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CHAPTER 1

Introduction

Chapter 1

INTRODUCTION
1.1 Introduction
The Bay of Bengal in the northeastern Indian Ocean is a semi enclosed
basin covering an area of 2.2 x 10 6 km which is about 0.6% of the world
oceans (La Fond, 1966). This falls under the influence of the seasonally
changing monsoon gyre of the Asian monsoon system (Wyrtki, 1973). Unlike
the Arabian Sea, the Bay of Bengal receives enormous quantity of fluvial
inputs through the largest rivers in this region such as the Ganges and the
Brahmaputra resulting in the formation of the world's largest deep sea fan.
The majority of its annual average of 1.1 x 10 9 tons sediment is largely
supplied between June-September periods only (Milliman and Meade, 1983).
The other major contributors of terrigenous material to the Bay are the
peninsular Indian rivers such as the Mahanadi, Godavari, Krishna and
Cauvery which have their peak discharge during the later phase of SW
monsoon. Besides, enormous fresh water and suspended sediment discharge
largely takes place during the SW monsoon period (Rao, 1979; Ittekkot et al.,
1985, Ittekkot and Arain, 1986). Furthermore, this results in great changes in
the surface salinity over the entire Bay of Bengal (Wyrtki, 1973; Murty et al.,
1990). Although this kind of oceanographic setting inhibits, does not prevent
upwelling along the western part of the Bay (Rao, 1977; Shetye et al., 1991).
Owing to its unique and diverse oceanographic conditions, it would be
interesting to examine the effect of seasonally changing and interacting
continental and oceanographic processes on marine biological processes and
in particular on coccolithophores.
Coccolithophores are one of the most important primary producers
living in the ocean representing a major group of autotrophic marine
phytoplankton. These are unicellular phytoplankton with spherical or oval
shapes of < 20 gm in diameter comprising of two golden-brown pigment
spots, a prominent nucleus, two flagella of equal length and a whip like
haptonema. They are the members of the algal class Prymnesiophyceae
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which are covered by tiny calcareous scales or plates called coccoliths, with a
range in diameter from 3-15 Rm. They live in the photic zone (0-200 m) and
are very sensitive to any change in hydrographic conditions such as
temperature, salinity, nutrients, sunlight etc. It has been reported that there
are about 200 species of extant coccolithophores which occur worldwide with
their highest diversity largely restricted to the temperate and subtropical
regions (Okada and McIntyre, 1977). The coccoliths were first reported while
examining chalk from the island of Rugen in the Baltic Sea by Ehrenberg
(1836), while Wallich (1877) was first to describe the living coccolithophores.
Geological records show that these coccolithophore fossils are as old as
approximately 230 Ma found in Carnian Stage (earliest Late Triassic),
although till recently it was believed to be of Jurassic in age.
In the recent years, coccolithophores have immensely gained attention
of scientists world over as they make an important contributions to the
oceanic primary production and also of their optical (albedo: masses of
detached coccoliths substantially reflect incoming light) and biochemical
(Dimethylsulphide-which acts as a source molecule of cloud nucleation)
properties, which add additional feed back to the climate change (Westbroek
et al., 1993). Besides, they also play a prominent role in the global carbon
cycle, not merely as biological pump but also as an inorganic pump (Fig. 1.1).
Understanding the role of phytoplankton in sequestering CO2 is an important
component of global climate change research in the recent years.
Coccolithophores and diatoms are the two most important groups of
phytoplankton, which are extensively studied for carbon cycle. Diatoms play
an important role in sequestering CO 2 whereas coccolithophores produce CO2
gas as they precipitate coccoliths made of calcium carbonate. Consequently,
they play a significant role in CO2/02 exchange between the ocean and
atmosphere and inorganic carbon pump (Holligan, 1992).
Photosynthesis : 6CO2 + 6H20

► C6H1206 + 602

Calcification

: Ca2+ 2HCO3---■ CaCO3 + CO2 + H2O

Dissolution

: CO2 + H2O + CaCO3

Ca2+ 2HCO3

2.

Organic carbon pump

Carbonate counter pump

CO2

CO2
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Fig. 1.1. The biological carbon pump (after Rost and Riebesell, 2004).

Calcification of coccolithophores in the ocean is a major source of
calcite sediment in the world oceans playing a significant role in the export of
calcium carbonate to the deep sea. The valuable knowledge of living
assemblages and their occurrence as isolated coccoliths in the surface
sediments are potentially used for paleoenvironmental studies and in the
paleoceanographic reconstruction of marine sediments. The distribution and
ecology of living coccolithophores are governed by water masses and
stratification (Jordan and Chamberlain, 1997). Owing to their response to any
variation in surface water conditions, these are best suited microfossils to
study the long-term climatic signals preserved in the sediment. These
coccolithophores have been recognized as proxies of oceanic environment
and widely used in paleoclimatological studies. Besides, they are extensively
used in the biostratigraphy of marine bottom sediments of late Triassic
through Pleistocene (Perch-Nielsen, 1985a, b).
Therefore, the study of coccolithophores from the sediment trap
samples is necessary to understand the factors controlling their productivity
and settling to the sea floor as they influence the biogeochemical cycling of
major elements which in turn influence the life in the oceans. Furthermore,
these settling particles are one of the key pathways by which the carbon is
removed from the atmosphere and released within the oceans. These
coccolithophores are also used as proxies to infer hydrographic conditions.
As a part of my comprehensive investigations on extant coccolithohores from
the northern Indian Ocean, an attempt is made to relate coccolithophore
assemblages with the prevailing oceanographic conditions in the Bay of
Bengal. Thus, it would enable to understand the effect of fresh water influx on
coccolithophores in the northern Bay and their fluxes away from the fluvial
and continental input further south.
1.2 Biogeography of coccolithophores in broader perspective

Coccolithophores, like most other phytoplankton and micro
zooplankton groups can be separated into 5 major latitudinal zones:
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Subarctic, Temperate (or Transitional), Subtropical (or Central), Tropical (or
Equatorial) and Subantarctic (Winter et al., 1994).
a) Subarctic

In coastal regions of Arctic countries where low temperatures and
salinities prevail, the only living coccolithophores are those belonging to the
Papposphaeraceae the partially calcified genera. While, in open ocean,

mainly during summer months, Coccolithus pelagicus and Calciopappus
caudatus are the only coccolithophores present.
b) Temperate
Emiliania huxleyi is one of the most dominant species occurring during

most part of the year in the temperate region. Gephyrocapsa muellerae is
common to abundant in upwelling waters of this zone, especially during
summer months. Besides, temperate flora is also characterized by other
placolith-bearing species such as Gephyrocapsa oceanica, Calcidiscus
leptopora, Umbilicosphaera sibogae and Oolithotus fragilis.
c) Subtropical

Based on the studies carried out till date, it is inferred that the
distribution pattern of coccolithophores show high diversity with vertical
zonation characterized by holococcolithophore species such as
Discosphaera tubifera, Rhabdosphaera clavigera, Umbellosphaera

sp.,

Florisphaera profunda, Gladiolithus flabellatus and Syracosphaera sp.
d) Tropical

Generally, this region is dominated by placolith-bearing species,
particularly, E. huxleyi, C. leptopora, and G. oceanica. Umbellosphaera sp., F.
profunda and G. flabellatus also present.
e) Subantarctic

The only coccolithophore living in the subzero polar waters are those
belonging to the Papposphaeraceae which are partially calcified genera.
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The common species found in the coastal waters are species of
Braarudosphaera, Cruciplacolith us, Hymenomonas, Ochrosphaera,
Pleurochrysis and Jomonlithus and in freshwaters Hymenomonas roseola.

In temperate and subpolar zones, nutrients are seasonally replenished
in the upper water column resulting in the development of large phytoplankton
blooms mainly of diatoms. Thus increasing the settling particles within the
upper water column, resulting in the light penetration through depth (Winter et
al., 1994). As a consequence of this, species zonation within the photic zone
is rather limited. However in the subtropics, nutrient recycling from deep water
does not occur resulting in low surface productivity. And also, relatively
constant weather conditions allow the upper waters to remain permanently
stratified. The Subtropical Zone can be classified into a natural vertical
zonation with majority of species confined either to the upper photic zone (080 m) or lower photic (120-220 m) zone. The middle of the photic zone (80120 m) is less distinctive and may incorporate species from either zones.
I) UPPER PHOTIC ZONE (0-80 m)

This zone is characterized by holoccolithophores, R. clavigera, D.
tubifera, Neosphaera coccolithomorpha, Umbellosphaera sp., Acanthoica
quatrospina, Ceratolithus cristatus, Aliaphaera, Coronosphaera,
Syracosphaera, Polycrater and Cyrtosphaera.
II) MIDDLE PHOTIC ZONE (80-120 m)

This zone is not easily distinguished by a characteristic flora but usually
contains high abundances of a few species which are also found in the other
zones, In particular, Umbellosphaera tenuis and Syracosphaera sp., and
placolith bearing species and few Anoplosolenia, Calciosolenia, Alisphaera,
Coronosphaera and Ophiaster.
III) LOWER PHOTIC ZONE (120-220 m)

This zone is characterized by the presence of F. profunda, G.
flabellatus, Hayaster perplexus, Algirosphaera quadrucornu, Turrilithus
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latericioides, Syracosphaera anthos, Cyclolithus anulus, Canistrolithus,
Vexillarius, Gladiolithus and 0. fragilis.

1.3 Sedimentation

Sedimentation of coccolithophores is a very unique and interesting
process which eventually forms huge deposits of nanno ooze in the deep
seas (Fig. 1.2). The mass of a single coccolith is very small (about 8 x 10 -6 pg)
with a large surface area (about 32 pm 2), which results in low settling velocity
(about 13.8 cm d -1 ). Honjo (1976), using the Stoke's relationship for the
settling of particles in fluid has shown that an individual coccolith from a
coccosphere would take about 100 years to settle unassisted in the open
ocean. Thus, their slow sinking rate results in long residence times in the
water-column which is subjected to dissolution. Besides, these
coccolithophores in the open ocean are under high pressure to grazing by
zooplankton which pass through the gut of these organisms with or without
mechanical or chemical effect on coccoliths (calcite plates). Fecal pellets and
other oceanic macroaggregates are the main carriers for the rapid vertical
transport of the majority of coccoliths through under saturated waters to the
sea-floor (Honjo, 1975, 1976, 1980; Honjo and Roman, 1978).
Coccolithophores are generally well preserved within these rapid settling
vehicles (Honjo, 1975; Knappertsbusch and Brummer, 1995) and found below
the calcite saturation depth with little or no effect of selective dissolution.
Honjo (1976) observed that the free coccolith and coccospheres are
replenished at all depths by descending fecal pellets. Once the contents of
these host fecal pellets or macroaggregates are spilled, or released, their rate
of descent decreases considerably and are exposed to the under saturated
deep water (Honjo, 1975). The two major causes of a strong alteration of
settling assemblages are biological breakage caused by grazing, resuspension and lateral advection within an extensive bottom nepheloid layer
overprinting the vertically settling coccolithophore assemblages (Andruleit,
2000).
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Fig. 1.2. A model for coccolithophore sedimentation (after Steinmetz, 1994).

1.4 Sediment trap studies in the Indian Ocean

The sediment trap studies in the Indian Ocean, particularly in the
northern Indian Ocean, which includes Arabian Sea and Bay of Bengal were
initiated in 1986 under the Indo-German bilateral program between the
National Institute of Oceanography, Goa and the Institute of Biogeochemistry
and Marine Chemistry, Hamburg University, Germany. Studies carried out
under this program were the first to show the link between monsoons and
sedimentation of particles including carbon from the ocean surface to the
deep sea, much needed information to validate the use of sediment record to
decipher past monsoon and to re-construct paleoceanography.
Ever since, the sediment trap experiments were initiated to carry out
biogeochemical processes in the northern Indian Ocean, large numbers of
scientific papers have been published highlighting the implication of particle
fluxes on the prevailing reversing monsoon system in the northern Indian
Ocean. Some of the notable contributions are by Nair et al. (1989) and
lttekkot et al. (1991) who have for the first time reported the sediment trap
results of the particle fluxes from both the Arabian Sea and Bay of Bengal.
1.5 Study of living coccolithophores from the Indian Ocean

Although several studies on coccolithophores have been carried out
from the Indian Ocean they are all largely restricted to the marine sediments
(Norris, 1971; Martini & Muller, 1972; eepek, 1973; Bukry, 1974; Boudreaux,
1974; Guptha, 1974, 1976, 1979, 1983, 1985, 1986; Guptha and Nigam 1984;
Houghton and Guptha, 1991; Andruleit and Rogalla, 2002).
However, the first ever study on the extant coccolithophores
(nannoplankton) from the Indian Ocean (Arabian Sea) was carried out by
Norris (1971). Later the study of living coccolithophores was revived again
after a lapse of about a decade by Norris (1983, 1984, 1985), Woellner et al.
(1988), Kleijne et al. (1989) and Zeltner (1998). Kleijne (1991, 1992) has
documented the extant coccolithophores in the Arabian Sea samples
collected in a traverse from the southeastern Indian Ocean to the Gulf of Aden
and Red Sea. Guptha et al. (1995) studied coccolithophores from the euphotic
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zone in the Arabian Sea during the tail end of summer monsoon where the
low fertility of water during September-October caused the abundance of E.
huxleyi and U. irregularis.

Andruleit et al. (2000) investigated the coccolithophores from four
sediment traps located in the northeastern Arabian Sea off Pakistan. The
coccolith fluxes were characterized by a strong seasonality with high fluxes
during the early southwest (SW) monsoon (summer) and early northeast (NE)
monsoon (winter). G. oceanica, F. profunda and E. huxleyi were the dominant
species constituting about 70% of the total assemblages. Umbellosphaera sp.
showed a high relative abundance in the intermonsoon showing its preference
for warm and oligotrophic waters. It was inferred that the productivity in the
surface waters was a resultant of the upwelling along the Oman coast which
advected nutrient rich upwelled waters to the trap location. Whereas during
NE monsoon it was attributed to local injection of nutrient-rich deep water into
the surface water due to sea-surface cooling leading to convection.
Broerse et al. (2000a) studied the coccolithophores collected in a
sediment trap off Somalia (northwestern Indian Ocean) which responded
rapidly to the SW and NE monsoons with variation in productivity, species
composition, coccolith: coccosphere ratio and CaCO3 productions. The deepphotic zone species such as F. profunda and G. flabellatus were dominant in
the early SW monsoon when coastal upwelled waters advected by a gyre,
towards the trap location. E. huxleyi and G. oceanica dominated the
assemblage during the peak of SW monsoon, whereas most of the other
coccolithophore species showed maximum relative abundance during
upwelling relaxation when the coccolithophore fluxes began to decrease.
During the intermonsoon periods when the surface waters were stratified and,
nutrient-depleted coincided with decreased fluxes and increased oligotrophic
indicator species such as U. irregularis. While, during NE monsoon
coccolithophores displayed a rapid increase in its fluxes in response to a
moderate wind-induced entrainment of nutrients.
Andruleit et al. (2003) studied the living flora from the northern Arabian
Sea during the fag end of SW monsoon. They reported that coccolithophore
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communities reflected the local oceanographic conditions and seemed to be
more dependent on a mixed layer depth and nutrient availability than the
temperature and salinity variations.
Recently, Schiebel et al. (2004) studied the distribution of diatoms,
coccolithophores and planktic foraminifers during SW monsoon in the Arabian
Sea. They reported lower coccolithophore cell numbers as well as diversity in
the upwelling area close to the Oman coast and increased cell concentration
towards the open ocean where low nutrients and increased stratification of the
upper water column prevails.
Guptha et al. (2004) in their study on coccolithophores from the photic
zone of the equatorial Indian Ocean reported the occurrence of dissolution of
coccolithophores. Guptha et al. (2005) studied the living coccolithophores
from the Equatorial Indian Ocean along 93°E transect during NE monsoon.
The floral assemblage showed higher abundance of U. irregularis indicating
the prevalence of oligotrophic conditions in the upper mixed layer (-50 m
thick). Besides, increased abundance of F. profunda at 4°S suggested
injection of nutrients by upwelling into the shallow mixed layer depths.
Very recently, Mergulhao et al. (2006) studied the temporal variation of
coccolithophore fluxes from the Central Arabian Sea Trap. The total
coccolithophore fluxes showed a distinct seasonality with higher fluxes
occurring during the NE monsoon and lower fluxes during the spring
intermonsoon. The higher fluxes were attributed to the increased primary
production in the central Arabian Sea due to southward extension of nutrients
rich water form the NE Arabian Sea by the prevailing surface currents.
Despite the fact that a beginning has been made to study extant
coccolithophores from the sediment traps in the northern Indian Ocean by
Zeltner (1998), Andruleit et al. (2000), Broerse et al. (2000a), and Mergulhao
et al. (2006), not much significant progress has been made yet. Therefore, it
was necessary for me to undertake a detailed investigation to improve the
understanding of these microplankton as proxy indicators, which eventually
help in the reconstructions of long-term monsoonal and climate change.
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1.6 Study of living coccolithophores: A world perspective

The study of modern coccolithophores was initiated more than a
century ago, by Murray (1885) and Murray and Blackman (1898) followed by
Gran (1912) and Lohmann (1920) who recognized the diversity of
coccolithophores from the central and northern Atlantic Ocean. Later,
McIntyre and Be (1967) carried out a quantitative study on the distribution of
coccolithophores in the Atlantic waters, however no quantitative data was
available. They have also identified four floral zones viz: tropical, subtropical,
transitional, subarctic and subantarctic. Gaarder (1971) regarded Atlantic
Ocean as having the richest coccolithophore flora. Subsequently, Okada and
McIntyre (1979) studied the seasonal and vertical distribution of
coccolithophores from 540 water samples in the North Atlantic Ocean. This
study enabled them to revise their earlier classification and further revealed
that the coccolithophore abundance decreased in the northern stations during
winter months and during summer months in the southern stations. Jordan
(1988) studied coccolithophore community from North Atlantic Ocean. Late,
Giraudeau et al. (1993), Samtleben et al. (1995a), Baumann et al. (1999) and
Kinkel et al. (2000) studied the distribution of living coccolithophores flora from
the Atlantic Ocean.
Besides, extensive studies on coccolithophores have also been carried
out from the Norwegian Seas by Braarud et al. (1953), Smayda (1958), Gran
(1929) and Paasche (1960) and identified a number of floral zones based on
phytoplankton composition and related them to various water masses.
Samtleben and Schroder (1992), Samtleben et al. (1995b) and Baumann et
al. (2000) also studied living coccolithophore communities and their
assemblages in the sediment from the Norwegian-Greenland Sea.
Gaarder and Hasle (1971) and Hulburt (1968) studied the
coccolithophores from the Caribbean and Gulf of Mexico. Lohmann (1902)
published a monograph on coccolithophores in the Mediterranean which gave
inspiration for the later workers. After a lapse of about three decades, Schiller
(1930) published a monograph on coccolithophores from the Adriatic Sea.
Later, Kamptner (1937, 1941, 1944) made a significant contribution to
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coccolithophores research from the other parts of the Mediterranean. Later
Knappertsbusch (1990) and Kleijne (1991) studied the quantitative distribution
of coccolithophores.
From the Pacific Ocean, most significant and notable contributions
were made by Marshall (1933), Gran (1929), Hasle (1959, 1960) and Norris,
(1961). However, a decade later McIntyre et al. (1970) studied the
biogeography of coccolithophores form the north and south Pacific, followed
by major quantitative studies carried out by Okada and Honjo (1973), Honjo
and Okada (1974) and Nishida (1979). Recently, Ziveri et al. (1995a), Hagino
et al. (2000) and Takahashi and Okada (2000) studied the living
coccolithophores from the Pacific Ocean.
Besides, there are several studies carried out on coccolithophore
fluxes from the other regions such as Norwegian Sea (Samtleben and Bickert,
1990), San Pedro Basin (Ziveri et al., 1995b), northeastern central tropical
Pacific Ocean (Broerse, 2000), northeastern Atlantic Ocean (Broerse et al.,
2000b), Guaymas Basin (Ziveri and Thunell, 2000), equatorial west Pacific
Ocean (Tanaka and Kawahata, 2001), Okhotsk Sea (Broerse et al., 2000c),
north Atlantic Ocean (Haidar et al., 2000), northeastern Atlantic Ocean (Ziveri
et al., 2000) and central Greenland Sea (Andruleit, 2000).
1.7 Objectives

The major goals of the present study are:
1) To generate basic data on living coccolithophores from the time series
-A-

sediment traps in the least explored Bay of Bengal which would be of
immense use in understanding the various biogeochemical process
operating and in the re-construction of the paleoceanographic record of
Quaternary sediment.
2) To infer spatial and temporal distribution of coccolithophore fluxes in the
monsoon dominated Bay of Bengal and their implication on hydrography.
3) To estimate coccolithophore-CaCO3 (nanno ooze) contribution to the
annual total carbonate flux in the Bay of Bengal.
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The Bay of Bengal receives a large influx of freshwater during SW
monsoon leading to a strong stratification in the near-surface layer and also
the seasonally reversing monsoon winds influence the Bay of Bengal
circulation pattern significantly affecting the general hydrography of the
surface waters. Therefore an attempt has been made in the present
investigation to address the relationship of coccolithophore settling
assemblages in the water column with the prevailing oceanographic
conditions in the euphotic zone.
Besides, in view of the fact that the coccolithophores are abundant and
widely distributed component of the marine phytoplankton in the oceans, the
knowledge on them and their response to hydrographical changes would be
of immense use in understanding the relationship between living communities
and their fossil counterparts which would vary from region to region with
specific environmental settling
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CHAPTER 2

Systematic Descriptions

Chapter 2
SYSTEMATIC CLASSIFICATION

2.1 Introduction
Classification of coccolithophores began about a century ago following
the phytoplankton studies in the north Atlantic by Murray and Blackman in
1898 and Mediterranean Sea by Lohmann (1902). With the further discovery
of new taxa from different regions of the world, the classification schemes
became progressively more comprehensive (Kamptner, 1928, 1941; Schiller,
1930; Deflandre, 1952) which were largely based on cell and the shape of the
coccolith and associated apparatus (flagella), with the advent of the electron
microscope, detailed coccolith morphology could be studied. But, recent
studies on taxonomic works have mainly concentrated on separating to
families and genus level.
2.2 Morphology of coccolithophore skeletons
Coccoliths are divided into two general groups: holococcoliths and
heterococcoliths. Holococcoliths are made up of tiny submicroscopic calcite

crystals, mostly rhombohedra, arranged in regular order, whereas,
heterococcoliths are usually larger and built of different tiny microscopic
elements such as plates, rods and grains, combined together into a relatively
rigid structure. As holococcoliths invariably disintegrate after they are shed, it
is the heterococolith which forms the bulk of the microfossils.
2.3 Coccolith shape classification
CALYPTROLITH: - holococcolith; basket-shaped, open proximally (Fig.
2.1A).
CANEOLITH: -

disc or bowl-shaped; lath-filled central area (Fig. 2.1 B).

CERATOLITH: -

horse shoe or wishbone -shaped (Fig. 2.1C).

CRIBRILITH: -

disc-shaped; numerous central-area perforations (Fig.
2.1D)
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Fig. 2.1. Sketches of A. calyptrolith; B. caneolith; C. ceratolith; D. cribrilith;
E. cyrtolith; F. helicolith shape-forms and their morphologic parts
(after Siesser and Winter, 1994)

CYRTOLITH: -

disc-shaped; convex outward, often with a projecting
central process (Fig. 2.1E).

DISCOLITH: -

disc-shape; thickened, raised rim. May or may not have
central area perforations.

HELICOLITH: -

spiraling, overlapping marginal flange (Fig. 2.1F).

LOPADOLITH: -

basket-, cup- or vase-shaped, with high rim, opening
distally (Fig. 2.2G).

PENTALITH: -

five four-sided crystals joined to form a pentagon (Fig.
2.2H).

PLACOLITH: -

two shields joined by a central column (Fig. 2.21).

PRISMATOLITH: - solid or perforate polygonal prism (Fig. 2.2J).
RHABDOLITH: -

single shield, surmounted by a club-shaped central
process (Fig. 2.2K).

SCAPHOLITH: -

rhombohedral shape, with parallel laths joining in the
central area (Fig. 2.2L).

2.4 Taxonomy
Kingdom

: Protista Haeckel (1866)

Phylum

: Prymnesiophyta Hibberd (1976)

Class

: Prymnesiophyceae Hibberd (1976)

Family: CALCIOSOLENIACEAE Kamptner (1937)
Genus: ANOPLOSOLENIA Deflandre (1952)
Type species: Anoplosolenia brasiliensis Lohmann (1919)

Description: Cells are covered by scapholiths which are rhombohedral in

shape. Unlike C. murrayi, A. brasiliensis lacks terminal spines at both the
ends with a larger cell.
Distribution: It is commonly found in the Arabian Sea, Bay of Bengal, Red Sea

and Pacific.
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Fig. 2.2. Sketches of G. lopadolith; H. pentalith; I. placolith; J. prismatolith;
K. rhabdolith; and L. scapholith shape-forms and their morphologic
parts (after Siesser and Winter, 1994).

Genus: CALCIOSOLENIA Gran (1912)
Type species: Calciosolenia murrayi Gran (1912)
Description: Spindle-shaped cell covered by scapholiths (rhomboliths).

