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Synopsis 

Estuaries are transitional areas that connect rivers with the open ocean 

(Kennedy, 1984). They are dynamic environments characterized by strong seasonal 

changes in salinity, pH, suspended particulate matter (SPM), O2 concentration and 

current velocities. Land derived materials transported into the estuaries undergo 

rigorous physical, geochemical and biological processes and estuaries become the 

most efficient trap for sediment and associated chemical elements. Several factors that 

include geomorphology, hydrography, salinity, tides, sedimentation and ecosystem 

energetics contribute to the complexity of the estuarine systems (Kennish, 2002). On 

the other hand, estuarine regions and coastal areas are the main focus for human 

settlement and recent studies show that 40% of the global population lives within 100 

km of the shoreline (SEDAC, 2011). Moreover, estuaries rank among the most heavily 

impacted aquatic systems on earth because of their exceptional resources. Thus 

estuaries become the site for intense human activity leading to serious environmental 

concerns that arise primarily in response to pollution inputs and habitat degradation 

(Kennish, 2002). At present, estuarine ecosystems rank among the most important 

systems being studied globally in view of the climate change. Bio-geochemical 

processes for many major river estuaries of the world are well documented. Such 

studies are sparse on minor river estuaries. Since there are >10,000 minor rivers in the 

world (Milliman and Syvitski, 1992) the bio-geochemistry of their estuaries will have an 

impact on global change and the importance of investigating these systems cannot be 

underestimated.  

Suspended matter is of primary importance for aquatic health and environmental 

management and, constitutes a key parameter in the estuary. The geochemical 

processes associated with particulate matter vary seasonally in tropical estuaries and 

studies related to these processes are somewhat neglected in the Indian estuaries. The 

best studied river estuaries on the west coast of India are the Mandovi and Zuari (Ma-

Zu) estuarine system. They are ‘monsoonal’ rivers with very high discharge into the 

estuary during monsoon and negligible discharge during non-monsoon months. The 
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circulation in the estuaries is dominated by tidal and wind-driven currents and, saline 

waters intrude several kilometers upstream from the river mouth during dry season 

(Shetye et al., 1995). The industrial and ore transportation activities are at their peak at 

several points along the estuary during October–May. Qasim and Sengupta (1981) 

reported environmental characteristics of the Ma-Zu estuarine system. Shetye et al. 

(2007) published a monograph compiling the status on the physical, chemical, biological 

and pollution aspects of the waters in the Ma-Zu estuarine system. Despite a few 

studies on mineralogy and geochemistry of SPM and sediment from the Ma-Zu 

estuaries (Bukhari, 1994; Dessai, 2008) geological studies did not find a place in this 

monograph. Moreover, seasonal and spatial dynamics of SPM and processes that 

control the sources and distribution of particulates in Ma-Zu estuaries are yet to be 

highlighted. Keeping this in view, National Institute of Oceanography started a program 

for systematic data collection in the Mandovi estuary from the year 2007 and in Zuari 

estuary from the year 2009. The geological data collected during these programs form 

the basis of the thesis.  

Objectives 

The objectives of the present study are to investigate     

 seasonal variations of SPM along transect stations of both estuaries to identify 

the processes responsible for its distribution  

 mineralogy and Sr-Nd isotopic composition of SPM and bottom sediment in the 

estuaries to delineate their provenance  

 trace and REE composition of SPM and bottom sediment in the estuaries for the 

source and controls on their distribution 

 organic matter and its isotopic (13C and 15N) composition in suspended and 

bottom sediment of the estuaries for its distribution 

 

To accomplish the above objectives, suspended and bottom sediment were 

collected at regular and transect stations of the Ma-Zu estuaries during the monsoon, 
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post- and pre-monsoons. Concentrations of SPM, mineralogy, geochemistry, stable and 

radiogenic isotopic characteristics of SPM and bottom sediment were investigated.  

 

The outcome of the research work has been organized in 8 chapters and 

presented as thesis. Some part of research work is already published in peer-reviewed 

journals. The chapter wise content of the thesis is as follows.  

 

CHAPTER 1 introduces the scientific rationale and importance of estuaries. It 

also includes the review of research work on major and minor river estuaries of the 

world and India. Important scientific objectives of the thesis are presented. Geological 

and estuarine settings of the Ma-Zu estuarine system are also detailed.  

 

Detailed account of sample collection in both estuaries, methods followed for 

preparing SPM and bottom sediment for their mineralogy, geo- and isotope chemistry 

and, analytical instruments used are given in CHAPTER 2 (Materials and methods). 

Five liters of water were filtered through 0.45 m filter, using gravimetric filtration unit. 

The <2 m fraction of sediment was separated and used for mineralogy and chemistry. 

The SPM on the filter was examined under scanning electron microscope (SEM) for its 

constituents. X-ray diffraction studies were used for identifying minerals. Major and 

trace element chemistry of the samples were analyzed using Inductively-Coupled 

Plasma Atomic Emission Spectrometer (ICP-AES) and Inductively-Coupled Plasma 

Mass Spectrometer (ICP-MS). Stable isotopes of organic matter (13C and 15N) and 

radiogenic isotopes (87Sr/86Sr, εNd) in SPM and sediment were analyzed using Isotope 

Ratio Mass Spectrometer (IRMS) and Multiple collector – Inductively Coupled Plasma – 

Mass Spectrometry (MC-ICP-MS), respectively. 

 

In Chapter 3 of the thesis, seasonal distribution and dispersal of SPM both at the 

regular and transect stations of the Ma-Zu estuaries are presented. The chapter 

highlights the importance of estuarine turbidity maximum (ETM), which is a consistent 

feature in both estuaries. The seasonal shift in the position of ETM and factors 
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controlling ETM are also discussed. SPM retention calculations show that high SPM (34 

to 50%) was retained in the estuary channel than in the bay (16 to 38%). Scanning 

electron microscope (SEM) studies on particulate matter indicate that it comprises of 

floccules, fecal pellets and aggregates of clay and biogenic particles with varied 

proportions from river end to sea end stations.  

 

The distribution of clay minerals and Sr-Nd isotopes in suspended and bottom 

sediment of the Ma-Zu estuaries are detailed in Chapter 4. Abundant kaolinite along 

with minor illite, gibbsite and goethite present in every sample of SPM/sediment indicate 

intense chemical weathering products of hinterland rocks. Smectite occurs in traces at 

river end stations but its concentrations increase seaward in both estuaries. The 

plausible sources of smectite are discussed and suggested here that the smectite 

originated in low plains of the river basin and is transported into the estuary. The Rb/Sr 

and 87Sr/86Sr and, Sm/Nd and εNd of SPM and sediment are much higher than that of 

parent rocks and also when compared with laterites. The influence of ore dust that is 

flushed into the estuary on the Sm/Nd ratios and εNd of SPM and sediment is 

highlighted. Factors controlling the variations of Sr-Nd isotopes along transect are 

discussed in relation to the changes in salinity, organic matter and SPM concentrations.  

 

The seasonal distribution of major and trace metals (other than rare earth 

elements - REE) and, detailed studies on REE distribution in the suspended and bottom 

sediment of the Ma-Zu estuaries are presented in Chapter 5 and Chapter 6, 

respectively. The concentrations of Fe, Mn, Al, and Co in SPM of the Mandovi estuary 

are found to be higher than those of the World Rivers during the monsoon. The M/Al of 

Fe, Mn, Mg, Ti, Cr, Co, Ni, Sc, Mo and V of SPM are higher and Cu, Pb, Zr and Th 

lower in both estuaries than those in World Rivers. The enrichment factors of metals 

reveal Mn and Cr are significant to moderately enriched, and Fe, Ni, Zn, and Co are 

moderately enriched. The concentrations of SPM increased and its trace metal 

concentrations decreased from stations in the upstream to downstream, both during the 

monsoon and pre-monsoon. On the other hand, the REE concentrations are low in the 
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upper estuary and increased seaward with increasing SPM in the lower estuary. PAAS- 

normalized REE patterns exhibit MREE- and HREE enrichment with positive Ce and Eu 

anomalies in every SPM/sediment of both estuaries. The sources and processes 

controlling trace metals and REE are discussed. The source for REE is dominantly Fe, 

Mn ore flushed into the estuary from time to time. The seaward decrease of trace 

metals is controlled by the SPM that originated from the turbidity maximum. ETM and 

circulation in the estuaries and, ore mining played an important role in the distribution of 

trace metals and REE in both estuaries and their transport to the shelf.   

 

In CHAPTER 7 the distribution organic carbon (OC), total nitrogen (TN) and their 

isotopic composition (13Corg, 
15N) in SPM and bottom sediment along transects of the 

Ma-Zu estuaries during wet and dry seasons are presented. Particulate organic carbon 

(POC) shows an inverse relationship with SPM in both estuaries during wet and dry 

seasons. In wet season, POC and particulate nitrogen (PN) are higher in Mandovi than 

in Zuari estuary in wet season. In dry season POC/PN ratios and 15N are altered by 

biogeochemical processes in both estuaries and are not indicators of source organic 

matter. The 13Corg and salinity strongly correlates with each other and indicate 

increasing proportions of marine OC seaward in both estuaries during dry season. The 

OC and TN in the sediments of both estuaries are much lower than in the overlying 

suspended matter. The mean 13Corg in the sediment and SPM were similar in both 

seasons in Mandovi and, only during wet season in Zuari estuary. Uniform mean values 

of 13Corg in the lower estuary and bay of Zuari indicate efficient mixing of sediments 

during wet season. Sediments with relatively high 13Corg and low 15N in the upper 

estuary of Zuari are related to anthropogenic contamination by sewage effluents during 

dry season. It is estimated that each river contributes at least ~20% terrestrial organic 

carbon (TOC) to the coastal system during wet season and receives similar quantity of 

TOC during dry season. 

 

Summary and conclusions are given in Chapter 8. This is followed by a complete 

list of references cited in alphabetical order. 
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Chapter 1 

 

Introduction 

 

1.1 General introduction 

 

An estuary is a semi-enclosed coastal body of water with a free 

connection to the open sea and within which seawater is measurably diluted with 

fresh water derived from land drainage (Pritchard, 1967). According to Fairbridge 

(1980), estuary is 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 the open sea, (b) a middle estuary subject 

to strong salt and freshwater mixing and, (c) an upper or fluvial estuary, 

characterized by freshwater but subject to strong tidal action. The limits between 

these sectors are variable and subject to constant changes in the river 

discharges and always concern the problem for fixing the inland limit of estuaries.  

Estuaries are the most important in coastal environment and vary from one to 

another in their geomorphology, hydrography, salinity, tidal characteristics, 

sedimentation and ecosystem. The main driving factors that control the 

characteristics of estuaries are the result of complex interaction of geological, 

physico-chemical and biological factors (Perillo et al., 2011). Geological factors 

include types of continental margin, neo-tectonic activity, coastal stability, relief 

and lithology largely control the morphology of estuaries. Physico-chemical 

factors such as river, tide, wave, wind, groundwater and atmospheric input and/or 

output of sediments control the fate of estuaries. Biological influences like 

vegetation, mangroves and coral reefs have major role for controlling dynamics 

of estuarine environments. Interaction between river discharge and tide at the 

mouth of the river plays an important role for the development of an estuary. The 
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energy balance between fluvial and tidal forces determines the upper limit of salt 

intrusion and transport of sediments. They also determine the mixing of fresh and 

salt water induced estuarine processes. In this context estuarine circulation 

considered as important one and is defined as the sum of the gravitational 

circulation, the tidal residual circulation, and the circulation induced by 

asymmetric tidal mixing. Gravitational circulation as the combined flow produced 

by density gradient and by the water level slope associated with river discharge. 

Tidal residual flow develops from distortions on the tidal signal as it enters semi-

enclosed systems, whereas asymmetric tidal vertical mixing produce a residual 

flow (Valle-Levinson, 2011). 

 

Estuaries are one of the most productive natural habitats among heavily 

impacted, natural as well as anthropogenic, aquatic systems on the Earth. In 

spite of this, lives in estuaries are abundant because of vegetation and muds are 

capable of rich food supply which can support large number of animals. Even 

though estuaries are small fraction of the total area of the world seas, they are 

responsible for the much of fish production. However, estuaries facing serious 

problems like habitat loss and alteration, nutrient enrichment, fisheries 

overexploitation, chemical contaminants, freshwater diversions, introduced 

species and sea level rise. If effective environment managements are not 

formulated then the anthropogenic impact on the estuaries will intensify due to 

ever increasing coastal population. Many estuarine systems in developing 

countries do not have baseline data for understanding anthropogenic stresses 

and thus are not enough to address the environmental problems.  

 

1.1.1 Importance of suspended particulate matter (SPM) in estuaries  

 

Rivers transport sediment into the estuaries as bed load and in 

suspension. It is well known that the bed load is usually <10% of the total load. 

Suspended particulate matter (SPM) may have several inorganic and organic 

components. Particulates >0.45 m size are regarded as suspended particulate 
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fraction and those of <0.45 m size are considered as colloidal fraction. Besides, 

estuaries may receive several dissolved constituents of chemical elements and 

organic constituents. The composition of the SPM in estuaries varies from time to 

time depending on the river discharge and processes associated with estuaries. 

River discharge largely consists of lithogenic fraction eroded from the weathering 

of hinterland rock formations. Chemical processes within the estuary lead to the 

formation of hydrogenous components (iron-manganese oxides, carbonates, 

sulphides, and humic aggregates) that can become part of SPM. Biological 

activity within  and/or outside estuary lead to the formation of biological 

components that include microorganism, plankton, decaying remains of 

organism, faecal matter, marine and terrestrial plant debris. Sewage solids, 

plastics, tar, solvents, surfactants, mining material, coal dust and fly ash like 

material produced due to anthropogenic activities can also be part of SPM. SPM 

act as key role for availability, transport, recycling and fate of chemicals in the 

aquatic environment (Baskaran and Santschi, 1993).  The chemical and mineral 

characteristics of SPM in estuaries depend on the origin, provenance and 

transport of suspended sediment into the estuaries and estuarine processes 

(dispersal, flocculation and coagulation of SPM) associated with sedimentation 

and/or re-suspending bottom sediment into the water column. In estuaries 

suspended particle is important due to the tidal and wind-induced currents and 

river flow induced variations change the particle concentration, character, particle 

reactivity with changing salinity, pH, redox conditions and concentration of 

dissolved organic matter (Fitzsimons et al., 2011). Reactivity, mobility and 

nutritional value of SPM are important to the transfer of chemical constituents 

between the water, food chain and bed sediments in aquatic environments. This 

is particularly significant in estuaries because of the regular generation and cyclic 

depositon-resuspension of the suspended matter, and dynamic chemical 

interactions between the particle surface and water. The schematic 

representation of the role of suspended particles in biogeochemical cycles in 

estuaries (Turner and Milliward, 2002) is shown in Figure 1.1. 
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1.1.2 Estuarine Turbidity Maximum (ETM) 

 

Estuary turbidity maximum (ETM) is an important phenomenon in the 

estuaries. It is a region where much higher concentrations of suspended 

sediment occur in the estuary than in either the river or the sea (Schubel and 

Kennedy, 1984; Dyer 1986). The concentrations of SPM in ETM may range from 

mg/l to g/l. The formation of ETM is often associated with hydrodynamic 

conditions in the estuary and attributed either to (a) gravitational circulation or (b) 

tidal asymmetry; the former is more important in partially mixed estuaries with 

microtides and meso-tides (Schubel, 1968), while the latter in macro-tidal 

estuaries (Allen et al., 1980; Kirby and Parker, 1983). Channel morphology also 

plays an important role in ETM formation. A cycle of local deposition, bed erosion 

and re-suspension also can contribute to the development of ETM (Uncles et al., 

1994; Wolanski et al., 1995). Freshwater flow into an estuary affects the salinity 

field and, therefore, can affect the position of ETM. ETM is usually located near 

the upstream limits of salt intrusion and at low salinities. However, they can also 

be located at much greater salinities; for example the ETM in Lorient and Vilaine 

bays are at salinities of about 18 and 25–30, respectively (Le Bris and Glemarec 

1996). Chen et al. (2005) reported the existence of three ETM in different parts of 

the Scheldt Estuary and processes for their formation. On the other hand, several 

others noted the suppression of turbulence by salinity stratification and 

demonstrated that this process exists in the landward end of the salt intrusion 

and act as an effective trapping mechanism for fine sediment (Hamblin, 1989; 

Geyer, 1993).  

 
Turbidity plays an important role in maintaining ‘health of the estuary’. If 

turbidity exceeds 1 g/l, oxygen concentrations deplete and correspond to hypoxic 

conditions and may have deleterious effects on macro-fauna. Nutrients, heavy 

metals and other pollutants can be trapped in the turbidity zone wherein high 

concentrations of bacterial populations were reported. Another important aspect 
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of ETM is that it may acts as ‘nursery area’ for some fish eggs and larvae to 

spend time. Eggs are masked from predators under the cover of high turbidity 

(North et al., 2005). ETM not only determines the fate of fine sediment in 

estuarine area but also affects the shape of channel morphology, pollutant 

dispersal and biogeochemical processes. For example, high SPM concentrations 

affect light penetration in water column leads to control the primary productivity 

(Gao et al., 2008).  

 

1.1.3 Estuarine Sediments 

 

Present day estuaries are formed after the sea-level becomes stabilized at 

about 6000 years B.P.  Being transitional systems between land and sea, 

estuaries act as temporary or permanent storage systems for land and/or sea 

derived sediments (Dalrymple et al., 1994; Eisma, 1997). This means that 

sediments are influenced by source characteristics and estuarine dynamics. 

Depending on the locally dominating processes estuaries are distinguished into 

three zones (1) upper part of estuaries composed of sands and gravel of fluvial 

origin and, (2) middle part dominated by muddy sediments, that is, mixture of 

sand and mud and, (3) lower part with coarse sediments that are carried by wave 

and tidal current action (Dionne, 1963). Sediment delivery to the estuary from 

land derived sources depends on the size of catchment area, lithology, climate 

and landforms (Milliman and Syvitski, 1992). Besides, estuaries often respond 

quickly to reductions in sedimentary flux, decreasing their potential to withstand 

the expected eustatic sea level rise (Nicholls, 2004). Sediment retention is one of 

the major problems in estuaries caused by natural as well as anthropogenic 

processes which become the tracer for contaminant migration and long term 

geomorphologic evolution of coastal zone. 
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1.2 Previous studies 

 

1.2.1 World scenario 

 

Several workers reported the concentrations of SPM, formation, seasonal 

migration and role of estuarine turbidity maximum (ETM) in estuaries located 

both in tropical and temperate regions of the world (Schubel and Kennedy, 1984; 

Dyer, 1988; Hamblin, 1989; Geyer, 1993; Uncle et al., 1994; Wolanski et al., 

1995; Mitchell et al., 1999; Schoellhamer, 2001; Chen et al., 2005).  Gibbs (1977) 

studied the differential flocculation and size segregation of clay minerals in 

response to salinity changes. Windom et al. (1988) studied the role of adsorption 

and desorption of metals in low salinity, high turbidity zone. Liu et al. (1998) 

reported mobilization of metals from reducing sediments to the overlying water 

column would modify the composition of SPM. Several workers reported the 

distribution and behavior of trace metals including rare earth elements (REE) 

both in SPM and bottom sediment and processes associated with the mixing 

zone of fresh water and sea water (Sholkovitz, 2000; Zhou et al., 2003; Lawrence 

et al., 2006; Censi et al., 2007; Hannigan et al., 2010). Southerland (2000) 

studied the influence of the industrial and urban development near the estuaries 

and its contribution of trace metals. Hatje et al. (2001) studied the seasonal and 

temporal variability of particulate trace metals in Port Jackson estuary. 

Marmolejo-Rodriguez et al. (2007) reported the role of mining in the trace metal 

concentration in bed sediment. Duarte et al. (2012) investigated the particulate 

metal concentration in Tagus estuary during flood episode. Moskalski et al. 

(2013) reported low tide rainfall effect on metal content of suspended sediment in 

the San Francisco Bay. The distribution of organic matter (OM) and stable 

carbon and nitrogen isotopes of OM both in SPM and bottom sediment of the 

estuaries were also reported (Shultz et al., 1976; Fichez et al., 1993; Zhang et 

al., 1997; Abril et al., 2002; Sato et al., 2006; Goni et al., 2009). Yu et al. (2010) 

reported the organic carbon in the surface sediment of the Pearl River estuary 
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and suggested that the anthropogenic sources such as human waste and 

organic pollutants from industrial and agricultural activities account for less than 

10% of the total organic carbon. 

 

1.2.2 Indian Scenario 

 

Estuaries of India are least investigated. On the east coast of India various 

aspects of the SPM and bottom sediment in the Cauvery estuary were reported. 

For example, Ramanathan et al. (1988) reported the mineralogy and trace metal 

chemistry of SPM and, Subramanian et al. (1989) investigated the distribution 

and fractionation of heavy metals. Ramanathan et al. (1996) also reported 

biogeochemical studies using particulate organic carbon and nitrogen in the 

Cauvery estuary. Major and trace metals in surface sediments (Subramanian et 

al., 1988; Banerjee et al., 2012) and suspended sediments (Subramanian, 1993) 

were reported in Hooghly (Ganges) estuary. The estuary of the Godavari River 

was investigated from time to time for the geochemical and stable isotopic 

composition of organic matter in SPM and bottom sediment, both during the 

monsoon and non-monsoon (Somayajulu et al., 1993; Reddy et al., 1994; Sarma 

et al., 2012). Ramesh et al. (1999) compared the REE of sediments from the 

Hoogly, Godavari, Krishna and Cauvery estuaries. Prasad and Ramanathan et 

al. (2008) and Prasad and Ramanathan (2009), respectively reported the REE 

and, 13C and 15N of organic matter in sediments of the Pichavaram mangroves 

in the Coleroon-Vellar estuaries. They indicated that the continental weathering is 

the source for REE and enriched 15N could be due to the influence of 

anthropogenic nitrogen from agriculture field and human settlements.   

 

On the west coast of India, the estuaries of the Narbada and Tapti Rivers 

in the Maharashtra state (Borole et al., 1982; Baskaran et al., 1984), Netravati-

Gurpur estuary (Shankar et al., 1997; Manjunatha and Shankar, 2000) and 

Gangolli estuary (Pandarinath and Narayana, 1992) in Karnataka state were 

investigated for concentrations, chemical composition and mineralogy of SPM 
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and bottom sediment. A few estuaries of the Kerala state were investigated: For 

example, Padmalal and Seralathan (1993) reported geochemistry and particulate 

organic carbon (POC) of the SPM and bed sediment in the Vembanad estuary. 

Furthermore, trace metals, REE and organic matter content in surface sediments 

of the Cochin estuary were investigated (Balachandran et al., 2005; Nair et al., 

2012; Deepulal et al., 2012; Gireeshkumar et al., 2013)    

 

Being National Institute of Oceanography (NIO) located on the bank of 

Mandovi River, Goa, west coast of India and the Mandovi and Zuari Rivers are 

adjacent to each other, the estuarine system of these two rivers was subjected to 

detailed investigations. Qasim and Sengupta (1981) reported environmental 

characteristics of the Mandovi and Zuari estuarine system. Shetye and Murty 

(1987) and Shetye et al. (1995) made detailed observations on seasonal 

variations in salinity and hydrodynamic conditions in both estuaries. Furthermore, 

Shetye et al. (2007) published a monograph, compiling status on the physical, 

chemical, biological and pollution aspects of the waters in the Mandovi and Zuari 

estuarine system. Geological aspect of the estuaries has not been given much 

attention in this monograph, despite a few studies on seasonal variations on 

mineralogy, geochemistry and organic matter content of the SPM and bottom 

sediment in the Mandovi (Bukhari, 1994; Bukhari and Nayak, 1996; Alagarsamy, 

1991; Alagarsamy et al., 2006; Maya et al., 2011) and Zuari estuaries (Nayak et 

al., 1993; Dessai, 2008; Dessai and Nayak, 2009). As the investigators collected 

samples in one month of the season or, concentrated on few trace metals in 

SPM and sediment, one cannot get clear idea from the available data on the 

estuarine processes controlling the distribution of SPM or, impact of mining 

activity on SPM and bottom sediment. Moreover, no radiogenic or stable isotope 

analyses of SPM and bottom sediment were generated on the samples. In view 

of the above a multidisciplinary program was formulated in NIO in the year 2007 

for systematic data collection in the Mandovi and Zuari estuaries for salinity, SPM 

and bottom sediment and plankton and benthic biology. Geological observations 
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on concentrations and composition of SPM and bottom sediment in both 

estuaries become part of this thesis with the following objectives.   

 

1.3 Objectives 
 

The objectives for the present study are to report the concentrations and 

composition of SPM and bottom sediment in the Mandovi and Zuari estuaries 

and compare the seasonal variations in  

 

 SPM along transect stations of both estuaries to identify the processes 

responsible for its distribution  

 

 mineralogy and Sr-Nd isotopic composition of SPM and bottom sediment 

in both estuaries to delineate their  provenance  

 

 trace and rare earth elements composition of SPM and bottom sediment in 

both estuaries for their source and distribution  

 

 sources and fate of organic matter in suspended and bottom sediment of 

both estuaries.  

 

1.4 Study area 

 

The Mandovi-Zuari rivers are two major rivers of Goa in the central west 

coast of India (Fig. 1.2) adjacent to each other and share some common 

features. Both originate in the Western Ghats (mountain regions) and drain 

through a narrow coastal plain with nearly identical lengths (~50 km each). Both 

rivers drain through rocks of the Goa Group belonging to the Dharwar Super 

Group of the Archaean–Proterozoic age (Gokul et al., 1985). The Bicholim 

Formations, green schists, and Sanvordem Formations covered by ferruginized 

laterites occur in the drainage basins of both rivers. The Bicholim Formations, 

however, occupy a large area in the upstream of Mandovi River, whereas the 
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Sanvordem Formations occupy a large area in the downstream of Zuari River 

basin (Mascarenhas and Kalavampara, 2009). The Bicholim Formations consist 

of schists, phyllites, limestones, banded-iron formations, and manganiferous 

cherts, while the Sanvordem Formations include metagreywacke, conglomerate, 

and argillites (Gokul et al., 1985).  

 

The estuaries of both rivers are classified as “monsoonal estuaries” 

(Shetye et al., 2007; Vijith et al., 2009), which receive abundant river discharge 

only during the monsoon (June–September) and negligible discharge in the 

remaining period. The river runoff of Mandovi measured at the head during 

June–October is ~258 m3s−1 and during November–May is ~6 m3s−1 (Vijith et al., 

2009). The Zuari River was dammed at the upper estuary and the runoff 

measured at Sanguem and Kushavati tributaries during the monsoon (June–

September), post-monsoon (October–January), and pre-monsoon (February–

May) are ~147, 7.3, and 0.8 m3s−1, respectively. These estuaries are meso-tidal 

and the tidal ranges are ~2.3 and 1.5 m during the spring and neap tides, 

respectively (Manoj and Unnikrishnan, 2009). The currents in the estuaries are 

tide-dominated. The tidal oscillations have been observed and saline waters 

penetrate ~45 km upstream from the river mouth into the main channels of both 

rivers during the dry season, i.e., October to May (Shetye et al., 2007). Fishing 

activity comes to a standstill during the monsoon and all the mechanized fishing 

boats are stationed at the lower part of estuaries. A narrow canal, called the 

Cumbarjua canal, connects the two estuaries in the downstream. The rivers are 

connected to the sea through bays, and the Aguda Bay off Mandovi is semi-

circular and is at least four times smaller than that of the funnel-shaped, 

Mormugao Bay off Zuari.   

 

The Mandovi-Zuari Rivers play an important role in the economy of the 

mining industry in Goa by providing a cheap and efficient means of ore transport. 

Several big open cast iron and manganese ore mines operate in the drainage 

basins of the rivers. Fe and Mn ores brought from the mines are stored on the 
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shore of the estuary, loaded on to barges at loading points, and transported 

through the estuary to the port or midstream point from where the ore is exported 

in giant ships. Mandovi has 37 loading points with 1,500 trips of barges per year, 

while Zuari has 20 loading points with 1,800 trips per year. Ore transport through 

rivers increases annually from 14 million tonnes (mt) in 1980 to 30.7 mt in 2004. 

Of this, 19.1 mt of ore was transported through the Mandovi and 11.6 mt was 

transported through Zuari. Part of the ore (11 mt) carried through the Mandovi is 

diverted to the port through Cumbarjua canal during the monsoon (Rangaraj and 

Raghuram, 2005). During heavy monsoon rains, abundant ore material is being 

flushed into the estuaries. Since ore handling, i.e., loading in barges, 

transporting, and reloading at the port or midstream in giant ships, is done in an 

open system, one would expect abundant spilled-over ore material into the 

estuaries. Ship building units are located on the shores of both estuaries. Sand 

mining is an important activity in the upstream channel of the estuaries (Fig 1.3). 

Industries such as Iron-ore processing plant and Fe-pellet making factory are 

also located on the shore of Mandovi and Zuari estuaries, respectively (Fig. 1.2) 
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Chapter 2 

 

Materials and Methods 

 

2.1 Sample collection 

 

Two types of data were collected in the Mandovi and Zuari estuaries: (1) 

Surface waters were collected every day at one station in the mid-channel of the 

estuaries during June - September 2007 in Mandovi, and June - September 2008 

in Zuari estuary. This station is referred to here as the “regular” station (Fig.2.1). 

(2) Surface water and bottom sediments were also collected along the main, mid- 

channel of both Mandovi and Zuari estuaries at different stations (hereafter 

referred to as “transect” stations), using a mechanized boat. Transect station 

data were collected fortnightly in the Mandovi estuary and the number of stations 

are 5 (M1-M5) during monsoon (June – September 2007), and 7 (M1-M7) during 

October 2007 to May 2008. Sample collection at 7 stations (M1-M7) was 

repeated in the Mandovi estuary during January-May 2009. In the case of Zuari 

estuary surface water and bottom sediment were collected during spring and 

neap tides of every month along transect stations from June 2008 to May 2009. 

The collected are 6 stations (Z1-Z6) during June–August 2008, 8 stations (Z0-Z7) 

in September 2008 and 10 (Z0-Z9) during October 2008 - May 2009. Data 

collection was repeated in the Zuari estuary at 10 stations (Z0-Z9) during 

October 2009 to May 2010. Bottom sediment was collected using Van Veen grab 

and the top centimeter of the surface sediment was carefully peeled off by 

opening one flap of the grab and dried. Salinity of surface water was invariably 

measured at all stations (regular as well as transect stations) both in Mandovi 

and Zuari estuaries, using conductivity sensor of a portable CTD system (Seabird 
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SBE19 plus). The accuracy of the system for temperature and conductivity are 

0.005 C and 0.0005 S/m, respectively. 

 

 

2.2 Laboratory analysis 

 

2.2.1 Suspended particulate matter (SPM) from water samples 

 

Five liters of surface water sampled at each station were filtered through 

0.4 μm polycarbonate membrane filter. Three filter papers were used for each 

station, and the suspended particulate matter (SPM) retained on filter papers was 

dried at 40C and weighted. SPM is expressed as milligram per liter. For SPM 

concentrations samples 65 at the regular station and 83 at transect stations of 

the Mandovi estuary and, 68 samples at the regular station and 212 at transect 

stations of the Zuari estuary, both during spring tide and neap tide were 

investigated. 

 

2.2.2 SEM studies on suspended particulate matter (SPM)  

 

Suspended matter on filters were examined for the samples at the river 

end, middle and sea end stations of the estuary in each season under JEOL 

5800 LV scanning electron microscope (SEM) to identify its constituents.  A total 

of 9 samples along transect stations of the Mandovi and 18 samples from Zuari 

estuary (9 samples each for spring and neap tide) were investigated.  

 

2.2.3 Textural analysis of surface sediments 

 

Sediment samples were oven dried at <50C. About 10 g of dried 

sediment sample was weighed accurately and transferred into a 1000 ml beaker 

and samples were made salt free by repeated washing using distilled water. 

About 25 ml of dispersing agent (10% sodium hexametaphosphate solution) was 
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added to the each beaker and dispersed the sediment for 4 hours. Subsequently, 

the samples were wet sieved on a 63 m sieve. The sand fraction (>63 m) 

retained in the sieve was dried and weighed. The mud fraction was collected in a 

1000 ml measuring glass cylinder and made up to 1000 ml using distilled water. 

The sample in the cylinder was thoroughly stirred. Following Stoke’s settling 

velocity principle, 25 ml of < 4 m fraction of sample solution was collected in a 

50 ml beaker, dried and weighted. The percentage of sand, silt and clay in each 

sample was calculated and texture of the sample was determined, following Folk 

(1968). Representative surface sediment in one month from each season from 

transect stations was used for textural studies. A total of 45 surface sediment 

samples, including 19 from Mandovi and 26 from Zuari estuary were investigated 

for determining the texture of the sediment.  

 

2.2.4 Mineralogy of the SPM and sediment 

 

The SPM retained on filter paper was transferred carefully to a 50 ml 

beaker and rendered free of calcium carbonate and organic matter by treating 

with acetic acid and H2O2, respectively. They were thoroughly washed to remove 

excess acid and concentrated the SPM. Oriented clay slides were prepared by 

pipetting concentrated solution on to a glass slide and allowed to dry in air. In 

case of sediment samples, the < 2 m fraction of the sediment was separated 

from the total sample based on the settling velocity principle and made free of 

calcium carbonate and organic matter by treating the sample solution with acetic 

acid and H2O2, respectively. Excess acid was removed by repeated washing with 

distilled water. Oriented slides were then prepared by pipetting 1 ml of the 

concentrated clay suspension onto glass slide and allowed them to dry in air. The 

dried sample slides were placed on a holed ceramic plate and inserted in a 

desiccator that contained ethylene glycol. The desiccator was heated to 100C 

for 1 hour. Thereafter, X-ray diffraction studies were carried out on the glycolated 

slides by scanning them from 32 to 222 at 1.22/min, using nickel-filtered 

Cu K radiation on a Rigaku X-ray diffractrometer, operated at 20 mA and 40 kV. 
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All samples were scanned from 240 to 260 2θ at 1/20 2θ min-1 to differentiate 

kaolinite and chlorite peaks (Biscaye, 1964).  Clay minerals were identified based 

on peak positions from the glycolated X-ray diffractograms and peak areas of the 

principle reflections of major clay minerals above the base line were measured. 

The peak areas of kaolinite+chlorite, illite and smectite were multiplied by the 

weighting factors 2, 4 and 1 respectively and weighted peak area percentages 

were calculated, following the semi-quantitative method of Biscaye (1965). A total 

of 31 suspended matter, including 14 from Mandovi and 17 from Zuari estuay 

and , 31 samples of surface sediment, including 14 from Mandovi and 17 from 

Zuari estuary transect station covering monsoon and pre-monsoon season 

through representative month were analyzed. 

 

2.2.5 Geochemistry of the SPM and sediment 

 

The suspended matter on the filter was carefully weighed and transferred 

to teflon beakers. The samples were treated with HF+HNO3+HClO4 mixture in a 

beaker, kept overnight and then dried on a hot plate. This treatment was 

repeated till the sample in the beaker was completely digested. The final residue 

was dissolved in 20 ml of 1:1 HNO3. Subsequently, 5 ml of 1 ppm Rh solution 

was added as an internal standard and made up to the final volume 

(Govindaraju, 1994). Similarly, < 2 m fraction of the sediment separated from 

total sediment was dried. This fraction was used for geochemistry of the 

sediments both in Mandovi and Zuari estuaries. The procedure for preparing 

sediment samples for chemical analyses is same as mentioned above for SPM. 

The aliquots prepared for SPM and sediment samples of Mandovi estuary were 

analyzed for major elements on a Perkin-Elmer Plasma-400 Inductively-Coupled 

Plasma Atomic Emission Spectrometer (ICP-AES) at the National Institute of 

Oceanography, Goa and, trace elements on a Perkin Elmer SCIEX (Model 

6100ELAN DRC II) inductively-coupled plasma mass spectrometer (ICP-MS) at 

the National Geophysical Research Institute, Hyderabad, India. The SPM and 

sediment samples of the Zuari estuary were analyzed for major elements, using 
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ICP-AES at the Department of Earth Sciences, Pondicherry University, 

Pondicherry and for trace elements using a Themo X series II ICP-MS at the 

National Institute of Oceanography, Goa. MAG1 (Marine mud) was used as an 

internal standard to check the reliability of the analysis. Table 2.1 show the 

certified values of major and rare earth elements of MAG 1 and values obtained 

in our experiments for the samples of Mandovi and Zuari estuaries, respectively. 

The reproducibility of the results was found to be better than 5% and 10% for 

major and rare-earth elements, respectively.  

