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ABSTRACT

The prime focus of this thesis is application of spatio-temporal distributions and
associated variations in the concentration and isotopic composition of selected
trace elements to understand contemporary and paleo processes operating in the
Arabian Sea and on the nearby continents. The study encompasses the ocean
circulation, aeolian dust deposition, role of denitrification on distribution of redox
sensitive elements, seawater **’0s/**®0s evolution, erosion-climate coupling and
pattern of dispersal of sediments in the Arabian Sea. The study of Nd
concentration and eng Of waters of the Arabian Sea along with inverse model
calculations suggest return of deeper water masses towards south in the eastern
Arabian Sea along the western flange of Chagos-Laccadive ridge. Nd content in
surface waters of the Arabian Sea show an enrichment due to aeolian dust flux,
estimated to be 8 + 2 g m? y. Further, the distributions of dissolved redox
sensitive elements Re, U and Mo display conservative nature with no influence of
suboxic/denitrifying layers of the Arabian Sea. Salinity seems to control their
distribution in the Arabian Sea. The salinity-concentration link further supports
that the distribution of these elements is governed by physical processes such as
advection, mixing and evaporation. The temporal evolution of **’0s/**Os in the
Arabian seawater show significant variation on glacial-interglacial timescale. The
870s/"%0s record of Arabian seawater shows deviation from the global ocean
trend during the Last Glacial Maxima (LGM). This was due to anoxic/suboxic
conditions deeper waters of the Arabian Sea because of reduced transport of North
Atlantic Deep Water (NADW) into the Arabian Sea, resulting in its partial
isolation from rest of the oceans during LGM. Results on Sr and Nd isotopic
composition of sediments from north-eastern Arabian sea suggest the stablility in
provenances of the sediments since last 40 ka whereas sediments from the south-
eastern Arabian Sea exhibit two major variation in proportions of sediment
sources coinciding with two major climate change events; the LGM and the
Holocene Intensified Monsoon Phase (IMP) resulting from the transport of
sediments of the Bay of Bengal to the Arabian Sea during LGM and vice versa
during IMP suggesting significant role of climate and ocean currents in erosion,

dispersal and deposition of sediments in the Arabian Sea.
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CHAPTER 1

Introduction
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1.1 INTRODUCTION

Trace elements and isotopes (TEIs) play important role in ocean as nutrients, as
proxies of several processes in the present, in the past and as contaminants. The
cycling of trace elements in the ocean has direct implication to marine
biogeochemistry, ocean circulation, climate dynamics, etc. Further, the study of
trace elements and their isotopes in the marine sediments provide information
pertaining to the past processes operating in the ocean as well as on the land. The
aim of this thesis is to use trace elements and isotopes to study some of the
contemporary and paleo processes operating on different spatial and temporal
scales in the Arabian Sea. The domain of research covered includes ocean
circulation and water mass structure of the Arabian Sea; the behaviour of redox
sensitive elements in response to suboxic and denitrifying conditions of the
Arabian Sea water column; the temporal variation in Os isotopic composition of
seawater on glacial-interglacial timescale; the role of climate and ocean
circulation on the erosion, dispersal and deposition of sediments in the Arabian

Sea.

Global ocean circulation helps in regulating the planet’s heat budget by the inter-
basin transport of heat content. In addition, ocean circulation transports oxygen,
nutrients etc form one ocean basin to another. The transport of these properties in
the ocean by the means of water masses maintains a balance in terms of their
demand and supply. Thus, by studying the water masses in the ocean, the rate and
pattern of transport of properties within the ocean can be understood. Various
trace elements and isotopes such as Cd, **C and Nd have been used to track water
masses in the ocean. Some of these tracers are affected by the biological activity;
however, the distribution of Nd isotopes in the water column is independent of
biology and is governed by mixing processes in the ocean. The residence time of
Nd in the ocean is of the order of ocean mixing time making it a suitable proxy of
ocean water circulation [Frank, 2002; Goldstein and Hemming, 2003; Jeandel,
1993; Jeandel et al., 1998]. Thus, the distribution of Nd concentration and its
isotopic composition (eng) serves as a coupled tracer of the origin and circulation

of water masses both on the inter and intra oceanic scale [Amakawa et al., 2000;
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Frank, 2002; Goldstein and Hemming, 2003; Jeandel, 1993; Jeandel et al., 1998;
Peipgras and Wasserburg, 1982; 1983]. The pattern and rate of ocean circulation
generates spatial variation in the distribution of Nd isotopes which can be used to
reconstruct the ocean circulation that brings about these variations. Therefore, the
Nd isotopic composition of the water masses is one of the best proxies to study
the ocean circulation owing to its suitable residence time and nature to acquire
and preserve the source signature [Goldstein and Hemming, 2003]. The spatial
variation in the eng of the ocean reflects the variation in the supply of Nd from the
continent and/or its modification by mixing of different water masses [Frank,
2002; Goldstein and Hemming, 2003; Lacan and Jeandel, 2001; 2004a; 2005].

The application of the coupled Nd concentration-gng tracer for studying the water
mass structure was mainly focussed in Arctic, Atlantic and the Pacific Oceans
[Jeandel, 1993; Lacan and Jeandel, 2001; 2004b; 2005; Peipgras and
Wasserburg, 1982; 1983; Peipgras and Jacobson, 1988; Porcelli et al., 2009;
Rickli et al., 2010; Shimizu et al., 1994; Zimmermann et al., 2009]. Little is
known about the water mass structure and various water masses forming in the
Indian Ocean, particularly that of deeper waters in the northern Indian Ocean
[Amakawa et al., 2000; Bertram and Elderfield, 1993; Nozaki and Alibo, 2003].
The limited studies on Nd isotopic composition of seawater from the Indian

Ocean suggest that it is intermediate to that of the Atlantic and the Pacific Oceans.

The shallow to intermediate water masses forming in the northern Indian Ocean
have their origin in the Arabian Sea. These water masses are the Arabian Sea
High Salinity Water (ASHSW), Persian Gulf Water (PGW) and Red Sea Water
(RSW) [Kumar and Li, 1996; Rochford, 1964; Shenoi et al., 1993; Wyrtki, 1973].
The studies on water mass structure of the Arabian Sea are mostly focussed on the
shallow water masses, using potential temperature and salinity as proxies. There
have been only limited studies on the deep water circulation in the northern Indian
Ocean, especially in the Arabian Sea [Mantyla and Reid, 1995; You, 2000]. The
applicability of potential temperature and salinity as water mass tracer in the

Indian Ocean is hindered by the lack of variability of these parameters for deeper
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waters of the basin. Other properties such as Cd, *C, dissolved oxygen and
nutrients are also not conservative in the Indian Ocean, especially in the Arabian
Sea due to high productivity. In this regard, Nd isotopic composition of seawater
is one such tool that can be applied as a conservative tracer of water masses in this
basin. In this study an effort has been made to study the Nd concentration and its
isotopic composition in the Arabian Sea. Further, Nd concentration and eng In
conjunction with inverse modelling approach have been used to apportion and

quantify the water masses in the Arabian Sea.

The Arabian Sea is a unique oceanic basin surrounded by continental landmass on
its western, eastern and northern boundaries and connected to the Indian Ocean to
the south. Being in the proximity of arid continental landmass with widespread
deserts of Arabian Peninsula (Oman), Africa and western India, the aeolian supply
of mineral dust contribute significantly to the dissolved trace elements budgets of
the surface waters of the Arabian Sea. Annual supply of aeolian dust to the
Arabian Sea is estimated to be ~100 million tons [Goldberg and Griffin, 1970;
Kolla et al., 1976; Ramaswamy and Nair, 1994; Sirocko and Sarnthein, 1989].
The supply of dust could impact the Nd budget of the surface ocean [Tachikawa et
al., 1999]. The surface water Nd content and its isotope composition of the

Arabian Sea have been used to estimate the dust flux in this study.

The Arabian Sea is one of the highly productive oceanic basins; the productivity
resulting from monsoonal upwelling brought about by seasonally reversing winds.
Thus, the unique geographical setting of the Arabian Sea affects its circulation
and biological productivity. During the South-West (SW) monsoon strong winds
produce intense coastal upwelling in the Arabian Sea off Somalia, Yemen and
Oman. These upwelled nutrient rich waters are transported hundreds of kilometres
offshore enriching the entire euphotic zone with nutrients in these regions. These
nutrients along with high aeolian dust flux results in high primary productivity.
The North-East (NE) monsoon also causes convective mixing over a large area.
The primary productivity during the NE monsoon is comparable with that during
the SW monsoon [Madhupratap et al., 1996]. High primary productivity is a
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major factor responsible for prevalence of suboxic conditions in the Arabian Sea.
The high productivity causes continuous rain of biogenic material through the
water column. These debris during their transit are subject to combustion by
dissolved oxygen in the water column, resulting in the formation of suboxic
denitrification layer at intermediate depths, typically 200-1000m [Bange et al.,
2005; Naqvi, 1994]. Further, the restricted supply of dissolved oxygen to
intermediate depths also contributes to suboxic conditions. It is expected that the
primary productivity in the Arabian Sea, its associated mid depth oxygen minima,
denitrification and high rain rate of biogenic debris through the water column can
have a measurable effect on the water column geochemistry of redox sensitive
elements. Redox sensitive elements compose a suite of trace elements whose
chemistry in seawater is directly influenced by changes in redox conditions of the
water. Re, U and Mo are the redox sensitive trace elements that have found
applications to study paleo-redox conditions of the ocean and determine
chronology of marine deposits [Crusius et al., 1999; Henderson et al., 2001,
Kendall et al., 2009; Morford et al.,, 2001; Nameroff and Balistrieri, 2002;
Nameroff et al., 2004; Sarkar et al., 1993]. In addition, the role of Mo in marine

biological processes is also known [Morel and Price, 2003].

The growing interest on the application of these elements as paleo-redox
indicators of oceans requires better understanding of their geochemistry, which
includes their sources, transport and internal cycling. Re, U and Mo are enriched
in sediments that are rich in organic carbon [Borole et al., 1982; McManus et al.,
2006; Morford and Emerson, 1999; Morford et al., 2005; Pattan and Pearce,
2009; Sarkar et al., 1993], suggesting that productivity and/or organic carbon
burial may have a role in their removal from seawater. Such conditions are met in
oceanic regions where the demand for oxygen for combustion of organic matter
and respiration is not fulfilled (For example, in land locked seas and continental
margins with restricted ventilation). Arabian Sea is one such oceanic basin where
the demand of oxygen for combustion of organic matter is quite high. Thus the

Arabian Sea basin provides ideal conditions of being a natural laboratory to study
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the water column distribution of redox sensitive elements under

suboxic/denitrifying conditions.

Further, the significant flux of particles through the water column of the Arabian
Sea makes the case of removal of redox sensitive elements Re, U and Mo more
susceptible. There have been only limited studies on the distribution of these
redox sensitive elements in suboxic/reducing ocean water column to investigate
their potential removal from seawater. The suboxic conditions of the Arabian Sea
have been found to influence Mn and Fe cycling in the water column [Saager et
al., 1989]. These studies demonstrate the role of suboxic layers of the Arabian Sea
in the mobilization of redox sensitive elements, Fe and Mn. One of the goals of
the this study is to investigate the impact of the perennial Oxygen Minimum Zone
(OMZ) and denitrification present in the water column of the Arabian Sea on the

distribution of dissolved Re, U and Mo concentration.

Primary productivity in the Arabian Sea is in the range of 0.5 t0 25 gC m2d™
[Madhupratap et al., 1996] suggesting significant surficial biological activity and
rain of organic matter through the water column of the Arabian Sea. High
productivity supplies large amounts of organic matter to the sediments creating
anoxic condition at sediment water interface in the Arabian Sea. Redox sensitive
elements such as Re, U, Mo, Os etc. are enriched in these sediments. For example,
higher concentration of Re has been found in the surface sediments of the Arabian
Sea [Pattan and Pearce, 2009]. Os is also a redox sensitive element and gets
enriched in the reducing sediments from seawater. In this study, organic matter
rich sediments from the Arabian Sea have been studied to track Os isotopic

composition of the seawater and its temporal evolution.

The weathering of the hard rock continents is important in regulating the global
carbon cycle and heat budget of the earth. Radiogenic isotopes in the ocean are
sensitive to changes in the continental weathering and erosion. The variation in
the isotopic composition of radiogenic isotopes in the ocean over the scales of

time and space provides useful information on changes in the continental
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weathering. Os is a very useful tracer of paleo-weathering intensity due to its
residence time in the range of 8-40 ka [Oxburgh, 2001]. Global ocean receives Os
from continents, hydrothermal inputs and cosmic dust. There is a large difference
in terms of isotopic signature of Os derived from continental weathering
(**’0s/*®0s ~ 1.5) [Levasseur et al., 1999] and other sources, hydrothermal inputs
(**’0s/™®0s ~ 0.12) [Meisel et al, 2001] and dissolution of
cosmic/micrometeoritic dust (**’0s/*®0s ~ 0.12-0.13) [Luck and Allégre, 1983;
Walker and Morgan, 1989]. Thus, the study of Os isotopic composition evolution
of seawater over the past has the potential to reveal the insights of continental
paleo-weathering intensities over glacial-interglacial timescale. In this study, Os
isotope composition of sediment core from the Arabian Sea, archiving the
depositional history of about 30 ka, has been studied to reconstruct the seawater
Os isotope signature during this period. The depositional duration of the
sediments encompasses the well known event of Last Glacial Maximum (LGM).
This event has been suggested to impact the seawater Os isotope composition by
decreasing the continental weathering thereby decreasing the supply of radiogenic
Os to the Seawater [Oxburgh, 1998; Oxburgh et al., 2007]. The aim of the present
work is to study the temporal evolution in **'0s/**®0s of Arabian seawater over

changing glacial-interglacial climate scenario.

The process of continental erosion plays a key role in controlling the marine
biogeochemical and sedimentary cycles. Thus, there is a need to understand the
variations in continental erosion pattern in the past and their controlling factors.
Continental erosion is enforced by the interplay between high frequency climate
change (which vary on a decadal to ka time scale) and low frequency tectonic
activity (varying over Ma time scale). Ocean sediments are good archives of the
erosional history of the nearby continents. [Ahmad et al., 2005; Colin et al., 1999;
Kessarkar et al., 2003; Tripathy et al., 2011] Sediments of the Arabian Sea
receive terrigenous flux from the Himalaya, Deccan and peninsular India. The
Arabian Sea annually receives ~400 million tons of suspended load from the
Himalaya and Trans Himalaya [Milliman et al., 1984] through the Indus river

system, and ~100 million tons through the Narmada, Tapi and the rivers of the
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Western Ghats [Alagarsamy and Zhang, 2005; Chandramohan and Balchand,
2007]. In addition, ~100 million tons of aeolian dust from the deserts of Oman,
Africa and western India is deposited annually in the Arabian Sea, its contribution
to the eastern Arabian Sea being only ~30 million tons, which further decreases
towards the Indian peninsula [Ramaswamy and Nair, 1994; Sirocko and
Sarnthein, 1989]. The sediments deposited in the Arabian Sea preserve in them
the records of erosional patterns in their source regions, factors regulating them
and the pathways of sediment dispersal in the sea [Clift et al., 2008; Rahaman et
al., 2009]. Any temporal variation in the proportion of the sources can be tracked
by studying these sediments. Tectonic activity is considered to be the prime cause
for erosion with climate playing a secondary role [Burbank et al., 2003].
However, some recent studies highlight the importance of climate in controlling
erosion [Clift et al., 2008; Rahaman et al., 2009].

One of the key factors determining the erosion patterns of the drainage basins is
the monsoon. The Indian subcontinent experiences two monsoons annually, the
South-West (summer) and the North-East (winter) monsoons; the former being
more pronounced at present. The intensities and patterns of these monsoons have
varied during the past [Fleitmann et al., 2003; Gupta et al., 2003; Herzschuh,
2006]. These variations in turn, have affected the erosion pattern of drainage
basins [Clift et al., 2008; Rahaman et al., 2009] and supply of sediments to the
seas around India [Ahmad et al., 2005; Colin et al., 1999; Tripathy et al., 2011].
These variations, in addition to impacting erosion, also influence the surface water
circulation in the Arabian Sea and the Bay of Bengal which determine the
sediment dispersal and deposition in them. During the SW monsoon, surface
water from the Arabian Sea flows to the Bay of Bengal; in contrast, during the NE
monsoon, surface currents flow from the Bay of Bengal to the Arabian Sea [Schott
and McCreary, 2001; Shankar et al., 2002]. There is evidence to suggest that the
transport of low-salinity water from the Bay of Bengal to the Arabian Sea was
enhanced during the Last Glacial Maximum (LGM) due to a more intense NE
monsoon [Sarkar et al., 1990; Tiwari et al., 2005]. This study deals with

unravelling the erosion history of the Himalaya and peninsular India and its
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controlling factors highlighting the impact of monsoon variability and ocean
surface currents on erosion patterns and dispersal of sediments in the eastern
Arabian Sea for the last 40 ka.