Scapholiths are diamond-shaped and composed of upright wall elements,
where each wall element is associated with a lamella which partially spans the
short axis of the central area (Jordan and Kleijne, 1994).
Distribution: It is commonly occurs in the Arabian Sea, Bay of Bengal, Red

Sea, and Mediterranean Sea.
Family: CALYPTROSPHAERACEAE Boudreaux and Hay (1969)
Genus: CALYPTROLITHINA Heimdal (1982)
Type species: Calyptrolithina multipora Norris (1985)
Description: Coccolithophores are characterized by holoccoliths bearing;

cocccoliths built up entirely of calcite rhombohedrons, held together tightly by
an organic matrix. Dimorphic coccosphere consisting of calyptroform ordinary
and zygoform stomatal holococcoliths.
Distribution: It is reported from the Arabian Sea, Bay of Bengal, Red Sea,

Mediterranean, Atlantic Ocean and Pacific Ocean.
Family: CERATOLITHACEAE Norris (1965)
Genus: CERATOLITHUS Kamptner (1950)
Type species: Ceratolithus cristatus Kamptner (1950)
Description: Cell is partially covered by a single horseshoe-shaped coccolith

and numerous hoop-shaped coccoliths (Jordan and Kleijne, 1994).
Distribution: It is commonly found in the Arabian Sea, Bay of Bengal, Red

Sea, Pacific Ocean and Mediterranean Sea.
Family: COCCOLITHACEAE Poche (1913)
Genus CALCIDISCUS Kamptner (1950)
Type species: Calcidiscus leptopora Murray and Blackman (1898)
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Description: Cell is covered by overlapping placoliths. Each placlolith consists

of two shields of sub-horizontal elements and a connecting tube (Jordan and
Kleijne, 1994). Placolith, circular in plan view with shields convex distally,
concave proximally. Elements petaloid with dextral imbrication in the distal
and sinistral in the proximal shield. The suture line on the distal surface of the
distal shield is straight for approximately one-half the distance from the central
column and then curves sinistrally (McIntyre and Be, 1967).
Distribution: Very common in the Arabian Sea, Bay of Bengal, Red Sea,

Pacific Ocean and Mediterranean Sea.
Genus NEOSPHAERA Lecal — Schlauder (1950)
Type species: Neosphaera coccolithomorpha

Lecal-Schlauder (1950)

Description: Spherical to sub spherical coccosphere consisting of overlapping

circular coccoliths that are convexly bent over the cell surface. Coccoliths with
proximal large, monocyclic shield of non-imbricate elements and straight
sutures, and has a central opening surrounded by a distally extending doublelayered tube. Inner and outer tube elements fuse to form a thick collar around
the central opening (McIntyre and Be, 1967). Outer tube elements are distal
extension of the proximal shield elements; they may form a narrow band of
elements with dextral precession and V-shaped sutures around the lower part
of the tube. The inner tube consists of vertical elements, with straight sutures,
which protrude beyond the outer tube (Kleijne, 1993). This species is found in
deep habitat between 100 and 200 m.
Distribution: Bay of Bengal, Arabian Sea, Atlantic Ocean, Pacific Ocean and

Mediterranean Sea.
Genus: OOLITHOTUS Reinhardt, in Cohen and Reinhardt (1968)
Type species: Oolithotus fragilis Lohmann (1912)
Description: Large spherical to subspherical coccosphere consisting of tightly

interlocking circular to subcircular placoliths with a crenulate periphery.
Central area is a circular, somewhat eccentric depression without an opening;
proximal side covered by a basal plate. Distal shield consists of 18-20
elements with slight sinistral imbrication; sutures straight and incised, with
dextral precession at circular depression (Kleijne, 1993).
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Distribution: It is reported from Arabian Sea and Bay of Bengal, Atlantic
Ocean, Pacific Ocean and Mediterranean Sea.
Type species: Oolithotus antillarum Cohen (1964)
Description: Small coccosphere consisting of 13-20 subcircular placoliths with
an eccentric narrow tube and a pore — a narrow, deep depression — in the
central area. Proximal side of central area in general entirely covered by a
basal plate, consisting of inward growing extensions of proximal shield
elements. Distal shield with smooth periphery, consisting of 13 dextrally
imbricated elements; sutures laevogyre and somewhat incised in distal view,
straight in proximal view. Proximal shield mono- to cyclic sutures in inner half
straight, then kinked and S-shaped in counter-clockwise direction, and
dextrogyre in outer half of shield (in proximal view) (Kleijne, 1993).
Distribution: It is reported from the Bay of Bengal, Arabian Sea and Atlantic
Ocean.
Genus: UMBILICOSPHAERA Lohmann (1902)
Type species: Umbilicosphaera sibogae Kamptner (1963)
Description: Placolith, circular, concave-convex distal shield varying from
smaller to larger than the flat proximal shield (McIntyre and Be, 1967).
Distribution: It is found in the Bay of Bengal, Arabian Sea, Pacific Ocean and
Atlantic Ocean.
Family: HELICOSPHAERACEAE Black (1971)
Genus: HELICOSPHAERACEAE Kamptner (1954)
Type species: Helicosphaera carteri Wallich (1877)
Description: Cell covered by helicoliths in a spiral arrangement. Coccosphere
may have an apical opening. Helicolith with narrow spiral flange and
differentiated central portion. Central opening may be present on the distal
side (Jordan and Kleijne, 1994).
Distribution: It is found in the Bay of Bengal, western Arabian Sea, Pacific
Ocean, Atlantic Ocean and Mediterranean Sea.
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Family: NOELAERHABDACEAE Jerkovic (1970)
Genus: GEPHYROCAPSA Kamptner (1943)
Type species: Gephyrocapsa oceanica Kamptner (1943)
Description: Cell covered by overlapping placoliths. Placoliths characterized

by a reticulum or grill covering the proximal part of the central area opening
(Jordan and Kleijne, 1994). Placolith, is oval in plan view with closely spaced
shields convex distally, concave proximally, connected by a short column. A
bridge of two elements arches obliquely across the central pore on the distal
side. The elements of the shield are slightly imbricate, sinistral in the proximal
and dextral on the distal shield. The central pore is covered in the proximal
side by a delicate plate of interconnected rods radiating from the central line
(McIntyre and Be, 1967).
Distribution: It is found in the Bay of Bengal, Arabian Sea, Red Sea, Pacific

Ocean, Atlantic Ocean and Mediterranean Sea (world wide in warm waters >
18°C)
Genus: EMILIANIA Hay and Mohler, in Hay et al. (1967)
Type species: Emiliania huxleyi Lohmann (1902)
Description: Placolith, oval in plan view with shields equal in size, convex

distally — concave proximally and a large elliptical central pore covered by a
plate. The distal shield is formed of "T" shaped elements, oval to circular in
cross section, separated from each other except at the margin where the "T"
ends interlock. This arrangement of elements resembles a spoked wheel. The
element of the proximal shield vary in shape and development responding to
the changing environment. The elements in warm-water forms exactly
resemble the ones described above in the distal shield, whereas the cold
water forms are represented with a solid shield of flattened elements with
blunt or slightly pointed margins. The two shields are connected by a central
column formed of elements which are continuations of the shield elements
and sinistrally imbricate. A delicate plate of interconnected rods forming a grill
cover the proximal side of the central pore in the forms with the open proximal
shield (warm). The solid proximal shield type (cold) has a central plate of thin
interlocked elements completely closing the pore (McIntyre and Be, 1967).
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Distribution: It is reported from the Bay of Bengal, Arabian Sea, Pacific Ocean

and Atlantic Ocean (world wide).
Family: RHABDOSPHAERACEAE Ostenfeld (1899)
Genus: ALGIROSPHAERA Schlauder (1945)
Type species: Algirosphaera oryza Schlauder (1945)
Description: Monathecate, dimorphic coccosphere, consisting of two types of

sacculiform (to labiatiform) rhabdoliths. Protrusion, formed by lamellar cycle
elements, is long-elliptical at its base; it consists of two thick curved blades
that are connected by a thin layer of interlocking elements along their distal
and lateral sides. Body rhabdoliths with a low, bulging protrusion; protrusion of
circum-flagellar rhabdolihs higher, wider and more laterally flattened — almost
petaloid —especially at about half its height (Kleijne, 1993).
Distribution: It is know for its distribution in the Bay of Bengal, Arabian Sea,

Pacific Ocean, Atlantic Ocean and Mediterranean Sea.
Genus: DISCOSPHAERA Haeckel (1894)
Type species: Discosphaera tubifera Murray and Blackman (1898).
Description: Salpingiform cyrtolith with a large trumpet shaped appendix

attached to a small, slightly convex, round — to- elliptical basal plate, the
largest dimension being the length to the appendix (McIntyre and Be, 1967).
Distribution: It is reported from Bay of Bengal, Arabian Sea, Red Sea and

Mediterranean Sea.
Genus: RHABDOSPHAERA Haeckel (1894)
Type species: Rhabdosphaera clavigera Murray and Blackman (1898).
Description: Helatoform cyrtolith with an oval base plate, often necked at the

short diameter of the oval. Convex distally, it carries a long hollow appendix
ending in a short spine. The basal plate is surrounded by a marginal ring of
slightly imbricate flattened rhombic elements. The central disc is made up of
thin overlapping rhombs that rise toward the center to form a pointed base for
the appendix (McIntyre and Be, 1967).
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Distribution: It is reported from Bay of Bengal, Arabian Sea, Red Sea, Pacific

Ocean, Atlantic Ocean and Mediterranean Sea.
Family: SYRACOSPHAERACEAE Lemmermann (1908)
Genus: CORONOSPHAERA Gaarder, in Gaarder and Heimdal (1977)
Type species: Coronosphaera mediterranea Lohmann (1902)
Description: Cell is mostly covered by caneoliths. Irrespective of shape, the

two coccolith types have a distal arrangement of wall elements, each joined at
their bases by lamellae. In trough-shaped coccoliths and rhombolith — like
caneloliths these lamellae are arranged across the short axis of the coccolith,
whereas in most caneoliths they are radial. Only in caneoliths the lamellae
converge in the central area to form an overlapping random arrangement of
elements or an organized central structure. This central structure may or may
not produce a distally protruding central spine. Cyrtoliths and deviating
coccoliths may form a complete or partial layer respectively on top of the
caneolith. Pole spines or ring and link coccoliths may also be associated with
caneoliths (Jordan and Kleijne, 1994).
Distribution: It is reported from the Bay of Bengal, Arabian Sea, Red Sea, Gulf

of Aden, Pacific Ocean, Atlantic Ocean and Mediterranean Sea.
Genus: SYRACOSPHAERA Lohmann (1902)
Type species: Syracosphaera pirus Hal[dal and Markali (1955)
Syracosphaera rotula Okada and McIntyre (1977)
Syracosphaera pulchra Lohmann (1902)
Syracosphaera anthos Lohmann (1912)
Syracosphaera lamina Lecal-Schlauder (1951)
Description: Coccosphere monothecate, ditheceate, monomorphic, dimorphic.

Cell is mostly covered by caneoliths. Irrespective of shape, the two coccolith
types have a distal arrangement of wall elements, each joined at their bases
by lamellae. In trough-shaped coccoliths and rhombolith — like caneloliths
these lamellae are arranged across the short axis of the coccolith, whereas in
most caneoliths they are radial. Only in caneoliths the lamellae converge in
the central area to form an overlapping random arrangement of elements or
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an organized central structure. This central structure may or may not produce
a distally protruding central spine. Cyrtoliths and deviating coccoliths may
form a complete or partial layer respectively on top of the caneolith. Pole
spines or ring and link coccoliths may also be associated with caneoliths
(Jordan and Kleijne, 1994).
Distribution: These species are reported from Bay of Bengal, Red Sea,

Arabian Sea, Atlantic Ocean and Pacific Ocean.
Genus: FLORISPHAERA Okada and Honjo (1973)
Type species: Florisphaera profunda Okada and Honjo (1973)
Description: The coccoliths of this genus are simple and rather unusual.

Coccoliths are thick polygonal plates devoid of surface ornamentation.
Distribution: It is found to occur in the Arabian Sea and Bay of Bengal, Pacific

Ocean, Atlantic Ocean and Mediterranean Sea.
Genus: THOROSPHAERA Ostenfeld (1910)
Type species: Gladiolithus flabellatus HaIldal and Markali (1955)
Description: The coccolith are thick polygonal elongate plate which are devoid

of surface ornamentation.
Distribution: It is know for its occurrence in Indian Ocean, Pacific Ocean,

Atlantic Ocean and Mediterranean Sea.
Genus: UMBELLOSPHAERA Paasche, in Markali and Paasche (1955)
Type species: Umbellosphaera irregularis Paasche, in Markali and Paasche

(1955)
Description: coccosphere consisting of 20 ubmelloliths of two types that have

a smooth shield. B-umbelloliths and larger A-umbelloliths consist of a high
funnel with a crenulate periphery and a flat base with a prominent flange.
Elliptical A-umbelloliths have a long-elliptical base and central area. Circular
to sub-circular B-umbelloliths have a circular base of which the flange has an
irregular periphery; central area circular in proximal view an sub-circular to
normal-elliptical in distal view.
Distribution: They are know to occur in Bay of Bengal, Arabian Sea, Gulf of

Aden, Red Sea, Atlantic Ocean and Pacific Ocean.
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Type species: Umbellosphaera tenuis Kamptner (1937)
Description: Coccosphere consisting of umbelloliths of two types that have a

highly variable pattern of radial ribs on the shield. A-umbelloliths longelliptical, with long-elliptical base and narrow flange. B-umbelloliths subcircular, with circular to normal-elliptical base and central area, and narrow or
no flange. Cental area of B-umbelloliths and large A-umbelloliths may be
partly occluded by tooth-like protrusions extending inward from ribs on the
funnel. Central area floored by basal plate.
Distribution: They are know to occur in Bay of Bengal, Arabian Sea, Gulf of

Aden, Red Sea, Atlantic Ocean and Pacific Ocean.
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Chapter 3

HYDROGRAPHY
3.1 General oceanographic setting of the Indian Ocean
The northern Indian Ocean which is situated to the north of 10°S
exhibits a unique oceanographic feature contrary to its counterparts, the north
Atlantic and the north Pacific Oceans. It lies in the tropics below 30°N and is
land-locked on the northern side hindering the source of deep convection of
the cold waters of polar origin. The northern Indian Ocean experiences the
semiannually reversing monsoon winds blowing from NE during DecemberFebruary (Northeast monsoon) and SW during June-September (Southwest
monsoon). Besides, there are intermonsoon periods in between the
monsoons characterized by weak and variable winds and intense summer
heating in May and mild heating during October. The surface circulation
patterns of the Indian Ocean closely resembles that of the world oceans i.e.,
the Atlantic and the Pacific Ocean during boreal (Northern Hemisphere) winter
season. However, it undergoes a drastic change during boreal summer when
the circulation to the north of the equator is largely controlled by the prevailing
winds (Shankar et al., 2004). The circulation pattern in the southern tropical
Indian Ocean is characterized by a subtropical anticyclonic gyre (Wyrtki,
1971).
Since the Bay of Bengal is a semi-enclosed basin in the North Indian
Ocean, the seasonally reversing monsoon winds affect the Bay of Bengal
circulation significantly (Cutler and Swallow, 1984; Hastenrath and Greischar,
1989). The above characteristics of the Bay and also its proximity to the
equator together with immense quantity of fresh water influx from the rivers
contribute to the formation of a highly complex circulation system.
The wind pattern over the Bay of Bengal is southwesterly during the
northern summer which switches over to northeasterly during the northern
winter (Figs. 3.1a and b). During the boreal winter (November-February), the
dry northeasterly winds are coupled with cooling and evaporation. During the
summer, the southwesterly winds are coupled with heating, precipitation, with
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Fig. 3.1. (a) Mean surface wind direction (top panel) and (b) surface circulation
(bottom panel) in the tropical Indian Ocean during the southwest
(left panel) and northeast (right panel) monsoons.

an increased freshwater run off into the northern Bay (Varkey et al., 1996).
During the boreal winter, the winds blow from the high pressure region over
the Asian continent into the Bay of Bengal in a southwesterly direction which
are strongest in December with an average speed of 5 ms 1 attaining a
maximum speed of 6 ms-1 over the central western Bay (Hastenrath and
Lamb, 1979). The highest wind velocities prevail along 6°N during January
(Potemra et al., 1991). While, the winds are weak with variable magnitudes
during March-April (NE-SW intermonsoon). During this period, an anticyclonic
wind field is developed over the Bay with westerlies (eastward blowing winds)
along the equator and easterlies (westward blowing winds) between 5°N and
10°N. In May, the winds are predominantly southwesterly, over the entire Bay
of Bengal. This wind pattern intensifies by July attaining maximum velocities
of 10 ms -1 over the central Bay. Generally, the SW monsoon lasts for four
months from June to September. Following the summer monsoon, the winds
during SW-NE intermonsoon (October — November) are weak and variable.
During the NE monsoon, the Northeast Monsoon Current (NMC) is
developed between Equator and 10°N and flows westwards (Fig. 3.2a). Under
the influence of the southeast trade winds, the South Equatorial Current
(SEC) is developed and flows westwards between 20°S and 10°S throughout
the year. The SEC gets divided and deflected upon reaching the African
coast. During the NE monsoon, the SEC on reaching the African coast flows
southwards as the Mozambique Current and northward as the East African
Coastal Current (EACC). The eastward flowing Equatorial Counter Current
(ECC), is fed by the EACC from the south and from the southward flowing
Somali Current (SC) along the African coast. The ECC is observed between
10°S and equator during the NE monsoon season. During the SW monsoon,
the NMC reverses and flows towards east combining with the eastward
flowing ECC and the entire eastward flow from 15°N to 7°S is called the
Southwest Monsoon Current (SMC) (Fig. 3.2b). The Somali Current now flows
northward along the coast as the western boundary current under the
influence of strong SW monsoon winds.
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Fig. 3.2. A schematic representation of Current patterns of the Indian
Ocean during (a) Northeast monsoon and (b) Southwest monsoon.
Abbreviations for the different currents indicated are: South Equatorial
Current (SEC), South Equatorial Countercurrent (SECC), Southwest
and Northeast Monsoon Current (SMC and NMC), Somali Current (SC),
East African Coast Current (EACC), Great Whirl (GW), West
Indian Costal Current (WICC), East Indian Coastal Current (EICC)
Lacadive High and Low (LH and LL) (after Schott and McCreary,
2001).

During the intermonsoons, strong (>1 m/s) eastward flowing equatorial
jets, also popularly known as Wyrtki jets (Wyrtki, 1973), develop along the
equator during April-May and October-November. These equatorial jets
transport both heat and salt from the western basin to the eastern basin in the
equatorial Indian Ocean.
3.2 General hydrographic setting of the Bay of Bengal

The Bay of Bengal (north eastern part of the Indian Ocean) is
essentially a tropical one lying to the south of 22°N and is bordered by Sri
Lanka, India, Bangladesh, Myanmar and the Andaman-Nicobar-Sumatra
Islands.
The Bengal Fan floors the entire deep Bay and from 20°N the fan
extends southward as far as 3000 km to south of the equator (Curray and
Moore, 1971). Nath et al. (1989) have also reported the Bengal Fan extending
as far as 8°S. The most prominent bathymetric high in the Bay of Bengal is
the Ninety East Ridge. The Bay of Bengal receives enormous quantity of fresh
water and sediment input from some of the world's largest rivers. The
Ganges, the Brahmaputra, the Irrawaddy and the Godavari rivers are the four
major rivers flowing into the Bay of Bengal, which discharge annually
approximately 1.5 x 10 12 m 3 of fresh water into the Bay (Martin et al., 1981)
compared to 0.3 x 10 12 m 3y(1 in the Arabian Sea (Subramanian, 1993). The
enormous fresh water discharges from the rivers (Fig. 3.3) cause changes in
the surface salinity of the Bay of Bengal over a wide range of values both
seasonally and geographically (La Violette, 1967; Wyrtki, 1973; Ittekkot et al.,
1985; Murty et al, 1990; Varkey et al., 1996). The oceanic precipitation results
in salinity gradient in the upper layers (annual mean salinity is below 34). The
large influx of fresh water brought in by the rivers Ganges and the
Brahmaputra has a combined peak discharge of approximately 70 x 10 3 m 3s-1
inthemofAugs(Eeryandb,198;Murtyeal.2)foming
a strongly stratified near-surface layer. The northern Bay of Bengal, which
receives highest rainfall in the World Ocean, results in large amplitudes of
seasonal variation of surface water salinity in the open ocean (Levitus, 1986).
The physiographical conditions of South Asia are such that most of the land
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Fig. 3.3. Monthly water discharge of the rivers Brahmaputra and Ganges
for the period January 1988-March 1992. Data provided by the
the Global Runoff Data Centre, Federal Institute of Hydrology,
Koblenz/Germany.

drainage during the SW monsoon is diverted into the Bay of Bengal,
especially into the northern Bay, thus the land drainages have an even
greater impact on the upper ocean salinity in the northern Bay than the
oceanic rainfall.
Annually about 2 x 10 9 tons of sediment enters the Bay of Bengal with a
major input from the major rivers draining through the Himalayas (Milliman
and Meade, 1983), which exhibit seasonal variability with a peak discharge
during SW monsoon. Besides, terrigenous material is also contributed into the
Bay of Bengal by the peninsular Indian rivers such as the Mahanadi,
Godavari, Krishna and Cauvery, with a peak discharge occurring during the
later phase of the SW monsoon (Schafer et al., 1996). The suspended
sediment discharge into the Bay is estimated to be about 1.4 x 10 9 tons
compared to about 200 x 106 tons supplied in to the Arabian Sea. During the
SW monsoon favorable winds and currents induce moderate upwelling along
the east coast of India, despite the river runoff may partially compensate the
offshore movement of surface water. The NE monsoon winds over the Bay of
Bengal are relatively weaker than SW monsoon.
3.3 Circulation patterns in the Bay of Bengal

The annual variation (January to December) of ship drift surface
currents (Mariano et al., 1995) between Equator and 24°N in the Bay of
Bengal is shown in Figs. 3.4, 3.5 and 3.6.
a) NE monsoon (December-February)

During December, an equatorward surface current is well developed
along the east coast of India under the influence of northeasterlies (Fig. 3.4a).
This current is designated as the East India Coastal Current (EICC)
(McCreary et al., 1993; Shankar et al., 1996) which continues to flow
southward and eventually feeding the westward flowing NMC or Winter
Monsoon Current (WMC). The WMC carries low salinity water (S<34) that
spreads as a tongue into the Arabian Sea (Wyrtki 1971). A cyclonic circulation
cell is noticed in the interior of the Bay of Bengal.
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During January, the strength of the EICC ceases rapidly and the WMC
south of Sri Lanka is developed from the east south of 8°N (Fig. 3.4b). The
cyclonic circulation cell in the interior of the Bay of Bengal in December
weakens and moves towards the west and north.
During February, the surface currents along the east coast of India
exhibit a reversal from the equatorward flowing EICC to the poleward flowing
EICC (Legeckis, 1987; Shetye et al., 1993; Murty et al., 1993; Babu et al.,
2004) (Fig. 3.4c). The interior cyclonic circulation cell replaces with an
anticyclonic cell centered at 16°N, 87°E, which forms all over the basin
between 9°N and 20°N. This change in surface circulation is attributed to the
remote forcing from the equatorial region rather than changes in the local
wind field (McCreary et al., 1993). Similarly, Legeckis (1987) also reported the
appearance of the poleward flowing western boundary current in the Bay of
Bengal from the satellite image of sea surface temperature (SST).
b) NE-SW intermonsoon (March-May)

During March, the poleward flowing EICC strengthens all along the
east coast of India (Fig. 3.4d). Babu et al. (2004) described this as the
seasonal western Boundary Current (WBC) of the Bay. This WBC forms the
western part of two anticydonic gyres centered at 11°N and 16°N. The flow
south of Sri Lanka is seen reversing eastward.
During April, the pole ward flowing EICC is still evident all along the
east coast and also the anticyclonic gyre in the interior of the Bay (Babu et al.,
2004) (Fig. 3.5a). South of Sri Lanka the eastward flow forms a part of the
SMC.
During May, with the onset of summer monsoon, the two anticyclonic
gyres in the interior of the Bay during March-April merge together to form a
large anticyclonic circulation cell that reaches from the Indian coast to the
Andaman Islands (Fig. 3.5b). The SMC south of Sri Lanka continues to flow
eastward as far as Sumatra coast.
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c) SW monsoon (June-September)

During June, the EICC weakens and reverses its flow equatorward in
the northern part (Fig. 3.5c). A cyclonic circulation cell is seen in the south
eastern Bay of Bengal, which is fed by the eastward flowing SMC. However,
anticyclonic circulation continues in the western Bay of Bengal.
During the peak of SW monsoon (July-August), the equatorward
flowing EICC persists in the northern part (Figs 3.5d and 3.6a). Gopalakrishna
and Sastry (1985) reported a southerly current in the northwestern Bay of
Bengal during August. Further studies based on the hydrographic data during
the SW monsoon documented that the circulation in the western Bay consists
of alternating meso-scale cyclonic and anitcyclonic cells (or eddies) (Murty et
al., 1992; Varkey et al., 1996). From the hydrographic observations, Shetye
et al. (1991) showed that the coastal circulation consists of two cyclonic
eddies centered near 15°N and 18°N with southward flow near the coast and
northward flow in between the two features. The SMC flows into the Bay in
the northeasterly direction up to 12°N. The SMC passes through the Southern
Bay of Bengal Sediment Trap (SBBT) location during the SW monsoon during
May-August and similarly the Northern Bay of Bengal Sediment Trap (NBBT)
comes under the influence of the eastward flowing current during the same
period.
During September, the SW monsoon weakens and the EICC flows
equatorward almost the entire length of the Indian coast (Fig. 3.6b). The
northern cyclonic gyre develops further south and the southern cell is hardly
visible any more. The flow south of Sri Lanka continues towards east and the
SMC still persists in the southern Bay of Bengal.
d) SW-NE intermonsoon (October-November)

During October, a westward flow is developed in the northern Bay and
feeds the equatorward flowing EICC, which is seen almost all along the entire
east coast (Fig. 3.6c). It is also seen further south in the southern Bay of
Bengal, but with decreased magnitude. A basin wide cyclonic circulation is
evident west of the arc of the Andaman Island (Murty et al., 1993;
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Suryanarayana et al., 1993) and feeds the EICC along the east coast of India.
The EICC is relatively strong off the southeast coasts of India and Sri Lanka.
During November, a basin-wide cyclonic circulation west of the arc of
the Andaman Islands persists (Murty et al., 1993; Suryanarayana et al., 1993)
(Fig. 3.6d). The EICC continues to flow southward from north of 20°N to the
east coast of Sri Lanka, with increased strength from 0.5 ms -1 at 20°N to more
than 1 ms -1 at 8°N (Eigenheer and Quadfasel, 2000).
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MATERIAL AND METHODS

4.1 Introduction

In order to carryout comprehensive study on temporal distributional
pattern of coccolithophores and their implication on hydrography in the Bay of
Bengal, three PARFLUX Mark VI time series sediment traps (Fig. 4.1) were
deployed in the Bay of Bengal at three mooring sites located longitudinally at
the northern Bay of Bengal (NBBT), central Bay of Bengal (CBBT) and
southern Bay of Bengal (SBBT) regions (Fig. 4.2). Two traps at two different
depths were deployed in each mooring (shallow and deep) (Fig. 4.3). The
samples collected in these traps were analyzed for coccolithophores.
Sediment trap locations and samples collection schedules are given in Tables
4.1 and 4.2. The mooring operations were carried out as part of the
collaborative research program between the National Institute of
Oceanography (India) and the University of Hamburg (Germany). These
sediment trap experiments which were carried out continuously for over a
period of 17 years have successfully demonstrated their ability to measure the
fluxes of settling particulate material in the water column.
4.2 Time-series sediment Traps

Time-series sediment traps are the most versatile sampling gears
available today to capture the settling particles in the ocean. By measuring the
coccolithophore flux using the time series sediment traps we can determine
how the biocoenosis (living assemblage) is transformed into the
thanatocoenosis (death, or sedimentary, assemblage) by studying the
selective dissolution, horizontal transportation (advection) and grazing of
coccolith during the sinking process. Thus, we can understand the importance
of coccolithophores to the calcium carbonate cycle in the ocean (Fig. 1.2).
With the advent of sediment trap technology, researchers are able to deploy
anchored mooring or floating devices which are capable of trapping the
settling particle from days to months duration in the open ocean. These
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Fig. 4.1. Photograph of a sediment trap (PARFLUX Mark VI).
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Fig. 4.2. Locations of sediment trap moorings (shown with yellow symbols)
and bathymetry in the Bay of Bengal.
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Fig. 4.3. Schematic diagram of a sediment trap mooring array.

Table 4.1. Mooring locations, water depths, sampling schedules and sediment
trap depths.

Mooring
NBBT

CBBT

SBBT

Position

Lat

15°44.62'N

Long

88°58.06'E

Lat

11°01.66'N

Long

84°26.21'E

Lat

5°00.33'N

Long

87°03.23'E

Date of
- end

Water depth
(m)

start

2682

29-1-1992

6-12-1992

3462

3-2-1992

16-12-1992

3997

5-2-1992

16-12-1992

Trap depth
(m)

1156 (shallow)
2146 (Deep)
1588 (shallow)
2527 (Deep)
1518 (shallow)
3011 (Deep)

Table 4.2. Schedules of the sediment trap sample collection in the Bay of Bengal.

Stn.
No.

1.
2.
3
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Stn.
No.

1.
2.
3
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Northern Bay of Bengal Trap (NBBT 06)
(Shallow and Deep Trap)
Coccolith split
Sampling period
Shallow trap
Opening date
Closing date
(1156 m)

January 29, 1992
February 8, 1992
March 5, 1992
March 31, 1992
April 26, 1992
May 22, 1992
June17, 1992
July13, 1992
August 8, 1992
September 3, 1992
September 29, 1992
October 25, 1992
November 20, 1992

February 8, 1992
March 5, 1992
March 31, 1992
April 26, 1992
May 22, 1992
June 17, 1992
July13, 1992
August 8, 1992
September 3, 1992
September 29, 1992
October 25, 1992
November 20, 1992
December 16, 1992

1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16

Central Bay of Bengal Trap (CBBT 06)
(Shallow and Deep Trap)
Coccolith split
Sampling period
Shallow trap
Opening date
Closing date
(1588 m)

February 3, 1992
February 8, 1992
March 5, 1992
March 31, 1992
April 26, 1992
May 22, 1992
June17, 1992
July13, 1992
August 8, 1992
September 3, 1992
September 29, 1992
October 25, 1992
November 20, 1992

February 8, 1992
March 5, 1992
March 31, 1992
April 26, 1992
May 22, 1992
June 17, 1992
July13, 1992
August 8, 1992
September 3, 1992
September 29, 1992
October 25, 1992
November 20, 1992
December 16, 1992

1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16

Coccolith split
Deep trap
(2146 m)

1/16
1/16
1/16
1/16
1/16
1/16*
1/16*
1/16*
1/16*
1/16*
1/16*
1/16*
1/16*

Coccolith split
Deep trap
(2527 m)

1/16*
1/16
1/16
1/16
1/16
1/16
1/16
1/16*
1/16*
1/16*
1/16
1/16
1/16*

Stn.
No.

