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Abstract In this study, the influence of the spatial and
temporal variability of upwelling intensity and the associated
biological productivity observed during different phases of
summer monsoon along the southwestern continental margin
of India (SWCMI) on the 8"°C and 5'®0 of the inorganic
biogenic carbonate shells was investigated. Multispecies
benthic bivalve shells (1-5 mm) separated from ten surface
sediment samples of SWCMI (off 12°N, 10°N and 9°N)
collected during the onset (OSM) and peak (PSM) phase of
the summer monsoon of 2009 were analysed for 8'°C and
3'80. Sea surface temperature along the study region indi-
cates prominent upwelling in PSM than in OSM. A com-
parison of analytical and predicted values for 3'®0 in the
bivalve shells confirmed their in situ origin during both the
sampling periods. During PSM, the 8'C values in the benthic
bivalve shells were more depleted in '*C than during OSM
which recorded lower values of 5'°C in dissolved inorganic
carbon of bottom waters expected in the study region in PSM
due to the upwelled waters, high surface productivity and the
associated high degradation of the organic matter in the
subsurface and bottom waters. However, this depletion of
8'3C was not observed in benthic bivalve shells obtained
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from 10°N, since it is influenced by high export fluxes of
carbon from the Cochin estuary since early monsoon months.

Keywords 8'°C and 8'®0 - Benthic bivalves -
Upwelling - Summer monsoon - South western continental
margin of India

Introduction

The biogenic carbonate shells (calcite and aragonite) of the
marine organisms (foraminifera, molluscs, corals, fish oto-
liths, etc.) are precipitated throughout the life span of the
organism and, therefore, record the environmental charac-
teristics of the region they inhabit. The 5'C and 8'®0 isotopes
in these biogenic carbonates can be correlated with the char-
acteristic composition of the ambient seawater in which they
were grown (Epstein et al. 1953; Grossman and Ku 1986).
Hence many of them have been used as a proxy in paleocli-
matic and paleoceanographic studies (Wefer and Berger 1991;
Lynch-Stieglitz and Fairbanks 1994; Smith et al. 1997; Khim
et al. 2001; Sadler et al. 2012). Fine-scale incremental sub-
sampling at intervals of 1 mm or less of the mollusc shells and
analysis of 8'°C and 'O are used to infer annual or seasonal
variations of salinity and temperature in modern as well as
ancient marine and estuarine environments (Khim et al. 2001;
Dettman et al. 2004; Latal et al. 2006). The stable isotope
geochemistry of the larval or juvenile mollusc shells has also
been found to reflect the environmental conditions and, hence,
they are proposed to be useful proxies in short-term ecological
studies as indicators for upwelling, eddies, larval migration,
etc. (Owen et al. 2008).

The western continental margin of India is characterized by
southwesterly and/or weak northerly winds, equator ward
moving surface currents (West India Coastal Current) and a
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pole ward propagating undercurrent (West India Under Cur-
rent) during the summer monsoon season (Shetye and Gouveia
1998; Lekshmi et al. 2007). The region experiences upwelling
of moderate intensity during this season, mainly driven by
alongshore winds. Intensity of upwelling varies from south to
north as summer monsoon progresses in response to the
strength of the alongshore component of the wind (Shetye
1984; Shetye et al. 1985, 1990). However, remote forcing other
than the wind driven mechanism is also proposed as the prob-
able mechanism for upwelling observed along the region and it
is also argued that upwelling along the coast is non-uniform
(McCreary et al. 1993; Smitha et al. 2008). The biological
production along the west coast of India exhibits temporal and
spatial variation in response to the intensity of upwelling during
the summer monsoon season (Habeebrehman et al. 2008;
Lathika et al. 2013). One of the major biogeochemical conse-
quences of the coastal upwelling observed along the region
during summer monsoon is the bottom and subsurface oxygen
deficiency associated with upwelling attaining peak intensity in
September—October. The development of this seasonal hypoxia
is natural in origin mainly due to the high organic production
triggered by upwelling and also by the vertical stratification due
to the monsoon rainfall and runoff which reduces the ventila-
tion. However, intense reducing conditions are observed north
of 12°N (Banse 1959; Nagqvi et al. 2000, 2006).

