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Synopsis 

The Northern Indian Ocean, which includes the Arabian Sea (AS) and Bay of 

Bengal (BOB), is unique for several reasons. It encompasses the world's (a) most 

productive region, (b) largest and most intense oceanic oxygen deficient 

environment and (c) largest deep sea fans. This uniqueness is said to be the result 

of land boundary on the north, giving rise to different processes like monsoons, 

seasonal reversing currents and restriction on movement of water masses. The 

monsoon system (southwest-SW and northeast-NE monsoon) plays an important 

role in manifesting the Indian Ocean climate. As a consequence of the monsoon 

system, different sets of oceanographic conditions prevail in the seas on either 

side of the Indian sub-continent. For example, the Bay of Bengal receives huge 

fresh water flux that keeps the surface water stratified and, as such the Bay is 

considered as a low productive region. Huge sediment flux transported into the 

Bay has resulted in the world's largest delta (Bengal Fan). Turbidity currents are 

considered as the largest agents of transportation of sediments to the Bengal Fan. 

The characteristics and rates of sedimentation of turbidites varied through time. 

Investigations on the sediments of the distal Bengal Fan would help in 

understanding the sources of turbidites, provenance of the sediments and factors 

responsible for varied turbidites. 

On the other hand, the Arabian Sea, as a whole, is characterised by increased 

salinity and decreased temperature (excess evaporation). However, a 5-10 m thick 

warm, low salinity waters cap the coastal Eastern Arabian Sea (EAS), arising from 

large land runoff and local precipitation during the SW monsoon. Firstly, the EAS 

receives large terrigenous flux only during the SW monsoon and most of this flux 

gets deposited on the continental margins. Moreover, the seasonal changes in 

monsoons bring reversal of surface current patterns on the continental margins. 

The River Indus is the largest sediment source in the Arabian Sea. By studying the 

characteristics of fine-grained terrigenous sediments one would able to decipher 

their sources and influence of monsoon-induced currents in distributing the Indus 



flux on the continental margins. Secondly, the monsoon-induced upwelling, deep 

convective mixing and rates of terrigenous fluxes are controlling factors for 

productivity changes in the AS. It is well known that the intensity of the monsoons 

varied through time during the Late Quaternary. The studies on organic carbon 

and nitrogen in the sediments would help in understanding the variations in 

productivity and intensity of denitrification, which in turn help to determine the 

variability of the palaeo- monsoons and factors responsible for productivity 

changes through time. 

Keeping hydrodynamic conditions in the seas around India in view, detailed 

sedimentological and isotopic studies were carried out on sediments in gravity 

cores collected from the distal Bengal Fan and western continental margin of 

India. The studies are aimed at better understanding the provenance changes and 

oceanographic changes recorded in the sediments during the late Quaternary and 

to compare the extent of Himalayan rivers (Ganges-Brahmaputra system in the 

Bay of Bengal and Indus in the Arabian Sea) discharge on the continental margins 

and deep sea. A variety of geological proxies, which include grain size, clay 

minerals, organic carbon (OC), total nitrogen (TN) and CaCO3 variations, 

parameters of Rock-Eval pyrolysis (Hydrogen Index-HI, S2 and Tmax), nitrogen 

isotopes (815N), Sr and Nd isotopes were determined on the sediments in gravity 

cores collected from the BOB and EAS. In this process, modern techniques and 

advanced instruments were used. The results obtained and inferences drawn form 

the Thesis, which is presented here in six chapters 

Chapter 1 presents an introduction to the study area, northern Indian Ocean in 

general. The study area includes the distal Bengal Fan and western continental 

margin of India. The uniqueness of the Bay of Bengal and Arabian Sea with 

respect to the Indian monsoons, currents and circulation pattern and 

characteristics of the water masses were presented in this chapter. The scientific 

rationale and major objectives behind the study are also highlighted. 
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Chapter 2 gives a detailed account of samples, analytical instruments and 

methods used in this study. In order to achieve the objectives of this study, two 

cores from the distal Bengal Fan and a total of twelve sediment cores from the 

western continental margin of India were selected. Advanced analytical 

instruments such as Mass Spectrometer, CNS analyser, Laser particle size 

analyser, X-ray Diffractometer, Rock-Eval III apparatus for Pyrolysis, and Magnetic 

susceptibility meter were used. Details of sample preparation and treatments 

carried out for the precise identification and quantification of different minerals are 

also described. 

Chapter 3 deals with the sediments of the Bay of Bengal. It is divided into two 

sections. Section I consists of a brief review on the sediments of the Bay of 

Bengal. It starts with the geomorphic features, clay accumulation rates and 

characteristics of sediments both on the continental margins and deep sea. By 

realising the important link between the turbidites of the Bengal Fan and phases of 

Himalayan uplift, the characteristics and sources of the turbidites and, changing 

concepts on the controlling factors on sedimentation rates of turbidites and 

composition and distribution of turbidites of the Bengal Fan were also reviewed in 

detail. Section II describes the detailed investigations on two sediment cores from 

the distal Bengal Fan. Down core variations in colour, CaCO 3, grain size, clay 

mineralogy, rock-magnetic properties, organic carbon (OC), total nitrogen (TN), Sr 

(87Sr/86Sr) — Nd (EN d) isotope ratios, coarse fraction constituents and relationship of 

one parameter to the other are described. On the basis of distinct variations in 

these parameters each core was divided into two sedimentary units: The lower 

unit 2 sediments are of Pleistocene age and showed characteristic of turbidites 

from the northern Bay of Bengal, especially the Himalayan-derived sediment. The 

upper unit 1 sediments showed variations in the nature of sediments and indicate 

the influence of turbidites from the western Bay of Bengal and northern Bay of 

Bengal at different times in the Holocene. 
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Chapter 4 deals with the provenance of sediments in 12 sediment cores 

recovered, at depths between 31 and 3235 m, along the western continental 

margin of India and, between the Gulf of Kachchh and Cape Comorin. Clay 

minerals and Sr (87Sr/86Sr) and Nd (ENd) isotope variations in <2 µm fraction of the 

sediments were described for the Holocene and Late Pleistocene levels of the 

cores and compared them with the geology and Sr - Nd isotopes reported for 

different rock formations in the hinterland. Three distinct sediment types namely, 

Indus-derived, Deccan Trap-derived and Gneissic-rock-derived are identified. The 

Indus-derived sediments occur in sediment cores of the deeper continental margin 

off Saurashtra- Ratnagiri. These probably carried by the SW monsoon current and 

are admixed with the hinterland flux and therefore showed mixed sediment 

characteristics. The influence of physical and chemical weathering on the Sr and 

Nd isotope ratios was brought out. Distinct Nd isotopes and clay minerals suggest 

that the sediment flux transported by the NE monsoon current originated from the 

Bay of Bengal is insignificant on the sediments of the SW margin of India. 

Chapter 5 reports the palaeo-environmental conditions recorded in sediment 

gravity cores collected below the oxygen minimum zone on the southwestern 

continental margin of India during the late Quaternary. This chapter starts with the 

general introduction, previous studies and objectives of the study. This is followed 

by the description of results indicating down core variations in colour, lithology, 

grain size, organic carbon (OC), total nitrogen (TN) and calcium carbonate 

contents, coarse fraction constituents, Rock-Eval parameters (HI, S2 and Tmax) and 

nitrogen isotopes (818N). The discussion is divided into three sections. Section I 

deals with the nature of the organic matter using Rock-Eval parameters and 

comparing them with the cores from the oxygen minimum zone. Section II 

discusses the possible controls in productivity variations during the late 

Quaternary. Section III discusses the possible controls for the changes in nitrogen 

isotopes and intensity of denitrification recorded in the sediments since the Last 

Glacial Maximum (LGM). It is observed that the OC is predominantly marine. High 
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productivity occurs at about LGM and late Holocene and low productivity during 

early Holocene. Higher productivity during the LGM is marked with reduced 

denitrification in the surface waters indicating deep convective mixing and 

oxygenation of surface waters. Reduced denitrification during the early Holocene 

is influenced by intensified southwest monsoon. Other global events like Heinrich 

Events and Younger Dryas are found to be influencing the denitrification rate in 

this region. 

A summary of the work carried out and the salient findings of the study are given 

in Chapter 6. It is followed by a complete list of references cited in the text in 

alphabetical order. 
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Chapter 1 
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Chapter 1 

INTRODUCTION 

General Introduction 

The oceans represent a natural depository for the dissolved and particulate 

products of continental weathering and water column processes. The history of 

weathering and changes in the water column are preserved in the sedimentary 

record. The ocean floor sediments vary from near-shore to offshore. Abundant 

siliciclastic sediments occur in the near-shore and shelf regions and biogenic 

carbonate sediments occur in the deep-sea environments. On the other hand, 

continental margins, especially the continental slope and continental rise, 

contain mixed siliciclastic and carbonate sediments and act as a transition 

zone with thicker siliciclastic sediments on landward and carbonates 

sediments seaward (Rao and Wagle, 1997). The sediments in the transition 

zone appear to reflect major changes in sea level, paleogeography and 

paleoclimate that dramatically affected palaeoceanographic processes. The 

continental margin thus has great scientific interest and economic importance, 

both in the modern and in the geological record. At present, numerous 

Geologists and Oceanographers globally have focused their studies on the 

continental margins, because the continental margins represent natural 

laboratories for investigation of complex inter-relationships between land-

derived sediments and oceanographic conditions. 

The present study is restricted to the Arabian Sea and Bay of Bengal, 

which form northern part of the Indian Ocean. The northern Indian Ocean is 

unique as it encompasses world's (a) most productive region, (b) largest and 

most intense oceanic oxygen deficient environment and (c) largest deep sea 

fans. This uniqueness is said to be result of land boundary on the north, giving 

rise to different processes like monsoons, seasonal reversing currents and 

restriction on movement of water masses, and makes it different from the 

Pacific and Atlantic. 
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Uniqueness of the Arabian Sea and the Bay of 
Bengal 

Closure of Indian Ocean to the north marks in unequal distribution of land. This 

results in differential heating of the land in the northern Hemisphere and ocean 

in the southern Hemisphere and gives rise to semi-annual reversal in wind 

stress in the northern Indian Ocean. Yearly cycle is divided into southwest 

(SW) monsoon characterised by strong winds from the southwest during June 

to August and Northeast (NE) monsoon characterised by moderate winds from 

northeast during December to February. These winds bring rain to the Indian 

subcontinent and feed the rivers, which ultimately bring huge sediment loads 

and fresh water to the Arabian Sea and Bay of Bengal. Although the SW 

Monsoon is much more stronger in the western India the Bay of Bengal 

receives abundant water and sediment flux than that of the Arabian Sea. It is 

due to the fact that most of the larger Peninsular and Extra-peninsular rivers 

flow towards east into the Bay of Bengal, which is said to be an area of 

positive water balance and receives annual precipitation of 11000 km 3  and a 

runoff of about 2600 km3. This gives annual dilution of about 5% for the upper 

25 m, which can be assumed as the maximum depth of riverine influence in 

the Bay of Bengal (Sen Gupta et al., 1978). The Arabian Sea is said to be an 

area of negative water balance, where the annual excess of evaporation over 

precipitation and runoff varies between 7 and 10 km 3  (Venkateswaran, 1956). 

Currents 

Currents induced by the monsoons are seasonally reversing open ocean 

currents that flow between the Arabian Sea and Bay of Bengal. The summer 

monsoon current (SMC) flows eastwards during May-September and winter 

monsoon current (WMC) flows westward during November - February (Fig. 

1.1). As a result of stronger winds the currents in the tropical Indian Ocean are 

stronger than in Pacific and Atlantic oceans but are seasonally highly variable. 

The geostrophic flow associated with monsoon and estimates yield current 

strength of -40 cm/s and transport of -10x10 6  m3/s in upper 400 or 1000 m 

(Shankar et al., 2002). The monsoon currents extend over entire basin from 
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Fig.1.1. A schematic representation of currents branches during the SW Monsoon 
and NE monsoon with choke point transport numbers (Sv=106 m3 s-1 ). 

The currents indicated are Somali Current (SC), Great Whirl (GW) West 
Indian Costal Current (WICC), Laccadive High and Low (LH and LL), 
East Indian Coastal Currnt (EICC) Southwest and Northeast Monsoon 
Current (SMC and NMC), Socotra Eddy (SE), Ras at Hadd Jet (RHJ) 
(after Schott and McCreary, 2001). 
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the Somali coast to the eastern Bay of Bengal. The eastward flowing SMC 

appears in the Arabian Sea in July. It is a continuation of Somali current and 

the coastal current off Oman continuing as West Indian Coastal Current 

(WICC) moving towards equator. It flows eastward and south of Sri Lanka and 

into the Bay of Bengal to form East Indian Coastal Current (EICC). The WMC 

first forms south of Sri Lanka is fed initially by the equatorward EICC. During 

December-March WMC flows westward across the southern Bay, and divides 

into two branches in the Arabian Sea, one continues flowing westwards 

whereas the other turns around the Lakshadweep high (sea level high off 

southwest India) to flow into the poleward WICC (Schott and McCreary, 2001). 

The passage between Sri Lanka and the equator is therefore significant 

because the monsoon currents have to flow through it, the only location where 

they are geographically frozen. Here SMC and WMC transport -10x10 6  m3/s in 

upper 300 m (Shankar et al., 2002 and references therein). 

Productivity, Denitrification and Water Masses 

In the Arabian Sea the monsoon-induced current under the influence of corialis 

force deflect to the right and as a consequence nutrient-rich subsurface waters 

upwell to the surface giving rise to high productivity off Arabia, Somalia and 

southwestern India (Qasim, 1977). Increased productivity is also observed 

during the NE monsoon north of 15°N as result of convective mixing 

(Madhupratap et al., 1996). These make the Arabian Sea one of the most 

productive areas of the World Ocean. In the absence of a connection between 

the cold climatic regions of the two hemispheres, the subsurface renewal in 

the Indian Ocean mostly occurs through advection of waters [Subantarctic 

Mode water (SMW), Antarctic Intermediate Water (AAIW), and the deep and 

bottom waters of the north Atlantic and Antarctic origin] from the circumpolar 

region in the south and to a smaller extent from the east (Pacific throughflow). 

However, there are some local sources of subsurface (intermediate) waters in 

the northwestern region - the Persian Gulf and Red Sea. As the renewal of the 

water is very slow and productivity is high, the Arabian Sea has developed an 

intense oceanic oxygen deficient environment (Wyrtki, 1973; Sen Gupta and 

Naqvi, 1984). This low oxygen concentration has developed into denitrification 
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condition (Naqvi, 1991). These features have developed Arabian Sea a source 

of Greenhouse gases like carbon dioxide (Sarma et al., 1998) and nitrous 

oxide (Naqvi et. al., 1998). 

The Quaternary period has been the most eventful among all other 

geological periods. The late Quaternary period (<130 ka-BP) has witnessed 

large changes in global climate. Eustatic sea level fluctuated significantly in 

accordance with the waxing and waning of continental ice sheets. Our 

understanding of Quaternary climate and oceanographic conditions has been 

revolutionized by the study of the sediments that have accumulated on the 

ocean bottom. The climatic and sea level changes recoded in the sediments 

during the late Quaternary can be distinguished using several proxies which 

bear clear signals of the past climate and oceanography. The sedimentary 

records from the continental margins may provide a better understanding on 

the past variations, because these sediments are contributed by the inputs of 

coastal rivers as well other processes like upwelling and biological productivity 

and are sites of high organic matter burial and high sedimentation. 

Scientific rationale and scope of the study 

Detrital clay minerals are the main constituents of the fine-grained sediments 

that occur abundantly along the continental margins and in the deep-sea of the 

World Ocean (Biscaye, 1965; Griffin et al., 1968). These are largely the 

weathering products of rocks and sediments on the adjacent landmass, 

determined by the source rock composition, climate and topography (Grim, 

1968; Millot, 1970; Chamley, 1989), and to a minor extent the products of sub-

marine volcanic rocks. The transport of clay minerals is by different agents 

(glacial, riverine and aeolian) and their distribution and dispersal on the 

continental shelves and slopes largely depend on the energy conditions of the 

environment. As it has been shown that the same parent rock can develop 

different clay mineral compositions under varying conditions of climate, 

topography and time (Grim, 1968), identifying clay minerals by X-ray diffraction 

(XRD) studies alone, sometimes, is not sufficient enough to resolve the 
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provenance. Moreover, it is often difficult to use clay minerals as 'markers of 

currents' in the shelf and slope region (Chamley, 1989). Because (a) they are 

usually subjected to differential settling processes when exposed to shallow 

and turbulent waters (Whitehouse et al., 1960). (b) Long shore currents, if 

present, not only mixes the clays originated from different sources but also 

obliterates the clay sorting effects (Chamley, 1989). (c) Different water masses 

may bring different complex clay mineral associations and sometimes difficult 

to precise their sources when different source sediments are admixed. 

One potential approach to characterise the provenance of detrital 

sediments in the marine environment is by using strontium (Sr) and 

neodymium (Nd) isotopes signatures. The Sr isotopic ratio ( 87Sr/86Sr) of sea 

water is largely controlled by riverine fluxes and hydrothermal fluxes and 

therefore secular variations in Sr isotope ratios are caused by changes in 

global climate and eustatic sea level, mountain building events and variations 

in rates of seafloor spreading. These isotopes have been successfully applied 

to characterize sediment provenance and reconstruct atmospheric and fluvial 

variation of sediment supply to basins (Dia et al., 1992; Grousset et al., 1992; 

Revel et al., 1996a, b; Asahara, 1999; Krom et al., 1999a and 1999b). The 

reason for their extensive use is that their isotope ratios bear a fingerprint of 

their source rocks. The Sr isotope composition can be influenced by grain-size 

sorting as well as early diagenesis of the sediment, but the studies on the 

same grain size fraction can give best indication of the source rock (Dasch, 

1996; Walter et al., 2000). The Nd isotope composition is the best tracers of 

the source rock with rocks of younger formations being more radiogenic than 

the older ones. Nd isotope is little affected by grain-size differences of the 

sediment fractions and does not change during weathering, transport, and 

winnowing processes (Goldstein et al., 1984; Walter et al., 2000). The Sr and 

Nd isotope compositions provide additional indicators for paleoenvironmental 

changes and identification of detrital sediment sources along with the bulk 

chemistry and clay mineralogy of the sediment (Foucault and Melieres, 2000; 

Wehausen and Brumsack, 2000). In this thesis clay mineralogy and 

Sr - Nd isotopes of the <21.1m fraction of the Holocene (near 

surface) and late Pleistocene sediments were carried out for understanding 
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the provenance of the sediments and identify the current controlled distribution 

of sediments, if any, in the Bay of Bengal and western continental margin of 

India. 

The Bay of Bengal and Arabian Sea separated by the Indian continent 

exhibit distinct characteristics. The Bay of Bengal experiences positive water 

balance and huge riverine flux of fresh water keeps the Bay of Bengal water 

stratified. It is considered as a low productive area and upwelling is confined to 

localised coastal areas. Huge sediment flux in this area has resulted in world's 

largest delta (Bengal Fan). Turbidity currents are considered as the largest 

agents of transportation of sediments to the Bengal Fan, which extends up to 

10°S. The characteristics of the sediments of the Bengal Fan varied through 

time since Miocene. Numerous investigations have been carried out on (a) the 

petrographic and mineralogical characteristics of the sediments, (b) sources of 

turbidity currents and (c) the role of Himalayan tectonics and/or eustatic sea 

level changes in sedimentation of turbidite deposits. The concepts regarding 

the provenance of sediments of the Bengal Fan and controlling factors in 

sedimentation of turbidites have been changed through time, especially with 

the advent of radiogenic (Sr and Nd) and stable (0 and C) isotopes. In this 

thesis a brief review was made on the sediments of the Bay of Bengal. Two 

sediment cores from the distal Bengal Fan were also investigated for different 

mineralogical, sedimentological and rock magnetic parameters and, radiogenic 

(Sr — Nd) isotopes to identify the sources of turbidites precisely and their 

distribution during the late Quaternary. 

The Arabian Sea experiences spectacular changes, both in space and 

time. The negative water balance and excess evaporation are characteristic of 

the region. The most important is upwelling of nutrient-rich subsurface water 

resulting in high biological productivity. The high productivity and subsequent 

bacterial decay of organic matter lead to oxygen deficient zone and related 

intense water column denitrification (Naqvi, 1991). Several workers considered 

that the impingement of oxygen deficient zone on to the continental margins is 

responsible for the high organic matter preservation and this has been used as 

modern analog for the hydrocarbon-rich deposition (Demaison and Moore, 
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1980; Slater and Kroopnick, 1984; Paropkari et al., 1992,1993). Whereas 

others considered that the high productivity in the area is responsible for the 

higher organic matter burial and suggested that the role of oxygen minimum 

zone is minimal (Pedersen and Calvert, 1990; Pedersen et al., 1992; Calvert et 

al., 1995; von Rad et al., 1999). As the debate on preservation and productivity 

models is continuing for quite sometime, an attempt has been made in this 

thesis to resolve the issue by investigating sediment cores below the oxygen 

minimum zone and comparing them with that of the core from the oxygen 

minimum zone. Besides, the Arabian Sea is found to be perennial source of 

greenhouse gases like carbon dioxide and nitrous oxide (Sarma et al., 1998; 

Naqvi et al., 1998). The denitrification affects greenhouse gases directly 

through the incidental production of nitrous oxide, and indirectly through 

modification of marine biological nitrogen inventory and hence the biological 

pump for CO2. The denitrification variation in the Arabian Sea between 20 ka 

BP and 60 ka BP is related to the climatic and atmospheric CO2 oscillation 

observed in Antarctic ice cores (Altabet et al., 2002). Studies reporting 

denitrification in sediments since Last Glaciation are few in the eastern 

Arabian Sea (Naidu and Shankar, 1999; Ganeshram et al., 2000; Agnihotri et 

al., 2003), compared to that of the western Arabian Sea (Altabet et al., 1995, 

1999a, 2002; Reichart et al., 1998; Suthhof et al., 2001). In this thesis the 

variations in the intensity of the denitrification since the Last Glacial Maximum 

(LGM) were recorded in two sediment cores and explained the factors that 

controlled the denitrification intensity. 



Objectives of the study 

In this thesis emphasis is placed on several sedimentological parameters and 

radiogenic (Sr - Nd) and stable isotopes (8 15N) for the sediments from the 

gravity cores of the lower Bengal Fan and western continental margin of India 

during the late Quaternary. The objectives of the present study are to 

• Determine the provenance of sediments and sources of turbidites from 

the distal Bengal Fan during the late Pleistocene and Holocene. 

❖ Determine the provenance of sediments and transport pathways of fine-

grained sediments along the western continental margin of India (Gulf 

of Kachchh — Cape Comorin) during the Holocene and late Pleistocene 

and 

❖ Identify the nature and source of the organic carbon and variations in 

the intensity of denitrification in the sediments of the southwestern 

margin of India and determine the controlling factors for their distribution 

since the Last Glacial Maximum (LGM). 



Chapter 2 
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MATERIALS AND METHODS 

Sediment Cores 

Sediment gravity cores collected during different cruises of O.R.V. Sagar 

Kanya (SK) and MN A.A. Siderenko (AAS) - a Russian research vessel 

chartered by the Department of Ocean Development (DOD), New Delhi, were 

used for the present study. Table 2.1 gives the details of cruise number, 

location, and water depth at which the cores were collected and length of the 

core recovered. 

Table 2.1. Details of sediment cores used for the present study. 

Sr. No. Cruise 

No. 

Core 

No 

Latitude Longitude Depth 

(m) 

Core length 

(m) 

Bay of Bengal 

1 SK148 2 10000'00" N 84°00'00" E 3600 3.46 

2 AAS37 2 2°25'12" S 81°02'36" E 4000 1.14 

Arabian Sea 

3 SK148 22 24°27'36" N 68°09'00" E 56 7.02 

4 SK148 21 21°28'58" N 67°00'57" E 1900 3.58 

5 SK148 32 20024'57" N 69°25'48" E 111 4.37 

6 SK148 38 19°58'58" N 71°28'48" E 31 4.56 

7 SK111 22 18°25'48" N 68°39'03" E 3235 5.15 

8 SK148 55 17°45'00" N 70°51'36" E 500 6.13 

9 SK126 50 14°57'00" N 70°51'36" E 2650 5.1 

10 AAS 6 GC3 14°24'00" N 72°54'00" E 355 4.45 

11 SK126 39 12°37'58" N 73°19'48" E 1940 4.9 

12 AAS 6 GC5 10°13'12" N 75°19'48" E 280 3.33 

13 SK126 16 8°01'48" N 76°03'00" E 1420 4.8 

14 SK148 4 8°12'00" N 75°57'39" E 1380 2.84 
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In Chapter 3, two cores, SKI 48/2 and AAS37/2 from the Bay of Bengal 

are discussed. For Chapter 4, sediment samples were selected from 12 gravity 

cores recovered along the western margin of India at different water depths 

(Sr. No. 3-14; Table 2.1). In chapter 5 results from three cores, SK-126/16 

(core 16), SK-126/39 (core 39) and SK126/50 (core 50) from the SW Arabian 

Sea are discussed. 

Colour and lithology of the sediment were noted onboard immediately 

after collecting the cores. The cores from the Bay of Bengal were sub-sampled 

at 2 cm interval. The cores 16, 39 and 50 from the southwestern continental 

margin of India were sub-sampled onboard at 2 cm interval for the top 20 cm 

and 5 cm interval up to 100 cm and 10 cm for the rest of the core. 

Representative sediment samples were oven-dried at 55°C temperature and 

utilized for all further studies. 

Grain size of the sediments 

(a) Pipette analysis 

The textural analysis of the sediments was carried out on 33 to 35 

representative sediment sample intervals in each core (cores 16, 39 and 50). 

For this, 10-13 g of dried representative samples were weighed and 

transferred into 1000 ml beakers. The samples were made salt free by 

repeated washings using distilled water. The salt free samples were dispersed 

using 25 ml of 10% sodium hexa-metaphosphate solution for 4 hours. The 

total amount of sample was transferred to a 63 pm sieve and wet sieved using 

distilled water and content passing through the sieve was collected in 1000 ml 

measuring cylinder. The sand fraction (> 63 pm) retained in the sieve was 

dried and weighed, while the mud fraction collected in the cylinder was made 

up to the mark and subjected to the pipette analysis following (Folk, 1968). 

The aliquant from the cylinder was stirred vigorously for 45 seconds. Using 

stokes settling velocity principle, exactly after 1 hour 40 min 13 sec using a 25 

ml pipette connected with a tube was lowered to 10 cm down the water level 
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and 25 ml of aliquant containing clay was pipetted out and transferred to 50 ml 

beaker, dried and weighed. Weight of clay in the sample is determined as 

Clay weight = (clay weight —0.0625) x (1000/25), 

0.0625 is the weight of the sodium hexa-metaphosphate in 25 ml of aliquant. 

Based on initial weight of the sample and day weight the weight percent of 

sand silt and clay fraction was calculated on each sample and texture of the 

sediment was noted. 

(b) Using Laser diffraction particle size analyser 

The Laser-diffraction-size analysis is based on the principle that particles of a 

given size diffract light through a given angle, the angle increasing with 

decreasing size. A narrow beam of Helium-Nicon laser is passed through a 

suspension and the diffracted light is focused on to a detector. This senses the 

angular distribution of scattered light energy. 

Particle size analyses were carried out on the mud fraction (<63 gm) of 

the sediments that was separated from the total sample after wet sieving. A 

total of 116 representative samples were selected from SKI 48/2 (67) and 

AAS37/2 (49) cores. The mud fraction was made free of CaCO3 and organic 

matter, by treating with 1N HCI and hydrogen peroxide, respectively. About 10 

ml of sodium hexametaphosphate was added to disperse the sediment 

particles and to remove the iron oxide coating (if present) of the particles. The 

sample was washed with distilled water to remove acid. Different size fractions 

of the mud between 0.01 gm and 63 gm were determined using MALVERN 

MASTERSIZER 2000. A Helium-Nicon laser beam of monochromatic light was 

used to conduct the experiment. The sample was dispersed in distilled water 

and kept in suspension by a cell system comprising of an ultrasonic tank with 

stirring facility while a pump circulates the sample to the measurement. The 

sizer was attached to a computer, with a database. Based on the scattering 

signal received from the instrument computer calculates volume size 

distribution. 
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Organic carbon, Total Nitrogen 

(a) Organic carbon using titration method 

The organic carbon (OC) content of the sediment samples was determined on 

108 samples from the three cores (cores 16, 39 and 50) by the wet oxidation 

method (El Wakeel and Riley, 1957). This works on principle based on the 

oxidation of organic carbon with chromic acid and titrimetric determination of 

the oxidant consumed. The method is widely used and reported to produce 

reliable results when the availability of organic carbon is 1 %. 

About 0.1-0.3 g of the finely powdered sample was weighed and 

transferred into a test tube and 10 ml of chromic acid was added and covered 

with aluminium foil. The test tube was heated in water bath for 15 minutes. 

Contents were allowed to cool and were transferred into a 250 ml conical flask 

containing 200 ml distilled water. About 2-3 drops of ferrous-phenanthroline 

indicator was added and titrated with 0.2 N ferrous ammonium sulphate 

solution until a pink colour just persists. A blank determination was also carried 

out in the same manner. Then, the concentration of the organic carbon 

available in the sediment was estimated as: 1 ml of 0.2 N ferrous ammonium 

sulfate consumed = 1.15 x 0.6 mg of carbon. The percentage of organic 

carbon in the sample = 0.6 x ((Blank reading-Sample reading) / (Weight of the 

sample in mg)) x 1.15 x 100. Reproducibility of the results was checked by 

running replicates of sediment samples and it was found to be better than ± 
5% .  

(b) Organic carbon and total nitrogen using CNS 
analyser 

Organic carbon and total nitrogen in core SK148/2 (67 samples) and total 

nitrogen in cores 16, 39 and 50 (50 samples) was determined using CNS 

elemental analyser. The principle of operation is founded on sequential steps: 

- the sample, held in a light weight tin capsule, is energetically oxidized 

yielding a gas mixture. This gas mixture is swept into a chromatographic 
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column from which any eluted pure combustion gas passes through 

thermoconductivity detector. The thermoconductivity detector generates an 

electrical output signal proportional to the amount of eluted gas. Such signal 

feeds an integrator or an automatic workstation, which provides the sample 

element composition report. 

About 5 g of the bulk sample was taken and treated with 1N HCI, to 

remove CaCO3 and washed with distilled water to remove excess acid. The 

sample was dried and weight of the CaCO3 free sample was noted. About 5 

mg of CaCO3 free sample was weighed in a tin capsule and placed into 

autosampler drum where it is de-aerated (to remove any atmospheric nitrogen) 

and introduced into a vertical quartz tube heated at 1000°C with a constant 

flow of helium (carrier gas) stream. A few seconds before the sample drops 

into the combustion tube, the helium stream is enriched with a measured 

amount of high purity oxygen to achieve a strong oxidizing environment which 

guarantees almost complete combustion / oxidation even of thermally resistant 

substances. To achieve quantitative oxidation the combustion gas mixture is 

driven through an oxidation catalyst tungsten zone, then through a subsequent 

one of copper which reduces nitrogen oxides and sulphuric anhydride, 

eventually formed during combustion or catalyst oxidation, to elemental 

nitrogen and sulphurous anhydride and retains the oxygen excess. At the 

outlet of the reaction tube the gas mixture (N2, CO2, H2O, SO2) meet trap 

containing anhydrone that absorbs water. The resulting three components of 

the combustion mixture are eluted and separated by Porapack PQSW column 

and subsequent detected by a thermoconductive detector in the sequence N2) 

CO2, SO2 and gives report of elemental composition, total carbon (TC) and 

total nitrogen. Organic carbon (OC) and total nitrogen (TN) were calculated as 

[X- weight of CaCO3 free sample) / bulk weight of the sample]. Where X is 

total carbon and total nitrogen measured on the instrument. Running 

standards after every 10 samples checked the reproducibility of the organic 

carbon measurements and it was found to be better than ± 1°/0. 
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Calcium carbonate 

(a) Titration Method 

The CaCO3 content of the sediment was determined using titration method 

(Herrin et al., 1958). About 1 gm of powered sample was weighed in 250 ml 

beaker, 50 ml of 0.5 N HCI was added to the sample and heated to about 

90°C for 20 minutes. The pH was tested using indicator paper, and if pH was 

found to be greater than 2, another 50 ml of HCI was added and heated for 20 

minutes. When pH remained < 2, distilled water was added till the beaker 

becomes half-full and phenolphthalein indicator was added (2 to 3 drops) and 

stirred constantly and back titrated with 0.25 N of NaOH to phenolphthalein 

endpoint. The CaCO3 percent was calculated for total of 50 samples from the 

cores 16, 39 and 50 using CaCO3% = 100 x 0.05 x (ml of HCI x normality of 

HCI) —(ml of NaOH x normality of NaOH). 

(b) Weight loss Method 

The CaCO3 content of representative samples from the cores SK148/2 and 

AAS37/2 for the total of 94 samples was determined using weight loss method 

(Black et al., 1965). About 2 g of sample was weighed in 250 ml beaker. 

About 10 ml of distilled water and 5 ml of 1 N HCI were added and stirred to 

promote reaction. After initial reaction had ceased additional 2 ml of 0.1 N HCI 

was added each time until no further reaction was observed. Excess acid was 

decanted and carefully washed in distilled water to remove CaCl2. The sample 

was evaporated to dryness and heated to 110°C and transferred to 

desiccators to cool. The sample was reweighed. The CaCO3 percentage was 

calculated using 

CaCO3% = (100 x weight loss) / Initial dry weight of the sample. 

Reproducibility of the CaCO3 was checked by running replicates of sediment 

samples and it was found to be better than ± 8%. 
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Coarse fraction studies 

The sand fraction (>63 µm) obtained by wet sieving was further split into >250 

tm and 125-250 µm fraction. The 125-250 µm fractions were examined under 

a binocular microscope for the relative abundance of the components (such as 

planktic and benthic foraminifers, keels (rims of foraminifers remained after 

undergoing dissolution), pyritized grains and terrigenous particles. A total of 

117 samples were analysed from four cores. 

Clay mineralogy 

Clay mineral studies were carried out on 72 samples for the chapter 4, and on 

21 samples for chapter 5. About 12-15 g of sample was made CaCO 3  free 

using 1N HCI and organic matter free using hydrogen peroxide. About 10 ml of 

sodium hexametaphosphate was used for the dispersal of the clays. The 

sample was then repeatedly washed for removing the acid used. The samples 

were wet sieved using 63 1.tm sieve content and the material passing through 

the sieve were colleted in 1000 ml cylinder, made up to the mark and stirred 

vigorously for 45 seconds. After 6 hours 42 minutes whole aliquant from top 10 

cm (containing < 2 1.tm clay) was transferred to the 500 ml beaker. Oriented 

slides were then prepared by pipetting 1 ml of the concentrated clay 

suspensions on glass slides and allowing them to dry in air. Remaining clay 

was dried and preserved for the Sr and Nd isotope study. 

X-ray diffraction studies were carried out on the clay slides by scanning 

them from 3° to 22° 20 at 1.2° 20 min-1  on a Philips X ray diffractometer (1840 

model) using nickel-filtered Cu Ka radiation, operated on 20 mA and 40 kV. 

The samples were then glycolated by exposing the slides to ethylene glycol 

vapours at 100°C for 1 hour and rescanned the slides under the same 

instrumental settings. The areas of the principal peaks of the clay minerals 

kaolinite and chlorite (7 A), illite (10 A) and smectite (17 A) were measured 

above the background response using glycolated sample X-ray diffractograms. 