 

Accuracy (%) and Precision (%) of analyses were calculated using equations 

Accuracy (%) = {(Mean – Certified value)/ Certified value} x100 

Precision (%) = {(Measured 1- Measured 2)/Mean} x100 

 

A total of 212 samples of suspended matter were used for major and 

minor elements analysis. This includes15 from Mandovi and 16 from Zuari 

estuary regular stations during monsoon and 75 from Mandovi and 106 from 

Zuari estuary transect stations. A total of 88 surface sediment samples, including 

38 from Mandovi and 50 from Zuari estuary transect stations were used for major 

and minor element analysis. 

 

The enrichment factor (EF) of metals (Taylor and McLennan, 1995) with 

reference to the upper continental crust (UCC) was used to understand the 

behavior of metals and is defined as: 

 

EF= [X/Al]sample/[X/Al]upper crust 

 

Where X represents the concentrations of the reference element, and Al 

the Al concentration. The defined categories for the degree of pollution based on 

the EF of metals (sutherland, 2000) are as follows: EF value~2 no or minimal 

pollution, 2-5 moderate pollution, 5-20 significant pollution, 20-40 very strong 

pollution, and >40=extreme pollution.  
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The Index of geoaccumulation (Igeo) was also used to measure the degree 

of pollution (Muller, 1969) and defined as: 

 

Igeo= log2 (Cn/1.5Bn) 

 

Where Cn is concentration of element n, Bn is the references material 

(UCC) concentration of element n. The factor 1.5 is equation is used because of 

the  possible variations due to lithogenic effects (Muller, 1969; Loska et al. 2004). 

The defined categories of Igeo (Forstner et al. 1990) are as follows: Igeo value~0 

practically unpolluted, 0-1 unpolluted to moderately polluted, 1-2 moderately 

polluted, 2-3 moderately to strongly polluted, 3-4 strongly polluted, 4-5 strongly to 

very strongly polluted, and >5 very strongly polluted.  

 

Ce and Eu anomalies were calculated using the equations (Taylor and 

McLennan, 1985) 

Ce/Ce* = 3CeCN/(2LaCN+NdCN) 

 

Eu/Eu* = EuCN/(SmCNxGdCN)1/2 

 

‘CN’ denotes concentration normalized with respect to PAAS. 

 

2.2.6 Organic chemistry of the SPM and sediment 

 

Water samples and bottom sediment collected during spring tide and from 

a representative month for the wet (August) and dry (April) seasons were 

selected along transects of the Mandovi and Zuari estuaries for measuring OC, 

TN, 13Corg and 15N. Here the GF/F filters were used. These filters were pre-

combusted at 300 C for 6 h, and then the water samples were filtered and the 

SPM retained was dried at <45 C. We used <2 m fraction of the sediment in 

order to maintain uniformity in all our studies (mineralogy, geo- and isotope 
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chemistry of sediments). The < 2 m fraction of the sediment was separated by 

Stoke’s settling velocity principle and filtered through the pre-combusted GF/F 

filter and dried. Calcium carbonate content was removed by exposing the GF/F 

filters with sample to concentrated HCl fumes in a desiccator for 12 h and was 

subsequently dried. The OC, TN, 13Corg and 15N were measured on dried 

samples on the filters, using the elemental analyzer coupled with Isotope Ratio 

Mass Spectrometer (EA-IRMS-Delta V, Thermo Fisher Scientific, Germany) at 

the regional centre, National Institute of Oceanography, Waltair, India. The 


13Corg and 15N are expressed as per mil (‰) against PDB and air standards, 

respectively. The precision is ±0.2‰ for 13Corg and 15N. The total number of 

SPM samples investigated is 12 from the Mandovi estuary and 16 from Zuari 

estuary. Similarly, the total number of sediment samples investigated is 12 from 

Mandovi estuary and 15 from Zuari estuary. 

 

2.2.7 Sr and Nd isotope measurements of the SPM and bottom sediment 

 

SPM and sediment samples were used for Sr-Nd isotope measurements. 

The SPM from the filter paper was carefully removed, dried and powdered. For 

sediments, the, <2 μm fraction of the sediment was separated and used for 

isotope measurements. Sr and Nd isotopic analyses were made on carbonate 

and organic matter free fraction of the sediments (Singh et al., 2008). The 

powdered sediment samples were first decarbonated by leaching with 0.6 N HCl 

at 80°C for ~ 30 min with ultrasonic treatment. The slurry was centrifuged, 

residue washed with Milli-Q water, dried and ashed at ~ 600°C to oxidize organic 

matter. A known weight (~100 mg) of the carbonate and organic matter free 

fraction of sediment was transferred to Savillex® vial and digested repeatedly 

with HF- HNO3-HCl at ~ 120°C to bring the sediment to complete solution. The 

acid digestion step was repeated as needed to ensure that the entire sample was 

brought to complete solution. Sediments (<2 μm fraction) were digested in 

presence of 84Sr and 150Nd spikes. Pure Sr and Nd fractions were separated from 

the solution following standard ion exchange procedures (Rahaman et al., 2009; 
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Singh et al., 2008, Goswami et al., 2012). Sr and Nd concentrations and 87Sr/86Sr 

and 143Nd/144Nd of sediments were measured on a Finnigan Neptune Multiple 

collector – Inductively Coupled Plasma – Mass Spectrometry (MC-ICP-MS) at 

PRL. The analyses were made in static multi-collection mode. Mass fractionation 

corrections for Sr and Nd were made by normalizing 86Sr/88Sr to 0.1194 and 

146Nd/144Nd to 0.7219 respectively. During the course of analyses, NBS987 Sr 

standard was measured, these yielded values of 0.710287 ± 0.000020 (1σ, n = 

15) for 86Sr/88Sr. For Nd, JMC-321 standard was measured on MC-ICP-MS, this 

yielded an average value of 0.511095 ± 0.000007 (1σ, n = 13) (Goswami et al., 

2012). The internal reproducibility was better than 10 ppm for both Sr and Nd 

isotopic measurements. The Nd isotopic data is expressed in terms of standard 

‘ε’ notation,  
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where, 143Nd/144Nd is the measured Nd isotopic composition of the sample and 

143Nd/144NdCHUR is the present day 143Nd/144Nd value of CHUR (Chondritic 

Uniform Reservoir) which is 0.512638, (DePaolo and Wasserburg, 1976). 

Several total procedural blanks for Sr and Nd were also processed during the 

analysis. These blanks are several orders of magnitude lower than typical total Sr 

and Nd loads analyzed and hence no corrections for blanks were made. 
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Chapter 3 

 

Distribution and dispersal of suspended sediment in the 

Mandovi and Zuari estuaries: Influence of estuarine 

turbidity maximum  

 

3.1 Introduction 

 

Knowledge on the suspended sediment dynamics in estuarine system has 

received considerable attention in recent years in response to the fact that the 

estuaries receive agricultural, industrial and domestic waste runoff from their 

watersheds and impacted by nutrients and pollutants, and siltation in the 

channels leading to navigational problems (Oslen et al., 1982; Regnier and 

Wollast, 1993; Mckee et al., 2000; Kistner and Pettigrew, 2001; Patchineelam 

and Kjerfve, 2004; Hossain et al., 2004). Dynamic estuarine processes control 

how suspended sediments are distributed and transported. Understanding the 

suspended sediment movement on a seasonal scale is important for monitoring 

water quality, fate of pollutants, and for the success of dredging operations. 

Investigations revealed that the distinctive feature in estuaries is the occurrence 

of estuarine turbidity maximum (ETM) where the concentrations of suspended 

particulate matter (SPM) are higher than that of concentrations both seaward and 

landward (Schubel and Kennedy, 1984; Nichols and Biggs, 1985; Dyer, 1988). 

ETM may occur in any part of the estuary (Schoelhamer, 2001), but usually 

present near the saltwater-freshwater interface by the strength of estuarine 

circulation (Postma, 1967; Festa and Hansen, 1978), or away from the saltwater-

freshwater boundary as a result of tidal processes, which re-suspend sediment 

from the bed (Allen et al., 1980; Gelfebaum, 1983; Uncles and Stephens, 1989; 

Le Bris and Glemarec, 1996). The freshwater discharge and tidal forcing produce 

gravitational circulation and salinity stratification within estuaries and can be 
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directly related to the distribution of SPM concentrations and location of ETM 

(Geyer, 1993). A cycle of deposition, bed erosion and resuspension also can 

contribute to the ETM formation (Uncles et al., 1994; Wolanski et al., 1995). 

Comparison between estuaries reveals large differences in SPM concentrations 

due to different freshwater discharge, tidal characteristics and sediment sources. 

Moreover, no two estuaries are alike in terms of the parameters responsible for 

their sediment characteristics (Althausen Jr and Kjerfve, 1992). Studies related to 

the suspended sediment concentrations on seasonal timescale are somewhat 

neglected for Indian estuaries.  Prior to this study instead of bimonthly sampling, 

a representative seasonal distribution of SPM concentration in Mandovi (Bukhari, 

1994) and Zuari river estuary (Dessai, 2008) were reported. 

 

In this chapter the variations in suspended particulate matter (SPM) 

concentrations of the two adjacent, Mandovi and Zuari Rivers (Fig. 3.1) are 

reported. The objectives of this study are: (1) to compare the SPM variability and 

position of turbidity maximum on a seasonal scale in two adjacent estuaries of 

the rivers of nearly the same length, sharing similar terrain and rainfall conditions 

and, (2) to identify the processes that influence sediment transport in these 

estuaries.  

 

Field sampling and laboratory methods SPM from water samples are 

detailed in Chapter 2 (Materials and methods). In Mandovi, 65 samples at the 

regular station covering alternate days of entire monsoon months (June to 

September) and 83 samples at transect station [(M1-M5)5x4June-September+ (M1-

M7)7x5October- February+ (M1-M8)8x1March+ (M1-M10)10x2April and May] were 

investigated. Similarly, for Zuari estuary 68 samples at regular station and 212 at 

transect stations [(Z1-Z6)6x3June-August + (Z0 to Z7)8x1September + (Z0 to 

Z9)10x8October-May] both for spring tide and neap tide were investigated. 
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3.2 Results 

 

3.2.1 Variations of SPM at the regular station of Mandovi and Zuari 

estuaries 

 

Figures 3.2 and  3.3 and Tables 3.1 and 3.2 depict the variations of SPM 

and surface water salinity at the regular stations (RS see Fig. 3.1) of the Mandovi 

and Zuari estuaries and rainfall measured by rain gauge at two stations in their 

drainage basin during monsoon 2007 and monsoon 2008, respectively. The 

concentrations of SPM during the monsoon vary significantly and range from 3 

mg/l to 158 mg/l in Mandovi, and 2 mg/l to 90 mg/l in Zuari estuary. The peaks 

of high SPM concentrations occur more frequently in the Zuari than in Mandovi 

estuary. The active spells of high rainfall vary from 50 mm/day to 225 mm/day in 

the Mandovi River basin, and 70 mm/day to 200 mm/day in Zuari River basin. 

Although the peaks of high SPM correspond with that of high rainfall in both the 

estuaries (‘a’ in Fig. 3.2, Fig. 3.3), the correlation between the two is weak. In the 

initial phase of the monsoon surface waters maintained high salinity (31-35) for 

longer time in Mandovi (until 17th June 2007) than in Zuari estuary (29-33; 6th 

June 2008). Thereafter, the salinity values fall sharply in both estuaries with 

increase in rainfall (‘a’ in Fig. 3.2, Fig. 3.3). Excursions of high saline water into 

the estuary during weak spells of rainfall within the monsoon are characteristic in 

both estuaries. However, the frequency of these incursions is greater in the 

Mandovi than in Zuari estuary (Fig. 3.2, Fig.3.3). Peaks of high SPM coinciding 

with high salinity and low rainfall (see ‘b’ in Fig. 3.2, Fig. 3.3) at the beginning of 

the monsoon, peaks of high SPM corresponding with low rainfall and moderate / 

low salinity (see ‘c’ in Fig. 3.2, Fig. 3.3) are common in both the profiles. The 

peaks of moderate SPM in Zuari also correspond well with peaks of high tide 

and, low SPM with troughs of low tide (Fig. 3.3).   
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3.2.2 Variations of SPM at the transect stations of Mandovi and Zuari 

estuaries  

 

SPM and salinity data were collected at each station every month 

fortnightly in the Mandovi (Fig. 3.4; Table 3.3) and during spring (Fig. 3.5; Table 

3.4) and neap tides (Fig. 3.6; Table 3.5) in Zuari estuaries. Since the intensity of 

monsoon and trade winds exhibit significant seasonal changes, seasonal 

variations in SPM concentrations were thought to represent the most important 

variations that occurred in the estuary. The seasonal variations of mean SPM 

and salinity (average of four months) were calculated at each station of the 

Mandovi (Fig. 3.7A) and Zuari estuaries (Fig. 3.7B-C). The concentrations of 

mean SPM in the main channel of Mandovi estuary are low at the river end 

stations and increase gradually seaward and highest at sea end stations of the 

estuary, both during the monsoon and pre-monsoon. The mean salinity, 

however, varies from 0 to 8 at M5 stations covering a distance of 19 km during 

the monsoon, and 10 to 34 at M7 stations covering a distance of 35 km during 

the pre-monsoon. The concentrations of SPM are consistently low (<7 mg/l) at all 

stations, despite salinity varies from 2.5 to 32 at M7 stations during the post-

monsoon.  

 

Figs. 3.7B and 3.7C illustrate the seasonal concentrations of mean SPM 

and salinity along transect stations of the Zuari estuary during the spring and 

neap tides, respectively. In Zuari, stations Z0 to Z3 represent the bay part and 

stations Z4 to Z9 represent the channel part of the estuary (see Fig. 3.1). On 

spring tide SPM is high and nearly equal (av. 19 mg/l) at all stations in the 

channel, but decreases gradually seaward from 17 mg/l to 8 mg/l in bay stations 

during the monsoon. On the other hand, the mean salinity varies from 0 to 8 in 

channel stations and increases seaward from 10 to 31 in bay stations. During the 

post-monsoon, the mean SPM is much lower (3-10 mg/l) with relatively high 

values (8-10 mg/l) at stations Z2 to Z5, close to the junction of the bay and 

estuary channel. The mean salinity increases steeply from 1 to 31 from river end 
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to sea end stations in the channel, and marginally from 32 to 35 in bay part of the 

estuary. During the pre-monsoon, the mean SPM concentrations again increase 

gradually from river end (9 mg/l) to sea end stations (19 mg/l) of the channel with 

highest values (30 mg/l) at station 3, close to the junction of bay and channel, 

and then decreases seaward gradually in the bay. The mean salinity variations 

are nearly same as that of post-monsoon, except that the slope of the salinity 

curve is gentler in pre-monsoon than in post-monsoon (Fig. 3.7B). The mean 

SPM and salinity variations during neap tide (Fig. 3.7C) are as follows: SPM 

concentrations are high (12 mg/l) at the river end station and decrease marginally 

towards sea end stations of the channel and bay during the monsoon. The mean 

salinity varies from 0 to 25 from river end station of the main channel to the bay 

end station of the estuary. The mean SPM concentrations in channel stations are 

much lower during the post- and pre-monsoons than in monsoon, but highest 

SPM (19-22 mg/l; av. 20 mg/l) occurs at stations 1 and 2 of the bay (Fig. 3.7C). 

The salinity variations during the neap tide are same as that of the spring tide.  

 

3.2.3 SEM studies on SPM in the Mandovi and Zuari estuaries. 

 

In Mandovi estuary the SPM at sea end stations exhibits  least differences 

in grain size or foreign material during the monsoon. The SPM is characterized 

by rounded and irregular floccules and fine fragments of carbonate shell material. 

Aggregates are abundant at the seaward stations (Fig. 3.8a, b). Figs. 3.8c and d 

show individual floccules appear aggregated and become larger and denser. 

Floccules adhered to diatoms frustules and irregular to round or elongated fine-

sediment aggregates also occur at river end stations of the estuary (Fig. 3.8e, f). 

The SPM at station M4 and M5 showed fecal pellets (Fig. 3.8g) and aggregation 

of fine-grained materials together with microfilaments (Fig. 3.8h). They are, 

however, fewer and more loosely structured than those at the sea end. The 

aggregates consist of clay particles, diatoms, organic and fecal pellet material 

and occur as irregular to elongated particles. The SEM photographs of diatoms in 

Fig.3.9a-h show that the diatoms are the most common and exhibit evidences of 
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dissolution when admixed with clays. Both centric and pinnate diatoms are 

present. When floccules / aggregates are abundant, especially in June and 

February, the identification of diatoms at sea end stations is restricted to genera 

level and include marine centric (Thalassiosira sp., Coscinodiscus sp., 

Triceratium sp., Skeletonema sp., Actinoptychus sp., Chaetoceros sp. Amphora 

sp.) and pinnate (Nitzschia sp.) diatoms. The marine diatoms dominated by 

Chaetoceros curvisetus, Skeletonema costatum, Thalassiosira sp. 

Thalassionema nitzschioides, and Fragilariopsis sp. occur at sea end stations in 

November/April. Freshwater diatoms (Cyclotella stelligera, Diploneis sp. and 

Cymbella sp.) are dominant together with a few marine (Coscinodiscus sp., 

Nitzschia sp. and Amphiprora sp.) diatoms at the river end of the estuary in 

month of August.    

 

In Zuari estuary the SPM at stations Z2 to Z6   shows more number of 

irregular floccules than stations Z7 to Z9.  These floccules are composite of clay 

particle, organic material and diatoms frustules (Fig. 3.10a-h). Stations Z2 to Z6 

show high SPM concentrations and the SPM characterized by floccules of 

organic material and diatom frustules during the monsoon (Fig. 3.10a and b). 

During the post-monsoon SPM at the same stations shows flocculated diatoms 

(Fig. 3.10c) and individual particles (Fig. 3.10d). During the pre-monsoon the 

SPM is dominated by fecal pellets (Fig. 3.10e) and clay minerals (Fig. 3.10f). 

While the  stations at river end (Z7 to Z9) show low SPM concentrations and 

SPM dominated by diatoms with less flocculated material (Fig. 3.10g and h)  

SEM photographs in Figs. 3.11a-h show marine diatoms like chaetoceros sp., 

Nitzshia panduriformis sp., Plerosigma sp., Amphipleura sp., Licomophora sp., 

Biddulphia sp., Thalassiosira sp., Thallassionema sp., Skeletonema sp., occur at 

sea-end stations, whereas fresh water diatoms like Cymbella sp., and Diploneis 

sp. are abundant at river end stations. Marine diatoms like Concinodiscus sp., 

and Nistzschia sigma sp., Surirella sp., Thallassionema sp., are presents in sea 

end, as well as at river end stations  and associated with  low SPM concentration 

during  post and pre-monoon.  
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3.3 Discussion 

 

3.3.1 Controls on SPM concentrations at the regular station 

 

SPM concentrations in estuaries, in general, are controlled by several 

factors, including river discharge, salinity and turbidity in the water column. The 

rainfall during SW monsoon shows high variability, both on seasonal and sub-

seasonal time scales (Shetye et al., 2007). Moreover, active periods of heavy 

rainfall within the monsoon period are interrupted by drier ‘break’ periods, during 

which saline waters intrude into the estuaries. The SPM, salinity and rainfall data 

collected at the regular stations of Mandovi and Zuari estuaries are for monsoon 

2007 and 2008, respectively. Therefore, the variations in peak highest SPM 

concentrations in the Mandovi (158 mg/l) and Zuari (90 mg/l) rivers (Fig. 3.2 and 

3.3) at the RS are controlled by the duration and intensity of heavy spells of high 

rainfall in 2007 and 2008, and influence of intruded saline waters on SPM. Peaks 

of high SPM coinciding with high rainfall and low salinity in both profiles (’a’ in 

Fig. 3.2 and 3.3) indicate that the SPM brought by rivers to the estuary during 

heavy monsoon rains is a controlling factor. Peaks of high SPM coinciding with 

high salinity and low / medium rainfall (‘b’ in Fig. 3.2 and 3.3), and weak 

correlation of SPM with rainfall, however, indicate that SPM is also affected by 

other factors, such as turbidity caused either by processes at the interface of 

saltwater with freshwater, or resuspension of bottom sediments. The coincidence 

of high SPM and high salinity at the beginning of the monsoon suggests that 

resuspension, at times, controlled the SPM concentrations. The RS in the 

Mandovi (see Fig. 3.1) is 6.3 km away from the mouth of the estuary and located 

within the main channel and is somewhat protected from physico-chemical 

processes occurring in the bay. While in Zuari the RS (see Fig. 3.1) is 10 km 

away from the mouth of the estuary and located at the end of the main channel 

and beginning of the conical- or funnel-shaped bay and is directly affected by the 

processes in the bay. Greater number of the peaks of moderate SPM in the Zuari 
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than in Mandovi estuary and, peaks of high SPM corresponding to that of high 

tide and vice versa (see Fig. 3.3) suggest that the RS in Zuari is affected by 

enhanced tidal currents in the bay (see below), which keep pushing the 

resuspended sediments from the bay to the estuary channel, leading to the 

events of moderate SPM. Moreover, enhanced tidal currents favour strong 

vertical mixing in the water column that may be responsible for relatively a few 

excursions of high saline waters during weak spells of high rainfall in Zuari (Fig. 

3.3), compared to that in Mandovi (Fig. 3.2). More number of peaks of high saline 

waters in Mandovi estuary also causes rapid settling of SPM. The SPM at the RS 

in both Mandovi and Zuari estuaries is influenced by river discharge, 

resuspension of bottom sediments and salinity excursions.  

 

3.3.2 Controls on SPM distribution and ETM formation at transect stations  

 

(i) During the monsoon  

 

The estuaries of the Mandovi and Zuari Rivers receive maximum sediment 

discharge because of heavy rainfall (av. 2500 mm/yr) that occurs only during the 

monsoon. Shetye et al. (2007) and Vijith et al. (2009) reported that the total 

runoff in these rivers is an order of magnitude larger than the estuarine volume 

during the monsoon. Increase in SPM concentrations from river end to sea end 

stations of the estuary and highest concentrations at the sea end station of the 

main channel, both in Mandovi (Figs. 3.4 and 3.7A) and (spring tide of) Zuari 

estuaries (Figs. 3.5 and 3.7B-C), during the monsoon indicate high SPM 

concentrations are due to estuarine turbidity maximum (ETM). As salinity in the 

channel ranges from 0 to 8, this ETM may be considered as ‘traditional ETM’ 

occurring at the freshwater - seawater interface, reported by several others from 

different estuaries (Schubel, 1968; Festa and Hansen, 1978; Allen et al., 1980; 

Uncles et al., 1994; Grabemann et al., 1997; Chen et al., 2005; McManus, 2005). 

Mixing between the freshwater and seawater provokes turbulence, which is 

generated by currents arising from river flow, tides, or both (Allen et al., 1980). 



29 

The tidal range during the spring tide is 2.3 m. Strong, westerly to southwesterly 

winds with a speed of 4-7 ms-1 during the monsoon (Shetye et al., 2007) tend to 

increase the tidal velocities towards the estuary head. The rapidly narrowing bay 

topography, especially in Zuari, amplifies considerable rise in the tide and can 

lead to maximum tidal current speeds during the spring tide. De Souza (2000) 

reported tidal currents of 1 ms-1 during the spring tide.  In other words, the 

intense river flow during the monsoon is counteracted by the strong wind-

induced, amplified tidal currents transported from the bay. In such conditions, 

high SPM would accumulate either at the head of salt intrusion, or in the upper 

estuary depending on the strength of the estuarine circulation relative to that of 

tidal transport. Although the zone of ETM with an average SPM of 19 mg/l occurs 

at sea end stations of the main channel in both estuaries (Fig. 3.7A-B), it is found 

to elongate 21 km during the spring tide of the Zuari and 10 km in Mandovi 

estuary. This elongated zone of ETM in Zuari indicates greater volume of water 

with intensified tidal currents were probably pumped into the converging main 

channel, causing turbulence and keeping particles in suspension and extending 

ETM upstream. In other words, the greater size and funnel-shaped bay off Zuari 

and, small size and circular bay off Mandovi and associated physical processes 

are responsible for extended and narrow zones of ETM, respectively. Althausen  

and Kjerfve (1992) also reported elongated turbidity maximum zone (TMZ) in a 

partially mixed estuary, Charleston harbor, USA and suggested that elongated 

TMZ does not necessarily indicate active formation of the TMZ but rather the 

upstream advection of the previous low tide TMZ. Elongated ETM further 

suggests that the strength of tidal currents is greater than the currents arising 

from river flows and, suspended sediment in the ETM is a mixture of dominant 

marine or resuspended sediment transported from the bay, and river SPM. 

Distinct TMZ could not be seen in Zuari estuary during the neap tide, but high 

concentrations of SPM are found at the upstream of the main channel and 

decrease seaward (Fig. 3.7C). The average SPM retention percentage at each 

station for different seasons (average of 4 spring and neap tides of 4 months) 

was calculated using a modified formula, 
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SPM retention % = (SPM spring- SPM neap)/SPM springX100  

 

of Adame et al. (2010). The plot in Fig. 3.13 shows higher SPM (34 to 50%) was 

retained in the estuary channel than in the bay (16 to 38%) of Zuari after the 

monsoon and available to accumulate in the respective regions during the post 

monsoon. The increase in retention percentage of SPM from mouth to the 

constriction of the bay (Fig. 3.13) suggests suspended matter may also have 

been drawn from offshore into the bay.  

 

(ii) During the post-monsoon 

 

During the post-monsoon river discharge is negligible (Shetye et al., 2007) 

and saltwater intrude progressively into the estuarine channel (Fig. 3.7). 

Northeasterly winds with a speed of 1.8 to 2.6 ms-1 prevailed during this season 

(Shetye et al., 2007). The least SPM concentrations in both estuaries may be 

due to the absence of estuarine circulation and saltwater intrusion, which 

suppresses turbulence and effectively remove fine sediments in the channel. Low 

speed winds directed seaward also favour stratification in the estuary. Relatively 

high SPM at stations close to the constriction of funnel-shaped bay in Zuari (Fig. 

3.7B) may suggest the influence of enhanced tidal range in resuspending 

sediments. During the neap tide turbidity maximum occurs at stations Z1 to 3 in 

bay part of the Zuari estuary. The water depths at these stations are shallower 

than that of adjacent stations on either side. The height of the tidal range during 

the neap tide is 1.5 m (Manoj and Unnikrishnan, 2009). It is likely that the 

subtidal currents during the neap tide were interacted with shallow bottom, 

yielding a tidal asymmetry, eroding and resuspending sediments from the 

shallow bathymetry, leading to the formation of ETM locally. The SPM retention 

percentage (Fig. 3.13) shows negative high values in the bay, most probably due 

to higher SPM during the neap than in spring tide. As it is least at sea end station 

(Z0) of the bay, the resuspended sediment may be settling largely within the bay.  
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(iii) During pre-monsoon  

 

During the pre-monsoon the river discharge is negligible in both rivers and 

saline waters intrude ~45 km upstream (Shetye et al., 2007). The NW and SW 

winds blow at speeds of 3.2-3.7 m s-1 and the winds are dominated by sea 

breezes (Neetu et al., 2006). The distribution of SPM in the main channel of the 

Mandovi River during the pre-monsoon replicates that of monsoon (Fig. 3.7A), 

despite negligible river discharge in the former and abundant river discharge in 

the latter season. Here the SPM concentrations increase from river end to sea 

end stations of the estuary channel and ETM remains at the same position, both 

during monsoon and pre-monsoon. While in Zuari ETM occurs in the channel on 

spring tide, stretched upstream during monsoon, but migrates seaward of the 

channel and close to the constriction of the bay during pre-monsoon (Fig. 3.7B). 

This seasonal migration of ETM is in contrast with the medium and high tidal 

range estuaries, wherein turbidity maximum migrates landward in response to 

the decrease of freshwater flow (Grabemann and Krause, 1989; Wolanski et al., 

1995). In the absence of estuarine circulation during the pre-monsoon, tidal and 

wind-induced currents may be responsible for ETM formation in Mandovi and 

Zuari estuaries. Moderate correlation of SPM concentrations with wind speed in 

channel stations of Mandovi (r=0.53; Fig. 3.12A) and Zuari (r=0.58; Fig. 3.12B) 

rivers suggests that the wind-induced waves/currents could be a factor 

(Kessarkar et al., 2009, 2010). Strong correlation of SPM concentrations with 

wind speed at bay stations in Zuari (r = 0.77; Fig. 3.12B) also argues in favour of 

the influence of wind in ETM formation. Several investigators (Weir and 

McManus, 1987; Schoelhamer, 1995; Wolanski et al., 1995; McManus, 2005; 

Verney et al., 2007; Talke and Stacey, 2008; Uncles and Stephens, 2010) 

suggested that wind is an important mechanism in generating turbidity maximum. 

The concentrations of SPM in the zone of ETM are higher in the Zuari (av. 22 

mg/l) than in the Mandovi (av.16 mg/l). As the size and geometry of the bays off 

Mandovi and Zuari Rivers are different (see Fig. 3.1), the energy and 
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effectiveness of the physical processes operating in these bays in resuspending 

and transporting sediments would be different. For example, the funneling effect 

in the bay of Zuari may have greater impact on the erosion and resuspension of 

material. As winds are directed towards the narrower parts of the bay, the 

magnitude of the effect of winds is expected to be higher in the funnel-shaped 

Zuari bay than in the circular-shaped Mandovi bay. Stronger winds not only 

generate waves but also reinforce the currents and carry SPM closer to the head 

(Talke and Stacey, 2008). Moreover, the funneling effect of the water in the 

narrowing bays increases the tidal range, with the maximum height close to the 

constriction of the conical-end and stem part of the funnel. The sharp increase in 

SPM concentrations from station Z0 (at the mouth) to station Z3 (at the 

constriction; see Fig. 3.7) on spring tide and, strong correlation (r=0.9) of SPM 

concentrations with tide height in bay stations (Fig. 3.12D) suggest the greater 

influence of tide in resuspending sediments in funnel-shaped bays leading to 

high SPM and ETM close to the constriction. The influence of the funneling effect 

and tidal currents in resuspending sediments, ETM formation and sediment 

transport were reported in macrotidal estuaries (Postma, 1967; Nichols and Poor, 

1967; Allen and Castaing, 1973; Collins, 1983; Wolanski et al., 1995; Sanford et 

al., 2001; Uncles et al., 2002; Scully and Friedrichs, 2007; Manning et al., 2010). 

Moderate correlation of SPM concentrations with tide height in channel stations 

of both rivers (Fig. 3.12 C-D) also supports the above argument.  

 

The plot of SPM concentrations vs. salinity at all stations in the main 

channel of both estuaries during the pre-monsoon (Fig. 3.12 E-F) shows high 

SPM is a seaward deposit and SPM concentrations decrease with decrease in 

salinity towards the river end stations. Moreover, moderate correlation exists 

between the SPM and salinity (Fig. 3.12 E-F). As river discharge is negligible in 

both rivers during pre-monsoon, the SPM-laden waters from the bays are 

eventually pumped into the channel by waves and tidal currents and 

concentrations of SPM decrease gradually upstream. In other words, the source 

sediments for SPM are either marine or resuspended sediment from the bay. The 
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maximum SPM concentration during February-May is up to 35 mg/l (Fig. 3.7A-B). 

As high SPM during this period is largely due to resuspension of bottom 

sediment, particle sizes in resuspended sediments must be larger and could 

have settled faster. Therefore, the impact of sediment by horizontal diffusive 

transport can only be seen in stations that are closer to the deposit, in spite of 

saline water incursion 45 km from their mouth (Shetye et al., 2007). The SPM 

retention percentage during the pre-monsoon (Fig. 3.13) shows that the channel 

becomes the major depositional centre (40-80% of SPM) compared to the bay 

part. 

 

3.3.3 Controls of flocculation and diatoms on SPM at the Mandovi and Zuari 

estuaries. 

 

 In Mandovi estuary the constituents in the SPM provide insight into the 

processes operating in the estuary. Broken fragments of carbonate skeletal are 

most probably derived from resuspension of bottom sediments. Pinnate diatoms 

and diatom frustules and elongated aggregates (Fig. 3.8a-c) may also support 

resuspension. Marine centric diatoms (planktonic) may indicate biological 

productivity. Sharp et al. (1984) suggested that the peak production of 

phytoplankton in the estuary coincides with large dilution of seawater which is 

often associated with enrichment of nutrients. Diatoms are associated with 

aggregates both at the sea end and river end stations of the estuary (Fig. 3.8d-f). 

Zimmermam-Timms et al. (1998) studied the seasonal dynamics of aggregates 

and suggested that larger aggregates were found in the presence of diatoms. 

The aggregates are usually rich in nutrients and enhance colonization and 

subsequent growth of organisms. Microbial filaments associated with aggregates 

(Fig. 3.8h) indicate the role of organic matter associated with bacterial surfaces. 

Bacterial mediation in sedimentation was noted by Zabawa (1978), who showed 

that bacteria by attaching to suspended solids secrete a mucus slime of a sticky 

polysaccharides that not only holds particulates together (see Fig. 3.8f) but also 

traps isolated mineral grains as they colloid with agglomerated particles (see 
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Biggs and Howell, 1984). Pelletization of fine-grained material into agglomerated 

fecal pellets (Fig. 3.8g) is a distinct process and suggests the effect of filter-

feeding organisms in the packaging or biological mediation in sedimentation of 

particles. In other words, biological and biogeochemical processes appear active 

in sedimentation and trapping sediment particulates. Floccules and aggregates 

enclosing benthic diatoms are found both at the sea end (Fig. 3.9d) and river end 

stations (Fig. 3.8e-f) of the estuary, indicating that resuspension of bottom 

sediments is an important process everywhere in the estuary. Diatoms of a 

marine type at the sea end and a freshwater-dominated type at river end of the 

estuary reflect the dominant water masses in those regions. However, 

aggregates consisting of dominant marine type diatoms with a few freshwater 

diatoms at 23-27 km from the river mouth and the presence of a few marine 

diatoms together with dominant freshwater diatoms at the river end indicate that 

the net transport of particulate matter in the estuary is directed onshore during 

the non-monsoonal months. Shetye et al. (1995) suggested that the flow in the 

estuary during October - May is influenced by tides and that the river channel 

acts as extension of sea. Tides may have carried marine diatoms towards river 

end during high tide and brought back a few freshwater diatoms seaward during 

ebb tide. Intrusion of salt water and shallow depths in the upstream of the river 

probably enabled resuspension (seen from the benthic diatoms such as cymbella 

sp.), early flocculation and aggregation of particulates. We therefore suggest that 

the particulate matter is subjected to flocculation and co-aggulation processes 

everywhere in the estuary and sediments accumulate largely within the estuary 

during this period.  

 

 In Zuari estuary marine diatoms are dominant in the SPM during monsoon 

as well as non monsoon seasons. Stations with high SPM are dominated by 

marine diatoms, which are also present in upstream station with low SPM 

concentrations. Abundant diatoms frustules (Fig. 3.10a-c), individual grain (Fig. 

3.10d), fecal pellets (Fig. 3.10e) and clay minerals (Fig. 3.10f) at the stations ( Z2 

to Z6) due to the vertical dynamics of bottoms sediments through sedimentation 
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processes since the zone of ETM characterized by re-suspended bottom 

sediments (Rao et al., 2011).  During monsoon abundance of marine plankton 

diatoms with few floccules at river end station indicate that the continental input 

of sediment does not mask the marine input in SPM or marine diatoms may have 

been reworked. Jeandel et al., (1980) using isotope tracer in the Seine estuary 

showed that instead of predominance of continental input, SPM was dominated 

by marine particles. During non-monsoon months the lower estuary is 

characterized by the high SPM concentrations with diatoms and floccules. It may 

be that because of negligible terrigenous flux along with re-suspension, diatoms 

may have facilitated environment of flocculation in the zone of ETM (Fig. 3.10a-

c). However, less flocculated material in upper estuary may be due to low SPM 

concentrations (Fig. 3.10g and h). Flocculation processes would be accelerated 

in place where with diatom abundance with high SPM concentration. Verney et 

al. (2009) explained that the main controlling factor for flocculation kinetics, 

efficiency is diatoms bloom and SPM concentration. In this case salinity becomes 

the secondary factor for controlling the efficiency of flocculation. During monsoon 

and non monsoon months abundance of marine diatoms (Fig. 3.11a-f) in 

estuaries leads to the overestimation of marine particulate matter to the SPM. 

