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Abstract  Lakes are multifunctional waterbodies 
in terrestrial hydrosphere ecosystems and sediment 
plays a key role in the liquid–solid junction. The 
rapid economic development in the post-industrial era 
had manifold heavy metal concentration compared 
to background values. The non-lithogenic forms of 
heavy metals possess toxicity to living beings through 
bioaccumulation and bio-magnification processes. 
Chilika Lake (India) is a diversified hotspot region 

and habitat for many endangered species. Over the 
years, the lake was affected by anthropogenic activi-
ties. So, the present study was undertaken to study 
the dynamic relationship between heavy metals 
(Cr, Ni, Cd, and Pb) and sediment matrix and their 
mobilization behavior to the water phase influenced 
by sediment properties (pH and TOC). A sequen-
tial extraction procedure (SEP) was used to evaluate 
each chemical form’s metal content. The ecological 
risk of metals was assessed by contamination factor 
(CF), geo-accumulation index (Igeo), Nemerow index 
(Iin), pollution load index (PLI), potential ecological 
risk index (PER), ratio of primary phase to secondary 
phase (RSP), and mobility factor (MF). Source iden-
tification (PCA) was done to chalk out the remedial 
plan. The spatial distribution revealed greater het-
erogeneity in metal concentration in the lake. Sedi-
ment properties control the mobility of metals thus 
protecting their quality. The mean concentration (mg 
kg−1) of metals follows the order of Cr (54.35) > Ni 
(34.95) > Pb (19.53) > Cd (0.93). The dominance of 
metal content in the labile fraction was found in Cd 
(97%) and Pb (70%), which indicates a toxic effect 
on biota. The average value of MF follows the order 
of Cd (48%) > Pb (13%) > Cr (11%) > Ni (9%) indi-
cating a dynamic equilibrium between sediment and 
aqueous phase. Source analysis indicates that Cr and 
Ni came mostly from natural sources, while Cd and 
Pb originate from man-made activities. The study 
revealed that the majority of threat is coming from 
Cd and Pb. Thus, regular monitoring of sediments, 
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treatment of influx water, use of high-quality fuel in 
the motorboats and the development of a drainage 
system are essential to eliminate heavy metal toxicity.

Keywords  Chilika lake · Ecotoxicity · Heavy 
metals · Pollution load index · Total organic carbon

1  Introduction

Lakes are rich in natural resources and play a sig-
nificant role in the hydrosphere and ecosystem of 
the planet. They are accountable for supplying water, 
irrigating farms, commuting, shipping, and preserv-
ing the ecosystem’s balance (Yue-Fang et al., 2022). 
Hazardous materials have been released into aquatic 
waterbodies through a variety of channels in recent 
decades due to the faster economic development of 
industry and agriculture as well as the intensification 
of human developmental activities. This has caused 
the aquatic ecosystem to rapidly deteriorate and fre-
quently polluted by these materials and among them, 
heavy metals (HMs) are important (Wang et  al., 
2021). Large-scale global attention has been drawn 
to HMs pollution in waterbodies like lakes in recent 
years due to an increase in anthropogenic activities 
and a boom in population (Li et al., 2022a; Zou et al., 
2022).

Because HMs are highly biotoxic, long-lasting, 
and inert, they pose a potential risk to the envi-
ronment’s ecological balance (Li et  al., 2023) and 
around 23 heavy metals have been found hazardous 
and toxic when present at high concentrations in the 
environment (Jaishankar et  al., 2014). Heavy metals 
can harm the ecological balance and public health 
irreversibly through the bioaccumulation and bio-
magnification of the food chain (Kabir et  al., 2021). 
It is well recognised that heavy metal exposure in 
the population can result in major health issues like 
cancer, damage to the nervous and organ systems, 
autoimmune diseases, and in rare cases, even death. 
The four metals examined in this paper- Cr, Ni, Pb, 
and Cd are the most frequently found heavy metals 
in the environment and are thought to be harmful to 
humans and ecosystems in high concentrations. For 
instance, research has demonstrated that exposure to 
high concentrations of Cd in human results in kidney 
illness, infertility, mental, intestinal, and cancer issues 
(Xu et al., 2017). Nickel toxicity causes cancer, heart 

disease, and respiratory failure. Pb can trigger several 
diseases such as neuronal dysfunction (especially in 
children), deficits in renal function, hypertension and 
heart disease, and disorders of the reproductive sys-
tem. Exposure to Cr causes kidney and liver damage, 
pulmonary disorder and hypoglycemia (Calmuc et al., 
2021).

Heavy metals make their entry into the environ-
ment from anthropogenic and natural sources. The 
natural sources include volcanic eruption, mineral 
weathering and erosion processes, while anthropo-
genic sources include atmospheric fallout, use of fer-
tilizer and pesticide in agriculture, disposal of munic-
ipality sewage sludge, mine effluents and industrial 
discharge (Baran et al., 2016; Kluska and Jabłońska, 
2023). Heavy metals entering into aquatic ecosystems 
are distributed in 3 phases viz. water phase (dissolved 
phase), sediment phase, and suspended particulate 
matter (SPM) phase. More metal content in the aque-
ous phase indicates significant toxicity to flora and 
fauna (Luo et  al., 2019). Because of SPM’s large 
specific surface area, reactivity, and ability to absorb 
dissolved heavy metals, the concentration of HMs in 
SPM and sediment is typically higher when compared 
to water phases (Li et al., 2023). The present investi-
gation is based on the evaluation of heavy metals con-
centration in sediments.

Sediment is present in the solid–liquid junction of 
aquatic ecosystems and behaves as the biggest reser-
voir of HMs. About 99% of heavy metals entering to 
aquatic ecosystem get deposited in sediments making 
it a sink of HMs. Sediments contain an HM concen-
tration of 4–5 times more than the water phase (Xu 
et al., 2018). So, sediment quality reflects HM’s pol-
lution status in aquatic ecosystems. Both sediment 
and aqueous phases are in dynamic equilibrium; upon 
changing the environmental condition (pH, salin-
ity, texture, total organic matter, redox potential, and 
types of chelating agents) of the ecosystem, HMs pre-
sent in sediments release into dissolved phase causing 
secondary pollution. In this way, sediments also act as 
a source of pollution (Li et al., 2020; Nazneen et al., 
2019).

