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Abstract  

The geochemical condition of surface sediments in a tropical estuary and adjoining shelf 

region is presented for their elemental interactions using statistical methods. Principal component 

analysis separated two clusters comprising of (i) heavy metals possessing significant correlation 

with texture (organic carbon, clay and silt), which belong to sediments in the shelf region and (ii) 

heavy metals in high concentration showing poor correlation with sediment texture, which are of 

estuarine origin. Co-precipitation of iron hydroxide along with scavenging of other metals could 

be the principal mechanism explaining the accumulation of Cd, Cu, Pb and Zn in the estuarine 

sediments. Discharge of industrial effluents has lead to the present level of metal contamination 

in the estuary. There is an associated hazard because in this state the metals released during 

mineralization could be available to biota. The increased anthropogenic influence in the Cochin 

Estuary has probably resulted in a reduction in benthic biodiversity, where pollutant-tolerant 

species are found to take over the vacated niche. In contrast, the coastal environment is 

controlled by natural oceanographic processes, where the coastal currents and stable biogenic 

association normalize metal deposition. The source apportionment of metals by inorganic and 

bio-mediated interactions helps illuminate the processes controlling their depositional trends in 

pristine and impacted environments.  
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Introduction 

The conventional paradigm for the behavior of reactive materials in coastal marine 

ecosystems has been to identify the processes by which dissolved and particulate materials are 

associated with minerals settling to sediments. Because of the dynamic nature, estuarine 

processes are complex and their transformations often remain obscure. Turbulent mixing of fresh 

water and seawater can generate rapid changes in Eh, pH, salinity and trace element 

concentrations (Feely et al., 1981). Superimposed on this variability are the biological processes 

acting on time scales of seconds to days (Hedges and Keil, 1999). Hence, it is difficult to 

understand the origins, pathways and fates of dissolved and particulate materials in coastal 

marine systems, and especially in estuaries. Sediments are major repositories for metals and 

besides providing the environmental status; they are also used to estimate the level of pollution 

in a region (Burton Jr. and Scott, 1992; Caccia et al., 2003).   

Cochin Estuary, one of the largest tropical estuaries of India (256 km2), is facing gross 

pollution problems following the release of untreated effluents from industries (0.104 x 106m3d-

1) and domestic sectors (0.26 x 103m3.d-1, CPCB, 1996). The major polluting industries in the 

region include fertilizer plant, oil refinery, rare earth processing plant, minerals and rutiles plant, 

zinc smelter plant, insecticide factory and organic chemical plant. Reclamations over the past 

several decades have resulted in considerable shrinkage (40%) of the Cochin Estuary (Gopalan et 

al., 1983). Further, construction of hydraulic barriers on the northern and southern limbs of the 

estuary to prevent saline incursion into the upstream agricultural fields has imposed severe flow-

restrictions and increased sedimentation in the estuary (Menon et al., 2000, Balachandran, 2001). 

Sedimentary charts denote substantial transport of alluvium from rivers during monsoon (Jun-

Sept), which are accumulated during post monsoon (Nov-Jan), whereas silting environment 

prevails during the pre monsoon (Mallik and Suchindran, 1984; Nair and Balchand, 1993).  

Anthropogenic impacts have resulted in an accumulation of heavy metals in the estuarine 

sediments during winter monsoon (post monsoon), whereas the coastal environment has 

remained essentially unaltered during the same season (Balachandran et al., 2003). This is 

interesting because under different environments, there could be shifts in preferences of metals 

onto adsorption sites before sedimentation. The distribution of these metals in this environment 
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is already discussed in Balachandran et al (2005). The present study indents to re-look the data 

with statistical methods and differentiate the natural and anthropogenic factors influencing the 

metal geochemistry in the two provinces.  

Materials and methods 

Sediments were collected using Van Veen grab from the inner shelf of Cochin and from 

the lower estuary.  Sampling was carried out in November 2000 covering 330 square kilometers 

in the shelf (15 stations and depths 5 – 30 m) and 90 square kilometers in the estuary (17 stations 

and depths 3-10 m, Figure 1). Surface sediments were collected carefully by avoiding 

contamination and kept frozen till analysis. Textural characteristics (sand, silt, clay) were 

determined following pipette analysis (Krumbein and Pettijohn, 1938) and organic carbon of the 

composite samples using chromic acid digestion followed by back titration with ferrous 

ammonium sulphate (El Wakeel and Riley, 1957). For the heavy metal analysis (total), finely-

powdered and dried (at 70°C) sediments were digested in a mixture of HF-HClO4-HNO3 (Loring 

and Rantala, 1992). Complete digestion was ensured by repeating the acidification until a clear 

solution was obtained and brought into solution in 0.5 M HCl (25 ml) using Milli Q water. 