1.
2.
3
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Southern Bay of Bengal Trap (SBBT 06)
(Shallow and Deep Trap)
Coccolith split
Sampling period
Shallow trap
Opening date
Closing date
(1518 m)

February 5, 1992
February 8, 1992
March 5, 1992
March 31, 1992
April 26, 1992
May 22, 1992
June17, 1992
July13, 1992
August 8, 1992
September 3, 1992
September 29, 1992
October 25, 1992
November 20, 1992

February 8, 1992
March 5, 1992
March 31, 1992
April 26, 1992
May 22, 1992
June 17, 1992
July13, 1992
August 8, 1992
September 3, 1992
September 29, 1992
October 25, 1992
November 20, 1992
December 16, 1992

* Samples not available for coccolithophore analysis

1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16
1/16

Coccolith split
Deep trap
(3011m)

,

1/16
1/16
1/16
1/16*
1/16
1/16
1/16
1/16*
1/16*
1/16*
1/16*
1/16*
1/16*

devices are ideally designed to capture the setting particles continuously in
water column. Therefore, sediment traps are immensely important in obtaining
the vital information on the vertical transport of particle flux through the water
column. The term "flux" denotes the rate of transfer of material with time from
one reservoir to another, or one physical or chemical state to another i.e.
water column to the trap. Flux estimates are essential pre requisites in
modeling of biogeochemical processes, which allow to study the seasonal
variations of particle fluxes. Biological processes that are taking place in the
oceans contribute to the particle flux of the ocean, which also act as 'carriers'
that scavenge fine particles from the water column and effectively transport
them to the sea floor. The importance of biological and physico-chemical
processes in aggregation and acceleration of sinking particles was
demonstrated by Honjo (1982) and Deuser et al. (1983).
The sinking particles are comprised of both biogenic and non-biogenic
material. The principal biogenic components of calcium carbonate are
constituted by coccolithophores, foraminifera, pteropods, calcareous
dinophytes etc. Similarly, biogenic components of silica include diatoms,
radiolarians, silicoflagellates and organic matter a product of intense biological
activity. Whereas, non-biogenic or lithogenic components are comprised of
clay, quartz, volcanic fragments, cosmogenic particles etc.
Owing to the fact that the sediment trap data is of immense help in
understanding the hydrography of the overlying waters, utmost care should be
exercised in interpretation due to problems associated with trap efficiency.
Besides, these settling particles on their journey from surface of water to deep
sea are subjected to many oceanographic processes such as lateral transport
(advection), re-suspension, carbonate dissolution, grazing etc.
The Particulate Flux Experiment was designed to measure total
particulate flux to the sea-floor (Honjo, 1980). Sediment trap experiments are
particularly important in obtaining information about the transport of material
through the water column which facilitates in studying temporal variation of
fluxes. Besides, they are designed to collect settling particles on hourly to
yearly time scale. Whereas, plankton-tow and water bottle-casting studies
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(snap shot samples) provide qualitative and quantitative information regarding
the biology and ecology of coccOlithophores, such as standing-stock
estimates, geographic and vertical distribution of species and seasonal
variation in abundance and composition. Similarly, surface-sediment studies
provide information about the spatial distribution of calcareous nannoplankton
in the overlying water, but they reveal very little about coccolith production
and their vertical transportation, which forms the major part of sedimentary
record. Therefore the study of sediment trap samples would be very useful in
understanding the various biogeochemical processes operating in the ocean.
Besides, we can also understand about dissolution and fragmentation that
control the coccolith carbonate cycle.
Until late nineties, the sediment trap samplers were designed to collect
a single sample relatively over longer periods. Studies by Deuser (1986) and
Honjo (1990) have indicated a necessity to collect time series samples for
shorter duration, which would enable to study temporal distribution of
particulate flux. This gave a tremendous impetus to improve the technology
and develop the desired sediment traps.
4.3 Sediment trap techniques for collection of particle flux and analyses

Sediment traps have been widely used for the collection of settling
particulate matter in the ocean water column which can be deployed in the
water column moored either to the seabed or to drifting surface buoys. This
enables (a) to collect time-series samples hourly to yearly time scale (b) the
estimation of the settling particulate fluxes of a wide variety of chemical and
biological components and (c) the elucidation of the qualitative nature of these
components. Thus temporal and spatial information can be obtained by using
the sediment trap technique.
The particulate flux is defined as the quantity of flux settling through a
given horizontal area in a given time.
Flux= mg dry weight m -2 d-1
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A sediment trap provides an estimate of the particulate flux trapped
during a specified period. The particulate matter, which settles to the sea floor
can be broadly divided into two groups.
a)

Suspended particles are discrete material of diverse nature and

composition such as clay flakes, coccoliths, diatoms etc. Stokesian vertical
settling velocity of such particle is insignificant and theoretically their
residence time may be more than several hundred years (Honjo, 1986).
b)

Macroscopic

settling

particles,

which

include

aggregates,

agglomerates, or flocculates of inorganic and organic matter that are loosely
bonded together is commonly called as "marine snow". These particles are
composed of living and dead bacteria, phytoplankton, and zooplankton, fecal
pellets and detritus, river-and wind-derived inorganic minerals, organic
material (Honjo et al., 1982). These particles settle through the water column
at high velocities due to density and arrive at the seafloor before being
seriously altered by chemical or biochemical reactions (Honjo, 1986).
The settling particles tend to sink to the ocean floor by the force of
gravity and are thus trapped in the horizontal openings of the trap without any
biases regardless of the rate of settling particles are concerned. With the
technological advancement in the development of sediment traps, various
types of traps with different shapes, sizes, automation and operational
mechanisms are produced which are being extensively used. Traps can be
dassified into different categories of shapes such as cylinders, funnels,
cones, containers with bodies much wider than mouth and a basin like
container having much more wider than their height (Gardner, 1980a).
It is believed that the cylinder shaped traps are the best suited ones for
effective trapping of settling particles as unbiased samples under varying flow
regimes (Gardner, 1980a, b). In case of funnel shaped traps, most of the
settling particles are accumulated at the mouth, while in case of cone shaped
traps, there is a possibility of loss of material due to adhesion to the sloping
walls.
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With the advent of microprocessor technology, the time series
sediment traps are provided with a multiple sampler which can collect a
maximum of 21 samples with a time ranging from hours to years as per
requirement and at desired intervals. Therefore, considering the high cost
factor of ship time this multiple sample cup device is much preferred over a
single cup traps.
A brief description of various components of the sediment trap is given
below (Fig. 4.4).
4.4 Mechanical Description

Time-series sediment trap comprises the following five major components:
a) Protective Titanium Frame
b) Multi-celled Baffle With Funnel
c) Rotator Plate Assembly
d) Stepper Motor Housing
e) Controller Housing
a) Protective Titanium Frame (Fig. 4.4)

It is a protecting frame made of a titanium weldment with six vertical tubes
welded to a pair of cold-rolled rings (Fig. 4.4), which is housed with all
components of the sediment trap. This is large enough to protect all the
components from any unforeseen damage which may occur at the time of
carrying out mooring operations (deployment and retrieval).
b) Multi-Celled Baffle with Funnel (Fig. 4.4)

The baffle is composed of approximately 368 honeycomb cells, each with a
2.5 cm diameter and 0.5 mm wall thickness. The baffle is inserted into the
short polyethylene mounting cylinder at the top of the funnel and fastened
using six nylon nuts and bolts. Since each baffle cell is narrower than the
small aperture at the bottom of the funnel, large objects or animals can
effectively be prevented from clogging the sediment trap.
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SIDE VIEW

TOP VIEW

90cm dia.

BorroraVIEw .

A:
B:
C:
D:
E:
F:

Titanium frame
3 Upper mooring eyes
3 Lower mooring eyes
Honeycomb baffle
Funnel
Controller housing

G: Stepper motor housing
H: Rotator plate assembly
I : Sample bottles
J: Funnel adapter
K: Cross channel

Fig. 4.4. Schematic diagram of a sediment trap in three different views.

The sediment trap funnel is 152 cm long with an opening of 90 cm
diameter at the mouth (Fig. 4.4), which tapers to 5 cm at the apex end. The
trap is colored bright yellow for high visibility using inert organic pigments
which do not contaminate the settling material. The bottom of the funnel is
inserted into a cylindrical adaptor.
c) Rotator Plate Assembly (Fig. 4.4)

The purpose of the rotator collector mechanism is to sequentially place each
sampling bottle under the narrow aperture of the funnel while preserving the
integrity and preventing the contamination of previously collected samples.
This assembly consists of a funnel connecting to the adaptor, a fiberglass
chassis, a stationary disk, and a rotary gear disk with 13 or 21 sample bottles
depending on the type of trap such as Mark V or VI (Fig. 4.4). The Mark V or
VI sediment trap is made of Delran (an engineering plastic) and is fastened to
the chassis with stainless steel bolts. The stationary disk hole is aligned with
the center of the sediment trap as well as with the center of funnel adaptor.
The gear plate is located under the fixed oval-shaped plate with a hole larger
than the number of sample bottles. The rotator assembly should be set at the
extra hole during both the deployment and recovery operations in order to
ensure the integrity of the adjacent sealed sample bottles. The holes are
spaced equidistantly around the outer edge. Each one of these holes are
automatically aligned with the hole on the fixed plate as the gear plate
completes one rotation. All but one of the lower set of holes are threaded to fit
screw-in sampling bottles. The diameter of each hole in the gear plate is 5%
greater than the single hole in the fixed plate. This precaution is taken so as to
ensure that the particles can settle into the sample bottles without any
obstruction.
The circumference of the upper opening of holes on the sampler disc is
fitted with a Teflon O spring-loaded gasket, which is C-shaped in profile and
open to the outside. The upper and lower lips of the gasket are expanded by a
continuous Hastelloy O (a highly corrosion resistant alloy with high yield
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strength) circular spring, to positively seal the bottle contents from ambient
water and air.
The controller housing is mounted on an epoxy fiberglass U-channel
chassis which is coated by inert epoxy paint with stainless steel U-bolts
covered by silicon rubber tubing. The drive motor housing is mounted directly
on a corner of the stationary disk by stainless steel bolts and nylon spacers.
d) Stepper Motor Housing (4.4)

The drive motor housing consists of a high-torque electronic stepping motor, a
reducing gear train, a micro switch/cam device and a titanium main drive shaft
(Fig. 4.4). This motor interfaces between the electronic signals to mechanical
systems on the sediment trap converting the electronic signals to mechanical
energy in order to move the sample bottles. The micros witch in the motor
housing detects mechanically the position of the rotary disk holes relative to
the hole on the stationary disk. The precise position thus achieved in each
advancement of sampling bottle is recorded in the microprocessor memory of
the powerful computer ITC (Instrument Timer and Controller).
e) Controller Housing (Fig. 4.4)

The ITC and batteries are housed in a pressure-resistant chamber known as
the controller housing (Fig. 4.4). Seven ampere-hours at 21V are available
from an alkaline battery packed inside the chamber which is designed to resist
static pressure up to a depth of 5,500 m deep.
4.5 Mooring operations of sediment traps
4.5.1 Deployment of sediment traps

Prior to the deployment of traps, sampling cups are filled with sea water
collected from the deep sea depth to which 35 g/I NaCI and 3.3 g/I HgC12
added for preservation and poisoning to prevent degradation by bacteria. The
time series sediment traps are attached to the mooring line with PVC coated
special bridles. Two traps in each mooring are deployed one each around
1000 - 1600 m (shallow) and - 2000 - 2500m (deep) depths from the surface
to prevent the entry of migrating zooplankton and other small animals living in
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the top 500 m of the ocean water. And, the deeper traps are always deployed
at about 1000 m above the sea bottom so as to prevent re-suspension of
sediment.
Glass floatation spheres used in the mooring lines provide the
necessary buoyancy required for the mooring (Fig. 4.5a). The mooring
remains stationary in upright position by means of anchor weights consisting
of four railway wheels (Fig. 4.5a) having a total weight of about a ton.
Deployment begins with the lowering of the three sphere radio float
attached to the 16 floats in water which is further connected with a nylon rope
(Fig. 4.5b). This nylon rope is joined to the wire rope and connected to the
sediment trap. The deployment operation of the sediment trap (shallow) is
done with the help of cranes and jib boom to lower the traps. The wire rope
and nylon rope are looped on to the winch and the wire rope is passed
through sheaved pulleys. While the mooring operation is in progress, it is
necessary that the ship drifts away from the mooring line to prevent possible
entanglement with the propeller. The sediment trap is further connected to
series of wire ropes and floats and then nylon rope through which the second
trap (deep depth) is chained. This trap is further attached to wire ropes,
connecting the floats to the acoustic release, which is hooked by railway
wheels as anchor weights. After the anchor weights are detached, they begin
to descend along with the entire array of mooring line. The sinking/descending
rate is monitored by the Benthos transponder deck unit. The anchor drop
position is noted down with the help of Global Positioning System (GPS) and
the triangulation method is used in ascertaining the exact location.
4.5.2 Retrieval of the sediment traps

After reaching the anchor drop position the Acoustic Release is
interrogated by the transducer of the Benthos deck unit from the ship and the
slant ranges displayed on the deck unit are computed to obtain the horizontal
range. This procedure is repeated until the ship reaches to a close vicinity of
the mooring system. When the safe distance between the ship and mooring
array is achieved, the Acoustic release is then activated to release from the
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a)

b)

Fig. 4.5. a) Photograph showing Glass floatation spheres and anchor weights
(Railway wheels).
b) Photograph showing the deployment of three sphere radio float
attached to the glass floats.

anchor weight. After ascertaining the release by the Deck unit, slant range
readings are taken at regular intervals and accordingly the ascending rate is
calculated (approx. 80 m per minute). The VHF picks up the signal pulse from
the Radio beacon of the mooring float and the mooring system pops up to the
surface within about 45 minutes (Fig. 4.6), then the ship is navigated and
maneuvered to reach to the close vicinity of the radio floats (Fig. 4.7a) and
then hooked to grapnels and mooring line (Fig. 4.7b & c). Thus, the retrieval
of the entire array of mooring with traps are brought on to the main deck of the
ship, washed sample bottles are removed and refrigerated immediately.
4.6 Possible sources of error in the collection of settling particles

The time-series sediment traps are the most versatile sampling gears
to capture the settling particle in the ocean yet, we encounter with some
possible errors. A variety of factors, reflecting both natural oceanographic
processes and artifacts induced by the trap/mooring may result in incorrect
estimation of Flux values. Because, these are dependent for some extent on
the choice of trap/mooring design and hardware, deployment methods,
sample treatments, analytical procedures and data interpretation. It is very
difficult to explain the errors in sediment trap samples as they are subjected to
several important sources of potential errors (Bloesch and Burns, 1980;
Blomquist and Hakanson, 1981). Nevertheless, sediment traps are the only
tools for directly collecting/trapping the rain of sinking particles in the ocean
for meaningful interpretation of results. Some of the possible factors —
affecting the settling of particles are highlighted in the following paragraphs.
a) Hydrodynamic Effects

One of the most difficult sources of error may be due to the interaction
of trap structure with the flow of water and associated particles. Therefore,
several studies have been carried out to clearly understand the nature of
biases that may possibly occur due to strong currents (Gardner, 1980a, b), tilt
of the trap (Gardner, 1985) and with respect to the current vector and the
effect of trap geometry (size, shape, baffles etc.) on the quality and the
quantity of material collected (Gardner, 1980b; Spencer, 1981). Recent
studies have shown that trapping biases may occur in high energy
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Fig. 4.6. Mooring diagram of the sediment tap for retrieval after the anchor weights are released.

a)

b)

c)

Fig. 4.7. a) Photograph showing three sphere radio float with glass floatation
spheres at the surface before retrieval.
b) Photograph showing the retrieval of sediment trap array.
c) Photograph showing the retrieval of sediment trap.

environments. Earlier studies have also indicated that the sediment traps can
be best used with accuracy in bathypelagic and abyssal areas.
b) Swimmers

Variety of organisms get trapped in sediment traps, especially the
"swimmers" which are alive at the time of their entry into the trap and are not
members of the community of sinking particle, hence should not be
considered as partide flux. Often, these swimmers may pose a problem with
regards to the true total flux by their consumption and/or defecation in the
trap.
The intensity of swimmers is especially acute in the upper regions of
the ocean, normally where the concentrations of migrating zooplankton are
high and food sources are relatively dispersed. Therefore in the present study,
traps were deployed well below the depth range of migrating zooplankton.
c) Preservatives

One of the major problems encountered in the preservation of the
sample collected by sediment traps is the degradation and decomposition of
particulate matter (Knauer et al., 1984). However, this problem can be
resolved by using poisons such as sodium azide, mercuric chloride which
prevent bacterial degradation effectively. Besides, there are many mild
preservatives such as formaldehyde, glutaraldehyde that minimize both
biological and chemical degradation of biological materials. Most of these
preservatives complicate the sample processing by interfering with some of
the chemical analyses. However, it was found that mercuric chloride in minor
proportion is the best preservative, which has been used in the present
investigation.
4.7 Processing of sediment trap samples for coccolithophores
4.7.1 Processing of samples in the laboratory

After the retrieval of the sediment traps, the sample cups were
removed with due care, volume of the sample noted and refrigerated
immediately. The pH and conductivity of the decanted supernatant solutions
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were measured. The particulate matter from each sample cup was poured
onto a clean plastic tray and examined visually. The supernatant was
decanted and the residue was wet sieved using a >1 mm sieve. The >1 mm
fraction was filtered on a millipore filter and stored in a plastic box, this fraction
was not included in the calculations of total fluxes (Honjo, 1982; Lee et al.,
1988). The <1 mm fraction was split using a precision splitter into aliquots of
1/4 to 1/16. These samples are generally comprised of particulate matter,
foraminiferal tests, coccoliths and pteropods. Samples from one of the
aliquots are filtered onto pre weighed Millipore filter (0.4 lam), dried at 50°C
and then scanned under SEM for coccolithophore analysis (Fig. 4.8).
4.7.2 Sample preparation for coccolithophore analyses using the
Scanning Electron Microscope (SEM)

A small strip of the dried Millipore filter is cut and placed on a sample
stub and coated with (Gold-Palladium alloy) at 100 A° in a sputter cotter. This
gold-coated stub is scanned using JEOL JSM-5800 LV SEM for
coccoithophore at 15 KV. Species composition and abundances are
determined by identifying and counting the species (at least 300-500
specimens) of coccospheres and coccoliths on measured transects (1 mm) at
a magnification of x3,500. Identification of coccolithophores was done
following references of Winter et al. (1994), Nishida (1979) and Kleijne (1990,
1991, 1992, 1993).
Fluxes of coccolith were calculated as follows

Flx = F C S
AD 0
Flx = coccolith flux (specimens red -1 )
F = effective filtration area (mm 2)
C = number of coccolithophores

S = split factor (reciprocal of split fraction)

A = investigated filter area (mm 2)
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COLLECTION OF SAMPLE CUPS ON RECOVERY
STORAGE IN COLD ROOM AT 4°C
]VOLUME OF PARTICULATE MATTER ESTIMATED
pH AND CONDUCTIVITY OF THE SAMPLE MEASURED

VISUAL EXAMINATION OF
VARIOUS COMPONENTS

SIEVE THROUGH 1mm SIEVE I
4P1
<1 mm FRACTION SPLITTED INTO FOUR EQUAL PARTS

ONE PART OF THE ABOVE SPLITTED INTO ALIQUOTS OF 1/16

1/16 ALIQUOT
- THE SAMPLE WAS TREATED WITH
HYDROGEN PEROXIDE AND KEPT
OVERNIGHT TO ELIMINATE ORGANIC
MATTER PRESENT
- THE SAMPLE WAS THEN
FILTERED THROUGH 63 gm SIEVE

CALCIUM OPAL
CARBONATE

THE ABOVE FILTRATE WAS
THEN VACCUM FILTERED USING
0.45 pm MILIPORE FILTER PAPERS
FOR COCCOLITHOPHORES STUDIES.
THE FILTER PAPERS WERE SCANNED
UNDER SEM, FOR IDENTIFICATION AND
QUANTIFICATION OF THEIR FLUX

1/16 ALIQUOT
(GEOCHEMICAL PARAMETERS)

TOTAL FLUX
(mg rn -2d - 1)

ORGANIC NITROGEN LITHOGENIC
CARBON

FLUX (mg m-2 d-i)

(INDIVIDUAL m -2 d -1)

Fig. 4.8. Flow chart showing various stages for processing of sediment trap samples.

D = length of sampling interval (d)
0 = opening area of the trap cone (m 2)
4.7.3 Estimation of CaCO3 contribution by coccolithophores

The coccolith-CaCO3 was estimated by multiplying the specific weight
of the coccolith species by their corresponding fluxes following Broerse et al.
(2000a). Similarly coccosphere-CaCO3 is estimated by multiplying the
coccosphere fluxes by the mean number of coccolith per coccosphere by the
specific coccolith weight. For all other species an average weight was used
(Table 4.3).
4.8 Working of Scanning Electron Microscope (SEM)

Owing to the fact that the living coccolithophores are very tiny unlike
those found in sediment which are robust due to calcification, it is very
essential to use the Scanning Electron Microscope (SEM). Therefore, the
SEM (Fig. 4.9) was extensively used to carry out the coccolithophore
analyses in the present study; hence it is felt necessary to give a brief
description on the working of SEM.
The SEM is a microscope that uses electrons rather than light to form
an image and is designed for examining the surfaces of solid objects. The
specimen surface is scanned by an incident electron beam and the
backscattered electron thus generated have information of the surface
topography, physical and chemical properties of the specimen which is then
focused to form an image in much the same way as TV (Fig. 4.10).
There are many advantages of SEM over light microscope.
i)

The SEM has a large depth of field which allows a large area of sample to
focus at a given time.

ii) The SEM produces images of high resolution which means that closely
spaced features of an object can be examined at high magnification.
Sample preparation is relatively simple.
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Table 4.3. Overview of coccolith masses and lengths of individual species and the

mean number of coccoliths per coccosphere as determined by various
researchers.

Species
G. oceanica
E. huxleyi

Coccolith Coccolith
Mass
Length
Reference
(Mm)
(PM)
18
5
Knappertsbusch and
Brummer (1995)
3.5
3.2
Knappertsbusch and
Brummer (1995)

Coccoliths
per
Coccosphere

Reference

C. mediterranea

12.1

4

Young and Ziveri (2000)

S. pulchra

16

6

Knappertsbusch and
Brummer (1995)

U. sibogae

35

6

Young and Ziveri (2000)

U. imegularis

23.86

5

Beaufort and Heussner
(1999)

U. tenuis

23.9

5

Beaufort and Heussner
(1999)

24

Knappertsbusch
(1993)

H. carted

142.9

9.11

Beaufort and Heussner
(1999)

31

Kn appertsbusch
(1 993)

C. leptopora

74.1

7

Young and Ziveri (2000)

76

K19 pp)
( 93

F. profunda

1.3

2.5

Young and Ziveri (2000)

D. tubifera

5.1

3

Young and Ziveri (2000)

R. davigera

67.5

10

Young and Ziveri (2000)

N. coccolithomorpha

40.5

10

Young and Ziveri (2000)

Others

8

5

Average value used in this

20

Average value
used in this
study

study

Fig. 4.9. Photograph of the Scanning Electron Microscope (JEOL JSM-5800 LV).
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Fig. 4.10. Flow diagram on the working of the Scanning Electron Microscope.

iii) The combination of higher magnification, larger depth of focus, greater
resolution can produce an image that is a true representation of the threedimensional sample.
iv) Usage of SEM enables to identify coccolithophores directly unlike in a
light microscope where the identification is indirect through interference
figure produced by calcite.
4.90utline of instrumental design
1. Electron gun

Essential requirements for the electron source of a SEM are high
brightness, a small source area and high stability especially that of the
velocity of emitted electrons. These requirements are met by several types of
electron guns, which are basically composed of three electrodes.
2. Electron lens

Electron lenses are used to de-magnify the crossover (electron source)
formed in the electron gun and focus the electron probe to scan the specimen
surface under the desired condition.
3. Secondary electron detector

The secondary electron detector effectively collects secondary
electrons (including some backscattered electron) emitted from an irradiated
specimen surface, amplifies the detected electrons, and converts them into
the video signal.
4. Vacuum system

For the SEM operations, the column and sample must always be in
vacuum in order to minimize the interference of extraneous particles with the
electron beam. The vacuum in an SEM is very essential as the filament
should not be surrounded by air which can quickly get burnt, like a light bulb.
And also the column should be free of air as the electrons can collide with the
gas molecules and never reach the sample. If the gas molecules react with
the sample, different compounds could form and condense on the sample
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which can then reduce the quality of the image. A vacuum condition is also
necessary in the sample preparation for coating the samples with carbon or
gold-palladium in the sputter coater.
4.10 Function of a sputter coater

A sputter coater (Fig. 4.11) is a special device to coat the sample with
gold or carbon atoms. The main purpose of coating is to make non-metallic
objects electrically conductive. The sample is placed in a small chamber,
which is kept at vacuum to which the Argon gas introduced. An electric field
removes an electron from the Argon atoms to make the atoms ions with a
positive charge. The Argon ions are then attracted to a negatively charged
gold foil acting like sand in a sandblaster, knocking gold atoms from the
surface of the foil. These gold atoms then settle onto the surface of the
sample, producing a gold coating and making it conductive.
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4

Fig. 4.11. Photograph of the Sputter coater (SPI-Module).
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CHAPTER 5
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Chapter 5
RESULTS
5.1 Distributional patterns of the fluxes of total particulate, total coccolithophore and various taxa in the Northern Bay of Bengal

(Although, it is being widely referred to both the shallow and deep traps in the
following results and discussions chapters, owing to the non availability of full
set of 13 deep trap samples, clear picture on temporal distribution could not
be obtained. However, some trends and useful information could be derived
for those intervals wherever samples were available).
5.1.1 Total particulate flux

Total particulate fluxes in the northern Bay of Bengal traps varied
between 37.08 - 147.66 mg m-2(1-1 for the shallow trap and 47.39 and 134.98
mg m2(1-1 for the deep trap with average values of 83.84 mg m 2(1-1 and 89.90
mg m-2(1-1 respectively (Tables 5.1 and 5.2). The shallow trap showed a
seasonality characterized by a distinct bi-modal distributional pattern. The
highest fluxes with a major peak were associated with the SW monsoon
during August/September followed by a minor peak occurring during NE-SW
intermonsoon (April-May) and lowest fluxes during NE monsoon (Fig. 5.1a).
The deep trap also reflected somewhat similar distributional pattern
corresponding with the shallow trap with a distinct major peak associated with
the late SW monsoon (September) and a secondary peak during NE-SW
intermonsoon period (May) (Fig. 5.1a).
5.1.2 Total coccolithophore flux

The total coccolithophore fluxes from the shallow trap varied between
12.89 and 85.35 x 10 5 m2(1-1 with an average value of 41.55 x 10 5
(Table5.3) But,basedononlyfivesamplescolected uringJanuary-Mayit
was observed that these fluxes in the deep trap varied significantly showing
values between 13.38 and 42.22 x 105 m2(1-1 with an average flux value of
31.41 x 105 m2(1-1 (Table 5.4). Due to the malfunctioning of trap, samples for
the remaining period of the year could not be collected. The total
coccolithophore fluxes in the shallow trap were moderately distributed with
relatively minor and major peaks noticed during early and late SW monsoons
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Table 5.1. Temporal variation of total particulate flux and the major components
(calcium carbonate, lithogenic, biogenic opal and organic carbon fluxes)
in the Northern Bay of Bengal (NBBT) for the period 29 January-16
December 1992 in the shallow trap.

Stn.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13

Northern Bay of Bengal Trap (NBBT 06)
(Shallow Trar)
Calcium
Litho- Blogenic
Organic
Sampling period
carbonate
genic
opal
carbon
Flux (mg m d4)
<

29 January - 8 February 1992
8 February - 5 March 1992
5 March - 31 March 1992
31 March - 26 April 1992
26 April - 22 May 1992
22 May - 17 June 1992
17 June - 13 July 1992
13 July - 8 Aug 1992
8 August - 3 September 1992
3 September - 29 September 1992
29 September - 25 October 1992
25 October - 20 November 1992
20 November - 16 December 1992
Average

Total
particulate

18.58
33.26
30.69
47.05
37.64
32.99
32.91
48.08
46.56
33.59
26.46
22.21
22.73

6.86
7.84
16.05
15.64
25.01
18.39
28.18
21.14
56.15
42.45
24.47
32.59
19.04

6.48
8.18
16.49
15.14
14.51
14.36
13.83
10.32
29.93
27.26
19.86
22.87
17.21

2.86
2.64
5.29
5.29
6.15
5.78
6.67
3.99
8.35
6.52
5.34
6.27
5.37

37.08
54.04
72.75
87.36
88.23
76.15
86.93
86.72
147.66
115.02
80.39
88.94
68.66

32.28

24.14

16.65

5.42

83.84

Table 5.2. Seasonal variation of total particulate flux and the major components
(calcium carbonate, lithogenic, biogenic opal and organic carbon fluxes)
in the Northern Bay of Bengal (NBBT) for the period 29 January-16
December 1992 in the deep trap.
Northern Bay of Bengal Trap (NBBT 06)
Stn.
No.

Sampling period

1
2
3
4
5
6
7
8
9
10
11
12
13

29 January- 8 February 1992
8 February - 5 March 1992
5 March - 31 March 1992
31 March - 26 April 1992
26 April - 22 May 1992
22 May - 17 June 1992
17 June-13 July 1992
13 July - 8 August 1992
8 August - 3 September 1992
3 September - 29 September 1992
29 September - 25 October 1992
25 October - 20 November 1992
20 November - 16 December 1992
Average

(Deep Tra )
Calcium
LithoBlogenic
Organic
carbonate
genic
opal
carbon
4
Flux (mg m 4c1-1 )

Total
particulate

16.55
23.66
22.37
31.37
33.80
24.83
30.21
40.92
36.07
54.38
27.06
28.72
36.54

13.50
14.63
17.73
21.30
43.07
24.05
28.08
29.32
41.22
43.13
37.54
34.89
26.94

11.82
13.74
16.62
19.11
20.73
18.51
18.51
18.36
21.61
26.84
25.51
24.87
19.49

3.07
3.45
4.64
5.42
11.42
5.81
6.35
5.29
5.87
5.90
5.68
5.38
4.54

47.39
58.24
65.06
81.55
118.15
77.85
88.23
98.13
109.46
134.98
100.35
98.15
91.15

31.27

28.88

19.67

5.60

89.90

Table 5.3. Seasonal variation of fluxes of various coccolithophore taxa in the Northern Bay of Bengal (NBBT) for
the period 29 January-16 December 1992 in the shallow trap.
Northern Bay of Bengal Trap (NBBT 06)
(Shallow Trap)
Flux (x 105 m-2 c1-1 )

Interval
tion No

*

Species
G. oceanica
E. huxleyi
C. mediterranea
S. pulchra
U. sibogae
U. irregularis
U. tenuis
H. carteri
C. leptopora
F. profunda
Calciosolenids sp.
D. tubifera
R. clavigena
0. antillarum
S. pulchra
S. pirus
S. lamina
Syracosphaera sp.
N. coccolithomorpha
A. oryza
C. cristatus

Total coccolith flux
Total coccosphere
flux
Total
coccolithophore
flux

>

29111928/2192

8/2192513/92

5/3/923113/92

3113/9226/4192

26/419222/5/92

221519217/6/92

17/6/9213/7/92

1317/928/8/92

8/8/923/9192

3/9/9229/9/92

2919/9225/10/92

25/1019220/11/92

25/10/9220/11/92

1

2

3

4

5

6

7

8

9

10

11

12

13

6.84
0.47

10.87
1.30

28.76
2.29
1.38

7.75
1.38
0.91

28.29
1.74
1.74

2.73
1.38

44.35
2.62
0.44
0.88
19.12
3.04

35.71
0.39
1.60
0.39
13.49
2.79

13.52
0.36

9.13
3.64

20.92
1.13
0.39
0.39
2.65
3.04

27.38
0.83
0.83

3.04
1.74

14.16
0.47
0.47
0.47
7.31
4.55

14.46
0.77

1.82
0.47

15.32
1.30
1.30
0.44
2.62
4.77

4.39
1.46

1.41

0.47
1.82

0.88
0.88

0.47
2.35
1.41

2.18
0.88
4.77
0.88

1.99
0.80
14.68
0.80
0.39

0.47

0.88
0.44
0.44

0.77
0.77
1.52
0.39
0.39

0.77

0.44
1.30

7.89
0.83
0.41
2.48
1.24
20.34

1.82

0.94

2.73
0.47
0.47

6.95
3.04
0.88
1.32
1.74
0.88

0.44

0.39

1.32

0.80

0.83

0.36
0.36

0.39

0.88
0.88
0.88

1.99

0.41

0.72

0.80

0.44
83.59

0.39
'77.00

63.88

28.09

20.64
1.16
1.01
0.51
6.74
2.48
0.41
1.42
1.02
4.67
0.69
0.58
0.42
0.65
0.47
0.62
1.04
0.62
0.85
0.68
0.43
41.08

1.76

0.78

1.24

0.72

0.47

85.35

77.78

65.12

28.81

41.55

6.46
1.52

1.90

6.21
0.72

0.41

0.47
0.94

12.89

1.74

20.42

1.82
0.47
0.94

54.39

0.47
0.47
17.86

0.88
1.30
0.44
31.90

20.86

0.77

0.47
0.47

0.39
1.52

0.44
0.88
48.79

0.47
33.53

35.02

54.39

17.86

31.90

49.23

26.66

0.77

0.44

0.44
12.89

0.47
0.44

33.53

35.79

Average

<

26.66

Table 5.4. Seasonal variation of fluxes of various coccolithophore taxa in the Northern Bay of Bengal (NBBT)
for the period 29 January-16 December 1992 in the deep trap.

