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Abstract  

The geochemistry of coastal sediments of southern India was altered after the tsunami in 2004. A five-step 

sequential extraction procedure was applied to assess the effects of tsunami on mobility and redistribution of 

selected elements (Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn). Ten surface sediments and three cores were analyzed 

for different metal fractions (exchangeable, carbonate, reduced, oxidized, and residual). Total metal 

concentrations increased in mangrove sediments after the tsunami, but their spatial distribution did not show 

significant variation (except Mn). The sediments were mixed by the tsunami, and there was lack of variation 

in metal concentrations in different fractions with depth (except Pb and Mn). High concentrations of Pb and 

Zn occurred in the oxide fractions, whereas Cu, Cr, Cd, and Ni were high in the organic and sulfide rich 

fractions. Metals in the residual fraction (lattice bound) had the highest concentration suggesting their non-

availability and limited biological uptake in the system. Most of the metals (except Mn) do not constitute a 

risk based on the different geochemical indices.  

Key words: Tsunami, Metals, Mangrove sediments, Bioavailability, Risk assessment 
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1.  Introduction 

Mangroves are intertidal forests thriving in tropical and sub-tropical coastal areas between 

25°N and 25°S and cover an area 1.7-2.0 x 105 km2 (Borges et al. 2003). Mangrove 

sediments are characterized by high organic matter (OM) content of poor nutrient quality, 

high sulfide, and low oxygen levels. Because of the capacity of mangrove sediments to 

trap suspended material from the water column (Furukawa et al. 1997), and the strong 

affinity of OM to sequester metals, these sediments have a high capacity to accumulate 

various inorganic and organic pollutants (Tam and Wong 2000). In particular, mangrove 

sediments act as long-term sinks for various metals because: 1) the fine grain-size of these 

sediments favors sorption of metals trapped in the dense root network of mangrove 

vegetation, and 2) stability of sulfide-rich minerals under anoxic conditions (Huerta-Diaz 

and Morse 1992). Yim and Tam (1999) indicated toxicity of various metals (e.g., Cu, Zn, 

Cd, Cr, and Ni), which pose negative effects to both mangrove vegetation and soil 

microbial activities. Notably, these metals can accumulate in mangrove plant tissues, and 

pose long-term damaging effects in the food chain through biomagnification 

(Agoramoorthy et al. 2008; Tam and Wong 2000). Hence, metal cycling in different 

mangrove ecosystems has been addressed by many authors (Furukawa et al. 1997; Yim 

and Tam 1999; Tam and Wong 2000; Marchand et al. 2012). 

In coastal ecosystems tsunamis cause significant changes (Scheffers and Kelletat 

2003; Szczucinski et al. 2005; Ranjan et al. 2008a, b). The impacts are not only restricted 

to damage caused due to the direct impact of waves, but they also include long-term 

consequences. For example, the devastating tsunami in Southeast Asia in December 2004 

deposited offshore sediments enriched in trace metals, and transported them deep into the 

coastal regions when these areas were inundated by seawater (Szczucinski et al. 2005; 

Seralathan et al. 2006; Babu et al. 2007; Srinivasalu et al. 2008). Located in the South-
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eastern coastal region in peninsular India, the Pichavaram mangrove-estuarine complex 

was widely impacted by the tsunami (Kathiresan and Rajendran 2005; Seralathan et al. 

2006; Senthilkumar et al. 2008; Figure 1). Notably, the Pichavaram mangroves along with 

the vegetation cover in Vellar estuary decreased direct impact of the tsunami, and averted 

some of the damage (Kathiresan and Rajendran 2005). Nonetheless, in estuarine areas 

(Vellar and Coleroon estuaries), off-shore sediments up to 1 m in height were deposited, 

whereas  in mangrove forests depending on the forest cover and distance from sea, < 40-50 

cm of offshore sediments were deposited (Seralathan et al. 2006). Preliminary studies 

carried out after the December 2004 tsunami reported high contamination of Cd and 

moderate to strong contamination of Cr, Pb, and Ni in coastal sediments from this area 

(Ranjan et al. 2008a,b; Srinivasalu et al. 2008; Satheeshkumar et al. 2011). However, for 

environmental impact assessment, determination of the total metal concentration in 

sediments is not enough (McLaughlin et al. 2000; Krupadam et al. 2006; Marchand et al. 

2012). Instead, knowledge regarding the association of metals with different geochemical 

fractions (carbonate, oxide, sulfide, OM, and residual) is far more critical to understand 

their distribution patterns, long-term fate, and their potential uptake by the biota. Thus, 

metals in the residual fraction are lattice-bound, and they are typically unavailable, 

whereas, metals associated with the non-residual fraction can be easily remobilized (Wang 

et al. 2010).  

