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Abstract The research depicts the spatial and tem-
poral variation of major and trace metals in ma-
rine sediments at various monitoring stations of
Dhamra estuary, Bay of Bengal, Odisha. The con-
centration and distribution of selected metals in
surface sediments of the estuary were studied in
order to assess the spatial extent of anthropogenic
inputs viz., mining activities and to estimate the
effects of seasonal variations on geochemical pro-
cesses in this particular tropical estuarine system.
Surface sediments reflect the presence of trace and
major metals in parts per million, and the concen-
trations vary in the range of Cu (0.083 to 127.2),
Ni (17.35 to 122.8), Co (1.2 to 31.58), Pb (0.8 to
95.86), Zn (12.1 to 415), Cd (0 to 11) and Cr
(35.21 to 5,890), Fe (7,490 and 169,100), Mn (20
to 69,188), Ca (10 to 10,520), Mg (990 to
28,750), Na (300 to 51,700), and K (1,100 to
30,010). The comparison of spatial distribution
of metal contents using GIS in marine sediments
indicates that there is a substantial anthropogenic
input in the Dhamra estuary. The enrichment of
Cr is ascribed to the sedimentation of Brahmani
River, passing through the mining region and
discharging Cr pollutant to the sea. Similarly, the

sources of Cd are attributable to corrosion-
resistant paints used by a large number of
trawlers. Contamination factor has been calculated
for various metals to assess the degree of pollu-
tion. As per Hakanson’s classification, Cr indi-
cates very high contamination with considerable
contamination of Cd, whereas moderate contami-
nation of Pb, Zn, and Mn are observed in marine
sediments. Pollution load index also indicate that
there is deterioration of site quality in premonsoon
season, which almost attains the baseline level in
post monsoon and perfection in monsoon season
(Tomlinson et al. (Helgolander Wissenschaftliche
Meeresuntersuchungen, 33, 566–572, 1980)). The
geoaccumulation index shows that the metal con-
centrations in sediments can be considered as
background levels except Cr and Cd. The
geoaccumulation index shows that Cr is moderate-
ly contaminated and it is higher in offshore region
in post monsoon and monsoon than premonsoon
season. All the calculated indices show that Cr
and Cd levels are more than the desired limits in
the marine sediments. Multivariate statistical anal-
ysis evaluates the plausible sources of contami-
nants, attributing to mining, industrial, and urban
wastes by way of Brahmani River discharging to
the estuarine region.
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Introduction

Estuaries form a transition zone between river and ocean
environments, which are subjected to marine and river
influences. As a result, estuaries are suffering from
degradation by many factors, including sedimentation
from soil erosion, deforestation, overgrazing, poor farm-
ing practices, overfishing, drainage of sewage and in-
dustrial wastes, filling of wetlands, eutrophication due
to excessive nutrients from sewage and animal wastes,
and pollutants including heavy metals, radionuclides,
and hydrocarbons (Wolanski 2007). Thus, estuaries are
prone to various anthropogenic activities causing threat
to marine ecosystem and mankind. Hence, it is essential
to identify the environmental consequences in the estu-
aries which are vulnerable due to substantial industrial
development and in turn resulting urban developments.
Sediments are preferable monitoring ‘tools’ since con-
taminant concentrations are of higher magnitude and
they show less variation in time and space, allowing
more consistent assessment of spatial and temporal con-
tamination (Tuncer et al. 2001; Beiras et al. 2003;
Caccia et al. 2003). Sediment studies play an important
role in assessments of pollution status of marine envi-
ronment (Pekey 2006). River systems are a present-day
health indicator of cities, which includes the biochemi-
cal and physico-chemical components generated from
both natural and anthropogenic processes. In developing
countries, the lack of reliable and frequent available data
required for modeling such scenarios is an acute prob-
lem Roy and Katpatal (2011).

Sediments, especially finer fractions, can adsorb con-
taminants from sea water and exert a strong influence on
the transport and ultimate distribution of contaminants
(Richard et al. 2001). Hence, it is a significant aspect to
know the spatial extent to which sediment characteris-
tics especially the size fractions can change due to the
influence of both anthropogenic and natural factors
causing potential impacts on pollution. In order to mea-
sure the occurrence and spatial distribution of toxic
substances, further understanding on the role of human
activities in releasing contaminants to the environment
is required. This information aids for devising effective
strategies to mitigate deleterious health effects.

Various geospatial tools viz., geographic information
system (GIS), remote sensing (RS), and Global
Positioning System (GPS) form an effective planning
tool and a sound basis for continued coastal monitoring
(O’Regan 1996; Stanbury and Starr 1999). Using a GPS

receiver for field sampling allows inclusion in a GIS
platform for subsequent analytical, statistical, and
modeling analyses. Environmental scientists are expect-
ed to provide interpretations about patterns across broad
scales of space and time but face the challenge that the
environment can vary at smaller spatial scales than
commonly recognized (Elsdon and Connell 2009). The
aims of the investigation presented in this paper are (a)
to integrate the geospatial technologies with other sed-
iment environmental parameters viz., trace and major
metal contents, size fraction, organic carbon, for the
estimation of index imparting assessment of pollution
behavior into a GIS environment using Dhamra estuary
as a case study site, (b) to identify plausible sources and
the dominant direction of transport of major and trace
metals in sediments in Dhamra estuary, and (c) to derive
information on the spatial distribution and its relation to
particulate size distribution and total organic carbon.
The derived information on spatial and temporal vari-
ability could be well utilized for appropriate monitoring
as well as management practices.

The study area

The Dhamra estuary is a tropical estuary on the East
Coast of India and its hydrological characteristics are
governed by the monsoon regime. It is situated on the
east coast of India within 86° 57′ 00″ E–87° 01′ 00″ E
and 20° 45′ 00″ N–20° 48′ 00″ N being sheltered be-
tween the main land mass and the Kanika Sand Island
on the eastern side. The Dhamra River receives indis-
criminate waste discharges from two major rivers viz.,
Brahmani and Baitarani, which are in close proximity to
the mineral belt of Odisha, Jharkhand and West Bengal,
and the mining activities in this regionmay influence the
biological and geochemical conditions of the estuarine
waters to a considerable extent.

The state of Odisha has a coastline of 480 km, and
one of the most dynamic coastal environments in India
due to its location and physical factors especially its
network of large, powerful rivers with their delta and
estuarine systems, each with a variety of ecological
niches and habitats. The area includes Bhitarkanika
Wildlife Sanctuary and Gahirmatha Marine Sanctuary,
which are of international repute being environmentally
sensitive areas. The Gahirmatha beach located in the
Bhirtarkanika Wildlife Sanctuary supports the largest
known nesting ground of olive ridley turtle in the world
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(Bustard and Kar 1981; Dash and Kar 1990). About 0.2
to 0.7 million olive ridley turtles visit this beach during
December to April for mass nesting every year.
However, in the last 20 years, large-scale mortality and
shifting of nesting are being observed. The newly con-
structed open-sea Dhamra port being located near the
Bhitarkanika National Park and Gahirmatha Marine
sanctuary is of great concern due to its operation and
ancillary development, viz., continual dredging of the
channel, which may have possible harmful impacts on
marine environment.

Geological and oceanographic environment

Lithogenic sediments (clayey silts/silty clays) are pre-
dominant on the continental margins and in the region.
The clay fraction of the Bay of Bengal is mainly com-
posed of chlorite, illite, mixed-layer smectite, and kao-
linite. The climatic condition in the source area is humid
to arid. Sea currents and circulation patterns are gener-
ally wind driven, as a result of which the Bay of Bengal
experiences severe cyclone during September to
December affecting Eastern India. During monsoons,
these rivers carry sediment load which is many times
more than their normal load. The sediments are carried
from their point of origin to the local stream network
commonly by mass-weathering processes, typically soil
creep. Thus, contaminants from various point and non-
point sources are mixed with the sediments and eventu-
ally become part of the stream load, causing the estuary
to be polluted due to geogenic and anthropogenic
factors.

Study design and methodological approach

Environmental monitoring is used in the baseline data
creation, impact assessments, as well as cases in which
human involvement carry a risk of harmful effects on
the natural environment. All monitoring strategies are
often designed to establish the current status of an
environment or to establish trends in environmental
parameters.

