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Abstract The sources, distribution and risk assessment
of polycyclic aromatic hydrocarbons (PAHs) were inves-
tigated in the mangrove sediments of Trombay and
Vashi, along the Thane Creek, Maharashtra, India, for a
period of 6 months. The results showed that the concen-
tration of 15 PAHs ranged from 902.58 to 1643.60 and
from 930.69 to 1158.30 ng g−1 in Trombay and Vashi,
respectively. Trombay showed significantly higher PAH
concentration (p<0.05) than Vashi. The four carcinogen-
ic PAHs, (benzo(b)fluorathene, benzo(k)fluorathene,
Indeno(1,2,3-cd)pyrene and dibenz(a,h)anthracene)
accounted for maximum concentration of the total
PAHs. Specific PAH diagnostic indices and the molecu-
lar index indicated the presence of both pyrolytic and
petrogenic sources with the predominance of pyrolytic
origin. A positive correlation (r=0.736, p<0.05) existed
between the benzo(k)fluorathene level and total PAHs,
suggesting the use of this compound as a potential mo-
lecular marker for PAH pollution in mangrove sediment.
Assessments of potential environmental risks associated
with PAHs in this study revealed that the sediment was
moderately polluted with high molecular weight PAHs.
The study reports the baseline data that can be used for
regular monitoring of contamination level considering

the heavy industrialization and urbanization along the
creek and its coastal region.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiqui-
tous contaminants in the environment with known or
potential toxic, mutagenic or carcinogenic properties.
They are organic compounds which contain typically
up to 10 aromatic rings that are produced by high-
temperature reactions, such as incomplete combustion
and pyrolysis of fossil fuels and other organic materials,
and release of petroleum and petroleum products (Cao
et al. 2010).

These chemicals are known to enter the near-shore
marine environment through the spillage of petroleum,
industrial discharge and atmospheric fallouts, shipping
activities, storm water drains and urban run-off (Gevao
et al. 1998; Cavalcante et al. 2009). PAHs have high
hydrophobic properties with relatively stable chemical
structure and thus can be found at high concentrations in
contaminated coastal marine sediments (LaFlamme and
Hites 1978; Ranjan et al. 2012). PAH contamination is a
major hazard that is a concern for aquatic life in marine
sediments, particularly in areas close to anthropogenic
sources (Liu et al. 2009; Veltman et al. 2012).

The solubility of PAHs in water is generally low and
decreases as the molecular weight increases; hence, they
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are rapidly sequestered by suspended and bed sediment.
It can, therefore, be considered as a sink for PAH con-
taminants and serves as the major pathway to remove
PAHs from the water body. The inputs of PAHs from
human activities such as oil spill, offshore production,
transportation and combustion are very significant and
pose serious threat to habitats such as mangroves
(Corredor et al. 1990; Fathallah et al. 2012). Mangrove
ecosystems are noted as important inter-tidal estuarine
wetlands along the coastlines of tropical and subtropical
regions, which are exposed to anthropogenic contami-
nation by PAHs from tidal water, river water and land-
based sources (Tian et al. 2008; Sarkar et al. 2012).

Mumbai City is one of the most heavily populated,
industrialized and sixth largest metropolitan region of
the world. The creek, known as BThane Creek^ sepa-
rates the Island City of Mumbai in the west from the
mainland in the east and houses industrial areas at a
distance of about 25 km. The creek has attracted greater
attention of the environmentalists over the last few
decades, as Mumbai harbour situated in the west and
NewNava Sheva port in the east, handlingmore than 30
million tons of goods per year, additionally contributing
to the pollutants in the creek byway of leakage, spill and
corrosion. The mangrove sediment of Thane Creek is
prone to the contamination of PAHs due to voluminous
release of effluents from a variety of industries including
oil refineries and petrochemical complexes, loading and
unloading of crude oil and its products at Mumbai Port,
and indiscriminate release of untreated or partially treat-
ed sewage (Singare et al. 2010).