The present study aims to understand the provenance and mobility of metals in the 

Pichavaram mangrove-estuarine complex impacted by the December 2004 tsunami. The 

study follows our preliminary investigations on total metal concentrations in the 

Pichavram mangrove-estuarine complex (Ranjan et al. 2008a, b). To the best of our 

knowledge, metal fractionation has not been attempted in the Pichavaram sediments, or for 

that matter, in other tsunami affected regions worldwide. We selected a suite of metals 
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(Cd, Cr, Fe, Mn, Ni, Pb, and Zn), which are commonly investigated during environment 

impact assessments of contaminated sites. Furthermore, we investigated the impact of the 

tsunami on redistribution of these metals in different geochemical phases, and the potential 

risks they pose based on different geochemical indices.  

2. Study area  

The Pichavaram mangroves are located between the Vellar and Coleroon estuaries 

(latitude 11°23’ to 11°30’ N, longitude 79°45’ to 79°50' E) in Tamil Nadu, southeast India 

(Figure 1). Spreading over an area of 11 km2, the site is covered by tide-dominated forests 

(50%), urban waterways (40%) and mud and sand flats (Kathiresan 2000). The annual 

temperature is 18 to36°C. The forests include thirteen species of mangrove flora; 

Avicennia and Rhizophora are common plants (Kathiresan 2000). Pichavaram has lost 

75% of its green cover in the last century, and of the existing forests, only 10% has dense 

mangrove vegetation, whereas the remaining 90% area is degrading (Kathiresan 2000). 

The lithology includes gneiss, charnokite, granite, quartzite, limestone, and alluvium 

(Ramanathan et al. 1993). Alluvium is dominant in the western part, whereas fluvio-

marine beach sands cover the eastern part. Input from the Cauvery River sustains the 

distributaries of Coleroon River. The Cauvery River flows through densely populated 

areas and transports fertilizers, pesticides, and pollutant metals (Ramanathan et al. 1993). 

The Coleroon Estuary is heavily impacted by anthropogenic pollution, with high 

concentrations of Cr, Cd, Fe, Mn, and Zn (Ramanathan et al. 1999). Moreover, the Uppnar 

River and Khan Saheb Canal contribute towards anthropogenic input during monsoons. 

The mangroves have also been affected by aquaculture farming mainly due to logging and 

deforestation (Cho et al. 2004).  
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3. Material and methods  

3.1 Sample locations 

Following the tsunami, and after accessibility was established to the Pichavaram 

mangrove-estuarine complex, we surveyed the area in January 2005. Sampling was done at 

locations impacted by the devastating tsunami (based on our survey and information from 

the forest department and local government agencies). Some of these sites have been 

investigated over the last few years to study the impact of the tsunami on issues ranging 

from loss of lives, general destruction of property and mangrove forests, and redistribution 

of pollutants (e.g., Kathiresan and Rajendran 2005; Babu et al. 2007; Seralathan et al. 

2006; Ranjan et al. 2008b). In addition, some of these sites were previously reported to 

have been affected by pollution activities (Ramanathan et al. 1999). The mangrove-

estuarine-complex was broadly divided into three zones during sampling (Figure 1). 

1) The Vellar Estuary influenced by the Vellar River corresponded to a less vegetated 

and/or degraded mangrove. This area is grazed by cattle and logged for firewood. Surface 

sediments (S1, S2 (MGR Tittu)), and S3 (Chinnavaikal) and core C1 (40 cm long) were 

collected from this zone. Fine sand consisted a major fraction in these sediments.  

2) The dense mangrove forest is undisturbed and pristine, and designated a National Forest 

Reserve. The sampling locations in this zone were S4, S5, S6, and S7. Two cores (C2 and 

C3, which were 50 cm and 40 cm long, respectively) were collected from this zone; core 2 

was collected from the area with dense vegetation cover. 

3) The Coleroon Estuary influenced by the Coleroon River is a degraded mangrove 

covered by stunted (<1 m tall) Avicennia marina behind a Rhizophora fringe. The 

sampling locations were S8, S9, and S10; coring was not done in this area.  
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3.2 Sample collection and preservation  

Surficial sediment samples (ca. 1 kg, 5 cm from surface) were collected in polyethylene 

bags using a stainless steel scooper. A hand driven stainless steel corer with an internal 

diameter of 7 cm was used for collecting the cores (35-45 cm in length). The cores were 

sliced at 5 cm interval to observe if tsunami had caused any disturbances in the sediment 

profile. The samples were immediately transferred into polyethylene zip lock plastic bags. 

All samples were stored on ice in the field. The samples were refrigerated at 4ºC in the 

laboratory on return until further analyses. The samples were air-dried, finely ground and 

homogenized for metal extractions. This is not ideal for sample preservation, but 

unfortunately, we did not have access to anaerobic glove box and freeze-drying facilities in 

the laboratory.  