Northern Bay of Bengal Trap (NBBT 06)
4(

Station No.

Species
G. oceanica

29111928/2/92

1I

Interval

31131922614/92

26/419222/5/92

22/5/921716192

17161921317/92

13/7/92818/92

6

7

8

1

2

3

4

5

8.33

22.60

23.49

17.83

19.57

0.88

1.74

0.88

2.73
0.91

5.22
0.44

0.44
0.44
8.69
1.30

1.74
0.44
8.69
0.88

0.88
0.44
5.66
2.62

0.47
0.47

1.74
0.88

1.30
0.88
0.44

1.30
1.30
0.44
0.44
0.44

E. huxleyi

C. mediterranea
S. pulchra
U. sibogae
U. irregularis
U. tenuis
H. carteri
C. leptopora
F. profunda
0. antillarum
S. lamina
N. coccolithomorpha
C. cristatus
Total
coccollthophore
flux

513/92.
31/3/92

8/8/92319192

9

3/919229/9192

29/919225/10/92

25/10/9220111192

2011119216/12/92

10

11

12

13

1.74

18.36
1.17
1.02
0.44
6.20
1.23
0.44
1.31
0.88
0.59
0.46
0.73
1.02

0.88

0.88

35.71

31.41

0.44

1.74
0.88
0.88

0.47

13.38

0.44

1.30

0.44

0.88

32.65

42.22

33.09

Average

(Deep Trap)
Flux (x 105m'2 c1-1

No Sample

Fig. 5.1. Seasonal variation of (a) total particulate (b) total coccolithophore and
(c) coccolithophore-CaCO 3 fluxes in the shallow and deep traps from the
northern Bay of Bengal (NBBT). The shaded bands represent the periods
of different monsoon seasons.
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(June and September) (Fig. 5.1b). Whereas, the fluxes were relatively low
during NE monsoon which marginally increased during NE-SW intermonsoon
(March) (Fig. 5.1b). Deep trap also followed more or less the same trend as
that of the shallow trap with marginally increased fluxes occurring during NESW intermonsoon (Fig. 5.1b).
5.1.3 Flux patterns of various taxa

In the northern Bay of Bengal (NBBT), twenty one species of
coccolithophores were encountered in the shallow trap deployed at a depth of
1156 m, among which dominant species were G. oceanica (20.64 x 105 m-2d1 ),

U. sibogae (6.74 x 105 m -2d-1 ), F. profunda (4.67 x 10 5 m-2d -1 ), and U.

irregularis (2.48 x 105 m-2d-1 ) (Table 5.3). Whereas, E. huxleyi, H. carteri, C.
leptopora, C. mediterranea, D. tubifera, S. lamina, N. coccolithomorpha and

A. oryza were the common species (Table 5.3 and Plates (1 - 6)). The
remaining species such as S. pulchra, U. tenuis, Calciosolenids sp., R.
clavigera, 0. antillarum, S. pulchra, S. pirus, C. cristatus and syracosphaera

sp. were sparsely distributed (Table 5.3).
On the other hand, the diversity in the deep trap (2146 m) was low with
fourteen species. The dominant species among them were G. oceanica
(18.36 x 105 m-2d-1 ), U. sibogae (6.20 x 105 m-2d-1 ), U. irregularis (1.23 x 105 m"
2 d-1 )

and H. carteri (1.31 x 105 red-1 ) (Table 5.4). Whereas, E. huxleyi, C.

leptopora, C. mediterranea, 0. antillarum, N. coccolithomorpha and C.
cristatus were common among the coccolithophore assemblage (Table 5.4).

Besides, the remaining minor species such as S. pulchra, U. tenuis, F.
profunda and S. lamina distributed sporadically.

G. oceanica: This species dominated the coccolithophore assemblage
throughout the sampling period both in the shallow and deep traps. The fluxes
in the shallow trap ranged from 6.84 to 44.35 x 10 5 red -1 with an average flux
value of 20.64 x 10 5 m2d -1 (Table 5.3). Whereas, in the deep trap the fluxes
varied from 8.33 to 23.49 x 10 5 m-2d-1 with an average value of 18.36 x 10 5 m2 d"1

(Table 5.4). The fluxes of G. oceanica also displayed a similar seasonal

trend as that of total coccolithopore fluxes with major and minor peaks
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coinciding with the early and late SW monsoons (June and September) (Fig.
5.2a). Besides it also showed a secondary minor peak during NE-SW
intermonsoon (March) (Fig. 5.2a). Relatively higher fluxes were observed in
the deep trap during NE and NE-SW intermonsoons with a peak associated
with NE-SW intermonsoon (March) (Fig. 5.2a).
U. sibogae: It was the second dominant species among the coccolithophore
assemblage in both the shallow and deep traps. The fluxes in the shallow trap
ranged between 1.82 and 19.12 x 10 5 m-2(1-1 with an average value of 6.74 x
105 m-2(1-1 (Table 5.3), while it varied between 2.73 and 8.69 x 105 rh 2d-1 with
5 m2d-1 in the deep trap (Table 5.4). The anvergluof6.20x1
distributional trend of fluxes of this species in the shallow trap corresponds
with the total coccolithophore fluxes displaying a prominent peak associated
with late SW monsoon (September) and a minor peak during NE-SW
intermonsoon (March) (Fig. 5.2b). Besides, a second minor peak was also
displayed during SW monsoon (June/July) (Fig. 5.2b). The deep trap showed
relatively increased fluxes of U. sibogae during NE-SW intermonsoon (MarchMay) as observed in the shallow trap (Fig. 5.2b).

E. huxleyi: It's fluxes varied from 0.36 to 2.62 x 10 5 al-2e with an average
value of 1.16 x 105 m-2d-1 in the shallow trap (Table 5.3). It also followed more
or less a similar distributional pattern displayed by total coccolithophore fluxes
with a prominent peak associated with late SW monsoon (September) and
two minor peaks during early NE-SW intermonsoon (March) and early SW
monsoon (June) (Fig. 5.2c). While the fluxes in the deep trap ranged from
0.88 to 1.74 x 105 m-2d-1 with an average value of 1.17 x 10 5 m2d-1 (Table 5.4).
E. huxleyi fluxes recorded in the deep trap were comparatively lower during
NE-SW intermonsoon compared to shallow trap. But, it did show a peak
during NE-SW intermonsoon (March) (Fig. 5.2c).
U. irregularis: The flux values varied from 0.47 to 4.77 x 10 5 al2e with an
average flux value of 2.48 x 10 5 al-2e for the shallow trap with two peaks
associated with NE-SW intermonsoon and early SW monsoon (May and
June/July) respectively (Table 5.3). Besides, a minor peak was also observed
during NE-SW intermonsoon (March) (Fig. 5.2d). Whereas, in the deep trap,
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Fig. 5.2. Seasonal variation of coccolith fluxes of (a) G. oceanica (b) U. sibogae (c) E. huxleyi

and (d) U. irregularis in the shallow and deep traps from the nothern Bay of Bengal
(NBBT). The shaded bands represent the periods of different monsoon seasons.
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fluxes ranged from 0.44 to 2.62 x 10 5 m2d-1 with an average flux value of 1.23
x 105 red -1 and it recorded comparatively lower fluxes than shallow trap. A
marginally increased flux was observed during NE-SW intermonsoon similar
to that of shallow trap (Table 5.4 and Fig. 5.2d).
F. profunda: The flux value for this species varied between 0.88 and 20.34 x
105 red-1 with an average value of 4.67 x 10 5 m2d-1 in the shallow trap and
remained very low throughout the sampling period except for a prominent
peak value of 20.34 x 10 5 red -' during SW-NE intermonsoon
(October/November) (Table 5.3 and Fig. 5.3a). The deep trap recorded very
low fluxes, which ranged from 0.44 - 0.88 x 10 5 red-I with an average flux
value of 0.59 x 105 red-1 (Table 5.4 and Fig. 5.3a).
C. meditterenea: This species showed a patchy distribution which varied

between 0.39 and 1.74 x 105 red-1 with an average value of 1.01 x 10 5 red -1
inthesalowrp(Tb5.3)hefluxsowdpakbnceurig
early SW monsoon (June) and SW-NE intermonsoon (October) (Fig. 5.3b).
While the fluxes in deep trap ranged between 0.44 and 1.74 x 105 m2d-1 with
an average value of 1.02 x 105 red-1 (Table 5.4).
0. antillarum: This was also a very sparsely distributed species which ranged
from 0.36 to1.32 x 10 5 red-1 with an average value of 0.65 x 10 5 red-1 in the
shallow trap (Table 5.3). Fluxes were slightly increased during late SW
monsoon (September) (Fig. 5.3c). While in the deep trap the fluxes varied
between 0.44 and 0.47 x 10 5 m2d-1 with an average of 0.46 x 10 5 red-1 (Table
5.4).
C. leptopora: It exhibited a patchy distribution in the shallow trap with a

varied flux values between 0.44 to 2.35 x 10 5 red -1 with an average value of
1.02 x 105 red-1 (Table 5.3). Increased fluxes were observed during SW
monsoon (June/July) (Fig. 5.3d). The fluxes in the deep trap varied from 0.47
to 1.30 x 105 red- ' with an average of 0.88 x 10 5 m2d-1 (Table 5.4). It
recorded moderate fluxes which increased marginally during late NE and NESW intermonsoon (February-March) (Fig. 5.3d).
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Fig. 5.3. Seasonal variation of coccolith fluxes of (a) F. profunda (b) C. mediterranea
(c) 0. antillarum and (d) C. leptopora in the shallow and deep traps from the
northern Bay of Bengal (NBBT). The shaded bands represent the periods of
different monsoon seasons.
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H. carteri: This is also one of the species which exhibited a patchy
distribution with flux ranging from 0.47 to 2.48 x 10 5 red-1 and an average
value of 1.42 x 10 5 red-1 in the shallow trap (Table 5.3). The highest flux
value of 2.48 x 10 5 red-1 was recorded during SW-NE intermonsoon
(October/November) (Fig. 5.4a). While in the deep trap the flux ranged from
0.47 to 1.74 x 105 m-2d-1 with an average value of 1.31 x 10 5 m-2d-1 with
increased fluxes occurring during NE and NE-SW monsoons (FebruaryMarch) (Table 5.4 and Fig. 5.4a).
N. coccolithomorpha: It's flux values varied between 0.44 to 1.52 x 10 5m-2d-1
5 red-1 in the shallow trap displaying withanvergluof0.85x1
increased fluxes during NE-SW intermonsoon (May) followed by a maximum
value of 1.52 x 105 red-1 during SW monsoon (July/August) (Table 5.3 and
Fig. 5.4b). While in the deep trap, the fluxes varied from 0.44 to 1.74 x 10 5 m2 d-1

with an average value of 1.02 x 10 5 m-2d-1 , with a maximum fluxes (1.74 x

105 m-2d-1 ) associated with NE-SW intermonsoon (May) (Table 5.4 and Fig.
5.4b).
S. lamina: It exhibited a patchy distribution in the shallow trap and ranged
from 0.39 to 1.99 x 10 5 m-2d-1 with an average value of 1.04 x 10 5 m-2d-1 (Table
5.3). It showed increased fluxes during SW-NE intermonsoon (October)
followed by a peak during late NE and NE-SW monsoons (February-March)
(Fig. 5.4c). While in the deep trap, it varied from 0.44 to 1.30 x 10 5 m-2d-1 with
an average value of 0.73 x 105 red-1 (Table 5.4). The deep trap recorded
slightly increased fluxes of 1.30 x 10 5 m-2d-1 during NE-SW intermonsoon
(March) (Fig. 5.4c).

5.2 Distributional patterns of the fluxes of total particulate, total coccolithophore and various taxa in the Central Bay of Bengal
5.2.1 Total particulate flux

Total particulate fluxes from the central Bay of Bengal (CBBT) varied
between 49.50 and 150.50 mg m -2d-l for the shallow trap and 63.26 to 135.37
mg m -2d-1 for the deep trap with average fluxes of 95.09 mg m -2d-1 and 98.91
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Fig. 5.4. Seasonal variation of coccolith fluxes of (a) H. caderi (b) N. coccolithomorpha and
(c) S. lamina in the shallow and deep traps from the northern Bay of Bengal (NBBT).
The shaded bands represent the periods of different monsoon seasons.
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mg m-2d-1 respectively (Tables 5.5 and 5.6). The fluxes in the shallow trap
showed a distinct seasonality with relatively high fluxes occurring during SW
monsoon with peak abundances observed during (September) and
(July/August) (Fig. 5.5a). Whereas during NE monsoon higher fluxes (85.10
mg m-2d-1 ) was recorded during (February) and a very low flux value of 49.50
mg m-2d-1 was recorded during NE-SW intermonsoon (April). While, the deep
trap recorded lower fluxes compared to that of the shallow trap during NE-SW
intermonsoon through SW monsoon (April — September) (Fig 5.5a). And
showed a seasonal trend with higher fluxes during SW-NE intermonsoon till
NE monsoon (October - March) (Fig. 5.5a).
5.2.2 Total coccolithophore flux

The total coccolithophore fluxes in the shallow trap at CBBT varied
between 62.20 and 164.34 x 105 m-2d-1 with an average value of 114.68 x 10 5
-2d-1 (Table 5.7). But, due to the malfunctioning of trap, samples for the m
periods (February, July —September and November/December) were not
available for the deep trap and the available eight samples showed an
average value of 114.14 x 105 m-2d-1 , which varied between 81.05 and 172.62
x 105 m-2d-1 (Table 5.8). The total coccolithophore fluxes in the shallow trap
displayed seasonality with major and three minor peaks wherein, higher fluxes
were represented by a major peak associated with NE-SW intermonsoon
(March/April) and minor peaks with SW monsoon (July/August) and late NE
monsoon (February/March) and with a distinct low value (62.20 x 10 5 m-2d-1 )
during late SW monsoon (September) (Fig. 5.5b). The deep trap displayed
more or less similar trend as that of the shallow trap with comparatively lower
fluxes, but with peak occurring during NE-SW intermonsoon (April) wherein
observed fluxes were higher than shallow trap (Fig. 5.5b).
5.2.3 Flux patterns of various taxa

The shallow trap at a water depth of 1588 m at CBBT encountered a
total of twenty one species of coccolithophores among which dominant
species were G. oceanica (43.00 x 105 m-2d-1 ), U. sibogae (18.83 x 105

F. profunda (13.70 x 10 5 m-2d-1 ), U. irregularis (13.08 x 105 m-2d-1 ), E. huxleyi
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Table 5.5. Seasonal variation of total particulate flux and the major components

(calcium carbonate, lithogenic, biogenic opal and organic carbon fluxes)
in the Central Bay of Bengal (CBBT) for the period 3 February-16
December in the shallow trap.

Stn.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13

Central Bay of Bengal Trap (CBBT 06)
(Shallow Trap)
Calcium
Litho- Biogenic Organic
opal
carbon
carbonate__ genic
Sampling period
Flux (mg m (14)
4

3 February - 8 February 1992
8 February - 5 March 1992
5 March - 31 March 1992
31 March - 26 April 1992
26 April - 22 May 1992
22 May - 17 June 1992
17 June-13 July 1992
13 July - 8 Aug 1992
8 August - 3 September 1992
3 September - 29 September 1992
29 September - 25 October 1992
25 October - 20 November 1992
20 November-16 December 1992
Average

Total
particulate
>

30.90
20.90
25.90
16.80
31.30
42.90
33.90
65.60
41.40
54.40
29.40
35.30
29.10

24.60
31.00
12.40
11.80
29.90
19.80
26.00
28.20
24.10
27.90
22.10
22.30
9.00

20.30
19.00
12.60
12.20
20.80
16.70
22.00
25.20
31.70
52.00
43.60
37.70
17.40

5.20
6.50
4.70
4.80
9.90
6.70
7.40
7.60
6.70
9.00
6.60
9.30
3.60

85.10
82.50
59.50
49.50
99.70
91.50
95.10
132.60
109.30
150.50
107.00
112.00
61.90

35.22

22.24

25.48

6.77

95.09

Table 5.6. Seasonal variation of total particulate flux and the major components

(calcium carbonate, lithogenic, biogenic opal and organic carbon fluxes in
the Central Bay of Bengal (CBBT) for the period 3 February-16
December in the deep trap.

Stn.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13

Central Bay of Bengal Trap (CBBT 06)
(Deep Trap
Biogenic Organic
Calcium
Lithocarbon
genic
opal
Sampling period
carbonate
Flux (mg m I d4)

3 February - 8 February 1992
8 February - 5 March 1992
5 March - 31 March 1992
31 March - 26 April 1992
26 April - 22 May 1992
22 May - 17 June 1992
17 June -13 July 1992
13 July - 8 August 1992
8 August - 3 September 1992
3 September -29 September 1992
29 September - 25 October1992
25 October - 20 November 1992
20 November-16 December 1992
Average

Total
particulate
>

44.70
41.20
23.30
21.60
20.90
26.30
41.90
27.50
45.60
59.20
44.40
46.00
44.60

38.70
35.60
32.60
20.40
18.70
28.80
19.20
23.20
24.40
16.80
21.90
25.90
25.40

28.70
30.30
23.80
15.80
15.70
19.50
13.70
19.40
21.10
17.10
30.00
50.40
49.00

7.20
5.70
5.00
4.20
4.50
6.60
4.00
5.40
6.30
3.70
5.70
7.30
8.10

125.19
117.41
88.73
65.39
63.26
86.43
82.04
79.80
102.53
99.71
106.44
135.37
133.48

37.48

25.51

25.73

5.67

98.91

),4

Table 5.7. Seasonal variation of fluxes of various coccolithophore taxa in the Central Bay of Bengal (CBBT)
for the period 3 February-16 December 1992 in the shallow trap.
Central Bay of Bengal Trap (CBBT 06)
(Shallow Trap)
Flux (x 10 m4 c1-1)
812192513/92

Interval
------- 1 i
Species

No.

6/3/923113/92

31/3/922614/92

26/4/9222/5192

2216/9217/6/92

17/61921317192

1317/928/8192

Yo-

8181923/9/92

3191922919192

2919/92 225/109

25/10/9220/11/92

20/11/9216/12/92

Average

4

1

2

3

4

5

6

7

8

9

10

11

12

13

G. oceanica
E. huxleyi
C. mediterranea
S. pulchra
U. sibogae
U. irregular's
U. tenuis
H. carted
C. leptopora
F. profunda
Calciosoleniodssp.
D. tubifera
A. oryza
R. clavigera
0. antillarum
S. pirus
S. lamina
Syracosphaera sp.
N. coccolithomorpha
C. cristatus
G. flabellatus

43.35
4.11
0.91
0.47
19.18
1.82

41.06
7.75
1.82
0.91
31.05
8.67
2.29
4.55
2.29
6.84
2.29
0.91
0.91

42.00
1.82
0.91
1.82
15.98
18.74
0.91
4.11
4.11
4.55
1.82
1.38

59.80
7.75
0.91

37.42
6.84
1.38
1.38
19.18
41.06
0.91
5.46
2.73
25.11
0.91

46.09
3.64
3.64
1.38
22.82
21.44

32.87
5.93
1.38
14.16
13.25

61.73
13.05
0.44
0.44
13.47
5.22

24.78
2.18
0.88
0.44
15.21
1.30

37.75
0.83
0.83
1.24
18.68
6.24

46.89
2.48
2.07
0.41
17.41
8.72

3.64
2.73
19.18
2.29
1.38

1.82
2.73
10.05

2.62
2.18
28.70

46.09
8.22
0.91
0.47
15.51
7.75
0.91
2.73
4.11
15.51
1.38

0.44
7.40
6.95

1.66
14.10
4.97
0.83

0.83
4.14
13.69
1.24

39.13
3.04
1.30
0.44
16.53
12.61
0.44
1.74
6.95
24.78
0.88

43.00
5.21
1.34
0.86
18.83
13.08
0.99
2.63
4.39
13.70
1.48
1.10
0.91

1.82
0.91

1.38
3.64
2.29
2.73

1.82

2.18

1.88
1.38

0.88

1.32

0.91

2.48
0.41
0.83

5.80
1.24
2.90

2.62
1.74
1.74

2.18
0.44

2.29
0.47

1.30

1.66
0.41

1.66
0.41

0.88
0.44

Total Coccolith flux

83.21

117.76

107.74

133.98

110.53

61.76

92.92

109.89

115.27

2.20
1.63
1.67
1.21
2.52
0.50
1.37
114.05

Total Coccosphere
flux
Total
Coccolithophore
Flux

0.94

1.85

0.44

0.63

84.15

119.61

115.71

114.68

1.38
0.91
0.91
0.47
0.47
0.47
0.47
5.52
1.38
1.38

1.38
0.91
0.91
0.91
1.82
0.47

1.82
2.73
0.47
0.91

25.55
23.26
0.47
3.20
2.73
16.89
2.73
1.38
0.91
2.73
2.29
0.47
4.11
0.91
5.93
1.82
163.87

4.11
0.47
1.82
153.36

141.93

0.47
1.82
3.20
0.47
0.47
90.44

0.47

0.47

0.91

0.47

0.91

0.44

0.47

0.44

0.41

108.21

164.34

154.27

142.40

91.35

134.42

111.00

62.20

93.33

2.73
0.91

1.82

1.68

3.64

109.89

Table 5.8. Seasonal variation of fluxes of various coccolithophore taxa in the Central Bay of Bengal (CBBT)
for the period 3 February-16 December 1992 in the deep trap.

Central Bay of Bengal Trap (CBBT 06)

3/2/928/2/92

Interval
tation No
S

cies

*

G. oceanica
E huxleyi
C. mediterranea
S. pulchra
U. sibogae
U. irregularis
U. tenuis
H. carteri
C. leptopora
F. profunda
Calciosolenidssp.
D. tubifera
A. oryza
R. clavigera
0. antillarum
S. pirus
S. lamina
N. coccolithomorpha
C. cristatus

Total Coccolith flux

1

No
Sample

25/1019220/11/92

20111/9216/12/92

11

12

13

31.49
3.20
2.29
1.38
15.51
10.96

42.00
7.31
0.47
0.91
8.22
8.67
0.47
1.82
10.49
22.35
1.38
1.38

29/919225/10/92

7

8

41.06
2.73
0.91
1.38
15.07
16.89
0.47
0.91
2.73
39.24
3.20
0.47

34.69
3.20
1.82
0.47
21.00
25.55
3.64
1.38
52.46
2.73

1.38
3.64
16.42
1.82
0.47

1.82
4.11
0.91
2.73
1.38
1.38
112.07

26/4/9222/5/92

22151921716/92

2

3

4

5

31.96
3.50

34.69
1.38

1.41
19.29
1.41

0.91
15.51
1.82

1.41
1.05
15.10
0.69
0.69
0.69
1.05
1.05
0.36
1.05

2.73
1.38
20.0
0.

0.83
2.07
27.79
1.24
1.24

42.17
7.84
0.88
1.30
26.08
18.27
1.30
2.18
1.74
55.19
1.74
0.88

().91

2.18
5.66
1.74
1.30
1.30

1.38
5.02

1.38
0.47
0.91

0.83
2.07
0.47
0.47
1.24

83.09

111.74

171.74

138.32

0.47

0.88

0.47

112.21

172.62

138.79

Total Coccosphere

3/9/9229/9/92

6

31/3/92-

0.36
81.05

8/8/923/9/92

13/7/928/8/92

5131923113/92

38.99
4.55
0.4
0.8
18 7
1,(i.38

)

1716/9213/7192

8121925/3/92

mon

-1

3.64
3.20

9

No Sample

10

0.47
5.02
1.38
1.82
1.38
98.63

No
Sam ple

2.73
1.38
1.82
2.29
0.91
114.61

Average

(Deep Trap)
Flux (x 105rT1-2 d

<

37.13
4.22
1.14
1.07
17.37
11.74
0.75
1.86
3.06
25.18
1.71
0.86
0.69
1.23
3.67
1.09
1.66
1.67
0.88
113.91
0.23

flux
Total
Coccolithophore
Flux

81.05

83.09

112.07

98.63

114.61

114.14

•

Fig. 5.5. Seasonal variation of (a) total particulate (b) total coccolithophore and
(c) coccolithophore-CaCO 3 fluxes in the shallow and deep traps from the
central Bay of Bengal (CBBT). The shaded bands represent the periods of
diffeient monsoon seasons.

(a)160
• ,_.;140
70 120
100

80
E 60
• S 40
= 20
0
ch

(b) 200
-c

160

• E 120
O
8 7, 80
0
x
76
40

12
c,,

a

0

•

Shallow trap

•

Deep trap

(c) 0.5

0
0.4as

NE
Monsoon

E
.c
Ct. 0)
O E 0.2
• x
§ c3 0.1

SW
Monsoon

0

o

•

NS NS - No Sample

0
F F/M M A NM M/J J/J J/A NS S 5/0 0/N N/D

(5.21 x 10 5 m-2d-1 ) and C. leptopora (4.39 x 10 5 m-2d-1 ) (Table 5.7). Whereas,
H. carteri, N. coccolithomorpha and 0. antillarum were the common species,

and the remaining species such as C. mediterranea, S. pulchra, U. tenuis,
Calciosolenids sp., D. tubifera, A. oryza, R. clavigera, S. pirus, S. lamina, C.
cristatus, G. flabellatus and Syracosphaera sp. were rarely distributed (Table

5.7).
While the deep trap at a depth of 2527 m recorded only nineteen
species among which the dominant species were G. oceanica (37.13 x 10 5 m2 d-1 ),

F. profunda (25.18 x 105 red-1 ), U. sibogae (17.37 x 105 m2d-1 ) and U.

irregularis (11.74 x 10 5 M2d -1 ) (Table 5.8). Whereas E. huxleyi, C. leptopora

and 0. antillarum were the common species and the remaining species, C.
mediterranea, S. pulchra, U. tenuis, H. carteri, Calciosolenids sp., D. tubifera,
A. oryza, R. clavigera, S. pirus, S. lamina, N. coccolithomorpha and C.
cristatus were rarely distributed.

