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Abstract Heavy metal accumulation due to industrial

activities has become a very sensitive issue for the survival

of the aquatic life. Therefore, distributions of several heavy

metals have been studied in the surface sediments of Tapti–

Hazira estuary, Surat, to assess the impact of anthropogenic

and industrial activities near estuary. Totally 60 sediment

samples were collected from four different sites at Tapti–

Hazira estuary, Surat from January 2011 to May 2011 and

examined for metal contents. The average heavy metal load

in the study area are found to be 43.28–77.74 mg/kg for Pb,

48.26–72.40 mg/kg for Cr, 117.47–178.80 mg/kg for Zn,

71.13–107.82 mg/kg for Ni, 123.17–170.52 mg/kg for Cu,

0.74–1.25 mg/kg for Cd, 14.73–21.69 mg/kg for Co. Cal-

culated enrichment factors (EF) reveal that enrichment of

Pb and Cd is moderate at all sites, whereas other metals Cr,

Ni, Zn, Co, and Cu show significant to very high enrich-

ment. Geo-accumulation index (Igeo) results revealed that

the study area is nil to moderately contaminated with

respect to Cd, moderately to highly polluted with respect to

Pb, Zn, and Cu and high to very highly polluted with

respect to Co and Cr.
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Introduction

The physical and chemical characteristics of any water

body are of ecological significance especially in estuarine

ecosystems that are prone to daily tidal physico-chemical

fluctuations (Chapman and Wang 2001). An estuary is a

dynamic semi-enclosed coastal body of water which has a

free connection with the open sea and within which sea

water is measurably diluted with fresh water derived from

land drainage of river in flow. There are basically three

reservoirs of metals in aquatic environment: water, sedi-

ment and biota. Among these three, the sediment is the

major source for metals, in some cases, holding over 99 %

of the total amount of metal present in the system (Renfro

1973). Sediments are preferred monitoring tools, since

concentration of contaminants are higher than that in water,

and show less variation with time and space, allowing more

consistent assessment of spatial and temporal contamina-

tion (Krishna et al. 2011).

Sediments exist as complex and dynamic mixtures of

mineral particles, particular organic material (detritus),

microbes and flocculated chemicals. Contaminants in sed-

iment may be associated with any of sediment fractions;

therefore, it is important that upper crust contamination

(UCC) in sediments by heavy metals must be evaluated

(Chapman and Wang 2001). Heavy metals are deposited on

to sediment particles (especially silt and clay due to high

surface area) and move together with them and subse-

quently release to overlying water column either due to

physical disturbance or digenesis. Sediment may persist as
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source of pollutants long after the cessation of direct dis-

charge. The adsorption–desorption process is a prime action

through which pollutants are transferred from unsaturated

dissolved phase into solid phase (Kumar and Edward 2009).

The degree of adsorption depends on properties of metals,

viz. valency, radius, degree of hydration, co-ordination with

oxygen, etc. The majority of sediment metal concentrations

exceed interim sediment quality guideline’s threshold effect

level (TEL) (Smith et al. 1996) in many of the estuaries

(Pope and Langston 2011).

Heavy metals in marine waters and their corresponding

sediments have become a significant topic of concern for

man and aquatic life (Melegy et al. 2011). Heavy metals

are natural constitutes of the earth crust. A number of

elements are biologically essential and are introduced into

aquatic enrichment by various anthropogenic activities

(Turekian and Wedepohl 1961). Main anthropogenic

sources of heavy metals exist in various industrial sources

and are present as mining activities, foundries, smelters,

and diffuse sources such as piping, constituents of prod-

ucts, combustion of by product, and human activities

(Govil and Krishna 2007; Al-Khashman 2012).

Heavy metals pollutants are of high ecological signifi-

cance. They are not removed from water by self-purifica-

tion, but accumulate in suspended particulates and

sediment, then enter into the food chain via passing to

higher consumer (Cevik et al. 2009). Heavy metals may

enter into aquatic ecosystems from natural and anthropo-

genic sources, such as industrial wastewater discharges,

sewage wastewater, fossil fuel combustion, and atmo-

spheric deposition (Sekabira et al. 2010). The most

important heavy metals from the point of view of water

pollution are Cu, Zn, Pb, Cd, Cr, Ni, and Hg. Metal passes

from the water to sediment and vice versa under certain

conditions by different processes, such as ion exchange,

metal substitution, adsorption, and dissolution.

