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Studies were carried out in the coastal waters of Kal-
pakkam to monitor the seasonal variation in mercury
(Hg) concentration. The Hg level (dissolved + acid
leachable) ranged from 3 to 50 ppb for surface and 1.5
to 47.9 ppb for bottom-water samples, yielding an an-
nual average concentration of 20.42 + 11.44 and 23.11 +
13.06 ppb for surface and bottom waters respectively.
Strong positive correlation of Hg with salinity and its
relatively low concentrations during monsoon and
post-monsoon showed that concentration of Hg in this
coastal water was mainly of marine origin, indicating
absence of any other external source of input. Relati-
vely high Hg concentrations were encountered in bot-
tom samples compared to the surface. Madras Atomic
Power Station (MAPS) outfall discharge water did not
show elevated Hg level compared to ambient surroun-
dings. The present observed values are significantly
lower (30 times) than the earlier reported values from
this coast.

Keywords: Coastal waters, mercury concentration, sea-
sonal variations, surface and bottom water.

URBAN and industrial activities in and around coastal areas
introduce significant amounts of pollutants into the ma-
rine environment. In many cases these started more than
two decades ago and are still continuing, causing signifi-
cant and permanent disturbances in marine systems and,
consequently, environmental and ecological degradation.
Among other pollutants, heavy-metal contamination of
sea water due to industrial effluent discharge and dumping
of land-based solid waste is of great concern today. Al-
though mercury (Hg) occurs as one of the rare elements
of the crust, its wide range of industrial applications in
the past 50 years has led to the contamination of coastal
water, among others. Though the anthropogenic sources
of Hg in the marine environment are numerous, until re-
cently, effluents from chloro-alkali plants contributed
significantly to its load in many coastal and inshore areas.
Hg is considered to be a particle-reactive element in the
aquatic environment. It is easily associated with the sus-
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pended particulate matter (SPM)*~ and transferred to the
bed material on settling. Moreover, although the change
in the electrolytic process has largely eliminated the use
of Hg in chloro-alkali plants, the past emissions deposited
in the aquatic environment and those emanating from
other sources continue to exhibit its distinct signature in
water, sediment and biota of regions influenced by its
fluxes. In India, awareness about Hg pollution came into
limelight when the possible adverse implications of Hg
loss from 38 chloro-alkali plants to the tune of 180 t yr™
was reported by Choudhury®. Further, observations of
elevated levels of Hg in water, sediment and biota from
the coastal waters around India>** strongly supported
Choudhury’s contentions.

Selvaraj et al.” had implicated the condenser cooling
water discharge from the Madras Atomic Power Station
(MAPS) into the coastal waters as the sole cause for the
elevated levels of Cu and Hg in the Kalpakkam coastal
waters. A detailed scientific refutal on the role of MAPS
on dissolved copper concentration of Kalpakkam coastal
waters was published®®. However, Hg concentration could
not be estimated at that time due to operational difficul-
ties. In this communication, the seasonal variation of dis-
solved Hg in the coastal waters of Kalpakkam is shown
and a comparison is made with the earlier reported val-
ues™. Hydrographical parameters such as pH, salinity,
turbidity and dissolved oxygen (DO) were also measured
to correlate them with Hg concentration.

