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Abstract Mangrove forests are one of the most produc-

tive and biodiverse wetlands on earth. Yet, these unique

coastal tropical forests are among the most threatened

habitats in the world. Muthupet mangroves situated in the

southeastern coast of India, has a reverse ‘‘L’’ shaped

structure. Four cores were collected in 2008, sliced and

subsampled at 2.5 cm length. The heavy metals (Mn, Cu,

Zn, Ni, Pb, Cr, Cd) and other associated geochemical

parameters were evaluated to determine pollution history

of Muthupet. An evaluation of the status of heavy metal

pollution through the index analysis approach was

attempted by computing geoaccumulation index, anthro-

pogenic factor, enrichment factor, contamination factor and

degree of contamination, pollution load index and metal

pollution index. To compensate for the natural variability

of heavy metals in the core sediments, normalization using

Al was carried out so that, any anthropogenic metal con-

tributions may be detected and quantified. Results of the

study reveal that significant metal contamination exists,

and all the metals are found to be higher than continental

crustal values. The fine sediments of Muthupet vary

between uncontaminated and moderately contaminated

with almost no enrichment (EF \ 1) to severe enrichment

(EF [ 10). On comparison, the core collected close to

aquafarms and dense mangrove forest (C3) is the most

polluted core and the core retrieved where minor rivers

drain (C2) is the least polluted.

Keywords Coastal pollution � Enrichment �
Heavy metals � Mangroves � Muthupet

Introduction

Sediments in the coastal zone are normally dominated by

terrigenous particles due to the supply of continental

material. With growing industrial activity, contaminants

are released into the coastal environment causing undesir-

able effects on the marine ecosystem. Among these innu-

merable contaminants, pollution by heavy metals in coastal

environment has become a global phenomenon because of

its toxicity, persistence for several decades in the envi-

ronment, bioaccumulation and biomagnification in the food

chain (Burger and Gochfeld 2003). Sediment heavy metal

data can be used to uncover the pollution history of an

aquatic system, because they are more widely available,

and more reliable than dissolved metal concentrations in a

water body (Zwolsman et al. 1996).

Mangroves are interface ecosystems that occur at the

confluence of rivers and seas in tropical and subtropical

areas (Lugo and Snedaker 1974). Mangrove forests are

considered to be highly productive ecosystems (Clough

1992). With growing industrial activity, worldwide man-

groves can also contribute to the cycling of certain pollu-

tants in the local environment (Murray 1985), either as

sinks or conveyors of pollutants to marine food chains
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(Harbison 1981; Lacerda 1998). The value of mangrove

communities, and particularly of mangrove forest sedi-

ments, as a buffer between potential sources of metallif-

erous pollutants and marine ecosystems has been noted

previously (Harbison 1981, 1986; Saenger 2002; Ong Che

1999; Kuitwagen et al. 2008). Due to their inherent phys-

ical and chemical properties, mangrove sediments have an

extraordinary capacity to accumulate materials discharged

to the near shore marine environment (Harbison 1986).

Mangrove sediments are anaerobic and reduced and their

richness in sulphide and organic matter favor the retention

of water-borne heavy metals (Silva et al. 1990; Tam and

Wong 2000), and the subsequent oxidation of sulphides

between tides allows metal mobilization and bioavailability

(Clark et al. 1998).

In India, mangroves occur on the west coast, on the east

coast and on Andaman and Nicobar Islands, but in many

places they are highly degraded. According to Government

of India statistics (1987), India has lost 40 % of its man-

grove area in the last century. The National Remote

Sensing Agency recorded a decline of 7,000 ha of man-

groves in India within a 6-year period from 1975 to 1981.

In Andaman and Nicobar Islands, about 22,400 ha of

mangroves was lost between 1987 and 1997. Mangroves in

Tamil Nadu exist on the Cauvery deltaic areas viz., Ved-

aranyam, Kodiakarai (Point Calimere), Muthupet, Cha-

tram, and Tuticorin. Geochemical studies on the mangrove

ecosystem are vital as pollution level and the source can be

identified from the sediments. The spatial and temporal

variability observed in sediment contaminant concentra-

tions reflects the complexity of estuarine biogeochemical

cycles and the various sources of contamination. Further by

studying the dynamic nature of ecosystem both spatially

and geochemically it is possible to understand the present

and future trend in degradation. The aim of the study was

to determine historic levels of seven commonly polluting

metals: manganese (Mn), copper (Cu), zinc (Zn), nickel

(Ni), lead (Pb), chromium (Cr), and cadmium (Cd); and to

assess the status of Muthupet mangrove through compu-

tation of various pollution indices.

Regional setting

The study area lies along the southeastern coast of India,

also known as Coromandel Coast, having a reverse ‘‘L’’

shaped structure (Fig. 1). It lies on the Cauvery river delta

passing through Nagapatinam and Thiruvarur districts. The

study area extends from 79�1904100 to 79�3802400 along East

and 10�1602300 to 10�2404300 along North. This area is

drained by distributaries of Cauvery, i.e., Agniar, Nas-

uvunniyar, Kattar, Paminiyar, Korayar, Kilaithangiyar,

Marakkakoryar and Varavanar. According to international

classification, study area falls in the category of medium

tropical transitional bio-climate, characterized by monthly

average temperatures above 27 �C. The total annual rain-

fall varies from 1,000 to 1,500 mm. The average humidity

of the area is 75 %. The maximum elevation of the study

ranges between 0 and 6 m.

Mangroves are present near Atirampattinam and Mul-

lippallam creek. The whole area is marshy up to 1,000 m

from the coast. From Point Calimere to Atirampattinam,

the coast stretches for almost 100 km and it known as the

‘‘Great Vedaranniyam Salt Swamp’’. The width generally

varies between 8 and 10 km from the coast and the

uniqueness of the swamp is the occurrence of two peri-

odical high tides, i.e., the Chittrai parvam and Visakha-

vellam, happening around the full moon day in May and

June, respectively. Presently, wetland is occupied by six

species of mangrove vegetation, namely, Avicennia mar-

ina, Acanthus ilicifolius, Aegiceras corniculatum, Excoe-

caria agallocha, Rhizophora mucronata and Lumnitzera

racemosa. In Muthupet wetland, A. marina represents

95 % of mangrove species. The major industry in the

vicinity of the study area is bromine extracting. Saltpans

have been present for a long time and recently aquaculture

farms have come into existence, affecting the adjacent

mangrove ecosystem. People belonging to 26 hamlets of 16

revenue villages with a total population of about 35,900

depend on the fishery and forestry resources of Muthupet.

Fishing in mangrove waters is only seasonal. A preliminary

estimate indicates that about 106 tons of fish and shellfish

are harvested every year from the Muthupet mangroves.

Pandian (1985) recorded 73 species of finfish in Muthupet

mangrove, but according to the local fishermen only 30

species are commonly occurring. Apart from fish, the

lagoon is also found to be rich in prawns and crabs (IC-

MAM 2005). For the benefit of the local fishermen, a

fishing harbor is constructed under the Sethusamudram

Ship Channel Project. Furthermore, fertilizers from the

agricultural areas drain into the sea. The other sources of

pollution include transport of pollutants from Gulf of

Mannar and Tuticorin.