Heavy metal pollution in sediments has been studied by

many groups. A potential ecological risk assessment of

heavy metals in sediments of Yangtze River, China (Fu

et al. 2009) was conducted. Saha et al. (2001) investigated

the nutrient status and pollution load for six heavy metals

(Cu, Zn, Fe, Mn, Pb and Cd) in the sediments of Jagannath

canal, West Bengal. Kozhenkova et al. (2000) has moni-

tored the heavy metal pollution in sea water using brown

algae. Begum et al. (2009) carried out the analysis of water,

plankton, fish, and sediments of Cauvery River. Sundaray

et al. (2011) observed the pollution load due to heavy

metals in the Mahanadi estuarine sediments. Heavy metal

contamination in lagoon sediments was also studied by

Uluturhan et al. (2011). Bentum et al. (2011) has assessed

the heavy metal pollution in the sediments of Fosu Lagoon,

Ghana. An assessment of heavy metals in sediments of

Indian rivers has been made by many research groups

(Ramanathan et al. 2006; Jain et al. 2007, 2008; Nair and

Laluraj 2006; Singh et al. 2005; Raju et al. 2011). Quan-

titative estimation of mercury in sediments and organisms

from two estuarine regions around Bombay island has been

done (Srinivasan and Mahajan 1988).

The present study was aimed to assess the distribution,

transportation, and statistical approach of lead, chromium,

zinc, nickel, copper, cadmium, cobalt, and iron in sedi-

ments of Tapti estuary and to assess the pollution status as

well as the possible influence of anthropogenic activities.

The certified reference material (CRM) was used to vali-

date the analytical results of experimental work. This work

has very good scope in studying the environmental impact

since number of industries, e.g., Kribhco, NTPC, Reliance,

Essar, L&T, Shell and the dock are growing on the study

area in recent times. Also the dock is situated between

Essar and L&T, where various shipping activities are being

done. Thus, it has direct impact of metal pollution in the

estuary sediment.

Materials and methods

Study area

The Tapti River is one of the major rivers of peninsular

India with the length of around 724 km, originates in the

eastern ‘SATPURA RANGE’ of the southern part of

Madhya Pradesh (District Betul) and flows from east to

west. It then flows westwards, draining Madhya Pradesh’s

Nirmal region, Maharatra’s Kandesh, East Vidarbh region

in the North West corner of the Deccan plateau and South

Gujarat before emptying into the Gulf of Cambay of the

Arabian Sea. The Tapti River basin encompasses an area of

65.145 km2, nearly 2 % of the total area of India. The river

serves a major source of domestic, irrigation and industrial

water supply. The Tapti River gets heavily polluted in

Gujarat and Maharashtra due to discharge of domestic

sewage and industrial solid waste at Surat, Akola, Amra-

vati, Dhuke, Bhusawal, and Malegaon. The study area

shown in Fig. 1 is situated between longitude 7283904100–
7284003000 E and latitude 2180503000–2180903100 N, covers

the mouth of the estuary to Hazira beach.

Sediment sampling and pretreatment

After complete survey along the estuary coast, the surface

sediment samples were collected once in a month (January

2011–May 2011) from 12 locations at four different sites

(Fig. 1), covering the mouth of the estuary at Hazira beach.

Samples were collected using Van veen grab sampler. Four

sites were selected, S1 to S4, and the distance between the

two sampling sites is about 2 km. The samples were
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collected from the back sides of the industries at the distance

of about 50–100 m from the sea shore. At each site, about

100 g of sample was collected in triplicate at three different

locations D1–D3 as shown in Table 1. The sediment sam-

ples were collected in polythene bag previously cleaned with

dilute HNO3 to prevent metal precipitation. Samples were

transferred to laboratory for further treatment and analysis.