Samples were analyzed on a flame AAS (AAanalyst 100 Perkin Elmer) after calibration with 

suitable E-Merck elemental standards. For cadmium analysis, a Graphite-AAS (ZL 4110 Perkin 

Elmer) was used. The precision of the analytical procedure was checked using a triplicate 

analysis of a certified reference material (BCSS-1) from the National Research Council of 

Canada. The Standard Deviations (SDs) were typically ±5% for Cu and Pb, ±12% for Cr, Ni, Mn 

and Zn and ±21% for Cd and Co (Table 1).  

Results and discussion 

The results of the geochemical analyses are furnished in Table.2. The sediments were 

generally rich in organic carbon and predominant in silty-clay fraction. The bar mouth (st.1) and 

northwest offshore region (st.28) was however, characterized by high sand fraction (Table 2). 

There was a sharp increase in heavy metal concentrations (Cd, Zn, Pb, Cu) in the estuary. In 

comparison with the earth crust (Wedepohl, 1995), the high level of Cd and Zn in the estuarine 

sediments is of major environmental concern, as it is related to the anthropogenic inputs from 

upstream (Shajan, 2001; Balachandran et al., 2005). The coastal region did not show such a 
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metal enrichment, probably because the prevalent northerly currents (Shetye et al., 1991) are 

capable of dispersing their deposition.    

The organic carbon ranged between 0.04 and 4.07% in the estuary and between 0.59 and 

4.28% in the shelf sediment, which are generally comparable. Relatively high organic carbon in 

the shelf samples (many sediments with >3%) suggest that despite the variable patterns of 

terrestrial supply and biological production, the retention of organic matter in sediment is 

governed by the type of clay minerals in respective environments. Geochemical studies from this 

region have shown that, on moving from river to the shelf environment, coarser illites and 

kaolinites (formed from leaching of laterites) are replaced by fine-grained montmorrilonites 

(Reddy et al., 1992; Nath et al., 2000). These montmorrilonites in the coastal environments are 

hence, responsible for greater accumulation of organic matter due to their larger surface area. 

Source apportionment by multivariate analysis 

 In the absence of a sequential extraction of metals in sediments, statistical procedures can 

be used for making inferences on the important pathways of elemental deposition (Isaac et al., 

2005). The coastal and estuarine data were subjected to Principal Component Analysis (PCA) in 

order to apply the hypothesis of geographically separating the sampling points in the study 

region. PCA identified two clusters (Fig.2) of shelf samples at the top (solid circle) and the 

estuarine samples at the bottom (hollow diamond). The major difference between these two 

clusters is the high metal content (Cu, Cd, Zn, Pb) in cluster 2 and their general inertness towards 

organic carbon, clay and silt. The two clusters of PCA are generally indicative of a different 

trend for metal deposition in the two provinces. The two samples (st.1 & 28), shown as outliers 

in Fig.2 differed in their texture (sand > 60%) from the remaining samples and were also 

impoverished in their metal content.    

Geochemical carrier 

 Pearson’s correlation coefficients (significant at 99% level) were evaluated as an index of 

dependency among metals (Me) and texture in the two clusters (Table 3). A strong correlation 

between organic carbon and clay in the coastal region (r = 0.65) was in contrast to a weak 

correlation in the estuary (r = 0.07). Similarly, the strong correlations exhibited by clay towards 
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Co, Fe, Cu, Mn & Ni and, organic carbon towards Ni, Co, Cu & Mn in the shelf were not seen in 

the estuarine sediments. Silt fraction hosting Cd and Mn in the coastal sediments was quite 

unexpected as this feature was absent in the estuary. In the shelf, Fe established strong 

correlations with organic carbon (r = 0.70) and clay (r = 0.65), whereas they were weak (r = 0.40, 

0.27 respectively) in the estuary. The strong negative correlation between Fe and sand in the 

estuary (r = -0.82) and coast (r = -0.69) can be viewed as a dilution of the element by sand.   

In the present approach, Fe is regarded as an element controlling the precipitation and 

redistribution of other elements, in the absence of data on other major elements such as Al, Ti 

and K. Despite the fact that Fe was a major element in the mineral phase of sediments, its 

significant correlation with Al suggests that Fe is also of lithogenic origin (Nath et al., 2000). 