Several studies have reported that a combination of fac-
tors such as water depth, sediment texture, temperature,
organic matter content and dissolved oxygen together is
responsible for determining the distribution of the benthic
population and biomass along the western continental mar-
gin of India (Jayaraj et al. 2007, 2008; Joydas and Damo-
daran 2009; Abdul Jaleel et al. 2014). The main objective of
the present study is to examine the effect of the spatial and
temporal variability observed in the upwelling intensity and
the associated biological production during the onset (OSM)
and peak (PSM) phase of summer monsoon on the 3'*C and
3'80 of the inorganic biogenic carbonates (benthic) along
the South Western Continental Margin of India (SWCMI).
8'3C and 8'%0 of the benthic bivalve shells (multispecies of
1-5 mm size) obtained from ten surface sediment samples
belonging to three transects along the SWCMI collected
during June 2009 (OSM) were compared with those col-
lected during August 2009 (PSM). Analysis based on sam-
ples collected during OSM and PSM of the same year is
relevant as the process of coastal upwelling shows consid-
erable interannual variations (Kurian et al. 2011).

Materials and methods
Surface sediments were collected from ten locations along

the SWCMI during the OSM and PSM of 2009. Sampling
was done onboard FORV Sagar Sampada during the 267
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and 270 cruises conducted from 29th May-14th June and
4-21st August, 2009, respectively. The samples were taken
along three transects of the SWCMI at 9°N, 10°N and 12°N
(Fig. 1). The sediment samples were collected using Smith
Mclntyre grab (0.2 m?) and were immediately transferred
and stored at —20 °C till analysis. The physico-chemical
characteristics of the water column above the sediment for
each sampling location were obtained from the vertical
profiles of temperature and salinity processed at one meter
interval measured using the Conductivity-Temperature-
Depth (CTD Seabird 911 plus) Profiler. However, the
temperature and salinity data were not available for the
100 m station off 9°N. Bulk SST (<28 °C) or temperature
at 5 m water depth and the mixed layer depth are used as
indicators of upwelling.

The thawed sediment samples were then washed in a
sieve of size 63 pm using distilled water. The benthic
organisms (of all size ranges) retained on the sieve were
oven dried at 40 °C (Ishimura et al. 2012). From this
mixture of benthic organisms, juvenile bivalve shells of the
size range 1-5 mm from each station (~5-7 numbers)
were separated, identified and powdered for analysis of the
3'3C and §'80. Multispecies analyses of the separated
bivalve shells were done as the bivalve shells were very
few in many of the stations. Also, the distribution and
abundance of benthic fauna in the region are found to be
varied with depth, latitude and sediment nature (Jayaraj
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Fig. 1 Map showing the station positions. Depth of the stations is
also given



Environ Earth Sci (2016)75:155

Page 3 of 8 155

et al. 2008). The major bivalve species identified were
Venus chemnitzii, Donax faba, Paphia malabarica, Dosinia
sp. Donax scortum, Cardium flavum, Venus reticulata,
Pecten tranquebaricus, etc. The growth rate reported for
one of the species studied, i.e. P. malabarica varies from
58.6 £ 0.09 pm day ' in fertilized egg to 206.4 & 0.3
pum day~ ' in post-metamorphic larvae (Gireesh and Gopi-
nathan 2008). Hence, the size fraction considered is suit-
able for the intraseasonal comparison between OSM and
PSM as done in the present study.

Analysis of 8'°C and 8'®0 in the bivalve shells was
carried out by the acid digestion method using the Gas-
Bench II peripheral of the MAT 253 Isotope Ratio Mass
Spectrometer (IRMS). The powdered and homogenized
shell samples were transferred to exetainer vials which
after flushing with Helium gas were reacted with 105 %
phosphoric acid at a constant bath temperature of 70 °C
maintained in the GasBench II peripheral. Isotopic analysis
of the CO, evolved was done in the IRMS. The isotopic
composition of carbon and oxygen in the bivalve shells was
reported as delta notations (813Csample and 5]8Osample) with
respect to the V-PDB scale as permil (%o):

0 in %0 = [(Rsample/Rstandard> - 1] x 1000
where R =" C/">C or *0/'°0.

An inter-laboratory standard (MARJ1) and an interna-
tional lab standard (NBS-18) were used for the quality con-
trol of analytical procedures. The reproducibility of §'°C
based on replicate analysis of the standards was within
4+0.05 %o. For 8'®0, the reproducibility was within £0.02
for MARJ1 and 0.1 %o for NBS-18. Repeated analysis of
the multispecies benthic bivalve shells gave a reproducibility
of £0.13 %o for 3'°C and =£0.23 %, for 5'°0.

