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Seawater incursion and freshwater discharges into the tropical Mandovi Zuari (MZ) estuary is
investigated here using stable oxygen isotope data on monthly water samples from locations spatially
separated within the estuary. Surface water samples were analysed for d18O and salinity relationship,
d18 O ¼ 0:0843  S  2:1; where freshwater end member is designated as 2.1%; similar to the composition recorded for the rain water. We have estimated percentage of monthly freshwater Cuxes into the
estuary using mass balance equation adopting an isotopic value of seawater end member. Our estimates
showed freshwater contribution to the estuary water during monsoon time was 63%, while in the postmonsoon season the fraction drops to 34.7%. The contribution of the freshwater registered a minimum
value of 6.8% during the pre-monsoon season. Further, we analysed the seasonal growth band secreted by
the mollusc from the same estuary to understand the potential of mollusc as a recorder of seasonal water
composition. The d18O of mollusc shell growth layers varied over a range between 4.3% and 2.1%. We
interpreted this as seasonal signal assuming the growth rate from the culture experiment. The d18O of
estuary water and observed temperature are used to simulate the isotopic composition of seasonal growth
bands. The lighter d18O value of 4.3% precipitated during the month of July 2010, which coincides with
the time of low productivity (d13C = 3.5%). While the heavier d18O (2.1%) is recorded in the growth
layer generated during November 2010 deBning the period of post-monsoon growth.
Keywords. Stable isotopes; monsoon; estuary; freshwater discharge.

1. Introduction
Tropical estuaries are one of the most dynamic
aquatic ecosystems of the world where rivers deliver *60% of freshwater input along with sediments to the global ocean (Alkhatib et al. 2007;
Danielescu and MacQuarrie 2013). The freshwater

discharge from the rivers to the coastal ocean plays
a very important role in controlling the global and
regional biogeochemical cycles (Moyer et al. 2013;
David et al. 2018). Indian subcontinent provides a
unique opportunity to study diverse display of
tropical estuaries with variable potential to supply
freshwater to the regional ocean. Given its large

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
ac.in/Journals/Journal˙of˙Earth˙System˙Science).
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disparity in rainfall distribution within the continent, presence of perennial vs. non-perennial rivers,
length of the extended coastline bounded by Bay of
Bengal in the east and the Arabian Sea in the west
oAer spectrum of opportunities to characterize the
coastal ecosystem using geochemical and isotopic
tools. The nature of diversities of the estuaries is
also governed by their sizes, which is primarily
controlled by the river discharge capacity, bedload
and tidal inCuence. The sources of the riverine
freshwater in these estuaries could be rainwater,
groundwater, or glacial melt water component at
seasonal time scales, e.g., Himalayan rivers (Ghosh
et al. 2013; Samanta et al. 2018). Amongst the
estuaries of southeast Asia, the estuaries in southern India are different owing to their capacity to
discharge fresh water exclusively during monsoon
time, while rest of the time, groundwater seepage
and tidal inCuence dominate the show (Fernandes
et al. 2019).
Mandovi–Zuari (MZ) estuary is a tropical
estuarine system that lies at the western Indian
continental margin and marks a zone of mixing of
freshwater brought by west-Cowing rivers and
saline water due to incursion of Arabian Sea
(Bgure 1) (Gaonkar et al. 2013; Gurumurthy et al.
2017). The region experiences variable seasonal
freshwater supply mainly due to the river runoA
following rainfall in the catchment and saline
seawater intrusion due to tidal inCuence. The
nutrient-rich chemistry of estuarine waters acts as
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an ideal ground to harbour a biosystem at seasonal time intervals. The geochemical evidence of
high continental runoA is recorded in the saline
variability found in the estuary water. The
catchment areas of the Mandovi and Zuari estuaries are 1150 and 550 km2, respectively, featuring
significant elevation gradient governing Cow pattern (Bgure 1). Temporal data on estuary water
salinity allows estimation of Cushing time of
Mandovi estuary with freshwater, which varies
from 5 to 6 days during the monsoon time to
*50 days during the non-monsoon period (Qasim
and Gupta 1981). The anticipated Cushing time
for the Zuari estuary during both these seasons is
somewhat higher. Low Cushing time keeps the
ecosystem free from the adverse eAect on the
accumulation of anthropogenic pollutants. Hence,
the duration of Cushing time governs the period of
large accumulation of toxic eAluent in the estuary
water which provide a conducive condition for the
development of eutrophication, i.e., proliferation
of algal blooms, altering the water quality. Often,
it triggers the loss of habitat and development of
hypoxia in the surrounding coastal waters (Naqvi
et al. 2009; Jacob et al. 2016; Breitburg et al.
2018). In the present study, water samples across
the MZ estuary were collected at monthly time
interval for a period of eight months in a year to
understand the seasonal mixing behaviour at
progressive distance from the sea. The present
study involves:

Figure 1. Digital elevation map of Mandovi–Zuari (MZ) estuary showing sampling locations for monthly water and site of
bivalve collection. Inset shows the map of west coast of India and places where IMD station data are available and used here for
interpretation.
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(a) Spatiotemporal measurement of salinity and
d18O of the MZ estuary water over the
period of eight months (July 2010–February
2011), covering monsoon and post-monsoon
periods.
(b) Estimation of freshwater input into the estuary using two-component mixing model.
(c) Development of a new approach of seasonal
isotopic proxy to reconstruct the environmental salinity condition.

2. Study areas, sampling procedure
and analytical protocol
The surface water samples at different locations
were collected once every month during the time
interval from July 2010, till February 2011. Water
samples were retrieved from the depth of up to
*1 m by lowering a bucket attached from a rope
and transferred into a 100 ml Tarson bottle. A
total number of 57 water samples (10 samples from
Mandovi and 47 samples from Zuari estuary) were
collected from seven stations; six in the Zuari
estuary, while one station was placed in the Mandovi estuary (Bgure 1). Salinity of water samples
were analyzed immediately upon withdrawal using
Orion 5-star multimeter (Waltham, MA, USA)
hooked with a conductivity probe (Orion, range
0.1–42 psu; accuracy ± 0.1). Stable isotope ratio
measurements were conducted using Gas bench II
connected with MAT 253 isotope ratio mass spectrometer at the Centre for Earth Science, Indian
Institute of Sciences, Bangalore, India. The
18
O/16O ratios in the water samples were measured
following the carbon dioxide equilibration method.
The procedure involved equilibration of 200 lL
volume of water with gaseous mixture of CO2 and
He for 18 h. The headspace CO2 was introduced to
the mass spectrometer using the GC column
housed within the Gas bench II using He as a carrier gas for the isotopic analysis. Oxygen isotope
ratios were reported in d notations (in per mil, %
with respect to Vienna Standard mean ocean water
(VSMOW scale)) deBned as: d18O = (((18O/
16
O)sample/(18O/16O)standard)  1) 9 103 per mil.
An internal laboratory standard (WWW-OASIS)
was analyzed along with the samples and other
inter-laboratory standards (BGP-JI, WWW-J1
and RGB-J1). The reproducibility of the water
standards for d18O was 0.06% (Rangarajan and
Ghosh 2011). The standard deviation for d18O of
water samples in the present study was 0.05%,