Sediment sampling

Sampling was carried out on monthly basis for a period
of 2 years fromMay 2009 to March 2011. However, the
data are presented as clustered values ranging

premonsoon (February–May), monsoon (June–
September), and post monsoon (October–January) sea-
sons. Sediment samples were collected from the upper
surface using a Van veen grab from eight stations in the
Dhamra estuary (Fig. 1) covering a distance of around
35 km from the shoreline during field campaigns in the
vessel. The overall sediment pattern in the study area is
not regarded as uniform throughout the year, and there-
fore the collected surface samples were assumed to be
representative of different seasonal weather conditions.

Sediment analysis

The samples thus collected have undergone analysis for
different parameters, viz., major and trace metals con-
tent, size fraction, and total organic carbon content.

Major and trace metal analysis

The sediments were dried at 50–60 °C in an oven and
disaggregated in an agate mortar before chemical treat-
ment. The powdered samples were digested in triplicate
in 100 ml Teflon beaker followed by addition of 2 ml of
HClO4, 12 ml of HF, and 8 ml of HNO3. The residue
was dissolved in concentrated HCl and diluted to 25 ml
(Tessier et al. 1979). Chemicals of high purity (Merck,
Germany) were used, and standard solutions were pre-
pared from 1,000 mg/l stock solution of each metal.
Then the concentration of metals was measured using
an atomic absorption spectrophotometer (AAS,
Shimadzu, AA-7000). The accuracy of the analytical
procedures was assessed using the certified reference
material BCR®-277R (BCR is the European
Community Bureau of Reference, now known as the
Standards, Measurements, and Testing Program) and
yielded results within the reference value range
(Flanagan 1973).

Particle size analysis

The sediment classification used here is that of
Shepard’s (1954) classification with the sand, silt, and
clay boundaries based on the Wentworth (1922) scale.
Thus, sand, silt, and clay fractions are composed of
particles whose diameters range from 2,000 to 62.5,
62.5 to 3.91, and less than 3.91 μm, respectively.
Based on the relative abundance (wt.%) of each size
class, the sediment texture was determined according to
the classification of Shepard (1954). The threshold limit
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between clay and silt has been simulated at 4 μm and silt
and sand content at 63 μm. The classification is applied
regardless of sediment type and origin.

Coarse fraction analysis The sample is wet sieved
through a 63-μm sieve to separate the sample into
coarse (sand and gravel which are retained on the
sieve) and fine (clay and silt) fractions. Distilled
water was used during wet sieving supposing that
the fine fraction comprises greater than 5 % of the
sample.

Fine fraction analysis The fine-grained fraction of
the sediment is defined as silt (particles with di-
ameters less than 63 μm down to 4 μm) plus clay
(particles with diameters less than 4 μm, with
colloidal clay being less than 0.1 μm). Because
of their small size, fine-fraction particles are

difficult to measure by sieving. Therefore, the
classical techniques to analyze the fine-grained
portion of grain-size distributions are dominated
by sedimentation methods like the hydrometer
and pipette methods. These methods had been
adopted to determine the texture of sediment con-
dition. Then the different grain size fractions were
analyzed by weight sieving and pipette method
(Lewis 1984), and the results were expressed in
weight percentage. The results are represented in
the Shepard’s texture diagram.

Organic carbon

The organic carbon (OC) was determined by exothermic
heating and oxidation with potassium dichromate and
concentrated H2SO4, followed by titration of excess

Fig. 1 Study area depicting sampling locations in Dhamra estuary, Bay of Bengal, India
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dichromate, with 0.5 N of ferrous ammonium sulfate
solutions (Gaudette et al. 1974).

Methods for evaluating the pollution impact

There are a number of numerical methods which are
being used for quantifying the degree or level of metal
contamination in sediments. Various authors (Salomons
and Forstner 1984; Muller 1969; Hakanson 1980) have
proposed pollution impact scales or ranges to convert
the calculated numerical results into broad descriptive
intervals of pollution ranging from low to high intensity.

Enrichment factor

A number of different enrichment calculation methods
have been adopted to find out if there was enrichment
relative to the local baseline data. Hence, metal contam-
ination in sediments requires pre-anthropogenic knowl-
edge of metal concentrations as pristine or background
values. Many anthropogenic activities including drain-
age run-off attribute towards heavy metal enrichment.

The enrichment factor (EF) was evaluated to assess
the degree of contamination as well as for better under-
standing of the distribution of the elements of anthropo-
genic origin (Simex and Helz 1981). The EF method
normalizes the measured heavy metal content with re-
spect to a sample reference metal such as Fe or Al
(Ravichandran et al. 1995). Sharma et al. (1999) used
both Al and Fe to distinguish natural and anthropogenic
sources in recent sediments from Texas estuaries. In the
current study, Fe was chosen for normalizing element
while determining EF values (Baut and Chesselet 1979)
and is one of the widely used reference element
(Chakravarty and Patgiri 2009; Seshan et al. 2010).
The EF is calculated as follows:

Enrichment factor ¼ Cn sampleð Þ=Cref sampleð Þ
Bn backgroundð Þ=Bref backgroundð Þ

where Cn is the concentration of nth element and Bn is
the background value of nth element in average shale
(Turekian and Wedepohl 1961). Elements which are
naturally derived have an EF value of nearly unity,
whereas elements of anthropogenic origin may be sliced
into different EF values. Basically, six categories are
recognized and widely published: (a) <1 background
concentration, (b) 1–2 depletion to minimal enrichment,
(c) 2–5 moderate enrichment, (d) 5–20 significant en-
richment, (e) 20–40 very high enrichment, and (f) >40

extremely high enrichment (Sutherland 2000). In the
present study, Fe has been considered as reference ele-
ment to assess the enrichment in sediments.

Contamination factor

The level of contamination of sediments by metal is
expressed in terms of a contamination factor (CF) which
is calculated as (Hakanson 1980):

Ci
f ¼ Ci

0�1½ �.
Ci
n

where Cf
i is the contamination factor, C0

i−1 is the mean
content of metals from at least five sampling locations, and
Cn

i is the concentration of elements in the earth’s crust as a
reference value. The CF is broadly divided into four
significant categories, viz., the contamination factor CF<
1 refers to low contamination; 1≤CF<3 means moderate
contamination; 3≤CF≤6 indicates considerable contami-
nation and CF>6 indicates very high contamination
(Hakanson 1980; Aksu et al. 1998; Nasr et al. 2006).

Pollution load index

The pollution level for each site was evaluated by
adopting pollution load index (PLI) developed by
Tomlinson et al. 1980:

CF ¼ CMetal

.
CBackground

PLI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CF1 � CF2 � CF3 � ::::::::::::� CFnð Þn

p

where CF is the contamination factor, n is the number of
metals, Cmetal is the metal concentration in polluted
sediment, and CBackground is the background value of
that metal. In the current study, it has been found to be
appropriate to express the PLI as the geometric mean of

Table 1 The Igeo classes with respect to sediment quality

Igeovalue Igeoclass Designation of sediment quality

>5 6 Extremely polluted

4–5 5 Strongly to extremely polluted

3–4 4 Strongly polluted

2–3 3 Moderately to strongly polluted

1–2 2 Moderately polluted

0–1 1 Unpolluted to moderately polluted

0 0 Unpolluted
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the studied pollutants since this method tends to reduce
the outliers, which might bias the reported results.
Similarly, the PLI is broadly divided into three signifi-
cant categories for comparative assessment of pollution
level in the study area viz., where a value of PLI <1
denotes perfection, PLI=1 presents that only baseline
levels of pollutants, and PLI >1 would indicate deterio-
ration of site quality (Tomlinson et al. 1980).

