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Abstract 

Mineralogy, major elements (Fe, Mn and Al), rare earths and yttrium (REY) of bulk sediments were 

analyzed in four gravity cores recovered along the main channel of the Mandovi estuary, western India, 

to determine the sources and controls on REY distribution. The accelerator mass spectrometer (AMS) 

ages of total organic carbon indicated modern age for the sediments of the upper estuary and, 

maximum mean ages of 1588 years A. D. and 539 years A.D. for the bottom sediments of the cores in 

the lower estuary and bay, respectively. The sediments of the upper/middle estuary showed abundant 

hematite, magnetite and goethite and high Fe, Mn, total-REE (ΣREE) and Y, while those in the lower 

estuary/bay showed abundant silicate minerals and relatively low Fe, Mn, ΣREE and Y. ΣREE showed 

significant correlation with clay and silt fractions and Y, Al and organic carbon (OC) content of the 

sediments. The light to heavy REE ratios (LREE/HREE) of sediments were lower than in Post-Archean 

Australian Shale (PAAS). The PAAS-normalized rare earths and yttrium (REY; Y inserted between Dy 

and Ho) patterns of sediments showed middle REE (MREE)- and HREE-enrichment with positive Eu 

anomaly (Eu/Eu*) and variable Ce anomaly (Ce/Ce*). The REY of sediments is primarily controlled by 

its texture and REE of source sediment, which is ore material-dominated in the upper/middle estuary 

and silicate material-dominated in the lower estuary/bay. Low LREE/HREE ratios suggest that very 

fine-grained sediments were carried away from the estuary because of high-energy conditions. 

Fractionations of REY (Y/Ho, Sm/Nd, Ce/Ce* and Eu/Eu*) are controlled by different mechanisms. High 

Y/Ho ratios in clayey silts are due to redistribution of Y and Ho by adsorption onto organic-rich, clays. 

Variations in Sm/Nd ratios are similar to that of Eu/Eu* in cores from the lower estuary/bay and are 

controlled by mineral constituents of the sediments. Positive Ce and Eu anomalies are inherited from 

ore material, and ore material and source rocks, respectively. Negative Ce anomaly is related to source 

rock material and influenced by lanthanum enrichment at certain sediment intervals.   
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1. Introduction 

The rare-earth elements (REE), La to Lu, are widely used as tracers of geochemical processes in a 

wide variety of sedimentary environments. REE are useful for determining petrogenetic histories of 

rocks (Shields and Stille, 2001). Several investigators reported dissolved and particulate REE in fluvial 

systems and identified the influence of weathering on fractionation of REE and yttrium  (Nesbit, 1979; 

Nesbit et al., 1990; Nozaki et al., 1997; Andersson et al., 2006; Ma et al., 2007) and control of source 

rock composition on REE of sediments (Singh and Rajamani, 2001; Yang et al., 2002). The dissolved 

and particulate REE are affected by both flocculation and precipitation processes at the mixing zone of 

fluvial and seawater. Geochemical processes identified at this stage are large scale removal of 

dissolved fluvial REE (in particular light REE) (Sholkowitz and Szymezak, 2000; Nozaki et al., 2000), 

salt-induced coagulation of river colloids (Elderfield et al., 1990) and REE adsorption on Fe-organic 

colloids (Sholkovitz and Elderfield, 1988; Sholkovitz, 1993) and particulate organic carbon (Byrne and 

Kim, 1990; Sholkovitz, 1992; Schijf et al., 1995; Arraes-Mescoff et al., 2001; Haley et al., 2004). 

Fractionation of REE, especially light to heavy REE and Ce relative to other REE develops in a river-

estuarine system. Although Y and Ho have similar ionic radii, the seawater ratios of Y/Ho are 

approximately 2 times higher than the crustal values (Nozaki et al., 1997), suggesting fractionation of Y 

and Ho must take place during weathering and riverine transport or in marine conditions. Bau et al. 

(1995) suggested fractionation of Y to Ho takes place largely in rivers and estuaries, whereas Nozaki et 

al. (1997 and 2000) suggested most prominent fractionation in estuaries and seawater. Although both 

Sm and Nd are mobile during weathering, REE-bearing minerals and differential weathering of 

constituent minerals, for instance removal of less susceptible minerals like feldspar, would grossly 

change the Sm/Nd ratio. Therefore the Sm/Nd ratio of the weathered soil depends on primary residual 

phases and secondary phases produced during transformation of rock to a soil layer (Viers and 

Wasserburg, 2004; Bau and Zhao, 2008; Feng, 2010). Several investigators identified the factors 

(source rock composition, grain size and mineralogy) that control REE distribution in surficial sediments 

(Cullers et al., 1987; Klaver and van Weering, 1993; Yang et al., 2002; Borrego et al., 2005; Censi et 

al., 2007; Prego et al., 2009; Jung et al., 2012). There are a few studies on cycling of REE during early 

diagenetic decay of organic matter in estuarine sediments (López-González et al., 2012; Morgan et al., 

2012). Investigations on marine sediments have revealed the REE patterns in sedimentary systems are 

influenced by both depositional environment (Murray et al., 1990, 1992) and diagenetic processes 

(Milodowski and Zalasiewicz, 1991; Murray et al., 1992). Nozaki et al. (2000) suggested Nd and other 

REE are released back to seawater from sediments in high salinity regions of estuaries. Therefore, the 

REE that reach the oceans are the products of source rock composition, fractionation during 
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weathering and sum of geochemical (depositional and diagenetic) processes in estuaries. 