1.2 OBJECTIVES OF THE THESIS

The basic objective of this thesis work is to study the trace elements and isotopes
in the water column and the sediments of the Arabian Sea to understand the water
mass structure, impact of denitrification on the water column cycling of trace
elements and impact of varying climate and hydrography on the continental

erosion and sediment dispersal.

In particular, the major objectives are to:
(i) study the water masses in the Arabian Sea using Nd isotopes in conjunction
with an inverse modelling approach and estimate the dust flux to the surface

waters.

(i) study the distribution of redox sensitive elements (Re, U and Mo) in water

column of the Arabian Sea and the processes controlling them.

(iii) track the temporal variation in Os isotopic record of Arabian seawater over

the past 30 ka and assess the impact of climate in controlling it.

(iv) study the impact of monsoon variability and ocean surface circulation on
erosion patterns and dispersal of sediments in the south-eastern Arabian Sea
during the last ~40 ka.

1.3. STRUCTURE OF THE THESIS

Chapter 1: Introduction

This chapter introduces the topics that have been addressed in this thesis. The
motive of this chapter is to highlight the present level of understanding of the
topics and mark the existing research gaps in the knowledge pertaining to these

topics. This chapter also provides the major objectives of this thesis.



INTRODUCTION | 10

Chapter 2: Materials and Methods

This chapter provides the details on the materials and the various analytical
methodologies used to accomplish the goals of this thesis. This chapter has been
divided into two parts. The former part of the chapter details the geographical
location of the samples and the sampling procedures; the latter part of the chapter
discusses the analytical techniques followed for the chemical and isotopic analysis

of waters and sediments from the Arabian Sea.

Chapter 3: Nd concentration and isotopic composition of waters of the
Arabian Sea: water mass analysis using inverse model approach

This chapter details the results and discussions on the study of Nd concentration
and isotopic composition (eng) in the vertical profiles from the Arabian Sea.
Further, this chapter describes the application of an inverse model to study water

masses in the Arabian Sea and estimate the dust flux to the surface waters.

Chapter 4: Dissolved redox sensitive elements, Re, U and Mo in intense
denitrification zone of the Arabian Sea

This chapter presents the results and discussions pertaining to the distribution of
redox sensitive elements Re, U and Mo in the suboxic and denitrifying water
column of the Arabian Sea. In this chapter, the lateral and vertical distribution of
Re, U and Mo in the Arabian Sea has been discussed in terms of their relations

with salinity and oxygen content.

Chapter 5: Variations in *¥’0s/***0s of the Arabian seawater during past 30
ka

The contents of this chapter discuss the temporal variation in the Os isotopic
records of the Arabian seawater over the past 30 ka. The data shows significant
variation in the *®’0s/*®0s of seawater in Arabian Sea over glacial-interglacial
cycle and has been discussed in terms of changes in the bottom water circulation

and oxygen level over the past.



INTRODUCTION | 11

Chapter 6: Temporal variations in 2’Sr/*Sr and eng in sediments of the
south-eastern Arabian Sea: Impact of monsoon and surface water circulation
This chapter deals with the study of Sr and Nd isotopic composition of sediments
from two cores in the south-eastern Arabian Sea. The temporal variation in both
87Sr/%°Sr and eng in the south-eastern Arabian Sea has been discussed in terms of
changes in provenances of sediments related to climatic/monsoon conditions and

surface water circulation over the past.

Chapter 7: Summary and future perspectives
This chapter summarises the major findings of this thesis and presents the future

perspectives related to these studies.
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CHAPTER 2

Materials and Methods
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The major goal of this study is to investigate the spatio-temporal variations in the
concentration and isotopic composition of selected trace elements in solution and
solid phases of the Arabian Sea and exploit their applications to understand
contemporary and paleo oceanographic processes operating in the region. Some of
the topics investigated include ocean circulation, aeolian dust deposition,
behaviour of redox sensitive trace elements and dispersal and deposition of

sediments (in response to changing climate) in the northern Indian Ocean.

To fulfil these objectives, several water and sediments samples from the Arabian
Sea and the rivers draining into it were collected and analyzed following various

analytical methods.

The sampling and analytical details are described in the following sections.

2.1 MATERIALS

The samples used to address the various themes of this thesis are the sediment and
seawater from the Arabian Sea. Further, to trace the sources of detrital sediments
deposited at selected locations in the Arabian Sea, sediment samples from the

west flowing rivers of India were also collected.

Scheme of sampling and initial processing of samples is shown in Fig. 2.1. The

sampling locations for sediment and seawater samples are shown in Fig. 2.2.

2.1.1 Sediment samples
The sediments analyzed in the present study are from two sediment cores and

from some of the west flowing rivers of India.

The following section details the sediment samples used for the work done in this

thesis.
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Samples
Sediments
(Sea and River) Seawater
Sr, Nd, Os isotopes

v o ~a

For Nd IC Re, U, Mo
Eng and Nd conc.

v b T

Dried at 90°C

Powdered to ftered through 11 seawater
<100 um size 0.4um filter ifzliie s ble|
aum 0.4um filter and
+ * acidified to pH ~ 2
REEs separated %
Homogenised by C18 cartridges
and stored Samples stored
* in precleaned
PP bottles
REE fractions
stored in clean
PP bottles

Fig 2.1: Scheme of sampling and initial processing of samples.

Sediments from the Arabian Sea

Sediment samples of the Arabian Sea are from an earlier collection by scientists
of the Chemistry Lab., Physical Research Laboratory. The two gravity cores are;
SS-3101G and SS-3104G (Fig. 2.2). These cores were collected from the eastern
Arabian Sea during 1991-92 [Agnihotri, 2001]. The sediments were collected
onboard FORV Sagar Sampada on oceanographic expeditions conducted by PRL.

The details of the sediment cores used in the present study are given in Table 2.1.

Table 2.1: Details of the sediment cores

Core Lat. Long. Waterdepth Corelength Avg.accumulation rate
(°N)  (°B) (m) (cm) (cm/ka)
SS-3101G 6.0 740 2766 150 4.6

SS-3104G 128 717 1680 150 3.5
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Fig 2.2: Sampling locations for water and sediment samples in the Arabian
Sea. The shaded region at the central eastern Arabian Sea marks the zone of
active water column denitrification [Naqvi, 1994]. The closed circles (o) show
the locations of vertical profiles of seawater sampling and closed boxes (m)
mark the locations of the two sediment cores analyzed.

The cores were sub-sampled onboard into 1 or 2 cm slices, stored in clean plastic
bags and sealed. In the laboratory, during this work a part of the sample was dried
in an oven at 90 °C [Agnihotri, 2001].

The chronologies of these cores were established by **C dating of planktonic
formainiferal separates (>250 um) using Accelerator Mass Spectrometry (AMS).
The measurements were made at the NSF Radiocarbon facility, Tucson, Arizona
(USA). The details on the core and their chronology are discussed in earlier
publications [Agnihotri, 2001; Agnihotri et al., 2003; Somayajulu et al., 1999].
The calibrated ages of the sediments from the cores SS-3101G and SS-3104G are
given in Table 2.2. Chronology of the entire core length is developed based

interpolation of these dated samples.

Ocean Data View
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Table 2.2: Calibrated **C ages of sediments of the two cores

Core Depth (cm) Calibrated Age (ka)

SS-3101G 1-2 1.93+0.10
11-12 4.68+0.14

26-27 10.61 +0.39

38-39 13.49+0.20

53-54 18.32+0.34

71-72 20.56 + 0.42

87-88 21.72 £ 0.40

102-104 24.52 +0.29

132-134 28.98 + 0.54

SS-3104G 2-3 1.36 + 0.09
9-10 3.31+£0.16

19-20 6.47+0.14

34-35 14.63 +0.39

52-53 19.59 + 0.50

68-69 20.82 £0.39

84-85 26.13+0.29

99-100 28.43+0.38

120-122 35.58 £ 0.65

142-144 41.09+1.14

The cores SS-3101G and SS-3104G archive depositional histories of ~30 and ~40
ka respectively. The average sediment accumulation rates were 4.6 and 3.5 cm/ka
for the cores SS-3101G and SS-3104G respectively.

50 =

SS-3104G

oY
o
1

SS-3101G

0 40 80 120
Core Depth (cm)

Fig. 2.3: *C chronology of the cores SS-3101G and SS-3104G [Agnihotri,
2001; Agnihotri et al., 2003; Somayajulu et al., 1999].
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Both the cores display temporal variations in sediment accumulation rates, with
higher rates ~7.5 cm/ka and ~4.2 cm/ka prior to LGM which decreased to ~2.9
cm/ka and ~2.7 cm/ka for SS-3101G and SS-3104G respectively after the LGM
(Fig. 2.3). Sedimentation rates for both these cores increased during LGM as has
been discussed by earlier workers [Agnihotri, 2001; Agnihotri et al., 2003;
Somayajulu et al., 1999].

The cores SS-3101G and SS-3104G were chosen to study the Sr and Nd isotopic
composition of the silicate fraction of the sediments to assess their temporal
variability and its causes particularly, in the provenance of these sediments. These
two cores have been selected for this study as (i) their chronology is well
established, based on *C dating of planktonic foraminiferal separates [Agnihotri,
2001; Agnihotri et al., 2003; Somayajulu et al., 1999] representing depositional
histories of ~30 and ~40 ka and (ii) they are strategically located to investigate the
impact of SW/NE monsoon variability and its role on the transport of sediments
from the Bay of Bengal to the Arabian Sea. The core SS-3101G lies east of the
Chagos Laccadive ridge adjacent to a sill. Further, the location of the core is
between two well studied cores [Sarkar et al., 1990; Tiwari et al., 2005] that have
provided evidences for variations in the intensities of southwest/northeast

monsoons.

In addition, the moderate to relatively high organic carbon content of the core SS-
3101G (0.61 to 2.25%) [Agnihotri, 2001] hints at the possibility of incorporation
of authigenic Os from seawater to the sediments. If this is indeed valid, the
sediments of the cores offer a unique possibility to study the temporal evolution of
Os isotopic composition in near equatorial seawater region. To explore this,
sediments from the core SS-3101G were systematically analyzed to trace the

evolution of seawater *8’0s/*®80s over last 30 ka.

River sediment samples
The Arabian Sea receives detrital sediments from several rivers. Sr and Nd

isotopic composition of these river sediments can serve as tracers to track the
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provenance of sediments in the Arabian Sea. The major source of sediments to the
Arabian Sea is the Indus River. There is available data on the Sr and Nd isotopic
composition of sediments supplied by the Indus River [Clift et al., 2002; Clift et
al., 2008; Clift et al., 2010]. Such data are unavailable for the rivers from the
western India such as the Narmada, Tapi, Nethravathi, Periyar and those draining
the Western Ghats (Vashishthi, Kajli, and Sukh). Therefore, sediments from these
rivers were collected from locations close to their mouths. The details of sampling
locations of the river sediments and lithology of the river basins are given in Table
2.3 and shown in Fig 2.4.

Table 2.3: Locations of sediment samples from the west flowing rivers of
India

Sampling
River Lithology drained Month, Year Lat. (°N) Long. (°E)
Mahi Aravalli Super Group, March, 2011 22.44 73.08

Deccan basalts,
Alluvial deposits
Narmada Proterozoic rocks of March, 2011 21.91 73.34
Vindhyan Supergroup,
Deccan basalts

Tapti Cretaceous—Eocene March, 2011 21.29 73.04
Deccan Trap basalts

Nethravathi* Peninsular Granite Apr, 2010 12.88 75.04
gneisses Dec, 2010

Periyar’ Peninsular Granite Apr, 2011 10.06 76.28
gneisses Apr, 2011 10.06 76.26

Kajli Deccan Basalts Aug, 2001 16.93 73.51

Sukh Deccan Basalts Aug, 2001 16.56 73.63

Vashishthi Deccan Basalts Aug, 2001 17.53 73.54

* Samples from Dr. K. Balakrishna, Manipal University.

1 Samples from Dr. C. H. Sujatha, Cochin University of Science and technology
(CUSAT). The geographical locations (Lat and Long) of these samples are taken from
Google Maps, (http://maps.google.co.in/maps).

The Mahi River drains a multi-lithological terrain composed of sediments of the
Vindhyan Super Group, metamorphic rocks of the Aravalli Super Group, the
Deccan basalts and the alluvial deposits of the Pleistocene and the Holocene ages

[Sridhar, 2008]. The Narmada is the largest river draining into the Arabian Sea


http://maps.google.co.in/maps

MATERIALS AND METHODS |19

from the western India. It passes through the Vindhyan ranges and the Deccan
basalts before plunging into the Arabian Sea at the Gulf of Cambay, near the town
of Bharuch [Gupta et al., 2011]. The Tapi River is the second largest west-
flowing river; its drainage basin consists of the Deccan basalts and alluvial
deposits. The Tapi enters the Arabian Sea at the Gulf of Cambay near the city of
Surat [Kale et al., 2003].

Ahmedabad !&
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o Sukh'A

o\
ARABIAN SEA

Mangalor
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Fig. 2.4: Sampling locations of sediments from rivers Mahi, Narmada, Tapi,
Nethravathi, Periyar and the three Western Ghat streams (Vashishthi, Kajli
and Sukh). Broad lithology of the regions drained by these rivers and
locations of cores SS-3101G and SS-3104G are also shown.

The Nethravathi River is a minor river flowing through the Western Ghats
draining granites/gneisses of the peninsular India. It joins the Arabian Sea near the

Mangalore. The Periyar River drains crystalline rocks of the Archaen age;
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sedimentary rocks of different ages and laterites capping them [Chandramohan
and Balchand, 2007]. There are several small streams that drain the Deccan
basalts on the Western Ghats. In the present study sediment samples from three of
these streams (Vashishthi, Kajli, and Sukh) were also analyzed. These samples are
from the collection of Das et al., [2005].

2.1.2 Seawater samples

Seawater samples from various depths of the Arabian Sea were collected in Dec.,
2007 (cruise SS-256); Nov., 2008 (cruise SS-259) and Dec., 2009 (cruise KH-09-
5) during winter monsoon. The first two expeditions were onboard FORV Sagar
Smapada of the Ministry of Earth Sciences (MoES), Government of India, while
the third was done onboard R/V Hakuho Maru of the Japan Agency of Marine
Science and Technology (JAMSTEC). The details of the stations for the seawater

sampling in the Arabian Sea are given in Table 2.4.

Table 2.4: Details of the sampling stations for seawater in the Arabian Sea

Lat. Long. Number of Month,

Cruise  Station (°N) (°E)  samples in profile Year

SS-256 0702 1727 7244 1 (RSE) Dec., 2007
SS-256 0703  18.00  72.00 3 (RSE) Dec., 2007
SS-256 0704  18.00 70.64 6 (RSE) Dec., 2007
SS-256 0705  18.00 68.50 10 (RSE) Dec., 2007
SS-256 0706  16.50  66.50 12 (RSE) Dec., 2007
SS-256 0707  15.00 68.49 11 (RSE) Dec., 2007
SS-256 0708  15.00 70.49 13 (RSE) Dec., 2007

SS-259 0802 1442 69.42 20 (RSE); 14 (Nd) Nov., 2008
SS-259 0803  10.12 71.86 20 (RSE); 10(Nd) Nov., 2008
SS-259 0805 6.01 77.48 20 (RSE); 13(Nd) Nov., 2008

KH-09-5  ER6 14.00  69.00 18 (RSE) Dec., 2009

RSE: Samples for Redox Sensitive Elements Re, U and Mo.

Water samples were collected using 12 £ Niskin bottles on 12 position CTD
rosette array (on SS-256 and SS-259) or a 24 position CTD rosette array (on KH-
09-5). The seabird CTD was used in all the expeditions to measure conductivity,
temperature and depth. On the KH-09-5 cruise, a clean CTD system was used

which consisted of titanium hydrographic wire. After collection, water samples
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for trace element analysis were further sub-sampled into pre-cleaned 2 € carboys
on SS-256 and SS-259 cruises and filtered onboard in clean lab through < 0.45 um
Millipore cellulose filter. In the KH-09-5 cruise, the water samples were filtered
through 0.2 um Acropak cartridge filters in a HEPA filtered clean air chamber.
Filtered seawater samples were stored in pre-cleaned (by soaking in 2N HCI for
several days and cleaning profusely with MilliQ water) polypropylene bottles.
The samples were acidified to pH~2 using ultrapure quartz distilled HCI. These
samples were brought to the lab for measuring the concentrations of Nd and redox
sensitive elements Re, U and Mo in the water column of the Arabian Sea.