However, the coastal waters characterized by high primary productivity which is 

mainly due to the diatom abundance which is significantly contributed to the 

SPM. While in case of   continental waters less contribution of phytoplankton 

material to the SPM load (Duponts et al., 1994). The Zuari estuary is dominated 

by the continental input only during the monsoon and SPM in non-monsoon 

months are due to re-suspension process because of ETM.  During monsoon 

dominance of marine diatoms (Fig. 3.11d-f) in observed with high SPM load at 

river end station shows that less contribution of continental phytoplankton in SPM 

whereas in non monsoon marine diatoms and fresh water diatoms (Fig. 3.11g 

and h) are present in the station Z9 with zero salinity indicate marine influence in 

the upper limit of salt intrusion.  
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3.4 Conclusions 

 

 The SPM collected at regular stations from the Mandovi and Zuari 

estuaries indicate that the peaks of high SPM coincide with peaks of high 

rainfall and low salinity and also with peaks of moderate/low rainfall 

coupled with high salinity during the monsoon. 

 

 The SPM at the regular station in both Mandovi and Zuari estuaries is   

influenced by river discharge, resuspension of bottom sediment and 

salinity excursions. 

 

 Estuarine turbidity maximum (ETM) is a characteristic feature of both 

estuaries during monsoon and pre-monsoon 

 

 ETM occur sea end stations in the Mandovi estuary and remains at the 

same position, despite abundant freshwater discharge during monsoon 

and negligible discharge during pre-monsoon.  

 

 ETM in Zuari estuary occurs in the main channel on spring tide during the 

monsoon and pre-monsoon, and shifts to the bay on neap tide during the 

post-monsoon. Moreover, ETM is stretched upstream of channel during 

monsoon, and migrates seaward of the channel and close to the bay 

during pre-monsoon.  

 

 The funneling effect of the narrowing bay in Zuari effectively enhanced the 

magnitude of the tidal and wind-induced currents and transported marine 

or re-suspended sediments into the channel.  
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 It appears that the size and geometry of the bays off the rivers and 

strength of tidal and wind-induced currents played a major role in erosion, 

re-suspension and transportation of sediments and concentrations of SPM 

in the turbidity maximum.  

 

 The SPM retention percentage is higher in the channel than in the bay of 

Zuari during monsoon.  

 

 SPM comprising of floccules, fecal pellets and aggregates of clay and 

biogenic particles occurs everywhere in the estuary. 

 

 Diatoms are the most common and are marine type at the sea-end and 

freshwater-dominated at river end stations in both the estuaries. 

 

 In the zone of ETM SPM concentrations are high and dominated by 

diatoms. Abundant diatoms may have facilitated flocculation in the zone of 

ETM.  

 

 In monsoonal estuaries the size and morphology of the bays, tidal and 

wind-driven waves and currents at the mouth of estuary and associated 

physico-chemical and bio-geochemical processes play an important role in 

the formation of ETM and transformation of SPM into floccules and 

aggregates and in their upkeep or removal from the water column.  
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Chapter 4 

 

Clay minerals and Sr-Nd isotopes in suspended and 

bottom sediments of the Mandovi and Zuari estuaries 

 

4.1 Introduction 

 

Clay minerals are the weathering products of continental rocks and are 

transported to the oceans largely by rivers. The composition of clay minerals 

primarily depends on source rock composition, climate and topography of the 

drainage basin of the river (Grim, 1968). The parent rocks in the humid, tropical 

and sub-tropical regions have extensively been lateritised and undergo very large 

geochemical fractionation during lateritisation. Moreover, the clay minerals 

transported by rivers pass through estuaries before reaching the seas. In 

estuaries they are modified by the physical, chemical and biological processes in 

response to changes in salinity and hydrodynamic conditions of the environment 

(Gibbs, 1977; Hedges, 1978). Therefore, the relative abundance of clay minerals 

reaching the sea depends on source rock composition, primary and secondary 

processes associated with laterites and estuarine processes. On the other hand, 

the Sr (87Sr/86Sr) and Nd (143Nd/144Nd) isotopic composition of continental rocks 

depend on the Rb/Sr and Sm/Nd ratios and their ages. The sediments of the 

rivers draining older crust have relatively more radiogenic Sr and non-radiogenic 

Nd than rivers draining younger crust (Dasch, 1969; Biscaye and Dasch, 1971; 

Biscaye et al., 1974; Goldstein et al., 1984; Grousset et al., 1988; Revel et al., 

1996; Innocent et al., 1997 and 2000). Moreover, the 87Sr and 86Sr are not 

fractionated by processes such as phase separation, evaporation or biological 

assimilation (Graustein, 1989; Peterman et al., 1992). The only change to the 

87Sr/86Sr ratio in the sedimentary environment will be due to mixing of Sr from 

different sources. Therefore, the Sr isotope signatures have been extensively 
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used to characterize the provenance of detrital sediments. Studies on suspended 

particulate matter of the rivers and estuaries, however, indicated that small 

variations in the ratio of 87Sr/86Sr that could be due to degree of weathering on 

lithological formations and influence of organic matter, grain size of sediments 

and anthropogenic inputs of Ca (and hence Sr) from fertilizers (Douglas et al., 

1995). Recent studies have also shown that the Sr-Nd isotopic composition of 

the weathering products have extensively been modified during lateritisation 

(Wimpenny et al., 2007), in view of the geochemical fractionation during 

weathering and, addition and deletion of Sm-Nd to the lateritic profiles (Brimhall 

et al., 1991; Mason et al., 2000; Viers and Wasserburg, 2004). Therefore, it is 

important to determine the sources of clay minerals and Sr-Nd isotopic 

composition of suspended particulate matter (SPM) and sediment in rivers and 

estuaries to better understand the controls affecting their variations in space and 

time. The purpose of this chapter is to report the spatial distribution of clay 

minerals and Sr-Nd isotopes in suspended and bottom sediments of the Mandovi 

and Zuari estuaries to better understand their sources and factors influencing 

their distribution. 

 

Subramanian (1980) studied mineralogy of the suspended matter for 

major Indian rivers.  There are a few studies on clay minerals in SPM and 

sediment of the estuaries along the west coast of India. Pandarinath and 

Narayana (1992) studied clay minerals and trace metals in sediments of the 

Gangolli estuary and Reddy et al. (1992) studied clay minerals in near shore 

sediments including a few samples from lagoons in the Cochin region. Bukari 

and Nayak (1996) reported seasonal distribution of clay minerals in SPM and 

sediments of the Mandovi estuary. They reported seaward increase of smectite 

but offered no viable explanation for its increase. Kessarkar et al. (2009) reported 

clay minerals in Mandovi and attributed their variations to environmental 

conditions. Kessarkar et al. (2013) also reported clay minerals in suspended 

matter of a few samples collected along transect stations of the Mandovi and 

Zuari estuaries during monsoon and explained that the seaward increase in 
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smectite content in both estuaries is due to change in lithological formations in 

low plains of these rivers. They, however, suggested that the sources of smectite 

in SPM must be verified by using Sr-Nd isotopes. Besides, several workers 

investigated clay mineralogy of the shelf sediments along the west coast of India 

(Nair and Murty, 1968; Nair et al. 1982a and b; Rao 1991; Rao and Rao, 1995; 

Chauhan and Gujar, 1996). On the other hand, the Sr-Nd isotopes of the igneous 

and metamorphic rocks in the southern Indian Peninsula  (Peucat et al., 1989; 

Lightfoot et al., 1990; Harris et al., 1994), river sediments (Goswami et al., 2012) 

and shelf sediments of the west coast of India (Kessarkar et al., 2003) were 

reported. The Sr-Nd isotopes of the SPM and sediment in Indian estuaries have 

not been reported. In this chapter systematic studies are carried out on clay 

minerals and Sr-Nd isotopes of SPM and bottom sediments collected along 

transect stations of the Mandovi and Zuari estuaries during spring tide, both 

during monsoon and pre-monsoon to better understand their provenance and 

controls on their distribution. A few samples from the adjacent shelf are also 

investigated for clay minerals and Sr-Nd isotopes.  

 

Fig. 4.1 shows the location of samples in Mandovi and Zuari estuaries. 

Detailed sampling procedure for SPM and sediment collection is described 

detailed in Chapter 2. SPM and sediment samples collected in August 

(representative of monsoon) and April (pre-monsoon) along transect station of 

estuaries are investigated. For clay mineral studies a total of 31 suspended 

matter, including 14 from Mandovi ((M1 to M7)monsoon+(M1 to M7)pre-monsoon) and 

17 from Zuari estuay ((Z1 to Z7)monsoon+(Z0 to Z9)pre-monsoon) and, 31 samples of 

surface sediment, including 14 from Mandovi ((M1 to M7)monsoon+(M1 to M7)pre-

monsoon)  and 17 from Zuari estuary ((Z1 to Z7)monsoon+(Z0 to Z9)pre-monsoon)  were 

analyzed. For Sr-Nd isotopic studies, during monsoon and pre-monsoon the total 

number of SPM samples investigated is 12 (6 for each season), including 6 from 

Mandovi (M1, M4 and M7) and 6 from Zuari (Z1, Z4 and Z7) estuaries. Similarly, 

during monsoon the total of number of sediment samples investigated are 6, 

including 3 from Mandovi (M1, M4 and M7) and 3 from Zuari (Z1, Z4 and Z7). In 
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addition, 2 surface sediment samples from 18 m and 54 m depth from adjacent 

coastal sea also investigated. In this 2 samples (M1 and M7 during pre-

monsoon) were not analyzed. So in this chapter a total of 18 samples were used 

for Sr-Nd isotope study. 

4.2 Results 

 

4.2.1 Suspended particulate matter from the Mandovi and Zuari estuaries 

 

(i) Clay minerals   

 

Kaolinite, smectite, illite and chlorite are the clay mineral groups present in 

SPM of the Mandovi and Zuari estuaries, both during monsoon and pre-monsoon 

(Figs. 4.2 and 4.3). Gibbsite, goethite and quartz are also present in all the 

samples. Kaolinite was the most abundant mineral with highest values at the 

river end stations. In the Mandovi estuary it varied from 41 to 69% and from 56 to 

69% during monsoon and pre-monsoon, respectively (Table 4.1). Illite content 

varied from 13 to 42%, with high values largely at river end stations during 

monsoon and, from 9 to 21% in pre-monsoon. Chlorite occurred in traces (Fig. 

4.2). Smectite, however, showed distinct changes from river end to sea end 

stations of the estuary. It occurred in traces at most stations landward and 

increased to a maximum of 13%, and 18% at sea end stations during the 

monsoon and pre-monsoon, respectively. Total SPM content and salinity of 

surface water at each station are shown on the X-ray diffractogram of each 

sample, both during monsoon and pre-monsoon (Figs. 4.2 and 4.3). Water 

sample collected during peak monsoon showed very high SPM concentration 

and low salinity (0.01). The particulate matter from this sample showed traces of 

smectite (top X-ray diffractogram in Fig. 4.2). Smectite content increased at sea 

end stations with increasing SPM concentrations, despite salinity variations were 

minor and ranged between 0.02 and 0.42 from river end to sea end stations 

during the monsoon (see Fig. 4.2). During pre-monsoon smectite content was in 
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traces at most stations and highest only at one sea end station and associated 

with high SPM and high salinity (Fig. 4.2).  

 

The clay minerals in SPM along transect stations of the Zuari estuary (Fig. 

4.3) exhibit similar variations as that of Mandovi estuary, but the smectite content 

was much higher at several stations seaward in Zuari (Fig. 4.3; Table 4.1) than in 

Mandovi (Fig. 4.2; Table 4.1). The surface water sample collected during peak 

monsoon in Zuari showed highest concentrations of SPM and low salinity (0.01) 

and, traces of smectite (top X-ray diffractogram in Fig. 4.3). Along transect 

stations, kaolinite content varied from 35% to 55% and from 36% to 50% and, 

smectite content varied from 15% to 32% and from 20% to 44% during the 

monsoon and pre-monsoon, respectively. Illite content varied from 10% to 22% 

and from 6% to 32 %, respectively during monsoon and pre-monsoon, with no 

discernable trend along transect. Chlorite is again occurred in traces. Kaolinite 

content decreased whereas smectite increased seaward, both during monsoon 

and pre-monsoon. Smectite showed no distinct variations with salinity at river 

end stations during monsoon, but its high concentrations were associated with 

stations at the sea end wherein the salinity ranged between 3.4 and 15.1 (Fig. 

4.3). During pre-monsoon smectite increased seaward with increase in salinity in 

the upper estuary (see Z9 to Z7 in Fig. 4.3) with sharp and well defined smectite 

reflections associated with relatively high SPM content and high salinity in the 

lower estuary and bay (see Z6 and Z2 in Fig. 4.3) and decreased smectite 

content associated with low SPM and high salinity at bay stations (see Z1 and Z0 

in Fig. 4.3).   

 

(ii) Sr-Nd isotopes  

 

The SPM at river end stations of both Mandovi and Zuari estuaries 

showed high Rb/Sr (M7: 0.83; Z7: 0.91) and 87Sr/86Sr (M7: 0.747046; Z7: 

0.768587) ratios during the monsoon (Table 4.2). Both ratios decreased 

seaward. The 87Sr/86Sr ratios at sea end stations of the Mandovi (M1) and Zuari 
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(Z1) were 0.738063 and 0.736034, respectively (Table 4. 2). During pre-

monsoon, the Rb/Sr ratios were low and ranged from 0.221 to 0.368 in the 

Mandovi and, from 0.596 to 0.479 in Zuari estuary (Table 4.2). In Zuari estuary 

the 87Sr/86Sr ratios of SPM at each station were lower during pre-monsoon than 

in monsoon and decreased seaward. The Sm/Nd ratios of SPM were slightly 

higher in Mandovi than in Zuari and, 143Nd/144Nd ratios increased seaward in both 

estuaries during monsoon (Table 4.2). The εNd (0) values ranged from -15.07 to 

-14.13 in Mandovi and, from -15.09 to -11.98 in Zuari estuary. The average εNd 

(0) value of SPM in Mandovi (-14.42) was close to that of Zuari (-13.66) during 

monsoon. The Sm/Nd ratios and εNd (0) values of SPM during pre-monsoon 

were within the range as that of monsoon (Table 4.2)  The average εNd (0) value 

of SPM in Zuari (-15.02) was same as that of Mandovi (-15.37, only one value) 

during pre-monsoon (Table 4.2). 

 

4.2.2   Bottom sediment from the Mandovi and Zuari estuaries 

 

(i) Clay minerals  

 

Clay minerals in bottom sediments of both estuaries are same as that of 

SPM (Figs. 4.8 and 4.9). The major difference is that the smectite content was 

higher in sediments than in SPM (Table 4.1). In Mandovi estuary kaolinite varied 

from 47% to 68% during monsoon, and from 46% to 72% during pre-monsoon 

(Table 4.1). As in SPM, smectite content increased seaward to a maximum of 

26% during monsoon and to 44% during pre-monsoon (Table 4.1). Illite content 

was highest (19%) at mid-stations and varied from 11% to 19% during monsoon, 

and from 3% to 16% during pre-monsoon. In Zuari estuary the kaolinite content 

in bottom sediment ranged from 29% to 39% and from 36% to 48% during 

monsoon and pre-monsoon, respectively. Smectite content in sediments of the 

Zuari estuary (Fig. 4.9) was higher than in Mandovi (Fig. 4.8) and ranged from 29 

to 44% during monsoon and from 19 to 39% during pre-monsoon. High illite (up 

to 22%) occurred at river end stations and decreased marginally seaward.   
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(ii) Sr-Nd isotopes 

 

The Rb/Sr ratios of sediments were higher than in SPM and ranged from 

0.734 to 0.986 with gradually increased values seaward in the Mandovi estuary 

and, from 0.52 to 0.74 with highest value at mid-station (Z4) in the Zuari estuary. 

The 87Sr/86Sr ratios of sediments were lower than in SPM at each station and 

highest ratios were observed at river end stations of both estuaries (Table 4.2).  

The Sm/Nd ratios of sediments were similar (0.215) at all stations in the Mandovi 

estuary and ranged from 0.178 to 0.207 in Zuari estuary with highest value at 

mid-station (Z4). The εNd (0) values of sediments varied from -14.77 to -13.59 in 

Mandovi and, from -14.94 to -13.05 in Zuari estuary. The mean value in Mandovi 

(-14.20) was same as that of Zuari (-14.15).  

The Rb/Sr ratios of sediments decreased and Sr isotopic ratios increased 

seaward on the continental shelf (Table 4.2). The Rb/Sr values and 87Sr/86Sr 

ratios of sediment at 18 and 54 depths were 0.399 and 0.737816 and 0.222 and 

0.740915, respectively. The Sm/Nd values were similar at both stations and εNd 

(0) was less radiogenic at 18 m depth (-15.32) and more radiogenic (-12.45) at 

54 m depth (Table 4.2).  

 

4.3 Discussion 

 

4.3.1 Sources of Clay minerals  

 

The Mandovi and Zuari Rivers drain through the hinterland rock 

formations which are subjected to intense chemical weathering under humid, 

tropical climate conditions. Moreover, the rock formations are largely capped by 

ferruginized laterites (Fig. 4.4A and B). Laterites are considered to represent the 

weathering residuum that remains after intensive in situ chemical alteration of a 

“protolith” bedrock under tropical weathering conditions (Widdowson and 

Gunnell, 1999). Kaolinte is expected to be the most dominant mineral followed by 

gibbsite and goethite in laterites (Chamley, 1989). Since the basic rocks are Pre-
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cambrian metamorphosed gneisses and schists and are exposed at places on 

slopes of mountains, minor proportions of residual minerals like illite and chlorite 

would also be delivered to the clay fraction from them. Chlorite gets destroyed 

easily in tropical climatic conditions. As abundant kaolinite and illite together with 

minor gibbsite, goethite and chlorite are present in suspended matter of the 

Mandovi and Zuari estuaries, the clay minerals reflect their source from the 

hinterland.  

Spatial variations of smectite in SPM and sediment are the most difficult to 

explain in these estuaries. Both rivers are about 50 km long (Manoj and 

Unnikrishnan, 2009). The river end stations in the Mandovi (M7) and Zuari (Z7) 

estuaries are located 28 km and 45 km, respectively away from the mouth of 

the rivers (see Fig. 4.1). Traces of smectite are characteristic of SPM at these 

stations (Figs. 4.2 and 4.3). Since smectite also occurs in traces in water 

delivered to the estuary during peak monsoon (see Figs. 4.2 and 4.3) it is likely 

that the rivers are contributing trace contents of smectite to the estuary during 

high discharges. As the rivers take sediment load largely from mountainous 

regions during heavy rainfall and high discharge, it appears that the river load 

from upstream contains abundant kaolinite and traces of smectite (see top X-ray 

diffractograms in Figs. 4.2 and 4.3). This statement is also supported by the SPM 

at river end stations, which showed traces of smectite in both estuaries during 

monsoon and pre-monsoon. However, one needs to explain the sources and 

variations of smectite from the river end to sea end stations of both estuaries and 

also higher smectite in Zuari than in Mandovi estuary (Table 4.1). Four possible 

factors can be considered in this regard: (a) geomorphology and composition of 

the drainage basin, (b) estuarine processes, (C) onshore transport of smectite 

and (a) influence of salinity on size and characteristics of clay minerals.  
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4.3.2 Sources and factors influencing spatial variations of smectite 

 

(i) Geomorphology and composition of the drainage basin 

 

Smectite content in suspended matter increases seaward, marginally in 

the Mandovi and, more distinctly in Zuari estuary. Changes in salinity alone may 

not explain the spatial variations in smectite in both estuaries (see discussion 

below). Although both rivers take sediment load from mountainous regions the 

geomorphology (Fig. 4.4C) and lithological formations change from upstream to 

downstream along the drainage basins of rivers (Chapter 1 Fig. 1.2). For 

example, (a) the drainage basin of the Zuari is largely located in low plains, 

whereas that of Mandovi is largely in elevated and mountainous regions with 

narrow coastal plain in the downstream (Fig. 4.4C). (b) The river run off into the 

Mandovi estuary (258 m3 s-1) is much higher than that of Zuari (147 m3 s-1) during 

the monsoon (Vijith et al., 2009; Rao et al., 2011). (c) There is no dam on the 

main channel of Mandovi River, whereas the Zuari River is dammed upstream. In 

view of large river basin in uplands and high discharge into the Mandovi estuary, 

sediment load into this estuary would dominantly be characteristic of mountain 

regions upstream, with chemical (kaolinite) and to some extent physical (illite) 

weathering products.  In view of the dam on Zuari River upstream one would 

expect relatively low river discharge into the Zuari estuary compared to the 

Mandovi estuary. Since there is a large river basin in coastal plains for the Zuari 

River, the sediment load delivered into the lower estuary of Zuari is expected to 

be more from coastal plain than from upstream during the monsoon. Moreover, 

the Bicholim Formations in the upstream laterally change to the Sanvordem 

Formations in the coastal plain downstream areas and the latter are 

predominantly widespread in the drainage basin of Zuari River (chapter 1 Fig. 1.2 

). As smectite content increases towards stations in the lower estuary, it may 

have formed in low plains and process of its formations may be as follows 

(Kessarkar et al., 2013): In low plains and in less permeable argillite-covered 
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(Sanvordem Formations) regions, the leaching solutions with more and more 

dissolved elements released from hydrolysis are not entirely evacuated by 

running water, but tend to be stored and concentrated in soil profiles. During dry 

conditions, these elements combine and form new minerals such as smectite. In 

regions where groundwater levels are high, the smectites thus formed may 

migrate upwards and replace formerly well-drained kaolinite soils through a 

progressive ionic saturation of weathering profiles (Chamley, 1989). Thus, the 

soils in the coastal plain, downstream areas are enriched with smectite and 

kaolinite and are transported into the estuary during heavy monsoon rains. More 

stations showing distinct smectite in the lower estuary of Zuari than in Mandovi 

may be due to the larger drainage basin in coastal low plains for the Zuari River. 

In other words, smectite is largely the weathering product of rock formations in 

low plains and transported into the estuary during monsoonal precipitation.   

 

(ii) Estuarine processes  

 

Estuarine turbidity maximum (ETM) is a consistent feature in these 

estuaries, both during monsoon and pre-monsoon (see Chapter 3). The zone of 

ETM with high concentrations of SPM is located downstream of both estuaries 

(Chapter 3 Fig. 3.7). Seaward increase of SPM concentrations coincides with 

increase in smectite and Mg content of SPM (Fig. 4.5). Since smectite is 

compositionally magnesium, iron alumino-silicate, seaward increase of 

magnesium may be related to increase of smectite. The formation of ETM in the 

lower estuary of both rivers during monsoon and pre-monsoon was discussed in 

Chapter 3 in great detail. There it was suggested that re-suspension of bottom 

sediments into the water column is an important process in the zone of ETM. 

Therefore the increase of smectite in SPM towards sea end stations may be due 

to its transport from low plains and resuspension (previously deposited) from 

bottom sediment.   
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(iii) Smectite transported from Offshore 

 

Another plausible source for smectite could be that it transported from 

offshore by tidal and wind-induced currents and enriched in estuarine waters. 

This source of smectite is suggested because (a) the inner shelf sediments 

contain abundant smectite and low kaolinite (Rao and Rao, 1995), transported 

from the Deccan Trap formations in the hinterland, located in the north of this 

study area, (b) coastal current is directed southwards during monsoon (Shetye et 

al., 1995) and, (c) monsoonal winds are directed into the estuary both during 

monsoon and pre-monsoon. High smectite content at sea end stations and its 

decrease landward (Figs. 4.2, 4.3 and 4.5) tempt to interpret offshore source of 

smectite. If the smectite is sourced from Basalts and transported into the estuary 

by the prevailing surface and, tidal and wind-induced currents from offshore, its 

Sr-Nd isotopic signatures would be distinctly different from that of the coastal 

rocks (Pre-cambrian gneisses and schists) in the study region. The Sr-Nd 

isotopes of SPM and sediment (discussed below) indicated that the smectite 

transported from offshore is not a viable explanation.   

 

(iv) Influence of salinity on size and characteristics of clay minerals  

 

It is well known that the grain size of smectite is smaller than that of 

kaolinite and illite (Whitehouse et al., 1960). Kaolinite and illite respond rapidly to 

the initial change in salinity and flocculate abundantly at very low salinities. 

Keeping these in view, Gibbs (1977) proposed physical sorting of clay minerals 

by size and, early flocculation of kaolinite and illite at low salinities and winnowing 

of smectite away from the source. Smectite has greater surface area because of 

its smaller size and also bonds with organic compounds with greater intensity 

(Degens and Ittekot, 1984). Therefore, smectite would remain in solution for 

longer time because of its smaller size and its flocculation in wide range of 
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salinity and organic matter conditions. Segregation of clay minerals by salinity 

change may not be a suitable explanation because the stations in the Mandovi 

estuary (M7-M3) experience minor variations in salinity during monsoon and wide 

range of salinity during pre-monsoon (see Fig. 4.2) but the smectite content is 

always in traces at these stations. Similarly, the smectite content is also low at 

river end stations of Zuari (Z9 to Z7) which experience varied salinity during 

monsoon and pre- monsoon (Fig. 4.3). In other words, instead of salinity, the 

sediment load characteristic of upland influenced clay minerals in such a way 

that more stations in Mandovi and only a few stations in Zuari estuary (may be 

due to dam upstream) are affected by this upland sediment. Aggregation and 

flocculation processes of clay minerals take place in response to salinity when 

minerals are present in suspended matter. As smectite occurs in traces in SPM 

of the estuaries at river end stations differential flocculation and segregation of 

smectite according to its size may not arise and thus are not major processes at 

river end stations. Similarly, organic matter content of SPM at river end stations 

varies during monsoon and pre-monsoon (see Chapter 7), but the smectite 

content of SPM is always in traces at these stations. In other words, the size of 

clay minerals, salinity variations and organic matter associated with SPM 

apparently have not played major role in case of smectite variations at river end 

stations.   

 

At several sea end stations high smectite coincides with high salinity and 

high SPM concentrations (Figs. 4.2 and 4.3). Organic matter content is also high 

and type of organic matter also changes from river end to sea end stations at sea 

end stations (see Fig. 4.5). It is not clear which factor contributed high smectite, 

but it is likely that apart from low plain origin of smectite, the combined influence 

of turbidity maximum, high organic matter and small grain size of smectite and its 

strong affinity with organic compounds favoured smectite to remain in solution 

and therefore high values at sea end stations. Details studies are required on the 

type of organic matter and its relationship with smectite.  
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4.3.3 Correspondence between Sr-Nd isotopes and clay minerals in 

suspended matter   

 

(i) River end stations during monsoon 

 

The clay minerals in SPM at river end stations (M7 and Z7) of both 

estuaries during the monsoon represent the characteristic sediment load brought 

by the rivers. Highest kaolinite at M7 and Z7 stations (Table 4.1; Figs. 4.2 and 

4.3) corresponds with high Rb/Sr and 87Sr/86Sr ratios and, similar εNd values 

(Table 4.2). The hinterland rock formations are capped by thick ferruginised 

laterites (Fig. 4.4A and B). During lateritic weathering less resistant and mobile 

elements (Si, Na, K, Mg, Ca, Sr) are continuously stripped away leaving 

secondary minerals enriched in Fe2O3 and Al2O3. Rb is enriched in older rocks 

and Sr is more mobile than Rb during weathering. Moreover, preferential 

adsorption of Rb onto clays can also contribute to the higher Rb/Sr in the 

weathered residues. Therefore, the high Rb/Sr ratios may result from decreasing 

amounts of Sr, which can be easily removed from source rocks during the 

chemical weathering. The 87Sr/86Sr ratio of the rock or mineral depends on its 

age and on its Rb/Sr ratio. The radiogenic 87Sr is produced from 87Rb through 

radioactive decay. The Sr going into solution during weathering is much less 

radiogenic (86Sr). In general, older rocks exhibit high Rb/Sr ratio and radiogenic 

Sr than that of the younger volcanic rocks (Tripathy et al., 2011). As the parent 

rocks (Pre-cambrian gneisses and schiests) in the study area are lateritised (Fig. 

4.4A), higher 87Sr/86Sr ratios (M7: 0.7470; Z7: 0.7686; Table 4.2) than that of 

parent rock (0.7103 to 0.7344; Jayananda et al., 2000) in the study area may 

indicate increasing laterite alteration, wherein the Sr isotopic composition 
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becomes more radiogenic (see Wimpenny et al., 2007). High Sr isotopic ratios 

are in agreement with abundant kaolinite at river end stations, indicating intense 

chemical weathering. Kaolinite-rich soils exhibiting strong increase in Sr isotopic 

ratio was also reported by Mao et al. (2011).  

 

The 87Sr/86Sr and εNd values of SPM and sediment obtained in this study 

along with that of peninsular gneisses and schists, laterite profiles on these 

rocks, Deccan Basalts are shown in Fig. 4.6. The εNd of SPM at stations M7 (-

15.07) and Z7 (-15.09) are, however, much higher than that of Upper Continental 

Crust (-17; Goldstein and Jacobsen, 1988), Precambrian gneisses and schists (-

41 to -29; Jayananda et al., 2000) or sediments of the rivers (Netravati: -40.8 to -

32.6;  Periyar: -26.2 to -28.2; Goswami et al., 2012) that drain through Pre-

cambrian formations, weathered granodiorite gneiss (-27.3 to -26.8; Deepthy, 

2008) or weathered granites (-37.7 to -37.5; Deepthy, 2008). This suggests that 

even the Nd isotopic composition (εNd) of SPM from the Mandovi and Zuari 

estuaries is more radiogenic and does not represent parent rock composition. 

Brimhall et al. (1991) proposed that an influx of aeolian material to lateritic 

weathering profiles play an important role in supplying immobile constituents to 

the lateritic deposits and fundamentally modify Nd composition. They suggested 

that the isotopic variations can be explained by an input of aeolian allochthonous 

material to the laterites. Mason et al. (2000) suggested that the increase of both 

Sr and Nd isotopes could be due to altered laterites in the hinterland and dust 

into the laterites. Laterite profiles, in general, show a progression from unaltered 

bedrock to increasingly altered rock above with an iron rich crust or duricrust at 

or close to the surface. Viers and Wasserburg (2004) measured εNd of the 

laterite soil profile developed on a granetoid parent rock originating from late 

Archean crust in the Cameroon and reported a regular increase in εNd from -36 

of the parent rock to -18 near the top of the laterite profile. They suggested that 

the increase in radiogenic εNd towards the top is related to differential 

weathering of constituent minerals, and the redeposition of REE in phosphate 

and a significant contribution of radiogenic Nd from dust. They further reported 
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depletion of REE in the upper zone and their enrichment in the lower zone 

associated with P2O5 content. Removal of less susceptible minerals like feldspar 

(with low Sm/Nd) would grossly increase the value of εNd of the bulk rock at the 

early stage of weathering. Thus the bulk Nd isotopic composition of the soils 

represents a mixture of residual primary phases and secondary phases produced 

during transformation from rock to a soil layer. It is well known that the finer 

particles are more radiogenic and dust plays an important role in enhancing εNd 

(Viers et al., 2004 ). Deepthy (2008) reported different 87Sr/86Sr ratios and εNd of 

the laterites developed on Precambrian gneissic rocks at 2 locations in the 

Mangalore region (see Fig. 4.5). In one locality the 87Sr/86Sr ratios (0.7126 to 

0.7166) are close to the parent rock but εNd values (-11.2 to -19.8) are much 

more radiogenic. In another locality the 87Sr/86Sr ratios (0.7239 to 0.8121) are 

higher but εNd values (-32.9 to -41.5) are same as that of parent rock. The 

distinct variations in Sr and Nd isotopes associated with laterites indicate 

different degree of lateritization and weathering of parent rocks. The more 

radiogenic εNd of SPM at river end stations therefore do not reflect the 

composition of the parent rock composition but resulted from soils of laterites that 

were subjected to differential weathering of constituent minerals and, admixture 

of Sm-Nd from other sources.  

 

As ferruginized laterites occur in the hinterland, most of the Nd from 

minerals of the laterites developed on parent rock may have been lost during 

weathering. Since REEs exhibit stronger affinity for Fe, Mn oxy-hydroxides some 

Sm-Nd from REEs may have been incorporated in laterites during ferruginization. 

Gingele and De Deckker (2005), however, indicated that the iron (oxy-) 

hydroxides like haematite and goethite, if present in small amounts in clay 

fraction, do not significantly influence the Nd isotopic composition. Purverized, 

fine-grained Fe-Mn ore deposits are stored on the shores of both estuaries 

(Chapter 1 Fig. 1.3). Ore handling (loading of ore onto barges at different shore 

points and their transportation through the estuary to the port for export) is an 

important activity throughout the year in both estuaries. Therefore, the particulate 
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ore material flushed into the estuary during heavy monsoon rains and ore dust 

spilled into the estuary from barges carrying ore deposits would contribute 

significantly to the total SPM. The REE composition of SPM, discussed in detail 

in Chapter 6 of the thesis, indicates that the ore dust is a major component of 

SPM in these estuaries, both during monsoon and pre-monsoon. The Sm/Nd 

ratios of SPM in the Mandovi (0.210 to 0.227) and Zuari (0.208 to 0.212; Table 

4.2) estuaries are much higher than that of laterite soils (0.093 to 0.104) reported 

by Viers and Wasserburg (2004) or, in laterite profiles (0.143 to 0.175) reported 

by Deepthy (2008), but close to that of ore material (0.277) transported through 

the estuaries. This indicates stronger influence of Sm-Nd from ore dust on the Nd 

isotopic composition of SPM. In other words, the Nd isotopic composition of SPM 

is not only influenced by ferruginised laterites from the hinterland but also by the 

Sm-Nd of the ore material (dust) flushed into the estuary from time to time.  

 

(ii) Spatial variations in 87Sr/86Sr ratios and εNd during monsoon 

 

The Rb/Sr and 87Sr/86Sr ratios of SPM decrease seaward and correspond 

with marginal increase in salinity and smectite content in both estuaries (Fig. 

4.5). In Mandovi, the decrease in 87Sr/86Sr ratio is marginal at stations between 

M7 and M4, but sharp at stations between M4 and M1 (Fig. 4.5). The smectite 

content is in traces at M7 and M4, but marginally increased at M1. Salinity 

variations of surface water at M7 (0.02), M4 (0.05) and M1 (0.42) are marginal. In 

Zuari estuary there is a sharp decrease in 87Sr/86Sr ratio and increase in smectite 

from station Z7 to Z4, but their variations are marginal at stations Z4 and Z1 (Fig. 

4.5). The salinity changes at Z7 (0.28), Z4 (3.45) and Z1 (15.1) are large. It 

appears that initial changes in salinity or increased smectite in SPM influenced to 

decrease the Sr isotopic ratio sharply. Increase in smectite content may not be 

the factor, because smectite increase is marginal in Mandovi. Smectite is smaller 

in size than other clay minerals. More smectite implies more fine-grained 

particulates in SPM. The Sr isotope ratios are highly influenced by grain size of 

the sediment and are higher in smaller size fractions (Wang et al., 2001). 
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Therefore one would expect increase in the Sr ratio with increase in smectite.  

Since Sr ratios decreased and smectite increased seaward, increase in smectite 

content may not be a major factor influencing Sr ratio. On the other hand, organic 

matter (OM) content in SPM increases seaward or, type of organic matter 

changed from terregenous to marine seaward in these estuaries (see 13C values 

in Fig. 4.5). OM content in SPM decreases the Sr isotopic ratio as it takes up 

soluble Sr (which is largely non-radiogenic 86Sr). Douglas et al. (1995) reported 

that the small amount of increase in natural organic matter (algal material) 

significantly lowered the 87Sr/86Sr ratio of SPM in the Murray-Darling River 

system. Variations in river flows (high and low river discharges in the Mandovi 

and Zuari estuaries, respectively) and dam on Zuari River upstream would 

influence salinity and type and content of OM in suspended matter differently at 

different stations from the river mouth in these estuaries  (see Fig. 4.5) and 

accordingly influenced Sr isotopic ratio to decrease seaward. Moreover, the 

sharp decrease in Sr isotopic ratio from M4 to M1 and from Z7 to Z4 (Fig. 4.5) 

coincides with increase in total SPM concentration at M1 and Z4 (see Fig. 4.5). 

Since the high SPM concentrations at M1 and Z4 stations were due to re-

suspension of bottom sediments Sr isotopic ratios may have diluted by high SPM 

(with few particles with distinctly different Sr isotopic ratio) and therefore 

decreased values. Douglas et al. (1995) suggested other factors that would alter 

the Sr isotopic ratio include (a) degree of weathering (b) land use which may alter 

the amount and /or type of sediment transported (c) seasonal variation in flow 

which may alter particle size distribution and (d) anthropogenic inputs of Ca (and 

hence Sr) from fertilizers.  