Investigations on bottom sediments of the estuaries help us to understand the processes involved in 

controlling the distribution and fractionation of REE. The purpose of this paper is to report the down 

core distribution of REE and Y in four sediment cores collected along transect of the Mandovi estuary, 

western India (Fig. 1) and to determine the factors controlling their distribution and fractionation.  

1.1 Study area 

 The Mandovi River is a major river in the state of Goa. The Mandovi estuary (Fig. 1) is ∼50 km 

in length and experiences two extreme conditions: It receives abundant river run off (~258 m3s-1; Vijith 

et al., 2009) during the wet monsoon period (June-September) and negligible runoff (~6 m3s-1) during 

dry period (October–May). As a consequence, this estuary acts largely as an extension of river during 

wet period and an extension of sea during dry period. This estuary is mesotidal and the tidal ranges are 

2.3 and 1.5 m during the spring and neap tides, respectively (Manoj and Unnikrishnan, 2009). 

Circulation in this estuary during dry period is dominated by tidal and wind-induced currents and 

intrusion of saline water was reported as far as 45 km from the mouth of the estuary (Manoj and 

Unnikrishnan, 2009). High-energy conditions are prevailed in the lower estuary/bay both during 

monsoon and pre-monsoon because of consistent estuarine turbidity maximum (Rao et al., 2011). 

Mangroves are abundant on the shores of the estuary. Productivity in the estuary is low during wet 

period and abundant during dry period. Mining of ore deposits is an important industrial activity in the 

state of Goa. Fe-Mn ores brought from the mines are stored on the shores of the estuary. Ore deposits 

are loaded on to barges at several shore stations in the upper/middle estuary, transported through the 

estuary to the port for export. Several investigators reported the concentrations and composition of the 

suspended particulate matter (SPM) and bottom sediments in the Mandovi estuary (Kessarkar et al., 

2010, 2013; Rao et al., 2011; Shynu et al., 2011, 2012, 2013). In this study we report the REE of 

sediments in gravity cores collected along the main channel of the Mandovi estuary and Aguada Bay 

(Fig. 1). Prajith et al. (2014) reported magnetic properties of sediments in these cores. 

The entire territory of Goa is covered by rocks of the Goa Group belonging to the Dharwar-

Super Group (Western Dharwar Craton - WDC) of the Archean-Proterozoic age, except for a narrow 

strip in the northeastern corner of the territory which is covered by Deccan Traps of the Upper 

Cretaceous-Lower Eocene age (Gokul et al., 1985). The WDC is predominantly made up of green 

schist of metamorphic rocks and Tonalite-Trondhjemite Gniesses (TTG), and are characterized by high-

Mg basalts and komatiites with metavolcanics and meta-sedimentary rocks (Naqvi, 2005). The Mandovi 

River and its tributaries largely drain through the Bicholim formation of the Goa group in the hilly region 
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and Al- and Fe-laterites formed by deferrification of Pre-cambrian rocks at the low level (Fig. 1). The 

Bicholim formation is represented by quartz-chlorite-amphibole schists, metapyroclasts and tuff with 

calcareous, manganeferous and ferruginous (banded-iron formations - BIF) ore deposits (Gokul et al., 

1985). 

2.0 Materials and methods 

Sediments from four gravity cores one each from the upper, middle and lower estuary and 

Aguada Bay off the Mandovi River (Fig. 1) were investigated. The sediment length recovered in each 

core varied from 79 cm to 47 cm and cores from upper/middle estuary were longer than in lower 

estuary/bay (see Fig. 2). The colour of the sediment was noted, immediately after cutting the core. The 

sediments in cores were sub-sampled at every 1 cm interval and were dried at <50°C.  

Grain size analysis: Grain size analysis of sediments was carried out on 130 sub-samples from four 

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-ionized water until the pH becomes 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 shown in Figs. 2A-2D.  

Mineralogy of the sediments: Mineralogy of the bulk sediments (< 2000 μm size), 10 samples from 

each core, was analyzed by scanning sediment powders from 20° to 40° 2θ at 1° 2θ/min. on a Rigaku 

(Ultima 5) X-ray diffractometer, using nickel filtered Cu Kα radiation. Representative X-ray 

diffractograms are shown in Fig. 3. For clay mineralogy the oriented clay slides were prepared for each 

sample and analyzed from 4° to 20° 2θ at 1° 2θ/min and minerals were identified.    

Radiometric dating of sediments: Radiometric dating of sediments by excess 210Pb method was 

attempted. The results (see below) suggest that this method is not suitable to determine the rates of 

sedimentation. The rates of sedimentation are expected to be more in the upper estuary because of the 

proximity to terrigenous source and intense ore handling activity. Keeping this in view, we have 

selected 2, 3 and 4 sediment intervals from the cores of the upper estuary, lower estuary and bay, 

respectively for determining the age of the total organic carbon (TOC). The sediment samples were 
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acidified to remove inorganic carbon, dried and radiocarbon dating of TOC was carried out by 

accelerator mass spectrometer (AMS), using NOSAMS facility at the Woods Hole Oceanographic 

Institution, USA. The radiocarbon ages thus obtained were calibrated to calendar ages using CALIB 7 

(MARINE 13) (Stuiver and Reimer, 1993) and CaliBomb (http://www.calib.org) (Reimer et al., 2004) 

radiocarbon calibration programs and the results are shown in Table 1.   