Analytical method

Sediment samples were dried in a laboratory using an air

circulating oven to a constant drying weight at 120 �C. By

applying cone-quartz method (Vogel 1989), sediment

samples were homogenized and passed through a 2 mm

nylon sieve. The sediment fraction of \2 mm size were

ground in agate mortar and passed through 63 lm sieve to

obtain silt-like samples. The pH of sediment suspension

(4 % in water) was measured using a calibrated Equip-

Tronics pH meter (Model: EQ-614A, India). The pH of the

suspension of sediment ranged from 8.0 to 8.59 for all

samples. The chemicals used were of analytical reagent

grade (Merck, Darmstadt, Germany). Laboratory equip-

ments and glasswares were carefully cleaned with dilute

HCl to minimize metal contamination. To determine the

Fig. 1 Study area showing sampling sites and locations in the Tapti estuary, Surat, Gujarat, India
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concentration of heavy metals, 1.0 g of dried sediment

sample was digested in PTFE (Polytetrafluoroethylene)

vessel with 9 mL of HNO3, 3 mL of HCl, 3 mL of HF

(40 % W/V), and 2 mL of H2O2 (30 % W/V) in microwave

oven (Q-ProM, Germany) for 15 min in distorted time

periods USEPA-3052 (1996). Each suspension was filtered

through Whatman filter paper No-42 and diluted to make

stock solution. Concentrations of heavy metals (Pb, Cr, Zn,

Ni, Cu, Cd, Co, and Fe) in different extracts were deter-

mined using atomic absorption spectrophotometer (AAS)

(GBC Avanta version 1.32, Australia) with air–acetylene

flame. Operational conditions were adjusted according to

manufacturer’s guide lines to yield optimal determination.

All analyses were done in triplicate by aspirating solution

into AAS against the standard concentration of particular

metal. Background value of the used acid mixtures was

considered in computation of results. The CRM is a

material whose one or more properties are adequately

homogeneous and used for the calibration of an AAS

instrumental results (Beg and Ali 2008). The certified

Table 1 Actual sites with sampling locations

Distance (m) from

the sea shore

Sites: locations at individual sites

Essar Power

Ltd.

S1

Dock

S2

L&T

Ltd.

S3

Reliance

Ltd.

S4

0 C1D1 C2D1 C3D1 C4D1

50 C1D2 C2D2 C3D2 C4D2

100 C1D3 C2D3 C3D3 C4D3

Table 2 Distribution of metal concentrations

Site Locations Metal concentration (mg/kg: except Fe %) pH

Pb Cr Zn Ni Cu Cd Co Fe

S1 C1D1 68.78 49.01 122.32 71.13 149.42 0.77 20.32 7.10 8.19

C1D2 77.74 52.83 136.58 81.48 162.60 0.84 21.69 8.31 8.23

C1D3 55.17 49.19 178.80 79.55 170.52 0.74 15.16 9.00 8.01

S2 C2D1 55.30 62.16 173.24 74.92 126.95 0.78 20.09 5.84 8.39

C2D2 51.07 72.40 132.12 78.53 123.17 0.75 19.45 6.23 8.59

C2D3 44.32 65.01 154.12 74.36 128.77 0.80 18.83 6.20 8.46

S3 C3D1 43.28 51.95 140.86 78.17 129.77 0.74 17.15 5.66 8.02

C3D2 73.11 56.65 178.19 78.08 148.22 0.79 15.83 6.09 8.15

C3D3 43.84 51.61 117.47 80.04 165.18 0.74 14.73 5.77 8.20

S4 C4D1 72.09 50.37 136.18 83.44 159.36 0.92 19.01 7.27 8.23

C4D2 44.90 52.94 126.72 83.52 159.28 1.25 18.82 7.02 8.49

C4D3 50.65 48.26 126.03 107.82 156.65 0.80 18.99 7.02 8.52

Min 43.28 48.26 117.47 71.13 123.17 0.74 14.73 5.66 8.01

Max 77.74 72.40 178.80 107.82 170.52 1.25 21.69 9.00 8.59

Average 56.69 55.20 143.55 80.92 148.32 0.83 18.34 6.79 8.29

SD 12.81 7.52 22.15 9.22 16.81 0.14 2.17 1.04 0.19

Average shaleb 20.0 – 95.0 68.0 45.0 0.30 – 4.60

ERLa 46.70 80.0 150.0 20.90 34.0 1.20 – –

ERMa 218.0 – 410.0 51.60 270.0 9.60 – –

PELc 91.3 90.0 315.0 36.0 197.0 3.53 – –

TELc 35.0 37.3 123.0 18.0 35.7 0.596 – –

CRMd (LGC-6137)e 73.0 47.0 231.0 31.50 31.60 0.50f – 3.70 –

Min Minimum, Max Maximum, SD Standard deviation, ERL Effect range low, ERM Effect range median, PEL Probable effect level, TEL

