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a b s t r a c t

Despite the reports of the occurrence of perfluorochemicals (PFCs) in industrialized nations, information
on PFCs in less industrialized countries is meager. In the present study, concentrations and profiles of
PFCs were investigated in surface waters (rivers, lakes, coastal seas and untreated sewage; n = 42) includ-
ing the Ganges River water, and biota such as shrimp (n = 2), fish (n = 28), and Ganges River dolphin
(Platanista gangetica; n = 15). PFOS was the dominant PFC found in most of the samples analyzed includ-
ing water samples except untreated sewage (water: <0.04–3.91 ng L�1; biota: 0.248–27.9 ng g�1 ww).
Long-chain (C11–C18) perfluorocarboxylates (PFCAs) were not detected in the water samples
(<0.2 ng L�1), although PFDA (0.061–0.923 ng g�1 ww) and PFUnDA (0.072–0.998 ng g�1 ww) were found
in biological samples The arithmetic mean PFOS concentration found in the liver of Ganges River dolphin
was 27.9 ng g�1 ww. Bioconcentration and biomagnifications factors of PFCs were estimated in the Gan-
ges River basin food web. The highest concentration of PFOA, 23.1 ng L�1, was found in untreated sewage
samples. Overall, concentrations of PFCs of water and biological samples from India are lower than the
concentrations reported for other countries so far. PFC profiles in Indian waters are dominated by PFOS,
followed by PFOA, which is different from the pattern reported for other countries such as Korea, Japan
and USA, where PFOA was the predominant compound in waters. The flux estimates for PFOS, PFOA and
PFNA from the Ganges River in India to the Bay of Bengal were in the range of several hundreds of kilo-
grams per year.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Perfluorinated compounds (PFCs) have received worldwide
attention in recent years. Several of the PFCs have been used as sur-
factants, surface protectors and in aqueous film-forming foams
(AFFF) for the past five decades. Perfluorooctanesulfonate (PFOS)
and perfluorooctanoate (PFOA) are the two typical perfluorochem-
icals representing this group of chemicals, and they are frequently
found in different environmental matrices from open ocean water
to foodstuffs (Gulkowska et al., 2006; Yamashita et al., 2008). PFCs
have also been found in human blood at ng mL�1 levels (Kannan
et al., 2004; Yeung et al., 2006). PFOS has been proposed as a candi-
ll rights reserved.
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date persistent organic pollutant (POP) for regulation under the
Stockholm Convention (http://chm.pops.int/Convention/POPsRe-
viewCommittee/Meetings/POPRC3/tabid/278/mctl/ViewDetails/
EventModID/871/EventID/6/xmid/884/language/en-US/Default.as-
px). Further regulations on PFOS and related compounds have been
implemented in the EU (Directive 76/769), Canada (http://canada-
gazette.gc.ca/partII/2008/20080611/html/sor178-e.html), USA (the
New Jersey, the Department of Environmental Protection), and Ja-
pan (under the Rule of Regulation and Manufacture of Chemical
Substances).

Surface water and wastewater collected from several countries
have been shown to contain PFCs. PFOS concentrations in surface
water ranged from tens to hundreds of ng L�1 concentration (Rost-
kowski et al., 2006; Guruge et al., 2007; Nakayama et al., 2007; So
et al., 2007; Murakami et al., 2008; Loos et al., 2009); while for
those wastewater, PFOS could reach up to thousands of ng L�1 con-
centrations (Bossi et al., 2005; Murakami et al., 2008).

