174 21.896 6.3095 3.929 1.305 
VARIANCE 

5 



2.ADE : 5.9 
VARIMAX ROTATED R-MODE FACTOR SCORES FOR TRIBUTARIES 

FACTOR 1 	FACTOR 2 	FACTOR 3 FACTOR 4 	FACTOR 5 

Si .3198 .4444 .5997 -.5552 .0065 
Ti -.2893 .8817 -.1483 .0833 -.1095 
Al -.9289 -.2488 .0543 .0510 -.1645 
Fe .0088 -.4950 -.6380 .5286 .1074 
Mn .1288 .2681 -.9112 .2062 .0186 
Mg .1879 .8582 -.1322 .0090 .2095 
Na .3141 .8986 -.0159 .0665 .0569 
Ca .2622 .9015 .2490 -.0854 -.1631 

.2598 -.1308 .5372 .1654 -.6293 
-.4945 -.4566 -.0563 .5706 -.1449 

Sr .0049 .9659 -.0978 .0410 -.1462 
Ba .0690 .0392 -.9071 -.2892 -.0658 
Sc -.9255 -.1710 -.0463 .2870 -.0246 
V -.8645 -.3109 .1384 .3122 -.0916 
Cr -.8349 -.4308 -.1239 .1893 -.0956 
Co -.7277 -.0629 -.4529 .2349 .1789 
Ni -.7309 .1817 -.5706 .2350 .0772 

-.1739 .3609 .1518 .8378 -.0730 
Zr -.4262 -.0100 .0499 -.0901 -.8255 
Nb -.7386 .3696 -.0819 -.0956 -.4819 
La -.0899 .1566 -.3017 .5254 -.7440 
Yb -.6189 .2643 .0358 .6731 -.1833 
Yin -.7837 -.5370 .0119 .1135 -.2202 
rio -.3987 -.2195 -.2446 .8335 -.0103 
Ph -.3194 -.6366 -.6119 .2855 -.1381 
Cu -.9660 .1311 .0723 .1590 -.0227 

41.337 21.227 14.891 8.649 6.508 
VARIANCE 



TABLE : 5.10 

ENRICHMENT FACTOR OF THE ELEMENTS 

STN. 	Si 

PREMONSOON 

Ti Al Fe Mn Mg Ca Na K P Sr Ba Sc 

M1 	0.911 1.483 7.674 3.086 6.408 1.622 2.343 0.608 0.384 2.848 0.893 0.301 1.710 
M4 	0.711 1.335 7.700 4.858 11.826 0.886 0.679 0.314 0.299 2.022 0.351 0.298 1.867 
M7 	3.267 2.297 3.440 4.851 18.810 2.629 3.351 1.551 0.393 2.699 0.945 0.492 2.271 
M10 	1.048 1.769 5.927 7.196 16.296 1.204 1.194 0.563, 0.411 2.531 0.506 0.402 2.109 
M13 	3.425 1.076 3.440 4.952 9.815 1.190 1.922 0.944 0.322 2.159 0.640 0.452 1.999 
M16 	2.763 0.990 3.837 6.446 10.455 0.923 1.281 0.630 0.289 2.122 0.456 0.417 2.199 

MONSOON 

M4 	0,897 1.621 6.960 5.471 12.830 0.986 0.916 0.504 0.303 2.053 0.489 0.387 1.886 
M7 	3.354 1.794 3.567 3.495 8.443 2.383 3.060 1.751 0.425 2.283 0.883 0.509 2.103 
M10 	2.007 2.014 4.858 4.349 11.624 1.469 1.740 0.874 0.312 1.794 0.545 0.431 2.251 
M13 	3.803 1.053 3.228 4.462 3.681 1.170 1.999 0.954 0.335 2.124 0.542 0.462 2.072 
M16 	2.660 3.742 3.202 13.667 5.989 1.662 2.089 0.807 0.304 2.722 0.468 0.370 2.537 
M19 	0.596 1.163 8.415 4.772 14.079 0.588 0.502 0.258 0.251 1.783 0.279 0.377 1.857 

POSTM0NS0ON 

M1 	0.892 1.398 8.071 1.913 1.239 1.808 2.856 0.631 0.422 3.239 1.053 0.305 1.704 
M4 	0.869 1.523 7.145 4.770 12.234 1.005 1.022 0.478 0.341 2.099 0.455 0.345 1.837 
M7 	2.692 1.914 4.075 3.977 10.509 2.086 2.546 1.412 0.398 2.138 0.622 0.445 2.101 
M10 	2.292 1.841 4.509 4.346 11.715 1.723 2.010 1.072 0.366 1.933 0.665 0.437 2.079 
M13 	3.471 1.221 3.440 4.306 5.027 1.466 2.213 1.042 0.362 1.827 0.596 0.447 1.999 
M16 	3.110 1.186 3.625 5.577 5.777 1.141 1.590 0.759 0.261 1.892 0.455 0.382 1.983 
M19 	2.062 1.202 4.657 6.059 8.033 0.879 1.321 0.572 0.250 1.994 0.376 0.370 2.483 