calculated based on repeat analyses of internal
laboratory standards (e.g., OASIS) along with
other international standards (V-SMOW, SLAP
and GISP). It should be noted that the water
sampling carried out in this study were opportunity-driven and mostly during the day without any
special attention being given to the moon stages.
However, we believe that this is unlikely to aAect
the interpretation although d18O signature may be
different if such eAorts are laid deBning the timing
of sampling. Our main objectivity of this paper is
to decipher the heterogeneity in the d18O and
salinity relationship in the estuary.
Several live shell specimens of Meretrix casta
were collected from Zuari estuary on 2nd January
2011. A bivalve shell was sacriBced and treated
with H2O2 to remove any organic matter and
subsequently dried inside an oven. The carbonate
powder obtained after drilling of growth layers at 1
mm interval were placed in a boat within vials
loaded with 105% phosphoric acid and Cushed with
He. The powder was reacted with acid at a constant bath temperature of 70°C and the CO2 in the
headspace were analyzed in a continuous Cow mode
using IRMS Thermo Finnegan MAT 253. The
isotopic composition of carbon and oxygen in the
bivalve shells were measured and reported as delta
notations (d13Csample and d18Osample) with respect
to the VPDB scale as per mil (%): d in % =
[(Rsample/Rstandard)  1] 3 1000, where R = 13C/12C
or 18O/16O.
An inter-laboratory standard (MARJ1) and an
international lab standard (NBS-19) were analyzed
along with the samples to ascertain the analytical
reproducibility. The reproducibility of d13C based
on replicate analysis of the standards was within
0.02%, while the reproducibility was better than
0.05% for d18O.

3. Results
3.1 Salinity and oxygen isotope of estuary water
Data on the stable isotope of oxygen and salinity of
57 water samples are reported in table 1. Monthly
freshwater percentage estimated using two-component mixing model is provided in supplementary
material 1. Monthly salinity values varied from 0.4
to 32.8 psu accommodating all the sampling stations
monitored in this study (Bgure 2a). The standard
deviation for the monthly average data for salinity
across different stations is significantly high, due to
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Table 1. Monthly variation of d18O and salinity in Mandovi–Zuari estuary with distance from
oAshore station.

Month
Jul-10
Aug-10
Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Jan-11
Feb-11
Jul-10
Aug-10
Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Jan-11
Feb-11
Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Feb-11
Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Feb-11
Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Feb-11
Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Feb-11
Jul-10
Aug-10
Aug-10
Sep-10
Oct-10
Nov-10
Dec-10
Jan-11
Feb-11

d18O
(VPDB)
2.04
1.65
1.68
1.02
0.30
1.03
0.19
0.16
0.31
0.55
1.92
1.71
1.35
1.24
1.34
1.01
0.02
0.26
0.34
0.66
0.13
0.41
0.54
0.14
0.71
0.01
0.37
0.02
1.69
1.66
2.31
1.50
0.00
0.41
1.21
1.06
1.47
0.67
0.92
1.26
1.28
0.96
1.38
0.02
0.07
0.64
0.81
1.17
1.42
0.58
0.86
0.41
1.10
0.62
0.62
0.57

Salinity
0.4
5.5
4
13.9
26.4
22.9
31.1
10.9
32.1
29.6
0.7
4.6
7.7
5.5
15.4
28.2
28.2
30.5
30.8
28.6
24.4
30.1
31.6
32.7
33.1
32.8
28.7
12.4
15.4
10.3
17.7
21.1
0.6
2.4
3.3
7.1
12.6
23.5
29.9
2.7
4.3
13.9
22.4
26.6
29.4
32
12.6
9.4
18.8
12.2
25.5
22.1
33.5
32.2
32.1

Distance (km)
from oAshore
station (MPT1)
8
8
8
8
8
8
8
8
8
8
12
12
12
12
12
12
12
12
12
12
0
0
0
0
0
0
0
1
1
1
1
1
1
1
8
8
8
8
8
8
8
5
5
5
5
5
5
5
4
4
4
4
4
4
4
4
4

Location
Campal
Campal
Campal
Campal
Campal
Campal
Campal
Campal
Campal
Campal
Cortalim Sancoala
Cortalim Sancoala
Cortalim Sancoala
Cortalim Sancoala
Cortalim Sancoala
Cortalim Sancoala
Cortalim Sancoala
Cortalim Sancoala
Cortalim Sancoala
Cortalim Sancoala
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Marmagoa port trust
Sirdao Aquarium
Sirdao Aquarium
Sirdao Aquarium
Sirdao Aquarium
Sirdao Aquarium
Sirdao Aquarium
Sirdao Aquarium
Sirdao Bridge
Sirdao Bridge
Sirdao Bridge
Sirdao Bridge
Sirdao Bridge
Sirdao Bridge
Sirdao Bridge
Dona Paula
Dona Paula
Dona Paula
Dona Paula
Dona Paula
Dona Paula
Dona Paula
Dona Paula
Dona Paula