The principal peak areas of the clay minerals kaolinite and chlorite, illite and 
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smectite were multiplied by the weighting factors 2, 4 and 1, respectively and 

weighted peak area percentage of each clay mineral were calculated following 

the semi-quantitative method of Biscaye (1965). All the samples were scanned 

from 24 to 26° 20 at 1/2° 20 min -1  for the resolution of kaolinite and chlorite 

(Biscaye, 1964). The area under each peak was estimated and the ratios of 

kaolinite to chlorite (K/Ch) and smectite to illite (S/I) were also calculated. The 

ratios are less affected by the sample treatments and ambiguity of relative 

abundance. 

Sr - Nd isotope analysis 

The 87Sr/86Sr and Nd (ENd)  isotopes were determined on 16 and 11 samples, 

respectively for the samples reported in chapter 4. For chapter 5 the Sr 

isotopes were determined on 24 samples (including a repetition) and ENd on 20 

samples. 

The powdered <2 [cm fraction of the clay samples were digested with 

HF-HNO3  acid mixture. The Sr and REE were then separated using columns 

packed with Cation Exchange Resin (DOWEX 50WX8). Nd was separated 

from the REE fraction with columns packed with HDEHP-coated teflon. The Sr 

and Nd isotope ratio measurements were carried out on VG 354 Thermal 

Ionization Mass Spectrometer (TIMS) in the dynamic triple collector mode at 

NGRI, Hyderabad. The 87Sr/86Sr ratios were corrected for fractionation with 

87Sr/86Sr = 0.1194 and normalized to SRM 987 standard value of 0.710220 ± 

0.000024 (2 sigma S.D.; n=10). 143Nd/144Nd ratios were corrected for 

fractionation with 146 Ndi4 — 
4iNd =0.7219 and normalized to La Jolla standard 

value of 0.511850 ± 0.000010 (2 sigma S.D.; n=8). Blank contributions in the 

Nd isotopic measurements were negligible (<25 pg). The ENd  was determined 

using 

ENd 
_143N  .144 a Nd / 0.512638)-1] x 10000. 87Sr/86Sr isotope determinations 

were repeated for some samples. The errors for the samples are given in 

respective tables in the chapters. 
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Rock-magnetic properties 

Magnetic susceptibility (MS) for cores SK148/2 (170 samples) and AAS37/2 

(50 samples) was determined on dried samples using a Barrington MS-2 

magnetic susceptibility meter (with an AC magnetic field amplitude of 80 A/m) 

linked to a MS2B dual frequency sensor (470 Hz and 4700 Hz) at the Indian 

Institute of Geomagnetism, Alibagh, India. Representative samples were air-

dried and packed into 8 cm3  styren cubic pots and the following magnetic 

parameters were measured. (a) Magnetic susceptibility (x) is the ratio of 

induced magnetization acquired by a sample in the presence of earth's 

magnetic field, to the applied field. Low frequency, xlf, (0A7 kHz) and high 

frequency xhf, (4.7 kHz) magnetic susceptibilities were measured on these 

samples and mass specific values are presented in 10-8  m3/kg SI units. All 

remanences were measured using a Molspin fluxgate spinner magnetometer. 

(b) Anhysteretic Remanent Magnetization (ARM) was imparted on the samples 

by superposing a DC biasing field of 0.05 mT on a smoothly decreasing 

alternating field with a peak of 100 mT. It is customary to express ARM as an 

anhysteretic susceptibility xAFtm (mass specific ARM / strength of the biasing 

field). (c) Isothermal Remanent Magnetizations (IRM) acquisition were carried 

out by using the Molspin Pulse magnetizer. Saturation Isothermal Remanent 

Magnetization (SIRM) was imparted using a maximum field of 1T. SIRM 

responds primarily to the ferromagnetic material concentration, but unlike low 

field susceptibility ()Of) it is not affected by diamagnetic and paramagnetic 

minerals. After acquisition of SIRM, the samples were subjected to reverse DC 

fields of 0.3T and the remanence was measured by using the Molspin 

magnetometer. To investigate the magnetic mineral composition, (d) HIRM 

(hard IRM) and (e) S-ratio (50.3-1-) were calculated by using the definitions of 

Robinson (1986) and Bloemendal et al. (1992). HIRM = (IRM1T+IRM0.3-0/2; S-

ratio% = ((1-IRM0.3T/IRM,T)/2) *100. The ratios of (f) XAFtriSIRM and xARtixit 

were calculated to identify the stable single domain magnetic grain sizes (0.03 

to 0.06 p.m) unambiguously in the sediment cores. 
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Parameters of Rock-Eval Pyrolysis 

A total of 46 representative samples were analysed for Rock-Eval pyrolysis 

from cores 16, 39 and 50 of the southwestern margin of India at the Oil India 

Limited, Duliajan, Assam, using a Rock Eval III apparatus, following the 

procedures of Espitalie et al, (1985). Rock-Eval pyrolysis is commonly used 

method to assess terrigenous organic matter in marine sediments. Originally, 

this method was used to evaluate the petroleum-generated potential and 

thermal maturity of rocks (Espitalie et al., 1977; Peters, 1986). It consists of 

progressive heating of sediment samples and measurement of the amount of 

hydrocarbon that escape from the sediment at different temperatures. During 

heating from -200°C to 600°C three main signals So, Si, S2 are generated. 

The So corresponds to gaseous hydrocarbon; Si to volatile hydrocarbons and 

S2 to hydrocarbon component produced due to thermal cracking of kerogen 

and Tmax is temperature at which maximum hydrocarbons are produced. The 

Hydrogen Index (HI) represents hydrocarbon potential of total organic matter 

in mg HC/g OC, and represent H/C ratios (Espitalie et al., 1977). The HI is 

calculated based on HI.--(S2 *100)/OC and can provide information about the 

geochemical quality and origin of the bulk organic matter (Tissot and Welte, 

1984). The HI values used to reconstruct the modified "van Kervelen" diagram 

(Peters, 1986; Delveaux et al., 1990) enables to determine kerogen type I to 

IV. Kerogens are substances that are residues of once living matter and have 

resisted destruction by chemical and biological forces during geological time. 

The kerogen types I to IV can differentiate mixture of biodegraded, marine, 

terrestrial and oxidized organic matter. 

The nitrogen isotopic analysis 

The nitrogen isotopic analysis in sediments was carried out at the 

Hydrospheric-Atmospheric Research Center (Institute for Hydrospheric-

Atmospheric Science), Nagoya University, Nagoya, Japan. A total of 39 

representative samples at different levels in cores 16 and 39 (up to LGM) were 

decalcified (treated with 1N HCI for the removal of CaCO3) and washed with 
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distilled water to remove the acid and oven dried. The decalcified sediment 

samples (-20 mg) were weighed and directly loaded into tin foil boats for 

combustion. The high temperature (1000 °C) flash combustion was carried out 

in a Carlo Erba NA2500NC elemental analyser that was coupled to a Finnigan 

MAT 252 isotope ratio mass spectrometer. The system was used in the 

automated, continuous-flow mode using helium as the carrier. Solid alanine 

was used as the organic standard and replicate measurements were found to 

be reproducible to ± 0.2%0. The 8 15N values are expressed relative to the 

atmospheric N2. 

815N (0/00) = {( 15N/14Nsample i 15N/14Nao_ 1] x 1000 

Radiocarbon dating 

A few species of planktic foraminifer Globigerinoides ruber were handpicked 

(8-10 mg) ultrasonically cleaned and age was determined using Accelerator 

mass spectrometer (AMS). The CO2 liberated from the samples was treated 

with 100% phosphoric acid at 90°C; resulting carbon/iron mixture was pressed 

in the target holder. The 14C measurements were carried out at the Leibniz-

Labor of University of Kiel, Germany. Chronostratigraphy for the cores 16 and 

39 is based on three AMS dates measured on G. ruber and two bulk sample 

dates obtained by the conventional radiocarbon method at the Birbal Sahni 

Institute of Paleobotany (BSIP), Lucknow. The measured ages were corrected 

for surface global ocean reservoir age (400 years) and local AR correction 

(100 years ± 30 Dutta et al., 2001) and calibrated using CALIB 4.3 program, 

following (Stuiver et al., 1998). 



Chapter 3 



20 

Chapter 3 

PROVENANCE OF THE DISTAL BENGAL 
FAN SEDIMENTS DURING THE LATE 

QUATERNARY 

Introduction 

The Bay of Bengal is an embayment bound on the west by the east coast of 

India and Sri Lanka, on the north by India, Bangladesh and Burma (Myanmar) 

and on the east by the Andaman — Nicobar Ridge. It is open towards the 

Indian Ocean. It encompasses the 'Bengal Fan' the largest deep fan in the 

world. Several rivers debouch sediments into the Bay and contribute to the fan 

sedimentation. The geological and geophysical studies in the Bay of Bengal 

date back to the Challenger (1872-1876) Expedition. Many expeditions, 

including the International Indian Ocean Expedition (110E - 1961-65) 

participated and carried out studies in the Bay of Bengal. Besides, the Deep 

Sea Drilling Project (DSDP) and Ocean Drilling Programme (ODP) drilled 

several cores for understanding the history of fan sediments and its relevance 

to the tectonics of the Himalayas. As a result of these programmes a huge 

wealth of information was published on the geomorphology and geology of the 

continental margins and Bengal Fan. 

Objectives 

The objectives of this chapter are two fold: (a) in the first section a brief 

review was brought out on the geomorphic features and composition of the 

sediments of the Bay of Bengal and how the concepts regarding the source 

and type of sediments of the Bengal Fan have changed through time, 

especially with the advent of the use of radiogenic (strontium and neodymium) 

and stable (oxygen and carbon) isotopes of the terrigenous sediments. (b) In 

the second section two sediment gravity cores from the distal Bengal Fan were 
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investigated for several sedimentological parameters, rock magnetic properties 

and radiogenic isotopes and brought out how the characteristics of the 

turbidites changed through Pleistocene to Holocene. 

Section I: A brief review on Geomorphology and 
Geology of the Bay of Bengal 

(a) Geomorphology 

Bathymetric features of the Bay of Bengal are: Bengal Fan, basins, canyons, 

ridges, subduction zone, plate boundary deformation zone and seamounts 

(Fig. 3.1). Of these, the most important is the Bengal Fan, the largest deep fan 

in the world (Coleman, 1969) .  The prominent sedimentary basins are Cauvery 

Basin, Krishna — Godavari Basin, Palar Basin, Mahanadi Basin, and Bengal 

Basin. The canyons surrounding the Bay of Bengal supply sediments to the 

Bengal Fan. The Ninetyeast Ridge divides the Bengal Fan into two lobes: the 

Bengal Fan and the Nicobar Fan. Java-Sumatra Trench is a subduction zone. 

Here, the sediments of the Bengal Fan ranging in age from Cretaceous to 

Holocene are passing onto the subduction plate into the Sunda-Andaman Arc 

(Curray and Moore, 1971). Intraplate deformation zone is a subsurface feature 

between 79N and 109S, composed of Neogene age folded turbidites covered 

with thin pelagic and turbidity sediments (Neprochnov, 1985; Cochran et al., 

1989; Krishna et al., 1998), Intense deformation occurs between 2 9  and 49S. 

The Afanasy-Nikitin Seamount is located in this zone (Fig. 3.1). 

Several workers described the world's largest delta (Bengal Fan) in 

detail (Narain et al., 1968; Curray and Moore, 1971; Emmel and Curray, 1984, 

1985; Stow et al., 1989). The modern—delta, evolved in the form of deep- sea 

fan, has an area of about 2.8 to 3.0 x 10 6  km2 , length of 2800-3000 km and the 

crustal thickness of about 20 km (Heezen and Tharp, 1964; Narain et al., 

1968; Curray and Moore, 1971). The Fan lies between 20 9N and 109S and is 

dissected by the number of modern and buried channels of tens of kilometers 

width and hundreds of meters depth and is bound by natural levees. These 

channels must have been active in the past and were connected to the 
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`Swatch of No Ground'. Presently, only one valley exists connecting to the 

`Swatch of No Ground' (Heezen and Tharp, 1964). On the basis of the 

gradient, the Bengal Fan (Fig. 3.1) is divided into the upper fan, middle fan and 

lower fan (Emmel and Curray, 1984). The proximal part of the fan exists 500 

km in length and within this area there has been a continuing process of 

channel jumping with new, large natural levees complexes. Several scholars 

do not report recent evidence of sediment accumulation in the lower Bengal 

Fan and suggest that the sediments are largely being trapped in the lower 

deltaic plain and shelf region (Curray and Moore, 1971; Curray et al, 1982; 

Emmel and Curray, 1985; Curray, 1994; Meade, 1996; Goodbread and Kuehl, 

1999). Others demonstrated that some material bypassed the canyon and 

active growth of the fan during the most recent sea level rise and highstand 

(Kuehl et al., 1989; Segall and Kuehl, 1992; Weber et al., 1997). 

(b) Sediments of the Bay of Bengal 

Terrigenous sediments contributed by the rivers become the most 

predominant sediments in the Bay of Bengal. The sediment load reaching this 

part of the embayment is huge and unique. Of the total annual sediment 

discharge (15-20 X 10 9  tonnes) by the rivers to the world oceans, the 

combined Ganges-Brahmaputra River system discharges 1.06 X 10 9  tonnes 

annually into the Bay of Bengal. Besides, there are five major rivers (Swamy, 

1968; Rao, 1979, Subramanian, 1979; Milliman and Syvitski, 1992), twenty-

eight medium and twenty-three minor rivers (Table 3.1) draining the peninsular 

India debouch sediments into the Bay of Bengal. The sediments thus delivered 

to the sea are being distributed. Based on particle flux accumulated in the 

sediment traps Ittekkot et al. (1991) reported that the total annual flux settled in 

the sediment traps (33 to 53 g/m 2) is much smaller than what is actually 

deposited on the sea-floor, indicating much of the sediment is transported by 

turbidity currents. Other processes of sediment transport are by mass wasting, 

surface currents and contour currents (Fig. 3.2 - Mallik, 1967; Siddiquie, 1967; 

Swamy, 1968; Rao et al., 1988; Rao, 1991a). 
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Fig. 3.2. Sediment Provinces (I, II, III) and inferred sedimentary processes in 
the Bay of Bengal (modified after Siddiquie, 1967; Malik, 1967; Swamy, 
1968; Kolla et al., 1976; Rao et al., 1988). 



Krishna 67,675 

Pennar 3,238 

Cauvery 20,950 

Medium Rivers 205700 

Minor Rivers 17,889 + 

Name of the river Annual avg. discharges in 

million cu. m 

Ganges 493,400 

Brahmaputra 510,450 

Subarnarekha 7,940 

Brahmani 18,310 

Mahanadi 66,640 

Godavari 105,000 

Name of the river Annual avg. 

discharges in 

million cu. m 
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The surficial sediments of the Bay of Bengal are monotonous and 

mostly clayey silt/silty clays, except at a few locations on the eastern 

continental shelf of India and on the Ninetyeast Ridge (Fig. 3.3). The 

continental sediments on the shelf between Puri and Visakhapatnam and off 

Chennai, show gradation from sandy sediments in the near shore, followed by 

silty clays to clayey silts in the inner shelf and relict sandy calcareous sediment 

on the outer shelf (Subbarao, 1964). The sediments on the Ninety-east Ridge 

are sandy and dominated by calcareous fossils (Fig. 3.3). 

Table 3.1: Hydrological characteristics of the major rivers of Bay of Bengal (after 

Rao, 1979). 

(+ more than the given value) 

(c) Sediment accumulation rates 

There are few studies on clay accumulation rates for near surface sediments 

of the Bay of Bengal (Fig. 3.3). Off Bangladesh, the sediment accumulation 

rate varies between 2.1 cm/yr and 8.6 cm/yr (Kuehl et al., 1989) with maximum 

>50 cm/yr at the mouth of the Swatch of No Ground (Kudrass et al., 1998). 

The sedimentation rate decreases towards the central Bengal Fan with 

minimum of 0.2 cm/1000 yr (see Fig. 3.3). A sedimentation rate of <1 mm/yr 

was obtained by 210pb_  excess method on the continental shelf between the 

Ganges-Brahmaputra and Mahanadi. The sedimentation rates of the Godavari 

delta (Kalesha et al, 1980) vary between 1.3 and 3.1 mm/yr. The sediment 

accumulation rates on the continental rise below the mouth of Krishna and 

Godavari Rivers estimated by using 230Th are 20 cm/1000 yr and represent the 
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lower limit (Sarin et al., 1979). Udintsev (1975) have reported accumulation 

rates of 10-30 mm/1000 yr in the northern Bay of Bengal. The sedimentation 

rates in the central and southern Bay of Bengal (Prell et al., 1980) range 

between 2 and 4 cm/1000 yr. The eastern Bay of Bengal (Chauhan et al., 

1993) has a low sedimentation rate of 4 cm/1000 yr. 

(d) Provenance of the sediments 

i) Continental margins: 

Several workers reported the mineralogy of the suspended and bed loads of 

the rivers, clay minerals in the sediments of estuaries, shelf and the adjacent 

Bay, characterised the sediments of the rivers and identified their provenance 

on the continental margins and deep sea. Clay minerals in the suspended and 

bed loads of Ganges and Brahmaputra and the estuarine sediments of the 

Hooghly are dominated by illite and chlorite with minor amounts of kaolinite 

and traces of smectite (Ramamurty and Srivastava, 1979; Naidu et al., 1985; 

Rao et al., 1988). In contrast, the Godavari, Krishna and Cauvery sediments 

are dominated by glycol-expandable clay minerals (smectite) with minor 

amounts of illite, kaolinite and chlorite (Swamy, 1968). The Mahanadi, 

Brahmani, Vamsadhara and Nagavali clays have minor concentrations of 

chlorite and equal proportions of kaolinite, smectite and illite (Subramanian, 

1980; Naidu et al., 1985). Abundance of smectite (12A montmorillonite) in 

Godavari clay and depotassic illite in the Mahanadi, Brahmani, Nagavali and 

Vamsadhara are presumably related to the regional contrasts in drainage 

basin geology and climate (Swamy, 1968; Naidu et al., 1985). On the basis of 

nature and abundance of different clay minerals and montmorillonite to illite 

ratio, six different mineralogical provinces have been demarcated on the shelf 

between Ganges mouth and the Krishna (Rao, 1991a). Raman et al. (1995) 

investigated the shelf sediments between Mahanadi and Chennai and three 

major clay mineral provinces were defined, the Himalayan, the Eastern Ghats 

and the Deccan provinces. 
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ii) Deep Bay of Bengal 

Illite is the predominant mineral in the Bay of Bengal sediments and shows 

maximum concentrations in the west of the Andaman-Nicobar Islands. 

Kaolinite is highest off Chennai and montmorillonite increases towards the 

eastern and southern parts of the Bay (Siddiquie, 1967). Goldberg and Griffin 

(1970) and, Venkataratnam and Biscaye (1973) reported smectite-rich 

sediments derived through Peninsular Indian rivers in the southwestern sector 

of the Bay of Bengal and kaolinite, illite and chlorite in the eastern sector. The 

sediments rich in illite and chlorite can be traced from the eastern Bay of 

Bengal, to well south of the equator, present in two lobes on either side of the 

Ninetyeast Ridge, but not on it. They are derived from the Himalayas and 

related to turbidity currents and counter-clockwise surface circulation during 

the season of river flooding (Venkataratnam and Biscaye, 1973). Kolla and 

Rao (1990) showed three clay mineral provenances (Fig. 3.2). The Province I 

sediments are in the western part of the Bay of Bengal and south of Sri Lanka 

and are characterized by >60% smectite, <20% illite and <10% each of 

chlorite and kaolinite. The sediments of the Province II are from the Ganges-

Brahmaputra river system and are characterized by >30% illite, 30-40% 

smectite and 10-15% chlorite, with less kaolinite. The sediments of the 

Province III are derived from the submarine weathering of the ridge basalts 

and are characterized by >53% smectite and <27% illite with minor amounts of 

kaolinite and chlorite. Clay minerals of the distal Bengal Fan are controlled by 

the relative rates of sediments supply from Himalayan and Deccan sources 

(Raman et al., 1995). Suresh and Bagati (1998) found clay minerals of mixed 

source coming from the Deccan province and Ganges province for the core-

top sediments of Bengal Fan. 

(e) Turbidites of the Bay of Bengal and Himalayan 
connection 

The Himalayas are a product of continental collision between India and Eurasia. 

This mountain range is about 2400 km long, 300-400 km wide and rises for about 

500 to 8000 m above sea level (Valdiya, 1998, 1999). High relief and high 
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seasonal precipitation in the Himalayas lead to high rate of denudation. As a 

result, enormous sediment flux is being transported and accumulated in the 

transitional areas as well as on the continental margins. The sediment-laden 

waters, on reaching the continental margins, cause horizontal differences in 

density and thereby, the production of turbidity currents driven by gravity, flow 

down slope and spread out sediments on the ocean floor in the form of Fan. The 

topographic relief plays a major role in surface erosion and production of 

sediments. As the relief of the Himalayas varied at different times due to their 

upliftment in different phases, the volume of sediment reaches differed and 

therefore there were varied frequency and thickness of turbidite sediments 

through time. The uplift of Himalayas thus have genetic relation with the 

sediments of the Bengal Fan. 

i) Characteristics of Turbidites 

Several workers reported turbidites and the role of turbidity currents during the 

first (Cretaceous to Oligocene) and second phases (since Oligocene) of 

sedimentation in the Bay of Bengal (La Fond, 1957; Heezen and Tharp, 1964; 

Ewing et al., 1969; Thompson, 1974; Moore et al., 1974; Hamilton et al., 1974; 

Alam, 1989; Stanley and Warne, 1994). In the first phase, turbidity currents 

deposited a thick pile of sediments in deep water at the head of the ancestral 

Bay of Bengal. These sediments were later strongly deformed as flysch, which 

now occupy the Indo-Burman ranges. The second phase of turbidite 

sedimentation that began in Oligocene (Kolla and Coumes, 1987) or in the 

early Miocene (Cochran, 1990; Stow et al., 1990) resulted in the formation of 

the modern Bengal Fan. Large seafloor channels trending out of the Bay of 

Bengal (Stanley and Warne, 1994) and accumulation of large sediment slumps 

away from the gentle slope (La Fond, 1957) were reported to be of turbidity 

current origin. The distribution of turbidite sediments both in Bengal and 

Nicobar Fans and their cessation during the Pleistocene in the Nicobar Fan 

were discussed (Thompson, 1974; Hamilton et al., 1974; Bowles et al., 1978; 

Ingersoll and Suczek, 1979). The texture and composition of the turbidites vary 

widely and were partitioned into mud-rich and silt-rich intervals. Each turbidite 

covers a part of the fan and some are thin-bedded (5-20 m) while others are 

thick —bedded (60 m) turbidites. The rates of sedimentation varied widely 
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between 15-350 m/Mya with lowest (15-25 m/Mya) during the Holocene/late 

Pleistocene and highest (350 m/Mya) during Pleistocene. The intervals of 

mud-rich deposits within the silt turbidites and silt-rich deposits within the 

muddy units were related to channel and lobe migration. Wetzel, (1990) 

reported sedimentation rates close to 5-10 cm/ky for mud turbidites and >15-

20 cm/ky for silt turbidites. Closs et al. (1974) reported the presence of clayey 

pelagic ooze over young turbidite and decline in turbidity current activity. 

Wetzel (1990) however, documented the occurrence of turbidites right on the 

surface (0-5 m) at site 717 but below 2 m and 4 m from the surface at site 718 

and 719, respectively. Weber et al. (1997) have reported at least 7 m of 

turbidites deposited since the Holocene (6000 years B.P.), suggesting that 

turbidite sedimentation continued till date. Based on isopach maps, Ewing et 

al. (1969) reported that 7° S and 10° S are the southern limits of the 

occurrence of turbidites in Bengal Fan and Nicobar Fan, respectively. 

Although several processes control distal Fan sedimentation turbidity currents 

have been regarded as the dominant process operating since the early 

Miocene. Three main sources (Table 3.2) of turbidity currents (Stow and 

Wetzel, 1990; Stow et al., 1990; France-Lanord et al., 1993) have inferred; (a) 

The turbidity currents originated from the 'Swatch of No Ground'. The most 

common light grey turbidites (frequency being -1 per 100 yr) are deposited by 

these currents and sediments are from the Himalayas; (b) The turbidity 

currents originated from the southeast Indian continental margin and deposited 

as dark grey, organic-rich turbidites (-1 per 10 ky); and (c) The turbidity 

currents originated from the steep slope off Sri Lanka and were deposited as 

greenish coloured turbidites (-1 per 100 ky). 
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Table 3.2: Characteristics of the turbidite facies identified from the distal 

Bengal Fan sediments (after Stow et al., 1990). 

. Facies Description of turbidites Source 

Fades 

1 

Light grey silt and silt-mud turbidite beds 	range from 7 to 140 

cm, Dark grey beds with rare calcareous microfossils and 

bioturbation. 

Himalaya 

Fades 

2 

Light-grey organic-poor mud turbidites, with 30 to 220 cm thick 

beds with plant material, showing absence of bioturbation and 

calcareous microfossils. 

Himalaya 

Facies 

3 

Dark 	grey 	organic-rich 	mud 	turbidites, 	with 	50-100 	cm 

thickness 	with plant debris (5%) showing bioturbation. 

Western 	margin 	of 

Bay of Bengal 

Facies 

4 

Biogenic mud turbidites, 	10 to 290 cm thick Olive grey, 

containing 	calcareous 	microfossils 	and 	bioturbation, 	well 

preserved 	benthic 	and 	planktonic 	foraminifers, 	molluscs, 

radiolarians, echinoid, plant debris. 

Shelf off India and Sri 

Lanka and some 

eolian clays and silt 

Facies 

5 

Pelagic clays and pelagic calcareous clays 5 to 25 cm thick 

Red-green to grey beds with high ferromanganese content 

showing bioturbation and rare microfossils. 

Same as above wit 

additional windborne 

component 

Facies 

6 

Bioturbated 	pelagic 	calcareous 	clays 	Light 	to 	dark 	grey, 

bioturbation is common and intense, nannofossils-foraminifer 

assemblages show sighns of dissolution. 

Same as above with 

additional wind borr 

component 

Facies 

7 

Dark grey, fine grained hemiturbidites, light grey, pelagic clays 

showing laminations and grading. 

Mixed source (similar 

to pelagic clays and 

facies 3) 

ii) Concepts on the controlling factors on sedimentation of 
turbidites 

Himalayan upliftment (tectonics) and eustatic changes in sea level have been 

suggested to be two major controls in sedimentation (Cochran et al., 1989). 

Stow et al. (1990) suggested that silt turbidites formed during Miocene and late 

Pleistocene were related to two distinct phases of the Himalayan uplift 

(Gansser, 1964). The abrupt changes from silty turbidites to mud-dominated 

sections during Holocene and the abrupt reappearance of silty units during the 

late Pleistocene are interpreted due to high and low sea level stands, 

respectively. They also suggested that the mid-Miocene high stand and many 
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sea level oscillations through the Pliocene-Pleistocene, which are not reflected 

in the sedimentary records may be due to low core recovery or overprint of 

tectonic or other controls. 

Radiogenic isotopes, such as 87Sr/86Sr ratios and ENd values, have been 

used for understanding the silicate fluxes and weathering and the role of 

tectonics and sea level changes in turbidite sedimentation. On the basis of Sr 

isotopic ratios Rea (1992) showed that both the low stand (at 10 Mya) and 

high stand (at 9 to 6 Mya) of sea levels correspond to maximum sediment 

input and the time of rapidly fluctuating sea levels (6-4 Mya) coincide with 

minimal terrigenous relative fluxes. Relatively high fluxes occur during the 

following period of reduced sea level change. These observations thus do not 

compare with others (Haq et al., 1987; Greenlee and Moore, 1988), who 

stated that the times of rising and high sea level correspond with times of 

reduced sediment delivery to the deep-sea and vice versa. Moreover, Rea 

(1992) found that the times of high sediment flux (9-6 Mya and 4-2 Mya) are 

characterized by level or even declining 87Sr/86Sr values and times of relatively 

reduced sediment delivery are characterized by more steeply rising values. 

Rea (1992) concluded that the relative flux maxima do not correspond to times 

of either climatic change or low/falling sea levels but to two stages (late 

Miocene and middle Pliocene) of the Himalayan uplift. France-Lanord et al. 

(1993) suggested that the sea level changes are secondary control on the 

sedimentation. Several authors (Searle et al., 1987; La Fort, 1989; Stow et al., 

1990) have suggested strong tectonic influence on sedimentation of very thick 

molasses in the central Himalayas during the Pleistocene. Copeland and 

Harrison (1990) and Fagel et al. (1994) suggested that a significant portion of 

the material in the Bengal Fan is from the Himalayas and some amount of 

sediment deposited can be ascribed to a significant pulse of uplift and erosion 

in the Himalayas. Schumm and Rea (1995) suggested the changes of 

sediment-yield rates through time reflect evolutionary changes within the 

landscape and therefore can be used to interpret past tectonic events. Based 

on the shape of the sediment yield curve, they reported periods of substantial 

uplift, slow uplift and no uplift in the Himalayan orogeny. 
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iii) Concepts on the composition of sediments in the turbidites 

Dark grey turbidites (Facies 3 of Stow et al. 1990) of the distal Bengal Fan are 

distinct in composition. They are dominated by high smectite (S), kaolinite (K) 

(SK assemblages) and relatively high gibbsite and heavy minerals such as 

Mg-rich ilmenite, pyrope, garnet and brown hornblende and An-rich 

plagioclase. Based on mineral assemblages and thermal demagnetization 

curves, it has been suggested that these turbidites may have derived from the 

western Bay of Bengal and source sediments are Deccan Trap basalts and 

greenschist to granulite facies in south-east coast of India and Sri Lanka 

(Sager and Hall, 1990; Stow et al., 1990; Yokoyama et al., 1990). The 

significant percentage of resedimented nannofossils within these turbidites 

suggest that these sediments may have accumulated first in a shelf or outer 

slope setting on the western margin of the Bay of Bengal. 

The SK-rich levels of facies 3 correspond to -6 Mya and 0.8 Mya and 

are associated with low sedimentation rates (-48 m/Mya) and high 87Sr/86Sr 

values (0.74). The illite (I) and chlorite (Ch) (ICh)-rich levels lie below and 

above this facies and correspond to 17.1 to -6 Mya and -0.8 Mya to present 

time periods with sedimentation rates -101 m/Mya and -260 m/Mya, 

respectively (Stow et al., 1990). The 87Sr/86Sr value for both these periods 

(Palmer and Edmond, 1989) is 0.72. The suggestion that the SK-rich levels 

were derived from the western Bay of Bengal (Yokoyama et al., 1990; Stow et 

al., 1990; Brass and Raman, 1990) have not been agreed to by several 

subsequent authors for the following reasons. (a) Bouquillon et al. (1990) and 

France-Lanord et al. (1993) found that the 8 180 of quartz, 87Sr/86Sr of feldspar 

and 143N ./144 Nd of fine particles are nearly constant for all the sediments 

indicating the turbidites rich in SK-assemblage and ICh-assemblage are 

derived from the same source rocks. (b) The higher 8 180 values for SK levels 

than the ICh levels were related to alteration of eroded material at low 

temperature in the Ganges-Brahmaputra river system prior to sedimentation. 

They explained that the sediments were first stored in the Shiwalik Basin, 

which showed subsidence during late Miocene-Pliocene time (Burbank, 1992), 

rather than being directly transported to the Bengal Fan. (c) Fagel et al. (1994) 
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suggested that both illite-chlorite and smectite-kaolinite rich levels are derived 

from a single dominant Himalayan source and differences in their stable 

isotope composition represents different alteration histories of the source 

material. 

The High Himalayan Crystalline (HHC) meta-sedimentary rocks located 

above the Main Central Thrust have been suggested to be the dominant 

source of sediment supply to the Bengal Fan since 17 Mya, as they are 

exposed in the Greater Himalayas. Less contribution is from Low Himalayas 

and Tibetan Sedimentary Series (TSS) as the former is at a lower elevation, 

not glaciated and under plant cover (France-Lanord and Derry, 1994). The 

613C values of the organic carbon increased dramatically at 7 Mya and 

decreased rapidly after 0.9 Mya, indicating variations in the source of organic 

carbon that are comparable with sedimentolgical changes and indicate that a 

613C shift results from the increased C4 plants across the GB basin (France-

Lanord and Derry, 1994). Subsequent study, however, showed that the 

sedimentation and subsidence in the Shiwalik foreland basin sequence do not 

show compensating increase in sediment accumulation during late Miocene 

and Pliocene (Burbank et al., 1993). Derry and France-Lanord (1996) carried 

out Sr and Nd isotopes, 6 180 and K20/Al203  ratios of different size fractions of 

sediments of SK and ICh levels and found that the source sediments >2-50 

tim are from HHC. The <2 tim clays in SK levels showed low K20/Al203 and 

high 6180 values indicating intense chemical weathering at low temperature. 

They suggested that SK clays might have been produced in low elevation in 

Gangetic plain. They also found that H and 0 isotope composition of SK levels 

are too high to be in equilibrium with the Himalayan source water and too low 

to be equilibrium with seawater. Keeping in view of Burbank et al. (1993) the 

authors interpreted that the decrease in Sr flux during late Miocene to 

Pleistocene is the result of decreased erosion rate and reduction in tectonic 

uplift rate of the Himalayas. The very high sedimentation rates accompanied 

by low 6180 and high 87Sr/86Sr suggest intense processes of erosion, 

transportation and deposition when uplift rates of the Himalayas are high. 

Derry and France-Lanord (1996) also suggested that the high sediment flux 
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during the Pleistocene is in agreement with the increased tectonic uplift rate of 

Himalayas during this time. Colin et al. (1999) have reported Sr and Nd in the 

Bengal Fan region for the Holocene and Pleistocene sediments (see Fig. 3.4) 

and delineated the sources in the northern Bay of Bengal. They reported that 

Ganges-Brahmaputra derived sediments on the western Bay of Bengal get 

mixed with sediments derived from the Indian peninsula and on the eastern 

Bay of Bengal with the sediments derived from the Irrawady River. They 

further suggested that the surface currents influenced by monsoons are 

responsible for the distribution of these sediments. 

Section II: Investigations on the sediment cores 
from the distal Bengal Fan - A case 
study 

Introduction 

The Bengal Fan, known to be the world's largest delta has, acquired its 

enormous size as a result of huge sediment flux transported from the 

Himalayas, India and Sri Lankan peninsula. This flux is carried away to the 

Bengal Fan reaching farther south up to 7°S via turbidity currents (Ewing et al., 

1969) and 10°S (Fagel et al., 1994). It is evident from Section I that (a) the 

turbidites are from different sources (Stow et al., 1990). (b) The sedimentation 

rate of turbidites is highest (350 m/Mya) in Pleistocene and lowest during late 

Pleistocene/Holocene (15-25 m/Mya) (Stow et al., 1990). (c) Some workers 

reported turbidites right on the surface (Weber et al., 1997), while others below 

2 m — 4 m from the surface in the distal Bengal Fan (Wetzel, 1990). (d) At 

times the colour and mineralogy of the sediments may mislead in 

understanding their source (Derry and France-Lanord, 1996). (e) Strontium 

and neodymium isotopes are better indicators of provenance (Rea, 1992) and 

(f) It is important to follow the multidisciplinary approach by employing different 

techniques/proxies in identifying turbidites and/or paleoclimate / palaeoceano-

graphic signatures recorded in the sediments. Investigations on the distal 

Bengal Fan sediments would be more advantageous because they provide 

information about the extent of turbidites or mixing of turbidites from one 
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source to the other through time and also the role of oceanographic conditions 

prevailed in distributing sediments during the Holocene. 