TRIBUTARIES 

Ri 	1.475 3.962 3.361 19.366 59.646 1.612 2.050 0.695 0.241 4.250 0.640 0.915 3.161 
R2 	1.922 1.?,37 3.811 12.936 24.851 0.555 0,588 0.525 0.369 2.437 0.239 0.656 2.050 
r:., 	1.135 0.846 5.795 8.485 5.969 0.295 0.425 0. 1157 0.270 2.588 0.173 0.491 2.265 
R4 	1.501 2.102 3.996 4.697 2.061 O. 	c_ 1.076 0.627 0.244 2.038 0.335 0,462 2.100 
R5 	2.517 1.955 2.302 29.600 43.543 2.272 2,069 0.361 0.364 4.592 0.348 1.170 2.444 
R6 	0.588 0.966 7.039 9.050 17.482 0.349 0.327 3.107 0.038 1.684 0.128 0,441 2.841 
R7 	0.'..'71 1.129 6.907 5.343 4.088 0.256 0.279 0.085 0.1E0 2.578 0.116 0,237 2.986 
RS 	1.E49 2.305 4.922 5.854 13,505 1.365 1.936 0.728 0.246 1.654. 0.477 0.478 2.603 
R9 	2,Z32 1.433 3.281 15.619 13.377 1.335 1.943 0.736 Q.513 3.222 0.395 0.633 2.629 



(CONT') 

STN. 	V 

PREMONSOON 

Cr Co Ni Y Zr NG La Yb Mo Zn PG Cu 

MI 	1.347 2.725 1.530 2.251 1.158 0.546 0.754 0.823 0.931 1.303 1.533 2.606 1.955 
M4 	1.515 2.656 1.920 2.527 1.154 0.618 0.772 0.854 0.974 3.836 1.543 3.'12 2.182 
M7 	2.713 11.760 2.654 4.070 1.130 0.554 0.734 0.589 1.038 14.535 1.847 2. :1 1.919 
M10 	1.856 4.141 1.981 3.068 1.250 0.643 0.844 0.844 1.085 1.687 2.025 3. 74 2.295 
M13 	2.616 9.033 2.149 2.960 0.861 0.471 0.688 0.490 0.831 2.907 1.573 2.907 2.093 
1116 	3.301 10.425 2.153 3.696 0.772 0.472 0.617 0.480 0.833 10.425 1.625 7.297 2.398 

MONSOON 

M4 	1.676 3.213 1.874 2.638 1.064 0.684 0.794 0.794 0.975 8.621 1.572 3.161 2.213 
M7 	2.430 9.302 2.194 3.517 1.038 0.587 0.738 0.516 1.001 14.017 1.550 2.523 1.738 
M10 	2.292 6.774 2.237 3.481 1.029 0.598 0.813 0.650 0.956 8.234 1.768 2.676 2.511 
M13 	2.995 11.828 2.020 2.929 0.803 0.502 0.489 0.465 0.774 12.392 1.385 3.098 2.107 
M16 	4.372 16.467 2.308 3.861 0.925 0.818 1.068 0.559 0.392 6.246 2.756 6.402 2.811 
M19 	1.466 3.781 1.757 3.241 1.012 0.498 0.625 0.751 0.934 2.377 1.384 2.971 2.092 

POSTMONSOON 

MI 	1.189 2.523 1.347 2.320 1.147 0.531 0.796 0.848 0.929 0.000 1.341 1.982 1.809 
M4 	1.633 3.117 2.130 2.723 1.192 0.666 0.751 0.884 1.100 5.598 1.630 3.219 2.295 
M7 	2.290 8.031 2.241 3.302 1.127 0.561 0.775 0.581 0.964 2.454 1.646 2.209 2.012 
M10 	2.277 8.569 1.929 3.186 1.068 0.560 0.724 0.589 0.950 0.000 1.644 2.550 2.129 
M13 	2.791 10.571 2.149 3.066 2.261 0.512 0.566 0.436 0.831 5.814 1.505 2.130 1.977 
M16 	2.795 10.282 2.159 2.959 0.766 0.499 0.653 0.450 0.690 2.759 1.525 2.897 2.207 
M19 	3.006 11.127 2.334 3.397 0.875 0.532 0.678 0.520 0.767 2.147 1.693 3.221 2.834 

TRIBUTARIES 

R1 	4.661 18.528 5.304 7.465 1.543 0.808 1.127 0.853 1.488 2.975 4.095 8.480 4.106 
R2 	2.362 5.009 2.282 2.385 1.020 1.175 0.856 0.732 0.937 2.624 2.531 6.822 2.152 
R3 	4.659 21.963 2.251 3.326 0.575 0.616 0.699 0.436 0.616 10.354 1.908 5.695 2.623 
R4 	3.420 9.100 1.850 2.543 1..:20 0.596 0.738 0.527 0.894 2.503 1.914 3.003 3.153 
8.5 	3.620 9.478 3.777 5.213 1.257 0.600 0.315 0.857 0.931 0.000 4.651 11.512 3.385 
R6 	3.751 17.823 5.497 4.133 0.631 0.403 0.486 6.355 0.710 1.103 1.305 5.227 2,472 
R7 	6.061 19.348 3.054 2.843 0.751 0.552 0.572 0.373 0.327 3.6E7 2.334 4.488 3.011 
R8 	3.657 8.127 3.357 4.243 0.903 0.706 0.930 0.497 0.943 2.032 2.056 3.048 3.616 
R9 	3.536 10.252 3.578 3.879 1.693 0.581 0.658 0.302 1.415 3.048 3.765 7.162 2.632 



TABLE : 5.11 

INDEX OF GEOACCUMULATION 

Fe Mn V Cr Co Ni Mo Zn Pb Cu 

1 M1 0.659 1.713 -1.585 0.479 -0.354 0.204 -0.585 -0.350 0.415 0.000 
2 M4 1.318 2.602 -1.421 0.447 -0.021 0.375 1.000 -0.336 0.766 0.163 
3 M7 0.154 2.109 -2.769 1.431 -0.716 -0.100 1.737 -1.239 -0.819 -1.184 
4 M10 1.508 2.687 -1.726 0.710 -0.354 0.278 -0.585 -0.322 0.415 -0.141 
5 M13 0.184 1.171 -2.644 1.052 -1.021 -0.559 -0.585 -1.471 -0.585 -1.059 
6 M16 0.721 1.419 -2.290 1.415 -0.861 -0.081 1.415 -1.266 0.900 -0.705 