Geochemical analyses: Homogenized, bulk sediment (<2000 μm size) powders 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 (OC) 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 four 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. Final residue was dissolved with 4 ml of 1:1 of Milli-Q water and HNO3, and 1 ml of 1 μg/g 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) and blank (without 

sediment). Sample solutions were analyzed for yttrium (Y) and 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 2 shows certified values of major metals 

and REE and values obtained in our experiments for MAG 1. The reproducibility of the analyses for 

major metals and REE were better than ±10% and ±5, respectively. The range and mean 

concentrations of metals in core sediments are shown in Table 3. Following Rollison (1993), the REE 

were subdivided into light REE (LREE: La-Nd), middle REE (MREE: Sm-Ho) and heavy REE (HREE: 

Er-Lu). The Ce and Eu anomalies were calculated following Taylor and McLennan (1985):  

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

Eu/Eu* (Eu anomaly) = EuCN / (SmCN×GdCN)1/2;  

CN denotes the concentration normalized with respect to PAAS.  
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3. Results 

3.1 Colour and grain size of the sediments 

Down core variations in colour, grain size and geochemical parameters of the sediments are shown in 

Figs. 2A-D. The colour of the sediment was largely reddish brown / brown in cores from the upper / 

middle estuary. Brown to dark brown or brown to greenish coloured sediments were present in cores 

from the lower estuary. The sediments in cores from the upper and lower estuary were clayey silts with 

intermittent intervals of high sand content (Figs. 2A and 2C). The sediments from middle estuary were 

sandy silts at lower sections and silty sands at upper sections of the core (Fig. 2B). The sediments of 

the bay were sandy at lower sections and sandy silts at upper sections amid a layer of clayey silts (Fig. 

2D).  

3.2 Mineralogy of the sediments 

 Magnetite, hematite and goethite were predominant in ore material (Fig. 3A). Quartz was the 

predominant mineral in sediments of all cores. Besides, ore-minerals (hematite, magnetite, goethite), K- 

and plagioclase feldspars were present in different proportions in all cores. The core from the upper 

estuary showed high proportions of ore-minerals and traces of plagioclase feldspar at lower sections 

(Fig. 3B) and decreasing proportions of ore-minerals and traces of plagioclase feldspar towards core 

top. The core from the middle estuary showed high proportions of ore-minerals and plagioclase feldspar 

at upper sections (Fig. 3C) and relatively low proportions of ore-minerals and distinct reflections of K- 

and plagioclase feldspars at lower sections (Fig. 3D). Reflections of ore-minerals and plagioclase 

feldspar were much smaller at all sections in the core from the lower estuary (Figs. 3E-F). The 

sediments from the bay showed traces of ore-minerals and plagioclase feldspar at upper sections (Fig. 

3G), traces of feldspar and absence of ore minerals at middle sections (Fig. 3H) and strong reflections 

of both K- and plagioclase feldspars at lower sections of the core (Fig. 3I). Kaolinite followed by minor 

illite continued to be present in clay fraction of all sediments.   

3.3 Distributions of Fe, Mn, Al and OC  

The Fe (13.9-31.7%) and Mn (0.3-2.0%) contents of sediments were extremely high in cores from the 

upper/middle estuary. Maximum Fe and Mn values in these cores were at least 7 and 22 times, 

respectively higher than those in PAAS (Table 3). The Fe and Mn of sediments were high at lower 

sections and decreased gradually towards core top in the upper estuary (Fig. 2A). The Fe content of 

sediments was relatively low and Mn high at lower sections and vice versa at upper sections in the core 

from the middle estuary (Fig. 2B). The mean Mn and Fe of sediments were 1.5-1.6 and 1.2-1.6 times, 
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respectively higher than those of PAAS in cores from the lower estuary and bay. The mean Al of 

sediments was lower than in PAAS in all cores (Table 3). The OC content ranged from 0.37% to 4.54% 

in different cores (Table 3). It was low at lower sections and increased gradually towards core top in the 

upper estuary (Fig. 2A). In the middle estuary the OC content was high (up to 2.6%) at lower sections 

and decreased with increasing sand content at upper sections of the core (Fig. 2B). The OC content in 

the lower estuary ranged from 0.99 to 4.2%, with lowest values coinciding with peaks of high sand 

content. Dark brown clayey silts in the lower estuary showed uniformly high OC content (3%; Fig. 2C). 

The sediments of the bay showed 0.37 to 3.12% OC, with lowest values associated with sandy 

sediments (Fig. 2D).  

3.4. Distributions of REE and Y  

The total-REE (ΣREE) and Y of sediments varied from 37 μgg-1 to 160 μgg-1 and 8.48 μgg-1 to 37.08 

μgg-1, respectively. The mean ΣREE and Y of sediments in all cores were lower than in PAAS and 

decreased gradually from upper estuary to the bay (Table 3). The light to heavy REE ratio 

(LREE/HREE) ranged from 13.8 to 21.6 and the mean ratios in different cores were lower than in PAAS 

(24.5; Table 3). This ratio was close to that of iron ore (17.04) at certain intervals in the upper estuary. 

Down-core distribution of ΣREE resembled that of Y in all the cores. The sediment intervals with high 

clay and silt contents displayed high OC, Fe, Mn, ΣREE and Y (see Figs. 2A and 2C) and those with 

relatively high sand content displayed low OC, Fe, Mn, ΣREE and Y (see Figs. 2B and 2D). Dark brown 

clayey silts in the core from the lower estuary displayed uniformly high OC, ΣREE and Y and, low Fe 

and Mn (Fig. 2C). Sandy sediments in the bay showed lowest OC, Fe, Mn, ΣREE and Y (Fig. 2D). 