3.3 Sediment geochemical analysis 

Sediment samples were subjected to basic geochemical analysis following different 

standard procedure. Halide free sediments were analyzed in Carlo-Erba elemental analyzer 

(detection limit was 0.01 %) for total carbon (TC) and total sulfur (TS) content.  Further 

the organic matter was removed using 30% (v/v) H2O2 (Jackson 1973) and the samples 

were used for the determination of inorganic carbon (IC). Organic carbon (OC) was 

calculated by the difference (OC= TC-IC). Total metal analyses in the surface and core 

sediments were carried out as per Shapiro (1975). 0.1 g of finely ground sample was 

digested using three acids (2 ml of HNO3:HCl in 1:3 ratio and 5 ml HF) at 100°C for 1.5 

hrs. 5.6 g of boric acid crystal (H3BO3) was added and the final sample volume was made 

upto 100 ml by adding double distilled water. The gelatinous precipitate of borosilicate 

was separated by centrifugation followed by filtration with Whattman 0.45µm cellulose 

nitrate filter paper. 
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3.4 Sequential extraction procedure 

The five-step sequential extraction procedure by Tessier et al. (1979) was followed. 

Despite the fact that many researchers have indicated several weaknesses in this method 

(selectivity of extractant, re-adsorption, and precipitation), it is still widely used for 

understanding metal fractionation (Adriano 2001). Five fractions were targeted viz. readily 

available fractions (exchangeable and carbonate bound phases), redox sensitive fractions 

(oxide bound and sulfide/organic bound phases) and lattice bound fraction (residual 

phase). 

Extraction was carried out with 1.0 g of sediment; after each step, the sample was 

separated by centrifuging at 5000 rpm for 40 minutes. The supernatant was collected for 

metal analyses. This was followed by washing the residue with double distilled water and 

shaking the extractant for 20 minutes followed by centrifuging. The supernatant was 

discarded and the residue was used for the next extraction step. 

Exchangeable fraction (F1): The samples were extracted at room temperature for 1 hour 

with 8 ml of magnesium chloride (1 M MgCl2 at pH 7.0) with continuous agitation. 

Carbonate bound fraction (F2): Residue from the F1 fraction was leached at room 

temperature with 8 ml of 1 M NaOAc adjusted to pH 5.0 with acetic acid. Continuous 

agitation of the slurry was maintained for 5 hours. 

Oxide bound fraction (F3): Residue from the F2 fraction was extracted with 20 ml of 0.04 

M NH2OH.HCl in 25% (v/v) acetic acid. The digestion was done at 96 ± 3°C with 

continuous stirring for 6 hours. 

Sulfide and organic bound fractions (F4): 3 ml of 0.02 M HNO3 along with 5 ml of 30% 

H2O2 (pH adjusted to 2 with HNO3) was added to the residue from F3 fraction and heated 
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at 85 ± 3°C for 2 hours. 3 ml of 30% H2O2 was added and the heating continued for 3 

hours. On cooling, 5 ml of NH4OAc was added, and the extract shaken for 30 minutes.  

Residual fraction (F5) 0.1 g of sample was taken from the sediment residue left after 

extraction of fraction 4 and it was digested  by the method used for total metal digestion 

(see section 3.3).  

Two blanks (procedural blank and step blank) were analyzed with each set of 8 samples. In 

order to evaluate the results, the sediment was subjected to total metal digestion by the 

same method as in fraction F5. The % recovery of trace metals was calculated as: 

 

where F1, F2, F3, F4, and F5 were the different fractions, and Tm was total metal extracted 

by digestion with aqua regia: HF mixture. The samples were analyzed on an Atomic 

Absorption Spectrophotometer (Shimadzu AA 6800) using an air-acetylene flame. The 

prescribed detection limits were as follows: Cd (0.01-2.00 µg/g), Cr (0.06-30.0 µg/g), Cu 

(0.04-10.0 µg/g), Fe (0.02-20.0 µg/g), Mn (0.03-6.00 µg/g), Ni (0.2-20.0 µg/g), Pb (0.20-

30.0 µg/g), and Zn (0.01-2.00 µg/g). The accuracy of total metal digestion procedure was 

assessed by analyzing a certified standard (CRM MESS-2) digested in the same manner as 

in the total metal extraction procedure.  

Spatial variations in metal fractionation were tested for significance using a two way 

ANOVA (Analysis of Variance) on SPSS (version 16).  In addition, impact of the mixing 

with respect to depth was assessed using a linear mixing model ENCOVA (SPSS; version 

16). The model assumed that observations for samples within a core were repeated 

measurements on the same core. However, samples within a core differed from each other 

with respect to their depth. Depth corresponding to the mid-point of a section was 

% Recovery = 
∑ (F1+F2+F3+F4+F5) - (Tm)  

(Tm) 
x 100 
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considered as the depth of that sample. If yij denoted the observation on the jth sample of 

the ith core, the model could be expressed as: 

𝑦𝑖𝑗 =  𝜇 + 𝜏𝑖 + 𝛼 ∙ 𝑥𝑖𝑗 + 𝜖𝑖𝑗       𝑖 = 1,2,3 ; 𝑗 = 1,2 … 9. 

where 𝜏𝑖  was the effect of the ith core; 𝑥𝑖𝑗 denoted the depth of  the jth  section of the 

ith core; 𝜖𝑖𝑗 was the error. The core effects were assumed to be random error for samples 

within a core were correlated, whereas the error belonging to the samples of two different 

cores were independent. The effects of depth on concentration of various metals were 

indicated by α (see supplementary data, Table 2). 