7 M4 1.344 2.574 -1.547 0.576 -0.202 0.292 2.000 -0.455 0.553 0.038 
8 M7 -0.267 1.006 -2.860 1.145 -0.939 -0.258 1.737 -1.440 -0.737 -1.275 
9 M10 0.494 1.913 -1.883 1.134 -0.465 0.173 1.415 -0.605 -0.206 -0.298 

10 M13 -0.058 -0.336 -2.726 1.346 -1.202 -0.666 1.415 -1.746 -0.585 -1.141 
11 M16 1.545 0.354 -2.322 1.814 -1.021 -0.279 0.415 -0.766 0.451 -0.737 
12 M19 1.421 2.981 -1.354 1.085 -0.021 0.862 0.415 -0.365 0.737 0.231 

13 M1 0.042 -0.585 -1.624 0.441 -0.465 0.320 -0.471 0.093 -0.039 
14 144 1.184 2.543 -1.456 0.570 0.021 0.375 1.415 -0.365. 0.617 0.129 
15 M7 0.112 1.513 -2.456 1.126 -0.716 -0.157 -0.585 -1.161 -0.737 -0.8j1 
16 M10 0.386 1.816 -2.229 1.365 -0.787 -0.063 -1.017 -0.383 -0.644 
17 M13 -0.017 0.205 -2.726 1.276 -1.021 -0.508 0.415 -1.535 -1.000 -1.141 
18 1416 0.431 0.481 -2.492 1.313 -0.939 -0.484 -0.565 -1.440 -0.515 -0.907 
19 M19 0.912 1.319 -1.769 1.788 -0.465 0.077 -0.585 -0.923 0.000 -0.184 

/0 RI 2.117 3.740 -1.705 2.054 0.249 0.742 -0.585 -0.124 0.926 -0.120 
21 R2 1.717 2.658 -2.456 0.348 -0.787 -0.722 -0.565 -0.637 0.794 -0.871 
22 R3 1.713 1.205 -1.566 3.085 -0.202 0.362 2.000 -0.440 1.138 0.019 
23 R4 0.323 -0.865 -1.837 1.276 -1.021 -0.559 -0.585 -0.972 -0.322 -0.252 
24 R5 2.184 2.740 -2.528 0.541 -0.787 -0.322 -0.467 0.821 -0.943 
25 1:6 2.086 3.036 -1.371 3.064 1.361 0.956 1.737 -0.239 1.322 0.214 
28 R7 2.165 0.913 -1.113 3.155 0.506 0.389 2.000 0.104 1.047 0.472 
27 1U3 0.942 2.143 -1.338 1.415 0.139 0.479 -3.525 -0.568 0.000 0.247 
28 r 1.773 1.602 -2.354 1.165 -0.354 -0.237 -0.585 -0.280 0.643 -0.769 



TiPLn t 5.12 

C0r1RECTION MAMIX FOR PREMONS0ON 

Si 

1.0000 

Ti Al Fe Mn Mg Na 

qi -0.8030 1.0000 
Al -0.9039 0.8122 1.0000 

-0.9323 0.5739 0.7159 1.0000 
Mn -0.F064 0.8052 0.5871 0.7746 1.0000 
Mt; -0.4659 0.8856 0.6161 0.1436 0.4893 1.0000 
Cl 0.1855 0.4082 -0.0203 -0.4616 0.0028 0.7555 1.0000 
0, 

ri 
-0.0281 
-0.8820 

0.5294 
0.926' 

0.2837 
0.9421 

-0.3028 
0.6618 

-0.0165 
0.6557 

0.8519 
0.7860 

0.9166 
0.2424 

-0.8408 0.9025 0.9506 0.5979 0.5766 0.8013 0.2617 
Sr -0.3881 0.7605 0.6146 0.0512 0.2374 0.9391 0.7523 
Ea -0.5613 0.9066 0.9151 0.8184 0.7822 0.6629 0.0789 

-0.9769 0.8461 0.9639 0.8479 0.7418 0.5744 -0.0870 
V -0.4942 0.0586 0.3624 0.6425 0.2665 -0.2527 -0.6929 
Cr 0.8440 -0.7226 -0.9315 -0.6749 -0.5159 -0.5241 0.0357 
CO -0.9423 0.8845 0.9116 0.8073 0.8528 0.6065 -0.0463 

-0.9225 0.8420 0.8316 0.8323 0.8366 0.5621 -0.0604 
-0.9286 0.9375 0.9542 0.7341 0.7530 0.7395 0.1448 

Zr -0,9671 0.8856 0.9704 0.8114 0.7555 0.6357 -0.0051 
NJ -0.9437 0.8813 0.9756 0.7766 0.7080 0.6559 0.0371 
La -0.9501 0.8925 0.9776 0.7750 0.7193 0.6697 0.0446 

-0.9571 0.9145 0.9626 0.7877 0.7633 0.6650 0.0610 
Zn -0.9745 0.6892 0.9381 0.8371 0.7672 0.6349 0.0213 

-0.6550 0.2066 0.6034 0.7293 0.2686 -0.0989 -0.6362 
Cu -0.9547 0.7182 0.9633 0.8555 0.6121 0.4300 -0.2372 

-0,8796 0.8795 0.9132 0.6877 0.6854 0.6937 0.1572 
0.9398 -0.8543 -0.9855 -0.7663 -0.6690 -0.6321 -0.0078 

-0.9473 0.8424 0.9836 0.7858 0.6913 0.5993 -0.0417 
Clay -0.9241 0.8628 0.9784 0.7381 0.6378 0.6673 0.0701 