ΣREE was significantly correlated with both clay and silt fractions (Figs. 4A-B) and inversely correlated 

with sand. The ΣREE and OC showed no correlation (n=79; r=0.03; p=0.74) in sediments of the upper 

estuary, but displayed moderate to strong correlation in sediments of the other cores (Fig. 4C). ΣREE 

showed no correlation with Fe in all cores but significantly correlated with Mn only in cores from the 

upper (n=79; r=0.51; p<0.001) and middle (n=72; r=0.69; p<0.001) estuary (Figs. 4D-E). The ΣREE and 

Al of sediments showed moderate correlation in the core from the upper estuary (n=79; r=0.55; 

p<0.001) and significant correlation in other cores (Fig. 4F). Fe and Al were not correlated in sediments 

of all cores.  

3. 5. Distributions of Y/Ho and Sm/Nd ratios  

The Y/Ho and Sm/Nd ratios varied from 24.23 to 30.7 and from 0.17 to 0.25, respectively in different 

cores; their mean ratio in each core increased from upper estuary to the bay (Table 3). Significant 

correlations were present between Y and Ho and Sm and Nd of sediments (Figs. 4G-H). The down-
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core variations of Y/Ho and Sm/Nd ratios in cores from the upper estuary distinctly differ from those in 

the other cores (Figs. 2A-D). The Y/Ho ratios were low at lower sections and increased marginally 

towards core top in the upper estuary (Fig. 2A). This ratio was equal to or close to that of PAAS at 

lower sections and increased gradually with increasing Fe content towards core top in the middle 

estuary (Fig. 2B). The cores from the lower estuary/bay showed highest Y/Ho ratios and lowest Sm/Nd 

ratios corresponding to clayey silts (Figs. 2C-D) and vice-versa in sand-dominated sediments (Fig. 2D).    

3.6. PAAS-normalized REE patterns 

PAAS-normalized rare earths and Y (REY; Y inserted between Dy and Ho) patterns showed MREE- 

and HREE-enrichment with positive Eu anomaly in sediments of all cores (Fig. 5). Besides, positive Ce 

anomaly was distinct throughout the core in upper estuary and at certain sediment intervals in the cores 

from the middle estuary and bay (Figs. 5A-B and 5D). The position of Ce anomaly was not clear for 

some sediment intervals in the other cores (Figs. 5B-D); this may be due to the anomalous La 

enrichment (Bau and Dulski, 1995). The plot of PAAS-normalized Ce anomaly vs. Pr anomaly (Fig. 6), 

however, showed the sediments of the middle and lower estuary plot in the field extending from positive 

to negative Ce anomaly with a few samples falling in the field of no Ce anomaly and positive La 

anomaly (field IIa in Fig.6). Similarly, the bay sediments showed a small positive Ce anomaly (Fig. 6). 

Ce anomaly and OC were inversely correlated in cores from the upper (n=79; r=-0.79; p<0.001) and 

middle estuary (n=72; r=-0.69; p<0.001) and showed no correlation in other cores (Fig. 7A). Positive Eu 

anomaly was characteristic of sediments in all cores. Down core variations of Eu anomaly resembled 

those of Ce in sediments of the upper/middle estuary (Fig. 2A-B). The Eu anomaly, similar to that of 

Sm/Nd ratio, was highest in sandy sediments and lowest in clayey silts in the core from the Aguada Bay 

(Fig. 2D). The Eu anomaly and OC showed no correlation in cores from the upper/middle estuary and 

inverse correlation in cores from lower estuary/bay (Fig. 7B). PAAS-normalized ratios of La/Yb (La/Yb)n 

showed significant correlation with OC in all cores (Fig. 7C) and good correlation with Al, except in the 

core from the upper estuary (Fig. 7D).  

3.7. Age of the sediments 

 The sediments from the upper/middle estuary showed very high and uniform 210Pb excess activity (∼25 

dpm/g), more than the expected natural decay of 226Ra from the sediments from surface down to 8-9 

cm in cores. On the other hand, the cores from the lower estuary and bay showed no excess 210Pb 

activity indicating that the sediments are older than the age dateable by excess 210Pb method. The AMS 

ages of TOC (Table 1), however, indicated that the sediments from upper estuary were modern, 
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whereas those from the lower estuary and bay showed maximum mean ages of 1588 years AD and 

539 years AD, at bottom section of the sediments in the respective cores (Table 1). 

4. Discussion 

4.1 Radiometric ages and sedimentation rates 

The very high 210Pb activity in sediments of the core from the upper estuary may be due to mobilization 

of radionuclides during or after radioactive decay. In estuaries shallow sediment mixing by benthic 

organisms and/or diffusion of radio-active nuclides from sediment-water interface would lead to 210Pb 

excess (Craig et al., 1973). As 238U is a grant parent for 210Pb, it may have some impact on the overall 
210Pb excess. However, Uranium values in the upper 10 cm of the core (2.4 to 3.4 μg/g) are close to 

that of Upper Continental Crust (UCC: 2.5 μg/g; Wedepohl, 1995). Diffusion of 226Ra due to benthic 

activity could have resulted in excess 210Pb. On the other hand, the sediments in cores from the lower 

estuary and bay show no excess 210Pb. Since intense tidal activity occurs at the mouth it is likely that 

the particulates with 210Pb are flushed out because of high energy conditions. TOC ages indicated 

modern age for the sediments of the upper estuary (Table 1) and are acceptable for the following: The 

mining activity and transportation of Fe-Mn ore through estuary started in early 1940’s. Since then the 

estuarine sediments have been contaminated by ore material. As the core locations in the upper/ 

middle estuary are in the vicinity of ore handling region and exhibit very high Fe and Mn contents 