Threshold effect level, CRM Certified reference material (LGC-6137)
a Turekian and Wedepohl (1961)
b Long et al. (1995)
c Smith et al. (1996)
d Beg and Ali (2008)
e LGC-6137 (2008)
f Indicative value of LGC-6137
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standard reference material LGC-6137 was procured from

the LGC Promochem India Private Litmited, Mumbai

branch, Powai, Mumbai, and the analytical results are

presented in Table 2 (LGC-6137 2008).

Statistical analysis

Enrichment factor (EF)

Enrichment factor is an effective tool to evaluate the

magnitude of contaminants in the environment (Mohiuddin

et al. 2011). EF is a relative abundance of chemical ele-

ment in sediments compared to background and it is an

effective tool to differentiate the metal sources between

anthropogenic and naturally occurring source (Valdes et al.

2005). EF is an important parameter for the assessment of

heavy metals (Qi et al. 2010). EF value is calculated by the

ratio of the elemental concentration in the sediment to its

natural background (Turekian and Wedepohl 1961). A

reference element is impelled in the formula of EF to

counterbalance lithogenic influences of granulometic and

mineralogical variations of sediments.

EF ¼ CnðsampleÞ=CrefðsampleÞ
BnðbackgroundÞ=BrefðbackgroundÞ

where Cn (sample) is the concentration of heavy metal ‘n’

in the examined sample, Cref (sample) is the concentration

of reference element in the sample, Bn (background) is the

concentration of heavy metal ‘n’ in background environ-

ment, Bref (background) is the concentration of reference

element in background environment. In this study, Fe is

selected as a reference element due to its low occurrence of

variability (Schiff and Weisberg 1999). Five contamination

degrees are recognized on the basis of the enrichment

factor shown in Table 3.

Geo-accumulation index (Igeo)

The geo-accumulation index introduced by Muller (1969)

was used to assess the metal pollution load in aquatic

sediments (Thangaradjou et al. 2010). Igeo is expressed as

follows:

Igeo ¼ log2

Cn

1:5� Bn

� �

where Cn is the concentration of metal ‘n’ in sample and Bn

is the geochemical back ground value of metal ‘n’. The

constant 1.5 allows for natural fluctuations in the content of

a given substance in the environment and very small

anthropogenic influences (Kumar and Edward 2009). Six

classes of the Igeo have been distinguished as given in

Table 3 (Muller 1969).

Results and discussion

Heavy metal distribution

Table 2 represents the average concentrations of heavy

metals in sediments collected during the January 2011–

May 2011. The results of the heavy metal analyses show

that Fe is found to be maximum with respect to other

metals in the concentration ranging from 5.66–9.0 %.

Other metal concentrations had wider variations: Pb,

43.28–77.74; Cr, 48.26–72.40; Zn, 117.47–178.80; Ni,

71.13–107.82; Cu, 123.17–170.52; Cd, 0.74–1.25; and Co,

14.73–21.69 mg/kg. In Table 2, the highest values of Fe,

Zn, and Cu were found at sampling station C1D3 (S1 site);

Ni and Cd were found at C4D3 and C4D2, respectively (S4

site); Pb and Co were found at C1D2 (S1 site); and the

highest concentration value of Cr was found at C2D2 (S2

site). Above results show that Fe, Zn, Cu, and Co may have

originated from same source. The maximum concentration

of Pb, Cd, Cu, Zn, and Fe are (77.74, 1.25, 170.52,

178.80 mg/kg, and 9 %, respectively) exceeding world

average shale values by 3.87, 4.17, 3.78, 1.88, and 1.96

times, respectively (Turekian and Wedepohl 1961). Con-

sidering the distance from the seashore to all four sites (S1

to S4), it was observed that the metal distribution of Co and

Cd were minimum irrespective of the distance from sea,

whereas metal distribution of Zn and Cu were maximum in

all the four sites. Mean concentration of Cu, Cr, Zn, and Ni

exceeds the effect range low (ERL) values, but below

effect range median (ERM) value (except Ni) (Long and

Morgan 1991).