The behavior of Fe towards organic carbon, texture and metals (Mn, Pb & Cd) was found to be 

quite contrasting in the estuary and shelf. The geochemical properties in these two regions can be 

better explained using the Pearson’s correlation of metals among all the phases. Accordingly, 

clay and silt are considered as geochemical phase, organic carbon as biogenic phase and, 

interaction with Fe as inorganic phase.  

In the coastal region, the elements (Ni, Co, Cu) possess strong affinities towards Fe, clay 

and organic carbon. Mn is coherent in all phases such as Fe, clay, organic carbon and silt. Cd is 

associated with Fe and silt, whereas Cr has association with Fe and clay. Pb and Zn have 

association only with Fe. The preference of Mn and Cd towards the silt fraction is notable in the 

shelf region. In the case of estuarine sediments, the six elements (Ni, Zn, Cu, Cr, Pb & Co) are 

associated only with Fe. Cr and Mn are independent to all the phases and so is the case for all 

metals with clay, silt and organic carbon. A striking difference in the geochemical characteristics 

of the estuary from the shelf was the association of more elements with Fe and their inertness 

towards organic carbon and texture.  

Environmental significance 

The above variation in metals with respect to the carrier phases (clay, organic carbon, silt 

and Fe) is indicative of a basic shift in the geochemical properties in response to the texture on 

moving from estuary to the shelf. In the shelf sediments, normalization of metals among the 

three carrier phases is probably masking their enrichment (Balachandran et al., 2005). The 
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biogenic association is an effective binder of metals in the coastal sediments, especially in 

relation to the overlying biological production (Saraladevi et al., 1992). The intense organic 

production in Cochin Estuary coincides with the retreat of southwest monsoon, leading to the 

export of unconsumed phytoplankton to the sea during post monsoon (Madhupratap, 1987). The 

settling of these organic materials in the coastal waters facilitates biogenic association of metals. 

The adsorption of metals onto Fe-Mn oxyhydroxides and Fe pyrites is common phenomenon 

observed in marine sediments (Calvert, 1976). They are formed as coatings on the clay minerals 

or as individual particles, and are normally observed in highly weathered environments (Isaac et 

al., 2005). The shelf sediments of this region are impoverished in sand, but are rich in clay and 

organic carbon, which insulates oxygen penetration (Table 2). The prevalence of reducing 

condition in organic rich sediments favors the formation of iron sulfides (Rajamani, 1994) to the 

detriment of Fe-Mn oxyhydroxides (Pride et al., 1990; Jong and Parry, 2004; Isaac et al., 2005).   

The situation is quite different in the estuary, where more than half of the sediment 

samples were rich in sand content (>30%). The high porosity of sand favors oxygenation and 

remineralization of organic carbon. In such conditions, the precipitated Fe oxyhydroxides are not 

converted to pyrite (Isaac et al., 2005). Thus, the elevated metal contents in the estuary and an 

increase in the number of elements associated with Fe suggest that co-precipitation of iron 

hydroxide along with scavenging of other elements could be the probable mechanism behind the 

accumulation of metals in the estuary. The intense chemical weathering of the estuarine 

environments also support this mechanism (Nath et al., 2000).  

The estuarine sediments also showed an anomaly in spatially segregating the depositions 

of Fe and Mn, perhaps as a consequence of their flocculation properties dependant on salinity 

(Sholkovitz, 1978; Balachandran et al., 2005). Thus, Fe gets precipitated at low salinity (<20), 

whereas Mn require salinity >20 for its precipitation (Richard et al., 1981). Pollutants released to 

flow-restricted water bodies can promote coagulation or co-precipitation of metals under the 

varying ionic (salinity) condition (Antonio and Prego, 2004). Studies elsewhere have shown that 

oxides of Fe+3 are bio-available through bacterial mineralization and hence, could be detrimental 

to benthic organisms on a long term (Lovely and Phillips, 1987; Phillips et al., 1993; Roden and 

Zachara, 1996).   
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Biogeochemical process   

The degree of variation in the depositional patterns of elements with respect to a three-

way mechanism in the sedimentary environment is summarized in Figure 3. The flow chart 

denotes the metal deposition in coastal environment controlled by the natural processes such as 

diffusion by coastal currents and normalization through geochemical, biogenic and inorganic 

associations. On the other hand, the estuarine environment is dominated by anthropogenic input 

(effluents), which induce fast coagulation and precipitation of iron hydroxide (inorganic) and, 

subsequent scavenging of other metals. The restricted flow modifies estuarine processes to form 

null zones, which favors metal deposition. Yet another factor contributing to the elemental make-

up is the benthic flux, which varies with development of reducing condition in sediments.  