(Table 3) throughout the cores it is likely that these sediments are modern and were deposited after 

1940. On the other hand, the sediments in cores from the lower estuary and bay show maximum ages 

of 1588 years A. D. and 539 years A. D., respectively at bottom sections of the cores (Figs. 2C-D). Age 

vs. depth plot indicates high sedimentation rate (1.24 cm/yr) at lower sections and low sedimentation 

rates at upper sections of the core from the lower estuary (Fig. 8A) and, very low sedimentation rates 

(0.018 to 0.082 cm/yr) in the bay (Fig. 8B). In other words, high energy environments prevailed in the 

lower estuary and bay because of the consistent presence of estuarine turbidity maximum (Rao et al., 

2011) which led to low sedimentation of modern sediments.  

4.2 Sources of REE in sediments of the Mandovi estuary 

Source rock composition and weathering play important roles in REE composition of the sediments. 

Source sediments for REE in the estuary are (a) the metamorphic rocks (schists, gneisses, Fe-Mn 

formations) upstream and (b) ferruginized laterites downstream of the Mandovi River (Gokul et al., 

1985) and (c) ore material flushed into the estuary during monsoon and spilled-over into the estuary 

during ore transportation. Since the cores are collected along transect of the estuary the REE of 
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sediments should largely be an admixture of different proportions of source sediments. The mineralogy 

and geochemistry of sediments in the cores should reflect the sources of REE.  

In the upper/middle estuary, the mean Fe of sediments is at least 4-5 times and Mn 7-13 times 

higher than in PAAS (Table 3). Abundant ore minerals (hematite, magnetite and goethite) (Figs. 3B-D) 

and high Fe and Mn of these sediments indicate that the REEs are predominantly derived from ore 

deposits. Prajith et al. (2014) reported high magnetic susceptibility values, similar to those of iron ore in 

the upper/middle estuary and suggested ore-dominated sediments in this part of the estuary. Shynu et 

al. (2011) reported PAAS-normalized REE patterns in SPM and bottom sediments of the Mandovi 

estuary and these patterns resemble that of ore material. On the other hand, abundant silicate minerals 

(quartz, K- and plagioclase feldspars and kaolinite), low proportions or absence of ore minerals (Fig. 

3E-I) and low Fe and Mn of sediments in cores from the lower estuary/bay (Table 3) suggest that the 

REE of sediments may be from silicate source with minor contribution from ore deposits. The PAAS-

normalized REE patterns of sediments (Fig. 5) are in broad agreement with the REE composition of 

major source sediments. For example, the MREE- and HREE enriched REE patterns with positive Ce 

and Eu anomalies in sediments of the upper estuary (Fig. 5A) and at certain intervals in middle estuary 

(Fig. 5B) resemble that of Fe-Mn ore, except that the ore material also exhibits positive Y anomaly (see 

Fig. 5A). The MREE- and HREE enriched patterns with positive Eu anomaly in sediments of the lower 

estuary/bay (Figs. 5C-D) largely resemble that of Tonalite-Trondhjemite Gneisses (TTG –Fig. 5C) and 

mafic-ultramafic rocks from Goa region (Dhoundial et al., 1987; Desai et al., 2009). In other words, the 

source material for REE changed from ore-dominated sediment in the upper/middle estuary to detrital-

dominated sediment in the lower estuary/bay. 

Weathering and estuarine processes favour fractionation of REE. Weathering of rocks results in 

preferential solution of HREE, producing a residue of soil enriched in LREE (Nesbitt, 1979; Nesbitt et 

al., 1990), which in turn is transported to the estuaries. Geochemical processes at low and mid- to high 

salinity regions of the estuary (see introduction) result in preferential removal of LREE and preferential 

release of HREE (Sholkovitz and Szymezak, 2000). Therefore the estuarine sediments are expected to 

show LREE-enriched REE patterns when normalized against PAAS.  Contrary to the above, LREE-

depleted and MREE- and HREE-enriched patterns are present in every core (Fig. 5). The mean 

LREE/HREE ratio of sediments in all cores (15.8-18.7) is much lower than in PAAS (24.66; Nance and 

Taylor, 1976), Upper Continental Crust (24.7; McLennan, 1989) and suspended sediments in 

world rivers (29.8; Viers et al., 2009), which exhibit LREE enrichment. The low LREE/HREE 

ratios and LREE-depleted REE patterns suggest that the very fine-grained, LREE-enriched particulates 

may not have been retained because of high-energy conditions in the estuary and were transported 
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farther into the sea. Silt-dominated sediments in all cores (Figs. 2A-2D) indeed attest that the high 

proportions of fine-grained material may have been carried away by currents. Therefore the REE of the 

sediments reflected largely the signatures of source sediment rather than their weathering products.  

 4.3 Controls on REE abundance  

Sediment texture and ΣREE content vary temporally in each core and spatially when compared among 

cores. Higher ΣREE values in clayey silts of the upper (Fig. 2A) and lower estuary (Fig. 2C) than in 

sands or sandy silts of the middle estuary (Fig. 2B) and bay (Fig. 2D) suggest fine-grained sediments 

contributed more REE. Significant correlations of ΣREE with clay (Fig. 4A) and silt (Fig. 4B) also argue 

that the bulk of REE are incorporated both in clay and silt fractions. Strong correlation of ΣREE with 

both clay (Fig. 4A) and Al of all sediments (Fig. 4F) indicates that the terrigenous material in clay 

fraction is an important REE source. Several workers reported that the detrital clays and clay minerals 

are important carriers of REE (see Taylor and McLennan, 1985; Condie, 1991; Coppin et al., 2002) and 

grain size of the sediments plays an important role in ΣREE distribution (Singh and Rajamani, 2001; 

Yang et al., 2002; Zhang et al, 2009; Jung et al., 2012). Cullers et al. (1987) reported higher REE 

contents in clay fractions than in their source rocks and attributed the REE enrichment in clays to 

intense chemical weathering.  