Table 3 Standard table

Igeo

value

Class Quality of

sediment

Ranges of

EF value

Categories

B0 0 Unpolluted EF \ 1 No

enrichment

0–1 1 From unpolluted to

moderately

polluted

1 \ EF \ 3 Minor

enrichment

1–2 2 Moderately

polluted

3 B EF \ 5 Moderate

enrichment

2–3 3 From moderately

to strongly

polluted

5 B EF \ 10 Moderately

severe

enrichment

3–4 4 Strongly polluted 10 B EF \ 25 Severe

enrichment

4–5 5 From strongly to

extremely

polluted

25 B EF \ 50 Very severe

enrichment

[5 6 Extremely polluted EF C 50 Extremely

severe

enrichment
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Contamination can be evaluated via Igeo and EF. Both Igeo

and EF depend on the particular background data used.

Average values of EFs for each site throughout the study

period for metals are shown in Table 4. Average data reveal

that Cr shows extreme enrichment, Ni and Co show very high

enrichment. In case of Zn, Cu, and Pb, significant enrichment

observed whereas Cd shows moderate enrichment through-

out the study. According to Zhang and Liu (2002), EF value

between 0.5 and 1.5 indicates that the metal is entirely from

crustal material or natural process, whereas EF value [1.5

suggests that the sources are more likely to be anthropogenic.

The high EF values ([1.5) show environmental contamina-

tion by these metals instead of weathering processes. Overall

average Igeo values for each metal were found in following

order: Cd \ Pb \ Cu \ Zn \ Ni\ Co \ Cr. The high

values of Igeo indicate a significant anthropogenic effect on

the sediment of Tapti estuary. Zn, Co, and Ni exhibit very

high contamination. Igeo for Pb and Cd ranged from 1.38 to

1.85 and 0.41 to 0.48, respectively, and the Igeo classes were 2

and 1, respectively. Thus, Pb and Cd contamination level was

classified as slightly contaminated level.

Lead and chromium

The average lead (Pb) and chromium (Cr) levels ranged from

43.28 to 77.74 and 48.26 to 72.40 mg/kg in the study area,

respectively. Normal TEL and probable effect level (PEL)

for Pb are 35.0 and 91.3 mg/kg whereas for Cr are 37.3 and

91.3 mg/kg, respectively (Smith et al. 1996). It is clearly

seen that Pb and Cr concentrations in the study area exceed

the TEL but below the PEL. According to sediment quality

guideline (SQG) (Long et al. 1995), all sites are moderately

polluted due to Pb and Cr. The highest concentration of Pb,

observed at S4 site (near Reliance Ind. Ltd.) was could be

due to discharge from NTPC, Kawas. The estuary gets dis-

charged wastewater containing Cr from industries located at

Hazira belt. The maximum concentration for Pb exhibits

185.11 mg/kg in April-2011 at C3D2 location, whereas it is

153.68 mg/kg for Cr in the month of March-2011 at C2D3

location (Supplementary material Fig. S1).

The lead EF varied from 4.49 to 5.49 within all sampling

sites, providing maximum value at a site S4, indicating that

all sampling sites (except S4) exhibit significant enrichment

of Pb. The EF values for Cr were found in the range from

39.87 to 64.5. It suggests extreme enrichment of Cr at all

sampling sites. The highest Igeo values for Pb and Cr were

found to be 1.85 and 4.95, respectively. From Igeo values, it

is concluded that all sites are moderately contaminated by

Pb, high to very highly contaminated by Cr.

Copper and nickel

The average distribution of copper (Cu) and nickel (Ni) in

the study area ranged from 123.17 to 170.52 and 71.13 to

107.82 mg/kg, respectively. The study areas exceed the

TEL values for Cu and Ni (35.7 and 18 mg/kg) at all sites.