Materials and methods

Four core samples were collected with the help of a fiber

boat across the study area during June 2008 (Table 1). C1

was collected from Muthupet Lagoon to understand the

influence of tides and the input from the coastal environ-

ment. C2 was retrieved from the adjoining areas that are

drained by minor rivers, which flow during monsoon

periods and small scale aquafarms are found about 500 m

away from C2. C3 is located very close to aquafarm and

adjacent to dense mangroves. C4 is close to the fishing
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harbor. The cores were collected by driving an acid washed

PVC pipe of 2.5 m length and 2.5 in. diameter. The geo-

chemical data presented in this study has not been cor-

rected for compaction, as it is likely to be uniform down

the length of the core (Clark et al. 1998). All the cores were

frozen prior to subsampling (slicing) at 2.5 cm intervals.

To avoid contamination from the PVC pipe, a thin film of

sediment adjacent to the pipe was left in the core itself. The

subsamples were stored in clean polythene covers.

A representative portion of each sample was used for the

determination of sediment composition (Krumbein and

Pettijohn 1938). A portion of the sample was finely pow-

dered in an agate mortar and used for chemical analysis.

Organic carbon and calcium carbonate was determined

following the procedure of Loring and Rantala (1992) and

Gaudette et al. (1974), respectively. Analyses of metals

(Mn, Cu, Zn, Ni, Pb, Cr and Cd) were carried out by flame

atomic absorption spectroscopy (Varian Spectrometer AA

200), after total digestion following the procedure of

Agemian and Chau (1976) and Taliadouri (1995). Inter-

national standard reference materials were used to calibrate

the instrument viz., BEST and BCSS1 and the metal con-

centrations were within the reported values except for Zn

and Mn, which were consistently higher by about 10 % and

lower by about 5 % than the standard values, respectively.

The indices used in the present study are geoaccumulation

index (Muller 1979), anthropogenic factor (Szefer et al.

1998), and enrichment factors were interpreted as sug-

gested by Bloundi et al. (2009), contamination factor and

contamination degree (Hakanson 1980), pollution load

index (Tomlinson et al. 1980), and metal pollution index

(Usero et al. 1997).

Results and discussion

Sediment composition

In all the cores, mud (silt ? clay) dominates, reflecting

calm conditions at the time of deposition (Fig. 2). How-

ever, there are local variations in sediment composition

Fig. 1 Study area and core sampling locations

Table 1 Core details

Core Latitude

(N)

Longitude

(E)

Core retrieval

depth (m)

Number of

subsamples

C1 79�2705600 1081802200 0.80 32

C2 79�2504700 1081304900 0.55 21

C3 79�2403000 1081805600 1.0 40

C4 79�2305900 1081805900 0.70 28

Environ Earth Sci (2014) 72:1255–1270 1257

123



from core to core, and also at different depths within the

core. The sand content ranges from 0.73 to 23.21 %. The

minimum percentage of sand is recorded in C2 at 52.50 cm

(last subsample) and the maximum percentage is recorded

in C4 at 2.5 cm depth (first subsample). The mud

(silt ? clay) ranges from 76.79 to 99.27 % with the lowest

and the highest values occurring in C4 at 2.5 cm depth and

C2 at 52.50 cm, respectively. Only few samples contain

mud content\80 %. Most of the samples fall in the field of

either sandy silt or clayey silt indicating domination by silt.

Hydrodynamic processes induce the accumulation of fine

sediments associated with organic matter in zones charac-

terized by lower hydrodynamic energy.

Significantly lower values for sand in the top layers of C1

along with corresponding increase in silt predicts an

increased inflow of fine sediments to the coastal area. An

extreme event is evident beyond 60 cm which is most likely

due to a highly turbulent water column, which may be

attributed to the tsunami which occurred in southeast India

during 26th June 1941 (Madan Kumar 2006). Considering

the sedimentation rate of 0.95 cm/year (Madan Kumar

2006), the sediments at 57.5–60 cm depth might have been

deposited in 1941 and higher content of sand at this depth

correlated with the prevalence of high-energy environment.

Hence the significant change in concentration is related to a

major paleo-washover event, tsunami. In C2, an increased

sand and silt content between 0 and 5 cm interval with

corresponding decrease in clay points to the presence of

resuspension of clay due to tidal and wave action. C3

records low clay, moderate sand, and higher levels of silt

again implying relatively calm environment of deposition

due to the presence of dense mangroves for a long time.

Highest sand is present in C4 owing to the apparent close-

ness to the harbor, wherein turbulence is quite common.

While the eastern coastline of India runs in the north–south

direction, the part of the coastline where this core was

collected runs in the east–west direction facilitating the

movement of sediment through wave action.

Calcium carbonate and organic carbon

The calcium carbonate in the core sediments of the

Muthupet is found to be low (Fig. 3). The estimated values

of carbonate in the surface sediments range from 0.32 to

6.61 %, with an average content of 2.65 %. In C1, CaCO3

in the upper half, i.e., from 2.5 to 22.5 cm reveals a

downward sloping trend, with values ranging from 1 to

1.86 % which is well supported by the low sand contents

(8.63–10.68 %) at these depths. Increase of CaCO3 is

observed from 25 to 60 cm, with CaCO3 content of

1.92–3.18 %. The steady increase in CaCO3 is attributed to

the dissolution of CaCO3 at the top levels. Moreover, this is

Fig. 2 Down core variations in sediment composition
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due to reprecipitation of carbonates in the reduced sedi-

ment layers because of increase in alkalinity, which may be

generated by sulphite reduction (Oenema et al. 1988;

Gaillard et al. 1989). The sudden decrease in sand and

CaCO3 content at 60.0 cm indicates that it could also be

due to a sudden change in environment in the mangrove

region or it could be related to a paleo-washover event,

may be a tsunami, as discussed above in the grain size

analysis (Shumilin et al. 2002). In C2, low values

encountered at intermediate depths indicate the dissolution

of CaCO3 at these depths due to change in pH conditions.

Average CaCO3 concentration in C3 is 3.55 % which is

higher than C1 and C2. Surface enrichment of CaCO3 is

observed in C3 (6.61 %). C4 has the highest CaCO3 when

compared to the other cores. Surface enrichment occurs till

a depth of 7.5 cm with values ranging from 5.72 to 6.22 %.

The high values in the surface sediment of C3 and C4 are

due to the location of the core sample on the western side

of the salt marshes and also due to high sand content at

these depths. The CaCO3 content is high where higher sand

content is observed indicating that carbonates are attached

to coarse sediments.

OC concentration varies from 0.86 to 6.70 % (C1), 2.57

to 6.09 % (C2), 2.1 to 7.97 % (C3), and 0.83 to 4.76 % (C4)

as shown in Fig. 3. Average organic carbon content is

3.66 % in C1, 4.55 % in C2, 4.28 % in C3, and 2.37 % in

C4. OC contents are high where CaCO3 content is low and

mud content is high signifying that they are attached to finer

particles (Jonathan et al. 2004). The clayey silt and sandy

silt sediments in these regions also favor the deposition of

organic debris. Surface enrichment of OC content is seen at

5.0–10.0 cm depth (5.59–6.70 %). The high concentration

observed in the upper layer is due to the adsorption and

incorporation of organic materials from the overlying water

column with rapid accumulation of fine-grained terrigenous

inorganic material and reducing environment prevailing

down the core. The organic carbon values reveal a steady

increase from 4.40 to 6.09 % at 35.0–52.5 cm in the bottom

part of C2, which is due to the erosion of mangrove sedi-

ments by heavy rainfall and the degradation of mangrove

leaves (Dittmar 1999). Low values (2.85–2.94 %) at upper

layers of C3 illustrate that it could be due to the changes in

salinity and a much higher tidal exchange and increase in

water flow. Overall, the low organic carbon in C4 can be

attributed to the sandy nature of the core sample.

