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ABSTRACT 

Distribution of metals in different binding phases of marine sediments provides chemically 

significant description of metal-sediment interactions.  This study describes the influences of ligand 

field stabilization energy (LFSE), Jahn-Teller effect and water exchange rate (k-w) on metal 

distribution in different binding phases of estuarine sediments. It was found that Cu had highest 

affinity for organic binding phases in the studied sediments followed by Ni and Pb. However, Pb 

showed strong association with Fe/Mn-oxide phases followed by Ni and Cu. Faster k-w of Cu (II) 

(1×109 s-1) increased the rate of complex formation of Cu2+ ion with ligand in the organic phases. 

The Cu-ligand (from organic phase) complexes gained extra stability by the Jahn-Teller effect. The 

combined effects of these two phenomena and high ionic potential increased the association of Cu 

with the organic phases of the sediments than Ni and Pb. The smaller ionic radii of Ni2+ (0.72 Å) 

than Pb2+ (1.20 Å) increase the stability of Ni-ligand complexes in the organic phase of the 

sediments. High LFSE of Ni (II) (compared to Pb2+ ions) also make Ni-organic complexes 

increasingly stable than Pb. High k-w (7×109 s-1) of Pb did not help it to associate with organic phases 

in the sediments. The high concentration of Pb in the Fe/Mn-oxyhydroxide binding phase was 

probably due to co-precipitation of Pb2+ and Fe3+. High surface area or site availability for Pb2+ ion 

on Fe-oxyhydroxide phase was probably responsible for the high concentration of Pb in Fe/Mn 

oxyhydroxide phase. Increasing concentrations of Cu in organic phases with the increasing Cu-

loading suggest that enough binding sites were available for Cu in the organic binding phases of the 

sediments. This study also describes the influence of nature of sedimentary organic carbon 

(terrestrial and marine derived OC) in controlling these metal distribution and speciation in marine 

sediment. 

Key words: ligand field stabilization energy (LFSE); Jahn-Teller effect; water exchange rate (k-w); 

sequential extraction, metal-sediment interactions; marine sediment 
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Introduction 

Chemical interactions of metals with different ligands in estuarine sediment determine their 

physicochemical forms in the estuarine system.  Mobility, bioavailability and toxicity of metals in 

sediment are controlled by their physicochemical forms in the sediments (Tack et al.,1995; Stone and 

Marsalek,1996; Clozel et al.,2006;Violante,et al.,2010; Chakraborty et al.,2015). Several sequential 

chemical extraction protocols have been proposed and widely used to quantify the distribution, 

speciation and bioavailability of metals in marine sediments (Tessier et al.,1979; Kersten and 

Förstner,1986;  Gleyzes et al.,2002). Sequential extraction protocols are widely used to estimate 

bioavailable metal fractions associated in marine sediments (Chakraborty et al., 2012a; Chakraborty 

et al., 2014; Chakraborty et al.,2015a; Chakraborty et al 2015b;). Geochemists have used different 

sequential extraction protocols to quantify the fractions of total metals involved in authigenesis 

(removal from the dissolved to the particulate phase) and their remobilization during the early 

diagenesis or resuspension of deposited sediments. Sequential partitioning of transition elements in 

Pacific pelagic sediments has also been reported to predict the source rock of the sediments by 

looking at the residual metal percentages in the sediments (Forstner and Stoffers, 1981). 

However, there are only few studies that have attempted to understand the influences of metal 

chemistry on metal- heterogeneous binding ligands interactions in marine sediments. .  

There are several studies available in literature that have vividly discussed about the influences of 

metal chemistry on metal speciation in aquatic environment (Tessier and Turner,1995; Florence et 

al.,1992). Three factors have been identified (Sekaly et al., 1999; Fasfous et al., 2006; Chakraborty 

and Chakrabarti, 2008; Chakraborty et al., 2012b) to influence trace metal speciation in freshwater 

environment: (1) metal to ligand mole ratio, (2) ionic potential (z2/r), and (3) Ligand Field 

Stabilization Energy of metals. The importance of considering the valence-shell electron 

configuration in studying trace metal speciation in freshwater environment has also been projected.  

It has also been documented that the rate of complex formation and stability of the formed complex 

determine the speciation of the metals in aquatic environment.  If the rate of complex formation of a 

metal (M) with natural ligand (L) is faster and the stability of the formed complex (M-L) is higher 

(compared to the other metals in the system) then the metal (M) will be more associated with the 

ligands (L) than the other metals present in the system. A metal with fast kinetics of complex 

formation with high stability of the metal complex may out-compete other metals from complex 

formation with the same ligands in marine environments.   
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However, the influences of different factors such as (i) metal-ligand ratio (ii) ionic potential of 

metals (iii) water exchange rate (iv) ligand field stabilization energy (LFSE) on metal speciation in 

marine sediments are not known.  This study is the first attempt to understand the influences of 

above factors on metal distribution and it complex formation with different binding phases of 

estuarine sediments.  

