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Abstract 

Major elements and trace metals were analyzed in four sediment cores recovered along a transect in the 

Mandovi estuary for their distribution, provenance and early diagenesis. The sediments were clayey silts 

in cores from the upper/lower estuary and sand-dominated in cores from the middle estuary/bay. 

Organic carbon (OC) content varied from 0.5 to 4%, with higher values in fine-grained sediments. The 

mean Fe and Mn contents of sediments from the upper/middle estuary were 3-5 times and 8-13 times, 

respectively higher than the reference sediment (RS) from the same estuary. The mean Fe and Mn 

contents of sediments from the lower estuary/bay were close to the RS. Strong inter-metal correlation 

among Ti, V, Cr and Zr in all the cores indicated their contribution from a common source, probably the 

laterites from hinterland. Trace metals were more enriched in fine-grained sediments than in sand-

dominated sediments. Early diagenetic control on the redistribution of metal is evident in core sediments 

from the middle estuary to Bay. The distribution of Mo, U and Pb followed that of Fe and Mn in the upper 

estuary and OC in the lower estuary/bay. Our results indicated strong anthropogenic contribution of 

metals from ore deposits in the upper/middle estuary. The Mn and Cr contents of sediment in the 

upper/middle estuary and Fe in the middle estuary were highly enriched suggestive of ‘significant 

pollution signal’. More trace metals from the middle estuary were moderately enriched. Speciation 

studies showed Mn and Pb occurred abundantly in non-residual phases. High Mn content and its high 

percentage in exchangeable and reductive phases indicate that it was susceptible to be mobilized. 

However, Fe, Cu and Ni occurred abundantly in residual phases and less percentage of them were 

expected to be bio-available.   
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1 Introduction 

Trace metal concentrations in estuarine sediments are found to be different in different estuaries and 

largely depend on the geology of the area and weathering of rocks in the drainage basin of the rivers 

(Window et al., 1989; Bianchi, 2007). Estuaries also receive significant amounts of trace and toxic 

metals from anthropogenic sources such as mining activities and/or industries located on the shores of 

the rivers/estuaries (Tanner et al., 2000; Prego et al., 2008). This leads to the enrichment of trace metals 

compared to their background concentrations. On the other hand, physical procesess such as re-

suspension, sediment focusing and bioturbation may disturb the record of metal accumulation (Santschi 

et al., 1984; Kramer et al., 1991; Walling and He, 1992; Spencer et al., 2003). Mineralization of organic 

matter associated with the estuarine sediments leads to early diagenetic reactions near the sediment-

water interface and changing redox conditions may have strong influence on mobilization and 

reprecipitation of trace metals (Millward and Moore, 1982; Tessier et al., 1985; Zwolsman et al., 1993; 

Chaillou et al., 2002). The turbidity maximum in estuaries can also influence trace metal mobilization by 

occurrence of oxidation-reduction processes in the water column similar to those taking place in surface 

sediments (Abril et al., 2000; Robert et al., 2004; Audry et al., 2006). In other words, biogeochemical 

and physical processes on estuarine sediments contribute to the complexity of trace metal distribution 

(Sholkovitz, 1976; Boyle et al., 1977; Sholkovitz, 1978; Shiller and Boyle, 1987; Santschi et al., 1997; 

Che et al., 2003). Therefore, the enrichment of trace metals in sediments does not necessarily reflect 

anthropogenic influence but could be of diagenetic origin as well (Cornwell, 1986; Gendron et al., 1986; 

Ridgway and Price, 1987; Finney and Huh, 1989; Shaw et al., 1990; Zwolsman et al., 1993; Audry et al., 

2003). Further, the metal mobility in sediments depends on chemical speciation of metals in the 

sediments. It is important to distinguish the sources of trace metals and processes contributing to their 

enrichment/depletion in the sediments. This study investigated the distribution of major and trace metals 

in 4 sediment cores recovered along a transect in the Mandovi estuary (Fig. 1). The purpose of the 

paper is to report the sources of major and trace metals, influence of early diagenesis on the 

redistribution of trace metals and metal distribution in different phases and their bioavailability.  

1.1. Study area 

The Mandovi estuary is a tropical, monsoonal estuary on the west coast of India, receiving abundant 

river runoff (~258 m3s-1) during wet, monsoon period (June–September) and negligible river runoff (~6 

m3s-1) during dry, non-monsoon period (October–May; Vijith et al., 2009). The estuary acts as an 

extension of river during the monsoon because of abundant river discharge. During the dry period, the 

circulation in the estuary is dominated by tidal and wind-induced currents and as a consequence saline 

conditions extend 45 km landward from the mouth of the estuary (Sundar and Shetye, 2005). The 
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estuarine turbidity maximum (ETM) is a consistent feature of the lower estuary/bay both during monsoon 

and pre-monsoon (Rao et al., 2011). The estuary receives sediments from the rocks of Goa Group, 

belonging to the Dharwar Super Group of Archean-Proterozoic age (Fig. 1; Gokul et al., 1985). The Goa 

Group consists of quartzite, meta-conglomerate/breccias, metagreywacke, quartz-chlorite-biotite-

amphibole schist, carbonate-quartz-chlorite schist, banded iron and manganese formations. The 

basement rocks are, however, covered by thick laterites (Mascarenhas and Kalavampara, 2009). The 

Fe-Mn ore deposits are considered as natural wealth of Goa. The ore deposits brought from the mines 

are stored and loaded onto barges at several shore stations in the upper/middle estuary and transported 

through the estuary to the port for export. 

Suspended and bottom sediments of the Mandovi estuary have been investigated for their organic 

carbon content, mineralogy, limited major and rare earth and trace metal chemistry, bio-accumulation of 

metals and Sr-Nd isotopes (Alagarsamy, 2006; Shynu et al., 2011, 2012, 2015; Rao et al., 2011, 2015; 

Kessarkar et al., 2013; Chakraborty et al., 2014 and 2015). Previous investigations on sediment cores of 

the Mandovi estuary have not yielded important information on the sources of sediments as the studies 

were confined to specific locations, either mudflats (Siraswar and Nayak, 2011; Singh et al., 2014; 

Nasnodkar et al., 2015) or mangrove ecosystem (Veerasingam et al., 2015). Prajith et al. (2015a and b) 

were the first to initiate detailed studies on mineralogy, rare earth elements (REE) and magenetic 

properties of sediments in cores recovered along a transect in the Mandovi estuary. The present study 

reports the distribution of major and trace metals in 4 sediment cores to identify the sources and also the 

processes that control their distribution in the estuary.  