4. Results  

The average concentration of total carbon, organic carbon and total sulfur in the sediments 

was observed as 14.46±4.0 mg/g, 10.18 ± 3.48 mg/g and 7.22±0.08 mg/g, respectively. 

The organic carbon was approximately about 70% of the total carbon. The results have 

been discussed in details by Ranjan et al. (2008a, b). 

Results of the metal analyses in CRM-MESS 2 (average concentration of 4 separate 

extractions) are indicated in Table 1. In case of Cr a high recovery was obtained, whereas 

for Fe and Mn recovery was on the lower side. Average recoveries for Cu, Cd, Ni, Pb, and 

Zn were acceptable (n = 4, significance level 0.05). 

Recovery of total metal concentration from metal fractionation varied from 95-114%. Cd, 

Cr, Fe, Ni, and Pb indicated low recovery compared to Cu, Mn, and Zn (see supplementary 

data, Figure 1). Fraction F5 was enriched in all samples (Figures 2 and 3a-h) in terms of 

the specific metals analyzed in this study.  

Characteristics of the sampling locations played an important role in metal partitioning. 

Readily available fractions (F1 and F2) were the second most dominant fractions in 

surface sediments collected from the Vellar estuary particularly for Cd, Pb, and Zn. In 
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contrast, organic/sulfide bound fraction (F4) was the dominant fraction in surface sediment 

samples collected from mangrove areas for Cd, Cr, Cu, Fe Ni, Pb and Zn. The 

concentrations for Fe and Cr were higher in surface sediment samples collected from the 

Coleroon than those from the Vellar estuary. Concentration of Mn was comparatively 

higher in mangrove sediments in all fractions in compared to sediment sample collected 

from the Vellar and Coleroon estuaries. Notably, Cr had the highest concentration in 

surface sediment samples collected Coleroon estuary compared to other sampling locations 

Cd was low and did not show variation with depth F1 and F2 fractions (Figure 3a). 

However in core 3, Cd was high in F4 fraction, but decreased below 20 cm.  In core 3, Cr 

increased in F4 fraction below 30 cm. In core 2, maximum concentration of Cr was 

observed in the F4 fraction at 15 cm. Likewise, variation of Cu with depth between the 

different fractions was also absent. A decrease of Cu level in F5 fraction was observed in 

all the cores. In contrast, in the F4 fraction, Cu increased with depth in all the cores (Figure 

3c). Nickel showed irregular trends in cores 1 and 2, whereas in core 3 an increase with 

depth was observed. Insignificant variations in Ni were observed in all the fractions with 

depth. No well-defined trends were observed in the cores for variation in Pb. The F3 and 

F4 fractions showed an increase in Pb around 15-20 cm in core 1, and in core 2 the change 

occurred at 10-15 cm and 25-30 cm, respectively. In core 3, the F4 fraction showed 

maximum concentration of Pb at 20 cm.  In core 2, high Zn concentrations occurred at 35 

cm in F1, F2, and F3 fractions.  

There was an absence of statistically significant spatial variation of metals in surface 

sediments except for Mn (p ≤ 0.05). However, geochemical partitioning of metals with 

respect to the different fractions (F1 to F5) was statistically significant (p ≤ 0.05; see 

supplementary data Table 2). The effect of depth on concentration of various metals 
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indicated by 𝛼 was not significant for most of the metals (except fraction F1 for Fe, F3 for 

Zn and F4 for Cu).  

5. Discussion 

Previous studies indicate that distribution of metals in the Pichavaram mangrove-estuarine 

complex has been impacted by natural and anthropogenic activities (Ramanathan et al. 

1999; Ranjan et al. 2008b). In particular, sediment texture and various physical and 

chemical properties in Pichavaram have altered as a result of mixing and rapid deposition 

of sediments by the tsunami (Kathiresan and Rajendran 2005; Babu et al. 2007; Seralathan 

et al. 2006, Ranjan et al. 2008 a, b). The newly deposited sediments by retreating seawater 

are a mixture of both estuarine sediments and soils from agriculture fields (Ranjan et al. 