http://chm.pops.int/Convention/POPsReviewCommittee/Meetings/POPRC3/tabid/278/mctl/ViewDetails/EventModID/871/EventID/6/xmid/884/language/en-US/Default.aspx
http://chm.pops.int/Convention/POPsReviewCommittee/Meetings/POPRC3/tabid/278/mctl/ViewDetails/EventModID/871/EventID/6/xmid/884/language/en-US/Default.aspx
http://chm.pops.int/Convention/POPsReviewCommittee/Meetings/POPRC3/tabid/278/mctl/ViewDetails/EventModID/871/EventID/6/xmid/884/language/en-US/Default.aspx
http://chm.pops.int/Convention/POPsReviewCommittee/Meetings/POPRC3/tabid/278/mctl/ViewDetails/EventModID/871/EventID/6/xmid/884/language/en-US/Default.aspx
http://canadagazette.gc.ca/partII/2008/20080611/html/sor178-e.html
http://canadagazette.gc.ca/partII/2008/20080611/html/sor178-e.html
mailto:nob.yamashita@aist.go.jp
mailto:bhpksl@cityu.edu.hk
http://www.sciencedirect.com/science/journal/00456535
http://www.elsevier.com/locate/chemosphere
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India is an agricultural country that is undergoing rapid indus-
trialization and economic development in recent years. However,
no baseline information is available on the current status of envi-
ronmental contamination by PFCs. A recent study indicated that
concentrations of PFOS in blood samples from India were the low-
est among the ten countries studied (Kannan et al., 2004). The Gan-
ges River is one of the largest rivers in the world, which supports
the lives of millions of people in the Indian subcontinent in various
ways, including irrigation, drinking, and fishing. The Ganges origi-
nates from the melting snow and glacial ice of the Himalayas (the
Gangotri glacier at Gomukh – 4100 m altitude). The Yamuna River
is one of the major tributaries to the Ganges River. The Yamuna
Fig. 1. Distribution of PFOS and PFOA in river water samples (ng L�1) from India. No b
<0.08 ng L�1, Ganges River: <0.04 ng L�1).
River originates from the Yamunotri glacier in the Himalayas and
runs for over 1300 km parallel to the Ganges before joining the
Ganges River at Allahabad. The Ganges River passes through Kolk-
atta and discharges into the Bay of Bengal. The Ganges is polluted
with pesticides, manure, and sewage discharge (Öry et al., 1996;
Sankararamakrishnan et al., 2005; Hamner et al., 2006). Pollution
due to the discharge of industrial wastes has been of concern
(Öry et al., 1996). Information regarding PFC contamination in
the Ganges River is not available.

One of the top predators in the Ganges River ecosystem is the
endemic Ganges River Dolphin (Platanista gangetica) (IUCN,
2006). The population of Ganges dolphins is declining in recent
ar is shown for values below the LOQ (i.e. CvR: 0.06 ng L�1, Goa and Coimbatore:
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years and the current population is estimated to be 1200–1800
individuals (IUCN, 2006). The dolphin has been listed as a most
endangered species in India. Elevated concentrations of some tra-
ditional POPs such as PCBs, DDTs, and TBT were observed in the
Ganges River Dolphin from India (Kannan et al., 1993, 1997). Inves-
tigation of PFCs in Ganges River Dolphin would provide informa-
tion of the status of contamination and potential risks posed due
to PFCs.

The objectives of the present study were: first, to determine PFC
concentrations in different environmental samples (i.e. surface
water, shrimp, fish, and dolphins) to establish baseline information
of PFCs in the Indian environment; second, to estimate fluxes of
PFCs into the Bay of Bengal (from the Ganges River discharges);
and finally, to determine the biomagnification and bioconcentra-
tion of PFCs in the freshwater ecosystem of Ganges dolphins.

2. Material and methods

2.1. Sample collection

Water samples (n = 42) were collected from January to August,
2008 in Southern India and in 13 locations along the Ganges River
in Northern India (Fig. 1). The water samples from Northern India
were collected during April–May, 2008, prior to the monsoon sea-
son (Supporting Information Table S1). Water samples were col-
lected and stored in 500 mL polypropylene (PP) bottles. All
samples were stored at 4 �C before extraction.

Shrimp (n = 2p, representing 2 composite samples of which
each composite sample consisted of 30 individuals) and fish sam-
ples (n = 28) that originated from the Ganges River near Patna,
were purchased in local fish markets in Patna in August 2008. Dol-
phins were found entangled in fishing nets or stranded (from 1993
to 2007); livers were taken from archived dolphin samples at Patna
University, India (Supporting Information Table S1). Livers of dol-
phins and fish and wholebody homogenates of shrimp were
analyzed.
2.2. Chemicals and reagents

The target analytes included perfluoroalkylsulfonates (C2, 3, 4,
6, 8, 10), perfluorocarboxylates (C3–C18), perfluorooctanesulfona-
mide, N-ethyl perfluorooctane sulfonamide, N-ethyl perfluorooc-
tane sulfonamidoacetate (Supporting Information and Table S2).
Details of the chemicals and reagents used in the present study
are given in Supporting Information. Unfiltered water samples
were extracted using solid phase extraction (SPE) using WAX
cartridges as described elsewhere (Taniyasu et al., 2005, 2008;
ISO25101, 2009). Biological samples were extracted using the
ion-pairing method and the extract was purified by SPE prior to
instrumental analysis, as described elsewhere (Hansen et al.,
2001; Taniyasu et al., 2005). Further details of the analysis are
given in Supporting Information.
2.3. Instrumental analysis