Concentration of Cu is below the PEL value of Cu

(197 mg/kg) whereas concentration of Ni exceeds its PEL

value (36.0 mg/kg). Maximum concentration of Cu was

found at C1D3 station (S1 site) that confirms its origin

from Essar industry. Such high values of Cu in study area

may be from anthropogenic sources as well as geogenic

activities. The high concentration of Ni may arise from

petroleum industry discharge. The maximum level of Cu is

observed to be 283.54 mg/kg in the month of April 2011 at

C4D2 location and for Ni, it was about 166.74 mg/kg in the

month of May 2011 at C4D3 location (Supplementary

material Fig. S2). As per SQG, all sites are heavily polluted

due to Cu and Ni.

The maximum EFs and Igeo values for Cu enrichment

are significant at all sites, whereas contamination due to Cu

is moderate to high at S2 and S3 sites and high at S1 and S4

sites. Ni shows very high enrichment at all sampling sites

with the maximum EF value of 24.53. Igeo for Ni is almost

same at all sites with an average value of 3.79, exhibits

high contamination at all sites.

Cadmium and cobalt

The average concentrations of cadmium (Cd) and cobalt

(Co) in the study area were found in the range from 0.74 to

1.25 and 14.73 to 21.69 mg/kg, respectively. The concen-

tration of Cd exceeds the TEL value (0.596 mg/kg) but

below the PEL value (3.53 mg/kg). A maximum concen-

tration of Cd was found at C4D2 station (S4 site) and that

of Co at C1D2 station (S1 site). Co occurs in association

Table 4 Mean values of Igeo and EF of metals in sediments

Site Igeo EF

Pb Cr Zn Ni Cu Cd Co Pb Cr Zn Ni Cu Cd Co

S1 1.85 4.72 3.02 3.74 3.03 0.48 4.32 5.49 39.87 12.54 20.73 13.81 1.93 35.73

S2 1.38 4.95 3.33 3.71 2.87 0.48 4.40 5.09 64.50 19.50 24.17 14.97 2.28 40.49

S3 1.40 4.78 3.26 3.76 2.94 0.41 4.02 5.21 51.71 17.92 24.44 13.98 2.31 33.30

S4 1.47 4.72 3.12 3.94 3.00 0.78 4.36 4.49 41.46 13.41 24.53 12.30 2.80 34.31
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with other metals such as Cu, Ni, and Zn. It is associated

with sulfides and gets released during the processing of

sulfides thus turning harmful to environment (Onianwa

2001). According to SQG, all sites are non-polluted by Cd.

The Cd exhibited maximum concentration of about 2.5 mg/

kg in the month of February 2011 at C4D2 location and Co

observed maximum concentration of 29.65 mg/kg at C1D2

location in the month of January 2011(Supplementary

material Fig. S3).

The EF values for Cd were found in the range

1.93–2.80, indicate moderate enrichment at sites, whereas

Co shows very high enrichment at all sites with range

33.30–35.74. The high enrichment of Co at S2 site may be

due to in cooperation of oxides of Co on the base material

present in sediment, e.g., Al2O3, quartz, etc. Igeo values for

Cd were found in the range of 0.41–0.78 revealing nil to

moderate contamination for all sites. Igeo values for Co

suggest high to very high contamination at all sites with the

maximum value of 4.40.

Zinc and iron

The average concentrations of zinc (Zn) and iron (Fe) are

found to be in the range from 117.47 to 178.80 mg/kg and

5.66 to 9.0 %, respectively. Concentration of Zn exceeds the

TEL value at all stations except C1D1 and C3D3, whereas it

is below the PEL value. The maximum concentrations of

both metals, Zn and Fe, were found at station C1D3 (S1

sites). Zn is widely used in the galvanization of Iron, and

both metals are found maximum at same S1 site located near

Essar industry Ltd. as shown in Fig. 1. It is well established

that iron hydroxide acts as an excellent scavenger for other

suspended metals (Duan et al. 2010). Zn and Fe show

maximum concentrations 345.34 mg/kg and 16.09 %,

respectively, in the month of January 2011 at C1D3 location

(Supplementary material Fig. S4). According to SQG, all

sites are moderately to heavily polluted due to Zn.

The EF values of Zn ranged from 12.54 to 19.50. Zn

shows significant enrichment at all sites. Igeo values for Zn

indicate high contamination with range of 3.02–3.33.