 

The εNd of SPM along transect in the Mandovi estuary showed minimal 

change, i.e., from -15.07 to -14.06, indicating little change in provenance of 

different source material. In Zuari estuary, the εNd of SPM at the river end (-

15.09) and sea end stations (-13.9) are not significantly different, but smectite 

occurs in traces at the former and in relatively higher concentrations at the latter 

station (Fig. 4.5). This implies that the concentration of smectite is not the major 
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factor influencing εNd. The sharp increase in εNd (-11.98) at mid-station (Z4) 

coincides with peak high SPM concentration, smectite, and REE content and 

marginal increase in Sm/Nd (Fig. 4.4). The more radiogenic εNd at Z4 could be 

due to other local factors. For example, station Z4 (located at the end of the 

channel and beginning of the funnel-shaped bay- see Fig. 4.1) is associated with 

high energy conditions. It is likely that the repeated resuspension may have 

favoured fine-grained, Sm-Nd associated material (ore material) in suspension 

resulting in high εNd. It is well known that the fine-grained material is more 

radiogenic. In other words, the Sr and Nd isotopes of SPM along transect confirm 

that their variations are not due to provenance change but may be due to 

admixtures of different proportions of river-borne, laterite-derived material with 

ore dust and resuspended material from the bottom. 

 

(iii) Spatial variations in 87Sr/86Sr ratios and εNd during pre-monsoon in 

Zuari estuary 

 

The river runoff is negligible into the estuaries during pre-monsoon. Ore 

handling activity (loading and transport of ore through estuary) takes prominence 

during the non-monsoon period (October – May). Estuarine turbidity maximum is 

also a consistent feature in the lower estuary of both rivers. Productivity is high in 

both estuaries during pre-monsoon. Therefore, particulates from ore dust and re-

suspended material from bottom sediment and planktonic organic material would 

be important components of SPM. Despite the Rb/Sr ratio maintained more or 

less similar values along transect (Fig. 4.7), the Sr isotope ratio decreased 

sharply at mid station (Z4) and this decrease coincides with high SPM and 

smectite and marine organic carbon (Fig. 4.7), suggesting that dilution due to 

particulates and adsorption of 86Sr onto organic matter may have depleted the Sr 

ratio. Similarly, the Sm/Nd ratios, εNd values and SPM concentrations showed 

no significant change at river end and sea end stations of the Zuari estuary, but 

high εNd value at mid-station (Z4) is associated with high SPM, REE, Fe (Fig. 
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4.7) indicating that the radiogenic Nd may be due to the fine-grained particulates 

resuspended from bottom sediment and ore dust.  

 

4.3.4 Variations in clay minerals and Sr-Nd isotopes in bottom sediments 

 

Clay mineral variations in sediments along transect stations of the 

Mandovi and Zuari estuaries resemble that of SPM at each station. As 

mineralogy of the cohesive, < 2 m fraction of the sediment was investigated at 

all stations, the distribution of clay minerals would indicate sources and variations 

in environmental conditions along transect.  Smectite concentrations are 

consistently low in sediments at the river end stations in both estuaries and in 

both seasons (Figs. 4.8 and 4.9). Smectite content remained low (see M7 and Z8 

stations during pre-monsoon; Figs. 4.8 and 4.9) even the total clay (< 4 m 

fraction) content of sediment is high, indicating smectite distribution is not 

affected by total clay content and, rivers indeed contribute low smectite. The 

seaward increase of smectite in sediments is same as that of SPM in both 

estuaries and, indicates that it is a weathering product of rocks in low plains and 

transported to the estuary during heavy monsoonal rains. At sea end stations, 

the sharp and well-defined smectite reflections are associated with relatively high 

clay content in the sediments of Mandovi during pre-monsoon and in Zuari 

estuary both monsoon and pre-monsoon. Moreover, low smectite is also 

associated with low clay as well as high clay content of the sediments. Organic 

matter content in the sediments could be another factor contributing to the 

cohesiveness of the sediment. The Z3 and Z4 stations are associated with high 

energy conditions but the bottom sediments exhibit high clay with high smectite 

(Fig. 4.9). The sediment at these stations may have been influenced by the 

nature of the clay and organic matter content. Once clay minerals are settled on 

the bottom, their cohesive nature due to fine grain size and high organic matter 

content may prevent their erosion and transportation. Innocent et al. (1997) 

suggested that the fine fraction < 10 m behave cohesively in seawater and 

cannot be winnowed easily by currents after deposition, whereas the non-
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cohesive silts (10-63 m) can be used as an indicator of relative current strength 

because bottom currents size-sort coarse silts during events of resuspension and 

then deposition. More clay (< 4 m) and more smectite at different stations in 

Zuari than in Mandovi may indicate the influence of larger river basins in low 

plains of Zuari and sediment discharge brought by the rivers. Large river basin in 

low plains and relatively low river discharge into the Zuari estuary (because of 

dam in upper reaches) may have favoured more clay along with smectite to settle 

along transect of the estuary, whereas the sediments from uplands and high river 

discharge into the Mandovi estuary probably contributed less smectite from river 

and the smectite contributed from low plains may have winnowed farther 

offshore.  

 

The decrease in Sr isotopic ratio in Mandovi and Zuari estuaries coincides 

with increase of Rb/Sr ratio in sediments at mid-depth The Rb/Sr ratios follow 

that of clay content in Mandovi and with Al content and smectite content in Zuari 

estuary (Fig. 4.10). The Rb/Sr and 87Sr/86Sr ratios may be controlled two different 

processes. For example, Rb preferentially adsorb on to clays, whereas the 

87Sr/86Sr ratios along transect are governed by estuarine processes. Moreover 

the sediments settled at the bottom are cumulative of several sources and 

processes: (a) SPM transported by river from upper reaches, (b) particulates 

transported from low plains, (c) ore material spilled over into estuaries, (d) 

flocculation and aggregation processes in response to salinity and organic matter 

and (e) sediment redistribution processes at the bottom. It is therefore difficult to 

point out contribution from each process. Since depleted 87Sr/86Sr ratios are 

associated with low clay / low smectite content (mid-stations, M4 and Z4) as well 

as high clay / high smectite content (sea end stations, M1 and Z1), the Sr 

isotopic ratios are probably influenced by processes such as flocculation and 

aggregation in response to changes in salinity and organic matter, rather than by 

total clay / smectite content.    
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Similarly, the variations in total clay and smectite contents have not 

influenced the Nd isotopic ratio. The variations in REE, Sm/Nd and εNd (0) are 

marginal implying that there is no change in provenance. As variations in Sr and 

Nd isotope ratios of sediments along transect resemble that of SPM, processes 

and factors explained for their variations in SPM work even for sediments. The 

sediments in Zuari estuary are from upper estuary, lower estuary and bay. 

Despite high clay content, both the Rb/Sr and Sm/Nd ratios in Zuari estuary are 

lower than in Mandovi and, high Rb/Sr and Sm/Nd occur at mid-station (Z4) 

which is associated with high energy conditions. More importantly, the εNd (0) of 

sediments are remarkably similar from river end to sea end stations of the 

estuaries, despite significant variations in total clay content and proportions of 

clay minerals in the sediment at different stations. Unlike SPM, which represent 

contemporary processes, the bottom sediments in estuaries may reflect 

cumulative processes over a period of time, modified by physico-chemical 

conditions in the estuaries. The more uniformity in Sr and Nd isotopes of 

sediment along transect of both estuaries indicates (a) the provenance of 

sediments is similar, (b) variations in clay content or clay minerals along transect 

have not influenced their isotopic ratios and (c) repeated resuspension of bottom 

sediments due to consistent turbidity maximum in both estuaries may have 

triggered uniformity in their ratios from river end to sea end stations of the 

estuaries. The dominant factor that determined the composition of Sr-Nd isotopic 

ratios is not the clay minerals but most probably lateritic soils from the hinterland 

and iron dust transported into the estuary from time to time. The morphology of 

the river basins simply affected the clay minerals, but laterites developed on pre-

cambrian formations in the hinterland of both rivers and man-made (mining) 

activities along the estuary largely affected the Sr-Nd isotopes.  

 

High 87Sr/86Sr ratios in the shelf sediments could be due to the fact that 

very fine-grained particulates are transported to the shelf and high isotopic ratios 

usually coincide with finer particulates. The more radiogenic εNd (0) in sediment 

at 54 m depth on the shelf could be due to admixture of different sources of 
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clays, i.e., clay transported from basalts and from pre-cambrian gneisses in the 

shelf region. However, more studies are required to confirm the sources.  

 

 

4.4 Conclusions 

 

 Kaolinite is the dominant mineral followed by minor gibbsite, goethite in 

SPM of both estuaries and in both seasons, suggesting that the clay 

minerals are the intense chemical weathering products of laterites in the 

hinterland.  

 

 Traces of smectite in SPM at river end stations of both estuaries and its 

increase seaward indicate that smectite largely formed in low plains and 

transported into the estuaries.  

 

 Higher smectite in SPM of Zuari than in Mandovi may be a reflection of 

larger river basin of Zuari in low plains than that of Mandovi. 

 

 High Rb/Sr and 87Sr/86Sr ratios in SPM at river end stations of both 

estuaries coincide with abundant kaolinite, indicating high Sr isotopic 

ratios are due to lateritic weathering of laterites.  

 

 The seaward decrease of Sr isotopic ratio is a  reflection of changes in 

salinity, type and content of organic matter and total SPM concentrations 

along transect. Increase of smectite seaward may have least affected the 

Sr isotopic ratio.  

 

 εNd isotopes in SPM of both estuaries are higher than the parent rock and 

also laterites, indicating this isotope is also influenced by ore dust and 

therefore enhanced εNd.  
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 Clay minerals in bottom sediment and their variations along transect in 

both estuaries resemble that of SPM, implying their sources and 

distribution are controlled by similar processes.  

 

 The near uniform variations in εNd in bottom sediments may be a 

reflection of bottom processes. 

 

 The Sr-Nd isotopes in SPM and sediment of both estuaries are controlled 

by lateritisation processes in the hinterland, man-made activities (ore 

contamination). However, their variations along transect are controlled by 

estuarine processes.  
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Chapter 5 

 

Trace elements (other than REE) in suspended and 

bottom sediments of the Mandovi and Zuari estuaries 

 

5.1 Introduction 

 

The concentration and composition of the suspended particulate matter 

(SPM) in estuaries are controlled by seasonal changes in inputs from river end 

and marine end members, physico-chemical processes occurring at the mixing 

zone of freshwater and salt water and biological productivity (Boyden et al., 1979; 

Kennedy, 1984; Balls, 1990; Turner et al., 1991; Burton et al., 1994; Balls et al., 

1997; Zwolsman and van Eck, 1999; Nolting et al., 1999; Hatje et al., 2001; Qiao 

et al., 2007; Kessarkar et al., 2009). Flocculation and coagulation of materials 

(Benoit et al., 1994), adsorption and desorption of metals in low salinity, high 

turbidity zone (Windom et al., 1988), re-suspension of bottom sediments (Feely 

et al., 1986) and mobilization of metals from reducing sediments to the overlying 

water column (Liu et al., 1998) would modify the compositions of SPM. SPM 

contains inorganic and organic particulates bound by major and trace elements. 

Major elements usually form amorphous and crystalline solids and are derived 

largely from riverine inputs. Trace metals, on the other hand, can be derived from 

the weathering of rocks and/or anthropogenic sources derived from mining, 

industrial and urban development and other human practices near river and 

estuaries (Zhang et al., 1990; Zwolsman and van Eck, 1999; Sutherland, 2000; 

Zhang and Liu, 2002; Zhou et al., 2003; Marmolejo-Rodriguez et al., 2007; Qiao 

et al., 2007). Atmospheric input and grain size also influence the distribution of 

trace metals (Windom et al., 1989; Zhou et al., 2003). As physical, chemical and 

biogeochemical processes are key factors in controlling the transport and fate of 

trace metals in estuaries, it is important to understand the mechanisms of their 
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distribution in space and time to ascertain the health of the estuaries. Studies on 

the seasonal variations in particulate trace metal concentrations and bottom 

sediments in Indian estuaries have been somewhat neglected. Previous studies 

in the Mandovi estuary include, the particulate Fe (Kamat and 

Sankaranarayanan, 1975) and Al (Upadhyay and Sengupta, 1995), As, Cu, Zn 

and Mn in marine flora and fauna of the estuarine waters (Zingde et al., 1976), 

organic carbon, trace metals (Alagarsamy, 1991 and 2006) and nutrients 

(Pratihary et al., 2009) in bottom sediments. In Zuari estuary dissolved labile and 

non-labile forms of Cd, Pb, Cu (George, 1993), speciation of Fe, Mn, Cu, Zn, Cr 

and Co in surface sediments (Dessai et al., 2009a) and geochemistry, magnetic 

susceptibility of Fe, Mn, Cr, Co, Zn, Co (Dessai et al., 2009b) 

 

In this chapter seasonal changes in the concentration and composition of 

major and trace elements in SPM and bottom sediments are investigated at the 

regular and transect stations of the Mandovi and Zuari estuaries in order to 

identify the sources and processes that control trace metal distribution (Fig.5.1). 

Geochemical analysis was carried out on SPM samples collected both at 

the regular and transect stations and bottom sediments. Procedures for sampling 

and geochemical analyses of SPM and sediment are detailed in Chapter 2 

(Materials and methods). In the Mandovi estuary 15 SPM samples (covering all 

months during monsoon) from the regular station and 75 samples from transect 

stations were selected. For transect stations, one SPM sample at each station in 

every month was analyzed. As SPM was collected at 5 stations (M1-M5) each 

month during June-September 2007 (monsoon) and 7 stations (M1-M7) each 

month during October 2007 to May 2008 (post- and pre-monsoon) in the 

Mandovi estuary, the total number of samples analyzed for SPM at transect 

stations would be 76: (M1-M5)5X4June-September+(M1-M7)7X8(October-May) = 20+56. 

However, one SPM sample (M3) in April was not analyzed. Therefore, total 

number of SPM samples analyzed at transect stations from Mandovi were 75 

(see Table 5.1A and 5.2A). Similarly, for Zuari estuary 16 SPM samples 

(covering all months during monsoon) from the regular station and 122 SPM 
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samples from transect stations were analyzed for geochemistry. As SPM was 

collected at 6 stations (Z1-Z6) each month during June-August and 8  stations 

(Z0-Z7) during September 2008 (monsoon) and 10 stations (Z0-Z9) each month 

during October 2008 to May 2009 (post- and pre-monsoons) the total number of 

samples analyzed for SPM at transect stations would be 106: (Z1-Z6)6X3June-

October + (Zo-Z7)8X1September+(Z0-Z9)10X8(October-May) = 18+8+80 (see Table 6.1 

and 6.2).   

As bottom sediments at 5 stations (M1-M5) each for June and August 

(monsoon), 7 stations (M1-M7) each for October and November (post-monsoon) 

and 7 stations (M1-M7) each for February and May (pre-monsoon) were chosen 

for chemical analyses from the Mandovi estuary, the total number of bottom 

sediments analyzed are 38: (M1-M5)5X2June and August+(M1-M7)7X2October and 

November+(M1-M7)7X2 February and May=10+14+14 (see Table 5.3 ). Similarly, for Zuari 

estuary the bottom sediments at 6 stations (Z1-Z6) each in August and 

September for monsoon period, 10 stations (Z0-Z9) each in November and 

December for post-monsoon and 10 stations (Z0-Z9) each in March and May for 

pre-monsoon were chosen, the total number of samples would be 52: (Z1-

Z6)6X2August and September+(Z0-Z9)10X2November and December+(Z0-Z9)10X2March and May = 

12+20+20. As one sediment sample (Z2) in August and one sample (Z0) in 

March were not analyzed, the total number of bottom sediments from Zuari were 

50 (see Table 5.6).  

This chapter is divided into 3 parts: In Part 1, the distribution of major (Fe, 

Al, Mn) and trace elements (Cu, Ni, Zn, Co, Cr, and Pb) in the Mandovi estuary 

was discussed. In Part 2, the distribution of major (Al, Fe, Mn, Mg) and trace 

elements ( Cr, Ni, Cu, Co, Zn, Pb, V, Sc, Zr, Mo, Th, U ) in the Zuari estuary was 

discussed. In Part 3, comparison of enrichment factor of metals (Fe, Mn, Mg, Ti, 

Cr, Ni, Cu, Co, Zn, Pb, V, Sc, Zr, Mo, Th, U) in SPM both in Mandovi and Zuari 

estuaries was discussed.  
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Part 1 - Major and trace elements distribution in the Mandovi  
estuary 

 

5.2 Results  

 
5.2.1 Major and trace metals in SPM and bottom sediments 
 

 (i) Characteristics of SPM at the regular station 

 

The concentrations of SPM are ~5 mg/l during May (pre-monsoon month). 

SPM concentrations start increasing to ≥20 mg/l in June and July and to 8–20 

mg/l in August and September. The concentrations of Fe, Mn, Al, and Co are 

higher than those of the average SPM of the World Rivers (SPMWR) (Viers et 

al., 2009) and Upper Continental Crust (UCC-Fig. 5.2 and Table 5.1A). The 

concentrations of Cu, Ni, Zn, Cr, and Pb are lower than those of the SPMWR in 

June and July, but higher during August and September (Fig. 5.2). The 

enrichment factors of metals reveal Mn and Cr are significant to moderately 

enriched, and Fe, Ni, Zn, and Co are moderately enriched. There is no 

correlation between SPM and its metal concentrations (Table 5.1B). Correlation 

coefficients indicate strong inter-element relationship among metals of group 1 

(Cu, Ni, Zn, Cr, and Pb) and group 2 (Fe, Mn, and Co), but moderate to low 

relationship between the metals of two groups (Table 5.1B). Temporal variability 

of metals in group 1 (49–82%) is higher than those in group 2 (41–19%). 

 
(ii) Characteristics of SPM at transect stations  

 

Throughout the text the mean concentrations of major and trace elements 

in SPM at each station on seasonal basis are discussed. The mean 

concentrations are obtained by averaging concentration values for four months - 

June to September (monsoon), October to January (post-monsoon) and 

February to May (pre-monsoon). The mean SPM concentrations are low at 

stations in the upstream and increase gradually towards downstream of the 
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estuary, both during the monsoon and pre-monsoon. The SPM concentrations 

are consistently low at all stations during the post-monsoon (Fig. 5.3). The mean 

concentrations of metals are inverse to that of SPM and are high at stations in 

the upstream and decrease towards downstream, both during the monsoon and 

pre-monsoon (Fig. 5.3; Table 5.2A). Metals such as Mn, Cr, Cu, Ni and Zn show 

progressive / sharp decrease, while Fe, Co and Pb show marginal decrease 

towards stations seaward of the estuary during the monsoon. A strong inter-

element relationship and positive correlation exist between major and trace 

metals (Table 5.2B). During the post-monsoon, the concentrations of Fe and Cr 

are high at stations in the downstream, and Cr, Pb and Cu at all stations are 

higher than those during the monsoon and pre-monsoon (Fig. 5.3). Al correlates 

well with Fe, Ni and Zn and, Pb with Cu in post-monsoon. Metal concentrations, 

except Mn, are low at all stations in pre-monsoon. A strong correlation exists 

among Fe, Mn and Co and, Zn, Ni, Cr, Cu and Pb, but not between the two 

groups. Organic carbon (OC) content varies from 4 to 6% and shows weak to 

moderate correlation with Al, Fe, Mn, Co, Zn and Pb during the monsoon and 

good correlation with Al and Cr during the post-monsoon. OC shows positive 

correlation with Mn, Cr, Cu, Ni and Zn during the pre-monsoon. Statistical 

analysis (Analyses of Variance - ANOVA) suggests that the Cr, Ni, Zn and Pb are 

more significant (P<0.001) seasonally and Mn spatially. Co is significant 

(P<0.05), both spatially and seasonally, while Fe is spatially significant (P<0.05).  

 

(iii) Enrichment factors and Igeo values of metals in SPM 

 

The mean enrichment factor (EFm) of Mn ranges from 7 to 50 (Fig. 5.3) 

and increases from monsoon to post-monsoon to pre-monsoon, with extreme 

values in the upstream. During the monsoon, the EFm of Fe (2.5 to 3.5) and Ni, 

Cr and Zn (3.5-11) are higher than those of Cu, Co and Pb (2). During the post-

monsoon, the EFm of Cr (12-31), Cu (3-8) and Pb (4-10) are higher than those of 

Ni, Zn and Fe (3-8). During the pre-monsoon, except at station 7, the EFm of Fe 

and Co range between 2 and 5, while that of Cu, Ni, Zn, Cr and Pb are <2.  
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Igeo values, calculated with reference to Upper Continental Crust (Fig. 5.4), are in 

the range 2-3 for Mn, Zn and Cr during monsoon, Mn and Cr during the post-

monsoon and Mn during the pre-monsoon. Igeo values are in the range 1-2 for Fe 

and Ni during the monsoon, Ni and Pb during post-monsoon, and Cr during pre-

monsoon. Igeo values are least (0-1) for Fe, Cu, Zn and Co during the post-

monsoon and for Fe, Cu, Ni, Co and Pb during pre-monsoon. Using Mag 1, Igeo 

values are highest (2-3) only for Mn in all seasons, followed by values of 1-2 for 

Zn and Cr during monsoon and Cr and Pb during the post-monsoon (Fig. 5.4).   

 

(iv) Al-normalized ratios of metals (M/Al) in SPM and bottom sediments.  

 

Fig. 5.5 shows the mean M/Al ratios in SPM and salinity along transect 

stations. The salinity of the surface water increases seaward of the estuary and 

varies from 0 to 15, 3 to 31 and 9 to 34 (Fig. 5.5) during the monsoon, post-

monsoon and pre-monsoon, respectively. The Fe/Al and Mn/Al values decrease 

gradually downstream, both during monsoon and pre-monsoon. The M/Al values 

of Zn and Cr during monsoon and, Zn, Cu, Ni, Cr and Pb during pre-monsoon 

are high at the upstream station and decrease sharply at salinities >1 in monsoon 

and at salinities >10 during pre-monsoon. Peaks of high Fe/Al and Cr/Al coincide 

with high salinities at the downstream of the estuary during post-monsoon. The 

M/Al of Cu, Ni, Pb and Co exhibit similar values with increasing salinity (Fig. 5.5).  

 

The mean M/Al of metals in suspended and bottom sediments at stations 

in the upstream and downstream of the estuary during a year are shown in Fig. 

5.6. The M/Al values of Fe, Mn, Co, Zn, Ni, Cr and Pb in sediments are lower, or 

similar to that in SPM. The M/Al of Fe, Mn and Co in SPM are relatively low 

during June-September, but increase sharply and maintain high values during 

October-May at the upstream station (Fig. 5.6). In the downstream station the 

Mn/Al values in SPM increase gradually from June to October and maintain high 

values during November-May. The Fe/Al and Co/Al values are also high in 

October-January, but decrease during February-May (Fig. 5.6). The Zn/Al and 
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Ni/Al of SPM show an overall decrease from June 2007 to May 2008 at the 

upstream station. While in the downstream station these ratios increase gradually 

from June to October, decrease sharply in November and maintain low values 

from November to May. The M/Al of Cr, Cu and Pb in SPM increase marginally 

from June to September, reach highest values during October - January and then 

decrease sharply to low values during February - May, both in upstream and 

downstream stations.  

 

5.3 Discussion 

 

5.3.1 Controls on the characteristics of SPM at the regular station 

 

Temporal variations at a station are helpful to understand the sources and 

processes controlling the compositions of SPM (Gaillardet et al., 2005). The 

concentrations of Al, Fe, and Mn throughout the monsoon and trace metals in 

August and September are higher than those in the SPM of World Rivers (Fig. 

5.2). Trace metals exhibiting poor correlation with Al, and their higher variability 

compared to major metals suggest different sources of metals: First, SPM 

contributed by the river run-off comes from chemical weathering of tropical soils, 

including coastal laterites and Fe–Mn deposits in the river basin (Gokul et al., 

1985). Furthermore, washing and leaching of these ore deposits stored along the 

shore during heavy rainfall contributes abundant particulate Fe and Mn to the 

estuary. Second, Regular Station is located within the zone of maximum turbidity 

(see below). Re-suspension of bottom sediment in the estuary by turbulence 

results in variations in SPM concentrations. The coincidence of high SPM 

concentrations with low trace metals during June–July (Fig. 5.2) suggests that 

the trace metal concentrations are diluted by the SPM from the river discharge 

and re-suspension. Nolting et al. (1999) suggested that sediment re-suspension 

is a factor controlling the composition of SPM. Third, high inter-elemental 

relationship among trace metals (Table 5.1B) suggests a common source. 

Except for Zn and Co, all the trace metals show weak correlation with major 
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metals. As high variability of trace metals is an indicator of anthropogenic source 

(Viers et al., 2009) it is likely that these metals are partly contributed by 

anthropogenic sources (see Section ‘‘Contamination and pollution of different 

metals in SPM’’) Therefore, the concentrations and composition of SPM are 

governed by river run-off, Fe–Mn ore deposits, re-suspension of bottom 

sediments and anthropogenic sources. 

 
 
5.3.2 Spatial and temporal variations of SPM and metals at transect stations 

 

(i) During the monsoon  

 

The Mandovi River estuary receives high run-off only during the monsoon. 

In general, high SPM concentrations should be expected at stations in the 

upstream with a gradual decrease towards downstream of the estuary as salinity 

increases. The concentrations of SPM, however, increase and metal 

concentrations decrease from stations in the upstream to downstream, both 

during the monsoon and pre-monsoon (Fig. 5.3). Two processes appear to 

control SPM and metal concentrations: (a) the increase of SPM towards 

downstream can be attributed to the development of estuarine turbidity maximum 

(ETM) that results in re-suspension of bottom sediments (see Chapter 3; 

Kessarkar et al., 2010). (b) The decrease in metal concentrations towards lower 

estuary indicates a change in the nature of suspended particles with increasing 

SPM concentrations. The SPM in the zone of turbidity maximum contains re-

suspended sediments that tend to be coarse-grained (such as quartz) and non-

cohesive, with low-surface area and little sorptive capacity and thus are depleted 

in trace metals (Turner, 1996; Liu et al., 1998; and Hatji et al., 2001; Hatji, 2003; 

Zhou et al., 2003). Benoit and Rozan (1999), Zhou et al. (2003) and Wen et al. 

(2008) reported inverse relationship between SPM and metals in Texas, Conwy 

and Trinity River estuaries and suggested that re-suspension and particle size 

controlled the composition of SPM. Therefore, the low metal concentrations in 
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SPM toward lower estuary are attributable to the mixing of fluvial suspended 

particles with re-suspended sediments.   

 

High concentrations of Fe, Mn, Ni, Zn and Cr at stations in the upstream 

and their decrease towards downstream of the estuary (Fig. 5.3; Table 5.2A) 

indicate that the river is the major source for these metals. Vijith et al. (2009) 

reported that the total run-off in the Mandovi River during the monsoon is large, 

well over an order of magnitude larger than the estuarine volume. During heavy 

spells of high rainfall saline waters are completely flushed out of the estuary. In 

other words, under heavy discharge conditions the stations in the upstream 

receive SPM and metals not only from the weathering of rocks but also re-

suspended material from the river channel and washed material from the banks 

of the river, where Fe-Mn ore deposits are stored. The strong inter-relationships 

of trace metals and good correlation between trace and major metals (Table 

5.2B) indicate that the high adsorptive capacities of clays (dominated by 

kaolinite, gibbsite and goethite – see Chapter 4; Kessarkar et al., 2010) and low 

degree of crystallinity of Fe, Mn-colloids and hydroxides (Chao, 1984; Waren and 

Zimmerman, 1993; Zhou et al., 2003) may have acted as good carriers for trace 

metals. The decrease in trace metal concentrations with increasing salinity (Fig. 

5.5) simply reflects the influence of salinity in coagulation and deposition and, 

dilution from the re-suspended material. Zwolsman and van Eck (1993) showed 

that low concentrations of trace metals are primarily due to mixing of fluvial and 

marine particulates.  

 

The low or identical concentrations of metals in sediments than in SPM 

(Fig. 5.6) may be due to the texture of the sediments. Sediments were collected 

within, or close to the main navigational channel of the river, wherein turbidity 

maximum prevails, both during the monsoon and pre-monsoon. The movement 

of barges carrying ores and mechanized fishing boats along the main channel 

may induce continuous disturbance of sea bed. Sand mining is also an important 

activity in the upstream of the river. As a consequence, re-suspended, fine-
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grained clays rich in trace metals may have transported further and settled away 

from the channel. It is also likely that some trace metals may have been 

desorbed from clays because of continuous turbulence. Thus the sediments in 

the channel show low concentrations of trace metals. These sediments 

admittedly are not true representations of the estuarine sediments, and further 

close grid sampling needs to be carried out across the estuary to better 

understand the trace metals distribution in sediments.  

 

(ii)  During the post-monsoon 

 

Low SPM at all stations (Fig. 5.3) during post-monsoon is in accord with 

the negligible river discharge. Loading of Fe-Mn ore deposits onto the barges 

(see Fig. 1.3B in Chapter 1) at several shore stations along the estuary and 

transferring the same onto large ships in the offshore for export is an important 

activity which begins from the month of October. Therefore, the spillage of Fe 

and Mn particulates from barges during transportation should be expected. The 

sharp increase in Fe/Al and Mn/Al in SPM from October, both at upstream and 

downstream stations (Fig. 5.6) is indeed a reflection of this activity. Similar 

distribution of Mn and Co (Fig. 5.6) during October to May may suggest their 

common source and, co-precipitation of Co with Mn (cf. Zwolsman et al., 1999). 

High values of Cr, Cu and Pb occur at stations in the downstream of the estuary 

(Figs. 5.3 and 5.6). Similar distribution of Cr and Fe (Fig. 5.5) and moderate 

correlation between the two (Table 5.2B) may partly be due to the association of 

Cr with Fe-bearing minerals (Nriagu, 1988; Hatji et al., 2001). Pb shows negative 

correlation with Fe, Mn and OC during post-monsoon (Table 5.2B). Other 

sources for Pb could be atmospheric deposition, industrial activity, waste water 

disposal and biogenic particles (Ip et al., 2007). Human-induced activities within 

the estuary may have contributed Pb (see Section 5.3.3 -“Contamination and 

pollution of different metals in SPM”). Primary productivity increases during this 

season. The positive correlation of Cu and OC (Table 5.2B) suggests organic 

ligands released by algae during phytoplankton bloom at high salinity may have 
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contributed Cu. The negative correlation of Cr, Cu and Pb with Al suggests that 

the trace metals are not solely detrital. Moreover, higher concentrations of Cu 

and Pb are found at mid-estuary (station 5) rather than at station (7) in the 

upstream (Fig. 5.3). Thus the relatively high concentrations of Cr, Cu and Pb 

cannot be explained solely by low SPM or inorganic particles that serve as 

adsorptive surfaces. Therefore, the change in major and heavy metal 

concentrations from monsoon to post-monsoon is attributable to the increase in 

industrial activity (Fe-Mn ore transportation), contaminants from industrial effluent 

discharge and primary production.   

 

(iii) During the pre-monsoon 

 

Saline waters extend further into the river channel and salinity ranges 

between 9‰ and 34‰ (Fig. 5.5). Productivity of the estuarine waters increases 

from monsoon to post-monsoon to pre-monsoon (Pratihary et al., 2009). Despite 

negligible river discharge the concentrations of SPM increase while trace metal 

concentrations decrease at stations from the upstream to downstream (Fig. 5.3). 

This has been explained by the occurrence of estuarine turbidity maximum in the 

lower estuary (Kessarkar et al., 2010). Low SPM and, higher M/Al values of Zn, 

Cr, Cu, Ni and Pb in pre-monsoon than that of monsoon at upstream station (Fig. 

5.5) and their strong inter-element relationship (Table 5.2B) may suggest 

anthropogenic or industrial contamination. Very low concentrations of trace 

metals at the downstream station (Fig. 5.6) may be due to the influence of salinity 

ingress and precipitation close to the discharge point at the upstream station.  

 

5.3.3 Contamination and pollution of different metals in SPM 

 

Significant to extreme pollution of Mn in different seasons (Figs. 5.3 and 

5.4) is directly related to the Fe-Mn ore deposits and human-induced activity in 

handling and transportation of these ores through the estuary. The EFm of metals 

show that Fe is moderately polluted and Mn is significantly polluted, even though 
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the concentrations of Fe are much higher than that of Mn.  This may be due to 

the reactivity of Fe and Mn to oxidation, wherein Fe is oxidized and precipitated 

much faster than Mn (Zhou et al., 2003). Sholkovitz (1978) reported that Fe is 

rapidly removed in the early stages of estuarine mixing. Cr, Ni and Zn show 

moderate to strong pollution during the monsoon. These metals increase 

gradually from June to September in the lower estuary (Fig. 5.6). Numerous 

fishing boats are stationed in the estuary during the monsoon. Repair works, 

chipping and welding works and anti-fouling painting works are being carried out 

at the ship-building unit (Fig. 1.3C in Chapter 1). Cr, Cu, Pb and Zn have been 

used in anti-fouling paints, and Ni and Zn in welding materials, galvanizing and 

metal plating. Tire wear and grease also contain some Ni and Zn (Sutherland, 

2000; Buggy and Tobin, 2008). Therefore the increasing concentrations of trace 

metals during August-October (Fig. 5.6) can be attributed to the anthropogenic 

contamination. Cr is strongly polluted, whereas Cu, Zn, Co and Pb show 

uncontaminated to moderate levels of contamination during post-monsoon. As 

river discharge is negligible in this season, trace metals from ore particulates, 

industrial discharge, organic wastes and effluents from municipal sewage 

become important sources for their contamination. During the pre-monsoon all 

metals, except Mn, are moderately contaminated. Saline waters extend until 40 

km from the mouth and lower estuary acts as an extension of sea during pre-

monsoon (Shetye et al., 2007). The increasing salinity of estuarine waters affects 

flocculation and coagulation of particulate material in suspension and favours 

quick settling of pollutant-borne particulates at the point close to the source of 

discharge in the upstream. This in turn keeps the estuary free from major 

contaminants and favoring marine life, thanks to the salinity egress during dry 

seasons.  

 

5.4 Conclusions 
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 At the regular station of Mandovi estuary, high SPM coincides with low 

major and trace metals in June and July and vice versa in August and 

September. 

  Along transect stations of Mandovi estuary,  

o the concentrations of SPM increase, and major and trace metals    

decrease seaward stations of the estuary during the monsoon and 

pre-monsoon. SPM is influenced by turbidity maximum, whereas 

metal concentrations are influenced by dilution arised from turbidity. 

 

o trace metals show strong inter-relationship among them and also 

correlate with Fe and Mn only during monsoon. 

 
o During the post-monsoon, the concentrations of Fe and Cr are high 

at stations downstream, and Cr, Pb and Cu at all stations are 

higher than those during the monsoon and pre-monsoon. 

 

o The M/Al values of Fe, Mn, Co, Zn, Ni, Cr and Pb in sediments are 

lower, or similar to that in SPM. 

 
o Enrichment factors of metals in SPM show Fe is moderately 

polluted and Mn is significantly polluted, despite the concentrations 

of Fe are much higher than that of Mn. This is largely due to 

reactivity of Fe and Mn to oxidation.  

 
o Mn is the most important pollutant in all seasons. Cr, Ni and Zn of 

SPM during monsoon and Cr in post-monsoon also exhibit 

moderate pollution.  

 

o the distributions of major and trace metals are seasonal and 

influenced by river discharge, re-suspension of bottom sediments, 

spillage of Fe–Mn particulates and anthropogenic contamination. 
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o The low trace metal concentrations despite heavy industrial 

discharge and sewage waste disposal during dry seasons is 

attributed to the incursion of saline waters deep into the river 

channel.  

 

 

Part 2 - Major and trace elements distribution in the Zuari 
estuary 

 

5.5 Results 
 

5.5.1 Major and trace metals in SPM and bottom sediments  
 
(i) Major and trace metals in SPM at the regular station (RS)  
 

The concentrations and chemical composition of SPM at the regular 

station are shown in Table 5.4. The mean SPM concentration and salinity were 

21.5±18 mg/l and 12.3±11, respectively. Highest concentration of SPM (68.9 

mg/l) at RS occurred at zero salinity on 11th August and, moderate concentration 

of SPM (12.7 mg/l) coincided with highest salinity (33) on 4th June. The lowest 

concentration of SPM (4.2 mg/l) was also associated with high salinity (26) on 

23rd September. SPM concentrations showed negative correlation (r=-0.47) with 

salinity. The mean concentrations of Al, Fe, Mn, Mg, Ti, Cr, Ni, Co, V, Sc, Mo and 

U were higher and Cu, Zn, Pb, Zr and Th were lower than those of the World 

average SPM (WASPM). Figure 5.7 shows the mean Al-normalized major and 

trace metal distribution in SPM at RS. The M/Al of Fe, Mn, Cr, Ni and Sc were 

higher and Cu, Zn and Pb were lower than those in WASPM. The samples with 

high SPM (56.5 mg/l and 68.6 mg/l) showed higher M/Al of Fe, Mn, Ti, Cr, Ni and 

Sc than in WASPM. The samples with moderate SPM (12.6 mg/l) showed higher 

M/Al ratios of Fe, Mn, Mg, Ti, Cr, Ni, Sc, Mo than in WASPM. The samples with 

low SPM (4.4 mg/l) showed highest M/Al ratios of Mn, Cr, Ni, Cu, Pb, Zn, Sc, V, 

Zr, Mo, U and Th and also higher than in WASPM. The M/Al ratio of metals was 

inversely related to SPM concentrations. Fe showed moderate correlation with 



82 

Mn (r=0.62) and, Mn showed strong correlation (r=0.7 to 0.85) with Cr, Co, Cu, 

Ni, Zn, Pb, V, Mo and U. The trace metals showed significant inter-elemental 

relationship among them. The mean enrichment factor (EF) was 2.9 for Mn and 

<2 for Fe, Cr, Ni, Co, Sc, Mo, U Cu, Zn, Pb, V, Zr and Th. Metals such as Mn 

(38%), Mg (27%), Zn (24%), Pb 25%), Mo (30%) and U (27%) showed high 

variability. Comparison of mean M/Al ratios of Mandovi and Zuari estuaries at RS 

indicate that the M/Al of all metals (except Mg) were higher in Mandovi than in 

Zuari and, M/Al of Fe, Mn, Mg, Ti, Cr, Co, Ni, Sc, Mo and V were higher and Cu, 

Pb, Zr and Th were lower in both estuaries than that of WASPM.  