The analytical values obtained for 8'®0 in the benthic
bivalve shells were compared with 8'®0 values calculated
for inorganic carbonate shells precipitated under equilib-
rium conditions using known relationship between car-
bonate 8'%0, temperature and 5'30 of seawater. Powdered
benthic bivalve shells from two of the stations were
analysed using XRD (Bruker-D8 Advance) technique for
mineralogical identification. Compositionally, the major
fraction was aragonite with the presence of minor calcite
minerals. Because several species of bivalve shells of
variable mineralogical composition were used, estimates
for both calcite and aragonite were calculated. The bottom
water temperature and salinity recorded at each station
were used in the calculation. Salinity and 8'®0 of the
seawater covary linearly (Craig and Gordon 1965), hence
the linear regression parameters for the relationship in the
open and coastal regions of the South Eastern Arabian Sea
(SEAS) are established (Singh et al. 2010; Deshpande
et al. 2013; Jacob et al. 2014). Bottom water salinity was
converted to 8'®0 values using the linear regression

equation for the 8'%0 versus salinity relationship for the
subsurface waters (50-500 m) of the SEAS (Slope
0.55 + 0.16; Intercept -18.5 + 5.6) proposed by Singh
et al. 2010. The predicted calcite shell 8'*0 was obtained
from Epstein et al. (1953) and Epstein and Lowenstam
(1953) (Eq. 1), while the predicted aragonite shell 3'%0
was obtained from Grossman and Ku (1986) (Eq. 2),
respectively.

T(°C) = 16.5 — 4.3 (6" Ocatcite — 0'*Oyarer + 0.27)
+ 0.14 (5180calcite - 5lgowater + 0~27)27 (1)

where T is the seawater temperature in °C, 5180ca1cite is
expressed relative to VPDB and "800 yater 18 expressed
relative to VSMOW.

T(°C) = 20.6 — 4.34 (6" Oyragonite — 0'*Owater) (2)

where T is the seawater temperature in °C, 8180.‘\rag(,,1ite is
expressed relative to VPDB and SISOwate, is expressed
relative to mean ocean water which is equivalent to
VSMOW minus 0.2 %o (Grossman 2012).

Results

The temperature and salinity profiles of the water col-
umn overlying the sediment at the sampling locations
during OSM and PSM are shown in Fig. 2 and the
hydrographical characteristics are given in Table 1.
PSM observations off 9°N recorded cold upwelled
waters recording bulk Sea Surface Temperature (SST)
between 23.8 and 26.3 °C and a shallow mixed layer
(ML) (6-12 m) over the entire shelf while at 10°N
upwelling was moderate (bulk SST 25.1-26.6 °C; ML
7-8 m). Off 12°N cold waters were confined to the
coast up to 30 m depth region (bulk SST 23.2 °C),
whereas the offshore waters were warmer between 28.1
and 28.6 °C. The observations on Sea Surface Salinity
(SSS) indicated the influence of local precipitation and
runoff in PSM which prevents the upwelled waters
reaching the surface layer.

During OSM, upwelling was in the initial stage with
relatively cool surface waters (27.3-27.8 °C) and thin
ML (9-12 m) along the near coastal sites (30-50 m) off
9°N compared to the northern region. Offshore waters
along 9°N and north of 10°N, the surface waters were
warmer (bulk SST >28.8°C). Influence of freshwater
runoff was observed up to 50 m depth zone of 10°N in
OSM.

The 8'°C and 8'®0 in the multispecies bivalve shells
obtained from the sediments of the SWCMI during the
OSM and PSM are given in Fig. 3 and Table 1. The §'°C
in the benthic bivalves ranged from —0.25 to 1.35 %o (av

@ Springer
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Fig. 2 Temperature and salinity profiles of the water column overlying the sediment sampling locations during a OSM and b PSM

Table 1 Characteristics of the
water column overlying the
sediment sampling locations,

8'3C and %0 of the

multispecies benthic bivalve

shells

Transect Depth (m) SSS (5 m) SST(5 m) (°C) ML (m) 3"3C (%o) 3130 (%o)
12°N
OSM 30 35.4 28.6 6 1.22 —043
50 35.0 29.0 11 135 —0.66
100 35.5 29.1 17 0.96 0.44
PSM 30 34.4 232 a —0.12 —0.75
50 31.7 28.1 9 0.87 —0.71
100 33.1 28.6 31 0.74 0.57
10°N
OSM 50 34.6 28.5 9 —0.25 —1.00
100 35.3 28.9 7 1.12 0.04
200 35.1 289 9 0.15 0.58
PSM 50 335 26.6 7 0.82 —121
100 34.6 25.1 7 1.14 0.12
200 34.1 259 8 0.42 0.59
9°N
OSM 30 35.0 27.3 9 0.88 —0.35
50 34.9 27.8 12 0.66 —0.27
100 35.1 292 10 0.82 —0.50
200 35.4 28.7 17 0.65 1.64
PSM 30 349 23.8 6 —0.46 —0.83
50 35.1 234 8 —0.37 —1.42
100 - - - —0.15 0.62
200 345 26.3 12 0.40 1.70