Ct 

Ca 

1.0000 

R P Sr Ba Sc V 

0.4346 1.0000 
0.5353 0.9891 1.0000 

3. 0,1277 0.7732 0.8088 1.0000 
0.2844 0.9670 0.9284 0.6079 1.0000 

Sr. 0.1707 0.9310 0.9182 0.5165 0.9611 1.0000 
--0.4915 0.1743 0.2040 -0.2837 0.2897 0.4827 1.0000 
-0.2316 -0.8904 -0.8669 -0.5607 -0.8728 -0.8641 -0,1365 

C: 0,1353 0.8796 0.8549 0.4646 0.9205 0.9589 0.3895 
0.1231 0.8275 0.8149 0.4240 0.8892 0.9381 0.5827 
0.36:9 0.9834 0.9620 0.6773 0.9789 0.9617 0.2277 

Zr 0.2345 0.9586 0.9375 0.5751 0.9769 0.9893 0.3543 
0.2869 0.9738 0.9532 0.6221 0.9772 0.9750 0.2866 

La 0.2947 0.9747 0.9583 0.6270 0.9766 0.9820 0.3131 
Yb 0.2932 0.9721 0.9526 0.6210 0.9831 0.9850 0.3285 



Ca K P Sr Ba Sc V 
Za 0.2503 0.9628 0.9340 0.5834 0.9951 0.9828 0.3700 
Ph -0.3348 0.4128 0.4455 -0.0588 0.4887 0.6641 0.9379 

0.0680 0.8798 0.8743 0.4293 0.9102 0.9745 0.54&4 
Lz 0,3577 0.9564 0.9163 0.6664 0.9495 0.8913 0.0553 
S, 	i -0.2742 -0.9658 -0.9504 -0.6128 -0.9625 -0.9715 -0.2987 

0.2174 0.9468 0.9289 0.5640 0.9535 0.9737 0.3217 
(7 1 ,.y 0.3423 0.9820 0.9692 0.6683 0.9676 0.9608 0.2671 

Cr Co Ni Y Zr Nb La 
Ca 1.0000 
Co -0.8140 1.0000 
Ni -0.6439 0.9328 1.0000 
Y -09004 0.9482 0.8750 1.0000 
Zr -0.9080 0.9655 0.9028 0.9882 1.0000 
Nb -0.9382 0.9386 0.8598 0.9906 0.9948 1.0000 

-0.9209 0.9491 0.8817 0.9928 0.9973 0.9985 1.0000 
Yb -0.8892 0.9614 0.9113 0.9944 0.9971 0.9923 0.9967 
Zn -0.8720 0.9353 0.9154 0.9782 0.9871 0.9824 0.9848 
Ph -0,4301 0.5256 0.6547 0.4403 0.5581 0.5194 0.5332 
Cu -0.8916 0.8948 0.8631 0.9046 0.9544 0.9477 0.9485 
Ez -0.9546 0.8750 0.7374 0.9663 0.9453 0.9677 0.9564 
8 ,srA 0.9525 -0.9287 -0.8404 -0.9815 -0.9902 -0.9978 -0.9952 
Silt -0.9510 0.9450 0.8464 0.9759 0.9913 0.9940 0.9918 
Clay -0,9460 0.8999 0.8264 0.9806 0.9807 0.9943 0.9912 

Yb Zn Pb Cu Mz Sand Silt 
Yb 1.0000 

0.9903 1.0000 
Pb 0.5280 0.5645 1.0000 
Cu 0.9370 0.9417 0.7582 1.0000 
Mz 0.9449 0.9320 0.3122 0.8544 1.0000 
Sand -0.9843 -0.9714 -0.5399 -0.9569 -0.9627 1.0000 

0.9814 0.9649 0.5528 0.9605 0.9553 -0.9971 1.0000 
Clay 0.9800 0.9728 0.5189 0.9442 0.9646 -0.9951 0.9847 

N - 6 
LEVEL OF SIGNIFICANCE : 95% .7067 	; 99% 	.8343 



tliBLE 	:5.13 

CORRELATION MATRIX FOR MONSOON 

Si 	 Ti 

Si 	 1.0000 

Al Fe Mn Mg Na 

Ti -0.8027 1.0000 
Al -0.7539 0.5069 1.0000 
Fe -0.9568 0.7852 0.5468 1.0000 

-0.7398 0.6734 0.9524 0.5283 1.0000 
Mg 0.0168 0.4277 0.1985 -0.1732 0.4541 1.0000 
Fa 0.6266 -0.2248 -0.2389 -0.7459 -0.0633 0.7719 1.0000 
Ca 0.7291 -0.2327 -0.5136 -0.7565 -0.3108 0.6715 0.9415 
K -0.5335 0.3908 0.9272 0.2727 0.9290 0.4680 0.1234 

-0.8741 0.6304 0.9543 0.7029 0.9235 0.2000 -0.3203 
Sr -0.1028 0.2587 0.5374 -0.1358 0.6563 0.8325 0.6586 
Ba -0.5873 0.3824 0.9692 0.3366 0.9383 0.3343 -0.0170 
Sc -0.8668 0.7109 0.9599 0.7073 0.9597 0.2192 -0.3312 
V -0.7868 0.7194 0.2592 0.9208 0.2608 -0.3062 -0.7920 
Cr 0.2759 -0.1841 -0.7251 -0.0501 -0.7139 -0.4933 -0.3373 
Co -0.8029 0.6753 0.9737 0.6150 0.9868 0.3193 -0.2039 
Ni -0.8285 0.6962 0.9354 0.6497 0.9574 0.2663 -0.2884 