Kalpakkam is situated at 12°34'N lat. and 80°11'E long.
on the east coast of India. MAPS, consisting of two pressur-
ized heavy water reactors (PHWRs), each of 235 MW(e)
capacity, is located on this coast. Unit-1 reactor went op-
erational on 23 July 1983, whereas Unit-2 went opera-
tional on 18 September 1985. Sea water at a rate of about
35 m%/s is used for cooling the condenser and for process
(pump, biological shield, etc.) sea water cooling, when
both the units are operational. Sea water is drawn through
a submarine tunnel of 468 m length, built 53 m below the
seabed. The tunnel is connected at the landward end to the
pump house through a vertical shaft called forebay. After
extracting heat, sea water is discharged on-shore to the
north of the reactor. MAPS uses aluminium brass (an al-
loy of Cu and Zn) tube as condenser as well as process
water heat exchanger material. The submarine tunnel in
particular and the sea-water cooling system in general,
are prone to biofouling causing nuisance value to the
power-plant operation. In order to overcome this un-
avoidable problem, liquefied chlorine gas is being injec-
ted (for the last 20 years) continuously at the entry of the
sea-water tunnel and the residual maintained at the outfall
discharge point is ~0.5 mg I™. The tunnel is inaccessible
and thus no other antifouling techniques such as antifouling
coatings can be used inside the system. Chlorine is inef-
fective at the entry of the tunnel (where different mesh-
size screens are located to prevent entry of relatively
large-sized organisms) due to free flow and unidirectional
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flow condition. The screens made up of mild steel, which
act as a first line of defence, are periodically removed,
cleaned and then coated with coal tar epoxy paint, essen-
tially to prevent corrosion. Besides this, no other coating
is used for any other purposes. Two backwaters, namely
the Edaiyur and the Sadras backwater systems are impor-
tant features of this coast. During the period of the NE
monsoon and seldom during the SW monsoon, these two
backwaters get opened to the coast, discharging consider-
able amount of freshwater to the coastal milieu for a pe-
riod of 2-3 months. This part (Tamil Nadu) of peninsular
India receives the bulk of its rainfall (~70%) from the NE
monsoon. The average rainfall at Kalpakkam is about
1000 mm. After the monsoon, a sand bar is formed between
the backwaters and the sea, due to littoral drift, which is a
prominent phenomenon in the east coast of India. The
Sadras backwater receives discharge from the Kalpakkam
Township, whereas anthropogenic influences in the Edai-
yur backwater is negligible. During the present study, the
Sadras backwater remained disconnected from the sea
from the later part of March 2006 and reopened during
December 2006-January 2007, whereas the mouth of the
Edaiyur backwater remained open throughout the study
period. Five sampling stations were chosen along the
coast stretching over a length of about 8 km and about
600 m into the sea, where the water column depth varied
from 7 to 9 m. These stations are located in the same area
from where Selvaraj et al.'® had also collected their sam-
ples. The stations were chosen such that the first and fifth
are situated opposite to the opening of the Sadras and
Edaiyur backwaters respectively. The third station is near
the intake point while the fourth station is situated close
to the mixing zone of the heated condenser cooling water
discharge representing the outfall discharge water sample.
Surface (1 m below the sea surface) and bottom (1 m
above the bottom) water samples were collected from the
five stations (Figure 1), fortnightly, using Transparent Plas-
tic Nansen (TPN) water sampler of 1.5 | capacity during
February 2006-January 2007. Samples from the TPN
sampler were transferred to acid-cleaned Pyrex glass bot-
tles. Winkler’s titrimetric method'’ was followed for the
estimation of DO. Salinity measurements were carried
out using Knudsen’s method"’. pH and turbidity measure-
ments were carried out using CyberScan pH (PCD 5500)
and turbidity meter (IR TB 100) respectively. During the
collection of samples for Hg analysis, precautions were
taken to avoid contamination, following the procedure of
Schmidt'®. Samples were acidified using 2 ml of HNO,
per litre of sample to prevent deterioration and were
deep-frozen until analyses. Thus the Hg content repre-
sents both the soluble (dissolved) and acid-leachable frac-
tions. Samples were filtered within 3—4 h, after reaching
the laboratory. Mercury was extracted based on the liquid—
liquid extraction procedure of Mentasti et al.'®, in which
the filtered water sample was placed in an acid-cleaned
separating funnel and pH was adjusted to 2.70 with conc.
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HNO;. After the addition of 2 ml of ammonium pyr-
rolidine dithiocarbamate (APDC), the chelates were ex-
tracted into 10 ml of iso-butyl methyl ketone (IBMK),
100.16 g mol™ concentration, under agitation. The aque-
ous phase was removed and the mercury present in IBMK
was brought to aqueous phase with conc. HNO3z and HCI.
The final sample volume was kept at 10 ml to achieve a
high concentration factor (100). Mercury Analyser, ECIL
India, Model MA 5840 was used for estimation. Relative
standard solutions were run with the samples concur-
rently to check the precision of the instrument. Quantita-
tive recovery of standards used during analysis was 95%.
The calibration curve prepared with standard solution was
found to be linear up to 200 ppb. The detection limit of
the method is 0.1 ppb. Accuracy and precision of the data
were found to be +5 ppb. The presence of Cu, Pb and Cd
in the sample has been reported to enhance the recovery
of each of them in the presence of one another. The pre-
sent sample contains about 42.5 ppb of Cu'®, 60 ppb of
Pb and 12 ppb of Cd (unpublished data). Thus their pres-
ence could have enhanced the efficacy of this method. All
samples were analysed in triplicate and the average value
is reported.