2008b). This was confirmed by absence on grain size control on elemental distribution 

suggesting the mixing due to energetic tsunami water (Ranjan et al. 2008a). Notably, 

physical disturbances are more significant in sandy areas as well as in places with limited 

vegetation cover. In contrast, physical disturbances are less in areas with maximum 

mangrove forest cover due to the higher binding capacity of their intricate root systems 

(Kathiresan 2000; Kathiresan and Rajendran 2005). Below we have individually discussed 

the trends and partitioning of metals (Cr, Cu, Fe, Mn, Ni, Pb, and Zn) in different fractions 

(F1 to F5) in surface sediments and cores from the Pichavaram mangrove-estuarine 

complex. The sources of these metals are due to ongoing anthropogenic activities in the 

area, and offshore sediments deposited by the tsunami. The metals have however 

partitioned differently based on their individual geochemical affinities; the metal 

fractionation trends confirm their abundance in different fractions. 

Results from the present study indicate increase in total metal concentrations (Cd, 

Cr, Cu, Fe, Mn, Ni, Pb, and Zn) in the surface sediment. Metal concentrations are the 
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highest in F5 fraction indicating the strong association of these metals within their crystal 

lattice. Notably, statistically significant spatial variation in metals (significance level 0.05) 

between different fractions with respect to surface sediment sampling locations is absent 

(see supplementary data, Table 1). This suggests that the tsunami disturbed the whole area, 

and redistributed the metals associated with the newly deposited material. The impact is 

most prominent in core 1 because it was collected from an area with sparse vegetation 

cover and was sandy (Ranjan et al. 2008b). Physical disturbance (mixing) associated with 

the tsunami results in poor downcore trends in metal distribution in these short cores (35-

45 cm in length). In support of this idea, we note an absence of statistically significant 

variations in F1 and F2 fractions in all the cores for Cd, Cr, Cu, Ni, Pb, and Zn with depth. 

Biological processes e.g. burrowing and mangrove roots can cause mixing, but this is 

limited to the upper few centimeters (Ramanathan et al. 1999; Kathiresan 2000). In the 

lower parts of cores 2 and 3, probably reducing conditions prevail, and as a result, metals 

either precipitate as sulfides or bind with OM. It is likely X-ray diffraction analysis of the 

specific mineral phases will confirm the formation of such mineral complexes.   

The relative contribution of Cd in the F1 fraction in surface sediments is higher 

compared to the distribution of other metals in F1 fraction. The main source of Cd is rapid 

increase in agriculture and aquaculture activities near the mangroves, and industrialization 

in the upstream Cauvery River basin (Ranjan et al. 2008a, b; Ramanathan et al. 1993). 

Association of Cd with the F2 fraction is due to the greater stability of carbonates under 

alkaline conditions (Salomons and Förstner 1984). The F4 fraction for Cd does not 

correlate with most metals (Table 2), which implies that the source of Cd is most likely 

different. The dominance of lattice-bound Cd fraction (F5) may be due to the facts that: (1) 

the Cauvery River erodes and carries Cd-rich rock fragments and sediments, and (2) 

tsunami deposited Cd-rich sediments from the deep ocean that got trapped in mangrove 
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sediments (Seralathan et al. 2006; Li et al. 2006;). It has been reported that the phosphate-

rich fertilizers may contain 10 to 200 µg/g Cd (Cook and Morrow 1995). Hence, over a 

long time period, Cd tends to accumulate in agricultural soils (Mench 1998; Ghrefat and 

Yusuf 2006). The average Cd concentration on the Earth's crust varies between 0.1 and 0.5 

μg /g (Turkian and Wedepohl 1961).  High levels of Cd accumulate in sedimentary rocks, 

and marine phosphorite deposits in particular, are reported to contain Cd as high as 500 

µg/g (WHO 1992; Cook and Morrow 1995). Therefore, increase in Cd concentration can 

be attributed to Cd-rich marine sediments from the deep ocean that may have been trapped 

in these mangrove sediments after the tsunami. 

Total Cr concentration increased by approximately five folds as compared to 

previously reported values (Ramanathan et al. 1993; Ranjan et al. 2008b). However, F5 

fraction constitutes > 96% of total Cr suggesting that Cr is primarily lattice-bound. 

Presence of Cr in F1 and F2 fractions can be attributed to iron and steel, paint, and leather 

tanning industries in the upstream Cauvery River basin.  Chromium also appeared in the 

F4 fraction. Consistent with this, good correlation between F4 fraction and organic carbon 

in surface sediments suggests scavenging of Cr by OM (Otero et al. 2003).  Correlation 

between Cr in F4 fraction and organic carbon is however not significant except in core 2 

(Table 2). Although Cr is lithophilic, it seldom associates with sulfides (Morse and Luther 

1999), and this is also evident from the poor correlation (except core 3).  

Copper is chalcophilic, and therefore associates with sulfides. Copper is also 

retained in sediments through complexation with OM (El Bilali et al. 2002). Consistent 

with this, Cu in F4 fraction in sediments correlates well with organic carbon and sulfur 

(except core 1; Table 2). High concentration of Cu in the F5 fraction in surface sediments 

and cores may be due to its association with clay minerals (Pickering 1986). In core 1, the 
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lack of vegetation, and the sandy nature at the sampling site results in the poor correlation 

of Cu with organic carbon and sulfur. 

