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Abstract Distribution of arsenic in the marine environ-
ment is associated with its biogeochemical behavior. In-
deed, very few studies have been conducted along the
seasonal cycle to show its non-conservative behavior in
the tropical estuary. TheMahanadi River, one of themajor
tropical rivers in the peninsular India, drains densely
populated and industrialized region of Paradeep port.
Over this 1-year study, the variations of inorganic arsenic
were examined along the salinity gradient of the Maha-
nadi estuary, with the aim to provide some insights into
the mechanisms that control arsenic concentrations and
behavior under estuarine mixing. Arsenic in the estuary
was derived from both natural and anthropogenic sources,
and it displayed partial removal from the water in the
mixing zone. Results of geo-accumulation index indicated
that sediments were uncontaminated and they acted as a
sink for arsenic. The diffusive fluxes from water to sedi-
ment were estimated to be 9.05 μg m−2 day−1 at
Chaumohona, 9.83 μg m−2 day−1 at Kaudia, and
11.85 μg m−2 day−1 at Neherubunglow. The findings of
the study suggest that both the removal of arsenic by

biogeochemical processes and its diffusive transport from
water to sediment are of major importance for both the
non-conservative behavior of arsenic in the estuary and its
export to the coastal water.
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Introduction

The increasing concern for arsenic is associated with its
potential toxicity and wide contamination in coastal envi-
ronments (Geiszinger and Goessler, 2002; Smedley and
Kinniburgh 2002). Levels of dissolved arsenic (As) in
most of the major world rivers range between 1 and
3 ppb (parts per billion). Relatively high As concentra-
tions (72–1400 ppb) could occur (i.e., the Loa and Tocona
in Chile, the Waikato in New Zealand and the Madisone
in the USA) due to contamination from thermal springs
source (Ravenscroft et al. 2009). Elevated arsenic concen-
tration commonly observed in coastal water is strongly
influenced by the riverine input, atmospheric deposition,
selective uptake by algae, degradability of organisms,
adsorption and suspended particles and human activities,
and poses increasing concern of potential ecological and
health impact (Erry et al. 1999).

Unlike groundwater, estuaries donot have the extreme-
ly high level of dissolvedAs formixing of riverwaterwith
less concentrated sea waters in addition to its exchange
from water to sediment (Smedley and Kinniburgh, 2002).
TheAs could shownon-conservative behavior (departures
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from simple mixing) in estuaries due to processes such as
diffusion, co-precipitation, or anthropogenic inputs. These
non-conservative behaviors could be related to some pos-
sible transfers from dissolved to particulate phases
(Andreae and Andreae 1989). Anthropogenic nutrient
could enhancePhytoplanktonproductionwhich could also
induce depletion of arsenic in estuarine waters
(Featherstone and Butler, 2004). Indeed, very few studies
have been conducted on non-conservative behavior of
arsenic in the tropical estuary apart those by Mandal et al.
2009 and by Chakraborty et al. 2012.

The Mahanadi River is one of the fourteen major
tropical rivers in the Indian peninsula. Paradeep port is
located close to the Mahanadi estuary and, along its
course, the lower reaches of the estuary receive effluents
from several industries, such as Paradeep Phosphates
Ltd. (up to 3264 m3/day), Oswal Fertiliser Ltd.,
Paradeep (4085 m3/day), and the East Coast Breweries
and Distilleries Ltd., Paradeep (376 m3/day) (Sundaray
et al. 2006). Phosphorus-rich conditions in the water
column due to desorption from high sediment loads
(154–661 mg L−1) during monsoons are a unique fea-
ture of the estuarine geochemistry (Bhattathiri 2001).

The present work provides the measurement of dis-
solved and sediment As concentration in the Mahanadi,
estuary during three contrasting seasons, namely the
monsoon, post-monsoon, and pre-monsoon. The data
form the basis of both an examination of the geochem-
ical behavior of the metalloid along the salinity gradient
and estimates of its flux from water to sediment.