In this section sediments from two gravity cores SK148/2 and AAS37/2 

from the western and lower Bengal Fan, respectively (see Fig. 3.1) were 

investigated for the CaCO3 , OC, TN, OC/TN ratio, grain size, clay mineralogy, 

Sr - Nd isotopes and rock-magnetic properties. Data on grainsize and clay 

mineralogy for the core AAS37/2 was generated by summer student (S. 

Chakraborty) and used here to compare the variations with SK148/2. The 

objectives of this section are to report (a) down core distribution of the above 

parameters during Holocene and Pleistocene, (b) the characteristics and 

provenance of the turbidites present and (c) the role of hydrodynamic 

conditions and transport processes in distributing the sediments through the 

Pleistocene and Holocene. 

Geological setting and Oceanographic conditions 

Rivers draining through the Himalayas and Peninsular India and Sri Lanka are 

the principal agents that transport detrital sediments into the Bengal Fan. The 

Himalayan Rivers (the Ganges and Brahmaputra) are fed by both rain and 

snow, while the peninsular rivers are entirely rain fed. The Ganges-

Brahmaputra River system drains the Himalayas over Precambrian formations 

in the upper reaches and Rajmahal Traps and recent alluvium in the lower 

reaches under cold climatic condition. Physical weathering is dominant 

process in the Himalayan Rivers and as a result these rivers carry enormous 

quantities of suspended and bed load (largely fine sand and silt) to the 

offshore regions. 

The peninsular rivers are full only immediately after the SW monsoon 

(June to August) and chemical weathering being the predominant process. 

The Mahanadi, Brahmani, Vamsadhara and Nagavali drain over khondalites, 

granulites and charnockites of the Archean Eastern Ghat province. The 

Eastern Ghats are series of detached hill stretch intermittently from the 

northern border of Orissa through the coastal regions of the Andhra Pradesh in 
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Tamil Nadu they are away from the coast and join the Nilgiris in the western 

part of Chennai. Thick laterites and bauxites frequently cover the khondalites 

in the Eastern Ghats. Rainfall is highest near the east coast and the Eastern 

Ghats (Krishnan, 1968). The Godavari and Krishna Rivers rise through the 

Western Ghats, drain Deccan traps in the upper reaches and pass through the 

Eastern Ghats and Quaternaries in the lower reaches. The Cauvery River also 

rises in the Western Ghats but drains through unclassified crystallines and 

Quaternaries. The Penner River flows through Cuddapah quartzites in the 

upper reaches and Quaternaries in the lower reaches. The rivers in Sri Lanka 

mostly originate from the Highland Complex in the centre consisting of 

granulite-grade supracrustal rocks. The drainage pattern for the Sri Lanka 

Rivers is radial. Some of these rives pass through Vijayan Complex to the 

south consisting of granitoid gneisses, while the others pass through Wanni 

Complex in the north consisting of wide spectrum of rock types with 

orthogneisses being predominant type; it also includes metapelites, 

charnockites and granitoides. Limestones from Jurassic to Quaternary age are 

present in the northernmost part of Sri Lanka (see Fig. 3.5) 

The surface circulation in the Bay of Bengal is controlled by seasonal 

variations in winds. The winds are in SW direction (SW monsoon) during 

summer (June-August) leading to precipitation over Indian Peninsula. These 

winds change their direction to NE (NE monsoon) during winter (December to 

February) bringing rain to the East Coast of India. Based on changes in 

monsoon surface currents also change their direction on the Eastern 

continental margin of India. The Eastern Indian Coastal Current (EICC), moves 

towards pole during SW monsoon and during the NE monsoon EICC moves 

southward. This current carries low saline water from Bay of Bengal to the SW 

coast of India (November to January). Several workers (eg. Rao et. al., 1988; 

Rao, 1991 a; Raman et. al., 1995) have discussed dispersal and transportation 

of clay minerals and related them to surface currents. 
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Results 

The cores SK148/2 and AAS37/2 recovered from the distal Bengal Fan (Fig. 

3.1) at depth 3600 m and 4000 m, respectively showed distinct down core 

variations in several sedimentological parameters. On the basis of the 

distribution of different parameters (colour, CaCO3, grain size, clay mineralogy, 

magnetic susceptibility, organic carbon, total nitrogen and Sr ( 87Sr/86Sr) — Nd 

(ENd) isotope ratios and constituents of the coarse fraction) and for 

convenience of description, the sediments of each core were divided into two 

distinct sedimentary units, unit 2 sediments in the lower section and unit 1 

sediments in the upper section of the core (Fig. 3.6). The boundary between 

unit 1 and unit 2 occurs at 150 cm in SK148/2 and 50 cm in AAS37/2. 

Core SK148/2 

Unit 1 sediments 

The unit 1 sediments of the core exhibit alternate layers of moderate brown 

and olive black sediments between 0 and 150 cm (Fig. 3.6A). The CaCO3 

content is high and ranges between 30 and 50% (Table 3.3). It is relatively 

higher in moderate brown sediment than in olive black sediment. It is about 43 

% at the core top, increases to 50% at 38 cm. A low of 30% is observed at 58 

cm in olive black sediments. The Organic Carbon (OC) and Total Nitrogen 

(TN) are higher and range between 0.33 to 1.06% and 0.02 to 0.10%, 

respectively (Table 3.3). The peaks of high OC very well coincide with that of 

TN, but not with that of CaCO3 (Fig. 3.7). The OC/TN ratios are lower and 

range between 7.1 and 15.8. It decreases progressively from the base of the 

unit 1 to the core top. Sand content is usually low (< 7/0) (Table 3.4) and 

biogenic constituents dominate the coarse fraction. Partly dissolved skeletal 

constituents (keels) are predominant (60-95%) (Table 3.5) in the coarse 

fraction and higher proportions of keels are associated with moderate brown 

sediments (Fig. 3.8). This is followed by planktic foraminifers, which reach up 

to 63% and benthic foraminifers up to 11%. The decrease in the percentage of 

planktics coincides with increase in the proportion of keels (see Fig. 3.8). 
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Among different size fractions of the terrigenous mud (<63 gm), the 

volume percent of clay (<4 gm) is found to be dominating than that of very fine 

silt (4-8 gm), fine silt (8-16 gm), medium silt (16-31 gm) and coarse silt (31-62 

gm) (Fig. 3.9). Except coarse silt all other size fractions of the mud showed 

wide ranging fluctuations; the volume percent of clay (11.4-45.6%) is high 

compared to very fine silt (12.2- 31.0%), fine silt (14.3-31.3%) and medium silt 

(7.7-30.0%) (Table 3.6). Moderate brown sediments contain more clay and 

very fine silt, whereas olive grey sediments contain more fine silts and medium 

silt (Fig. 3.9). The size frequency curves of this unit are unimodal, but 

variations in median and mean size of the mud leads to shifting of the curves 

(see Fig. 3.10A). The Fig. 3.11 shows size frequency curves of the mud 

fraction for different depth intervals of the unit 1 sediments, indicating that the 

size frequency curves for the depth intervals 0-20 cm, 41-60 cm and 101-132 

cm are uniform, while those of the depth intervals 21-40 cm and 61-100 cm 

showed distributed frequency in a wide range. 

Illite (I), chlorite (Ch), kaolinite (K) and smectite (S) are dominant clay 

mineral groups present in this unit (Fig. 3.12). Although illite and chlorite are 

found to be dominant (varying from 24 to 85% and from 11 to 42%, 

respectively; Table 3.7), smectite and kaolinite proportions are higher in this 

unit (Figs. 3.12 and 3.13) then that of unit 2. Smectite reaches up to 26% and 

kaolinite upto 28%. Higher proportions of kaolinite and K/Ch ratios correspond 

to moderate brown sediments. The S/I and K/Ch ratios decrease sharply at the 

base of the unit 1. Smectite and kaolinite are low in olive grey sediments. 

The 87Sr/86Sr ratios of these sediments are lower and ENd values are 

more negative than that of the unit 2 sediments. The 87Sr/86Sr ratios range 

between 0.726283 and 0.734977 and ENd values between -22.2 and —18.18 

(Fig. 3.14A; Table 3.8). 

Magnetic susceptibility WO values in these sediments range between 

20 and 40 SI units (Table 3.9) and its variations are coherent with that of the 
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Fig. 3.11. Size frequency curves for different sediment intervals of Unit 1 in 
the core SK148/2. 
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acid-insoluble residue (AIR) and inversely proportional to the CaCO3 (Fig. 

3.15). Median grain size of the mud fraction (<6311m) varies from 5 to 10 1.1,m, 

and peaks of high MS correlate with the peaks of relatively higher median size. 

Although the terrigenous sand content marginally increases from the base to 

the core top of unit 1, MS does not vary with the sand content. x,ARm and 

xARm/xjt values increase with the decrease of MS and, SIRM and SIRM/xx are 

coherent with that of MS variations. HIRM and S-ratios are uniform and shows 

a through peak relation throughout the unit (Table 3.9; Fig. 3.15). 

Unit 2 sediments 

The unit 2 sediments of the core are unique and distinctly different from that of 

the unit 1. These sediments are predominantly olive black in colour (Fig 3.6A). 

The CaCO3, OC and TN content are much lower than that of unit 1 and the 

values are consistently uniform, or vary in a narrow range throughout this unit. 

The CaCO3 ranges between 19 and 25%, and OC and TN range between 0.46 

to 0.72% and 0.03 to 0.06%, respectively (Fig. 3.7; Table 3.3). The OC/TN 

ratios are higher and range between 9 and 21 with intermittent sharp peaks of 

high values (Fig. 3.7). The coarse fraction content is extremely low, and unlike 

that of unit 1, keels, planktic and benthic foraminifers are absent (Fig. 3.8) but 

shows presence of terrigenous minerals (mica flakes and quartz grains). Silt 

fractions i.e. very fine silt (12.8-26.2 vol%), fine silt (23.4-30.4 vol%) and 

medium silt (14.9-28.8 vol%) make up the large volume of the terrigenous mud 

(<63 1.1,m) compared to the overall proportions of clay (13.9-25.8 vol%) and 

coarse silt (2.6-18.4 vol%) (Fig. 3.9; Table 3.6). In the size frequency curves 

unit 2 sediments are largely unimodal, without much variation in median and 

mean size leading to the overlapping of many curves (Fig. 3.10B). Illite and 

chlorite are the predominant clay minerals, which range from 69.2 to 82.7% 

and 4.7 to 21.6%, respectively. Smectite and kaolinite contents are extremely 

low and range from 0.47-6.5% and 4.8-14.5%, respectively (see Figs. 3.12-

3.13, Table 3.7). Similarly, the low S/I (0.01 to 0.08) and K/Ch (0.24 to 2.30) 

ratios indicate that illite and chlorite are the dominant clay minerals (Table 3.7). 

The 87Sr/86Sr ratios are higher and ENd values are more radiogenic than that of 

unit 1 sediments. Moreover, the 87Sr/86Sr ratios are largely uniform (range 
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between 0.734719 and 0.735052) and eNd values range between —17.21 and —

14.88 (Fig. 3.14A; Table 3.8). MS values show marginal variations (30-40 SI 

units). All other rock magnetic properties (xARm, SIRM, xARm/x1f, SIRM/xy, HIRM 

and S-ratios) of this unit show consistently uniform and their values are lower 

than that of unit 1 sediments (see Fig. 3.15; Table 3.9). 

Core AAS37/2 

Unit 1 sediments 

The unit 1 sediments of the core AAS37/2 exhibit yellowish grey sediment at 

the core top, followed by dark yellowish brown sediment at intervals between 

8-24 cm and 33-55 cm and moderate brown sediments at 24-33 cm interval 

(Fig. 3.6B). The CaCO3 content of the sediments is high, ranging from 34 to 

61% (Table 3.10). In general, it increases from the base of the unit (30%) to 

the core top (54%) and is found to be relatively higher in dark yellowish brown 

sediments. Coarse fraction studies indicate dominance of keels reaching upto 

94% in the sediments closure to the core top followed by high peak of planktic 

foraminifers (P) (up to 49%) at about 20 cm in the core coinciding with low 

percentage of keels (Fig. 3.16; Table 3.11). The benthic foraminifers (B) 

constitute <5% of the coarse fraction. The B/P ratios are < 0.3 with higher 

ratios at the core top and at the base of unit 1 (Fig. 3.16). Interestingly, the 

intervals of high percentages of planktics and benthics correspond to the low 

percentage of keels and vice versa (Fig. 3.16). Among the grain size fractions 

of the mud (<63 pm), the volume percent of very fine silt (22-29%) and fine silt 

(27 -33%) appear dominating than that of clay (16-26%), medium silt (12-23%) 

and coarse silt (4-8%) (Table 3.12). Moreover, the volume percentage of clay 

and medium silt varied widely than that of very fine silt and fine silt (see Fig. 

3.17). In the size frequency curves the sediments of this unit display unimodal 

characteristics without much variations in median and mean, leading to the 

overlapping of the curves (see Fig. 3.18A). Upon further separation of the 

curves based on depth intervals of the core, the sediments between 0 and 24 

cm exhibit uniform frequency, whereas those of the sediments at intervals 

between 25 and 51 cm curves showed varied frequency (Figs. 3.19A-B). 
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IIlite (48-73%) is the most dominant clay mineral in the sediments of this 

unit, followed by smectite (up to 35%), kaolinite (up to 11%) and chlorite (up to 

10%) (Figs. 3.20 - 3.21; Table 3.13). The S/I ratios and K/Ch ratios are high 

reaching up to 0.70 and 1.61, respectively. The Fig. 3.20 clearly shows that 

smectite and kaolinite contents showed significant increase at the expense of 

illite. Chlorite contents do not vary significantly to that of unit 2. The 87Sr/86Sr 

ratios and ENd values of the sediments of this unit are significantly different 

from that of the unit 2 of the same core and also from that of the unit 1 of the 

SK148/2 (Fig. 3.14B). Here, the 87Sr/86Sr ratios are lower (range between 

0.717330 and 0.722563) and ENd values are slightly more radiogenic, ranging 

between —15.82 and —14.61 (Table 3.14). 

MS values are, in general, higher than that in core SK148/2 and higher 

values of MS occur at the core top and base of the unit 1 and lower values in 

the centre.(Fig. 3.22) MS values are inversely proportional to that of CaCO3 

content. Median size of the mud fraction does not vary significantly in the down 

core and shows no relationship with MS. Low MS coincides with sand content. 

XARM values are higher than that in unit 2. SIRM variations are coherent with 

that of magnetic susceptibility values, SIRM / xif and xARm /xi' values are higher 

than that of unit 2 of the same core. HIRM values are higher at the base of unit 

1 and decrease towards the core top, whereas S-ratios are higher at the base 

and core top of unit 1 and low in the centre (Fig. 3.22; Table 3.15). 

Unit 2 sediments 

As in the case of SK148/2 core, the unit 2 sediments of this core are also 

unique. These sediments are olive grey in colour (Fig. 3.6B). The CaCO3 

content is about 20% and consistently lower than that of unit 1, except at 

intervals 80-85 cm and 90-95 cm where it shoots up to 30 and 49%, 

respectively (Fig. 3.6B; Table 3.10). Coarse fraction studies indicate the 

presence of high percentage of keels at the boundary of unit 1 and unit 2, and 

relatively high percentage of keels, planktic and benthic foraminifers at 85-105 

cm sediment interval (Fig. 3.16; Table 3.11). The percentage of benthics is 

also higher (up to 15%) at this level. The B/P ratio is extremely low except at 

the interval 96-110 cm, reaches up to 0.5. The mica flakes and quartz grains 
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Fig. 3.21. Representative X-ray diffractograms (glycolated) showing the presence 
of the major clay minerals at different depth intervals in the Unit 1 
and Unit 2 of the core AAS37/2. Smectite (S), Illite (I), Kaolinite (K), 
Chlorite (Ch). 
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are observed in this unit. In the grain size fractions of the mud, the volume 

percent clay (10.6-21.7%) is less than that of very fine silt (12.5-27%), fine silt 

(24.3-33.8%), medium silt (16.2-30.6%) and coarse silt (3 -22%) (Table 3.12). 

In this unit clay, very fine silt, fine silt and medium silt exhibiting narrow range 

of fluctuations (see Fig. 3.17). In the grain size frequency curves the 

sediments of this unit are unimodal, with variations in median and mean that 

leads to spreading of the curves (see Fig. 3.18B). The frequency curves at 

intervals between 51-72 cm are more disturbed than those at interval between 

73-114 cm (Figs. 3.19C and 3.19D). 

IIlite (71-86%) and chlorite (4.6-10%) are the dominant clay minerals in 

this unit with minor smectite (4-17%) and kaolinite (2-5%) (Figs. 3.20 and 

3.21; Table 3.13). The increase of smectite and kaolinite can be seen at the 

top of unit 2 (Fig. 3.20). The S/I and K/Ch ratios are also low, ranging from 

0.05 to 0.23 and 0.26 to 0.65, respectively (Table 3.13). The 87Sr/86Sr ratios 

are higher (range between 0.725971 and 0.734091) and 8Nd values are slightly 

more radiogenic (-13.85 and —13.26) than that of unit 1 of the same core (Fig. 

3.14B; Table 3.14). 

Magnetic susceptibility values are lower than that of unit 1 and higher 

values occur at the top of unit 2. The xARm and SIRM values are coherent with MS 

and SIRM / xif and xARm /x,If are lower than that of unit 1. HIRM and S-ratios varied 

widely, especially at the top of unit 2 (Fig. 3.22; Table 3.15). The intervals of 

higher carbonate content coincide with low MS and high S-ratios. 

Discussion 

Age of the sediments 

There are no absolute ages determined for the sediments of unit 1 and unit 2 in 

both the cores. Since unit 2 sediments are expected to be of turbidity current 

origin (see below), it is presumed that they are of Pleistocene age. This is 

suggested because, since after the Last Glacial Maximum (LGM), the sea level 

started rising from —120 m to the present position, the sediments transported by 
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the rivers were largely trapped in shallow shelves and estuaries. As a 

consequence of the sea level rise turbidity current activity during the Holocene 

occurs largely within 500 km in the upper Fan, and no major turbidites in the distal 

Bengal Fan at about this time (Curray et al., 1982). Since unit 1 sediments are of 

different thickness in both the cores, the age of the sediments at the boundary of 

unit 1 and unit 2 sediments of both the cores is unlikely of same age, or varied 

rates of sedimentation prevailed at the core sites may be responsible for the 

different thickness of unit 1 sediments. For convenience, the unit 2 sediments are 

considered as of Pleistocene age and unit 1 sediments formed after the LGM and 

thus represent late Pleistocene and Holocene. 

Importance of rock-magnetic properties 

The rock magnetic parameters ()of, )Am SIRM) and the ratios derived from 

them (SIRM/xif, )(Await HIRM and S-ratio) are useful for identifying variations 

in the concentrations, grain size and mineralogy of the magnetic material 

(Thompson and Oldfield, 1986). The basic parameters that indicate variations 

in magnetic mineral concentrations are xif, xARm and SIRM. These parameters 

increase in value as the concentrations of magnetic material in the sediment 

increases. xif is grain size dependent and higher values are expected at both 

larger magnetic grain sizes (multidomain) and very fine magnetic grain sizes 

(superparamagnetic). The XARM and SIRM are also grain size dependent and 

increase in value with an increase in concentration of fine magnetic grain sizes 

(single domain) (Bloemendal et al., 1992). The interparametric ratios (xARm /Xif 

and XARM  /SIRM) vary inversely with magnetic grain size and can be used to 

assess the relative change in concentrations of finer magnetic grain sizes. 

xAmvialf ratios are low for multidomain (MD>1 ptrn) and 

superparamagnetic (SP<0.03 ptrn) and high for single domain (0.03 to 1 ptrn) 

grains (Maher and Taylor, 1988). Higher ratios reflect finer magnetic grain 

sizes (single domain). The interparametric ratios, S and HIRM, reflect 

variations in the coercivity spectrum of the magnetic mineral assemblage and 

therefore in mineralogy. The S ratio is a ratio of higher coercivity minerals 

(hematite/goethite) to lower coercivity magnetic minerals (magnetite and 

meghamite). Values of S ratio -100 indicate a high proportion of magnetite, 
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whereas lower values indicate an increasing proportion of hematite and 

goethite and the parameters vary with the concentration of high coercivity 

minerals (Thompson and Oldfield, 1986; Robinson, 1986). 

High S-ratios and low HIRM values in both the units of the core SK48/2 

indicate that magnetite is the predominant magnetic mineral associated with 

the sediments. Median grain size of this core decreases SIRM/xif, xAnisnocif 

ratios increase in unit 1 suggesting finer magnetic grain sizes (single domain) 

in unit 1. (Fig. 3.15) The flat magnetic properties in unit 2 reflect the sediments 

are largely of single source. Variations in xi', XARM and SIRM in unit 1 sediments 

indicate that these parameters are influenced by carbonate content as well as 

grain size. 

Although the variations in Xif, XARM and SIRM are coherent with each 

other, HIRM values increase and S-ratios decrease at the transition zone 

between unit 1 and unit 2 in core AAS37/2 (see Fig. 3.22). This implies 

increased hematite / goethite content and thus a variable source sediments in 

this core. Similarly, the increased XARM and SIRM values and magnetic grain 

size parametric ratios (SIRM/xf, XARMOCif ) with the decrease of median grain 

size of the sediments imply finer magnetic (single domain) grains are 

associated with unit 1 sediments. Inverse relation of carbonate and xif at the 

base of unit 2 (Fig. 3.22) again suggests dilution of susceptibility values by 

carbonate content. 

Sediment sources for unit 2 

The unit 2 sediments of both the cores are distinctly different from that of the 

unit 1 of the same core. These sediments are largely fine-grained, olive grey to 

grey black in colour and marked by lower percentages of CaCO3, higher 

quartz and mica in the coarse fraction and illite and chlorite-rich clay minerals 

in <2 j_tm fraction (Figs. 3.6; 3.12 and 3.20). Various silt fractions constitute the 

major component of the mud fraction in both the cores (Figs. 3.9 and 3.17). 

Grain size frequency curves show unimodel distribution (Figs. 3.10B and 

3.18B). These characteristics point to an abundant terrigenous material, most 
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probably derived from a single source. The depths at which the cores were 

recovered are close to the lysocline (3700 and 3900 m) and well above the 

calcite compensation depth (CCD; 4500-4800 m see Kolla et al., 1976a) in 

these areas. If surficial currents had transported the material from the source 

to the core site, one would expect the co-occurrence of water column 

components such as planktic foraminifers and increased content of clay. 

Except at the base of unit 2 in core AAS37/2 (Fig. 3.16), these sediments are 

devoid of biogenic components and contain more of silt proportions (Figs. 3.9 

and 3.17). These imply probable turbidity current origin of the sediments. Low 

OC and TN contents and low OCiTN ratios (Fig. 3.7) in core SK148/2 also 

suggest terrigenous derived organic matter. Flat rock magnetic properties of 

the unit 2 sediments (Fig. 3.15) of SK148/2 further suggest a single source. 

The larger part of unit 2 sediments (except at the base of unit 2 and transition 

of unit 1 and 2) in AAS37/2 show flat rock magnetic properties suggesting the 

sediments are largely derived from a single source. 

The cores are located at the proximity of the Indian peninsula and Sri 

Lanka and in the distal Bengal Fan region (see Figs. 3.1 and 3.2). The illite 

and to some extent chlorite-dominated clay minerals are characteristic of the 

sediments of unit 2 in both the cores (Figs. 3.12 and 3.20),. The hinterland of 

southeastern India and Sri Lanka comprises of charnockite gneisses and 

schistose rocks and also coastal Tertiary formations, which are being 

weathered under humid tropical conditions. If these formations are source for 

the observed clay minerals one would expect smectite and kaolinite apart from 

illite. Rao and Kessarkar (2001) reported smectite, illite and kaolinite, in order 

of abundance, in the shelf region off Chennai. As the unit 2 sediments are illite 

and chlorite-dominated, turbidites originated from the western margin of the 

Bay of Bengal may not be the prime source for these sediments. On the other 

hand, illite and chlorite are largely the products of physical weathering, and 

clay mineral suites of the Ganges and its tributaries reflect a glacial derivative 

from the Himalayan Mountain System (Naidu et al., 1985). Regolith of the 

primary rocks, yielded under glacial weathering condition is enriched in illite 

and chlorite with traces or absence of smectite and kaolinite (Naidu and 

Mowatt, 1983 and references there in). The low S/I and K/Ch ratios in unit 2 of 
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these two cores thus suggest dominant physical weathering products, 

probably from the Himalayan rocks. Several workers (Subramanian, 1980; 

Naidu et al., 1985; Rao, 1991 a) have reported high illite and chlorite content in 

suspended and bed load of the Himalayan rivers, its tributaries and in the 

estuarine region. It is likely that the sediments are derived from Ganges-

Brahmaputra system and turbidites derived from the Northern Bay of Bengal 

and at the mouth off Ganges are probably responsible for their transportation 

to the core site. Increased hematite/goethite (at the transition of unit 2 and unit 

1) in AAS37/2 and slightly high smectite in unit 2 sediments indicate, 

deposition of different source, or reworked sediments from the Sri Lankan 

Peninsula were simultaneously deposited. 

Explanation for variable Sr and Nd values 

The range of Sr isotopic ratios of unit 2 sediments in SK148/2 (0.734719 - 

0.735052) and AAS37/2 (0.725971 - 0.734091) are higher than that of the 

Ganges sediments deposited during the Last Glacial Maximum (LGM) 

(0.7210-0.7231; Colin et al., 1999). Similarly, the range of ENd values in 

SK148/2 (-17.21 to —14.88) and AAS37/2 (-13.85 to —13.26) are much 

negative than that of the Ganges sediments deposited during the LGM (-10 to 

—11; Colin et al., 1999). The plot of 87Sr/86Sr vs. ENd values of the hinterland 

geological formations and unit 2 sediments of the cores (Fig. 3.23A) indicates 

that the unit 2 sediments fall distinctly away from the Madras gneiss and 

charnokite gneiss, but fall closer to that of range of HHSS and Ganges delta 

sediments (Fig. 3.23A). Similarly, the isotopic values reported here are away 

from the values of Highland complex and Vijayan complex of Sri Lanka, but 

within the range of values reported for the Wanni complex of Sri Lanka (Fig. 

3.23B), The Wanni complex occupies larger portion of northern Sri Lanka (Fig. 

3.4) and supplies sediments to the major canyons located in the offshore of 

the northeastern Sri Lanka (see Rao and Kessarkar, 2001). The unit 2 

sediments of the core SK148/2 may not have been originated from this 

complex, because the clay minerals do not support. For example, the 

sediments of the Wanni complex weather under humid tropical climate and 
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one would expect some kaolinite and smectite, which were found in traces in 

unit 2 sediments. The southerly current developed during the NE monsoon 

brings sediments closre to the core AAS37/2, which contain minor smectite 

and kaolinite in unit 2 sediments. Goethite is also a component of tropical 

soils. On the other hand, when plotted with the Bengal Fan sediments (Fig. 

3.24), the Sr and Nd isotope values reported here fall away from the North Fan 

and East Fan sediments but are located between the West Fan sediments and 

Pleistocene sediments (of the ODP cores) of the distal Bengal Fan, derived 

from the turbidity currents originated at the mouth of Ganges and Brahmaputra 

river system. Therefore two possibilities are accounted for the variations in 

isotopic values. (a) The unit 2 sediments in both the cores are predominantly 

derived from the turbidites originated in the Northern Bay of Bengal, but in the 

southern core (AAS37/2) these sediments to some extent may have admixed 

with the sediments of Wanni complex of the Sri Lanka. Alternatively, (b) both 

the unit 2 sediments of the cores had their source from the Northern Bay of 

Bengal but formed at different times. This has been suggested because 

smectite associated sediments can also come from the Ganges, provided that 

the Ganges taking its drainage load from the Shiwalik formations at the 

foothills of the Himalayas (see Section I). These sediments under go chemical 

weathering and one would expect some smectite and illite in the suspended 

and bed loads of the rivers. As a matter of fact this would takes place when the 

input from the High Himalayan crystalline source reduces. The Sr isotope 

values reported here are higher than that of Colin et al. (1999) may be 

because the Sr and Nd isotopes reported by these workers were on bulk 

sample analysis whereas in this study the isotopes are from <2 pm fraction of 

sediment and therefore higher values. Several workers reported Sr and Nd 

isotopes of the different size fractions of the sediments and found that finer the 

size fraction higher the Sr ratios (Dasch, 1969; Biscaye and Dasch, 1971; 

Revel et al., 1996a; Innocent et al., 1997a; Walter et al., 2000). 

Single or multiple turbidites? 

In the northern core (SK148/2) the size frequency curves for different sediment 

intervals of the unit 2 almost overlap each other indicating the source of 

sediments is single (Fig. 3.10B). However, in the southern core (AAS37/2) size 
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frequency curves for different intervals spread over indicating more than one 

sequence (Fig. 3.18B). The CaCO 3  dominated sediment intervals consisting of 

higher benthic foraminifers (Figs 3.6B and 3.16) also suggest that the 

turbidites originated at different times were deposited at the site. Rock 

magnetic properties also suggest mixed source sediments at the base of unit 2 

and transition between unit 1 and unit 2 (Figs. 3.15 and 3.22). The turbidites 

observed in unit 2 of the cores are similar to the Facies 1 and Facies 2 (see 

section I, Table 3.2a), with its major source from the Ganges-Brahmaputra 

Rivers (Stow et al., 1990; Stow and Townsend, 1990). 

Sediment sources for unit 1 

The unit 1 sediments of both the cores display the following characteristics: (a) 

intermittent light and dark coloured sediments (Figs. 3.6A and B), (b) higher 

CaCO3  content (c) higher proportions of keels and planktics and very low 

benthic foraminifers associated with light coloured sediments (Figs. 3.8 and 

3.16), (d) relatively higher smectite and kaolinite contents (Figs. 3.12 and 

3.20), (e) increased volume percent of clay and fine silt compared to the other 

silt fractions (Figs. 3.9 and 3.17), (f) unimodel but varied median size with 

displacement of frequency curves at different depth intervals (Figs. 3.10 & 3.11 

and 3.18 & 3.19), (g) varied Sr and Nd isotopic ratios (Fig. 3.14), (h) 

coherence between magnetic susceptibility (MS) values and acid-insoluble 

residue and non-correspondence between MS and CaCO3 content (Figs. 3.15 

and 3.22). Besides, certain depth intervals of this unit (42-74 cm and 106-136 

cm) show low carbonate associated with increased high OC, TN and OC/TN 

ratios and other intervals show higher carbonate associated sediments with 

low OC/TN ratios (Fig. 3.7). The OC/TN ratios can be used to distinguish the 

OC coming from the marine and terrestrial environments. The OC/TN ratios for 

fresh algal organic matter vary from 5 to 8 and it is 20 and greater for vascular 

land plants (Emerson and Hedges, 1988; Meyers, 1994). The lower ratios in 

the surface sediments suggest more of marine OC. Low CaCO3 (30%) 

contents associated with increased OC/TN ratio (12.55) indicate mixing of the 

more of terrigenous OC. Changes within the OC/TN ratios within unit 1 
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suggest the likely changes in the properties of source of OC shifting from 

marine and terrestrial. 

The moderate brown and yellowish grey coloured sediments in unit 1 

(see Figs. 3.6A and B) may have formed at insitu depths or formed elsewhere 

and subsequently transported to the site by turbidity currents. The higher 

proportions of keels followed by planktics and a few benthic foraminifers in 

moderate brown sediments indicate that the sediments were deposited from 

the water column certainly at the deeper depths and then transported to the 

core site. Despite several workers reported transportation of CaCO3 

associated sediments from the surrounding shelf/slope to the deep sea and 

adjacent Lower Fan (e.g. Off Visakhapatnam, south of Pennar and off 

Chennai) by mass wasting, gravity flows and turbidity currents (Subbarao, 

1964; Sastry et al., 1992; Reddy and Rao, 1996), this may not be the case 

here as the unit 1 sediments contain a few benthics and no other components 

of shelf origin. The increased percentage of keels at certain intervals may be 

because of (a) the influence of lysocline and/or CCD, (b) early diagenesis at 

insitu depths, and (c) the intrusion and corrosive effect of the Antarctic bottom 

water at the core sites. The water depths at cores sites of SK148/2 (3600 m) 

and AAS37/2 (4000 m) are close to the lysocline (- 3700 - 3900) and well 

above the CCD (4500 - 4800 m - see Kolla et al., 1976a) in the study area. 

Moreover, Stow et al. (1990) reported that there is not much change in the 

CCD for the last 2-3 Myr. Relatively low organic carbon contents coincide with 

increased content of keels (Figs 3.7 and 3.8); this probably suggests that the 

carbonate sediments are being dissolved (increased percentage of keels) due 

to the oxidation of organic carbon during early diagenesis at low sedimentation 

rates. The Antarctic bottom waters with lower temperature and enriched 

oxygen occupy place below 2000 m and have been traced up to 5°S (Warren, 

1982). The intermittent olive black sediments consisting of low CaCO3 

associated with high planktic and benthic foraminifers and low keels in 

SK148/2 indicate transportation and deposition of biogenic turbidites, similar to 

that of Facies 4 and 5 of Stow et al. (1990), who reported that these facies 

constitute turbidites rich in biogenic material sourced from Western Bay of 

Bengal, that is from the continental margins of India and Sri Lanka. 
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The smectite and kaolinite proportions increase at the expense of illite 

and, S/I and K/Ch ratios are much higher in unit 1 sediments (Figs. 3.12 and 

3.20). Increased smectite and kaolinite reflect chemical weathering products, 

which are well reported in the Eastern Ghats gneissic province (Khondalites) 

(Rao, 1991a) and also gneissic and schistose rocks of the Sri Lankan 

province. Although illite was reported from these provinces its proportions are 

lower than that of kaolinite (Rao, 1991a). Moreover, the major peninsular 

rivers, the Krishna and Godavari, drain through basic volcanic rocks (Deccan 

Traps) in the upper reaches and precambrien gneissic rocks in the lower 

reaches and supply large amounts of smectite and minor kaolinite and chlorite 

to the BOB sediments. Higher illite followed by smectite and kaolinite in unit 1 

sediments most probably indicate clay mineral suites derived from the 

Ganges- Brahmaputra River system were transported and admixed with the 

clay mineral suites derived from the western BOB and deposited at the core 

site. The peaks of high smectite and kaolinite were associated with moderate 

brown or yellowish grey sediments in both the cores. This suggests pulses of 

increased sediment fluxes from the sediments of the western Bay of Bengal at 

the core sites. 

Explanation for different Sr and Nd values 

Reduced Sr isotopic ratios and more negative / less radiogenic ENd values are 

characteristic of unit 1 sediments. Higher Sr ratios and, less radiogenic and 

more negative eNd values are expected if the weathering products are derived 

from the older geological formations. Moreover, increased Sr isotopic ratios 

were also reported with increased clay content (Walter et al., 2000). Despite 

fine fractions (clay and silt) proportions are higher in unit 1 (than in unit 2) 

sediments, Sr ratios are lower than that of unit 2. This implies that the Sr ratios 

are from the younger geological formations or, the values represent mixed 

source of sediments from younger and older formations. The Sr isotopic ratios 

for unit 1 sediments of SK148/2 are higher than that of AAS37/2. The Sr ratios 

reported here are in general higher than the Granitic (Madras) Gneiss, 

Charnockite of the SE India and much lower than that of the most of the Sr 

ratios of the Highland complex (0.71866 to 1.02387), Sri Lanka, but within the 
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range of Vijayan complex (0.70587-0.92174) and Wanni complex (0.70781-

0.97792) of Sri Lanka (Fig. 3. 23B). Similarly, the ENd values reported here are 

more positive (radiogenic) than that of Madras Gneiss, Charnockite of 

southeastern India, and Highland complex, Sri Lanka and negative (less 

radiogenic) than that of Vijayan complex of Sri Lanka and within the range of 

Wanni complex of Sri Lanka. The plots of the 875/865r vs. ENd (Fig. 3.24) 

indicate that the unit 1 sediments of both the cores fall away from North Fan 

and East Fan but close to that of West Fan and within the Wanni complex of 

Sri Lanka. The unit 1 sediments thus indicate a mixed source with sediment 

proportions from the Ganges- Brahmaputra river system and SE India and Sri 

Lanka. The Sr - Nd values of AAS37/2 are much closer to that of Wanni 

complex indicating the southerly current generated during the NE monsoon is 

probably responsible for bringing large sediment load from Sri Lanka. 