Index of geoaccumulation

Geoaccumulation index (Igeo) was used to assess
heavy metal accumulation in sediments as intro-
duced by Muller (1969) to measure the degree of
metal pollution in aquatic sediments studies. This
index allows assessing the degree of contamination
in the polluted sediment by comparing present
concentrations with pre-industrial levels. Igeo was
calculated using the method proposed by Muller

(1969), termed as the Igeo. The formula used for
the calculation of Igeo is as follows:

Igeo ¼ log2 CnSample= 1:5� CnBackgroundð Þ½ �

whereCnSample is the measured content of nth element,
and CnBackground is the element content in an average
shale (Turekian and Wedepohl 1961). The concentra-
tions of geochemical background are multiplied each
time by the constant 1.5 in order to allow content fluc-
tuations of a given substance in the environment as well
as the very small anthropogenic influences. The Igeo was
originally defined by Muller (1969) for a quantitative
measure of the metal pollution in aquatic sediments
(Ridgway and Shimmield 2002). Muller (1969) has
distinguished six classes of the geoaccumulation index
as shown in Table 1. Class 6 is an open class and
comprises all values of the geoaccumulation index
higher than 5.
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Fig. 2 Percentages of
contribution of a trace metals and
b major metals in Dhamra marine
sediments
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Fig. 3 Marine sediment trace metals interpolation maps depicting
the distribution of each metal contribution for a premonsoon, b
monsoon, and c post monsoon superimposed upon pan-sharpened
Landsat ETM+ imagery
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Fig. 4 Marine sediment major metals interpolation maps
depicting the distribution of each metal contribution for a
premonsoon, bmonsoon, and c post monsoon superimposed upon
pan-sharpened Landsat ETM+ imagery
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Geospatial analysis

This approach has been applied employing various sta-
tistical and informational techniques to geographically
based data of the study area using softwares viz.,
ERDAS Imagine, ArcGIS (ESRI, USA), SPSS, etc.

Geostatistical approach

The distribution patterns of seven trace metals and six
major metals, whose concentrations were measured
using AAS, were depicted through the interpolation of
elemental concentrations in bulk as well as in −63 μm
by using geostatistical techniques i.e., cokriging in
ArcGIS platform in the buffer area of 5 km along the
dredging channel. The impact of the dredging channel
on the Bay is thus assessed by developing a pollution
load index map for the study area considering all the
elements found in sediment samples using raster calcu-
lator in GIS adapting PLI developed by Tomlinson et al..

In order to facilitate further interpretation of local
spatial variations, continuous spatial distributions of all
discriminant variables (Cu, Ni, Co, Pb, Zn, Cr, Cd, Fe,
Mn, Ca, Mg, Na, K) were generated based on kriging in
GIS (Wang 2006). Major and trace metal concentrations
in marine sediment database were converted into shape
file formats in GIS. Spatial coordinates of the sampling
locations were fixed using GPS model Trimble Juno

with minimum 3-m accuracy. For each season, samples
were being collected by navigating to the fixed loca-
tions. In the present study, the spatial analysis is being
carried out within 5 km buffer region of the channel
owing to port activity. The coordinate system WGS
1984UTMZone 45Nwas used for generating the metal
concentration layers in sediments. Though the sample
size of 8 is few to get an accurate depiction, an attempt
has been made to get the spatial pattern of the study area
for various pollution indices.

Principal component analysis of metal concentrations

Generally, principal component analysis (PCA) is a
common multivariate statistical technique being widely
used to identify pollution sources and to apportion
geogenic versus anthropogenic contamination (Atteia
et al. 1994; Tao 1995; Facchinelli et al. 2001; Zhou
et al. 2007). PCA or factor analysis (FA) is a robust
technique which converts the variables (metal concen-
trations) that are inter-correlated (Wiechula et al. 2003).
The first factor explains the most variance; the second
factor the next most and so on. The dimensionality can
be reduced to a few factors commonly two or three
retaining most of the overall variance. Factors can also
be rotated in such a way that each factor explains a
different subset of correlated variables. The samples
with similar analytical compositions are aggregated

CLAY

SANDY-CLAY SILTY-CLAY

SAND-SILT-CLAY
CLAYEY-SILT

CLAYEY-SAND

SAND

SILTY-SAND SANDY-SILT

SILT

Fig. 5 Shepard sand-silt-clay
ternary plot (texture) mean value
near Dhamra coast
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Table 4 Statistics of organic car-
bon (%) in marine sediment near
Dhamra estuary

min Minimum, max Maximum,
std dev Standard Deviation, NA
Not Available

Location Season Statistics Organic carbon

Bulk −63 μm

S1 Premonsoon Range (min, max) 0.20–1.84 1.05–1.82

Mean±std dev 1.28±0.74 1.38±0.35

Monsoon Range (min, max) 0.20–0.73 1.16–1.20

Mean±std dev 0.46±0.38 1.18±0.03

Post monsoon Range (min, max) 0.22–1.07 0.41–1.31

Mean±std dev 0.64±0.60 0.86±0.64

S2 Premonsoon Range (min, max) 0.02–1.63 0.29–1.23

Mean±std dev 0.78±0.78 0.62±0.44

Monsoon Range (min, max) 0.22–0.80 0.81–1.57

Mean±std dev 0.47±0.29 1.28±0.41

Post monsoon Range (min, max) 0.05–1.15 0.42–2.02

Mean±std dev 0.52±0.47 0.98±0.75

S3 Premonsoon Range (min, max) 0.19–2.47 1.01–1.88

Mean±std dev 1.46±0.91 1.42±0.38

Monsoon Range (min, max) 1.21–1.94 1.01–1.65

Mean±std dev 1.64±0.38 1.42±0.36

Post monsoon Range (min, max) 0.73–1.61 0.65–1.83

Mean±std dev 1.11±0.44 1.27±0.42

S4 Premonsoon Range (min, max) 0.45–4.97 0.25–1.98

Mean±std dev 1.80±1.63 1.23±0.57

Monsoon Range (min, max) 1.01–1.50 0.84–1.76

Mean±std dev 1.27±0.24 1.17±0.51

Post monsoon Range (min, max) 0.68–1.91 0.73–1.50

Mean±std dev 1.37±0.51 1.14±0.36

S5 Premonsoon Range (min, max) 0.16–2.56 0.61–1.39

Mean±std dev 1.05±1.02 1.01±0.33

Monsoon Range (min, max) 1.71–2.19 1.35–1.57

Mean±std dev 1.95±0.34 1.46±0.16

Post monsoon Range (min, max) 0.05–1.58 0.52–2.16

Mean±std dev 0.99±0.59 1.22±0.61

S6 Premonsoon Range (min, max) 0.19–1.74 0.63–1.35

Mean±std dev 1.10±0.69 0.98±0.30

Monsoon Range (min, max) 0.59–2.25 0.42–1.51

Mean±std dev 1.42±1.17 0.96±0.77

Post monsoon Range (min, max) 0.64–2.04 0.48–2.15

Mean±std dev 1.24±0.59 1.23±0.59

S7 Premonsoon Range (min, max) NA NA

Mean±std dev NA NA

Monsoon Range (min, max) 1.16–1.58 0.01–0.93

Mean±std dev 1.37±0.30 0.47±0.65

Post monsoon Range (min, max) NA NA

Mean±std dev NA NA

S8 Premonsoon Range (min, max) NA NA

Mean±std dev NA NA

Monsoon Range (min, max) 1.45–1.98 0.86–1.58

Mean±std dev 1.73±0.27 1.23±0.36

Post monsoon Range (min, max) NA NA

Mean±std dev NA NA
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closer than those with more dissimilar compositions.
The similarities among samples can then be used to
elucidate potential sources (Einax et al. 1997). A
varimax rotation is employed to aid in interpretability
of the low-variance principal components. This makes
closer to finding unique metal concentration related to
outcome but reintroduces correlation requiring analysis
of the overlap of information contained in such modes.
Varimax rotation perturbs the eigenvectors so as to
maximize the variance within each vector. As a result

in each vector, the number of variables with immediate
loading is decreased and the number with either very
large or very small loading is increased (Satapathy et al.
2009).

Correlation of metal enrichment in marine sediments

The correlation matrix used in this study provides an
important tool for better understanding of the complex
dynamics of pollutants in riverine and marine system.
The analysis was performed to determine the significant
relationship among various metals and organic carbon
and its enrichment in marine sediments. The data has
correlated with the mean values of geochemical data of
metals and organic carbon. The values in the matrix
represent the correlation coefficients ranging from neg-
ative correlation to positive correlation (−1 to +1).