Heavy metals get deposited in sediments in various 
geochemical forms viz get adsorbed on oxy-hydrox-
ides of Fe/Mn and also in surfaces of clay minerals, 
occluded in amorphous minerals and complexed/ pre-
cipitated in lattice of primary and secondary miner-
als as well as in organic matter. These chemical forms 
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govern their solubility and intensity of release to the 
dissolved phase upon changes in environmental con-
ditions in the aquatic ecosystem (Morillo et al., 2007; 
Tack & Verloo, 1995). These geochemical forms can 
be classified as lithogenic (metal concealed in lat-
tice and not easily mobilized) and non-lithogenic 
(metal easily remobilized to water column) (Panda 
et  al., 1995). Heavy metal concentrations in sedi-
ments are not an independent variable; rather, they 
interact with other environmental factors. Evalu-
ation of the impacts of heavy metals on the ecosys-
tem and clarification of the pollution features of the 
local environment have both benefited from research 
on the interactions between heavy metals and numer-
ous environmental parameters (Wijesiri et al., 2019). 
Heavy metal content in sediment can be determined 
in two ways, such as total content and metal content 
in each chemical form. To determine the metal con-
tent in each chemical form sequential extraction pro-
cedure (SEP) was used. Determining metal content in 
these individual chemical forms helps to assess the 
potential ecological risk associated with these forms 
and to evaluate the pollution status of the ecosystem.

Chilika Lake is located in Odisha (India) and is 
the largest lagoon in the country. It is a biodiversity-
enriched aquatic ecosystem connected to the Bay of 
Bengal by a narrow channel. It is a nesting ground for 
many migratory birds and other endangered species 
like the Irrawaddy dolphin (Orcaella brevirostris) 
(Kannan et al., 2005), which attracts millions of visi-
tors. Its productiveness is facing threats from heavy 
metals originating from multiple natural and anthro-
pogenic sources. Since, 1980 the lagoon has attracted 
numerous researchers to study the sediments of Chi-
lika Lake (Barik et al., 2018), but only a few worked 
on heavy metals (Barik et al., 2018; Mohanty et al., 
2017; Nazneen et al., 2019; Panda et al., 1995, 2006, 
2010; Sarkar et  al., 1981; Zachmann et  al., 2009). 
Their efforts were mostly focused on total metal con-
tent rather than on speciation. For this reason, the 
present study was undertaken to determine the metal 
content in the different geochemical forms and assess 
the potential ecological risk associated with these 
geochemical forms. Therefore, the study area is inves-
tigated with following objectives (i) to determine the 
metal content in each geochemical form, (ii) to deter-
mine spatial distribution of total metal content in the 
lake, (iii) to assess the heavy metal pollution by cal-
culating different synergistic and individual indices, 

and (iv) to determine the relationship among heavy 
metals by multivariate statistical analysis to identify 
their possible sources. The findings of the study will 
help to take reasonable management strategies to con-
trol the heavy metal pollution in the lake.

2 � Materials and Methods

2.1 � Study Area

Chilika Lake, the largest brackish water lake in the 
Asian sub-continent, is situated along India’s east 
coast and has been classified as a Ramsar site in 1981 
(19° 28′—19° 54′ N latitude and 80° 05′—85° 82′ 
E longitude). The lake is divided in four ecological 
areas, the northern sector (NS), southern sector (SS), 
central sector (CS), and outer channel (OC). It’s a 
shallow body of water that is roughly 65 km in length 
and 20 km in breadth. During the summer and mon-
soon seasons, the water spread area is predicted to 
be 704 km2 and 1020 km2, respectively (Gupta et al., 
2008). The lagoon has a unique hydrological effect 
viz. (i) silt-loaded fresh water discharged by Maha-
nadi distributary systems, (ii) drainage from western 
and southern catchment regions, and (iii) exchange 
of water between the Bay of Bengal and the lagoon 
(Nazneen et  al., 2019). The lagoon also receives a 
total annual rainfall of 1238 mm in 72 rainy days.

This unique assemblage of marine, fresh, and 
brackish water makes it one of India’s biodiversity 
hotspots region and home to numerous IUCN-listed 
species that are near threatened, vulnerable, endan-
gered, and critically endangered (Kannan et al., 2005; 
Sahu et  al., 2014). The lagoon receives 1.5 million 
MT of silt per year carried by the Mahanadi River 
distributary system, whereas 0.3 million MT per year 
of sediment enters from the western basin. Domes-
tic wastewater from 141 villages around the Chilika 
watershed, as well as 550 MLD of untreated domestic 
wastewater from five sewage discharge zones in the 
capital city of Bhubaneswar, were discharged into 
the lagoon (Ghosh et al., 2006). The lake’s drainage 
area is around 3560 km2, and 52 rivers and rivulets 
empty into it. Most of the time during the monsoon 
season, rivers like Mandakini, Kansari, Salia, and 
tiny streams from the hills on the western side (part 
of the Eastern Ghats), supply freshwater to the lake. 
The Mahanadi River system empties into the lake 



	 Water Air Soil Pollut (2024) 235:415

1 3

415  Page 4 of 21

Vol:. (1234567890)

on its northern side, and during the wet season, the 
deltaic region is drowned (Barik et al., 2016). In the 
lake, there are over 7000 fishing boats in operation 
(Mohanty et al., 2017).