Single or multiple turbidites? 

Although unimodal sediment size distribution is characteristic for unit 1 

sediments, the frequency curves at certain sediment intervals spread over a 

wider size range, especially towards lower size (see Figs. 3.11 and 3.19), 

indicating increased pulses of clay sedimentation immediately after the 

deposition of intermittent turbidites. The laminated coloured sediments with 

intermittent biogenic turbidites in unit 1 (Fig. 3.6) suggest that the distal Bengal 

Fan also received minor turbidite sediments even in the Holocene. 

Summary and Conclusions 

The review of the Bay of Bengal (BOB) sediments suggests that 

❑ The surface sediments of the BOB are monotonous with clayey silt / 

silty clays, except at a few locations on the eastern margin of India and 

on the Ninety-east Ridge wherein the sediments are calcareous sands. 
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❑ Distinct clay mineral assemblages occur along the eastern margin of 

India. Mineralogy of the sediments is controlled by geology and climate 

in the drainage basins of the rivers. 

❑ Three distinct provinces were identified in the deeper Bay of Bengal. 

The sediments of the Province I are sourced from Peninsular India and 

Sri Lanka, Province II largely from the Ganges - Brahmaputra river 

system and Province III derived from the submarine weathering of 

Ridge basalts. 

❑ Turbidites are the major carriers for the Bengal Fan sediments and 

turbidite sediments extend up to 10° S in the early Quaternary. Most of 

the turbidity current activity at present is restricted to the upper Fan. 

❑ The sediment accumulation rate is highest (-8.6 cm/ yr) in the north 

near the Ganges mouth and decreases south, with minimum 

sedimentation rate (0.2 cm/1000 yr) in the central southern Bengal Fan. 

❑ The variations in thickness and frequency of turbidites in the ODP and 

DSDP cores are mainly related to the different phases of Himalayan 

upliftment at different times, rather than to the sea level changes. 

❑ The concepts on the sources of two main types of turbidites (illite and 

chlorite-rich light grey and, smectite and kaolinite-rich dark grey) found 

in the ODP and DSDP cores have changed with time. With the help of 

Sr - Nd and 0 - H isotopes it was documented that both the turbidites 

are from the same source (Himalayan rivers), but undergone different 

degrees of weathering before being carried by the turbidity currents to 

the Bengal Fan. 

❑ The turbidity current activity in the distal Bengal Fan region reduced 

during the Holocene. However, some workers reported turbidites right 

on the surface, while others below 2-4 m from the surface. 
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The sedimentological investigations carried out on two sediment cores 

from the distal Bengal Fan indicate 

❑ Two distinct sedimentary units occur in each core. The unit 1 sediments 

represent upper section in both the cores and display intermittent light 

and dark coloured sediments. The unit 2 sediments represent lower 

section of the cores and show largely dark (olive black to olive grey) 

coloured sediments. 

❑ Higher proportions of CaCO3, keels and planktics and, smectite and 

kaolinite are characteristic of unit 1 sediments. Unit 2 sediments are 

represented by very low and uniform content of CaCO3, higher quartz 

and mica and illite-chlorite-rich mineral phases. 

❑ Mud fractions (<63 gm) of the unit 1 sediments are dominated by clay 

and very fine silt fractions, whereas the unit 2 sediments are dominated 

by various fractions of silt. 

❑ The size frequency curves of different intervals of unit 2 sediments 

largely represent unimodal distribution and curves overlap one upon the 

other. Although different intervals of unit 1 sediments show unimodal 

distribution, the variations in median and mean size of the mud lead to 

shifting of the curves. 

❑ Rock magnetic properties showed wide variations in unit 1 and little 

variations in unit 2 sediments. Susceptibility variations correlate well 

with acid-insoluble residue of the sediment. Other rock magnetic 

parameters suggest that magnetite is the predominant mineral 

associated with SK148/2 sediments and hematite/goethite proportions 

increased at certain intervals in AAS37/2. 

❑ Higher 87Sr/86Sr ratios and more radiogenic ENd values are characteristic 

of unit 2 of both the two cores than that of the unit 1 sediments. Uniform 

Sr ratios in unit 2 of SK148/2 indicate single source. Variations in 
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carbonate and clay minerals probably resulted in varied Sr ratios at the 

base of unit 2 in AAS37/2. 

❑ Unit 2 sediments in both the cores are largely of Pleistocene age, while 

unit 1 sediments are deposited since from the Last Glacial Maximum. 

❑ Unique sedimentological properties of unit 2 sediments, especially in 

SK148/2, point to a single turbidite source, originated from the northern 

Bay of Bengal. Although the unit 2 sediments of AAS37/2 are largely 

derived from the northern Bay of Bengal, a mixed source of sediments 

derived from Sri Lanka appear evident, at least at the base and top of 

unit 2. 

❑ Higher OC, TN and presence of biogenic components indicate record of 

the water column processes in the unit 1 sediments of SK148/2. Lower 

OC/TN in this unit further confirms marine origin of the OC. Increased 

keels associated with decreased planktic foraminifers suggest 

dissolution, probably by the corrosive effect of the Antarctic bottom 

waters. 

❑ Higher S/I and K/Ch ratios in unit 1 sediments of both the cores indicate 

increased chemical weathering products. Varied down core variations in 

these ratios in association with different colour of the sediments indicate 

the source of sediments varied through time in this unit. 

❑ The unit 1 sediments are largely an admixture derived from the western 

Bay of Bengal and northern Bay of Bengal. Intermittent variations in 

smectite kaolinite and illite —rich sediments in this unit suggest that the 

core sites are influenced by the varied strength of turbidites derived 

from these two regions at different times. 

❑ Increased chemical weathering products in AAS37/2 in unit 1 suggest 

increased influence of the sediments from the Sri Lankan province, 

probably under the influence of northeast monsoon current. 
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❑ The turbidites of low frequency are deposited in Holocene sediments of 

the distal Bengal Fan. 
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Table 3.3: Distribution of CaCO3, Organic Carbon (OC), Total 
Nitrogen (TN) and OC/TN ratio in the SK148/2. 

Depth 
(cm) 

CaCO3 
(wt%) 

OC 
(wt%) 

TN 
(wt%) 

OC/TN 
ratio 

0 42.82 0.62 0.08 7.62 

5 40.48 0.53 0.07 7.14 

10 40.20 0.47 0.06 7.73 

14 43.44 0.82 0.10 8.22 

18 43.83 0.60 0.07 8.15 

22 40.29 0.50 0.06 7.87 

26 46.54 0.50 0.06 8.29 

30 46.18 0.47 0.05 9.19 

34 44.66 0.52 0.05 10.04 

38 49.56 0.69 0.07 10.55 

42 47.12 0.81 0.07 10.88 

46 44.04 0.92 0.08 11.83 

50 43.12 0.93 0.08 11.47 

54 37.67 0.98 0.09 11.52 

58 30.32 1.03 0.08 12.55 

62 34.73 0.62 0.07 8.60 

66 43.66 0.72 0.08 8.60 

70 41.61 0.73 0.08 9.14 

74 46.47 0.68 0.07 10.23 

78 46.57 0.51 0.06 9.27 

82 48.30 0.41 0.05 8.92 

86 46.86 0.41 0.05 8.62 

90 47.26 0.61 0.06 10.68 

94 49.55 0.71 0.07 9.99 

98 43.91 0.75 0.07 11.54 

102 49.12 0.91 0.08 11.59 

106 44.33 1.06 0.09 12.19 

112 39.16 0.96 0.08 12.67 

118 22.74 0.81 0.06 12.54 

124 24.29 0.81 0.07 12.28 

130 24.06 0.86 0.06 13.77 

136 21.82 0.61 0.05 13.06 

142 15.41 0.33 0.02 15.82 

148 22.76 0.52 0.04 13.44 

Depth 
(cm) 

CaCO3 
(wt%) 

OC 
(wt%) 

TN 
(wt%) 

OC/TN 
ratio 

154 21.60 0.56 0.04 12.92 

160 21.94 0.58 0.06 10.59 

166 20.32 0.53 0.05 10.20 

172 21.94 0.56 0.05 10.36 

178 22.18 0.54 0.04 13.55 

184 20.44 0.56 0.04 13.58 

190 22.86 0.53 0.04 12.88 

196 23.13 0.53 0.04 12.88 

202 20.56 0.60 0.04 13.55 

208 25.21 0.52 0.04 13.58 

214 22.30 0.61 0.03 21.06 

220 20.60 0.58 0.05 12.18 

226 21.47 0.53 0.04 12.61 

238 20.50 0.55 0.04 12.64 

244 20.41 0.57 0.04 12.93 

250 22.07 0.56 0.05 12.34 

256 22.99 0.60 0.06 10.60 

262 20.03 0.52 0.06 9.00 

268 18.66 0.55 0.06 9.83 

274 18.56 0.58 0.05 10.89 

280 20.35 0.56 0.05 11.29 

286 19.09 0.72 0.04 16.26 

292 20.57 0.53 0.04 13.15 

298 20.73 0.55 0.05 12.06 

300 20.55 0.57 0.05 12.08 

304 19.93 0.58 0.05 12.43 

310 21.68 0.57 0.05 12.17 

316 21.07 0.55 0.05 11.68 

322 21.57 0.52 0.04 11.68 

328 21.64 0.58 0.04 13.35 

334 19.95 0.56 0.04 12.64 

340 19.89 0.52 0.04 12.48 

344 18.96 0.46 0.03 14.03 
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Table 3.4: Down core distribution of sand (>63 gm) in the core SK148/2. 

Depth 
(cm) 

Sand 
(wt. °/0) 

0 3.27 

12 2.90 

15 2.60 

22 3.54 

34 3.05 

42 3.24 

48 3.85 

Depth 
(cm) 

Sand 
(wt. %) 

58 1.79 

70 2.94 

78 4.13 

86 3.37 

94 3.30 

102 6.44 

Depth 
(cm) 

Sand 
(wt. %) 

112 3.32 

124 0.49 

130 0.43 

136 0.32 

142 0.13 

148 0.51 

Depth 
(cm) 

Sand 
(wt. %) 

178 0.12 

202 0.22 

226 0.12 

250 0.41 

300 0.18 

322 0.31 

344 0.10 

Table 3.5: Percentages of Benthic foraminifers (B), Planktic foraminifers (P) 
and Keels (K), and B/P ratio in the size fraction 125-250 gm in the 
core SK148/2. 

Depth 

(cm) 

B 

(%) 

P 

(%) 

K 

(%) 

B/P 
ratio 

5 04.0 00.7 95.3 05.3 

10 02.1 28.2 69.6 00.1 

14 05.2 40.7 54.1 00.1 

18 01.0 26.9 72.1 00.0 

22 00.8 28.5 70.7 00.0 

26 01.8 31.9 66.3 00.1 

30 03.5 14.0 82.6 00.3 

34 03.5 14.1 82.4 00.3 

38 01.8 38.0 60.2 00.0 

42 02.8 44.0 53.2 00.1 

46 03.7 35.3 61.0 00.1 

48 03.7 62.6 33.7 00.1 

54 10.5 45.5 44.0 00.2 

58 06.2 55.1 38.7 00.1 

60 02.9 17.3 79.8 00.2 

66 03.6 37.1 59.2 00.1 

70 04.1 32.2 63.7 00.1 

74 03.3 07.0 89.7 00.5 

78 01.8 27.7 70.5 00.1 

82 02.1 15.3 82.6 00.1 

86 03.3 25.2 71.6 00.1 

Depth 

(cm) 

B 

(%) 

P 

(%) 

K 

(%) 

B/P 
ratio 

 
90 01.1 32.0 66.9 00.0 

94 02.3 40.2 57.4 00.1 

98 05.9 31.8 62.2 00.2 

102 11.2 39.7 49.1 00.3 

106 06.3 56.0 37.8 00.1 

112 05.1 56.7 38.2 00.1 

120 04.2 44.3 51.5 00.1 

124 00.0 00.0 00.0 - 

130 06.3 63.7 30.0 00.1 

136 00.0 00.0 00.0 - 

142 00.0 00.0 00.0 - 

148 00.0 00.0 00.0 - 

178 00.0 00.0 00.0 - 

202 00.0 00.0 00.0 - 

226 00.0 00.0 00.0 - 

250 00.0 00.0 00.0 - 

274 0.00 00.0 00.0 - 

300 0.00 00.0 00.0 - 

322 0.00 00.0 00.0 - 

344 0.00 00.0 00.0 - 
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Table 3.6: Volume percentage of various size fractions of the mud (< 63 gm) 
in core SK148/2, clay (<4 gm), very fine silt (4-8 gm), fine silt (8-16 
gm), medium silt (16-31 gm) and coarse silt (31-62 gm). 

Depth 

(cm) 

Clay 

(vol %) 

Very fine silt 

(vol %) 

Fine silt 

(vol %) 

Medium silt 

(vol %) 

Coarse Silt 

(vol %) 

0 18.64 25.84 31.48 18.39 05.35 

5 22.85 29.06 30.45 13.61 03.58 

10 23.52 28.87 29.44 13.70 03.96 

14 21.94 26.93 29.68 16.37 04.76 

18 25.58 27.24 27.42 14.82 04.59 

22 40.19 26.81 17.44 08.66 05.8 

26 45.50 19.94 14.30 10.92 08.03 

30 28.34 29.70 27.67 12.04 03.75 

34 32.39 24.75 21.49 13.26 07.06 

38 34.02 29.57 22.78 09.46 03.60 

42 21.58 23.26 28.67 20.10 06.23 

46 21.23 22.85 28.86 20.56 06.37 

50 21.90 21.30 26.75 21.88 07.97 

54 20.40 20.72 27.72 22.77 07.84 

58 19.29 20.34 29.48 23.78 07.05 

62 21.26 24.48 29.28 18.82 05.57 

66 23.09 26.95 29.47 15.97 04.28 

70 22.01 26.99 30.10 16.32 04.32 

74 36.61 30.38 19.77 07.65 04.68 

78 25.72 30.03 27.97 11.96 03.78 

82 28.73 30.78 26.04 09.77 03.89 

86 23.49 28.59 29.10 14.31 04.14 

90 29.45 29.70 25.28 11.25 03.94 

94 30.62 30.97 24.99 09.69 03.25 

98 19.63 21.15 28.12 22.62 08.29 

102 21.29 21.66 27.39 21.19 08.05 

106 18.15 19.41 26.91 24.46 10.59 

112 20.15 21.23 28.30 22.24 07.9 

118 17.74 18.78 27.53 25.25 10.44 

124 17.73 18.73 26.63 25.35 11.25 

130 20.12 20.61 27.71 23.13 08.29 

136 21.97 23.04 29.86 19.95 05.12 

Continued.... 
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Continuation of Table 3.6 

Depth 

(cm) 

Clay 

(vol %) 

Very fine silt 

(vol %) 

Fine silt 

(vol %) 

Medium silt 

(vol %) 

Coarse Silt 

(vol %) 

142 11.44 12.16 24.96 30.04 18.42 

148 20.63 21.51 28.85 20.47 07.35 

154 25.24 25.77 29.54 15.51 03.06 

160 24.38 24.89 28.65 16.52 05.04 

166 21.28 20.91 27.03 20.36 08.58 

172 24.32 24.77 29.63 17.16 04.04 

178 24.11 24.14 29.31 17.43 04.40 

184 17.28 16.69 23.95 24.06 15.12 

190 24.80 25.78 30.36 15.96 03.07 

196 25.52 25.87 29.48 15.64 03.18 

202 24.13 24.34 28.79 17.35 05.01 

208 25.39 25.98 29.79 15.79 03.05 

214 22.29 22.26 28.48 19.75 06.72 

220 23.59 23.97 29.32 17.30 04.00 

226 23.94 23.46 28.34 18.23 05.82 

238 23.61 23.78 28.91 18.09 05.32 

244 24.67 24.51 28.80 16.69 04.18 

250 24.08 24.55 29.55 17.30 04.16 

256 25.82 26.73 29.87 14.90 02.69 

262 23.33 23.01 28.88 18.84 05.66 

268 22.88 23.45 28.84 18.13 05.39 

274 24.25 24.77 29.02 16.66 04.24 

280 25.52 26.20 30.02 15.19 02.59 

286 23.80 25.00 30.09 17.11 03.90 

292 22.89 23.49 28.89 18.01 05.41 

298 24.84 25.21 29.74 16.62 03.59 

300 23.83 24.75 30.16 17.32 03.87 

304 23.78 24.81 30.31 17.42 03.67 

310 23.02 24.01 30.08 18.10 04.06 

316 23.72 24.91 30.23 16.85 03.28 

322 22.97 23.24 28.91 18.44 05.28 

328 23.84 24.73 29.69 16.85 03.71 

334 25.00 25.64 29.90 16.24 03.23 

340 24.44 24.26 29.24 17.50 04.46 

344 13.85 12.76 23.41 28.80 18.43 
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Table 3.7: Distribution of clay minerals (in <2 lam fraction) in the core SK148/2. 

Depth 

(cm) 

Smectite (S) 

(%) 

Kaolinite (K) 

(%) 

IIlite (I) 

(%) 

Chlorite (Ch) 

(%) 

S/I K/Ch 

0 03.95 21.68 63.82 10.56 0.06 2.05 

5 00.00 12.97 40.91 46.12 0.00 0.28 

10 02.31 25.50 52.58 19.62 0.04 1.30 

14 03.85 09.97 43.59 42.60 0.09 0.23 

18 13.31 23.35 49.54 13.80 0.27 1.69 

22 05.05 28.53 24.24 42.18 0.21 0.68 

26 03.51 19.53 67.45 9.52 0.05 2.05 

42 22.30 09.54 55.75 12.41 0.40 0.77 

46 10.56 13.66 57.14 18.63 0.18 0.73 

54 03.85 09.62 69.23 17.31 0.06 0.56 

58 06.38 15.56 65.96 12.10 0.10 1.29 

60 09.77 11.16 65.12 13.95 0.15 0.80 

70 09.19 10.33 62.40 18.08 0.15 0.57 

78 05.83 18.76 53.33 22.07 0.11 0.85 

82 05.01 16.54 70.64 07.81 0.07 2.12 

86 07.65 18.95 61.21 12.18 0.13 1.56 

94 05.00 25.46 53.33 16.20 0.09 1.57 

98 24.59 07.45 57.38 10.58 0.43 0.70 

106 26.14 06.36 57.95 09.55 0.45 0.67 

112 05.88 13.36 64.05 16.70 0.09 0.80 

118 10.16 15.46 55.61 18.77 0.18 0.82 

124 03.35 05.41 72.63 18.62 0.05 0.29 

136 06.99 04.19 77.94 10.89 0.09 0.38 

148 00.56 03.68 84.98 10.78 0.01 0.34 

154 00.47 10.59 81.00 07.94 0.01 1.33 

166 02.48 11.95 76.16 09.41 0.03 1.27 

190 00.4 9 13.47 77.80 08.25 0.01 1.63 

196 06.53 08.20 79.73 05.54 0.08 1.48 

202 00.83 07.67 74.69 16.81 0.01 0.46 

208 00.85 13.24 76.74 09.17 0.01 1.44 

226 01.55 07.14 75.39 15.92 0.02 0.45 

244 00.90 12.42 77.71 08.97 0.01 1.38 

250 01.94 04.76 73.68 19.62 0.03 0.24 

Continued 	 
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	Continuation of the Table 3.7 

Depth 

(cm) 

Smectite (S) 
(0/0) 

Kaolinite 

(K) (%) 

Illite (I) 

(%) 

Chlorite (Ch) 

(%) 

S/I K/Ch 

256 04.72 07.50 82.70 05.08 0.06 1.48 

262 01.29 11.52 79.35 07.83 0.02 1.47 

274 01.00 12.13 75.68 11.20 0.01 1.08 

286 01.12 14.51 78.08 06.29 0.01 2.30 

298 06.19 08.17 80.93 04.72 0.08 1.73 

300 02.91 08.61 71.84 16.64 0.04 0.52 

310 01.59 07.26 82.78 08.37 0.02 0.87 

322 01.98 07.21 69.19 21.62 0.03 0.33 

334 02.29 13.22 72.48 12.01 0.03 1.10 

344 01.16 08.42 72.09 18.32 0.02 0.46 

Table 3.8: The 87Sr/86Sr, 143Nd/1 "Nd and ENd in the <2 gm fraction of the 
sediment in the core SKI 48/2. 

Depth 

(cm) 

8iSria6Sr 14:3Nd/144Nd ENd 

10 

14 

18 

30 

54 
 66 

106 

142 

202 

274 

300 

0.730072 

0.726283 

0.727143 

0.726985 

0.734977 

0.734851 

0.735052 

0.734719 

± 0.000026 

--- 

± 0.000020 

--- 

± 0.000018 

± 0.000022 

--- 

± 0.000025 

± 0.000030 

± 0.000024 

± 0.000024 

(1a) 

(2a) 

(1a) 

(2a) 

(1a) 

(1a) 

(2a) 

(2a) 

0.511709 

0.511499 

0.511504 

0.511614 

0.511798 

0.511875 

0.511756 

--- 

± 0.000014 (1a) 

--- 

± 0.000018 (10) 

--- 

± 0.000020 (2a) 

± 0.000020 (1cr) 

± 24 (1a) 

± 28 (1a) 

± 0.000014 (20) 

--- 

--- 

-18.12 

-- 

-22.2 

--- 

-22.12 

-19.98 

16.39 

-14.88 

-17.21 

--- 
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Table 3.9: Magnetic susceptibility, acid-insoluble residue (AIR), median grain size 
(in <63 gm) fraction, terrigenous sand content and other rock magnetic 
properties in the core SK148/2. 

Depth 
(cm) 

MS 
(SI) 

AIR 
(%) 

Median 
(vol%) 

Sand 
(%) 

XARM SIRM SIRM/Xff XARM 
/ Xif 

HIRM S-Ratio 

0 40.06 57.2 09.01 1.04 575.09 263.80 06.59 14.36 02.11 99.20 

5 37.46 59.5 07.69 0.42 596.65 264.86 07.07 15.93 06.03 97.72 

10 41.94 59.8 07.61 0.33 568.83 270.01 06.44 13.56 08.15 96.98 

14 34.03 56.6 08.20 0.53 544.27 243.86 07.17 16.00 11.30 95.37 

18 33.00 56.2 07.49 0.31 534.09 195.06 05.91 16.19 02.69 98.62 

22 32.67 59.7 05.10 0.36 490.40 184.45 05.65 15.01 02.30 98.75 

26 30.12 53.5 04.60 0.58 557.15 217.68 07.23 18.49 06.00 97.24 

30 26.49 53.8 07.03 0.35 445.92 175.87 06.64 16.83 02.78 98.42 

34 27.68 55.3 06.56 0.46 551.72 232.40 08.39 19.93 05.12 97.80 

38 28.30 50.4 05.84 0.28 485.48 232.47 08.21 17.15 03.39 98.54 

42 30.16 52.9 09.10 0.25 414.20 215.89 07.16 13.73 04.23 98.04 

46 28.59 56.0 09.27 0.20 207.11 175.87 06.15 07.24 07.72 95.61 

50 33.76 56.9 09.63 0.16 306.25 223.26 06.61 09.07 10.86 95.14 

54 34.81 62.3 10.14 0.18 330.36 224.06 06.44 09.49 08.53 96.19 

58 37.13 69.7 10.40 0.10 296.35 213.57 05.75 07.98 02.09 99.02 

62 37.30 65.3 08.85 0.31 568.37 278.64 07.47 15.24 08.68 96.88 

66 30.86 56.3 07.99 0.30 547.62 244.56 07.92 17.74 10.73 95.61 

70 27.43 58.4 08.18 0.31 500.16 211.53 07.71 18.23 07.31 96.54 

74 24.89 53.5 05.42 0.46 536.18 207.81 08.35 21.54 06.17 97.03 

78 27.58 53.4 07.09 0.42 508.02 213.36 07.74 18.42 02.97 98.61 

82 22.01 51.7 06.54 0.31 534.80 211.32 09.60 24.30 13.43 93.64 

86 21.98 53.1 03.65 0.31 533.08 229.19 10.43 24.25 09.95 95.66 

90 22.64 52.7 06.52 0.28 531.57 243.03 10.73 23.48 05.66 97.67 

94 24.36 50.4 06.23 0.33 473.24 225.23 09.25 19.43 54.63 75.75 

98 28.95 56.1 10.16 0.17 401.14 222.80 07.70 13.86 05.84 97.38 

102 28.35 50.9 09.64 0.26 213.43 172.00 06.07 07.53 03.52 97.95 

106 27.05 55.7 11.23 0.28 359.22 238.75 08.83 13.28 03.75 98.43 

112 32.00 60.8 09.99 0.29 357.45 241.74 07.55 11.17 06.77 97.20 

118 39.81 77.3 11.48 0.14 195.53 199.07 05.00 04.91 04.80 97.59 

120 -- -- -- -- 205.34 186.16 -- -- -0.19 100.1 

124 41.64 75.7 11.63 0.08 248.81 210.67 05.06 05.98 09.99 95.26 

130 35.89 75.9 10.23 0.13 302.97 227.07 06.33 08.44 06.63 97.08 

136 34.21 78.2 09.02 0.10 161.22 162.20 04.74 04.71 07.20 95.56 

142 32.47 84.6 16.51 0.09 118.66 183.79 05.66 03.65 05.70 96.90 

148 28.73 77.2 09.73 0.00 107.87 172.43 06.00 03.75 05.85 96.61 

Continued 	 
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Continuation of Table 3.9 

Depth 

(cm) 

MS 

(SI) 

AIR 

(%) 

Median 

(pm) 

Sand 

(%) 

XARM SI RM SI RM/Xif XARM 

/ )(If 

HIRM S- 

Ratio 

154 29.15 78.4 07.82 0.08 125.88 138.91 04.77 04.32 09.88 92.89 

160 -- 78.1 08.14 0.06 -- -- -- -- -- -- 

166 27.97 79.7 09.84 0.05 124.74 208.21 07.44 04.46 06.59 96.84 

172 -- 78.1 08.17 0.09 -- -- -- -- -- -- 

176 30.55 -- -- --- 134.26 180.76 05.92 04.39 10.50 94.19 

178 -- 77.8 08.34 0.09 -- -- -- -- -- -- 

184 32.74 79.6 12.96 0.06 097.29 278.58 08.51 02.97 06.36 97.72 

190 -- 77.1 07.89 0.04 -- -- -- -- -- -- 

196 35.25 76.9 07.75 0.04 117.00 149.03 04.23 03.32 07.09 95.24 

202 -- 79.4 08.30 0.05 -- -- -- -- -- -- 

204 32.86 -- --- 126.43 177.73 05.41 03.85 04.72 97.34 

208 -- 74.8 07.75 0.08 -- -- -- -- -- -- 

214 24.16 77.7 09.17 0.15 114.78 171.70 07.11 04.75 01.89 98.90 

220 -- 79.4 08.48 0.05 -- -- -- -- -- -- 

226 25.89 78.5 08.53 0.05 119.91 180.73 06.98 04.63 13.69 92.42 

238 -- 79.5 08.52 0.04 -- -- -- -- -- -- 

244 18.66 79.6 08.16 0.05 126.25 166.48 08.92 06.77 05.89 96.46 

250 -- 77.9 08.21 0.16 --- -- -- -- -- -- 

252 21.57 -- -- --- 130.27 168.82 07.83 06.04 09.54 94.35 

256 -- 77.0 07.56 0.07 -- -- -- -- -- -- 

262 26.83 80.0 08.75 0.05 115.48 188.02 07.01 04.30 09.71 94.84 

268 -- 81.3 08.75 0.27 -- -- -- -- -- -- 

274 29.86 81.4 08.19 0.13 120.68 163.69 05.48 04.04 07.02 95.71 

280 -- 79.6 07.70 0.05 -- -- -- -- -- -- 

286 28.70 80.9 08.22 0.15 119.03 153.47 05.35 04.15 09.24 93.98 

292 -- 79.4 08.73 0.05 -- -- -- -- -- -- 

298 27.80 79.3 07.99 0.04 145.36 158.77 05.71 05.23 05.70 96.41 

300 -- 79.5 08.27 0.13 -- -- -- -- -- -- 

304 29.90 80.1 08.26 0.08 118.12 153.48 05.13 03.95 09.97 93.50 

310 -- 78.3 08.58 0.09 -- -- -- -- -- -- 

316 29.30 78.9 08.25 0.02 126.8 167.62 05.72 04.33 05.40 96.78 

322 -- 78.4 08.78 0.09 -- -- -- -- -- -- 

328 31.37 78.4 08.27 0.22 123.34 164.63 05.25 03.93 04.65 97.18 

334 28.37 80.0 07.88 0.08 121.13 172.80 06.09 04.27 07.91 95.42 

340 -- 80.1 08.25 0.14 -- -- -- -- -- -- 

344 26.15 81.0 16.07 0.18 106.35 263.99 10.09 04.07 07.49 97.16 

Note: MS (10 -  rn Kg -  ); XARM (rn Kg ); SIRM (10 -5  Arn Kg -  ); HIRM (10 -5  Arn2Kg-1) 
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Table 3.10: Down core distribution of CaCO3 in core AAS37/2. 

Depth 

(cm) 

CaCO3 

 (%) 

0 51.8 

4 53.2 

8 51.4 

12 54.0 

16 56.8 

20 60.7 

24 57.1 

28 53.6 

32 34.4 

Depth 

(cm) 

CaCO3 

 (%) 

36 50.6 

40 46.6 

44 41.3 

48 35.6 

50 38.3 

54 25.6 

58 18.1 

62 14.9 

66 15.5 

Depth 

(cm) 

CaCO3 

(%) 

70 14.6 

72 24.4 

84 17.4 

88 18.9 

92 38.7 

96 48.6 

102 18.0 

106 24.9 

110 21.3 

Table 3.11: Percentages of Benthic foraminifers (B), Planktic foraminifers (P) 
and Keels (K), and B/P ratio in the size fraction 125-250 um in the 
core AAS37/2 

Depth 

(cm) 

B 

(%) 

P 

(%) 

K 

(%) 

B/P 

ratio 

0 01.8 06.7 91.5 0.26 

4 03.1 03.5 93.4 0.89 

6 00.6 05.4 94.0 0.12 

10 00.6 11.0 88.3 0.06 

14 00.8 21.3 77.9 0.04 

18 02.0 49.0 49.0 0.04 

22 01.0 47.8 51.2 0.02 

26 00.5 23.1 76.4 0.02 

30 01.1 20.7 78.2 0.05 

34 04.6 15.9 79.5 0.29 

38 00.0 00.0 00.0 -- 

42 02.7 17.1 80.2 0.16 

46 01.5 06.7 91.8 0.23 

48 00.9 10.4 88.7 0.09 

52 00.9 08.5 90.6 0.10 

Depth 

(cm) 

B 

(%) 

P 

(%) 

K 

(%) 

B/P 

ratio 

54 00.0 3.2 96.8 00.0 

58 00.0 00.0 00.0 -- 

62 00.0 00.0 00.0 -- 

66 00.0 00.0 00.0 -- 

70 00.0 00.0 00.0 -- 

72 00.8 14.8 84.5 0.05 

84 00.0 00.0 00.0 -- 

88 00.0 00.0 00.0 -- 

92 05.5 19.0 75.5 0.29 

96 15.3 33.4 51.2 0.46 

100 07.6 25.3 67.1 0.30 

104 00.0 00.0 00.0 -- 

108 02.9 13.4 83.7 0.22 

110 00.0 00.0 00.0 -- 
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Table 3.12: Volume percentages of different size fractions in mud (<6311m) in 
core AAS37/2, clay (<4 1.1m), very fine silt (4-8 1.1m), fine silt (8-16 
1.1m), medium silt (16-3111m) and coarse silt (31-6211m). 

Depth 

(cm) 

Clay 

(vol %) 

Very fine silt 

(vol %) 

Fine silt 

(vol %) 

Medium silt 

(vol %) 

Coarse Silt 

(vol %) 

4 20.76 27.06 30.13 16.36 05.36 

6 17.49 25.69 33.15 18.40 04.87 

8 20.88 28.57 31.39 14.50 04.10 

10 20.32 28.08 31.56 15.33 04.27 

12 20.17 27.58 31.30 16.10 04.57 

14 20.31 26.41 30.46 16.86 05.53 

16 23.56 28.65 29.01 13.74 04.57 

18 20.92 25.48 29.22 16.94 06.71 

20 23.95 27.36 28.10 14.44 05.33 

22 22.28 27.02 29.10 15.13 05.66 

24 26.16 28.95 27.47 11.88 04.65 

26 20.98 23.69 28.12 18.03 08.06 

28 19.77 24.46 29.83 17.92 07.04 

30 21.38 26.10 28.74 16.13 06.73 

32 20.36 25.29 29.46 16.98 06.81 

34 19.14 24.87 30.16 17.67 06.94 

36 16.84 22.78 31.27 20.41 07.45 

38 22.05 25.30 27.36 16.18 07.57 

40 15.96 21.68 33.19 23.04 05.89 

42 17.96 23.54 31.93 20.26 05.98 

44 18.63 23.07 30.95 21.06 06.02 

46 18.24 26.29 32.82 17.78 04.57 

48 19.45 26.91 32.27 16.72 04.39 

50 20.16 26.92 31.64 16.35 04.57 

52 16.16 22.66 33.80 21.73 05.44 

54 16.76 22.03 31.89 22.42 06.82 

56 20.47 22.73 29.10 20.78 06.68 

58 14.34 17.58 29.08 27.30 11.33 

60 16.84 19.74 29.12 24.68 09.49 

62 16.59 20.40 31.17 24.16 07.63 

Continued 	 
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	Continuation of Table 3.12 

Depth 

(cm) 

Clay 

(vol %) 

Very fine silt 

(vol %) 

Fine silt 

(vol %) 

Medium silt 

(vol %) 

Coarse Silt 

(vol %) 

64 17.89 20.55 29.68 23.37 08.25 

66 16.75 20.79 31.10 23.73 07.58 

68 13.37 14.76 26.35 29.42 14.82 

70 10.55 12.51 24.32 30.55 22.07 

72 19.31 24.20 31.33 19.23 05.71 

84 20.94 25.40 31.30 17.63 04.50 

86 19.68 23.46 30.80 19.73 05.97 

88 21.69 25.25 30.12 17.86 05.00 

90 20.93 24.89 31.06 18.49 04.63 

92 19.97 26.82 33.48 16.81 02.92 

94 20.69 24.86 32.47 18.65 03.34 

96 20.77 26.95 32.18 16.24 03.65 

98 18.54 23.91 33.60 19.86 04.03 

100 19.24 26.09 33.75 17.32 03.53 

102 17.78 21.70 32.84 22.58 05.11 

104 17.48 22.65 30.48 21.15 07.86 

106 18.54 23.14 32.10 20.67 05.3 

108 19.57 24.78 30.70 18.26 05.96 

110 21.73 24.42 29.65 17.87 05.69 
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Table 3.13: Distribution of clay minerals (in <2 um fraction) in the core 
AAS37/2. 