Figure 1. Study area showing sampling locations.
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Hydrographical parameters such as pH, salinity, turbidity
and DO were measured to know their role on the seasonal
variation of Hg in coastal waters. Data generated were
pooled into monthly average values and station-wise av-
erage values.

pH values varied from 7.7 to 8.4 in surface waters and
7.7 to 8.3 in bottom waters during the present study. The
highest and lowest monthly average values for both sur-
face and bottom waters were observed during February
and June respectively (Figure 2a). There was no con-
spicuous variation in the station-wise (Figure 2 b) average
values of pH. However, a marginal variation between
months was observed; particularly the values were rela-
tively low during the monsoon period. The pH change in
a coastal milieu is governed by freshwater influx, phyto-
plankton production and respiration, and the extensive
buffering capacity of the sea water that causes a change in
pH within a very narrow limit®.

The observed surface and bottom salinity values ranged
from 23.38 to 35.97 and 25.41 to 35.97 psu respectively.
The lowest and highest salinity values were observed in
November and May respectively. As expected, during the
present study salinity increased from January to May
(Figure 2c), which can be attributed to the dilution of
coastal water by the addition of freshwater from the two
backwaters in January and during monsoon period in No-
vember—-December. However, this dilution decreased in
the subsequent months (January—August), resulting in an
increase in salinity. It remained almost constant during
summer and till the arrival of the SW monsoon. Salinity
started decreasing from August, reaching a minimum in
November, coinciding with the peak monsoon period.
Marginally high bottom-water salinity was observed at all
the locations, as evident from the station-wise average
values (Figure 2 d). Freshwater discharge from the rivers
causes a decline in the salinity of the surface water®! during
the monsoon. In the subsequent months, restoration occurs
as salinity continuously increases up to May/June, as re-
corded in the present investigation. In addition, a typical
marine and isohaline condition was observed at this loca-
tion even beyond June up to August, as relatively less
precipitation is received at this locality from the SW
monsoon. Similar behaviour of salinity in the coastal waters
has also been reported earlier?®?,

The DO content varied from 3.3 to 6.6 mg I™* and 4.4
to 5.9 mg I”* for surface and bottom samples respectively.
As expected, the surface values were marginally higher
than the bottom values throughout the study period. The
monthly average value showed a decrease in DO con-
centration from February to May, after which it increased
gradually up to January (Figure 2e). No clear trend in
DO content was observed with respect to the stations
(Figure 2f). The noticeable increase in DO observed
from October to January could be attributed to the input
of freshwater rich in DO during the NE monsoon period.
The range of DO observed during different months and at
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different stations showed that the coastal water is not well
saturated. In aquatic systems, oxygenation is the result of
an imbalance between the process of photosynthesis, deg-
radation of organic matter, reaeration®* and physico-che-
mical properties of water”®. Due to involvement of such
multiple factors, which determines the DO level in
coastal waters, no typical trend was observed. However,
salinity was found to be the most important factor that
controlled the level of DO in coastal waters during the
present study, as evident from its strong negative correla-
tion (P>0.001) with DO, both in station-wise and
month-wise average values (Figure 3 a and b).