Down core variations in trace metal concentrations

Due to their stability within the sedimentary column, most

of the contaminants can leave their fingerprint in

Fig. 3 Down core variations in

calcium carbonate and organic

carbon

Environ Earth Sci (2014) 72:1255–1270 1259

123



sediments, i.e., when there is no or insignificant post-

depositional mobility. Metals enter the environment and

oceans by two means: natural processes (including erosion

of ore-bearing rocks, wind-blown dust, volcanic activity

and forest fires); and processes derived from human

activities by means of atmospheric deposition, rivers, and

direct discharges or dumping (Clark 2001). The spatial and

temporal geochemical records of sediments are deemed to

be vital to evaluate recent contamination levels and pol-

lution histories within estuarine, coastal and shelf regions

worldwide (Szefer et al. 1995; Zwolsman et al. 1996;

Nolting et al. 1999; Selvaraj et al. 2004).

In an attempt to compensate for the natural variability of

trace metals in the core sediments, normalization was

carried out so that, any anthropogenic metal contributions

may be detected and quantified. Normalization is done

commonly by using geochemical reference elements such

as Sc, Mn, Ti, Al and Fe (Pacyna and Winchester 1990;

Quevauviller et al. 1989; Reimann and de Carital 2000;

Schiff and Weisberg 1999; Sutherland 2000; Sugirtha

Kumar and Patterson Edward 2009). In the present study,

Al was used as the reference element. The metal concen-

trations in average shale (Turekian and Wedepohl 1961) or

Continent Crust Values (CCV) after Taylor (1964) listed in

Table 2 were taken to represent the uncontaminated levels

of the trace metals (Salomons and Forstner 1984). The

down core variations in heavy metals are illustrated in

Fig. 4 and Table 3.

Overall observation of Mn/Al ratios in the study area

(Fig. 4) exhibit concentrations lower than CCV and only in

certain depths of cores, in C2 and C4 it is above the crustal

average. According to Calvert and Pedersen (1993) the

coarse-grained ferromagnesian minerals in the shallow

coastal zone, do not contain high Mn concentration and the

degree of enrichment in surficial sediments is controlled by

the depth of penetration of dissolved oxygen from over-

laying water, which depends upon the flux of organic

matter to the sediments. In addition, high Mn/Al ratios in

C1 (7.5–10.0 cm) and C2 (0–2.5 and 5.0–20.0 cm) is due

to the redox potential affecting upward diffusion, which

together with reductive solubilization processes in the

lower sediment layers cause a permanent deposition of the

mobile Mn compounds in the lower most horizon of the

oxidized sediment (Froelich et al. 1979). The Cu/Al ratios

indicate that external input of Cu to the study area.

Important anthropogenic inputs of copper in estuarine and

coastal waters include sewage sludge dumpsites, municipal

waste discharge, and antifouling paints (Kennish 1997).

The down core profiles of Cu/Al ratios in C1 reveal a

twofold increase over the CCV at 0–35.0 cm

(11.57–16.01 9 10-4) except at 5.0–7.5 cm. In the lower

half of the core, the Cu/Al ratio differs from 8.31 to

10.80 9 10-4 again higher than the crustal average. In C3,

the Cu/Al ratio is well above the CCV from surface to

Fig. 4 Down core variations in trace metal concentration

Table 2 CCV for heavy metals

Heavy metal CCV

(Mn/Al) 9 10-3 11.54

(Cu/Al) 9 10-4 6.68

(Zn/Al) 9 10-3 0.85

(Ni/Al) 9 10-4 9.11

(Pb/Al) 9 10-4 1.52

(Cr/Al) 9 10-3 1.21

(Cd/Al) 9 10-6 2.43
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Table 3 Down core variations in metal concentration

Depth (cm) Mn Cu Zn Ni Pb Cr Cd Mn Cu Zn Ni Pb Cr Cd

C1 C2

0–2.5 367.71 44.71 192.93 111.01 37.62 319.58 0.69 466.05 37.07 185.2 67.12 38.02 123.41 0.56

2.5–5 366.12 68.55 212.36 122.33 34.11 286.55 0.76 351.26 38.21 212.36 65.48 37.45 124.56 0.59

5–7.5 440.68 41.62 222.54 97.75 31.52 163.68 0.76 279.04 38.25 219.26 78.62 39.59 84.59 0.48

7.5–10 432.16 58.63 209.02 95.23 28.66 206.52 0.74 461.58 38.59 226.35 79.69 41.52 83.25 0.46

10–12.5 423.21 43.6 208.66 136.99 30.63 94.03 0.74 456.95 38.95 212.36 82.33 42.49 121.97 0.51

12.5–15 326.55 43.12 168.27 86.55 28.16 102.65 0.51 453.22 36.84 156.33 86.15 45.46 118.84 0.54

15–17.5 328.66 42.56 173.21 85.1 28.22 100.62 0.53 441.57 36.46 226.36 98.61 44.82 119.51 0.53

17.5–20 365.39 42.47 170.65 76.23 28.18 111.28 0.53 478.13 36.97 229.32 114.66 49.68 112.23 0.52

20–22.5 380.83 44.14 172.84 75.64 27.23 118.91 0.52 321.52 35.11 218.45 112.52 49.01 109.65 0.51

22.5–25 365.22 56.84 174.53 76.59 27.2 132.22 0.48 318.62 35.02 212.21 108.24 48.1 111.54 0.51

25–27.5 356.85 55.32 173.55 77.54 26.56 128.69 0.51 311.55 35.22 213.46 105.64 49.16 112.53 0.51

27.5–30 354.22 52.21 169.37 78.55 28.62 133.28 0.51 295.65 28.69 213.33 45.41 29.5 99.05 0.42

30–32.5 377.69 55.62 112.06 78.52 28.06 142.57 0.32 291.52 27.58 213.22 46.55 28.12 98.24 0.43

32.5–35 381.53 56.21 110.22 78.56 29.26 153.24 0.33 292.26 27.66 201.23 47.59 29.33 97.35 0.45

35–37.5 391.22 35.62 109.08 77.52 29.35 146.33 0.36 294.31 27.61 223.54 48.98 31.12 90.57 0.42

37.5–40 402.13 36.55 106.22 81.66 30.31 152.44 0.31 284.72 28.63 182.41 51.55 33.37 84.7 0.42

40–42.5 427.46 39.84 105.47 86.58 32.33 160.28 0.32 281.55 27.53 181.1 52.48 23.51 83.21 0.41

42.5–45 432.65 42.22 110.84 88.62 39.96 186.33 0.3 280.41 27.41 182.23 50.35 22.56 80.1 0.38