Summary 

In the present study, coastal and estuarine sediments of Cochin were examined with 

reference to heavy metal concentrations to identify the different processes of deposition. Factor 

analysis distinguished the estuary and shelf into two provinces behaving differently to the 

elemental deposition. Pearson correlation in the estuary indicated definite increase in the 

interelement correlations irrespective of the sediment texture due to their common origin from 

effluents. Since the Fe-hydroxide depositions observed in the present study are detrimental, the 

estuary seems to be under stress (Isaac et al., 2005). The changes are noted in the estuary by an 

increase in the biomass of pollution-tolerant organisms (Capitula capitata) replacing the vacated 

niche (Saraladevi and Venugopal, 1989; Saraladevi et al., 1992). In conclusion, the study shows 

that the geochemical behavior of the estuary is controlled by anthropogenic forces, whereas the 

coastal environment remained free from contaminants as the metals are rapidly removed by the 

coastal currents and biogenic association.  
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Table 1*. Metal extracted from the standard reference material BCSS-1 (n = 3) 
 
Concentration  Pb  Ni  Co  Cr  Fe  Cu  Zn  Mn  Cd                      
Metals   22.70  55.3  11.4  123  --  18.5  119  229  0.300                     
extracteda  
Metals  23.98  60.9  13.86  108  29 000 17.99  105.5  204  0.362                  
extractedb 
Accuracy 5  11  21  12 --  2.7  11  11  21                      
((± %) 
 

*   Source: Balachandran et al., 2005 
a  Certified values corresponding to the total extraction of metals from the standard 
    reference material BCSS-1. 
b  Values of the metals extracted from the standard reference material BCSS-1  
     in this study.
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Table 2. Geochemical and textural properties of sediments in the study region 

 
 
               
 
 
 
 
 
 

Pb Ni Co Cr Cu Zn Mn Cd Fe  Org.C Sand Clay Silt Station 
No. 
                                       (mg/kg dry wt.)                         (% dry wt.) 
  Estuary 

1 19.3 16.0 5.6 15 5.4 92 151 0.594 1.41 1.88 64.7 24.5 10.8 
2 28.3 48.0 16.8 103 21.5 245 337 7.707 3.87 2.65 36.6 62.3 1.1 
3 35.4 49.5 15.9 81 22.6 245 182 4.150 3.71 3.17 32.9 62.7 4.4 
4 35.4 40.2 15.0 70 22.9 276 141 1.782 3.40 3.06 39.3 50.2 10.5 
5 42.9 63.2 22.6 78 37.0 743 206 4.980 5.11 4.07 9.6 46.5 43.9 
6 43.1 66.5 20.9 117 36.1 529 266 4.819 5.37 1.08 4.9 40.6 55.5 
7 40.7 63.5 26.1 104 30.9 540 263 2.695 5.17 1.91 3.1 40.2 56.7 
8 71.3 63.1 22.6 121 53.2 1204 253 13.745 6.18 2.75 5.4 44.2 50.2 
9 57.5 65.1 24.7 117 42.6 1183 223 11.446 5.91 2.58 35.3 59.9 4.8 

10 64.1 64.6 24.5 101 42.3 1266 222 14.940 5.37 2.40 31.2 65.5 3.3 
11 42.8 45.5 18.8 105 26.0 525 197 11.952 3.99 0.04 39.8 45.9 14.3 
12 28.6 35.3 13.2 82 17.4 279 303 2.395 3.05 2.82 37.7 28.1 34.2 
13 28.1 59.3 14.9 66 26.7 152 222 1.179 4.34 3.10 0.9 85.7 13.4 
14 28.3 59.7 16.8 53 30.1 123 193 1.482 4.45 3.58 6.0 19.2 74.8 
15 21.4 61.7 15.1 44 23.9 402 215 3.593 4.63 2.37 2.2 16.6 81.2 
16 28.5 49.9 16.9 68 33.6 679 234 4.990 4.74 1.24 28.2 44.2 27.2 
17 42.6 61.4 20.6 74 51.9 1076 287 8.036 5.35 2.66 9.0 62.8 28.2 

