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Abstract The spatio-temporal distribution and the con-
trolling factors of petroleum hydrocarbons (PHCs) in sedi-
ments of Chilika lagoon was investigated. Samples were
collected during three seasons and quantified using UV-
fluorescence spectroscopy. Concentrations of PHCs in
surface sediments varies from 0.18 to 12.13 ppm (mean
3.71+3.94 ppm). Compared to the lagoon, the monitor-
ing stations adjacent to jetties with high boating activities
tend to have higher PHC concentrations, suggesting that the
contribution is likely to be from fossil fuel combustion and
accidental seepage. The sediment organic matter (OM) of
Chilika ranges from 0.26% to 6.23%. PHC maintains a pos-
itive correlation with OM (p <0.05; £=0.334), indicating
the long term deposition of PHC as sediment OM. How-
ever, there is no significant relation between PHC and sedi-
ment texture, indicating its negligible control over PHC.
The recorded PHC concentrations are below the threshold
limit (70 ppm) as classified by United States (US) National
Academy of Sciences (NAS) and also lower than those
reported from similar ecosystems in India and overseas.
Since the long term deposition and the bioaccumulation
of PHC cannot be avoided, it is essential to monitor these
parameters periodically.
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Petroleum hydrocarbon (PHC) received special attention
because of its toxic, carcinogenic and mutagenic proper-
ties (Lyla et al. 2012). Globally, many studies have been
conducted on the distribution of PHC in water columns,
sediments, and aquatic organisms (Chouksey et al. 2004; Li
et al. 2010; Venkatachalapathy et al. 2010). When directly
released into water through spills or leaks, certain PHC
fractions evaporate, but some fractions float and may form
thin films over the surface of the water (Mohanty et al.
2016). Heavier fractions accumulate in sediment, which
may affect bottom-feeding fish and organisms (Venkatacha-
lapathy et al. 2010). PHCs are complex mixtures of several
compounds with varying molecular structure and composi-
tion. It contains a wide range of normal alkanes, unsatu-
rated hydrocarbons, non-symmetric cyclic hydrocarbon
and polycyclic aromatic hydrocarbons (Veerasingam et al.
2015). PHC is readily adsorbed onto particulate matter and
ultimately incorporates itself into sediment which acts as
a reservoir for hydrophobic contaminants. Investigation
on the composition of PHC compounds in different estua-
rine sediments can provide information about their sources
and diagenetic processes, whilst also reflect the extent of
anthropogenic pressures on the environment (Medeiros
et al. 2005). Monitoring of such organic pollutants can also
warn of the potential bioaccumulation of contaminants in
organisms which may ultimately be consumed by humans
as food. To date, there has been limited investigation on the
extent of PHC in Indian lagoon ecosystems. Venkatacha-
lapathy et al. (2013), Lyla et al. (2012) and Veerasingam
et al. (2010) have studied the distribution of PHC within
Indian marine sediments. However, information regarding
the PHC distribution in Indian wetlands remains relatively
unexplored, emphasising the need for this study.

Chilika, a designated Ramsar site (Fig. 1), is the larg-
est brackish water lagoon located along the east coast of
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Fig. 1 Map showing the sixteen sampling locations across the Chilika lagoon

India. A total of 52 rivers and rivulets drain into the lagoon,
out of which the northeast rivers contribute about 80%
of the annual freshwater load. The mixing of freshwater
from rivers and saline waters through the lagoon’s mouth
significantly influences the biogeochemistry and biodiver-
sity of the lagoon (Muduli et al. 2012, 2013; Barik et al.
2017). Due to this complex salinity regime, the lagoon
hosts a dynamic ecosystem that offers a vast array of bio-
logical diversity. The lagoon hosts a capture fishery, esti-
mated to provide approximately 10,000 metric tons per
annum (Mohapatara et al. 2007). Thus, it is estimated that
fishery production from Chilika underpins 200,000 local
livelihoods, resulting in approximately 6640 fishing boats
active within the lagoon, of which 2342 are motorized
and 3398 are non-motorized (Mohanty et al. 2016). The
tourism sector is the major alternative livelihood activ-
ity; subsequently an additional 900 motorized boats are
active in the tourism sector (Mohanty et al. 2016). During
maintenance or operational activities of these boats, there
might be chance of oil leakage or seepage from the boat
engines. In addition, inflows from catchment areas and riv-
erine input during monsoon season could also source the
PHC in to the lagoon. Thus, a multitude of impacts from
the various sources may be expected in the lagoon which
can pose serious threats to the living biota. Considering the
ecological and economical importance of the lagoon, this
study investigates the following objectives: (i) evaluate the
degree of sediment PHC contamination in comparison to
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the threshold limit of 70 ppm as classified by US NAS (ii)
understand the sources of PHC in the sediments and pro-
vide a base line information for future investigations across
Chilika lagoon.