2 Materials and methods 

2.1. Sampling and laboratory analyses 

Four gravity cores were recovered along a transect in the Mandovi estuary, using a mechanized boat 

and with the help of scuba diver who pushed the corer into the sediment at the bottom of the estuary. 

These sediment cores are one each from the upper, middle and lower estuaries and from the Aguada 

Bay (Fig. 1). The sediments recovered in the cores varied from 79 cm to 47 cm and the core length from 

the upper/middle estuary were longer than in the lower estuary/bay (see Fig. 2). The color of the 

sediment was noted, immediately after cutting the core. The sediments in cores were sub-sampled at 1 

cm interval and were dried at <50°C.  

Grain size analysis of sediments was carried out on 130 sub-samples from the 4 cores. About 1.5 g of 

dried sediment was dispersed with distilled water and treated with 1N HCl and 30% H2O2 to remove 

carbonates and organic matter, respectively. Thereafter the sediments were washed thoroughly with de-
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ionized water until the pH became neutral. The sediments were then dispersed with 0.5 ml of 1% sodium 

hexa-meta phosphate solution and wet sieved, using ISTM 230 mesh sieve to separate sand fraction 

(<2000 µm – >63 µm) from clay and silt. The sand fraction retained in the sieve was collected, dried and 

weighted. The sediment fraction < 63 μm was used for measuring size fractions of silt and clay, using 

Malvern Laser Particle size analyzer (Master sizer 2000). Thereafter the percentages of sand (<2000 

μm - >63 μm), silt (<63 μm - >4 μm) and clay (< 4 μm) were calculated in each sample, following Folk 

(1968) and are shown in Figs. 2A-D. 

2.2. Radiometric dating of sediments 

 We attempted to determine the ages of the sediments in cores by different methods. The 210Pbexcess 

method of dating sediments of the estuary was not successful and detailed reasoning for the same was 

given in Prajith et al. (2015a). As the CaCO3 of the sediments was <2% in all cores it was not possible to 

determine the age by radiocarbon method. As we had no other option, the age of the organic carbon 

(OC) in sediments was determined by the Accelerator Mass Spectrometer (AMS) at NOSAMS facility, 

Woods Hole Oceanographic Institution, USA. The ages determined on the OC are found to be reliable, 

because the δ13C of OC of the dated sediments indicated terrestrial organic carbon in the upper estuary 

and marine organic carbon in the lower estuary and bay. The ages suggest that the sediments of the 

upper estuary were modern (Fig. 2A), whereas those in the lower estuary (Fig. 2C) and bay (Fig. 2D) 

showed maximum mean ages of 1588 years A.D. and 539 years A.D. at the bottom sections of 

sediments in the respective cores. The rate of sedimentation is 1 cm*yr-1 (∼75 cm in 75 years) in the 

upper estuary. The age vs. depth plots showed very low sedimentation rates in the lower estuary/bay 

(see Fig. 1). 

2.3 Geochemical analyses  

Homogenized, bulk sediment (<2000 μm size) powdered on an agate mortar were used for geochemical 

analyses. Total carbon content was determined in 254 sediment samples, using NC soil analyzer 

(FLASH 2000 Organic Elemental Analyzer). The total inorganic carbon content was calculated from 

CaCO3 content, which was measured using a coulometer (UIC, Inc-CM5130 acidification module). 

Organic carbon content was then calculated by subtracting total inorganic carbon from the total carbon 

in the sediments.  

Geochemical analyses of sediments were carried out on 254 sediment samples from 4 cores. About 50 

mg of the powdered sediments were transferred into Teflon beakers and 10 ml of acid mixture (7: 3: 1 of 

HF, HNO3 and HClO4, respectively) was added to each beaker, kept overnight and then dried on a hot 

plate at 190°C. The procedure was repeated until the samples in the beakers were completely digested. 
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Final residue was dissolved with 4 ml of 1:1 of Milli-Q water and HNO3, and 1 ml of 1 mg*kg-1 Rh 

solution was added as an internal standard and the final volume was made up to 100 ml, using Milli-Q 

water. Similar digestion procedure was followed for reference standard MAG-1 (Marine Sediment) from 

the U.S. Geological Survey and blank (without sediment). Sample solutions were analyzed for trace 

metals including rare earth elements (REE), using Inductively-coupled plasma Mass Spectrometer (ICP-

MS-Thermo X series 2) at the National Institute of Oceanography (NIO), Goa and major elements, using 

Perkin Elmer Optical Emission Spectrometer (Optima 7300 DV) at NIO Regional Centre, Mumbai. Table 

1 shows certified values of major and trace metals and values obtained in our experiments for MAG-1. 

The reproducibility of the analyses for major and trace metals was better than ±10%. The range and 

mean concentrations of metals in core sediments are shown in Table 2. REE data were published 

separately (Prajith et al., 2015a) and therefore not shown. 

Principal component analysis (PCA; Fig. 3) and factor analyses (Table 3) were used to characterize the 

metal composition in each sediment core. ΣREE is taken as one component and used in PCA and factor 

analyses. Factor analyses help to understand the relationships among metals and differentiate metals 

contributed from different sources and groups of metals (different factors) that behaved similarly in a 

particular geochemical environment. In factor analysis, eigen values >1 were selected and varimax 

orthogonal rotation was employed to transform the analysis matrix and limit the number of variables 

loaded in each factor (Fig. 3; Table 3). Important correlations of OC with metals are shown in Fig. 4. The 

enrichment factor (EF) of metal (Taylor and McLennan, 1995) was calculated by using formula 

EF=[X/Al]sample/[X/Al]reference sediment, where [X/Al]sample and [X/Al]reference sediment are, the metal concentration in 

relation to Al in sediment samples and reference sediment, respectively. Lee et al. (1994) and 

Sutherland (2000) divided the EF value into different categories of enrichment and the same was 

followed and shown in Fig. 5. The reference sediment is taken from the core in the lower estuary 

deposited prior to the beginning of mining activity of Fe-Mn ores in Goa. The concentration of metals in 

the reference sediment is the average concentration of metals in sediments at 5 intervals at depths 

between 20 and 25 cm, deposited in ∼1600 AD. The concentrations of Fe, Mn and Ti in the reference 

sediment were indeed the same as that of Post-Archaean average Australian Shale (PAAS), but the 

concentrations of Al, Co, Zn, and Pb were lower and Cr, Ni and Cu were higher than in PAAS (Table 2). 