Depth 

(cm) 

Smectite (S) 

(%) 

Kaolinite (K) 

(%) 

Illite (I) 

(%) 

Chlorite (Ch) 

(%) 

S/I K/Ch 

1 25.73 08.10 59.42 14.57 0.43 0.56 

4 35.34 06.78 50.34 14.14 0.70 0.48 

10 28.21 11.32 52.31 19.06 0.54 0.59 

14 22.83 08.31 59.81 17.09 0.38 0.49 

18 24.09 09.69 58.09 17.34 0.41 0.56 

22 23.51 09.65 60.85 15.19 0.39 0.64 

26 19.67 08.23 66.10 13.96 0.30 0.59 

30 22.57 07.32 60.19 16.90 0.37 0.43 

34 21.09 09.52 63.04 15.45 0.33 0.62 

38 32.87 08.27 50.54 16.39 0.65 0.50 

42 33.17 09.10 48.46 18.12 0.68 0.50 

48 12.57 08.17 72.68 14.43 0.17 0.57 

50 27.06 06.36 58.73 14.11 0.46 0.45 

52 16.56 04.89 70.95 12.33 0.23 0.40 

54 09.96 03.28 79.24 10.68 0.13 0.31 

58 11.11 02.26 80.56 08.28 0.14 0.27 

62 11.25 02.32 79.82 08.89 0.14 0.26 

66 09.48 02.42 81.33 09.14 0.12 0.27 

70 08.08 02.09 85.21 06.61 0.09 0.32 

72 05.61 03.09 85.73 08.55 0.07 0.36 

84 04.24 05.15 81.04 14.57 0.05 0.35 

88 05.19 01.74 86.38 08.40 0.06 0.21 

92 10.10 02.04 79.91 09.93 0.13 0.21 

96 08.80 04.27 80.35 10.71 0.11 0.40 

100 11.27 03.78 76.64 11.95 0.15 0.32 

104 08.42 02.32 83.23 08.30 0.10 0.28 

108 14.06 02.94 77.49 08.40 0.18 0.35 

110 08.85 04.01 80.77 10.24 0.11 0.39 
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Table 3.14: The 87Sr/86Sr, 143Nd/144Nd and ENd  in the <2 ilm fraction of the 
sediment in the core AAS37/2. 

Depth 

(cm) 

87Sr/86Sr 143Nd/144Nd ENd 

2 

22 

34  

5° 

 62 

72 

84 

100 

0.722563 

0.716956 

0.717330 

0.722452 

0.734091 

0.733363 

0.725971 

0.726036 

± 0.000020 

± 0.000026 

± 0.000022 

± 0.000026 

± 0.000022 

+ 0.000024 

± 0.000026 

± 0.000026 

(10) 

(20) 

(10) 

(2a) 

(20) 

(10) 

(20) 

(10) 

0.511827 ± 26 (10) 

0.511889 ± 24 (10) 

--- 

--- 

--- 

0.511928 ± 0.000016 

--- 

0.511958 ± 0.000010 

(20) 

(20) 

-15.82 

-14.61 

-- 
--- 

--- 

-13.85 

--- 

-13.26 
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Table 3.15: Magnetic susceptibility (MS), acid-insoluble residue (AIR), median 
grain size (<63 [an fraction), sand content and other rock 
magnetic properties in the core AAS37/2. 

Depth 

(cm) 

MS 

(SI)  

AIR 

(%) 

Median 

(Am) 

Sand 

(%) 

XARm SIRM SIRM/Xif XARm 

/ Xff 

HIRM S- 

Ratio 

0 50.88 48.2 -- 05.99 427.14 414.38 08.14 08.39 -- 97.95 

4 23.40 46.8 08.39 06.96 408.79 192.18 08.21 17.47 -- 96.39 

6 29.02 -- 09.28 07.09 421.22 211.15 07.28 14.52 07.23 96.58 

8 24.56 48.6 08.09 -- 413.87 220.58 08.98 16.85 -- 96.75 

10 27.19 -- 08.27 08.59 435.11 238.57 08.77 16.00 96.42 

12 32.69 46.0 08.39 -- 445.44 289.86 08.87 13.62 -- 96.11 

14 34.36 -- 08.59 09.25 356.84 257.12 07.48 10.38 09.71 96.22 

16 30.51 43.2 07.63 -- 350.88 275.28 09.02 11.50 -- 96.93 

18 19.49 -- 08.68 15.84 303.60 187.59 09.63 15.58 -- 96.60 

20 17.65 39.3 07.77 -- 287.15 183.32 10.38 16.27 -- 96.24 

22 26.29 -- 08.12 17.58 312.29 213.46 08.12 11.88 10.08 95.28 

24 27.56 42.9 07.16 -- 338.78 204.66 07.43 12.29 09.13 95.54 

26 26.86 -- 09.10 08.99 343.96 203.03 07.56 12.81 09.80 95.17 

28 22.96 46.4 09.13 -- 350.12 186.46 08.12 15.25 09.03 95.16 

30 21.89 -- 08.47 10.80 340.53 187.10 08.55 15.56 -- 95.30 

32 25.23 65.6 08.83 -- 336.83 196.48 07.79 13.35 08.59 95.63 

34 25.03 -- 09.14 09.50 327.91 189.36 07.57 13.10 08.61 95.45 

36 23.85 49.4 10.11 -- 358.01 216.95 09.10 15.01 -- 95.61 

38 26.17 -- 08.52 11.98 360.44 227.75 08.70 13.77 09.19 95.96 

40 32.59 53.4 10.50 -- 357.05 261.66 08.03 10.96 11.50 95.61 

42 19.72 -- 09.65 08.00 301.61 215.27 10.92 15.29 -- 95.61 

44 32.44 58.7 09.71 -- 376.77 271.89 08.38 11.61 09.92 96.35 

46 36.27 -- 08.96 05.67 434.16 322.27 08.88 11.97 11.22 96.52 

48 38.94 64.4 08.62 08.44 380.54 290.05 07.45 09.77 12.84 95.57 

50 32.29 61.7 08.51 07.99 279.72 268.48 08.31 08.66 11.02 95.90 

52 50.88 -- 10.15 04.25 224.30 422.45 08.30 04.41 06.87 98.37 

54 27.72 74.4 10.30 04.94 245.04 229.07 08.26 08.84 09.22 95.97 

56 30.00 -- 09.46 -- 150.69 195.67 06.52 05.02 07.34 96.25 

Continued 	 
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	Continuation of Table 3.15 

Depth 

(cm) 

MS 

(SI) 

AIR 

(%) 

Median 

(vol%) 

Sand 

(%) 

)(tow SIRM SI RM/Xif XARM 

/ )(If 

HI RM S- 

Ratio 

58 29.83 81.9 12.61 01.64 112.43 178.31 05.98 03.77 06.22 96.51 

60 29.19 -- 11.22 -- 105.29 171.20 05.86 03.61 05.05 97.05 

62 26.85 85.1 10.87 00.08 102.65 143.58 05.35 03.82 -- 95.40 

64 21.59 -- 10.64 -- 093.67 130.36 06.04 04.34 06.61 94.85 

66 26.01 84.5 10.72 00.20 069.14 147.54 05.67 02.66 08.23 94.42 

68 32.56 -- 14.50 -- 058.72 169.46 05.20 01.80 04.87 97.13 

70 30.89 85.4 16.95 00.37 057.22 150.22 04.86 01.85 04.31 97.13 

72 28.63 75.6 09.24 08.53 090.18 175.73 06.14 03.15 08.33 95.26 

84 21.48 82.6 08.67 01.03 077.94 129.78 06.04 03.63 06.05 95.34 

86 22.57 -- 09.36 -- 064.76 135.55 06.01 02.87 06.73 95.04 

88 23.27 81.1 08.58 00.79 087.94 154.18 06.63 03.78 06.67 95.68 

90 21.51 -- 08.79 -- 147.44 146.69 06.82 06.85 05.90 95.98 

92 20.41 61.3 08.54 07.47 178.82 138.35 06.78 08.76 03.09 97.76 

94 17.13 -- 08.82 -- 201.96 129.90 07.58 11.79 03.14 97.58 

96 17.37 51.4 08.39 12.41 177.80 127.07 07.31 10.23 00.57 99.55 

98 18.75 -- 08.39 -- 164.58 119.39 06.37 08.78 03.55 97.03 

100 18.06 -- 08.80 09.07 162.98 121.61 06.73 09.02 03.92 96.77 

102 20.35 82.0 10.13 -- 125.63 121.74 05.98 06.17 04.03 96.69 

104 23.71 -- 10.05 02.04 172.09 148.80 06.28 07.26 04.89 96.71 

106 28.98 75.1 09.63 -- 129.33 134.41 04.64 04.46 04.52 96.64 

108 23.46 -- 09.07 03.50 095.68 116.92 04.98 04.08 03.07 97.38 

110 23.46 78.7 08.75 00.53 138.06 142.23 06.06 05.88 03.69 97.41 

Note: MS (10-5m3 Kg-1 ), XARM (m 3 Kg-1 ), SIRM (10-5  Am2Kg-1 ); HIRM (10-5  Arn2Kg-1) 
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Chapter 4 

CLAY MINERALS AND Sr - Nd ISOTOPES 
OF THE SEDIMENTS ALONG THE 

WESTERN MARGIN OF INDIA AND THEIR 
IMPLICATION FOR SEDIMENT 

PROVENANCE 

Introduction 

Detrital fine-grained sediments are abundant both on the inner shelf and 

continental slope of the west coast of India. They occur largely as clay 

minerals, weathered from the rocks of the hinterland and are primarily 

transported by rivers. The parent rocks in the drainage basins of rivers have, 

however, been extensively lateritized (see below). As very large geochemical 

fractionation occurs during lateritization, it is important to understand how the 

weathering products of the rocks respond with respect to the geochemical 

signatures of parent rock and/or altered continental crust. The Sr - Nd isotope 

signatures have been extensively used to characterize the provenance of 

detrital sediments. These isotopes are primarily controlled by the age of the 

rocks (Biscaye et al., 1974; Goldstein et al., 1984; Grousset et al., 1988; Revel 

et al., 1996a). The sediments of the rivers draining older crust have relatively 

more radiogenic Sr and non-radiogenic Nd than rivers draining younger crust. 

Sr is more mobile than Nd and can be removed easily from soils during 

weathering. Sr isotopic composition is also controlled by the degree of 

chemical weathering of source rocks and strongly affected by the weathering 

of authigenic precipitates such as carbonates and phosphates in the drainage 

basin (Goldstein and Jacobsen, 1987). Several workers studied the use of Sr -

Nd isotopes with regard to their behavior in different size fractions of the 

terrigenous sediments (Dasch, 1969; Biscaye and Dasch, 1971; Grousset et 

al., 1988; Revel et al., 1996a; Innocent et al., 2000), determining the sources 

of sedimentary supplies and tracing bottom currents (Innocent et al., 1997a; 

Revel et al., 1996b; Fagel et al., 1997) and their application in evaluating the 
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climate during glacial and interglacial times (Revel et al., 1996b; Henry et al., 

1997; Innocent et al., 1997a; Stille and Shields, 1997; Colin et al., 1999; 

Walter et al., 2000). Investigations on size fractions of the sediments indicate 

as the grain size decreases 87Sr/86Sr ratios increase and ENd becomes more 

radiogenic (Dasch, 1969; Biscaye and Dasch, 1971; Revel et al., 1996b; 

Innocent et al., 1997a, 2000). Despite variations of isotope composition with 

grain size, Walter et al. (2000) suggested that the Sr isotopes are useful to 

distinguish between materials from different sources when data from the same 

grain size fractions are considered. 

Objectives 

In this chapter, a reconnaissance study of mineralogy and Sr - Nd 

isotopic composition of the sediments in 12 gravity cores along the western 

margin of India (Fig. 4.1A) was reported (for the convenience of discussion 

core numbers are taken as 1 to 12 see Table 4.1). The objectives of the 

chapter are to (a) report clay minerals and Sr and Nd isotopes in <2 pm 

fraction of the sediments, (b) understand the Sr and Nd isotope composition of 

the sediments with respect to the composition of the parent rock and its 

alteration, and (c) identify the provenance and transport pathways of the fine-

grained sediments during the Holocene and late Pleistocene sediments. 

Holocene sediments in this context are the sediments at or near to the core 

top - within the top 10 cm interval. The late Pleistocene sediments are below 

the level of Last Glacial Maximum (sediment interval determined based on 

AMS or conventional radiocarbon ages or magnetic susceptibility records of 

the cores). 

Previous studies 

Regional studies on clay minerals along the western margin of India are a few 

(Stewart et al., 1965; Mattait et al., 1973; Nair, et al., 1982a and b; Rao, 

1991b; Rao and Rao, 1995; Chauhan and Gujar, 1996; Thamban et al., 2002). 

On the basis of different clay mineral assemblages or clay mineral ratios 
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Fig. 4.1. (A) Map showing the location of the gravity cores along the western margin of India. 
Surficial geology of the continental shelf and slope is also shown. (B) Geology of the 
western India (Anonymous, 1965). For notations of the different geological formations 
refer Fig. 1A under legend. The 87Sr/86Sr ratios and eNd  of the river sediments and 
geological formations (after Peucat et al., 1989; Lightfoot et al., 1990; Harris et al., 1994; 
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discussed in the text under Geological and oceanographic setting. 
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(smectite (S) / illite (I) and kaolinite (K) / chlorite (Ch)) of the sediments and, 

major rock types in the drainage basins of the rivers, three major sources of 

sediments have been identified along the continental margin (Mattait et al., 

1973; Nair et al.,1982b): (i) Indus-derived sediments, (ii) Deccan Trap-derived 

sediments and (iii) Gneissic rocks-derived sediments. The provenance of the 

sediments along the continental shelf is distinct (Nair et al., 1982b), but on the 

continental slope of northwestern India the Indus-derived sediments are 

admixed with that of Deccan Trap-derived sediments (Rao and Rao, 1995). 

The sediments on the continental slope between Mormugao and Cape 

Comorin have been suggested to be from Gneissic rocks of the hinterland 

(Rao and Rao, 1995). Chauhan and Gujar (1996), however, reported relatively 

high illite and chlorite in the sediments of the SW margin of India and attributed 

their source the Ganges- Brahmaputra Rivers transported by the Bay of 

Bengal waters intruding the SW coast during NE monsoon. Kolla et al. (1976b) 

reported smectite-rich sediments derived from the Deccan Traps in the deeper 

Arabian Sea based on clay mineral and quartz distribution. Clay / sediment 

accumulation rates along the western margin of India, using 12 OF_ex, 
1 37Cs and 

14c (AMS) ages (Borole, 1988; Somayajulu et al., 1999) revealed varied rates 

of sedimentation (-3 to 0.04 mm/yr). For example, the sedimentation rates 

vary from 3.3 - 1.3 mm/yr in different cores collected off the Gulf of Kachchh 

and Saurashtra and only 0.24 mm/yr at 280 m depth off Mumbai. Off 

Mangalore the rates of sedimentation, measured by 210Pb and 137Cs, varied 

from 6.6 - 3.4 mm/yr in the inner shelf (at 30 m depth) to 1.1 - 0.8 mm/yr on the 

upper slope (300-600 m). On the lower slope (at 1680 m) it is only 0.04 mm/yr 

(based on 14C measurements) (Somayajulu et al., 1999). Off Kochi it is about 

1.7 - 1.6 mm/yr at 590 m depth. Sirocko and Lange (1991) reported clay 

mineral accumulation rates in the deeper Arabian Sea. 

The Sr - Nd isotopic composition of the sediments of the western 

margin of India has not yet been reported. Sirocko (1995) measured the Sr -

Nd isotopes of the modern sediments of the deep Arabian Sea. Staubwasser 

and Sirocko (2001) studied the bulk Nd isotopes in a laminated sediment core 

off Pakistan. Besides, the bulk or clay fraction Nd isotope data from the 

eastern Indian Ocean (Ben Othman et al., 1989), central and southwestern 
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Indian Ocean (Dia et al., 1992) or the Sr and Nd isotopes for sediment cores 

from the Central Indian Basin, Bengal Fan and Ocean Drilling Program (ODP) 

cores of the distal Bengal Fan (Rea, 1992; Fagel et al., 1994 and 1997; 

Bouquillon et al., 1990; France-Lanord et al., 1993; Derry and France-Lanord, 

1996; Colin et al., 1999) were reported. Sr (Karim and Veizer, 2000) and Nd 

(Cliff et al., 2002) isotopes for the sediments of the River Indus, Sr and Nd 

isotopes of the different Deccan Traps formations (Lightfoot et al., 1990) and 

Sr and Nd (Peucat et al., 1989) or Nd isotopes (Harris et al., 1994) reported for 

the granetic and gneissic rocks of Southern India are also shown in Fig. 4.1 B. 

Geological and Oceanographic settings 

Rivers are the principal agents of transport of detrital sediments into the 

eastern Arabian Sea. The River Indus is the largest one (2,900 km length, 

-966,000 sq. km  drainage area) that brings enormous sediments (Fig. 4.1 B; 

Haq and Milliman, 1984). It experiences conspicuous wet and dry climate. 

Deccan Traps cover an area of 500,000 sq. km  with a maximum thickness of 

1200-1700 m in the central and northwestern India and are overlain by 

Quaternary sediments in the coastal Saurashtra. Several rivers debouch 

sediments into the Gulf of Khambat (see Fig. 4.1A-B). The River Sabarmati 

rises in Aravali mountain ranges comprising of Precambrian gneisses and 

schists and drains through Quaternary formations before it enters the Gulf. 

The rocks in the drainage basin of the Mahi River are same as that of the 

Sabarmati, except that its tributaries also drain through Deccan Traps. Semi-

arid climate prevails over Saurashtra and in the drainage basins of the 

Sabarmati and Mahi and rain fall ranges from 500 to -1000 mm/yr (Sharma et 

al., 1994). The rocks in the drainage basin of the Narmada River (1300 km 

long, -93,000 sq. km  drainage area) are complex and comprise of 

Precambrian gneisses (Banded Gneissic Complex), Vindhyans (Proterozoic 

sedimentary formations comprising of metamorphosed limestones, sandstones 

and quartzites) and Satpuras (Deccan Trap plateau basalts) in the upper and 

middle reaches and Quaternary alluvium in the lower reaches. The Tapti is a 

moderate river (700 km long) largely drains through Satpuras. South of Tapti 
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lies the Western Ghats mountain ranges composed of two major rock types: 

the Deccan Trap basalts between Tapti and Mormugao and Precambrian 

gneisses and schists between Mormugao and Cape Comorin. The Western 

Ghats enjoy humid tropical climate with a maximum rainfall of - 3000 mm and 

are drained by several minor rivers that bring sediment load in to coastal 

Arabian Sea (Fig. 4.1B). The Ghats are located on the coast between 

Mormugao and Bhatkal and, Quilon and Cape Comorin, but - 50-80 km away 

from the coast between Bhatkal and Quilon, wherein the coastal region is 

occupied by Recent alluvium and Warkala beds (ferruginised sand stones with 

intercalated clays) of Tertiary age. 

Extensive laterisation of the parent rocks is a characteristic feature in 

western India. The bauxite and laterite-derived sedimentary facies are 

common in the coastal Kachchh and Saurashtra (Valeton and Wilke, 1993). 

Two phases of laterisation were reported in the Deccan Trap region 

(Widdowson, 1997): the high-level crest laterites (10-20 m thick) developed 

upon the post-Deccan lava plains during lower and mid-Tertiary and low-level 

laterites developed upon the coastal strip (50-60 km wide) during the mid- and 

late-Tertiary. Differential upliftment and subsequent erosion exposed basalts at 

places, especially, northward at 18° N. Lateritic profiles are capped by iron-rich 

crusts in the southern Deccan Trap region. Archaen and Proterozoic rocks of 

Karnataka and Kerala display more complex history of laterisation. Here, a 

series of stepped lateritized surfaces are recognized, probably indicating 

periodic upliftment punctuated by subsequent geomorphological adjustment of 

base level (Gunnell, 1997). 

Two major sediment types occur on the continental shelf off the western 

India (Fig. 4.1A): Recent clayey sediments on the inner shelf and relict sandy 

sediments on the outer shelf (Rao and Wagle, 1997). The sediment on the 

continental slope is largely a mixture of terrigenous clays and carbonates. The 

western margin of India receives large sediment input during the southwest 

monsoon (June-August) when rainfall is high. A southerly surface current, 

-150 km wide, develops along the margin during this season in water depths 

of 50 m on the shelf. An underwater current of about 40 km wide in the depth 
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interval 100-250 m, characteristic of Bay of Bengal waters prevails during the 

SW monsoon (Shetye et al., 1990). Intense upwelling occurs in the shelf 

waters south of Mormugao during this season. During the NE monsoon 

(December — February), the southerly surface current is replaced by a 

northerly surface current with signatures of Bay of Bengal waters intruding 

onto the SW coast of India (see Fig. 4.2). 

Results 

Clay minerals 

Illite (I), smectite (S), chlorite (Ch) and kaolinite (K) are present as major clay 

mineral groups in sediments of all the cores. The relative proportions of each 

clay mineral, however, vary significantly for each region (Figs.. 4.3 and 4. 4). 

Illite, smectite, chlorite and kaolinite, in order of decreasing abundance, are 

present in Holocene sediments from the cores (1 and 2) off the Gulf of 

Kachchh and Indus (Table 4.1; Fig. 4.3). The low (ay. 0.7) and K/Ch (ay. 

0.25) ratios are characteristic of the sediments (Fig. 4.5). The high illite and 

chlorite contents off the Indus decrease progressively southwards, and their 

decrease is accompanied by an increase of smectite (ay. = 2.0) and 

kaolinite (K/Ch = 0.7) in a shelf core (3) off Saurashtra or deeper water core 

(5) off the Indus (S/I = 1.4; K/Ch = 1.8) (Table 4.1; Fig. 4.5). 

The inner shelf core (no. 4) off the Narmada and Tapti shows abundant 

smectite (76%) with minor illite (12%), kaolinite (7%) and chlorite (6%) (Table 

4.1; Fig. 4.3). Higher kaolinite (17-24% with K/Ch = 1.7) and illite (42.5% with 

S/I = 0.65) contents are characteristic of the sediments in the cores (6 and 7) 

off Ratnagiri (Fig. 4.5). Kaolinite and smectite contents have increased in the 

cores (8-12) between Mormugao and Cape Comorin. The sediments off Kochi 

(core 10) exhibit highest kaolinite (31% with KiCh=1.9) and increased smectite 

content (36% with S/I=2.2; Figs. 4.3 and 4.5). Illite proportions are relatively 

high in the cores (8 and 9) off Mormugao and Cape Comorin (11) and low in 

the core (10) off Kochi (Table 4.1). Gibbsite is present in all the samples south 
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Fig. 4.5. Provenances of different source sediments and mixed sediments along the 
western margin of India are also shown. Smectite/Illite (S/I) ratio and 
Kaolinite/Chlorite K/Ch) ratio, depth of core colliction are given in brackets. 
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of Mormugao but more prominent in the samples off Cape Comorin (see Fig. 

4.4). Although the relative proportions of individual clay minerals vary, their 

order of abundance in the late Pleistocene sediments of the cores is same as 

that of the Holocene counterparts for each region (Table 4.1; Fig. 4.5). The 

illite and chlorite contents are much higher and smectite content is lower than 

that of the corresponding Holocene sediments of the same core. 

Sr - Nd isotopes 

The 87Sr/86Sr ratios for <2 p.m fraction of the Holocene sediments varied from 

0.7150 to 0.7253 with consistently higher values on the southwestern margin 

of India (Table 4.1; Figs. 4.6 and 4.7). Similarly, the ENd values varied from - 

12.58 to -20.29. It tends to be more radiogenic with relatively higher values in 

the northwestern and central part and less radiogenic with more negative 

lower values towards southwestern margin of India (Table 4.1; Figs. 4.6 and 

4.7). The 87Sr/86Sr ratios (Fig. 4.6) are higher and varied significantly in 

shallow water cores (1, 3, 4, 8,10) than that in the deeper water cores (2, 5, 6, 

7, 9, 11,12). Although the Sr ratios vary (0.7215 to 0.7172) the ENd values are 

nearly same (-14.10 to -14.81; Fig. 4.7) for the Holocene sediments of the 

cores 1, 2 and 5. The highest 87Sr/86Sr ratio and the most radiogenic Nd 

correspond to the core (no. 4) off the Narmada and Tapti (Fig. 4.6). The Sr 

ratio changes significantly in the cores 3, 4, 6 and 7 and appears decreasing 

offshore. The ENd is relatively more radiogenic (-12.58 to -16.98) in the cores 4, 

6 and 7. Among the cores (8-12) between Mormugao and Cape Comorin, the 

87Sr/86Sr ratio is relatively high (0.7229) in the core (10) off Kochi (Figs. 4.6 

and 4.7) and low (ay. 0.7190) in the cores (11 and 12) off Cape Comorin. 

Except in core 9, the eNd values are more negative (-18.45 to -20.29) and lower 

than any of the northern cores (1-7) (see Fig. 4.7). 

The 87Sr/86Sr ratios for the late Pleistocene sediments of the cores are 

in general low compared to that of the Holocene of the same core and mimic 

the distribution pattern found in the Holocene sediments (Figs. 4.6 and 4.7). 

The eNd value off the Gulf of Kachchh was slightly negative (-15.41) but tends 
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to be more radiogenic in the samples off Indus (-13.64). The deeper water 

core off Indus (5) showed less radiogenic ENd (-17.34). It is —12.62 in the core 

(6) off Ratnagiri. The ENd values varied from -16.78 to -23.02 for the slope 

sediments of the southwestern margin of India (Figs. 4.6 and 4.7). 

Discussion 

Holocene sediments 

For the convenience of description, the study region is divided into three 

geographic areas based on the variations in clay mineral distribution and Sr - 

Nd isotopic composition of the sediments. These are Indus-Gulf of Kachchh 

region, Saurashtra - Ratnagiri region and Mormugao - Cape Comorin region. 

These areas represent three main sources of sediments. Mixed sediments are 

found at the boundaries (see Fig. 4.5). 

Indus- Gulf of Kachchh region (cores 1 and 2) 

The illite and chlorite-dominated sediments off the Gulf of Kachchh and Indus 

(Figs. 4.3 - Fig. 4.4) indicate that the sediments are predominantly Indus-

derived. The Indus drains through Precambrian gneissic rocks of the 

Himalayas under glacial weathering conditions in the upper reaches and arid 

soils and recent alluvium of Pakistan and NW India in lower reaches 

(Krishnan, 1968). The low S/I and K/Ch ratios (Fig. 4.5) indicate that the 

mechanical or physical weathering products of the Himalayan rocks are the 

dominant source for these sediments. Konta (1985) reported high illite and 

chlorite contents in the continental detritus derived from the Indus. Several 

workers reported illite, smectite, chlorite and minor kaolinite in the shelf 

sediments off the Indus and northern part of the Gulf of Kachchh and attributed 

to the influence of Indus discharge (Nair et al., 1982a; Rao, 1991b; Rao and 

Rao, 1995). The Sr isotopic ratios are usually higher for the sediments 

weathered from older silicic rocks. Karim and Veizer (2000) reported varied 

87Sr/86Sr ratios (0.71253 to 0.72912) for different tributaries of the Indus (see 

Fig. 4.1B) and explained the variations due to the fact that these tributaries 
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drain through different lithologies such as sedimentary carbonates and 

crystalline rocks. Similarly, Clift et al. (2002) reported varied ENd values of the 

sediments of the River Indus, which fall down stream from -8.4 to -15.0 before 

entering the Arabian Sea and explained the changes by the progressive 

mixing of radiogenic sediments into less radiogenic sediments. The ENd value 

(ay. -14.5) reported here is lower than that of the Indus river suspensions (-

12.2; Goldstien et al., 1984), shelf sediments (-11.0) off Pakistan 

(Staubwasser and Sirocko, 2001), and Indus Fan (-12.5) (Clift et al., 2002), but 

within the values reported for Indus sediments (Clift et al., 2002). The Nd 

values and Sr ratios may therefore indicate the isotopic composition of mixed 

sediments contributed by the Himalayan rocks with the sediment flux derived 

from the lower reaches. 

The material brought by the Indus is largely transported to the deep 

Arabian Sea by turbidity currents (Haq and Milliman, 1984) and on to the shelf 

east of the Indus by southerly current developed during the SW monsoon. 

Aeolian dust, characterized by high palygorskite and sepiolite and relatively 

low 87Sr/86Sr (0.705) and high ENd (-6), is abundant in the western Arabian Sea 

(Prell et al., 1989). The contrasting clay minerals and, Sr and Nd values in the 

sediments off the Indus and Gulf of Kachchh imply that the aeolian flux did not 

reach the sediments of the northeastern Arabian Sea. 

Saurashtra - Ratnagiri region (cores 3, 4 and 6) 

The hinterland of the region comprises abundant Deccan Trap basalts, which 

were divided into 4 stratigraphic subdivisions (Fig. 4.1 B). The lower basalts 

(Bushe and Poladpur formations) are the largest and showed evidence of 

contamination with upper crustal material. Lightfoot et al. (1990) reported 

higher Sr ratios (0.714 — 0.716) and less radiogenic Nd values (-16.35 to -

15.4) for these basalts. On the other hand, the upper basalts (Ambenali and 

Mahabaleshwar formations) showed lower contamination and/or mobilization 

of the material from the mantle lithosphere and contain low Sr ratio (0.704 -

0.706) and high radiogenic ENd (7.06 to -6.59) (Lightfoot et al., 1990). 
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Higher smectite and relatively low illite and chlorite (Fig. 4.3 and Fig 

4.4) are characteristic clay minerals in the cores (3 and 4) and are compatible 

with the observation that smectite derived from the weathering of the basic 

volcanic rocks under semi-arid climate. The higher Sr ratios (Fig. 4.6) than that 

of the Deccan Trap basalts (see Fig. 4.1B), however, need explanation. The 

rise of Sr ratios could be due to (a) addition of high Sr component (b) 

preferential weathering and removal of unradiogenic Sr and (c) enrichment of 

radiogenic Sr in low size fractions (Borg and Banner, 1996). In contrast to Nd, 

Sr is more mobile and can be removed easily from soils during weathering 

(Goldstein and Jacobsen, 1987). As Narmada drains through heterogenous 

geological formations of different age (Fig. 4.1B) this river may have supplied 

sediments with high Sr ratio. It is also likely that the soils in the drainage basin 

of the river have undergone rapid and varying degrees of weathering during 

which the unradiogenic Sr is removed from the soils. Most importantly, 

bauxites and thick lateritic crusts cover the basaltic formations. Innocent et al. 

(1997b) measured Sr isotopes in lateritic sequences and associated waters 

and found that the major part of the initial Sr is removed from basalts during 

the early stages of weathering and, Sr ratios are higher in the increasingly 

weathered facies and in their related waters. They further reported that the Nd 

isotopic composition does not change significantly between the fresh basalts 

and the weathering products. The 87Sr/86Sr ratio also increases with 

decreasing grain size (Dasch, 1969; Biscaye and Dasch, 1971; Revel et al., 

1996b; Innocent et al., 1997a, 2000). The smallest grain size of smectite 

compared to other clay minerals (Whitehouse et al., 1960) and its abundance 

(up to 76%) in this region may have been a factor for the enrichment of Sr 

ratio. It is therefore suggested that the high Sr ratio are due to the combined 

effect of sediment mixing, lateritic weathering and grain size. On the other 

hand, Nd isotopes may be due to the mixing of sediments derived from the 

larger Bushe formations with that of the sediments in the drainage basins of 

the rivers. 

The Enid value (-17.26) in core 3 off Saurashtra is lower than the 

reported values for Deccan Trap (see Fig. 4.1B). It may have derived from 

older rocks or mixture of sediments from different sources. Because of the 



/V 

southern position of the core (see Fig. 4.1A), it is interpret that the low eNd may 

represent a local input of detrital sources. For example, the catchment areas of 

the Sabarmati and Mahi Rivers lie in a mountain range that contains 

Precambrian gneissic and schists. Mesozoic formations are also found in the 

Saurashtra region (see Fig. 4.1B). The weathering products of these 

formations under semi-arid conditions would contain low eNd values. Therefore, 

the low Nd isotopic composition (ENd = -17.26) is assumed to result from mixing 

between old eroded crust and relatively younger Deccan Traps and then 

transported on to the continental slope. This implies cross shelf transport of 

detrital clay from the hinterland. On the basis of clay mineral distribution of 

several surficial sediments off Saurashtra, Rao (1991b) and Rao and Rao 

(1995) suggested that the Indus-borne sediments carried by SW monsoon 

current and admixed with the clays derived from Saurashtra. This 

interpretation may still be valid, in view of the fact that the Sabarmati and Mahi 

are minor rivers and may not able to supply and distribute its flux around the 

continental slope off Saurashtra. 

Despite core 6 is in the vicinity of the Deccan Traps, it contains low S/I 

and high K/Ch ratios (Figs. 4.3 and 4.5). These are in contrast with that of the 

core (4) off Narmada and Tapti, which contain high S/I and low K/Ch ratios. 

However, the isotopic composition of Sr (0.715) and Nd (-13.71) agrees well 

with that of the Bushe formations of the Deccan Trap basalts (0.714, -15), 

implying no major change in source area. The increased illite and kaolinite 

may be due to the fact that the Deccan Traps south of the River Tapti are 

associated with Western Ghat mountain ranges, which weather under humid 

tropical climate and intense rainfall. The basaltic lava flows in the coastal 

region have suffered substantial erosion during lower and mid-Tertiary, prior to 

that of lateritization (Widdowson and Cox, 1996). Under these conditions one 

would expect dominant kaolinite and illite as weathering products. The 

sediments at the core site thus represent hinterland flux. Sirocko (1995) 

reported similar Sr and Nd isotopic ratios (0.714, -14) for the modern 

sediments of the eastern middle Arabian Sea and attributed their source to 

Deccan Traps of Middle India. 
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Mormugao - Cape Comorin (cores 8-12) 

The sediments are characterized by increased proportions of kaolinite (Figs. 

4.3-4.4) together with minor gibbsite and also show high Sr ratios associated 

with more negative ENd values. These suggest intense chemical weathering 

(see Millot, 1970; Chamley, 1989; Stille and Shields, 1997) of the Precambrian 

gneissic and schists under humid tropical climate. The Sr isotopic composition 

in Holocene sediments of the cores (0.7175-0.7229) are closure to that of 

Granetic Gneiss (0.71788-0.72163) but higher than that of Charnockite Gneiss 

(0.70315 - 0.71448) from the hinterland (Peucat et al., 1989). However, the Nd 

values (-18.45 to -20.29) are within the range of granetic (-19.0 to -24.8) and 

charnockite gneiss (-18.6 to -22.1) (Harris et al., 1994). 

Illite proportions are relatively higher in the sediments of the cores (8 

and 9) off Mormugao and Cape Comorin (core 11) than that of the sediments 

off Kochi (core 10) (see Figs. 4.3 - 4.4). Rao and Rao (1995) made similar 

observations based on several surficial sediments. These sediments may not 

have been transported from the Indus, because illite is associated with higher 

kaolinite (Fig. 4.3) and the Sr and Nd isotopes are different from that of Indus 

(Fig. 4.6). Chauhan and Gujar (1996) reported increased illite and chlorite 

contents in the sediments of the SW margin of India and attributed their 

presence from the Ganges-Brahmaputra rivers transported by the Bay of 

Bengal waters carried by the surface current (see Fig. 4.2) during the 

northeast monsoon. The 87Sr/88Sr and ENd of the sediments off Cape Comorin 

(ay. O. 719; -19.7) are much lower than that of the western Bay of Bengal 

(0.7230 to 0.7316; -14 to -16.2), off the Ganges-Brahmaputra (0.720 to 0.726; 

-12.5 to -12.8), or the Ganges River (>0.735; -15.0) (see Bouquillon et al., 

1990; France-Lanord et al., 1993; Derry and France-Lanord, 1996; Colin et al., 

1999). The 87Sr/88Sr vs. ENd plot of the samples also fell very well outside the 

field of the Ganges or western fan sediments (Fig. 4.8). These suggest that the 

sediments transported from the Bay of Bengal by the surface current during 

the NE monsoon or underwater current during the SW monsoon have 
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insignificant influence on mineralogy and/or Sr and Nd isotopic composition of 

the sediments in this region. 