G. oceanica: This species dominated the coccolithophore assemblage
throughout the sampling period both in the shallow and deep traps. The fluxes
in the shallow trap ranged between 24.78 and 61.73 x 10 5 m2d-1 with an
average value of 43.00 x 105 red-1 (Table 5.7). While, in the deep trap the
fluxes varied from 31.49 to 42.17 x 10 5 m-2d-1 with an average value of 37.13 x
105 m-2d-1 (Table 5.8). The fluxes of G. oceanica in the shallow trap displayed
with three peaks, of which a major peak was associated with the SW
monsoon (July/August) followed by two minor peaks during NE-SW
intermonsoon (April) and during SW-NE intermonsoon (October/November)
(Fig. 5.6a). It also showed a distinct low value (24.78 x 10 5 red-1 ) during late
SW monsoon (September). The deep trap displayed a similar trend as in total
coccolithophore fluxes with a marginally increased fluxes during NE-SW
intermonsoon (April/May) (Fig. 5.6a).
U. sibogae: It was the second dominant species both in the shallow and deep
traps. The fluxes in the shallow trap ranged between 13.47 and 31.05 x 10 5 m2 d-1

with an average flux of 18.83 x 10 5 red -1 , while in the deep trap it varied

from 8.22 to 26.08 x 105 red-1 with an average value of 17.37 x 10 5 m2d-1
(Tables5.7nd8)hfluxesitaowrpdlyemajok
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Fig. 5.6. Seasonal variation of coccolith fluxes of (a) G. oceanica (b) U. sibogae (c) E. huxleyi
and (d) U. irregularis in the shallow and deep traps from the central Bay of Bengal
(CBBT). The shaded bands represent the periods of different monsoon seasons.
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associated with NE monsoon (February/March) followed by two minor peaks
during NE-SW intermonsoon and early SW monsoon (April and May/June)
(Fig. 5.6b). However it did not show any significant variation during SW
monsoon. The deep trap recorded relatively lower fluxes compared to the
shallow trap except during NE-SW intermonsoon (April/May) which showed
marginally increased fluxes (Fig. 5.6b).
E. huxleyi: The flux value in the shallow trap varied between 0.83 and 13.05
x 105 red-1 with an average value of 5.21 x 10 5 red-1 (Table 5.7). These
fluxes reflected the distributional pattern of total coccolithophore fluxes with a
major peak occurring during SW monsoon (July/August) along with two minor
peaks during NE and NE-SW monsoons (February/March and April) (Fig.
5.6c). Lowest flux values (1.82 x 10 5 red-1 and 0.83 x 10 5 red-1 ) were
recorded during NE-SW and SW-NE intermonsoons (March and
September/October). The fluxes in the deep trap ranged from 1.38 and 7.84 x
105 red-1 with an average value of 4.22 x 10 5 ree l with a peak occurrence
associated with NE-SW intermonsoon (April/May) (Table 5.8 and Fig. 5.6c).
U. irregularis: The flux value varied from 1.30 to 41.06 x 10 5 red-1 with an
average value of 13.08 x 10 5 red-1 for the shallow trap (Table 5.7). The
highest peak abundance was associated with NE-SW intermonsoon
(April/May) (Fig. 5.6d). While deep trap recorded lower fluxes compared to
that of the shallow following same trend and varied from 1.41 to 25.55 x 10 5
-1 with an average value of 11.74 x 105 red-1 (Table 5.8). Highest fluxes red
were recorded during early SW monsoon (June/July) (Fig. 5.6d).
U. tenuis: This species was very sparsely distributed which ranged from 0.47
to 2.29 x 105 red-1 with an average of 0.99 x 105 m-2d-1 in the shallow trap and
showed increased flux value of 2.29 x 10 5 rri2d-1 during late NE monsoon
(February/March) (Table 5.7 and Fig. 5.7a). They were present only at three
sampling periods for the deep trap, hence no distributional trend could be
seen (Table 5.8).
F. profunda: The flux values in the shallow trap varied from 0.91 to 28.70 x
105 m-261 with an average flux value of 13.70 x 10 5 red-1 (Table 5.7). The
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Fig. 5.7. Seasonal variation of coccolith fluxes of (a) U. tenuis (b) F. profunda (c) C. mediterranea
and (d) 0. antillarum in the shallow and deep traps from the central Bay of Bengal (CBBT)
The shaded bands represent the periods of different monsoon seasons.
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fluxes showed a bi-modal distributional pattern with major peaks occurring
during NE-SW intermonsoon (April) and SW monsoon (July/August) (Fig.
5.7b). It also showed an increased fluxes (13.70 x 10 5 red-1 ) during NE
monsoon (November/December). Interestingly, the deep trap recorded
relatively higher fluxes compared to the shallow trap which ranged from 15.10
to 55.19 x 105 red-1 with an average value of 25.18 x 10 5 red-1 (Table 5.8.)
The fluxes showed a major peak associated with NE-SW intermonsoon
(April/May) with a high flux value of 52.46 x 10 5 red-1 observed during SW
monsoon (June/July) (Fig. 5.7b).
C. mediterranea: The flux values in the shallow trap varied from 0.44 to 3.64

x 105 red-1 with an average flux value of 1.34 x 105 red-1 (Table 5.7). The
fluxes of this species showed some increase during early SW monsoon
(May/June) with marginal increases during NE monsoon and SW-NE
intermonsoon (February/March and October/November) (Fig. 5.7c). Fluxes in
the deep trap varied from 0.47 to 2.29 x 10 5 red -1 with increased fluxes found
during early SW monsoon and SW-NE intermonsoon (Table 5.8 and Fig.
5.7c).
O. antillarum: The flux values varied from 0.47 to 5.80 x 10 5 red-1 with an
average value of 2.20 x 105 red-1 in the shallow trap (Table 5.7). The fluxes
recorded a major peak during SW-NE intermonsoon (October/November) and
also minor peaks during early SW monsoon (May/June) and NE-SW
intermonsoon (March) (Fig. 5.7d). The deep trap the fluxes varied from 1.05 to
5.66 x 105 red-1 with an average value of 3.67 x 10 5 red-1 (Table 5.8). The
fluxes were higher compared to the shallow trap with a major peak occurring
during NE-SW intermonsoon (April/May) (Fig. 5.7d).
C. leptopora: The flux values for this species varied from 0.91 to 14.10 x 10 5

2d-1 with an average value of 4.39 x 10 5 red -1 in the shallow trap (Table r
5.7). The fluxes of this species in the shallow trap showed a prominent peak
associated with SW-NE intermonsoon (September/October) and a minor peak
during late NE-SW intermonsoon (March) (Fig. 5.8a). While the fluxes in the
deep trap ranged from 1.05 to 10.49 x 10 5 rri2d-1 with an average value of
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Fig. 5.8. Seasonal variation of coccolith fluxes of (a) C. leptopora (b) H. carted

(c) N. coccolithomorpha and (d) S. lamina in the shallow and deep traps
from the central Bay of Bengal (CBBT). The shaded bands represent the
periods of different monsoon seasons.
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3.06 x 105 red-1 and recorded relatively low fluxes except for an increase
during SW-NE intermonsoon (October/November) (Table 5.8 and Fig. 5.8a).
2d-1
H. carteri: The flux values of this species varied from 0.44 to 5.46 x 10 5 m"
with an average value of 2.63 x 105 red-1 in the shallow trap (Table 5.7). H.
carteri showed increased fluxes during NE-SW intermonsoon (April/May) in
the shallow trap along with minor peaks occurring during NE monsoon
(February/March) and SW monsoon (August/September) (Fig. 5.8b). The
fluxes in the deep trap varied from 0.83 to 3.64 x 10 5 iii2d-1 with an average
value of 1.86 x 105 m2d-1 and recorded lower fluxes compared to the shallow
trap with peaks during SW monsoon (June/July) and NE-SW intermonsoon
(March and April/May) (Table 5.8 and Fig. 5.8b).
N. coccolithomorpha: The flux values of this species varied between 0.88
and 5.93 x 105 m-2d-1 with an average value of 2.52 x 10 5 m-2d-1 in the shallow
trap (Table 5.7) and showed a distinct peak abundance associated with NESW intermonsoon (April) which eventually decreased gradually until the NE
monsoon (Fig. 5.8c). Whereas, fluxes in the deep trap ranged form 0.91 to
3.20 x 105 m2d-1 with an average value of 1.67 x 10 5 red-1 and recorded a
peak during the early SW monsoon (May/June) (Table 5.8 and Fig. 5.8c).
S. lamina: The fluxes of S. lamina varied from 0.47 and 4.11 x 105 m2d-1 with
an average value of 1.67 x 10 5 m-2d-1 in the shallow trap with a major peak
occurring during NE-SW intermonsoon (April) and minor peaks during early
SW monsoon (May/June) and SW-NE intermonsoon (October/November)
(Table 5.7 and Fig. 5.8d). Whereas, in the deep trap the fluxes ranged from
0.47 to 3.64 x 10 5 rn261 with an average value of 1.66 x 105 m2d-1 and
recorded very low fluxes during NE-SW intermonsoon which then increased
gradually reaching a peak during early SW monsoon (May/June) (Table 5.8
and Fig. 5.8d).
S. pulchra: It exhibited patchy distributional trend in the shallow trap where
fluxes ranged from 0.41 to 1.82 x 10 5 red-' with an average value of 0.86 x
105 red-1 (Table 5.7). The shallow trap recorded a maximum value (4.11 x
105 m-2d-1 ) during late NE monsoon (March) and also a peak during SW-NE
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intermonsoon (September/October) (Fig. 5.9a). While in the deep trap the
fluxes ranged from 0.47 to 1.41 x 105 m-2d-1 with an average value of 1.07 x
105 m-2d-1 and a major peak during early SW monsoon (May/June) (Table 5.8
and Fig. 5.9a).
R. clavigera: It showed a patchy distribution in the shallow trap and maximum
fluxes were observed during April (Table 5.7 and Fig. 5.9b). Similarly in the
deep trap the fluxes varied from 0.47 to 2.18 x 10 5 m-2d-1 with an average
value of 1.23 x 10 5 m-2d-1 and recorded lower fluxes compared to the shallow
trap with a major peak during NE-SW intermonsoon (April/May) (Table 5.8
and Fig. 5.9b).
D. tubifera: It also showed a patchy distribution in the shallow trap and
displayed maximum fluxes associated with NE-SW intermonsoon and also
during early SW monsoon (March-April and May/June) respectively (Table 5.7
and Fig. 5.9c). Similarly, patchy distribution continues in deep trap also with
increased fluxes associated with NE-SW and SW-NE intermonsoons (April
and October/November) (Table 5.8 and Fig. 5.9c).
Calciosolenids sp.: Fluxes in the shallow trap ranged from 0.47 to 2.73 x 10 5
-2d-1 with an average value of 1.48 x 10 5 m-2d-1 (Table 5.7). It also showed m
high fluxes during NE-SW intermonsoon (April) in the shallow trap (Fig. 5.9d).
Fluxes in the deep trap ranged from 0.69 to 3.20 x 10 5 m-2d-1 with an average
value of 1.71 x 105 m-261 and recorded lowest fluxes during the beginning of
NE-SW intermonsoon to highest fluxes during the early SW monsoon
(May/June) (Table 5.8 and Fig. 5.9d).
C. cristatus: This species was very sparsely distributed which ranged from

0.41 to 0.91 x 105 ni2d-1 with an average value of 0.50 x 10 5 m-2d-1 and
showed a maximum value (0.91 x 10 5 m-26 1 ) during NE-SW intermonsoon
(March) (Table 5.7 and Fig. 5.10a). However the fluxes in deep trap were
observed only in three samples with maximum fluxes occurring during SW
monsoon (June/July) (Table 5.8 and Fig. 5.10a).
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Fig. 5.9. Seasonal variation of coccolith fluxes of (a) S. pulchra (b) R. clavigera (c) D. tubifera
and (d) Calciosolenids sp. in the shallow and deep traps from the central Bay of Bengal
(CBBT). The shaded bands represent the periods of different monsoon seasons.
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Fig. 5.10. Seasonal variation of coccolith fluxes of (a) C. cristatus in the shallow and deep traps
from the central Bay of Bengal (CBBT). The shaded bands represent the periods of
different monsoon seasons.
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5.3 Distributional patterns of the fluxes of total particulate, total coccolithophore and various taxa in the Southern Bay of Bengal
5.3.1 Total particulate flux

Total particulate flux at SBBT varied from 46.01 to 327.41 mg m -2d-1
-2d-l in the shallow trap (Table 5.9). But, withanvergluof132.80m
only samples between February and July interval were available for the deep
trap, while the remaining samples could not be collected due to
malfunctioning of the trap. The fluxes varied significantly from 44.84 to 147.06
mg m2d-l with an average value of 69.08 mg m 2d-1 (Table 5.10). The fluxes in
shallow trap showed a seasonality characterized by a bi-modal distribution
with very highest fluxes occurring during end of SW monsoon (September)
and its associated minor peak during mid SW monsoon (July/August). During
the remaining period fluxes were significantly decreased (Fig. 5.11a). While
the fluxes in the deep trap followed the same trend as that of shallow trap with
a maximum flux observed during SW monsoon (Fig. 5.11a)

5.3.2 Total coccolithophore flux

The total coccolithophore fluxes from the shallow trap varied between
di
14.16 and 165.78 x 10 5 m2d-1 with an average flux value of 109.35 x10 5 m2
(Table5.1)hsmpwernotavilbfhperodtwnAila
(July and December) due to malfunctioning of the deep trap. However, the
fluxes from five available samples were estimated which varied from 55.58 to
187.36 x 10 5 m-2d-1 with an average value of 127.00 x 10 5 m2d-1 (Table 5.12).
The fluxes in the shallow trap recorded three major peaks during NE-SW
intermonsoon (April), SW monsoon (August/September) and SW-NE
intermonsoon (October/November) (Fig. 5.11b). It has also showed low fluxes
during NE monsoon with a lowest value observed during late SW monsoon
(September) (Fig. 5.11b). While the deep trap shows more or less similar
trend as that of shallow trap and recorded comparatively higher fluxes during
NE-SW intermonsoon and early SW monsoon (March and April-June) (Fig.
5.11b).
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Table 5.9. Seasonal variation of total particulate flux and the major components
(calcium carbonate, lithogenic, biogenic opal and organic carbon fluxes)
in the Southern Bay of Bengal (SBBT) for the period 5 February-16
December in the shallow trap.

Stn.
No.

2
3
4
5
6
7
8
9
10
11
12
13

Southern Bay of Bengal Trap (SBBT 06)
(Shallow Trap)
Litho- Biogenic .2 Organic
Calcium
carbon
opal
carbonate genic
Sampling period
Flux (mg m d'')

1

5 February - 8 February 1992
8 February - 5 March 1992
5 March - 31 March 1992
31 March - 26 April 1992
26 April - 22 May 1992
22 May -17 June 1992
17 June-13 July 1992
13 July - 8 AUCI 1992
8 August- 3 September 1992
3 September - 29 September 1992
29 September 25 October 1992
25 October - 20 November 1992
20 November - 16 December 1992
Average

Total
particulate

55.95
25.02
26.36
30.23
26.62
24.47
101.25
89.08
117.49
150.48
63.67
58.15
50.59

5.91
4.20
3.55
4.93
4.92
3.70
15.53
15.56
6.36
33.31
9.80
4.62
3.07

23.93
17.00
13.57
22.14
17.89
12.81
88.38
74.78
133.73
124.56
38.44
12.21
9.34

7.23
5.59
3.15
4.32
3.44
2.79
13.95
18.67
19.23
10.59
9.29
3.36
11.08

98.80
56.29
49.15
65.09
55.63
46.01
230.28
213.02
292.19
327.41
128.62
81.02
82.94

63.03

8.88

45.29

8.67

132.80

Table 5.10. Seasonal variation of total particulate flux and the major components in the
(calcium carbonate, lithogenic, biogenic opal and organic carbon fluxes)
in the Southern Bay of Bengal (SBBT) for the period 5 February-16
December in the deep trap.

Stn.
No.

1
2
3
4

Southern Bay of Bengal Trap (SBBT 06)
(Deep Trap)
Litho- Biogenic
Calcium
opal
Sampling period
carbonate genic
Flux (mg m

11
12

5 February - 8 February 1992
8 February - 5 March 1992
5 March - 31 March 1992
31 March- 26 April 1992
26 April - 22 May 1992
22 May - 17 June 1992
17 June -13 July 1992
* 13 July - 8 Aug 1992
* 8 August - 3 September 1992
* 3 Sept ember - 29 September 1992
* 29 September - 25 October 1992
* 25 October - 20 November 1992

13

* 20 November - 16 December 1992

6
7
8
9
10

Average

* No Sample

Organic
carbon

Total
particulate

37.33
37.61
27.62
29.58
23.17
21.68
58.62

2.69
10.40
3.45
2.84
3.86
4.32
17.15

9.75
22,85
16.52
18.47
15.65
14.32
53.82

3.41
4.23
2.93
3.17
2.85
2.51
9.71

55.91
78.47
52.87
56.59
47.82
44.84
147.06

33.66

6.39

21.63

4.12

69.08

Table 5.11. Seasonal variation of fluxes of various coccolithophore taxa in the Southern Bay of Bengal (SBBT)
for the period 5 February-16 December 1992 in the shallow trap.
Southern Bay of Bengal Trap (SBBT 06)
(Shallow Trap)
( x 105 m4 c1-1 )
Interval
tation No.

5/V928/2/92

8/2/925/3192

5/3/923113192

3113/92
26/4/92

26/419222/5/92

2215/921716192

17/6/9213/7192

1 3/7/9 28/8/92

8/8/92319/92

3191922919/92

29/919225/1 0192

25/1019220111192

2011119216/12/92

1

2

3

4

5

6

7

8

9

10

11

12

13

G. oceanica
E. huxleyi
C. meditemenea
S. pukhra
U. sibogae
U. irregularis
U. tenuis
H. carted
C. leptopora
F. profunda
Calciosolenidssp.
D. tubifera
R. davigera
0. antillarum
S. phis
S. lamina
Syracosphaera sp.
N. coccolithomorpha
C. cristatus
G. flabellatus
S. mtula
A. oryza
S. anthos
C. muftipora

5.71
0.77
0.39

26.02
5.93
2.29

37.42
3.20
2.29

31.05
5.46
1.38

26.02
12.34

1.52
7.31

13.25
7.75
3.20
5.46
6.40
1.82
2.29
1.82
10.05

1.38
7.31
19.18
0.47
0.91
1.38
30.58

1.38

3.20

3.64

2.29

14.16
0.91
2.35

0.83
4.97
6.24
0.83
0.41
0.83
2.48

0.91

0.41

3.20

46.56
20.09
0.91
0.91
7.75
7.75
0.91
0.91
5.93
25.55
0.47
0.47
1.82
33.78
0.91
1.82

16.42
0.91
2.29
1.82
10.49
2.29
0.91
1.82
2.29
15.51
0.91

15.51

73.02
11.40
0.47
0.91
27.85
5.93
0.91
1.38
20.53
2.73
0.91
0.47
1.82
1.82

0.41
5.80
3.31

1.38
2.76
2.76
1.82
1.38
1.38
8.67

0.47
0.47

1.38
0.47

2.76

1.82
1.38

45.65
6.84
1.82
1.38
10.05
7.31
0.47
1.82
1.38
6.84
1.38
1.82
1.38
12.34
1.38
1.82
3.64
1.38

33.78
16.42
0.91
0.91
14.60
6.84

0.77

14.60
21.44
2.29
18.27
18.27
13.25
0.91
0.91
1.38
11.40

63.45
8.67
0.91
1.38
11.40
3.20
0.47
4.11
11.40
2.29
0.91
0.47
0.91
6.84
0.91
1.82

18.68
1.66

3.04
0.77

37.42
3.20
0.91
0.91
15.07
18.71
4.58
2.76
2.76
12.78
1.38
3.20

1.24
0.83

0.91
0.47

0.91

1.82

1.38

2.29
0.47
0.91
4.55

Total Coccolith flux

14.16

Species

Total Coccosphere
flux
Total
Coccolithophore
Flux

0.39
0.77

0.39
0.39
0.77

3.20
0.47
0.91

0.91

2.76

1.38
0.47
2.29

66.45

102.77

151.15

126.50

114.67

3.23

0.94

0.94

154.38

127.44

115.61

0.91
14.16

0.91
10.96
21.44
1.38
3.64
3.64
8.67
1.38
0.47

67.36

102.77

0.91
0.47

1.82

1.82

1.38

0.47
1.38

121.90

110.55

151.07

2.32
121.90

112.87

151.07

>

1.24

8.67

2.29

50.17

0.47
148.39

161.14

74.37

35.48
7.45
1.32
1.06
11.26
8.78
1.49
3.25
7.23
9.43
1.07
1.16
1.41
12.05
0.90
1.97
3.64
1.53
0.65
1.49
0.47
2.32
4.55
0.47
107.18

2.46

10.95

4.64

1.88

2.17

52.63

159.34

165.78

76.25

109.35

8.67

variation of fluxes of various coccolithophore taxa in the Southern Bay of Bengal (SBBT) for the
Table 5.12. Seas
period 5 February-16 December 1992 in the deep trap.
Southern Bay of Bengal Trap (SBBT 06)
(Deep Trap)
Flux (x 10 5 m4 d 1 )

<
31/3/92 2614/92

2614192 22/5/92

22/5/92 1716/92

4

5

6

7

46.09
11.87
1.82
2.29
21.88
17.33

43.16
12.45
0.83
3.31
17.83
11.20

37.39
4.36
0.44
3.92
10.87
3.92

0.47

0.41

2.73
4.55
25.55
2.73
0.91
3.28
8.22

6.65
2.90
29.45
1.24
1.66
1.66
17.00

1

2

3

G. oceanica
E. huxleyi
C. mediterranea
S. pulchra
U. sibogae
U. irregular's
U. tenuis
H. cattail
C. leptopora
F. profunda
Calciosolenids sp.
D. tubifera
R. claykiera
0. antillarum
S. pirus
S. lamina
N. coccolithomorpha
A. oryza
C. cristatus
G. flabellatus
M. adriticus
C. multipora

13.69
4.11
0.47
0.47
7.51
3.20

35.68
5.80
0.41
1.24
9.55
6.24

38.25
8.25
3.92
1.74
23.04
10.87

0.47
0.47
9.58
1.38
0.47

0.83
3.31
9.96
0.83
0.83

3.04
1.74
43.47
6.10
3.04

0.47

0.83

3.20
0.91

7.89
0.83

26.08
1.30

1.38

2.48

1.74

0.47
4.11

1.24
2.48

2.62
8.25

Total Coccolith flux

54.64

90.44

186.06

Total Coccosphere
flux

0.94

0.41

55.58

90.85

S

ies

Total
Coccolithophore
Flux

1.82

1716/9213/7/92

0.88
1.30
1.38
1.74
1.74
1.74
8.69

0.41

1.30

2.90
4.55
7.89
0.41

2.18
1.74
6.95
0.44

163.46

165.91

1.74
0.88
93.61

1.30

1.85

1.66

1.77

187.36

165.31

167.57

95.38

0.88
1.74

0.47
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Fig. 5.11. Seasonal variation of (a) total particulate (b) total coccolithophore and
(c) coccolithophore-CaCO 3 fluxes in the shallow and deep traps from the
southern Bay of Bengal (SBBT). The shaded bands represent the periods
of different monsoon seasons.
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5.3.3 Flux patterns of various taxa

The shallow trap at a depth of 1518 m at SBBT yielded a total of twenty
four species of coccolithophores highest diversity among the three trap
locations. Among them, G. oceanica (35.48 x 10 5 m-2d-1 ) most dominant
followed by U. sibogae (11.26 x 10 5 m-2d-1 ), 0. antillarum (12.05 x 105 m-2d-1 ),
F. profunda (9.43 x 105 m"2d"1 ), U. irregularis (8.78 x 105 m-2d -1 ), E. huxleyi
(7.45 x 10 5 m-2d-1 ) and C. leptopora (7.23 x 10 5 m-2d -1 ) which were commonly
distributed (Table 5.11). Whereas

S. anthos, H. carteri, S. lamina,

Syracosphaera sp., A. oryza, C. mediterranea, S. pulchra, U. tenuis,
Calciosolenids sp., D. tubifera, R. clavigera, S. ph -us, N. coccolithomorpha, C.
cristatus, G. flabellatus, S. rotula and C. multipora were rarely distributed.
The deep trap at a depth of (3011 m) recorded only twenty two species
among which the dominant species were, G. oceanica (35.71 x 10 5 m-2d-1 ), U.
sibogae (15.11 x 105 rn-2d-i), F. profunda (19.90 x 10 5 m-2d-1 ), whereas 0.
antillarum, E. huxleyi, U. irregularis, A. oryza, S. pulchra, C. mediterranea, H.
carteri, C. leptopora, Calciosolenids sp., D. tubifera, R. clavigera, S. pirus, S.
lamina, N. coccolithomorpha and C. cristatus were commonly distributed. The
remaining species G. flabellatus, U. tenuis, M. adriaticus and C. multipora
were sparsely distributed (Table 5.12).
G. oceanica: This species dominated the coccolithophore assemblage
throughout the sampling period both in shallow and deep taps. The flux values
ranged from 5.71 to 73.02 x 10 5 m-2d-1 with an average value of 35.48 x 10 5 m2 c1-1

(Table 5.11). While in the deep trap the fluxes varied from 13.69 to 46.09

x 105 m-2d-1 with an average value of 35.71 x 10 5 m"2d-1 (Table 5.12). The
fluxes showed a distinct seasonality with major peaks associated with the SW
monsoons during June/July and August/September (Fig. 5.12a). A minor peak
was also observed during SW-NE intermonsoon (October/November) lowest
fluxes recorded during NE monsoon. The deep trap also reflected a similar
trend as that of total coccolithophore flux and recorded relatively higher fluxes
at some intervals than that of shallow trap (Fig. 5.12a).
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Fig. 5.12. Seasonal variation of coccolith fluxes of (a) G. oceanica (b) U. sibogae
(c) E. huxleyi and (d) U. irregularis in the shallow and deep traps from
the southern Bay of Bengal (SBBT). The shaded bands represent the
periods of different monsoon seasons.
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U. sibogae: It was a second dominant species in both the traps. The fluxes in
the shallow trap ranged from 1.52 to 27.85 x 10 5 m-2d-1 with an average value
of 11.26 x 10 5 m-2d-1 (Table 5.11). Fluxes in the shallow trap displayed
seasonality with a prominent peak occurring during SW monsoon
(August/September). It has also displayed minor peaks associated with SWNE and NE-SW intermonsoons (September/October and April-May) (Fig.
5.12b). While in the deep trap, the fluxes varied from 7.51 to 23.04 x10 5 m-2d-1
5 m-2d-1 (Table 5.12b). The distributionalwithanvergluof15.x0
trend was similar to that of total coccolithophore flux with relatively higher
fluxes compared to that of the shallow trap (Table 5.12 and Fig. 5.12b).
E. huxleyi: The flux values ranged from 0.77 to 20.09 x 10 5 m-2d-1 with an
average value of 7.45 x 10 5 m-2d-1 (Table 5.11). The fluxes in the shallow trap
showed a seasonal trend with a major peak observed during SW-NE
intermonsoon (October/November) followed by a relatively higher fluxes
during SW monsoon with its associated minor peaks occurring during
May/June and August/September (Fig. 5.12c). Whereas the fluxes in deep
trap ranged from 4.11 to 12.45 x 10 5 m-2d-1 with an average of 7.81 x10 5 red-1
withamjorpekscitdwhearlySWmons(M/Jue)Tabl
5.12 and Fig. 5.12c).
U. irregularis: The fluxes of this species ranged from 0.77 to 21.44x10 5 m-261
5 m-2d-1 in the shallow trap with increasedwithanvergluof8.7x10
fluxes recorded during NE-SW intermonsoon through early SW monsoon
(April-June) (Table 5.11 and Fig. 5.12d). Whereas,

U. irregularis fluxes

decreased significantly from June/July to February/March intervals. Fluxes in
the deep trap varied from 3.20 to 17.33 x 105 rri2d-1 with an average value of
8.79 x 105 m-2d-1 and followed the same trend as seen in the shallow trap with
relatively lower fluxes (Table 5.12 and Fig. 5.12d).