The turbidity values ranged from 1.69 to 17.76 NTU
for surface water and 1.85 to 92.77 NTU for bottom water
during the present study. Monthly values showed rela-
tively high water turbidity during summer and values
were almost similar during the rest of the period (Figure
29). It has been reported that wave action increases dur-
ing summer due to the northerly wind and the northward
current prior to the onset of the SW monsoon®2, result-
ing in turbulent condition in the coastal waters favouring
resuspension of the bottom sediment due to stirring action
that causes low water transparency®*®. This perhaps
could be the plausible reason for bottom water showing
higher turbidity than the surface, as otherwise expected
between the surface and bottom in deeper waters. More-
over, the role of phytoplankters for the increased turbidity
values®® in April and May cannot be overlooked, as
phytoplankton production in the Bay of Bengal during
summer is generally high compared to the remaining pe-
riods of the year. The fourth and fifth locations showed
marginally higher turbidity compared to the other three
locations. These two locations are close to MAPS outfall
discharge and Edaiyur backwater opening respectively.
Thus they have relatively high turbulence, leading to rela-
tively high turbidity at these locations. A distinct varia-
tion in turbidity values of surface and bottom waters was
noticed at all the locations (Figure 2 h). However, at the
fifth location the difference between the surface and bot-
tom values was the least, which could be attributed to the
debouchments from the Edaiyur backwater throughout the
study period.

Since water samples were treated with conc. HNO;
immediately after their collection, the Hg content repre-
sents both soluble and acid-leachable fractions. Hg con-
centration during this study ranged from 1.50 to 50.00 ppb,
with both highest and lowest values encountered during
December. Undetectable values were never encountered
during this study. Monthly average values showed that
surface-water Hg concentration gradually increased from
February to May, after which it marginally decreased till
October. Then the rate of decrease accelerated up to
January (Figure 4 a). Except February and December, the
bottom values were higher than the surface values for the
rest of the period. During February, the surface and bot-
tom values were almost equal, whereas during December
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station-wise average values (b). (The directions of lines in squares from left to right show positive correla-
tion and those from right to left show negative correlation between the parameters. The gap between the
lines in a square is directly proportional to the strength of the correlation, i.e. more the gap, stronger the

correlation.)