Results and discussion

Major and trace metals in marine sediments

The derived statistics of major and trace metal concen-
tration database for all the seasons is represented in
Tables 2 and 3. The contribution of individual metal is
calculated by calculating the percentage of average con-
centration of each metal to the total average concentra-
tion of all the metals in the sample in all throughout the
seasons separately for trace and major metals

Table 6 Cross-correlation matrix of major/trace metals in marine sediments

Ca Cd Co Cr Cu Fe K Mg Mn Na Ni OC Pb Zn

Ca 1.000 NA NA NA NA NA NA NA NA NA NA NA NA NA

Cd −0.396 1.000 NA NA NA NA NA NA NA NA NA NA NA NA

Co 0.004 0.702 1.000 NA NA NA NA NA NA NA NA NA NA NA

Cr −0.358 0.897 0.540 1.000 NA NA NA NA NA NA NA NA NA NA

Cu −0.155 0.734 0.652 0.619 1.000 NA NA NA NA NA NA NA NA NA

Fe 0.050 0.258 0.309 0.078 0.550 1.000 NA NA NA NA NA NA NA NA

K 0.574 0.108 0.568 0.029 0.082 0.197 1.000 NA NA NA NA NA NA NA

Mg 0.102 0.422 0.747 0.455 0.411 0.253 0.495 1.000 NA NA NA NA NA NA

Mn −0.271 0.607 0.383 0.604 0.486 0.176 −0.012 0.452 1.000 NA NA NA NA NA

Na 0.484 0.366 0.758 0.183 0.261 0.299 0.835 0.595 0.137 1.000 NA NA NA NA

Ni −0.169 0.299 0.122 0.328 0.483 0.144 −0.095 0.063 0.265 −0.147 1.000 NA NA NA

OC 0.017 0.010 0.063 −0.053 0.075 0.238 0.125 −0.075 0.027 0.079 0.470 1.000 NA NA

Pb −0.264 0.645 0.389 0.519 0.731 0.423 −0.042 0.212 0.488 0.179 0.212 −0.194 1.000 NA

Zn −0.139 −0.103 −0.561 −0.061 −0.041 0.099 −0.366 −0.606 −0.041 −0.498 0.307 0.207 0.243 1.000

NA Not Available

Table 5 Varimax-rotated principal component analysis and
source of metal enrichment in marine sediments

Variables PC1 PC2 PC3

Ca −0.447 0.625 −0.286
Cd 0.924 0.159 −9.44E−02
Co 0.614 0.698 0.169

Cr 0.896 3.92E−02 −5.43E−02
Cu 0.781 0.173 −0.137
Fe 0.286 0.25 −2.74E−02
K −2.43E−02 0.881 −5.75E−02
Mg 0.513 0.582 0.41

Mn 0.786 −4.87E−02 4.80E−02
Na 0.202 0.924 −6.34E−02
Ni 0.403 −0.191 0.107

OC −5.51E−03 3.40E−02 0.341

Pb 0.717 −2.90E−02 −0.42
Zn −5.07E−02 −0.575 −0.518
Eigenvalue 7.391 6.592 4.637

Percentage of variance 26.395 23.541 16.560
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(Fig. 2a, b). Thus, the percentage of contribution of each
trace element in sea sediment is found to be Cr (52 %),
Zn (22%), Ni (12%), Cu (6%), Pb (5%), Co (3%), and
Cd (0.2 %) out of measured trace elements. Similarly,
the percentage of contribution of each major element in
sea sediment is found to be Fe (50 %), Na (14 %), K
(14 %), Mg (14 %), Ca (5 %), and Mn (3 %) out of the
measured major elements. The above results indicate
that there may be geogenic contamination of metals in
sediments through the sediment deposition of Baitarani
and Brahmani Rivers passing through many ongoing
mining as well as the rock weathering of geological
formations reaching Dhamra estuary.

Univariate spatial distribution of elemental
concentration

The spatial distributions of elemental concentrations and
pollution load index in sediment samples collected from
specified sampling locations along the channel near
Dhamra estuary are presented as surface maps resulting
from kriging interpolation. Besides elemental concen-
tration, other index parameters such as enrichment fac-
tor, contamination factor, geoaccumulation index, and
pollution load index are equally responsible to conclude
that the existing pollution of Cr is attributed to anthro-
pogenic sources (emission from mining activities and it
mobility through river), of which few other metals is
attributed to geogenic (due to high rock content).

Metal concentrations increase towards eastern part
compared to the western part of the study area in
premonsoon and post monsoon seasons as depicted
from the Figs. 3 and 4 where as it is uniformly distrib-
uted throughout the study area during monsoon season.
This could be due to the high concentrations of mining,
industrial, and urban wastes carried by Brahmani and
Baitarani Rivers culminating at Dhamra estuary. The
increasing order in concentrations of the metals is ob-
served beyond estuarine region because of the dumping
of dredged materials. Finding higher concentration of
metals, sparsely located, is particularly due to the en-
hanced organic carbon content and abundance of clay
fractions (Salomons and Forstner 1984).

In the present study, the minimum and maximum
concentrations of trace metals are for Cu (0.083 to
127.2 ppm), Ni (17.35 to 122.8 ppm), Co (1.2 to 31.58
ppm), Pb (0.8 to 95.86 ppm), Zn (12.1 to 415 ppm), Cd
(0 to 11 ppm), and Cr (35.21 to 5,890 ppm) (Fig. 3). The
Cu concentration being higher towards the eastern partT
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Table 8 EF of major metals in marine sediments