Separation of the target analytes was performed using an Agi-
lent HP1100 liquid chromatograph (Agilent, Palo Alto, CA) inter-
faced with a Micromass Quattro Ultima Pt mass spectrometer
(Waters Corp., Milford, MA) operated in the electrospray negative
ionization mode. A 10 lL aliquot of the extract was injected onto
an ion exchange column, RSpak JJ-50 2D (2.0 mm i.d. � 150 mm
length, 5 lm; Shodex, Showa Denko K.K., Kawasaki, Japan) with
50 mM ammonium acetate and methanol as the mobile phase for
the quantification (Taniyasu et al., 2008). PFC concentrations were
further confirmed by injecting the extracts onto a Keystone Betasil
C18 column (2.1 mm i.d. � 50 mm length, 5 lm, 100 Å pore size,
endcapped) with 2 mM ammonium acetate and methanol as the
mobile phase for the quantification of C6–C12 PFCs, and the coef-
ficient of variation was less <10% (Taniyasu et al., 2005). The
desolvation gas flow and temperature were kept at 610 L h�1 and
450 �C, respectively. The collision energies, cone voltages and
MS/MS parameters for the instrument were optimized for individ-
ual analytes, and were similar to those reported elsewhere (Tani-
yasu et al., 2005, 2008).

2.4. Quality assurance and quality control

The quality assurance and control measures including field
blank and travel blank, the limit of quantification (LOQ), calibration
curve, procedural blank, procedural and matrix spike recoveries
are given in Supporting Information. The procedural and matrix
spike recoveries of PFCs ranged from 68% to 119% and 44–123%,
respectively for water analysis (Supporting Information Table S2).
For biotic sample analysis, the procedural recoveries for all native
compounds ranged from 70% to 103%, while matrix spike recover-
ies for native compounds ranged from 62% to 99%, and 13C-labeled
compounds ranged from 70% to 98% (Supporting Information Table
2b). PFC concentrations in samples were not corrected for the
recoveries.
2.5. Statistical analyses

One-way ANOVA was used to assess significant differences in
the mean PFC concentrations among the dolphin samples and
Pearson correlation statistics were used to evaluate any significant
correlations among PFCs, if the data were normally distributed.
Otherwise, non-parametric analyses including Kruskal–Wallis H
tests and Spearman rank correlation analyses were applied. The
significance level was set at a = 0.05.
3. Results and discussion

This is the first comprehensive study of PFC pollution in the
Ganges River and includes results from various environmental
compartments (water, shrimp, fish, and dolphin). In addition, sur-
face waters from other regions in India have also been analyzed.
PFC concentrations measured in 42 water samples from rivers,
lakes, coastal seas, and untreated sewage, whole body homoge-
nates of shrimp (n = 2), and liver samples of 12 species of fish
(n = 28) and Ganges River Dolphin (n = 15) are shown in Support-
ing Information (Tables S3).

Among the 20 PFCs analyzed, only 12 compounds were detected
in the water samples. Perfluoroalkylsulfonates other than PFOS
(i.e., PFDS, PFBS, and PFPrS) were not detected in the samples
(LOQs ranged from 0.04 to 0.20 ng L�1). The greatest PFOS concen-
trations were found in water samples from the Cooum River (ChR:
3.91 ng L�1) and in untreated sewage (ChW: 12.0 ng L�1), both
from Chennai (Fig. 1, Supporting Information Table S2). As for
the biological samples, only PFOS was detected (0.151–
83.9 ng g�1 ww) in almost all of the samples. Only one fish sample
(i.e. Catla catla) contained trace levels of PFBS (0.093 ng g�1 ww);
PFOSA was found in three Ganges River Dolphins (<0.5–
5.73 ng g�1 ww) (Supporting Information Table S3b).