Further, to characterize the water masses in the Arabian Sea using Nd isotopes,
about 5 to 10 ¢ of seawater samples were collected from depth profiles at three
stations in the Arabian Sea (Fig. 2.2; stations 0802, 0803 and 0805) and processed
onboard. Fig. 2.5 shows the composite images for one of the research vessels and
various steps followed onboard for collection and processing of seawater samples.
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Fig. 2.5: Composite image showing the research vessel, collection and
processing of samples onboard. Clockwise from top left; Research vessel R/V
Hakuho-Maru; sampling of seawater from Niskin bottles (mounted on CTD
frame); onboard measurement of nutrients using autoanalyser;
preconcentration of seawater samples for Nd using the C18 cartridges.
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2.2 ANALYTICAL METHODOLOGY

This part of the chapter on materials and methods details the analytical methods

adopted for various measurements. These methodologies used are detailed in

Table 2.5 and Fig 2.6.

Table 2.5: Techniques followed for analysis of various elemental and isotopic
compositions in seawater and sediments

Sample Parameter Technique used Instrument
Seawater Re concentration Isotope dilution, Q-ICP-MS
column chemistry
U, Mo concentration Isotope dilution Q-ICP-MS
Nd isotopes REE extraction by C18 cartridges, TIMS
column chemistry MC-ICP-MS
Nd concentration Fe-hydroxide precipitation, Q-ICP-MS
column chemistry
Sediments Os isotopes and Isotope Dilution N-TIMS
concentration (bulk) Carius tube digestion
solvent extraction
Os isotopes and Isotope Dilution N-TIMS
concentration Leaching with H,0,
(hydrogenous) solvent extraction
Re Isotope dilution Q-ICP-MS
Sr, Nd isotopes and Isotope dilution, decarbonated TIMS

concentration

samples, column chemistry

Q-ICP-MS: Quadrapole Inductively Coupled Plasma Mass Spectrometer
TIMS: Thermal lonisation Mass Spectrometer
MC-ICP-MS: Multi Collector Inductively Coupled Plasma Mass Spectrometer

2.2.1 Nd concentration and isotopic composition of seawater samples
The Nd isotopic composition and concentration were measured in seawater

samples from the Arabian Sea.

Protocols of chemical separation and pre-concentration of Nd from the seawater
was set-up for the first time in the laboratory as a part of this thesis work. Brief

description of these protocols is given in the following sections.
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Samples

Sediments

Seawater

[Re] | I I [U],[Mo]

[Sr], “Sr/*Sr [Re]
[Nd], €
Nd & REEs
Hydrogenous Bulk Eng [Nd], [REE]
/ / v
Leaching Carius tube Isotope
by H,0, digestion v dilution
Carius tube Preconcentration
Y digestion C18 cartridges "4
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Fig 2.6: Analytical techniques for measurement of various elemental and

isotopic proxies in seawater and sediments.

Nd concentration and isotopic composition measurements in seawater

For the measurement of Nd isotopic composition of seawater, about 5-10 ¢

seawater was collected and processed onboard. The water samples were filtered

through 0.45 pm Millipore cellulose filter and collected in pre-cleaned carboys.
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The samples were subsequently acidified to pH~3.5 with ultrapure double distilled
HCI.

Nd isotopic composition of seawater: pre-concentration and extraction by
C18 cartridges

Nd from filtered seawater samples (5-10 £) were pre-concentrated using C18
SepPak cartridges (WATERS Inc.) loaded with strong Rare Earth Element (REE)
complexant: di(2-ethyl) hydrogen-phosphate (High Density Ethyl Hexyl
Phosphate; HDEHP) [Jeandel et al., 1998; Shabani et al., 1992]. On loading the
cartridge with the HDEHP, Nd and other REEs are efficiently retained in the
cartridge when seawater sample is passed through it. The setup for the system is
shown in Fig. 2.7. Various steps involved in the extraction and preconcentration

of REEs using the C18 cartridges are shown in Fig. 2.8.

Peristaltic pump

Seawater Sample ,
| I - C18 cartridge

-

N\ 1% 3
\ : 1% Ny a
) —r
j
W i

SAMFLE
 (~toky

T R— - Waste
container

Fig. 2.7: The setup for the extraction of REEs from seawater sample using
the C18 cartridges. About 5-10 £ of seawater was passed through the C18
cartridge pre-loaded with strong REE complexant di(2-ethyl) hydrogen-
phosphate. The preferential retention of REEs in the reagent allows their
separation from the seawater.
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y

Passed through preconditioned
HDEHP loaded C18 cartridge

;

REEs eluted with 50 ml 6 N HCI

v

REE fraction stored in
precleaned 60 ml PP bottle

Fig 2.8: Flow chart for the extraction of REEs using C18 cartridges.

Nd concentration measurement in seawater samples

Nd concentration was separately measured in the seawater samples. Towards this,
about 0.5 ¢ of seawater sample was spiked with *°Nd tracer to measure Nd
concentration by isotope dilution technique. Then Fe carrier (purified by ether
extraction) was added to sample. The sample was well shaken and kept 24 hrs for
equilibration. Then, the pH of sample was raised to ~7.5 by adding ammonia to
form iron hydroxide precipitate. The precipitate was then allowed to settle and
separated from the liquid phase by centrifugation. The extracts were further

processed for separation of Nd from Fe by column chromatography.

Column chromatography
After preconcentration of REEs from seawater using C18 cartridges and/or Fe co-

precipitation, Nd was extracted from the samples following column
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chromatographic procedures. In the first step, REEs were separated from Ba and
other elements (such as Fe) by passing the REE extracts dissolved in 2N HCI
through 16.5 cm long column of AG 50W-X8 (200 to 400 mesh) resin. The REEs
were retained in the column and subsequently eluted with 6N HCI. For Nd
concentration measurement, this fraction was dried and redissolved in 0.4N HNO3

for mass spectrometric analysis on Thermo X-Series |1 Q-ICP-MS.

For Nd isotopic measurements, the collected REE fraction was further passed
through a Lanthanide specific resin column (LN-C50-B; Eichrom Company).
Towards this, an 8 cm long column of LN-C50-B resin was calibrated for Nd and

Sm separation. The result of Nd and Sm separation is shown in Fig. 2.9.

20
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Fig 2.9: Separation of Nd from Sm by the Lanthanide specific resin. Distinct
peaks for both Nd and Sm show that they are well separated.

Calibration of Nd spike

The concentration of Nd in the seawater samples was measured using the isotope
dilution technique. For this, a suitable amount of Nd spike (enriched in **Nd
isotope) was added to the samples. The abundances of Nd isotopes of the sample

(natural) and spike are given in Table 2.6.
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Table 2.6: Atomic abundances of Nd isotopes in the sample (natural) and the
spike

Isotope Natural (%) Spike (%)
12Nd 27.06 0.67
3Nd 12.22 0.30
1Nd 23.83 0.66
*Nd 8.30 0.28
1eNd 17.20 0.61
Y8Nd 5.76 0.41
BONG 5.63 97.08

Atomic wit. 144.2433 149.7660

A primary stock solution of Nd spike ([Nd] = 1.8984 pg/g) enriched in **°Nd was
available in the laboratory. This stock solution was diluted further to make a spike
solution of suitable strength for seawater concentration. This diluted Nd spike was
calibrated using the SPEX Nd standard ([Nd] = 10.2 ng/g). For this, five sets of
precisely weighted aliquots of spike solution were mixed and equilibrated with
known weights of Nd standard. The standard-spike solutions were diluted (using
0.4 N HNO3) and measured on Q-ICP-MS. The calibrated concentration of Nd
spike is given in Table 2.7.

Table 2.7: Results of calibration of Nd Spike

Wt. Nd Std (g) Wt. Nd spike () Nd spike conc. (ng/g)

Nd spike call 0.60806 0.18294 10.20
Nd spike cal2 0.60981 0.14896 10.31
Nd spike cal3 0.60954 0.17411 10.26
Nd spike cal4 0.60938 0.15390 10.35
Nd spike cal5 0.60805 0.19077 10.26
MEAN 10.28

STDEV (1o) 0.057

RSD (%) 0.6

Mass Spectrometric Analysis
The mass spectrometric analysis for Nd isotopic composition was done both on
ISOPROBE-T TIMS and Thermo Finnigan-Neptune MC-ICP-MS. The samples
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from the Arabian Sea (processed by C18 cartridges) were analyzed on TIMS
while the samples for the GEOTRACES Intercalibration were analyzed for their
Nd isotopic composition on MC-ICP-MS.

For analysis of samples on TIMS, the purified Nd was loaded on a Ta-Re-Ta
triple filament assembly with Nd being loaded on one of the side filaments. The
Nd on TIMS was analyzed as Nd*. Before loading the purified Nd fraction on the
filaments, the filaments were heated under vacuum. For analysis on MC-ICP-MS,
the extracted Nd (after column chemistry) was dried and redissolved in 2 ml of
0.4 N HNOg3. As the abundance of Nd in these samples is low, APEX desolvating
nebuliser was used to feed the samples to the plasma of the mass spectrometer.
The Nd isotopic composition of GEOTRACES intercalibration samples was
measured on MC-ICP-MS.

Nd JNdi (n= 14)
0.51214 4 Mean = 0.512108 £ 0.000011

0.51212 o i ﬁ

0.51210 = i

1437 d/4“Nd
e
[
e g
e
'_

0.51208 =
TIMS
0.51206 T T T
Oct-09 Dec-09 Feb-10 Apr-10 Jun-10

Date

Fig 2.10: Measurement of **Nd/***Nd of JNdi-1 Nd standard (reported
Nd/M*Nd = 0.512115; [Tanaka et al., 2000]) on TIMS. The dotted lines are
the 2o (o = Standard deviation) spread of the data.
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Fig 2.11: Measurement of **Nd/*Nd of JMC-321 Nd standard (reported
Nd/M*Nd = 0.511123; [Godard et al., 2006]) on MC-ICP-MS. The dotted
lines are the 2o (o = Standard deviation) spread of the data.

In both TIMS and MC-CP-MS, the analyses were made in static multi-collection
mode. Mass fractionation corrections were made by normalizing **°*Nd/***Nd
ratios to 0.7219. For the analysis on TIMS, JNdi-1 Nd standard (typical load~100-
200 ng) was measured several times which gave an average value of 0.512108 +

0.000011 (1o, n = 14; o = Standard Deviation) for “*Nd/***Nd.

The JMC-321 Nd standard was measured on MC-ICP-MS. A solution of 15 ng/g
concentration of this standard was run on the MC-ICP-MS, this yielded an
average value of 0.511099 + 0.000011 (1o, n = 25). The analysis of respective Nd
standards on both TIMS and MC-ICP-MS are shown in Figs. 2.10 and 2.11.

The Nd concentration was measured by monitoring the *°Nd/***Nd ratio on Q-
ICP-MS. Typical counts obtained for ***Nd and **°Nd were in excess of 5000 and
20000 cps respectively, much higher than the background counts (around 1 cps).
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GEOTRACES Intercalibtration for Nd isotopic composition

PRL participated in the GEOTRACES intercalibration initiative for Nd isotope
measurements in seawater. Two 10 € aliquots of seawater samples (code named as
LDEO Nd02 and Nd04) from unknown locations were sent to PRL from Lamont
Doherty Earth Observatory (LDEQO), USA. Nd was preconcentrated and separated
from these samples following procedures discussed and the Nd isotopic
composition of the Nd extracts was measured on MC-ICP-MS. The results of
GEOTRACES intercalibration samples are given in Table 2.8 and compared with
the results of other international laboratories in Fig. 2.12.

The Nd isotopic data is usually expressed in terms of standard & notation,

143Nd/144Nd
Eng { - }404 2.1)

143Nd /144Nd CHUR

where, **Nd/***Nd is the measured Nd isotopic composition of the sample and
YNd/***Ndcrur is the present day *Nd/***Nd value of CHUR (Chondritic
Uniform Reservoir) which is 0.512638, [Jacobsen and Wasserburg, 1980].

Table 2.8: Nd isotopic composition of GEOTRACES intercalibration samples

STDerr err Reported* err

Sample “SNd/**Nd (abs) ENd 26 ENd 26
Nd02

(BATS 2000m)  0.511950 0.000011 -134 04 -13.1 0.6
Ndo4

(BATS 15m) 0.512145  0.000011  -96 04 9.2 0.6

* Reported by van de Flierdt et al., [2012]

Nd isotope composition of intercalibration samples measured in PRL are well
within the recommended values based on measurements of other groups, lending
confidence to the protocol followed for Nd isotope measurement in our

laboratory.
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Fig. 2.12: Nd isotopic composition of the “unknown” GEOTRACES
intercalibration samples. PRL was assigned a laboratory number 13.

Nd concentration was also measured in these intercalibration samples. The Nd
concentration was measured by isotope dilution following Fe-hydroxide
extraction and measurement on Q-ICP-MS. The results of these measurements
suggest that the Nd concentration measured in our lab for these intercalibration

samples agree well with reported values [van de Flierdt et al., 2012].
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Table 2.9: Nd concentration measured in GEOTRACES intercalibration
samples

Sample Nd (ng/kg)
Nd02 Measured 26%0.1
Reported* 25+0.2
Nd04 Measured 22+0.1
Reported* 20%0.2

*Reported by van de Flierdt et al., [2012]

As a part of Nd intercalibration, one Nd standard ([Nd] = 15 ng/g) of unknown
isotopic composition was also measured to compare the performance of the mass
spectrometer. This standard was run on the MC-ICP-MS along with the Nd
standard JMC-321. The results of these measurements are given in Table 2.10 and
Fig. 2.13, agreeing well with the recommended value of 0.511750 [van de Flierdt
etal., 2012]
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Fig. 2.13: “*Nd/***Nd data of “unknown” GEOTRACES intercalibration
standard. The dotted lines are the 2o (o = Standard deviation) spread of the
data.
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Table 2.10: Nd isotopic composition of unknown GEOTRACES
intercalibration standard

S. No. Nd/**Nd ~ STD err (abs) End err 2¢
1 0.511723 0.000008 -17.8 0.3
2 0.511713 0.000007 -18.0 0.3
3 0.511757 0.000012 -17.2 0.5
4 0.511740 0.000007 -17.5 0.3
MEAN 0.511733 -17.6
STDEV 0.000019 0.4
Reported 0.511750 0.000029 -17.3 0.5

In addition to assessing the precision of the analysis, few samples for both Nd
isotopic composition and Nd concentration were measured in replicates. The
coefficient of variance CV (%) for replicate analysis was calculated based on the
following equation.

CV (%) = Zi(d__i)z <100 2.2)

—2n\ X

where, n is the number of duplicate sets measured and d; is the difference of the
duplicates which have a mean value of X.

The reproducibility as CV (%) was obtained to be 3.7 % for Nd concentration

measurements based upon the replicate measurements (Table 2.11).

Table 2.11: Replicate analysis for Nd concentration measurements

Sample  Nd (ng/kg)

S7 1.8
S7TR 1.9
S26 1.8

S26 R 1.7
S28 1.9
S28 R 1.8
Nd02 2.6
Nd02 R 2.7
Ndo4 2.2

Nd04 R 2.3
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Table 2.12: Replicate analysis of the Nd isotopic composition

err “*Nd/*Nd err eng

Sample “Nd/*Nd (%) ENd (20)
0802 (3000m) 0.51219 0.0019 -8.8 0.4
0802 (3000m) R 0.51218 0.0021 -8.9 0.4
0803 (360m) 0.51213 0.0021 -9.8 0.4
0803 (360m) R 0.51217 0.0087 -9.0 1.7
0811 (300m) 0.51200 0.0033 -12.5 0.7
0811 (300m) R 0.51196 0.0018 -13.2 0.4

The isotopic composition of the Nd (*Nd/***Nd or eng) was also measured in

replicates to determine the precision of these measurements (Table 2.12).

Based upon these replicate analyses, the average variation between sets of repeats

was determined to be 0.3 gng UNIts.

The total procedural blank was measured during the course of the work for the
extraction and preconcentration of Nd by C18 cartridges. Three blanks were
measured on TIMS. The total procedural blank measured for the method of
extraction of Nd using C18 cartridges was found to be 588 + 28 pg (average of
three separate blank measurements). Similar blank level was also reported by

Lacan and Jeandel, [2004] using the C18 cartridges.

The total procedural blank was also measured for the Fe co-precipitation method,
determined to be~70 pg.

2.2.2 Re, U and Mo concentration measurements

The Re, U and Mo concentrations of seawater samples from the Arabian Sea were
measured using the isotope dilution techniqgue on Q-ICP-MS. For the
measurement of Re, a method comprising of the isotope dilution and separation of
Re (preconcentration) by column chromatography was followed, whereas for U
and Mo, the samples were spiked and diluted before analyzing them on mass

spectrometer.



MATERIALS AND METHODS |35

Calibration of spikes
Calibration of Re spikes
For the measurement of Re, ‘*Re enriched spike was used. The abundances of Re

isotopes of the sample (natural) and spike are given in Table 2.13.

Table 2.13: Atomic abundances of Re isotopes in the sample (natural) and
spike

Isotope Natural (%6) Spike (%)
"Re 37.40 94.50
"'Re 62.60 5.50

Atomic wt. 186.2067 185.0050

Two Re spikes (Re A and B) were prepared from stock Re spike and calibrated to
estimate their concentrations accurately. For this, the spikes were calibrated
against a Re standard of precisely known concentration ([Re] = 1.14146 ng/g)
available in the lab. This standard was prepared by dissolving high purity Re
metal (99.97%, procured from H. Cross Company) in 2N HNO3.