The contamination, environmental persistence, bio-
accumulation and trophic transfer of PAHs in aquatic
ecosystem are important in assessing the ecological risk
of pollutants (Yan et al. 2009; Sinaei and Mashinchian
2014). The accumulation, distribution, sources and the
risk assessment of PAHs in the sediment of Thane Creek
have not been investigated. Therefore, the present study
was undertaken to determine the concentration, spatial
distribution and sources of PAHs in surface sediment of
mangrove swamps of Thane Creek.

Materials and methods

Study area

The study was carried out in Thane Creek (72°.55′ to
73°.02′ E and 19°.00′ to 19°.15′ N) near Mumbai City

which is a mangrove-fringed tropical coastal ecosystem
along the central west coast of India. The mangrove
swamp along Trombay (Lat. 19° 00′ N Long. 72° 90′
E) and Vashi (Lat. 19.05° 00′NLong. 72.59° 00′ E) part
of the creek was selected for the study (Fig. 1). This
mangrove area is one of the most dynamic and complex
with Avicennia as the most dominant species. It is a tide-
dominated estuarine mangrove area and is characterized
by complex network of tidal creeks, exposed to different
elevations at high and low semidiurnal tides. The creek
is narrow and shallow in the north where Ulhas River
flows into it through a minor connection and is broader
and deeper towards the sea. Due to geomorphic head
near Thane City, the creek receives negligible fresh
water flow from the Ulhas River. Hence, except during
monsoon, it is tidally influenced with dominance
of neritic waters. However, the present heavy in-
dustrialization and urbanization along the creek has
resulted in release of effluents in quantities far
exceeding the assimilating capacity of the creek
(Quadros and Athalye 2012).

Sampling

The sediment samples for the analysis of PAHs were
collected at five different stations each at Trombay and
Vashi mangroves on monthly basis from September
2011 to February 2012 (coordinates recorded using
GPS) using Van Veen Grab Sampler. They were packed
in labelled aluminium foil and brought in ice box and
stored at −20 °C for further analysis. The sediment
samples for the analysis of physico-chemical parameters
were packed separately in labelled polythene bags and
processed in the laboratory.

Extraction and purification of PAHs

Prior to extraction, the sediments were defrosted, dried
in an oven at 50 °C overnight, ground with mortar and
pestle and passed through a sieve (2000 μm) to remove
gravel and other unwanted materials. PAHs were ex-
tracted from the sediment samples by using Soxhlet
apparatus. Extraction was carried out by mixing
250 ml of n-hexane and dichloromethane (50:50v/v)
for 16 h at 36 °C (UNEP 1992). After 16 h of extraction,
the extracted samples were dried up until 1.0 ml volume
using rotary evaporator at 40 °C and 151 bs pressure
(Wang et al. 2001). Extracts were purified using a 1.0×
20 cm glass chromatography column filled with 2 g of
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100–200 mesh silica gel which was pre-baked at
(120 °C for 4 h). On top of the silica gel, about 10 mm
activated Cu (activated in concentrated HCl and rinsed
with dichloromethane) was packed to remove sulphur
from the extract. The extract was added to the column
using a glass pipette while the PAHs were eluted with a
25 ml mixture of 25 % DCM and 75 % hexane. The
elute sample was collected in a 50-ml pear-shaped flask.
After reducing the volume to about 1.0 ml by rotary
evaporation, the sample was transferred to an amber
glass vial and was further concentrated to 100 μl with
N2. The samples were stored at −20 °C until further
laboratory analyses. After elution of each sample, the
column was cleaned and repacked with new silica gel.
All the glasswares were acid-washed, Milli-Q water and
solvent rinsed and baked at 120 °C for 24 h before use.