It is known that illite is quite resistant to chemical and physical 

weathering. Relatively high illite off Ratnagiri-Mormugao and Cape Comorin 

and, low illite and high kaolinite off Kochi may be explained based on the 

position of the Western Ghats and sedimentary formations lying between the 

coast and Western Ghats. As the Western Ghats with steep cliffs occur on the 

coast off Ratnagiri - Bhatkal and QuiIon - Cape Comorin (see Fig. 4.1 B), it is 

likely that some residual illite and chlorite may have released from the 

gneisses and schists under intense rainfall conditions and subsequently 

transported and deposited onto the continental slope. Since the Western 

Ghats are away from the coast between Bhatkal and QuiIon, the soils between 

the Ghats and coast (alluvium and Warkala beds) may have been subjected to 

active hydrolysis and drainage and preferentially released large kaolinite and 

radiogenic Sr. Kaolinites are able to trap Sr from surficial waters and kaolinitic 

fades of the tropical lateritic soils contain high Sr ratios (Innocent et al., 

1997b). Therefore, the thick weathered sequences (Warkala beds) must be 

considered as natural cation exchange layers that play an active role in the 

weathering process. The high Sr isotopic ratio and kaolinite off Kochi agree 

well with this hypothesis. It is therefore evident that the illite in the sediments 

reflected the petrographic influence of rocky substrate, whereas high kaolinite 

and smectite reflected the pedogenic influence of the soils weathered under 

humid tropical conditions. Therefore the relative increase of illite and/or 

kaolinite and Sr isotopes are explained here based on the mechanical and 

chemical weathering processes associated with rocks and soils of the 

hinterland rather than the flux from the Bay of Bengal. Sirocko and Lange 

(1991) reported high accumulation rates of illte in the slope sediments of this 

region and indicated sediment source from the southern India. More 

radiogenic Nd (-10.59) for the Holocene sediments off Mangalore could not be 

explained (Fig. 4.6). Harries et al. (1994) reported high Nd values (-10.6 to —

15.4) for the Palghat-Cauvery Shear Zone (PCSZ — see Fig. 4.1B) lying just 

south of Mangalore. It is likely that the sediments contributed from this zone 

may have deposited at the site. 
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Mixed sediments (cores 5 and 7) 

Core 5 contains higher smectite and kaolinite, lower illite and chlorite (see Fig. 

4.4) and lower Sr ratios than that of the core 1 off Indus. The eNd value (-14.57) 

is same as that of the Indus (-14.81) (Figs. 4.6 and 4.7) and also within the 

range of values reported for Deccan Traps (see Fig. 4.1B). These imply that 

the sediments at the core 5 are of mixed type transported from the Indus by 

the SW monsoon current (see Fig. 4.2) and from the Deccan Traps by the 

cross shelf transport of sediments. 

At core 7, illite and kaolinite increase, Sr ratio increases and eNd value 

decreases compared to that of core 6 (Fig. 4.7). Sr and Nd values are 

intermediate between core 6 and 8. This indicates probable mixing of Deccan 

Trap flux with that of the Gneissic rocks. The major sources of sediments and 

their mixing are shown in Fig. 4.5. This is consistent with the earlier 

observations of Rao and Rao (1995). 

Late Pleistocene sediments 

The decrease of smectite and Sr ratios in these sediments (Table 4.1) and 

their corresponding increase in the Holocene sediments (Fig. 4.3) most 

probably suggest an overall decrease of hydrolytic processes and the increase 

of direct rock erosion during the late Pleistocene. Under such conditions one 

would expect the release of increased concentrations of primary minerals such 

as illite and chlorite by physical/mechanical weathering. The proportions of 

day minerals off the Indus sediments during the late Pleistocene very well 

reflect the same (Table 4.1). The Holocene sediments are more fine-grained 

than that of the late Pleistocene and higher Sr ratios are usually associated 

with finer sediments. Despite variations in abundance of individual clay 

minerals, the distribution of major day minerals and ENd values in these 

sediments are similar to that of Holocene of the same core. This suggests that 

there is no major change in sources of sediments and also in their transport 
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pathways in the respective regions. The ENd value of the late Pleistocene 

sediments off Mangalore is close to that of the Gneissic rocks of the hinterland 

suggesting that the hinterland flux is predominant during that time. 

Summary and Conclusions 

❑ Three distinct clay mineral assemblages occur in the study area. These 

are illite and chlorite-rich assemblage from the Indus, smectite-rich 

assemblage from the Deccan Traps and, kaolinite and smectite-rich 

assemblage from the Gneissic rocks. 

❑ The clay mineral assemblages are distinct in the continental margin 

sediments. Mixing of these assemblages can also be seen in the 

deeper water cores. 

❑ Sr isotopes are sensitive to weathering and lateritization. It is an 

ambiguous tracer. 

❑ The 87Sr/86Sr ratios of the Holocene sediments in shallow water cores 

are higher and varied widely than that in deeper water cores. 

❑ Weathering does not influence Nd isotopes. ENd correlates well with the 

clay mineral assemblages indicating source rock composition or mixing 

of source sediments 

❑ Kaolinite enriched sediments coupled with high Sr ratios and low eNd on 

the SW margin of India suggest intense chemical weathering. 

❑ The isotopic and mineralogical composition of the sediments of the SW 

margin of India largely represent hinterland flux and are not influenced 

by the sediment transported from the Bay of Bengal waters during the 

NE monsoon surface current or SW monsoon underwater current. 
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❑ The characteristics of the late Pleistocene sediments reflect a decrease 

in hydrolysis that resulted in decrease of smectite content and Sr ratio. 

❑ Clay minerals and ENd values suggest that the provenance and transport 

pathways of the late Pleistocene sediments are same as that of the 

Holocene for each region. 
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Table 4.1 Mineralogy and isotope (Sr - Nd) chemistry of the <2 gm fraction of sediments 
from the cores of the western margin of India. 

Holocene sediments 
Core details Weighted peak area 

percentages 
Isotope Data Remarks 

Core 
No 

Cruise no Water 
depth 
(m) 

S I K Ch S/I K/C 
h 

"`Sr/ 61iSr 143Nd/ 
144Nd 

ENd 

Indus-derived sediments 
1 SK148/22 56 34 44 04 18 0.8 0.2 0.7215 0.51187 -14.81 
2 SK148/21 1900 31 48 5 16 0.6 0.3 0.7184 0.51191 -14.10 
5 SK111/22 3235 48 35 11 6 1.4 1.8 0.7172 0.51189 -14.57 Mixed 

sediment 
Deccan Trap-derived sediments 
4 SK148/38 31 76 12 07 05 6.5 1.5 0.7253 0.51199 -12.58 
3 SK148/32 111 55 28 07 10 2.0 0.7 0.7207 0.51173 -17.26 
6 SK148/55 500 28 44 17 10 0.6 1.7 0.7150 0.51194 -13.71 
7 SK126/50 2650 23 37 24 15 0.6 1.6 0.7167 0.51182 -15.98 Mixed 

sediment 
Gneissic rock-derived sediments 
8 GC3 355 27 41 20 12 0.7 1.7 0.7216 0.51160 -20.29 

9 SK126/39 1940 31 31 24 14 1.0 1.7 0.7175 0.51210 -10.59 

10 GC5 280 36 16 31 17 2.2 1.9 0.7229 0.52269 -18.45 

0.7202 R 

11 SK126/16 1420 34 30 24 13 1.1 1.8 0.7195 0.51163 -19.66 
12 SK148/4 1380 37 20 29 14 1.8 2.0 0.7185 0.51162 -19.74 

••• Of ••• 	••• 	••• • ••• • ••• 	••• • ••• • ••• • ••• • ••• • ••• • ••• • •M• • •M• • •M• • •M• • •M• • •M• • •M• • •M• • •M• • •M• • •M• • •M• • •• 

Late Pleistocene Sediments 
Core details Weighted peak area 

percentages 
Isotope Data Remarks 

Core 
No 

Cruise no Water 
depth 
(m) 

S I K Ch S/I K/C 
h 

"`Sr/ ""Sr 143NW 
144Nd 

ENd Sample 
interval 
(cm) 

Indus-derived sediments 

1 SK148/22 56 07 70 05 18 0.1 0.3 0.7200 0.51184 -15.41 150-155 
2 SK148/21 1900 09 61 06 23 0.2 0.3 0.7225 0.51193 -13.64 120-126 
5 SK111/22 3235 38 41 07 14 0.9 0.5 0.7160 0.51175 -17.34 270-280 

mixed 
sediment 

Deccan Trap-derived sediments 

4 SK148/38 31 62 21 12 05 3.0 2.4 0.7237 210-215 

6 SK148/55 500 36 37 16 11 1.0 1.4 0.7131 0.51199 -12.62 206-212 
0.7134 448-452 

Gneissic rock-derived sediments 
8 GC3 355 34 32 19 14 1.1 1.4 0.7229 0.51170 -18.20 75-80 
9 SK126/39 1940 29 32 21 19 0.9 1.1 0.7192 0.51178 -16.78 360-370 

10 GC5 280 24 31 27 17 0.8 1.6 0.7188 0.51146 -23.02 325-330 

11 SK126/16 1420 28 37 27 17 0.8 1.6 0.7185 0.51171 -18.04 150-160 

0.7174 170-180 

S-smectite, I-Illite, K-kaolinite, Ch-Chlorite. R- Repeated measurements. 
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Chapter 5 

LATE QUATERNARY 
PALAEOCEANOGRAPHY OF THE 

SOUTHWESTERN CONTINENTAL MARGIN 
OF INDIA AS INFERRED FROM 

FLUCTUATIONS IN PRODUCTIVITY AND 
DENITRIFICATION 

Introduction 

The organic carbon (OC) content in recent marine sediments is usually high 

(>0.5%) on the continental margins (continental shelf and slope) and marginal 

basins and low (0.25%) in the adjacent deep sea (Romankevich, 1984). 

Organic carbon supply can be from both terrestrial and marine sources (Tissot 

et al., 1980; Summerhayes, 1981). The distribution of terrestrial organic matter 

in the oceans largely depends on river source and its proportions decrease 

steadily offshore (Hedges and Mann, 1979). On the other hand, marine 

organic matter enrichment in the sediments depends on the primary 

productivity in the oceans, which is controlled by light and nutrient supply 

(Ryther, 1963). This marine organic matter is derived from the plankton within 

the upper 100 m of the sea surface. Productivity is known to vary regionally as 

well as spatially. The coastal waters are generally most productive especially 

in zones of upwelling, but high primary production rates also occur in the 

equatorial upwelling zones and, seasonally (during spring time), at high 

latitudes (provide a suitable reference to global Primary Productivity). High 

primary productivity not only leads to high organic carbon burial in the 

sediments but also promotes intense oxygen minimum conditions at mid-water 

depths leading to the denitrification in some areas. 

A pronounced Oxygen Minimum Zone (OMZ) with dissolved 02 <0.5 ml 

1 -1  (-22 iiiM) exists perennially in the Arabian Sea (AS) at intermediate water 
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depths and impinges the continental slope between 150 and 1200 m water 

depths (Wyrtki, 1971; von Stackelberg, 1972). The thickness and intensity of 

the OMZ decrease towards the south. Along the western margin of India the 

dissolved oxygen concentrations vary from <4 pM between 150 and 1000 m 

depth off Bombay to <25 pM between 150 and 900 m water depth south off 

Kochi (Dietrich et al., 1966; Sen Gupta and Naqvi, 1984). Higher levels of OC 

(1-4 wt % and up to 16 wt %) occur in the continental slope sediments of the 

eastern Arabian Sea (Paropkari et al., 1987). There exist two schools of 

thoughts regarding the preservation of organic matter. Some workers consider 

that high primary productivity in the photic zone leads to a high burial rate of 

organic carbon (Pedersen and Calvert, 1990; Pedersen et al., 1992; Calvert et 

al., 1995; von Rad et al., 1999). While second school of thought stresses 

presence of oxygen-depleted waters at intermediate depths slows down 

decomposition of the organic matter, enhancing preservation (Demaison and 

Moore, 1980; Slater and Kroopnick, 1984; Paropkari et al., 1992,1993). 

Schlanger and Jenkyns (1976) have attributed OMZs as responsible 

condition for the preservation of organic matter (OM). They suggested that the 

survival and subsequent burial of relatively labile hydrocarbon-rich organic 

fraction during anaerobic degradation as essential prerequisite for the 

development of petroleum-generated source beds (Demaison and Moore, 

1980). The sediments deposited on modern continental margins in contact 

with an intense OMZ have been proposed as one modern analogue that meets 

this criterion (Demaison and Moore, 1980; Demaison et al., 1984) and such 

deposits should yield a high Rock—Eval Hydrogen Index (HI), a parameter that 

correlates with the elemental H/C ratio of sedimentary OM (Tissot and Welte, 

1984; Peters, 1986). But the recent investigations have shown that mid-depth 

OC maxima on several continental margins either extend over a larger depth 

range than the regional oxygen minima or are in some cases completely 

decoupled (Sarnthein et al., 1982; Calvert and Pedersen, 1992; Pedersen et 

al., 1992). Moreover, not much differences in HI values are observed among 

the contemporary sediments accumulating within, above and below the 

oxygen minimum zone of several margin settings (Calvert and Pedersen, 

1992; Calvert et al., 1995; Ganeshram et al., 1999). There are a few studies 



88 

reporting Rock-Eval pyrolysis for the sediments of the western margin of India. 

Paropkari et al. (1992) and Calvert et al. (1995) reported HI in the surface 

sediments, whereas Thamban et al. (1997) reported HI variations in sediment 

gravity cores collected within the OMZ along the western margin of India and 

indicated the importance of primary productivity together with texture, dilution 

and reworking in controlling the organic-richness of the sediments. 

Nitrogen is widely believed to be the main nutrient limiting productivity in 

the present day ocean (Fanning, 1992). With an oceanic residence time of 

around 3000 years, fluctuations of the combined (or fixed) nitrogen inventory 

can occur on the glacial-interglacial time scale (McElroy, 1983; Codispoti, 

1995). Nitrogen has two stable isotopes - 14N and 15N - with the lighter one 

constituting 99.63% of the element found in nature. Physical and 

biogeochemical processes discriminate between the two isotopes. For 

example, fractionation occurs when the organisms preferentially utilise 14N 

during assimilation (Faura, 1986) leaving the remaining nitrate enriched in 15N 

(Wada and Hattori, 1978; Montoya, 1994). The 8 15N of nitrate, the principal 

form of fixed nitrogen in the ocean, is -5-6%0 for the well-oxygenated deep 

waters of the oceans (Wada et al., 1975; Liu and KampIan, 1989; Sigman et. 

al., 1997). In the oxygen-depleted waters NO3 -  is used as an electron acceptor 

instead of 02 for the bacterially mediated degradation of organic matter and as 

the process proceeds the residual nitrate progressively becomes richer in 8 15N 

(Ganeshram et al., 1995) leading to maximum values of 19%0 at the core of the 

denitrifying layer (Brandes et al., 1998; Altabet et al., 1999b). 

Several workers investigated biogeochemical changes in the water 

column through analysis of nitrogen isotopic composition of OM in marine 

sediments (Rau et al., 1987; Francoise et al., 1992; Altabet and Francoise, 

1994a). The isotopic composition of the OM produced in the photic zone 

depends on the isotope ratio of nitrate and the degree to which this inorganic 

pool is utilised (Wada, 1980). The isotopic signals generated in surface waters 

are recorded in sedimentary 8 15N, which can be used to reconstruct past 

changes in the rate of biological uptake versus physical supply of nitrate 

(Calvert et al., 1992; Francoise et al., 1992, 1997; Altabet and Francoise, 
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1994a; Farrell et al., 1995; Holmes et al., 1997). In the surface waters 

underlain by the OMZs, nitrate brought up through upwelling and vertical 

mixing is enriched with 15N due to the above-mentioned greater loss of 14NO3 

through denitrification. Consequently, the OM produced here is enriched with 

the heavier isotope even if nitrate is fully utilized by the phytoplankton, and the 

isotopic composition of Particulate Nitrogen (PN) reaching the seafloor reflects 

that of nitrate in the sub-euphotic zone (Altabet et al., 1999a). This effect has 

been demonstrated for the Arabian Sea by the nitrogen isotopic analysis of 

material collected by the sediment traps (Schafer and Ittekkot, 1993). 

Accordingly, past variations in pelagic denitrification can be reconstructed from 

the nitrogen isotopic composition of OM in the underlying sediments (Altabet et 

al., 1995; Ganeshram et al., 1995; Suthhof et al., 2001). 

Variations in sedimentary 815N on the glacial/interglacial time scale 

have been studied by several workers in the Pacific (Libes and Deuser, 1988; 

Shafer and Ittekkot, 1993; Ganeshram et al., 1995; Ferrell et al., 1995, Altabet 

et al., 1999b; Pride et al., 1999; Ganeshram et al., 2000, Emmer and Thunell, 

2000), Atlantic (Holmes et al., 1997), southern and eastern Indian Ocean 

(Francoise et al., 1992; Francoise et al., 1997; Muller and Opdyke, 2000) and 

Arabian Sea (Altabet et al., 1995; 1999a, 2002; Naidu and Shankar, 1999). 

Similar studies have also been carried out on sediment trap material (Schaffer 

and Ittekkot, 1993 and 1995). Ganeshram et al. (2000) reported denitrification 

variations, based on 815N, on the continental margins of Northwest Mexico, 

Southern California, Peru and Western India. Not many records are available 

in the study area, except from the Laccadive trough (Naidu and Shankar, 

1999), off Goa (Ganeshram et al., 2000) and Mangalore (Agnihotri et al., 

2003). There exist in the literature several other records from the northwest 

and northeast Arabian Sea (Altabet et al., 1995, 1999a, 2002; Reichart et al., 

1998; Suthhof et al., 2001). Sediments from the southwest margin of India are 

particularly suitable to track variations in productivity and intensity of 

denitrification, as this region is located close to the present day periphery of 

the open-ocean (perennial) denitrification zone, and is greatly affected by the 

seasonal changes in circulation. The present day denitrification zone extends 

from continental margin off Gujarat to the central Arabian Sea (Naqvi, 1991). 
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The water column denitrification rate in the Arabian Sea is estimated to range 

from 20 to 30 Tg N yr 1  (Naqvi et al., 1991) and sedimentary denitrification rate 

range from 0.4 to 3.5 Tg N yr 1  (Naik and Naqvi, 2002). 

Objectives 

In this chapter three sediment gravity cores SK126/16 (corel6), SK126/39 

(core 39) and SK126/50 (core 50) collected below the OMZ along the 

southwest continental margin of India (see Fig. 5.1) are investigated for the 

down core distribution of grain size, organic carbon (OC), total Nitrogen (TN), 

OC/TN ratios, CaCO3, Rock-Eval pyrolysis parameters and nitrogen isotopes. 

The objectives of the present study are (a) to report down core variations in 

the OC content and Hydrogen Index (HI) richness below the OMZ and 

compare them with those within the OMZ (core GC5, published by Thamban et 

al., 1997) and, (b) to understand fluctuations in marine productivity and 

intensity of denitrification during the late Quaternary and identify the regional / 

local factors controlling these variations. 

Oceanographic conditions in the Study Area 

Surface circulation in the Arabian Sea is controlled by seasonal variations in 

winds. The winds blow from the SW direction (SW monsoon) during summer 

(June-August) leading to precipitation over the Indian Peninsula. These winds 

reverse their direction (NE monsoon) during winter (December to February) 

bringing rain to the East Coast of India. In the Arabian Sea evaporation is 

maximum closer to the Arabian coast and decreases steadily towards 

southeast with the annual precipitation marginally exceeding evaporation near 

the southwest coast of India (Venkateswaran, 1956). Based on changes in 

monsoon winds surface currents also change their direction along the SW 

continental margin of India. The surface current, West Indian Coastal Current 

(WICC), moves towards equator during SW monsoon with shallow thermocline 

near the coast. During the same period, an undercurrent carrying fresher, 

more-oxygenated waters of the southern origin flows northward with its core at 
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about 150 m (Naqvi et al., 1990; Shetye et al., 1990), It is about 40 km wide 

(Shetye et al., 1990). However, this feature is absent during the NE monsoon 

(Naqvi et al., 1990), when the surface current (WICC) moves northwards with 

deep thermocline near the coast (Shetye et al., 1990). This current carries low 

salinity water from the Bay of Bengal to the SW coast of India (November to 

January). The biologically most productive areas in Arabian Sea lie around the 

centres of seasonal upwelling off Arabia, Somalia and southwestern India 

(Qasim, 1977). During the SW monsoon period, the surface productivity rates 

are as high as 232 mg C m -3  day-1  (Krey and Babenerd, 1976; Sumitra-

Vijayaraghavan and Kumari, 1989) along the southwestern margin of India. 

Fairly high productivity is sustained till October-November (Radhakrishna, 

1969; Swallow, 1984). Upwelling was also observed along this coast 

sometimes in February (Longhurst and Wooster, 1990), well before the onset 

of the SW monsoon. Lowest productivity of 3.3 to 8.8 mg C M-3  day-1  and 0.7 

to 11.9 mg C m-3  day-1  was reported during April-May 1994 (Joint Global Flux 

Study, 1995) both for coastal and offshore waters, respectively. The decrease 

in productivity values is related to low or near zero nitrate level in the upper 

layers (Bhatttathiri et al., 1996). In the Eastern Arabian Sea, the primary 

productivity during April-May 1994-95 was reported to be 281 mg C m -2  d-1 . It 

decreased to 200 mg C n-12d-1  (off Goa) during February-March and increased 

to 660 mg C m-2  d-1  off Kochi during July-August and to 1760 mg C M-2  d' l 

 during July-August off Mangalore (Bhattathiri et al., 1996). During the SW 

monsoon the upwelled waters are capped by thin (5-10 m) lens of low-salinity 

water, which originates in part from the local precipitation and in part from 

runoff from the narrow coastal plain that receives heavy rainfall (Jayakumar, 

1999; Naqvi et al., 2000). 

Results 

Colour and Lithology 

The colour of the sediments in core 16 is largely grey olive (10Y 4/2) except a 

patch of green black (5G 2/1) sediments at 200-230 cm interval and a cm wide 

white carbonate patches at about 400 cm, followed by olive grey (5Y 3/2) 

sediment (Fig. 5.2a). Sticky clays are characteristic for core 16 at depths 
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below 230 cm (Fig. 5.2a). In contrast, the core 39 exhibits moderate brown (5 

YR 3/4) sediments at the core top changing to light olive grey (5Y 5/2) 

sediments at about 30 cm and changes to olive grey (5Y 3/2) at about 160 cm 

and continued throughout the core (Fig. 5.2b) The core 50 exhibits greyish 

orange pink (5 YR 7/2) sediments at the core top changing to moderate yellow 

brown (10YR5/4) at about 25 cm followed by alternate layers of light olive grey 

(5Y 5/2) and olive grey (5Y 3/2) sediments (Fig. 5.2c). 

Grain size parameters 

Sand, silt and clay content of the sediments in the three cores 16, 39 and 50 

(Tables 5.2-5.4) indicate that the siltyclays are dominating. In core 16 the 

texture of the sediment varied widely in the top 220 cm with higher sand 

content (4 to 41%) and is predominantly clayey silt down core (see Table 5.2. 

The silt and clay percentages are high and range from 18 to 73% and 21 to 

70%, respectively. Clay content increases between 11 ka BP and -7 ka BP 

and again decreases below 7 ka BP (Fig. 5.3a). In core 39 sand content is 

very low (1-6%) and silt (22-70%) and clay (28-74%) dominate throughout the 

core. Texture of sediment (at the core top up to 12 cm) is clayey silt changing 

to dominantly silty clay down core. The clay content is relatively high below the 

LGM (below 22 14C ka BP). However, the clay content decreases marginally 

during the LGM period and increases in the early Holocene (Fig. 5.4a). After 7 

ka BP clay content again decreases towards the core top. In core 50 sand 

content is low (2-19%) and, silt (37-54%) and clay (37-59%) dominate (Fig. 

5.5a). Texturally the sediments are silty clays or clayey silts. 

Organic carbon (OC), Total Nitrogen (TN) and 
OC/TN ratio 

The OC content is relatively high in core 16 (4.4 - 1.4%) than in core 39 (2.4 -

0.8%) and core 50 (0.6 - 0.3%) (Tables 5.5-5.7, Figs. 5.3-5.5). In the core 16, 

OC concentrations are the highest at the core top (4.4`)/0) and vary between 

4.4% and 2.5% in the late Holocene sediments (Fig. 5.3b). The OC content 

decreases down core and the lowest content of OC coincides with the highest 
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clay content in the early Holocene portion and OC is minimum (1.4%) at about 

11 ka BP. Thereafter it again increases to 3.1°/0, despite lower clay content 

during the LGM. Below the LGM, OC fluctuates between 1.4 and 3% (Fig. 

5.3b). Although the total OC content is lower in core 39, the down core 

variations in OC content (Fig. 5.4b) mimic those in core 16 during the late 

Holocene, early Holocene and LGM. The OC is relatively high (2.2-2.4%) in 

the LGM sediments, low (0.8-1.2%) during early Holocene and progressively 

increases in late Holocene sediments with a value of 1.8% at the core top. It 

varies between -1.5°/0 and 2% in the sediments below 22 14C ka BP (Fig. 

5.4b). In core 50, the OC content is low (0.3 - 0.6%) and does not exhibit 

significant variations during the Holocene and Pleistocene levels (Fig. 5.5b). 

The total Nitrogen (TN) content in the cores 16 and 39 ranges between 

0.05 and 0.43%, and 0.02 and 0.15% (Tables 5.5 and 5.6), respectively, and 

follows the same trend as OC (Figs. 5.3c and 5.4c). In core 16 it is 0.43% at 

the surface and about 0.26% at LGM and low (0.07%) in between the two, at 

about 11 ka BP. Similarly for core 39, TN is 0.13% at the core top and about 

0.15% during LGM with a low of about 0.05% at about 10 ka BP. The 

sediments below LGM contain relatively smaller amounts of TN in core 16 

(0.05 - 0.19%) than in core 39 (0.07 - 0.15%) (Figs. 5.3c and 5.4c). The TN in 

core 50 is very low and undetectable for Holocene and Pleistocene levels of 

the core. 

The OC/TN ratios are relatively high in the two southern cores (Tables 

5.5-5.6; Figs. 5.3-5.4). The OC/TN ratio for core 16 ranges between 8.46 and 

27.2. The lowest ratio (8.46) occurs at the core top, increases to 19.8 at about 

10 ka BP and decreases to 11.8 at about 18 ka BP. It remains high (>15) in 

the rest of the core (Fig. 5.3d). The OC/TN ratio for the core 39 is relatively 

higher ranging between 14.1 and 40.5. The low ratios of 14.1, 22.6 and 15.6 

are observed at the core top, about 11 ka and during LGM, respectively. 

These low ratios are followed by higher ratios of 40.5 and 41 about 7 ka BP 

and 13.8 ka BP (90 cm), respectively (Fig. 5.3d). The OC/TN ratios for the late 
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Pleistocene sediments in core 16 and 39 range between 15 and 23 (Figs. 5.3d 

and 5.4d). 

Calcium carbonate 

The CaCO3 content is relatively high in core 16 (16% - 57%) than in core 39 

(16% - 30%) and core 50 (24% - 48%) (Tables 5.5-5.7). In core 16 the CaCO3 

content follow the trend of sand content in the core (see Fig. 5.3e), low (37%) 

at the core top increases marginally with increasing depth in the core up to 

-57% at about 28 14C ka (160 cm). Below this depth it again decreases to 20% 

(Fig. 5.3e). In core 39 though the range in CaCO3 values are (16-30%), less 

variations are distinct in the Holocene and Pleistocene sediments (Fig. 5.4e). 

The CaCO3 content varies from 26% to 30% in the top 20 cm (-7 ka BP), 

sharply decreases to 16% in the early Holocene sediments and varies from 

16-28% between 70 and 90 cm that corresponds to 11.3 to 13.8 ka BP. It is 

about 19% at 160 cm (-22 ka BP) and varies from 19% to 25% between 280 

and 440 cm (Fig. 5.4e). In core 50 the CaCO3 ranges between 48% and 24% 

exhibiting higher concentrations (48%-41%) in the core top sediments (up to 9 

ka BP) and decreases systematically down core to 24% (Fig. 5.5c). 

Coarse fraction studies 

Except in core 16, the coarse fraction content is extremely low in other cores. 

The more than 125-250 µm size fraction contains mostly biogenic components 

in all the cores. In core 16, the percentage of benthic foraminifers are low (1-

18%) compared to planktic foraminifers (4-74%) and keels (rims of foraminifers 

remained after dissolution and broken pieces of carbonate specimens;) (24-

90%) (see Table. 5.8; Fig. 5.3f). The planktic foraminifers are low at the core 

top -6% but increase up to 66% at the LGM and are again low (8.6%) at about 

470 cm. The percentage of keels is inversely proportional to that of planktic 

foraminifers. Keels dominate at the core top and low (24-36%) during LGM. 

High percentage of broken fragments (32-74%) occur after 32 14C ka (see Fig. 

5 .3f). Pyritized grains are present throughout the core. In core 39 the 

percentage of benthic foraminifers is low (5-57%) compared to that of planktic 
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foraminifers (5- 75%) and keels (rims of foraminifers remained after dissolution 

and broken pieces of carbonate specimens; 9-90%) (Table 5.9; Fig. 5.4f). The 

percentage of planktic foraminifers is low (5-24%) for the core top to 7 ka BP 

but dominate in the remaining part of the core (22-75%). Keels percentage 

exhibits inverse relation with that of planktic foraminifers and dominate (54- 

90%) in the core top to 7 ka BP and during the LGM (41%) (Fig. 5.4f). Species 

of G.truncatulinoides were observed in the core 16 at 18 ka BP and in core 39 

at 22 ka BP. 

Parameters of Rock-Eval Pyrolysis 

The range of values of HI, T. and S2 determined by the Rock-Eval pyrolysis 

in the three cores under study are found to vary from south to north. In core 16 

HI, T. and S2 are higher with range of 81 to 456 mg HC/gm OC, 421°C to 

432°C and 1.3 to 11.4 mg HC/gm rock, respectively (Table 5.10; Fig. 5.6). The 

HI, T. and S2 values for core 39 are lower with values of 14 to 46 mg HC/gm 

OC, 377°C to 412°C and 0.05 to 0.37 mg HC/gm rock, respectively (Table 

5.11; Fig. 5.7). For core 50 these values are 25 to 101 mg HC/gm, 384° to 

425°C and 0.29 to 2.54 mg HC/gm rock, respectively (Table 5.12, Fig. 5.8). 

The HI values in corel6 are more enriched for Holocene sediments 

(171-456 mg HC/gm OC) compared to the late Pleistocene sediments (81-360 

mg HC/gm OC) (see Fig. 5.6). The Fig. 5.6 shows the down core distribution of 

OC, S2, HI and Tmax  in core 16, indicating that the S2 and HI follow the trend of 

OC and, Tma, shows inverse relationship with OC. However, in other cores (39 

and 50) the relationship of OC with these parameters is different. In core 39 HI 

contents increase with decreasing OC concentrations, and Tmax  value 

increases down core but does not show any relationship with OC (Fig. 5.7). In 

core 50 the down core trends of S2, HI and Tmax appear similar, but not with 

that of OC (Fig. 5.8). 

The HI, Tmax  and S2 values of OC for the core 16 are much higher than that of 

core GC5 (198 to 24 mg HC/g OC, 290 to 421 °C and 0.35 to 7.56 mg HC/g 

rock) (Table 5.13; Fig. 5.9), which was collected within the OMZ waters. 
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Similar to that of core 16, the trend of OC, HI and S2 follow each other (Fig. 

5.9). 

Variations in 815N 

Both the cores (39 and 16) exhibit substantial fluctuations in 8 15N (Figs. 5.10 

and 5.11; Tables 5.14 and 5.15). In core 39 the 8 15N ranges between 4.8%0 

and 7.3%0 with shifts from lighter value of 5.9%0 at about 22 ka BP to heavier 

value of 7.3%0 at about 17 ka BP. Subsequently, a sudden shift in 8 15N to 

4.8%0 is observed at 13.8 ka BP (90 cm), followed by heavier value of 7.1%0 at 

about 13 ka BP (80 cm) shifting back to lighter value of 5.4%0 at 10 ka BP. This 

is followed by a steady increase in 8 15N with values remaining generally high 

(>6.5%0) since 7 ka BP with some fluctuations (Fig. 5.10). The 8 15 N for core 16 

ranges between 3.3%0 and 7.1%0. The 8 15N values are lighter (5%0) at LGM and 

shift steadily to heavier values towards the deglacial period to reach a 

maximum of 6.1%0 at --11 ka BP. After 11 ka BP there is sudden shift to lighter 

value of 3.8%0 at about 9 ka BP (30 cm) and then back to heavier value (6.2%0) 

at about 7 ka BP. Since 7 ka BP the core largely exhibits heavier 8 15N (-6%0) 

values. 

Sedimentation rates 

Sedimentation rates are found to vary in each core since Last Glacial 

Maximum. The linear sedimentation rates (LSR) are higher in core 39 (4.2-12 

cm/ka) than in core 16 (3.4-7.4 cm/ka) (Tables 5.1a and 5.1b; Figs. 5.10 and 

5.11). The light olive grey clayey sediments in core 39 were deposited at a rate 

of about 7.1 cm/ka during 21-17 ka BP. The sedimentation rate further 

increases to 9.1 cm/ka during 17-10 ka BP and to 12 cm/ka during 10-7 ka BP. 

Since 7 ka BP sedimentation rate decreases drastically to 4.2 cm/ka with 

colour change from light olive grey to mud brown (Fig. 5.10). The 

sedimentation rates in core 16 are lower (3.8 cm/ka) during the LGM (24 14C - 

18 ka BP) and did not vary much until 11 ka BP (3.9 cm/ka). It was relatively 

high (--7.4 cm/ka) during 11-7 ka BP and reduced sedimentation rate of 3.4 

cm/ka since 7 ka BP (Fig. 5.11). 
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Discussion 

Section I. Nature of Organic Carbon 

In core 16 

The OC and TN are high throughout the core. As the core is located within the 

upwelling region (see Qasim, 1977) and on the lower continental slope it is 

expected that the OC to be dominantly marine. The OC/TN ratios are widely 

used for identification of terrigenous and marine organic matter (e.g. Emerson 

and Heges, 1988). This ratio is 5 to 8 for fresh algae and, 20 or greater ratios 

for vascular plants (Emerson and Hedges, 1988; Meyers, 1994). The OC/TN 

ratio of 8.5 at the core top and increases to 19.5 during LGM gives an 

indication that the OC is largely marine at the core top and admixes with 

increased terrigenous organic matter towards the LGM (see Fig. 5.3). High 

OC/TN ratios (-13-14%), however, have been reported in some parts of 

coastal upwelling regions and are related to reflect degree of degradation 

marine organic material and not the differing percentages of admixed 

terrestrial material (Westerhausen et al., 1993; Tyson, 1995) 

The van Krevelen diagram T max  vs. HI (Delveaux et al., 1990) also 

enables identification of terrestrial and marine-dominated organic matter. This 

diagram enables determination of kerogen type I to IV (representing a 

continuous mixture of biodegraded, marine, terrestrial and oxidized organic 

matter). The Tmax vs. HI plot shows continuum in the record and the values 

spread vertically from slightly above the boundary of Type Ilb kerogen to 

slightly below the boundary of Type Ilb and Type III kerogen (Fig. 5.12 A and 

B)). A OC vs. S2 plot, which gives more definitive separation of Type I, II and 

III kerogen (Langford and Blanc-Valleron, 1990); shows that the top 20 cm 

sediments (7ka BP) of the core fall within the domain of Type II kerogen (Fig. 