Table 2.14: Calibration of Re spikes using Re standards

Wt.std (g) Wt spike (g) Re conc. spike (ng/g)

ACall  0.10215 0.02535 6.88
AcCal2  0.09819 0.02962 7.02
ACal3  0.09995 0.03014 7.00
MEAN 6.97
STDEV (10) 0.07
RSD (%) 1.05

Wit. std (g)  Wi. spike () Re conc. spike (ng/g)

BCall  0.09786 0.03308 6.51
BCal2  0.09526 0.0324 6.38
BCal3  0.11862 0.03544 6.40
MEAN 6.43
STDEV (1c) 0.07

RSD (%) 1.10
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Three separate set of aliquots of precisely known weights of spike solution were
equilibrated with known weight of this Re standard. The standard-spike solution
were diluted and measured in Q-ICP-MS to obtain the Re strength of the spike
solutions accurately. The calibrated concentrations of Re spikes are given in Table
2.14.

U and Mo spikes

The concentrations of U and Mo in the samples were also measured by the isotope
dilution technique with enriched **U and *®Mo spikes. The abundances of U and
Mo isotopes of the sample (natural) and spike are given in Tables 2.15 and 2.16

respectively.

Table 2.15: Atomic abundances of U isotopes in the sample (natural) and
spike

Isotope Natural (%) Spike (%)
24y 0.01 -
2y 0.72 < 0.004
2oy - 99.97
28 99.27 0.02
Atomic wt. 238.0289 236.0460

Table 2.16: Atomic abundances of Mo isotopes in the sample (natural) and
spike

Isotope Natural (%) Spike (%)
Mo 14.84 0.60
%Mo 9.25 0.23
*Mo 15.92 0.40
%Mo 16.68 0.81
Mo 9.55 0.36
%Mo 24.13 1.69
%Mo 9.63 95.90

Atomic wt. 95.9613 99.7386
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The U and Mo spikes were calibrated against one composite standard comprising
of U and Mo of known concentration. The standard used for the calibration of
spikes was the reference material SLRS-4 of the National Research Council
Canada ([U] = 0.05 ppb; [Mo] = 0.21 ppb).

Table 2.17: Calibration of U and Mo spikes

Wt. std Wt. U Wt. Mo U conc. Mo conc.

(@) spike (9) spike (g)  spike (ng/g) spike (ng/g)
U Mo Cal 1 10.62173 0.14138 0.11790 10.15 28.01
U Mo Cal 2 10.58401 0.10420 0.12621 10.14 28.20
U Mo Cal 3 11.04351 0.11165 0.11770 10.13 28.48
MEAN 10.14 28.23
STDEV (lo) 0.01 0.23
RSD (%) 0.10 0.82

For the calibration of both U and Mo spikes, precisely known weights of these
spikes were mixed with a known weight of SLRS standard in a solution. The
standard-spike solution (comprising U, Mo spikes and the standard) aliquots were
diluted and measured in Q-ICP-MS to obtain the U and Mo strength of each of the
spike solution. The calibrated concentrations of U and Mo spikes are given in
Table 2.17.

2.2.2.1 Re concentration measurement of seawater samples

For Re measurements, a known weight of seawater (typically ~50g) was spiked
with a known amount of '**Re enriched (94.5%) tracer and stored at room
temperature for at least 24h for sample-spike equilibration. Subsequently, the
spiked samples were dried at 80 °C and digested with a few drops of quartz
distilled HNO3;. The Re was extracted and purified from the residue by ion
exchange separation methods [Dalai et al., 2002; Rahaman and Singh, 2010;
Trivedi et al., 1999]. The purified Re was redissolved in 5 ml 0.4 N HNO:s.

The Re concentration in the acid solutions was determined by measuring their
1852e/®"Re ratio on Thermo X-Series Il Q-ICP-MS facility at PRL. Instrumental
mass fractionation correction was done by measuring Re standard of natural
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composition frequently. The sample counts were generally in excess of several

thousand cps for both **Re and **'Re, compared to 10 cps for the background.

Table 2.18: Replicate analysis of Re concentration

Station Depth (m) Re (pmol/kg)
0802 5 42.6
5R 42.3
1500 40.7
1500R 40.0
0803 2400 40.4
2400R 40.0
0805 5 36.6
5R 36.8
120 39.7
120R 39.8
750 40.1
750R 40.0
1100 39.6
1100R 39.7
1250 38.9
1250R 39.9
0708 663 41.0
663R 40.6
2200 40.4
2000R 40.7
0707 5 41.0
5R 41.7
2000 39.1
2000R 38.7
0706 250 41.3
250R 40.0
2100 38.9
2100R 40.0
0705 700 41.3
700R 40.1
0703 5 41.3
5R 41.9
ER6 3000 39.0
3000R 39.2
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In order to determine the analytical precision for the analysis of Re in the seawater
samples, several samples were measured in duplicates. The results of these
analyses are given in Table 2.18. Based upon the replicate analysis, the analytical

precision (CV) was found out to be ~1 % for Re analysis of seawater samples.

Total procedural blank for Re measurement based on eight independent
measurements was found to be 27 £ 10 femtomole. The blank level was found to

be much lesser than the sample levels thus no correction for the blank was made.

2.2.2.2 U and Mo concentration measurement of seawater samples

U and Mo concentrations of seawater samples were measured by isotope dilution
inductively coupled plasma mass spectrometry (ID-ICP-MS). For these
measurements, about 0.25 g of precisely weighed sample was mixed with
precisely known weights of 2°U (99.27 %) and ‘Mo (95.9 %) enriched spikes.
The sample spike mixture was allowed to equilibrate and diluted ~30 times using
0.4 N HNOs [Klinkhammer and Palmer, 1991].

The U and Mo concentrations in seawater samples were determined by measuring
respectively the 2°U/**U and *Mo/**Mo ratios in the diluted samples on Q-I1CP-
MS. The sample counts were greater than 4000 for *Mo and greater than 15000
for 1®Mo, *°U and #*®U. The background counts monitored during the runs were
a few orders of magnitude lower than those for Mo, 1Mo, #°U and Z®U. The
total procedural blank was also measured for both the U and Mo analysis. Based
upon eight independent measurements, the total procedural blanks for U and Mo
were 3.4 £ 0.8 femtomole and 1.0 + 0.2 picomole respectively. As the U and Mo
blank levels were much lesser than the sample concentrations, no corrections for

the blanks were made in the samples.

Several samples were measured in replicates to determine the analytical precision
of the U and Mo measurements in the seawater samples. The results of replicate

analyses of samples have been given in Table 2.19. Based upon the replicate
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analyses, the analytical precision (CV) was determined to be 0.6 % and 0.8 % for

U and Mo measurements respectively.

Table 2.19: Replicate analysis of U and Mo concentrations

Station Depth (m) U (nmol/kg) Mo (nmol/kg)
0802 5 14.5 117
5R 14.3 116
1000 13.8 113
1000R 14.0 111
4040 13.8 111
4040R 13.7 111
0803 5 14.0 113
5R 13.9 114
1200 13.8 112
1200R 13.8 113
2200 13.8 112
2200R 13.7 110
0805 5 12.9 103
5R 12.7 103
2250 13.9 111
2250R 13.6 110
0708 1400 13.8 114
1400R 13.8 111
0707 2000 13.7 112
2000R 13.7 111
0706 5 14.3 115
5R 14.3 116
0705 5 14.8 119
5R 14.7 118
0704 5 14.2 114
5R 14.3 113
ER6 4140 13.8 113
4140R 13.9 114

Measurement of Re, U and Mo in SAFe water samples

Along with the measurement of Re, U and Mo in seawater samples, the
concentration of these elements was also measured in SAFe (Sampling and
Analysis of Fe) seawater samples. The results of the Re, U and Mo analysis in
these samples are given in Table 2.20. The salinity normalised (at 35 salinity)
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concentrations of Re, U and Mo in these SAFe water samples are 39.7 + 0.7, 14.0
+ 0.1 and 112 + 2 respectively, nearly identical to their open ocean values
[Goswami et al., 20123].

Table 2.20: Concentration of Re, U and Mo in SAFe water samples

SAFe water
Sample Salinity  Re (pmol/kg) U (nmol/kg) Mo (nmol/kg)
D1-242 34.40 39.1 13.7 108
D2-142 34.40 39.9 13.8 112
S-107 34.90 39.4 14.0 111
GD-31 34.98 40.6 13.9 113
GS-149 36.65 40.7 14.6 116
D1-242R 34.40 39.0 - -
GS-149R 36.65 40.7 - -

SAFe seawater samples provided by Prof. Kenneth Bruland, University of
California, Santa Cruz. The salinity values given above were measured for
profiles nearby the SAFe water samples collected at the same time.

2.2.3 Sr and Nd concentration and isotopic composition measurements in
silicate fraction of sediments

The sediment samples from Arabian Sea cores and west flowing rivers of India
were at first dried at 90 °C for a few days; powdered using an agate mortar and

pestle to less than 100 um size and stored in pre-cleaned plastic containers.

Sr and Nd isotopic analyses were made on carbonate and organic matter free
fraction of the sediments [Singh et al., 2008]. The powdered sediment samples
were first decarbonated by leaching with 0.6 N HCI at 80 °C for ~30 min with
ultrasonic treatment. The slurry was centrifuged, residue washed with Milli-Q
water, dried and ashed at ~600 °C to oxidize organic matter. A known weight
(~100 mg) of the carbonate and organic matter free fraction of the sediment was
transferred to Savillex® vial and digested repeatedly with HF-HNOs-HCI at ~120
°C to bring the sediment to complete solution. The acid digestion step was
repeated as needed to ensure that the entire sample was brought to complete
solution. Sediments from the Arabian Sea were digested in the presence of 3Sr
and °Nd spikes whereas the river sediments were not spiked. Pure Sr and Nd
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fractions were separated from the solution following standard ion exchange
procedures [Rahaman et al., 2009; Singh et al., 2008]. The mass spectrometric
analysis of samples from the Arabian Sea sediments was done on TIMS, whereas,

the river sediment samples were analyzed on MC-ICP-MS.

For mass spectrometric analysis on TIMS, pure Sr was loaded on a vacuum baked
Ta filament, whereas the purified fraction of Nd was loaded on the outer Ta
filament of the Ta-Re-Ta triple filament assembly. In case of river sediment
samples that were analyzed on MC-ICP-MS, the purified fractions of Sr and Nd
were dried and then redissolved in 4 ml of 0.4 N HNOg3. The Sr and Nd analysis
on both TIMS and MC-ICP-MS was done in static multicollection mode. The
measured ®’Sr/%°Sr and **Nd/***Nd were corrected for instrumental mass
fractionation by normalizing measured ®°Sr/%Sr and ***Nd/***Nd with respect to
their natural values, viz. 0.1196 and 0.7219 respectively. The Sr and Nd elemental
concentration for these samples were obtained through the isotope dilution

method.

Along with samples, Sr and Nd standards were also routinely measured on both
the mass spectrometers during the course of analysis. NBS-987 was measured as
the Sr standard on both TIMS and MC-ICP-MS. The details of Nd standards run
on TIMS and MC-ICP-MS have already been discussed in section 2.2.1 (Figs.
2.10 and 2.11). Sr standard NBS-987 was measured several times on TIMS
(typical load ~500 ng) giving an average ®'Sr/**Sr value of 0.710222 + 0.000012
(1o, n = 22; o= Standard Deviation). A solution of 50 ppb of NBS-987 Sr
standard was measured several times on MC-ICP-MS, this yielded an average
value of 0.710287 + 0.000020 (1o, n = 15) for ®’Sr/%°Sr. The ¥Sr/*®Sr of the Sr
NBS-987 standard measured on both TIMS and MC-ICP-MS has been given in
Figs. 2.14 and 2.15. A few samples of sediments from the Arabian Sea were also
measured in replicate for Sr and Nd concentration and isotopic composition to
check the overall reproducibility of the Sr-Nd isotopic and concentration

measurements. The result of the replicate analysis is shown in Table 2.21. Based
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on replicate measurements, the average variation between sets of repeats was

determined to be 0.0002 and 0.2 for ®'Sr/**Sr and &g respectively.

Table 2.21: Reproducibility of elemental and isotopic composition of Sr and
Nd for the sediment samples

sample YSr/**Sr Sr (ug/g)  '“Nd/"“Nd ENd Nd (ug/g)
3101(10-11) 0.71459 139.5 0.51197 -13.1 8.7
3101(10-11) R 0.71501 133.1 - - -
3101(90-91) 0.71950 101.2 0.51192 -14.1 15.7
3101(90-91) R 0.71956 101.9 0.51190 -14.4 14.5
3104(23-24) 0.71648 78.3 0.51213 -9.9 9.9
3104(23-24) R 0.71621 78.2 0.51213 -9.9 10.9
3104(37-38) 0.71642 100.1 0.51214 -9.7 13.2
3104(37-38) R 0.71649 100.1 0.51214 -9.7 13.4
3104(41-42) 0.71698 102.3 0.51212 -10.1 14.0
3104(41-42) R 0.71687 102.8 0.51213 -9.9 14.8
3104(95-96) 0.71708 92.7 0.51216 9.3 8.6
3104(95-96) R 0.71693 92.1 - - -
3104(126-128) 0.71727 112.6 0.51214 -9.8 13.5
3104(126-128) R 0.71721 110.9 0.51215 -9.5 12.8

Sr NBS 987 (n= 22)
071028 4Mean = 0.710222 + 0.000012

;@
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Fig 2.14: Measurement of ¥Sr/®*Sr of NBS-987 Sr standard (reported
87Sr/*Sr = 0.710250; [Bralower et al., 2004]) on TIMS. The dotted lines are
the 20 (o = Standard deviation) spread of the data.
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Sr NBS 987 (n= 14)
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0.71032 - % / % /
é ;
0.71028 _i i i i i E

87SrISGSr

0.71024 -
MC-ICP-M
0.71020 T T T Sale >
24-Jan-11  28-Jan-11  01-Feb-11  05-Feb-11  09-Feb-11

Date
Fig 2.15: Measurement of 3’Sr/%°Sr of NBS-987 Sr standard on MC-1CP-MS.

The dotted lines are the 2o (o = Standard deviation) spread of the data.

The total procedural blank was also measured for Sr and Nd. The average based
on four independent measurements was 3.2 ng and 1.6 ng respectively for Sr and
Nd. These blanks are several orders of magnitude lower than typical total Sr and

Nd loads analyzed and hence no corrections for blanks were made.

2.2.4 Os elemental and isotopic analysis of bulk and hydrogenous component
of sediments from the Arabian Sea

The Os concentration and isotopic composition (**’0s/**®0s) was measured in the
bulk and hydrogenous component of sediments from the Arabian Sea. Prior to
analysis of the sediment samples, these were finely powdered using agate mortar
and pestle and sieved using nylon mesh of 100 um pore size. The coarser fractions

were repowdered, mixed and homogenized with the <100 uM size sample.

Calibration of spike
The concentration of Os in the samples was measured using the isotope dilution
technique. The abundances of Os isotopes of the sample (natural) and spike are

given in Table 2.22.
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Table 2.22: Atomic abundances of Os isotopes in the sample (natural) and
spike

Isotope Natural (%) Spike (%)
805 0.02 0.01
%0s 1.60 0.02
705 1.51 0.03
805 13.29 0.52
8905 16.25 0.96
%0s 26.37 96.57
9205 40.96 1.90

Atomic wt. 190.2318 190.7775

The measurement of Os concentration using the isotope dilution technique
involves addition  of suitable amount of **Os spike (depending upon the Os
concentration in the sample). The Os spikes available in the lab were previously
used for the determination of concentration of Os in the black shale samples by
Tripathy, [2011]. A new batch of Os spike was prepared by diluting the available
Os stock solution of concentration 19.23 ng/g.

Table 2.23: Calibration of osmium Spike using Os standard of known
strength

Wt.std (g) Wi. spike (g) Os conc. spike (ng/g)

OsSPK Call  0.10437 0.53070 1.91
OsSPK Cal2  0.10471 0.49891 1.91
OsSPK Cal3  0.10560 0.55830 1.95
MEAN 1.92
STDEV (1o) 0.02
RSD (%) 1.14

The new batch of Os spike was calibrated against an Os standard (Os-STD B)
with concentration of 16.25 ng/g, provided by Dr. L. Reisberg, CRPG, Nancy.
Three aliquots of the precisely weighed Os standard were equilibrated with known
amount of Os spike for 48 hrs. After equilibration, the Os isotopic composition for

the standard-spike mixtures was measured using Thermal lonization Mass
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Spectrometer in negative mode. The calibrated concentration of Os spike is given
in Table 2.23.