Location Season Period Mn Ca Mg Na K

Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm

S1 Premonsoon Mar. 09 0.43 0.43 0.00 0.00 1.33 0.49 3.65 0.56 0.25 0.20

May 09 1.50 0.02 0.10 0.02 1.16 1.33 1.40 0.66 0.29 0.30

Mar. 10 1.08 1.48 0.27 0.30 0.59 1.07 1.18 1.27 0.80 0.78

Feb. 11 0.99 1.04 0.36 0.13 0.87 0.72 2.46 2.46 0.88 0.55

Monsoon Jul. 09 2.59 8.01 0.84 1.35 0.42 3.11 3.29 3.41 3.65 2.16

Aug. 09 0.71 1.04 0.69 1.31 2.68 2.37 6.38 3.98 2.79 2.65

Post monsoon Dec. 09 0.90 NA 0.47 NA 0.74 NA 2.98 NA 1.54 NA

S2 Premonsoon Mar. 09 0.40 0.34 0.01 0.00 1.31 0.49 4.79 0.34 0.32 0.34

May 09 1.57 1.53 0.18 0.24 1.21 1.46 1.85 1.12 0.51 0.41

Mar. 10 0.73 2.50 0.48 0.61 0.90 2.30 3.17 2.70 1.82 1.70

Feb. 11 1.58 5.02 1.23 1.21 1.03 2.23 3.51 2.91 1.95 1.06

Monsoon Jul. 09 1.23 2.05 0.28 0.31 0.29 0.68 0.54 1.30 0.74 0.65

Aug. 09 3.49 4.67 0.68 1.59 1.38 1.99 3.42 1.59 3.62 2.18

Aug. 10 0.79 0.24 0.14 0.14 0.71 0.32 0.08 0.06 0.03 0.03

Post monsoon Nov. 09 0.83 1.35 0.32 0.38 2.04 1.43 1.61 1.64 0.81 0.84

Dec. 09 0.72 1.00 0.38 0.46 2.01 1.35 2.41 2.19 1.31 1.50

Dec. 10 1.29 1.34 0.22 0.32 1.02 0.91 2.27 2.10 0.76 0.44

S3 Premonsoon Mar. 09 0.46 0.61 0.01 0.00 1.49 1.01 5.31 1.43 0.52 0.38

May 09 1.42 1.46 0.07 0.13 1.46 1.88 1.59 0.88 0.38 0.41

Mar. 10 0.49 0.55 0.16 0.18 0.58 0.68 1.21 0.88 0.53 0.53

Feb. 11 1.01 1.11 0.18 0.18 0.68 0.88 1.18 1.14 0.87 0.68

Mar. 11 52.71 83.75 NA NA 0.00 NA 2.02 0.89 0.51 0.32

Monsoon Jul. 09 2.14 2.20 0.41 0.77 1.15 1.20 7.41 2.23 1.10 1.19

Aug. 09 0.68 0.96 0.05 0.24 0.53 0.56 0.90 1.21 1.33 0.54

Aug. 10 0.53 0.53 0.16 0.16 0.71 0.89 0.09 0.08 0.04 0.04

Post monsoon Nov. 09 0.46 0.50 0.20 0.17 0.58 0.90 1.15 0.77 0.42 0.41

Dec. 09 0.69 0.65 0.23 0.24 0.52 0.83 2.21 1.25 0.59 0.79

Oct. 10 1.42 1.31 0.23 0.51 1.12 0.34 2.62 2.68 0.87 0.66

Dec. 10 1.36 1.11 0.53 0.57 1.25 1.04 1.98 1.34 0.97 0.61

S4 Premonsoon Mar. 09 0.43 0.60 0.01 0.00 1.09 0.87 0.94 0.46 0.43 0.36

May 09 1.44 11.20 0.16 0.42 1.68 1.96 1.71 0.94 0.39 0.37

Mar. 10 1.08 1.58 0.36 0.33 1.00 1.72 3.10 1.86 1.21 1.25

Apr. 10 0.82 0.89 0.23 0.38 0.00 1.62 2.05 1.56 0.76 0.85

Feb. 11 1.31 1.64 0.39 0.39 1.07 1.01 2.33 1.08 0.57 1.14

Mar. 11 26.47 90.59 0.00 0.00 0.00 NA 3.04 1.09 0.49 0.25

Monsoon Jul. 09 0.93 0.90 0.17 0.37 0.55 0.48 4.45 1.07 0.54 0.61

Aug. 09 1.07 1.42 0.06 0.18 0.61 0.58 0.95 0.66 1.25 0.37

Aug. 10 0.67 0.53 0.28 0.23 1.02 1.25 0.18 0.12 0.06 0.06

Post monsoon Nov. 09 0.54 0.52 0.23 0.17 0.89 0.69 1.00 0.71 0.42 0.36

Dec. 09 0.67 0.58 0.41 0.28 0.99 1.20 1.69 1.23 0.73 0.81

Oct. 10 1.45 1.22 0.29 0.43 1.09 0.42 2.23 2.34 0.67 0.77

Dec. 10 1.04 1.07 0.31 0.27 1.21 1.36 0.81 0.83 0.80 0.56

S5 Premonsoon Mar. 09 0.66 1.39 0.03 0.01 1.36 0.96 1.43 0.91 0.59 0.56

May 09 2.04 1.72 0.47 0.15 1.05 2.20 1.08 1.25 0.38 0.44

Mar. 10 0.61 0.65 0.26 0.30 1.18 1.01 2.47 1.28 0.68 0.75

Apr. 10 1.62 0.06 0.55 0.81 2.07 3.32 3.93 3.35 1.66 1.62

Mar. 11 209.55 207.76 NA 0.00 NA NA 6.60 2.22 0.92 0.86
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of the study area indicates that the presence of Cu is
mainly of the dumping activity which may cause the
higher clay fraction and organic content (Harbison
1984). The substantial amount of Ni is observed in the
study area due to petroleum-related activity owing to
vessel movement (Vazquez and Sharma 2004). In all
seasons, Co shows similar distribution pattern as that of
Cu and is found to be higher in dumping sites of the
marine region than in estuarine region. This is an

indicator of corrosion-resistant paints used for trawlers
in the nearby fishing jetty. The average Pb level in
Indian River sediment is about 14 mg/kg, which is
lower than the world average. Similarly, the average
Pb in Indian River particulates is 51 mg/kg which is
also lower than the world river particulates of
150 mg/kg (Dekov et al. 1999). In the study area,
Pb appears to be higher in the dumping area than
estuarine region as marine sediments act as sinks for

Table 8 (continued)

Location Season Period Mn Ca Mg Na K

Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm

Monsoon Jul. 09 0.86 0.88 0.07 0.12 0.48 0.52 4.44 0.79 0.39 0.44

Aug. 10 0.55 0.55 0.20 0.19 0.85 1.11 0.14 0.10 0.04 0.06

Post monsoon Nov. 09 0.53 0.53 0.23 0.22 1.23 1.10 1.64 1.18 0.55 0.56

Dec. 09 0.61 0.68 0.32 0.21 1.43 1.15 2.29 1.22 0.80 0.80

Oct. 10 1.28 1.38 0.23 0.34 1.13 0.33 1.09 1.20 0.51 0.74

Dec. 10 0.98 1.43 0.24 0.20 1.00 1.28 1.77 0.31 0.52 0.53

S6 Premonsoon Mar. 09 0.62 5.19 0.01 0.01 2.57 1.32 3.05 1.77 0.73 0.38

May 09 2.11 1.75 0.08 0.04 0.73 0.90 1.17 0.92 0.27 0.35

Mar. 10 0.94 0.96 0.39 0.43 1.46 1.36 3.00 1.71 1.14 0.79

Apr. 10 NA NA NA NA NA NA NA NA NA NA

Mar. 11 98.06 110.56 NA NA NA NA 3.09 1.03 0.46 0.34

Monsoon Jul. 09 0.98 0.98 0.08 0.16 0.57 0.43 5.42 0.98 0.53 0.56

Aug. 10 0.70 0.70 0.30 0.30 1.60 1.60 0.19 0.17 0.08 0.08

Post monsoon Nov. 09 0.67 0.63 0.32 0.46 1.34 1.53 1.90 1.33 0.65 0.69

Dec. 09 0.68 0.58 0.22 0.22 1.20 1.27 2.50 1.28 0.80 0.79

Oct. 10 1.00 2.30 0.32 0.45 2.02 0.47 2.09 2.35 0.84 1.04

S7 Premonsoon Apr. 10 1.14 1.26 0.89 0.91 2.71 2.47 3.26 2.74 1.04 1.25

Monsoon Jul. 09 1.02 1.03 0.07 0.16 0.60 0.62 4.06 1.00 0.60 0.61

Aug. 10 0.64 0.51 0.23 0.22 1.13 1.17 0.15 0.11 0.06 0.06

Post monsoon Nov. 09 0.62 0.60 0.26 0.30 1.25 1.22 1.68 1.19 0.53 0.56

S8 Premonsoon Mar. 10 0.75 0.84 0.36 0.35 1.46 1.57 3.13 1.49 0.92 0.67

Monsoon Jul. 09 0.83 0.81 0.08 0.18 0.60 0.52 3.52 0.87 0.55 0.50

Aug. 09 1.88 2.93 0.49 0.53 1.12 1.81 19.41 2.95 1.47 3.96

Aug. 10 0.54 0.54 0.24 0.24 1.15 1.01 0.15 0.13 0.07 0.06

Post monsoon Nov. 09 0.70 0.60 0.21 0.21 1.22 1.01 1.69 1.11 0.62 0.53

NA Not Available

Table 9 Contamination factor (CF) (Hakanson 1980) of trace metals in marine sediments

Season Cu Ni Cr Co Zn Pb Cd

Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk

Premonsoon 0.55 0.81 0.94 0.82 1.99 6.65 0.76 1.02 0.62 1.15 1.04 1.50 4.65 4.09

Monsoon 0.47 0.53 0.70 0.76 1.27 1.67 0.34 0.46 0.60 1.88 0.72 0.99 1.22 1.69

Post monsoon 0.46 0.56 0.67 0.62 1.60 1.51 0.89 0.86 0.73 0.81 0.77 0.84 2.62 2.24
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Pb as also seen for Zn. Co, Pb, and Zn depict similar
distribution pattern attributing to paint effluents and in-
dustrial discharges to the Brahmani River. The maximum
concentration of Cd is found beyond estuarine region
owing to corrosion-resistant paints which is independent
of the accumulation rates of terrigenous detrital input
(Calvert and Pedersen 1993). Cr concentration was found
to be higher in the off-estuarine region attributing to its
source mining wastes discharging into Brahmani River
which drains into sea at Dhamra estuary. The Cr and Cu

pollutions in the study area are arising out of industrial
wastes, suggesting contribution through sewages (El
Nemr et al. 2006).