Inter-element relationships

Pearson’s correlation coefficients are calculated to determine

relationships among different metals (Garcia and Millan

1998), presented in Table 5. Results show that concentra-

tions obtained for metals in the month of January 2011 are

relatively good correlation among themselves, than those in

four months. Element pairs Zn versus Co, Ni versus Co, Cu

versus Co, and Fe versus Co show negative correlation

whereas remaining pairs show positive correlation, out of Fe

versus Ni, Fe versus Cd, Fe versus Cr, Ni versus Cr, Zn

versus Cd, Zn versus Cu, Ni versus Cd and exhibit significant

to very high correlation (0.80 [ r [ 0.95). Metal pairs Cu

versus Fe, Cr versus Fe, Ni versus Fe, Cr versus Cu, Cr versus

Ni, and Ni versus Cu exhibit good positive correlation

(0.80 [ r [ 0.95) in the month of April 2011. All metals

exhibit negative to low correlation with pH. Though ele-

mental association may signify that each paired element has

identical sources or common sink in upper crust sediments

(Singh et al. 2002), yet it indicates that there is no mutual

relationship among the metals. Hence, the prediction of level

of any metal having the same source point as the other metals

is impossible. Negative correlation or lack of correlation

reflects an anthropogenic contribution due to urban devel-

opment near Tapti estuary.

Transportation of heavy metals

The transportation of heavy metals in riverine estuary sys-

tem associated with physical and chemical processes such

as weathering process and chemical-phase transformation

such as carbonate to oxide. Once they enter the aquatic

environments, heavy metals would be adsorbed on sediment

particles. The extent of metal sorption and its transportation

depends on sediment characteristics (grain size, chemical

components, organic carbon contents, mineral phases, and

texture), sedimentary environmental characteristics (salin-

ity, pH, redox potential, presence of ligand in sediment),

and sources whereby heavy metals entered into the envi-

ronment (Marcussen et al. 2008). Figure 2 shows the month

wise metal transportations at each main sampling site S1–

S4. Fe, Cd, and Co show no transportation throughout the

site. Since Fe was found in abundance around study area,

Cd and Co was found in lowest range as compared to other

metals. Fe, Cd and Co shows no transportation throughout

the sites whereas Pb, Cr, Zn, and Ni show significant

transportations at each site. The possible mechanisms of

explaining this mobilization include adoption–desorption

and flocculation on Fe–Al Oxides at different salinity lev-

els. Heavy metals mobilize as soluble chloride complexes.

The stability and solubility of heavy metal complexes were

relatively high while affinity for sorption to the sediments

was low. Upon the formation of these complexes, the

activity of free heavy metal in water would decrease and

desorption of sediments would increase. With the increase

in salinity, alkalinity also increases, resulting in precipita-

tion and adsorption of heavy metals (Williams et al. 1994).

Comparison with the other estuaries

The concentrations of metals and average shell values in

the sediments of Tapti estuary were compared with those of
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other estuaries around the world, such as, Turkey, China