2.2 � Sampling and Preparation for Analysis

Nineteen samples were collected from the four eco-
logical divisions (Fig.  1). According to the estab-
lished protocol (USEPA, 2001), sediment samples 
were taken in December 2018 (winter season) using 
a 250  cc KC Denmark A/S grab sampler. The sam-
ples were collected and preserved in an acid-rinsed 
polypropylene bottle in a refrigerator set to 4 °C. The 
sediment samples were air dried, mashed with a mor-
tar and pestle, sieved through a 2 mm sieve, and then 
placed in a polythene bag with labels. All glass-wares 
and plastic-wares used in this investigation were 
cleaned of any contamination by being submerged in 
14% (v/v) HNO3 for 24  h, then rinsed with double-
distilled water. For solution preparation, all the chem-
icals were used AR grade supplied by MERCK and 
Milli-Q (Millipore, USA).

2.3 � Physicochemical Parameters Analysis

Physicochemical parameters like pH and total organic 
carbon were determined by following standard 

methods. For pH determination, a 1: 2.5 soil water 
suspension ratio was used (Jackson, 1973). Total 
organic carbon (TOC) measured in percentage was 
determined by using the wet oxidation method of 
Walkley and Black (1934).

2.4 � Metal Fractionation

The most popular technique for determining the 
speciation of HMs was Tessier’s five-step continu-
ous extraction (Tessier et  al., 1979) and this specia-
tion procedure includes five geochemical forms viz 
exchangeable form (F1/ EXC), carbonate bound 
forms (F2/ CAR). Fe/Mn oxide bound (F3/ FMO), 
organic matter bound (F4/ OM), and residual bound 
(F5/ RES) (Table 1). In our present study, we made 
slight modifications in the shaking time of CAR frac-
tion i.e. from 5 to 2 h as Tessier et  al. (1979) men-
tioned that shaking time depends on sediment parti-
cle size and carbonate content and 90% of carbonate 
dissolution occured in 2  h. To determine the metal 
content in RES form, HF – HClO4 digestion was per-
formed by taking 0.5 g sediment from the residue of 
OM fraction in a PTFE beaker placed in an infrared 
digestion unit (BOROSIL). The metal concentra-
tion of each form of SEP was determined using an 
air/ acetylene burner of atomic absorption spectro-
photometer (240FSAA, Agilent technologies). Total 

Fig. 1   Location of samples 
in the Chilika lake, Odisha 
(India)
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metal content was determined by the sum of metal 
measured in five geochemical forms. The bioavail-
ability of metal follows the order: highly bioavailable 
form (EXC + CAR) > potentially bioavailable form 
(FMO + OM) > bio-unavailable form (RES).

2.5 � Indices of Heavy Metal Pollution Assessment

2.5.1 � Contamination Factor (CF) and Degree 
of Contamination (Cd)

The contamination factor assesses the pollution level 
of the individual element while the degree of contam-
ination is a cumulative index of n number of heavy 
metals (Hakanson, 1980). These two indices are cal-
culated based on Eqs. (1) and (2):

Cn is the concentration of metal “n”; Bn is the 
background value of metal “n”. Metal concentration 
(mg kg−1) at the southernmost point of the lagoon was 
taken as background value (Cr = 81.63, Ni = 36.13, 
Cd = 0.1, and Pb = 7.35) as this point is adjacent to 
the land and least polluted. The classification of CF 
and Cd (Luo et al., 2007) were presented in Table S1.

2.5.2 � Pollution Load Index (PLI)

Pollution load index is an integrated approach given by 
Tomlinson et  al. (1980) to assess the quality of sedi-
ment. It is defined as the nth root of multiplications of 

(1)CF = Cn∕Bn

(2)Cd =
∑4

i=1
CF

contamination factor of heavy metals viz. Cr, Ni, Cd 
and Pb. It is calculated as,

The PLI value of less than one indicates no pollu-
tion, while more than one indicates progressive deterio-
ration of the quality of sediment.

2.5.3 � Index of Geoaccumulation (Igeo)

The geoaccumulation index not only depicts the HMs 
distribution in its natural state, but it also shows how 
anthropogenic influences and natural diagenesis have an 
impact on the background value. In actuality, this index 
indicates the degree of HMs enrichment in sediments. 
The calculation formula is as follows (Muller, 1969):

where Cn is the metal concentration in sediment 
samples and Bn is the background concentration of 
that element (Cr = 81.63, Ni = 36.13, Cd = 0.1, and 
Pb = 7.35). To minimize the effect of variation in 
background values, mainly the lithogenic variation 
in sediments, factor 1.5 is introduced (Barik et  al., 
2018). This index was classified into seven enrich-
ment classes to give an idea of the extent of metal 
pollution in Table S2.

2.6 � Nemerow Index (Iin)

Nemerow index is a cumulative pollution index, 
developed by Nemerow and Sumitomo (1970). This 

(3)PLI =
(

CF1 × CF2 × CF3 × CF4
)1∕4

(4)Igeo = log2
(

Cn∕1.5Bn

)

Table 1   Modified sequential extraction procedure of Tessier et al. (1979)

Fractions Extracting Reagents Extraction Procedure

Exchangeable (F1/EXC) 8 mL, 1 M MgCl2 (pH = 7.0) Shaking for 1 h at room temperature followed 
by centrifugation

Carbonate Bound (F2/CAR) 8 mL of 1 M NaOAc, (pH 5.0, adjusted with 
HOAc)

Shaking for 2 h at room temperature followed 
by centrifugation

Bound to Fe/Mn Oxides (F3/FMO) 20 mL, 0.04 M NH2OH.HCl in 25% (v/v) 
HOAc

Boiling for 6 h with occasional stirring fol-
lowed centrifugation

Organic matter Bound (F4/OM) 1. 3 mL of 0.02 M HNO3 and 5 mL of 30% 
H2O2 (pH 2.0 with HNO3) 2. 3 mL of 30% 
H2O2 3. finally5 mL of 3.2 M NH4OAc in 
20% (v/v) HNO3

1. heating at 85 ± 2˚C for 2 h 2. Again heating 
at 85 ± 2˚C for 3 h 3. Shaking for half an 
hrs followed by volume make up to 20 mL 
followed by centrifugation

Residual (F5/RES) HF-HClO4 (10:1) Digestion in Teflon beaker at 250–300 ˚C
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index integrates average value and maximum value 
of geoaccumulation index and gave an environmen-
tal quality index based on multiple weighted fac-
tors. This index is calculated based on Eq. (5):

where Igeomax is the maximum Igeo value among n 
number heavy metals of station i and Igeoavg is the 
average value of Igeo value among n number heavy 
metals of station i. The index is classified in to five 
classes presented in Table S3.