High Fe, Mn and ΣREE values (Table 3) and, sediment intervals with peak high Fe and Mn 

corresponding with peak high ΣREE (Fig. 2A) in cores from the upper/middle estuary indeed point to 

ore material as the dominant source for REE. REE have high affinity to co-precipitate and adsorb onto 

Fe-Mn oxyhydroxides (Elderfield et al., 1990; Andersson et al., 2005; Marmolejo-Rodriguez et al., 

2007). Despite high Fe and Mn contents, Fe shows no correlation with ΣREE (Fig. 4D), and Mn shows 

moderate correlation with ΣREE only in cores from the upper/middle estuary (Fig. 4E). Moreover, there 

is no change in ΣREE profile despite gradual decrease of Fe and Mn towards core top in the upper 

estuary (Fig. 2A). Two possibilities are considered for the immobility of ΣREE. (a) As the decrease in Fe 

and Mn of sediments corresponds with increase in OC, Al and (La/Yb)n  towards core top in the upper 

estuary (Fig. 2A), it is likely the decrease in ΣREE from ore material is compensated by increasing 

supply of REE from terrigenous and organic source and therefore no significant change in ΣREE 

profile. (b) Since OC content increases towards core top, the reduced Fe and Mn during early 

diagenetic decay of organic matter may have been flushed to the sediment-water interface leaving 

sediment with low Fe and Mn; this resulted in weak correlations of Fe and Mn with ΣREE. Higher 

reactivity and faster mobility of Fe than that of Mn (see Sholkovitz, 1978; Zhou et al., 2003) may be 

responsible for greater negative relationship of Fe with ΣREE. Decreasing Ce anomaly (Ce/Ce*) 
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towards core top (Fig. 2A) and inverse correlation of Ce/Ce* with OC (Fig. 4A) may be due to the 

influence of early diagenesis. Organic-rich, sandy silts at lower sections of the core in middle estuary 

correspond to relatively low Fe and high Mn and Al (Fig. 2B), negative Ce anomaly (field IIIb in Fig. 6) 

and no change in ΣREE profile, This observation is in support of early diagenesis. The organic-rich, 

dark brown clayey silts at lower sections of the core in lower estuary (Fig. 2C), however, exhibit 

relatively low Fe and high ΣREE and no change in ΣREE profile in relation to the variations in Fe and 

Mn. These sediments show no Ce anomaly but La enrichment (field IIa in Fig. 6), suggesting immobility 

of REE could be due enrichment of REE from other sources.  

Relatively high OC in clayey silts (see Fig. 2A and Fig. 2C), low OC in sand/sitly sands (Fig. 2B 

and Fig. 2D) indicate that the fine-grained sediments are better hosts for OC. Peaks of high OC 

correspond well with peaks of high ΣREE in the upper estuary. Increase in OC content towards core top 

coincides with increase in (La/Yb)n (Fig. 2A) and, both are directly correlated (Fig. 7C). Similarly, OC 

also shows moderate to strong correlation with ΣREE in other cores (Fig. 4C). Moreover good 

correlations exist between OC and (La/Yb)n (Fig. 7C) and (La/Yb)n  and Al (Fig. 7D). It may be that the 

preferential adsorption of LREE onto OC and associated detrital material could have scavenged and 

supplied REE to the sediment. Several workers reported that REE are strongly complexed by humic 

organic substances and organic matter act as dominant sorbent for REE (Elderfield et al., 1990; Byrne 

and Kim, 1990; Sholkovitz, 1992; Sholkovitz et al., 1994; Pourret et al., 2007; Tang and Johannesson, 

2010). 

4.4. Y/Ho ratios in sediments  

Yttrium (Y) and Ho have same ionic radii and similar geochemical behavior, but Y does not have 4f 

electrons (Kawabe et al., 1991). Remarkable fractionation between Y and Ho was suggested to occur 

during weathering and in estuarine-marine system and factors that cause fractionation include chemical 

weathering and different solution complexation and phosphate salt solubilities (Nozaki et al., 1997; 

Feng, 2010). In the present study Y is significantly correlated with Ho (Fig. 4G) and down core 

distribution of Y resembles that of ΣREE in sediments of all cores (Figs. 2A-2D); this suggests that the 

geochemical behavior of Y is similar to that of Ho and other REE. Ore material shows high Y/Ho ratio 

(31.98; Table 3) and positive Y anomaly when normalized against PAAS (Fig. 5A). Absence of Y 

anomaly in ore-material dominated sediments of the upper estuary (Fig. 5A) suggests huge mobility of 

Y during chemical weathering (Kawabe et al., 1991) and carrying away of dissolved Y by the waters. 