Sample digestion in Carius tube

For the Os analysis in the bulk sediments, the sediment samples from the Arabian
Sea were digested in the Carius tube [Shirey and Walker, 1995], in presence of
inverse aqua-regia (HNO3:HCI::3:1) as the sample digestion medium. The Carius
tubes used for the digestion were made of borosilicate glass. The length of the
Carius tubes used was ~340 mm and wall thickness of the glass used for
fabrication of the Carius tubes was ~3 mm. Before using the Carius tubes for the
digestion of the samples, they were boiled in HNO; for ~6 hours and then washed

profusely with Milli-Q water. The Carius tubes were then allowed to dry.

/¢‘ \§\
<<} Carius Tube
Dewar flagk s
< Slush (-80°C)
Inverse aqua-regia
(HNO,:HCI::3:1) Sample

Fig 2.16: Sediment samples in inverse aqua-regia in the Carius tube kept in
liquid nitrogen/acetone (-80 °C) slush prior to sealing the tube.

Around 1 to 1.5 g of sediment sample was weighed and transferred to the Carius
tube. As the neck of the Carius tube is kept narrow (for easy sealing of the tube),

proper care needs to be taken to transfer the sample to the Carius tube. **°Os spike



MATERIALS AND METHODS |47

was added to the powdered sediment sample in the Carius tube followed by 2 ml
of HCI. The sample was let stand for ~5-6 hours. Then ‘*°Re spike was added to
the sample (for Re concentration measurement in the sample). The addition of
HCI decarbonates the samples. This decarbonation prevents pressure build-up
inside the tube during dissolution of sample. The Carius tube (containing the
sample) was then cooled by immersing it in a low temperature bath at -80 °C

(liquid nitrogen/acetone slush; Fig. 2.16).

Once the contents of the Carius tube were cooled, 5 ml of HNO3 was added. The
cooling of the Carius tube and its contents is essential prior to the addition of
HNO; to avoid any loss of Os. Following the acid addition, the Carius tube was
evacuated using a hand vacuum pump and sealed using the LPG-oxygen mixture
flame and annealed at ~550 °C for 6 hours while still keeping the sediment-acid

slurry part of the tube in the cooling slush.

After annealing the Carius tube, it was placed inside an iron jacket and the
assembly was kept in an oven at 240 °C for 24 hours for digesting the samples.
The high temperature and pressure digestion of samples in the Carius tube brings
Os from sediment sample to acid solution and ensures the sample-spike
equilibration. The reaction mixture in the tube was then frozen by immersing the
lower part of the tube in liquid nitrogen. The Carius tube was then opened and the
liquid phase (oxic medium) was transferred to a Savillex® 60 ml PFA digestion

vessel.

Hydrogenous Os leaching from sediments

For extraction of the hydrogenous component of Os from the sediment samples, a
leaching procedure was adopted. About 1-1.5 g of dry sediment sample was taken
in a clean 50 ml centrifuge tube. The sample was treated with 20 ml of 10% acetic
acid in the first step to remove carbonate phases. Then, the sample was
centrifuged and the leachate discarded. To the residue remaining in the centrifuge
tube, 30 ml of leaching solution (Milli-Q water: H,SO, (conc):H,0; :: 45:1:1) was
added. This mild leaching solution releases Os bound to the Fe-Mn oxide and
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organic phases of the sediments sequestered directly from seawater [Pegram et
al., 1992]. The sample in centrifuge tube was subjected to ultrasonic treatment for
~30 minutes, after which it was let stand overnight. The sample was then carefully
centrifuged and the leachate was transferred to a Savillex® 60 ml PFA digestion
vessel and **°Os spike was added to the sample. The digestion vessel containing
the leachate was tightly closed and kept over a hot plate at ~60 °C for 24 hours.
This step facilitates the sample-spike equilibration and also helps in breakdown of
H,O, present in the bomb. After 24 hours, the digestion vessel was kept in the
freezer for 30 minutes. Then the vessel was opened and 1 ml of CrO3 (in H,SO,)
was added to its contents to make the medium oxidising. Thereafter, the
separation of Os from the sample is done by solvent extraction and this procedure

is same for both the bulk sediment analysis and hydrogenous phase analysis.

Solvent extraction for Os

To the Os extracts contained in the digestion vessel (from Carius tube digestion or
hydrogen peroxide leaching), 1 ml of double distilled Br, liquid was added and
the vessel was again closed by tightening the lid. The sample solution in the
digestion vessel was kept on hot plate at 80 °C for 3 hours. This is a key step in
the transfer of Os from the oxidising liquid phase to Br,. In the solvent extraction
for Os, the use of Br; is beneficial in two ways; firstly, Os has an affinity to form
osmium bromate complexes in oxic conditions and secondly, Br; is liquid which
has a low boiling point (59 °C) and higher density than the liquid phase present in
the Teflon bomb. So, Br; liquid boils and evaporates from bottom of the oxidising
solution (containing Os) and passes through it, before condensing at the lid of the
vessel. The Br, droplets forming at the lid again falls down to the bottom of the
solution. This process takes place repeatedly and is called Br, refluxing (Fig.
2.17). During refluxing, Br, passes through the oxidising solution and captures Os
from it. This process efficiently transfers the Os present in the oxidising liquid
phase to the Br, [Birck et al., 1997].

After 3 hours of Br; refluxing, the vessel was taken off the hot plate and kept in

the refrigerator to avoid volatilization of osmium. After sufficiently cooling down
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the contents of the vessel, the Br, was extracted and transferred to a Savillex® 7
ml Teflon vial containing 1-2 ml of cold water. The water was kept in the vial to
minimize the loss of Br, by evaporation. The Br, refluxing and extraction step
was repeated one more time to extract the remaining Os. Finally, the 7 ml Teflon

vial containing 2 ml of Br; liquid contains the osmium.

1

S S Br, (Condensed) at lid
» B, evaporates P
_— = ™ _—
2 B | [<=——Teflon bomb
&5 @

Oxidizing phase

J—Brz (contains Os)

A

<} Hot plate

Fig 2.17: Bromine refluxing in the Teflon bomb for extraction of Os from the
sample [Birck et al., 1997].

Microdistillation

Water from the top of the Br; layer in the 7 ml Teflon vial was carefully removed
using a pipette out and discarded. To the Br; left in the Teflon vial, 0.5 ml of
double distilled HBr was added to transfer Os present in volatile Br, to reducing
HBr. In this condition, Os remains in OsBrg” form. The vial was then kept on hot
plate at~80 °C to remove Br, and dry the HBr present in the vial to a small drop
(<50 pl). The small drop of HBr was then transferred onto the lid of the Savillex®
5 ml Teflon conical vial and dried completely. About 20 ul of HBr was put to the
conic section of the vial. Now, to the dried HBr (containing Os) on the lid of vial,
20 ul of CrO3 (in H,SO,4) was put. Then the conic section of the vial was put on
the lid and tightened. The closed conical vial was wrapped with an aluminium foil
leaving a gap on the top of conic section so that the HBr drop is not covered. The

foil wrapped conical vial was kept on hot plate for 3 hours at a temperature of 80
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°C. During this micro-distillation process, Os is volatilised from the cap of vial
and is condensed onto the cooler HBr present at the conic section of the vial
[Birck et al., 1997]. After micro-distillation, the HBr containing the pure osmium
is dried and used for isotopic and elemental analysis by thermal ionization mass

spectrometer in its negative ionization mode.

Mass spectrometry for Os
The mass spectrometric analysis of Os was done in the negative mode Thermal
lonisation Mass Spectrometer (N-TIMS) with Os being analyzes as OsO3” species

obtained by oxygen bleeding [Creaser et al., 1991; Volkening et al., 1991].

Sample loading: The extracted and purified Os from the sample was loaded on
zone refined (99.999% purity, H. Cross Co.) platinum filament strip. Prior to
deposition of Os on the filament, the Pt strip was heated by passing a current of~3
A for 30 minutes to oxidise any Os present on the filament surface. The filament
was then kept idle for at least 24 hours before loading the Os. To load the purified
Os, a current of~0.6 A was passed through the filament to slightly heat it. Os was
dissolved in~1 ul of HBr (using a Hamilton micro syringe) and slowly and
steadily deposited at the centre of the filament. To the loaded Os on the filament,
Ba(OH), in 0.1 N NaOH was loaded as an ion enhancer [Birck et al., 1997]. The
ion enhancer (Ba(OH), in 0.1 N NaOH ) was prepared by refluxing a mixture
of~0.1 g of NaOH, 0.7 g of Ba(OH), and~30 ml H,O in a vial for 3 hrs at 80 °C.
This supersaturated solution can be used effectively for more than two months

with minimal atmospheric exposure [Luguet et al., 2008].

Mass spectrometric measurements of Os: The pure Os metal loaded on the Pt
filament was analyzed for its isotopic compositions using the Isoprobe-T Thermal
lonization Mass Spectrometer in negative mode (N-TIMS) with oxygen bleeding.
The isotopic measurements for Os were performed in OsO; form in a peak
jumping mode using a secondary electron multiplier (SEM) detector. A small
amount of pure oxygen was purged into the source chamber of the mass

spectrometer during the analysis. The pressure of the source chamber increased
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to~2x10" mbar (from initial pressure of~3x10® mbar) due to oxygen bleeding.
Osmium isotopic analysis was performed at this pressure level of the source
chamber. Four isotopes of the Os (*¥’0s0s, **¥80s0;, *°0s0; and *?0s05) were
measured with an integration time of 5 seconds each. The counting was repeated
over 100 cycles to get precise isotopic composition of the sample. Among the four
isotopes of Os, *¥’Os being the least abundant, care was taken to ensure that it was

measured at a count rate of at least 1000 cps for 5 seconds.

Further, during analysis, mass 233 was monitored for Re contamination (from
1852e05). Only Os data from those samples was considered where the count rate at
mass 233 was less than 10 cps. The samples with significantly high 233 mass

count rate were not run for their Os isotopic analysis.

Data reduction: The Os isotope composition, as discussed earlier, was measured
in its OsO3 form in peak jumping mode. To get a precise Os isotopic ratio from
the measured OsOj3” signals, these data have to be corrected for growth/decay (of
signal) with time, instrumental mass fractionation, isobaric interference due to
various OsO3 combinations and spike contribution. These corrections were done
following standard data reduction procedure followed in our laboratory [Singh et
al., 1999; Trivedi et al., 1999]. The measured isotopic ratios were normalized with
respect to *80s/**?Os of 0.32439 [Nier, 1937] to correct for the instrumental mass

dependent isotope fractionation.

Data precision and accuracy: An Os standard has been measured repeatedly for
its isotopic composition over the duration of Os analysis in bulk sediments and
hydrogenous fraction of sediments (Fig. 2.18). 50 to 1000 pg of Os standards were
loaded on filaments to measure in N-TIMS, the average ¥’ 0s/***0s measurements
for the standard has been found to be 0.1072 = 0.0011 (15, n=19), consistent with
its reported value of 0.1069 +0.0024 [Singh, 1999] and 0.1069 + 0.0009 [Tripathy,
2011].
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Fig. 2.18: Measurement of *¥'0s/*®0s of standard versus time. The dotted
lines are the 2o (o = Standard deviation) spread of the data.

To check the precision and reproducibility of the measurements, some samples
were measured in duplicates for both the bulk sediments as well as the
hydrogenous fraction of the sediments. The details of these replicate

measurements have been given in the Table 2.24.

Table 2.24: Replicate analysis of Os and **’Os/**0s in samples

Hydrogenous Fraction Bulk sediments
Sample ¥0s/0s  Os(pglg)  *'0s/*®0s Os (pg/g)
3101(68-69) 1.033 186.9 - -
3101(68-69) R 1.025 201.9 - -
3101(122-124) 0.982 166.6 - -
3101(122-124) R 0.988 165.1 - -
3101(130-132) - - 0.736 317.7
3101(130-132) R - - 0.742 296.5
3101(132-134) 1.037 160.1 - -

3101(132-134) R 1.025 165.1 - -
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Based on replicate measurements done for the hydrogenous fraction of Os, the
average variation between sets of repeats was determined to be 0.009 for
8705/'%80s  (Table 2.24). The reproducibility for the Os concentration

measurements of hydrogenous fraction was found to be 3.4 % (Table 2.24).

The replicate analysis for the Os concentration and isotopic composition for bulk
sediment analysis was only done on one set (Table 2.24). But, Os concentration
and ¥’0s/*®0s was measured a number of times in the USGS SCo-1 Cody shale
standard (bulk analysis). The data for **’Os/*®0s measurements agrees well with
that reported by Meisel and Moser, [2004].

Table 2.25: Measurement of Os and #’0s/*®0s in USGS SCo-1 standard

Standard Measurement ¥70s/*®0s  Os (pglg)
SCo-1 1 1.50 74.00
SCo-1 2 1.47 69.57
SCo-1 3 1.50 78.33
SCo-1 4 1.49 79.20

MEAN 1.49 75.27
STDEV (lo) 0.02 4.43
RSD (%) 1.08 5.88
Reported” MEAN 1.39 90
STDEV (lo) 0.15 11.7
RSD (%) 10.9 13

* Data from Meisel and Moser, [2004]

Os procedural blank

During the course of measurements, total procedural blank for Os was determined
for both bulk sediment analysis and hydrogenous Os leaching methods. Towards
this, the complete chemical procedure was carried out without the sample, but
with the same amount of reagents. Os spike was also added as was done for the
samples. The procedural blanks measured for Os has been found to be few orders
lower compared to total Os processed from the samples and hence, no blank

corrections was made in this work. The blank for the bulk sediment analysis is
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given in Table 2.26, while the blank for the hydrogenous Os leaching procedure is
listed in Table 2.27.

Table 2.26: Total procedural blank for Os measurements (bulk sediment
analysis)

Sample ID Os, fg
BLK -1 1016
BLK -2 2135
BLK -3 310
BLK -4 466
MEAN 982 + 826

fg: femtogram

Table 2.27: Total procedural blank for Os measurements (Hydrogenous Os
leaching)

Sample ID Os, fg
BLK -L1 832
BLK -L2 664
BLK -L3 411
MEAN 636 + 212

fg: femtogram

Further, the blank was measured in all the individual reagents used for the
hydrogenous Os leaching procedure. The results for the blank estimation of the

reagents are given in Table 2.28.

Table 2.28: Blank levels of reagents used for hydrogenous Os leaching
procedure

Reagent VVolume of Reagent Os, fg
Double distilled water 10 ml 499
Milli-Q water 10 ml 272
CrO3(in H,SOy) 1ml 91
H,SO, 1ml 143
H,0, 1ml 30

fg: femtogram
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2.2.5 Re concentration measurement in bulk sediments from the Arabian Sea
The Re concentration in the sediment samples from the Arabian Sea core SS-
3101G was measured in the bulk samples. After the solvent extraction for the Os
isotopic analysis by Br, extraction, the Re was extracted from the residue left in
the Teflon bomb. The residue in the bomb was completely dried. After drying the
residue, 5 ml of 0.8 N HNO3; was added. The slurry was then centrifuged and the
supernatant liquid was loaded on an anion exchange resin (AG1X8, 100-200
mesh). The column was then washed with 0.8 N HNO3 and Re was eluted from
the column with 8 N HNO; [Dalai et al., 2002]. The extracted Re was dried and
dissolved in 0.4 N HNO;. The Re concentration in the acid solutions was
determined by measuring their **Re/**’Re ratio on Thermo X-Series | Q-ICP-MS
facility at PRL. Instrumental mass fractionation correction was done by measuring
Re standard of natural composition frequently (after every 5 sample
measurements). The background level of around 10 cps was found to be
negligible in comparison to counts for both ***Re and **'Re (in excess of several

thousand cps).

Table 2.29: Replicate analysis of Re concentration in samples

Sample Re (ng/g)
3101(0-1) 0.26
3101(0-1) R 0.26
3101(3-4) 0.25
3101(3-4) R 0.24
3101(32-33) 0.44
3101(32-33) R 0.45
3101(91-92) 12.05
3101(91-92) R 11.71
3101(104-106) 2.26
3101(104-106) R 2.30

In order to check the reproducibility and reliability of the Re concentration
measurements, a few samples were measured in replicates. The replicate analysis
of the samples is given in Table 2.29. Based upon the replicate analysis, the

reproducibility (Coefficient of variance; CV) was obtained to be 2.3 %.
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Re concentration was also measured in the USGS (United States Geological
Survey) Cody shale standard SCo-1 (Table 2.30). The Re concentration measured
in our laboratory in the SCo-1 standard agrees well with that reported by Meisel
and Moser, [2004]

Table 2.30: Measurement of Re concentration in USGS SCo-1 standard

Standard Measurement Re (ng/g)
SCo-1 1 1.04
SCo-1 2 1.04
SCo-1 3 1.06
SCo-1 4 1.07
SCo-1 5 1.04

MEAN 1.05

STDEV (1o) 0.02

RSD (%) 1.5

Reported” MEAN 1.01
STDEV (1o) 0.06

RSD (%) 6.2

* Data from Meisel and Moser, [2004]

Total procedural blank was also determined for Re (Table 2.31). Total procedural
Re blank is order of magnitude lower than the total Re processed for the samples,

so no blank correction was applied.