-0.7800 0.6376 0.9791 0.5739 0.9905 0.3609 -0.1454 
Zi -0.9183 0.8328 0 8621 0.8040 0.8995 0.3004 -0.3041 
Nb -0.8914 0.9233 0 7938 0.7854 0.8917 0.4133 -0.2345 
La -0.8350 0.6484 0.9816 0.6570 0.9658 0.2454 -0.2673 
Yb -0.7802 0.6365 0.9783 0.5726 0.9903 0.3637 -0.1437 
No 0.4303 -0.2641 -0.0233 -0.5356 0.0230 0.5260 0.7704 

-0.9552 0.9205 0.7523 0.8990 0.8120 0.2008 -0.4513 
rb -0.9812 0.7653 0.6386 0.9924 0.6038 -0.1618 -0.7368 
Cu -0.8970 0.7218 0.9038 0.7909 0.8798 0.0749 -0.4674 
Mz -0.7030 0.5149 0.9772 0.4767 0.9625 0.3567 -0.0754 
Sand 0.8322 -0.5103 -0.9553 -0.6625 -0.8767 -0.0899 0.3581 
Silt -0.8398 0.5117 0.9556 0.6726 0.8744 0.0727 -0.3783 
Clay -0.7967 0.5013 0.9479 0.6184 0.8803 0.1569 -0.2766 

Ca K P Sr Ba Sc V 
Ca 1.0000 

-0.1918 1.0000 
-0.5667 0.8682 1.0000 

Sr 0.4056 0.7993 0.4928 1.0000 
-0.3263 0.9839 0.8902 0.6885 1.0000 
-0.5412 0.8327 0.9482 0.4383 0.8815 1.0000 

V -0.6791 -0.0651 0.3972 -0.4213 0.0210 0.4809 1.0000 
-0.0384 -0.8789 -0.6640 -0.8810 -0.8203 -0.5898 0.2720 

Co -0.4402 0.8959 0.9458 0.5546 0.9278 0.9902 0.3637 
-0.4971 0.8268 0.9181 0.4283 0.8752 0.9738 0.4256 
-0.4050 0.9363 0.9633 0.6209 0.9525 0.9712 0.2857 

Zr -0.4762 0.7540 0.9384 0.4637 0.7635 0.9395 0.5716 
-0.3676 0.6956 0.8709 0.4539 0.6983 0.9131 0.5978 

T, -0.5103 0.8909 0.9733 0.5274 0.9240 0.9868 0.3874 
-0.4043 0.9375 0.9646 0.6217 0.9528 0.9693 0.2817 

M) 0.6393 0.2755 -0.0845 0.7059 0.1500 -0.1670 -0.6723 
-0.5403 0.5691 0.8406 0.2333 0.6064 0.8994 0.7621 



Ca K P Sr Ba Sc V 

Ph -0.7878 0.3743 0.7783 -0.0666 0.4408 0.7729 0.8743 

Cu -0.6328 0.7153 0.9000 0.2912 0.7838 0.9736 0.6171 

t -0.3682 0.9745 0.9534 0.6875 0.9787 0.9223 0.1507 

Sand 0.6204 -0.8622 -0.9849 -0.4619 -0.8938 -0.9160 -0.3475 

Sit -0.6375 0.8545 0.9849 0.4421 0.8901 0.9188 0.3618 

C1ey -0,5489 0.8867 0.9785 0.5368 0.9025 0.8989 0.2892 

Cr 
Cr 
1.0000 

Co Ni Y Zr Nb La 

C3 -0.6800 1.0000 
Ni -0.5058 0.9670 1.0000 

-0.7341. 0.9916 0.9537 1.0000 
Zf -0.5892 0.9255 0.8797 0.9180 1.0000 
Nb -0.4630 0.8987 0.8857 0.8813 0.9729 1.0000 

La -0.6998 0.9910 0.9454 0.9884 0.9415 0.8880 1.0000 
-0.7305 0.9898 0.9553 0.9998 0.9160 0.8803 0.9865 

Mo -0.6680 -0.0492 -0.2634 0.0139 -0.0777 -0.1470 -0.0389 
Zn -0.3244 0.8529 0.8633 0.8158 0.9510 0.9706 0.8531 
Pb -0.1405 0.6885 0.7175 0.6544 0.8459 0.8124 0.7324 
Cu -0.5073 0.9419 0.9105 0.9025 0.9324 0.8930 0.9507 
Mz -0.8235 0.9579 0.8961 0.9839 0.8683 0.8019 0.9665 
Slnd 0.7004 -0.9139 -0.8648 -0.9344 -0.8925 -0.7888 -0.9570 
Silt -0.6832 0.9138 0.8700 0.9324 0.8910 0.7885 0.9566 
Clay -0.7634 0.9083 0.8389 0.9360 0.8924 0.7850 0.9522 

Yb Mo Zn Pb Cu Hz Sand 
171, 1.0000 

0.0083 1.0000 
Zn 0.8139 -0.3335 1.0000 
Pb 0.6534 -0.5051 0.9146 1.0000 
Cu 0.8974 -0.2218 0.9215 0.8413 1.0000 
Mz 0.9841 0.1373 0.7170 0.5693 0.8407 1.0000 
Sand -0.9346 0.0367 -0.7686 -0.7462 -0.8813 -0.9462 1.0000 
Silt 0.9327 -0.0619 0.7734 0.7559 0.8858 0.9416 -0.9997 
Clay 0.9358 0.0623 0.7446 0.7033 0.8579 0.9583 -0.9947 