45–47.5 444.28 41.53 108.76 85.45 40.03 191.21 0.31 282.46 27.38 185.63 50.71 23.14 76.55 0.36

47.5–50 406.33 41.59 98.65 81.21 40 201.03 0.29 286.41 24.43 182.26 49.42 23.09 72.81 0.35

50–52.5 391 41.94 98.24 84.13 41.22 199.23 0.3 285.55 24.3 180.23 48.22 24.69 69.22 0.36

52.5–55 403.65 42.36 95.43 85.69 41.23 191.56 0.3

55–57.5 403.44 39.66 96.47 85.45 42.1 193.65 0.32

57.5–60 276.23 27.22 65.22 66.25 28.66 92.11 0.18

60–62.5 376.93 37.58 105.36 81.9 33.02 124.92 0.26

62.5–65 383.01 36.55 110.59 78.69 32.26 102.11 0.25

65–67.5 376.55 35.22 124.57 76.52 32.01 98.63 0.27

67.5–70 358.21 34.12 126.44 71.53 33.03 102.11 0.26

70–72.5 354.69 33.02 131.58 65.22 33.62 95.55 0.26

72.5–75 364.74 31.26 136.52 66.36 32.01 98.61 0.27

75–77.5 391.83 31.54 140.84 72.52 32.52 106.55 0.28

77.5–80 393.08 38.18 140.61 81.08 33.52 102.41 0.26

C3 C4

0–2.5 370.43 43.92 121.23 67.23 47.91 116.65 0.53 353.53 30.6 186.52 62.66 49.48 94.14 0.48

2.5–5 380.12 42.56 145.69 65.56 54.26 132.52 0.56 257.23 33.58 285.62 68.47 56.12 96.14 0.56

5–7.5 381.78 42.95 279.36 71.22 62.04 144.49 0.61 196.07 26.18 203.21 66.86 53.22 82.62 0.58

7.5–10 392.22 42.58 324.51 85.45 63.22 150.26 0.62 245.09 32.67 256.21 58.54 58.36 93.06 0.46

10–12.5 390.45 71.66 394.53 93.64 65.24 153.67 0.62 259.26 34.84 298.06 55.5 62.34 93.12 0.41

12.5–15 392.52 70.55 201.33 103.26 43.21 142.22 0.41 257.39 39.36 303.29 58.62 62.27 115.29 0.42

15–17.5 394.15 68.57 222.36 123.56 44.25 141.65 0.43 258.11 41.06 296.55 59.47 60.11 115.06 0.43

17.5–20 393.56 67.41 232.54 124.55 45.62 140.23 0.42 257.68 42.08 298.47 60.11 58.21 113.74 0.42

20–22.5 400.13 64.62 536.25 142.85 48.32 143.05 0.48 258.01 40.02 301.49 62.43 60.23 114.59 0.38

22.5–25 342.21 63.45 541.12 140.28 48.38 161.2 0.49 331.3 33.26 300.28 63.57 61.14 115.54 0.39

25–27.5 341.1 63.43 538.25 139.55 48.51 169.55 0.49 328.56 34.52 298.69 66.38 61.23 114.47 0.38

27.5–30 345.26 62.57 540.11 143.49 49.67 171.53 0.48 340.15 32.89 303.61 72.86 62.45 113.53 0.38

30–32.5 363.45 61.98 542.35 149.27 50.32 168.78 0.49 349.83 32.64 336.53 77.78 65.6 113.06 0.39

32.5–35 358.52 56.58 533.36 150.23 50.11 165.55 0.49 342.52 33.28 342.58 78.86 63.57 115.65 0.39
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80.0 cm depth interval (7.23–12.64 9 10-4) except for

low concentration (6.02 9 10-4) at 60–62.5 cm depth.

Below 80 cm depth the values are well below the crustal

average.

The average Zn/Al ratio in the core samples are

3.75 9 10-3, 7.19 9 10-3, 7.24 9 10-3 and

10.66 9 10-3 in C1, C2, C3 and C4 respectively. C1

reveals a low average than the other core samples, but with

almost threefold increase over the reference value. Core 2

depicts a seven-time increase (7.19 9 10-3) over the

crustal average (0.85 9 10-3). The Zn/Al ratio in C3 show

8–10 times increase over crustal average at the central part

20.0–60.0 cm depth (8.31–10.67 9 10-3), whereas the

lower part shows a sixfold increase at 62.5 cm till the

bottom (5.87–7.01 9 10-3). Zn/Al ratio in C4 exhibits a

ten fold increase than the crustal average at the depth of

17.5–70.0 cm (10.20–13.41 9 10-3) except for low value

of 6.52 9 10-3 at 60.0–62.5 cm depth. Higher concentra-

tion in the central part than the lower part can be attributed

to the maritime activities and the anti corrosive paints used

for various purposes, which could have accumulated in the

region. Ni/Al shows a double fold increase in concentration

compared to CCV (more than 18 9 10-4) except at

57.5–60.0 cm, 70.0–75.0 cm in C1; 27.5–32.5 cm in C2;

0–12.5 cm, 60.0–62.5 cm, 75.0–77.5 cm in C3 and

10.0–12.5 cm, 57.5–70.0 cm in C4, which exhibit con-

centrations above the crustal average. According to

Zwolsman et al. (1996), the increase of Ni content at

subsurface layers is due to Ni sorption onto manganese

oxyhydroxides.

Pb/Al ratios for the core samples vary from 4.99 to

10.87 9 10-4, 7.37 to 17.13 9 10-4, 4.14 to

11.51 9 10-4 and 11.47 to 24.70 9 10-4 in C1, C2, C3

and C4 respectively. In C1, Pb/Al ratio reveals high con-

centration at the surface (10.87 9 10-4) and 47.5–57.5 cm

depth (10.08–10.52 9 10-4) which is greater than the

average crustal value (1.52 9 10-4). At other depths, the

enrichment is 7–9 times greater than the crustal values. In

C3, higher values in the upper half (7.37–11.57 9 10-4)

and lower in bottom half (7.08–8.71 9 10-4) with least

value (4.14 9 10-4) occurring at 60.0–62.5 cm depth is

observed. In C4, the average Pb/Al ratio is 19.33 9 10-4

Table 3 continued

Depth (cm) Mn Cu Zn Ni Pb Cr Cd Mn Cu Zn Ni Pb Cr Cd

35–37.5 356.54 55.25 540.42 149.21 49.63 164.82 0.49 340.1 34.52 356.21 79.26 64.28 109.21 0.39

37.5–40 365.89 50.26 539.51 149.06 50.12 161.22 0.48 331.19 34.55 361.55 79.35 62.17 105.27 0.35

40–42.5 398.56 49.18 453.69 132.05 49.23 162.02 0.35 328.26 30.18 363.57 76.55 61.86 98.56 0.34

42.5–45 411.23 48.22 442.36 130.26 50.06 164.55 0.36 310.15 31.02 361.02 73.22 60.23 97.51 0.35

45–47.5 409.18 46.31 444.52 125.37 49.53 165.58 0.35 305.62 30.86 372.56 68.53 58.33 96.54 0.34