2.6.1 � Potential Ecological Risk Index (PER)

This index was developed by Hakanson (1980) 
and it estimates the ecological risk associated with 
heavy metals. The PER is summing total of poten-
tial ecological risk factor (Er) of individual heavy 
metals. This index covers the risk factor (Er), con-
tamination factor (CF) and toxic response factor 
(Tr) (Duodu et al., 2016). The PER is calculated as 
follows:

where Er is the potential ecological risk factor of indi-
vidual metal, CF is the contamination factor and Tr 
is the toxic response factor (Cr = 2, Ni = Pb = 5, and 
Cd = 30) (Hakanson, 1980). The classification of Er 
and PER (Luo et al., 2007) is shown in Table S4.

2.6.2 � Adverse Effect Index (AEI)

The adverse effect index is defined as the ratio 
between the total measured concentration of metal 
“m” to the threshold effect level of metal “m”. Its 
value of more than 1 indicates an adverse effect 
on the biota while less than 1 indicates no signifi-
cant adverse effect on the biota (Koukina & Lobus, 
2020)

Cm is the total metal concentration of metal “m” 
and TELm is the TEL of metal “m”. The TEL value 
was given by MacDonald et al. (2000).

(5)Iin =
(

I2geomax + I2geoavg∕2
)1∕2

(6)PER =
∑n

i=1
Er =

∑n

i=1
Tr ∗ CF

(7)AEI = Cm∕TELm

2.6.3 � Mobility Factor (MF)

This index is calculated as metal content in EXC and 
CAR fraction to total metal content in percentage 
scale. It represents the highly bioavailable form of 
heavy metals that quickly mobilize to the water phase. 
It is calculated as follows (Kabala & Singh, 2001):

where MCexc and MCcar are metal concentrations in 
EXC and CAR fractions and TC is the total metal 
concentration. This index is classified into 5 classes 
(Perin et al., 1985) presented in Table S5.

2.6.4 � Ratio of Secondary Phase to Primary Phase 
(RSP)

This index represents both the highly bioavailable 
forms and potentially bioavailable forms of heavy 
metals i.e. the secondary phase. It is calculated as fol-
lows (Xu et al., 2022):

where, Msec is metal content in the secondary phase 
(EXC, CAR, FMO, and OM) and Mpri is metal con-
tent in the primary phase (RES). It is classified into 
four groups presented in Table S6.

2.7 � Data Analysis

Multivariate statistical analysis like PCA (principal 
component analysis), correlation, regression, cluster 
diagram, and production of graphs and maps were 
performed in SPSS 20.0, Origin 9.0, Arc Gis 10.5, 
and Microsoft Excel 2016.

3 � Results and Discussion

3.1 � Concentration of Heavy Metals and 
Physicochemical Properties of Sediments

The concentration and descriptive statistics of four 
heavy metals (Cr, Ni, Cd and Pb) are presented in 
Fig.  2 and Table  2 respectively. The average con-
centration (ranges) of heavy metals (Cr, Ni, Cd, and 
Pb) in the lagoon sediments are 54.35 (24.7 – 95.3), 
34.95 (12.37 – 52.48), 0.93 (0.03 – 2.55) and 19.53 

(8)MF (%) =
(

MCexc +MCcar∕TC
)

∗ 100

RSP = Msec∕Mpri
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(5.6 – 36.95) mg kg−1 respectively. The average con-
centration of four heavy metals follows the order 
Cr > Ni > Pb > Cd. The coefficient of variation (CV) 
lower than 50% indicate less anthropogenic influ-
ence, while more than 50% indicate higher influence 
of human activities. Among the four heavy metals, 
Cd has the higher CV i.e. 88.51% which indicate that 
presence of this metal in the sediments is mainly due 
to anthropogenic activities. While other three metals 
have the CV viz. Cr (33.24%), Ni (25.37%) and Pb 
(45.27%) and the heavy metals follows the pattern 
Cd > Pb > Cr > Ni (Meng et  al., 2023; Nezhad et  al., 
2015; Wu et  al., 2022) (Table  2). The enrichment 

degree of metals was calculated by ratio between 
average concentration of metals to their atomic 
weight for this paper and the result revealed the pat-
tern of enrichment was Cr (1.045) > Ni (0.595) > Pb 
(0.094) > Cd (0.008) (Wu et al., 2022).

The total concentration of four investigated heavy 
metals at nineteen sampling sites shows greater vari-
ability with background values (Table 3). In the case 
of Cr, most of the sampling sites (except S2, S3) are 
far below than background values, and a similar trend 
for Ni is also seen (except S3, S4, S5, S6, S7, S17). 
But, a reverse pattern was seen in the case of Cd and 
Pb, where maximum sampling sites are well above 
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Fig. 2   Evaluation of the total metal (Cr, NI, Cd and Pb) con-
centration of sediments of the lagoon at sampling sites and 
assessment of the sediment quality by comparing total metal 

concentration with various sediment quality guidelines (BV: 
background value, UCC: Upper continental crust value, PEL: 
Probable effect level and TEL: Threshold effect level)
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the background values. It was found that the average 
total concentration of Cd (9.3 times) and Pb (2.65 
times) was higher than the background values. When 
the average total concentration was compared with 
the upper continental crust value (UCC) the result 
revealed that Cr (1.55 times), Ni (1.74 times), and Cd 
(10 times) were higher than the UCC value (Taylor & 
McLennan, 1995). Sediment quality guidelines given 
by MacDonald et al. (2000) viz. probable effect level 
(PEL) and threshold effect level (TEL) were used to 
assess eco-toxicity level. Compared with the PEL 
value, in the case of Cr and Ni only a few sampling 

stations (Cr- S2, S3 and Ni – S3, S4, S5, S6, S7, S17) 
are above the PEL value which indicates in these 
sampling sites are contaminated with metals, but in 
case of Cd and Pb, all nineteen sampling sites are 
well below of PEL value. The threshold effect level 
(TEL) indicates the occurrence of adverse effects on 
biota above this concentration and no adverse effect 
below this concentration. It was found that the mean 
total concentration of heavy metals viz. Cr (1.45 
times), Ni (1.94 times), and Cd (1.56 times) greater 
than the TEL value. Most of the sampling sites in the 
case of Cr and Ni, a few sites in the case of Cd, and 