The geochemical behavior of Mn and Fe in estuarine environments certain order of redox 

sequence (Marchand et al. 2006, 2012). Fe and Mn concentrations were highest in F5 

fraction followed by F3 and F4 fractions in surface sediments and cores. Geochemical 

association of Mn as manganese oxide, manganese carbonate, organo-metallic complexes 

or manganese sulfide depends on the prevailing redox condition, pH, and presence of 

carbonate ions (Farias et al. 2007).  Intense Mn cycling and measurable rates of Fe-Mn 

reduction occur in mangrove roots (Alongi et al. 2005), and this is consistent with the 

higher concentrations of Fe and Mn in F3 and F4 fraction in sampling locations in 

mangrove forests. Alongi et al. (2005) reported that disturbances such as cattle grazing and 

lack of vegetation significantly impacts the distribution of Mn in Pichavaram (Alongi et al. 

2005). This is supported by the significant spatial variability, relatively higher 

concentration of Mn in F4 fraction, and strong positive correlation with OM in surface 

sediments (Table 2).  Absence of statistically significant changes in Fe and Mn 

concentrations with depth in the different fractions suggests intensive mixing of sediments. 

Increase of Mn in the F3 fraction in cores 1 to 3 perhaps supports the idea of enhanced 

oxygen percolation and precipitation of Mn oxides (Huerta-Diaz and Morse 1992). 

Pyrite and sulfidic minerals contain high levels of Ni (Morse and Luther 1999). 

Dominance of Ni in F5 fraction suggests that Ni is primarily lattice-bound. The low 

concentration of Ni in F2 fraction in surface sediments and cores is probably because Ni 

rarely forms thermodynamically stable minerals with carbonates (Koretsky et al. 2007). 

Moreover, the affinity of Ni for sorption to carbonates is smaller than other substrates, 

including clay minerals, Fe-Mn oxides, and OM (Green-Pedersen et al. 1997). The 

increase in Ni in F4 fraction in core 3 results from association of Ni with sulfides in 
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estuaries (Li et al. 2005; Marchand et al. 2012). Likewise, Farias et al. (2007) reported that 

in mangrove environments, sulfide is generally in abundance under reducing condition, 

favoring precipitation of Ni as insoluble sulfides. 

A significant part of Pb originates from weathering of rocks rich in Fe-Mn oxides 

(Jones and Turkie 1997). Like other elements, Pb is most abundant in the F5 fraction, and 

is primarily lattice bound. Lead is not abundant in the F1 fraction. Concentration of Pb is 

however high in F3 fraction, where it forms stable complexes with Fe-Mn oxides (Jones 

and Turkie 1997). Lead is also abundant in F4 fraction, where it associates with OM and 

sulfides (Morse and Luther 1999; Cappuyns and Swennen 2005).   

Concentration of Zn in the F1 and F2 fractions is low, but abundant in F5 fraction 

like other metals. Relatively high concentrations of Zn in the F3 and F4 fractions indicate 

that mobility of Zn is influenced by redox conditions and availability of OM (Cappuyns 

and Swennen 2005). Zinc is chalcophilic (Achterberg et al. 1997), and correlates well in 

F4 fraction with sulfur (Table 2) in surface sediments. Likewise, there is good correlation 

between Zn in F4 fraction with organic matter and sulfur in cores 2 and 3 (Table 2). 

Because core 1 was collected from where there was little vegetation covers, absence of 

significant correlation between Zn and OM is justified.  

6. Risk Assessment 

Risk Assessment Code (RAC) assesses metal concentrations in the exchangeable and 

carbonates fractions combined that are potentially bioavailable (Jain 2004; Yan et al. 

2010). These fractions bond weakly with metals (Hseu 2006). RAC values are categorized 

as: < 1% - no risk, 1-10% - low risk, 11-30% - medium risk, 31-50% - high risk, and >75% 

- very high risk.  We also use the 10th Effect Range Low (ERL) and 50th Effect Range 

Median (ERM) percentile values to establish the sediment quality guidelines (Long et al. 
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1995). TEL (Threshold Effects Range), an estimate of minimal effects, and PEL (Probable 

Effects Range), an estimate above which adverse effects occur (MacDonald et al. 1996), 

were also calculated. Metal fractionation and RAC indicate that metals concentrate in the 

residual fraction. Total concentration of metals in the residual fraction for Cd, Cr, Cu, Pb, 

and Ni (except Zn) are high at all locations, and exceed the ERL-ERM guidelines (Long et 

al. 1995). A major fraction of the metals (>80 %) in sediments concentrate in the residual 

fraction, and are mostly unavailable for biological uptake (Table 3). These potentially 

bioavailable fractions (i.e., F1+F2) are below the ERL-ERM, PEL, and TEL values (Long 

et al. 1995; MacDonald et al. 1996). The only exception is Mn, which exhibits higher 

bioavailability and poses a medium risk (RAC; Table 3).  