Table 2.31: Total procedural blank level for Re measurements in bulk
sediments

Sample ID Re, pg
Re BLK1 31
Re BLK2 34
Re BLK3 30
Re BLK4 38
Re BLK5 35
Re BLK6 36

MEAN 33+3
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CHAPTER 3

Nd concentration and isotopic composition of waters of the
Arabian Sea: water mass analysis using inverse model approach
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3.1 Introduction

The distribution of Nd concentration and its isotopic composition (eng) Serves as a
coupled tracer of the origin and circulation of water masses both on the inter and
intra oceanic [Amakawa et al., 2000; Frank, 2002; Goldstein and Hemming, 2003;
Jeandel, 1993; Jeandel et al., 1998; Peipgras and Wasserburg, 1982; 1983]. This
is primarily due to the oceanic residence time of Nd being comparable to the
ocean mixing time [Johannesson and Burdige, 2007; Nozaki and Alibo, 2003;
Tachikawa et al., 1999]. The eng of the ocean reflects that of the nearby
continents, thereby suggesting continental Nd as the dominant contributor of
dissolved Nd into the ocean. Thus, the spatial variation in the eng Of the ocean
reflects the variation in the supply of Nd from the continent and/or modification
of eng signature by mixing of different water masses [Frank, 2002; Goldstein and
Hemming, 2003; Lacan and Jeandel, 2001; 2004a; b; 2005].

The potential of coupled Nd concentration-gyng to track the water mass circulation
in the ocean was realized in early eighties and since then a lot of such studies have
been done in different basins such as Arctic, Atlantic and the Pacific Oceans
[Jeandel, 1993; Lacan and Jeandel, 2001; 2004b; 2005; Peipgras and
Wasserburg, 1982; 1983; Peipgras and Jacobson, 1988; Porcelli et al., 2009;
Rickli et al., 2010; Shimizu et al., 1994; Zimmermann et al., 2009].

In the Indian Ocean, however, such studies on the Nd isotopic composition of
water masses are limited [Amakawa et al., 2000; Bertram and Elderfield, 1993;
Jeandel et al., 1998; Nozaki and Alibo, 2003]. The available studies on the Nd
isotopic composition of Indian Ocean suggests that it is intermediate of that of the
Pacific Ocean (with highly radiogenic eng values of between 0 and -4 for the
surface and intermediate waters; and lower values of -3 to -6 for the deeper waters
[Peipgras and Jacobson, 1988; Shimizu et al., 1994]) and the Atlantic Ocean
(which shows the most non-radiogenic eng Values, as low as -26 in the North
Atlantic near the Baffin Bay [Stordal and Wasserburg, 1986]).
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As a consequence of mixing of Pacific waters with the Atlantic waters in the
Southern Ocean, the water masses hence formed (Antarctic Intermediate Water,
AAIW; Circumpolar Deep Water, CDW or Antarctic Bottom Water, AABW)
have their eng between -7 and -9. Since, the Indian Ocean has no northern source
of deep water masses, these waters with intermediate eng Spreads northwards in
the Indian Ocean and flush the intermediate to deeper waters in this oceanic basin.
The shallow water masses forming in the northern Indian Ocean such as Arabian
Sea High Salinity Water (ASHSW), Persian Gulf Water (PGW) and Red Sea
Water (RSW) have their origin in the Arabian Sea. There have been no earlier
efforts made for the quantification of water mass structure of the northern Indian
Ocean especially in the Arabian Sea. The present study is an effort for the same
using the Nd concentration and isotopic composition of waters from the Arabian
Sea. Further, an inverse modelling approach has been applied for quantification of

water mass fractions in the Arabian Sea.
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Fig 3.1: Sampling stations in the Arabian Sea for Nd concentration and
isotopic analysis. The red band encompassing the stations shows the
direction/projection of the meridional section for the contour plots.

Arabian Sea is an oceanic basin that is bounded by arid continental mass to its
eastern, western and northern boundaries. Around 100 million tons of aeolian dust

from the deserts of Arabian Peninsula (Oman), Africa and western India is
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deposited annually in the Arabian Sea [Ramaswamy and Nair, 1994; Sirocko and
Sarnthein, 1989]. Aeolian dust is an important and direct source of nutrients to the
surface ocean. With Arabian Sea in the proximity of arid (desert) continental
landmass, the dust deposition flux in the Arabian Sea can be fairly significant.
Estimated dust flux in the Arabian Sea based on various approaches range
between 1.5 and 13 g m? y* [Duce et al., 1991; Measures and Vink, 1999;
Ramaswamy and Nair, 1994; Sirocko and Sarnthein, 1989]. In the present study
an effort has been made to estimate the dust flux into the surface waters of the
Arabian Sea using Nd content in these waters.

3.2 Northern Indian Ocean: water mass structure

The northwestern part of Indian Ocean which composes of Arabian Sea exhibits
distinct lateral salinity gradients in the upper 1000m [Wyrtki, 1973] due to marked
differences in the rate of evaporation over precipitation and the influx of less
saline waters from the Bay of Bengal through its southeastern corner. In addition,
the Persian Gulf and the Red Sea contribute high salinity waters to the Arabian
Sea at depths of about 200 m and 500 m respectively. Thus, the upper 1000 m
water column of the Arabian Sea is composed of three characteristic water
masses, the Arabian Sea High Salinity Water (ASHSW), the Persian Gulf Water
(PGW) and the Red Sea Water (RSW).

The upper water masses viz. ASHSW, PGW and RSW progress southwards and
mix to form the North Indian Intermediate water (N11W) below the upper 1000m
water column of Arabian Sea, which also travels southwards. On its southward
progression, NIIW mixes with the northward moving polar waters and forms the
North Indian Deep water (NIDW). The deeper water masses in the Arabian Sea
primarily compose of Modified North Atlantic Deep water (MNADW) and
Antarctic Bottom water (AABW) [Kumar and Li, 1996]. The North Atlantic Deep
Water (NADW) forms in the northern Atlantic by cooling and sinking of water in
the Baffin Bay and Norwegian Sea. Then NADW travels southwards in the
Atlantic Ocean and enters the Indian Ocean to the south of African peninsula. In

the ocean near the Antarctica, the NADW mixes with the Antarctic Surface Water
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(ASW) and the Weddell Sea Bottom Water (WSDW). This results in lowering of
the salinity and potential temperature of the NADW and transformation of
NADW into the Modified North Atlantic Deep Water (MNADW). Hence
transformed, the MNADW travels in the Indian Ocean northwards. The deepest
and the bottom water mass AABW reaching the northern Indian Ocean has its
origin in the Weddell Sea [Mantyla and Reid, 1995]. The role of bottom
topography of the ocean basin is significant in deciding the progression of these

deeper water masses in the Arabian Sea.

The bottom water movement in the Indian Ocean is quite different to that in other
oceanic basins; Atlantic and Pacific Oceans. In the Atlantic and Pacific Oceans,
dense deeper waters from Antarctica spread northward on the western sides of the
ocean. In the Indian Ocean, these waters spread northwards both in the west and
east. Both the western and eastern entry points of deeper waters in the Indian
Ocean have different sources of waters. The deeper waters in the Arabian Sea are
sourced from the western route in the Indian Ocean. In the western Indian Ocean,
the deeper waters enter the basin through the discordance zone in the Southwest
Indian Ridge at about 30°S, 60°E [Warren, 1978]. The deeper waters in the Indian
Ocean then reach the Madagascar basin and the Mascarene basin. From the
Mascarene basin, the deeper waters enter the Somali basin via the narrow
Amirante passage (at ~10°S, 53°E) [Johnson and Damuth, 1979; Johnson et al.,
1991]. The deeper waters then propagate to the Arabian Sea from the Somali
basins through the Owen fracture zone [Mantyla and Reid, 1995].

Further, warm and low salinity surface and intermediate waters of the Pacific
origin enter the Indian Ocean at its eastern boundary via the Indonesian
throughflow [Jeandel et al., 1998]. The Indonesian seas (Java Sea, Banda Sea,
and Molucca Sea) are mostly filled with Pacific waters. But, the dynamics through
the Indonesian seas results in a vertical mixing of the different water masses to
such a degree that when they leave the Indonesian seas Pacific waters are no more
recognizable, and these ‘“renewed waters” are called Indonesian Waters.

Characteristic water masses of the Indonesian Seas that are transported westwards
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from the Indonesian throughflow are the Indonesian throughflow surface Waters
(IW) that is the surface layer water mass and the Indonesian throughflow
Intermediate Water (11W) [Jeandel et al., 1998].

3.3 Results and discussion

The Nd concentration and isotopic composition were measured in three vertical
profiles from the Arabian Sea (Chapter 2). Fig. 3.1 shows the stations for the
study of vertical profile of Nd concentration and eng in the Arabian Sea. The red
band encompassing the stations in Fig. 3.1 shows the direction/projection of the
meridional section for the contour plots.

Table 3.1: Salinity, potential temperature (8), Nd concentration and &eng in
the profiles from the Arabian Sea

Depth (m)  Salinity 6 (°C) Nd (pmol/kg) ENd err eng
0802 (14.42°N, 69.42°E)

5 36.7 28.9 15.8 -1.7 0.4
65 36.5 26.3 14.0 -7.1 0.5
120 35.8 20.0 14.3 -8.5 0.4
230 35.7 14.6 12.5 -11.4 0.5
400 35.5 12.3 12.7 -8.5 0.3
500 35.5 11.7 135 -9.0 0.3
700 355 10.3 - -8.6 1.8
1000 35.3 8.0 20.2 -9.4 0.3
1500 35.0 5.1 16.9 -8.3 2.1

2100 34.8 2.7 17.5 -10.7 0.3

3000 34.7 1.6 23.1 -8.8 0.4

3600 34.7 14 25.3 -9.0 0.3

3900 34.7 14 24.6 -8.4 0.3

4040 34.9 14 34.3 -9.4 0.3
0803 (10.12°N, 71.86°E)

5 355 28.9 20.1 -1.8 0.7
35 36.4 28.8 154 -7.1 0.6
130 35.1 16.4 15.6 - -
210 35.2 13.3 - -9.9 0.6
300 35.2 121 13.3 -11.2 0.5
360 - 115 13.3 -9.9 0.4

465 35.3 10.9 14.2 -9.4 0.5
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600 35.2 10.3 14.4 -8.8 0.6
900 35.2 8.4 16.6 -9.9 0.3
1200 35.0 6.4 18.6 - -
1600 34.9 4.2 19.7 -9.3 0.6
2400 34.8 1.9 225 -10.2 0.6

0805 (6.01°N, 77.48°E)

5 32.4 29.1 27.8 - -
60 35.3 28.0 16.5 - -
120 35.0 21.8 - 12.1 0.7
200 35.0 14.1 19.3 -10.7 0.7
300 34.9 11.6 18.0 -12.4 0.4
580 35.0 9.4 18.1 - -
650 34.8 9.0 19.5 -14.7 1.4
845 35.0 7.8 21.0 -11.3 0.4

1000 35.0 6.9 22.0 -10.9 0.4
1150 34.9 6.0 21.9 - -

1450 34.9 4.6 22.8 -12.6 0.5
1850 34.8 3.1 235 -10.1 0.3
2250 34.8 2.3 25.7 -10.6 0.4

-: Not measured.

The Nd concentration in the waters of the Arabian Sea varies from 12.5 to 34.3
pmol/kg (n=36, Table 3.1). The Nd concentration in the surface waters of the
Arabian Sea show an increase from north to south. The surface waters of the
northern station 0802 (14.42°N, 69.42°E) show the minimum concentration ([Nd]
= 15.8 pmol/kg) as compared to the stations 0803 (10.12°N, 71.86°E) ([Nd] =
20.1 pmol/kg) and southern station 0805 (6.01°N, 77.48°E) ([Nd] = 27.8 pmol/kg)
(Fig 3.2a).

In the southern station 0805 which lies between the Arabian Sea and Bay of
Bengal, the Nd concentrations are higher by 4 to 6 pmol/kg at all the
corresponding depth compared to northern stations 0802 and 0803 (Fig. 3.2).
Higher concentration in water of the southern station indicates the contribution of
enriched Nd water from the Bay of Bengal. Nd concentrations in the Bay of
Bengal water are significantly higher due to its release from particulates [Nozaki
and Alibo, 2003; Singh et al., 2012].
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Fig 3.2: The distribution of (a) Nd concentration and (b) isotopic composition
(ena) In the vertical profiles from the Arabian Sea. The Nd concentration
shows a nutrient like profile but displays enrichment at the surface. The gyqg
in the vertical profiles from the Arabian Sea shows a north-south gradient
with the southern station having more non-radiogenic Nd.

In all profiles, the Nd concentration trend is similar displaying nutrient like
profile, a minimum value between 200 to 400 m depth and increasing Nd in
deeper sections. Sub-surface minima in these profiles are due to removal of Nd
from these waters by adsorption onto sinking particles in the Arabian Sea. Studies
based upon the sediment trap deployment in the Arabian Sea have shown that the
rain rate of particles through the water column of the Arabian Sea is quite high
with values ranging from 25-30 g m 2 y ' [Ramaswamy and Nair, 1994] with
significant lithogenic and biogenic fluxes. These conditions make Arabian Sea
conducive for removal of rare earth element (Nd) from its surface and sub-surface
waters. In all the three profiles Nd concentration in the surface waters are higher,
compared to that of sub-surface. This is due to supply of Nd from particulate

matters. These particulate matters could be either aeolian or fluvial in nature.

The Nd concentration in the vertical profile from the Arabian Sea has been
measured earlier by Bertram and Elderfield, [1993] at a station (1605; 14.43°N,
66.92°E). This station is near to the northern station 0802 occupied in the present

study. The general trend for the Nd concentration in the profile 1605 in the central
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Arabian Sea is similar to the Nd concentration in the station 0802. The Nd
concentration in the station 1605 shows a very slight enrichment in the surface
(INd] = 11.4 pmol/kg). Nd concentration trend in the profile 0802, though is
similar to that of station 1605, concentrations are marginally higher. Similar trend
of higher Nd concentration in the surface and sub-surface waters is also reflected
by the station 0803 in the Arabian Sea. The Nd concentration was also measured
by Bertram and Elderfield, [1993] in the northern Arabian Sea in the Gulf of
Oman. The Nd profile measured in the Gulf of Oman shows a similar trend to the
Arabian Sea profile 0802, but the Nd concentration in the 0802 profile are higher

by ~3 pmol/kg as compared to the vertical profiles in the Gulf of Oman.

The eng In the vertical profiles from the Arabian Sea shows large variability
varying from -7.1 to -14.7 (n=33, Table 3.1). The vertical profiles 0802 and 0803
in the Arabian Sea show more radiogenic values with gyg ranging from -10 to -7
(Fig 3.2b), whereas in the southern station 0805 which is near the periphery of
Bay of Bengal, the eng IS more non-radiogenic (more negative) ranging from -15
to -10 (Fig 3.2b). The eng has been previously measured in the western Indian
Ocean by Bertram and Elderfield, [1993] in the Somali, Mascarene and
Madagascar basins. The eng in the Somali basin was measured in vertical profile
up to a depth of ~4900 m. The vertical profile of Nd isotopic composition
measured in the Arabian Sea profiles 0802 and 0803 in this study shows similar
values to that of measured in the Somali basin. This similarity, however, breaks
down in the sub-surface waters (100-250m) where the eng in the Arabian Sea is

more non-radiogenic (Fig 3.2b).

The eng Was also measured in the surface waters of the Bay of Bengal at a station
PA-9 (8.02°N, 88.99°E) which showed a non-radiogenic value of -11.2 [Amakawa
et al., 2000]. The Nd isotopic composition was not measured in the surface waters
of the southern station 0805 (near the Bay of Bengal), but the eng in this station at
a depth of 120 m shows a non-radiogenic value of -12.1 (Fig 3.2b). The lesser

radiogenic eng and the high Nd content in the Bay of Bengal surface waters (PA-
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9) and that of the station 0805 suggest the supply of non-radiogenic Nd to the Bay

of Bengal from the Himalaya through the Ganga-Brahmaputra river system.

3.3.1 Water masses in the Arabian Sea: quantification by inverse modelling
approach

The distribution of dissolved Nd concentration and isotopic composition in the
Arabian Sea is an intricate mixture of Nd contributed by various water masses and
its supply from aeolian dust, contribution from sinking particulate matter and/or
from sediment water interactions. In the present work, an inverse modelling
approach [Tarantola, 2005; Tripathy and Singh, 2010] has been applied for the
quantification of these various contributions resulting in the observed Nd

distributions.

The inverse modelling approach is based on set of mass balance equations that
relates the observed data (data space) with the model parameters (model space). In
this approach, the contributions from various sources (end-members) are
estimated by iteratively solving a set of mass balance equations based on the
observed parameters. The inverse model calculates not only the contribution of
various sources to the observed quantity (parameter) but also provides the best
estimates for that parameter of the end-members. In the current context, in order
to find out the contribution of Nd from various water masses (sources) in the
waters of the Arabian Sea, the parameters that have been considered are; (i)
Potential temperature, (ii) Salinity, (iii) Nd concentration and (iv) Nd isotopic

composition (eng).