Analysis of PAH

The concentration of PAH compounds was analyzed
using a Shimadzu 14-B gas chromatography with a
flame ionization detector (GC-FID) and a BP1 (Sl. no.
4289A17) fused silica capillary column (30 m×
0.25 mm id×0.25 μm film thickness). The oven tem-
perature programme for PAH analyses was from 100 °C
(initial time, 4 min) to 120 °C at a rate of 1 °Cmin−1 and
from 120 to 300 °C at a rate of 3 °C min−1 and held at

300 °C for 10 min. The injector and detector tempera-
tures were set at 280 and 300 °C, respectively. Nitrogen
was used as the carrier gas. The response factor of
individual PAH compounds to the internal standard
(phenanthrene-d10, obtained from Sigma, USA) was
measured and calculated three times: at the beginning,
in the middle, and at the end for each batch of GC
injections (10 samples). Identification and quantifica-
tion analytes were carried out with GC-FID using exter-
nal standard methods. The chromatogram of 15 PAH
standards analysed (naphthalene (N), acenaphthylene
(A), acenaphthene (Ac), fluorene (F), phenanthrene
(P), anthracene (An), fluoranthene (Fl), pyrene (Py),
benzo (a ) an t h r a cene (BaA) , ch rysene (C) ,
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene
( B k F ) , i n d e n o ( 1 , 2 , 3 - c d ) p y r e n e ( I P ) ,
dibenzo(ah)anthracene (DahA), benzo(ghi)perylene
(BP).

Physicochemical characteristics of sediment

Sediment pH and electrical conductivity (EC) were
measured using pH and EC meters. Total carbon and
total nitrogen was analysed using Vario Micro Cube
CHNS Elementar analyser from Germany, following
manufacture’s manual; C/N ratio was calculated while
the sediment texture was analysed by pipette method.

Fig. 1 Sampling site. T1 (19°
00.323′ N, 72° 55.562′ E), T2
(19° 00.450′ N, 72° 55.761′ E),
T3 (19° 00.650′ N, 72° 55.458′
E), T4 (19° 00.788′ N, 72°
55.869′ E), T5 (19° 01.221′ N,
72° 56.114′ E) and VI (19°
03.651′ N, 72° 59.416′ E), V2
(19° 03.599′ N, 72° 59.274′ E),
V3 (19° 03.549′ N, 72° 59.444′
E), V4 (19° 03.488′ N, 72°
59.528′ E), V5 (19° 03.651′ N,
72° 59.274′ E)
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Total organic carbon (TOC) was analysed according to
the method of Walkley and Black (1934). Total nitrogen
and organic carbon were expressed as g C kg−1 dry
sediment.

Risk assessment

Comparisons among the concentrations of specific pol-
lutants detected in the sediments and their correspond-
ing sediment quality values (i.e. concentrations below
which adverse effects in the marine ecosystem were

unlikely) were performed. The levels of risk posed by
certain chemicals in the sediments were characterized by
the risk quotient which was calculated using the formula
according to Dominguez et al. (2010):

Risk Quotient RQð Þ

¼ Concentration of chemical 0X0 in sediment

Sediment quality value

The two values were used to calculate risk quotient
under best case (RQbcs) and worst case (RQwcs)

RQbcs ¼ Lowest measured concentration of chemical 0X0 in sediment

Upper limit of sediment quality value

RQwcs ¼ Highest measured concentration of chemical 00X00 in sediment

Lower limit of sediment quality value

Method validation

All samples were spiked with deuterated PAH surrogate
standards of p-Terphenyl-d14, Naphthalene-d8 and
Phenanthrene-d10 and analysed to determine the gener-
al recovery procedure. The average recovery of the
samples ranged from 82.78 to 89.64 % (n=45).

Statistical analysis

Data obtained were analyzed using the statistical pack-
age SPSS 17.0 computer program (SPSS Inc. Chicago,
Illinois, USA). Differences in PAH concentrations in the
stations were subjected to one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range test to
determine level of significance at 5 % probability level.