Al is non-reactive to anthropogenic and diagenetic changes in the sediments. The Al-normalized ratios 

of metals (metal/Al ratios) shown in Fig. 2A-D help in assessing the anthropogenic/diagenetic 

contribution of metals in sediments.  
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2.4 Speciation of metals 

Four representative sediment intervals from each core were selected for sequential extraction of trace 

metals. About 1 g each of powdered sediment was transferred into 50 ml polypropylene centrifuge 

tubes. The exchangeable and carbonate bound phase (F1) was extracted with 0.11 M acetic acid. The 

Fe-Mn oxide bound phase (F2) was extracted with 0.5 M hydroxylamine hydrochloride adjusted to pH 

1.5 with nitric acid. The phases associated with organics and sulphides (F3) were extracted with 30% 

H2O2,   treated at 850C in hot plate till dry and then with 1 M ammonium acetate adjusted to pH 2 with 

nitric acid. Each extraction was carried out overnight (16 h) at room temperature. After every extraction 

the samples were separated from the aqueous phase by centrifuging at 4000 rpm for 20 min. The 

sediments were washed with Milli-Q water and centrifuged again. The residual part (F4) of sequential 

extraction was also digested by the same method, used for total metal analysis described above. The 

analyses of trace metals (Pb, Ni and Cu) of extracted solutions were carried out by using graphite 

furnace Atomic Absorption Spectrophotometer (AAS, Perkin Elmer, PinAAcle 900T) at NIO, Goa. Major 

elements (Fe and Mn) were analyzed on AAS but with flame option. Optimized instrumental (GFAAS) 

conditions for the determination of the metals are described in detail in Chakraborty et al. (2015). Quality 

control and assurance measures were implemented during the metal speciation study. The reliability of 

sequential extraction protocols (modified method by Community Bureau of Reference - BCR) was 

checked by using certified reference material BCR-701. It was possible to recover more than 95% of all 

the metals associated with different binding phases of the sediments. 

3 Results 

3.1 Lithology and variations of metals in cores from the upper/middle estuary  

 The lithological characteristics and, intra- and inter core variations of metals in core sediments are 

shown in Fig. 2A-D. The sediments were reddish brown to brown in color in cores from the upper/middle 

estuary. The core from the upper estuary showed clayey silts intercalated with sand-dominated 

sediments (Fig. 2A) whereas the core from the middle estuary showed silty sands in the upper section 

and sandy silts in the lower section (Fig. 2B). The mean Fe and Mn of sediments in the upper/middle 

estuary were higher by 3-5 times and 8-14 times respectively, than the reference sediment (RS; Table 

2). In the upper estuary the mean metal content of sediments showed similar Al, Ti, Pb, Co and Zr 

values and higher Ni, Cr, U, Mo and V values than in RS. Similarly, the mean metal contents in the 

middle estuary showed lower Al and higher Ti, Ni, Cu, Zr, Cr, U, Mo and V than in the RS. The Ti and 

Cu contents were lower in the upper estuary but higher in the middle estuary. The Mn content of 

sediments in the upper/middle estuary and Cr content in the middle estuary were highly enriched, 
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suggestive of ‘significant pollution signal’. More trace metals in the middle estuary were moderately 

enriched (Fig. 5).  

Factor analysis revealed 4 factors accounted for 80.8% of total variance of metals in the upper estuary 

and, only 3 factors for 81.5% of total variance of metals in the middle estuary (Table 3). Strong inter-

metal relationship existed among Cr, Ti, Zr and V in both cores (shaded portion in Fig. 3; Table 3). The 

factors associated with finer-grained sediments comprised of more metals, whereas those with coarser 

sediments comprised of a few metals. The OC loadings with metals were low or negative in cores from 

the upper estuary (Fig. 4A-E; Table 3). OC was moderately correlated with Mn and Pb and, positively 

correlated with Cu in the middle estuary (Fig. 4B-C). Relatively high Mo and U were associated with high 

Fe and Mn in sediments of the upper estuary. Both U and Mo were correlated with OC in the middle 

estuary (Fig. 4F-G) and, U correlated with Mo in the upper /middle estuary (Fig. 4H).   

The M/Al ratios of metals and reference sediment (dashed vertical line) in the cores indicated that the 

profiles of Fe, Mn, Pb, Mo and U resembled each other in the upper estuary (Fig. 2A). The peak high 

Fe/Al and Mn/Al ratios corresponded with peak low Ti/Al, Zr/Al and Cu/Al ratios and vice-versa. In the 

middle estuary the M/Al of metals was highest at core bottom and decreased with decreasing depth at 

intervals between 70 and 30 cm. The core top (upper 30 cm) sediments showed high M/Al of Fe, Ti, Zr, 

Ni, Cu, Mo and U and low OC (Fig. 2B). 

3.2 Lithology and variations of metals in cores from the lower estuary and Bay  

The sediments in the lower estuary were brownish in the upper section and dark brown in the lower 

section (Fig. 2C). Clayey silts intercalated with sand-dominated sediments were characteristic of this 

core. The sediments from the Aguada Bay were brownish in the upper section and greenish in lower 

section (Fig. 2D). The sediments showed sandy silts at the top, clayey silts at the middle and sandy at 

the bottom. The mean Fe and Mn of sediments in the lower estuary/Aguada Bay were close to that of 

reference sediment and, 2-3 and 8 times, respectively lower than in upper/middle estuary (Table 2). The 

sediments in the lower estuary showed slightly higher mean Ti, Ni, Cu, Zn, Zr, Cr, U, Mo and V contents 

and similar Fe, Al, Mn, Pb and Co contents as that of reference sediment. The sediments of the bay 

showed slightly higher Fe, Ti, Zn, Cr and Ba and lower U and Mo than that of lower estuary. Metals 

showed no enrichment in sediments of both the cores suggestive of ‘no or minimal pollution signal’ (Fig. 