 

(ii) Major and trace metals in SPM along transect stations 

 

Seasonal variations in the mean SPM concentration, salinity, M/Al ratios of 

major and trace metals in SPM at transect stations are shown in Table 5.5 and 

Fig. 5.8. The mean SPM concentrations during the monsoon were relatively low 

in the upper estuary, increased marginally seaward in the lower estuary and 

again decreased in bay stations. The mean SPM increased gradually seaward 

from upper estuary to the bay during the post-monsoon. During the pre-monsoon 

SPM increased from upper estuary to the lower estuary and then decreased 

seaward at bay stations. Salinity increased seaward and the values ranged from 

0 to 30 in the monsoon and from 0 to 35 during post- and pre-monsoons. During 

the monsoon, the mean M/Al of Fe, Mn, Th and U decreased and Mg increased 

marginally from river end to the sea end stations of the estuary. The mean M/Al 

of Ti, Cr, Co, Ni, Cu, Zn, Pb, Sc, V, Zr and Mo showed no significant change 

along transect. The mean M/Al of Fe and Mn in the upper estuary were higher 

during the post- and pre-monsoons (1.7 and 0.32, respectively) than in monsoon 

(1.2 and 0.2, respectively). During the post-monsoon the mean M/Al of trace 

metals (Ti, Cr, Co, Ni, Cu, Zn, Pb, Sc, V, Zr, Mo, Th and U) showed two peaks of 

high values, one in the upper estuary and another in the bay, with the lowest and 

near equal values corresponding to the lower estuary. The mean Mn/Al ratio, 

however, decreased sharply seaward in the estuary. During the pre-monsoon 
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highest concentrations of all metals, except Mo and U, were associated with 

station Z0 in the bay than all other stations (Fig. 5.8). The concentration of Mo 

and U were high in the upper estuary. 

 

 

(iii) Distribution of major and trace metals between SPM and sediment 

along transect stations  

 

Seasonal and spatial variations in the mean metal concentrations in 

bottom sediment of the Zuari estuary are shown in Table 5.6. The clay content 

(%) of the sediment along transect and the mean M/Al ratios of metals in SPM 

and bottom sediments for the upper estuary, lower estuary and bay are also 

shown in Figs. 5.9A, B and C. Clay content (8 to 55%) was high at bay stations in 

all seasons. The clay content was also high at stations Z5 (56%) and Z7 (56%) 

during post-monsoon and, Z4 ( 51%), and Z8 (45%) during pre-monsoon. The 

M/Al ratios of Fe, Mn, Mg, Ti, Cr, Ni, Pb, Zn, V, Zr, Mo and U in SPM and bottom 

sediments were more or less similar in the entire estuary during the monsoon. 

However, the M/Al ratio of Cu, Co, Sc and Th in sediments of the lower estuary 

and bay were higher than in SPM. During the post-monsoon the M/Al ratios of all 

metals in SPM were higher than in sediments at stations in the bay and upper 

estuary, but in the lower estuary the M/Al ratios of SPM and sediment were more 

or less similar. During the pre-monsoon the M/Al ratios of metals (except Fe and 

Mn) in the upper estuary were higher in the sediment than in SPM (Fig. 5.9A, B 

and C).  

 

5.6 Discussion  
 

5.6.1 Variations in the concentrations and composition of SPM at the 

regular station 
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Regular station (RS) is located at the end of river channel and at the 

beginning of the narrow end of the funnel-shaped bay (Fig. 5.1). The wide range 

of salinity values (0-33) and SPM concentrations (4.2 to 68.9 mg/l) at RS during 

the monsoon indicate that the RS is frequently experiencing extreme conditions, 

from completely fluvial to dominantly marine intermittently. This may due to the 

fact that the Zuari River is monsoon-fed and, monsoon has distinct periods of 

high and low rainfall, which are called as active and weak phases of the 

monsoon (Shetye et al., 2007). During active phases of high rainfall river flow 

dominates, whereas during the weak phases of low rainfall tidal and wind-

induced circulation dominates and RS is occupied by marine waters. The 

concentrations of SPM are negatively correlated with salinity variations. Highest 

SPM coinciding with zero salinity may indicate that the SPM is largely from fluvial 

source. With the gradual increase in salinity one would expect co-aggulation and 

flocculation processes dominate on suspended particulates and SPM are 

removed from the water column. Varied SPM concentrations (4.2 mg/l to 12.8 

mg/l) associated with high salinity (26 to 33) indicate involvement of other factors 

in controlling SPM concentrations. Re-suspension of bottom sediment and supply 

of particulates to the water column may have been involved. In Chapter 3 it is 

shown that estuarine turbidity maximum (ETM) is a characteristic feature in this 

estuary. Therefore, high variability (86%) of SPM at RS may be due to the 

occurrence three heterogenic sources of sediments, i.e., fluvial, marine and re-

suspension from bottom sediments or their admixture in different proportions. 

The SPM at RS invariably showed high M/Al ratios of Fe, Mn, Cr, Ni and Sc in all 

samples. One can also notice distinct variations in M/Al ratios with varied salinity 

and total SPM concentrations. For example, the high Al concentrations and Ti/Al 

are associated with samples with high to moderate SPM and low salinity. The 

high M/Al ratio of Mg, Ti and Mo are associated with samples with moderate 

SPM and high salinity. Low Al concentrations and high M/Al ratios of Cu, Pb, Zn, 

V, Mo and U occur in samples with low SPM and high salinity. Yigiterhan et al. 

(2008) suggested that the depletion or enrichment of metals may be due to 

source rock variability or contamination. The variations in the SPM composition 
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could be due to different source sediments contributing to SPM. High Fe and Mn, 

strong correlation of Fe with Mn and high enrichment factor of Mn indicate 

anthropogenic contribution of particulates from Fe, Mn ores stored on the shores 

of the estuary (Fig. 1.3B and E in Chapter 1) and/or brought by the river. 

Because of heavy monsoon rains one would expect flushing and draining of ore 

deposits and leaching of Fe, Mn particulates into the estuary. Low Al, high trace 

metal concentrations and strong inter-relationship of trace metals may also 

indicate re-suspension of particulates from bottom sediment could be the source 

for SPM. High Mg and Ti associated with moderate SPM and high salinity with 

indicate contribution from dominant clay particles. In other words, strong 

variability of metal concentrations at the regular station could be due to 

particulates from river discharge, Fe, Mn ores, and re-suspension from bottom 

sediments.     

 
 
5.6.2 SPM and sediment metal variability at transect stations 

 

(i)  During monsoon 

 

The mean SPM concentrations are relatively high in the upper and lower 

estuary and decreases seaward in bay stations during the monsoon. This 

happens when the mean salinity increases seaward gradually from 0 to 26 (Fig. 

5.9A). The spatial variations in the mean Al of SPM agree well with that of mean 

SPM concentrations. Among major and trace metals, only the M/Al ratios of Mn 

and U show distinct decrease and Mg/Al increases seaward from upper estuary 

to the bay. Similarly, the mean Fe/Al ratio decreases marginally seaward. The 

M/Al of other major (Ti) and trace metals (Cr, Cu,, Ni, Cu, Pb, Sc, V, Zr, Mo and 

Th) shows uniform and similar distribution from upper estuary to the bay. As river 

discharge is high during monsoon one would expect high detrital flux transported 

by the river from weathering of geological formations in the hinterland and in 

catchment area of the river and, also from the Fe, Mn ore deposits stored along 

the shores of the estuary. Higher Fe/Al and Mn/Al than that of WASPM and high 
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ratios of Fe/Al, Mn/Al and U/Al in the upper estuary indicate contribution of 

particulate material from river discharge and anthropogenic sources (ore 

deposits). Trace metal concentrations in the suspended matter would decrease 

with increase in salinity because of coagulation of particulates due to mixing of 

fluvial and marine waters. The uniform M/Al ratios of trace metals in the entire 

estuary despite decrease in SPM concentrations and increase in salinity seaward 

in the bay implies that the trace metals are supplied to the water column at 

seaward stations, most probably due to re-suspension of bottom sediments. 

Hatje et al. (2001) and Fu et al. (2013) suggested that the uniform distribution of 

trace metals may be an indication of widespread anthropogenic source of metals 

in the estuary and reflect the well mixed water column conditions, long residence 

time of the metals and re-suspension of bottom sediments. Based on SPM 

concentrations it was suggested that the estuarine turbidity maximum (ETM) is 

an important process in this estuary during monsoon (see Chapter 3) and, 

therefore ETM played an important role in redistribution of metals into the water 

column. The seaward increase in the ratio of M/Al of Mg, especially in the SPM of 

bay stations needs explanation. The mineralogy of SPM (see Chapter 4) 

indicates that the smectite content increases in bay stations. Increase of Mg may 

be due to enrichment of Mg-rich alumino-silicates re-suspended into the water 

column or Mg-sourced aluminosilicates transported to the bay from low plains of 

the river. High clay content in bottom sediments of the bay suggests re-

suspension could be the source for Mg-rich particulates. The sharp decrease in 

M/Al of Mn seaward indicates Mn response to the salinity variations is much 

stronger than that of re-suspension.   

 

(ii) During the post- and pre-monsoons (dry season) 

 

Spatial variations in SPM, Al concentrations and M/Al ratios of metals 

during dry season are distinctly different from that of monsoon (Fig. 5.9A, B and 

C). SPM concentrations increase from upper estuary to the bay during post-

monsoon. But in pre-monsoon SPM increases from upper to the lower estuary 
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and then decreases seaward at bay stations. Al concentrations show inverted 

bowl-shaped pattern with high and near equal concentrations in the lower estuary 

and decreasing concentrations away from the lower estuary (i.e., either into 

upper estuary or bay). The distributions of mean M/Al of major and trace metals 

(except Mn, Co and Sc) are exactly opposite to that of mean Al during post-

monsoon; it showed two peak high ratios, one in the upper estuary and another 

in the bay, amid low and near equal ratios that correspond to the lower estuary. 

Increase in SPM concentrations from upper estuary to the bay was attributed to 

the occurrence of ETM, which played a major role in re-suspension of sediments 

in the lower estuary (see Chapter 3). In view of negligible river discharge during 

dry season, low SPM concentrations associated with high M/Al ratios of major 

(Fe, Mn and Ti) and trace metals (Cr, Zn, Cu, Ni, Pb, V, Zr, Mo, U, Th) in the 

upper estuary may be due to the large contribution from Fe, Mn ores. Fe, Mn ore-

handling is active at different shore stations during dry season and, one would 

expect significant contribution of Fe, Mn ore dust into the estuary. Low ratios of 

M/Al of trace metals coinciding with high Al and relatively high SPM in the lower 

estuary could be due to dilution of trace metal concentrations due to the influx of 

re-suspended particulates into the water column. Several investigators (Benoit 

and Rozan, 1999; Zhu et al., 2003; Wen et al., 2008; Marcovecchio et al., 2010) 

reported inverse relationship between metal enrichment and SPM concentration 

in different estuaries and suggested trace metal concentrations are diluted by the 

increased SPM. Peak high M/Al ratios of major and trace metals in the bay may 

be due to the particulates of Fe, Mn ore fallen into the estuary during ore 

handling at the port (located within the bay – see Fig. 5.1) and, from re-

suspension of particulates due to turbidity in the bay. Reloading of ore deposits 

from barges into big ships takes place at the port for exporting ore deposits.    

 

Spatial distribution in the M/Al ratios of metals during the pre-monsoon 

resembles that of post-monsoon to a certain extent. For example, the peak high 

M/Al ratios of trace metals in bay stations and, uniform and low M/Al ratios of 

trace metals in the lower estuary are characteristic features in both seasons. The 
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major difference is in the peak high ratios of M/Al of trace metals in the upper 

estuary: peak of high M/Al of metals is well pronounced during the post-monsoon 

but it is largely subdued or absent during pre-monsoon (Fig. 5.9A, B and C). In 

other words, the M/Al ratios of trace metals in the upper and lower estuary are 

uniformly low during pre-monsoon. As indicated earlier, river discharge is 

negligible and circulation in the estuary is dominated by tidal and wind-induced 

currents. Manoj and Unnikrishnan (2005) indicated saline waters, propagated by 

tidal currents, occur 45 km upstream during pre-monsoon. ETM is also a 

characteristic feature during pre-monsoon. As the tidal currents propagate from 

bay to the landward of estuary, the zone of ETM extends much wider area as 

evident from the SPM and Al distribution, the latter showed wide-inverted bowl-

shaped pattern, encompassing lower estuary and to certain extent upper estuary. 

Metal concentrations are diluted and homogenized both in lower estuary and 

upper estuary as tidal current propagate landward of the estuary. Very low 

concentrations in the upper estuary may be due to salinity ingress.  

 
(iii) Relationship of M/Al ratios of metals in SPM and sediment 
 

Seasonal variations in the M/Al of metals in SPM and sediment indicate 

varied estuarine processes and anthropogenic inputs in different parts of the 

estuary. For example, the similar M/Al ratios of metals both in SPM and bottom 

sediment in the entire estuary during monsoon indicate the existence of high-

energy conditions. The strong river flow is countered by tidal and monsoon-

induced wind currents in the estuary during monsoon, leading to high-energetic 

conditions and causing re-suspension and mixing of particulates between SPM 

and sediment and therefore similar metal enrichment in both components. Pope 

et al. (2011) suggested that similar metal enrichment in SPM and sediment 

indicates that the metals may have derived from the same source within the 

estuary and, mixing and re-suspension are responsible for similar enrichment. 

The higher enrichment of metals in the SPM of upper estuary and bay than in 

bottom sediment during the post-monsoon may be due to (a) anthropogenic-

sourced particulates (Fe, Mn ore particulates) in the water column and (b) 
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coarser bottom sediment, especially in the upper estuary. It is well known that 

coarser sediment components usually contain low metal concentrations. Ore 

handling is active in the upper estuary and bay during dry season, causing 

abundant ore dust in the water column. Yigiterhan et al. (2008) suggested that if 

metal exchange has not taken place between SPM and sediment, the enriched 

metals in SPM may indicate anthropogenic source. Similar enrichment of metals 

in SPM and sediment in the lower estuary is again an indication of mixing of 

particulates in SPM and sediment due to ETM. During the pre-monsoon, 

sediments of the upper estuary exhibit higher enrichment of metals than in SPM 

may be due to rapid settling of anthropogenic sourced particles to the bottom of 

the estuary in view of saline conditions. This happens because tidal circulation 

dominates and saline waters reach 45 km upstream from the mouth of the Zuari 

estuary during the pre-monsoon. Similar enrichment of metals in SPM and 

sediment of the lower estuary and bay during pre-monsoon is again an indication 

of mixing under high energy conditions due to ETM. In other words, varied 

energy conditions, saline conditions and anthropogenic sourced particulates in 

different parts of the estuary at different times are responsible for variations in 

M/Al ratios of metals in SPM and sediment.   

 

5.7 Conclusions 

 

 At the regular station of Zuari 

 

o the mean concentrations of Al, Fe, Mn, Mg, Ti, Cr, Ni, Co, V, Sc, 

Mo and U were higher and Cu, Zn, Pb, Zr and Th were lower than 

those of the World average SPM (WASPM). 

 

o The M/Al ratio of metals at RS was inversely related to SPM 

concentrations. 
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o M/Al of all metals (except Mg) in the Zuari estuary were lower than 

in Mandovi. The trace metals in Zuari showed significant inter-

elemental relationship among them, similar to that of Mandovi .  

 

o Strong variability (24 to 38%) of metals (Mn, Mg, Zn, Pb, Mo and U) 

indicates that RS is frequently experiencing extreme conditions, 

from completely fluvial to dominantly marine intermittently.  

 

 At the transect stations of Zuari, 

 

o the higher concentrations of Fe, Mn, Th and U in SPM at the upper 

estuary during monsoon than that of SPMWR, indicate contribution 

from anthropogenic sources (ore deposits). The uniform M/Al ratio 

of trace metals in the entire estuary despite variations in SPM and 

salinity may be an indication of widespread anthropogenic source 

of metals and estuarine mixing.  

 

o During the post-monsoon the mean M/Al of trace metals showed 

two peaks of high values, one in the upper estuary and another in 

the bay amid low and near equal ratios corresponding to high Al 

and high SPM in the lower estuary. This indicates re-suspension of 

particulates into the water column in lower estuary that diluted 

metal concentrations.  

 

o The subdued peaks of high M/Al of trace metals in the upper 

estuary and bay during pre-monsoon may be due to effect of saline 

water intrusion by tidal and wind-induced currents.  

 

 

Part 3 - Comparison of enrichment factor of metals in SPM in the 

Mandovi and Zuari estuaries. 
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Seasonal variations in the mean Enrichment Factors (mEF) of metals in 

SPM of the Mandovi and Zuari Rivers are shown in Fig.5.10.  

 

 

 

 

5.8 During the Monsoon 

 

The mEF of Mn (~2-5) is in the range of moderate pollution in upper and 

lower estuaries of both rivers. The mEF of metals, Fe, Cr, Zn and Mo in the 

upper estuary of Mandovi (~2-5) and Zuari (~1-2) Rivers indicates moderate and 

minimum pollution, respectively. Moderate pollution of metals in the Mandovi may 

be due to high anthropogenic contribution in view higher discharge and more 

number of ore loading stations along the shores of the estuary, than that of Zuari. 

The mEF of metals Cu, Pb, Zr and Th (<1) in the upper and lower estuary of both 

rivers indicate their depletion probably due to (a) their association with detrital 

particles of high grain size and thus low concentrations in SPM, (b) dilution by 

higher concentrations of SPM in the lower estuary and/or rapid scavenging 

because of their reactive nature (for example Th). Low and similar mEF (~1-2) of 

metals (Fe, Mg, Cr, Ni, Co, V, Sc, U) in the lower estuary of both rivers indicate 

minimum pollution and their similar behavior in both estuaries. The mEF of Zn 

(~1-2) in Mandovi is higher than in Zuari (<1) may be due to the ship building 

activities on the shore of the estuary locally (see discussion 5.1).  

 

5.9 During the Post-monsoon 

 

During the post monsoon, the SPM in the upper estuary of both rivers is 

depleted in Th (mEF <1) and minimum pollution (mEF ~1-2) for Mg, V and Sc. As 

Th is more reactive it could have been scavenged to the bottom. However the 
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high mEF of Fe, Cr, Co, Mo (~2-5) and Mn (~5-20) indicate contribution from ore 

deposits and thus anthropogenic pollution in the upper estuary. However the high 

mEF (2-5) of Ni, Zn and U  and very high mEF (5-20) of Pb in Zuari than in 

Mandovi (1-2 and 2-5, respectively) and high mEF of Cu in Mandovi (~2-5) than 

in Zuari (~1-2) indicate that more metals are in the level of moderate to significant 

pollution in Zuari than in Mandovi. High concentrations of Pb, Cu and U are 

related to organic and indicate pollution due to man-made activities on the shores 

of these estuaries.  In the lower estuary the mEF of Mn, Ni and Pb are higher in 

Zuari (ranging from 2 to 20) than in Mandovi (1 to 5). Similarly, the mEF of Fe 

and Cr are lower in Zuari (1 to 2) than in Mandovi (2 to 20). The uniform SPM 

concentrations and high Fe and Cr both in the upper and lower estuary of 

Mandovi most probably indicate source from Fe, Mn ore deposits. High Mn, Ni 

and Pb in the lower estuary of Zuari may be due to re-suspension from bottom 

sediments due to ETM.  

 

5.10 During the Pre-monsoon 

 

During the pre-monsoon the mEF of Fe, Ni and Mo (~2-5) and Mn (~5-20) 

are similar in the upper estuary of both rivers and in the range of moderate to 

significant pollution. Besides, the upper estuary of Mandovi River shows 

moderate pollution for metals Cr, Cu, Pb, Sc and V (mEF~2-5). These indicate 

higher industrial activity related to ore mining in Mandovi than in Zuari. In the 

lower estuary of both rivers Mn is the only metal in the range of moderate 

pollution. Tidal and wind-induced currents dominate during pre-monsoon and 

saline conditions most probably favored scavenging of metals to the bottom of 

the estuary. In the bay of Zuari the mEF of metals Cr, Ni and Pb (~5-20) were in 

the level of significant pollution during the post-monsoon and, moderate pollution 

during pre-monsoon (Fig. 5.10). As discussed earlier that the mEF of Cr and Ni 

are in the level of moderate pollution and Pb in the range of significant pollution 

in the upper estuary. Moderate to significant levels of pollution of these metals in 

the SPM of bay during the post-and pre-monsoons, when river discharge was 
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negligible, indicate that their concentrations are due to man-made activities 

and/or re-suspension of sediment from the bottom of the estuary due to ETM.  

 

 

 

 

 

5.11 Conclusions 

 

 The mEF of metals showed  

 

o Fe in combination with some metals (Ni, Cr, Zn, Mo, or U) in the 

upper estuary of both rivers showed moderate level of pollution and 

Mn significant level of pollution in all seasons. Metals Fe, Mg, Cr, 

Ni, Co, V, Sc, U in the lower estuary of both rivers during monsoon 

are in the range of minimum pollution.  

 

o Metals such as Ni, Zn and U are in the level of moderate pollution 

and, Pb in the level of significant pollution in the upper estuary of 

Zuari during post-monsoon. Cu is in the range of moderate pollution 

in Mandovi during post-monsoon.  

 

o Metals such as Cr, Ni and Pb in the bay of Zuari were in the level of 

significant pollution during post-monsoon and, moderate pollution 

during pre-monsoon.  
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Chapter 6 

 

Rare earth elements (REE) in suspended and bottom 

sediments of the Mandovi and Zuari estuaries and 

adjacent shelf 

 

6.1 Introduction 

 

The rare earth elements (REE) exhibit a unique and coherent behavior 

during weathering, erosion and fluvial transportation due to similarity in their 

electronic configuration. During weathering of source rocks light REEs (LREE) 

are preferentially scavenged on particle surfaces, while heavy REEs (HREE) are 

retained in dissolved state because of stronger complexation with ligands (CO3
2-, 

PO4
3-, and organic ligands) (Byrne and Kim, 1993; Sholkovitz, 1995; Yang et al., 

2002; Tang and Johannesson, 2003; Caccia and Milero, 2007). The REE 

entering the river are also fractionated by the removal of certain REEs from 

solution due to oxy-hydroxides and (colloidal) organic matter during aqueous 

transport (Andersson et al., 2006; Marmolejo-Rodriguez et al., 2007). The 

concentrations and composition of REEs are further modified due to extensive 

geochemical and physico-chemical processes (co-aggulation, adsorption, 

flocculation, diagenetic remobilization and resuspension) occurring at the fresh 

water-seawater interface, in estuaries and in coastal systems (Sholkovitz, 1976; 

Hoyle et al., 1984; Ramesh et al., 1999; Censi et al.,2007; Marmolejo-Rodríguez 

et al., 2007). The systematic and gradual change in physico-chemical properties 

from La to Lu, REEs can be used (a) to characterize their provenance and (b) to 
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better understand the processes associated with the first leg of sedimentation 

from river to estuary and in coastal system (Elderfield et al., 1990; Ramesh et al., 

1999; Sholkovitz and Szymezak, 2000). Redistribution and fractionation of REEs 

between particulate and dissolved phases in estuarine waters, across a salinity 

gradient, and under acidic and alkaline conditions have been investigated 

(Elderfield and Greaves, 1982; Elbaz-Poulichet and Dupuy, 1999; Johannesson 

and Zhou, 1999; Borrego et al., 2005). 

 

A few attempts reported REE distribution in river systems of India 

(Rengerajan and Sarin,1994; Singh and Rajamani, 2001) and in the Kaveri 

estuary, east coast of India (Ramesh et al., 1999). Detailed studies on REEs are 

not made in the estuaries of western India, which characterize river-dominant 

flows during the monsoon and tidal current dominant flows during post- and pre-

monsoons. Moreover, the estuaries of Goa are being used for transporting Fe, 

Mn ores to the port for export and, ore transport is an important activity 

throughout the year (see Chapter 1). The purpose of this chapter is to report for 

the first time the seasonal distribution of REEs in suspended and bottom 

sediments of the tropical, Mandovi and Zuari estuaries, Goa and in the adjacent 

shelf, in order to understand their provenance and processes controlling REEs 

distribution and fractionation. 

  

Detailed methodology for the collection of suspended and bottom 

sediment in both estuaries is given in Chapter 2. The number of SPM and bottom 

sediment samples selected and analyzed for REE distribution in both estuaries 

(this Chapter) is same as that of trace elements (other than REE) given in 

Chapter 5. There it is mentioned that 15 SPM samples from regular station and 

75 SPM samples from transect stations of the Mandovi estuary and, 16 SPM 

samples from regular station and 106 SPM samples from transect stations of the 

Zuari estuary are investigated. For bottom sediments 38 and 50 sediment 

samples from transect stations of the Mandovi and Zuari estuaries, respectively 

are investigated. Please see Chapter 5 for detailed procedure for selecting SPM 
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and bottom sediment and Tables 6.4, 6.5 and 6.6 for complete data on REE. 

Additionally, 20 sediment samples from the continental shelf off Goa are also 

investigated for REE distribution in this chapter (Table 6.7). 

 

This Chapter is divided into 3 parts: Part 1 deals with the distribution of 

REE in Mandovi estuary and Part 2 deals with the distribution of REE in the Zuari 

estuary and adjacent shelf. Comparison of REE distribution in Mandovi and Zuari 

estuaries is dealt in part 3.   

 
Part 1 – REE distribution in the Mandovi estuary 

 
6.2 Results  

 

6.2.1 Distribution of REE in SPM at the regular station (RS). 

 

Fig. 6.1 shows sample location in the Mandovi estuary. Fig. 6.2 shows 

temporal variations of SPM concentrations, total-REEs (∑REE), normalized 

ratios of light REE to heavy REE ((L/H)n) and salinity (A), major clay minerals at 

varying SPM (B) and salinity of surface waters (C) at the regular station. The 

SPM, ∑REE and salinity levels during the monsoon widely ranged from 4 to 158 

mg/l, 90 to 203 gg-1 and 0 to 34, respectively. The mean ∑REE and light REEs 

(LREE) to heavy REEs (HREE) ratio of the SPM (150 gg-1; 20 – Table 6.1) 

indicate that the ∑REE are lower and HREE are higher than those in average 

suspended sediment in World Rivers (ASSWR- 174.8 gg-1; 29.8) and Post-

Archean average Australian Shale (PAAS -184.8 gg-1; 24.7). REE exhibited 

strong correlation with Al (r=0.74; P <0.001) and Fe (r=0.67; P <0.01) and 

moderate correlation with Mn (r=0.55; P <0.05). Two trends can be visualized at 

the RS (Fig. 6.2A) In June, the ∑REE appear increasing with increasing SPM at 

salinities of 10 - 34. Mineralogy of these samples shows kaolinite, minor illite, 

gibbsite and goethite with traces of smectite at low SPM. But increase in smectite 

content from traces to 30% is found with increase in SPM concentrations (see 
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Fig. 6.2B). The high SPM (158 mg/l) in July coincide with the lowest salinity, high 

∑REE (180 gg-1), abundant kaolinite (55 %), followed by goethite (25 %), 

gibbsite (20 %) and traces of smectite (< 5%) (Figs. 6.2A - B). In August, ∑REE 

varies only 20 gg-1 in 0-5 salinity range and 40 gg-1 in 5–30 salinity range 

(Fig. 6.2A). The smectite content of these samples increased with increase in 

salinity (Fig. 6.2C). The PAAS-normalized REE patterns are identical despite the 

concentrations of SPM vary widely from 4 to 158 mg/l. They are characterized by 

middle REE- and heavy REE-enrichment with positive Ce (1.1) and Eu 

anomalies (1.4). The values of (L/H)n, (La/Yb)n and  (La/Gd)n  (Table 6.1) are low 

indicating that the light REEs (LREE) are lower than middle REEs (MREE) and 

heavy REEs (HREE). Further, the low values of (Yb/Gd)n indicate  that HREE are 

lower than MREE.  

 

6.2.2 Distribution of REEs in SPM at the transect stations 

 

Monthly variations of SPM and ∑REE at each transect station (Fig. 6.3) 

are mostly similar with higher concentrations in monsoon and pre-monsoon 

seasons than in post-monsoon. Though the SPM concentrations were 

consistently low during the post-monsoon, ∑REE were relatively high in the early 

part of the post-monsoon, and then decrease gradually in the latter part. Spatial 

variations indicate that the concentrations of mean SPM increase from river-end 

to sea-end stations of the estuary, both during the monsoon and pre-monsoon, 

and consistently low at all stations during the post-monsoon (Fig. 6.4A). The 

∑REE variations, however, do not exhibit this trend. The mean ∑REE at each 

station is the highest during the monsoon followed by pre-monsoon and post-

monsoon (Table 6.2). The mean ∑REE decreases seaward, varies only 20 gg-1 

in the salinity range of 2-7 during the monsoon and 15 gg-1 in the salinity range 

of 2.5-32 during the post-monsoon (Fig. 6.4A). Maximal spatial variations in 

∑REE (50 gg-1) occurred during the pre-monsoon in the salinity range of 10-34, 

with relatively high values at the river-end stations and nearly identical values at 
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sea-end stations (Fig. 6.4A). Marginal decrease in (L/H)n values with increase in 

salinity towards sea-end stations is characteristic in all seasons (Fig. 6.4A).  

 

The PAAS-normalized REE patterns are similar and are characterized by 

MREE- and HREE-enrichment with positive Ce and Eu anomalies (Fig. 6.4B; 

Table 6.2). They are partitioned into four segments, La-Nd, Pm-Gd, Gd-Ho and 

Er-Lu, called tetrads (Censi et al., 2007). Four Tetrads were convex and are 

typical in pattern (Fig. 6.4B). The third and fourth tetrads were more distinctive 

than that of one and two, which are affected by strong positive Ce and Eu 

anomalies. The mean Al, Fe and Mn values and Ce and Eu anomalies, in 

general, decrease seaward, except that the Fe and Eu anomaly increase 

seaward during the post-monsoon (Fig. 6.5A-F). The ratios of (La/Yb)n and 

(La/Gd)n also decreased seaward, but the ratios of (Yb/Gd)n increased marginally 

seaward in all seasons (Fig. 6.5 G-I). Kessarkar et al. (2010) reported kaolinite, 

gibbsite, goethite and illite with traces of smectite at river-end stations, and 

increasing smectite concentrations with proportional decrease in other clay 

minerals towards sea-end stations, both during monsoon and pre-monsoon. 

Kaolinite and traces of other clay minerals occur at all stations during the post-

monsoon.  

 

6.2.3 Distribution of REEs in bottom sediments 

 

The mean ∑REE of bottom sediments (Table 6.3) is the highest during the 

monsoon (196.6 gg-1), followed by near equal values in pre- monsoon (184.4 

gg-1) and post-monsoon (182.1 gg-1). The ratios of mean ∑REE in sediment to 

that in SPM are 1.27, 1.62 and 1.5 for the monsoon, post-monsoon and pre-

monsoon, respectively. The ∑REE of sediment exhibited relatively high values at 

river-end and sea-end stations, with lower values in between during monsoon 

and relatively high values at mid-stations (M4 and M5) during post-monsoon (Fig. 

6.6A). The ∑REE of sediment at sea-end stations (M1-M3) is higher than that of 

river-end stations (M5-M7) during the pre-monsoon. The seaward decrease in 
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(L/H)n and (La/Yb)n indicates increase in HREE (Table 6.3). The PAAS-

normalized REE patterns of sediment are typical to that of SPM and are 

characterized by MREE- and HREE-enriched patterns, with distinct positive Ce 

and Eu anomalies (Table 6.3). Tetrad effect is also seen in all sediment samples 

(Fig. 6.6B).  

 

6.2.4. Relationship of ∑REE with Al, Fe and Mn  

 

The mean concentrations of Al, Fe and Mn and their spatial distribution 

varied seasonally (Tables 6.2 and 6.3). The Fe/Al and Mn/Al ratios of SPM 

decrease from station M7 at the river-end to station M1 at sea-end of the estuary 

in all seasons. The mean Fe/Al and Mn/Al ratios are lower (1.37 and 0.08) during 

the monsoon but distinctly higher during the post- (1.86 and 0.16) and pre-

monsoons (1.55 and 0.16). The Al and Fe show significant (P <0.001) to 

moderate (P <0.05) correlation with ∑REE in all seasons, whereas Mn shows 

strong correlation with ∑REE during monsoon and weak correlation (P <0.1) 

during the post- and pre-monsoons (see Fig. 6.7). On the other hand, the mean 

concentrations of Al and Fe in bottom sediments do not show sharp decrease 

towards sea-end stations in all the seasons, while Mn showed sharp decrease 

(Table 6.3). The mean Fe/Al ratio of sediments (1.38) is same as that in SPM 

(1.37) during monsoon, but lower (1.1 to 1.2) than in SPM (1.55 to 1.86) during 

the post- and pre-monsoons. The mean Mn/Al ratio of sediment is higher (0.13) 

than in SPM (0.08) during monsoon, but lower (0.07) than in SPM (0.16) during 

post- and pre-monsoons. The ∑REE of sediment yielded strong correlation with 

Fe (r=0.76 to 0.71; P <0.01) during monsoon and post-monsoon and, non-

significant relation during pre-monsoon (Fig. 6.7). ∑REE of sediment showed 

moderate correlation with Mn (r=0.5 to 0.64; P <0.05) and non-significant relation 

with Al in all seasons.  
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6.3 Discussion  

 

6.3.1 Controls on ∑REE of SPM at the regular station  

 

Temporal variations in ∑REE at the regular station (Fig. 6.2) are affected 

by changes in both salinity and SPM during the monsoon. Suspended matter 

with abundant kaolinite together with gibbsite indicates intense chemical 

weathering of the hinterland rocks. Goethite, a colloidal iron-oxyhydroxide is also 

an important component in SPM. Occurrence of the highest ∑REE along with the 

highest SPM (consisting of abundant kaolinite, gibbsite and goethite) and the 

lowest salinity during the peak monsoon (July; Fig. 6.2A-B) indicates that REEs 

are transported mainly by river run off. River waters contain colloidal materials. 

Large scale removal of REEs occurs in the estuarine environment by co-

precipitation and adsorbing onto Fe-O-OH surfaces (Elderfield et al., 1990; 

Andersson et al., 2006; Marmolejo-Rodríguez et al., 2007). The Fe-Mn ore 

deposits stored along the shores of the estuary (Fig. 1.3A in Chapter 1) also 

serve as source for dissolved and particulate Fe- and Mn-oxyhydroxides that are 

drained into the estuary during heavy monsoon rains. Strong to moderate 

correlations of ∑REE with Al, Fe and Mn indicate that clay minerals and Fe-Mn-

oxyhydroxides are important carriers of REEs. Taylor and McLennan (1985) 

suggested that the REEs are enriched in fine-grained sediments, especially clay 

minerals.   

  

The ∑REE values are relatively high at low salinities (<10 - see July and 

August) as well as at high salinities (30; June in Fig.6.2A). High SPM 

associated with high salinity (see June–Fig.6.2A) at regular station was attributed 

to the development of estuarine turbidity maximum (ETM; see Chapter 3; 

Kessarkar et al., 2010). Therefore, ∑REE may have been affected by two 

sources: (a) ∑REE associated with low salinities implies supplies from river 

discharges along with detrital matter, and (b) ∑REE with intermediate or high 

salinities, i.e., processes (resuspension, flocculation and coagulation) associated 



117 

with the ETM. Mixing of sediments between the two sources in different 

proportions driven by water circulation resulted in the observed temporal 

variations in the abundance of ∑REE.  