Results and discussion

Sediment characteristics

The sediment quality parameters (pH, EC, total organic
carbon (TOC), total nitrogen and C/N ratio) are present-
ed in Table 1. The result shows that pH of the sediment
ranged from 7.7 to 7.8 and 7.5 to 7.8 at Trombay and
Vashi, respectively, indicating a slight neutral to basic
mangrove sediment. Positive correlation between con-
centrations of PAHs and TOC in sediments has been
reported (Shi et al. 2007; Charriau et al. 2009); higher

TOC in mangrove sediment might make adsorption of
less polar organic compounds easier and thus uptaking
and preservation of PAHs possible (Zhang et al. (2004).
In this study, the total organic carbon varied from 12.90
to 18.64 kg−1 and 13.38 to 21.24 kg−1 at Trombay and
Vashi, respectively (Table 1), indicating high TOC in
both sampling area. It can be suggested that TOC played
a more important role in controlling the distributions of
low molecular weight polycyclic aromatic hydrocar-
bons (LPAHs) than high molecular weight polycyclic
aromatic hydrocarbons (HPAHs) in surface sediments
of Thane Creek. However, Notar et al. (2001) noted that
PAH concentrations tend to be higher in sediments with
higher TOC contents due to the high sorption capacity
of organic carbon. The higher TOC recorded at the
Vashi than the Trombay may be attributed to the fact
that Vashi receives discharges of high biological
productivity and sedimentation rates than Trombay
because of its location than Trombay. The samples at
the Vashi are located in the mouth of the Creek.Montero
et al. (2013) reported that a water body which receives
discharges from biological productivity and high sedi-
mentation rates has high concentrations of TOC and
organic matter and identified to be main cause of low
to moderate toxicity.

The result of total nitrogen ranged from 0.62 to
1.72 g kg−1 (Trombay) and 0.52 to 1.16 g kg−1

(Vashi). The level of total nitrogen recorded in the study
may be attributed to the contamination of microbial
structure of mangrove sediment by the PAHs that limit
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the activities of nitrogen-fixing bacteria. Sun et al.
(2012) documented that high concentration of PAH
has larger impact on the nitrogen-fixing bacteria than
low concentration of PAH in mangrove sediment.

The C/N ratio varied from 9.98 to 23.86 and 14.45 to
28.49 at Trombay and Vashi, respectively. The ratio of
C/N was high probably due to low nitrogen content in
the sediments, indicating possible contamination of
PAHs from anthropogenic sources in mangrove sedi-
ment. Higher C/N ratios in the marsh sediments indicate
a mixture of vascular plant and marine algal sources,
whereas the lower C/N ratios in shelf sediments indicate
that organic matter was derived more from phytoplank-
ton (Wang et al. 2014). Furthermore, the variation
among chemical properties of the sediment, especially
organic carbon and textural properties, might influence
the PAH accumulation in the marine sediment.

The textural composition of the sites indicated
that total percentage of clay varied from 47.10 to
55.48 % and 47.46 to 61.67 % at Trombay and
Vashi, respectively. Sediment contained higher per-
centage of clay (61.67 %) at Vashi than Tombay.
Silt percentage varied equally at both the locations.
The percentage of silt ranged from 35.23 to
45.19 % at Tombay and 31.78 to 43.9 7 % at
Vashi sediment while the percentage of sand var-
ied from 4.56 to 7.47 % and 6.54 to 8.75 % at
Trombay and Vashi, respectively. The overall sed-
iment texture of all the sites was clayey-loamy.
Textural differences may be as a result of vigorous
estuarine mixing, suspension-resuspension and
flocculation-deflocculation processes (Dominguez
et al. 2010).