The range of concentrations of major metals is ob-
served for Fe (7,490 and 169,100 ppm), Mn (20 to
69,188 ppm), Ca (10 to 10,520 ppm), Mg (990 to
28,750 ppm), Na (300 to 51,700 ppm), and K (1,100 to
30,010 ppm) (Fig. 4). In the present study, it is observed
that the Fe concentration is somewhat higher than that
reported from other Indian estuaries. Concentrations of Fe
and Mn are found to be low in near-estuarine region than

Table 10 CF (Hakanson 1980) of major metals in marine sediments

Season Fe Mn Ca Mg Na K

Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk Bulk −63 μm Bulk −63 μm Bulk

Premonsoon 0.771 1.275 5.873 8.139 0.231 0.244 0.988 1.083 1.966 1.108 0.568 0.510

Monsoon 0.768 1.012 0.699 0.777 0.147 0.210 0.637 0.680 1.835 0.564 0.410 0.355

Post monsoon 0.927 1.322 0.736 0.828 0.255 0.292 1.085 1.036 1.704 1.306 0.654 0.644

Table 11 Pollution load index (PLI) of trace metals in marine
sediments

Location Season PLI

Bulk −63 μm

S1 Premonsoon 1.234554 1.964565

Monsoon 0.308307 1.323885

Post monsoon 0.637664 NA

S2 Premonsoon 0.75167 1.703111

Monsoon 0.762307 1.087376

Post monsoon 0.699633 1.09518

S3 Premonsoon 1.069285 1.634436

Monsoon 0.736275 1.012326

Post monsoon 0.916642 0.969952

S4 Premonsoon 1.114739 1.79309

Monsoon 0.713605 0.828888

Post monsoon 0.990631 1.006557

S5 Premonsoon 1.145991 1.923337

Monsoon 0.956553 1.049969

Post monsoon 0.994163 1.087048

S6 Premonsoon 0.908676 1.595058

Monsoon 0.689634 0.763689

Post monsoon 1.025636 1.049816

S7 Premonsoon 1.110384 0.878617

Monsoon 0.716486 0.827416

Post monsoon 1.065334 1.095686

S8 Premonsoon 1.022135 0.90544

Monsoon 0.673326 0.884525

Post monsoon 1.158432 1.18176

NA Not Available

Table 12 PLI of major metals in marine sediments

Location Season PLI

Bulk −63 μm

S1 Premonsoon 0.733151 0.603953

Monsoon 0.330801 0.576304

Post monsoon 0.416989 NA

S2 Premonsoon 0.630245 0.674588

Monsoon 0.461583 0.477685

Post monsoon 0.730364 0.765512

S3 Premonsoon 1.040698 1.048512

Monsoon 0.594671 0.578159

Post monsoon 0.810976 0.750334

S4 Premonsoon 0.872948 1.141542

Monsoon 0.634404 0.533784

Post monsoon 0.874358 0.785535

S5 Premonsoon 1.062562 1.07011

Monsoon 0.644528 0.536377

Post monsoon 0.767091 0.711731

S6 Premonsoon 1.002418 1.082184

Monsoon 0.600094 0.482393

Post monsoon 0.805107 0.905843

S7 Premonsoon 0.761159 0.810532

Monsoon 0.588021 0.490482

Post monsoon 0.813841 0.899578

S8 Premonsoon 1.02186 1.016033

Monsoon 0.592095 0.520785

Post monsoon 0.877487 0.765538

NA Not Available
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offshore region and are attributed towards dumping of the
dredged material. Fe and Mn play a vital role in the
increase of other metal concentrations. These elements
convert to complex hydroxyl compounds which precipi-
tate further to act as good adsorbents (Riley and Chester
1971). On the other hand, Fe andMn oxides are excellent
scavengers for trace metals which lead to co-precipitation
of other metals in the water column thus increasing the
concentration of other metals in sediments (Tessier et al.
1979). The spatial distribution pattern of other major
metals, viz., Ca, Mg, Na, and K, depicts that the

concentration gradually increased beyond the estuarine
region towards dumping sites.

The concentration of all metals irrespective of sea-
sons increases towards the offshore region indicating the
impact of dredging due to ongoing construction of port
and harbor activity. This may be because of continual
resuspension of the bottom sediment occurring in
Dhamra estuary and dumped in offshore region. The
spatial distribution pattern of organic content in sedi-
ment and particle size distribution correlates with the
concentration of metals in marine sediments. Metal

a b c

Fig. 6 Pollution load index in marine sediments for trace metals: a premonsoon, bmonsoon, and c post monsoon superimposed upon pan-
sharpened Landsat ETM+ imagery

a b c

Fig. 7 Pollution load index in marine sediments for major metals: a premonsoon, bmonsoon, and c post monsoon superimposed upon pan-
sharpened Landsat ETM+ imagery
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concentration maps depict similar pattern with that of
pollution load index.

Generally, sandy soils are rapidly permeable and tend
to be low in organic matter content, low in ability to
retain moisture and nutrients, in cation exchange, and
buffer capacities. Sandy soils usually have high bulk
densities. As the relative percentages of silt and/or clay
particles become greater, the properties of soils are
increasingly affected. Finer-textured soil/sediment with
silt/clay, generally containing more organic matter, has
higher cation exchange and buffer capacities and better
able to retain moisture and nutrients. The original
classification scheme developed by Shepard (1954)
used for marine sediments to interpret particle size dis-
tribution to figure out sediment texture is shown for the
Dhamra estuary sediments. Figure 5 represents the ter-
nary diagram for different grain sizes at different loca-
tions combining the average of three seasons’ data. It
can be seen that mostly the samples are concentrated in
clayey silt region which is the classified as sediment
type for accumulation of metals.

In sediments, trace metal concentrations are consid-
ered to vary with sediment properties such as the per-
centage of OC, grain size, and Fe-Mn oxyhydroxide
content (Adriano 2001). These characteristics provide
a means for pollution assessment emanating from trans-
port and deposition of the sediments. Organic carbon
ranges from 0.01 to 4.97 % over the study area for the
study period (Table 4). In general, the percentage of OC
is found to be higher in premonsoon than post monsoon,
which is found to be higher than monsoon season. The
finding of organic carbon also supplements the metal
pollution and its association in marine sediments.

Multivariate analysis for source apportionment
in marine sediments

Out of all the variables, three principal components were
extracted accounting over 66 % of the total variance.
The components were ranked by the eigenvalues. In the
first principal component (PC1), the metals, viz., Cd, Cr,
Cu, Mn, Pb, and Co are closely associated, explaining
over 26 % of total variance (Table 5). These metals are
toxic metals and mostly found in mining areas, which
can be considered as a point source of pollution. This
may also indicate the influence of the geochemical
processes and hydrodynamic behavior attributing to
chromite mining activities in the near by bank of
Brahmani River. It could also be an evidence of reactiveT

ab
le
13

(c
on
tin

ue
d)

L
oc
at
io
n

S
ea
so
n

Pe
ri
od

C
u

N
i

C
o

Z
n

P
b

C
r

C
d

B
ul
k

−6
3
μ
m

B
ul
k

−6
3
μ
m

B
ul
k

−6
3
μ
m

B
ul
k

−6
3
μ
m

B
ul
k

−6
3
μ
m

B
ul
k

−6
3
μ
m

B
ul
k

−6
3
μ
m

M
on
so
on

Ju
l.
09

−2
.1
6

−2
.2
4

−0
.6
4

−0
.7
9

−1
.8
9

−2
.0
1

−0
.9
1

0.
60

−1
.0
0

−1
.1
0

0.
04

−0
.1
8

−0
.5
8

−0
.1
7

A
ug
.0
9

−1
.9
5

−1
.7
6

−0
.7
6

−0
.4
9

−2
.2
0

−1
.3
0

−1
.6
4

0.
41

−2
.0
6

−0
.7
3

−0
.9
5

−0
.3
7

−2
.1
7

0.
42

A
ug
.1
0

−1
.5
0

−1
.6
6

−1
.4
6

−1
.8
0

−1
.3
9

−1
.7
7

−1
.2
7

−1
.5
0

−0
.5
7

−0
.3
9

−0
.2
1

−0
.5
4

−0
.5
0

−0
.0
4

Po
st
m
on
so
on

N
ov
.0
9

−1
.0
9

−0
.6
4

−0
.6
6

−0
.8
2

−0
.6
5

−0
.4
3

−0
.6
5

−0
.3
3

−0
.8
2

−1
.0
2

0.
11

0.
00

1.
15

0.
83

N
A
N
ot

A
va
ila
bl
e

4133, Page 26 of 31 Environ Monit Assess (2015) 187:4133



Table 14 Igeo of major metals in marine sediments

Location Season Period Fe Mn Ca Mg Na K

Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm

S1 Premonsoon Mar. 09 −0.83 −0.76 −2.04 −2.04 −8.69 −9.69 −0.41 −1.86 1.04 −1.68 −2.83 −3.15
May 09 −0.53 −0.53 0.06 −5.99 −3.79 −5.99 −0.31 −0.11 −0.04 −1.14 −2.33 −2.27
Mar. 10 −0.51 0.59 −0.41 0.05 −2.40 −2.23 −1.28 −0.42 −0.28 −0.17 −0.84 −0.88
Feb. 11 −0.82 −0.32 −0.82 −0.77 −2.29 −3.73 −1.01 −1.30 0.48 0.48 −1.00 −1.69