1
1
1
1
1
1
1
2
2
2
2
2
2
2
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by low salinity (0.4–28.7 psu) and lighter d18O values,
i.e., ranging from 0.02 to 2.04%. Samples collected
during the post-monsoon months (October till January) exhibit high salinity (3.3–33.1 psu) and heavier
d18O; ranging from 2.31 to 0.9% (Bgure 2a). Premonsoon period (February) d18O and salinity ranges
between 0.37 and 1.26% and 29.6% to 32.8 psu,
respectively. In monsoon season (June–September),
the average d18O of the estuary is 1.11% while
salinity drops to 9.19 psu. For post-monsoon season
(October–January), the average d18O and salinity are
0.42% and 22.79 psu, similarly during pre-monsoon,
the average d18O and salinity are 0.66% and 29.8 psu,
respectively.

3.2 Stable isotope analysis of bivalve shell growth
bands

Figure 2. (a) The average d18O (%VSMOW) and salinity of
Mandovi–Zuari estuary water for the period of our study are
compared with and Arabian Sea water composition (Deshpande et al. 2013). (b) Monthly precipitation data from
Mumbai (Santacruz station) and Goa (Vasco da Gama
station) retrieved from https://disc.gsfc.nasa.gov/datasets/
GPM˙3IMERGHH˙06/summary are plotted along with tide
gauge data from Mandovi–Zuari estuary monitored at Verem
(data source personnel communication from data archives
NIO Panjim, Goa). (c) Estimated percentage of fresh water
(FW) obtained using end member seawater d18O (LeGrande
and Schmidt 2006) and FW d18O (Deshpande et al. 2013). The
freshwater discharge (FWD) m3/s known for the MZ estuary
(Sundar and Shetye 2005) is plotted in the display.

variable mixing with progressive distance of individual station with respect to the sea. The monthly
measurement of d18O of estuary water ranges
between 0 and 2.3% (Bgure 3). In the plot of d18O
vs. salinity data, samples for the monsoon months,
i.e., June till September showed a stronger correlation (R2 = 0.79), while those for the non-monsoon
months exhibited weaker correlation (R2 = 0.53)
(Bgure 4). In the plot, all the data points are best
represented by a best-Bt line with a linear regression
equation: d18 O ¼ 0:0843 S  2:1:
Samples collected during the southwest monsoon
months (June–September) are typically characterized

One of the shell specimens of Meretrix casta collected from the Zuari estuary exhibiting distinct
growth layers was sampled for carbonate powder
using micro-drill following the growth axis. The
carbonate powders were analysed for stable isotopic composition, where d13C values vary from
3.5 to 1.2% capturing variability in terms of
seasonal productivity in the environment (supplementary Bgure S1A). The d18O value ranges from
4.3 to 2.1%. The lowest value of d18O (4.3%)
in the shell was recorded in the growth layer
(Bgure 5) deposited during the month of July 2010.
The timing of growth layer deposition in a shell
was deduced based on the time of collection and
the independent estimate of growth rate of same
species both in natural and culture experiments.
The observed relationship between d18O and d13C
of shell growth (supplementary Bgure S1B) bands
is poorly correlated (R2 = 0.3), suggesting minimal
kinetic eAect during growth and carbonate precipitation (Wefer and Berger 1991; Shanahan et al.
2005) and therefore most suitable for the reconstruction of water isotopic composition assuming
equilibrium condition.