Polycyclic aromatic hydrocarbons

The 16 USEPA priority PAHs have been used as repre-
sentative of PAHs to evaluate the anthropogenic pollu-
tion levels in sediments and other environmental com-
partments all over the world by a number of researchers
(Mai et al. 2001; Agarwal et al. 2006; Qiao et al. 2006).
In the present study, 15 USEPA priority PAH com-
pounds were analysed because the Shimadzu 14-B gas
chromatography was unable to estimate the remaining
PAH. The concentration of total PAH (Σ15 PAHs) var-
ied in the range of 902 to 1643 and 930 to 1158 ng g−1 at
Trombay and Vashi, respectively (Tables 2 and 3).
According to Boonyatumanond et al. (2006), the distri-
bution of PAHs in surface sediment is controlled by the
hydrodynamic conditions of the mangroves, which in-
cludes factors such as (1) textural composition and
depositional rate of sediments, (2) input rate of PAHs,
(3) differential resuspension and redeposition of sedi-
mentary PAHs, (4) vertical mixing due to physical and
biological processes, and (5) microbial degradation of
PAHs. ANOVA showed significant difference in total
PAH (p<0.05) between sites. Total PAHs in the sedi-
ment at Trombay was significantly higher than that at
Vashi. Trombay sediment showed minimum
(902 ng g−1) as well as maximum (1643.90 ng g−1)
concentration of total PAH. The high PAH at Trombay
is due to higher harbour activities of sailing of crude oil
and the use of fishing boats by the fishermen than at
Vashi area. The leakage of petroleum products and
engine oil from the boats and ferries may elevate the
level and contribute immensely to PAH recorded at
Trombay. Similar to our finding, Nasher et al. (2013)

Table 1 Mean values (±SD) of sediment quality parameters at Trombay and Vashi (n=30)

Parameters Site September October November December January February Overall mean

1 pH (sediment) T 7.79±0.22 7.85±0.26 7.80±0.10 7.88±0.45 7.86±0.03 7.83±0.75 7.84±0.30

V 7.56±0.05 7.72±0.08 7.76±0.01 7.77±0.06 7.84±0.03 7.79±0.07 7.74±0.15

2 EC (mS cm−1) T 5.07±0.12 5.16±0.16 5.18±0.28 5.10±0.10 5.22±0.14 5.54±0.24 5.21±0.16

V 6.10±0.12 6.12±0.19 6.26±0.23 6.14±0.19 6.36±0.11 6.70±0.2 6.28±0.17

3 TOC (g kg−1) T 18.64±1.35 14.90±2.24 14.10±0.50 12.90±1.47 15.16±1.60 18.12±1.21 15.67±1.39

V 16.20±1.46 14.70±0.75 16.78±0.33 13.38±1.15 14.54±2.00 21.24±0.91 16.14±1.10

4 TN (g kg−1) T 1.08±0.14 1.72±0.56 0.62±0.14 0.64±0.08 1.00±0.15 1.10±0.12 1.02±0.20

V 1.06±0.19 1.02±0.08 0.60±0.07 0.52±0.17 1.00±0.24 1.16±0.16 0.89±0.15

5 C/N ratio T 17.59±2.85 9.98±5.03 23.86±5.92 20.46±3.53 15.35±2.02 16.76±3.05 17.33±3.79

V 15.64±2.85 14.45±0.83 28.27±3.26 28.49±11.12 15.38±4.73 18.57±2.34 20.13±4.19

T Trombay, V Vashi
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recorded high concentration of PAH in Langkwai
Island, Malaysia, owing to the intense harbour activities
and disposal of engine oil from boat and ferries.

Distribution of individual PAHs

Analysis of variance for individual PAHs showed sig-
nificant difference among the months, sites and month×
site interaction with respect to majority of PAHs.
Statistically, there was no significant difference
(p>0.05) in the concentration of fluorene and anthra-
cene between Trombay and Vashi. Trombay recorded
172.24 and 285.61 while that at Vashi was 174.78 and
281.72 for fluorine and anthracene, respectively.
Monthwise significant difference (p<0.05) was ob-
served with respect to benzo(a)anthracene. The month
and site interaction was significant with respect to
benzo(k)fluorathene. Fluorene in the sediment at Vashi
(174.78) was significantly higher (p<0.05) than that of
Trombay (172.24). The monthly mean concentration of

benzo(k)fluorathene was found in the range of 118.03 to
732.29 and 418.92 to 507.20 ng g−1 at Trombay and
Vashi, respectively (Tables 2 and 3). There was statisti-
cally significantly higher (p<0.05) benzo(k)fluorathene
at Trombay (327.79) than Vashi (239.36).