This study also aimed to show the importance of type of sedimentary organic matter (terrestrial and 

marine organic matter (OM) from in situ biological production) in controlling metal speciation in 

estuarine sediments.  

The objectives of this study were to test whether the factors such as (i) metal-ligand ratio (ii) ionic 

potential of metals (iii) water exchange rate (iv) ligand field stabilization energy (LFSE) and (v) 

nature of sedimentary organic carbon have any role in controlling the distribution and speciation of 

metals in estuarine sediments. In this study, modified BCR protocol was used to understand the 

distribution of nickel (Ni), copper (Cu) and lead (Pb) in different binding phases of tropical estuarine 

sediments. 

Materials and Methods: 

Study area: 

The sediment samples were collected from the Vembanad Lake in Kerala, west coast of India. It is 

the longest (stretching about 90 km) and largest brackish-water lake of India. The Vembanad 

wetland system has formed an intricate network of estuaries, lagoons and canals. The lake is well 

connected to Arabian Sea through two openings (at Kochi and Azhikode). This lake is regularly 

influenced by mixed semidiurnal tides. However 1.5 km long Thannirmukam bund (dividing the 

whole lake in two parts, viz north and south) prevents intrusion of saline water to the southern part of 

the lake (Figure 1). Thus, northern and southern part of the lake exhibit two different sub-

environments as the northern part is  brackish and southern part of the lake is freshwater dominated 

(Nath et al., 2000).  Salinity of surface water in the northern part of the lake vary from fresh-water 

condition (during S-W monsoon) to 34‰ (during inter-monsoon) at location near bar mouth (Verma 

and Subramanian, 2002). The average salinity of southern part of the lake reduced from 23 ‰ to 2.8 

‰ due to building of Thannirmukkam bund. Average value of dissolved oxygen (DO) at surface 

during pre-monsoon time remains high at ~ 5 mg/l and pH varies from 5.86 to 8.91 (Nasir 2010). 

Sediments undergo periodic anoxia (Eh ≈ -242 to -160mV) below an oxygenated water column 

(Gireeshkumar 2013).  Very high concentration of Chlorophyll-a was reported due to additional 

input of nutrients due to anthropogenic activity. The fresh water discharge through the rivers is 
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maximum during monsoon (1346 m3s-1) and totaling to 22.41×103 Mm3 yr-1 (Revichandran et al. 

2011).  

Water depth in most part of the lake varies between 1.5 to 6 m (Murty and Veerayya, 1973). It 

receives about 320 cm rainfall during S-W monsoon (Gireeshkumar et al., 2013).  Major parts of the 

lake in the south are reclaimed for agricultural purpose. High sedimentation rates (0.5cm/yr) have 

been reported (Dinesh Kumar et al., 1994) in the Vembanad Lake. This high sedimentation rate is 

due to river discharge (south part) and the resulting tidal influx (north part). Eight stations were 

selected for our study covering most part of the lake (Figure 1). Sampling was done during pre-

monsoon time, March-April of 2012. The Thannermukkaom bund was closed during the sampling 

period. Sediments were collected by Van Veen Grab. Top layer from the sediment-water interface 

were collected and transferred to plastic bags, sealed and preserved in frozen condition until further 

analysis.  

Sediment texture: 

The frozen sediment samples (bulk) were dried at 35°C in oven. Textural analysis of the silt and clay 

particles (<63µm) was carried out by particle size analyzer (LPSA, Malvern Mastersizer 2000). The 

detailed procedure has been described in the literature by Ramaswamy and Rao (2006).  The data are 

presented as weight percentage (wt %) in this study. 

Elemental analysis: 

Both bulk sediment samples were analyzed for total carbon (TC), total inorganic carbon (TIC), total 

nitrogen (TN) content. TC and TN in sediments were determined by using Flash 2000 CHN-

elemental analyzer (Thermo Fisher Scientific Incorporation). Precision of the analysis was within ± 

5%. Soil NC was used as certified reference material. TIC was determined by coulometry (UIC 

coulometrics). Total organic carbon (TOC) was derived by subtracting TIC from TC.  