 

The gradual increase in smectite coincided with increase in SPM (Fig. 

6.2B) and salinity (Fig. 6.2C) but with marginal decrease in (LREE/HREE)n (i.e., 

increase in HREEs). This suggests that smectite may have been resuspended 

from the bottom as the turbidity reached maximum value. The grain size of 

smectite is smaller than that of kaolinite and illite. Smectite particles have 

relatively large surface area and greater negative charge and thus form stronger 

complexes with organic compounds than other clay minerals (Degens and 

Ittekot, 1984). Heavy REEs form stronger complexes with ligands in solution of 

high ionic strength (Coppin et al., 2002) and also with finer particles. The 

association of high heavy REEs and smectites at high salinity thus indicates 

stronger association between the two. Finer particles flocculate through 

aggregation in ETM and thus HREE are preferentially removed during 

flocculation. Identical shale-normalized REE patterns despite changing SPM 

concentrations at the regular station indicate REEs have not been fractionated 

during resuspension.  

 

 

6.3.2 Controls on ∑REE of SPM at the transect stations 

 

(i) During the monsoon 

 

General agreement between ∑REE and SPM at each station (Fig. 6.3) 

indicates the control of suspended matter on ∑REE distribution. Distinct spatial 

differences in the distribution of SPM and ∑REE (Fig. 6.4A), however, suggest 

involvement of other factors. The mean salinity during the monsoon ranged 

between 2 and 7 (Fig. 6.4A). Increase in salinity facilitates coagulation and 

flocculation, and hence removal of REEs (dissolved and suspended matter 
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associated) from the water column. Sholkovitz (1993) indicated that 60-90% of 

the river input REEs are removed in estuaries. Hoyle et al. (1984) and Sholkovitz 

(1993) suggested that the large scale removal of REEs (>70% complete by 

salinity 5) is associated with Fe-organic colloids and their flocculation during the 

early estuarine mixing. The decrease in ∑REEs is only marginal (< 25%) at sea-

end station (Fig. 6.4A). Spatial variations in ratios of (La/Yb)n, (La/Gd)n and 

(Yb/Gd)n (Fig. 6.5G) are also small during the monsoon, On the other hand, the 

increase in SPM concentrations towards sea-end stations (Fig. 6.4A) has been 

attributed to the prevalence of estuarine turbidity maximum (ETM; see Chapter 

3), due to which particulate matter is supplied to the water column through 

resuspension of bottom sediments. It appears that ∑REE are affected by two 

opposing processes: the low salinity effect that tends to remove ∑REEs from 

suspension is countered by ETM when REEs resuspended back into the water 

column. The combined influence of these processes minimized the differences in 

∑REE between river-end and sea-end stations. Elderfield et al. (1990) showed 

REE maximum in the Delaware River estuary is associated with significant 

turbidity maximum zone, reflecting the processes in ETM. Minor spatial variations 

in (La/Yb)n, (La/Gd)n and (Yb/Gd)n (Fig. 6.5G) indicate dilution of river-borne 

REEs with resuspended material from bottom sediment at sea-end stations.  

 

(ii) During the post-monsoon 

 

The least SPM concentrations at all stations, low or lowest mean ∑REE 

during the post-monsoon (Figs.6.2 and 6.3) and sharp decrease in the mean Al 

from monsoon to post-monsoon (Table 6.2) indicate negligible terrigenous supply 

through river run off. Although one would expect removal of REEs and Fe in the 

estuary (Elderfield et al., 1990), across a salinity gradient of 2.5 to 32, ∑REE 

changed only by 15 gg-1 between river-end and sea-end stations (Fig.6.4A) 

while the mean Fe increase seaward (Fig. 6.5B). This meager removal of ∑REE 

and increases in Fe and Al (stations 2, 3 and 4 in Fig. 6.5B) point to additional 

sources in the estuary, either due to inputs from the Cumbarjua canal (joining the 
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estuary at stations 4 and 5–see Fig. 6.1) or to the spillage of Fe-Mn ores during 

transportation. Higher Fe and Al values and ∑REE at stations 4 and 5 (Table 6.2; 

Figs. 6.4A and 6.5B) attest the influence of canal. High Fe/Al and Mn/Al ratios 

during post-monsoon suggest additional source of Fe and Mn, other than detrital. 

Strong correlation of ∑REE with Fe (Fig. 6.7) is an evidence for association of 

REEs with Fe-rich colloids. The pulverized Fe-Mn ore materials, loaded onto 

barges at different points along the estuary from October, are transported 

through the estuary and uploaded onto bigger ships in the offshore waters. 

Therefore, spill over of pulverized Fe - Mn ore dust into the estuary is likely to 

have been responsible for the observed REEs. Thus the Fe-Mn dust from ore 

deposits and minor detrital supply at mid-stations diluted the overall effect of 

salinity on ∑REE and facilitated to maintain least difference in ∑REE between 

river-end and sea-end stations.  

 

(iii) During the pre-monsoon 

 

The seaward increase in SPM concentrations during the pre-monsoon 

(Fig. 6.4A) was attributed to the tidal and wind-driven turbidity maximum (Chapter 

3). Similar reasoning may be applicable for the increase in mean ∑REE (126 

gg-1) at the sea-end stations (M1-M3) of the estuary during the pre-monsoon 

(Fig. 6.2-4A; Table 6.2) compared to that in post-monsoon (105 gg-1). It is 

supported by the decrease in the mean Fe/Al ratio from post-monsoon (1.86) to 

pre-monsoon (1.55) indicating increased Al concentrations may be due to 

resuspension by turbidity. Upadhyay and Sengupta (1995) also reported increase 

in dissolved Al with increase in salinity during the pre-monsoon and attributed it 

to resuspension. Continuous resuspension of sediment in the zone of turbidity 

maximum, and spill over of Fe-Mn ores from the barges are probably responsible 

for maintaining near equal concentrations of ∑REEs at sea-end stations.  

 

6.3.3 Controls on ∑REE in sediments 
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The ratios of mean ∑REE of sediment/SPM simply reflect contributions 

from different sources. As indicated earlier, the sources of ∑REE to the water 

column are detrital silicates, Fe, Mn-oxyhydroxides and resuspended material 

from bottom sediment during the monsoon, largely Fe-Mn ore dust during the 

post-monsoon, and Fe-Mn ore dust and resuspended material during the pre-

monsoon. Accordingly, the concentrations of REEs settled from water column to 

the sediment varied. Strong correlation of ∑REE with Fe (P <0.001), moderate 

correlation with Mn (P <0.05) and weak or no correlation with Al in sediments 

(Fig. 6.7) suggest that REEs associated with detrital clay particles deposited at 

the bottom were suspended frequently because of intense turbidity. As a 

consequence, REEs associated with Fe, Mn-oxyhydroxide particulates are 

concentrated and retained in sediments. The mean Mn/Al ratios in SPM and 

sediment are 0.08 and 0.13 during monsoon, 0.16 and 0.07 during post-monsoon 

and 0.16 and 0.05 during pre-monsoon. The increase in Mn/Al ratio in SPM and 

its proportional decrease in sediments from monsoon to post-monsoon and to 

pre-monsoon (Tables 6.2 and 3) suggest that some diagenetic Mn released from 

sediments may have been precipitated/adsorbed in the water column. This is in 

addition to Mn from Fe-Mn ore dust spilled over during transportation. Higher 

concentrations of Fe in SPM during post- and pre-monsoons (Fig. 6.5) may 

indicate spillover from ore dust during transportation through estuary, uploading 

activities at the port and some diagenetic Fe recycled into the water column. 

 

6.3.4 Fractionation of REEs and Eu and Ce anomalies 

 

The LREE/HREE ratio is usually controlled by the geology of the drainage 

basin and/or concentrations of heavy minerals. The river-borne SPM is 

transported into the estuary only during the monsoon. The normalized mean 

ratios of La/Yb and La/Gd (Figs. 6.4G-I; Table 6.2-6.3) indicate that LREE are 

lower than MREE and HREE in all seasons. Moreover, positive Eu and Ce 

anomalies and MREE- and HREE-enriched patterns are invariably present in 

SPM and sediment (Figs. 6.3B and 6.5B). Several workers reported MREE-
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enriched patterns in colloidal Mn- and Fe-oxyydroxides (Palmer and Elderfield, 

1986; Bau, 1999; Ohta and Kawbe, 2001 and Quinn et al., 2006) and colloidal 

organic matter (Tang and Johannesson, 2010). Therefore the sources other than 

heavy minerals, most probably Fe, Mn-ore material and to a certain extent 

detrital and organic input contributed REEs to the estuarine system.  

 

Positive Eu anomaly is a characteristic of shale-normalized REE patterns 

(Figs. 6.4B and 6.6B). Positive Eu anomalies are usually associated with aeolian 

input, basic volcanic materials, hydrothermal fluids or anthropogenic organic 

pollutants (Michard et al., 1983; Ruhlin and Owen, 1986; Oudin and Cocherie, 

1988; Elderfiled, 1988; Nozaki et al., 2000; Tang and Johannesson, 2003). Allen 

et al. (1985) showed positive Eu anomaly for the charnokites of southern India. 

The Mandovi River drains through schists, gniesses and banded-iron formations 

and manganeferous deposits  in the upstream and low-grade bauxite and lateritic 

formations in the downstream (Desai et al., 2009). Fractionated REE patterns 

with positive Eu anomaly are characteristic of banded-iron formations, Tonalite-

Trondhjemite Gniesses (TTG) and Fe-Mn bearing arenites (Srinivasan et al., 

1989; Manikyamba and Naqvi, 1997; Naqvi, 2005). They suggested that their 

FeO, SiO2 and REEs are provided by primary hydrothermal fluids emplaced at 

vent sites of Archean oceanic ridges. The shale-normalized REE patterns of the 

Trondhjemite Gniesses (Dhoundial et al., 1987) and mafic-ultramafic complex 

from Goa (Desai et al., 2009), and Fe-Mn ores from Goa (Fig. 6.4B) indeed show 

positive Eu anomaly and HREE-enriched patterns. Eu anomaly increases with 

increase in Fe in the post-monsoon (see Figs. 6.5B and 6.5E), during which Fe, 

Mn ores are major contributors of particulate matter into the estuary. We 

therefore suggest that the Eu anomaly is probably inherited from hinterland rocks 

and Fe-Mn ores, and their weathered products continued to carry this signature 

in SPM and in sediment.  

 

Positive Ce anomaly is also present both in SPM and sediment (Figs. 

6.4B, 6.5D-F and 6.6B). As Ce anomaly also occurs in Fe-Mn ores (Fig. 6.4B) it 
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may be because of Ce oxidation at Mn- and Fe-oxyhydroxide surface (De Carlo 

et al., 1998; Bau, 1999; Ohta and Kawabe, 2001) and thus inherited from 

hinterland rocks. Sholkovitz (1993), Nozaki et al. (2000) and Horbe and da Costa 

(2005) showed the presence of Ce anomaly in the tropical rivers mainly due to 

the scavenging of Ce in oxides, principally iron oxyhydroxides. Strong Ce 

removal is associated with coagulation of river colloids and biological productivity 

and as a consequence positive Ce anomaly is expected in the fluvial components 

of the inshore sediments. Tachikawa et al. (1997) have shown that the positive 

Ce anomaly in SPM was developed by adsorption of REE (III) onto the 

particulate MnO2 surfaces. The positive Ce anomalies may have been caused by 

high stability of Ce in river water facilitated by the abundant occurrence of Fe-Mn 

ore materials.  

 

The tetrad effect, a split of REE patterns into four convex-shaped 

segments, is a characteristic feature of SPM (Fig. 6.4B) and sediment (Fig. 

6.6B). Bau (1996) suggested that it is caused by complexation of REEs, when 

adsorption, co-precipitation, dissolution, and/or ligand-exchange reactions occur. 

Censi et al. (2007) reported MREE-enriched REE patterns with negative Eu 

anomaly and lanthanide tetrad effects in the dissolved phase and SPM of the 

estuary in Thailand’s Mae Klong River and offered similar explanation by Bau 

(1996) for the tetrad effect. Besides tetrads, positive Ce and Eu anomalies and 

high HREEs are also present in our REE-patterns when compared to that of 

Censi et al. (2007). As discussed above, Eu anomaly is caused by the 

emplacement of hydrothermal fluids at the vent sites of Archean oceanic ridges. 

Eu anomaly and HREEs are dominant in Fe-Mn ore of Goa (see Fig. 6.4B). On 

the other hand, Monecke et al. (2002, 2006) and Broska et al. (2006) reported 

lanthanide tetrad effect in highly evolved granitic rock systems as an indicator of 

the transition between magmatic to high-temperature hydrothermal system and 

suggested that the tetrad effect cannot be modeled as fractional crystallization, 

indicated by Bau (1996) and  Irber (1999). The formation of convex tetrads is the 

result of complexation of REEs in hydrothermal system, introduced during 
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hydrothermal fluid-rock interactions and before emplacement in the sub-volcanic 

environment where phase separation caused a split of the system into fluid and 

magma subsystems. Since the material contributed by Fe-Mn ores is a 

predominant component annually and, Eu anomaly and tetrad effect are typical 

for both SPM and sediment (Figs. 6.4B and 6.6B) the tetrads are mostly probably 

inherited from hinterland rocks, introduced during hydrothermal fluid-rock 

interactions during or after emplacement of magma.  

 

The seaward increase in HREEs is evident from the decrease in (L/H)n 

and (La/Yb)n and increase in (Yb/Gd)n (Figs. 6.4A, 6.5G-I). HREEs are usually 

associated with fine-grained particles. The increase in (Yb/Gd)n is associated 

with the increase in Fe and Eu anomaly during the post-monsoon and Eu 

anomaly during the pre-monsoon (Figs. 6.5B, 6.5E-F. 6.5H-I). As high Fe and 

HREEs and, Eu anomaly are characteristic of Fe-Mn ores  (Fig. 6.4B) we 

suggest that the fine-grained, Fe-Mn ore particulates, that spilled over during 

transport through the estuary and uploading operations in the port region, 

contributed abundantly to the distribution of REEs in the estuary.  

 

6.4 Conclusions 

 Highest ∑REE and SPM with abundant kaolinite, gibbsite and goethite 

associated with lowest salinity during peak monsoon indicates that REE 

are transported mainly by river run off at river end stations. 

  

 High ∑REE associated with high SPM/low salinity as well as with high 

SPM/high salinity at regular station indicates that river discharge and ETM 

controlled ∑REE variations.   

 

 Marginal variations in ∑REE of SPM along transect stations during the 

monsoon, despite salinity change from 2 to 7, indicate that the low salinity 
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effect that tends to remove ∑REE from suspension is countered by ETM, 

which resuspended REE back into the water column. 

 

 This meager removal of ∑REE of SPM across a salinity gradient of 2.5 to 

32 between river end and sea end stations during post-monsoon and, 

strong correlation of ∑REE with Fe indicate Fe, Mn ores contributed REE 

to the estuary.  

 

 The ratios of mean ∑REE of sediment/SPM along transect simply reflect 

contributions from different sources, detrital sediment, ore dust, recycled 

material due to turbidity maximum.  

 
 MREE- and HREE- enriched normalized REE patterns with positive Ce 

and Eu anomalies in SPM/sediment indicate strong contribution from ore 

deposits.  

 The tetrads, a split of REE patterns into four convex-shaped segments, 

are characteristic of every SPM/sediment indicate that the tetrad effect is 

most probably inherited from hinterland rocks, introduced during 

hydrothermal fluid-rock interactions during or after emplacement of 

magma.  

 

 

 

 

 

 

 

 

 

 



125 

Part 2 - REE distribution in the Zuari estuary and adjacent shelf  

 

6.5 Results  

 

6.5.1 Distribution of REE in SPM at the regular station (RS)  

 

The concentrations of SPM at the regular station (RS) during monsoon 

varied between 3.3 mg/l and 68.6 mg/l while its total-REEs (REE) varied 

between 111 g/g and 164 g/g (Table 6.4). The mean REE (145.8 ±16.7 g/g) 

was lower than the average SPM of World Rivers (174.8 g/g; Viers et al., 2009) 

and Post-Archaean average Australian Shale (PAAS: 184.8 g/g; Mclennan, 

1989). REE increased with increase in SPM concentrations and, both were 

linearly correlated (r=0.66; p<0.01; Fig. 6.8A). Salinity of surface water at RS 

varied between 0 and 33 (Table 6.4). High concentrations of SPM and REE 

were associated with low salinity as well as with high salinity water and, both 

showed no correlation with salinity (Fig. 6.8A). The Al, Fe and Mn concentrations 

of SPM ranged from 5.9-11.2%, 4.3-15.3% and 0.4-1.1%, respectively. REE 

showed linear, positive correlation with Al and Fe (r=0.8; p<0.001) and no 

correlation with Mn (Fig. 6.8B). PAAS-normalized REE patterns showed MREE- 

and HREE-enrichment with positive Ce and Eu anomalies and exhibit no 

significant changes with variations in salinity or SPM concentrations. 

 

6.5.2 Distribution of REE in SPM at transect stations  

 

Table 6.5 shows complete data on some major elements and REE in SPM 

along transect stations in every month. Throughout the text the mean values of 

different parameters at each station (also given in Table 6.5) are presented and 

discussed. Spatial and seasonal variations in the mean SPM, REE, Al, Fe and 

Mn along transect stations and relationship of REE with SPM and salinity are 

shown in Fig. 6.9A. During monsoon the SPM concentrations were high at 
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stations in the lower estuary and decreased seaward with increase in salinity at 

bay stations. During post- and pre-monsoons, the SPM was low in the upper 

estuary, except at station Z9 during post-monsoon, increased seaward in the 

lower estuary (Z6-Z3) and then decreased gradually in bay stations. Salinity 

increased seaward but showed no correlation with SPM in all seasons. Except at 

station Z7 during monsoon, the variations in REE, Al and Fe along transect 

follow each other and resembled inverted bowl-shaped pattern, with high and 

near equal values at middle stations (Z3 to Z6) in all seasons (Fig. 6.9A). Mn 

decreased gradually from upper estuary to the bay in all seasons. REE was 

directly correlated with SPM in all seasons but showed no correlation with salinity 

(Fig. 6.9A). PAAS-normalized REE showed MREE- and HREE-enriched patterns 

with positive Ce and Eu anomalies at every sample and season (Fig. 6.9B). The 

Ce anomaly (Ce/Ce*) values varied between 1.05 and 1.17, decreased seaward 

with near similar values at middle stations (Z3-Z7) during post- and pre-

monsoons (Fig. 6.9B). The Eu anomaly (Eu/Eu*) varied between 1.27 and 1.68 

with nearly identical values at landward stations (Z9 to Z4) and increased 

seaward at bay stations (Z3-Z0) during the monsoon and post-monsoon. During 

pre-monsoon Eu/Eu* values were relatively high in the lower estuary (Z7-Z4) and 

decreased away, either into the upper estuary (Z9-Z8) or bay (Z3 to Z0) (Fig. 

6.9B). The normalized LREE to MREE ratio (L/M)n showed a step-wise 

decreasing trend from upper estuary to the bay in all seasons (Fig. 6.9B). The 

normalized LREE to HREE ratio (L/H)n decreased gradually seaward in the upper 

and lower estuary in all seasons. (L/H)n, however, increased seaward in the bay 

during the monsoon and post-monsoon (Fig. 6.9B).  

 

6.5.3 Distribution of REE in bottom sediments of the estuary and 
continental shelf  

 

Table 6.6 shows complete data on some major elements and REE in 

sediments along transect stations in every month. Throughout the text the mean 

values of different parameters at each station (also given in Table 6.6) are 

presented and discussed. Spatial variations in the mean REE, Al, Fe and Mn of 
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sediment in the estuary are shown in Fig. 6.10A. The REE of sediment 

(REESED) ranged between 175 and 320 g/g (Table 6.6) and was higher than in 

suspended particulate matter (REESPM: 89-169 g/g; Table 6.5). The variations 

in REESED along transect were opposite to that of REESPM. For example, the 

REESED along transect showed two peak high values, one in the upper estuary 

and another in the bay amid low values that correspond to the lower estuary in all 

seasons (Fig. 6.10A). The REESPM showed high values in the lower estuary and 

decreased values in the upper estuary and bay (Fig. 6.9A). The variations in the 

ratio of REESPM to REESED along transect, however, resembled that of SPM in 

each season (see Fig. 6.9A). The Fe of sediment increased and Mn decreased 

seaward during the monsoon. The distribution of Fe and Mn in sediments along 

transect, however, resembled that of REESED during the post- and pre-

monsoons (Fig. 6.10A). Al distribution was similar to that of Fe during monsoon 

and pre-monsoon, with no significant trend along transect during the post-

monsoon. PAAS-normalized REE patterns of sediment were similar to that of 

SPM with MREE- and HREE enrichment and positive Ce and Eu anomalies (Fig. 

6.10A). The Ce/Ce* and Eu/Eu* values were higher in sediments (Table 6.6) than 

in suspended matter (Table 6.5). The distributions of Ce/Ce*, (L/M)n and (L/H)n in 

sediments along transect resembled that of REE in each season. The Eu/Eu* 

showed a seaward increasing trend in all seasons (Fig. 6.10B).  

 

  The REE of sediment on the continental shelf ranged from 62 to 190 

g/g (Table 6.7) and decreased seaward with increasing depth. REE showed 

linear correlation with Al (r=0.67) and Fe (r=0.78). The PAAS-normalized REE 

patterns (Fig. 6.11A) were similar to that of estuarine sediments. Ce/Ce* (0.89-

1.27) and Eu/Eu* (1.38-1.64) values decreased with increasing depth, except the 

sediment at 11 m water depth which showed relatively low Ce/Ce* (see Fig. 

6.11A). Ce/Ce* values showed moderate correlation with Mn concentrations (Fig. 

6.11B).   
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6.5.4. Relationship of REE with Al, Fe and Mn in SPM and sediment 

 

The correlations of REE with Al, Fe and Mn in SPM and sediment along 

transect stations are shown in Fig. 6.12. The REESPM was linearly correlated 

with its Fe and Al during the monsoon and pre-monsoon and, moderately 

correlated during post-monsoon. It showed moderate correlation with Mn during 

the monsoon and post-monsoon. The REESED however, showed no significant 

correlation with Al during monsoon and post-monsoon and, moderate correlation 

during pre-monsoon. The REESED, however, showed strong to moderate 

correlation with Fe and Mn in all seasons.  

 

6.6 Discussion 

 

6.6.1 Occurrence of estuarine turbidity maximum in the lower estuary 

 

The mean SPM concentrations increase seaward from upper estuary to 

the lower estuary and then decrease seaward in bay stations (Fig. 6.9A). High 

concentrations of SPM in the lower estuary are associated with low salinity 

surface water (1.4 to 9.8 between Z6 and Z3) during the monsoon and, with high 

salinity surface water (ranging from 17 to 33 between Z7 and Z3) during the post- 

and pre-monsoons. Higher SPM concentrations in the lower estuary than that of 

upper estuary and bay were discussed at length in Chapter 3 and it was 

suggested that the estuarine turbidity maximum (ETM) played an important role 

in re-suspending bottom sediment and resulted in high SPM in the lower estuary. 

Here investigate below the influence of ETM on REE distribution in the estuary.  

 

6.6.2 Sources of REE in SPM during the monsoon (wet season)  

 

Linear correlation of REE with SPM, Al and Fe concentrations (Figs. 6.8, 

6.9A and 6.12), indicate that the SPM dominated by clays (aluminosilicates) and 
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Fe-rich particulates controlled the REE concentrations. Clays derived from the 

intense chemical weathering of hinterland formations and transported by the river 

and, Fe-particulates drained from ore deposits on the shore (Fig. 1.3 in Chapter 

1) could be the sources for REE. Smectite, kaolinite and goethite occur in SPM of 

the Zuari during monsoon (Kessarkar et al., 2013). Coppin et al. (2002) reported 

strong REE sorption on smectite because of permanent negative charge and, pH 

dependent REE sorption on kaolinite. Dissolved, colloidal and particulate Fe-Mn 

oxy-hydroxides are expected to be flushed into the estuary from ore deposits 

(Fig. 1.3 in Chapter 1) during heavy monsoon rains. Since REE have strong 

affinity to co-precipitate and adsorb on to Fe-Mn oxyhydroxides, (Elderfield et al., 

1990; Andersson et al., 2006 and Marmolejo-Rodriguez et al., 2007), the 

dissolved and colloidal REE may have scavenged/adsorbed onto the surfaces of 

Fe-O-OH and MnO2 and clay minerals at low salinities, then coagulated and 

transferred into the particulate form. Several investigators reported large scale 

removal of dissolved, colloidal and particulate REEs in low salinity (<5) water 

zone of estuaries (Hoyle et al., 1984; Elderfield et al., 1990; Sholkovitz, 1993). In 

this study REE showed no correlation with salinity (Figs. 6.8A and 6.9A). 

Despite low salinities at stations (Z7 to Z3) in the lower estuary, the SPM, REE, 

Al and Fe concentrations are high and, REE, Al and Fe values are similar at Z3 

to Z5 (Fig. 6.9A; Table 6.5). This may be due to the occurrence of estuarine 

turbidity maximum (ETM). During monsoon the river flow is countered by the tidal 

and monsoon wind-induced currents and results in the development of ETM in 

the lower estuary (Rao et al., 2011). As a consequence bottom sediment may 

have been re-suspended, thereby increasing SPM and REE in the water column 

and mixed up with the sediment brought by the river. In other words, the REE 

variations induced by salinity changes along transect are overprinted by REE 

associated with re-suspended particulates and, therefore no significant changes 

in REE, Al and Fe concentrations are observed (Fig. 6.9A). Although the 

concentrations of these elements show a decreasing trend at bay stations (Fig. 

6.9A), the mean Al values in SPM remain similar in the upper estuary (10.7), 
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lower estuary (10.8±1.1) and bay (10.0±0.9). This suggests strong influence of 

turbidity maximum even in the bay  

 

6.6.3 Sources of REE in SPM during the post- and pre-monsoons (dry 
 season) 
 

The mean concentrations of SPM and its REE, Fe, and Al during the 

post- and pre-monsoons are lower in the upper estuary than in lower estuary 

(Fig. 6.9A). In other words, high SPM at middle stations (see Fig. 6.9A) largely 

coincide with inverted bowl-shaped pattern of REE, Fe, and Al in the lower 

estuary. Moreover, REE showed moderate to strong correlation with SPM (Fig. 

6.9A), Fe and Al (Fig. 6.12) during dry season. Since river discharge is low 

during dry season, the seaward increase of SPM was attributed to the estuarine 

turbidity maximum (ETM; Rao et al., 2011), which is  controlled by the tidal and 

offshore wind-induced currents and funnel-shaped bay off Zuari; the latter may 

have been effective in magnifying the energy and effectiveness of the tidal and 

wind-induced currents as they propagate towards the narrower part of the funnel-

shaped bay and made a greater impact on the erosion and re-suspension of 

material. Thus the geometry of the bay and seasonal currents played major roles 

in re-suspending bottom sediments and contributed high SPM, REE, Fe and Al 

in the lower estuary. Elderfield et al. (1990) reported REE maximum associated 

with turbidity maximum in the Delaware estuary. As Z9 is an ore handling station 

(Fig. 1.3 in Chapter 1), high Fe and Mn at Z9 (see Fig. 6.9A) indicate ore dust 

fallen into the estuary may have locally influenced their concentrations. Though 

the concentrations of SPM vary at each station, the REE, Fe and Al values are 

high and identical at middle stations (Z3-Z7; Fig. 6.9A). This may indicate 

advective transport of re-suspended fine-grained particulates of SPM by existing 

currents and homogenization of the concentrations of elements in the SPM. 

Advective transport affecting the metal and nutrient distribution was reported in 

small, narrow estuaries such as Waquoit and the Fly/Gulf of Papua (Huettel et 

al., 1998; Charette et al., 2006). Tidal circulation dominates during dry season. 
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Manoj and Unnikrishnan (2009) reported tidal oscillations and seawater as far as 

~45 km upstream from the mouth of Zuari during dry season. The homogenized 

values of REE, Fe and Al at stations in the lower estuary may therefore reflect 

influence of tidal and wind-induced currents in re-suspending bottom sediments 

and advective transport of particulates upstream.    

 

6.6.4 Relationship of REE in sediment and SPM 

 

The distribution of REESED along transect is simply opposite to that of 

REESPM. Since the sediments with relatively low REE  (Fig. 6.10A) correspond 

to SPM with high REE in the lower estuary (Fig. 6.9A) it could be that the 

bottom sediments in lower estuary were re-suspended into the water column, 

thereby increasing sediment particulates (SPM) and associated REE. The 

variations in the mean ratio of REESPM to REESED resemble that of mean SPM 

at each station (see Fig. 6.9A) implying particulates re-suspended from bottom 

sediment by ETM are indeed responsible for high SPM and REE in the lower 

estuary. In other words, ETM played a major role for the coupling of REE of 

sediment and SPM.  

 

During monsoon the Al and REE of suspended matter are positively 

correlated. The Al concentrations of sediments are, however, high (Table 6.6), 

showed no correlation with REE during monsoon and post-monsoon and 

moderate correlation during pre-monsoon (Fig. 6.12). The Fe and Mn of 

sediment, however, showed moderate to strong correlation with REE in all 

seasons (Fig. 6.12). It may be because of the turbidity maximum, the REE 

associated with lighter, aluminosilicates (clay minerals) were repeatedly re-

suspended and the adsorbed REE are stripped off and transported further, while 

REE associated with heavy, Fe, Mn particulates are retained largely in 

sediments. In other words, the REE of sediments may largely be due to 

particulate Fe and Mn oxyhydroxides from ore deposits (see below). The values 
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of REE of sediment at shallow shelf (180-189 g/g at 7 m; Table 6.7) are close 

to that of the mean REE of bay (195.5 g/g). Moreover, REE showed linear 

correlation with Al and Fe implying that the clays and Fe-oxyhydroxides 

contributed REE to the shelf region.  

 

6.6.5 PAAS-normalized REE patterns in SPM and sediment 

 

  MREE- and HREE enriched REE patterns with positive Ce and Eu 

anomalies are characteristic of both SPM and sediment (Figs. 6.9A, 6.10A and 

6.11). They are different from that of the upper continental crust (Taylor and 

McLennan, 1985) and SPM of major World Rivers (Goldstein and Jacobson, 

1988) which show LREE enriched patterns. Since the REE patterns are 

consistent in all SPM/sediment samples and in all seasons, they may reflect the 

composition of the dominant detrital material delivered to the estuary/shelf. The 

MREE- and HREE-enriched REE patterns with positive Ce and Eu anomalies 

were reported in the pre-cambrian metamorphic rocks (see Fig. 1.2 in Chapter 1; 

Dhoundial et al., 1987; Naqvi 2005; Desai et al., 2009). As parent rocks are 

covered by thick laterites (Mascarenhas and Kalavampara, 2009) they may not 

be the major source of REE in the estuary. Moreover, REE patterns of 

SPM/sediment do not vary in dry season (Fig. 6.10A, 6.11A and 6.12) when river 

discharge into the estuary was negligible. This implies that the clays transported 

by the Zuari River may not be dominantly influencing the composition of REE. As 

ore handling is active at shore stations throughout the year (see Fig. 1.3 in 

Chapter, 1), ore particulates flushed into the estuary during heavy monsoon rains 

and ore dust spilled over into the estuary while transferring ore into barges or, 

transporting ore to the port through the estuary may act as dominant source for 

REE. Strong resemblance of REE patterns of Fe-Mn ores (Fig. 6.9A) with that of 

SPM / sediment in Zuari estuary attests that the ore dust controlled REE 

composition.  
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6.6.6 Ce anomaly in SPM and sediment 

 

Ce3+ oxidizes to less soluble Ce4+ in estuarine and marine water and is 

rapidly removed to the sediment by particle scavenging. As a consequence one 

would expect negative Ce anomaly in estuarine/seawater and positive Ce 

anomaly in sediment below. Since positive Ce anomaly is characteristic of every 

sample of SPM/sediment it must have been inherited from ore dust transferred to 

the estuary from time to time. Positive Ce anomaly is a characteristic of Fe, Mn-

oxide particulates (De Carlo et al., 1998; Bau, 1999; Tachikawa et al., 1999; Ohta 

and Kawabe, 2001). The variations in Ce/Ce* (Figs. 6.9B and 6.10B) along 

transect may indicate response of total Ce (dissolved, colloidal and particulate) to 

the estuarine conditions. Ce/Ce* negatively correlates with salinity (Fig. 6.13A). 

The Ce/Ce* in suspended matter decreased sharply at low (<10) salinities in the 

upper estuary, maintained similar values at stations in the lower estuary and then 

decreased seaward at bay stations during the post- and pre-monsoons (see Fig. 

6.9B). Ce is one among the LREE. As the initial decrease in Ce/Ce* is 

accompanied by decrease in (L/H)n at low salinities (Fig. 6.9B), salinity-induced 

coagulation of river colloids and fractionation among REEs may have been 

involved. Sholkovitz (1993) reported preferential removal of LREE at low salinity 

region. The behavior of Ce/Ce* is same as that of REE in the lower estuary and 

both showed high, near identical values at stations Z3 to Z6 (Fig. 6.9B). This 

indicates that the Ce/Ce* values, similar to REE, are influenced by ETM. 

Ce/Ce* decreases seaward at bay stations during the post- and pre-monsoons 

(Fig. 6.9B). Pednekar et al. (2011) reported increased productivity in the estuary, 

immediately after the monsoon. The decrease of Ce/Ce* could be due to 

biologically mediated oxidation of Ce3+ to Ce4+ and scavenging of Ce4+ to the 

sediments. Sholkovitz (1993) showed a two step decrease of Ce/Ce* in the 

Amazon estuary, one in low salinity zone and another in the zone of high 

biological productivity. Ce and Mn are redox-sensitive elements and their 

distributions are expected to be governed by similar mechanisms. Although 

Ce/Ce* is linearly correlated with Mn (Fig. 6.13B), Mn concentrations decreased 
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more rapidly seaward (Fig. 6.9A), whereas Ce/Ce* showed elevated and equal 

values at middle stations during dry season (Fig. 6.9B). It appears that the Ce is 

more sensitive to physical mixing than that of Mn. Hannigan et al. (2010) 

suggested oxidation and slight changes in physical mixing and particle settling 

lead to differences in Ce/Ce* value.  

 

The distributions of Ce/Ce* value, Mn concentrations and REE of 

sediments along transect resemble each other (Figs. 6.10A-B) and are relatively 

depleted in the lower estuary implying that the hydrodynamic conditions at the 

intersection of bay and lower estuary favoured erosion and re-suspension of 

bottom sediments. Ce/Ce* decreases with increasing depth in the shelf 

sediments and is linearly correlated with Mn (Fig. 6.11A-B). The low Ce/Ce* 

(0.89) in sediment collected at 200 m in the oxygen minimum zone (OMZ; 150-

1000 m; Sengupta and Naqvi, 1984) may be due to the reduction Ce4+ to Ce3+ at 

the sediment-water interface or during early diagenesis of organic-rich, 

sediments and then diffusion of Ce3+ into the water column.  

 

6.6.7 Eu anomaly (Eu/Eu*) in SPM and sediment    

 

Positive Eu/Eu*, similar to Ce/Ce*, is characteristic of every 

SPM/sediment sample (Fig. 6.9B, 6.10B and 6.11) suggesting that it also may 

have inherited from ore dust. Positive Eu/Eu* in sediments of Vigo Ria (Prego et 

al., 2009) and, SPM/sediment of the Mandovi estuary (This chapter, 6.2) were 

attributed to sediment-parent material. Eu/Eu* shows negative correlation with 

Ce/Ce* (Fig. 6.13D). The Eu/Eu* values in suspended matter increased seaward 

at bay stations and decoupled with Ce/Ce* during monsoon and post-monsoon 

(Fig. 6.9B). Hannigan et al. (2010) suggested that decoupling of Ce and Eu 

anomalies could be due to the slow dissolution rate of Eu-humate complexes, 

differences in complexation behavior of Eu relative to other REE, and the 

presence of allochthonous adsorbed Eu. Eu is more stable in seawater and the 

rate of removal of Eu is less than the other REE (Nozaki et al., 2000). Increase in 
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Eu/Eu* is associated with decrease in (L/M)n (Fig. 6.9B) and (H/M)n (Table 6.5) at 

bay stations; this suggests an overall enrichment of MREE during monsoon and 

post-monsoon. Since ore dust is MREE and HREE-enriched, it is likely that the 

bay received more dust during this period. Rengaraj and Raghuram (2005) 

reported that a part of the ore carried through the Mandovi estuary is diverted to 

the port through Cumbarjua canal (see Fig. 6.1) during monsoon; this suggest 

that the bay off Zuari indeed experiences increased barge traffic carrying ore 

during monsoon, i.e., ore carried through the Zuari estuary and, the traffic that is 

from Mandovi. As ore is reloaded into giant ships at the port, located in the bay 

(Fig. 6.1), one would expect increased spillage of ore dust into the bay. In other 

words, increased supply of ore dust to the bay water may have resulted in 

increased Eu anomaly. During the pre-monsoon Eu/Eu* decreases with increase 

in (L/M)n (Fig. 3B) and (H/M)n (Table 6.5). As productivity is high at bay stations 

during dry season, coatings of organic matter and Fe-Mn oxides may have 

scavenged REE to the sediments. Eu/Eu* in SPM is therefore controlled by 

supply of ore dust and biological productivity at different times at bay stations.  