the surface value was higher compared to the bottom
value. The station-wise values showed that, the second
and fifth locations were marginally lower in Hg content
than the other three locations (Figure 4 b). Except in the
second location, Hg values remained relatively high in
the bottom samples compared to the surface. Surface Hg
concentration was highest at the first location and was
almost equal at the third and fourth locations with relati-
vely low values at the other two locations; the lowest
value was observed at the fifth location. The highest bot-
tom-water Hg concentration was observed at the third lo-
cation and the lowest observed at the fifth location. The
annual average concentration of mercury for surface and
bottom waters during this study was found to be
20.42 + 11.44 and 23.11 + 13.06 ppb respectively.
Distribution of Hg in coastal waters is governed by
several factors such as adsorption onto suspended parti-
culate matter (SPM), chemical precipitation and coagula-
tions, biological uptake, etc. However, adsorption of Hg
into SPM has been considered as the dominating mecha-
nism leading to effective sink of Hg to the bottom. More-
over, elemental mercury has been evidenced to volatilize
from the natural waters to the atmosphere. This escape
has important biological connotations because it not only
decreases the half life of mercury in the water, but also its
wider geographical dispersion to other environments. The
processes suggested to be responsible for volatilization
are many: demethylation, bacterial reduction from water
or sediments, reduction of Hg (1) and (1) to Hg (0) by hu-
mic and fluvic acids, physiological reduction by phyto-
plankton as a means of detoxification and photochemical
reduction of Hg (Il) to Hg (0). In the present study Hg
showed a strong positive correlation with salinity and
strong negative correlation with DO (Figure 3a) in monthly
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average values. According to Frenet-Robin and Ott-
mann®?, release of Hg into the water column back from
the sediments is favoured by increase in salinity, which
describes the above correlation between salinity and Hg.
It has been proposed that the exchange mechanism of Hg
between water and sediments is based on resuspension of
the bed sediment, which results in an increase in Hg con-
centration in water®®, Both contention of salinity and Hg
correlation, and exchange mechanisms between sediment
and water appear to be true for Kalpakkam coastal waters
owing to the tangible fact that relatively high Hg concen-
trations were encountered during the period of comparati-
vely high salinity and bottom samples registered higher
Hg content than the surface. This shows that Hg concen-
tration in this coastal waters is mainly of marine origin
and absence of any other external source of input supports
the above observation. Moreover, relatively low concen-
trations observed during the monsoon and post-monsoon
periods further strengthen the earlier conclusion that the
allochthonous origin of Hg in the coastal waters is negli-
gible. Though marginally higher concentrations of Hg in
the surface water during peak monsoon period was obser-
ved, which could have been due to the surface run-off
leading to enhanced levels, it did not exceed the magni-
tude found during summer. Hg also showed a weak posi-
tive correlation (P > 0.01) with turbidity, which could be
due to the release of Hg into the water from SPM. Ac-
cording to Campbell et al.**, removal of Hg from SPM is
greatly favoured at salinities ~25 psu and above. The
highest Hg concentration for surface water at the first lo-
cation compared to the others could be due to its input
from the Sadras backwater, which receives drainage from
the Kalpakkam Township. During the present study, the
Sadras backwater remained open to the sea for a period of
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Figure 4. Seasonal variation in Hg concentration in coastal waters of Kalpakkam. (a) Monthly variations and (b) Station-wise variations.

four months. Higher surface-water concentration com-
pared to the bottom-water concentration at the second
location could be due to the fact that the coast at this lo-
cation is comparatively thickly populated with the fish-
ermen community, which uses a large number of
mechanized fibre boats, and thus could be a source for
the observed elevated Hg levels. Lowest concentrations
of Hg, both in the surface and bottom samples at the fifth
location showed that this sampling point is relatively
clean, as there is no anthropogenic input at this location.
A comparison between the Hg levels reported earlier
from different coastal waters other than that by Selvaraj
et al.'® and the values observed during this study showed
that the present concentration at Kalpakkam coast sur-
passes all the others®'®3="_ The highest value reported
earlier (20 years ago) was 1.2 ppb in the Madras coastal
waters®. The most reasonable explanation for the rela-
tively high Hg values encountered in this study is that,
the present values include both dissolved and acid-
leachable fractions of Hg. However, all reported values
referred to the dissolved fractions only. Moreover, to our
knowledge the latest literature available in this regard
from the east coast of India from the Gulf of Mannar and
Palk Bay*® is about seven years old, wherein the Hg value
was reported to be 2.05 ppb. Thus, it is difficult and in-
appropriate to compare the present values with those of
relatively old data, as rapid industrialization and general
increase in pollution level have been taking place in the
recent past. No recent data even from the west coast as
well as from northern part of the east coast of India are
available to compare with the present observed values.
Surprisingly, values reported from the Pakistan coast,
northern Arabian Sea® ranged from 61 to 450 ppb, which
is significantly higher than the present observed values,
without pointing at point source. To substantiate and
strengthen the marginally elevated Hg levels observed in
the present study, role of the tsunami as one of the factors
cannot be ruled out. It devastated this coast during De-
cember 2004, as a result of which inner-shelf bottom
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sediment had mixed with the shallow coastal waters. Also
the frequency of roughness of the sea has increased since
then. A perusal of turbidity values between pre- and post-
tsunami revealed increased turbidity during the post-
tsunami period®. Therefore, increased suspended matter
content aftermath of the tsunami possibly contributed to
the leachable fraction of Hg, thereby marginally pushing
the level up.