and Spain. Apart from Cr and Fe, the concentration level of

all metals studied herein were mostly higher than the

average shell values with Pb 6-fold, Zn 2.5-fold, Ni 1.4-

fold, Cu 3-fold, Cd 6-fold approximately higher than those

of the earth’s crust (Turekian and Wedepohl 1961). This

Table 5 Pearson correlation matrices of metal concentration

Months-2011 Pb Cr Zn Ni Cu Cd Co Fe pH

January

Cr 0.61 1.00

Zn 0.72 0.65 1.00

Ni 0.53 0.93 0.74 1.00

Cu 0.65 0.28 0.88 0.40 1.00

Cd 0.75 0.84 0.84 0.82 0.55 1.00

Co 0.39 0.02 -0.13 -0.17 -0.08 0.04 1.00

Fe 0.55 0.91 0.17 0.91 0.35 0.85 -0.21 1.00

pH 0.15 0.04 0.17 0.23 0.10 0.16 0.06 0.12 1.00

February

Cr -0.24 1.00

Zn -0.17 0.47 1.00

Ni -0.34 0.62 0.38 1.00

Cu -0.37 0.32 0.24 0.72 1.00

Cd -0.09 -0.09 -0.23 0.24 0.15 1.00

Co 0.17 0.12 -0.17 0.07 -0.51 0.31 1.00

Fe 0.09 -0.28 -0.24 0.00 0.37 -0.23 -0.63 1.00

pH -0.11 -0.16 -0.37 0.19 0.23 0.41 0.35 -0.09 1.00

March

Cr -0.22 1.00

Zn -0.22 0.23 1.00

Ni -0.78 0.16 0.18 1.00

Cu -0.76 -0.06 0.35 0.55 1.00

Cd -0.23 0.14 -0.31 0.34 -0.29 1.00

Co 0.29 0.25 -0.31 0.10 -0.71 0.74 1.00

Fe 0.73 0.15 -0.28 -0.77 -0.73 -0.14 0.23 1.00

pH -0.47 -0.42 -0.15 0.25 0.61 -0.02 -0.45 -0.63 1.00

April

Cr 0.26 1.00

Zn 0.25 0.69 1.00

Ni 0.25 0.88 0.14 1.00

Cu 0.20 0.93 0.77 0.92 1.00

Cd 0.71 -0.08 0.03 0.01 0.003 1.00

Co -0.09 -0.22 0.14 0.04 0.07 0.20 1.00

Fe 0.16 0.92 0.68 0.91 0.97 -0.07 0.05 1.00

pH 0.06 -0.38 -0.02 -0.22 -0.26 0.33 -0.06 -0.31 1.00

May

Cr 0.07 1.00

Zn -0.41 -0.53 1.00

Ni 0.54 -0.12 -0.08 1.00

Cu 0.27 0.91 -0.54 -0.20 1.00

Cd -0.05 0.57 0.21 -0.40 0.63 1.00

Co 0.32 0.46 -0.30 -0.13 0.56 0.25 1.00

Fe -0.39 -0.31 0.50 0.10 -0.49 0.01 -0.39 1.00

pH 0.50 -0.14 0.012 0.16 -0.05 0.05 0.48 0.24 1.00
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increase of concentrations of Pb, Zn, Ni, Cu, and Cd may

due to anthropogenic as well as industrial solid waste and

wastewater discharge. The metal concentrations in the

sediments of Tapti estuary reported herein were compared

with those published by other groups of researchers on

various estuaries of the world (Table 6). The assessment

informations of Seyhan River, Turkey (Davutluoglu et al.

2011); Bohai-Bay, North China (Duan et al. 2010); Man-

akudy estuary, Southwest coast, India (Kumar and Edward

2009); Arosa estuary, New Spain (Fernandez et al. 2006);

Nanliu River estuary, Beibu Gulf of South China (Xia et al.

2011); Vembanad estuary, Southwest coast, India (Pad-

malal et al. 1997); Tambaraparni River estuary, Tamil

Nadu, India (Jayaraju et al. 2011) are provided in the

Table 6. Tapti estuary was found to be more polluted than

Bohai-Bay, North China and Nanliu estuary, China based

on Pb, Cr, Zn, and Cd compared to those in the Table 6.

Conclusions

The upper crust metal contamination does not show con-

taminations due to single source as the results do not

coincide with the natural structure of the region due to

growing industries. Nevertheless, it is suggested that more

detailed study should be carried out to determine whether

heavy metal pollution affects the marine ecosystems or not.

Obtained data showed that site S1 (Essar Industry Ltd.) is

relatively more polluted than other sites, S2, S3, and S4.

On the basis of the calculated Igeo values, sediments of

Tapti estuary are nil to moderately contaminated with

respect to Cd, moderate to strongly polluted with respect to

Pb, Zn, Ni, Cr, Cu, and Co, and extremely contaminated

with respect to Fe at all sampling sites. By considering

average concentration of metals, SQG suggests that this

study area is moderately polluted throughout the study

period. Monthly monitoring of heavy metals indicates high

fluctuations in the concentrations of metals (except Cd) and

at particular site reveals metal transportations. The metal

transportation is also confirmed by negative to very low

correlation among metals. Since only two major metal

industries lying on the Tapti estuarine region, high fluctu-

ations in concentration among the metals were observed.

The obtained metal concentrations levels in Tapti estuary

were found to be higher than that of many other estuaries.

The levels of heavy metals studied should be kept under

strict control, since they exhibit potential biological risks.

There should be a provision to measure toxic metals in

Fig. 2 Transportation profiles of heavy metals
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industrial effluents before discharging them into estuarine

river.
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