4. Discussion
4.1 Salinity, oxygen isotope and rainfall
variations
Salinity of the MZ estuary water samples showed
heavier isotopic composition during the months of
January to February, intermediate composition
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Figure 3. Variation of d18OVSMOW (%) in water samples collected from different stations in Mandovi–Zuari estuary and
separated by distance from the coast. The sampling period covers July 2010 till February 2011.

during the months of October to December and
much lighter values during the months of July till
September (Bgure 2a). The MZ estuary receives
freshwater during the time of southwest monsoonal
rainfall which commences in the month of June and
continues until the end of September. The average
monthly rainfall documented at Goa and Mumbai
(separated by a distance of 50 km) were similar,
conBding with the period of our study and provided
magnitude of seasonal distribution of freshwater
input as shown in Bgure 2(b). Average monthly
rainfall at Mumbai (Santacruz Station) for the
duration of the present study (July 2010–February
2011) varied from 0.07 to 1101 mm (https://disc.
gsfc.nasa.gov/datasets/GPM˙3IMERGHH˙06/
summary).
Similarly, taking all the data together, d18O of
the estuary water also exhibited a strong
(R2 = 0.67) relationship with the rainfall amount.
The estuary was freshwater-dominated during the
monsoon time while it undergoes gradual transformation into a seawater-dominant system during pre-monsoon season. This is captured in the
isotopic composition, where d18O was 1.11%

recorded in monsoon months and the isotopic
composition turns heavier, i.e., 0.66% during dry
time. The post-monsoon season registered an
intermediate value for both d18O and salinity. It
was observed that d18O value become heavier
with the increase in salinity. In monsoon season,
the d18O values are lighter, i.e., all the values are
less than 0%, except at MPT station which is
located in proximity to the sea and has higher
salinity content. From October to February, the
trend of heavier d18O value continues. It is
observed that with the increase in the amount of
rainfall, the estuarine water d18O become lighter.
Monsoon lowers the salinity and d18O of the
estuary water through riverine discharge and
direct precipitation. The freshwater runoA is
independently monitored during the period of our
study based on the tide gauge data at Ganjem;
located in the course of the Mandovi river
(Sundar and Shetye 2005). The runoA peak during
the period of Indian summer monsoon, drops
rapidly after the withdrawal and remains meagre
due to subdued base Cow from January till the
onset of the ISM. The lowest salinity data in MZ
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Figure 4. Relationship of d18O (% VSMOW) vs. salinity for different stations located in the MZ estuary. This observation
showing regional heterogeneity of the freshwater end member is based on data from different locations at the monthly time
interval spanning between July 2010 and February 2011. The weighted average linear regression is plotted and referred in the
text.

Figure 5. Measured d18O (% VPDB) in shell growth band
analysing carbonate drilled at 1 mm interval. Micro drilling
exercise involves continuous sampling of growth layers following the growth axis and compared with the estimate of d18O
(%VPDB) obtained using the relationship proposed for the
inorganic calcite isotopic fractionation between calcite and
water (Kim and O’Neil 1997). The observed water d18O and
temperature of the water column (at average, surface and 5 m
depth) are obtained from the monitoring experiments during
water collection and are used as input parameters for the
simulation curve.

estuary coincides with peak riverine discharge
measured at Ganjem in the Mandovi river
(Bgure 2) (Sundar and Shetye 2005).