Silt Clay 
Silt 1.0000 
Clay 0.9916 1.0000 

N - 6 
LEVEL OF SIGNIFICANCE : 95% 0.7067; 99% 	0.6343 



TABLE : 5.14 

CORRELATION MATRIX FOR POSTMONSOON 

Si 	 Ti 	Al 
Si 	 1.0000 

Fe Mn Mg Na 

Ti -0.8167 1.0000 
Al -0.9853 0.8845 1.0000 
Fe -0.9550 0.6233 0.8915 1.0000 
Mn -0.9095 0.9731 0.9410 0.7733 1.0000 
Mg -0.3174 0.7963 0.4586 0.0292 0.6393 1.0000 
Na 0.1397 0.4537 0.0085 -0.4118 0.2577 0.8861 11.0000 
Ca 0.0658 0.5043 0.0868 -0.3443 0.3165 0.9001 0.9866 

-0.7451 0.9385 0.8475 0.5159 0.8717 0.8260 0.4943 
P -0.9682 0.9345 0.9888 0.8569 0.9808 0.5384 0.1114 
SY -0.4362 0.8648 0.5699 0.1556 0.7292 0.9904 0.8241 
Ea -0.8846 0.9564 0.9458 0.7151 0.9551 0.6809 0.3003 
Se -0.9323 0.7690 0.9026 0.9124 0.8883 0.2590 -0.1207 
V -0.6065 0.1780 0.4891 0.7738 0.3908 -0.4030 -0.6368 
Cr 0.5302 -0.7226 -0.6388 -0.3071 -0.6075 -0.7452 -0.4443 
Co -0.9861 0.8678 0.9830 0.9183 0.9501 0.4004 -0.0293 
Ni -0.9446 0.8631 0.9406 0.8770 0.9488 0.4117 0.0243 
Y -0.3894 0.4742 0.5043 0.2033 0.3913 0.5011 0.3093 
Zr -0.9738 0.9132 0.9977 0.8630 0.9576 0.5153 0.0755 
Nb -0.9492 0.9415 C.9625 0.8432 0.9908 0.5483 0.1377 
La -0.9642 0.9345 0.9924 0.8429 0.9703 0.5564 0.1225 
Yb -0.9109 0.9543 0.9664 0.7497 0.9580 0.6567 0.2529 
Ma -0.6357 0.5572 0.7117 0.4970 0.5198 0.3999 0.0479 
Zip -0.9829 0.8853 0.9844 0.9059 0.9608 0.4321 0.0047 
Pb -0.9787 0.7003 0.9295 0.9942 0.8321 0.1329 -0.3177 
Cu -0.9622 0.7100 0.9147 0.9753 0.8481 0.1462 -0.2706 
Mz -0.6243 0.8344 0.7326 0.3911 0.7316 0.8114 0.4892 
Sand 0.9044 -0.8561 -0.9492 -0.7696 -0.8608 -0.5412 -0.0938 
Silt -0:3045 0.8345 0.9471 0.7764 0.8434 0.5106 0.0604 
Clay -0.8934 0.9030 0.9435 0.7423 0.8965 0.6152 0.1809 

Ca K P Si Ba Sc V 
Ca 1.0000 
K 0.5695 1.0000 
P 0.1819 0.8657 1.0000 
Sr 0.8546 0.8910 0.6423 1.0000 
E? 0.3903 0.9566 0.9615 0.7749 1.0000 
Sc -0.0277 0.6488 0.9127 0.3829 0.8423 1.0000 
V -0.5504 0.0378 0.4603 -0.2835 0.3218 0.7650 1.0000 
Ct -0.4513 -0.8308 -0.6262 -0.7636 -0.6874 -0.2610 0.3420 
Co 0.0537 0.7873 0.9844 0.5179 0.9268 0.9651 0.6074 
Ni 0.1137 0.7597 0.9599 0.5277 0.9151 0.9862 0.6481 
Y 0.4339 0.7368 0.4545 0.5570 0.6461 0.3089 -0.0462 
Zr 0.1534 0.8766 0.9944 0.6226 0.9641 0.8972 0.4527 

0.1919 0.8285 0.9900 0.6451 0.9322 0.9082 0.4537 
La 0.1930 0.8882 0.9969 0.6583 0.9668 0.8843 0.4135 

0.3355 0.9517 0.9748 0.7516 0.9953 0.8394 0.3196 
T'f0 0.1403 0.7694 0.6322 0.4747 0.7120 0.4238 0.0511 



Ca K P Sr Ba Sc V 
Zn 0.0852 0.8037 0.9897 0.5468 0.9360 0.9595 0.5818 
Pb -0.2535 0.5925 0.9039 0.2556 0.7732 0.9240 0.7150 
Cu -0.1869 0.5942 0.9027 0.2745 0.7963 0.9802 0.7922 
Ez 0.5118 0.9136 0.7372 0.8435 0.7998 0.4024 -0.2345 
Sara -0.1531 -0.8873 -0.9221 -0.6304 -0.9049 -0.7214 -0.2324 
Silt 0,1241 0.8765 0.9132 0.6027 0.8969 0.7194 0.2490 
C)y 0.2277 0.9053 0.9345 0.6961 0.9152 0.7182 0,1858 