Materials and Methods

The sampling strategy aimed to cover the entire lagoon
and jetties across all seasons. In total, 16 monitoring sta-
tions were selected, split into eight stations each of the
major jetties and from the rest of the lagoon. These stations
were uniformly selected to cover each of Chilika’s four
ecological regions, namely the southern, northern, central
and outer channel sectors (Fig. 1). Sediment samples were
collected during the premonsoon (May), monsoon (Sep-
tember) and postmonsoon (December) periods of 2014, in
order to analyze petroleum hydrocarbon (PHC), organic
matter (OM) and sediment texture. A total of 48 samples
(16 stations*three seasons) of estuarine surface sediment
(top 5 cm) were collected using a Van Veen grab (KC Den-
mark) and visible debris (any vegetation or animal shell
etc.) were removed. Sediment samples were collected from
the center part of the grab to avoid any metallic contamina-
tion and the sediment samples were wrapped in aluminum
foil soon after collection. Afterwards, samples were stored
in self-packing polyethylene bags at —20°C until analysis.
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The collected sediments were then thawed, before
50 g of wet sample was soxhlet extracted for 2 h using
a KOH-methanol mixture. Next, samples were extracted
with n-hexane and dried over anhydrous Na,SO,. The
concentrated extract was then separated on a silica-alu-
mina column in order to measure the fluorescence of
the total aromatic fraction (IOC-UNESCO 1982). PHC
concentrations were determined using UV-Fluorescence
(UVF) Spectroscopy (Hitachi 7000) and reported as
wet weight (ww) basis of the sediment samples. Sedi-
ment fluorescence was measured using a Teflon-capped
1 cm silica fluorescence cell at an emission wavelength
of 364 nm (excitation wavelength: 310 nm); each sample
was measured under identical instrumental conditions
(IOC-UNESCO 1982). Chrysene was used as a stand-
ard reference to test precision and accuracy, and the data
was expressed in terms of chrysene equivalents. Recov-
ery percentage for spiked samples ranged from 94% to
98%; precision was within 4%. The Limit of detection
(30) and limit of quantification (10c) of this method
was 0.1 and 0.43 ppm respectively. All the estimates
were conducted in triplicates with the average value
reported. The surface sediment (upper 2 cm) was used
to analyze the total organic carbon percentage (TOC
%), estimated using the chromic acid oxidation method
followed by back titration with ammonium ferrous sul-
fate (Walkley and Black 1934). OM concentration was
computed from TOC% using the multiplying factor of
1.724 (Trivedy and Goel 1984). Prior to texture analy-
sis, the sediment samples were air dried, oxidized with
H,0, to remove organic matter and thoroughly homog-
enized by coning and quartering technique (Ingram
1971). One-hundred grams of the treated and dried sedi-
ment samples were taken for texture analysis [sand and
mud (silt+ clay) fractions] using a vibratory sieve shaker
(RETSCH AS-200). The sand fraction was determined
as the weight of sediment retained by the sieve (125 um
pore size); mud content equaled the weight/volume of
sediment which passed through the sieve (Nazneen and
Raju 2017). Two-way analysis of variance (ANOVA) at
the 95% significance level ascertained whether signifi-
cant differences exist between PHC concentrations with
respect to spatial and temporal characteristics. Pearson’s
correlation coefficient analysis explored the interrela-
tionship between sediment texture, OM and PHC. Non-
metric multidimensional scaling (nMDS) was performed
after log transformation of the entire dataset in order to
measure the spatial differences between the sampling
stations by Euclidean distance. All statistical analyses
were performed using IBM SPSS V.20 and PRIMER 6
software.