To get a clear picture of the behaviour of Hg distribu-
tion at different locations (surface and bottom), similarity
and dissimilarity cluster analyses were carried out. The
similarity cluster showed that all the surface samples
formed one cluster, whereas the other cluster was formed
by all the bottom samples (Figure 5a). In the present
study the surface concentration of Hg was found to be
lower compared to the bottom concentration in almost all
the observations, and thus only two clusters were formed.
The dissimilarity cluster also developed two classes. Sur-
face and bottom observations of stations 1 and 3 formed
one cluster, and the other cluster was formed by the stations
2, 4 and 5 (Figure 5b). This showed that the behaviour
and concentration of Hg at the first and third locations
was similar, as concentration of Hg was marginally
higher at these locations compared to the other three loca-
tions. Similarly, the variation in Hg concentrations at the
second, fourth and fifth locations was minimal and is re-
flected by the fact that they formed one cluster.

Although Hg values observed during the present study
are marginally higher than those reported®'®3=* the values
reported by Selvaraj et al.*® were found to be signifi-
cantly higher than ours (>30 times). The values reported
by Selvaraj et al.'® ranged from 64 to 1374 ppb in the sur-
face and O to 1664 ppb in bottom-water samples during
the pre-monsoon period, and 0 to 526 ppb in the surface
and 0 to 321 ppb in the bottom-water samples during the
post-monsoon period. Values in the present study ranged
from 3 to 50 ppb for surface and 1.5 to 47.9 ppb for bottom-
water samples. This showed that the highest value ob-
served during the present study is about 30 times less
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than the earlier reported values. It is difficult to under-
stand how the Hg concentration as reported by Selvaraj et
al."® was so high. The only simple and possibly convinc-
ing reason for such high values could be due to analytical
error either during extraction or during instrumental
analysis or long duration between acidification and filtra-
tion leading to significant contribution of the leachable
fraction. Selvaraj et al."® had attributed the higher con-
centration of Hg to anthropogenic input from the coastal
industries. But interestingly, there is no coastal industry lo-
cated at the Kalpakkam coast, except MAPS, which does
not use Hg for any purpose. Moreover, such a conclusion
has been drawn without knowing the content of the dis-
charge. The above conclusion could have been dialectical
had the MAPS outfall water been analysed for Hg. Dur-
ing the present study, the fourth location represented the
outfall discharge from MAPS, and Hg values at this sta-
tion throughout the year were comparable with the re-
maining stations. In fact, most of the values from this
location were relatively low compared to the other sta-
tions. Thus the discharge outfall from MAPS is no way
different from the coastal water with respect to Hg con-
tent, as evident from the present study. Selvaraj et al.*®
have reported that to control biofouling and bio-corrosion
in the cooling water system of MAPS, chlorine has been
used intermittently — a distorted fact as only low-dose con-
tinuous chlorination** has been in vogue at MAPS since
1988. Similarly, the source of chlorine used by MAPS, as
mentioned by Selvaraj et al.">, was through the electro-
Iytic chlorination process, which they had attributed as
the cause of elevated levels of Hg observed at Kalpakkam
coast. On the contrary, at MAPS, chlorination is done by
injection of liquefied chlorine gas in sea water*’. Selvaraj
et al."® have assumed MAPS as a pollution source. The
results of the present study clearly show that the dis-
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charge from MAPS condenser does not contain elevated
levels of Hg. It not only gives credence to the comment
made by Kureishy*, but also parleys with him.

The present results form a baseline data for future im-
pact studies considering the fact that a few major projects
are expected to be commissioned at this location in the
near future. A general increase in the pollution level in
the last decade coupled with tsunami impact has pushed
the Hg level marginally up in the Kalpakkam coastal wa-
ters. The present observed Hg values are found to be far
less than (30 times) the values reported by Selvaraj et
al.®®.
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