Study site and period

The Mahanadi River ( ~857 km length, ~ 141,600 km2

watershed surface area) is a major Indian estuary in
terms of size and material transport from continent to
the Bay of Bengal. The tide in the estuary is predomi-
nantly semidiurnal. The vertical tide range at the mouth
varies from 1.45 to 2.20 m. Climate in the region con-
sists of three seasons; namely the southwest monsoon
(June–September), the post-monsoon (October–Janu-
ary), and the pre-monsoon (February–May); 70–80 %
of annual rainfall occurs during the southwest monsoon,
resulting in high river discharge, which then gradually
diminishes during the non-monsoonal months.

A global positioning system was used to determine
t h e l o c a t i o n o f mon i t o r i n g s i t e s [ S t n . 1 ,
(Neherubunglow) (20° 17′ 38.1″ N; 86° 42′ 30.3″ E),

Stn.2, (Kaudia) (20° 18′ 29.5″ N; 86° 41′ 4.4″ E) and
Stn.3, (Chaumohona) (20° 20′ 22.9″ N; 86° 36′ 50.8″
E)] along the estuary (Fig. 1). The three stations were
selected with the aim of covering the whole freshwater-
seawater mixing zone, and their locations were situated
between the haline front (Stn.3) and the marine water
(Stn.1). Stn.2 was situated about 20 km away from
Paradeep Harbor. The water depth ranged 3.5–14.7 m
at Neherubunglow, 2.5–9.7 m at Kaudia, and 1.9–
10.7 m at Chaumohona.

Sample collection

The sampling expedition was conducted over the year
2010 following seasonal cycle. Each month, at spring,
flood tide sampling of surface water was performedwith
Niskin bottles. The samples were filtered through pre-
weighed 0.45 μm Millipore filters. Aliquots for As
measurements were transferred into acid-cleaned poly-
propylene bottles, stabilized by the addition of H2SO4 to
yield a 0.1 % v:v and stored in ice box pending analysis.
The filters containing suspended particulate matter
(SPM) were dried to content weight (75 °C, 48 h).

Sediment core of 30 cm long was collected using a
tailor-made Teflon sampler during low tide and was
extruded in a glove-box bag in the presence of nitrogen
in order to prevent possible aerial oxidation. Thick
sediment slices (1 cm each) were freeze dried, sieved
through a 63-μm-mesh screen and stored in the dark at
0 °C pending analysis. A Secchi disc was used to
measure the transparency of the water column.

Methodology

Air temperature was determined in situ using a thermome-
ter.Chlorinitywas estimated by argentometric titration and
was converted to salinity (S) using the relation S=1.80655
Cl (Strickland andParsons 1968). The determinationofAs
was achieved bymeans of atomic absorption spectrometry
asoutlinedbyLoringandRantala(1992)andbyYamamoto
et al. (1985). Analyses were carried out using a Varian
Hydride System-Vapor Generator (Serial No. EL0405–
314) connected to a SpectrAA 55B true double beam
atomic absorption spectrometer. Arsenic measurements
wereperformedonfine,ground,andhomogenizedsamples
of sediment. Sediment aliquots were acid digested (HF,
HNO3, HCl) using screw-capped Teflon reactors and di-
gests were evaporated to dryness. The residue was
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redissolvedbyadding20%HNO3andheated again for 3h
at 100 °C. The aliquots were then diluted in 20 mL of
ultrapure water. Dissolved inorganic arsenic concentration
in water was measured after reducing As (V) into As (III).
As (III) was directly reacted with KBH4 to form arsine by
acidifyingsamplewith2molL−1HClandwassubsequent-
ly stripped out of solution using Ar gas. The accuracy of
measurement was checked using reference standard
(MERCK K GaA, Germany). Relative accuracy and the
coefficient of variation were 96.2 and 9.2 %, respectively,
for As. The determination of grain size in sediment was
achievedbymeansof sedimentationmethodasoutlinedby
Sims andHeckendorn 1991.

In order to quantify the addition or removal of As by
biogeochemical processes, we used the following equa-
tion (Carpenter et al. 1975):

Asest¼ Asr þ Assw−Asrð Þ
Clsw

Clest;

where Asr, Asest, and Assw are the As concentration
in river, estuarine, and sea waters, respectively. Clsw
and Clest are the chlorinity of sea and estuarine

waters, respectively. If the difference is positive/
negative, it indicates that the biogeochemical pro-
cesses are active for transformation and transport of
As in the estuary.