Results and Discussion

The mean concentration of PHC in the Chilika lagoon
sediment varies widely from 0.39 to 10.97 ppm (Fig. 2).
ANOVA shows that the PHC concentrations are signifi-
cantly different between sampling sites (p<0.001) but
insignificantly different (p>0.05) between seasons. Con-
sidering the average concentration of PHC in all three sea-
sons, the highest recorded value corresponds to station J4
(12.13 ppm; Figs. 2, 3), which is located at a major fishing
jetty. In comparison, the lowest concentration (0.18 ppm)
is observed at station S5 (Figs. 2, 3) which is close to the
Nalabana bird sanctuary, where anthropogenic inputs
are relatively limited as boat traffic and fishing activities
are restricted and regulated by Chilika Wildlife Division
(Dept. of Forest & Environment, Govt. of Odisha, India).
High concentrations near station J4 might be due to runoffs
from the nearby township, as well as continuous or acci-
dental fuel spills and engine leaks from boating activities
(Table 1). In contrast, elevated levels of PHC at station J3
and J7 (Fig. 2) might be due to the high number of fishing
boats and tourism activities. Similar to J4, the sources of
PHC could be from oil spills, leaks from boat engines and
operational discharge (Table 1). Previous studies from sim-
ilar eco-hydrological environments also argue that major
sources of PHC are attributed to fishing activities, tourism
activities and untreated residues (Mohd Tahir et al. 1997,
Li et al. 2010).

Textural classification reveals dominance of mud content
in the surface sediments of the lagoon except for stations J2,
J7,18, S1, S2, S7 and S8 (Table 2). High mud percentages
found at the northern and central parts of the lagoon could
be due to the influx of suspended particulate matter (SPM)
from the catchment which produces flocculation that set-
tles on the lagoon bed (Patra et al. 2016). The higher sand
contents at the outer channel (OC) and the southern region
of the lagoon (Table 2) indicates a relatively high energy
regime due to the tidal inlet and the Palur canal (Fig. 1),
which consequently prevents sedimentation of fine grained
particles (Veerasingam et al. 2011, 2015). The amount of
OM in analyzed sediments is relatively moderate, ranging
between 0.65% and 5.34% on average. The highest content
of OM (6.23%) was identified during the postmonsoon sea-
son at the J3 station (Table 2), which is located close to a
fishing jetty. In contrast, the lowest (0.26%) was concerned
with the S7 station situated close to the lagoon inlet where
sand dominated the sediment during the same season
(Table 2). Correlation coefficient analysis reveals a signifi-
cant positive relationship between OM and PHC (f=0.334;
p<0.05), which was also observed in other ecosystems
across India (Gomti river; Malik et al. 2004) and elsewhere
(e.g. Chinese lakes; Wu et al. 2012). The positive relation-
ship might be due to high Koc (organic carbon normalized
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sorption coefficient) between OM and different compounds  via anthropogenic sources, the sediments expected to be
of PHC especially the polycyclic aromatic hydrocarbons  anoxic leading to low rate of microbial degradation and
(PAHs) (Wu et al. 2012). Under elevated loading of OM resulting in preservation of PHC residues (IOC-UNESCO
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Table 1 Possible sources/