5). The factor analysis revealed 4 factors were accounted for 86.5% of total variance of metals in the 

lower estuary and, only 3 factors for 92.4% of total variance of metals in the Aguada Bay (Table 3). 

Strong inter-metal relationship existed among Cr, Ti, Zr and V in these cores (shaded portion in Fig. 3; 

Table 3).  
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The OC loadings with metals were high in both the cores (Fig. 4A-E; Table 3). The factors associated 

with terrigenous source and OC source can be realized more distinctly in sediments of the lower 

estuary/bay. Relatively high Mo and U were associated with high OC in the dark brown sediments of the 

lower estuary. The mean Mo content of sediments was higher in the Aguada Bay than in the reference 

sediment. Both U and Mo were correlated with OC in the bay sediments (Fig. 4F-G)  

The Fe/Al ratio of sediments in the lower estuary was uniform (1.0) throughout the core. The M/Al of Cu, 

Ni, Pb, U and Mo were high in dark brown sediments at lower section and more or less uniform at upper 

sections of the core (Fig. 2C). Relatively high M/Al of Ti, Zr and Cr were associated with sandy sediment 

intervals in cores from the lower estuary and silty sands from the Aguada Bay (Fig. 2C-D). The peaks of 

high sand content corresponded with peak high Ti/Al and Zr/Al at the upper sections. The OC content 

was directly correlated with Pb, Ni and Cu in sediments of the lower estuary. The M/Al of metals in core 

from the bay was consistently low in sandy sediments, but their ratios increased towards core top (Fig. 

2D).  

3.3 Speciation of metals in the sediments 

Distribution of metals in different binding phases of sediments revealed that the residual form of Fe was 

dominant in all the cores (Fig. 6). It was ~90-95% of the total Fe in the sediments from the upper/middle 

estuary. About 30% of Fe was in oxidizable form in the lower estuary and 10-15% of Fe was in reducible 

form in the bay sediments. The reducible and exchangeable forms of Mn were, however, dominant in 

almost all the cores, except those at lower sections of the core in the bay (Fig. 6). The dark brown, OC-

rich sediments from the lower estuary showed ∼10-15% of Mn in oxidizable form and ∼50-85% of Cu, 

80% of Ni and 40-60% of Pb in the residual form. Most of the Pb was accounted in reducible (50-60%) 

and residual (40-50%) forms in the upper/middle estuary and, residual form (60-80%) in the sediments 

from the bay. The total Pb content in ore material (6.5 µg/g; Table 1) corresponds well with that of Pb in 

the reducible fraction of the upper estuary sediments (6.47 to 7.78 µg/g). Oxidizable form of Cu was the 

second dominant phase (10-15%) in the lower estuary.  

4 Discussions 

 4.1 Sources of major and trace metals in sediment cores 

4.1.1 Metals from Anthropogenic source 

Upper and middle estuary: The very high contents of Fe and Mn in sediment cores from the 

upper/middle estuary (Table 2) indicate that they were sourced from ore material which accumulated at 

the core sites due to anthropogenic activity on the shores of the estuary. As mentioned earlier, the ore 
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deposits brought from mines are stored on the shores of the estuary, loaded onto barges and 

transported through the estuary to the port. As a consequence, ore material is usually flushed into the 

estuary during monsoon, accumulated abundantly during ore handling activity at the core sites and/or 

spilled over into the estuary from barges during transportation. Much higher average Fe and Mn in both 

cores than in reference sediment (Table 2) further suggest that the anthropogenic contribution of these 

metals is much higher than the terrigenous metals contributed through the river. The radiocarbon ages 

of sediments indicate rapid deposition of (∼75 cm thick) sediments after 1940 A. D. (Fig. 2A), the time 

that agrees well with the start of ore mining activity in Goa. Therefore the rapid accumulation of 

sediments in the upper estuary could be due to the deposition of abundant anthropogenic ore material 

and river-borne material. The enrichment factors (Fig. 5) suggest that the Mn enrichment is much higher 

than that of Fe in upper/middle estuary.   

The M/Al profiles of U, Mo and Pb in the upper estuary somewhat resemble that of Fe and Mn (Fig. 2A) 

and are negatively correlated with Co, Cu and Zr (factor 4). Similarly, the U, Mo and Pb in the middle 

estuary are related to Al, Mn, Co, Cu, Th and REE (factor 1). Prajith et al. (2015a) reported that the 

normalized REE patterns of sediments in the upper/middle estuary are indicative of their source from ore 

material. Since very high Fe and Mn contents in middle estuary are due to ore material some U, Mo and 

Pb may have been sourced from ore material. Both U and Mo are also correlated with OC in the middle 

estuary (Fig. 4F-G) indicating organic matter could be another source for them. More metals in the 

middle estuary are moderately enriched and are contributed by both anthropogenic and organic sources 

(Fig. 5). Trace metals enrichment has been reported in sediments of several river estuaries (Table. 2). 

The sediments of the Odiel River estuary, Spain are highly polluted by the enrichment of Fe, Mn, Pb, Cu 

and Zn, mostly due to the accumulation of material derived from acid rock drainage and acid mine 

drainage (Lopez-Gonzalez et al., 2006). Several workers reported enrichment of Fe, Mn, Pb, Ni, Cu, Zn 

and Cr in recent sediments of the Pearl River estuary (Qi et al., 2010; Liu et al., 2011; Wang et al., 2015) 

and Cu, Zn and Pb in the Yangtze River estuary (Feng et al., 2004) compared to their background 

sediments and attributed to the discharge from industrial drainage source.  

Lower estuary and Aguada Bay: The mean Fe and Mn contents of sediments in the lower estuary/bay 

are comparable to the reference sediment. This suggests little anthropogenic contribution in this part of 

the estuary. The ages of sediments in both cores (Fig. 2C-D) indeed argue the sediments accumulated 

much prior to the start of mining activity in Goa and, very low sedimentation prevailed at upper sections 

of the cores (see Fig. 1). This could be due to Estuarine Turbidity Maximum (ETM) that prevailed both 

during monsoon and pre-monsoon in this part of the estuary (Rao et al., 2011).  In view of ETM 

suspended sediments are carried farther into the sea. Sand-dominated sediments in a core from the bay 
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(Fig. 2D) also attest to high energy conditions. Negative relationship of Cr, Ti and Zr with OC in the 

lower estuary (factor 3) indicates that they are from different sources. The δ13C (-22 to -23‰; 

unpublished data) indicated that the OC in this part of the estuary is largely marine origin. The direct 

correlation of OC with Pb and Ni suggests organic matter (OM) source for these metals (Fig. 4C and E). 