  Coast 
18 39.6 60.3 20.1 168 21.8 64 184 2.590 2.89 3.35 2.0 36.5 61.5 
19 26.0 61.1 19.8 158 23.4 72 197 3.270 3.10 1.24 2.0 48.4 49.6 
20 39.5 66.9 21.6 53 25.7 83 181 2.210 3.42 3.38 2.0 54.5 43.5 
21 39.5 63.6 20.1 181 26.7 77 170 1.840 3.27 3.56 1.0 78.6 20.4 
22 19.7 61.8 17.0 169 27.6 70 152 1.840 3.09 1.42 9.0 64.8 26.2 
23 38.2 58.2 17.9 167 22.0 132 167 2.140 2.91 4.28 42.0 40.8 17.2 
24 13.1 54.9 15.4 151 25.5 88 179 1.470 2.82 0.59 1.0 70.3 28.7 
25 26.4 71.9 21.6 176 32.6 99 171 1.470 3.27 3.63 8.0 63.5 28.5 
26 33.3 69.3 18.7 186 27.9 90 165 1.490 2.82 2.45 0.1 90. 9.3 
27 23.1 68.9 18.6 185 28.8 80 167 1.850 2.75 2.62 2.0 75.3 22.7 
28 13.4 5.1 3.1 35 6.0 7 40 0.000 0.34 3.02 88.8 10.2 1.0 
29 26.1 56.4 19.9 163 26.5 79 210 2.190 2.88 3.52 2.5 63.3 34.2 
30 13.3 45.4 14.0 139 19.9 61 137 1.480 2.16 3.22 6.0 55.5 38.5 
31 26.4 72.1 23.2 195 30.7 86 168 2.220 3.23 3.58 16.0 74.6 9.4 
32 26.4 72.1 21.7 193 32.7 74 155 2.220 3.07 4.28 0.1 80.3 19.6 
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Table 3. Pearson correlation coefficient matrix for heavy metals, texture and organic carbon 
              in sediments (a) Coastal region (n = 14) and (b) Estuarine region (n = 16) 
              Source: Balachandran et al., 2005.  
          

 Pb Ni Co Cr Cu Zn Mn Cd Fe  Sand Clay Silt  
Ni 0.503  
Co 0.603 0.951 
Cr 0.183 0.712 0.632
Cu 0.286 0.946 0.878 0.733
Zn 0.478 0.725 0.677 0.549 0.648

Mn 0.477 0.797 0.850 0.561 0.703 0.685
Cd 0.509 0.675 0.777 0.466 0.506 0.469 0.820
 Fe 0.555 0.943 0.948 0.602 0.869 0.744 0.878 0.756

Sand  -0.269 -0.820 -0.781 -0.588 -0.784 -0.441 -0.828 -0.643 -0.817
Clay 0.122 0.766 0.630 0.689 0.848 0.469 0.511 0.243 0.647 -0.741

Silt 0.240 0.234 0.348 -0.011 0.076 0.052 0.567 0.635 0.379 -0.528 -0.179
Org.C 0.102 0.665 0.646 0.419 0.689 0.259 0.535 0.449 0.697 -0.727 0.647 0.247

 Pb Ni Co Cr Cu Zn Mn Cd Fe Sand Clay Silt 
Ni 0.546  
Co 0.778 0.834 
Cr 0.756 0.547 0.783
Cu 0.797 0.787 0.806 0.585
Zn 0.866 0.565 0.752 0.569 0.870

Mn 0.118 0.297 0.320 0.487 0.296 0.222
Cd 0.835 0.396 0.616 0.678 0.659 0.827 0.235
Fe 0.724 0.937 0.895 0.666 0.919 0.770 0.342 0.585

Sand -0.176 -0.816 -0.499 -0.205 -0.552 -0.187 -0.286 0.045 -0.692
Clay 0.346 0.279 0.311 0.389 0.331 0.286 0.153 0.338 0.275 -0.034

Silt  -0.118 0.396 0.142 -0.124 0.166 -0.069 0.100 -0.274 0.308 -0.704 -0.686
Org.C 0.184 0.423 0.164 0.073 0.488 0.249 0.310 0.236 0.398 -0.538 0.075 0.338
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Figure 1 Study area showing station locations in Cochin Estuary (Vembanad Lake) 
              and its adjoining marine area. Bathymetric depths are given in meters. 
              Source: Balachandran et al., 2005. 
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Figure 2. Factor scores obtained from Principal Component Analysis of the 
               coastal (filled circle) and estuarine (diamond) sediments. 
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       Figure 3. Schematic representations showing the active inorganic processes  
                       in the Cochin Estuary and bio-mediated processes in the adjoining shelf       
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