None of the long-chain (C11–C18) perfluorocarboxylates
(PFCAs) were detected in water samples (LOQs ranged from 0.04
to 0.2 ng L�1). PFOA was found in 55% of the water samples; PFDA,
PFNA, PFPeA and PFHxA were found in 10%, 40%, 38%, and 43%,
respectively, of the water samples analyzed (Supporting Informa-
tion Table S3a). As for the biological samples, none of the C4–C7
perfluorocarboxylates was found (<0.025 ng g�1 ww for fish and
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shrimp and <0.25 ng g�1 ww for Ganges dolphins). Nevertheless,
PFUnDA, PFDA, PFNA, and PFOA were found in 75%, 92%, 33%,
75%, respectively, of the fish samples analyzed. In Ganges River
Dolphins, PFUnDA, PFDA, and PFNA were found in 80%, 87%, and
53% of the samples analyzed (Supporting Information Table S3b).
Neither PFOA (C8) nor PFDoDA (C12) was found in shrimp
(<0.025 ng g�1 ww) and dolphin (<0.25 ng g�1 ww) samples. No
fluorotelomer carboxylates could be detected in the samples. Only
PFOSA, the precursor compound of PFOS, was detected in the dol-
phin. PFC concentrations increased from lower trophic level (i.e.
shrimp) to higher trophic level organisms (i.e. from shrimp, fish
to dolphins) (Supporting Information Fig. 1 and Supporting Infor-
mation Table S3b). The PFC composition profiles among the shrimp
(whole body homogenate), fish and dolphin (liver), investigated
were similar to each other that PFOS was the dominant compound,
followed by either PFUnDA or PFDA (Supporting Information
Fig. 2).

In general, PFOS concentrations of river water samples from In-
dia were lower than the concentrations reported for other coun-
tries (Nakayama et al., 2007; Murakami et al., 2008) (Fig. 2). In
India, the highest concentrations of PFOS and PFOA were found
in the Cooum River in Chennai (PFOS: 3.91 ng L�1; PFOA:
23.1 ng L�1), whereas the lowest concentrations were found in
waters from Goa (PFOS/PFOA: <0.083–<1 ng L�1). PFCAs such as
PFDA and PFNA in the Indian river water samples were found at
sub ng L�1 levels, which are one to two orders of magnitude lower
than the levels reported in other countries such as the USA, Sri Lan-
ka, China, Japan, and Korea (Rostkowski et al., 2006; Guruge et al.,
2007; Nakayama et al., 2007; So et al., 2007; Murakami et al.,
2008).
Fig. 2. Global comparison of PFOS (PFAS) and PFOA (PFCA) concentrations (ng L�1) in rive
(2007); China from reference So et al. (2007); Korea from reference Rostkowski et al. (20
et al. (2007).
Water samples collected from 13 locations along a 2200-km
distance of the Ganges River showed (Fig. 3) not detectable PFOS
(<0.04 ng L�1) in samples collected at the river’s origin at Rishikesh,
where the water originates from the glaciers and groundwater re-
charge in the Himalayas. PFC levels gradually increased down-
stream; the degree of contamination was relatively low until its
confluence with the Yamuna River in Allahabad. PFOS concentra-
tions increased considerably after confluence with the Yamuna
River, indicating the presence of contamination sources in the
Yamuna River. PFOS concentrations declined gradually due to dilu-
tion, as the water mass increased downstream of Varanasi, Patna,
and Rajmahal. After Rajmahal, the waters of the Ganges River
branched into several tributaries at Farakka Barrage, with the ma-
jor flow as the Gorai River in Bangladesh, and as the Bhagirathi Riv-
er, which flows into the Hooghly River in India. The sampling
location, Murshidabad, was on the Bhagirathi River and three more
samples were collected at Sheoraphuli, Uluberia and Diamond Har-
bor of the Hooghly River.

PFC levels and profiles in the Ganges River provided some
important insights. First, a major source of PFOS could be identified
as the Yamuna River confluence at Allahabad. The Yamuna River is
one of the largest tributaries of the Ganges River (Dalai et al., 2002),
and is one of the most polluted river in the world, especially
around New Delhi, where approximately 57% of the city’s wastes
are discharged into the river. There are approximately 45 major
industries, including coal-based thermal power plants, fertilizer,
food processing, textiles, insecticide manufacturing, and
electroplating located along the river (Karn and Harada, 2001).
Since the Yamuna River discharges about one and half times the
volume of water of the Ganges River at Allahabad (Rao, 1975), it
r waters. Data sources: India were present study; USA from reference Nakayama et al.
06); Japan from reference Murakami et al. (2008); Sri Lanka from reference Guruge
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is conceivable that the Yamuna River is the major source of PFOS in
water samples collected after the confluence. Secondly, perfluoro-
carboxylate levels are low throughout the Ganges River system.
PFHxA and PFPeA were found in the entire stretch from Rishikesh
to Murshidabad, and the composition of these two compounds was
relatively uniform (Supporting Information Fig. 3a) suggesting the
existence of low but diffuse sources of these two compounds; fur-
ther studies are needed to identify the sources of these two short-
chain PFCAs (Supporting Information Fig. 3b). Thirdly, PFOA and
PFNA were detected throughout the Ganges River after Kannauj
(site #23) and before the branching of the river at Rajmahal (site
#73), and a significant correlation (Pearson R2 = 0.57, p < 0.01,
n = 9, Supporting Information Fig. 4) was found between these
two chemicals, suggesting that they originate from similar sources
and a potential source of contamination is near Kannauj.