Mineralization of OM in sediments of the lower estuary leads to early diagenesis (see below). Unlike the 

core from the upper/middle estuary, U and Mo are controlled by both OC and Fe-Mn oxides (Table 3). 

Acevedo-Figuera et al. (2006) reported trace metal distribution in 2 lagoons connected to the Puerto 

Rico River and found enrichment of Cu, Pb and Zn in sediments of the San Jose Lagoon due to 

anthropogenic contribution and metals of natural origins in the Joyuda Lagoon. Hyun et al. (2007) 

reported enrichment of Cu, Pb and Zn in the sediments of Masan Bay, South Korea due to 

anthropogenic sources. 

4.1.2 Trace Metals from lateritic source  

In the upper estuary, the M/Al profiles of Fe, Mn, Pb, Mo and U and of Ti, Zr, Cr, Cu, Ni and V are very 

similar (Fig. 2A) implying similar source for metals in each group and sediment contribution from at least 

two sources, ore material and laterites. Further, the increase in Fe and Mn at certain intervals 

corresponds to the decrease in Ti and, low OC intervals coincide with high proportion of Ti, Zr, Cr and 

Cu. These imply that the down core distribution of metals is also controlled by varied input of sediments 

from anthropogenic sources and material contributed by the river. The Mandovi River drains through the 

gneisses and schists, greywacke and mafic and ultra-mafic rocks covered by thick laterites 

(Mascarenhas and Kalavampara, 2009). The weathering products of rocks in the drainage basin of the 

river and their geochemistry therefore would resemble lateritic composition. The kaolinite and goethite-

dominated sediments of the estuary (Rao et al., 2015) indeed suggest that they are the intense chemical 

weathering products of laterites. The geochemistry of the laterites varies from surface to the bottom of 

the weathering profile. During weathering Sr, Zn and Co are leached out and, Ti, Cr, V, Zr, Cu, Ni, Pb, 

Mo, Mn and Fe inherited from original rocks are accumulated in lower profiles of laterites (Topp et al., 

1984; Bayiga et al., 2011) and enriched in final weathering products. Laterites from Goa region are 

enriched with Fe, Ti, Ni, Zr, Cr, V, and Th (Table 2). The factor consisting of Cr, Cu, Ti, V and Zr is 

invariably present in sediments of all the cores and these metals exhibit strong inter-relationship among 

them (Fig. 3; Table 3). This suggests that these metals are from a common natural source, probably the 

laterites. Since the Mandovi is a minor, monsoonal river and basement rocks in its drainage basin are 

covered by thick laterites the river discharge is perhaps carrying abundant weathered material from 

laterites, rather than from the basement rocks.  
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4.3. Influence of early diagenesis on the redistribution of metals  

The increase in OC content coinciding with decrease of Fe and Mn at core top sediments of the upper 

estuary (Fig. 2A) indicate decreasing contribution of ore material or, microbial decomposition of OM 

resulted in the reduction of insoluble Fe3+ and Mn4+ oxides and release of soluble Fe2+ and Mn2+ and 

other metals to the pore waters and their subsequent mobilization to the overlying water (Canfield, 

1989). Since the decrease in Fe and Mn is also accompanied by decrease in Pb, Mo and U it is 

suggested that the ore material contribution decreased towards core top. Moreover, high rates of 

sedimentation (∼1 cm*yr-1) and oxygenated environment prevent development of strong reducing 

conditions at the core site in order to mobilize redox-sensitive metals such as U, Mo and Pb. Prajith et 

al. (2015b) also reported decreasing anti-ferromagnetic minerals and increasing magnetite towards core 

top and suggested ore material contribution decreased up core.       

In the middle estuary the vertical profiles of metals document an evidence of recycling of metals during 

early diagenesis. For example, high OC and metal content in sediments at the core bottom and their 

gradual decrease up core at interval between ∼70 and 30 cm (Fig. 2B) indicate microbial degradation of 

OM and metal oxides and release of the metals to the pore waters during reductive diagenesis. On the 

other hand, the decrease of OC coincides with increase in Fe, Mn, Cu, Ni, U and Mo towards core top 

(upper 30 cm sediments). Moreover, at ∼30 cm depth the clayey silts in lower portion gradually changes 

to silty sands in the upper portion. The upper 30 cm sediments may represent an oxic sediment layer, 

wherein the metals mobilized or diffused from the redox zone are re-adsorbed onto Fe and Mn oxy-

hydroxides. Zwolsman et al. (1993) and Spencer et al. (2003) reported more efficient trapping of Fe 

during re-oxidation processes in salt marsh sediments from Medway estuary, U. K. and of Great Marsh, 

Delaware. In other words, metals released to the pore water because of strong dissolution below the 

redox-cline were reprecipitated above this boundary because of oxic conditions. High M/Al ratios of Ti, 

Cr, V, and Zr in the upper 30 cm indicate increasing contribution from terrigenous sands. Low M/Al ratios 

of Mn, Mo and U at the core bottom and their slight enrichment at 40-55 cm interval indicate trace 

metals released from solution are partly associated with sulfides by direct precipitation or co-

precipitation with Fe-sulfides. Several investigators reported co-precipitation of trace metals as sulphides 

below the redox-line and therefore show metal enrichment at depth (Zwolsman et al., 1993; Cundy and 

Croudace, 1995; Spencer et al., 2003).    

In the lower estuary, heavy loadings among Cu, Ni, Zn, Pb, Ba, U and Mo (Factor 1; Table 3) indicate 

that they are related. The negative relationship of Ti, Zr and Cr with OC indicates two different sources. 

High OC and relatively high Cu, Ni, Zn, Pb, Ba and Mo in dark brown sediments at the lower section 

suggest development of anoxic conditions and the metals released may have been incorporated as 
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authigenic metal sulphides. The dark brown color indicates the presence of sulphides in the sediments. 