. . Station Latitude Longitude Possible sources of PHC

routes of PHC into different

locations of Chilika lagoon J1 19.51421 85.09737 Boat traffic, catchment run off
12 19.64231 85.17425 Fishing jetty, boat traffic, catchment run off
I3 19.84772 85.38112 Fishing jetty, boat traffic, catchment run off
J4 19.87400 85.40775 Fishing jetty, boat traffic, catchment run off
J5 19.74294 85.21291 Fishing jetty, boat traffic, catchment run off
J6 19.66547 85.21660 Boat traffic
J7 19.66816 85.43715 Boat traffic, catchment run off, tidal intrusion
J8 19.68429 85.51250 Boat traffic, catchment run off, tidal intrusion
S1 19.55113 85.18002 Boat traffic, catchment run off
S2 19.53042 85.13133 Boat traffic, catchment run off
S3 19.82659 85.47483 Boat traffic, riverine input
S4 19.76628 85.52532 Boat traffic, riverine input
S5 19.69426 85.28911 Boat traffic
S6 19.76538 85.36845 Boat traffic
S7 19.66185 85.49467 Boat traffic, tidal intrusion
S8 19.70506 85.58933 Boat traffic, tidal intrusion

Tal.)le 2 The res‘?lFS of Station Premonsoon Monsoon Postmonsoon

sediment composition and

organic matter for samples Sand (%) Mud (%) OM (%) Sand (%) Mud (%) OM (%) Sand (%) Mud (%) OM (%)

collected at various stations

from Chilika lagoon ! 31.6 68.4 3.07 28 72 2.66 30.3 69.7 3.97
2 72.7 28.3 1.08 67.2 22.8 2.96 64 36 3.37
I3 28.2 71.8 5.41 30.8 69.2 4.39 28.2 61.8 6.23
J4 7.9 92.1 3.11 39 61 4.44 40 60 3.83
J5 34.3 65.7 4.14 29 71 5.11 28.1 71.9 3.52
J6 49.2 50.8 4.29 22.8 77.2 2.13 46.6 53.4 3.92
17 99.2 0.8 0.62 68.8 31.2 1.74 88 12 2.05
18 90.8 9.2 1.38 81 19 3.09 86 14 1.64
S1 70 30 342 64.2 35.8 1.54 93.2 6.8 0.72
S2 68 32 2.79 69.2 30.8 1.64 74.8 25.2 33
S3 39 61 3.53 36 64 4.04 43.5 56.5 3.68
S4 37.6 62.4 2.93 38 62 1.84 34.8 65.2 2.51
S5 8.8 91.2 1.54 4 96 0.87 14.3 85.7 1.43
S6 342 65.8 4.19 314 68.6 291 30.5 69.5 2.81
S7 95.8 4.2 0.61 83.2 16.8 1.08 99.7 0.3 0.26
S8 82.5 17.5 0.72 75.6 24.4 0.74 73.2 26.8 0.52

1982). Significant positive correlation of OM with sedi-
ment mud content (f=0.336; p<0.05) indicates that the
source of OM could be from the sediment delivered to the
lagoon from the surrounding catchments (Patra et al. 2016).
A significant negative relationship of sand content and OM
(f=0.359; p<0.05) indicates that the sand dominated sedi-
ments in Chilika (such as the OC region) contains lower
amount of organic compounds. This could be due to the
less effective sediment-specific surface area, high porosity
and permeability of the sediment (Burone et al. 2003). Sta-
tistically, an insignificant relationship was found between
PHC and sediment texture, possibly due to the higher PHC

concentrations observed in the jetties of the OC having pre-
dominantly sandy sediment texture.

In addition, the nMDS (Fig. 2) plot reveals a strong
spatial heterogeneity between the lagoon stations as well
as the jetty stations. Four jetty stations (J3, J4, J7 and J8)
fall outside of the group because their PHC levels are sig-
nificantly higher than the other sampling points. Certain
sampling points, such as J7 and J8, are often crowded with
tourist boats and leaching of PHC products from the boats
suggests a reason for the higher concentrations. Similarly,
stations such as J3 and J4 are adjacent to the major fish
landing jetties, where the source of PHC is either from the
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maintenance of boats or oil seepage during boat operation.
Thus, it is clearly illustrated that the jetties used for tour-
ist activities and for the purpose of fish landing contributed
a higher amount of PHC compounds into the bottom sedi-
ment. The higher concentrations of PHC at the jetty loca-
tions compared to the lagoon, are primarily attributed to
fueling, boat maintenance and catchment runoff.