The potential bioavailability of metals investigated in this study for the Pichavaram 

mangrove-estuarine complex is contentious. A recent study on metal uptake by halophytes 

in Pichavaram indicates high concentrations in leaves (Agoramoorthy et al. 2008). A 

probable explanation can be the limited flushing of freshwater by the Vellar and Coleroon 

Rivers that has accumulated pollutants in plants spanning over several years/decades 

(Ramanathan et al. 1999). Prolonged uptake of micronutrients by roots accumulates these 

elements despite their potential low bioavailability. This is more apparent in mangroves, 

which are less affected by the wave action. 

7. Conclusions  

Total metal concentrations in the Pichavaram-estuarine complex in this study are high 

compared to previous studies. Spatial variability of metals in surface sediments and cores 

is absent due to mixing by the tsunami waves. Distribution of metals in different 

geochemical fractions (except Mn and Pb) does not show a specific trend. With increase in 

depth, there is increase of OM and sulfur bound fractions, and therefore chalcophilic 
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metals like Cu, Cd, Cr, and Ni accumulate in F4 fraction. Most metals accumulate in the 

residual fraction and pose low risks.  
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Figure Captions 

Figure 1. Map of the Pichavaram mangrove estuarine complex 

Figure 2. Distribution of metals (µg/g) in geochemical fractions at different sampling 

locations in surface sediments from the Pichavaram mangrove-estuarine complex  

Figure 3a. Distribution of cadmium (µg/g) in sediment cores from the Pichavaram 

mangrove-estuarine complex 

Figure 3b. Distribution of chromium (µg/g) in sediment cores from the Pichavaram 

mangrove-estuarine complex 

Figure 3c. Distribution of copper (µg/g) in sediment cores from the Pichavaram mangrove-

estuarine complex 

Figure 3d. Distribution of iron (µg/g) in sediment cores from the Pichavaram mangrove-

estuarine complex 

Figure 3e. Distribution of manganese (µg/g) in sediment cores from the Pichavaram 

mangrove-estuarine complex 

Figure 3f. Distribution of nickel (µg/g) in sediment cores from the Pichavaram mangrove-

estuarine complex 

Figure 3g. Distribution of lead (µg/g) in sediment cores from the Pichavaram mangrove-

estuarine complex 

Figure 3h. Distribution of zinc (µg/g) in sediment cores from the Pichavaram mangrove-

estuarine complex 

Table Captions 

Table 1. Analyzed vs. prescribed values of various trace metals (in µg/g) for CRM-MESS-

2 (n=4 observations) 

Table 2. Correlation between organic carbon, sulfur and F4 fraction of trace metals 

in surficial and core sediments (significance level = 0.05). 

Table 3. Average chemical fractionation (in %) of trace metals and Risk Assessment Code 

(RAC) in surficial sediments of the Pichavaram mangroves. 
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Supplementary Figure  

Suppl. Figure 1 Comparison of Σ Total-metal with Total-metal at different sampling 

locations in surface sediments from the Pichavaram mangrove-estuarine complex  

Suppl. Figure 2 Comparison of Σ Total-metal with Total-metal in sediment cores from the 

Pichavaram mangrove-estuarine complex 
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Supplementary Table 

Supl. Table 1 Analysis of variance in trace metal fractions with respect to sampling 

locations vs. geochemical fractions (significance level = 0.05) in surface sediments from 

the Pichavaram mangrove-estuarine complex 

Supl. Table 2 Values of α for down-core variation in metal fractionation metal in sediment 

cores from the Pichavaram mangrove-estuarine complex 
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Table 1. Analyzed vs. prescribed values of various trace metals (in µg/g) for CRM-MESS-
2    (n=4 observations) 

 

 
  

 Cr Cu Pb Zn Cd Ni Mn Fe 
Mess 2 106 39 22 17 24 49 362 43540 
Observed 
values 152± 26 34±5.8 21±2.0 16±3.5 23±2.3 51±2.9 330±22 38027±3769 



 2 

 
Table 2. Correlation between organic carbon, sulfur  and F4 fraction of trace metals 
in surficial and core sediments (significance level = 0.05). 