Sequential extraction method for metal speciation 

The sequential extraction protocols proposed by the European Community Bureau of Reference, 

usually called the BCR sequential extraction protocol (Ure et al., 1993) was used to understand the 

distribution of metals in the different binding phases of the studied sediments. This protocol allows 

us to determine the sum of ion-exchangeable, water soluble and carbonate/bicarbonate form of 

metals (Fr. 1): metals bound to Fe–Mn oxyhydroxides i.e., reducible fraction of metals (Fr. 2); 

concentrations of metals associated with organic matter and sulfide, i.e., oxidizable fraction of metals 

(Fr. 3) and residual metal fraction (Fr. 4) in sediment. All the extraction processes were performed in 

Teflon containers. The reagents used in this study were of analytical grade or better (suprapure). The 
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concentrations of Ni, Cu and Pb in each leach solution were directly measured by using graphite 

furnace-atomic absorption spectrometer (GFAAS) (Perkin Elmer PinAAcle 900T). The leaches were 

preserved in 2% HNO3 solution prior to analysis. BCR 701 (Sigma Aldrich) was used as a certified 

reference material (CRM) for modified BCR protocol. Before each step, two procedural blanks were 

run and the metal concentrations were found below detection limit. The optimized condition of the 

GFAAS has been reported by Chakraborty et al (2015a). Three replicates of each sample were 

analysed. Two reagent blanks were analyzed for every extraction. In all cases blank results were 

below the detection limit of the analytical technique. 

Results  

Distributions of sand, silt, clay, TOC, TN and total metals in sediment along the lake: 

The sediment texture is reported to be highly variable in estuaries including this Lake (Renjith and 

Chandrmohankumar 2007). Finer sediments were found in both north and southern side of the lake 

with a distinct coarsening on either side of the bund. This variation in texture may be result of 

variation in detrital sediment settlement from influence of mixing in the depositional environment.  

Sediments, collected at the middle of the lake (both side of the bund) was dominated by coarser 

particles. The average concentrations of sand, silt, clay) in the studied sediments are presented in 

Table 1. 

The concentration of TOC in the sediments was varying from 0.9-3.8%. The concentration of 

sedimentary TN was in the range of 0.1-0.4%. Significant positive correlation coefficient was found 

between the TOC, TN and the finer particles (silt + clay) content in the sediments. This indicates that 

TOC and TN had high affinity for the fine-grained sediment and strongly adsorb towards large 

surfaces of fine-grained sediments.  The concentration of trace metals (Ni, Cu, and Pb) in the studied 

sediment varied from the northern and southern part of the lake (Table 1). These metal 

concentrations were within the range reported from the other coastal sediments around India (Table 

2).  

The average concentrations of Ni, in the sediments were higher in the southern part of the lake 

(ranging from ~19.4 to 49.8 mg/kg with an average concentration of 37.2 mg/kg) than the northern 

part of the lake (ranging from ~21.1 to 36.1 mg/kg, with an average concentration of 28.1 mg/kg). 

However, the average concentrations of Cu and Pb, in the sediments were relatively higher in the 

northern part (Cu ranging from ~22.2 to 82.2 mg/kg, with an average concentration of 47.9 mg/kg 

and the concentrations of Pb ranging from ~24.4 to 34.2 mg/kg, with an average Pb concentration of 

31.5 mg/kg ) than the southern part of the lake (Cu concentrations ranging from ~26.5 to 51.5 mg/kg, 
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with an average Cu concentration of 37.9 mg/kg and Pb concentrations ranging from ~20.3 to 45.3 

mg/kg, with an average Pb concentration of 29.0 mg/kg). Distribution and speciation of these metals 

in the lake sediments were further determined by following BCR sequential extraction protocol. 

Chemical fractionations (speciation) of Ni, Cu and Pb in the sediments by using sequential 

extraction method  

Distribution and speciation of Ni, Cu and Pb in different binding phases of the sediments are 

described below.  

Ni speciation:  

Distribution of Ni in different binding phases of the  studied sediments is presented in Figure 2a. It 

shows that lowest fraction of total concentration of Ni (vary from ~ 0.8 to 3.0% of the total Ni) were 

present as water soluble, exchangeable and carbonate/bicarbonate-Ni complexes (Fr.1) in the 

sediments. However, the absolute concentration of Ni (~ 0.12 to 0.57 mg/kg) in Fr.1 gradually 

increased with the increasing total Ni concentrations in the sediments (Figure 2b).  

Association of Ni with Fe/Mn-oxyhydroxide binding phases (Fr.2) in the sediments were higher (4 to 

15% of the total Ni) (Figure 2a) than the Fr1. The concentration of Ni associated with Fe/Mn 

oxyhydroxide binding phase gradually increased (~0.9 to 5.0 mg/kg) with the increasing Ni loading 

in the sediments (R2=0.70) (Figure 2c). This indicates that Fe/Mn oxyhydroxide phase in the 

sediments acted as one of the important binding phases for Ni. The highest fractions of non-residual 

Ni (~ 22.0 to 27.0% of the total Ni) were found to associate with organic binding phases in the 

sediments (Fr 3) (Figure 2d).  The concentration of Ni in Fr.3 (associated with organic binding 

phases) gradually increased (~4.0 to 8.0 mg/kg) with the increasing Ni loading in the sediments 

(R2=0.93) (Fig. 2d). 