Authigenic gregites in the dark brown sediments indeed support the presence of sulphides (Prajith et al., 

2015b). Metal speciation studies also show high organic or sulphide bound fraction (oxidizable F3) of 

metals (sample no’s 11 and 12 in Fig. 6). In this sequential extraction method it is not possible to 

distinguish between organically or sulphide bound metals. These metals may be co-precipitated with 

sulphides (Shaw et al., 1990). Uniformly low metal content and high OC at upper section (Fig. 2C) 

indicate that the metals released to the pore water under reducing conditions were mobilized up core to 

the sediment-water interface. The core is located in the zone of estuarine turbidity maximum. The oxic 

water pumped into the sediments under high energy conditions may have quickly mobilized metals 

released to pore waters to the sediment-water interface and then to the water column.  

The lowest M/Al ratios in sandy sediments and high M/Al ratios in clayey silts in a core from the bay (Fig. 

2D) indicate that the trace metals are usually concentrated in silt and clay fractions of sediment (Loring, 

1980). Distribution of metals at the middle and upper sections of the core simply reflects a mirror image 

of OC. Diagenetic processes in this core appear similar to that of the core in the middle estuary. The 

metals released during decomposition of OM in clay silts at middle section may have mobilized and re-

precipitated at upper section of the core. In oxic sediment layers trace metals are mobilized and partially 

re-adsorbed onto Fe-Mn oxyhydroxides  

4.4 Distribution pattern of metals in different phases  

Metals such as Fe, Ni and Cu were moderately to significantly enriched in sediments of the upper/middle 

estuary (Fig. 5). Since these metals occurred abundantly in the residual fraction (Fig. 6) they are most 

probably associated with mineral phases. Dominant magnetite and hematite in these sediments (Prajith 

et al., 2015b) suggests that most of the iron is locked up in mineral phases. Strong to moderate 

correlation of Fe with Ni and Cu and with fine fraction suggests that Al-silicates are important carriers for 

the heavy metals. The sediments in the upper/middle estuary exhibit reddish brown color, a 

characteristic color indicating that the iron is in ferric (Fe3+) form. Ferrous iron (Fe2+) imparts green color 

to the sediments and is produced due to reductive dissolution of ferric oxy-hydroxide minerals. Despite 

evidence of diagenesis the reddish brown color of the sediments indicates that the Fe2+ produced was 

mobilized and escaped into the estuarine waters or, Fe2+ produced and retained in the sediments must 

be much lower than that of ferric iron (Fe3+). Dominant oxidizable form of Cu (30 to 50%) in organic-rich, 

clayey silts of the lower estuary (Fig. 6) suggests association of Cu with OM. Several investigators 

suggested that Cu could easily form complexes with OM due to high stability constant of organic-Cu 

compounds (Fernandes, 1997; Zhou et al., 1998; Ramos et al., 1999; Morillo et al., 2004; Fang et al., 

2005; Ramirez et al., 2005; Yang et al., 2012). Since most of the Cu is fixed in residual and organic 
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fractions it is less mobilized in sediments and has less potential to be bio-available. Reducible (<5%) 

and exchangeable (<10%) phases of Ni and reducible phase of Cu (<5%) in all the cores suggest that 

the metals released during chemical weathering of laterites may have subsequently adsorbed onto clay 

and/or Fe-Mn oxyhydroxides.  

Unlike Fe, Mn occurs largely in reducible and exchangeable phases in all cores and, very highly 

enriched in cores from the upper/middle estuary and moderately enriched in cores from the lower 

estuary/bay (Fig. 5). Since most of the Mn is available in exchangeable and reducible forms it is more 

toxic for organisms because the redox-sensitive heavy metals associated with them may also be 

mobilized under reducing conditions in the sediments and have the potential to be bioavailable. Despite 

the US-EPA did not include high Mn as detrimental for benthic organisms more exchangeable and 

reducible forms of iron and release of redox-sensitive metals available under reducing conditions would 

indeed be toxic for benthic life. Although the total Pb content is close to or lower than in PAAS in 

different cores, it occurs in reducible and residual phases. Pb is usually associated with Fe-Mn oxides 

and organic fractions (Jones and Turki, 1997; Li et al., 2001). In the upper estuary the percentage of Pb 

available in reducible form is same as that of Mn. The down core variations of Pb are in accordance with 

Fe and Mn, rather than with OC. These imply that Pb has more affinity to Fe-Mn oxides, mostly with Mn. 

Several workers reported that Pb can form stable complexes with Fe-Mn oxides (Rauret at al., 1988; 

Ramos et al., 1994; Lopez-Sanchez et al., 1996; Yu et al., 2010). The reducible phase of Pb decreases 

and residual phase of Pb increases as one proceeds from upper estuary to the Bay. This implies that 

more Pb is chemically bound to Al-silicates and therefore less mobile and less percentage of Pb for 

bioavailability.  

Conclusions 

The major and trace metal contents in sediments of the upper/middle estuary indicate abundant 

contribution of Fe and Mn from the ore material, introduced into the estuary due to anthropogenic 

activities on the shore. Trace metals (Cr, Cu, Ti, V and Zr) in sediments of all the cores showed strong 

inter-metal relationship among them and are characteristic of lateritic source. Trace metals are enriched 

in fine-grained, organic-rich sediments than in sand-dominated sediments. Mo, U and Pb are associated 

with ore material in the upper estuary and OC in the lower estuary/bay. Trace metals are redistributed in 

the organic-rich sediments due to early diagenetic processes. Enrichment factors of metals indicate that 

the sediments in the upper/middle estuary are significantly enriched with Mn, suggestive of ‘significant 

pollution signal’. High Mn percentage in reducible and exchangeable phases implies that it is susceptible 

to be mobilized in the sediments along with redox-sensitive metals under reducing conditions and 

therefore toxic for benthic organisms.   
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Figure Captions 

Fig. 1. Locations of gravity cores in the Mandovi estuary, western India. Number in parenthesis (next to 

the name of the sampling station) indicates distance of the core from the mouth of the estuary. Locations 

of iron ore loading docks, iron ore plant and ship building plant along the shore of the estuary are also 

shown. The plots of age (calibrated AMS age) vs. depth in the core for cores from the lower estuary and 

bay are also shown as insert figures at respective locations.  

Fig. 2 A-D. The down core distribution sand, silt and clay, OC content, Al-normalized ratios of metals 

(M/Al) in sediment cores from the upper estuary (A), middle estuary (B), lower estuary (C) and Aguada 

Bay (D). Age of the organic carbon in sediments at different intervals dated by AMS method is also 

shown.  