The inverse model calculation provides the best values of these properties
(Potential temperature, salinity, Nd concentration and eng) Of the various end-
members and computes the contribution of various water masses present in the
Arabian Sea. The calculations are based upon a set of mass balance equations
which relate the observed data and the model parameters. These mass balance

equations are as follows:
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szzxixfim (31)
i=1
Where, X = Potential temperature and Salinity of the water mass (source/end-

member).

For Nd concentration and eng, the mass balance equations have been written as

follows:

Nd,, = Nd>** + > Nd, x f,, (3.2)
i=1

(Eng) e x Nd e +Zn: Nd, X(gNd )i x fiy
() - 7
Nd;xcess + Z NdI X fim
i=1

Here, m denotes a sample or observation point. In equations (3.2) and (3.3), extra

excess

terms have been used for Ndp, and (end)m> . These terms arise from the Nd
contribution in the water column apart from the water masses (sources)
considered in the present problem. The excess of Nd can come from the aeolian
supply of dust or by the release from the sinking particles [Jeandel et al., 1995;

Tachikawa et al., 1999].

In this study, a total of 9 water masses/sources (thus, n=9) were considered. The

details of these water masses have been given in the section 3.3.1.1.

f im is the fraction contributed by the i water mass/source on the m™

observation/data point, and
> fn=1 (3.4)
i=1

In general, the above equations (3.1-3.4) can be written as d = G(m), where d and
m are the data and model spaces respectively. G is the function that relates the
data and model spaces. The model spaces are assumed to follow log-normal
probability distribution. A non-linear weighted fit of equations (3.1-3.4) was
obtained using the Quasi-Newton method [Tarantola, 2005], which provided the
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best possible set for the model parameters and the covariance (i.e. uncertainties)

associated with them.

The reliability of the inverse model used in the present study was ensured by
running this model on the published river data [Tripathy and Singh, 2010] by

estimating contributions from different sources.

3.3.1.1 A priori values of the source water masses (end-members)

The inverse modelling approach for the quantification of various sources (end-
members) requires an initial knowledge of the parameters (potential temperature
(8), salinity, Nd concentration and eng in the present case) of the possible sources.
This basic and initial information on the contributing sources is called the “a
priori” information of these sources. The water mass structure of the surface and
subsurface waters in the Northern Indian Ocean have been studied earlier by
several authors [Kumar and Li, 1996; Rochford, 1964; Shenoi et al., 1993; You
and Tomczak, 1993; You, 2000].

A total of nine water masses (sources/end-members; n = 9; Table 3.2) have been
considered in this study. The source/end-member properties (potential
temperature, salinity, Nd concentration and eng) among these nine water masses
are assumed to contribute to the potential temperature, salinity dissolved Nd
(concentration and isotopic composition) of waters of the region. These water
masses/sources are, (1) Riverine supply to the Arabian Sea; (2) Bay of Bengal (BoB)
waters; (3) Arabian Sea High Salinity Water (ASHSW); (4) North Indian
Intermediate Water (NIIW); (5) North Indian Deep Water (NIDW) (6) Indonesian
throughflow surface Water (IW); (7) Indonesian throughflow Intermediate Water
(1W); (8) Modified North Atlantic Deep Water (MNADW); and (9) Antarctic
Bottom Water (AABW). The a priori information on potential temperature,
salinity, dissolved Nd and eng for these water masses are given in Table 3.2. In the
present study, Antarctic Intermediate Water (AAIW) was not considered as a
significant water mass in the Arabian Sea as its influence in the western Indian
Ocean has been found to be limited to ~5°S only [Kumar and Li, 1996].
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Table 3.2: A priori and a posterior values of the water mass end-members
used in the inverse model computations

Water Mass 0 (°C) salinity Nd (pmol/kg) End
a priori values
Riverine supply 28.000 +£0.001  0.000 £ 0.001 6.6+0.2 -15.7+0.3
BoB waters 11.475+0.001 35.032 +£0.001 23.7+0.8 -146+£0.3
ASHSW 28.877 +£0.001 36.694 + 0.001 10.2+04 -85+0.3
NIHW 11.677 £0.001 35.506 + 0.001 135+05 -9.0+0.3
NIDW 2.717£0.001 34.813 +0.001 175+0.6 -10.7+0.3
W 29.700 £ 0.001  33.970 = 0.001 7.4+0.3 -41+0.3
Hw 4.470+£0.001 34.612 £0.001 176 0.7 -3.6+0.3
MNADW 1.774 £0.001  34.738 £ 0.001 18.0+0.6 -85+0.3
AABW 0.000 £0.001  34.659 + 0.001 340+12 -8.0+0.3
a posterior values
Riverine supply 28.000 £0.001  0.000 £ 0.001 6.6 0.2 -15.7+0.3
BoB waters 11.475+0.001 35.032 +£0.001 23.2+0.8 -149+0.8
ASHSW 28.877 +£0.001 36.694 +0.001 9.8+0.3 -8.6+0.3
NIW 11.677 £0.001  35.506 + 0.001 12.1+£04 -9.2+0.3
NIDW 2.717+£0.001 34.813 +0.001 16.2+0.5 -11.3+0.3
W 29.700 £ 0.001  33.970 £ 0.001 7.3+0.3 -4.1+0.3
Hnw 4470+£0.001 34.612 +0.001 17.0+£0.7 -3.7+£0.3
MNADW 1.774 £0.001  34.738 £0.001 16.3+0.6 -8.8+0.3
AABW 0.000 £0.001  34.659 £ 0.001 29.8+1.0 -9.0+0.3

Source of the data:

Riverine supply: [Goldstein and Jacobson, 1987; Allegre et al., 2010; Goswami et al.,

2012b].

BoB waters: [Singh et al., 2012]; station 0811 0811; 16.76°N, 86.996°E
ASHSW: Present study, station 0802 (14.42°N, 69.42°E), 5 m depth.
NIHW: Present study, station 0802 (14.42°N, 69.42°E), 500 m depth.
NIDW: Present study, station 0802 (14.42°N, 69.42°E), 2100 m depth.
IW: [Jeandel et al., 1998], station # 10, 59 m depth.
IW: [Jeandel et al., 1998], station # 33, 800 m depth.

MNADW: [Bertram and Elderfield, 2003], station # 1507 (06.15°S, 50.56°E), 2000 m
depth.
AABW: 6 and salinity by Kumar and Li, [1996] (GEOSECS station 430 (59.98°S,
60.98°E), 4709 m depth; Nd concentration by Zieringer et al., [2011]; eng by
Frank, [2002]

The a priori data for the riverine discharge in the Arabian Sea was taken with zero
salinity and a temperature of 28°C (Table 3.2). The Nd concentration of the
riverine supply was taken to be 6.65 pmol/kg, similar to that of the Indus River

[Goldstein and Jacobson, 1987] considering a 70% removal of Nd in the estuary.
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Estimation of Nd isotopic composition of the riverine end-member (source) is
based on eng Of sediments from the Indus, Narmada, Tapti, Mahi and rivers
flowing through the Deccan basalts and peninsular India, covering majority of
rivers draining into the Arabian Sea [Allegre et al., 2010; Goswami et al., 2012b].
The flux weighted eng Of -15.7 was taken as the a priori information for the Nd

isotopic composition of the riverine supply into the Arabian Sea.

The parameters for ASHSW, NIIW and NIDW, water masses forming in the
Arabian Sea [Kumar and Li, 1996; Wyrtki, 1973] are taken from the samples
measured in the present study from station 0802 (14.42°N, 69.42°E). The
potential temperature and salinity for the ASHSW is taken as that of the surface
waters of the station 0802. Nd concentration and isotopic composition of the
surface water of the Arabian Sea could be modified by Nd supplied by
particulates. Hence, a priori Nd concentration of the ASHASW was estimated
based on the Nd concentration of 120m deep water in station 0802 after correcting
for the excess Nd supplied by particulates. The eng of ASHSW is taken to be
similar to that of the water at 120m depth at station 0802. The a priori information
for the parameters of NIIW was taken as the same for the sample measured at
depth of 500m at the profile 0802. Similarly, the a priori data for the water mass
NIDW was taken as that of the measurements on a sample in the profile 0802 at a
depth of 2100m.

The a priori information of potential temperature, salinity, Nd concentration and
eng for the Bay of Bengal waters has been taken from the measurement of these
properties by Singh et al., [2012] (Station 0811; 16.76°N, 86.996°E). The values
of these properties for the IW and 1IW are those reported from the Indonesian
throughflow straits [Jeandel et al., 1998].

The data for MNADW has been taken from the measurement of the properties
(salinity, potential temperature, Nd concentration and eyg) at a depth of 2000 m in
the profile CD-1507 (06.15°S, 50.56°E) in the Somali basin [Bertram and
Elderfield, 1993]; thus properties of this water represent that of MNADW just
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before it enters the Arabian Sea. The a priori information on potential temperature
and salinity data for AABW has been to be the same as those reported for water
from a depth of 4709 m at GEOSECS station 430 [Kumar and Li, 1996]. The eng
and dissolved Nd concentration data for AABW has been taken from Frank,
[2002], Jeandel et al. [1993] and Zieringer et al., [2011]

The Arabian Peninsula and the Indian subcontinent can contribute significant
amount of dust to the surface Arabian Sea. The Nd isotopic composition of
aeolian dust over the western Arabian Sea is characterized by radiogenic Nd (eng
= -6) [Sirocko, 1995]. This has been taken as the a priori information for the Nd
isotopic composition of the excess or additionally added Nd to the ocean
((eng)m™ term in eq. 3.2 and 3.3). Further, the difference between the surface
water Nd concentration of 0802 profile and the Nd concentration of the ASHSW
was taken as the a priori value for the Nd concentration of the excess or
additionally added Nd to the ocean (Nd,™“** term in eq. 3.2 and 3.3). As the Nd
concentration and isotopic composition of the externally added Nd can vary a lot,
the uncertainties associated for Nd concentration and that for the gng Were taken to
be 100% and 2 eyg units respectively in the source covariance matrix for the

inverse model computations.

3.3.1.2 A posterior values of the source water masses (end-members)
The a posterior or the best fit values of potential temperature, salinity, Nd
concentration and eng the source water masses (end-members) computed based on
the inverse model calculations are given in Table 3.2. Based upon the model
calculations, the results of the various water mass (source) fractions calculated for
the observed parameters in the Arabian Sea have been shown in Fig. 3.3.

3.3.1.3 Contribution of different water masses in the Arabian Sea.

The contribution of riverine flux form the Indus River and the west flowing rivers
of India (Narmada, Tapti Rivers and those flowing through the Western Ghats and
peninsular India) was calculated by the inverse modelling approach and the results

have been shown in Fig. 3.3a. The results of the inverse model computations
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suggest that riverine flux is not a significant contributor to the surface waters of
the Arabian Sea. Further, the salinity in the surface waters of the Arabian Sea
vertical profiles 0802 and 0803 is very high (>36). Such high salinity of surface
waters hints to the lack of fresh water input to the surface waters of the Arabian
Sea.

The contribution of the Bay of Bengal waters in the Arabian Sea shows a
decreasing trend from south to north (Fig. 3.3b). The contribution of Bay of
Bengal waters is maximum in the southern station 0805 which lies near the
boundary of the Bay of Bengal. The core of this water mass lies in the southern
station in the surface and sub-surface waters. During winter/north-east monsoon
season over the northern Indian Ocean, the surface currents transfer waters from
the Bay of Bengal to the Arabian Sea. Thus, the observed contribution of Bay of
Bengal waters at the southern stations 0805 is consistent with the entrance of low
salinity Bay of Bengal waters in the Arabian Sea during the winter monsoon
months (Nov-Feb) [Schott and McCreary, 2001; Wyrtki, 1973]. The impact of
Bay of Bengal waters is reduced significantly to the north in the Arabian Sea and

by ~14.5°N; the effect of this water mass is almost absent.

The contribution of ASHSW in the waters of the Arabian Sea has been shown in
Figs 3.3c. In the surface and sub-surface waters of the Arabian Sea, the ASHSW
is the dominant water mass with contributions in excess of 90% in the surface
waters of the station 0802 (~14.5°N). The ASHSW forms in the Arabian Sea due
to excess of evaporation over precipitation. The production rate of this water mass
IS maximum during May-Jul and minimum during Feb-Apr. The production of
this water mass in the Arabian Sea during winter months is quite significant
[Shenoi et al., 1993; Rochford, 1964]. Within the core of this water mass, the

salinity can be in excess of 36.7, similar to the surface waters of the station 0802.

The NIIW is a mixture of characteristic water masses of the Northern Indian
Ocean (Arabian Sea). This water mass form by the mixing of the Persian Gulf
Water (PGW) and the Red Sea Water (RSW) with the ASHSW. The NIIW forms
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in the north-western Indian Ocean in the Arabian Sea and moves southwards
[Kumar and Li, 1993]. In the Arabian Sea, the distribution of NIIW shows a
north-south gradient suggesting more production of this water mass in the north
(Fig. 3.3d). As the water mass moves to the south, it loses its identity by mixing
with other water masses. The contribution of this water mass in the Arabian Sea
waters is as high as ~50% in the intermediate waters (200-1000 m) at station

0802. The contribution reduces to the south and is around 10-20% at the southern
station 0805.
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Fig. 3.3: Meridional and vertical distribution (in %) of various water masses
in the Arabian Sea: (a) Riverine supply; (b) BoB waters; (c) ASHSW; (d)
NIHW; (e) NIDW; () IW; (g) HW; (h) MNADW and (i) AABW. Refer to Fig.
3.1 for the direction/projection of the meridional section of the contour plots.

In the northern Indian Ocean, NIDW forms by the sinking and mixing of NIIW (a
mixture of PGW and RSW) with circumpolar waters [Kumar and Li, 1993]. In the
Arabian Sea waters, the core layer of NIDW forms at around 8°N (Fig. 3.3e). The
influence of NIDW is seen more on the southern station 0805 rather than northern
station 0802 and 0803 in the Arabian Sea. This confirms the formation of NIDW
by mixing of NIIW with northern moving polar waters. In the intermediate to
deep waters in the Arabian Sea (600-1800 m), the contribution of NIDW in the
northern waters of the Arabian Sea (north of 8°N) is ~ 30%, whereas to the south,
especially at the southern station 0805, the contribution of NIDW is as high as
50% at around 1500 m depth. The formation of NIIW and NIDW in the northern
Indian Ocean prevents the northward propagation of Central Indian Water (CIW)
[Kumar and Li, 1993].
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The distribution of IW in the Arabian Sea show the entrance of Indonesian surface
waters (IW; Fig. 3.3f) in the Arabian Sea with the contribution of this water
greater than 30% at ~10°N (station 0803). The propagation of IW to the Arabian
Sea can take place from the Bay of Bengal by the entrance of Bay of Bengal
waters to the Arabian Sea during the sampling month in winter monsoon. The
intermediate depth water mass of the Indonesian origin, IIW is a minor

component of water mass structure of this basin (Fig. 3.3g).

The deeper waters in the Arabian Sea are constituted with the MNADW and
AABW. The stations used in the present study lie across the Chagos-Laccadive
ridge in the Arabian Sea (Fig. 3.1). The stations 0802 and 0803 lie on the western
side of this ridge while, the station 0805 lies to its east. Thus, the bottom
topography due to the presence of this ridge in the Arabian Sea can also influence
the propagation of deeper water masses in these stations. The distribution of
MNADW shows a north-south gradient with its higher contribution to the north
(Fig. 3.3h). In the Arabian Sea, the distribution of MNADW at ~14°N shows a
contribution of >40% in 1500-2500 m water depth range. The contribution of
MNADW in the Arabian Sea at ~10°N is reduced to 30-40% and reduces further
south. Similarly, the fractional contribution of AABW, the deepest water mass,
shows a north-south gradient. The deepest layers of the Arabian Sea at ~14°N
show a dominant abundance of AABW with contribution in excess of 50% below
a depth of 3000m. The contribution of this water mass in the south and across the
Chagos-Laccadive ridge gets reduced in the shallower waters (<40%; Fig. 3.3i).
You, [2000] suggested that the influence of MNADW in the Arabian Sea is
limited to ~10°N at a longitude of 70°E based on the modelling of potential
temperature, salinity, oxygen content and nutrient content data from the Indian
Ocean. The north-south gradient in the distribution of MNADW and AABW
(Figs. 3.3h and 3.3i) suggests that once these deeper water masses enter the
Arabian Sea they travel to the north of 14.5°N and then they retreat to the south.
On their return to the south these deeper water masses (MNADW and AABW)

travel to the west of Chagos-Laccadive ridge as their influence is very limited to
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the south of 8°N. The presence of shallow Chagos-Laccadive ridge (shallowest
depth ~ 1500 m) cuts down the contribution of deeper waters across to the Bay of
Bengal. The result of this study suggests that during their southward movement,
deeper waters (MNADW and AABW) stick to the western flange of the Chagos-
Laccadive ridge. This separates the deeper water structure of the Arabian Sea and

the Bay of Bengal.