U. tenuis: U. tenuis showed a patchy distribution in the shallow trap and its
fluxes varied between 0.47 and 4.58 x 10 5 red-1 with an average value of
1.49 x 105 m-2d-1 (Table 5.11). Which recorded a relatively higher fluxes during
NE-SW intermonsoon (April/May) and lower fluxes during rest of the period
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(Fig. 5.13a). While in the deep trap lowest fluxes were recorded during April —
June) (Table 5.12 and Fig. 5.13a).
F. profunda: The flux values varied between 0.39 and 25.55 x 10 5 m-2d-1 with
an average value of 9.43 x 10 5 m2d-1 , and characterized by a bi-modal
distribution pattern with a major peak associated with SW-NE intermonsoon
(October/November) followed by a minor peak during NE-SW intermonsoon
(April) (Table 5.11 and Fig. 5.13b). Besides, fluxes during SW monsoon
(July/August) showed a marginal increase. The deep trap recorded relatively
higher fluxes compared to the shallow, which varied from 1.38 to 43.47 x 10 5
2d-1 with an average value of 19.90 x 10 5 m-2d-1 (Table 5.12). Higher fluxes m
were recorded during NE-SW intermonsoon and early SW monsoon (March
and April-June) (Fig. 5.13b).
C. mediterranea: This species exhibited a patchy distribution in the shallow

trap with a varied flux values between 0.39 and 2.29 x 10 5 m2d-1 and an
average value of 1.32 x 10 5 red-1 (Table 5.11). Increased fluxes were
recorded during NE monsoons (November/December and February/March),
NE-SW intermonsoon (March) and SW monsoon (July/August) (Fig. 5.13c). In
the deep trap, the fluxes varied from 0.41 to 3.92 x 10 5 m-2d-1 with a maximum
value of 3.92 x 10 5 m-261 during NE-SW intermonsoon (March) (Table 5.12
and Fig. 5.13c).
0. antillarum: The fluxes ranged between 0.39 to 33.78 x 10 5 red-1 with an
average value of 12.05 x 10 5 red-1 (Table 5.11). It showed a prominent peak
during SW-NE intermonsoon (October/November) in the shallow trap.
Besides, it also displayed minor peaks during NE-SW intermonsoon
(April/May) and during SW monsoon (July/August) (Fig. 5.13d). The fluxes in
the deep trap ranged from 3.20 to 26.08 x 10 5 m-2d-1 with an average value of
11.85 x 105 m-2d-1 and recorded a maximum value of 26.08 x 10 5 red-1 during
NE-SW intermonsoon (March) (Table 5.12 and Fig. 5.13d).
C. leptopora: The flux values varied between 1.38 to 20.53 x 10 5 al-2e with

an average value of 7.23 x 10 5 al-2e in the shallow trap (Table 5.11). It is
characterized by poly modal distribution with a major peak occurring during
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Fig. 5.13. Seasonal variation of coccolith fluxes of (a) U. tenuis (b) F. profunda
(c) C. mediterranea and (d) 0. antillaurm in the shallow and deep traps
from the southern Bay of Bengal (SBBT). The shaded bands represent
the periods of different monsoon seasons.
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SW monsoon (August/September) followed by minor peak abundances
recorded during NE-SW intermonsoon, SW monsoon and SW-NE
intermonsoon (April, June/July and September/October) (Fig. 5.14a). The
fluxes in deep trap showed patchy distribution (Table 5.12 and Fig. 5.14a).
H. carteri: The flux values varied between 0.77 and 18.27 x 10 5 m-2d-1 with an
average flux of 3.25 x 105 red-1 in the shallow trap (Table 5.11). It showed
uni-modal distribution pattern with a peak occurring during NE-SW
intermonsoon (April) which significantly decreased during rest of the sampling
period (Fig. 5.14b). In the deep trap fluxes varied from 0.47 to 6.55 x10 5 red-1
fromtheavilbsptwenFbruaydJ/lintervas(Tb
5.12).
N. coccolithomorpha: This species was sparsely distributed and the flux
values ranged between 0.47 to 3.20 x 10 5 red -1 with an average flux of 1.53 x
105 red -1 in the shallow trap (Table 5.11). It showed relatively increased
fluxes during NE-SW intermonsoon (April) and the beginning of SW monsoon
(May/June) (Fig. 5.14c). Similarly in the deep trap the fluxes ranged from 0.47
to 4.55 x 105 red -1 and recorded increased fluxes during early SW monsoon
(May/June) followed by a minor peak during NE-SW intermonsoon (March)
(Table 5.12 and Fig. 5.14c). In general, deep trap showed higher fluxes than
that of shallow trap.
S. lamina: The flux values varied between 0.41 to 3.64 x 10 5 red-1 with an
average value of 1.97 x 10 5 red-1 in the shallow trap (Table 5.11). The fluxes
showed a bi-modal distributional pattern, the abundance peaks were
associated with NE-SW and SW-NE intermonsoons (April and
September/October) (Fig. 5.14d). In the deep trap the fluxes varied from 1.38
to 2.90 x 105 red-1 and showed two peaks during NE monsoon
(February/March) and early SW monsoon (May/June) (Table 5.12 and Fig.
5.14d).
S. pulchra: The flux values varied between 0.41 and 1.82 x 10 5 red-1 with an
average value of 1.06 x 10 5 red-1 (Table 5.11). Fluxes recorded were
significantly low without showing much variation from SW monsoon to SW-NE
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Fig. 5.14. Seasonal variation of coccolith fluxes of (a) C. leptopora (b) H. carted
(c) N. coccolithomorpha and (d) S. lamina in the shallow and deep traps
from the southern Bay of Bengal (SBBT). The shaded bands represent the
periods of different monsoon seasons.
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intermonsoon (Fig. 5.15a). While in the deep trap, fluxes increased marginally
showing values of 3.92 x 105 m-2c1-1 during SW monsoon (June/July) (Table
5.12 and Fig. 5.15a).
R. clavigera: This species showed a patchy distributional pattern in the
shallow trap (Table 5.11 and Fig. 5.15b). Not much variation could be
observed. However, fluxes were marginally recorded in the deep trap (Table
5.12 and Fig. 5.15b).
D. tubifera: Fluxes recorded were very low both in shallow and deep traps
(Tables 5.11 and 5.12). A maximum flux of 3.2 x 10 5 m2c1-1 was observed in
the shallow trap during NE-SW intermonsoon (April/May) (Fig. 5.15c). While
the fluxes in the deep trap showed patchy distribution, with a maximum flux of
3.04 x 10 5 m2c1-1 during NE-SW intermonsoon (March) (Table 5.12 and Fig.
5.15c).
Calciosolenids sp.: Lowest fluxes were observed in the shallow trap and it
did not display any seasonality (Table 5.11 and Fig. 5.15d). However, fluxes
in the deep trap increased, with a maximum flux of 6.10 x 10 5 m2c1-1 during
NE-SW intermonsoon (Table 5.12 and Fig. 5.15d)
C. cristatus: Patchy distribution was observed in both the traps with a

maximum flux of 1.38 x 10 5 m2c1-1 occurring during NE-SW intermonsoon in
the shallow trap (Table 5.11 and Fig. 5.16a). While, the fluxes in the deep trap
were sparsely distributed (Table 5.12 and Fig. 5.16a).
A. oryza: The fluxes of A. oryza in the shallow trap varied between 0.91 and
8.67 x 105 m-2d-1 with an average flux value of 2.32 x 10 5 m2c1-1 and remained
very low throughout the sampling period except for a pronounced peak during
SW-NE intermonsoon (September/October) (Table 5.11 and Fig. 5.16b).
While in the deep trap the fluxes varied from 2.48 to 9.13 x 10 5 m2d-1 with an
average value of 6.47 x 105 m-2c1-1 and recorded higher fluxes compared to
that of the shallow trap with peaks of 8.25 x 10 5 m2c1-1 and 9.13 x 105 m2d-i
observed during NE-SW intermonsoons (March and April/May) (Table 5.12
and Fig. 5.16b).
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Fig. 5.15. Seasonal variation of coccolith fluxes of (a) S. pulchra (b) R. clavigera
(c) D. tubifera and (d) Calciosolenids sp. in the shallow and deep traps
from the southern Bay of Bengal (SBBT). The shaded bands represent
the periods of different monsoon seasons.
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Fig. 5.16. Seasonal variation of coccolith fluxes of (a) C. cristatus in the shallow
and deep traps from the southern Bay of Bengal (SBBT). The shaded
bands represent the periods of different monsoon seasons.
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5.4 Coccolithophore-CaCO3 fluxes in the Bay of Bengal

Northern Bay of Bengal: Coccolithophore-CaCO3 flux at NBBT varied
between 0.02 and 0.30 mg red -1 in the shallow trap and 0.04 and 0.11 mg
red-1 in the deep trap with an average values of 0.12 mg red -1 and 0.09 mg
m-2d-1 respectively (Table 5.13). The total coccolithophore and
coccolithophore-CaCO 3 fluxes displayed similar distribution pattern in both the
shallow and deep traps (Fig. 5.1c). The fluxes in the shallow trap showed
major peaks during the early and late SW monsoons (June and September)
and minor peak during NE-SW intermonsoon (March). While the deep trap
showed a major peak during NE-SW intermonsoon (March) (Fig. 5.1c).
Central Bay of Bengal: The coccolithophore-CaCO3 flux in the shallow trap
varied between 0.19 and 0.44 mg red -1 , while in the deep trap it was
between 0.17 and 0.32 mg red-1 with an average values of 0.30 and 0.24 mg
m -2 d -1 respectively (Table 5.13). Its fluxes in the shallow trap recorded higher
fluxes during NE-SW and SW-NE intermonsoons (April/May and
September/October) (Fig. 5.5c). While, the deep trap showed lower fluxes
compared to the shallow trap with a peak abundance during NE-SW
intermonsoon (April— May) (Fig. 5.5c).
Southern Bay of Bengal: Coccolithophore-CaCO3 flux values varied from
0.15 to 0.68 mg red-1 with average values of 0.33 mg red -1 in the shallow
trap and 0.13 to 0.37 mg red -1 with average value of 0.27 mg red-1 in the
deep trap (Table 5.13). These fluxes in the shallow trap showed a major peak
associated with NE-SW intermonsoon (April) with also minor peaks occurring
during SW and SW-NE monsoons (August/September and
October/November) (Fig. 5.11c). Similarly the deep trap also reflected the
same trend as that of total coccolithophore fluxes (Fig. 5.11 c).
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Table 5.13. Seasonal variation of average coccolithophore-calcium carbonate fluxes (calculated) in mg tri 2d-1 in the Bay
of Bengal.
Northern Bay of Bengal Trap (NBBT 06)

Interval
Station No.
Average
Coccolithophore -

1

2

3

4

5

6

7

8

9

10

11

12

13

Average

(Shallow Trap)

0.02

0.06

0.13

0.04

0.07

0.26

0.09

0.10

0.06

0.30

0.18

0.17

0.07

0.12

2911192812/92

8/2/925/3/92

5/3/923113/92

311319226/4/92

26141922215192

22/5/921716/92

1716/9213/7/92

13/7/928/8/92

8/8/923/9/92

3/9/9229/9/92

29/9/9225/10192

25/10/9220/11/92

25/10/9220111/92

CaCO3 (mg m'2(1 -1 )

(Deep Trap)
Average
Coccolithophore -

0.04

0.09

0.11

0.09

0.10

No Sample

0.09

CaCO3 (mg m'2d4 )

Central Bay of Bengal Trap (CBBT 06)

1

2

3

4

5

6

7

8

9

10

11

12

13

Average

(Shallow Trap)
Interval

0.21

0.37

0.32

0.40

0.44

0.35

0.24

0.25

0.27

0.19

0.31

0.23

0.28

0.30

0.21

0.25

No
Sample

0.24

3/9/9229/9/92

29/9/9225/10/92

25/10/9220/11/92

20/11/9216/12/92

3/2/928/2/92

Station No.
Average
Coccolithophore -

8/2/92 5/3/92

5/3/9231/3/92

311319226/4/92

26/4/922215/92

2215/9217/6/92

17/6/9213/7/92

13/71928/8/92

CaCO3 (mg ni2d4 )

8181923/9/92

3/9/9229/9/92

29/9/9225/10/92

25110/9220/11/92

20/11/9216/12/92

(Deep Trap)
Average
Coccolithophore CaCO3 (mg m'2c1")

No
Sample

0.17

0.19

0.22

0.32

0.25

0.29

No Sample

Southern Bay of Bengal Trap (SBBT 06)
(Shallow Trap)

Station No.
Average
Coccolithophore •

3/2/928/2/92

8/2/925/3/92

5/3/9231/3/92

3113/9226/4/92

2614/9222/5/92

22./5/9217/6/92

17/6/9213/7/92

1317/928/8/92

8/8/923/9/92

1

2

3

4

5

6

7

8

9

10

11

12

13

Average

Interval

0.15

0.17

0.25

0.68

0.29

0.27

0.33

0.30

0.43

0.28

0.45

0.47

0.22

0.33

0.32

No
Sam ple

CaCO3 (mg m -2c1 -1 )

(Deep Trap)
Average
Coccolithophore CaCO3 (mg m-2(14)

0.13

0.19

0.36

0.37

0.22

No Sample

0.27

5.5 Seasonal variation of lithogenic and biogeochemical fluxes (calcium
carbonate, biogenic opal and organic carbon) from the shallow and deep
traps of the Bay of Bengal

In addition to the total particulate fluxes, total coccolithophore fluxes,
fluxes of individual taxa and coccolithophore-CaCO 3 fluxes, we touch upon
briefly on the fluxes of lithogenic, calcium carbonate, biogenic opal and
organic carbon. The data of which was supplied by Dr. Daniela Unger.
5.5.1 Northern Bay of Bengal

Lithogenic flux: The fluxes in the shallow trap varied from 6.86 to 56.15 mg
rrf2d-1 with an average value of 24.14 mg rrf 2d-1 (Table 5.1). While in the deep
trap it varied from 13.50 to 43.13 mg rrf 2d-l with an average value of 28.88 mg
m-2d-1 (Table 5.2). The fluxes in the shallow trap showed a seasonality with a
major peak observed during SW monsoon (August/September) followed by
minor peak during (June/July) (Fig. 5.17a). The fluxes in the deep trap were
relatively low during NE monsoon which progressively increased through SW
monsoon with a major peak associated with SW monsoon (Fig. 5.17a). While
the fluxes in the deep trap showed a bi-modal distribution pattern with its
peaks associated with NE-SW and late SW monsoons (May and September)
(Fig. 5.17a).
Calcium carbonate flux: Calcium carbonate was also one of the dominant
biogenic components in both the shallow and deep traps with fluxes ranging
from 18.58 to 48.08 mg m -2d-1 in the shallow trap and from 16.55 to 54.38 mg
rrf2d-l in the deep trap with average fluxes of 33.29 mg rrf 2d -1 and 31.27 mg m"
2 d-1

respectively (Tables 5.1 and 5.2). The shallow trap showed seasonality

characterized by a distinct bi-modal distribution pattern with its peaks
associated with SW (July/August) and NE-SW (April) monsoons (Fig. 5.17b).
While the deep trap showed relatively lower fluxes with a major peak
observed during late SW monsoon (September) and a minor peak during NESW intermonsoon (May) (Fig. 5.17b).
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Fig. 5.17. Seasonal variation of (a) lithogenic (b)calcium carbonate (c) biogenic opal and
(d) organic carbon fluxes in the shallow and deep traps from the northern Bay of
Bengal (NBBT). The shaded bands represent the periods of different monsoon
seasons.
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Biogenic opal flux: The fluxes of opal varied from 6.48 to 29.93 mg red -1
-1 for the shallow trap and fluxes in withanvergluof16.5mred
deep trap varied from 11.82 to 26.84 mg red -1 with an average value of
19.67 (Tables 5.1 and 5.2). It also displayed a seasonality with major and
minor peaks associated with SW (August/September) and NE-SW (March)
monsoons (Fig. 5.17c). The deep trap recorded comparatively higher fluxes
with peak abundance observed during late SW monsoon (September)
followed by a minor peak during NE-SW intermonsoon (May) (Fig. 5.17c).
Organic carbon: The fluxes of organic carbon varied from 2.64 to 8.35 mg
m2d-1 with an average value of 5.42 mg m 2d-1 in the shallow trap while in the
deep trap the fluxes varied from 3.07 to 11.42 mg m -2d-1 with an average value
of 5.60 mg red -1 (Tables 5.1 and 5.2). In the shallow trap it recorded
increased flux with a major peak associated with SW monsoon
(August/September) (Fig. 5.17d). On the other hand, the deep trap showed a
uni-modal distribution with a prominent peak occurring during NE-SW
intermonsoon (May) (Fig. 5.17d).
5.5.2 Central Bay of Bengal

Lithogenic flux: Lithogenic fluxes varied from 9.00 to 31.00 mg red -1 with an
average value of 22.24 mg m -2d-1 in the shallow trap similarly, it varied from
16.80 to 38.70 mg m 2d-l with an average value of 25.51 mg red -'in the deep
trap (Tables 5.5 and 5.6). The fluxes in the shallow trap showed seasonality
and recorded major peaks during NE monsoon (February/March) and NE-SW
intermonsoon (April/May) in the shallow trap, followed by increased fluxes
during SW monsoon (Fig. 5.18a). Whereas the fluxes in the deep trap
remained high with a peak abundance during NE monsoon followed by minor
peak during early SW and SW-NE monsoons (May/June and
October/November) (Fig. 5.18a).
Calcium carbonate flux: Calcium carbonate was the dominant biogenic
component both in the shallow and deep traps. Its fluxes in the shallow trap
varied from 16.80 to 65.60 mg red -1 with an average of 35.22 mg red -1 ,
whereas in the deep trap, fluxes varied from 20.90 to 59.20 mg red -1 with an
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Fig. 5.18. Seasonal variation of (a) lithogenic (b) calcium carbonate (c) biogenic opal
and (d) organic carbon fluxes in the shallow and deep traps from the central
Bay of Bengal (CBBT). The shaded bands represent the period of different
monsoon seasons.
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average value of 37.48 mg m-2d-1 (Tables 5.5 and 5.6). The fluxes in the
shallow trap showed seasonality with relatively higher fluxes occurring during
SW monsoon with a major peak during (July/August) followed by minor peak
during (September) (Fig. 5.18b). Similarly the deep trap also showed a
seasonality with major peak associated with SW monsoon (September) and a
minor peak during June/July (Fig. 5.18b). Besides it also recorded increased
fluxes during NE monsoons and were also comparatively higher then shallow
trap (Fig. 5.18b).
Biogenic opal: Biogenic opal was also one of the dominant components
contributing to the biogenic material with fluxes ranging from 12.20 to 52.00
mg m-2d-1 with an average value of 25.48 mg m 2d-1 in the shallow trap (Table
5.5). The fluxes in the deep trap ranged from 13.70 to 50.40 mg m 2d-l with an
average value of 25.73 mg red -1 (Table 5.6). The fluxes in the shallow trap
showed a prominent abundance peak during late SW monsoon (September)
(Fig. 5.18c). The fluxes in the deep trap also followed the same trend with
maximum fluxes occurring during SW-NE intermonsoon (October/November)
(Fig. 5.18c).

Organic carbon flux: It was a minor component of the biogenic material
where the fluxes varied from 3.60 to 9.90 mg red -1 with an average value of
6.77 mg red-1 in the shallow trap (Table 5.5). In the deep trap fluxes varied
from 3.70 to 8.10 mg red-1 with an average value of 5.67 mg m 2d-1 (Table
5.6). The fluxes in the shallow trap showed a major peak during NE-SW
intermonsoon (April/May) with a minor peaks associated with SW monsoon
(September) and SW-NE intermonsoon (October/November) (Fig. 5.18d).
While the deep trap recorded relatively lower fluxes compared to the shallow
trap with increased fluxes occurring during NE monsoons
(November/December and February) and SW monsoons (May/June and
August/September) (Fig. 5.18d).
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5.5.3 Southern Bay of Bengal
Lithogenic matter: Lithogenic matter was the minor component found at the
SBBT traps. In the shallow trap it varied from 3.70 to 33.31 mg red -1 with an
average value of 8.88 mg m -2d-1 (Table 5.9). While in the deep trap the fluxes
were significantly low and varied from 2.69 to 17.15 mg rn -2d -1 with an average
value of 6.39 mg m -2d-1 (Table 5.10). The shallow trap displayed a distinct
seasonality with higher fluxes largely associated with SW monsoon with minor
and major peaks during (June — August and September) (Fig. 5.19a). The
deep trap also followed the same trend as that of shallow trap with a major
peak observed during SW monsoon (June/July) (Fig. 5.19a).
Calcium carbonate: Calcium carbonate was the most dominant biogenic
component in both the traps. The fluxes in the shallow trap varied from 24.47
to 150.48 mg red-1 with an average value of 63.03 mg red -1 , whereas it
varied from 21.68 to 58.62 mg m -2d-1 with an average value of 33.66 mg red -1
inthedpra(Tbls5.9nd10)hefluxsipaydonltwh
major peak observed during late SW monsoon (September) (Fig. 19b). The
deep trap followed the same trend as seen in shallow trap (Fig. 5.19b).
Biogenic opal flux: Biogenic opal was the second dominant component of
the biogenic material. The fluxes in the shallow trap varied from 9.34 to
133.73 mg rn-2d-1 with an average value of 45.29 mg rn -2d-1 (Table 5.9).
Whereas the fluxes in the deep trap varied from 9.75 to 53.82 mg rn -2d-1 with
an average value of 21.63 mg red -1 (Table 5.10). The fluxes in the shallow
trap displayed distinct seasonality with higher fluxes associated with SW
monsoon (August/September), followed by same trend in the deep trap (Fig.
5.19c).
Organic carbon flux: Organic carbon fluxes in the shallow trap varied from
2.79 to 19.23 mg red-1 with an average value of 8.67 mg red -1 (.1-61)1e 5.9).
And in the deep trap the fluxes varied from 2.51 to 9.71 with an average value
of 4.12 mg red -1 (Table 5.10). Fluxes in the shallow trap displayed a distinct
seasonality with highest fluxes observed during SW monsoon (Fig. 5.19d).
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•
Fig. 5.19. Seasonal variation of (a) lithogenic (b) calcium carbonate (c) biogenic opal
and (d) organic carbon fluxes in the shallow and deep traps from the southern
Bay of Bengal (SBBT). The shaded bands represent the periods of different
monsoon seasons.
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The deep trap also followed the same trend as shown by shallow trap (Fig.
5.19d).
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CHAPTER 6

Discussion

Chapter 6
DISCUSSION

6.1 Seasonal variation of total particulate and coccolithophore fluxes in
the Bay of Bengal (NBBT, CBBT and SBBT)

The Bay of Bengal which comes under the influence of semi-annual
seasonality of the Asian monsoon system experiences enormous fluvial input
through the world's major rivers such as the Ganges, the Brahmaputra etc.
draining through the Himalayas (Milliman and Meade, 1983). Furthermore, the
oceanic circulation is also affected by seasonally changing wind field (Wyrtki,
1973). Thus, this region with its specific characteristics represents a unique
environmental setting ideal to examine the effects of seasonally changing
oceanographic processes on marine biogeochemical processes. In this
regard, the study of total particulate fluxes and particularly the coccolithophore
fluxes from the sediment traps in the diverse oceanographic settings of the
Bay of Bengal would facilitate in understanding of the biogeochemical
variability and the factors responsible thereof.
Total particulate flux: The oceanographic and biological processes are
strongly influenced by the monsoons (SW monsoon and NE monsoon). The
main factors controlling particle fluxes in the Bay of Bengal are upwelling,
mixed layer deepening due to wind stress and influence of fresh water influx
by river discharge.
The total particulate fluxes progressively increased from the
northern to southern Bay of Bengal. At NBBT, the total particulate fluxes
displayed a distinct seasonality in shallow trap which ranged from 37.08 to
147.66 mg m -2d-1 . Increased fluxes observed in both traps during SW
monsoon was due to the influx of fresh water which bring along nutrients
facilitating biological productivity. Whereas, decreased fluxes recorded at the
fag end of NE-SW intermonsoon was mainly attributed to low input from the
rivers (Fig. 5.1a). Higher fluxes encountered during NE-SW and SW-NE
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intermonsoons was due to the Bay of Bengal Western Boundary Current
(BBWBC) and prevalent anticyclone gyre which advected nutrients from the
upwelling region along the eastern Bay (March/May and October/November)
(Legeckis, 1987; Potemra et al., 1991; Shetye et al., 1993; Sanilkumar et al.,
1997; Babu et al., 2004). Similarly, Unger et al. (2003) also reported highest
fluxes in 1989, 1994 and 1996 during the pre-SW monsoon when low wind
velocities and decreased river runoff prevalent and attributed to the advection
of nutrients from the upwelling region along the western margin of the basin.
At CBBT the total particulate fluxes in the shallow trap showed a
distinct seasonality where fluxes ranged from 49.5 to 150.5 mg rec1 -1
asocitedwhlSWmons(Augt/Sepmbr)Fi.5aThs
was accomplished by the prevalent cyclonic flow of a strong eastward current
at 13°N which passes through CBBT location facilitating advection of nutrient
rich upwelled water from the east coast of India (Shetye et al., 1991). Besides,
the strong wind-curl stress during this season also caused a SW-NE oriented
band of divergence in the central Bay of Bengal (Murty et al., 1992). During
SW-NE intermonsoon a cyclonic circulation evident from altimeter data
prevailed off the east coast of India (V.S.N. Murty, pers. comm.) with the
upwelling from October till December was responsible for the flux maxima.
Lowest fluxes recorded during NE-SW intermonsoon (April/May) in both the
traps was resulted by low wind speeds and stratification caused by elevated
SST (Unger et al., 2003). The deep trap showed high fluxes during SW-NE
intermonsoon and early NE monsoon (October-December) was due to
upwelling. Although nutrient injection into the euphotic zone takes place by
convective mixing or forcing as proposed for the northern Arabian Sea during
the NE monsoon (Madhupratap et al., 1996), it was less effective in the Bay of
Bengal due to strong stratification of the upper water column.
The total particulate fluxes at SBBT ranged from 46.01 to 327.41
mg m -2 -1

a displaying seasonality with a sharp peak fluxes associated with SW

monsoon (September) and low fluxes during NE monsoon (Fig. 5.11c). The
deep trap also showed maximum values during SW monsoon (June/July).
The increasing winds from May onwards cause a deepening of the mixed
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layer resulting in decrease of SST's by ca. 2°C facilitating productivity (Unger
et al., 2003). As reported by Schafer et al., (1996) the stronger wind speeds in
the southern Bay of Bengal caused a decrease in SST's of about 3°C during
the SW monsoon. In addition to wind-induced mixing, advection of cold
upwelled water from the southwest coast of India (Sharma, 1978; Murty et al.,
1992) contributed to the low SST's by triggering primary productivity. Lower
fluxes were recorded during NE-SW intermonsoon and early SW monsoon
(May/June) in both the traps due to low wind speeds and elevated SST's of
—30°C leading to oligotrophic conditions (Unger et al., 2003).
The deep traps at NBBT and CBBT sites recorded anomalously higher
total particulate fluxes attributable to the lateral input from the steep shelf
region along the east coast of India (Schafer et al., 1996). While lower total
particulate flux observed at SBBT must have resulted due to dissolution
(Table 5.10).
Total coccolithophores fluxes: The present study on coccolithophores
revealed a strong seasonal variation from the northern to southern Bay of
Bengal. The temporal distribution patterns distinctly reflected the variability of
hydrographic conditions in the overlying water masses at all the trap locations.
In general, the biogenic flux was one of the major components largely
comprised of coccolithophores contributed to the total particulate flux at both
the shallow and deep trap.
Overall fluxes of coccolithophores observed in the Bay of Bengal were
comparatively lower than those reported in the northeastern Arabian Sea off
Pakistan (Andruleit et al., 2000), upwelling region off Somalia (Broerse et al.,
2000a) and central Arabian Sea (Mergulhao et al., 2006) in the northern
Indian Ocean. Besides, the fluxes increased in the deep traps at certain
intervals from all the three traps.
Coccolithophore fluxes among the three locations in the Bay of Bengal
showed highest fluxes occurred at CBBT with an average flux of 114.68 x10 5
-2 d-1 followed by SBBT and NBBT with the average values of 109.35 x10 5m
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m-2 d-1 and 41.55 x10 5 m-2 d-1 respectively in the shallow traps (Tables 5.3, 5.7
& 5.11).
The shallow trap at NBBT deployed at a depth of 1156 m was situated
in the vicinity of the region influenced by fresh water discharge from the
Ganges, the Brahmaputra rivers (Fig. 4.2). The temporal distribution of total
coccolithophore fluxes at NBBT traps displayed a strong seasonality both
during SW and NE monsoons (Fig. 5.1b). Comparatively lower
coccolithophore fluxes and diversity observed at NBBT was attributed to the
strong stratification (up to 100-150 m depth) resulted by the spread of a low
salinity water caused by freshwater influx (Murty et al., 1992) during SW
monsoon. Furthermore, it prevented the vertical mixing and injection of
nutrients into the upper layers due to stratification. Based on foraminiferal
studies, salinity gradient was reflected by the dominance of Neogloboquadrina
dutertrei in the low salinity waters at NBBT (Guptha et al., 1997). Shenoi et al.