Table 2   Descriptive 
statistics of heavy 
metals (mg kg−1) and 
physicochemical parameters 
in the sediments of Chilika 
lagoon

Parameters Cr Ni Cd Pb pH TOC

Minimum value 24.70 12.37 0.03 5.60 6.20 0.27
Maximum value 95.30 52.48 2.55 36.95 9.35 1.91
Average value 54.35 34.95 0.93 19.53 7.85 1.01
Standard deviation 18.07 8.87 0.82 8.84 0.63 0.49
Coefficient of variation (%) 33.24 25.37 88.51 45.27 8.03 48.35
Skewness 0.91 -1.02 0.74 0.00 -0.33 0.51
Kurtosis 1.29 2.60 -0.46 -0.62 2.97 -0.70

Table 3   Comparison 
of mean total metal 
concentration (mg kg−1) 
of the lake sediments with 
similar studies carried out 
in India and world and with 
sediment quality guidelines 
(mg kg−1)

* NA: Not applicable

References Cr Ni Cd Pb

Chilika lake, India (present study) 54.35 34.95 0.93 19.53
Chilika lake, India (Barik et al., 2018) 68.28 42.99 NA* 22.7
Chilika lake, India (Panda et al., 2010) 91.01 75.22 NA 55.12
Mahanadi River, India
(Chakrapani & Subramanian, 1990)

15 9 NA 60

Vemband lake, India (Selvam et al., 2012) 110.7 48.2 1.9 35.5
Pulicat lagoon, India (Kamala-Kannan et al., 2008) 28.51 NA 64.21 8.32
Ennore estuary, India (Shirlin et al., 2014) 80.6 NA 8 30.5
Chengdong lake, China (Wu et al., 2022) 71.84 33.42 0.07 25.41
Venice lagoon, Italy (Masiol et al., 2014) NA 15.8 0.76 12.5
Lake Mariout, Egypt (El-Magd et al., 2021) 103 54 0.8 49
Inle lake, Myanmar (Aung et al., 2019) 19.24 14.41 0.05 9.64
Tangxun lake (Li et al., 2022b) 85.28 40.29 0.66 41.6
Mustafakemalpas Catchment, Turkey
(Omwene et al., 2018)

575 274 8.78 65.6

Seomjin river, South Korea (Yang et al., 2021) 53.9 25.9 0.28 30.9
Nakuvadra- rakiraki river, Fiji (Kumar et al., 2021) 108 71.5 0.99 32
Buriganga river, Bangladesh (Islam et al., 2018) 297 240 7.7 731
Background values of Chilika lake 81.63 36.13 0.1 7.35
Upper continental crust value (UCC) (Taylor & McLennan, 1995) 35 20 0.098 20
Probable effect level (PEL) (MacDonald et al., 2000) 90 36 3.53 91.3
Threshold effect level (TEL) (MacDonald et al., 2000) 37.3 18 0.596 35
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only one site in the case of Pb are above the higher 
values (Fig. 2 and Table 3). The spatial distribution of 
the total concentration of heavy metals is presented in 
Fig. 3 and it shows greater heterogeneity in the distri-
bution of metals in lagoon sediment.

The present study was compared with earlier stud-
ies done in the lake by Barik et al. (2018) and Panda 
et  al. (2010) and it reveals that the concentration of 
metals was lower than earlier studies. The possible 
reasons are the opening of new channels connecting 
to the sea; which transfer the polluted sediments to 
sea, the use of high-quality fuel and paints in motor 

boats (Barik et al., 2018; Nazneen et al., 2019) prohi-
bition on illegal aquaculture and establishment of new 
sewage treatment plants in the capital city of Odisha 
through which lake falling river passed. The result 
of the present study is compared with other stud-
ies done on lakes and rivers in India and the world 
and it reveals greater variability and heterogeneity in 
metal concentration owing to their source of pollution 
(Table 3).

The descriptive statistics of the physicochemi-
cal parameters are presented in Table  2. The range 
of pH in the sediments is 6.2–9.35 with a mean 

Fig. 3   Spatial distribution of total metal (Cr, Ni, Cd and Pb) concentration in the sediments of the Chilika lagoon
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value of 7.85 ± 0.63 (Table 2). Figure 4, reveals that 
the pH of the sampling site’s sediment varies from 
slightly to moderately alkaline, only site (S6) shows 
higher alkalinity due to its connection to the sea, 
and slightly acidic pH was found in the zone receiv-
ing the fresh water from the riverine system. Zhang 
et  al., (2018a, b) found that under acidic pH, there 
is metal mobilization to the water phase. Accord-
ing to Borma et al. (2003) decrease in sediment pH, 
encourages metal mobility to aquatic phases due to 
competition between hydrogen ions and ligands (Cl−, 
SO4

2−, CO3
2−, S2−, OH−, and PO4

3−) of metals. In 
the present investigation, the pH of the lagoon sedi-
ment is moderately alkaline as earlier discussed by 
Barik et al. (2018), and the environment-inducing for 
the formation of carbonates and hydroxides of metals 
thus reducing the metal mobilization to the dissolved 
phase. So, the pH of the Chilika Lake sediments plays 
a crucial role by controlling metal mobilization and 
thus protecting the lake ecosystem. The total organic 
carbon ranges (average value) from 0.27 to 1.91% 
(1.01 ± 0.49) (Table 2). Most of the sampling sites in 
the lagoon have medium to high organic carbon con-
tent (Fig. 4) and it is mainly due to the silt load of the 
riverine system and drainage from the western catch-
ment (Barik et al., 2018; Muduli et al., 2013; Nirmala 
et al., 2016). There is a negative correlation between 
TOC and Cd (f = -0.46) which indicates the adsorp-
tion of Cd by the organic matter due to the presence 
of carboxyl, phenolic, and hydroxyl groups (Smolders 

& Mertens, 2013). Organic fraction is a good reser-
voir of metal, the higher the organic carbon content 
higher be metal sorption, and the lesser be mobiliza-
tion to the aqueous phase (Baran et al., 2019).