% Well mixed up to the bottom

0.76 + sd 0.49) and from —0.46 to 1.14 %o (0.33 £ 0.57)
during the OSM and PSM, respectively (Fig. 3a—c). In the
benthic bivalves, the 830 varied from —1.00 to 1.64 %o

@ Springer

(=0.05 £ 0.77) during OSM and
(—0.13 £ 1.00) during PSM (Fig. 3d—f). The §"°C values
in the benthic bivalve shells collected at 12°N and 9°N

—1.42 to 1.70 %o
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Fig. 3 Observed 8'3C in the benthic bivalve shells from a 12°N, b 10°N, and ¢ 9°N. The observed 5'%0 in the benthic bivalve shells along with

the predicted calcite and aragonite 5'%0 at d 12°N, e 10°N, and f 9°N

were lower in PSM than during OSM (Fig. 3a, c). How-
ever, the depletion in 13C was not observed at 10°N
(Fig. 3b). The 3'80 of the benthic bivalves from most of
the stations did not vary much between the sampling
periods (Fig. 3d—f). There was no correlation between 5'C
and the 3'°0 in the benthic bivalve shells for both the
sampling periods (r = 0.02 in OSM and r = 0.23 in PSM).

Discussions

The 8'%0 values of the biogenic carbonate shells of marine
organisms precipitated under equilibrium conditions with
the surrounding seawater reflect the calcifying temperature
and salinity, while the latter is directly related to 3'%0 of
the seawater (Epstein et al. 1953; Craig and Gordon 1965;
Grossman and Ku 1986). The 8'°C of these biogenic car-
bonate shells mostly reflects the composition of the dis-
solved inorganic carbon (DIC) (McConnaughey and
Gillikin 2008). However, isotopic disequilibrium during
the calcification is caused by several factors known as the
vital effects which represent kinetic and metabolic pro-
cesses. Kinetic effect results in fractionation against the
heavier isotopes of carbon and oxygen during CO, hydra-
tion and hydroxylation as well as the disparate incorpora-
tion of lighter isotopes due to the higher diffusivity of

HCO;™ molecules enriched in lighter carbon and oxygen
isotopes. Metabolic effect results in changes in the internal
DIC pool, which is a combination of both seawater DIC
and internally produced metabolic or respiratory carbon
(McConnaughey 1989a, b). Kinetic effects generally affect
both '®0 and '*C and hence exhibit a good correlation
between them. The effect is minimal for juvenile shells
compared to the adults. In the present study, kinetic effects
were negligible as evident from the poor correlation
between 8'°C and 8'®0 values of the benthic bivalve shells.
The 3'%0 values observed in the benthic bivalve shells in
the present study were compared with '%0 obtained under
equilibrium condition (at known temperature) between
water and calcite or aragonite. The observed 3'*0 values in
general agree with the trend recorded in the predicted
values (Fig. 3d—f) and suggest in situ occurrence of bivalve
shells. During PSM, the 8'®0 values in the benthic bivalves
from 12°N at 30 and 50 m stations were similar to the
estimated values for calcite while at 100 m station it clo-
sely resembles the estimated vales derived from aragonite
precipitation. The same observation was extended for sta-
tions 50 and 200 during OSM and at 100 m station in PSM
along 10°N. At 30 and 200 m stations off 9°N in PSM, the
observed 5'®0 values in the bivalve shells were similar to
the predicted values for the aragonite. Based on these set of
observations, we established that the bivalve shells at these
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stations were produced under equilibrium conditions with
sea water. However, at some stations offsets were observed
in the estimated and observed values of 3'®0. This could be
explained after taking into account the uncertainty in 8'*0
values of the bottom waters which were input in our cal-
culation and were derived from the established 5'*0 versus
salinity equation for the study region. An additional reason
for such a discrepancy can also occur due to minor vari-
ability in the mineralogical composition (proportion of
calcite and aragonite) of ~5-7 multispecies bivalve shell
specimens used here for isotopic analysis. 8'*0 values for
the bottom waters from these sampling stations measured
on a seasonal scale might help to understand the
discrepancy.