The MZ estuary (Vasco da Gama Station) receives
460–1160 mm of rainfall during monsoon months,
i.e., July, August and September, and 6.44–210 mm
rainfall in the post-monsoon months of October,
November, December, while January and February
are the driest time period with only 0.2 mm rainfall
(https://disc.gsfc.nasa.gov/datasets/GPM˙3IMER
GHH˙06/summary) (Bgure 2b).
Variability in the rainfall amount is an important
factor which controls the freshwater Cux and hence
the salinity of the estuary water. Similarity in the
pattern of monthly rainfall amount is observed for
Goa and Mumbai because of their proximity. The
linear regression relationship between monthly
average salinity at the MZ estuary and Mumbai
rainfall is R2 = 0.85. It demonstrates a clear
dependency of surface water salinity in the MZ
estuary with the regional precipitation.
Altogether, MZ estuary water samples are
deBned by the following linear regression relationship of d18O with surface water salinity:
d18 O ¼ 0:0843  S  2:1:
This relationship shows a mixing of two water masses,
deBned by d18O of the Arabian Sea water composition
at the one end (0.7%) and rainwater carrying lighter
d18O signature at the other end (2.04%)
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represented by southwest monsoon sample. Samples
collected from the MZ estuary during the months of
December to February registered high salinity values
and relatively heavier d18O as compared to the samples collected during other months. In an annual cycle
inclusive of samples collected during period of
southwest monsoon (July–September) as well as
retreating monsoon months (October and November) follow sinusoidal pattern (Bgure 3). The d18O and
salinity for MZ estuary at monthly time interval
cover spatial pattern and is displayed in Bgure 2. The
intercept for d18O–S relationship based on several
stations monitored in this study varies between 1.6
and 2.2% (Bgure 4). The value is significantly different from the intercept of 7.5% recorded in the
Hooghly estuary, conCuence of the east Cowing river
Ganges carrying signature of rainfall and glacial
melting (Ghosh et al. 2013). The sampling location of
Donapaula registered lowest intercept and Sirdao
Bridge having the highest intercept. The slope for MZ
estuary varies between 0.06 and 0.1. The variability
of slope and intercept of d18O–S relation can be
explained by the end member mixing behaviour and
progressive distance of station from the mouth of the
estuary. The sampling location MPT1 had higher
salinities throughout the study period as it is located
close to the sea and dominated by the presence of
saline marine water.
4.2 Estimation of freshwater Cux
into the estuary (%)
Estuaries are sites of mixing seawater and freshwater. While the exact source of freshwater can
vary from rainwater, groundwater, and river water
from the catchment in the present study. The
salinity of the freshwater component is less,
although its d18O can differ depending on the input
sources. Using constant d18O value of the freshwater and seawater, and using our measured
monthly average d18O of estuarine waters, the
relative contribution of freshwater (Frw) can be
ascertained using mass balance equation:
Frw  d18 Orw þ Fsw  d18 Osw ¼ d18 Oew ;

ð1Þ

Frw þ Fsw ¼ 100;

ð2Þ

where ew = estuary water, rw = river water and
sw = sea water.
The oxygen isotope of the sea water is adopted
from the global interpolation map where Arabian
Sea is designated as d18Osw = 0.7 (LeGrande and