3.2 � Speciation Analysis of Heavy Metals in the 
Sediments

The total concentration of heavy metals includes bio-
available, potentially bioavailable, and residual forms 
of metals. The remobilization patterns of these forms 
are different. Upon the sudden change in physico-
chemical parameters, the bioavailable forms of metal 
quickly remobilize from the sediment phase to the 
aqueous phase and exhibit eco-toxicity to biota, while 
residual forms of metals are not readily available as 
they are bound to matrix. Earlier studied sediment 
quality guidelines are based on total concentration 
which includes the matrix-bound portion of metals. 
So, it is necessary to quantify metal contents in each 
geochemical form to assess their ecological toxicity.

The geochemical distribution of four heavy metals 
(Cr, Ni, Cd, and Pb) is presented in Fig. 5 (in percent-
age scale). The extraction of metals was done using a 
modified Tessier sequential extraction procedure (Tess-
ier et al., 1979). The geochemical distribution was clas-
sified into three categories and the categories are; first 
(EXC + CAR), second (FMO + OM), and third (RES). 
These three categories’ mean distribution follows 
the pattern as such; Cr: RES (61.8%) > FMO + OM 
(27.31%) > EXC + CAR (10.9%), Ni: RES 
(55.23%) > FMO + OM (36%) > EXC + CAR (8.76%), 
Cd: FMO + OM (49.38%) > EXC + CAR (48%) > RES 
(2.64%) and Pb: FMO + OM (57%) > EXC + CAR 
(13.28%) > RES (29.71%). The distribution of mean 
concentration of metals in each fractions follows the 
order as; Cr: RES (61.8%) > FMO (22.02%) > EXC 
(6.16%) > OM (5.28%) > CAR (4.72%), Ni: RES 
(55.23%) > FMO (26.17%) > OM (9.82%) > CAR 
(7.10%) > EXC (1.65%), Cd: FMO (40.23%) > EXC 
(25.62%) > CAR (22.34%) > OM (9.15%) > RES 
(2.64%) and Pb: FMO (43.80%) > RES (29.71%) > OM 
(13.19%) > CAR (6.81%) > EXC (6.46%) (Fig. 5).

The result of speciation analysis indicates more 
than 50% of metal content is in residual form in the 
case of Cr and Ni. This form of metal is fixed in a 
solid matrix of sediments and mostly it originates 
from natural sources and little from anthropogenic 
influence. Metal content in residual form has less 
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Fig. 4   Physicochemical parameters (pH and Total Organic 
Carbon) of the sediments in the study area
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impact on biota, thus not polluting the lagoon envi-
ronment (Bosco et  al., 2019; Nijeje et  al., 2023). 
These insoluble forms of metals can be converted 
into soluble fractions by chemical reactions; that can 
only affect organisms (Ekwutosi et  al., 2020; Islam 
et  al., 2018; Zhang et  al., 2022). But in the case of 
Cd and Pb, more than 50% metal is present in bio-
available (EXC + CAR) and potentially bioavailable 
(FMO + OM) forms. Cadmium is dominated in bio-
available and potentially bioavailable forms, making 
it the most polluting metal in the lagoon ecosystem, 
but on the other hand, Pb dominating in potentially 
bioavailable form makes it the second most polluting 
metal. More than 50% of metal in non-lithogenic form 
(EXC + CAR + FMO + OM) indicates the greater role 

of anthropogenic influence on the enrichment of met-
als in the sediment. Metal present in soluble form can 
easily pollute the aquatic ecosystem and subsequently 
show toxicity effects on terrestrial and aquatic organ-
isms (Duan et al., 2019; Ren et al., 2023).

3.3 � Source Identification through Multivariate 
Analysis

The distribution and variation in the metal concentra-
tion of sediments are significantly influenced by the 
potential sources. Multivariate statistical analysis like 
principal component analysis and correlation coef-
ficient analysis are vital tools to identify the source 
of pollution. These multivariate analyses reduce data 
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Fig. 5   Geochemical distribution of heavy metals (a) Cr, (b) 
Ni, (c) Cd & (d) Pb in the components of the sediment matrix 
(F1: metal present in exchangeable form, F2: metal bound to 

carbonate, F3: metal bound to Fe/Mn oxide, F4: Metal content 
in organic matter fraction and F5: Metal present in residual 
form) at the sampling sites of the lagoon
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and analyze spatio-temporal changes and groupings 
of data (Yongo et al., 2023; Zhao et al., 2015).