The 8'3C values of the seawater DIC (8'*Cp;c) in the
surface layers of the ocean are influenced by the biological
productivity and the atmospheric exchange. High biologi-
cal productivity in the surface layers leads to a preferential
uptake of the '2C during photosynthetic process, whereby
the seawater gets enriched in '>C. The oxidation of the
organic matter in the subsurface and deeper water column
releases the fixed '>C making the 3"3Cpic lighter or more
negative. Thus, the biological pump creates an isotopic
gradient with '>C enriched waters at the surface and '*C
depleted waters at the bottom. During upwelling, water
enriched in '?C, nutrient rich and cold waters from the
intermediate/deeper layers reach the surface (Freeman
2001). Hence, the 8'C values in mollusc shells are used to
study the seasonal and long-term variability of the upwel-
ling and primary production (Killingley and Berger 1979;
Sadler et al. 2012). Isotopically light (more negative) 5'°C
values have been observed in several benthic bivalve shells
which record changes in 8'*Cpc during periods of high
biological productivity occurring either by upwelling or by
nutrient-rich riverine inputs (Killingley and Berger 1979;
Arthur et al., 1983; Krantz et al. 1987, 1988; Jones and
Allmon 1995; Sadler et al. 2012). However, the surface
water of the coastal and continental margins also receives
waters from the runoff and the ground water discharge
enriched in '>C (Freeman 2001).

Upwelling waters observed along the southernmost
transects during OSM were stronger and progressed
towards the northern transects up to 12°N in PSM. Hence,
513 Cpic values noted for the subsurface and bottom waters
could be expected to be lower in PSM than in OSM due to
upwelling and high biological production and the associ-
ated sinking and degradation of the organic matter in the
subsurface and bottom waters. 8'°C values in the benthic
bivalve shells were observed to be lower during PSM
compared to OSM along the stations from two of transects
out of the three studied (9 and 12°N). The lower 8'>C
values of the bivalve shells studied during PSM would be
corresponding to the expected lower 8'°Cpyc values of the

@ Springer

bottom waters. The high productivity can also cause high
metabolic effects during the season. But the shell carbon in
marine molluscs derives mainly from ambient DIC
(McConnaughey and Gillikin 2008). Jacob and Ghosh
(2010) have earlier reported a similar observation of the
lower values of 3'>C of the benthic bivalve shells during
late summer monsoon compared to the pre-monsoon sea-
son along the western continental shelf of India. However,
it was interpreted as due to the greater organic matter
accumulation in the surface sediments of the region during
late summer monsoon season (Jacob et al. 2009) compared
to the pre-monsoon season.

The observation from the 10°N was an exception since
the region is reported to be influenced by the discharges
from the adjacent estuarine ecosystem, i.e. the Cochin
estuary during the summer monsoon months. Gupta et al.
(2009) observed significant amount of inorganic and
organic carbon export from the Cochin estuary to the
adjacent sea from the early monsoon months. They pro-
posed that these export fluxes together with upwelling
cause the prevailing hypoxic conditions along the coastal
regions of 10°N during the summer monsoon. Jyothibabu
et al. (2006) from planktonic studies done in the Cochin
backwater system have also proposed that a major portion
of the primary carbon either settles down or gets trans-
ported to the coastal regions during the monsoons.

Summary

In the present study, the 8'°C and 8'®0 of benthic bivalve
shells collected from surface sediments of the SWCMI
during OSM and PSM of 2009 were analysed and related to
the seasonal oceanic process. Comparison of the 3'*0
values in benthic bivalve shells in PSM and OSM with the
predicted equilibrium calcite and aragonite 3'*0 proves the
in situ origin of the shells. The 3'*C values in the benthic
bivalve shells obtained from the surface sediments off
12°N and 9°N were lower in PSM than during OSM. The
8'3C in the bivalves studied recorded the expected deple-
tion in °C of the 8"Cp;c values of the bottom waters
during PSM due to the seasonal upwelling, the high surface
productivity and the associated greater degradation of the
organic matter in the surface and bottom waters. However,
this depletion of 3'°C was not observed in the benthic
bivalve shells obtained from the 10°N transect, probably
because of the influence of the drainage of inorganic and
organic carbon-rich waters into the coastal region from the
adjacent estuarine ecosystem, i.e. the Cochin estuary dur-
ing the monsoon months. More observations on stable iso-
topic composition in benthic bivalve shells of uniform size
and species together with determination of 3'*Cp;c and
3'®0 in the bottom waters during the different periods of
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summer monsoon will expand the scope of understanding
the seasonal/intraseasonal variability and usefulness of
stable isotope in bivalve shell in past environmental
reconstruction studies. However, the present observations
report the effect of the variable upwelling intensity and the
associated biological response observed along the SWCMI
during the onset and peak phase of summer monsoon on
the biogenic carbonates. The study indicates that the §'°C
of juvenile benthic bivalve shells along with other suit-
able geochemical proxies can be used to infer the temporal
or seasonal scale characteristics of the coastal and/or other
dynamic paleo-environments.