Fig. 3. Principal component analyses (PCA) of metals in different cores. Each of the variables (metals) is 

represented by a vector, and the direction and length of the vector indicates how each variable 

contributes to each of the cluster formed. 

Fig.4. (A-G) Important scatter plots of organic carbon (OC) with Fe, Mn, Cu, Ni, Pb, U and Mo and, 

between U and Mo (H) in sediments of all the cores.  

Fig. 5. The mean enrichment factors (mEF) of metals in sediment cores. The categories of enrichment 

shown in the figure are from Sutherland (2000). 

Fig. 6. Chemical partitioning of metals (Fe, Mn, Cu, Ni and Pb) in representative sediments from gravity 

cores of the Mandovi estuary.  
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Table 1 

Analytical results of certified and obtained values of MAG-1 (USGS 
geochemical standard- Govindaraju, 1994). All trace metals from Co to Zn are 
in mg*kg-1. 

 

Elements 
USGS 
certified 
values 

The average ± 
std 

Accuracy1 
(±) Precision2 (±) 

Al (%) 8.66 ± 0.16 7.86 ± 0.14 9.24 2.43 

Fe (%) 4.58 ± 0.42 4.79  ± 0.16 4.67 4.84 

Ti (%) 0.45 ±  0.7 0.45 ± 0.01 0.14 1.34 

Mn (mg*kg-1)  760 ±  69 752.80 ± 0.42 0.95 0.08 

Co 20 ± 1.6 20.48 ± 0.32 2.38 2.20 

Cr    97 ±  8 93.78 ± 0.03 3.32 0.04 

Cu    30 ±  3 30.15 ± 0.54 0.48 2.55 

Ni    53 ± 8 52.15 ± 0.63 1.61 1.71 

Pb    24 ±  3 22.86 ± 1.34 4.75 8.31 

Th    12 ± 1 11.71 ± 0.14 2.42 1.71 

Ba  480 ± 41 476.75 ± 2.19 0.68 0.65 

V  140 ± 6 140.75 ± 2.61 0.54 2.63 

U   2.7 ± 0.3 2.70 ± 0.03 0.13 1.81 

Mo   1.6 ± 0      1.52 ± 0.09 4.78 8.47 

Zr  130 ± 13  125.50 ± 0.71 3.46 0.80 

Zn  130 ± 6 127.20 ± 2.55 2.15 2.83 

 

  



28 
 

Table 2. Range and mean values of metals in sediments cores from the Mandovi estuary (all trace metals Pb to Th are in mg*kg-1). Average 
metals concentrations found in sediments from different estuaries are also given. 

 

Upper 
estuary 
(79)1 

Middle 
estuary (72)

Lower 
estuary (56)

Aguada Bay 
(47) 

Iron     
ore2 

Lateri
te3 

Backgr
ound 
referen
ce 
sedime
nts4 

PAAS
5 

Two 
estuarine 
lagoons, 
Puerto 
Rico6 

Pearl 
River 
estuary, 
China7  
 
 

Odiel 
estuary, 
Spain8 

 

 

 
Fe       
(%) 

Range 16 - 31.7 13.9 - 22.75 3 - 8.4 3.45 - 11.3 50.9 16.23 5.74 5.3 4.9*  
(3.9)# 

2.9  
(2.3) 

11.61  
(5.32) Average 24 ± 3.28 18  ± 2.24 5.4 ±  1.02 7.3  ± 2.48 

             
Al        
(%) 

Range 5.8 - 8.38 2.1 - 4.7 3.4 - 7.6 3.2 - 8.9 2.01   11.4 6.14 10.0 nd  nd   nd   Average 6.9 ± 0.56 3.5 ± 0.52 5.7 ± 1.03 5.8 ± 1.50 
             
Mn       
(%) 

Range 0.54 - 1.98 0.31 - 0.99 0.05 - 0.29 0.04 - 0.3   1.2 0.08 0.08 0.09 nd   0.044  
(0.035) 

0.077 
(0.039) Average 1.2  ± 0.33 0.67 ± 0.16 0.14 ± 0.05 0.13 ± 0.07 

             
Ti         
(%) 

Range 0.36 - 0.67 0.67 - 1.8 0.51 - 1.05 0.34 - 2.92 0.12 1.05 0.62 0.6 nd   nd   0.48  
(0.6) Average 0.51 ± 0.06 0.97 ± 0.24 0.75 ± 0.12 1.02 ± 0.62 

             

Pb       Range 10.3 - 21.6 6.83 - 25.56 3.58 - 18.72 5.37 - 14.63 6.46 22.38 12.32 20.0 219  
(7.6) 

24.7  
(13.3) 

234  
(81) Average 15.8 ± 2.51 15.3 ± 2.97 12.1 ± 3.05 10.7 ± 2.91 

             

Ni Range 53.8 - 
181.8 54.3 - 217 33.6 - 135 25.7 - 182 27.52   68.2 68.23 55.0  nd  14.1  

(10.1) 
18  
(28) Average 78.7 ± 18 93 ± 20.2 80.4 ± 24.3 78.5 ± 33.7 

             

Cu Range 28.4 - 
70.35 45.9 - 92.1 33.2 - 93.4 20 - 187 25.00   50.8 56.29 50.0 105  

(22) 
35.7  
(3.13) 

906  
(175) Average 45.1 ± 8.97 71.2 ± 6.45 63.9 ± 15.4 65.9 ± 39 

             

Zn Range 55.9 - 
121.8 61.1 - 123 40 - 123 81.2 - 779 4.07 56.62 60.71 85.0 531  

(52) 
83 
(44.2) 

1370  
(412) Average 84.4 ± 16.7 86.7 ± 10.4 75.9 ± 20.5 264 ± 164 

             
Co Range 18.7 - 28.5 18.7 - 32.9 14.7 - 32.6 11.1 - 29 15.08 nd 20.73 23.0 nd   8.49  15 
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Average 23.4 ± 2.44 26.7  ± 2.09 24.1 ± 4.7 20.5 ± 4.85 (7.54)  (18) 
             

Zr Range 92.7 - 151 128 - 200 108 - 194 66.1 - 296 62.01 217.9 119.52 210.0 nd    nd  nd   Average 118 ± 11.8 158 ± 16.4 141 ± 17.6 139 ± 53.8 
             