Calculation of water sediment As fluxes (F,
μg m−2 day−1) is based on Fick’s first law of
diffusion modified for sediments (Berner 1980):
F = −φ Ds (dC/dZ)z = 0, where φ is the porosity
of the sediment (0.5). Ds is the whole sediment
diffusion coefficient (cm2 s−1) and (dC/dZ)z=0 is
the concentration gradient at zero depth. The
whole sediment diffusion coefficient (Ds) was cal-
culated using the relation (Iversen and Jorgensen
1993): Ds = D0/1 + n (1 − φ ), where D0 is the
free solution diffusion coefficient and n = 3 (Knab
et al. 2009). The positive value of F indicates the
downward flux of As.

The index of geo-accumulation (Igeo) was com-
puted using the equation (Loska et al. 2004):
Igeo = log2 (AsO/1.5 × AsEC), where AsO is the
measured concentration and AsEC is the geochem-
ical background value (average upper continental

Fig. 1 Geographic map of the sampling sites
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crus t (Henderson and Henderson , 2009a ,
Henderson and Henderson, 2009b).

Results and discussion

Physico-chemical parameters

During the study period, average air temperature was
30.0 ± 5.86 °C. Secchi disk transparency of the water
column increased gradually from 23 cm during the
monsoon period to 99 cm in the post-monsoon period
and then to 133 cm during the pre-monsoon period.
Variations of SPM amounts indicated fluctuations with
an average concentration of 88.13 ± 19.1, 509.0 ± 260.0,
and 98.13 ± 9.19 mg L−1 in the pre-monsoon, monsoon
and post-monsoon, respectively. The salinity gradient
ranged from 16.58 psu at Stn.3 to 26.61 psu at Stn.1 in
the pre-monsoon. With the onset of the monsoon, the
surface salinity gradient declined from its pre-monsoon
level to 0.18 psu at Stn.3 and 4.13 psu at Stn.1. Sediment
texture pattern was found to be sand dominated with
97.6 % sand followed by 1.74 % silt and 0.64 % clay.

As distribution in water and sediment

In this study, the occurrence level of As in the sediment (
2.1 mg kg−1, Table 1) was similar to the value deter-
mined in the River Ganges (1.2–2.6 mg kg−1), Brahma-
putra River (1.4–5.9 mg kg−1), and Meghna River (1.3–
5.6 mg kg−1) (Datta and Subramanian 1997) and lower

than that determined in the marine sediment
(7.7 mg kg−1) (Bowen 1979), Godavari estuary (76.4–
347.4 mg kg−1, Chakraborty et al. 2012), and the aver-
age upper continental crust (4.79 mg kg−1) (Henderson
and Henderson, 2009a, Henderson and Henderson,
2009b). Considerably lower concentration of As
(4 mg kg−1) was recently reported for mangrove-
dominated estuary, Sundarban, India (Fattorini et al.
2013). Observed Igeo value <0 indicated that the sedi-
ment was not contaminated with As (Muller 1981).
Vertical distribution of As (Fig. 2) exhibited strong
enrichment in the top sediment (2.65–3.06 mg kg−1).
Arsenic concentration gradient (dC/dZ) at all stations
were negative; namely −30.33 (Neherubunglow),
−25.18 (Kaudia), and −23.14 (Chaumohona), suggest-
ing its diffusive transport from water to sediment
(Luoma and Raiwbon 2008). From As concentration
gradient, water-sediment diffusive flux, F were calcu-
lated at 11.85, 9.83, and 9.05 μg m−2 day−1 (Table 1).

Concentration of dissolved As obtained in the present
study was 8.0 ± 3.7 μg L−1, which was lower than
10 μg L−1, the World Health Organization (WHO),
and US-EPA drinking water limit for dissolved arsenic
(U.S. EPA 2001; World Health Organization 1993). The
occurrence level of our investigation was close to the
maximum range determined in the Tejo Estuary
(6.65 μg L−1) (Andreae et al., 1983) and Gironde estu-
ary (5.3 μg L−1) (Deycard et al. 2014) and higher than
that determined in the open ocean (0.5–2.0 μg L−1)
(Francesconi and Kuchnelt 2002) and the Garonne
(2.14 μg L−1), Dordogne (1.05 μg L−1), and Isle