Acknowledgments The first author is thankful to the Women Sci-
entists Scheme, Department of Science and Technology (DST), New
Delhi, India for the financial grants (SR/WOS-A/ES-09/2009)
received during the course of this work. The authors thank all the
cruise participants for their help in sampling.

References

Abdul Jaleel KU, Anil Kumar PR, Nousher Khan K, Correya NS,
Philip R, Sanjeevan VN, Damodaran R (2014) Polychaete
community structure in the South Eastern Arabian Sea conti-
nental margin (200-1000 m). Deep Sea Res Part I 93:60-71

Arthur MA, Williams DF, Jones DS (1983) Seasonal temperature-
salinity changes and thermocline development in the mid-
Atlantic Bight as recorded by the isotopic composition of
bivalves. Geology 11:655-659

Banse K (1959) On upwelling and bottom-trawling of the southwest
coast of India. ] Mar Biol Assoc India 1:33-49

Craig H, Gordon LI (1965) Deuterium and oxygen 18 variations in the
ocean and marine atmosphere. In: Tongiorgi E (ed) Stable iso-
topes in oceanographic studies and paleotemperatures. Consiglio
Nazionale della Richerche, Pisa, pp 9-130

Deshpande RD, Muraleedharan PM, Singh RL, Kumar B, Someshwar
Rao M, Dave M, Sivakumar KU, Gupta SK (2013) Spatio-
temporal distributions of 8'®0, 8D and salinity in the Arabian
Sea: Identifying processes and controls. Mar Chem 157:144-161

Dettman DL, Flessa KW, Roopnarine PD, Schone BR, Goodwin DH
(2004) The use of oxygen isotope variation in shells of estuarine
mollusks as a quantitative record of seasonal and annual Colorado
river discharge. Geochim Cosmochim Acta 68:1253-1263

Epstein S, Lowenstam HA (1953) Temperature-shell-growth relations
of recent and interglacial Pliestocene shoal-water biota from
Bermuda. J Geol 61:424-438

Epstein S, Buchsbaum R, Lowenstam HA, Urey HC (1953) Revised
carbonate-water isotopic temperature scale. Geol Soc Am Bull
64:1315-1326

Freeman KH (2001) Isotopic biogeochemistry of marine organic
carbon. In: Valley JW, Cole DR (eds) Stable isotope geochem-
istry. Reviews in mineralogy and geochemistry, vol 43. Springer,
New York, pp 579-605

Gireesh R, Gopinathan CP (2008) Effects of microalgal diets on larval
growth and survival of Paphia malabarica chemnitz. Aquac Res
39:552-556

Grossman EL (2012) Applying oxygen isotope paleothermometry in
deep time. In: Ivany LC, Huber BT (eds) Reconstructing earth’s
deep-time climate—the state of the art in 2012. Paleontological
Society Papers, vol 18. Paleontological Society, Lawrence,
pp 39-67

Grossman EL, Ku TL (1986) Oxygen and carbon isotope fraction-
ation in biogenic aragonite—temperature effects. Chem Geol
59:59-74

Gupta GVM, Thottathil SD, Balachandran KK, Madhu NV,
Madeswaran P, Nair S (2009) CO, supersaturation and net
heterotrophy in a tropical estuary (Cochin, India): influence of
Anthropogenic effect. Ecosystems 12:1145-1157

Habeebrehman H, Prabhakaran MP, Jacob J, Sabu P, Jayalakashmi
KJ, Achuthankutty CT, Revichandran C (2008) Variability in
biological responses influenced by upwelling events in the
Eastern Arabian Sea. J Mar Syst 74:545-560

Ishimura T, Tsunogai U, Hasegawa S, Nakagawa F, Oi T, Kitazato H,
Suga H, Toyofuku T (2012) Variation in stable carbon and
oxygen isotopes of individual benthic foraminifera: tracers for
quantifying the magnitude of isotopic disequilibrium. Biogeo-
sciences 9:4353-4367

Jacob J, Ghosh P (2010) 613C in the bivalve shells from the Western
Continental Shelf of India during and before seasonal oxygen
deficiency. Geochimica Cosmochim Acta 74 (12), Supplement 1,
Goldschmidt Conference Abstracts 2010 A453