Wastewater has been demonstrated to be a major source of PFC
contamination in the rivers (Sinclair and Kannan, 2006). In India,
there is no integrated sewage collection system for the treatment
of industrial, municipal, domestic and hospital wastes, and in most
cases, the untreated sewage waters drain directly into rivers. Of the
nine untreated sewage/wastewater analyzed, those from Chennai
contained PFOA and PFOS at levels greater than those found in
the Cooum River, which receives discharges from sewage (Support-
ing Information Table S3a). However, PFOS and PFOA were either
below the corresponding LOQs (<0.083 ng L�1) or occurred at trace
levels in other wastewater samples. Although some industries are
located along the Ganges River from Rishikesh to Diamond Har-
bour (Fig. 3), PFOS concentrations were elevated only at Allahabad,
and no other PFCs were detected. Further studies are needed to
evaluate the sources of PFCs in India, with an emphasis on the
industries located along the Yamuna River.

PFC concentrations in the Ganges River were lower than the
concentrations found in water samples from Southern India. How-
ever, comparisons based solely on concentrations may be mis-
leading because of the dilution effects from the large water
mass of the Ganges River. For comparison of PFCs in the Ganges
River with other rivers in the world, average annual fluxes were
estimated based on the volume of water discharged and the con-
centrations of PFCs measured (Table 1). Total water discharges for
these rivers were obtained from the nearest monitoring stations
to the PFC measurements. The discharge data used for flux calcu-
lations for the Ganges and Yamuna Rivers were from the UNESCO
and other publications (Rao, 1975; UNESCO, 1971) and the sea-
sonal variation in the discharges was considered. It should be
noted that the PFC flux estimated for the Ganges River at Farakka
represents only a small portion of the discharges of the Ganges
River to the Bay of Bengal, because discharges of the Ganges from
Bangladesh were not taken into account. The total global histori-
cal PFC emissions (direct + indirect) were estimated to be 3200–
7300 tonnes from 1960 to 2004 (see reference Prevedouros et al.
(2006) for details). The percentage of emission based on the flux
calculated at Patna (#68) was 0.01–0.03% of the total global his-
torical emission. Based on the annual flux estimates, it was evi-
dent that the large rivers such as the Ganges in India and the
Yangtze in China contained relatively low PFOS/PFOA/PFNA con-
centrations, but, due to the high water discharge rates, these riv-
ers contribute significant PFC fluxes to the oceans. Although the
PFC concentrations in the Ganges River were in the low ng L�1

range, the flux from the Ganges is comparable to those of rivers
with great PFC concentrations. An important point that should
be noted is that the sources and the mass of the Ganges River
water are greatly influenced by the annual monsoon. During the
pre-monsoon season (March–June), the water is sustained by
groundwater seepage, whereas during the monsoon season
(July–September), the major source of water in the river is precip-
itation. As a result, the greatest flow of the Ganges is from Sep-
tember (25%), and much lower flow rates occur during April
(1.5%) and May (2%) (Tomy et al., 2004; Gulkowska et al., 2006).



Table 1
Comparison of PFC flux estimates (kg yr�1) in selected rivers from several countries.