(2002) also reported that the strong stratification did inhibit the vertical mixing
in the surface layers at NBBT. Murty et al. (1996) reported that the wind
induced divergence caused by positive wind stress curl over the northern Bay
and the associated subsurface upwelling processes were limited to the base
of the barrier layer (-30 m depth) resulting in lower fluxes during SW
monsoon. Based on their studies in the Bay of Bengal, Prasannakumar et al.
(2002), inferred that in general, the Bay of Bengal was less productive during
SW monsoon compared to the Arabian Sea and attributed to the fact that the
heavy rainfall and the influx of river water freshened the upper layers of the
Bay by 3 - 7 psu (practical salinity unit) during summer and SST was warmer
by 1.5° to 2°C. This led to a strong stratification as the prevalent winds were
unable to erode the stratification thereby inhibiting injection of nutrients into
the upper layers. Nevertheless, the peak occurrence of fluxes was observed
during late SW monsoon (September), resulted by the nutrient input largely
brought by the river plumes (Ittekkot et al., 1991). Antoine et al. (1996) also
reported nutrient supply associated with the river discharge facilitating high
average rates of primary productivity up to 2 g Crn 2d-1 in the coastal area and
in the northern part of the Bay. Later the fluxes showed a decreasing trend
through SW-NE intermonsoon (October — November) and NE monsoon
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(December-February) as the supply of nutrients was minimal due to low
riverine input (Fig. 5.1b). Decreased SST's observed during NE monsoon in
the northern Bay was related to the reduced insolation rather than upwelling
(Unger et al., 2003).
However, secondary peaks were recorded in both the traps at NBBT
during late NE monsoon (March) (Fig. 5.1b) due to anticyclonic gyre at 16°N,
86°E supplying nutrient rich upwelled waters into the interior Bay (Babu et al.,
2004). La Violette (1967) reported upwelling along the east coast of India and
Burma during winter which must have advected nutrient rich waters facilitating
productivity. The lower fluxes seen during NE—SW intermonsoon (March/April)
attributed to low riverine input, low nutrient supply and relatively high
temperatures. Highest fluxes observed during pre-SW monsoon when wind
speed and river run-off decreased was attributed to the supply of nutrients
from upwelling region triggered by elevated winds and strong BBWBC
developed during March-April (Legeckis, 1987; Potemra et al., 1991; Shetye
et al., 1993; Sanilkumar et al., 1997; Babu et al., 2004).
Although the riverine flux may bring in nutrients, it was thought to be
lost to the deep sea because of the narrow shelf (Qasim, 1977; Sen Gupta et
al., 1977; Radhakrishna et al., 1978). Besides, comparatively heavier cloud
cover during SW monsoon might be another reason for relatively low
productivity at NBBT.
The sediment trap mooring deployed at CBBT which lies close to the
steep eastern continental margin of India was largely influenced by both the
coastal and oceanic upwelling processes (Fig. 4.2). The seasonal variation of
total coccolithophore fluxes displayed a distinct seasonality (Fig. 5.5b).
Interestingly, the peak abundance flux of 164.34 x10 5 m-2 d-1 was observed
during NE-SW intermonsoon (March/April) in the shallow trap and increased
in the deep trap with highest fluxes (172.62 x10 5 m-2 d-1 ) during April/May
(Fig.5.5b). These intermonsoon peaks must have resulted due to the
upwelling driven by BBWBC which developed and extended all along the east
coast of India during February-May (Legeckis, 1987; Potemra et al., 1991;
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Shetye et al., 1993; Sanilkumar et al., 1997; Babu et al., 2004). It was further
supported by the earlier work of La Fond (1954) who reported upwelling along
the east coast of India during February-April. Later, Balaramamurty (1958)
reported a strong upwelling caused by advection of nutrients off the coast of
Visakhapatnam which extended until May. Furthermore, based on thermal
structure along the east coast of India they inferred that the upwelling off
Visakhapatnam was more intense than off Madras. Rao et al. (1986)
observed upwelling of cold water close to the surface from February-May off
Visakhapatnam. Mojumder (1967) reported the seasonal fluctuations of the
SST, salinity, dissolved 02 and other nutrient salts during 1964-66 and
suggested the occurrence of upwelling (April-June) and sinking (SeptemberOctober) off Visakhapatnam during certain months of the year.
Relatively moderate fluxes (134.42 x10 5 m-2

cr1 ) were also recorded

during SW monsoon (July/August) (Fig. 5.5b) resulted by the upwelling along
the east coast of India (Shetye et al., 1991) and also the strong wind curl
stress which caused the divergence in the central Bay substantiated by
prevalent low temperatures (Murty et al., 1992). Anand et al. (1968) found that
upwelling occurred off Madras and further north off Visakhapatnam during the
summer monsoon. Gopalakrishna et al. (1996), Vijaykumaran et al. (1996)
and Gopalakrishna and Sastry (1985) indicated the occurrence of coastal
upwelling off Tamil Nadu during SW monsoon. Similarly, De Souza et al.
(1981) reported two regions of upwelling near Madras and Visakhapatnam
during August-September. Despite the occurrence of upwelling in the central
Bay of Bengal the observed relatively moderate fluxes during SW monsoon
were attributed to dissolution.
Coccolithophore fluxes at SBBT at a shallow trap depth of 1518 m
displayed seasonality with a major peak (164.34 x10 5 m2 d-1 ) coincided with
NE-SW intermonsoon (March/April) due to the advection of high chlorophyll 'a'
waters through the WMC from the Car-Nicobar islands (V.S.N. Murty, pers.
comm.). Relatively increased fluxes (151.07 x10 5 m2 d-1 ) were also observed
during SW monsoon (August/September) and attributed to the supply of
nutrients from subsurface layers by wind induced upwelling processes
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(Ittekkot et al., 1991; Schafer et al., 1996). Wind induced entrainment of
nutrients supplied both nitrate and silica and the wind mixing facilitated
primarily carbonate production as observed in 1988 by Unger et al. (2003).
However, wind speed was not only the factor regulating the supply of
nutrients, but the alternate factor was the advection of nutrient-rich upwelled
waters through SMC from the upwelling region along the southwest coast of
India (Sharma, 1978; Shetye et al., 1990; Rahul Mohan, 1997). The peak
fluxes (159.34 x105 m-2d-1 ) were also observed during SW-NE intermonsoon
(October/November). Decreased fluxes recorded during late SW monsoon
(September) was due to dissolution resulted by the biologically mediated
processes (Fig. 5.5b). Besides, mechanical breakdown of coccoliths was also
observed due to grazing. The deep trap at SBBT depicted similar trend as that
of the shallow trap with relatively higher fluxes. And recorded maximum value
during late NE monsoon (March) and during NE-SW intermonsoon (AprilJune) due to the advection of high chlorophyll 'a' waters through the WMC
from the Car-Nicobar islands (V.S.N. Murty, pers. comm.).
This study inferred that the coccolithophores displayed seasonality
largely related to productivity. Earlier it was believed that the coccolithophores
were regarded as a phytoplankton group adapted to stable and oligotrophic
conditions which tend to dominate in the waters of less productivity (Winter,
1985; Mitchell-lnnes and Winter, 1987; Kleijne, 1993; Winter et al., 1994).
Recently, Schiebel et al. (2004) also stated that the coccolithophore cell
density does not follow nutrient concentration. But, on the contrary, based on
the extensive studies carried out during the last few years by utilizing satellite
imageries in oceanographic research, it was inferred that the coccolithophores
were seasonally dominating in a high productivity region (Broerse, 2000).
The contribution of intact coccospheres to the total coccolith flux was
relatively small in comparison to the settling coccoliths. The coccosphere and
coccoliths are generally too small to sink on their own through the water
column (Honjo, 1976, 1980), their incorporation into settling aggregates
(scavenging) or fecal pellets is required for gaining a reasonable sinking
velocity (Honjo, 1982; Pilskaln and Honjo, 1987). Therefore, absolute
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coccolithophore fluxes did not seem to represent truly the real production as
they were dependent on the availability of transportation vehicles, which are
linked to production and/or to re-suspension, lateral advection, dissolution and
grazing processes. Consequently, due to the uncertainty concerning the
actual coccolithophore fluxes more emphasis was given to floral
assemblages, which are assumed to be not, or only slightly overprinted by the
input of lithogenic material and also by lateral advection. Besides, these
assemblages helped in delineating various biogeographic and hydrographic
settings.

The coccospheres were distributed sporadically in all the three trap
locations. The northern traps (NBBT) recorded maximum flux of 1.76 x 10 5
. u • late SW monsoon (September) corresponding to the total
m 2d-i anng
coccolithophore fluxes (Table 5.3). The central traps (CBBT) also recorded a
maximum coccospheres flux of 1.85 x 10 5 red-1 during late NE monsoon
February/March . (Table 5.7). Whereas, the southern traps (SBBT) recorded
the highest coccosphere flux of 10.95 x 10 5 red-1 during SW-NE
intermonsoon (September/October). The occurrence of these coccospheres
implied the new production. The coccosphere of G. oceanica and E. huxleyi
were dominant at all the three traps, followed by a sparsely distributed
species like U. sibogae, 0. antillarum, A. oryza, U. irregularis, C. leptopora, F.

profunda, N. coccolithomorpha and G. flabellatus.
6.2 Seasonal variation of various coccolithophore taxa in the Bay of
Bengal (NBBT, CBBT and SBBT)

Despite the fact that this study has yielded 25 species of
coccolithphores, only a few species such as G. oceanica, U. sibogae, U.

irregularis, U. tenuis, F. profunda, C. leptopora, E. huxleyi, H. carteri and 0.
antillarum which are ecologically important represented significantly. Hence
seasonal variation of these species were discussed in relation to various
physical processes. Whereas, the remaining ecologically lesser important
species viz: C. mediterranea, N. coccolithomorpha, S. lamina, S. pulchra, R.
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clavigera, D. tubifera, Calciosolenids sp., C. cristatus and A. oryza showed a

patchy distribution, hence their seasonal variation was not discussed.
Gephyrocapsa oceanica (Plate — 1 (1)): It is predominantly a low — latitude

species very commonly observed in tropical — subtropical waters with a
temperature range of 12° to 30°C (McIntyre et al., 1970) and widely reported
along ocean margins (Okada and Honjo, 1973). It was also known to
preferentially thrive in high-nutrient environments, such as upwelling areas or
continental shelves (Mithchell-Innes and Winter, 1987; Houghton and Guptha,
1991; Kleijne, 1993; Broerse et al., 2000a; Andruleit et al., 2000; Andruleit and
Rogalla, 2002; Guptha et al., 2005; Mergulhao et al., 2006).
G. oceanica was the most important and dominant species throughout

the investigating period at all the three trap sites of NBBT, CBBT and SBBT in
both the shallow and deep traps. The temporal distribution of G. oceanica and
the total coccolithophore fluxes displayed similar distributional trend at NBBT.
It recorded highest fluxes during late SW monsoon (September), which must
have resulted by nutrient input particularly brought by the river plumes during
the SW monsoon (Ittekkot et al., 1991). Similarly, Broerse et al. 000a)
reported high relative and absolute abundances during the height of the SW
monsoon (upwelling period) in a region off Somalia. Ziveri et al. (1995a)
showed that the production of this species in San Pedro Basin was controlled
by temperature and nutrient concentrations and also flourished when nutrients
supply was high during the upwelling period. Similarly, Schiebel et al. (2004)
and Mergulhao et al. (2006) also reported G. oceanica to be positively related
to upwelling conditions during the periods of upwelling in the Arabian Sea.
Guptha (1985, 1986), Houghton and Guptha (1991), Andruleit et al. (2000)
and Andruleit et al. (2003) also reported abundance of G. oceanica reflecting
the prevalent upwelling conditions in the Arabian Sea.
Whereas, the peak abundance recorded during late NE monsoon
(March) in both the shallow and the deep traps was due to anticyclonic gyre
centered at 16°N, 86°E during this period. The nutrient-rich coastal waters
might have been advected into the interior through the clockwise circulation of

75

the waters (Babu et al., 2004) (Fig. 5.2a). Similarly, Andruleit et al. (2000)
reported higher fluxes during the onset of NE monsoon in the eastern Arabian
Sea when the nutrient levels were increased. Lower fluxes were observed
during NE—SW intermonsoon when the strong stratification developed in the
photic zone due to elevated SST's and also low wind speeds (Fig. 5.2a).
Thus, this species clearly indicated its preference for high nutrients during SW
monsoon.
G. oceanica fluxes at CBBT were characterized by seasonality
displayed by a peak abundance of fluxes in the shallow trap during SW
monsoon (July/August) which must have resulted by the upwelling as reported
by Shetye et al. (1991) and also by the reported divergence in the interior Bay
(Murty et al., 1992). Whereas, the secondary peaks associated with NE-SW
intermonsoon (March/April) in the shallow trap and later (April/May) in the
deep trap must have resulted by the supply of nutrients by the strong
BBWBC, which developed during March/April (Legeckis, 1987; Potemra et al.,
1991; Shetye et al., 1993; Sanilkumar et al., 1997; Babu et al., 2004).
Interestingly, G. oceanica fluxes displayed decreasing trend at the end of SW
monsoon (September) apparently attributed to intense dissolution resulted by
biologically mediated processes (Fig. 5.6a).
G. oceanica at SBBT displayed a distinct seasonality with higher fluxes
recorded during SW monsoon (June/July and August/September) and
relatively lower fluxes during NE monsoon (Fig. 5.12a). Despite the fact that
the southern Bay of Bengal waters were less productive or oligotrophic, it
registered a very significant productivity. Increased fluxes in both the traps
during SW monsoon indicated the tremendous influence of surface layer
processes such as advection of nutrient-rich and elevated chlorophyll 'a'
waters through SMC from the upwelling regions of southwest coast of India
leading to high productivity (Sharma, 1978; Rahul Mohan, 1997; Shetye et al.,
1990; Murty et al., 1992) and the origin of the cold water band in the southern
Bay was believed to have originated from the southwest coast and the
southern tip of India (Hastenrath and Lamb 1979; Rao et al., 2006).
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The decreased fluxes recorded during late SW monsoon (September)
must have resulted mainly due to dissolution caused by the biological
mediated processes.
Umbilicosphaera sibogae (Plate — 5 (2)): U. sibogae was the second
dominant species in the present study with an average flux of 6.74, 18.83 and
11.26 x105 m-2 d-1 in shallow traps at NBBT, CBBT and SBBT locations
respectively (Tables 5.3, 5.7 and 5.11). U. sibogae is considered to be a
temperate to subtropical species in the water temperatures between 21° and
28°C (McIntyre and Be, 1967) (Plate 5(2)). The coccolith fluxes at NBBT trap
followed the same trend as that of total coccolithophore fluxes and recorded a
maximum peak during late SW monsoon (September), resulted mainly due to
nutrient influx by the rivers (Ittekkot et al. 1991) (Fig. 5.2b). The maximum
fluxes during late NE monsoon (March) in both the shallow and deep traps
were mainly due to the BBWBC and anticyclonic gyre developed at 16°N,
86°E (Babu et al. 2004).
At CBBT, U. sibogae fluxes in the shallow trap were characterized by a
polymodal distribution pattern with a maximum peak associated with the fag
end of NE monsoon (February-March) followed by a minor peak during NESW intermonsoon (February/March and March/April) (Fig. 5.6b), attributed to
the BBWBC and the anticyclonic gyre during March/April (Legeckis, 1987;
Potemra et al., 1991; Shetye et al., 1993; Sanilkumar et al., 1997; Babu et al.,
2004). While lower fluxes recorded during SW monsoon was attributed to
dissolution. However, this species may not represent a realistic picture of
seasonal changes in the production due to the fact that the coccospheres of
U. sibogae get easily disaggregated and may not survive the passage through

a zooplankton gut except as individual coccoliths (Steinmetz, 1991).
U. sibogae fluxes at SBBT showed a distinct seasonal trend (Fig.

5.12b), with a peak abundance occurred during SW monsoon
(August/September) which must have also resulted by the advection of
nutrient-rich waters from the upwelling region along the southwest coast of
India (Sharma, 1978; Shetye et al., 1990). Increased fluxes were observed
during late NE monsoon and NE-SW intermonsoon (April/May) due to the
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advection of nutrient rich waters from Car-Nicobar islands which must have
triggered the productivity (V.S.N. Murty, pers. comm). A distinct minimum
value was recorded during late SW monsoon (September), which much have
resulted mainly due to the dissolution from the biological mediated process.
The increase of U. sibogae observed during late SW monsoon at
NBBT and SBBT trap locations indicated their preference for high nutrients.
Roth and Coulbourn (1982) reported that U. sibogae to prefer moderately
nutrient-rich waters in the Pacific tropical waters between 10°S and 20°N.
Andruleit et al. (2000) reported its response to the onset of NE monsoon in
the eastern Arabian Sea when higher nutrients were available. Broerse et al.
(2000a) also reported its response to upwelling areas off Somalia. Recently,
Mergulhao et al. (2006) reported higher fluxes form the central Arabian Sea
during NE monsoon due to advection of nutrient rich waters from the Pakistan
shelf.
Emiliania huxleyi (Plate — 1 (2)): E. huxleyi is the most ubiquitous
coccolithophore species in the world oceans (McIntyre and Be 1967; Winter
and Siesser 1994) (Plate 1(2)). It is also a cosmopolitan species of tropical
and subtropical waters (2-30°C) occurring over a wide range of salinities (1645 psu) (Okada and McIntyre, 1977). The distribution of this species in the
surface waters is largely independent of water temperature and thermocline
depth (Samtleben et al., 1995a, b). E. huxleyi is reported in abundance in a
nutrient—rich environments such as along the edges of the subtropical central
gyres, in upwelling area, and along the outer continental shelves (Brand,
1994).
The higher fluxes occurred during early and late SW monsoon
(May/June and September at NBBT (Fig. 5.2c), were largely due to the
availability of high nutrients at the surface brought by the rivers during this
period (Ittekkot et al. 1991). The maximum fluxes were also recorded during
late NE monsoon (March) in both shallow and deep traps was mainly due to
the presence of BBWBC and anticyclonic gyre at 16°N, 86°E which supplies
nutrient rich waters (Babu et al. 2004).
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At CBBT E. huxleyi fluxes displayed a seasonality with a sharply
increased fluxes associated with SW monsoon (July/August) resulted by
upwelling of nutrients in to the photic zone (Fig. 5.6c) (Shetye et al., 1990).
And relatively high fluxes observed during NE monsoon and NE-SW
intermonsoon (February/March and March/April) in the shallow trap and
during NE-SW intermonsoon (April/May) in the deep trap could be due to the
development of BBWBC and the anticyclonic gyre (Shetye et al., 1993;
Sanilkumar et al., 1997; Babu et al., 2004).
E. huxleyi fluxes at SBBT also displayed a seasonality with a peak
occurrences during SW-NE intermonsoon (October/November) followed by a
secondary peak during SW monsoon (May/June and August/September)
(Fig.11c) which have resulted by the advection of nutrient rich upwelled water
from the southeastern Arabian Sea. The deep trap also showed a maximum
peak during early SW monsoon (May/June). The decreased fluxes observed
during late SW monsoon (September) must have resulted due to carbonate
dissolution caused by biologically mediated process.
G. oceanica and E. huxleyi were the dominant species reported from
the northern Indian Ocean by Guptha (1985), Guptha (1986), Houghton and
Guptha (1991) and Kleijne et al. (1989) are known to respond to nutrient
enrichment by increasing their population size both in the ocean as well as in
culture. Zeltner (1998) reported maximum coccolithophore fluxes during
upwelling relaxation with G. oceancia and E. huxleyi as dominant species in
the Central Arabian Sea. Broerse et al. (2000a) explained the dominance of
G. oceanica over E. huxleyi to its preference for elevated nutrient levels,
which can be used as a proxy of intense upwelling in the Arabian Sea.
However, Andruleit et al. (2000) reported higher concentration during early
SW monsoon, which decreased in relative abundances during the onset of NE
monsoon, thus this species did not indicate any upwelling, but showed its
preference for stable regimes with relatively high nutrient availability rather
than upwelling in the northeastern Arabian Sea. Andruleit and Rogalla (2002)
suggested that this species may not be regarded as an indicator of upwelling
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processes, but may be more typical of stable regimes with relatively high
nutrient availability. However, Mergulhao et al. (2006) reported G. oceanica in
the moderately nutrient rich waters from the Arabian Sea.
Umbellosphaera sp. (Umbellosphaer irregularis and Umbellosphaera
tenuis) (Plates — 1 (4) and 5(7)): U. irregularis is the most abundant in
tropical waters with a temperature range of 25° to 30°C (McIntyre et al., 1970;
Winter et al., 1994) (Plates 1(4) and 5(7)). These Umbelliform coccoliths have
been found to dominate in subtropical gyres (Okada and Honjo, 1973; Okada
and McIntyre, 1979; Kleijne et al., 1989) where they are thought to be adapted
to oligotrophic conditions (Young, 1994).
U. irregularis was one of the important species indicative of oligotrophic

conditions showed its average fluxes of 2.48, 13.08 and 8.78 x10 5 m-2 d-1 at
NBBT, CBBT and SBBT respectively (Tables 5.3, 5.7 and 5.11). The fluxes

recorded at NBBT was the lowest among the three trap sites, whereas the
highest fluxes were observed at CBBT followed by SBBT. U. irregularis did
display seasonality in the shallow trap at NBBT with a relatively increased
fluxes during NE-SW intermonsoon (May) and SW monsoon (June/July) (Fig.
5.2d). The decreased fluxes were attributed to the productivity related to the
variable supply of nutrients during monsoons and intermonsoons, thus,
inferring its preference for oligotrophic conditions but not for eutrophic
condition.
The fluxes at CBBT were characterized by a unimodal distributional
pattern with a sharp peak associated with NE-SW intermonsoon (April/May)
followed by a lowest fluxes observed during SW and NE monsoons (Fig.
5.6d). The decreased fluxes observed during SW and NE monsoons was
attributed to the prevalent eutrophic conditions resulted by upwelling and also
by advection of nutrients leading to productivity. Whereas, highest fluxes
recorded during NE-SW intermonsoon (April/May) was attributed to the
oligotrophic conditions caused by stratification of surface waters by elevated
SST's. Varkey et al. (1996) reported high temperatures (30.5°C) in the central
Bay during pre-summer monsoon season. Similarly climatological data
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(Verploegh, 1960; Colborn, 1975; Hastenrath and Lamb, 1979) and data from
various cruises (Somayajulu et al., 1987) during the pre-summer monsoon
months showed higher SST's exceeding 30°C up to 30.5°C in the central Bay.
The AVHRR SST maps of the Bay also showed SSTs exceeding 30°C up to
31°C in the central Bay for April-May (Viswambharan and Mathew 1992;
Murty et al., 1994). Thus, this species confirms the assumption that it prefers
oligotrophic conditions at CBBT. The lowest fluxes during SW were due to
dissolution.
At SBBT, it displayed seasonality in both the traps with peak fluxes
associated with NE-SW intermonsoon (April-May) (Fig. 5.12d) due to elevated
SST's of —31°C leading to oligotrophic conditions (Fig. 6.1) (Unger et al.,
2003). Thus, it was inferred that low abundances of U. irregularis during SW
monsoon and its increase during NE-SW intermonsoon supports its
preference for high temperatures (25-30°C) and oligotrophic waters in the Bay
of Bengal.
U. tenuis at CBBT occurred sporadically and recorded increase during

NE monsoon (February/March) (Table 5.3) and NE-SW intermonsoon (April/
March). Because, like U. irregularis, this species also prefers oligotrophic
waters due to elevated SST's of 30.5°C (Varkey et al., 1996). While it
remained absent during SW monsoon for most of the sampling period and
was totally absent at NBBT due to eutrophic conditions.
At SBBT, fluxes were recorded sporadically with a marginally increased
fluxes during NE-SW intermonsoon (April/May) (Fig. 5.13a) and proving the
assumption that they thrive in the oligotrophic conditions developed by
elevated temperatures.
Therefore, the maximum fluxes of Umbellosphaera species (U. tenuis
and U. irregularis) were recorded in the oligotrophic waters during NE-SW

intermonsoon and lower fluxes during the SW and NE monsoon which is in
close agreement with the results of Kleijne et al. (1989). Furthermore, Kleijne
(1991) also revealed the dominance of U. irregularis in warm oligotrophic
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Fig. 6.1. Monthly variation of wind speed and SST during the period January - February
1992 at the three mooring sites NBBT, CBBT and SBBT in the Bay of Bengal.
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conditions in Gulf of Aden and Red Sea during summer (June and July).
Nishida (1979) also revealed the general dominance of these species in
oligotrophic regions of the Pacific. Andruleit et al. (2000) reported higher
relative abundances of Umbellosphaera sp. in the intermonsoon and
decreased with the onset of NE monsoon in the northeastern Arabian Sea,
which also agrees with our findings in the Bay of Bengal. Broerse et al.
(2000a) reported maximum fluxes during late upwelling relaxation, but with
highest relative abundances occurred during the non-upwelling period in the
upwelling area off Somalia. Recently, Guptha et al. (2005) reported its
preference for oligotrophic conditions in the equatorial Indian Ocean.
Mergulhao et al. (2006) reported a peak occurrence of U. irregularis during
NE-SW intermonsoon due to the prevalence of oligotrophic conditions in the
central Arabian Sea.
Florisphaera profunda (Plate — 3 (7)): F. profunda is generally found
abundantly in low latitude regions within the lower photic zone (100-150 m)
(Okada and Honjo, 1973; Okada and McIntyre, 1977) (Plate 3(7)). The
variation in the abundance of F. profunda through time has been used as a
proxy for past changes in the position of nutricline (Molfino and McIntyre,
1990a, b; McIntyre et al., 1992). However, its distribution is not only related to
water depth but also to various oceanographic conditions such as nutrientcontent, water-transparency and/or—turbidity.
The average fluxes at three trap locations were 4.67, 13.70 and 9.43 x
105 m-2d-1 (Tables 5.3, 5.7 and 5.11). The fluxes showed unimodal trend at
NBBT with a prominent peak occurred during SW-NE intermonsoon
(October/November) (Fig. 5.3a), attributed to minimum river discharge which
otherwise would have hampered its production by turbidity. Besides; it could
be due to the fact that the nutrients were still present in the deep layers. The
decreased fluxes observed at NBBT was attributed to the turbid conditions
leading to poor transparency caused by the influx of lithogenic material
brought by the rivers during SW monsoon. Ahagon et al. (1993) also showed
a close relationship between the relative abundance of F. profunda and
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seawater transparency, where it was not only affected by biological
productivity, but also by terrestrial particle supply.
Similarly, it also showed seasonality at CBBT with a maximum peak
observed during SW monsoon (July/August) resulted by the strong wind-curl
stress during this season causing a SW-NE oriented band of divergence in
the central Bay of Bengal (Murty et al., 1992), which brings nutrient-rich water
to the subsurface (50 m). The fluxes also showed a sharp peak in both
shallow and deep traps during NE-SW intermonsoon (April/May) during which
oligotrophic waters were prevalent at the surface of the central Bay (Fig. 5.7b)
(Unger et al., 2003). Nevertheless, the deep nutricline developed by increased
nutrients in the subsurface layers facilitated increased fluxes (Fig. 6.2),
whereas, Increased fluxes seen in the deep traps must have resulted by
lateral advection caused by the prevalent circulation pattern.
F. profunda fluxes at SBBT displayed seasonality recorded by lower

fluxes during SW monsoon due to shallow thermocline with a prominent peak
associated with SW-NE intermonsoon (October/November) (Fig. 5.13b)
corresponding to that of total coccolithophore flux was due to cyclonic
circulation evident form altimeter data prevailed off the east coast of India
(V.S.N. Murty, pers. comm.) and also EICC which advected nutrients.
Tanaka and Kawahata (2001) reported high concentration of F.
profunda and G. flabellatus, which are related to high temperatures in the

upper euphotic zone and also the high light intensity. According to the model
of Molfino and McIntyre (1990a), high relative abundance of F. profunda is
associated with a deep nutricline and deep thermocline, where as low relative
abundances are characteristic of a shallow a nutricline and thermocline.
Kawahata et al. (1998) reported increase of F. profunda in nutrient rich
surface waters. Molfino and McIntyre (1990b) reported inverse relationship to
both productivity and upwelling for F. profunda abundance. Ziveri and Thunell
(2000) reported an inverse relationship between F. profunda flux and diatom
export production, thus suggesting its inverse relationship to upwelling in the
Guaymas Basin. Similarly Ziveri et al. (1995a) reported lowest abundance for
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F. profunda in San Pedro Basin during the upwelling period when the

nutricline was shallow and also the seasonal flux pattern suggesting that F.
profunda did not prefer shallow thermocline and high light levels. It also

recorded a relatively increased flux during NE-SW intermonsoon (March/April)
when the waters were oligotrophic resulted by the deep nutricline. Similarly,
Broerse et al. (2000a) reported that the deep photic zone species F. profunda
and G. flabellatus were dominant in the early SW monsoon in the upwelling
region off Somalia. Andruleit et al. (2000) in their study of coccolithophore
fluxes in the northeastern Arabian Sea reported that F. porfunda was
negatively correlated to G. oceanica with the deepening of mixed layer depth
with a decreased fluxes. Andurleit and Rogalla (2002) reported positive
correlation of F. profunda to the mean annual mixed layer depth in the surface
sediments from southeast Arabian Sea, which resulted due to deep
thermocline. However, Mergulhao et al. (2006) reported increased fluxes
during January, April and June when nutrient concentrations were high in the
central Arabian Sea. Schiebel et al. (2004) reported F. profunda at a shallow
depth of 20-60 m during May/June with an assumption that F. profunda shows
its affinity for enhanced nutrients rather than for a specific water depth. The
present study also inferred that the F. profunda was also a temperature
dependent rather than only to the specific depth (eg. deep photic depth).