Surficial sediments 
 TOC TS Fe Cd Ni Cr Mn Cu Zn Pb 
OC 1          
TS 0.05 1         
Fe 0.12 -0.31 1        
Cd 0.43 -0.21 0.12 1       
Ni 0.51 0.15 0.64 0.09 1      
Cr 0.58 0.06 0.77 0.25 0.86 1     
Mn 0.52 0.21 0.38 0.09 0.83 0.53 1    
Cu 0.62 0.58 0.84 0.22 0.60 0.78 0.28 1   
Zn 0.42 0.56 0.75 -0.05 0.40 0.40 0.26 0.80 1  
Pb 0.63 0.10 0.15 0.55 0.39 0.52 0.11 0.51 0.12 1 
Core-1 
OC 1          
TS 0.85 1         
Fe 0.78 0.90 1        
Cd -0.06 0.01 -0.02 1       
Ni -0.52 -0.40 -0.12 -0.58 1      
Cr -0.29 -0.26 0.14 -0.02 0.68 1     
Mn -0.44 -0.39 -0.34 -0.56 0.57 -0.07 1    
Cu 0.00 -0.12 0.11 0.33 0.08 0.55 -0.14 1   
Zn 0.27 0.41 0.72 -0.21 0.44 0.55 0.05 0.04 1  
Pb -0.87 -0.81 -0.57 -0.23 0.82 0.57 0.60 0.13 0.08 1 
Core-2 
OC 1          
TS 0.81 1         
Fe 0.82 0.83 1        
Cd -0.23 -0.07 -0.09 1       
Ni -0.35 -0.01 -0.02 0.12 1      
Cr 0.59 -0.32 -0.28 0.24 0.92 1     
Mn 0.15 0.52 0.23 -0.17 0.39 0.12 1    
Cu 0.68 0.76 0.70 0.37 -0.03 -0.23 0.16 1   
Zn 0.61 0.78 0.71 0.25 0.04 -0.18 0.43 0.91 1  
Pb -0.09 -0.39 -0.27 -0.77 -0.32 -0.24 -0.09 -0.58 -0.39 1 
Core-3 
OC 1          
TS 0.80 1         
Fe 0.86 0.72 1        
Cd -0.92 -0.80 -0.72 1       
Ni 0.79 0.94 0.84 -0.69 1      
Cr 0.39 0.63 0.05 -0.61 0.40 1     
Mn -0.17 -0.60 -0.07 0.27 -0.46 -0.52 1    
Cu 0.85 0.94 0.89 -0.79 0.97 0.38 -0.43 1   
Zn 0.86 0.81 0.95 -0.72 0.86 0.19 -0.19 0.89 1  
Pb -0.38 -0.48 -0.45 0.50 -0.41 -0.24 -0.05 -0.54 -0.40 1 
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Table 3. Average chemical fractionation (in %) of trace metals and Risk Assessment Code (RAC) in surficial sediments of the Pichavaram 
mangroves. 

Metal Va Ma Ca Pa VT MT CT PT ERL ERM TEL PEL F1 (%) F2 (%) F3 (%) F4 (%) F5 (%) RAC 

Cd 0.42 0.42 0.44 0.42 34.20 30.48 32.98 34.74 1.2 9.6 0.68 4.21 0.67 0.67 1.72 2.13 94.8 Low Risk 

Cr 0.91 0.99 1.09 1.00 545.37 565.77 679.17 617 81 370 52.3 160 0.05 0.14 0.78 2.8 96.23 No Risk 

Cu 1.97 2.32 1.50 1.97 96.78 180.83 128.38 132 34 270 18.7 108 0.45 1.37 3.33 3.53 91.32 Low Risk 

Ni 2.49 2.85 3.04 2.56 145.34 305.43 171.50 252 20.9 51.6 15.9 42.8 0.5 1 2.19 3.26 93.05 Low Risk 

Pb 5.40 5.65 5.86 5.67 161.45 140.20 139.88 143 46.7 218 30.2 112 1.16 3.1 5.39 4.82 85.53 Low Risk 

Zn 2.42 2.02 2.15 2.14 108.03 104.98 95.10 106 150 410 124 271 0.45 1.82 3.9 4.03 89.79 Low Risk 

Fe 113 121 153 128 23073 26452 26025 24998 -- -- -- -- 0.06 0.49 4.06 2.72 92.66 No Risk 

Mn 62 104 46 74 751 1001 904 801 -- -- -- -- 4.5 6.15 6.22 4.43 78.69 Medium Risk 
 
Va- Vellar Area (Available metal; F1+F2 fraction; in μg/g) 
Ma- Mangrove Area (Available metal; F1+F2 fraction; in μg/g) 
Ca- Coleroon Area (Available metal; F1+F2 fraction; in μg/g) 
Pa- Pichavaram area as a total (Available metal; F1+F2 fraction; in μg/g) 
VT- Vellar Area (Total metal concentration in single step digestion, in μg/g) 
MT- Mangrove Area (Total metal concentration in single step digestion, in μg/g) 
CT- Coleroon Area (Total metal concentration in single step digestion, in μg/g) 
PT- Pichavaram Area as a total (Total metal concentration in single step digestion, in μg/g) 
ERL- Effect Range Low; ERM- Effect Range Median in μg/g (Long et al., 1995) 
TEL-Threshold effect level in μg/g (McDonald et al., 1996) 
PEL- Probable effect level in μg/g (McDonald et al., 1996) 
F1- Exchangeable fraction 
F2- Carbonate bound fraction 
F3-Oxide bound fraction 
F4-Sulfidic and organic bound fractions 
F5-Residual fraction 
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