Major fractions of the total Ni (~9.5 to 22.0 mg/gm) were present within the structure of the 

sediments (Fr.4).  Figure 2e shows the variation of residual fraction with changing total Ni content 

in the sediments. The range of Ni concentrations in residual fraction of the sediment was in close 

correspondence with the geology of the adjacent source rock (granulitic terrain) (Nath et al. 2000).  

Figure 2f shows that the concentrations of Ni associated with organic phases (Fr 3) gradually 

increased with the Ni-to-TOC ratio; the results indicate a progressive increase in association of Ni 

with organic binding phase with the increasing Ni loading. The relative affinity of Ni for the 

different non-residual binding phases in the sediments was in the following order; organic carbon 

binding phase> Fe/Mn-oxyhydroxide phase> exchangeable, Carbonate/bicarbonate phases. 



7 
 

Cu speciation:  

Distribution and speciation of Cu in the studied sediments are shown in Figure 3. Association of Cu 

in different binding phases of the sediments is shown in Figure 3a. Concentration of Cu as water 

soluble, exchangeable and carbonate/bicarbonate complexes (Fr. 1) were low and found to vary from 

~0.3 to 3.0 % of the total Cu in the sediments (Figure 3b). Figure 3b shows that the absolute 

concentration of Cu (~0.1 to 0.9 mg/kg) in Fr.1 did not gradually increase with the increasing Cu 

loading in the sediments (unlike Ni) (R2=0.14). This indicates that enough binding sites were 

probably available for Cu to form thermodynamically stable complexes in the sediments.  This 

statement is based upon the assumption that Cu forms thermodynamically weaker complexes in Fr. 1 

than other binding phases.  

The fraction of total Cu associated with Fe/Mn oxyhydroxide binding phase (Fr 2) was found to vary 

from ~ 3.5 to 26.0%. Figure 3c shows that the concentration of Cu in Fr.2 gradually decreased (~6.2 

to 3.0 mg/kg) with the increasing Cu loading in the sediments (R2=0.50) (Figure 3c).   The highest 

factions of non-residual Cu were found to associate with organic binding phases in the sediments (Fr 

3) and probably the preeminent binding phase for Cu in the studied sediments.  The fraction of the 

total Cu associated with organic binding phase in the studied sediment was found to vary from ~ 15.0 

to 32.0%. The concentration of Cu associated with organic phases of the sediments gradually 

increased (~4.0 to 8.0 mg/kg) with the increasing Cu loading in the sediments (R2=0.75) (Figure 

3d).  

Geochemical fractionation study suggested that major part of the total Cu in the sediments was 

present within the structure of the sediments (Fr.4) (~12.0 - 58.0 mg/kg) and suggests that these 

sediments were mainly derived from the crustal sources with more felsic composition. Figure 3e 

shows that the concentrations of Cu in the residual fraction gradually increased with the increasing 

total Cu loading. 

Figure 3f shows that the concentrations of Cu associated with organic phases (Fr 3) gradually 

increased with the increasing Cu/TOC ratio in the sediments. The results indicate a progressive 

increase in complexation of Cu with different binding sites present in the organic phase with the 

increasing Cu/TOC ratio. The relative affinity of Cu for different non-residual binding phases in the 

sediments were in the following order; organic carbon binding phase> Fe/Mn-oxyhydroxide phase> 

exchangeable, Carbonate/bicarbonate phases. 
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Pb speciation 

Distribution of Pb in different binding phases of the sediments is shown in Figure 4a. The 

concentrations of water soluble, exchangeable and carbonate/bicarbonate complexes of Pb (Fr. 1) 

were low and found to vary from ~0.3 to 2 % of the total Pb content in the studied sediments. Pb 

concentration in Fr 1 (~0.1 to 2.0 mg/kg) were found to increase slowly with the increasing total Pb 

content in the sediments (R2=0.16) (Figure 4b). This indicates that there were other Pb-binding 

ligands available to form thermodynamically stable Pb- complexes in the sediments.  

The highest fraction of the non-residual Pb (~ 20.0 to 48.0% of the total Pb) was found to associate 

with Fe/Mn oxyhydroxide (Fr. 2) binding phase. Absolute Pb concentration associated with Fe/Mn 

oxyhydroxide in the sediment gradually increased (~2.0 to 7.0 mg/kg) with the increasing total Pb 

loading in the sediments (R2=0.92) (Figure 4c).  