Cr Co Ni Y Zr Nb La 
Of 1.0000 
Co -0.5003 1.0000 
Ni -0.3945 0.9845 1.0000 
Y -0.5901 0.4184 0.3856 1.0000 
Zr -0.6585 0.9605 0.9439 0.5206 1.0000 
Nb -0.5932 0.9705 0.9551 0.3396 0.9706 1.0000 
La -0.6809 0.9738 0.9383 0.4990 0.9978 0.9798 1.0000 
Yb -0.7237 0.9381 0.9113 0.6234 0.9805 0.9458 0.9834 
Mo -0.7814 0.5938 0.4910 0.8677 0.7064 0.5272 0.6860 
Zn -0.5204 0.9993 0.9844 0.4211 0.9841 0.9779 0.9796 
Pb -0.3899 0.9482 0.9056 0.2366 0.9068 0.8937 0.8923 
Cu -0.2816 0.9623 0.9542 0.2654 0.8977 0.6929 0.8803 
Mz -0.9831 0.6176 0.5348 0.6188 0.7570 0.7080 0.7798 
Saad 0.8344 -0.8759 -0.7917 -0.5912 -0.9488 -0.8814 -0.9491 
Silt -0.8238 0.8723 , 	.7853 0.6096 0.9444 0.8668 0.9415 
Clay -0.8524 0.8749 0.7991 0.5356 0.9492 0.9097 0.9577 

Yb Mo Zn Pb Cu Mz Sand 
Yb 1.0000 
Mo 0.7371 1.0000 
Zn 0.9467 0.5932 1.0000 
Fb 0.8073 0.5282 0.9396 1.0000 
Cu 0.8112 0.4674 0.9529 0.9777 1.0000 
Mz 0.8253 0.7758 0.6383 0.4773 0.3986 1.0000 
Sand -0.9401 -0.8407 -0.8818 -0.8212 -0.7565 -0.0813 1.0000 
Silt 0.9327 0.8600 0.8767 0.8242 0.7591 0.6678 -0.9988 
Clay 0.9483 0.7799 0.8848 0.8036 0.7405 0.9066 -0.9914 

Silt Clay 
Silt 1.0000 
Clay 0.9837 1.0000 

N - 7 
LEVEL OF SIGNIFICANCE : 95% .6319 	; 99% 	.7977 



TAE 	: 	5.15 

CORRELATION MATRIX FOR TRIBUTARIES 

Si 	 Ti 	Al 

Si 	 1.0000 

Fe Mn Mg Na 

Ti 0.2432 1.0000 

Al -0.1384 0.2497 1.0000 

Fe -0.9704 -0.3989 -0.0649 1.0000 

Mn -0.6104 0.0858 -0.2739 0.6298 1.0000 
Mg 0.3407 0.4827 -0.5171 -0.3198 0.3111 1.0000 

Na 0.7321 0.5740 -0.2701 -0.7176 -0.0745 0.6869 1.0000 

Ca 0.5198 0.4724 -0.5417 -0.4700 0.1800 0.9431 0.8641 

0.3974 -0.1371 0.1074 -0.3361 -0.4556 -0.1455 0.3150 

P -0.6752 -0.0973 0.4731 0.5978 -0.0388 -0.6063 -0.6535 

Sr 0.4250 0.7922 -0.1363 -0.4766 0.1809 0.7699 0.8652 

Ba -0.2362 -0.0692 -0.2342 0.2748 0.7281 0.1974 0.0130 

Sc -0.4284 0.3013 0.9188 0.2138 -0.0333 -0.3982 -0.3696 

V -0.4014 0.1988 0.8776 0.2096 -0.1998 -0.4801 -0.4701 

Cr -0.5072 0.0652 0.7919 0.3395 -0.0760 -0.5250 -0.5450 

Cc -0.6661 0.2374 0.6377 0.4849 0.4102 -0.1441 -0.3908 

Ni -0.5746 0.3532 0.5264 0.4025 0.4230 0.0328 -0.2766 

-0.1729 0.4581 0.2606 0.0698 0.0373 0.1486 0.2882 

Zr -0.0466 0.4381 0.094 -0.0828 -0.0092 -0.3851 0.0501 
Nb -0.0704 0.6778 0.'151 -0.1161 0.0608 -0.0925 0.0654 

La -0.3778 0.3098 0.2813 0.3259 0.4249 -0.1342 0.1661 

Yb -0.2706 0.5355 0.6470 0.0932 0.0417 -0.0768 0.1084 

Mo -0.5359 -0.2463 0.7861 0.4133 -0.1334 -0.7641 -0.7594 

Zn -0.8837 -0.0446 0.2449 0.8195 0.4102 -0.2169 -0.5333 
Pb -0.9170 -0.4521 0.1896 0.9201 0.5443 -0.5461 -0.7562 
Cu -0.2124 0.5239 0.8458 -0.0157 -0.1428 -0.1743 -0.2024 

Ca R P Sr Ba Sc V 
Ca 1.0000 
K 0.1086 1.0000 
P -0.6532 0.0494 1.0000 
Sr 0.8484 0.0879 -0.3695 1.0000 
Ba 0.1444 -0.4365 -0.2456 0.1742 1.0000 

Sc -0.5012 -0.0935 0.6334 -0.0891 -0.1710 1.0000 
V -0.5701 0.0029 0.7770 -0.1779 -0.2751 0.9455 1.0000 
Cf -0.6172 -0.1271 0.7966 -0.2232 -0.0365 0.8924 0.9480 
Co -0.3373 -0.4250 0.4813 -0.0318 0.1887 0.8569 0.7196 
Ni -0.1519 -0.4199 0.4994 0.1875 0.3258 0.7649 0.7062 

0.1858 0.1101 0.2673 0.3995 -0.3644 0.4488 0.3227 
Zr -0.2632 0.3491 0.3177 0.1256 -0.1064 0.5689 0.5005 
Nb -0.1030 0.0737 0.3699 0.3658 0.0314 0.6910 0.6693 
La -0.0110 0.2730 0.3724 0.3148 0.1433 0.3832 0.2554 
Yb -0.0688 0.0900 0.4550 0.3221 -0.2657 0.7848 0.6609 
Mo -0.8497 -0.0197 0.7707 -05677 -0.0831 0.7975 0.8688 
Zn -0.3512 -0.1427 0.7885 -0.1969 -0.0691 0.5644 0.5664 
1- 6 -0.6455 -0.2237 0.6437 -0.5389 0.3815 0.3707 0.3598 
Cu -0.2890 -0.1225 0.5486 0.1350 -0.2041 0.9138 0.9203 