47.5–50 411.55 47.48 448.25 124.53 48.65 166.35 0.41 295.47 30.25 378.59 62.46 59.1 93.47 0.35

50–52.5 420.04 48.76 450.21 126.46 48.62 166.06 0.36 281.66 30.19 386.51 55.5 63.61 89.31 0.33

52.5–55 421.58 47.23 449.23 125.55 49.53 175.47 0.38 280.54 29.56 387.4 56.36 58.2 88.56 0.34

55–57.5 422.17 46.31 444.2 124.69 49.12 175.25 0.36 279.68 29.42 386.55 56.41 57.22 88.41 0.34

57.5–60 423.56 47.55 438.59 124.78 49.22 174.69 0.36 278.25 29.11 387.16 55.13 57.23 87.69 0.36

60–62.5 227.26 35.41 185.36 78.5 24.36 101.02 0.22 278.61 21.2 201.35 54.32 58.15 87.58 0.35

62.5–65 501.23 45.62 321.02 112.02 32.65 152.36 0.33 198.53 29.34 391.23 38.02 43.58 68.54 0.28

65–67.5 498.65 46.58 318.21 110.56 33.51 153.42 0.34 315.68 30.43 385.59 58.03 53.02 90.06 0.34

67.5–70 493.65 47.52 319.53 110.2 34.56 146.57 0.35 329.02 32.42 390.22 60.9 52.04 90.21 0.34

70–72.5 527.48 49.78 320.11 99.16 36.54 148.91 0.34

72.5–75 524.11 45.66 321.25 98.55 38.59 149.74 0.34

75–77.5 520.35 46.85 324.18 98.69 40.15 152.65 0.28

77.5–80 521.45 46.53 315.66 94.57 41.22 151.47 0.29

80–82.5 497.87 34.74 346.57 69.52 44.04 130.09 0.28

82.5–85 488.55 33.21 350.26 65.33 44.5 129.56 0.28

85–87.5 486.51 33.26 354.66 64.72 45.22 124.56 0.29

87.5–90 481.26 32.1 355.84 63.54 45.18 118.54 0.3

90–92.5 480.09 32.09 367.56 64.25 46.22 115.2 0.31

92.5–95 478.63 31.56 384.52 63.27 45.95 108.47 0.29

95–97.5 479.56 30.54 386.44 62.06 45.06 106.54 0.29

97.5–100 480.14 31.25 387.59 61.43 46.53 102.23 0.31
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(maximum concentration). The down core profile shows a

gradual increase with depth till 37.5 cm

(14.99–24.20 9 10-4). In the lower half from 37.5 cm till

the last subsample, the values are marginally lower ranging

between 16.33 and 21.35 9 10-4. Abu-Hilal (1987) and

Laxen and Harrison (1983) attributed high Pb concentra-

tions to several sources such as boat exhaust systems,

spillage of oil, and other petroleum products from mech-

anized boats employed for fishing, and the discharge of

sewage effluents into water.

Cr/Al ratios in the study area range from 1.60 to

9.24 9 10-3, 2.86 to 4.59 9 10-3, 1.79 to 4.08 9 10-3

and 1.80 to 4.38 9 10-3 with an overall average of

3.89 9 10-3, 3.41 9 10-3, 2.81 9 10-3 and 3.29 9 10-3

for C1, C2, C3 and C4 respectively. Cr/Al ratios in all the

cores show higher values than the crustal average with very

high values at the surface layer. The Cr/Al ratios values in

the upper half and central part of the core indicates that Cr

contamination is taking place continuously. Cd/Al ratio

from the surface to 30 cm depth in C1 varies from 13.52 to

19.94 9 10-6 and from thereon till the bottom there is a

twofold reduction (6.84–9.92 9 10-6) except at

57.5–60.0 cm depth. In C2, high Cd/Al ratio is observed at

5.0–10.0 cm, 32.5–35.0 cm (20.17–21.21 9 10-6),

whereas at the other depths, it varies from 10.95 to

18.77 9 10-6 indicating a four fold increase over the ref-

erence value (2.43 9 10-6). C3 illustrates that the bottom

subsamples records a low ratio than the upper half. Similar

to C2, C4 also records a high Cd/Al ratio (12.85 9 10-6)

with greater values occurring in 0–40 cm depth.

Pollution status inferred from indices

Various authors (Salomons and Forstner 1984; Muller

1979; Hakanson 1980) have proposed pollution impact

scales or ranges to convert the calculated numerical results

into broad descriptive bands of pollution, ranging from low

to high intensity. Turekian and Wedepohl’s (1961) average

shale value was used as the background concentration for

computation of the indices.

Geoaccumulation index

The Geoaccumulation index (Igeo) introduced by Muller

(1979) was used to assess pollution status in the mangrove

sediments. Igeo is expressed as:

Igeo ¼ log2 Cn=1:5�Bnð Þ

where, Cn, measured concentration of heavy metal in the

sediment; Bn, geochemical background value in average

shale (Turekian and Wedepohl 1961) of element n, 1.5 is

the background matrix correction in factor due to litho-

genic effects.

Geoaccumalation index classes to assess sediment

quality are as follows:

\0 Uncontaminated

1 Uncontaminated to moderately contaminated

2 Moderately contaminated

3 Moderately to highly contaminated

4 Highly contaminated

5 Highly to very highly contaminated

6 Very highly contaminated

Sediments of Muthupet mangroves fall under class 0

or class 1. C1 is uncontaminated for all the metals

except for Cr in the surface sediment (0–5 cm) which

falls under the category uncontaminated to moderately

contaminated. Ni and Pb are found to lie in class 1 in

C2. C3 and C4 show uncontamination to moderate

contamination for Zn and Pb. On comparison, Pb is

lying in class 1 for all the cores except C1 indicating the

extent to which anthropogenic activities have an impact

on the mangrove ecosystem.

Anthropogenic factor

The anthropogenic factors (AF) of elements in the cores

were calculated as suggested by Szefer et al. (1998)

AF ¼ Cs=Cd:

where Cs and Cd refer to the concentrations of the elements

in the surface sediments and at depth in sediment column.

According to Ruiz-Fernández et al. (2001),

AF is [1 for a particular metal, it means contamination

exists.

AF is B1, there is no metal enrichment of anthropogenic

origin.

The AFs of Muthupet mangroves are tabulated in

Table 4. Mn in C1 and C3, Cu in C4, Zn in C3 and C4, Pb

in C4 are \1 indicating the absence of metal enrichment

from anthropogenic origin. The highest recorded AF value

is 16.32 for Mn in C2 followed by 3.12 for Cr in C1. The

calculated AF’s are found in the following sequences:

Mn [ Cd [ Cr [ Cu [ Ni [ Pb [ Zn.

Table 4 Anthropogenic factor

AF

Mn Cu Zn Ni Pb Cr Cd

C1 0.94 1.17 1.37 1.37 1.12 3.12 2.65

C2 16.32 1.53 1.03 1.39 1.54 1.78 1.56

C3 0.77 1.41 0.31 1.09 1.03 1.14 1.71

C4 1.07 0.94 0.48 1.03 0.95 1.04 1.41
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Enrichment factor

The enrichment factor (EF) (Szefer et al. 1998) permits to

calculate the heavy metal contamination by distinguish-

ing natural changes from those induced by anthropogenic

activity. Al has been chosen as normalization element

because of its origin being exclusively lithospheric

(Bloundi et al. 2009). In the present study, Al was used

since Al is closely associated with alumino-silicate

fraction that is dominant metal-bearing phase of the

sediment. EF is calculated according to the following

formula

EF ¼
Me=Alð ÞSample

Me=Alð ÞReference

:

where (Me/Al)Sample, ratio of the metal (Me) to Al in

samples of interest and (Me/Al)Reference, natural reference

value of the metal to Al.