 

 

6.7 Conclusions 

 

 The mean ∑REE at the regular station of Zuari (145. 8 g/g) is slightly 

lower than that of Mandovi (150 g/g) during the monsoon.  

 

 Linear correlation of REE with SPM, Al and Fe indicates both 

aluminosilicates and Fe-rich particulates contributed REE.  

 

 As in Mandovi, ∑REE variations induced by salinity changes along 

transect of Zuari are overprinted by REE associated with re-suspended 

particulates by ETM during the monsoon.  
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 High ∑REE in the lower estuary than that of the upper estuary and bay of 

Zuari during the post- and pre-monsoons indicates the influence of ETM 

on ∑REE distribution.  

 

 The mean ratio of REESPM to REESED resemble that of mean SPM 

along transect and also supports the argument that particulates re-

suspended from bottom sediment by ETM are indeed responsible for high 

SPM and REE in the lower estuary.  

 

 MREE- and HREE-enriched normalized REE patterns in every 

SPM/sediment, irrespective of month/season, indicate that ore dust 

contributed REE abundantly.  

 

 Distribution of redox-sensitive elements, Ce and Mn, along transect 

indicates that the Ce is more sensitive to physical mixing than that of Mn.  

 

 Negative correlation of Ce and Eu anomalies in SPM indicate Eu is more 

stable and, Eu concentrations in SPM along transect are controlled by ore 

dust and productivity variations from time to time.   

 

Part 3 - Comparison of REE in SPM and sediment of the Mandovi 
and Zuari estuaries 

 

The Mandovi and Zuari Rivers are adjacent to each other and share some 

common features (Table 6.8). Fe and Mn ores are transported through the 

estuaries of both rivers. Highest concentrations of mean ∑REE, Al and Fe in 

suspended matter of the upper estuary of both rivers during monsoon indicate 

significant contribution from clays and Fe-oxyhydroxides. Despite the river runoff 

of Mandovi is nearly twice that of Zuari, the mean Al of SPM/sediment remained 

similar in the upper estuary of both rivers during monsoon (Table 6.8). This could 

be due to the fact that the drainage basin of Zuari River is largely in low plains 

and, soils in low plains may have contributed more clay to the estuary during 
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heavy monsoon rains than the particulates transported from upstream (see 

Kessarkar et al., 2013). The mean Fe and Mn of SPM/sediment are higher in the 

upstream of Mandovi than in Zuari. But the ∑REE of SPM is lower and sediment 

∑REE higher in Mandovi than the corresponding ones in Zuari (Table 6.8). High 

concentrations of Fe and Mn in SPM of Mandovi may be due to more loading 

points on its shore than in Zuari. High Fe and Mn in water may have favoured 

rapid adsorbtion of REE on to their Fe-O-OH and MnO2 surfaces and then 

scavenged REE to the sediments, leaving relatively low ∑REE in suspended 

matter. Sharp decrease in the mean Al (30-50%) and ∑REE (18-30%) of SPM 

from monsoon to post-monsoon in the upper estuary of both rivers most probably 

reflects decrease in river discharge and significant contribution of REE from ore 

deposits during the post-monsoon. Increase in the mean Mn of SPM from 

monsoon to post-monsoon attests the statement. 

 

The mean SPM increases, but the mean ∑REE, Al, Fe and Mn of 

suspended matter decrease from upper to the lower estuary of both rivers during 

monsoon. The mean SPM, ∑REE, Al, Fe and Mn of SPM/sediment, however, 

increase from upper to the lower estuary of Zuari during the post- and pre-

monsoons (Table 6.8). Increase in the mean ∑REE of SPM from monsoon 

(147.8 gg-1) to pre-monsoon (162.6 gg-1) in the lower estuary of Zuari also 

corresponds to the relative decrease in mean ∑REE of sediment (212.8 gg-1 to 

198.3 gg-1; Table 6.8). Similarly, the mean SPM and ∑REE of SPM/sediment 

increase from upper to the lower estuary of Mandovi during pre-monsoon (Table 

6.8). Both rivers experience turbidity maximum in the lower estuary (Rao et al., 

2011). The mean SPM, ∑REE, Al, and Fe are higher in the lower estuary of Zuari 

than in Mandovi during pre-monsoon (Table 6.8) suggesting stronger influence of 

turbidity maximum in Zuari. The Mormugao Bay off Zuari is four times larger than 

that of the Aguada Bay off Mandovi. The strength of tidal and wind-induced 

currents developed in the larger, funnel-shaped bay off Zuari must have been 

greater than that of the smaller, semi-circular bay off Mandovi. As a consequence 

more material must have been re-suspended into the water column at the 
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intersection of the bay and lower estuary of Zuari. Despite low river runoff for 

Zuari, relatively strong turbidity maximum and associated tidal and wind-induced 

currents favoured lateral transport of high particulate matter to the coastal system 

during monsoon and, into the estuary during dry season.   

The mean ∑REE, Al, Fe and Mn of sediments increase from lower estuary 

to the bay of Zuari during monsoon, but decrease during the post- and pre-

monsoons. The mean ∑REE of bay sediments (195 g/g) is same as that of 

adjacent coastal sediments (190 g/g) in the shelf implying that similar amount of 

material is being transferred to the coastal system. This may be due to the 

impact of turbidity maximum, which played a major role, especially in case of 

minor and monsoonal rivers in discharging sediments to the shelf.  

6.8 Conclusions 

 Despite the river runoff values varied significantly for Mandovi and Zuari 

estuaries, the mean Al of SPM/sediment remained similar in the upper 

estuary of both rivers during monsoon. This indicates soils in low plains of 

Zuari contributed more clays to the Zuari estuary.  

 Higher concentrations of Fe and Mn and ∑REE in SPM of Mandovi than in 

Zuari may be due to more loading points on its shore than in Zuari.  

 In Mandovi, the mean SPM and ∑REE of SPM/sediment increase 

seaward during pre-monsoon. In Zuari, high ∑REE of SPM during 

monsoon and pre-monsoon corresponds to decrease in ∑REE of 

sediments in the lower Zuari estuary. This indicates stronger influence of 

ETM in Zuari than in Mandovi.    

 The near similar ∑REE values in the bay of Zuari and adjacent shelf 

indicates similar amount of material is being transferred to the coastal 

system and ETM played a major role in transporting sediment. 
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Chapter 7 

 

Sources and fate of organic matter in suspended and 

bottom sediments of the Mandovi and Zuari river 

estuaries 

 

7.1 Introduction 

 

Rivers transport sediment as bed load and in suspension and, bed load is 

usually <10% of the total load (Depetris, 1996). Milliman and Meade (1983) and 

Degens et al. (1991) estimated the annual global river discharge reaching the 

seas and oceans and put forth global estimates of 13.5x1015 g and 16x1015 g, 

respectively. The data gathered by the SCOPE/UNEP International Carbon 

Project indicate that the particulate organic carbon (POC) in World rivers varied 

between 1 and 8% of the total suspended matter (TSM). Rivers with low TSM 

concentrations (<15 mg/l) exhibit the highest relative POC contents, whereas 

rivers with high TSM concentrations (500-1500 mg/l) display the lowest relative 

POC contents (Ittekkot and Laane, 1991). Although the POC from major rivers is 

mostly from allochthonous sources, the sources of POC in the medium (<200 m 

length) and minor (<100 m length; Rao, 1978) rivers are yet to be determined 

precisely. Since there are numerous small, mountainous rivers (more than 

10,000), Milliman and Syvitski (1992) suggested that the sediment contribution 

from them is grossly underestimated and more research is needed to appreciate 

their role in discharging sediment. Except the Indus and Narmada-Tapti Rivers, 

all other rivers bringing sediment load to the coastal eastern Arabian Sea are 

moderate and minor-sized (Rao, 1978) and originate in mountainous regions. 

Runoff from these rivers is high during the wet season (monsoon) and negligible 
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during dry (non-monsoon) season. Circulation in these river estuaries is 

dominated by tidal and wind-driven currents during dry season. In view of the 

contrasting seasonal hydrodynamic conditions in these tropical rivers, the river 

estuaries are expected to show relatively high suspended particulate matter 

(SPM) and reduced production during wet season and, autotrophic production 

and active biological and geochemical processes during dry season. In this 

chapter, the organic carbon (OC), total nitrogen (TN) and their stable isotopic 

compositions (13Corg, 
15N) in SPM and bed sediments from the estuaries of the 

Mandovi and Zuari (Ma-Zu) Rivers (Fig. 7.1A) are investigated. As mentioned 

earlier, these two are small river systems delivering materials from coastal 

mountainous watersheds in western India into the Arabian Sea. The purpose of 

the study is to (1) report spatial variations in the characteristics of organic matter 

(OM) in SPM and sediments in two distinct seasons (wet and dry) from Ma-Zu 

estuaries, (2) identify the sources and fate of OM in these estuaries and, (3) 

controls on the OM transported to the coastal environment.  

 

Previous investigations on Ma-Zu estuaries include seasonal distribution 

of nutrients (Qasim and Sengupta, 1981; De Souza et al., 2003; Sardesai and 

Sundar, 2007; Pratihary et al., 2009), SPM (Rao et al., 2011) and phytoplankton 

diversity (Devassy and Goes, 1988; Pednekar et al., 2011). Fernandes (2011) 

reported C/N ratios, 13Corg and amino acids and Maya et al. (2011) reported 


13Corg and 15N of SPM at a few downstream stations in the Mandovi estuary. 

Stable isotopic composition of OM in the Zuari estuary has not yet been 

investigated. 

 

Fig. 7.1 shows the location of samples in Ma-Zu estuaries. General 

features such as locations of industries, Fe-Mn ore loading points, sewage 

discharge point and the presence of a dam along river estuaries are also 

depicted in Fig. 7.1A. As required for this study, a map showing land use in the 

study area is given in Fig. 7.1B. Agriculture is the major land-use in the regions 

adjacent to both rivers. Detailed sampling procedure for SPM and sediment 
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collection is described detailed in Chapter 2. SPM and sediment samples 

collected in August (representative of wet season) and April (dry season) along 

transect station of Ma-Zu estuaries are investigated. The total number of SPM 

samples investigated are 12 ((M1-M5)5x1August+(M1-M7)7x1April) from the 

Mandovi estuary and 16 ((Z1-Z6)1x6August+(Z0-Z9)10x1April) from Zuari estuary. 

Similarly, the total number of sediment samples investigated are 12 ((M1-

M5)5x1August+(M1-M7)7x1April) from Mandovi estuary and 15 ((Z1-

Z6)6x1August+(Z1-Z9)9x1April) from Zuari estuary. Table 7.1 shows characteristics 

of organic matter in SPM in both estuaries. Table 7.2 shows characteristics of 

organic matter in sediment in both estuaries.  

 

7.2 Results 

 
7.2.1 Concentration and composition of suspended matter  
 

For convenience of description of the results, the sampling transects of 

both estuaries were divided into upper estuary, lower estuary and bay based on 

the distance from the mouth of the estuary (see Fig. 7.1A). The SPM, POC and 

PN concentrations and 13Corg and 15N in SPM (Table 7.1) displayed strong 

spatial and seasonal variations in both estuaries. The mean SPM concentrations 

ranged from 3.4 to 21.9 mg/l in the Ma-Zu River estuaries (Table 7.1) with the 

lowest concentrations coinciding with low salinities in the upper estuary of both 

rivers. In contrast to the major rivers the SPM concentrations in the Ma-Zu river 

estuaries increased seaward with increase in salinity in the lower estuary both 

during the wet and dry seasons (Figs. 7.2A-B). In the bay of Zuari SPM 

concentrations decreased seaward with increase in salinity (Table 7.1). POC 

concentrations were higher in the Mandovi (8.5-25.5%) than in Zuari estuary 

(7.2-12.3%; Table 7.1) and displayed moderate inverse relationship with SPM 

both in wet and dry seasons (Fig. 7.2C). Particulate nitrogen (PN) concentrations 

ranged from 0.6 to 2.2% in the Mandovi and from 0.4 to 1.3% in Zuari estuary, 

displayed similar distribution to that of POC and, both were linearly correlated 
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during wet and dry seasons (Figs. 7.3A-B). POC concentrations showed no 

significant change with increase in salinity seaward in the Mandovi during wet 

season. In dry season POC concentrations were high in the upper estuary and 

decreased seaward with increase in salinity in the lower estuary (Fig. 7.3C). In 

Zuari POC showed minor variations (7.3 to 7.6%) with salinity change of 1.0 to 

7.7 in the lower estuary (Table 1) but increased linearly with salinity in the bay 

during wet season (Fig. 7.3C). POC decreased seaward in the upper and lower 

estuary and increased in bay stations during dry season (Fig. 7.3C). Local 

variations along transect, i. e., elevated concentrations of POC associated with 

low SPM in Mandovi in both seasons and, depleted concentrations of POC with 

high SPM at intermittent stations in Zuari were seen (Table 7.1). POC/PN ratios 

were higher in the Mandovi (11.8-14.6) than in Zuari estuary (9.07-13.73; Table 

7.1). POC/PN displayed moderate negative correlation with salinity in the 

Mandovi during wet season and positive correlation during dry season (Fig. 

7.3D). In Zuari POC/PN displayed no correlation with salinity during wet season 

and positive correlation during dry season (Fig. 7.3D).   

 

  The 13Corg in SPM of the Ma-Zu estuaries increased seaward and was 

strongly correlated with salinity increase. 13Corg, however, showed a moderate 

correlation during wet season in Mandovi (Fig. 7.3E; Table 7.1). The 15N of SPM 

in the Mandovi estuary were lowest in wet season (4.8-6.6‰) and highest in dry 

season (9.1-10.7‰). In Zuari the 15N of SPM ranged from 7.5-10.1‰ and from 

5.1-9.4‰ during wet and dry seasons, respectively (Table 7.1). The 15N and 

salinity showed moderate correlation during wet season in both estuaries (Fig. 

7.3F). They showed no correlation in Mandovi and positive correlation in Zuari 

estuary during dry season.  

 

7.2.2 Concentration and composition of OM in sediments 
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The OC and TN contents of surface sediments in the Mandovi estuary 

(0.27-1.34% and 0.01-0.07%, respectively) were close to that of Zuari estuary 

(0.24-0.52% and 0.02-0.06%, respectively; Table 7.2). The OC and TN of 

sediments were much lower than those in suspended matter of the same 

estuaries. They showed strong correlation with each other in wet season and no 

correlation during dry season in the Mandovi estuary (Fig. 7.3A) and, strong 

correlation in both seasons in Zuari estuary (Fig. 7.3B). The OC/TN ratios in the 

Mandovi (11.9-24.3) were higher than in Zuari (8.57-12.5). Textural analyses 

showed that the sediments were sandy in both estuaries. The clay (<4 m) 

content of the sediments in the Mandovi estuary at different stations varied 

between 9-31% and 10-25% in the wet and dry season, respectively. In Zuari the 

clay content varied from 9-34% in wet season and 9-51% in dry season.  

 

The 13Corg of sediments in the Mandovi during the wet (-27.2 to -21.6‰) 

and dry (-28.4 to -24.1‰) seasons were within the range of values reported for 

SPM (-28.4 to -22.1‰ and -28.0 to -23.5‰, respectively; Table 7.1 and Table 

7.2) and displayed similar distribution as that of SPM. The 15N of sediments 

varied between the ranges 4.0-10.0‰ and 6.8‰-8.9‰ in the wet and dry 

seasons, respectively. The 13Corg of sediments in Zuari (-26.5 to -25.2‰) 

showed an increasing trend in the lower estuary during wet season, but the mean 

value in the lower estuary and bay were similar (Table 7.2). The 15N of 

sediments ranged from 0.01 to 6‰, with the lowest values in the upper estuary 

(Table 7.2). During dry season, the sediments of Zuari were characterized by low 


15N (-5.3 to +5.3‰) and relatively high 13Corg (-24.5‰ to -26.3‰) in the upper 

estuary and, uniformly high 15N in the lower estuary and bay during dry season 

(Table 7.2).  
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7.3 Discussion 

 
7.3.1 Distribution of SPM and POC  
 
 

Low SPM associated with low salinities in the upper estuary and, increase 

of SPM concentrations with increase in salinity seaward is a consistent feature of 

both rivers during the wet and dry seasons (Fig. 7.2A-B). Despite high river 

discharge into the estuaries during wet season and negligible discharge during 

dry season low SPM concentrations in the upper estuary of both rivers indicate 

that there was no seasonal contrast in SPM at river end stations and, the 

suspended material export from the mountainous rivers was quite low into the 

estuaries. The seaward increase of SPM in the lower estuary is attributed to the 

estuarine turbidity maximum (ETM) located at the mouth of the estuaries (Rao et 

al., 2011). These authors suggested that the morphology of the bays and tidal- 

and wind-induced currents at the mouth played an important role in developing 

ETM at seaward stations of the estuary. Although salinity and SPM  

concentrations increase seaward POC concentrations do not vary significantly in 

the Ma-Zu estuaries during wet season (Table 7.1). Moreover, POC showed an 

inverse relationship with SPM in both seasons (Fig. 7.2C). At least one sample 

from Mandovi showed elevated POC with relatively low SPM and one sample 

from Zuari showed low POC associated with relatively high SPM (Table 7.1). 

This suggests significant spatial and temporal heterogeneity in the composition of 

particles. The ETM developed at the mouth may have resulted in resuspension of 

particulates from the sea bed and affected both SPM and POC concentrations.  
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7.3.2 Sources of OM in SPM during wet season 
 
 

 POC and PN are moderately correlated in the Mandovi estuary (Fig. 

7.3A). POC/PN ratios (12.2 to 14.6) are within the range (5.8 to 22) reported by 

Fernandes (2011) in the same estuary. Hedges et al. (1997) reported OC/TN 

ratios of soil material (9-12), vascular plant tissues (20-200) and marine plankton 

(~7). The POC/PN ratios of mangrove (C3) plants and sediments from low 

latitudes range from 14.1±0.9 to 25 (Matson and Brinson, 1990; Cifuentes et al., 

1988; Bouillion et al., 2002; Goni et al., 2003). Mangroves occur on the banks of 

the estuary. The POC/PN ratios suggest that the terrestrial organic matter 

dominated by plant material is characteristic of Mandovi in wet season.  

 

The POC/PN ratios in Zuari estuary (8.7-10.0; Table 7.1) are within the 

range of values reported for soil OM (9-12; Gordon and Goni, 2003). Lower 

POC/PN ratios in Zuari than in Mandovi could be due to (a) the existence of large 

drainage basin of Zuari in low plains. It is likely that the fine-grained soil material 

from low plains was quickly transferred into the estuary during heavy monsoon 

rains and resulted in POC/PN ratios similar to that in soils. Kessarkar et al. 

(2013) reported that the minerals in the lower zone are largely the weathering 

products of hinterland formations in low plains. (b) As mangroves occupy smaller 

area in Zuari (735 ha) compared to that in Mandovi (1107 ha; Fig. 7.1B), less 

POC may have been received from mangrove vegetation. POC/PN ratios can be 

lower if inorganic nitrogen occurs presumably as ammonia (NH4
+) adsorbed onto 

clay particles (Muller, 1977; Meyers, 1997). The POC and PN showed strong co-

variance (Fig. 7.3B) and the values plot on the regression line passing through 

origin, suggesting that the particulate nitrogen is largely nitrogen bound organic 

matter.  

  

The 13Corg in the Mandovi estuary (-28.4 to -22.1‰) are at a higher end 

than those reported by Fernandes (2011; -32.1 to -25.1‰) in the same estuary. 

Several investigators reported 13Corg from rivers (-25 to -28‰), marine plankton 
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(-18 to -22‰; Hedges et al., 1997; Zhang et al., 1997), C3 (-23 to -34‰) and C4 

plants (-9 to -17‰; Smith and Epstein, 1971; Ogrinc et al., 2005) and mangrove 

plants and sediments from low latitude regions  (-25.4 to -32‰ (Goni and 

Eglinton, 1996; Dehairs et al., 2000; Kuramoto and Minagawa, 2001; Bouillion et 

al., 2002). The 13Corg values reported here are in the range of OM from 

terrestrial soils and mangrove plants at river end station (M5)  and marine OM at 

sea end stations (M3 and M1). Since 13Corg increases abruptly by 5.8‰ between 

stations M5 and M3 and by 3.1‰ between stations M1 and M2 with little/minor 

change in salinity (Fig. 7.3E; Table 7.1), increase of marine organic carbon 

seaward may not be the case. Devassy and Goes (1988), based on 

phytoplankton cell counts, reported scarcity of marine OM and more of 

terrigenous OM in this estuary during wet season. As ETM occurs at sea end 

stations (Fig. 7.2A), the increased 13Corg could be due to mixing of material 

which is transported with the resuspended matter (previously deposited OM), or 

domestic sewage (see discharge point in Fig. 7.1A) discharged into the lower 

estuary or, a mixture of OM from C4 and C3 plants (Fig. 7.1B) resulting in OM 

with a 13C, which isotopically resembles marine plankton (see Hedges et al., 

1997). It is likely that the plant material and grasses belonging to C4 plants are 

transported from the adjacent fields and reclaimed mud flats (Fig. 7.1B) which 

got mixed up with mangrove material (C3 plant) in the estuary during heavy 

monsoon rains. In other words, high 13Corg at sea end stations in wet season 

should represent a mixture of fresh terrestrial and reworked organic matter. As 

POC showed linear relationship with PN we plotted the values of PN/POC 

(shown as N/C in Fig. 7.4A) and 13Corg on the diagram of Goni et al. (2006) to 

identify the source of OM. The values plot mid-way between C3 vascular plants 

and riverine and estuarine algae (Fig. 7.4A) for the samples collected at the river 

end and slightly away for the samples at sea end suggesting little contribution 

from C4 terrestrial plant sources. The 15N values (4.8-6.6‰; Table 7.1) are 

higher than those reported by Maya et al. (2011; 2.4±0.7‰) in the same estuary, 

but comparable with the global freshwater and estuarine particulate organic 

nitrogen (4.3-6.3‰; Owens, 1985; Kao and Liu, 2000; Kuramoto and Minagawa, 
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2001). Weak correlation between 15N and salinity (Fig. 7.3F) and moderate 

correlation between 15N and 13C (Fig. 7.4B) may be due to the mixing of OM 

which is in suspension along with resuspended OM from the sea bed due to 

turbidity maximum.  

  

Unlike in Mandovi, the 13Corg values in the Zuari estuary (-26.9‰ to -

25‰) are within the range reported for terrestrial sediments and support the 

interpretation based on POC/PN ratio. The PN/POC (shown as N/C in Fig. 7.4D) 

and 13C values plot mid-way between C3 vascular plants and riverine and 

estuarine algae, more towards the latter (Fig. 7.4D) confirming the dominant 

character of soil-derived OM. The strong correlation of 13Corg with salinity (Fig. 

7.3E) indicates decreasing influence of terrigenous OM towards the bay. The 


15N (7.5-10.1‰) showed weak correlation with salinity (Fig. 7.3F) and, weak or 

no correlation with 13C and POC/PN (Fig. 7.4E-F). Moreover, the peak high 15N 

coincides with peak high POC/PN ratio in the lower estuary (see Table 7.1). 

Since increased SPM in the lower estuary was attributed to the ETM, it is likely 

that the particulate organic matter (POM) was subjected to alteration due to 

turbidity. Owens (1985) reported that the POM entrained in the turbidity 

maximum undergoes enhanced chemical and microbial activity that results in 

relative increase in 15N. The low nitrogen and high 15N at stations in the lower 

estuary of Zuari (Table 7.1) indeed attest microbial mineralization of OM. Thus 

the 15N in Zuari estuary does not merely reflect hydrodynamic mixing of the 

freshwater and seawater source particulates but intense biogeochemical 

processes, even during wet season.  

 

7.3.3 Sources of OM in SPM during dry season 
 

The POC/PN ratios in the Mandovi (11.8–14.3) and Zuari (9.34-12.97) 

estuaries indicate the dominance of terrestrial organic matter during dry season. 

This inference is not in agreement with other evidences: (a) since the river 

discharge is negligible during dry season one would expect little terrigenous POC 
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directly from land. (b) The phytoplankton cell counts at different stations in dry 

season range from 1.5x105 l-1 to 4.5x105 l-1 and from 0.5x105 l-1 to 4.5x105 l-1 in 

the Mandovi and Zuari estuaries, respectively (Pednekar et al., 2011). This 

indicates high in situ production and increase of marine OM. Both estuaries 

showed almost similar range of 13Corg (Table 7.1), which strongly correlates with 

increase in salinity suggesting significant increase of marine organic matter 

seaward. The plot of values of ON/OC and 13Corg on the diagram of Goni et al. 

(2006) indicate that the samples from the upper estuary of both rivers plot mid-

way between C3 vascular plants and fluvial and estuarine algae (Fig. 7.4A and 

7.4D), while those from the lower estuary plot slightly away and distinct source 

cannot be revealed for these samples. The low 13Corg (~-28.6‰ to -26.9‰) in 

the upper estuary of both rivers is associated with low salinity water. The 13Corg 

from woody tissues from C3 tropical plants are in the range -25‰ to -28‰, while 

those of tropical leaves range from -29‰ to -32‰ (Goni and Eglinton, 1996). The 

variations in 13CDIC can also contribute significantly to depletion in 13Corg (see 

Chanton and Lewis, 1999). The 13CDIC has not been measured in these 

estuaries so far but, one would expect its contribution to 13Corg because of 

salinity variations in the upper and lower estuary. Therefore, the 13Corg in the 

upper estuary were rather contributed by a mixture of in situ plankton-derived 

and reworked terrestrial carbon, plant tissues and depleted isotopic composition 

of DIC.  

 

The 15N values do not correlate with salinity (Fig. 7.3F), 13Corg or 

POC/PN (Figs. 7.4B-C) in Mandovi, but exhibit only moderate correlation with 

these parameters in Zuari estuary (Figs. 7.3F, 7.4E-F). These indicate that the 

POC/PN and 15N along transect of both estuaries were modified by metabolic 

processes and represent degraded/altered organic matter during dry season. 

The 15N of OM can be modified by different processes, including nutrient 

utilization, nitrification and/or denitrification and organic diagenesis (Wu et al., 

2003; Zhou et al., 2006; Middelburg and Herman, 2007; Zhang et al., 1997, 



165 

2007). The 15N of OM can become heavier if regeneration and consumption are 

unbalanced or, if there are external inputs of ammonium. Microbial assimilation of 

nitrate can alter the 15N of OM (Caraco et al., 1998). Denitrification causes loss 

of the lighter isotope while residual nitrate is 15N enriched. The high 15N in the 

Delaware (up to 18.7‰) and Schelde (up to 15‰) estuaries were attributed to 

preferential removal of 15N in the uptake of ammonia by phytoplankton and other 

processes such as nitrification and denitrification (Owens, 1985; Cifuentes et al., 

1988; Middleburg and Nieuwenhuize, 1998). 

 

Different biogeochemical processes can be envisaged along transects in 

both estuaries during dry season: (a) Organic-rich mangrove sediments are an 

important source of NH4
+ in these estuaries (Sardesai and Sundar, 2007; 

Pratihary et al., 2009) and the benthic NH4
+ efflux sustain high estuarine 

productivity. Elevated 15N values may have caused by the uptake of ammonium 

with heavy isotopic ratio. If the riverine-derived ammonium is consumed by 

nitrifiers (Anderson et al., 2006) with the result that the ammonium remaining in 

the solution enriches 15N due to preferential uptake of 14N (Mariotti et al., 1984; 

de Brabandere et al., 2002). Incorporation of such heavy ammonium by algae 

(Cifuentes et al., 1988), and heterotrophic bacteria (Middelburg and 

Nieuwenhuize, 1998) may lead to elevated 15N values. (b) Ore mining is an 

important activity in Goa. De Souza (2003) reported that the mining rejects that 

end up in the estuaries can serve as a source of nitrates, because the explosives 

used in mining operations contain nitrates that end up in mining rejects. Nitrate 

concentrations were indeed high at upstream stations during dry season 

(Sardesai and Sundar, 2007). Nitrate can be an important nitrogen substrate for 

heterotrophic bacteria in a nitrate-rich estuary (Middelburg and Herman, 2007) 

and microbial assimilation of nitrate has shown to result in elevated 15N of 

organic matter (Caraco et al., 1998). (c) Sediments in the upper estuary of Zuari 

are affected by sewage (see section 4.5) and, sewage derived NH4
+ could be a 

source of 15N-enriched particulate matter. (d) ETM is a characteristic feature in 

both estuaries. Microbial mineralization of OM in the zone of ETM results in 
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preferential loss of 14N and enrichment of 15N (Owens, 1985). (e) Because of 

longer residence times of water in both estuaries (more than 50 days; Qasim and 

Sengupta, 1981) during dry season OM may have undergone significant 

microbial transformations and attained high 15N values (see Mariotti et al., 1984; 

Zhang et al., 2007). Fernandes (2011) reported degraded OM rich in amino acids 

in Mandovi estuary during dry season; degraded OM may be responsible for 

elevated 15N. Therefore, the high 15N could be due to the cumulative effect of 

different processes in the estuaries during dry season.   

 
7.3.4. Sources of sedimentary organic matter (SOM) during the wet season  
 

The OC and TN contents in sediments are much lower and OC/TN ratios 

are higher than those in SPM of both rivers. High OC/TN ratios may be due to 

sandy sediments, which will have increased access to bacteria and increased 

mineralization of nitrogenous compounds. As we have measured OC and TN in 

<2 m fraction of sediment the values must have been higher than in the total 

sediment. Zhou et al. (2006) reported high OC and TN in finer fractions of 

sediment. The 15N in Ma-Zu estuaries are moderately correlated with 13Corg 

(Figs. 7.4B and 7.4E) and strongly correlated with OC/TN (Figs. 7.4C and 7.4F).  

Moreover, peak high OC/TN ratio coincides with peak high 15N during wet 

season (see Table 7.2); this may indicate microbial mineralization of OM that 

resulted in progressive enrichment of 15N. In other words, SOM may have been 

subjected to early diagenetic changes and OC/TN and 15N of sediments are not 

indicators of source OM.     

 

The mean 13Corg (-26.8±0.6‰) in the sediments of the upper estuary of 

Mandovi indicates terrigenous OM is the dominant component. As in SPM, the 


13Corg values abruptly increased from -25.8 to -21.6‰ in the lower estuary 

(Table 7.2). Since domestic discharge point is located in the vicinity of M2 station 

(Fig. 7.1A) and ETM occurs in the lower estuary the 13Corg may represent a 

mixture of OM from degraded terrestrial and sewage effluents. Similarly, 13Corg (-
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26.5‰ to -25.2‰) in the lower estuary of Zuari (Fig. 5C) indicates terrestrial OM 

is the dominant component. The mean 13Corg in sediments of the lower estuary 

(-25.8±0.8‰) and bay (-25.6±0.4‰) are uniform; this indicates that dynamic 

processes are operating in these parts of the estuary, causing efficient mixing 

and redistribution of sediments. Graham et al. (2001) reported uniform 13Corg in 

sediments of the Forth estuary, Scotland and attributed to the efficient mixing of 

sediments. Larger differences between the mean 15N of SPM and sediments in 

the upper (8.9±1.3‰ and 2.5±2.8‰, respectively) and lower estuary (9.4±0.4‰ 

and 4.4±2.9‰) of Zuari indicate significant isotopic fractionation of organic 

nitrogen in SPM.  

 
7.3.5 Sources of sedimentary organic matter (SOM) during dry season   
 

High OC/TN ratios (11.9-21.3) and 15N (6.8-8.9‰) in the Mandovi estuary 

indicate that the SOM was subjected to early diagenetic changes. However, 

moderate correlation of 13Corg in sediments and SPM (r= 0.72; p<0.01) (not 

shown in figure) and plot of ON/OC and 13Corg values on the diagram shown in 

Fig. 7.4A suggest coupling between the two and, particulate matter from water 

column is being settled in the bottom sediments. The 13Corg in sediments (Table 

7.2) suggest dominant terrigenous plant-derived OM in the upper estuary and 

increase in the percentage of marine OM towards lower estuary.     

 

The sediments in the upper estuary of Zuari exhibit high 13Corg (-26.3‰ to 

-24.5‰) and low 15N (-5.1‰ to 5.3‰). Depleted 15N values (0-1.9‰) also 

occur in sediments of the lower estuary and bay during wet season  (Table 7.2). 

The low 15N values plot distinctly on the 13Corg vs. 15N graph (Fig. 7.4E) and 

on 15N vs. OC/TN graph (Fig. 7.4F). As river discharge is negligible during dry 

season the SOM with high 13Corg and low 15N may not be related to river 

source. The 15N values (-5.3 to -2.3‰), especially at stations Z8 and Z9 (Table 

7.2) are much lower than the OM from continental sources (~1.5‰; Mariotti et al., 

1984) and freshwater sediments (2.3±0.9‰; Owens and Law, 1989). The low 
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15N in sediments could result from atmospheric nitrogen fixation by 

cyanobacteria and/or from sludge or raw sewage discharge (Tucker et al., 1999). 

Low 15N (-2.3 to 0.9‰) in suspended matter of the Brantas River estuary were 

attributed to nitrogen fixation by cyanobacteria (Jennerjahn et al., 2004). 

Sweeney et al. (1980) reported 15N of the effluent particulates (2-3‰) and 

contaminated sediments (1.8-3.6‰) on the shelf of San Pedro, California. Liu et 

al. (2007) identified the mean 13C (-23.6±0.7‰) and 15N (-3.0±0.1‰) of 

particulate organic matter in highly polluted waters in Danshuei estuary, Taiwan. 

Barros et al. (2010) reported 13C (-22‰) and 15N (1.2‰) of the sewage in the 

Babitonga Bay, Brazil. Although the 13C values (-23.3‰ to -26.8‰) fall within 

the range inferred for anthropogenic end-member (-26.7‰ to -16.5‰; Liu et al., 

2007), the values of 15N (-5.1‰ to 5.3‰; Fig. 5D) fall within the sludge values (-

1.1‰ to 3.3‰; Thornton and McManus, 1994; Tucker et al., 1999) and also lower 

values (-2.3 to -5.1‰; see Fig. 7.4E) than that of sludge. Liu et al. (2007) 

reported very low 15N values (-16.4 to +3.8‰) for particulate nitrogen in the 

Danshuei estuary which were attributed to nitrate uptake that may occur in the 

early stage of nitrification. In view of dense human population and hectic mining 

activities surrounding this part of the river we suggest the sewage waste released 

to this part of the estuary may be responsible for low 15N and high 13C of SOM 

and thus indicate anthropogenic contamination.  

 

The gradual increase in 13Corg in the lower estuary of Zuari (Table 7.2) 

may be related to the increase in marine organic carbon, whereas its decrease in 

bay stations could be due to effective mixing of organic materials at the bottom 

due to turbidity.  

 

7.3.6. Contribution of terrestrial organic carbon (TOC) to the coastal system 
 

The net export of TOC to the coastal system in event-dominated 

watersheds and in the regions of estuarine turbidity maximum (Goni et al., 2005, 

2009; Tesi et al., 2011) is largely controlled by effective discharge, estuarine 
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turbidity maximum and energy conditions of the tidal currents at the mouth. Here 

we have estimated the TOC content at the mouth of the Ma-Zu estuaries in 

August  (peak monsoon month -representative of wet season) when river 

discharge was at its peak and, in April (representative month for dry season) 

when the river discharge was negligible and tidal and wind-induced currents 

playing a major role in transporting sediments. The contribution of TOC 

discharged into the coastal system can be calculated by following the equation of 

Schultz and Calder (1976):     

 

 Percentage of TOC = (13Cmarine-
13Csample) / (

13Cmarine - 
13Cterrestrial)X100 

This equation requires end-member 13C values for terrestrial and marine 

organic carbon. Here, we used 13C of –28.6‰ and -22‰, respectively as end-

member values for terrestrial and marine organic carbon. The values –28.6‰ 

and -22‰ represent the lowest and highest 13Corg of SPM in the Mandovi 

estuary during wet and dry seasons, respectively. Using the mean value of 


13Corg (-23.3‰) for SPM in the lower estuary (Table 7.1) it is calculated that 

<20% TOC was transported to the bay. This estimate includes OM resuspended 

from bottom sediments due to ETM at sea end stations. This estimate would be 

the lowest as it does not take into account event peak discharges that occur 

frequently during wet season.    