3.4 � Principal Component Analysis (PCA)

Based on Pearson correlation analysis (Figure S1), for 
further investigation of sources of metals in the lagoon 
sediments, PCA was run using the varimax rotation 
method and it yielded three components having Eigen 
value of more than 1 and also a cumulative variance 
of 84.443% (Table  4). The first principal component 
(PC1) yielded a variance of 31.942% with high posi-
tive loadings of Cd and Pb (consistent with correlation 
analysis Figure  S1). These two metals contain more 
than 50% concentration in non-lithogenic form, so 
their sources are anthropogenic in origin. The possible 
sources of Cd and Pb in the lagoon sediments are the 
printing and dyeing industry (Cui et al., 2014; Satapa-
thy & Panda, 2015), agricultural runoff carrying pesti-
cide and fertilizer (phosphatic and nitrogenous fertiliz-
ers) (Ioannides et  al., 2015; Nazneen & Patel, 2016), 
effluent from nearby fish market (Banerjee et al., 2017) 
and waste from chemical and textile industries car-
ried by riverine system (Singh et al., 2017). The other 
sources of Pb in the lagoon are the use of leaded beads 
in the fishing net (Mohanty et al., 2017), the large num-
ber of motor boats plying in the lagoon use low-quality 
leaded gasoline fuel (Mohanty et al., 2017; Sahu et al., 
2014) and atmospheric fallout (Nazneen & Patel, 2016; 
Singh et al., 2015).

The principal component 2 (PC2) exhibits strong 
positive loading of Cr and Ni with a variance of 
27.309% (corroborates to correlation analysis, Fig-
ure S1). Both of these metals contain more than 50% 

of the concentration in lithogenic form so they have a 
common natural origin i.e. from weathering of rocks 
and minerals (Liang et  al., 2017b; Wu et  al., 2021). 
So the enrichment of Cr and Ni is mainly due to natu-
ral factors. Additionally, both Cr and Ni are also pre-
sent in the residue of fertilizer and pesticide and they 
are carried through drainage from nearby agricultural 
fields (Ioannides et al., 2015; Nazneen & Patel, 2016). 
The anthropogenic influx of Ni and Cr in the lagoon is 
mainly due to the silt load of the Mahanadi riverine sys-
tem and effluent from the western catchment (Banerjee 
et al., 2017; Barik et al., 2018; Zachmann et al., 2009) 
which contain municipal sewage, chemical industry 
effluent, antifouling agents and contaminated landfill. 
Atmospheric deposition of coal burn ash can signifi-
cantly accumulate these two metals in lagoon sediments 
(Ke et al., 2017). The third principal component (PC3) 
results in the loading of pH and organic carbon with a 
variance of 25.192%. High pH protects the lagoon from 
the formation of stable complexes such as hydroxides 
and carbonates (Barik et  al., 2018; Forstner & Witt-
mann, 1983). The organic matter with finer fractions 
has a strong affinity for metal sorption (Muduli et al., 
2013).

3.5 � Assessment of Metal Pollution in the Lagoon 
Sediments

3.5.1 � Contamination Factor (CF) and Degree 
of Contamination (Cd)

The contamination factor (CF) is calculated as the 
ratio between total metal content to background val-
ues. When the value of CF is more than one, it indi-
cates metal enrichment in the sediment. Among the 
four studied metals, Cr and Ni have low contamina-
tion factors (CF < 1). In the case of Cd, most of the 
sampling sites fall under the high contamination level 
category. Similarly, Pb falls under moderate to con-
siderable contamination levels (Fig. 6 (a)). The mean 
contamination factor of four metals follows the pat-
tern of Cd (9.27) > Pb (2.65) > Ni (0.96) > Cr (0.66). 
The degree of contamination is calculated by adding 
the CF value of four heavy metals. The range (mean) 
of degree of contamination is 3.43 to 31.05 (13.56). 
This index indicates except few sampling sites (S1, 
S2, S3, S4), the rest sites show a significant degree 
of contamination ranging from moderate to high 
category and this is attributed to the high level of 

Table 4   Principal component analysis (PCA) of heavy metals 
in the Chilika lagoon’s sediments

Parameters PC1 PC2 PC3

Cr -0.313 0.912 0.084
Ni 0.337 0.895 -0.110
Cd 0.878 -0.057 0.374
Pb 0.954 0.049 -0.103
pH -0.016 -0.032 0.789
OC -0.151 -0.018 -0.849
Eigen value 1.917 1.639 1.512
Variance (%) 31.942 27.309 25.192
Cumulative variance 31.942 59.251 84.443
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contamination of Cd and Pb (Fig. 6 (b)). As these two 
metals come from the anthropogenic origin sources 
in the lagoon, they show significant enrichment in the 
sediment (Bai et al., 2013; Barik et al., 2018).

3.5.2 � Pollution Load Index (PLI)

This index is also calculated based on CF value. The 
mean value of PLI in the Chilika Lagoon is 1.76. The 

PLI values of sampling sites are presented in Fig. 7. 
As per the classification, except S1, S2, S3, and S4, 
the rest of the sampling sites indicate sediment of 
the lagoon is polluted. The PLI value was found to 
be highest in the sites near sea linking channels (S5, 
S6, S7) and it signifies metal accumulation in this 
location mainly due to drainage from nearby agri-
cultural field and subsequently low tidal flushing, as 
these connecting channels are earlier closed due to 
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Fig. 7   Assessment of metal 
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siltation. Another reason is the boat trafficking in this 
region. Silt load brought by the riverine system also 
builds up metal enrichment in the lagoon (Nazneen & 
Patel, 2016; Panigrahi et al., 2009; Sahu et al., 2014).

3.5.3 � Index of Geoaccumulation (Igeo)

This index was introduced to measure heavy metal 
accumulation in sediments in an aquatic body 

study. The result of this index is shown in Fig.  8. 
The result revealed that for Cr and Ni, the values 
are less than zero, indicating sediments are unpol-
luted, while the range of Igeo value sampling sites 
for Cd and Pb indicate unpolluted to very strongly 
polluted sediment (78%) and unpolluted to moder-
ately polluted sediments (73%) respectively. Hence, 
the higher enrichment of Cd signifies the role of 
anthropogenic sources like silt load, industrial, 

Fig. 8   Classifying the 
pollution status of heavy 
metals in the sediments by 
the geoaccumulation index 
(Igeo)
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municipal, and fishery market effluent, runoff from 
agricultural fields and boats used for tourism and 
fishing (Banerjee et al., 2017; Mohanty et al., 2017; 
Zachmann et al., 2009).