Schmidt 2006), which is also consistent with the
average of d18O values of 0.71%, measured on the
sea water from the region (Deshpande et al. 2013).
The d18Orw = 2.04%, which is the lowest value
recorded in the d18O of MZ estuary and resemble
average isotopic value of Mumbai precipitation.
The estimated percentage of freshwater Cux in MZ
estuary is shown in Bgure 2(c). The estuary receives
maximum rainfall in the months of July till November. In July, the estimated freshwater Cux is 87.9%,
which records maximum discharge, while the lowest
value of 1.3% is registered during February. This
suggests that the dominant signature of freshwater is
recorded during southwest monsoon time. The tide
gauge data from Verem station (NIO station) which is
close to our sites in Mandovi estuary are plotted in
Bgure 2(b), to conBrm our estimated Cuxes of freshwater. In the observation, seawater level was found
at 132.8 ± 0.5 cm during the monsoon months
(July–September), while during post-monsoon period covering October to January showed growth in
seawater level with value as high as 140.8 ± 0.5 cm
(see supplementary table). Further, it increases to
143.02 cm during the pre-monsoon month of February. The present study documented least incursion of
sea during monsoon period (Bgure 2c) which spans
from July to September. The period October to
November yielded a constant sea water level, while
the subsequent period registered a rise in sea level
until December and continues till February. We also
calculated percentage of freshwater input into MZ
estuary using d18O values measured in the Swarna
river basin, which is in proximity to the MZ estuary
that receives discharge from the river originating
from the Western Ghat Mountains. The average d18O
of river water during the month of November was
2.67% (Tripti et al. 2016). Assuming the end
member river water composition, our estimates yielded freshwater Cuxes for the month of July until
January, varying from 72% to 12%, which is slightly
different from the estimate described earlier in the
text. The linear regression between estimated percentage of freshwater and tide gauge level showed a
strong relationship (R2 = 0.6). The average freshwater fraction estimated is 63.4% for monsoon, 34.7%
for post-monsoon and 6.8% for pre-monsoon seasons
(Bgure 2c). Therefore, in this study, we have shown
the usefulness of isotopic composition of estuary
water for the reconstruction of seasonal freshwater
input to the estuary. However, there are multiple
sources of uncertainties in the model mostly related to
the interannual variability in the rainwater and
groundwater oxygen isotopic compositions. These
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are very important to understand but difBcult to
detangle and beyond the scope of the present study. If
we have measurements to deBne the seasonal composition of the freshwater from the continental
region, the proportional mixing at seasonal time
scales can be estimated with higher degree of conBdence and can be used for the purpose of navigation,
Bsheries and pollution studies. The approach can be
extended to study proxy record for the reconstruction
of seasonal freshwater discharge in the past.
4.3 Reconstruction of freshwater discharge
using d18O shell growth band
The stable isotopes in mollusc shells are useful
proxy for environmental reconstruction as it is
observed that most mollusc species precipitate
their shell under isotopic equilibrium with the
ambient water (Epstein et al. 1951; Epstein and
Mayeda 1953; Craig 1957; Grossman and Ku 1986),
and therefore provide opportunity to derive the
variability of seasonal water isotopic composition
(Dettman et al. 2004) from isotopic analysis of
growth bands. Here we used Meretrix casta, also
known as Backwater Clam (D’costa et al. 2018)
and explored its potential usage as recorder of
seasonal water composition. This species are
abundant in the backwaters of Indian coast and
can be used for seasonality reconstruction at other
estuaries as well (Wang and Peng 1990). Previous
study (Parulekar et al. 1973) on the growth rate of
M. casta collected from the vicinity of the study
area documented a large range in their shell sizes.
A summary of observations using multiple specimens of M. casta allowed estimation of the average
growth rate of the species. We used data on the
same species from the captivity experiment where
growth rates were monitored and adopted this to
our interpretation. Based on the analysis of their
size difference at annual time scale, i.e., the variation of average length from 33.9 and 21.9 mm at
two locations after the gap of an year, we evaluated
the average growth rate of 2.7 mm/month (Parulekar et al. 1973). The mm scale sampling of a
shell growth bands (total number of samples: 15)
yielded d18O values which range between 4.3 and
2.1 (%VPDB). The lowest value of d18O of shell
(4.3% VPDB) is assigned to the monsoon month,
i.e., July 2010, where water composition dropped
to minimal value, whereas the heavier value of
(2.1% VPDB) is designated to a month where
corresponding water composition approached
maxima, i.e., November 2010.

Further, the d18O of shell growth bands were used
for estimation of water d18O values with knowledge
of temperature variability observed in our study
period. Water temperature values are obtained
averaging the observed temperature of the water
column up to 5 m depth. The process of calcite
precipitation involves oxygen isotope fractionation
between calcite and water (Kim and O’Neil 1997).
Our measured d18O of carbonate shell bands studied
here lie close to simulated d18O carbonate values at
5 m depth, supporting the benthic habitat of the
species investigated in this study.

5. Conclusions
In the present study, we have collected water samples
from the MZ estuary at monthly time interval covering period between July 2010 and February 2011.
These samples were analyzed for salinity and d18O
values and thus provided a new relationship between
salinity and oxygen isotopic composition of a westCowing river meeting the MZ estuary adjoining Arabian Sea. The process of mixing pattern of freshwater
with saline water at the estuary allowed understanding
the rainfall in the catchment at seasonal time scale
besides identiBcation of time when the seawater
intrusion is dominant. We used two-component mixing model assuming the end member water isotopic
composition based on the present study and previous
literature. Our estimate showed *64% increment in
the freshwater supply during monsoon time, while it
drops to *35% during post-monsoon and *7% at the
pre-monsoon period. These estimates provide the
upper limit of seasonal Cux estimates as we adopted
minimum value for the observed freshwater end
member in the model. Further, we extended the
application of this study to the bivalve which grows in
the estuarine environment. The d18O of bivalve shell
growth bands are used here for predicting the seasonal
water isotopic composition.
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