5.13). The sediments between 20 and 250 cm fall on or closure to the 

boundary of the Type II and Type III kerogen and the sediments below 250 cm 

fall within the domain of Type III kerogen (Fig. 5.13). Type Ilb kerogen 

indicates that it is mixture of marine and terrestrial composition (Delvaux et al., 
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1990). Mukhopadhyay (1989) described that the Type Ilb kerogene to be rich 

in palynomorph and cuticle debris or degraded amorphous organic matter 

(AOM) and bacterially modified higher plant tissues. Type II kerogen 

represented in this core may be related to marine organic matter derived from 

a mixture of phytoplankton, zooplankton and microorganisms (bacteria), 

deposited in reducing conditions (Tissot and Welte, 1984). Type III kerogens 

are derived essentially from continental plants and contain much identifiable 

vegetable debris (Tissot and Welt, 1984). But it has been also shown that 

partially aerobically degraded amorphous organic matter often also gives a 

type III signature (Tyson, 1984; Pratt, 1984; Dean et al., 1984; Peters, 1986; 

Stasiuk and Goodarzi, 1988; Landais et al., 1991; Ingall et al., 1993; Kenig et 

al., 1994). 

High HI and S2 values and Type II and III kerogen on HI vs. Tmax  (Fig. 

5.12) and OC vs. S2 (Fig. 5.13) plots are characteristics of organic carbon in 

the Holocene sediments. It is a lipid-rich kerogen, since its HI values are 

above 150 (see Walpes, 1985), and expected to contain high phytoclast 

material as its HI values are >300 (see Saxena et al., 1987; Tyson, 1990). 

Strong positive correlation between OC and S2 (r=0.93; see Fig. 5.13) and high 

S2 values (see Table 5.10) (Espitalie et al., 1986) attest the dominance of 

marine organic matter. However, the OCTTN ratios are high except for the 

surface samples. The increased OCTTN ratios between 7 and 11 ka BP could 

be the effect of terrestrial input (see section II). It appears that OC at the core 

top is largely marine and increased terrigenous influence towards the early 

Holocene. 

The dominant marine character of organic matter is evident for the late 

Pleistocene sediments, as the OC and S2 values plot on or closure to the 

boundary of Type II and Type III kerogen (Fig. 5.13). Although the Tmax and HI 

values spread more towards Type III kerogen but are below the boundary of 

Type Ilb and Type III kerogen (Fig. 5.12). The values below 250 cm fall in 

Type III kerogen. This indicates that the proportions of terrigenous or reworked 

organic matter increased with depth in the core. In a recent study, Twinchell et 

al. (2002) have reported that the OCTTN ratios to be high when total organic 



99 

carbon are highest and suggested that higher delivery rate of OM leads to 

improved preservation of its carbon. It is not possible to invoke abundant 

terrigenous organic matter supply during the lowered sea levels since the 

adjacent shelf is a carbonate bank (Wedge Bank) consisting of high 

proportions of coarse carbonate skeletals and low organic carbon. Negative Y 

intercept observed in S2 vs. OC plot (Fig. 5.13) have also been attributed to 

matrix adsorption of hydrocarbons (Katz, 1983; Langford and Blanc-Valleron, 

1990). Ganeshram et al. (1999) have shown that, matrix-corrected HI values in 

the mid and lower slope cores off northwest Mexican continental margin are 

invariant and similar to the laminated intervals from the OMZ. Reworking of 

marine organic matter on the shelf can also result in increased OC/TN values, 

partly because of selective preservation of original higher OC/TN components 

(Tyson, 1995). Firstly, HI values decrease down core, which are relatively 

stable over the broad range of depositional settings encountered on 

continental margins (Ganeshram et al., 1999). Secondly, sediments are 

dominated by type II and III kerogen. It is therefore suggested that the OC in 

this sediment is marine with the reworked marine OC most probably from the 

upper slope. 

A good correlation of OC with HI was observed in Holocene (r=0.75, 

n=8) and Pleistocene (r=0.66, n=7) (Fig. 5.14). Paropkari et al., (1993) has 

reported HI maximum around 100-1400 m depths for the western margin of 

India and suggested that the high HI values within the OMZ are related to 

better preservation and below the OMZ are the result of extension of OMZ 

below 1500 m, as OMZ is not well defined in this area (Kochi) as per the 

reports of von Stackelberg (1972). Calvert et al. (1995), also reported high HI 

values for the surficial sediments off Kochi, at depths below the oxygen 

minimum, and suggested that HI values are related to productivity and rapid 

burial. Positive correlations in OC and HI in the core 16 suggest that the higher 

HI in these sediments may be the result of higher productivity during the 

Holocene and Pleistocene times. 
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In cores 39 and 50 

Relatively low OC (0.8 and 2.4%) and higher OC/TN ratios (14.1 and 40.5) are 

characteristic of the core 39. Both the Holocene and Pleistocene sediments 

show kerogen type IV on the Tmax vs. HI plot (Fig. 5.15) and Type III kerogen 

on OC vs. S2 plot. (Fig. 5.16). As the core lies within the denitrification zone 

(see Fig. 5.1), high OC/TN ratios can be attributed to the loss of TN resulting in 

increased °MN ratio. Type IV kerogen (Fig. 5.15) is defined as dry-gas type 

(Harwood, 1977) with low hydrogen and high oxygen content (Tissot et al., 

1980). Tissot et al. (1980) described this organic matter is to be oxidised in 

subaerial environments and or sediment transit or recycled from older 

sediments. The core 39 does not seem to have undergone any subaerial 

exposure. Type IV kerogen may also consists of oxically degraded plankton 

derived, fine grained amorphous material (Ebukanson and Kinghorn, 1985). 

However, the up core increase of OC and relatively high planktic foraminifers 

would imply dominant marine OC in the sediments. Similarly, core 50 shows 

very low OC values, low HI values and type IV kerogen on the T max  vs. HI plot 

(Fig. 5.15) and Type II and III kerogen on OC vs. S2 plot (Fig. 5.17), both in the 

Holocene and Pleistocene sediments (note, LGM for this core is assigned 

based on 9 ka BP date and high OC content, as observed in the cores 16 and 

39 during the LGM). As this core is in the open ocean and away from the 

continental margins one would expect marine-dominated organic matter rather 

than shown by Rock-Eval pyrolysis parameters. In view of the problems in 

these two cores it is suggested that the Rock-Eval pyrolysis parameters may 

not work at low OC concentrations. 

In core 39 for higher values of OC (2.4%), are associated with low HI 

values (< 50 mg HC/ gm OC), and seem to be result of matrix adsorption 

effect. Matrix consists of dominant silt and clay (more than 90 % of the 

sediment) (Fig. 5.4). OC and HI for the Holocene level in this core 39 show 

weak correlation (r=0.28) but good correlation (r=0.89) in the Pleistocene 

sediments (Fig. 5.18). In the northern core (50) OC and HI are low and show 

no correlation for Holocene and weak correlation for Pleistocene levels (Fig. 

5.19). HI richness is found to be highest in the southern core 16 located within 
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the well- oxygenated waters below OMZ and also in the core (GC5) from OMZ 

(see Fig. 5.9). HI values are also low in the cores (39 and 50) below the OMZ. 

This suggests HI rich sediments are not always associated within OMZ. These 

results are in agreement with that of the previous studies of Calvert et al. 

(1995), that the high OC concentrations are also preserved in oxygenated 

sediments below the oxygen minimum depths, and the notion that the 

"hydrogen-richness of the sediments preserved under anoxic or low oxygen 

contents" (Demaison, 1981, 1991; Demaison et al., 1984; Pratt, 1984) may not 

be applicable to all the areas. 

Several workers reported that HI is not a reliable indicator of kerogen 

when organic matter is associated with abundant siliciclastic material. For 

example, Espitalie et al. (1985) reported matrix effect on HI values, which are 

too low for the siliciclastic sediments owing to the retention of hydrocarbons by 

clay minerals. Hydrogen indices determined on bulk sediments by Rock-Eval 

pyrolysis are found to be 67-300% lower than those determined on kerogen 

concentrates (Stein, 1991). Stein (1990) cautioned that low HI values in 

siliciclastic sediments lead to the misinterpretation of Type II kerogen as Type 

III kerogen when using normal bulk sediment analyses. Calvert et al. (1995) 

suggested that the HI values are not reproducible by Rock-Eval pyrolysis for 

the sediments that contain low OC. Moreover, the sediments dominated by 

degraded amorphous organic matter (AOM) also show signatures of Type III 

kerogen (Tyson, 1995). In view of the above in core 39, reduced values of HI < 

50 mg HC/gm OC, are accompanied by high silt and clay (>90%) content, 

indicating matrix adsorption. Core 50 contains low OC of <0.6 %, which may 

be responsible for the reduced HI. Previous studies on western Indian margin 

have reported —19 to —22 %o 8 13C (Thamban et al., 2001, Agnihotri et al., 

2003) indicating deposition of marine organic matter. Considering the kerogen 

type and keeping other results in view, it is suggested that the OC in the 

Holocene and in Pleistocene sediments from core 39 and 50 are marine—

dominated and sediments contain degraded OC redeposited from the upper 

slope. 
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Section II: Productivity Variations in organic carbon in 
core 16 and 39 

At about LGM and below 

The LGM sediments in both the cores are characterised by high OC and TN 

with low clay content, and higher percentage of planktic foraminifers in the 

core 16 and high percentage of keels in core 39. (Figs. 5.3 and 5.4). The 

CaCO3  shows an overall increasing trend (except one value) in core 16 and 

correlates well with sand content in LGM sediments and slightly below. The 

CaCO3 content in core 39 is relatively low in LGM sediments and marginally 

increased in the sediments below LGM. 

Higher OC values are not always associated with higher sedimentation 

rates. For example, enriched OC during LGM corresponds to lower 

sedimentation rates (see Figs. 5.10 and 5.11). Moreover, low OC about 10-7 

ka BP in core 39 and 11-7 ka BP in core 16 are associated with high LSR. The 

increased levels of OC since 7 ka BP correspond to low LSR in both the cores. 

These imply that the OC variations in the cores are not related to varying 

sedimentation rates at the sites. Therefore in estimating changes in 

productivity from OC values, the changes in the magnitude of sedimentation 

rates (Health et al., 1977; Muller and Suess, 1979) are not accounted for 

understanding possible differences in organic matter preservation. 

Firstly, the higher OC content during the LGM is not unique to these 

cores, but reported by several workers in the eastern Arabian Sea. For 

example, Duplessy (1982), PreIl (1984) and Sarkar et al. (1990) reported 

higher OC flux (2-3%) to the sediments during the Last Glacial Maximum 

(LGM) when summer monsoon was weak. Fontugne and Dupplessy (1986) 

have reported higher organic carbon (-.6%) in the Arabian Sea during glacial 

periods, Thamban et al. (2001) reported high OC mass accumulation rate 

(0.43 g cm2ka-1 ) during LGM in cores from the upper continental slope and, 

Naidu and Shankar (1999) from the lower continental slope. Higher 

productivity during glacial stages in the southeast Arabian Sea was attributed 

to stronger NE monsoon that induced deepening of surface mixed layer and 
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injection of nutrients to the euphotic zone (Rostek et al., 1993,1997). Relatively 

high productivity during glacial period was also reported from the Pakistan 

margin (von Rad et al., 1999). Organic carbon maximum during LGM has also 

been reported along the equatorial divergence in the Atlantic and Pacific 

(Arrhenius, 1952, Pedersen, 1983; Morris et al., 1984, Lyle et al., 1988) 

oceans associated with eastern boundary currents (Muller et al., 1983; Zahn et 

al., 1986). In all these cases the carbon maxima has been interpreted as 

reflecting enhanced production induced by increased mean wind speed and 

concomitant upwelling during LGM. 

Secondly, high OC during LGM is in contrast with the cores from the 

western Arabian Sea wherein OC content is relatively low during the LGM 

(Altabet et al., 1995, 1999a, 2002; Ganeshram et al., 2002). Our results 

corroborate earlier studies (Rostek et al., 1993,1997; Thamban et al., 2001) 

indicating higher productivity as a result of convective mixing during LGM. The 

high OC and TN correspond with slightly low CaCO3 in core 39. Reduced level 

of CaCO3 during the LGM may be due to the effect of cooler water that 

enhanced dissolution of the carbonate material as temperatures during this 

period were about 2-3° lower than the present day (Rostek et al., 1997; 

Sonzogi et al., 1998). 

For the Pleistocene level in core 16 the CaCO3 does not show any 

correlation with OC. The higher percentages of CaCO3, sand, and planktic 

foraminifers are centred at around peak glacial times (24 ka BP and 32 14C ka) 

(see Fig. 5.3). Although there is no correlation between OC and CaCO 3  as 

highest carbonate content is associated with low OC (Fig. 5.3). This indicates 

active redeposition of allochthonous material from the shelf during the lowered 

sea levels diluted the OC content. Turbid-layer transport or episodic 

gravitational redeposition events that bring coarser particle flux to the 

sediments have been described on the margins of the Eastern Arabian Sea 

(Stackelberg, 1972; Schulz et al., 1996). Turbid-layer transport originates from 

the relict zone of the shelf, keeps coarser particles in suspension and moves 

across the shelf edge and down the upper slope where the suspended 

particles in the flow can get deposited. 
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The late Pleistocene sediments are dominantly fine-grained with low 

sand (<5%) and carbonate (20-25%) content for core 39, relatively higher sand 

(<13%) and carbonate (24-37%) for core 50. This implies that the fine-grained 

lithic material redeposited from the upper slope is significant source for these 

sediments. Sharp gradient in the continental slope of the region probably 

favoured this process. Stackelberg (1972) reported down slope sedimentation 

of fine-grained material from shallow water depths as a major process of 

sediment accumulation on the continental slope off western India. 

During the Early Holocene 

Reduced OC and TN values, increased clay content, the overall decrease in 

CaCO3 content and relatively higher sedimentation rates are characteristics of 

the early Holocene sediments in both the cores. (see Figs. 5.3 & 5.10 and 5.4 

& 5.11). Low OC and TN occur about 10 ka BP in core 39 and at about 11 ka 

BP in core 16 point to reduced productivity during this period, which coincides 

with strong monsoonal event (10-6 ka BP) (see Street and Grove, 1979; 

Duplessy, 1982; van Campo, 1986; Prell and Kutzbach, 1987; Gasse and van 

Campo, 1994; Thamban et al., 2001). Sirocko et al. (1996) documented 

distinct monsoon event at about 11.5 ka BP. On the basis of pollen records, 

van Campo (1986) reported that the intensity of the summer monsoon was 

maximum at about 11 ka BP. As the cores are from monsoon induced 

upwelling areas (Banse, 1968; Sastry and D'Souza, 1972; Shetye et al., 1990), 

low productivity during the times of intense monsoon events is surprising. 

Firstly, Stramma et al. (1996) and Jaykumar et al. (1999) reported the low 

saline water cap in the coastal area, which move northward along the 

southwest coast of India. Secondly, as the monsoon was stronger, the 

undercurrent, which brings low saline and nutrient-poor water, would have also 

been stronger (Naqvi et al., 1990); upwelling of this water would further 

strengthen the stratification. Thirdly, Rostek et al. (1993) reported reduced 

salinity conditions at about 9-6 kyr. Higher precipitation, inflow of low-saline 

water from the Bay of Bengal (Rostek et al., 1993) and upwelling of low saline 

waters (undercurrent) may have resulted in a stratified layer during this time. 

Strong winds associated with the monsoon may not able to break the 
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stratification and hence reduced upwelling and low productivity. Similar 

conditions, i.e. fresher water blocking upwelling even in the presence of 

favourable winds was reported in the present day on the eastern margin of 

India (Gopal Krishna and Sastry, 1985; Johns et al., 1992). High terrigenous 

sediment supply (increased clay content see Figs. 5.3 and 5.4) and higher 

sedimentation were probably due to the intensified monsoons and contributed 

towards dilution of the overall low OC, TN and CaCO3 contents. 

During the Late Holocene 

Since 7 ka BP, OC and TN increase towards the core top and correspond with 

the reduced sedimentation rates (Figs. 5.10 and 5.11). The OC and TN start 

increasing at about 7 ka BP in core 39 and 10 ka BP in core 16 with a 

respective shift of 1% and 0.11% in the core 39 and 3% and 0.33% for the 

core 16 (see Figs. 5.9 and 5.10). The sediment change from sandy clay to 

clayey in core 16 and colour change was also observed in core 39 with the 

starting of this level (see Figs. 5.2a and 5.2b). This increase most probably 

reflects increased productivity in the overlying waters. Enhanced productivity 

during this period reflects stronger monsoon induced upwelling and 

preservation of OC in silty clay sediments. Several workers used CaCO3 

content, abundance of Globigerina bulloides (upwelling indicator species), or 

sand content in surficial sediments and sediment cores used as proxies for the 

productivity variations in the overlying waters (Paropkari, et al., 1992; Schulz 

et al., 1996; Thamban et al., 1997; Reichart et al., 1998; Naidu and Shankar, 

1999) and found covarying patterns of these variables with the OC content. 

The increase in OC accompanied by decrease in CaCO3 and over all increase 

in silt content (Figs. 5.3 and 5.4) conflict with the above reports and needs 

explanation. Several possibilities may be considered. (a) The core 16 is from a 

region of high productivity that leads to oxygen minimum at mid-water depths. 

The waters in the OMZ are undersaturated with respect to carbonate and 

would results in high corrosive effect on settling particles and dissolution of 

carbonate particles, especially pteropods. (b) During sediment diagenesis the 

CO2 released due to the decomposition of OC deposited in oxygenated waters 

below the sediment water interface can result in supralysoclinal CaCO3 

dissolution (Morse and Mackenzie, 1990). Covariance of the percentage of 
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keels and OC (Fig. 5.3f) supports this argument. Reichart et al. (1997) 

reported increased supralysoclinal dissolution of carbonate during the periods 

of high surface water production on the Murray ridge, northwestern Arabian 

Sea. (d) Pyritized grains in the coarse fraction are evidences of sulfate-

reducing conditions. The sulfide released during sulfate reduction in the 

sediments dissolves and/or pyritize the sediment constituents, especially 

carbonates. It therefore suggest that a combination of several factors (a-d), 

operated simultaneously or independently at different times, are responsible 

for the overall decrease of carbonate and sand content of the sediments. Up 

core decrease in clay percentage and reduced sedimentation rates may be 

due to the stabilisation of sea level and large sediment deposition closure to 

the coast. 

Regional Variations in OC with respect to the OMZ 

It has been observed that the OC concentration decreases from south to north. 

The highest concentration of 4.1% observed in the southern core 16, decrease 

to 1.8% in core 39 off Mangalore and further decrease to 0.4 % in core 50 off 

Mormugao. The depth of the cores also increases from south to north. It 

appears that there is decrease in OC in the slope core from south to north on 

the southwestern continental margin of India. High upwelling induced 

productivity on the southwest margin of India (see Qasim, 1977) occurs mainly 

during the summer monsoon, propagating from south to north along the 

coastline between March and May (Shetye et al., 1990). Recent studies by 

Shankar et al. (2002) have also demonstrated the effect of Rosby and coastal 

Kelvin waves in this area. They proposed that the upwelling on the southwest 

continental margin of India to be influenced by coastal Kelvin waves travelling 

north. These coastal Kelvin waves are pushed away from the coast by the 

Rosby waves, and as the intensity of these Rosby waves decreases as we 

move towards the poles, the intensity of upwelling also decreases. Though the 

three cores fall below the OMZ they exhibit variations with respect to the 

productivity changes from south to north. Calvert et al. (1995) have concluded 

that the OC decreases westward away from the site of upwelling. The two 

northern cores (39 and 50) are away from the coast and may be the reason for 
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the reduced organic carbon. The GC5 is closer to the coast than that of core 

16. The core GC5 is located within the OMZ, has lower OC concentration (3.8-

1.3%) than that of core 16 (4.4-1.4%), which lies below the OMZ. Therefore 

the variation in OC observed in the cores seems to be the effect of regional 

variations of intensity and period of upwelling and the OMZ may not play an 

important role in preservation of OC. 

The OC content in core 16 and 39 is high in surface sediments and 

during LGM and, low during the period of intense monsoons (7-11 ka BP) 

(Figs. 5.3-5.5). The core from the OMZ (GC5) seem to have undergone similar 

changes but at different intensity. These suggest that similar set of 

physiographic conditions were operating in this area but at different intensities 

for the Holocene level. Repetition of similar conditions during the Pleistocene 

level (see Fig. 5.3 and 5.4) gives indication of similar conditions in the past. 

Section III: Record of Denitrification during the late 
Quaternary 

A. Possible causes for the down core variability in 645N 

The 615N of organic matter in the two cores examined exhibits considerable 

changes since the LGM with the difference between the lightest and the 

heaviest values being >2%o. The possibilities for these shifts are evaluated 

below. 

Input of terrestrial Organic matter 

Fixed nitrogen in the ocean has two sources (a) marine N2 fixation and (b) 

input from the continents. The 6 15N value of NO3 is --4.7°/00 prior to 

denitrification (Sigman et al., 1997) in marine environment, whereas it is lighter 

(-2%0) for the terrestrial organic matter (Sweeney and Kaplan, 1980). Mixing of 

marine organic matter with terrestrial organic matter can produce lighter 6 15N 

values (Peters et al., 1978). The cores under study have registered lighter 

615N during LGM and early Holocene, the former associated with high OC and 

TN and the latter with low OC and TN concentrations (see Fig. 5.10 and 5.11). 
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Terrigenous supply during the early Holocene is evidenced by increased clay 

and low carbonate contents. One would also expect increased supply of 

terrestrial organic matter because of intensified monsoonal activity during the 

early Holocene as compared to the LGM. Magnetic susceptibility records in 

core 16 and 39 lend support to this view (Kumar et al., communicated). Thus 

the lighter 6 15N values during the early Holocene could be attributed to the 

inputs of organic matter with isotopically lighter nitrogen. Rock-Eval pyrolysis 

results and OC/TN data suggest that the organic carbon is predominantly 

marine in late Pleistocene sediments in core 16. The 6 13Corg  from the cores off 

Kochi (Thamban et al., 2001) and over the Laccadive Trough (Naidu and 

Shankar, 1999) also indicated the predominance of marine OM during the 

LGM. 

Sea Level changes 

On the basis of 15N/14N, it has been demonstrated that water column 

denitrification was generally less intense during the glacial periods as 

compared to the interglacials (Altabet et al., 1995; Ganeshram et al., 1995). In 

the Arabian Sea most of the pelagic denitrification (-90%) occurs in the open-

ocean (Naqvi et al., in press). The exposure of continental shelf, which 

currently supports seasonal denitrification of modest magnitude (Naik, 2003), 

during the LGM should not have affected the sedimentary 6 15 N signal to a very 

large extent. It may be noted that the isotopic fractionation observed over the 

Indian shelf is much smaller than in the open ocean (Naik, 2003). In any case, 

the cores 16 and 39 raised from water depths of 1420 m and 1940 m, 

respectively, are probably located far enough from the zone of seasonal 

suboxia over the inner/mid shelf not to be influenced by the sea level changes. 

Organic matter alteration in water column 

Oceanic sources and sinks of N are dominantly internal and biological with N2 

fixation supplying much of the fixed N while denitrification removing it to and 

from the ocean. Remineralization of organic matter during its vertical transport 

can produce variations in the sedimentary 6 15N signal. In the Arabian Sea, a 2- 

4%. enrichment of 6 15N has been attributed to this effect (Schafer and lttekkot, 

1995). This is comparable to the difference between 815N (-+4%0) of near- 
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surface sediments and settling material in the deep waters of the Southern 

Ocean and the equatorial Pacific (Altabet and Francoise, 1994a). As this shift 

is constant with time, it is believed not to influence variations in 8 15N down 

core (Sigman et al., 1999). 

Diagenetic effect on 815N 

The early diagenesis in sediments can shift 8 15N values to the heavier side by 

4%0 in low organic matter deep-sea sediments (Altabet and Francoise, 1994a, 

b). However, on the productive continental margin settings, there is no 

significant shift in 815N. This has been revealed by comparative studies of 

nitrogen isotopic composition between sediment trap material and surface 

sediments containing moderate to high amounts of organic carbon (Altabet et 

al., 1999 a,b; Pride et al., 1999). The cores studied here belong to the second 

category (having moderate to high organic carbon content). If influenced by 

diagenesis one would expect shift in 8 15N to heavier values. In contrast, lighter 

815N values are found in the LGM and early Holocene sediments (see Figs. 

5.10 and 5.11). The 8 15N of surficial sediments in cores 39 (6.2%0) and 16 

(5.5%) are comparable with those of nitrate in the near-surface waters (-6%; 

Brandes et al., 1998) and of Particulate Nitrogen (PN) in settling particles 

(collected at the Eastern Arabian Sea Trap; ay. 5.9%0; Schafer and Ittekkot, 

1995). These imply that diagenesis is probably not the cause of the observed 

815N variability. 

Incomplete nitrate utilisation and fractionation 

Ganeshram et al. (2000) demonstrated that the iron (Fe) limitation in deep-sea 

setting hinders the uptake of nitrate by phytoplankton and this phenomenon 

largely affects 8 15N. Lighter 8 15N values at the LGM and early Holocene may 

not be due to the effect of unutilised nutrients as there is a large input of Fe 

leached from the lateritic soils covering the Precambrian gneisses and 

scheists. Similar 8 15N values at the core top sediments (6.2%0 and 5.5°/00 in 

cores 39 and 16, respectively) and sediment trap material (4.7-8.0%0) (Schaffer 

and Ittekkot, 1995) support the suggestion of Altabet et al. (1999a) and 

Suthhof et al. (2001), that complete nutrient utilisation occurs on an annual 
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basis. But the surface water have maximum effect of advection away from the 

coast after upwelling (Shankar et al., 2002) in the southern region (close to the 

core 16), which may have had effect of fractionation as suggested by Ferrell et 

al. (1995). 

Nitrogen Fixation 

In nutrient-rich coastal upwelling areas, N fixation does not occur at rates high 

enough to affect significantly the 815 N values of near surface nitrate (Altabet et 

al., 1999a). However, during the oligotrophic periods (late NE monsoon and 

spring inter-monsoon) extensive blooms of the diazotroph Triichodesmium 

have been observed in the eastern Arabian Sea (Devassy et al., 1978). Indeed 

the decrease in 815N observed in the near surface waters as compared to the 

sub-euphotic zone in the Arabian Sea has been interpreted by Brandes et al. 

(1998) to be caused by N-fixation. This effect is expected to influence the 

isotopic composition of material undergoing sedimentation, but is yet to be 

properly quantified. 

Water-column denitrification 

The cores show systematic variations in 815N since the LGM, ranging from 

4.8% to 7.3% in core 39 and, from 3.8% to 7.1%0 in core 16 (Table 5.14 and 

5.15). The principal factor responsible for these changes is most probably the 

balance between denitrification (which raises 815 N of OM) and nitrogen fixation 

(which lowers 815 N of OM). The two processes must be considered to be 

coupled as denitrification creates the phosphate excess in surface waters, 

which sets the stage for N-fixation to occur (Bange et al., in press). It may also 

be noted that in the Arabian Sea denitrification overwhelms the effect of N-

fixation (Brandes et al., 1998). Thus periods of vigorous denitrification should 

lead to higher values of 815N and vice versa. The amplitude of change in 815N 

(increases by -2700) from the glacial to the interglacial periods observed in this 

study is lower than in other Arabian Sea cores (>2 %o - Altabet et al., 1995, 

1999a, 2002; Ganeshram et al., 2000, Suthhof et al., 2001). This may be the 

effect of location of the two cores with respect to the denitrification zone of the 

Arabian Sea (see Fig. 5.1). Similarly lower 815 N values have been reported in 

a core (111 KL) off Pakistan and interpreted to be the result of better 
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preservation of OM than the input of terrestrial OM or any other local factors 

(Suthhof et al., 2001). 

B. Down core Variations in 645N records 

During the LGM 

The 615N values during the LGM (5.9%o for core 39 and 5.3%0 for core 16) are 

more than 1%0 lower than those for the late Holocene (6.8%o for core 39 and 

6.6%0 for core 16) pointing to less intense denitrification conditions in sub-

surface waters during the LGM as compared to today. Although both cores fall 

within the present day high-productivity areas, the 6 15N fluctuations observed 

in core 39 are more conspicuous than in core 16 (see Figs. 5.10 and 5.11); 

this may be related to the positions of the cores with respect to the present day 

denitrification zone (Fig. 5.1). Suppressed denitrification during the LGM has 

been inferred from cores collected from the northern and northwestern Arabian 

Sea and has been attributed to low productivity during this period (Altabet et 

al., 1995, 1999a; 2002, Reichart et al., 1998). The glacial decrease in 

productivity has been ascribed to the weakening of the summer (SW 

monsoon) winds that drive seasonal upwelling and dominate mean annual 

export production (Altabet et al., 1999a). Lower denitrification rates during the 

glacial periods also deduced from the sedimentary records off Goa 

(Ganeshram et al., 2000) have been similarly interpreted (i.e. related to the 

weaker SW monsoon). Implicit in this interpretation is the assumption that the 

oxygen concentration in subsurface waters is dominantly controlled by 

productivity. 

Although the sedimentary 615N records obtained in the present study 

indicate reduced denitrification during the LGM, which is consistent with 

previous results from elsewhere in the Arabian Sea providing further support 

for the 615N signal to be at least regional, it is important to note that there 

appears to have occurred a glacial increase in productivity at the coring sites 

examined here. A likely cause of this increase is the deep convective mixing 

that might additionally keep the water more oxygenated, suppressing 

denitrification. For the convective mixing to occur today surface temperature of 
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<25°C and salinity >36 p.s.0 are required (Kumar and Prasad, 1996). At 

present such conditions are restricted to the northern parts of the Arabian Sea 

(Lat. > 15°N) during the winter season. These facilitate supply of nutrients to 

the euphotic zone accounting for moderately high primary productivity in this 

area (Naqvi, 1991; Madhupratap et al., 1996). The convection also injects 

some oxygen to subsurface waters (Naqvi, 1991; Sarma, 2002). Studies by 

several workers (Duplessy, 1982; Rostek et al., 1993, 1997; Sonzogni et al., 

1997) indicate that similar conditions occurred during the LGM south of the 

study area. Duplessy (1982) suggested that the weakened SW monsoons 

during glacial conditions resulted in reinforced (stronger and colder) NE 

monsoon winds due to more intense cooling on the Asian continent. Further 

the SST in the Arabian Sea decreased by -2-3 °C, as the incoming solar 

isolation had been reduced (Rostek et al., 1997; Sonzogni et al., 1998). Higher 

evaporation and/or decreased precipitation during dry NE monsoon increased 

salinity by -3.0 p.s.0 (-37 p.s.u.) during LGM (Rostek et al., 1993). This 

suggests that the conditions were most suitable for the deep convective mixing 

which is further supported by the presence of G. truncatulionides in two cores 

at LGM levels (see Reichart et al., 1998). 

The convective mixing does not occur in the study area today, as 

average sea surface temperature is about 28°C and salinity about 34 p.s.0 

(Levitus and Boyer, 1994a, b). Both the low salinity and high temperature 

result from the large scale advection of waters from the south (winter WICC) 

along the coast of India (Shetye et al., 1990). There is some evidence to 

suggest that the northward flowing WICC could have been weakened during 

the LGM (Duplessy, 1982; Naqvi, 1993) probably resulting in the 

southeastward extension of the zone of convective mixing. 

Post-glacial Intensification of Denitrification 

The 815N increases from 5.9%. to 7.3%0 between 22 ka BP and 17 ka BP in 

core 39 and from 5% to 6.1%0 between 18 ka BP and 11 ka BP in core 16 (see 

Figs. 5.10 and 5.11) suggesting increase in denitrification rate. This 

enhancement of denitrification implies reduction of oxygen content of the 

subsurface waters, could have been brought about by either an intensification 
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of upwelling and/or a weakening of convective mixing. Sirocko et al. (2000) 

reported increase in upwelling in the western Arabian Sea at about 16 ka BP 

based on geochemistry, grain size and bulk carbonate and biogenic opal 

content in 37 deep sea cores. In the area of the present study, however, the 

increased denitrification (heavier 8 15N) corresponds to reduced productivity 

(low OC and TN). However, it is possible that the 8 15N signal may not reflect 

small-scale, local changes in productivity in the eastern Arabian Sea. 

Locally, an intensification of the oxygen minimum during deglaciation 

might arise from a relaxation of convective mixing as a consequence of 

warming and/or a change in circulation (intensification of the northward WICC). 

Sediment cores from the southwestern Indian margin and terrestrial records 

indicate warming of the climate during this period. For example, Sukumar et al. 

(1993) reported warmer conditions towards the end of the LGM based on 8 13C 

records of peats from the Nilgiri hills of the Western Ghats (South India). This 

record reveals that following the dry LGM, moist conditions were established at 

about 16 ka BP. Palaeo-drainage records from several sites along the west 

coast of India showed major river incisional phase at -14 14C ka BP (Mishra, 

2000). On the basis of 8 180 and 813C studies from the cores of the southwest 

margin of India, Somayajulu et al. (2001) suggested that the temperatures 

increased at the end of LGM with moderate increase in productivity. These 

warming conditions might have changed the required temperature and salinity 

for convective mixing. Presence of G. truncatulionides in two cores (39 and 16) 

during LGM and its disappearance during deglaciation provides evidence for 

the postulated weakening of convective mixing. Similar intensification in 

denitrification has also been reported at the end of LGM at -16 ka BP on the 

NW Mexican and southern Californian margin (Ganeshram et al., 2000). 

Fluctuations in denitrification within the Holocene 

The fluctuations in 8 15N intensity in core 39 are more conspicuous compared 

to core 16. Reduced denitrification rates here are represented by lighter 8 15N 

values, at about 10 ka BP in core 39 and much after 11 ka BP in core 16 (Figs. 

5.10 and 5.11). Reduced denitrification reaching up to lighter values of 5.4%0 in 
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core 39 and 3.8%o in core 16 corresponds well with the lower OC and total 

Nitrogen concentrations. CaCO3 follows similar trend in core 39, but does not 

show any variation in core 16 (see Figs 5.10 and 5.11). 

The core 39 exhibits another low of 4.8%. between 10 ka BP and 17 ka 

BP at 90 cm (Fig. 5.10). Lack of age control at this horizon prevents a detailed 

analysis of this feature, which should be viewed with caution due to a single 

measurement (the same applies to the above-mentioned negative excursion in 

8 15N at 30 cm in core 16). The lighter value in core 39 does not seem to be of 

marine origin: it could either be an artefact or, if real, probably reflects inputs of 

terrestrial organic matter. There is yet another possible explanation. Similar 

lighter 8 15N values have been reported previously by Suthhof et al. (2001) from 

the northern Arabian Sea during the Heinrich Events and Younger Dryas (YD) 

and were related to the reduced denitrification and productivity. A relaxation in 

denitrification has been postulated to occur during each such event as a result 

of advection into the Arabian Sea OMZ of the highly oxygenated Antarctic 

Intermediate Water (Schulte et al., 1999). Thus sampling point with the lightest 

815N value (4.8%0) might correspond to one of such events. The coarse 

resolution and lower sedimentation rate could account for the absence of this 

feature in core 16 (Fig. 5.1). 