Following similar criteria, it is calculated that a maximum of ~18% TOC 

was exported to the coastal system through Zuari estuary. This estimate also 

includes OM resuspended from bottom sediments due to ETM. Despite distinct 

river runoff values both rivers contributed similar amount (18-20%) of TOC to the 

coastal system. This is due to the occurrence of ETM in the downstream of the 

rivers, which was influenced by the size and morphology of bays off the rivers 

and associated physical processes (see Rao et al., 2011).   

During dry season found that <20% of TOC was brought into suspension 

at sea end stations due to the occurrence of ETM and, this amount was 
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transported into the estuarine channel by the prevailing, dominant tidal and wind-

induced currents. In other words, the amount of TOC discharged during wet 

season is same as to the amount received by the estuaries during dry season. 

Several investigators estimated TOC content of the major and minor rivers. TOC 

content of the Yangtze River varied from 61% in the river to 45% at the mouth 

(Liu et al., 2006). TOC content in the Pearl River varied from 50 to 10%, with low 

values at the mouth (Yu et al., 2012). Sarma et al. (2012) reported 46% TOC at 

the mouth of the Godavari River estuary. The TOC content of the sediments of 

the Gulf of Marthaban is 70%, transported by Ayeyarwady River (Ramaswamy et 

al., 2008). The TOC content of the minor rivers discharging into Bohai Bay, China 

ranges from 20 to 13% (Gao et al., 2012) and, from 74 to 13% in the tropical, 

Periyar River, SW India, with low values at the mouth (Gireeshkumar et al., 

2013). The TOC values reported here agree well with that of small rivers. Since 

there are numerous small rivers originating from monsoon-dominated and/or 

coastal mountainous regions globally their total TOC contribution to the coastal 

system must be substantial and appreciated.  

7.4 Conclusions 

 

 Unlike in major rivers, SPM shows inverse relationship with POC in both 

the estuaries. This is due to the seaward increase of SPM by the estuarine 

turbidity maximum (ETM).  

 

 POC/PN ratios reflect terrigenous source of OM in both estuaries during 

wet season; these ratios were altered and therefore not indicative of 

source OM during dry season.   

 

 The 13Corg of SPM is largely terrestrial in both estuaries during wet 

season.  



171 

 During dry season 13Corg correlates well with salinity increase along 

transect of both estuaries. 13Corg is in situ estuarine-derived at river end 

and marine plankton-derived at sea end stations of both estuaries.  

 

 The 15N is indicative of terrestrial OM only during wet season in Mandovi 

estuary. It is modified by biogeochemical processes in dry season of 

Mandovi and, in both seasons in Zuari estuary.  

 

 The OC and TN contents in sediments are much lower and OC/TN ratios 

are higher than those in SPM of both rivers. 

 
 Association of high OC/TN ratios of sediment with high 15N during wet 

season is indicative of microbial mineralization of OM and early disgenesis 

of OM. OC/TN and 15N of sediments are not indicators of source OM. 

 

 The uniform 13Corg of sediments in the lower estuary and bay of Zuari 

indicate efficient mixing and redistribution of sediments.  

 

 High 13Corg and very low 15N values in upstream sediments of Zuari 

during dry season indicate anthropogenic contamination.   

 

 Both rivers contribute 20% terrestrial organic carbon (TOC) to the 

adjacent coastal system during wet season and, receive similar quantity 

during dry season. This is due to the influence of ETM and seasonal 

circulation in the estuaries.  

 

 Estuarine Turbidity Maximum (ETM) most probably sustains productivity in 

both estuaries during dry season. 
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  Chapter 8 
 

Summary and conclusions 
 

Water and sediments samples collected along the Mandovi and Zuari 

estuaries during the monsoon, post- and pre-monsoon from river end to sea end 

stations were investigated using sedimenlogical, mineralogical, geochemical and 

isotope techniques to understand the characteristics and source of suspended 

particulate matter and bottom sediments.  

 

Overall the health of the estuary is determined by the concentration and 

characteristics of suspended particulate matter (SPM). Seasonal and spatial 

variations in SPM act as a controlling factor for reactivity, transport of materials in 

estuaries and also provide a crucial link for chemical constituents between the 

water column and bed sediments. SPM is a a significant carrier of material from 

river to sea. High SPM concentrations in the estuary than in the river end or  sea 

end stations are related to the  ‘estuarine turbidity maxima’ (ETM). In chapter 3 of 

the thesis, the seasonal and spatial changes of SPM concentrations and its 

relationship with environmental and climatic conditions of the estuaries were 

investigated to understand the factors controlling SPM variation in estuaries.  The 

major conclusions are as follows. 

 

 The SPM collected at regular stations from the Mandovi and Zuari 

estuaries indicates that the peaks of high SPM coincide with peaks of high 

rainfall and low salinity and also with peaks of moderate/low rainfall 

coupled with high salinity during the monsoon. 

 

 The SPM at the regular station in both Mandovi and Zuari estuaries is   

influenced by river discharge, resuspension of bottom sediment and 

salinity excursions. 
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 Estuarine turbidity maximum (ETM) is a characteristic feature of both 

estuaries during monsoon and pre-monsoon 

 

 ETM occur sea end stations in the Mandovi estuary and remains at the 

same position, despite abundant freshwater discharge during monsoon 

and negligible discharge during pre-monsoon.  

 

 ETM in Zuari estuary occurs in the main channel on spring tide during the 

monsoon and pre-monsoon, and shifts to the bay on neap tide during the 

post-monsoon. Moreover ETM is stretched upstream of channel during 

monsoon, and migrates seaward of the channel and close to the bay 

during pre-monsoon.  

 

 The funneling effect of the narrowing bay in Zuari effectively enhanced the 

magnitude of the tidal and wind-induced currents and transported marine 

or re-suspended sediments into the channel.  

 

 It appears that the size and geometry of the bays off the rivers and 

strength of tidal and wind-induced currents played a major role in erosion, 

re-suspension and transportation of sediments and concentrations of SPM 

in the turbidity maximum.  

 

 The SPM retention percentage is higher in the channel than in the bay of 

Zuari during monsoon.  

 

 SPM comprising of floccules, fecal pellets and aggregates of clay and 

biogenic particles occurs everywhere in the estuary. 

 

 Diatoms are the most common and are marine type at the sea-end and 

freshwater-dominated at river end stations in both the estuaries. 
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 In the zone of ETM SPM concentrations are high and dominated by 

diatoms. Abundant diatoms may have facilitated flocculation in the zone of 

ETM.  

 

 In monsoonal estuaries the size and morphology of the bays, tidal and 

wind-driven waves and currents at the mouth of estuary and associated 

physico-chemical and bio-geochemical processes play an important role in 

the formation of ETM and transformation of SPM into floccules and 

aggregates and in their upkeep or removal from the water column.  

 

The abundance of clay minerals reaching the sea depends on source rock 

composition, primary and secondary processes associated with laterites and 

estuarine processes. The Sr-Nd isotopic composition of sediments depends on 

the Rb/Sr and Sm/Nd ratios of the continental rocks and their ages. The Sr-Nd 

isotopic composition of the weathering products have extensively been modified 

during lateritisation. In chapter 4 of thesis the sources of clay minerals and Sr-

Nd isotopic composition of suspended particulate matter (SPM) and sediment 

in rivers and estuaries were investigated to better understand the provenance 

and controls on their distribution. The conclusions drawn from the present study 

are as follows. 

 

  Kaolinite is the dominant mineral followed by minor gibbsite, goethite in 

SPM of both estuaries and in both seasons, suggesting that the clay 

minerals are the intense chemical weathering products of laterites in the 

hinterland.  

 

 Traces of smectite in SPM at river end stations of both estuaries and its 

increase seaward indicate that smectite largely formed in low plains and 

transported into the estuaries.  
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 Higher smectite in SPM of Zuari than in Mandovi may be a reflection of 

larger river basin of Zuari in low plains than that of Mandovi. 

 

 High Rb/Sr and 87Sr/86Sr ratios in SPM at river end stations of both 

estuaries coincide with abundant kaolinite, indicating high Sr isotopic 

ratios are due to lateritic weathering of laterites.  

 

 The seaward decrease of Sr isotopic ratio is a reflection of changes in 

salinity, type and content of organic matter and total SPM concentrations 

along transect. Increase of smectite seaward may have least affected the 

Sr isotopic ratio.  

 

 εNd isotopes in SPM of both estuaries are higher than the parent rock and 

also laterites, indicating this isotope is also influenced by ore dust and 

therefore enhanced εNd.  

 

 Clay minerals in bottom sediment and their variations along transect in 

both estuaries resemble that of SPM, implying their sources and 

distribution are controlled by similar processes.  

 

 The near uniform variations in εNd in bottom sediments may be a 

reflection of bottom processes. 

 

 The Sr-Nd isotopes in SPM and sediment of both estuaries are controlled 

by lateritisation processes in the hinterland, man-made activities (ore 

contamination). However, their variations along transect are controlled by 

estuarine processes.  

 
 

In estuaries SPM composed of inorganic and organic particulates bound 

by major and trace elements. Major elements usually derived largely from 

riverine inputs whereas trace metals from the weathering of rocks and/or 

anthropogenic sources derived from mining, industrial and urban development 
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and other human practices near river and estuaries. To ascertain the health of 

estuaries, it is important to understand key factors controlling the transport and 

fate of metals in estuaries. In chapter 5 of thesis major and trace elements in 

SPM and bottom sediments were investigated to identify the sources and 

processes that control the concentration and composition of metals in estuaries 

and, following conclusions are arrived. 

 At the regular station of Mandovi estuary, high SPM coincides with low 

major and trace metals in June and July and vice versa in August and 

September. 

  Along transect stations of Mandovi estuary,  

 

o the concentrations of SPM increase, and major and trace metals    

decrease seaward stations of the estuary during the monsoon and 

pre-monsoon. SPM is influenced by turbidity maximum, whereas 

metal concentrations are influenced by dilution arised from turbidity. 

 

o trace metals show strong inter-relationship among them and also 

correlate with Fe and Mn only during monsoon. 

 
o During the post-monsoon, the concentrations of Fe and Cr are high 

at stations downstream, and Cr, Pb and Cu at all stations are 

higher than those during the monsoon and pre-monsoon. 

 

o The M/Al values of Fe, Mn, Co, Zn, Ni, Cr and Pb in sediments are 

lower, or similar to that in SPM. 

 
o Enrichment factors of metals in SPM show Fe is moderately 

polluted and Mn is significantly polluted, despite the concentrations 

of Fe are much higher than that of Mn. This is largely due to 

reactivity of Fe and Mn to oxidation.  

 



179 

o Mn is the most important pollutant in all seasons. Cr, Ni and Zn of 

SPM during monsoon and Cr in post-monsoon also exhibit 

moderate pollution.  

 

o the distributions of major and trace metals are seasonal and 

influenced by river discharge, re-suspension of bottom sediments, 

spillage of Fe–Mn particulates and anthropogenic contamination. 

 

o The low trace metal concentrations despite heavy industrial 

discharge and sewage waste disposal during dry seasons is 

attributed to the incursion of saline waters deep into the river 

channel.  

 At the regular station of Zuari 

 

o the mean concentrations of Al, Fe, Mn, Mg, Ti, Cr, Ni, Co, V, Sc, 

Mo and U were higher and Cu, Zn, Pb, Zr and Th were lower than 

those of the World average SPM (WASPM). 

 

o The M/Al ratio of metals at RS was inversely related to SPM 

concentrations. 

 

o M/Al of all metals (except Mg) in the Zuari estuary were lower than 

in Mandovi. The trace metals in Zuari showed significant inter-

elemental relationship among them, similar to that of Mandovi .  

 

o Strong variability (24 to 38%) of metals (Mn, Mg, Zn, Pb, Mo and U) 

indicates that RS is frequently experiencing extreme conditions, 

from completely fluvial to dominantly marine intermittently.  

 

 At the transect stations of Zuari, 
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o the higher concentrations of Fe, Mn, Th and U in SPM at the upper 

estuary during monsoon than that of SPMWR, indicate contribution 

from anthropogenic sources (ore deposits). The uniform M/Al ratio 

of trace metals in the entire estuary despite variations in SPM and 

salinity may be an indication of widespread anthropogenic source 

of metals and estuarine mixing.  

 

o During the post-monsoon the mean M/Al of trace metals showed 

two peaks of high values, one in the upper estuary and another in 

the bay amid low and near equal ratios corresponding to high Al 

and high SPM in the lower estuary. This indicates re-suspension of 

particulates into the water column in lower estuary that diluted 

metal concentrations.  

 

o The subdued peaks of high M/Al of trace metals in the upper 

estuary and bay during pre-monsoon may be due to effect of saline 

water intrusion by tidal and wind-induced currents. 

 

 The mEF of metals showed  

 

o Fe in combination with some metals (Ni, Cr, Zn, Mo, or U) in the 

upper estuary of both rivers showed moderate level of pollution and 

Mn significant level of pollution in all seasons. Metals Fe, Mg, Cr, 

Ni, Co, V, Sc, U in the lower estuary of both rivers during monsoon 

are in the range of minimum pollution.  

 

o Metals such as Ni, Zn and U are in the level of moderate pollution 

and, Pb in the level of significant pollution in the upper estuary of 

Zuari during post-monsoon. Cu is in the range of moderate pollution 

in Mandovi during post-monsoon.  
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o Metals such as Cr, Ni and Pb in the bay of Zuari were in the level of 

significant pollution during post-monsoon and, moderate pollution 

during pre-monsoon.  

 

 

In estuaries the concentrations and composition of REEs are modified due 

to extensive geochemical and physico-chemical processes occurring at the fresh 

water-seawater interface. Further, these are used to characterize provenance 

and to better understand the processes associated with the first leg of 

sedimentation from river to estuary and in coastal system. Detailed studies on 

REEs have not been made in the estuaries of western India. Moreover the 

estuaries of Goa are being used for transporting Fe, Mn ores to the port for 

export and, ore transport is an important activity throughout the year. In chapter 6 

of the thesis the seasonal distribution of REEs in suspended and bottom 

sediments were investigated in order to understand their provenance and 

processes controlling REEs distribution and fractionation. The conclusions drawn 

are summarized below. 

 Rare earth elements (REEs) in the suspended particulate matter (SPM) of 

the Mandovi and Zuari estuary indicated that the mean total-REEs (∑REE) 

and light REE to heavy HREE ratios are lower than that of the average 

suspended sediment in World Rivers and Post-Archean average 

Australian shale. 

 Both estuaries showing strong to moderate correlation of ∑REE with Al, 

Fe and Mn in all seasons indicates adsorption and co-precipitation of 

REEs with aluminosilicate phases, Fe, Mn-oxyhydroxides and Fe-Mn ore 

dust is the most dominant source for REEs in estuaries. 

 PAAS-normalized REE patterns exhibit middle REE- and heavy REE-

enriched patterns with positive Ce and Eu anomalies at every station and 

season, both in SPM and sediment for Mandovi and Zuari estuaries.  
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 During monsoon the mean ∑REE of SPM in Mandovi estuary (155 g/g) is 

higher than Zuari estuary (134g/g) at river end stations. 

 ∑REE, Fe and Al concentrations in SPM are high at lower estuary of Zuari 

than Mandovi, coinciding with the occurrence of estuarine turbidity 

maximum during pre-monsoon, despite the high number of iron ore 

loading points in Mandovi estuary. 

 The ∑REE values in the adjacent shelf are similar to the mean values in  

bay and upper part of estuary and show  significant correlation with Al and 

Fe. This implies that the clays and Fe-oxyhydroxides, turbidity maximum 

are source for REE in the shelf region. 

 Despite the river runoff of Mandovi is nearly twice that of Zuari, the mean 

Al of SPM/sediment remained similar in the upper estuary during monsoon 

indicate that drainage basin of Zuari river is largely in low plains. 

 Comparison of river estuaries suggest that the high concentrations of 

mean SPM, ∑REE, Al and Fe in the lower estuary of Zuari than in 

Mandovi during pre-monsoon. This implies stronger influence of turbidity 

maximum in Zuari than in Mandovi estuary. 

In view of the contrasting seasonal hydrodynamic conditions in tropical 

river estuaries are would expect relatively high SPM and reduced production 

during wet season and, autotrophic production and active biological and 

geochemical processes during dry season. Biogeochemical processes also 

control the organic matter reactivity in estuaries. Rivers with low SPM 

concentrations exhibit the highest relative POC contents, whereas rivers with 

high SPM concentrations display the lowest relative POC contents. However, the 

POC from the major rivers is mostly from the allochthonous sources. The 

sources of POC in the medium and minor sized river estuaries are yet to be 

determined. In chapter 7 of thesis, the organic carbon (OC), total nitrogen (TN) 

and their stable isotopic compositions (13Corg, 15N) in SPM and bed 
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sediments were investigated.  The summery and conclusions arrived from the 

present study are given below. 

 

 Unlike that of major rivers, SPM increases seaward and showed inverse 

relationship with POC in both estuaries. POC/PN ratios reflect sources of 

OM only during wet season; these ratios were altered during dry season 

 

 In both estuaries, the 13Corg of SPM is largely terrestrial during wet 

season and, in situ estuarine-derived at river end and marine plankton-

derived at sea end during the dry season 

 

 The 15N of OM is modified by biogeochemical processes in both 

estuaries, except durin The mean 13Corg of SPM and sediments were 

similar in different parts of the estuaries during wet season. The uniform 


13Corg of sediments indicate strong hydrodynamic conditions and mixing 

of sediments in the lower estuary and bay of Zuari.  

 

 In Ma-Zu estuaries ETM and hydrodynamic conditions control 

biogeochemical processes. 

 

 The small, mountainous rivers investigated here discharged 20% TOC to 

the coastal system during wet season and received similar quantity during 

dry season. 

 

 Turbidity maximum most probably sustains productivity of the estuaries 

during dry season.  
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Fig. 1.1 Schematic representation of the role of suspended sediments in 
estuarine and coastal biogeochemical processes. The boxes 
represent compartments hosting materials and chemical 
constituents and arrows denote biogeochemical processes 
responsible for the compartments (After Turner and Milward, 
2002) 



 

Fig. 1.2 Study area including geological formations of Goa. Redrawn from the map 
prepared by Fernandes, O. A., Natural Resources of Goa: a geological 
perspective, Mascarenhas and Kalavampara (Eds.), 2009 



 

Fig. 1.3 Photographs showing heaps of pulverized Fe-Mn ores on the shores (A), loading of Fe-Mn ores onto 
barges (B), sand mining in the river channel at the upstream station (C), ship-building unit at a point in the 
lower  Mandovi  estuary (D). Heaps of pulverized Fe-Mn ores on the shores (E) and loading of Fe-Mn ores 
onto barges in the Zuari estuay (F) are also shown. 



 

Fig. 2.1. Location of samples in the Mandovi and Zuari estuaries, central west coast of India. RS-
regular station 



Fig. 3.2  

Fig. 3.1 Location of samples in the estuaries of the Mandovi and Zuari Rivers, central west coast of India. RS-regular 
station; M and S in the insert figure are rain gauge stations, M-Madgaon and S-Sangeam 



 

Fig. 3.2 Variations in suspended particulate matter (SPM), salinity and rainfall at the 
regular station (RS) of the Mandovi estuary. Bands marked are peaks of 
high SPM coinciding with heavy rainfall and low salinity as ‘a’, with 
moderate / low rainfall and high salinity as ‘b’, and with low rainfall and 
moderate salinity as ‘c’. 



 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Variations in suspended particulate matter (SPM), salinity and 
rainfall at the regular station (RS) of the Zuari estuary. Bands 
marked are peaks of high SPM coinciding with heavy rainfall 
and low salinity as ‘a’, with moderate / low rainfall and high 
salinity as ‘b’, and with low rainfall and moderate salinity as ‘c’. 



  

Fig. 3.4 Seasonal distribution of SPM (histograms) and salinity (line) along transect stations from river end (R) to 
Sea end stations (S) of the estuarine channels in the Mandovi River estuary during June 2007-May 2008 



 

Fig. 3.5 Seasonal distribution of SPM (histograms) and salinity (line) along transect stations from rive end (R) to 
sea end stations (S) of the stations in the Zuari River estuary on spring tide during June 2008-May 2009. 
Light grey histograms represent channel stations and dark grey histograms represent bay stations. 



  

 

Fig. 3.6 Seasonal distribution of SPM (histograms) and salinity (line) along transect stations from river end (R) to 
sea end stations (S) of the stations in the Zuari River estuary on Neap tide during June 2008-May 2009. 
Light grey histograms represent channel stations and dark grey histograms represent bay stations. 



 

Fig. 3.7 Seasonal distribution of mean SPM concentration (histograms) and salinity 
(line) along transect stations from river end (R) to sea end stations (S) of the estuarine 
channel in the Mandovi estuary (A), in the channel and bay stations of Zuari estuary on 
spring (B) and neap tides (C). Light grey histograms represent channel stations and 
grey histograms represent bay stations. 



 

Fig. 3.8 SEM photographs showing constituents of SPM at the ETM stations of Mandovi 
estuary. Aggregates (a, b), floccules (c, d), floccules adheres to diatoms (e, f), 
fecal pellets (g), microbial filaments (h) 



 

Fig. 3.9 SEM photographs showing diatoms in SPM at the sea end stations (a-d) 
marine diatoms occurred irrespective of stations (e, f) and rive end stations (g, h) of 
Mandovi estuary. 



 

Fig. 3.10 SEM photographs showing constituents of SPM at the ETM stations (a-f) and 
river end stations (g, h) of Zuari estuary. Floccules  adheres to diatoms (a-c), 
individual grain (d), fecal pellets (e), clay minerals (f) and individual diatoms (g, 
h). 

Fig. 3.11 SEM photographs showing diatoms in SPM at the sea end stations (a-c), 
marine diatoms occurred irrespective of stations (d-f) and river end stations 
(g, h) of Zuari estuary. 



 

Fig. 3.12 Scatter plot of wind speed vs. SPM (A-B), tide height vs. SPM (C-D) and 
salinity vs. SPM (E-F) in Mandovi and Zuari estuaries during the pre-
monsoon. A, C and E represent plots for Mandovi and B, D and F represent 
plots for Zuari estuaries. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.13 SPM retention percentage at each station of Zuari 
estuary after each season. This is calculated based on 
the modified formula of Adame et al., 2010. Dark grey 
histograms represent bay stations and light grey 
histograms represent channel stations. 



 

Fig. 4.1 Locations of the samples (•) in the Mandovi and Zuari River estuaries. Approximate locations of the shelf 
samples are given in the insert figure. 



 

Fig. 4.2 X-ray diffractograms of SPM collected at the regular station during peak 
monsoon (A), transect stations during monsoon (B), and pre-monsoon (C) 
from the Mandovi estuary. M1-M7 are stations. SPM concentrations (mg/l) and 
salinity at each stations are also shown in brackets. S-smectite, K-kaolinite, 
Ch-chlorite, I-illite, Gi-gibbsite, Go-goethite. 



 

Fig. 4.3 X-ray diffractograms of SPM collected at the regular station during peak 
monsoon (A), transect stations during monsoon (B), and pre-monsoon (C) from 
the Zuari estuary. Z0-Z9 are stations. SPM concentrations (mg/l) and salinity at 
each stations are also shown in brackets. S-smectite, K-kaolinite, Ch-chlorite, I-
illite, Gi-gibbsite, Go-goethite. 

 



 

Fig. 4.4 Photographs showing laterite profile (A) and map of distribution of key laterite-
capped table-land region (1-Pernem, 2-Mapusa, 3-Porvorim, 4-Panjim, 5-
Ponda, 6-Vasco de Gama,  7-Dabolim-Madgaon,  8-Quepem, 9-Cabo de Rama,  
10-Canacona) (B) and physiographic divisions of Goa (C). (After Mascarenhas 
and Kalavampara, 2009) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.5 Shows the variations in the mean salinity, SPM, salinity, smectite content, Mg, OM, Rb/Sr and 

87Sr/86Sr (column 1 and 3) and mean salinity, SPM, smectite content, Fe, ∑REE, Sm/Nd and εNd (0) 
(column 2 and 4) along transect stations in the Mandovi and Zuari estuaries. 



 

 

 

 

Fig. 4.6 87Sr/86Sr ratio versus εNd (0) plot of the suspended matter and sediment in the 
Mandovi-Zuari estuaries and adjacent shelf (present study). Values of south-
western deccan basalt, Mangalore laterites, peninsular gneiss/granites, meta 
basalt, Nethravathi river sediment, Periyar river sediment, gneisses-derived 
sediment are also shown. 



 

Fig. 4.7 Shows variations in mean salinity, SPM smectite, Mg, OM and Rb/Sr and 
87Sr/86Sr (column 1) and mean salinity, SPM, smectite content, Fe, ∑REE, 
Sm/Nd and εNd (0) (column 2) of the  Zuari estuary. 



 

 

Fig. 4.8 X-ray diffractograms of the sediments collected at the transect station 
during monsoon (A) and pre-monsoon (B) from the Mandovi estuary, 
M1 to M7 are stations. Clay fraction in % also shown in brackets. S-
smectite, K-kaolinite, Ch-chlorite, I-illite, Gi-gibbsite, Go-goethite 



Fig. 4.6 87Sr/86Sr ratio versus εNd (0) plot of the suspended matter and sediment in the 
Mandovi-Zuari estuaries and adjacent shelf (present study). Values of south-
western deccan basalt, Mangalore laterite, peninsular gneiss/granites, meta 
basalt, Nethravathi river sediment, Periyar river sediment, gneisses-derived 
sediment are also shown. 

Fig. 4.7 87Sr/86Sr and εNd (0) relationship with various parameters in SPM at transect 
stations of Zuari estuary during pre-monsoon 

Fig. 4.8 X-ray diffractograms of the sediments collected at the transect stations during 
monsoon (A) and pre-monsoon (B) from the Mandovi estuary. M1 to M7 are 
stations. Clay fractions in % also shown in brackets. S-smectite, K-kaolinite, 
Ch-cholorite, I-illite, Gi-gibbsite, Go-goethite. 

Fig. 4.9 X-ray diffractograms of the sediments collected at the transect stations during 
monsoon (A) and pre-monsoon (B) from the Zuari estuary. Z0 to Z9 are stations. 
Clay fraction in % also shown in brackets. S-smectite, K-kaolinite, Ch-chlorite, I-
illite, Gi-gibbsite, Go-goethite. 



 

Fig. 4.10 87Sr/86Sr and εNd (0) relationship with various parameters in surface sediment at transect station of (A) 
Mandovi estuary and(B) Zuari estuary during monsoon. 



        



 

Fig. 3.10 SEM photographs showing constituents of SPM at the ETM stations (a-f) and 
river end station (g, h) of Zuari estuary. Floccules adheres to diatoms (a-c), 
individual grain (d), fecal pellets (e), clay minerals (f), and individual diatoms 
(g, h). 



 

 

 

 

 

 

 

 

 



                                                                                                                                                                                                                                                                                                                                 

Fig. 5.1 Location of samples in the Mandovi and Zuari River estuaries and adjacent shelf, west coast of India. Insert 
figure shows the location of samples on the continental shelf. 



                                                                                                                                                

Fig. 5.2 Variations in the concentrations of SPM, major elements and trace metals 
on different dates at the regular station. Solid horizontal line on each 
graph represents the value of the metal in suspended matter of the World 
River. Dashed horizontal line is the concentration value of the metal in the 
upper continental crust (UCC). The mean value of Fe for World Rivers 
(5.8%) and UCC (3.5%) could not be shown on Fe graph. 

 



  

Fig. 5.3 Variations in the mean concentrations of SPM, major and trace metals (black 
histograms) and EFm of the metals (red histograms) at transect stations. The 
defined categories of pollution (Sutherland, 2000) are also shown. UEs-
Upper estuary, LEs-Lower estuary. 



––– 

Fig. 5.4 The index of geoaccumulation (Igeo) values of major and trace metals during the 
monsoon, post-monsoon and pre-monsoon with respect to (A) upper 
continental crust (UCC) and (b) Marine mud (MAG 1). The defined categories of 
pollution (Forstener et al., 1990) are also shown. 



 

Fig. 5.5 Seasonal distribution of the mean M/Al ratios of major and trace metals along 
transect stations. Mean salinity at each station is also given. UEs-Upper 
estuary, LEs-Lower estuary. 



 

Fig. 5.7 Variations in the concentrations of SPM, major elements and trace metals on 
different dates at the regular station of Zuari estuary. Horizontal line (solid 
and dashed) on each graph represents the value of the metal in suspended 
matter of the World River (Viers et al., 2009) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 Variations in the mean concentrations of SPM, M/Al ratios of major and trace metals at transect 
stations in the Zuari estuary. 



 

 

 

 

 

 

 

 

 

 

          

 

 

 

 

 

 

 

Fig. 5.9 Shows clay (<4 μm) content in sediments along transect stations (column 1) and variations in the 
M/Al ratio of major and trace metals in SPM and sediments along the transect stations of the Zuari 
estuary. 



 Fig. 5.9 (Continued) 



 Fig. 5.9 (Continued) 



 
Fig. 5.10 The mean EF of major and trace metals in SPM along the transect stations of the Mandovi and Zuari 
estuaries. 



 

Fig. 6.1 Location samples in the Mandovi and Zuari River estuaries and adjacent shelf, west coast of India. Insert figure 
shows the location of samples on the continental shelf. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2 (A) Variations in REEs, suspended particulate matter (SPM), salinity 
and normalized ratio of LREE/HREE (L/H)n in suspended matter at 
the regular station (RS, station 2), (B) X-ray diffractograms of SPM 
arranged with increasing concentrations of SPM in June/July, and 
(C) of salinity in August. Minerals are shown as S-smectite, I-illite, 
K-kaolinite, Gi-gibbsite, Go-Goethite. S followed by number in 
bracket in fig. 6.2B and C represent salinity value 



 Fig. 6.3 Monthly variations of REEs and SPM at different stations in Mandovi estuary. 



 

Fig. 6.4 (A) Seasonal variations in the mean REEs, SPM, salinity and (L/H)n at 
stations 1-7 in the Mandovi estuary (seasonal mean is obtained by 
averaging 4 observations in 4 months). (B) PAAS-normalized REE patterns 
in SPM in the three seasons. Arrows in post-monsoon (B) represent shale 
(PAAS) normalized REE pattern of Fe-Mn ore sample. 



 

Fig. 6.5 Spatial distribution of the mean Al, Fe and Mn (A-C), mean Ce and Eu anomalies (D-F) and mean (La/Yb)n, 
(La/Gd)n and (Yb/Gd)n (G-I) during monsoon, post-monsoon and pre-monsoon seasons in the SPM of Mandovi 
estuary. Ce and Eu anomalies were calculated using the equations, Ce/Ce*=3CeCN/ (2LaCN+NdCN) and 
Eu/Eu*= (EuCN/(SmCNxGdCN)0.5 of Taylor and McLennan (1985).  ‘CN’ denoted concentration normalized with 
respect to shale. 



 

Fig. 6.6 Seasonal mean REEs distribution (A) and the shale (PAAS) normalized REE 
patterns (B) in bottom sediments at different stations during the monsoon, 
post-monsoon and pre-monsoon. Arrow shows the samples from river end 
(R) to sea end of (S) of the estuary. 



 

Fig. 6.7 Relations for REEs with Al, Fe and Mn in suspended matter and bottom sediment in different seasons in the 
Mandovi estuary. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.8 Relationship of ∑REE with SPM concentrations and salinity (A) and with Al, Fe, and 
Mn concentrations (B) of SPM at the regular station of the Zuari estuary. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 6.9A Distribution of mean SPM, salinity and ratio of ∑REESPM/∑REESED (left column), mean ∑REE, Al, Fe 
and Mn of SPM (middle column) along transect stations of the Zuari estuary during the monsoon, 
post-and pre-monsoon. The relationship of ∑REE with SPM and salinity is also shown in the right 
column. Shadow in the left and middle columns marks the stations in the lower estuary and 
enables to distinguish the stations in the upper estuary and bay. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.9B PAAS normalized REE pattern of suspended matter (left column), distribution of mean Ce/Ce* 

and Eu/Eu* (middle column) and, normalized mean (L/H)n and (L/M)n values (right column) 
along transect stations of the estuary during the monsoon, post and pre-monsoons. PAAS 
normalized REE pattern of ore deposits is also shown. Shadow in the middle and right columns 
marks the stations in the lower estuary and enables to distinguish the stations in the upper 
estuary and bay. 



 



 

Fig. 6.10A Distribution of ∑REE, Al, Fe and Mn (left column) and PAAS normalized 
REE patterns (right column) in sediments along transect stations of the 
estuary during the monsoon, post and pre-monsoons. Shadow in the left 
column marks the stations in the lower estuary and enables to distinguish 
the stations in the upper estuary and bay 



 

Fig. 6.10B Distribution of mean Ce/Ce* and Eu/Eu* (left column) and, normalized 
mean (L/H)n and (L/M)n (right column) in sediment along transect stations 
during the monsoon, post and pre-monsoons. Shadow in the left and right 
columns marks the stations in the lower estuary and enables to 
distinguish the stations in the upper estuary and bay. 



 

 

 

 

 

 

 

 

 

Fig. 6.11 PAAS normalized REE pattern (A) and, relationship of Ce/Ce* values with 
Mn concentrations (B) in sediments from the continental shelf. 



 Fig. 6.12 Relationship of ∑REE with Al, Fe and Mn in SPM and sediments during the monsoon, post and pre-
monsoons. 



 

 

 

 

 

 

Fig. 6.13 Relationship of Ce/Ce* with salinity (A), and Mn concentration (B) in SPM. 
A plot between Ce/Ce* and Mn concentrations of sediments (C) and, 
Ce/Ce* and Eu/Eu* in SPM  (D) are also shown. 



 

Fig. 7.1A. Location of stations in the Mandovi and Zuari estuaries, central west coast of India. Zonations, upper estuary, 
lower estuary and bay are also shown. Dark thick arrow shows the direction of river flow during wet season, 
while the dashed thin arrow shows the dominant current direction during dry season. Indiscriminate disposal 
of untreated sewage at many unchecked points by both hoteliers and residents, river cruises for tourists, 
ship-building activity, disposal of mining wastes, ore transport, sand mining etc. will contaminate the 
estuarine waters from time to time. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7.1B A Map showing land use surrounding the Mandovi and Zuari estuaries. Mangroves (C3 plant) 

occupy larger area along the Mandovi (1107 ha) than in Zuari (735 ha) estuary (Negi, 2008). 
Agriculture is the major land-use in the regions adjacent to both rivers. Seasonal crops including 
rice (C3 plant), sugarcane (C4 plant), corn (C4 plant) and vegetables are cultivated in the low 
lands. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.2 Plots showing the relationship 
between mean salinity and SPM 
with standard deviation (bars) in 
the Mandovi (A) and Zuari 
estuaries (B). The mean salinity 
and SPM values are obtained by 
averaging their values at different 
station from June to September 
(wet season) and from February to 
May (dry season) during spring 
tide. (C) The plot showing the 
relationship of SPM and POC in 
the Mandovi and Zuari estuaries. 

 



                            

                                     

Fig. 7.3 Organic matter parameters in suspended matter of the Mandovi and Zuari 
estuaries. (A) and (B) show the relationship between POC and PN in the 
Mandovi and Zuari estuaries, respectively. The inset figures in A and B 
show the relationship of OC and TN in sediments of the same estuaries. 
(C), (D). (E) and (F) show the relationship of salinity with POC, POC/PN, 
δ13Corg and δ15N, respectively in the Ma-Zu estuaries during the wet and 
dry seasons. Symbols are common for all figures: the square and circle 
represent wet and dry seasons, respectively for Mandovi, whereas the 
triangle and star represent wet and dry seasons, respectively for Zuari 
estuary. 



 

Fig. 7.4 A-C are related to Mandovi estuary and D-F are related to Zuari estuary. 
(A) and (D) show the relationship of N/C with δ13Corg in SPM and 
sediment of the Mandovi and Zuari estuaries plotted on the diagrams of 
Goni et al., (2006) to differentiate the source of organic matter. (B) and (C) 
show the relationship of δ15N with δ13Corg and OC/TN ratio in SPM and 
sediment of the Zuari estuary. 



 

Fig. 5.6 Monthly variations in the M/Al ratios of major and trace metals in suspended 
and particulate matter (SPM) and bottom sediment (SED) at station in the 
upstream (mean value at station 4 and 5) and downstream (mean value at 
station 1 and 2) of the estuary. 
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