The second highest faction of non-residual Pb (~ 7.0 to 30.0% of the total Pb) was found to associate 

with the organic binding phase in the sediments (Fr 3).  The concentration of Pb associated with 

organic binding phases did not gradually increase (~4.0 to 8.0 mg/kg) with the increasing Pb loading 

in the sediments (R2=0.12) (as shown in Figure 4d). Unlike the other two elements considered here, 

this experimental data suggest that Pb preferred to associate with Fe/Mn oxyhydroxide binding phase 

than organic binding phases in the sediments. 

Pb was primarily present in the residual fraction (Fr. 4) (~11.0 to 22.0 mg/gm) of the studied 

sediments. The concentration of Pb (in the residual fraction) gradually increased with the total Pb 

concentrations of the sediments (Figure 4e). 

Like other two elements (Ni and Cu), the concentrations range of Pb in the residual fraction also 

support that these sediments were mainly derived from felsic sources and consistent with earlier 

study (Nath et al., 2000). Figure 4f shows that there was no progressive increase in association of Pb 

with organic binding phases of the sediments against the increasing Pb/TOC ratio. This indicates that 

Pb preferred to associate with Fe/Mn-oxyhydroxide binding phase than organic binding phases in the 

sediments. 

The relative affinity of Pb for different non-residual binding phases in the sediments was in the order 

of; Fe/Mn-oxyhydroxide phase> organic carbon binding phase> exchangeable, 

Carbonate/bicarbonate phases. 

This study suggests that Cu had highest affinity (as reflected by its concentrations in Fr. 3) for 

organic binding phases in the sediments followed by Ni and Pb, while, Pb had highest association 

with Fe/Mn-oxyhydroxide phases. These differences in distribution of these metals in different 
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binding phases can be attributed to their metal chemistry and several other factors which are 

discussed below. 

Discussion 

Total concentrations of Ni, Cu and Pb in the studied sediments (Table 1) were found to be similar to 

the concentrations reported in other coastal sediments around India (Table 2). 

 According to the Canadian sediment quality guidelines for the protection of aquatic life, the interim 

sediment quality (ISQGs) and probable effect levels (PELs) for these metals are presented in Table 2.  

The United States environmental protection agency has also suggested that effects range low (ERL) 

and effects range median (ERM) values for these metals in coastal sediment. The studied sediments 

were found to be of good quality (in terms of Pb concentration). However, the concentrations of Ni 

and Cu were found to be in between the ERL and ERM concentrations (20.9-51.6 mg/kg for Ni and 

34-270 mg/kg for Cu). 

A significant positive correlation coefficient between the TOC, TN and the finer particle (silt + clay) 

content in the bulk sediments indicates that there was high sorption and affinity of TOC and TN on 

the surface of finer particles in the studied sediments. The similar observation has been reported in 

literature (Chakraborty et al., 2014b, 2015c).  

Sequential extraction study determined the distribution of Ni, Cu and Pb in different binding phases 

of the sediments. It was found that these metals had different affinities for different binding phases in 

the sediments.  It is hypothesised that the distribution of metals (Ni, Cu and Pb) in different binding 

phases of the studied sediments must provide chemically significant description of metals-ligand 

interactions in the sediments.  It was found that Cu showed highest affinity for organic binding 

phases followed by Ni and Pb in the studied sediments. However, Pb had highest association with 

Fe/Mn-oxyhydroxide binding phases followed by Ni and Cu. Different factors are discussed below to 

understand their influences on metals distribution in different binding phases of the studied 

sediments.  

Effect of metal/TOC ratio in geochemical fractionation of metals in the sediments 

Total metal loading, quantity and quality of binding ligands in estuarine sediments play important 

role in controlling metal speciation and their distribution in sediment. Figure 5 shows the effects of 

metal/TOC ratio in geochemical fractionation of metals in the sediments. Figures 5a shows that 

increasing [Ni]/TOC ratio increased the accumulation of Ni in the organic phases of the studied 

sediments (across the lake sediments). It was found that enough uncomplexed Ni binding ligands 

were present in the organic binding phases of the sediments. Figure 5b and 5c shows the variation 
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of accumulation of Ni in the organic phases against the varying [Ni]/TOC ratio in the sediments from 

the northern and southern part of the lake. Organic phases in the sediments collected from the 

southern part of the lake were found to have better Ni complexing capacity. 

Figure 5d shows the effect of varying [Cu]/TOC ratio on Cu accumulation in organic phases of the 

studied sediments (across the lake sediments). It was found that the accumulation of Cu gradually 

increased with the increasing [Cu]/TOC ratio. This study indicates that enough uncomplexed Cu 

binding ligands were present in the organic binding phases of the sediments. Figures 5e and 5f show 

the variation of accumulation of Cu in the organic phases of the sediments against the varying 

[Cu]/TOC ratio in the sediments collected from the northern and southern part of the lake. 