EF values were interpreted according to Bloundi et al.

(2009) where EF \ 1 indicates no enrichment; 1–3 is

minor; 3–5 is moderate; 5–10 is moderately severe;

10–25 is severe; 25–50 is very severe; and [50 is

extremely severe. EF values for Muthupet mangroves are

tabulated in Table 5. EF ranges between no enrichment to

severe enrichment for the mangrove sediments. Mn

shows no enrichment in C1 and C3, whereas in C2 and

C4, a few subsamples fall under the category of minor

enrichment. C1 comparatively shows higher EF values

for Cu showing moderately severe enrichment. The

maximum (7.63) is recorded in the surface sediment

indicating recent activity. Minor enrichment of Cd is seen

in C2, C3 and C4 with few samples showing moderate

enrichment. Zn and Pb record the highest EF values and

found to vary between moderately severe and severe

enrichment. Minor to moderate enrichment is observed

for Ni and Cr whereas for Cd it reaches up to moderately

severe enrichment. The enrichment factor of the metals in

the entire study area is found to be of the order:

Zn [ Pb [ Cd [ Cr [ Ni [ Cu [ Mn.

Contamination factor and degree of contamination

Hakanson (1980) suggested a contamination factor (Cf
i) and

the degree of contamination (Cd) to describe the contami-

nation of given toxic substance as follows:

Ci
f ¼ Ci

0�1=Ci
n and Cd ¼

Xn

i¼1

Ci
f

where, Ci
0�1, mean content of the substance; Cn

i , reference

value for the substance.

Table 6 gives the details about contamination factor and

degree of contamination.

Mn, Cu and Ni (C4) show a low degree of contamina-

tion (Table 7) and all the other metals record a moderate

degree of contamination. The CF yielded the following

ranking Zn [ Pb [ Cd [ Cr [ Ni [ Cu [ Mn similar to

EF. The core wise ranking for contamination degree is

C3 [ C4 [ C1 and C2. The high metal concentration C3

and C4 can be attributed to apparent closeness of core

collection to aquafarms and fishing harbor.

Pollution load index

Pollution load index (PLI) was computed according to

Tomlinson et al. (1980) from the following equation

CF ¼ Cmetal=Cbackground

PLI ¼ n
p

CF1 � CF2 � CF3 � . . .CFnð Þ

where, CF, contamination factor, Cmetal, concentration of

pollutant in sediment, Cbackground, background value for the

metal, n, the number of metals.

PLI value of [1 is polluted whereas \1 indicates no

pollution.

The results of PLI calculation for Muthupet mangroves

are tabulated in Table 7 and for all the cores the value is

greater than unity indicating pollution with the order as

C3 [ C4 [ C1 [ C2.

Metal load index

The metal concentration was evaluated using the metal

pollution index (MPI) calculated according to Usero et al.

(1997) with the formula:

MPI ¼ M1; M2; M3; . . .; Mnð Þ1=n

where, Mn, metal concentration, n, number of metals con-

sidered for the study.

MPI also yielded a sequence similar to that of PLI viz.

C3 [ C4 [ C1 [ C2 (Table 7), since these two indices are

mathematically proportional to each other and the ratios

MPI/PLI does not significantly change (about 39.8).

Although computation of this index is simple it does not

compare the contaminant concentration with neither base-

line/guidelines nor with a threshold classification from

unpolluted to high pollution (Caeiro et al. 2005).

The difference in these trend sequence patterns may be

attributed to the different methods of calculation. In the

case of the EF, the enrichment of the elements is normal-

ized relative to Al in the surficial sediments whereas in the

case of the anthropogenic factor, the enrichment of the

elements is normalized relative to depth in the sediment

cores (Szefer et al. 1998). CF is calculated based on the

mean concentration of the metal whereas PLI is calculated

based on CF (Seshan et al. 2011).
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Table 5 Enrichment factor