Table 1 Observed salinity, observed dissolved arsenic, and their expected values in the Mahanadi surface water (μg L−1) and sediment
(mg kg−1) at Neherubunglow (NB), Kaudia (KA), and Chaumohona (CH) during three seasons

Observed Calculated Addition/removal (%)

Coastal sea (NB) Estuarine (KA) Riverine (CH) Estuarine

Salinity

Monsoon 25.1 ± 1.0 11.0 ± 9.4 0.4 ± 0.4

Post-monsoon 23.0 ± 1.1 13.2 ± 2.2 0.6 ± 0.5

Pre-monsoon 26.5 ± 2.0 11.5 ± 7.5 0.8 ± 0.2

Arsenic in surface water

Monsoon 8.7 ± 1.25 12.1 ± 1.8 17.2 ± 1.7 13.5 −10.4
Post-monsoon 11.9 ± 1.2 13.1 ± 2.0 15.0 ± 1.4 13.2 −0.5
Pre-monsoon 5.88 ± 3.6 7.6 ± 2.3 16.2 ± 2.1 11.72 −35.3
Arsenic in sediment 2.0 ± 0.3 2.1 ± 0.39 2.3 ± 0.45

Diffusive flux (μg m−2 day−1) 11.85 9.83 9.05
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(2.82 μg L−1) Rivers, France (Masson et al. 2006).
Relatively high concentrations were attributed to vari-
ous anthropogenic emissions within the extensively ur-
banized and industrial area.

One-way ANOVA analyses indicated that As con-
centrations in tidal water differed significantly among
seasons (P = 0.001) and stations (P = 0.001). The As
concentrations in tidal water was (Table 1) maximum
with mean value recorded at 17.2 ± 1.7 μg L−1 during
the monsoon at Choumohona and minimum with mean
value of 5.88 ± 3.6 μg L−1 at Neherubunglow in the pre-
monsoon. Riverine inputs of As could be further con-
taminated by industrial effluents or sewage. Dilution of
coastal water could result in decreases of As concentra-
tions, with increasing water discharge in the monsoon
season relative to the pre-monsoon. Fig. 3 depicted
decrease of dissolved As concentration along the salin-
ity gradient of the estuary.

Addition/removal of As

Deviation from linear decrease in dissolved As (μg L−1)
concentrations with respect to salinity, S (As = 12.92–
0.24 S, R2 = 0.298, n = 42, p < 0.01) suggested its non-
conservative behavior and decrease of dissolved As
along the salinity gradient was not due to simple mixing
of river and sea water in the Mahanadi estuary (Fig. 3).
The value of R2 showed that 29.8 % of the variations in
As could be influenced by salinity variation; however,
the remaining 70.2 % could be attributed to other fac-
tors. At 1 % probability level, the observed value of Bt^
(4.1) was higher than the critical value (2.576) obtained

from the Bt^ distribution table, suggesting that there was
less than 1 % chances of error in drawing this conclu-
sion. As reported for many estuaries (Andreae and
Andreae 1989; Vandenhecke et al. 2010), removal of
As (0.5–35.3 %) by biotic depletion and abiotic scav-
enging could be the most probable cause of its non-
conservative behavior in the Mahanadi estuary. This
abiotic scavenging could occur via adsorption onto
sinking suspended particulate matter (Libes 1992; Kits
et al. 1994) or by incorporation into biogenic material
(Michel et al. 1997). Both suspended particulate matter
and As concentration showed maximum level during
monsoon in the Mahanadi estuary. This suggests that
degradation of organic matter and successive remobili-
zation processes in the low salinity zone within the
turbidity maximum could also increase the level of As
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similar to French estuaries (3 μg L−1) reported in Seyler
and Martin 1990.

Conclusion

Concentration of dissolved As in the Mahanadi River
was close to or greater than concentration reported for
other uncontaminated rivers. From a seasonal perspec-
tive, the monsoon period was markedly different to that
of other times of the year in terms of As concentration
with maximum anthropogenic input. Concentration of
As in sediments declined downstream, and it exhibited
diffusive transport from water to sediment. Non-
conservative behavior of As was found to be associated
with its removal via adsorption onto sinking suspended
particulate matter or by incorporation into biogenic ma-
terial in the mixing zone.
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