PHC concentrations obtained here are compared with
previously reported values (Table 3). In the context of
India, most previous studies have focused on coastal envi-
ronments, such as the Visakhapatnam coast (Venkatacha-
lapathy et al. 2013), Tamilnadu coast (Veerasingam et al.
2010), Chennai coast (Venkatachalapathy et al. 2010) and
Bassein-Mumbai coast (Chouskey et al. 2004). The ele-
vated levels of PHC in these coastal areas are attributed to
marine based sources, in particular from shipping activi-
ties and the recent development of major industries. PHC
concentrations of Chilika are evidently lower than those
found for the Mandovi estuary, India (5.4-12.34 ppm;
Veerasingam et al. 2015), Qua Iboe Estuary, Nigeria
(18.01-210.23 ppm; Benson et al. 2008), Bizerte lagoon,
Tunisia (0.05-19.5 ppm; Mzoughi et al. 2005), Ulhas
estuary (2.0-40.8 ppm; Chouskey et al. 2004) and Patos
Lagoon Estuary, Brazil (39-11,780 ppm; Zanardi et al.
1999) (Table 3). As classified by US National Acad-
emy of Sciences (NAS 1975), >70 ppm is considered as

indication of pollution. In this regard, Food and Agricul-
ture Organization (FAO) also classified the threshold as
<100 ppm (FAO 1982). With reference to these thresh-
olds, all studied locations of the lagoon are unpolluted.
These threshold values has been used in several studies
to identify the pollution status of the ecosystem (Ingole
et al. 1995; Mohd Ali et al. 2013). Apart from these, no
derived thresholds from regulatory agencies are available
in literature for sediment PHC. However, considering the
complex mixture of compounds (in PHC) recent stud-
ies has been focused on individual constituents of PHC
in different environment (Kanzari et al. 2015; Devi et al.
2016). Overall, our study reveals that the PHC concentra-
tions in the sediments of Chilika lagoon are within the
threshold limit and are also lower than those reported for
similar ecosystems in India and overseas. However, long
term deposition may result in bioaccumulation by benthic
feeders, including fish and shellfishes, which require peri-
odic monitoring to formulate appropriate management
strategies for the Chilika lagoon.
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Table 3 Comparison of PHC

A . Location PHC (ppm) Source

concentration in sediment of

estuarine and marine coastal Chilika lagoon 0.18-12.13 Present study

i:ﬁi)orrtles da;o;rrlld dtiti:fir\:glgu thors Mandovi estuary, India 5.4-12.34 Veerasingam et al. (2015)
Visakhapatnam coast, India 0.34-19.70 Venkatachalapathy et al. (2013)
Southeast coast, India 1.58-4.07 Lyla et al. (2012)
Estuaries in Tamilnadu, India 5.04-25.5 Veerasingam et al. (2011)
Tamilnadu coast, India 1.48-4.23 Veerasingam et al. (2010)
Chennai coast, India 1.88-39.7 Venkatachalapathy et al. (2010)
Qua Iboe Estuary, Nigeria 18.01-210.23 Benson et al. (2008)
Gulf of Fos, France 7.8-180 Mille et al. (2007)
Guanabara Bay, Brazil 77-7751 Da Silva et al. (2007)
Jiaozhou Bay, China 0.54-8.12 Wang et al. (2006)
Bizerte lagoon, Tunisia 0.05-19.5 Mzoughi et al. (2005)
Bassein-Mumbai coast, India 7.0-38.2 Chouksey et al. (2004)
Thane Creek, Mumbai coast, India 7.6—-42.8 Chouksey et al. (2004)
Dabhol-Ratnagiri coast 0.9-107.7 Chouksey et al. (2004)
Ulhas estuary 2.0-40.8 Chouksey et al. (2004)
Todos os Santos Bay, Brazil 8-4163 Venturini and Tommasi (2004)
Fraser River Basin, Canada 1.6-20.6 Yunker and Macdonald (2003)
Changjiang estuary, China 2.2-11.82 Bouloubassi et al. (2001)
Patos Lagoon estuary, Brazil 39-11,780 Zanardi et al. (1999)

Source: Veerasingam et al. (2010, 2011)
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