Name Discharge
(m3 s�1)

PFOS PFOA PFNA Source for discharge data

Concentration
(ng L�1)

Flux
(kg yr�1)

Concentration
(ng L�1)

Flux
(kg yr�1)

Concentration
(ng L�1)

Flux
(kg yr�1)

Ganges River, India 12400 0.363 142 0.0616 24.1 0.0589 23.0 UNESCO (1971)
Yamuna River, India 2950 1.81 168 0.0947 8.81 0.0673 6.26 Sarin et al. (1989)
Yangtze River, China 47000 0.36 534 2.55 3780 0.160 237 Chen et al. (2001)
Cape Fear River, North 27 56.3 47.9 6.84 5.82 31.2 26.6 http://www.nwis.waterdata.usgs.gov/nc/nwis/

uv?02105769 (accessed on 15 Oct 2008)Carolina, USA
Tamagawa, Kanto,

Japan
13.4 143 60.4 107 45.2 53.0 22.4 Murakami et al. (2008)

Yoneshirogawa,
Tohoku, Japan

94.8 6.9 20.6 13 38.9 2.30 6.88 Murakami et al. (2008)

Kelani River, Sri Lanka 16.2 2.7 1.38 1.7 0.869 0.300 0.153 http://www.adb.org/Documents/Environment/
sri-kelanitissa.pdf (accessed on 15 October
2008)

Europe – – – – 14300 – 260 Mclachlan et al. (2007)

PFC data for the Ganges River was from sampling location #68; for the Yamuna River, sampling location #39 (present study); for the Cape Fear River, station 10 (Nakayama
et al., 2007); for the Yangzte River, Nanjing station (So et al., 2007); for the Tamagawa River, station 3 and Yoneshirogawa, Japan (Murakami et al., 2008); for the Kelani River,
station H4 (Guruge et al., 2007); for the data of Europe were from 14 rivers from several European countries (Mclachlan et al., 2007). ‘‘–”, not given in the literature.
References for the discharge data are given in Supporting Information.
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Studies focused on sampling before and after the monsoon are
needed to evaluate the influence of seasonal flooding on the load-
ing and fluxes of PFCs in the Ganges River. The Indian population
(around 1.1 billion – second largest) only contributed to less than
0.03% of the total global PFC emission implying that the degree of
PFC pollution was not related to the size of the population but to
the manufacture and the use of PFCs.

Biological samples collected in the Ganges River contained low-
er concentrations of PFCs than those reported in other studies else-
where. PFOS concentrations found in shrimp from Patna were
similar to those reported for the eastern Arctic (Tomy et al.,
2004), but at least 2 to 56-fold lower than the concentrations re-
ported from China (Gulkowska et al., 2006), and at least 76–2000
times lower than the concentrations reported from the North Sea
(De Vijver et al., 2003). PFUnDA concentrations in Ganges River
shrimp were lower than the concentrations reported for shrimp
from China (Gulkowska et al., 2006). PFOS was the dominant PFC
found in fish livers from the Ganges River. Neither PFUnDA nor
PFDA showed significant difference among the 12 species of fish
(p > 0.05, Kruskal–Wallis H test, n = 12), except that PFOA concen-
trations in C. mrigala (mean: 1.35 ng g�1 ww) and T. tilapia (mean:
1.18 ng g�1 ww) were at least 5-times higher than in other fish
species. PFOS was the only PFAS detected in the Ganges River fish,
whereas PFOSA, PFBS, and PFHxS were reported to occur in fish
from other studies (Falandysz et al., 2006; Dorneles et al., 2008).
PFOS concentrations in the Ganges River fish were similar to those
reported for Greenland fish (occur at sub ng g�1 to low ng g�1 lev-
els), but two to three orders of magnitude lower than those from
Poland (Falandysz et al., 2006), USA (Kannan et al., 2005), and Bel-
gium (Hoff et al., 2005). The concentrations of PFCAs (i.e. PFUnDA,
PFDA, PFNA, and PFOA) in the Ganges River fish were lower than
those reported for fish from the Canadian Arctic (Tomy et al.,
2004).

PFOS was the predominant PFC found in dolphin liver samples,
and was present at levels 20 times higher than those of PFUnDA
and PFDA. No correlations were found between the size (i.e. length
and weight) of the dolphins and PFOS/PFDA/PFUnDA concentra-
tions (R2 < 0.05, n = 12, p > 0.05), which was similar to those re-
ported for melon-headed whales (Peponocephala electra) in Japan
(Hart et al., 2008) and Tucuxi dolphins (Sotalia fluviatilis) from Bra-
zil (Leonel et al., 2008). The PFOS concentrations measured in the
Ganges River Dolphins were similar to or slightly higher than those
in Sub-Antartic fur seals from Brazil (Bossi et al., 2005) and in
ringed seals (Pusa hispida) and harbor porpoises (Phocoena phocoe-
na) from the Arctic region (Bossi et al., 2005) (Fig. 4). In Ganges dol-
phins, only PFOS, PFUnDA, PFDA were found, while other PFCs such
as PFOSA, PFDoDA, PFNA, and PFOA were found in cetaceans such
as finless porpoises (Neophocaena phocoenoides) and Indo-Pacific
humpback dolphins (Sousa chinensis) (Yeung et al., 2009) and
harbor porpoises from China (Van de Vijver et al., 2007).