Since Ho would more easily be lost due to leaching (Ji et al., 2004) one would expect remarkable 

fractionation between Y and Ho. Lowest mean Y/Ho ratio (25.3), even lower than in PAAS (27) indeed 
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suggest their mobility. However, the narrow range of Y/Ho ratios (Table 3) and significant correlation 

between Y and Ho (Fig. 4G) suggest fractionation between Y and Ho is consistent and the Y/Ho ratios 

are unaffected; this could be due to redistribution of Y and Ho by adsorbing onto suspended 

particulates and subsequent deposition in sediments. For example, the marginal increase in Y/Ho ratios 

with increase in OC and Al content towards core top (Fig. 2A) may be due to adsorption of dissolved Y 

onto detrital and organic particulates. Marine conditions exist at core sites in the lower estuary and bay. 

Increase in the mean Y/Ho ratio from upper estuary to the lower estuary (Table 3) may reflect 

increasing fractionation between Y and Ho as one proceeds from estuarine to marine conditions 

(Nozaki et al., 1997). The wide range of Y/Ho ratios in the cores from lower estuary/bay may, however, 

be related to OC and grain size of the sediments. For example, highest Y/Ho ratios in organic-rich, 

clayey silts (Figs. 2C-D) may indicate greater adsorption of Y and Ho onto fine-grained particulates. 

Bau et al. (1995) and Nozaki et al. (1997) suggested that Y shows stronger tendency to adsorb onto 

solid particulates and Ho shows greater ability to adsorb onto organic material or HCO3-. Lowest Y/Ho 

ratios in sand-dominated sediments (∼25.87; Fig. 2D), close to that of PAAS (27) may indicate that 

these sands are relic, eroded from parent material (see discussion on Sm/Nd ratios). The Y/Ho ratios in 

different cores thus suggest very high mobility of Y during intense chemical weathering and 

redistribution of Y and Ho by adsorbing onto organic and clay-rich particulates.  

4.5. Sm/Nd ratios   

The geochemical behavior of Sm and Nd during weathering is difficult to generalize because of varied 

REE-bearing mineral assemblages and differential weathering of constituent minerals (Viers and 

Wasserburg, 2004; Bau and Zhao, 2008; Feng, 2010). Intense chemical weathering of rocks results in 

huge mobilization of less resistant minerals and elements and depletion of REE (Viers and 

Wasserburg, 2004). Removal of less susceptible minerals like feldspars would grossly increase the 

Sm/Nd ratio of the remaining rock, with very low Sm/Nd ratios in weathered products such as clays. 

Strong correlation of Sm and Nd in sediments of all cores (Fig. 4H) suggests their similar geochemical 

behavior during weathering and Sm/Nd ratio is unaffected. The Sm/Nd ratios of the sediments 

investigated here (Table 3) appear related to the nature of sediments. The Sm/Nd ratio of ore material 

is 0.27. Lowest mean Sm/Nd ratio (0.20), despite ore-dominated sediments in the upper estuary 

suggests strong mobilization of both Sm and Nd during weathering of ore deposits. The low Sm/Nd 

ratios at lower sections and increasing ratios towards core top (Fig. 2A) are in accord with high Fe and 

Mn at lower sections and increasing silicate material towards core top. The decrease in Sm/Nd ratios at 

upper sections of the core in middle estuary (Fig. 2B) also points to the increasing influence of ore 

material towards core top. The sediments of the lower estuary/bay are silicate-dominated and contain 
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abundant quartz followed by feldspars (Figs. 3E-I) and its intense chemical weathering products, like 

kaolinite. K-feldspars are altered to kaolinite during chemical weathering. The Sm/Nd ratios are lowest 

in clayey silts of the lower estuary and bay (Figs. 2C-D) and highest in sand-dominated sediments of 

the bay (Fig. 2D). Clayey silts represent fine-grained, weathered products of parent rock. Traces of 

feldspar or plagioclase feldspar and kaolinite in clayey silts (Figs. 3E-F and 3H) imply that most of the 

feldspars and Sm and Nd are lost during weathering resulting in low Sm/Nd ratios in clayey silts. On the 

other hand, sand-dominated sediments showed both K- and plagioclase feldspars (Fig. 3D; Fig. 3I) 

implying that the sands may not have been subjected to intense weathering and therefore retained 

even less susceptible minerals such as K- and plagioclase feldspars and high Sm/Nd ratios. In other 

words, the sandy sediments may represent relic sands, eroded and transported from basic rocks. The 

Eu anomaly values are high in sandy sediments and also support this argument (see below). Therefore, 

the Sm/Nd ratio of sediments is controlled by weathering of ore material in the upper/middle estuary 

and mineral constituents retained in sediments of the lower estuary/bay.  

4.6 Ce and Eu anomalies  

Ce is a redox sensitive element and oxidation of Ce3+ to Ce4+ can be used as an indicator of reducing 

conditions in the sedimentary environment (Akagi and Masuda, 1998; Christopher and Elderfield, 

1990). Oxidation conditions result in the precipitation and enrichment of Ce, whereas reductive 

conditions result in negative Ce anomaly in sediments. The sediments investigated here exhibit variable 

(positive to negative) Ce anomaly (Ce/Ce*; Fig. 5). For example, the consistent, positive Ce/Ce* in 

sediments of the upper estuary (Fig. 5A) indicates its inheritance from ore material. However, the 

gradual decrease of Ce/Ce* with increasing OC towards core top (Fig. 2A) and inverse correlation 

between OC and Ce anomaly (Fig. 7A) in the same core indicate some Ce may have been oxidized 

and mobilized during early diagenetic decay of organic matter, leaving underlying sediments with 

relatively depleted Ce. The Ce anomaly values in the middle estuary extend from positive Ce anomaly 

to negative Ce anomaly (Fig. 6). Positive Ce anomaly corresponding with high Fe and low OC at upper 

sections of the core again indicates its inheritance from ore material. The negative Ce anomaly at lower 

sections (Fig. 6) coinciding with high OC and relatively low Fe at lower sections indicates probable 

reducing conditions developed during early diagenesis. The cores from the lower estuary and bay are 

dominated by silicate material. Minor fluctuations in Ce anomaly values between 0.8 and 1.1 (close to 