Comparison of both the figures suggests that organic phases in the sediments collected from the 

southern part of the lake had better Cu complexing capacity. 

However, a poor relation was observed betweenPb accumulation in organic phases of the studied 

sediments (across the lake sediments) against [Pb]/TOC ratio.  Accumulation of Pb in organic phases 

did increase with the increasing [Pb]/TOC ratio (Figure 5g,h, and i) in the sediments. Organic phase 

in the sediment collected from the southern part of the lake was found to have better complexing 

capacity for Pb than the northern part of the lake. Figure 5 clearly shows that there was a distinct 

difference in the metal complexing capacity of the sedimentary organic phases in the southern and 

northern part of the lake. A systematic study was performed to understand if there is any difference 

in the nature of organic matter and its impact on metal speciation in the sediment.  

Sources of organic matter and its impact on geochemical fractionation of metals in the 

sediments  

C:Nmolar ratio and δ13Corg were used to investigate the source of OM in the studied sediments from 

the Vembanad Lake. Both of these parameters have been widely used Meyers and Ishiwatari, 1993; 

Meyers, 1997; Zhang et al., 2009) to understand the sources of OM in sediments. However their 

utility and efficacy is based on that our end-member (viz. fresh terrigenous OM and in-situ 

phytoplankton produced OM) shows distinct elemental and isotopic ratio from each other and these 

signatures does not get altered preferentially in sediments. The freshly deposited marine produced 

OM has C:Nmolar ratio of 6-9 (Bordovskiy, 1965; Prahl et al., 1994, 1980) and δ13Corg of -20.5‰. The 

vascular terrestrial C3 plant produced OM has C:Nmolar ratio of 12-14 or more (Hedges et al., 1986; 

Prahl et al., 1994, 1980) and δ13Corg of -30 to -23 ‰ (Smith and Epstein, 1971; Pancost and Boot, 

2004). The values in between may indicate mixture of both marine and terrestrial OM. However the 

terrestrial C4 plant produced OM is richer in δ13Corg (~ -17 to -9 ‰, (Smith and Epstein, 1971; 
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Pancost and Boot, 2004;). But we did not consider C4 plants to be potential source in this area, as 

most of the vegetation in its watershed area is of C3 type. 

The Figure 6a shows the latitudinal variation of C:Nmolar ratio and δ13Corg in the studied sediment 

along the lake. There was a drop in C:Nmolar ratio in the northern part of the lake sediment compared 

to the C:Nmolarratio found in the sediment from southern part of the lake. This decreasing C:Nmolar 

ratio indicates that the sedimentary OC in from the northern part of the Vembanad Lake was mainly 

influenced by  marine OM derived from in situ biological production and decreasing contribution 

from terrestrial OM. Further determination of stable isotopic ratio of OC (δ13Corg) in the sediments 

confirms the increasing influence of marine OM towards the northern part of the lake. Figure 6b 

shows that the δ13Corg in sediments from north varied from -23.93‰ near Thannirmukkam Bund to -

21.29‰ at northern most station. This clearly indicates increasing dominance of marine influence 

towards north. Similar observation has also been reported by Gireeshkumar et al. (2013) from 

sediments north of Thannirmukkam Bund. The δ13Corg in the sediments from the southern part of the 

lake varied from -25.57 ‰ to -27.19‰ without any significant trend. Thus, sediments from the 

southern part receive OM from terrestrial origin. Similar observation has been reported by Verma 

and Subramanian (2002). It can be inferred that OM with terrestrial origin (in the southern part of the 

lake sediment) had more metal (Ni, Cu and Pb) complexing capacity than maine derived OM in the 

northern part of the lake.   

Effect of ionic potential on geochemical fractionation of metals in the sediments 

The intention of this section is to understand the influence of ionic potential of the studied metals on 

their geochemical fractionation in the major binding phase (organic phase) of the sediments.  Ionic 

potential is a measure of density of charge of the ion. It is presented by charge/radius ratio of an ion. 

Ionic potential gives a sense of how strongly or weakly the ion will be electrostatically attracted to 

ions of opposite charge. High ionic potential of metal (high z2/r) increases the covalency of metal-

ligand bond (assuming the ligand is same). Thus, distribution of three different metals  in the major 

binding phase (organic phase) of the studied sediment is interpreted by using their varying ionic 

potential (ionic potential (z2/r): Ni (0.048), Cu (0.055), and Pb (0.034)). 