Depth (cm) Mn Cu Zn Ni Pb Cr Cd

C1

0–2.5 0.92 1.93 6.56 3.52 7.15 7.63 8.21

2.5–5 0.69 2.23 5.43 2.92 4.88 5.15 6.8

5–7.5 0.98 1.6 6.72 2.75 5.32 3.47 8.02

7.5–10 1.00 2.35 6.58 2.80 5.05 4.57 8.15

10–12.5 0.97 1.73 6.52 3.99 5.35 2.06 8.08

12.5–15 0.86 1.96 6.01 2.88 5.62 2.57 6.37

15–17.5 0.88 1.97 6.30 2.89 5.74 2.57 6.75

17.5–20 0.97 1.94 6.12 2.55 5.65 2.8 6.65

20–22.5 0.92 1.84 5.67 2.31 4.99 2.74 5.96

22.5–25 0.89 2.4 5.78 2.37 5.04 3.08 5.56

25–27.5 0.84 2.26 5.58 2.32 4.77 2.90 5.73

27.5–30 0.85 2.16 5.50 2.38 5.20 3.04 5.79

30–32.5 0.89 2.27 3.60 2.35 5.04 3.22 3.59

32.5–35 0.92 2.35 3.61 2.40 5.37 3.53 3.79

35–37.5 0.93 1.47 3.54 2.34 5.32 3.33 4.08

37.5–40 0.91 1.43 3.28 2.35 5.23 3.30 3.34

40–42.5 0.89 1.43 2.98 2.29 5.12 3.19 3.17

42.5–45 0.93 1.56 3.22 2.40 6.50 3.80 3.05

45–47.5 0.95 1.53 3.16 2.31 6.50 3.90 3.15

47.5–50 0.90 1.59 2.96 2.27 6.71 4.24 3.04

50–52.5 0.86 1.60 2.94 2.35 6.89 4.19 3.14

52.5–55 0.89 1.62 2.86 2.40 6.92 4.04 3.15

55–57.5 0.84 1.42 2.72 2.25 6.63 3.83 3.15

57.5–60 0.42 0.71 1.34 1.27 3.28 1.33 1.29

60–62.5 0.90 1.55 3.41 2.47 5.97 2.84 2.94

62.5–65 0.91 1.50 3.56 2.36 5.81 2.31 2.81

65–67.5 0.88 1.42 3.94 2.26 5.66 2.19 2.99

67.5–70 0.84 1.39 4.05 2.14 5.91 2.29 2.91

70–72.5 0.82 1.32 4.14 1.92 5.92 2.11 2.86

72.5–75 0.84 1.24 4.27 1.94 5.6 2.17 2.95

75–77.5 0.90 1.25 4.39 2.11 5.67 2.33 3.05

77.5–80 0.88 1.48 4.29 2.31 5.72 2.19 2.77

C2

0–2.5 1.15 1.58 6.20 2.10 7.12 2.90 6.56

2.5–5 0.89 1.68 7.32 2.11 7.22 3.02 7.11

5–7.5 1.05 2.48 11.16 3.73 11.27 3.02 8.55

7.5–10 1.75 2.53 11.68 3.84 11.98 3.02 8.30

10–12.5 1.11 1.63 7.00 2.53 7.83 2.82 5.88

12.5–15 1.12 1.57 5.23 2.69 8.50 2.79 6.32

15–17.5 1.07 1.53 7.47 3.04 8.27 2.77 6.12

17.5–20 1.18 1.58 7.71 3.60 9.34 2.65 6.12

20–22.5 0.81 1.52 7.45 3.58 9.35 2.63 6.08

22.5–25 0.82 1.57 7.45 3.55 9.45 2.75 6.27

25–27.5 0.81 1.58 7.52 3.47 9.69 2.79 6.29

27.5–30 0.67 1.12 6.54 1.30 5.06 2.13 5.51

30–32.5 0.66 1.08 6.58 1.34 4.85 2.13 4.64

32.5–35 1.19 1.95 11.16 2.46 0.09 3.79 8.73
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Table 5 continued

Depth (cm) Mn Cu Zn Ni Pb Cr Cd

35–37.5 1.14 1.85 11.75 2.40 9.15 3.34 7.72

37.5–40 1.04 1.80 9.02 2.38 9.22 2.94 7.26

40–42.5 1.10 1.86 9.63 2.60 6.99 3.11 7.63

42.5–45 1.08 1.82 9.51 2.45 6.58 2.94 6.94

45–47.5 1.09 1.83 9.76 2.49 6.80 2.83 6.62

47.5–50 1.01 1.49 8.72 2.20 6.17 2.45 5.85

50–52.5 1.02 1.50 8.75 2.18 6.70 2.36 6.11

C3

0–2.5 0.62 1.26 2.74 1.42 6.05 1.85 4.18

2.5–5 0.62 1.20 3.23 1.36 6.73 2.07 4.35

5–7.5 0.56 1.08 5.53 1.32 6.87 2.01 4.23

7.5–10 0.59 1.11 6.63 1.63 7.23 2.16 4.43

10–12.5 0.60 1.89 8.19 1.81 7.57 2.24 4.50

12.5–15 0.60 1.86 4.16 1.99 5.00 2.07 2.97

15–17.5 0.57 1.71 4.36 2.26 4.85 1.95 2.95

17.5–20 0.56 1.67 4.53 2.26 4.97 1.92 2.86

20–22.5 0.54 1.50 9.77 2.43 4.93 1.83 3.06

22.5–25 0.50 1.61 10.82 2.62 5.41 2.26 3.43

25–27.5 0.51 1.63 10.86 2.63 5.47 2.40 3.46

27.5–30 0.49 1.54 10.42 2.58 5.36 2.33 3.24

30–32.5 0.52 1.54 10.60 2.72 5.50 2.32 3.35

32.5–35 0.56 1.52 11.23 2.95 5.90 2.45 3.61

35–37.5 0.59 1.59 12.20 3.14 6.27 2.61 3.87

37.5–40 0.63 1.49 12.55 3.23 6.52 2.63 3.91

40–42.5 0.68 1.44 10.44 2.83 6.33 2.62 2.82

42.5–45 0.79 1.59 11.49 3.16 7.27 3.00 3.27

45–47.5 0.78 1.53 11.56 3.04 7.20 3.02 3.18

47.5–50 0.79 1.58 11.71 3.04 7.11 3.05 3.75

50–52.5 0.81 1.62 11.74 3.08 7.09 3.04 3.28

52.5–55 0.85 1.64 12.26 3.20 7.56 3.36 3.63

55–57.5 0.85 1.62 12.18 3.19 7.53 3.38 3.45

57.5–60 0.85 1.65 11.98 3.18 7.52 3.35 3.44

60–62.5 0.33 0.90 3.71 1.46 2.72 1.42 1.54

62.5–65 0.95 1.49 8.24 2.68 4.69 2.75 2.96

65–67.5 0.91 1.47 7.91 2.56 4.66 2.68 2.95

67.5–70 0.91 1.51 7.97 2.57 4.82 2.57 3.06

70–72.5 0.92 1.49 7.55 2.18 4.82 2.47 2.80

72.5–75 0.90 1.35 7.47 2.14 5.02 2.45 2.77

75–77.5 0.86 1.34 7.30 2.07 5.05 2.41 2.20

77.5–80 0.84 1.29 6.90 1.93 5.04 2.33 2.22

80–82.5 0.81 0.97 7.62 1.43 5.42 2.01 2.15

82.5–85 0.78 0.92 7.61 1.32 5.41 1.98 2.13

85–87.5 0.75 0.89 7.47 1.27 5.32 1.84 2.14

87.5–90 0.74 0.85 7.42 1.24 5.27 1.74 2.19

90–92.5 0.78 0.91 8.15 1.33 5.73 1.79 2.40

92.5–95 0.74 0.85 8.10 1.24 5.42 1.61 2.14

95–97.5 0.72 0.80 7.93 1.19 5.17 1.54 2.08

97.5–100 0.73 0.82 7.97 1.18 5.35 1.48 2.23
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Statistical analysis

The study of the inter-element relationship has gained

attention worldwide to know the different parameters that

correlate with one another in the environment. Especially,

to know the various behavior and diagenetic changes in the

mangrove environment it is very important to have

knowledge of how they behave in different environmental

conditions. Pearson correlation matrix was generated for

the present study using SPSS (Table 8).

Coarse grained fraction sand indicates positive correla-

tion with CaCO3 except C2 suggests that the distribution of

CaCO3 is mainly due to the shell materials in the sandy

sediments and it is controlled independently (Rao 1978).