The reduced denitrification observed in core 39 during early Holocene 

coincides with the intensification of the SW monsoon (van Campo, 1986). 

Sarkar et al. (2000) have reported increased precipitation during this period 

10-6 ka. At present the southwestern margin of India is characterised by 

complex hydrography and hydrochemistry. Coastal upwelling stimulates 

phytoplankton growth and the ensuing increase in subsurface oxygen demand 

leads to the development of suboxic conditions during late summer and 

autumn (Jayakumar, 1999; Naik, 2003). This process is helped by the 

existence of very strong near-surface stratification, as the cold, saline upwelled 

waters are overlain by a thin (5-10 m) warm, fresher cap. However, just off the 

continental margin the presence of the undercurrent, a part of the SW 

monsoon circulation, prevents the development of suboxic conditions. It is not 

known how the balance between oxygen supply and consumption changes in 
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response to fluctuations in the monsoon intensity, and it would be quite 

plausible if a more intense SW monsoon during the early Holocene was 

actually associated with more oxygenated conditions at mid-depths off the 

western Indian continental margin. The lighter 8 15N observed during the time 

of intensified monsoon (van Campo, 1986) could thus be due to a more 

vigorous undercurrent. Alternatively, the low 8 15N values might be simply the 

consequence of dilution of OM through terrigenous inputs. This might also 

explain the increased clay content, as well as the low CaCO3, OM and TN 

contents, which otherwise are hard to explain as a decrease in overall 

productivity seems to be a highly unlikely scenario. 

The southern core 16, located away from the denitrification zone, has 

recorded the regional/global signature of reduced denitrification during LGM 

and increased denitrification during Holocene. However, considering the 

location of the core with respect to the present day denitrification and 

upwelling zones (the most intense upwelling occurs along the coast of Kerala) 

and the circulation pattern, isotopic fractionation during the offshore advection 

of nutrient-rich water cannot be ruled out in this area. For example, the heavier 

815N values during 11 ka BP in this core could arise from this mechanism even 

though the OC and TN contents are low in these sediments. 

Most of the Holocene period seems to be characterised by 

denitrification rates similar to today's going by the heavier 8 15N values of 6.7%0 

and 6.2°/00 in core 39 and core 16, respectively since 7 ka BP. However, it must 

be pointed out that the cores examined here experienced relatively low 

sedimentation rates that could have dampened the signal and prevented the 

resolution of high frequencies changes. The cores along the continental shelf 

with high sedimentation rates may provide a better picture of these variations 

in future. 
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Summary and Conclusions 

❑ Organic Carbon (OC), grain size parameters and CaCO3, coarse 

fraction investigation in the three sediment cores collected at depths 

between 1420 and 2650 m below the Oxygen minimum zone (OMZ) 

indicate diverse relationship among them. 

❑ The range of OC is high in the southern core and decreases towards 

north with minimum in core off Mormugao, indicating upwelling related 

productivity beginning in the south that gets transported to north plays a 

major role. 

❑ High OC and TN are associated with late Holocene sediments and at 

LGM levels and low OC and TN during the early Holocene. 

❑ The OC and CaCO3 show inverse relationship in late Holocene 

sediments. Decrease of planktic foraminifers corresponds to the 

increase in keel content indicating dissolution. 

❑ The OC content in the core (16) below the OMZ is found to be much 

higher than the core within the OMZ (GC5). This indicates OMZ does 

not play a major role in OC preservation. 

At higher OC content, the parameters of Rock Eval pyrolysis, HI, S2 and 

Tmax can distinguish the either marine or terrestrial organic matter. But 

at low OC contents Rock-Eval pyrolysis fail to distinguish. 

❑ The HI and S2 values are similar for the cores within and below the 

Oxygen Minimum Zone implying that these are not reliable indicators to 

suggest the process (productivity/preservation) for enriched OC 

content. 
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❑ Increased OC and TN, and low 8 15N during LGM indicate increased 

productivity but suppressed denitrification probably due to intensified 

convective mixing associated with stronger and cooler NE monsoon. 

❑ Decreased OC and TN and CaCO3, increased clay content and lower 

615N suggest dilution by terrigenous flux during the early Holocene. It is 

possible but unlikely that a stronger near-surface stratification led to 

lower productivity. It is also possible and likely that a more intense 

undercurrent brought about greater reoxygenation of intermediate water 

off the Indian margin suppressing denitrification locally. 

❑ There may have been dilution (decrease) of 8 15N signal through 

terrigenous inputs in both cores and enhancement due to partial nitrate 

utilization by phytoplankton in the southern core. 

❑ No major fluctuations in subsurface oxygen distribution appear to have 

occurred since 7 ka BR 
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Table 5.1a: Details of the depth intervals of the core 16, regarding measured 
14C ages, calibrated ages, and sedimentation rates. 

Sr.No Core No. Core depths Measured Age 

in Years 

Calibrated 

Age ka BP 

Sedimentation rates 

1 SK126/16$ 20-25 cm 6875 ± 40 7.29 0 to 7 ka 	3.4 cm/ka 

2 SK126/16$ 45-50 cm 10090 ± 55 10.73 7 to 11 ka 	7.4 cm/ka 

3 SK126/16$ 75-80 cm 16000 ± 80 18.40 11 to 18 ka 	3.9 cm/ka 

4 SK126/16# 95-100 cm 20630 ± 220 23.71 18 to 24 ka 	3.8 cm/ka 

5 5K126/16# 190-200 cm 32470 ± 580 -- 

Nom • woo • ••• • ••• • ••• • woo • Nom • Nom • ••• • waw • wow • Nom • Nom • Nom 	••• • ••• • ••• • ••• • Nom • •=1 • mim • ••• • ••• • ••• • am 	Nom • mim • mim • 

Table 5.1b: Details of the depth intervals of the core 39, regarding measured 
14,-% ages, ages, calibrated ages, and sedimentation rates. 

Sr.No Sample 

No. 

Core depths Measured Age 

in years 

Calibrated 

Age ka BP 

Sedimentation rates 

1 SK126139$ 25-30 cm 6720 ± 30 7.15 0 to 7 ka 	4.2 cm/ka 

2 SKI 26/39$ 55-60 cm 9275 ± 45 9.74 7 to 10 ka 	12 cm/ka 

3 SKI 26/39$ 120-130 cm 15120 ± 70 17.39 10 to 17 ka 	9.1 cm/ka 

4 SK126/39# 150-160 cm 18790 ± 680 21.61 17 to 22 ka 	7.1cm/ka 

5 SK126/39# 230-240 cm 22230 ± 360 

••• • =la • MN • MI! • ••• • ••• • ••• • NM • NM • NM • NM • ••• • =11.• • IMO • ••• • ••• • •=1 • ••• • =11.• • ••• 	••• • ••• • =10 • ••• 	•=1 • .M.M • ••• • Imo • .M.M 

Table 5.1c: Details of the depth interval of the core 50, regarding measured 
14C age and calibrated age. 

Sr.No Sample No. Core depths Measured Age in 

years 

Calibrated Age 

ka BP 

1 SK 126/50# 20-25 cm 8550 ± 110 8.87 

$: AMS ages measured on G. ruber at Leibniz Labour fry Altersbestimmung and 
lsotopenforschung, Christian-Alberchts-Universitat, Kiel, GERMANY 

#: Bulk sample ages measured by conventional radiocarbon method at BSIP, Lucknow, India 
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Table 5.2: Textural analysis of the sediment intervals for the core 16. 

Depth 
Interval 

(cm) 

Sand 
(wt. %) 

Silt 
(wt. %) 

Clay 
(wt.%) 

Texture 

2-4 10.61 19.12 70.27 silty clay 

4-6 41.36 18.15 40.49 clayey sand 

6-8 09.35 37.96 52.68 silty clay 

10-12 12.99 32.74 54.26 

14-16 19.52 27.45 53.02 if 

16-18 14.40 40.62 44.97 if 

 

18-20 16.57 49.90 33.53 clayey silt 

20-25 19.15 48.03 32.81 

30-35 24.42 41.30 34.27 ii 

 

40-45 25.38 50.38 34.23 ii 

 

50-55 25.50 42.37 32.13 ii 

 

60-65 30.09 42.64 27.26 sandy silt 

70-75 28.48 26.66 44.90 sandy clay 

80-85 28.46 31.39 40.14 silty clay 

90-95 32.79 32.03 35.17 sandy clay 

110-110 32.23 34.92 32.84 clayey silt 

130-140 38.65 32.36 28.98 silty sand 

150-160 35.20 31.76 33.04 clayey sand 

170-180 33.77 30.25 35.96 sandy clay 

190-200 28.49 35.25 36.00 silty clay 

210-220 26.70 28.86 44.61 

230-240 23.24 42.57 34.17 
clayey silt 

 

250-260 14.78 47.57 37.64 
if 

270-280 14.04 54.41 31.55 
ii 

290-300 07.85 57.03 35.12 
if 

310-320 05.91 56.10 38.00 
ii 

350-360 06.38 72.56 21.06 
ii 

370-380 07.06 52.35 40.57 
ii 

390-400 21.73 50.19 28.07 
ii 

410-420 04.02 59.53 36.44 
ii 

430-440 09.41 65.64 24.95 
ti 

450-460 04.69 61.07 34.24 

470-480 06.18 52.00 41.81 
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Table 5.3: Textural analysis of the sediment intervals for the core 39. 

Depth 
Interval (cm) 

Sand 
(wt. %) 

Silt 
(wt.  %) 

Clay 
(wt.%) 

Texture 

0-2 2.17 59.77 38.06 clayey silt 

4-6 2.71 50.82 46.47 

6-8 1.66 52.13 46.21 

8-10 3.80 66.38 29.82 

10-12 1.92 70.10 27.98 

14-16 3.03 37.56 59.41 silty clay 

16-18 3.70 36.56 59.74 

18-20 4.63 40.82 54.55 

20-25 4.22 29.35 66.43 

30-35 4.47 34.55 60.98 

40-45 3.56 33.92 62.52 

50-55 2.38 37.61 60.01 

60-65 3.43 34.48 62.09 

70-75 5.75 24.51 69.74 

80-85 6.24 33.79 59.97 

90-98 4.34 41.10 54.56 

120-130 3.56 33.31 63.13 

140-150 3.78 48.44 47.78 clayey silt 

160-170 5.06 44.88 50.06 silty clay 

180-190 2.58 41.74 55.68 

200-210 4.70 41.27 54.03 

220-230 4.61 21.70 73.69 

240-250 4.94 36.53 58.53 

260-270 5.39 35.1 59.51 

280-290 4.19 22.37 73.44 

300-310 4.57 37.31 58.12 

320-330 3.14 35.83 61.03 

340-350 5.00 47.14 47.86 

360-370 2.86 46.92 50.22 „ 

380-390 2.45 35.62 61.93 It 

400-410 3.43 48.87 47.70 clayey silt 

420-430 1.69 38.89 59.42 silty clay 

440-450 1.02 33.16 65.82 
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Table 5.4: Textural analysis of the sediment intervals for the core 50. 

Depth 
Interval (cm) 

Sand 
(wt. %) 

Silt 
(wt. °A) 

Clay 
(wt.%) 

Texture 

0-2 09.66 48.53 41.79 clayey silt 

2-4 09.48 51.49 39.02 

6-8 12.76 40.44 46.79 silty clay 

8-10 12.4 46.52 41.06 clayey silt 

10-12 09.00 52.62 38.37 " 

14-16 18.55 36.74 44.69 silty clay 

18-20 18.98 41.60 39.41 clayey silt 

20-25 18.88 38.14 42.97 silty clay 

30-35 12.39 39.76 47.84 silty clay 

40-45 06.00 45.57 48.03 silty clay 

50-55 07.21 50.07 42.70 clayey silt 

60-65 08.60 48.14 43.24 " 

70-75 05.1. 41.62 53.27 silty clay 

80-85 05.56 49.14 45.29 clayey sift 

90-95 09.26 52.86 37.86 

100-110 09.88 47.08 43.00 It 

120-130 04.61 44.22 51.16 silty clay 

140-150 04.32 48.42 47.24 clayey silt 

160-170 11.67 37.83 50.49 silty day 

190-180 02.54 47.46 49.98 

210-220 02.05 43.91 54.04 

230-240 01.89 43.13 54.96 (I 
 

250-260 04.78 42.61 52.60 

270-280 02.20 45.02 52.76 " 

290-300 03.77 40.12 56.09 „ 

310-320 02.38 44.50 53.10 

330-340 06.22 46.33 47.43 "  

350-360 12.89 38.54 48.55 " 

370-380 06.69 44.18 49.11 „ 

390-400 09.24 46.98 43.77 clayey silt 

410-420 07.11 42.60 50.28 silty clay 

430-440 06.89 46.50 46.60 

450-460 08.97 54.02 37.00 clayey silt 

470-480 05.26 43.49 51.25 silty clay 

490-500 03.58 37.77 58.64 silty clay 
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Table 5.5: Distribution of Organic Carbon (OC), Total Nitrogen (TN), OC/TN 
ratio and CaCO3 in the sediment samples of the core 16. 

Depth 
interval (cm) 

OC 
(wt.%) 

TN 
(wt.%) 

OC/TN 
ratio 

CaCO3 
 (wt.%) 

2-4 4.39 0.43 08.46 37.8 

6-8 3.56 0.40 08.90 41.6 

14-16 3.02 0.30 10.10 46.3 

20-25 2.53 0.19 13.31 46.2 

40-45 1.42 0.10 14.20 48.8 

60-65 1.39 0.07 19.80 50.4 

80-85 3.08 0.26 11.80 53.5 

110-120 2.78 0.19 14.60 38.8 

130-140 2.58 0.15 17.20 53.7 

150-160 2.18 0.11 19.80 56.8 

170-180 2.71 0.15 18.10 57.3 

190-200 2.79 0.17 16.40 54.2 

230240 2.34 0.12 19.50 44.3 

270-280 2.69 0.12 22.40 34.8 

310-320 2.87 0.17 16.90 28.7 

350-360 3.7 0.24 15.40 24.2 

390-400 1.93 0.10 19.30 15.5 

410-420 2.41 0.13 18.50 25.7 

430-440 1.36 0.05 27.20 25.3 
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Table 5.6: Distribution of Organic Carbon (OC), Total Nitrogen (TN), OC/TN 
ratio and CaCO3 in the sediment samples of the core 39. 

Depth 
interval 

(cm) 

OC 
(wt.%) 

TN 
(wt.%) 

OC/TN 
ratio 

CaCO3 
(wt.%) 

2-4 1.83 0.13 14.10 25.5 

12-14 1.42 0.07 20.30 26.6 

20-25 0.81 0.02 40.50 30.1 

50-65 1.13 0.05 22.60 17.3 

70-75 1.13 0.04 28.20 15.8 

90-95 1.23 0.03 41.00 27.6 

120-130 1.76 0.10 17.60 24.2 

160-140 2.35 0.15 15.60 19.2 

200-210 1.80 0.10 18.00 23.8 

240-250 2.09 0.12 17.40 23.2 

280-290 1.81 0.10 18.10 24.5 

340-350 1.93 -- -- -- 

360-360 2.15 0.11 19.50 23.9 

380-390 1.94 0.11 17.60 23.0 

440-450 1.59 0.07 22.70 19.2 

Table 5.7: Distribution of Organic Carbon (OC), and CaCO3 in the sediment 
samples of the core 50. 

Depth 
interval 

(cm) 

OC 
(wt.%) 

CaCO3 
(wt.%) 

2-4 0.41 42.7 

8-10 0.53 48.4 

14-16 0.37 41.5 

20-25 0.41 47.1 

30-35 0.36 33.4 

50-55 0.49 36.2 

70-75 0.34 34.1 

100-110 0.47 36.9 

Depth 
interval 

(cm) 

OC 
(wt.%) 

CaCO3 
(wt.%) 

140-150 0.55 34.3 

160-160 0.42 36.1 

230-240 0.63 29.1 

270-280 0.39 24.2 

310-320 0.34 26.4 

350-360 0.32 30.1 

390-400 0.42 26.3 

450-460 0.48 23.9 
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Table 5.8: Percentages of Benthic foraminifers (B), Planktic foraminifers (P) 
and Keels (K) in the size fraction 125-2501.1m in the core 16 

Depth 
interval 

(cm) 

B 
(%) 

P 
(%) 

K 
(%) 

2-4 05.8 05.8 88.5 

6-8 06.0 04.3 89.7 

10-12 07.4 12.1 80.5 

14-16 03.6 10.7 85.7 

16-18 07.8 12.3 79.8 

20-25 04.4 18.8 76.9 

30-35 03.0 32.4 64.6 

40-45 01.1 58.7 40.2 

60-65 16.9 47.2 35.9 

80-85 02.4 74.1 23.5 

Depth 
interval 

(cm) 

B 
(%) 

P 
(%) 

K 
(%) 

120-130 01.6 74.1 24.4 

150-160 02.8 66.3 30.9 

190-200 05.0 63.0 32.0 

230-240 03.5 60.5 35.9 

270-280 06.7 56.7 36.6 

310-320 10.6 52.0 37.5 

350-360 10.6 38.6 50.8 

390-400 14.8 17.5 67.7 

430-440 04.0 49.9 46.2 

470-480 17.6 08.6 73.8 

Table 5.9: Percentages of Benthic foraminifers (B), Planktic foraminifers (P) 
and Keels (K) in the size fraction 125-2501..tm in the core 39. 

Depth 
(cm) 

B 
r/o) 

P 
(%) 

K 
(%) 

0-2 04.5 05.4 90.1 

16-18 22.7 23.5 53.7 

20-25 18.3 22.2 59.5 

30-35 11.3 61.6 27.1 

40-45 11.0 67.3 21.7 

60-65 10.1 67.2 22.7 

70-75 23.2 52.8 24.0 

80-85 16.3 71.9 11.9 

90-95 18.9 72.4 8.7 

120-130 21.8 46.3 31.9 

140-150 27.6 49.6 22.8 

160-170 12.5 46.5 40.9 

170-180 14.9 48.9 36.2 

180-190 33.8 51.8 14.4 

Depth 
(cm) 

B 
(%) 

P 
(%) 

K 
(%) 

200-210 20.3 65.0 14.7 

220-230 27.6 50.0 22.4 

240-250 15.3 70.4 14.3 

260-270 17.0 74.6 08.4 

300-310 10.3 75.1 14.5 

320-330 21.8 64.1 14.1 

340-350 16.6 72.4 11.1 

360-370 14.7 65.6 19.7 

400-410 24.5 55.3 20.2 

420-430 56.6 24.0 19.5 

440-450 14.8 71.2 14.0 

460-470 50.5 22.4 27.2 

480-490 33.1 27.5 39.4 
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Table 510: Rock-Eval pyrolysis parameters (H, S2 and Tmax) in the core 16. 

Depth 
interval 

(cm) 

HI 
(mg 
HC/g 
OC) 

S2 
(mg 
HC/g 
rock) 

Tmax 
(°C) 

2-4 383 11.43 425 

10-12 259 10.84 426 

14-16 456 09.04 424 

20-25 320 03.68 430 

50-55 177 01.70 429 

60-65 171 01.30 424 

70-75 247 03.51 429 

90-95 345 07.47 421 

Depth 
interval 

(cm) 

H 
(mg 
HC/g 
OC) 

S2 
(mg 
HC/g 
rock) 

I g
-
 

E
0
 

110-120 360 05.27 423 

130-140 152 03.53 431 

150-160 170 03.58 429 

190-200 205 07.26 426 

250-260 081 01.85 430 

390-400 082 02.79 432 

470-480 127 04.2 426 

Table 5.11: Rock-Eval pyrolysis parameters (H, S2 and Tmax) in the core 39. 

Depth 
interval 

(cm) 

HI 
(mg 
HC/g 
OC) 

52 
(mg 
HC/g 
rock) 

Tmax 
(°C) 

2-4 36 0.15 379 

6-8 37 0.14 382 

10-12 36 0.17 383 

20-25 40 0.09 377 

50-55 46 0.23 390 

70-75 29 0.17 387 

80-85 18 0.14 389 

100-110 22 0.16 412 

Depth 
interval 

(cm) 

H 
(mg 

HC/g 
OC) 

52 

(mg 
HC/g 
rock) 

Tmax 
(°C) 

140-150 14 0.21 394 

190-200 28 0.17 387 

230-240 27 0.28 394 

270-280 16 0.10 385 

330-340 19 0.11 394 

370-380 38 0.37 402 

450-460 15 0.05 398 

470-480 27 0.27 402 
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Table 5.12: Rock-Eval pyrolysis parameters (HI, S2 and Tmax) in the core 50. 

Depth 
interval 

(cm) 

HI 
(mg 
HC/g 
OC) 

S2 
(mg 
HC/g 
rock) 

Tmax 

(°C) 

2-4 101 2.14 420 

8-10 93 1.40 419 

14-16 76 0.87 399 

20-25 42 0.29 387 

50-55 35 0.39 391 

70-75 25 0.39 387 

90-95 32 0.36 384 

120-130 81 1.36 415 

Depth 
interval 

(cm) 

HI 
(mg 
HC/g 
OC) 

S2 
(mg 

HC/g 
rock) 

Tmax 

(°C) 

160-170 58 2.21 425 

200-210 60 1.79 415 

260-270 47 0.78 408 

280-280 67 1.34 410 

340-350 66 1.32 412 

420-430 64 2.54 419 

460-470 55 1.48 409 

Table 5.13a: Distribution of OC and CaCO3 in the core GC5 (after Thamban 
et al., 1997). 

Depth 
(cm) 

OC 

(wt.%) 

CaCO3 
(wt.%) 

0 3.82 32.2 

10 3.51 34.1 

16 3.68 33.2 

22 3.44 30.3 

42 3.22 30.3 

62 3.06 26.5 

82 2.68 24.6 

102 1.80 15.2 

122 1.35 13.3 

142 1.40 14.2 

Depth 
(cm) 

OC 

(wt.%) 

CaCO3 
(wt.%) 

167 1.31 21.7 

177 1.58 28.6 

202 1.60 29.6 

222 1.56 27.6 

242 1.62 27.6 

262 1.43 26.6 

282 1.42 29.6 

302 1.37 23.6 

322 1.68 20.7 

333 1.48 21.7 

Table 5.13b: Rock-Eval pyrolysis parameters (HI, S2 and Tmax) in the core 
GC5 (after Thamban et al., 1997). 

Depth 
(cm) 

HI (mg 
HC/g OC) 

S2 (mg HC/g 
rock) 

Tmax 

(°C) 
0 198 7.56 421 

55 121 3.75 415 

210 33 0.52 417 

295 27 0.37 390 

325 24 0.35 392 
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Table 5.14: The distribution of Nitrogen isotope (8 15N) data for the core 39. 

Depth 
interval 

(cm) 

815N 
(%o) 

0-2 6.81 

2-4 6.87 

4-6 5.92 

6-8 6.77 

10-12 6.22 

12-14 7.25 

14-16 6.68 

16-18 5.99 

18-20 6.69 

20-25 6.72 

30-35 6.41 

Depth 
interval 

(cm) 

815N 
(%.) 

30-35 6.41 

40-45 5.83 

50-55 5.42 

60-65 5.40 

70-75 5.69 

80-85 7.06 

90-95 4.79 

100-110 7.14 

120-130 7.34 

140-150 6.29 

160-170 5.86 

Table 5.15: The distribution of Nitrogen isotope (8 15N) data for the core 16. 

Depth 
interval 
(cm) 

815 N 
(%.) 

0-2 5.45 

2-4 6.63 

4-6 5.61 

6-8 6.23 

10-12 6.42 

14-16 6.86 

16-18 6.17 

18-20 6.48 

20-25 6.16 

Depth 
interval 
(cm) 

815 N 
(%o) 

30-35 3.52 

40-45 6.62 

50-55 6.12 

60-65 5.75 

70-75 4.95 

80-85 4.99 

90-85 5.32 

110-120 4.77 
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Chapter 6 

SUMMARY AND CONCLUSIONS 

Fourteen sediment cores recovered from the distal Bengal Fan and western 

margin of India at depths between 31 and 4000 m were studied for better 

understanding the provenance of the sediments during the late Quaternary. Of 

these, three cores from the southwestern continental margin of India were also 

investigated for multiple geological proxies to infer the fluctuations in 

paleoproductivity and denitrification during late Quaternary. 

The Bengal Fan, the world's largest deep fan, receives huge sediment input 

largely from the rising Himalayas and this sediment reaches the distal part of 

fan extending up to 10°S, via turbidity currents. Alternate layers of light grey, 

illite and chlorite-rich and dark grey, smectite and kaolinite-rich sediments with 

varied frequency and rates of sedimentation were deposited in the Fan region 

since 17 Mya. The source, composition and sedimentation rates of these 

sediments were subjected to large debate for several years. Several factors 

appear responsible for the observed changes. These include a (a) shift in 

source of sediments from Himalayas to the Indian-Sri Lanka peninsula (b) the 

sea level change (c) Himalayan tectonics. With the advent of radiogenic 

isotopes such as 87Sr/86Sr and ENd ratios of these sediments it is possible to 

precise the provenance of the sediments. In Chapter 3 of the thesis, a brief 

review was brought out on the sediments of the Bay of Bengal (BOB), in 

general and the Bengal Fan in particular. The major conclusions are 

❑ The surface sediments of the BOB are monotonous with clayey silt / 

silty clays, except at a few locations on the eastern margin of India and 

Ninety-east Ridge wherein the sediments are calcareous sands. 

❑ Distinct day mineral assemblages occur along the eastern margin of 

India. Mineralogy of the sediments is controlled by geology and climate 

in the drainage basins of the rivers. 
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1:1 Three distinct provinces were identified in the deeper Bay of Bengal. 

The sediments of the Province I are sourced from Peninsular India and 

Sri Lanka, Province II largely from the Ganges — Brahmaputra river 

system and Province III derived from the submarine weathering of 

Ridge basalts. 

1:1 Turbidites are the major carriers for the Bengal Fan sediments and 

turbidite sediments extend up to 10° S in the early Quaternary. Most of 

the turbidity current activity at present is restricted to the upper Fan. 

1:1 The sediment accumulation rate is highest (8.6 cm/yr) in the north near 

the Ganges mouth and decreases south, with minimum sedimentation 

rate (0.2 cm/1000 yr) in the central southern Bengal Fan. 

1:1 The variations in thickness and frequency of turbidites in the ODP and 

DSDP cores are mainly related to the different phases of Himalayan 

upliftment at different times, rather than to the sea level changes. 

1:1 The concepts on the sources of two main types of turbidites light 

grey (illite and chlorite-rich) and dark grey (smectite and kaolinite-

rich) found in the ODP and DSDP cores have changed with time. 

With the help of Sr — Nd and 0 - H isotopes it was documented 

that both the turbidites are from the same source (Himalayan 

rivers), but undergone different degrees of weathering before 

being carried by the turbidity currents to the Bengal Fan. 

1:1 The turbidity current activity in the distal Bengal Fan region reduced 

during the Holocene. However, some workers reported turbidites right 

on the surface, while others below 2-4 m from the surface. 

In section II of the same chapter two sediment gravity cores from the 

distal Bengal Fan were investigated for multiple proxies to understand the 

provenance of sediments and characteristics of the turbidites. The proxies 
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include colour, grain size, mineralogy, coarse fraction constituents, Sr-Nd 

isotopes and rock-magnetic properties. The major conclusions drawn from 

results of these two cores are 

❑ Two distinct sedimentary units occur in each core. The unit 1 sediments 

represent upper section in both the cores and display intermittent light 

and dark coloured sediments. The unit 2 sediments represent lower 

section of the cores and show largely dark (olive black and olive grey) 

coloured sediments. 

❑ Higher proportions of CaCO3, keels and planktics and, smectite and 

kaolinite are characteristic of unit 1 sediments. Unit 2 sediments are 

represented by very low and uniform content of CaCO3, higher quartz 

and mica and illite and chlorite-rich mineral phases. 

❑ Mud fractions (<63 um) of the unit 1 sediments are dominated by clay 

and very fine silt fractions, whereas the unit 2 sediments are dominated 

by various fractions of silt. 

❑ The size frequency curves of different intervals of unit 2 sediments 

largely represent unimodal distribution and curves overlap one upon the 

other. Although different intervals of unit 1 sediments show unimodal 

distribution, the variations in median and mean size of the mud lead to 

shifting of the curves. 

❑ Rock magnetic properties showed wide variations in unit 1 and little 

variations in unit 2 sediments. Susceptibility variations correlate well 

with acid-insoluble residue of the sediment. Other rock magnetic 

parameters suggest that magnetite is the predominant mineral 

associated with SK148/2 sediments and, hematite/goethite proportions 

increased at certain intervals in AAS37/2. 

❑ Higher 87Sr/86Sr ratios and more radiogenic eNd values are characteristic 

of unit 2 of both the two cores than that of the unit 1 sediments. Uniform 
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Sr ratios in unit 2 of SK148/2 indicate single source. Variations in 

carbonate and clay minerals probably resulted in varied Sr ratios at the 

base of unit 2 in AAS37/2. 

❑ Unit 2 sediments in both the cores are largely of Pleistocene age, while 

unit 1 sediments are deposited since from the Last Glacial Maximum. 

❑ Unique sedimentological properties of unit 2 sediments, especially in 

SK148/2, point to a single turbidite source, originated from the northern 

Bay of Bengal. Although the unit 2 sediments of AAS37/2 are largely 

derived from the northern Bay of Bengal, a mixed source of sediments 

derived from Sri Lanka appear evident, at least at the base and top of 

unit 2. 

❑ Higher OC, TN and presence of biogenic components indicate record of 

the water column processes in the unit 1 sediments of SK148/2. Lower 

OC/TN in this unit further confirms marine origin of the OC. Increased 

keels associated with decreased planktic foraminifers suggest 

dissolution, probably by the corrosive effect of the Antarctic bottom 

waters. 

❑ Higher S/I and K/Ch ratios in unit 1 sediments of both the cores indicate 

increased chemical weathering products. Varied down core variations in 

these ratios in association with different colour of the sediments indicate 

the source of sediments varied through time in this unit. 

❑ The unit 1 sediments are largely an admixture derived from the western 

Bay of Bengal and northern Bay of Bengal. Intermittent variations in 

smectite and kaolinite and, illite—rich sediments in this unit suggest that 

the core sites are influenced by the varied strength of turbidites derived 

from these two regions at different times. 
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❑ Increased chemical weathering products in AAS37/2 in unit 1 suggest 

increased influence of the sediments from the Sri Lankan province, 

probably under the influence of northeast monsoon current. 

❑ The turbidites of low frequency are deposited in Holocene sediments of 

the distal Bengal Fan. 

The sediments along the western continental margin of India have been 

subjected to various systematic sedimentological and geochemical studies 

since the International Indian Ocean Expedition (1962-65). Although earlier 

workers drawn correspondence between the mineralogy of the sediments and 

hinterland geology, it is not known how the lateritisation of hinterland rocks 

influenced the geochemical signature of the sediments deposited in the 

offshore. Moreover, it was realised from chapter 3, sediment sources may be 

mis-interpreted based on only mineralogy and, Sr-Nd isotopes would help in 

better understanding the provenance. In chapter 4 of the thesis mineralogy 

and Sr - Nd isotopic composition of the <2 1.1m fraction of the sediments from 

12 sediment cores collected along the western margin of India at depths 

between 31 and 3235 m were investigated to trace their sources and the 

influence of current controlled patterns in their distribution. The results 

obtained for the Holocene and Late Pleistocene sediments of the cores 

indicate 

❑ Three distinct clay mineral assemblages occur in the study area. These 

are illite and chlorite-rich assemblage from the Indus, Smectite-rich 

assemblage from the Deccan Traps and, kaolinite and smectite-rich 

assemblage from the Gneissic rocks. 

❑ The clay mineral assemblages are distinct in the continental margin 

sediments. Mixing of these assemblages can also be seen in the 

deeper water cores. 

❑ Sr isotopes are sensitive to weathering and laterisation. It is an 

ambiguous tracer. 
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❑ The 87Sr/86Sr ratios of the Holocene sediments in shallow water cores 

are higher and varied widely than that in deeper water cores. 

❑ Weathering does not influence Nd isotopes. ENd correlates well with the 

clay mineral assemblages indicating source rock composition or mixing 

of source sediments 

❑ Kaolinite enriched sediments coupled with high Sr ratios and low ENd on 

the SW margin of India suggest intense chemical weathering. 

❑ The isotopic and mineralogical composition of the sediments of the SW 

margin of India largely represent hinterland flux and are not influenced 

by the sediment transported from the Bay of Bengal waters during the 

NE monsoon surface current or SW monsoon underwater current. 

❑ The characteristics of the late Pleistocene sediments reflect a decrease 

in hydrolysis that resulted in decrease of smectite content and Sr ratio. 

❑ Clay minerals and ENd values suggest that the provenance and transport 

pathways of the late Pleistocene sediments are same as that of the 

Holocene for each region. 

The organic carbon-rich sediments along the continental margins of the 

world oceans were subjected to several investigations to better understand the 

factors responsible for organic carbon variations. Productivity and preservation 

models were suggested. In Chapter 5 of the thesis the sediment cores 

recovered below the Oxygen Minimum Zone along the southwestern margin of 

India were investigated for multi-proxy data, which include organic carbon, 

calcium carbonate, texture, Rock-eval pyrolysis, coarse fraction constituents 

and nitrogen isotopes. The results obtained were compared with those of the 

cores from the oxygen minimum zone. The regional and local factors 

controlling the variations in productivity and denitrification were identified for 
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the sediments deposited since the Last Glacial Maximum. The conclusions 

drawn from the study are as follows. 

❑ Organic Carbon (OC), grain size parameters and CaCO3, coarse 

fraction investigations in the three sediment cores indicate diverse 

relationship among them. 

❑ The range of OC is high in the southern core and decreases towards 

north with minimum in core off Mormugao, indicating upwelling related 

productivity beginning in the south that gets transported to north plays a 

major role. 

❑ High OC and TN are associated with late Holocene sediments and at 

LGM levels and low OC and TN during the early Holocene. 

❑ The OC and CaCO3 show inverse relationship in late Holocene 

sediments. Decrease of planktic foraminifers corresponds to the 

increase in keel content indicating dissolution. 

❑ The OC content in the core (16) below the OMZ is found to be much 

higher than the core within the OMZ (GC5). This indicates OMZ does 

not play a major role in OC preservation. 

❑ At higher OC content, the parameters of Rock-Eval pyrolysis, HI, S2 and 

Tmax can distinguish the source of organic matter (marine or terrestrial). 

But at low OC contents Rock-Eval pyrolysis fail to distinguish. 

❑ The HI and S2 values are similar for the cores within and below the 

Oxygen Minimum Zone implying that these are not reliable indicators to 

suggest the process (productivity/preservation) for enriched OC 

content. 
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❑ Increased OC and TN, and low 8 15N during LGM indicate increased 

productivity, but suppressed denitrification probably due to intensified 

convective mixing associated with stronger and cooler NE monsoon. 

❑ Decreased OC, TN and CaCO3, increased clay content and lower 8 15N 

suggest dilution by terrigenous flux during the early Holocene. It is 

possible but unlikely that a stronger near-surface stratification led to 

lower productivity. It is also possible and likely that a more intense 

undercurrent brought about greater reoxygenation of intermediate water 

off the Indian margin suppressing denitrification locally. 

❑ There may have been dilution (decrease) of 8 15  N signals through 

terrigenous inputs in both cores and enhancement due to partial nitrate 

utilization by phytoplankton in the southern core. 

❑ No major fluctuations in subsurface oxygen distribution appear to have 

occurred since 7 ka BP. 
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