Figure 7 shows the variation of metal association in the organic binding phases of the sediment from 

the different sampling sites of the lake. It shows that the association (as a result of complexation of 

metals) of metals gradually increased with the increasing ionic potential. It is assumed that the 

increasing covalency of Cu-ligand bond increased the thermodynamic stability of the Cu-ligand 

complexes in the sediments and highest concentrations of Cu was found to associate with organic 
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phase followed by Ni and Pb. Figures 7a, b, c represent the variation of metal association in the 

organic phases of the sediments collected from the northern part of the lake. Figures 7d, e, f 

represent the sediments collected from the southern part of the lake. This study clearly indicates that 

ionic potential is an important parameter that can be used to understand the interactions of metals 

with organic binding phases of sediments. 

Effect of metal chemistry on their distribution in different binding phases of the sediments 

The geochemical distributions of a metal in different binding phases of marine sediments are 

influenced by the metal chemistry and the nature of ligands present in the sediment.  

Association of a metal with different binding phases in sediment depends on the rate of complex 

formation by the metal and the stability of the formed complex.   

Rate of complex formation (kf) of a metal with different ligands (in any binding phases in sediment) 

depend on the water exchange rate of the metal ion (k-w) and the stability of the outer-sphere 

complex (KOS) of the metal with a particular ligand. The relation is given by: kf=KOS.k-w 

Thus, the distribution of Ni, Cu and Pb in organic and Fe/Mn oxyhydroxide phases of the studied 

sediments should be controlled by their KOS and k-w.  

KOS is primarily dependent on the charge of the reacting metal and ionic strength of the medium. In 

this study, Ni, Cu and Pb were considered as dispositive. It is assumed that the depositional 

environments (particularly ionic strength of the medium) were same for all the metals (during 

complexation) and thus, the rate of complex formation (kf) with different ligands in the sediment 

were dependent only on the water exchange rates of the metal ions (k-w). 

Sequential extraction study suggests that highest concentration of Cu was associated with organic 

phases of the sediments followed by Ni and Pb. 

The k-w of Ni, and Cu are 3×104 (s-1), 1×109 (s-1) respectively. This clearly suggests that the faster 

water exchange rate helps Cu to undergo faster complex formation with the ligands in the binding 

phases of the sediment than Ni.   

The Irving-Williams Series suggest that the stability constant for the formation of a high-spin 

complexes by Cu(II) is higher than Ni(II) complexes.   

The smaller ionic radii and higher crystal field stabilization energy (CFSE) of Ni2+ is expected to 

increase the stability of Ni-sediment complexes than Cu-sediment complexes but octahedral Cu (II) 

complexes are subject to the Jahn-Teller effect, which affords Cu-sediment complex extra stability. 

Thus, a major part of the total Cu was associated with organic phases than Ni.  
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Faster water exchange rate of Cu (II) increased the rate of complex formation of Cu2+ ion with the 

ligand in the organic phases of the sediment. The Cu- ligand (from organic phase) complexes gain 

extra stability by the Jahn-Teller effect. The combined effects of these two phenomenons and high 

ionic potential increased the concentrations of Cu in the organic phases of the sediments than Ni and 

Pb. The second highest concentration of metal associated with organic phases in the studied sediment 

was Ni. The higher ionic potential of Ni2+ (0.048) than Pb2+ (0.034) increase the stability of Ni-

ligand complexes in the organic phase of the sediments. In addition to that high CFSE of Ni (II) 

(compared to Pb2+ ions) make Ni-organic complexes increasingly stable than Pb. High k-w (7×109 s-

1) of Pb did not help to associate with organic phases in the sediments.  

However, maximum concentration of Pb was found to associate with Fe/Mn oxide phases of the 

sediment followed by Ni and Cu. Similar observation has also been reported in literature. Lion et al 

(1982) have reported that more than 70% of the extractable Pb from estuarine sediments can be 

associated with Fe and Mn oxides. Luoma and Bryan  (1981) have also reported that iron is an 

important binding phase for Pb. Fe/Mn-oxyhydroxides has been reported to occur widely in surficial 

and subsurface geological environments and they are efficient scavengers of trace metals including 

Pb. The high concentration of Pb in Fe/Mn-oxyhydroxide in the sediments was probably due to co-

precipitation of Pb2+ and Fe3+. High surface area or site availability for Pb2+ ion on Fe-oxyhydroxide 

phase (Nelson et al., 1999; Lu et al., 2011) and greater binding strength over simple precipitate 

surface (Manceau et al.2002) was probably responsible for the high concentration of Pb in Fe/Mn 

oxyhydroxide phase.  

The decreasing concentrations of Cu in Fe/Mn–oxyhydroxide phases with the increasing Cu loading 

in the sediment suggest that Cu did not prefer to associate with Fe/Mn oxyhydroxide phases. 