Monsoon Jul. 09 −3.24 −0.08 −1.87 −0.24 −3.50 −2.81 −4.51 −1.60 −1.52 −1.47 −1.37 −2.13
Aug. 09 −2.81 −0.48 −3.29 −2.75 −3.35 −2.42 −1.39 −1.56 −0.13 −0.81 −1.33 −1.40

Post monsoon Dec. 09 −1.93 NA −2.09 NA −3.03 NA −2.36 NA −0.36 NA −1.31 NA

S2 Premonsoon Mar. 09 −0.92 −0.88 −2.24 −2.47 −6.99 −10.11 −0.53 −1.96 1.34 −2.47 −2.55 −2.47
May 09 −0.93 −0.98 −0.28 −0.32 −3.39 −2.99 −0.65 −0.39 −0.05 −0.78 −1.91 −2.23
Mar. 10 −1.63 −0.16 −2.09 −0.31 −2.70 −2.35 −1.78 −0.43 0.03 −0.20 −0.76 −0.87
Feb. 11 −2.04 −0.22 −1.38 0.29 −1.74 −1.76 −2.00 −0.88 −0.23 −0.50 −1.07 −1.95

Monsoon Jul. 09 −1.29 −0.07 −0.99 −0.25 −3.14 −2.98 −3.06 −1.84 −2.17 −0.91 −1.73 −1.90
Aug. 09 −2.84 −0.20 −1.04 −0.62 −3.40 −2.18 −2.38 −1.85 −1.07 −2.17 −0.99 −1.72
Aug. 10 −0.02 −1.62 −0.35 −2.09 −2.85 −2.85 −0.52 −1.68 −3.71 −4.17 −4.94 −5.18

Post monsoon Nov. 09 −1.18 −0.43 −1.44 −0.75 −2.82 −2.59 −0.15 −0.66 −0.49 −0.46 −1.48 −1.42
Dec. 09 −1.27 −0.79 −1.75 −1.27 −2.68 −2.39 −0.27 −0.83 0.00 −0.14 −0.88 −0.69
Dec. 10 −0.68 −0.78 −0.31 −0.25 −2.87 −2.34 −0.64 −0.81 0.51 0.39 −1.06 −1.86

S3 Premonsoon Mar. 09 −1.24 −0.85 −2.35 −1.95 −8.11 −11.69 −0.66 −1.23 1.17 −0.73 −2.18 −2.64
May 09 −0.66 −0.59 −0.15 −0.11 −4.42 −3.61 −0.12 0.25 0.01 −0.85 −2.04 −1.93
Mar. 10 0.13 0.45 −0.91 −0.73 −2.49 −2.38 −0.67 −0.43 0.41 −0.06 −0.78 −0.79
Feb. 11 −0.78 −0.98 −0.77 −0.64 −3.24 −3.24 −1.34 −0.97 −0.54 −0.60 −0.99 −1.34
Mar. 11 −0.79 −0.10 4.93 5.60 NA NA NA NA 0.23 −0.95 −1.75 −2.43

Monsoon Jul. 09 −1.79 −0.44 −0.69 −0.65 −3.09 −2.16 −1.59 −1.53 1.10 −0.63 −1.65 −1.53
Aug. 09 −0.82 −0.97 −1.38 −0.89 −5.01 −2.88 −1.75 −1.66 −0.98 −0.55 −0.41 −1.71
Aug. 10 −0.17 −0.25 −1.09 −1.09 −2.85 −2.85 −0.65 −0.34 −3.58 −3.85 −4.83 −4.83

Post monsoon Nov. 09 −0.05 −0.36 −1.16 −1.06 −2.36 −2.57 −0.84 −0.20 0.14 −0.42 −1.29 −1.32
Dec. 09 −0.35 −0.84 −0.89 −0.97 −2.50 −2.41 −1.31 −0.63 0.79 −0.03 −1.10 −0.70
Oct. 10 −0.98 −0.77 −0.47 −0.58 −3.08 −1.95 −0.81 −2.52 0.41 0.44 −1.18 −1.58
Dec. 10 −0.97 −1.42 −0.53 −0.82 −1.89 −1.78 −0.65 −0.92 0.01 −0.55 −1.01 −1.69

S4 Premonsoon Mar. 09 −1.26 −0.65 −2.47 −1.99 −8.52 −9.37 −1.13 −1.46 −1.34 −2.36 −2.47 −2.71
May 09 −0.62 −0.82 −0.09 2.87 −3.22 −1.89 0.13 0.35 0.15 −0.71 −1.97 −2.07
Mar. 10 −1.02 0.33 −0.91 −0.36 −2.49 −2.63 −1.02 −0.24 0.61 −0.13 −0.75 −0.70
Apr. 10 −0.82 −0.58 −1.11 −0.99 −2.95 −2.23 NA −0.13 0.21 −0.18 −1.21 −1.06
Feb. 11 −1.20 −0.30 −0.80 −0.49 −2.57 −2.54 −1.10 −1.18 0.02 −1.08 −2.00 −1.01
Mar. 11 −0.93 −0.72 3.80 5.57 NA NA NA NA 0.67 −0.81 −1.97 −2.91

Monsoon Jul. 09 −0.73 −0.97 −0.82 −0.89 −3.31 −2.16 −1.59 −1.79 1.43 −0.63 −1.61 −1.45
Aug. 09 −0.75 −0.21 −0.65 −0.24 −4.69 −3.19 −1.45 −1.53 −0.82 −1.34 −0.43 −2.17
Aug. 10 −0.76 −0.81 −1.35 −1.67 −2.59 −2.88 −0.74 −0.44 −3.26 −3.85 −4.94 −4.73

Post monsoon Nov. 09 0.03 −0.48 −0.87 −0.91 −2.08 −2.54 −0.13 −0.51 0.04 −0.45 −1.21 −1.42
Dec. 09 −0.39 −0.32 −0.97 −1.16 −1.68 −2.22 −0.41 −0.12 0.37 −0.09 −0.85 −0.70
Oct. 10 −0.87 −1.14 −0.34 −0.58 −2.68 −2.07 −0.75 −2.12 0.28 0.35 −1.46 −1.26
Dec. 10 −0.61 −0.59 −0.55 −0.50 −2.29 −2.50 −0.33 −0.16 −0.91 −0.87 −0.93 −1.45

S5 Premonsoon Mar. 09 −1.64 −1.28 −2.24 −1.16 −6.69 −8.69 −1.20 −1.71 −1.13 −1.78 −2.41 −2.47
May 09 −1.10 −0.72 −0.08 −0.32 −2.20 −3.88 −1.03 0.04 −1.00 −0.77 −2.51 −2.29
Mar. 10 −0.34 −0.12 −1.06 −0.97 −2.27 −2.09 −0.10 −0.33 0.96 0.01 −0.91 −0.76
Apr. 10 −1.86 −0.45 −1.16 −5.99 −2.73 −2.17 −0.81 −0.13 0.12 −0.11 −1.13 −1.16
Mar. 11 −2.13 −1.15 5.58 5.56 NA NA NA NA 0.59 −0.98 −2.26 −2.35

Monsoon Jul. 09 −0.31 −0.20 −0.52 −0.49 −4.19 −3.38 −1.36 −1.25 1.84 −0.65 −1.65 −1.50
Aug. 10 −0.50 −0.54 −1.35 −1.35 −2.85 −2.88 −0.73 −0.35 −3.36 −3.85 −5.32 −4.64
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dispersive phenomena caused by the weathering of pri-
mary minerals in sediments and subsequent transporta-
tion of contaminants in river water (Navarro and
Cardellachand 2009). Fe and Mn oxyhydroxide precip-
itation and its scavenging effects on metals also control
the mobility of metal contents in water (Schurch et al.
2004). In the second principal component (PC2), metals,
viz., K, Ca,Mg, and Co are closely associated over 23%
of total variance. This may be attributed tomore than one
source, viz., salinization, weathering of basic rock, or
mineralization causing geogenic contamination followed
by run-off water in adjoining areas of the river originat-
ing from the use of manure to improve soil fertility.