No significant correlations were observed between PFOS/PFDA,
PFOS/PFUnDA, and PFDA/PFUnDA (p > 0.05, n = 7) in fishes; how-
ever, significant correlations were found between PFUnDA/PFOS
(Pearson correlation coefficient = 0.718, p < 0.001, n = 12), PFDA/
PFOS (Pearson correlation coefficient = 0.937, p < 0.001, n = 12),
and PFDA/PFUnDA (Pearson correlation coefficient = 0.885,
p < 0.001, n = 12) in dolphins. The contrasting correlations between
fish and dolphin suggested that the sources of these PFCs to fish
and dolphin might be different. However, species differences might
also account for this variation. Further investigation should clarify
this point.

Biomagnification factors (BMF) and bioconcentration factors
(BCF) of PFCs were estimated for the Ganges River Dolphins, based
on the concentrations in water from the Ganges River (Patna),
shrimp, fish livers and Ganges River Dolphins (Martin et al.,
2004; Tomy et al., 2004; Kannan et al., 2005) (Fig. 5). The estimated
BCF of PFOS in shrimp was similar to those reported for inverte-
brates (i.e. benthic algae and zebra mussels), in a previous study
(Kannan et al., 2005). The BCF of PFOA could not be determined
for shrimp (Martin et al., 2003) because this compound was not de-
tected (<0.25 ng g�1 ww); The estimated BCF of PFOS in fish livers
was similar to those reported for rainbow trout (5400 ± 860) ex-
posed under laboratory conditions (Martin et al., 2003). The esti-
mated BMFs of PFOS from fishes to Ganges River Dolphin were
similar to the BMFs reported for narwhals (Monodon monoceros)
and beluga whales (Delphinapterus leucas) in an eastern Arctic food
web (4.0–8.4) (Tomy et al., 2004), and in bottlenose dolphin food
web from coastal Florida (1.5–35), USA (Houde et al., 2006). The
estimated BMFs of PFUnDA and PFDA were similar to those re-
ported for bottlenose dolphins from the US coast (PFUnDA: 0.9–
3.9; PFDA: 0.9–3.9) (Houde et al., 2006).

Overall, the PFC pollution in India is relatively low when com-
pared with other countries such as China and the USA. The residue
levels of several PFCs in Indian waters and biota are similar to or
even lower than those reported for water and biota from remote
marine locations. The patterns of PFCs are unique in Indian waters

http://www.nwis.waterdata.usgs.gov/nc/nwis/uv
http://www.nwis.waterdata.usgs.gov/nc/nwis/uv
http://www.adb.org/Documents/Environment/sri-kelanitissa.pdf
http://www.adb.org/Documents/Environment/sri-kelanitissa.pdf


Fig. 4. Global comparison of PFOS concentrations in liver samples from different species (marine mammals and seabirds).

BMFs:
PFOS: 12.1 -33.7 (21.4)
PFUnDA: 9.3 -12.5 (10.5)
PFDA: 4.7 -9.9 (7.3)

BMFs:
PFOS: 113
PFUnDA: 13.8
PFDA: 15.1

BCFs:
PFOS: 550

BMFs:
PFOS: 0.8 -37.5 (7.7)
PFUnDA: 0.3 -4.7 (1.8)
PFDA: 0.4 -22.4 (3.6)

BCFs:
PFOS: 414 –20600 (5550)
PFNA: 1180 –6080 (2930)
PFOA: 415 –22500 (8600)

Fig. 5. Schematic diagram of bioconcentration/biomagnification factors of perfluorochemicals in the Ganges River dolphin foodweb (arithmetic mean values are given in
parentheses).
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with a predominant contribution from PFOS rather than PFOA.
PFOS concentrations are higher than those of PFOA in most of the
sampling stations. To our knowledge, information regarding flu-
oropolymer manufacturing in India is not available. The findings
presented here could serve as baseline information for future trend
monitoring studies in India. Long-term monitoring of PFCs in the
Ganges River would enable understanding of fluxes of PFCs into
the Bay of Bengal.
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