Naphthalene is a typical constituent of refined petro-
leum and is used as an indicator of petroleum-source
PAH contamination (Steinhauer and Boehm 1992). The
low naphthalene concentration was observed in the sed-
iments (21.82 to 106.69 and 26.94 to 59.73 ng g−1 at
Trombay and Vashi, respectively). The low molecular
weight naphthalene in sediment is easily depleted by
volatilization from oil, dissolution from sediments and
degradation by bacteria within a short period of time
(Ho et al. 1999). In our findings, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene,
fluorathene and pyrene were found in mangrove
sediment at both sites during the study period. The
presence of the above PAHs may be attributed to the
availability of diesel fuel in the mangrove sediment, as
reported by Wang et al. (2009) who noted that the
predominance of phenanthrene, fluoranthene and
pyrene is characteristic of diesel fuel.

PAHs are primarily products of incomplete combus-
tion processes and comprise two to six fused aromatic
rings. The low molecular weight (two and three rings)
PAHs have a significant acute toxicity, whereas some of
the higher molecular weight PAHs are carcinogenic
(Neff 1979; Witt 1995). The average concentration of
four carcinogenic PAHs (benzo(b)fluorathene,
benzo(k)fluorathene, indeno (1,2,3-cd)pyrene and
dibenz(a,h)anthracene) was found to be 4.04 to 35.88

Table 4 Different ratios of individual PAHs

Ratio Source Reference

Pyrolytic petrogenic

P/A <10 >15 Baumard et al. 1998

Fl/PY >1 <1 Baumard et al. 1998

Fl/Fl+Pyr >0.50 <0.4 Yunker et al. 2002

IPy/(IPY+BghiP) >0.40 <0.20 Yunker et al. 2002

A/178 >0.40 <0.20 Yunker et al. 2002

Table 5 Ratios and isomer index of different PAH compounds in sediment at Trombay and Vashi

Site P/A Fl/Py Fl/(Fl+Pyr) IPY/(IPY+BghiP) A/178

T (September) 1.24 2.59 2.59 0.59 0.05

T (October) 0.49 1.31 1.31 0.30 0.41

T (November) 0.88 2.69 2.69 0.61 0.26

T (December) 0.58 0.60 0.60 0.59 0.44

T (January) 0.76 6.17 6.17 0.71 0.18

T (February) 1.30 2.31 2.31 0.39 0.27

V (September) 0.95 3.15 0.76 0.53 0.36

V (October) 0.46 1.90 0.65 0.22 0.18

V (November) 0.45 1.56 0.61 0.49 0.26

V (December) 0.84 1.48 0.60 0.39 0.15

V (January) 0.43 0.63 0.38 0.47 0.41

V (February) 0.50 1.14 0.53 0.61 0.22
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and 5.41 to 38.77 % of total PAHs at Trombay and
Vashi, respectively (Figs. 2 and 3). A positive correla-
t i on ( r = 0 . 736 , p < 0 . 05 ) ex i s t e d b e tween

benzo(k)fluorathene and total PAHs making this com-
pound potential molecular marker for PAH pollution in
the sediment. Benzo(k)fluorathene showed an overall

Table 6 Worldwide concentration ranges of PAHs in sediment (ng g−1) from different countries

Locations Average Maximum References

Kiel Harbour, Germany 8000 30,000 Baumard et al. (1999)

Tokyo Bay, Japan 631.1 2010 Yamashita et al. (2000)

Bohai Sea, Yellow Sea, China 877 5734 Ma et al. (2001)

Izmit Bay, Turkey NA 25,000 Tolun et al. (2001)