Jacob J, Jayaraj KA, Habeeb Rehman H, Chandramohanakumar N,
Balachandran KK, Raveendran TV, Joseph T, Nair M,
Achuthankutty CT (2009) Biogeochemical characteristics of
the surface sediments along the western continental shelf of
India. Chem Ecol 25:135-149

Jacob J, Ghosh P, Dineshbabu AP, Sabu P, Srinivas K, Bindu S
(2014) Hydrographical characteristics and oxygen isotopic
signatures of water in a coastal environment (Mangalore) along
the southeastern Arabian Sea. J Oceanogr 70:251-266. doi:10.
1007/s10872-014-0228-6

Jayaraj KA, Jayalakshmi KV, Saraladevi K (2007) Influence of
environmental properties on macrobenthos in the northwest
Indian shelf. Environ Monit Assess 127:459—475

Jayaraj KA, Sheeba P, Jacob J, Revichandran C, Arun PK, Praseeda
KS, Nisha PA, Rasheed KA (2008) Response of infaunal
macrobenthos to the sediment granulometry in a tropical
continental margin—southwest coast of India. Estuar Coast Shelf
Sci 77:743-754

Jones DS, Allmon WD (1995) Records of upwelling, seasonality and
growth in stable-isotope profiles of Pliocene mollusk shells from
Florida. Lethaia 28:61-74. doi:10.1111/j.1502-3931.1995.
tb01593.x

Joydas TV, Damodaran R (2009) Infaunal macrobenthos along the
shelf waters of the west coast of India, Arabian Sea. Indian J Mar
Sci 38:191-204

Jyothibabu R, Madhu NV, Jayalakshmi KV, Balachandran KK, Shiyas
CA, Martin GD, Nair KKC (2006) Impact of freshwater influx on
microzooplankton mediated food web in a tropical estuary
(Cochin backwaters—India). Estuar Coast Shelf Sci 69:505-518

Khim B-K, Krantz DE, Brigham-Grette J (2001) Stable isotope
profiles of last interglacial (Pelukian Transgression) mollusks
and paleoclimate implications in the Bering Strait region. Q Sci
Rev 20:463-483

Killingley JS, Berger WH (1979) Stable isotopes in a mollusk shell:
detection of upwelling events. Science 205:186-188. doi:10.
1126/science.205.4402.186

Krantz DE, Williams DF, Jones DS (1987) Ecological and paleoen-
vironmental information using stable isotope profiles from living
and fossil molluscs. Paleogeogr Paleoclimatol Paleoecol
58:249-266

Krantz DE, Kronick AT, Williams DF (1988) A model for
interpreting continental-shelf hydrographic processes from the
stable isotope and cadmium:calcium profiles of scallop shells.
Paleogeogr Paleoclimatol Paleoecol 64:123—-140

Kurian N, Costa J, Suneel V, Gopalkrishna VV, Rao RR, Girish K,
Amritash S, Ravichandran M, John L, Ravichandran C (2011)

@ Springer


http://dx.doi.org/10.1007/s10872-014-0228-6
http://dx.doi.org/10.1007/s10872-014-0228-6
http://dx.doi.org/10.1111/j.1502-3931.1995.tb01593.x
http://dx.doi.org/10.1111/j.1502-3931.1995.tb01593.x
http://dx.doi.org/10.1126/science.205.4402.186
http://dx.doi.org/10.1126/science.205.4402.186

155 Page 8 of 8

Environ Earth Sci (2016)75:155

Observed interannual variability of the thermohaline structure in
the south eastern Arabian Sea. In: Tang DL (ed) Remote sensing
of the changing oceans. Springer, Berlin, pp 305-323. doi:10.
1007/978-3-642-16541-2_16

Latal C, Piller WE, Harzhauser M (2006) Shifts in oxygen and carbon
isotope signals in marine molluscs from the central paratethys
(Europe) around the lower/middle Miocene transition. Paleo-
geogr Paleoclimatol Paleoecol 231:347-360

Lathika CT, Padmakumar KB, Smitha BR, Asha Devi CR, Bijoy
Nandan S, Sanjeevan VN (2013) Spatio-temporal variation of
microphytoplankton in the upwelling system of south-eastern
Arabian Sea during the summer monsoon of 2009. Oceanologia
55:1-20

Lekshmi S, Smitha BR, Revichandran C (2007) Observational
evidence of upwelling of the southwest coast of India during
June—July 2006. In: Vijayakumar D, Jothiraman V, Jyothi AK,
Satya Prakash, Krishna MSH (eds) Proceedings of the national
symposium on ‘emerging trends in meteorology and oceanog-
raphy” METOC-2007, 21-22 May 2007, pp 203-207