Correlation and metal enrichment

The correlation coefficient between pairs of metal con-
centrations shows that there is a strong correlation be-
tween parameters viz., Cr versus Mn (r=0.60) and Cr
versus Cu (r=0.62) (Table 6). This is an indicative of
significant source of contamination attributing to chromite

mining activity with manganese oxide ores. Similarly, it is
shown that correlations of Cr versus Cd (r=0.89), Cu
versus Cd (r=0.73), and Cu versus Pb (r=0.73) in the
sediment indicate their existence and similarity among
them reflecting a common source of origin (Turner 2000).

Environmental significance in marine sediments

For various metals, EF, CF, PLI, and geoaccumulation
index have been calculated to assess whether the con-
centration of metals attains contamination level or can
be considered as pristine. It has been found that Cu, Ni,
Pb, Zn, Cr, and Cd are moderately enriched in the
sediments whereas Cr and Cd are highly enriched in
the sediments in the study area irrespective of the sea-
sonal variations (Tables 7 and 8). As far as the contam-
ination factor is concerned, marine sediments are less
contaminated by all other metals except Pb, Zn, Cr, and
Cd. Among these, marine sediments are moderately
contaminated by Pb and Zn in the premonsoon season.
Similarly, marine sediments are considerably

Table 14 (continued)

Location Season Period Fe Mn Ca Mg Na K

Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm Bulk −63 μm

Post monsoon Nov. 09 −0.46 −0.42 −1.38 −1.38 −2.59 −2.66 −0.17 −0.33 0.25 −0.22 −1.32 −1.30
Dec. 09 −0.52 −0.30 −1.24 −1.09 −2.17 −2.78 0.00 −0.32 0.67 −0.23 −0.84 −0.84
Oct. 10 −0.72 −0.82 −0.36 −0.25 −2.86 −2.26 −0.55 −2.30 −0.59 −0.46 −1.69 −1.16
Dec. 10 −0.92 −0.49 −0.95 −0.41 −3.01 −3.28 −0.92 −0.57 −0.10 −2.62 −1.87 −1.83

S6 Premonsoon Mar. 09 −2.21 −0.19 −2.91 0.17 −9.37 −8.89 −0.85 −1.81 −0.60 −1.39 −2.66 −3.60
May 09 −0.70 −0.69 0.37 0.10 −4.33 −5.22 −1.16 −0.86 −0.47 −0.83 −2.62 −2.20
Mar. 10 −0.87 −0.24 −0.95 −0.93 −2.23 −2.07 −0.32 −0.42 0.72 −0.09 −0.67 −1.21
Apr. 10 NA 0.40 −1.82 0.38 −2.66 −2.01 −1.97 −0.32 −0.18 −0.02 −1.24 −1.41
Mar. 11 −1.03 −0.14 5.59 5.76 NA NA NA NA 0.60 −0.98 −2.15 −2.58

Monsoon Jul. 09 −0.67 −0.48 −0.69 −0.69 −4.24 −3.28 −1.48 −1.89 1.77 −0.70 −1.59 −1.50
Aug. 10 −1.16 −1.04 −1.67 −1.67 −2.88 −2.88 −0.48 −0.48 −3.58 −3.71 −4.83 −4.83

Post monsoon Nov. 09 −0.66 −0.54 −1.24 −1.32 −2.29 −1.79 −0.23 −0.04 0.27 −0.24 −1.28 −1.19
Dec. 09 −0.36 1.26 −0.93 −1.14 −2.52 −2.58 −0.10 −0.02 0.96 −0.01 −0.68 −0.71
Oct. 10 −1.33 −0.94 −1.32 −0.12 −2.98 −2.48 −0.32 −2.42 −0.27 −0.10 −1.58 −1.28

S7 Premonsoon Apr. 10 −1.52 −1.02 −1.32 −1.19 −1.68 −1.66 −0.08 −0.21 0.19 −0.06 −1.46 −1.20
Monsoon Jul. 09 −0.74 −0.61 −0.71 −0.69 −4.49 −3.38 −1.48 −1.44 1.28 −0.73 −1.49 −1.46

Aug. 10 −0.71 −0.75 −1.35 −1.67 −2.85 −2.88 −0.53 −0.48 −3.47 −3.85 −4.83 −4.83
Post monsoon Nov. 09 −0.46 0.64 −1.16 −1.19 −2.43 −2.19 −0.14 −0.18 0.28 −0.21 −1.38 −1.30

S8 Premonsoon Mar. 10 −0.59 0.68 −0.99 −0.84 −2.04 −2.09 −0.04 0.06 1.06 −0.01 −0.71 −1.17
Monsoon Jul. 09 −0.51 −0.79 −0.78 −0.80 −4.11 −3.01 −1.25 −1.46 1.31 −0.72 −1.38 −1.52

Aug. 09 −2.48 −1.24 −1.57 −0.93 −3.52 −3.41 −2.31 −1.62 1.80 −0.92 −1.92 −0.49
Aug. 10 −0.77 −1.03 −1.67 −1.67 −2.85 −2.85 −0.58 −0.76 −3.47 −3.71 −4.64 −4.83

Post monsoon Nov. 09 −0.36 −0.26 −0.89 −1.11 −2.64 −2.59 −0.08 −0.35 0.39 −0.22 −1.06 −1.29

NA Not Available
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contaminated by Cd but highly contaminated by Cr
during premonsoon season (Tables 9 and 10). The esti-
mation of pollution load index indicates that in the
monsoon season the study area attains perfection but
deteriorates the site quality during premonsoon season
than in the post monsoon season (Tables 11 and 12)
(Figs. 6 and 7). Elevated Igeo values are found for Cr in
the study area which indicates that surface sediments are
strongly to extremely polluted. The Igeo value for Cd
showed that sediment is moderately to strongly polluted
over the study area (Tables 13 and 14). During the
investigation of the degree of pollution in surface sedi-
ments of near and offshore regions of Dhamra estuarine
region based upon various established methods, it has
been found that there is substantial pollution load spe-
cifically with respect to Cr and Cd derived from values
estimated based upon established factors and indices.
The sources are attributed to many geogenic as well as
anthropogenic aspects such as nearby fishing activity,
shipping activities, and contaminants transported by the
run-off water of Brahmani River.

Conclusion

The overall objective of the study was to assess marine
sediment pollution based upon established index esti-
mation methods in a geospatial environment indicating
the plausible sources. In order to achieve the health of
marine ecosystem, the integration of geospatial technol-
ogies with analytical results is immensely essential to
analyze the spatial distribution of trace and major metal
concentrations in marine sediments by slicing into dif-
ferent pollution thresholds and understanding their
influencing factors in the marine environment to eradi-
cate and take necessary measures. The spatial distribu-
tion of metal contents in surface sediments in Dhamra
estuary has been examined, which enhances the spatial
data inventory to characterize the biogeochemical pro-
cesses in the surface sediments in this tropical estuarine
system. The comparison of spatial pattern in distribution
of metals indicates that there is substantial pollution.
The pollution impact was assessed by means of estima-
tion of enrichment factor, contamination factor, pollu-
tion load index, and geoaccumulation index which are
very much useful to derive a conclusion about the
pollution level in the study area. The correlation study
with organic carbon helped in better understanding of
the distribution of metals and its association. The values

from calculation of EF, CF, and Igeo indicate that there is
Cr enrichment in sediments attributing to its sources,
anthropogenic as well as geogenic contamination of Cr
through Brahmani River from chromite ore mines in
Sukinda valley. Values of PLI indicate that sediment
quality is deteriorated during premonsoon season.
Multivariate statistical analysis i.e., principal component
analysis, was found to be a very useful tool to pinpoint
plausible sources of contaminants. The elevated Cr in
marine sediment comes from natural and anthropogenic
sources. The current study ascertains the effect of
geogenic/anthropogenic impact in the Dhamra estuary
on the east coast of India, as the increasing mining
activities influence the geochemical process in the estu-
arine systems.
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