Todos Santos Bay, Mexico 96 813 Macias-Zanmora et al. (2002)

Lingding Bay, China 560 1006 Mai et al. (2002)

Zhujiang River, China 2432 10,811 Mai et al. (2002)

Yalujiang River, China 290 1500 Wu et al.(2003)

Guba Pechenga, Barents Sea, Russia 76 208 Savinov et al. (2003)

Deep Bay, China 409 726 Zhang et al. (2004)

Minijiang River Estuary, China 433 887 Zhan et al. (2004)

Mailang Bay, Taihu Lake 2563 4754 Qiao et al. (2005)

Youngil Bay, Korea 8.80 18,500 Yim et al. (2007)

Jiulong River Estuary, China 280 1074 Tian et al. (2008)

Sundarbans Wetland, India 634 2938 Dominguez et al. (2010)

Trombay 902.58 1643.60 Present study

Vashi 930.69 1158.30 Present Study

Scale of contamination level: low: 0–100 ng g−1 d.w., moderate: 100–1000 ng g−1 d.w., high: 1000–5000 ng g−1 d.w., very high:
5000 ng g−1 d.w. (Baumard et al. 1998; Zhao et al. 2014)

Table 7 Estimated RQs based on the concentration of individual PAHs in sediment

PAH ERL (μg kg−1) ERM (μg kg−1) RQbcs Trombay RQbcs Vashi RQwcs Trombay RQwcs Vashi

Napthalene 160 500 0.24 0.30 3.66 1.40

Acenaphthylene 44 640 0.04 0.06 4.95 4.015

Acenaphthene 16 500 0.13 0.06 10.11 10.50

Fluorene 19 540 0.22 0.14 13.40 14.53

Phenanthrene 240 1500 0.039 0.055 1.46 1.40

Anthracene 85.3 1100 0.04 0.13 5.03 4.68

Fluorathene 600 5100 0.024 0.027 1.18 0.95

Pyrene 665 2600 0.01 0.028 0.51 0.86

Benzo(a)anthracene 260 1600 0.074 0.09 2.08 1.71

Chrysene 384 2800 0.030 0.07 3.52 1.27

Benzo(b)fluorathene 320 1880 0.08 0.12 2.00 1.80

Benzo(k)fluorathene 280 1620 0.4 0.95 12.66 9.96

Dibenzo(a,h)anthrane 64 260 0.42 0.75 6.05 8.02

Total PAH (μg kg-1) 4000 44,792 902 930 1643 1158

ERL effects range low, ERM effects range median
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similar distribution in all the months at both the sites
indicating common sources of origin. The importance of
high molecular mass PAHs has been commonly ob-
served in sediments frommarine and lacustrine environ-
ments (Mostafa et al. 2009). The abundance of high
molecular in weight PAHs in sediment samples is more
likely to be transported to the sediment bed due to their
increased sorption and resistance to degradation (Mirza
et al. 2012).

Sources of PAH

The study of PAH ratio profiles based on its physical-
chemical properties have been commonly used to assess
the differences between those of pyrolytic and
petrogenic origin (Mirza et al. 2012). Isomer index
was also used based on the concentration of PAHs at
the study sites to assign source of PAHs (Table 4). In
these sites, the heterogeneity of compounds and the
complexity of the environmental matrix make source
identification difficult and more than one source identi-
fication method is required to be used to identify the
PAH origin (Riccardi et al. 2013).

In this study, the Phe/Ant and Flu/Pyr ratios were
lower than 10 for all the months in the study sites
indicating pyrolytic origin (Table 5). Budzinski et al.
(1997) noted that values greater than 1 are characteristic
of pyrolytic origin, whereas values lower than 1 are
related to petrogenic. The Phe/Ant ratio is temperature
dependent; thus, high-temperature processes, such as
combustion of organic matter, generate PAHs charac-
terized by a low Phe/Ant ratio of 10 (Riccardi et al.
2013) whereas the slow maturation of organic matter
during catagenesis leads to much higher Phe/Ant
values >15 (Baumard et al. 1998). Both pyrolytic
and petrogenic sources showed their presence in the
mangrove sediment with pyrolytic source being dom-
inant. In general, HPAHs are more abundant over
LPAHs in river and marine sediments (Guo et al.
2007; Yan et al. 2009).