Lynch-Stieglitz J, Fairbanks RG (1994) A conservative tracer for
glacial ocean circulation from carbon isotope and palaco-nutrient
measurements in benthic foraminifera. Nature 369:308-310

McConnaughey T (1989a) '*C and '®0 isotopic disequilibrium in
biological carbonates I: patterns. Geochim Cosmochim Acta
53:151-162

McConnaughey T (1989b) *C and '80O isotopic disequilibrium in
biological carbonates II: In vitro simulation of kinetic isotope
effects. Geochim Cocmochim Acta 53:163-171

McConnaughey TA, Gillikin DP (2008) Carbon isotopes in mollusk
shell carbonates. Geo Mar Lett 28:287-299. doi:10.1007/
s00367-008-0116-4

McCreary JP, Kundu PK, Molinany RL (1993) A numerical
investigation of the dynamics and mixed layer processes in the
Indian Ocean. Prog Oceanogr 31:181-244

Naqvi SWA, Jayakumar DA, Narvekar PV, Naik H, Sarma VVSS,
D’Souza W, Joseph S, George MD (2000) Increased marine
production of N,O due to intensifying anoxia on the Indian
continental shelf. Nature 408:346-349

@ Springer

Naqvi SWA, Naik H, Jayakumar DA, Shailaja MS, Narvekar PV
(2006) Seasonal oxygen deficiency over the western continental
shelf of India. In: Neretin LN (ed) Past and present water column
anoxia, NATO Science Series IV. Earth and Environmental
Sciences, Vol 64. Springer, Dordrecht, pp 195-224

Owen EF, Wanamaker AD Jr, Feindel SC, Schone BR, Rawson PD
(2008) Stable carbon and oxygen isotope fractionation in bivalve
(Placopecten magellanicus) larval aroganite. Geochim Cos-
mochim Acta 72:4687-4698

Sadler J, Carr¢ M, Azzoug M, Schauer AJ, Ledesma J, Cardenas F,
Chase BM, Bentaleb I, Muller SD, Mandeng M, Rohling EJ,
Sachs JP (2012) Reconstructing past upwelling intensity and the
seasonal dynamics of primary productivity along the Peruvian
coastline from mollusk shell stable isotopes. Geochem Geophys
Geosyst 13:Q01015. doi:10.1029/2011GC005395

Shetye SR (1984) Seasonal variability of the temperature field off the
southwest coast of India. Proc Indian Acad Sci 93:399—411

Shetye SR, Gouveia AD (1998) Coastal circulation in the North
Indian Ocean: Coastal Segment (14, S-W). In: Robinson AR,
Brink KH (eds) The Sea, vol 11. Wiley, New York, pp 523-556

Shetye SR, Shenoi SSC, Antony MK, Kumar K (1985) Monthly mean
wind stress along the coast of the north Indian Ocean. Proc
Indian Acad Sci 94:129-137

Shetye SR, Gouveia A, Shenoi SSC, Sundar D, Micheal GS, Sundar
D, Micheal GS, Almeida AM, Shatanam K (1990) Hydrography
and circulation off the west coast of India during the Southwest
Monsoon 1987. J Mar Res 48:359-378

Singh A, Jani RA, Ramesh R (2010) Spatiotemporal variations of the
3'80-salinity relation in the northern Indian Ocean. Deep Sea
Res Part 1 57:1422-1431

Smith JE, Risk MJ, Schwartz HP, McConnaughey TA (1997) Rapid
climate change in the North Atlantic during the Younger Dryas
recorded by deep-sea corals. Nature 386:818-820

Smitha BR, Sanjeevan VN, Vimal Kumar KG, Revichandran C
(2008) On the upwelling off the southern tip and along the west
coast of India. J Coast Res 24:95-102

Wefer G, Berger WH (1991) Isotope paleontology: growth and
composition of extant calcareous species. Mar Geol 100:207-248


http://dx.doi.org/10.1007/978-3-642-16541-2_16
http://dx.doi.org/10.1007/978-3-642-16541-2_16
http://dx.doi.org/10.1007/s00367-008-0116-4
http://dx.doi.org/10.1007/s00367-008-0116-4
http://dx.doi.org/10.1029/2011GC005395

	Influence of the upwelling events on the delta 13C and delta 18O of the benthic bivalve shells of the South Western Continental Margin of India
	Abstract
	Introduction
	Materials and methods
	Results
	Discussions
	Summary
	Acknowledgments
	References