The positive relationship of CaCO3 versus Cu and Cd in C3

and C4 indicates that these trace metals have also been

adsorbed by the calcareous materials present in the study

area. In addition, the association of acid leachable trace

metals shows that substantial portions of it occur in the

calcareous materials indicating some anthropogenic input in

the study area (Abu-Hilal 1987; Jonathan and Ram-Mohan

2003). Correlation analysis indicates that OM in the study

area does not play a major role in the study area except for

C1, which is located in the mangrove region. The rela-

tionship of sand with Cu, Cd, Cr (except C1) reflects that

Table 5 continued

Depth (cm) Mn Cu Zn Ni Pb Cr Cd

C4

0–2.5 0.93 1.39 6.65 2.08 9.86 2.36 5.98

2.5–5 0.60 1.35 9.03 2.02 9.93 2.14 6.20

5–7.5 0.51 1.18 7.22 2.22 10.57 2.06 7.21

7.5–10 0.67 1.54 9.48 2.02 12.07 2.42 5.95

10–12.5 0.72 1.68 11.31 1.96 13.23 2.48 6.11

12.5–15 0.71 1.88 11.41 2.06 13.10 3.05 5.40

15–17.5 0.71 1.96 11.14 2.08 12.63 3.04 5.52

17.5–20 0.84 2.36 13.14 2.47 14.33 3.52 6.62

20–22.5 0.84 2.26 13.35 2.58 14.92 3.57 6.51

22.5–25 1.09 1.89 13.41 2.65 15.27 3.62 5.93

25–27.5 1.09 1.97 13.42 2.78 15.38 3.61 6.13

27.5–30 1.13 1.88 13.64 3.05 15.69 3.58 5.97

30–32.5 1.14 1.84 14.91 3.21 16.25 3.52 5.89

32.5–35 1.12 1.87 15.14 3.25 15.71 3.59 6.03

35–37.5 1.11 1.95 15.78 3.28 15.92 3.40 6.04

37.5–40 0.83 1.49 12.25 2.51 11.78 2.51 4.62

40–42.5 0.80 1.28 12.10 2.38 11.51 2.30 4.08

42.5–45 0.76 1.31 12.00 2.27 11.19 2.28 3.95

45–47.5 0.74 1.29 12.27 2.11 10.75 2.23 4.03

47.5–50 0.86 1.53 15.01 2.31 13.10 2.60 4.71

50–52.5 0.82 1.52 15.26 2.05 14.05 2.48 4.84

52.5–55 0.80 1.46 15.01 2.04 12.61 2.41 4.47

55–57.5 0.79 1.43 14.79 2.01 12.25 2.38 4.55

57.5–60 0.78 1.41 14.69 1.95 12.14 2.34 4.78

60–62.5 0.78 1.03 7.67 1.93 12.38 2.34 4.66

62.5–65 0.45 1.16 12.12 1.10 7.55 1.49 3.03

65–67.5 0.87 1.45 14.41 2.02 11.08 2.36 4.44

67.5–70 0.90 1.54 14.56 2.12 10.86 2.36 4.44

Table 6 Criteria for assessment of contamination factor

Cf
i Cd Description

Cf
i \ 1 Cd \ 7 Low degree of contamination

1 \ Cf
i \ 3 7 \ Cd \ 14 Moderate degree of contamination

3 \ Cf
i \ 6 7 \ Cd \ 28 Considerable degree of contamination

Cf
i [ 6 Cd [ 28 Very high degree of contamination
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Table 7 Contamination factor and degree, pollution load index and metal pollution index

Contamination factor Contamination degree Pollution load index Metal pollution index

Mn Cu Zn Ni Pb Cr Cd

C1 0.45 0.82 1.47 1.24 1.63 1.65 1.36 8.62 1.13 45.09

C2 0.39 0.62 2.13 1.04 1.79 1.10 1.54 8.62 1.07 42.55

C3 0.50 0.93 3.99 1.55 2.32 1.63 1.32 12.24 1.46 58.03

C4 0.34 0.63 3.43 0.94 2.93 1.10 1.31 10.68 1.16 46.24

Table 8 Correlation coefficient matrix of sedimentalogical parameters and heavy metals from Muthupet, Southeast coast of India (P \ 0.05)

Sand Silt Clay CaCO3 OM Mn Cu Zn Ni Pb Cr Cd

C1

Sand 1.00

Silt -0.34 1.00

Clay -0.30 -0.69 1.00

CaCO3 0.67 -0.58 0.14 1.00

OM 0.03 -0.36 0.35 0.52 1.00

Mn -0.35 0.00 0.16 0.02 0.14 1.00

Cu -0.34 -0.18 0.44 0.12 0.47 0.11 1.00

Zn -0.59 -0.01 0.46 -0.39 0.06 0.06 0.52 1.00

Ni -0.38 -0.11 0.34 0.08 0.43 0.37 0.44 0.57 1.00

Pb 0.08 0.13 -0.37 0.33 0.16 0.44 -0.21 -0.40 0.17 1.00

Cr -0.18 -0.07 0.11 0.41 0.69 0.35 0.48 0.16 0.52 0.54 1.00

Cd -0.46 -0.26 0.61 -0.11 0.35 0.14 0.61 0.92 0.73 -0.28 0.38 1.00

C2

Sand 1.00

Silt 0.01 1.00

Clay -0.19 -0.98 1.00

CaCO3 0.03 0.62 -0.61 1.00

OM -0.70 0.05 0.07 0.01 1.00

Mn 0.42 0.27 -0.34 0.14 -0.61 1.00

Cu 0.50 0.01 -0.10 -0.01 -0.87 0.74 1.00

Zn -0.01 -0.48 0.47 -0.17 -0.42 0.19 0.43 1.00

Ni 0.03 -0.08 0.07 0.23 -0.54 0.54 0.75 0.44 1.00

Pb 0.28 -0.24 0.19 0.06 -0.70 0.62 0.85 0.48 0.94 1.00

Cr 0.61 -0.12 0.01 0.09 -0.78 0.64 0.73 0.30 0.61 0.74 1.00

Cd 0.68 -0.03 -0.09 0.15 -0.89 0.66 0.88 0.34 0.69 0.82 0.92 1.00

C3

Sand 1.00

Silt 0.39 1.00

Clay -0.86 -0.80 1.00

CaCO3 0.94 0.43 -0.85 1.00

OM -0.34 0.03 0.20 -0.30 1.00

Mn -0.56 -0.55 0.67 -0.68 0.11 1.00

Cu 0.59 0.11 -0.44 0.62 -0.15 -0.44 1.00

Zn -0.28 0.20 0.08 -0.19 0.15 -0.16 0.24 1.00

Ni 0.19 0.35 -0.31 0.30 0.01 -0.42 0.72 0.66 1.00

Pb 0.47 0.15 -0.38 0.46 -0.27 -0.29 0.23 0.30 0.10 1.00

Cr 0.25 0.37 -0.35 0.28 0.08 -0.19 0.58 0.57 0.83 0.29 1.00

Cd 0.79 0.33 -0.69 0.81 -0.31 -0.54 0.57 0.13 0.31 0.74 0.36 1.00
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these trace metals are held in the coarse-grained fractions.

The inter-relationships among metals viz., Cu with Zn and

Cd, Zn with Ni and Cd, Ni with Cr and Cd, Pb with Cr, etc.,

imply that the source of these elements could be from the

river or localized contamination (Willey and Fitzgerald

1980; Turner 2000). The differences in correlation among

the above elements reflect differential behavior and envi-

ronmentally specific, sources and geochemical behaviors,

which require further examination.

Conclusions

Muthupet mangroves situated on the Cauvery delta away

from industrial hubs were assessed for determining the

historic levels of commonly polluting metals. The promi-

nent observation made during the study is a paleo-washover

event, i.e., a tsunami dating back to 1941. The study area is

dominated by mud (silt ? clay), which in turn favors

accumulation of heavy metals and organic carbon. An index

analysis approach was attempted to evaluate the status of

heavy metal pollution in Muthupet. The geoaccumulation

indices suggest that fine sediments in the study area range

from unpolluted to moderately polluted with respect to the

analyzed metals. The calculated AF’s are found in the fol-

lowing sequences: Mn [ Cd [ Cr [ Cu [ Ni [ Pb [ Zn.

Zn and Pb record the highest EF values, which vary between

moderately severe and severe enrichment. C3 and C2 are

the most polluted and the least polluted cores, respectively.

The results indicate the influence of anthropogenic activi-

ties on the mangrove sediments. Further mangrove sedi-

ments have been trapping the heavy metals for a long time

thereby affecting the sensitive ecosystem.
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