Isomer pair ratios A/178 and IPy/(IPy/BPer) have
been calculated to show relative distribution of PAHs
with regard to their possible source of origin. A/178 pair
ratios of the study area also showed petroleum combus-
tion sources (Yunker et al. 2002). The combustion of
crude oil was possibly the major source of PAHs in the
sediments that have been transported from distal (away
from) sources because small-size PAHs are more labile
(Hu et al. 2010; Venkatachalapathya et al. 2012).

At Trombay and Vashi, the ratio of IPY/(IPY +
BghiP) isomer pair showed the origin from petroleum
combustion with value of more than 0.20 (Table 5).
Although distinct sources might be inferred from PAH
isomer ratios, it is well documented that in urban and
industrial areas, PAHs might originate from a variety of
sources and are transported by different pathways in the
study areas.

Baumard et al. (1998), classified ΣPAH pollution
levels into four different categories which included
low, moderate, high and very high level when ΣPAHs
are 0–100, 100–1000, 1000–5000 and >5000 ng g−1

d.w., respectively. Consistent with our present findings,
when compared with a worldwide concentration of
PAHs (Table 6), the study sites appear to be contami-
nated with PAHs in moderate to high level.

Assessment of sediment quality using environmental
quality thresholds

The effects range low (ERL) and the effects range
median (ERM) values were used for impact assessment
on aquatic sediment with a ranking of low to high
impact values (Long et al. 1995; Khim et al. 1999).
The measured concentrations of PAHs were compared
with the existing ERL and ERM values. Results showed
that the total PAH concentrations at both the sites
(Table 7) were below the ERL of 4000 and ERM of
44,792 ng g−1, indicating moderate pollution of PAHs in
the mangrove sediment. Zhao et al. (2014) noted that the
ΣPAHs in≥ERL and<ERM demonstrate adverse bio-
logical toxicity effect that would occur occasionally,
confirming that the study areas are moderately polluted
with PAHs.

The potential environmental risk associated with
PAHs in the study is shown in Table 7. Sediment quality
values used in the calculation of risk quotients included
ERL and ERM guidelines values from US National
Oceanic and Atmospheric Administration (NOAA)
[(http://response.restoration.noaa.gov/cpr/sediment/
squirt/squirt.html)] (Burton 2002). Only contaminants,
for which sediment quality value was available, were
assessed in the study. All the RQbcs estimated were
below 1 suggesting that pollutants under investigation
pose little hazard to the ecosystems but RQwcs was
higher than 1 at both the sites, indicating that
concentration of these chemicals in the sediments
poses a risk to the aquatic environment. RQwcs values
revealed that the concentration of PAHs was more than
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the recommended level at both the sites. This might
affect adversely most of the living organisms, and
hence, preventive measures should be undertaken to
avoid the ecological risks on marine organisms,
especially the benthic species. High molecular weight
PAHs, recorded in the study, are highly mutagenic and
carcinogenic revealing risk to the ecosystem.

Conclusion

Relative to other urbanized coastal areas of the world’s
coastal region, Thane Creek, Mumbai can be considered
moderately contaminated with PAHs. The presence of
high concentration of carcinogenic benzo(k)fluorathrene
in the sediment makes this compound as a potential
molecular marker for PAH pollution in the sediment.
The data provide baseline information on the distribu-
tion and potential sources of PAHs in the mangrove
sediment at Trombay and Vashi and could help in effec-
tive management of the persistent pollutants in the eco-
system. Further investigations are to be carried out to
study the accumulation pattern and effect of these com-
pounds in biota in the ecosystem.
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