Cr 
Cr 
1.0000 

Co Ni Y Zr Nb La 

Co 0.7583 1.0000 
Ni 0.7796 0.9071 1.0000 
Y 0.2530 0.4487 0.3385 1.0000 
Zr 0.3720 0.2866 0.2158 0.1978 1.0000 
Nb 0.5687 0.4819 0.5905 0.1826 0.8241 1.0000 
La 0.2712 0.3962 0.3424 0.6165 0.6338 0.4543 1.0000 
Yb 0.5857 0.6955 0.5987 0.8843 0.5271 0.5605 0.6961 
Mo 0.9013 0.6218 0.5456 -0.0128 0.4035 0.4287 0.1488 
Zit 0.5963 0.6941 0.6368 0.5169 0.1077 0.1833 0.5050 
Pb 0.5218 0.5537 0.4645 -0.0207 0.1334 0.0511 0.4121 
Cu 0.8331 0.7223 0.7685 0.3542 0.5145 0.8069 0.2034 

Yb Mo Zn Pb Cu 
Yb 1.0000 
No 0.3497 1.0000 
Zn 0.5671 0.5113 1.0000 
Pb 0.1420 0.6349 0.7273 1.0000 
Cu 0.6906 0.6542 0.3999 0.0996 1.0000 

N - 9 
LFVET, OF SIGNIFICANCE : 95% 	.6021 ; 99% 	.7348 



STATIONS 

FIG. 5.1. ELEMENT CONCENTRATIONS IN SEDIMENTS OF ESTUARY 
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FIG. 5. 4. ELEMENT CONCENTRATIONS I N S ED IM ENTS OF TRIBUTARIES 
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CHAPTER VI 

CONCLUSIONS 



The present study illustrates that variation in the 

hydrodynamic regimes of Mandovi estuary are markedly 

controlled by prevailing seasons with the southwest monsoon 

generating the most profound influence an all the pa rarneters. 

Changes in the hydrographic characteristics of the 

estuary are in complimentary resonance to the seasons. 

Results reflected in the variations in salinity, pH and 

temperature show a distinct marine dominance over the estuary 

during fairweather season and a freshwater dominance during 

monsoon. 

Season signatures are embossed in the spatial variations 

of total suspended matters (TSM) and bedload of the estuary. 

During fairweather season, two distinct zones of high TSM 

concentration are delineated - one associated with the 

geomorphic setup and dessipation of energy within the high 

salinity zone near mouth and the other further upstream, 

associated with conditions conducive of development 	of 

tnrhidit:y maxima at: freshwater-saltwater interface. 	Highest 

concentrations of TSM in estuary and its tributaries during 

monsoon clearly point out to the mines and mine dumps as main 

source of sediment at the upstream. Tn the bodload, 

sediments during monsoon are impoverished in finer fraction 

owing to increased flow velocities predominant towards 

downstream and high accumulation of clay fraction at mouth 

and high TSM during premonsoon that is when the estuary shows 
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marine dominance, probably indicates an inflow of sediment 

from the sea into river mouth. 

The mineralogical studies show a presence of fine major 

clay minerals. kaolinite is the most dominant followed by 

illite, montmorillomite and gibbsite. From the observed 

trends in relative abundance of these minerals and their 

seasonal variations, it is inferred that kaolinite, illite 

and gibbsite are predominantly derived from the drainage 

basin along with some amount of montmorqiite. A major 

portion of montmorillomite is brought into the estuary from 

the offshore along with other minerals associated with the 

sediment that is brought in low swells during fairweather 

season. The mineralogy of suspended sediments in premonsoon 

and monsoon is dominated by kaolinite. 

Results of geochemical analysis and various computations 

reflect varying degrees of alteration and chemical maturity 

of the sediments . Sediments showing higher alteration index 

in tributaries are invariably associated with close proximity 

to mine sites and characterized by higher concentration of 

heavy metals and trace elements. Low concentrations of the 

same in tributaries little affected by human activities show 

that the elements and metals are essentially released by 

mining activity. Element mobilization in the estuary is 

probably regulated by several factors but the grain size seem 

to he most important in regulating the concentrations of 
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elements. 	Sediments rich in clay and silt fraction are 

distinctly enriched in the elements. Due to the release of 

metals from mining at various places along the length of 

estuary and the tributaries, most of the sediments show 

considerable enrichment of chemical constituents against 

background indicating clearly the environmental impact of 

these activities. Index of geoaccumulation, a measure of 

pollution is not very alarming for toxic metals like Ph, Cu, 

Zn and V but with respect to Fe, Mn and Cr, it shows an 

enrichment by several folds. Since the index was computed 

for bulk sample composition, it might show even higher values 

for < 2 Alm fractions for which it is supposed to he 

determined. 

An attempt to decipher the contributing sources of the 

elements, the results of R-mode factor analysis point out to 

four distinct sources (i) detrital factor associated with 

predominantly fine fraction during fairweather and coarse 

fraction dUring monsoon (ii) Carbonate factor (iii) Heavy 

mineral factor (iv) Anthropogenic influence particularly. 

With respect to mining. 

Concentrations of all the heavy metals are very high in 

the suspended sediments compared to bedload. Since large 

amount of suspended sediment is influenced from land into the 

estuary possibly an equally large amount of elements are 
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released into the system ultimately carried into the 	ocean 

during monsoon. 
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