1.0) in clayey silts of the lower estuary may be due to the influence of source rock material from the 

hinterland and enrichment of La associated with clayey silts.  
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Positive Eu anomaly is a consistent feature in sediments of all cores (Fig. 5). Since Eu anomaly 

is characteristic of ore material as well as metamorphic rocks (Fig. 4A and 4C) it may have been 

inherited from them. Unlike Ce anomaly, the Eu anomaly values vary in a narrow range, except in the 

core from the bay (Table 3; Figs. 2A-D). Eu can be reduced from trivalent to divalent state only under 

strong reducing conditions. Narrow range and, weak to moderate negative correlations of Eu anomaly 

with OC in cores from the upper/middle estuary (Fig. 7B) may indicate that the sediments in these 

cores may not have experienced very strong reducing conditions. Dark brown clayey silts in the lower 

estuary indeed show relatively uniform and low Eu anomaly values suggesting Eu may have been lost 

in fine-grained weathering materials. On the other hand, Eu anomaly values are high and are 

associated with high sand content in the bay (see Fig. 2D) and middle estuary (Fig. 2B) that contain 

both K- and plagioclase feldspars. Feldspars, especially plagioclase feldspar, exhibit high values of 

positive Eu anomaly. Down-core variations of positive Eu anomaly resemble that of Sm/Nd. The sands 

are relic, probably transported from hinterland and retained the positive Eu anomaly, as in the source 

rocks.  

5. Conclusions 

Mineralogy, major elements (Fe, Mn, Al), rare earths and yttrium (REY) of the sediments in cores from 

the Mandovi estuary indicate ore material-dominated sediments in the upper/middle estuary and silicate 

material-dominated sediments in the lower estuary/bay. REE are located both in clay and silt fractions 

of the sediment. Low LREE/HREE ratios suggest loss of fine-grained weathering material from the 

estuary because of high energy conditions. The Sm/Nd ratio depends on mineral constituents retained 

in sediments. Lowest Sm/Nd ratios associated with clayey silts and vice–versa in sandy sediments 

indicate strong mobilization of these elements during weathering. The high Y/Ho ratio of clay-dominated 

sediments suggests that these elements are redistributed after released from the weathering profile by 

adsorbing onto organic, clay particulates. PAAS-normalized REE patterns are in agreement with source 

sediment REE in respective cores. Positive Ce and negative Ce anomalies are controlled by ore 

material and source rocks, respectively. Eu anomaly is inherited from ore material and also controlled 

by sediment constituents.  
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Figure captions 

Fig. 1. Map showing the location of sediment cores in the Mandovi estuary, western India. Upper 

estuary, middle estuary and lower estuary and bay are also marked in the figure. Geology of the 

Mandovi River basin is also shown.  

Fig. 2. Down core distribution of various parameters (colour, grain size (sand/silt/clay), organic carbon 

(OC), Fe, Mn, Al, ΣREE, Y, Y/Ho, Sm/Nd, (La/Yb)n, Ce/Ce* and Eu/Eu*) in sediments from the 

upper (A), middle (B) and lower estuary (C) and bay (D).  Vertical dashed lines on the down 

core distribution of Y/Ho and Sm/Nd ratios represent their PAAS values. 

Fig. 3. (A). X-ray diffractogram of the ore material, (B-I) Representative X-ray-diffractograms of the 

sediments in different cores. Q-quartz, H-hametite, M-magnetite, G-goethite, P-F Plagioclase 

feldspar, K-F – potash feldspar.    

Fig. 4. Correlations of ΣREE with total clay (A), silt (B), organic carbon (OC) (C), Fe (D), Mn (E) and Al 

(F) in sediments of all cores from the Mandovi estuary. Correlations of Y with Ho (H) and Sm 

with Nd (G) in sediments of all cores are also shown.   

Fig. 5. Representative PAAS-normalized rare earths and yttrium (REY) patterns of sediments in cores 

from the upper (A), middle (B), lower estuary (C) and bay (D). The PAAS-normalized REE 

patterns of Iron ore material (in Fig. 5A) and Trondhjemite gneiss (REE data from Dhoundial et 

al., 1987) (in Fig. 5C) are also shown. Sediment interval, OC content and ΣREE of the 

sediments for which the REE pattern obtained can also be seen.    

Fig. 6. Plot of Ce anomaly (Ce/Ce*) and Pr anomaly (Pr/Pr*) of sediments when normalized against 

PAAS on the graph of Bau and Dulski (1996). Field I: neither Ce nor La anomaly; field IIa: 

positive La anomaly, no Ce anomaly; field IIb: negative La anomaly, no Ce anomaly; Field IIIa: 

positive Ce anomaly; field IIIb: negative Ce anomaly.      

Fig. 7. Correlations of organic carbon (OC) with Ce/Ce* (A), with Eu/Eu* (B), with (La/Yb)n (C), and 

(La/Yb)n with Al (D) of sediments in different cores from the Mandovi estuary.   

Fig. 8. Plots showing Depth vs. mean calibrated radiocarbon ages of total organic carbon of the 

sediments in the core from the lower estuary (A) and Aguada Bay (B). Horizontal line represents 

the range.     
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