Increasing concentrations of Cu in organic phases with the increasing Cu-loading suggest that 

enough binding sites were available for Cu in the organic binding phases of the sediments. 

Conclusions 

This study provides chemically significant description of metals-ligand interactions in different 

binding phases of sediments.  It was found that Cu showed highest affinity for organic binding 

phases followed by Ni and Pb in the studied sediments. However, Pb had highest association with 

Fe/Mn-oxide phases followed by Ni and Cu. Nature of sedimentary organic carbon (terrestrial and 

marine derived OC) was found to play an important role in controlling metal distribution and 

speciation in marine sediments. Metals were found to have more affinity for terrestrial OC than the 

marine derived OC in the sediments. This study also suggests that ionic potential of the metal is an 
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important parameter that can be used to understand the interactions of metals with organic binding 

phases of sediments. Faster k-w of Cu (II) (1×109 s-1) increased the rate of complex formation of Cu2+ 

ion with the ligand in the organic phases of the sediments. The Cu-ligand (from organic phase) 

complexes gain extra stability by the Jahn-Teller effect. The combined effects of these two 

phenomena and high ionic potential increased the association of Cu in the organic phases of the 

sediments than Ni and Pb. The smaller ionic radii of Ni2+ (0.72 A) than Pb2+ (1.20 A) increase the 

stability of Ni-ligand complexes in the organic phase of the sediments. In addition to that high CFSE 

of Ni (II) (compared to Pb2+ ions) make Ni-organic complexes increasingly stable than Pb. The high 

concentration of Pb in the Fe/Mn-oxyhydroxide binding phase was probably due to co-precipitation 

of Pb2+ and Fe3+. High surface area or site availability for Pb2+ ion on Fe-oxyhydroxide phase and 

greater binding strength over simple precipitate surface was probably responsible for the high 

concentration of Pb in Fe/Mn oxyhydroxide phase. 
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Caption and legends 
Figure 1. Study area: The sediment samples collected from the Vembanad Lake in Kerala, west coast 
of India 

Figure 2.  Ni speciation : (a) Distribution of Ni (%) as Fr1,Fr2,Fr3 and Fr4 in the 
sediments,(b)variation of Ni in Fr1 (mg.kg-1),(c) variation of Ni in Fr2 (mg.kg-1) ,(d) variation of Ni 
in Fr3 (mg.kg-1),(e) variation of Ni in Fr4 (mg.kg-1) with total concentration of Ni (mg.kg-1) in  
sediments.(f) Variation of Ni(%) associated with organic phases (Fr 3) with the Ni-to-TOC ratio. 

Figure 3. Cu speciation : (a) Distribution of Cu (%) as Fr1,Fr2,Fr3 and Fr4 in the 
sediments,(b)variation of Cu in Fr1 (mg.kg-1),(c) variation of Cu in Fr2 (mg.kg-1) ,(d) variation of Cu 
in Fr3 (mg.kg-1),(e) variation of Cu in Fr4 (mg.kg-1) with varying total concentrations of Cu (mg.kg-

1) in  sediments.(f) Variation of Cu (%) associated with organic phases (Fr 3) with varying Cu-to-
TOC ratio. 

Figure 4. Pb speciation: (a) Distribution of Pb (%) as Fr1,Fr2,Fr3 and Fr4 in the 
sediments,(b)variation of Pb in Fr1 (mg.kg-1),(c) variation of Pb in Fr2 (mg.kg-1) ,(d) variation of Pb 
in Fr3 (mg.kg-1),(e) variation of Pb in Fr4 (mg.kg-1) with varying total concentration of Pb (mg.kg-1) 
in  sediments.(f) variation of Pb (%) associated with organic phases (Fr 3) with varying Pb-to-TOC 
ratio. 

 Figure 5. Association of Ni(%) with organic phase (Fr3) as a function of [Ni]/TOC ratio in the 
studied sediments (a) across the lake sediments (b) northern part (c) southern part of the lake 
sediments; 

Association of Cu (%) with organic phase (Fr3) as a function of [Cu]/TOC ratio of the studied 
sediments (d) across the lake sediments (e) northern part (f) southern part of the lake sediments; 

Association of Pb(%) with organic phase (Fr3) as a function of [Pb]/TOC ratio of the studied 
sediments (g) across the lake sediments (h) northern part (i) southern part of the lake sediments, 

Figure 6.The latitudinal variation of (a) C:Nmolar ratio and (b) δ13Corg in the studied sediment along 
the lake. 

Figure 7. Variation of Ni(%) (a) and(d);Cu(%) (b) and (e); Pb(%) (c) and (f) associated with  organic 
phases (Fr3) of the sediments with the ionic potential (z2/r) of the respective metals in the northern 
and southern part of the lake sediments respectively.  
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