Cr Range 103 - 294 251 - 1561 118 - 326 75.8 - 582 37.9 365.9 153.62 110.0 nd   22.6  
(14.6) 

38  
(48) Average 176 ± 33.9 542 ± 270 209 ± 60 218 ± 115 

             

U Range 2 - 4.1 1.6 - 3.98 1.09 - 6.81 0.74 - 2.87 1.10 6.31 2.00 3.1  nd  nd   nd   Average 2.8 ± 0.38 3.2 ± 0.36 2.7 ± 0.97 1.9 ± 0.73 
             

Mo Range 1.35 - 4.35 0.83 - 1.78 0.39 - 4.76 0.35 - 1.6 1.18 nd 0.56 1.0 nd nd   nd   Average 2.7 ± 0.81 1.4 ± 0.17 1.1 ± 0.72 0.9 ± 0.37 
             

V Range 110 - 217 137 - 208 77 - 157 61 - 212 31.27 299.0 108.42 150.0 nd  nd  59  
(65) Average 153 ± 19.8 167 ± 15.5 123 ± 16.7 124 ± 39.2 

             

Ba Range 119 - 249.3 81 - 231 79 - 190 88.3 - 191 220.0 454.0 111.58 650.0 nd  nd  nd  Average 179 ± 31.4 128 ± 19.5 132 ± 27.2 145 ± 21.4 
             

Th Range 5.8 - 15 3.04 - 10 3.02 - 8.7 2.1 - 12.1 2.10 17.77 5.24 14.6  nd nd  nd  Average 6.7 ± 1.1 5.8 ± 1 6 ± 1.4 5.7 ± 2.6 
             

U/Th Range 0.18 - 0.60 0.34 - 0.75 0.32 - 0.81 0.19 - 0.54 0.52 0.36 0.38 0.21 nd  nd  nd  Average 0.43 ± 0.06 0.55 ± 0.06 0.44 ± 0.09 0.36 ± 0.06 
1 Sample numbers in sediment core. 
2 Ore material collected from ore loading docks situated at the banks of the Mandovi estuary. 
3 Average values of 34 m below indurated surface laterite profile developed on Proterozoic greywacke from Panaji, Goa (Mascarenhas and Kalavampara, 
2009). 
4 Background reference sediments selected from the lower estuary (average values between 20 and 25 cm depth) were deposited before ~1600 AD 
considered as uncontaminated sediments. 
5 Post-Archaean average Australian Shale (Taylor and McLennan, 1985). 
6 Acevedo-Figueroa et al. (2006).  
7 Wang et al. (2015). 
 8 Lopez-Gonzalez et al. (2006). 
* By anthropogenic sources. 
# Natural background values  
 nd- not determined. 
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Table 3. Factor analysis matrix after varimax rotation for sediment cores from the Mandovi estuary. 

 Upper estuary Middle estuary  Lower estuary  Aguada Bay 
 Factor 

1 
Factor 
2 

Factor 
3 

Factor 
4 

Factor 
1 

Factor 
2 

Factor 
3 

 Factor 
1 

Factor 
2 

Factor 
3 

Factor 
4 

 Factor 
1 

Factor 
2 

Factor 
3 

Variance 
(%) 35.13 22.56 15.53 7.48 50.18 19.80 10.61  55.21 17.61 8.00 5.31  57.57 24.11 11.08 

Eigen 
value 6.68 4.29 2.95 1.42 9.53 3.76 2.02  10.49 3.35 1.52 1.01  10.94 4.58 2.11 

Al 0.23 0.38 0.73 0.24 0.82 -0.10 0.02  0.37 0.78 0.07 0.16  0.96 -0.01 0.05 
Fe -0.06 -0.95 0.07 0.20 0.06 0.71 -0.53  0.23 0.65 0.50 0.07  0.49 0.35 0.77 
Mn -0.43 -0.81 0.25 0.05 0.87 -0.24 -0.18  0.26 0.20 0.45 0.68  0.17 0.22 0.94 
Co 0.31 0.03 0.45 -0.72 0.75 0.13 0.53  0.95 0.18 0.04 0.15  0.76 0.59 0.21 
Cr 0.91 0.07 -0.12 -0.21 -0.27 0.89 -0.22  0.79 -0.45 -0.27 0.22  0.19 0.96 0.13 
Cu 0.63 -0.16 0.22 -0.67 0.71 -0.18 0.62  0.94 0.13 -0.18 0.23  0.10 0.98 0.12 
Ni 0.32 -0.02 0.41 -0.33 0.16 0.00 0.71  0.90 0.14 -0.23 0.18  0.90 0.16 0.05 
Pb -0.18 0.13 0.18 0.82 0.31 -0.53 0.70  0.83 0.34 -0.17 0.22  0.85 0.18 0.26 
Zn 0.28 0.74 -0.19 0.46 0.08 0.27 0.82  0.86 0.07 0.06 0.24  0.07 0.99 0.11 
Th 0.07 -0.02 0.32 -0.09 0.62 -0.13 0.32  0.81 0.11 -0.13 0.44  0.75 0.40 0.30 
Ti 0.88 0.17 -0.17 -0.29 -0.33 0.92 -0.06  0.35 -0.90 0.01 -0.10  0.04 0.98 0.17 
Ba -0.02 0.84 0.16 0.45 0.34 -0.37 0.62  0.91 -0.03 -0.19 0.33  0.72 -0.03 -0.44 
V 0.82 0.07 0.31 -0.30 0.05 0.93 0.21  0.94 0.07 0.22 0.12  0.46 0.79 0.38 
U -0.48 -0.06 0.21 0.67 0.81 -0.26 0.35  0.44 0.02 -0.21 0.83  0.84 0.21 0.45 
Mo -0.32 0.15 -0.02 0.87 0.85 -0.18 0.23  0.52 0.07 -0.36 -0.08  0.56 0.13 0.78 
Zr 0.73 0.01 0.34 -0.48 -0.07 0.89 0.16  0.69 -0.56 0.18 0.01  0.17 0.95 0.19 
OC -0.29 0.88 0.21 0.06 0.54 -0.76 0.08  0.42 0.75 0.02 -0.04  0.86 -0.14 0.43 

The bold values represent significant positive/negative correlation among the variables in each factor 