3.5.4 � Nemerow Index (Iin)

The value of Iin was calculated and presented in 
Fig. 9. The result revealed that except for three sites 
S2, S3, and S17, the rest of the sampling sites (84%) 
are slightly polluted to moderately polluted. The most 
polluted sampling sites are S5, S6, and S7.

3.5.5 � Potential Ecological Risk Index (PER)

The potential ecological risk index (PER) and poten-
tial ecological risk factor (Er) are shown in Fig.  10. 
Among the four studied heavy metals Cr, Ni, and Pb, 
have the low ecological risk factor (Er < 40). On the 
contrary, Cd exhibits a very high Er value indicating 
toxicity to the lagoon ecosystem. The PER value of 
S5 (791), S6 (743.29), and S7 (733) was recorded 
as high among the sampling sites. Among sampling 
sites, 78% of sites show significant ecological risk 
in the lagoon environment. It indicates the progres-
sive deterioration of the quality of sediments in the 
lagoon. The culprit element in the lagoon is the Cd, 
which is showing the highest ecotoxicity due to more 

metal concentration in the non-lithogenic fraction 
(Zhang et al., 2018a, b).

3.5.6 � Adverse Effect Index (AEI)

The adverse effect index was calculated and shown 
in Fig.  11. Among four heavy metals, (except Pb) 
the remaining three metals viz. Cr, Ni, and Cd show 
adverse effects on the biota and the order of percent-
age of sampling sites showing the adverse effect fol-
lows: Cr (89%) = Ni (89%) > Cd (52%).

3.5.7 � Mobility Factor (MF)

The mobility factor helps to assess the remobi-
lization of metals present in bioavailable form 
(EXC + CAR). Metals from anthropogenic influ-
ence are weakly bonded in this fraction and 
upon chemical reaction, these metals move to 
the aqueous phase causing toxicity to organ-
isms. The mobility factor was calculated and its 
relationship with sediment properties is shown 
in Fig.  12. The average value of MF follows the 
order Cd (48%) > Pb (13.27%) > Cr (10.89%) > Ni 
(8.76%). Heavy metals like Cr, Ni, and Pb are 
showing low to moderate risk, while Cd ranges 
from moderate to very high risk. Conclusively 
Cd is the most culprit metal having higher mobil-
ity. Around 36% of sampling sites fall under the 
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very high-risk category class and these sampling 
sites are located in the zone of boat traffic and 
riverine discharge zone. So, the anthropogenic 
influence is the main reason behind the high 
metal mobility. From Fig.  12, it was found that 
with an increase in pH value and TOC content, 
there is a decrease in metal mobility and the risk 
associated with it, due to the formation of metal 
hydroxide and adsorption of metal on the surface 

of organic particles (Barik et  al., 2018; Liang 
et al., 2017a).

3.5.8 � Ratio of Secondary Phase to Primary Phase 
(RSP)

The value of RSP was calculated and presented in 
Fig. 13. As per the classification Table (S6) both Cr 
and Ni, at most of the sampling sites are unpolluted. 

Fig. 11   Adverse effect 
index (AEI) of different 
heavy metals (Cr, Ni, Cd 
and Pb) in the lagoon sedi-
ments (sites above the line 
exhibit adverse effects)
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Fig. 12   Relationship of mobility of heavy metals (Cr, Ni, Cd, and Pb) with sediment properties and assessment of risk
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Similarly, Pb at most of the sampling sites are within 
light to moderate pollution. But, in the case of Cd, 
most of the sampling sites are above severe pollution 
levels. Sampling sites like S13 (129) and S14 (127) 
are the highest value for cadmium. A large num-
ber of motor boats are plying in this area for tour-
ism purposes which use low-quality paint and fuel, 
run-off from nearby agricultural fields, and effluent 
from fishery market and processing units are possible 
sources of Cd (Banerjee et al., 2017; Mohanty et al., 
2017).

4 � Conclusion

The study was carried out to investigate the current 
status of heavy metal concentration and their dis-
tribution pattern in sediments of the Chilika Lake. 
The heavy metals show a stronger relationship with 
each other and the physicochemical properties of 
sediment govern their solubility and remobilization 
to aqueous phase. Chromium dominated the total 
mean concentration in the lagoon sediment followed 
by Ni, Pb, and Cd. Chromium and nickel are found 
to have more metal concentration in the residual 
phase owing to their origin from natural sources. 
Cadmium and lead have higher concentrations in 
the non-lithogenic forms indicating their abundance 

due to anthropogenic inputs. Sediment properties 
(pH and TOC) play a key role in maintaining sedi-
ment quality by controlling the remobilization of 
metals to the dissolved phases. Ecological risk indi-
ces like CF, Cd, PLI, Iin, and Igeo indicate significant 
pollution in the sediments. The potential ecological 
risk index (PER) shows that eco-toxicity is mainly 
due to Cd as it has more metal content in the bio-
available fraction. The Adverse effect index (AEI) 
indicates the presence of adverse effects of metal 
on the lagoon ecosystem. The mobility factor (MF) 
indicates there is a high mobility of Cd to the dis-
solved phase as compared to the other three met-
als. The anthropogenic sources of pollution include 
motor boats used for tourism and fishing, illegal 
aquaculture, non-judicious application of fertilizer 
and pesticide in nearby farm fields, and discharge of 
silt-loaded riverine freshwater which in turn creates 
a potential threat to the rich diversity of the lagoon 
ecosystem. The bioavailability of the heavy met-
als is the greatest threat, so periodical monitoring 
of sediment along with other measures like open-
ing channels for the drainage of polluted sediments 
to the sea, use of high-quality paint and fuel in the 
motorboats, treatment of silt-laden freshwater and 
effluent from nearby areas, and prohibiting illegal 
aquaculture is essential to cut down the metal con-
tent in the lagoon sediments.

Fig. 13   Calculation of 
metal content in second-
ary phase to primary phase 
(RSP) and classifying the 
pollution level of different 
heavy metals (Cr, Ni, Cd 
and Pb) in lagoon sediments
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