Oolithotus antillarum (Plate — 3 (5)): 0. antillarum is commonly found to
thrive in middle photic depths in the tropics (Okada and McIntyre, 1977;
Winter et al., 1994) and also reported in the lower photic zone (Takahashi and
Okada, 2000) (Plate 3(5)). This species was distributed sporadically at NBBT
with a marginal increase during late SW monsoon (September), due to the
availability of nutrients at the surface. (Fig. 5.3c). While at CBBT, it displayed
increased fluxes associated with SW-NE intermonsoon (October/November)
due to nutricline conditions (Fig. 5.7d). At SBBT this species registered the
highest abundance among the three trap locations with a prominent peak
during SW-NE intermonsoon (October/November) was due to cyclonic
circulation evident form altimeter data prevailed off the east coast of India
(V.S.N. Murty, pers. comm.) and also EICC which advected nutrients (Figs.
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3.6.c and d), followed by lowest fluxes during SW monsoon (August/
September) (Fig. 5.13d). In the deep trap the maximum value was recorded
during late NE monsoon (March) (Fig. 5.13d). kleijne (1993), concluded that
0. antillarum is indicative of upwelling condition in the winter Arabian Sea,

based on increased concentrations in surface waters towards the upwelling
areas. Zeltner (2000) also found a positive reaction of 0. antillarum to nutrient
enrichment in the northern Indian Ocean. Similarly, a positive correspondence
of coccolith concentrations in surface sediments with the PO4 concentration in
surface waters was interpreted as an affinity of this species to high nutrient
concentrations (Andruleit and Rogalla, 2002).
Calcidiscus leptopora (Plate — 1 (3)): C. leptopora is one of the most
common species found in waters ranging from equatorial to polar in a wide
ranging temperature (5-30°C) (McIntyre and Be 1967; Okada and McIntyre
1979) (Plate - 1 (3)).
C. leptopora recorded relatively higher fluxes during early stages of SW
monsoon (June/July) (Fig. 5.3d) at NBBT when there was high nutrient input
brought by river plumes during SW monsoon (Ittekkot et al. 1991). Whereas at
CBBT it recorded increased fluxes during SW-NE intermonsoon
(September/October) in the shallow (Fig. 5.8a). At SBBT, increased fluxes
were recorded during NE-SW intermonsoon (March/April) and SW monsoon
(June/July and August/September) in the shallow trap when the nutrient rich
waters advected from the southwest coast of India.
Thus, this is in agreement with the previous studies by Broerse et al.
(2000a) who revealed that the moderate increase during local spring periods.
Andruleit et al. (2000) reported that C. leptopora positively responds to high
nutrient rich waters. The co-occurrence of C. leptopora and H. carteri in
upwelling area was also reported in the San Pedro Basin (Ziveri et al., 1995a)
and in the Gulf of California (Ziveri and Thunell, 2000) in association with
intermediate to low nutrient concentration. Schiebel et al. (2004) reported its
preference for higher temperature in the Arabian Sea.
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Helicosphaera carteri (Plate 1(5)): Like, C. leptopora this species was also
sparsely distributed. H. carteri is considered to be thermophilic (McIntyre,
1967; Roth and Berger, 1975; Okada and McIntyre, 1979; Winter et al., 1979)
(Plate 1(5)) and most abundant in tropical — subtropical areas (20°S — 30°N)
but also present at high latitudes (50°N — 40°S) (Roth and Berger, 1975).
Based on water column and surface sediment data H. carteri is believed to
thrive in waters of moderately high fertility (Roth and Berger, 1975).
This species increased from NBBT to SBBT and showed higher fluxes
during NE-SW intermonsoon, where the waters were rich in nutrient, but it
showed lower fluxes during SW monsoon due to dissolution.
6.3 Coccolithophore-CaCO3 fluxes and dissolution of coccolithophores
in the Bay of Bengal (NBBT, CBBT and SBBT traps)

Coccoliths are considered to be major contributors to the biogenic
carbonate flux, which are generally preserved at shallow depths (Murray and
Renard, 1891; Svedrup et al., 1942) and also play a prominent role in the
global carbon cycle. Coccolithophores constitute a dominant component of
biogenic carbonate (Neuer et al., 1997; Honjo, 1986; Broerse et al., 2000b;
Steinmetz, 1991; Oepek and Wefer, 2000). However, the estimation of
Coccolithophore-CaCO3 and its export to the deep sea has been a
problematic until Honjo (1976) used for the first time the averaged masses of
coccoliths for computation which was followed by Samtleben and Bickert
(1990) and Steinmetz (1991) in their studies. Later workers, Knappertsbusch
and Brummer (1995) and Young and Ziveri (2000) enabled to refine and
evolve a more accurate estimation of the volume and mass of individual
coccoliths. Recently, Ramaswamy and Gaye (2006) have also reported the
estimated Coccolithophore-CaCO 3 fluxes from the northern Indian Ocean.
The coccolithophore-CaCO3 fluxes in the Bay of Bengal showed highest
occurrence at SBBT with an average flux of 0.33 mg m 2 d-1 followed by CBBT
and NBBT trap with the average values of 0.30 mg red -1 and 0.12 mg m2d-1
respctivly(Tab5.13)Smrly,nuafxesolwdthame
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trend with values showing 13.6 g m-2 yr-1 , 12.5

g m -2

yr-l and 5.0 g 111. 2

y(1

for SBBT, CBBT and NBBT respectively. But, when compared to the reported
values for same locations of different periods by Ramaswamy and Gaye
(2006), only NBBT flux values were comparable with the present results.
Whereas, these values for CBBT and SBBT were not matching due to the
presence of coccospheres in great number which when computed, number of
isolated coccoliths increased thereby showing enhanced fluxes (Table. 6.1).
Higher coccolithophore-CaCO3 flux was invariably observed during
NE-SW intermonsoon periods resulted by productivity caused by BBWBC and
anticyclonic gyre, whereas, the decreased fluxes during SW monsoon was
attributed to dissolution. Lower average values of 0.09 mg m -2d-1 , 0.24 mg m"
2 d-1

and 0.27 mg m-2d-1 were recorded at NBBT, CBBT and SBBT respectively

(Table 5.13). While settling coccoliths are subjected to advection, dissolution,
grazing etc. The coccolithophore-CaCO3 fluxes followed the same trend as
that of total fluxes at all the locations (Figs. 5.1c, 5.5c and 5.11c). The species
affected by dissolution were, G. oceanica, U. sibogae, C. leptopora, N.
coccolithomorpha, E. huxleyi and H. carteri (Plate 4 (1-8)).

6.3.1 Preservation of coccolithophores
Calcareous organisms secrete CaCO3 (both calcite and aragonite) to
build their hard skeletal parts, which have a tendency to dissolve in deep
water layers (Millero, 1996; Broecker and Peng, 1982). These CaCO3
polymorphs are sparingly soluble in sea water with aragonite being more
soluble than calcite. Organisms with calcareous skeletons are largely
restricted to the tropics due to the fact that the solubility of CaCO3 decreases
with increase in temperature resulting in surpersaturation. Whereas, the
solubility of carbonates increases with increasing pressure/depth.
It has been well established that the marine calcium carbonates are
largely contributed by coccoliths, which are generally preserved at shallow
oceanic depths (Murray and Renard, 1891; Svedrup et al., 1942). Many
researchers believed that the calcium carbonate displays a very significant
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Table 6.1. Annual fluxes of coccolithophore-calcium carbonate (g m -2 y(1)
at NBBT, CBBT and SBBT.

Annual coccolithophore-calcium
carbonate flux (g m -2 yr-1 )
Sediment Trap

NBBT (Shallow)
NBBT (Deep)
CBBT (Shallow)
CBBT (Deep)
SBBT (Shallow)
SBBT (Deep

Present
study
5.0
12.5
13.6
-

Ramaswamy and Haake
(2006)
5.7
4.8
6.5
7.6
5.9

dissolution effects at deeper depths (Peterson, 1966; Berger, 1967; Milliman,
1977 and Troy et al., 1997). Furthermore, it has been observed that the
dissolution of carbonates in the oceanic environment is a post-depositional
process. Milliman (1993) opined that more than half of the global production of
pelagic carbonates occur in water depths shallower than the lysocline, i.e.
shallower than 3500 m depth in the Indian Ocean. Broecker (1974) reported
that about four-fifths of all the carbonate fixed by organisms in surface water
is dissolved.
It has been demonstrated that the dissolution largely occurs beneath
the lysocline as indicated by in situ measurement that the interstitial
dissolution removes only about 20-40% of the carbonate in supralysocline
sediment (Emerson and Archer, 1990; Jahnke et al., 1994). Milliman et al.
(1999) documented added evidence to suggest considerable dissolution of
calcium carbonate well above the chemical lysocline and concluded that the
biological processes or biologically mediated processes were responsible for
dissolution. The effect of dissolution on coccolith assemblage was first
recognized by McIntyre and McIntyre (1971) who concluded that E. huxleyi,
G. oceanica, U. sibogae and C. leptopora are the most resistant. Roth and

Berger (1975) reported that the dissolution of nannoplankton is more
pronounced as depth increases. Till recently, it was believed that the shallow
water dissolution of carbonates as an unusual phenomenon. But, Andruleit et
al. (2000) reported new evidences suggesting coccolith dissolution taking
place in the near surface waters of the East Greenland Current. Recently,
Guptha et al. (2005) reported dissolution of coccoliths in the shallow depths of
•photic zone from the equatorial Indian Ocean. Broerse et al. (2000c) showed
that the preservation of coccoliths strongly depends on rapid transport for
protection from corrosive water masses. And when the sedimentation rate is
high they can escape dissolution by getting incorporated into the fecal pellets
and other oceanic macroaggregates that are responsible for the rapid vertical
transport to the sea floor. Samtleben and Bickert (1990) reported similar
findings in the sediment trap samples from the Subarctic Atlantic Lofoten
Basin. Andruleit (2000) also reported dissolution of C. pelagicus, while other
species in the same assemblage did not show any signs of dissolution
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inferring that the dissolution did not take place during or after entrapment of
the coccoliths assemblages, but originated from different sources or
experienced different settling conditions. Recently, Mergulhao et al. (2006)
also encountered dissolution of coccoliths during NE monsoon (DecemberMarch) in the shallow trap from the central Arabian Sea, showing intense
dissolution during NE monsoon (January/February) period, when the total
coccolithophore fluxes were high.
In the present study, the dissolution of coccolithophores (G.oceanica,
U. sibogae, C. leptopora, E. huxleyi, H. carteri, N. coccolithopmorpha etc,
(Plates 4 and 5) was recorded suggesting that the carbonate dissolution was
already taking place in the Bay of Bengal. The northern trap (NBBT) at a
water depth of 1156 m showed dissolution during SW-NE intermonsoon
(October — November) following high productivity and degradation of the
resultant organic matter. It was also believed that pH of the waters decrease
with the increased productivity eventually leading to dissolution. Whereas at
CBBT, coccolithophore fluxes water depth of 1588 m showed dissolution
throughout the sampling period due to high productivity resulted by upwelling,
except during NE-SW intermonsoon (April — June) when the productivity was
relatively low. Whereas at SBBT, shallow trap at a water depth of 1518 m
recorded dissolution throughout the sampling period except during early NE
monsoon (February - March), which was attributed to high productivity or
bottom water circulation.
While, the more intense dissolution was observed in the deep traps
compared to that of shallow traps at all the three trap locations suggesting a
strong corrosive environment. Therefore, it was inferred that the dissolution
was related to primary production in the shallow traps. However, the intense
dissolution observed in the deep traps could be mainly due to disintegration of
fecal pellets and marine snow aggregates resulting in the re-suspension of
coccoliths and their long exposure to the corrosive environment during sinking
and also due to the bottom water circulation. Consequently, coccoliths with
relatively longer residence time were more susceptible for dissolution.
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There are several evidences for dissolution as reported by many
researchers in the Bay of Bengal. Sen Gupta et al. (1978) reported increased
Ca/CI ratio in the deeper layers (below 1000 m) in the Bay of Bengal, Gulf of
Mannar and Arabian Sea, which they attributed to the dissolution of CaCO3
ti

resulted by the degradation of organic matter which subsequently released
calcium leading to increase of Ca/CI ratio. Also, Broecker et al. (1980)
reported respiration and hard part dissolution occurring on the floor of the
Bengal Fan mainly from ventilation of the benthic mixed layer, which produces
the excess nutrient concentrations and 02 deficiency within this layer. Sen
Gupta et al. (1977) reported a distinct 02 minimum layer, lying between 100
and 1000 m, with 02 concentration lower than 1 ml litre -1 in the Bay of Bengal.
Considering the fact that the deep waters of the Arabian Sea and Bay of
Bengal were fed by different western-boundary currents flowing through
different terrains (Warren, 1981), differential CaCO3 dissolution does occur in
these waters may be plausible.
It was also- believed that pH of the waters decrease with the increased
productivity eventually leading to dissolution. Rahul Mohan and Guptha
(2006) reported the occurrence of corroded specimens of

Globorotalia

menardii in the deep trap (3011 m) at SBBT during February-March 1992 in
association with the less resistant species of foraminifera and explained that
these corroded specimens of Gr. menardii tests must have resulted by lateral
advection and mixed up with the settling particles at SBBT, thus suggesting of
two different sources during this particular period. Similarly, von der Borch et
al. (1974) reported strongly corroded keels of Globorotalia on the seafloor
below lysocline from the DSDP Leg 22, Site 218 in the vicinity of SBBT
mooring location.
The hydrographic setting in oceans which regulates the distribution of
calcite in deep-sea sediments are the levels at which the water passes from
super — to undersaturations where the rate of dissolution increases abruptly is
called lysocline. The Calcium carbonate compensation depth (CCD), the
depth below which a total dissolution of carbonates takes place resulting from
roughly linear increase in the rate of solution of calcite with depth below the
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lysocline. The CCD lies at about 4500-4700 m depth in the low latitudes of the
Indian Ocean (Belyaeva, 1963). The depth of CCD is not constant in the
oceans and is related to surface productivity. Increased productivity tends to
raise the lysocline by supplying more oxidizable orga
the compensation depth by supplying more calcare
Naqvi and Naik (1983) examined the factors

matter and depress
s tests (Berger, 1970).

rolling dissolution of calcite

in deep-sea basins of northwestern Indian Ocean and reported that the
dominant factor controlling deep-sea carbonate dissolution is the degree of
saturation.
Coccolithophores showed mechanical break down throughout the
sampling periods and at all the trap locations (Plate 5 (3 & 5)). The species,
which exhibited mechanical break down, were G. oceanica, U. sibogae, H.
carteri, C. leptopora, N. coccolithomorpha and E. huxleyi. The severe

fragmentation or mechanical break down of both coccolith and coccosphere
was mainly caused by grazing. Similarly, Broerse et al. (2000b) reported
fragmentations of coccolith and coccosphere and defined fragmentation, as
mechanical breakage where a part from distal and /or proximal shields is
missed. And also reported that the fragmentation encountered in both wellpreserved and etched coccoliths, hence the disintegration cannot be related
to dissolution. Etching starts normally in the central area of a coccolith, which
is most susceptible for dissolution, while fragmentation is largely encountered
at the outer parts of a coccolith (Plate 5(5)). Samtleben and Bickert (1990)
also reported that zooplankton activity affecting the coccolith fluxes, where
-4

more fragile holoccoliths were broken up by zooplankton grazing and
digestion, and the fragments formed the unidentifiable fine fractions in the
fecal pellets. Thus, both the dissolution and mechanical breakdown of
coccolith was attributed to a biologically mediated processes.
6.4 Biogeochemcial fluxes from the sediment taps in the Bay of Bengal
(NBBT, CBBT and SBBT)

The data on biogeochemical parameters supplied by Dr. Daniela Unger
was utilized and discussed briefly in relation to various physical processes.
The principal components of biogeochemical fluxes in the Bay of Bengal were
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carbonates, biogenic silica (opal), lithogenic matter and organic carbon.
These biogeochemical fluxes were dominated by carbonates followed by
lithogenic matter, biogenic opal and organic carbon.
Lithogenic flux: The lithogenic fluxes at NBBT showed a seasonal trend with
higher fluxes occurring during SW monsoon (August/September) (Fig. 5.17a),
mainly from the huge quantities of run off from the Ganges and the
Brahmaputra rivers which empty into the Bay (La Violette, 1967; Wyrtki, 1973;
lttekkot et al., 1985; Murty et al, 1990; Varkey et al., 1996; Milliman and
Meade, 1983). These two-rivers have their combined peak discharge of
approximately 70 x 103 mein August (Emery and Aubrey, 1989). Distribution
of lithogenic fluxes displayed a decreasing trend from northern Bay to
southern Bay (Tables 5.1, 5.2, 5.5, 5.6, 5.9 and 5.10), with increased fluxes
observed in the deep traps at NBBT and CBBT attributed to the enormous
terrigenous influx brought by the major Indian rivers during SW monsoon and
also by lateral advection of lithogenic material from the steep shelf region
along the east coast of India (Schafer et al., 1996). Additionally, the storminduced remobilization of shelf sediments might have contributed to the high
lithogenic fluxes, especially to the deep CBBT trap (Unger et al., 2003). The
increased fluxes during May to October was accomplished by the large
cyclonic circulation with inflow from the western Bay coastal region (V.S.N.
Murty, pers. comm).
However, the increase in the lithogenic flux during SW monsoon
(September) at SBBT trap location was due to the continuation of the
southwestward flow from the northern Bay towards SBBT and also from the
eastward flow (encompassing the CBBT) towards the SBBT (Fig. 5.19a)
(V.S.N. Murty, pers. Comm.).
Calcium carbonate Flux: Calcium carbonate was one of the major
components observed at all the trap locations, which is largely composed by
foraminifera, calcareous nannoplankton, pteropods and gastropods. The
average fluxes showed an increasing trend from north to south and in general,
the flux decreased with increased depth except at CBBT trap where there was
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a slight increase in the average fluxes in the deep trap (Tables 5.1, 5.2, 5.5,
5.6, 5.9 and 5.10).
The Calcium carbonate fluxes at NBBT shallow trap showed a distinct
seasonality with a relatively higher flux observed during SW monsoon
(July/August), whereas, the deep trap recorded the maximum peak during late
SW monsoon (September) (Fig. 5.17b). The maxima in both the traps must
have resulted by productivity caused by the large influx of nutrients brought by
the Ganges and the Brahmaputra. The shallow trap also showed a sharp
peak during NE-SW intermonsoon period (March/April) mainly from the
prevalent anticyclonic gyre at 16°N, 86°E (Babu et al., 2004). And also from
the upwelling along the coasts of India and Burma during winter, which
advected nutrient rich waters facilitating productivity (La Violette, 1967). The
fluxes at CBBT showed a peak abundance during SW monsoon (July/August)
and (September) (Fig. 5.18b), which could be attributed to upwelling along the
east coast of India (Shetye et al., 1991) and also to the divergence reported in
the central Bay substantiated by low temperatures (Murty et al., 1992).
Similarly, calcium carbonate fluxes at SBBT shallow trap showed a distinct
seasonality with a maximum fluxes associated with late SW monsoon
(September) (Fig. 5.19b) mainly due to the advection of nutrient-rich waters
from the upwelling region along southwest coast of Indian (Sharma, 1978;
Shetye et al., 1990).
In general, relatively lower carbonate fluxes observed at NBBT and
CBBT during SW monsoon was due to the sharp decrease in salinity values
resulting in drastic reduction in planktic foraminifera which otherwise would
have contributed significantly to the biogenic carbonates (Ramaswamy and
Gaye, 2006).

Biogenic Opal flux: Opal fluxes were mainly contributed by diatoms,
silicoflagellates and radiolarians which increased from northern to southern
Bay of Bengal (NBBT to SBBT trap locations) (Tables 5.1, 5.2, 5.5, 5.6, 5.9
and 5.10). Higher biogenic opal fluxes were recorded during SW monsoon
(August/September) in the shallow trap at NBBT (Fig. 5.17c) mainly due to
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riverine input from the Ganges and the Brahmaputra which supplied nutrients
including large quantities of dissolved silicate to the surface layers stimulating
biological productivity.

Opal fluxes in the shallow trap at CBBT showed a uni-modal
distributional pattern with a maximum peak associated with the SW monsoon
(September) (Fig. 5.18c). Similarly, in the shallow trap at SBBT also showed a
peak flux during late SW monsoon (August/September) (Fig. 5.19c) resulted
by the same processes that governed calcium carbonate flux.
Organic carbon: The high organic carbon flux in the Bay of Bengal was not
related to any plankton bloom, but to the nature of particles present in the
water column. Ramaswamy and Parthiban (1992) reported that the organic
matter flux in the Bay of Bengal traps was among the highest reported for the
ti4

open ocean contrary to the Arabian Sea traps. The average fluxes for organic
carbon in the present study increased from northern to southern traps (Tables
5.1, 5.2, 5.5, 5.6, 5.9 and 5.10).
Organic carbon fluxes at NBBT trap showed seasonality with a
maximum peak occurring during SW monsoon (August/September) which
was resulted by high productivity triggered by the nutrient supply by the river
plumes (Fig. 5.17d). Whereas, it recorded higher fluxes at CBBT during NESW intermonsoon (April/May) resulted by the supply of nutrients leading to
productivity by the strong BBWBC (Legeckis, 1987; Potemra et al., 1991;
Shetye et al., 1993; Sanilkumar et al., 1997; Babu et al., 2004), anticyclonic
gyre and by upwelling during SW monsoon (September) (Fig. 5.18d).
Similarly, shallow trap at SBBT also showed distinct seasonality with a sharp
peak occurring during late SW monsoon (August/September) (Fig. 5.19d)
which was resulted by high productivity caused by the advection of nutrients
from the southwest coast of India (Sharma, 1978; Shetye et al., 1990).
An attempt has been made to ascertain if any direct relationship exists
between coccolithophores and various biogeochemical parameters. This
revealed that U. sibogae showed a fairly good correlation with opal (R 2 = 0.4)
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as it shows affinity for nutrient rich waters leading to productivity. Whereas, U.
irregularis displayed its positive correlation with temperature at SBBT (R 2

2 = 0.5) as it prefers oligotrophic conditions (Fig. 6.3).
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Fig. 6.3. Correlation graphs of fluxes of U. sibogae with biogenic opal and U.
irregularis with temperature from the three mooring sites NBBT,
CBBT and SBBT in the Bay of Bengal.

CHAPTER 7
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Chapter 7

SUMMARY AND CONCLUSIONS

7.1 Summary

The present investigation on coccolithophores was the first of its kind to
carry out a comprehensive study from the Bay of Bengal based on sediment
trap samples collected at two depths over a period of one year (January 1992
- December 1992), from three trap locations situated longitudinally at northern
(NBBT), central (CBBT) and southern (SBBT) Bay of Bengal. The temporal
and spatial distributions of total coccolithophore fluxes, their diversity and the
abundance of various taxa were thoroughly discussed in relation to the
physical processes.
The Bay of Bengal influenced by the Asian monsoons was highly
diversified in its oceanographic setting from northern to southern Bay. For
example, the northern Bay was largely impacted by enormous influx of
freshwater resulting in sharp horizontal and vertical salinity gradients during
the SW monsoon. Despite the fact that this is an upwelling free region due to
stratification caused by fresh water influx, the productivity sustained by the
supply of nutrients through the river plumes in the northern Bay of Bengal.
Whereas, the southern Bay of Bengal despite being oligotrophic high
biological productivity was discerned apparently triggered by the advection of
nutrient rich upwelled waters from the southwest coast of India through the
eastward flowing monsoon current. Similarly, the central Bay of Bengal was
also different from the northern and southern Bay of Bengal wherein,
conspicuous coastal and open ocean upwelling with deepened mixed layer
facilitated the biological productivity.
This study has yielded a total of 25 species of coccolithophores from
the Bay of Bengal which were largely comprised of G. oceanica, U. sibogae,
E. huxleyi, U. irregularis, U. tenuis, F. profunda, H. carteri, C. leptopora etc.

The total coccolithophore fluxes increased from northern to southern Bay of
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Bengal. This study inferred that the factors governing the coccolithophore
fluxes were the upwelling accompanied by deepening of mixed layer, riverine
discharge and advection of nutrients from the upwelling regions elsewhere.
Besides, biologically mediated processes operating in the Bay of Bengal was
responsible for dissolution and mechanical break which also led to variation in
the abundance of fluxes at different water depths.
7.2 Conclusions

The major conclusions are as follows
➢

The total particulate and coccolithophore fluxes increased longitudinally
from northern to southern Bay of Bengal.

➢

Coccolithophore fluxes were largely governed by the upwelling
processes accompanied by deepening of mixed layer, riverine
discharge and advection of nutrients from the upwelling regions
elsewhere.

➢

This study yielded a maximum of 25 species of coccolithophores of
which G. oceanica, U. sibogae, F. profunda, U. irregularis, C. leptopora
and E. huxleyi were the most common to abundant species at all the
trap sites.

➢

Increased fluxes during SW monsoon at NBBT were resulted by the
productivity caused by supply of nutrients through the river plumes.

➢

At CBBT coccolithophore fluxes were largely due to coastal and
oceanic upwelling processes.

➢

At SBBT higher fluxes were attributed to the lateral advection of
nutrient rich upwelled waters from the southwest coast of India through
SMC.
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➢

Total particulate fluxes increased with depth from shallow to deep traps
due to lateral advection, which was very conspicuous at the SBBT
location

➢

Species like G. oceanica, U. sibogae and E. huxleyi were dominant
species which displayed seasonality with peak fluxes occurring during
SW and NE monsoons, reflecting their affinity to nutrient rich waters
brought in by the river plumes and by divergence.

➢

U. irregularis an indicator of oligotrophic/warm water recorded peak

fluxes only during NE-SW intermonsoon periods at all the three trap
locations thus showing its preference for oligotrophic conditions caused
by increased SST's, stratification and lack of supply of nutrients due to
reduced wind velocities.
➢

F. profunda a deep dwelling species recorded peak fluxes during SW-

NE intermonsoon (October/November) in the northern and the
southern traps and during NE-SW intermonsoon (April/May) in the
central and the southern trap indicating the prevalence of deep
nutricline conditions. Furthermore, it was also observed that this
species appears to be more dependent on temperatures rather than
the specific depth of deep photic zone.
➢

U. irregularis showed positive correlation with temperature at SBBT

and CBBT while, U. sibogae displayed fairly good correlation with opal
at NBBT.
➢

Mechanical break down and dissolution observed throughout the
sampling periods was due to a biologically mediated process.
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Plate 1
1. Gephyrocapsa oeanica, distal view (x14,000; 8 February — 5 March 1992;

CBBT shallow trap)
2. Emiliania huxleyi, distal view (x15,000; 8 February — 5 March 1992; CBBT

shallow trap)
3. Calcidiscus leptopora, distal and proximal views (x8,000; 29 September — 25

October 1992; CBBT shallow trap)
4. Umbellosphaera irregularis, distal view (x13,000; 8 August — 3 September

1992; SBBT shallow trap)
5. Helicosphaera carteri, distal view (x7,500; 13 July — 8 August 1992; CBBT

shallow trap)
6. Syracosphaera lamina, collapsed coccosphere (x13,000; 13 July — 8 August

1992; SBBT shallow trap)
7. Neosphaera coccolithomorpha, distal view (x8,500; 13 July — 8 August 1992;

SBBT shallow trap)
8. Ceratolithus cristatus, isolated coccolith (x7,000; 26 April — 22 May 1992;

CBBT shallow trap)

Plate 2
1. Syracosphaera pulchra, distal view (x19,000; 17 June — 13 July 1992; SBBT

shallow trap)
2. Coronosphaera mediterranea, distal view (x25,000; 31 March — 26 April 1992;

SBBT shallow trap)
3. Syracosphaera pirus, distal view (x20,000; 17 June — 13 July 1992; SBBT

shallow trap)
4. Syracosphaera sp., collapsed coccosphere (x10,000; 13 July — 8 August 1992;

SBBT shallow trap)

5. Discosphaera tubifera (x13,000; 8 February — 5 March 1992; CBBT shallow

trap)
6. Rhabdosphaera clavigera (x11,000; 17 June — 13 July 1992; SBBT shallow

trap)
7. Thoracosphaera heimii (Dinoflagellate) (x7,000; 8 February — 5 March 1992;

CBBT shallow trap)
8. Anoplosolenia braciliensis distal view (x14,000; 17 June — 13 July 1992; SBBT

shallow trap)

Plate 3
1. Gephyrocapsa oceanica, intact coccosphere (x8,500; 3 February — 8

February 1992; CBBT shallow trap)
2. Emiliania huxleyi, intact coccosphere (x13,000; 8 February — 5 March 1992;

CBBT shallow trap)
3. Calcidiscus leptopora, collapsed coccosphere (x3,500; 3 September — 29

September 1992; SBBT shallow trap)
4. Helicosphaera carteri, intact coccosphere (x3,700; 22 May — 17 June 1992;

SBBT Deep trap)
5. Oolithotus antillarum, intact coccosphere (x9,000; 25 October — 20 November

1992; SBBT shallow trap)
6. Algirosphaera oryza, intact coccosphere (x6,500; 29 September — 25 October

1992; SBBT shallow trap)
7. Florisphaera porfunda, collapsed coccosphere (x8,500; 29 September — 25

October 1992; NBBT shallow trap)
8. Neosphaera coccolithomorpha, collapsed coccosphere (x6,000; 17 June — 13

July 1992; CBBT shallow trap)

Plate 4
1. He/icosphaera carteri, distal view showing intense dissolution (x13,000; 17

June — 13 July 1992; SBBT shallow trap)
2. Calcidiscus leptopora,

coccolith well preserved and showing intense

dissolution (x8,000; 8 August — 3 September 1992; SBBT shallow trap)
3. Calcidiscus leptopora, distal view of coccolith showing intense dissolution

(x9,000; 8 August — 3 September 1992; SBBT shallow trap)
4. Gephyrocapsa oceanica, coccoliths showing intense dissolution (x16,000; 8

August — 3 September 1992; SBBT shallow trap)
5. Umbilicosphaera sibogae, coccosphere showing intense dissolution (x12,000;

5 March — 31 March 1992; SBBT shallow trap) •
6. Umbilicosphaera sibogae, coccolith showing intense dissolution (x15,000; 8

August — 3 September 1992; SBBT shallow trap)
7. Umbilicosphaera sibogae, coccoliths showing intense dissolution (x10,000; 8

February — 5 March 1992; CBBT shallow trap)
8. Neosphaera coccolithomorpha, coccolith showing intense dissolution (x9,500;

13 July — 8 August 1992; CBBT shallow trap)
Plate 5
1. Gephyrocapsa oceanica, coccosphere showing signs of dissolution (x10,000;

29 September — 25 October 1992; CBBT shallow trap)
2. Umbilicosphaera sibogae, coccosphere showing signs of dissolution (x8,000;

25 October — 20 November 1992; SBBT shallow trap)
3.

Calcidiscus leptopora,

cocccolith assemblage showing dissolution &

mechanical breakdown (x4,300; 8 August — 3 September 1992; SBBT shallow
trap)
4. Emiliania huxleyi, showing mechanical breakdown (x16,000; 8 August — 3

September 1992; SBBT shallow trap)
5. Calcidiscus leptopora, distal view showing mechanical breakdown (x11,000;

29 September — 25 October 1992; CBBT shallow trap)

6. Thoracosphaera heimii (dinofalgellate) showing mechanical breakdown

(x2,700; 13 July — 8 August 1992; CBBT shallow trap)
7. Umbellosphaera tenuis, distal view showing mechanical breakdown (x17,000;

20 November —16 December 1992; CBBT shallow trap)
8. Diatom sp. (x2,500; 17 June — 13 July 1992; SBBT shallow trap)
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