3.3.1.4 Excess Nd and its &g

Using the inverse modelling approach, the Nd contributed by all the nine water
masses to individual samples have been estimated. The aggregated contribution of
Nd from these water masses range from 44% to 100% of the measured Nd in the

three profiles analyzed in the Arabian Sea.

At the northern station, the surface and sub-surface waters show deficit (in the
aggregated Nd content based on end-member water mass contributions only) from
observed data by 60 to 80%. At the station 0803, in the surface and sub-surface
waters, the aggregated Nd from the water masses is as low as 49 to 65% whereas
in the southern station 0805, much of the profile shows depleted contribution of
Nd from water masses as compared to observed Nd (by 77 to 96%). The
observation that all the nine water masses does not sum up to provide 100%
measure Nd requires the additional Nd. This could be supplied to the Arabian

Seawater by release of Nd from particulate matters.

Table 3.3: Excess Nd (Ndecess, in pmol/kg) and its eng in the Arabian Sea
waters calculated from the inverse modelling of the data

Depth Ndexcess err (Ndeycess)  (End)excess  €F'T (End)excess
0802 (14.42°N, 69.42°E)
5 6.0 0.8 -6.6 1.6
65 35 0.8 -4.5 1.9
120 19 1.1 -5.8 2.8
230 0.6 0.5 -8.0 4.0
400 0.7 0.6 -5.7 2.8
500 0.9 0.7 -6.0 2.9

1000 3.1 2.2 -6.9 3.2
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1500 13 1.0 -5.8 2.9

2100 1.0 0.9 -9.0 4.4

3000 1.2 1.1 -5.9 2.9

3600 14 1.2 -6.1 3.0

3900 14 1.2 -5.5 2.7

4040 7.5 2.2 -9.2 2.4
0803 (10.12°N, 71.86°E)

5 11.0 0.9 -8.1 1.5
35 5.8 0.8 -5.6 1.8
300 0.7 0.6 -7.6 3.8
465 0.9 0.8 -6.3 3.1
600 1.0 0.8 -5.9 2.9
900 1.4 11 -6.7 3.3

1600 2.0 1.7 -6.3 3.1
2400 13 1.2 -7.2 3.5
0805 (6.01°N, 77.48°E)
200 3.2 1.8 -7.8 3.7
300 13 1.0 -8.2 4.0
650 1.7 1.4 -9.1 4.5
845 3.4 2.3 -10.9 4.7
1000 4.1 2.6 -10.9 4.5
1450 5.6 2.2 -14.6 3.5
1850 2.9 2.3 -10.1 4.2
2250 3.4 2.3 -13.9 5.0

Based on the measured and estimated Nd (from nine water masses), additionally
required Nd, Ndeycess, Was estimated for each sample (Table 3.3). The Ndexcess
represents the externally supplied Nd apart from that contributed by the nine water
masses. The Ndexcess distribution in the Arabian Sea shows high values in the
surface waters of stations 0802 and 0803 (Table 3.3, Fig. 3.4a) and bottom water
of station 0802. In the surface waters of the northern station the excess Nd
contribution is 6.0 £ 0.8 pmol/kg, whereas in the station 0803, the excess Nd in
the surface waters is 11.0 £ 0.9 pmol/kg (Table 3.3). Modelled Nd isotopic
composition, eng Of this excess Nd in the surface waters of the Arabian Sea are -
6.6 £ 1.6 for the surface waters of 0802 and -8.1 + 1.5 for the surface waters of
0803; (Table 3.3; Fig. 3.4b). This is similar to the eng Of dust supplied over the
Arabian Sea [-6.0; Sirocko, 1995]. This indicates that additional Nd to the surface

water of the Arabian Sea is delivered by the dust. This can be due to the
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significant dust contribution to the surface waters of the Arabian Sea from the
nearby landmass. Further, the bottom water (depth 4040 m) of profile 0802 has
significant amount of Ndexcess (Table 3.3, Fig. 3.4a) with eng, -9.2 indicating
release of large amount of Nd from the bottom sediments. The core-top (most
recent) sediments from a nearby sediment core in the Arabian Sea also show
similar Nd isotopic composition of -9.4.

The additional Nd (Ndexcess) IS observed through the water column of the southern
profile 0805 (Table 3.3, Fig. 3.4a). The eng Of Ndexcess in the southern station
shows more non-radiogenic (Table 3.3, Fig. 3.4b). The non-radiogenic Ndexcess In
station 0805 could be due to the significant release of Nd from the Ganga-
Brahmaputra (G-B) particles of the Himalayan origin. The Bay of Bengal receives
an annual supply of ~10* kg of riverine particles [Galy and France-Lanord,
2001; Unger et al., 2003] from these rivers. The eng Of Ndexcess Of the surface
water at station 0805 is -8. This indicates the release of Nd both from dust with
radiogenic Nd and riverine sediments with non radiogenic Nd. Even the surface
water of station 0803, the Ndexcess could have been influenced by riverine particles
from the Bay of Bengal as eng Of Ndexcess 1S -8.1, marginally lower compared to

eng Of dust.

The Ndexcess OF the surface waters of the Arabian Sea, particularly of station 0802
which is only influenced by the contribution from the dust, can be used to
estimate the dust flux over this oceanic region. The rate of deposition of dust in
the surface waters (dust flux) can be estimated in an inverse approach by
investigating the dissolved Nd signal in the surface waters. In this regard, the
magnitude of the additional Nd signature (Ndexcess) in the surface waters can be
used to estimate the magnitude of dust deposition in the ocean. For the estimation
of dust flux, four factors control the magnitude of excess Nd signature in the
surface waters: the relative abundance of Nd in the aeolian dust; fractional
solubility of Nd in the surface ocean; depth of the mixed layer into which the dust

is deposited and the residence time of Nd in the mixed layer of the ocean.
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Fig. 3.4: Distribution of (a) Ndexcess and its corresponding (b) eng in the waters
of the Arabian Sea computed form the inverse model application.

The Ndexcess In the surface waters of the ocean can be used to estimate the dust
flux as it has a suitable residence time of ~2.5 years in the surface ocean mixed
layer [Amakawa et al., 2000]. Thus, the relatively shorter residence time of Nd in the
mixed layer of the ocean is ideal to capture the integrated dust flux into the ocean during
~2.5 years. Further, like Al and unlike Fe and Mn, Nd is also biologically inert in the
surface waters of the ocean and encounters only passive scavenging by particles. The
Ndexcess Signature is assumed to be in steady state in the mixed layer of the ocean.
Considering these assumptions, the dust flux depositing over the ocean surface can be

estimated by the eq. (3.5).

N M
FDust — dexcess X X S X pSW X].OO (35)
f xCyy

In the previous relation (eg. 3.5), Fpust is the estimated dust flux into the surface

ocean (in g m? y™); Ndeess is the excess Nd content (in unit of pg/kg) of the
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surface ocean due to the dust deposition; M is mixed layer depth in meters; S is
the scavenging factor which is 0.4 y™* based upon a Nd residence time of 2.5 years
in the surface ocean [Amakawa et al., 2000]; psw is the density of seawater (in g
cm™). f is the fractional solubility of Nd in the surface ocean from dust which is
assumed to be 5%, similar to that of Al [Measures and Vink, 2000]; Cyq is the

concentration of Nd in the dust in units of ug g™.

For the estimation of dust flux into the surface ocean, the mixed layer depth of the
ocean was taken to be 30m. The factor Cygq i.e. the concentration of Nd in the dust
was taken to be Nd concentration in the upper continental crust (26.5 ug g™)
[Taylor and McLennan, 1995]. The term Ndqust in €g. (3.5) has been obtained by
the Ndexcess In the surface waters of station 0802 by the inverse model calculations
(Table 3.3). By substituting all the parameters in eg. 3.5, the estimated dust flux in
the Arabian Sea is 8 + 2 g m?y™ at the stations 0802 in the Arabian Sea. Duce et
al., [1991] estimated the aeolian supply of dust flux into the surface waters of the
Northern Indian Ocean to be ~7 g m?y1 with large uncertainty based on the
modelling of trace element concentrations in dust, dry deposition velocities,
precipitation scavenging ratios and precipitation amounts. Sirocko and Sarntherin,
[1989] estimated the dust flux in the Arabian Sea to be ranging from 5-13 g m2y™
based on the study of lithogenic fraction of sediments in the Arabian Sea near the
Oman margin and modelling the satellite data. Measures and Vink, [1999]
estimated the dust deposition flux in the Arabian Sea to be ranging from 2.2 to 7.4
g m?y™ in the north-eastern Arabian Sea using dissolved Al as the proxy. These

estimates are comparable to dust flux estimate of this study.

3.4 Conclusions

The vertical distribution of dissolved Nd concentration and its eng in the waters of
the Arabian Sea exhibit significant lateral and vertical variations. Dissolved Nd
content in the southern profile is higher compared to those from the northern
profiles, indicating the contribution of Bay of Bengal waters at this station. In the
Arabian Sea, at ~14.5°N, the vertical profile of Nd isotopic composition shows

radiogenic values of -7 to -10. Similar eng values were observed at ~10°N.
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Contrary to this, the vertical profile of eng in the southern station 0805 (in the
periphery of Bay of Bengal), showed quite non-radiogenic values. This suggests
that contribution of Nd at station 0805 is from the Bay of Bengal, influenced by
non-radiogenic Nd supply from Ganga-Brahmaputra river system by the

weathering of Himalaya.

Inverse model estimates a small contribution of Nd from riverine supply to the
Arabian Sea surface waters. Model suggests the supply of water from the Bay of
Bengal to the Arabian Sea. The Intermediate waters in the Arabian Sea are
significantly composed of NIIW and NIDW. The contribution of NIIW is more
significant in the Arabian Sea north of 10°N, while the existence of NIDW is
more significant in the Arabian Sea south of 8°N. The deeper waters in the
Arabian Sea, MNADW and AABW both show a north-south transport in the
Arabian Sea, suggesting a more northward progression of these water masses in
the Arabian Sea after their entry from the Somali basin. The return of these deeper
water masses towards south takes place along the western flange of the Chagos-
Laccadive ridge. The presence of Chagos-Laccadive ridge significantly reduces
the flow of deeper water masses (MNADW and AABW) from the Arabian Sea to
the Bay of Bengal.

The Nd excess in the Arabian Sea computed from the inverse modelling of data
shows significant additional inputs of Nd (other than that from the mixing of
water masses) to the surface waters at the location of stations 0802 and 0803 and
bottom water of station 0802 in the Arabian Sea. The eng Of this excess Nd is ~-6,
similar to that of dust depositing over the Arabian Sea. This result highlights the
significance of dust deposition in the Arabian Sea from the nearby landmass in
supplying the dissolved Nd to the Arabian Sea. Based on the Ndexcess CONtent in
surface waters of the Arabian Sea at station 0802, the dust deposition flux in this
oceanic basin was estimated to be 8 + 2 g m?y™. Ndeycess With less radiogenic eg
was observed through the entire water column of profile 0805. This was attributed

to the release of Nd from sinking particles of G-B origin from the Bay of Bengal.
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CHAPTER 4

Dissolved redox sensitive elements, Re, U and Mo in intense
denitrification zone of the Arabian Sea
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4.1 Introduction

Re, U and Mo compose a set of redox sensitive trace elements that have found
applications to study paleo-redox conditions of the ocean and determine
chronology of marine deposits [Crusius et al., 1999; Henderson et al., 2001,
Kendall et al., 2009; Morford et al., 2001; Nameroff and Balistrieri, 2002;
Nameroff et al., 2004; Sarkar et al., 1993]. In addition, Mo is associated with
marine biological processes [Morel and Price, 2003], acting as metal cofactor in
enzymatically catalyzed process of denitrification. The growing attention on the
applications of these elements as paleo-redox indicators would be better served
through a more detailed understanding of their marine geochemistry that includes
their sources, sinks and internal cycling in the ocean. Re, U and Mo are enriched
in sediments rich in organic carbon [Borole et al., 1982; McManus et al., 2006;
Morford and Emerson, 1999; Pattan and Pearce, 2009; Sarkar et al., 1993],
suggesting that productivity and/or organic carbon burial may have a role in their

removal from seawater.

The distribution of Re, U and Mo in well oxygenated oceanic regions shows
conservative behavior [Anbar et al., 1992; Collier, 1985; Ku et al., 1977; Singh et
al., 2011; Sohrin et al., 1999]. In these well oxygenated oceanic zones, these trace
elements interact weakly with particles and maintain a relatively constant ratio to
salinity. In well oxygenated oceanic regions, Re, U and Mo occur in their higher
oxidation states as oxyanions, Re""'0,, UY'0,(COs)s;"" and Mo"'0,*
respectively. The high stability and unreactive nature of these oxyanions is
reflected in their long oceanic residence times, of the order of ~10°-10° y [Bruland
and Lohan, 2003]. Under reducing conditions the oxidation states of these
elements become Re', U" and Mo, making them particle reactive and
susceptible for removal from dissolved to particle phases by adsorption onto
sinking particles. Thus, the reducing conditions formulate the removal of these
redox sensitive elements more efficient from seawater. Such reducing conditions
are met in oceanic regions where the demand for oxygen for combustion of
organic matter and respiration is not fulfilled (For e.g. in land locked seas and

continental margins with restricted ventilation). There have been only limited
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studies on the distribution of these redox sensitive elements in suboxic/reducing

ocean water column to investigate their potential removal from seawater.

In this context, earlier studies of Re, U and Mo in anoxic/suboxic basins have
highlighted the role of their diffusion from overlying seawater to pore waters to
facilitate their removal followed by their uptake at the oxic-anoxic boundary
[Anderson et al., 1989; Colodner et al., 1995; Crusius et al., 1996; Emerson and
Huested, 1991; Klinkhammer and Palmer, 1991; Nameroff and Balistrieri, 2002].
More recent study [Vorlicek and Helz, 2002] however has shown that the presence
of mineral surfaces catalyses the reduction of redox sensitive elements into
particle reactive species, thus making their removal from seawater more efficient.
For example, Re, U and Mo measurements in the Black Sea have demonstrated
their removal from seawater in the euxinic deeper waters; the mechanism of their
removal, however still remains to be fully understood [Anderson et al., 1989;
Colodner et al., 1995]. On the basis of EXAFS study of Mo rich black shales and
Mo scavenging experiments in the laboratory, it was proposed that a critical
precursory step in Mo scavenging is conversion of MoO,* to MoS,* [Helz et al.,
1996].

In contrast to investigations of Re, U and Mo in sediments, there are only limited
studies on their behavior in suboxic/anoxic water column. Investigation on the
distribution of U in the Cariaco trench doesn’t indicate any detectable removal
from the suboxic/reducing water column; in contrast, its distribution in the
Arabian Sea water column has hinted towards its possible removal from the
oxygen minimum zone (OMZ) [Rengarajan et al., 2003]. A recent study by Helz
et al., [2011] indicated the removal of Mo from the waters of euxinic basins under
specific combination of H,S concentration and pH in presence of reactive Fe.
Such studies on the distribution of these redox sensitive elements in the
suboxic/anoxic water column are important to address issues pertaining to their

potential removal from water column to sediments.



DISTRIBUTION OF Re, U AND Mo IN THE ARABIAN SEA |86

The oceanic zones with high water column productivity and organic matter rich
sediments are suggested as a major sink for seawater Re, U and Mo. Such oceanic
zones though constitute only 0.3% of the world’s ocean, they account for ~50%
removal of Re from the oceans [Colodner et al., 1993]. Recent studies of Re in
estuaries show that it behaves conservatively in the river-ocean transit zone,
though its supply in some estuaries is highly perturbed due to anthropogenic
activities [Colodner et al., 1995; Rahaman and Singh, 2010] . Recent studies of U
in sediments led to the conclusion that the shelf and margin sediments act as sinks
for the removal of U from seawater [Anderson et al., 1989; Klinkhammer and
Palmer, 1991]. These studies also suggested that the dominant mechanism for the
removal of U from seawater is the diffusion of UY' from bottom waters to the
anoxic layers of sediments where it gets reduced as U' and gets trapped. The role
of Mo as a cofactor of enzymes in the marine nitrogen cycle has been well known.
As the amount of Mo required as the cofactor of these enzymes is negligible
compared to concentration of Mo in seawater, its biological uptake does not
influence its distribution in the ocean [Bruland and Lohan, 2003; Morel and
Price, 2003].

The goal of the present study is to investigate the impact of the perennial Oxygen
Minimum Zone (OMZ) and denitrification present in the water column of the
Arabian Sea on the distribution of dissolved Re, U and Mo concentration. The
suboxic conditions of the Arabian Sea have been found to influence Mn and Fe
cycling in the water column [Saager et al., 1989]. Vertical profiles of Mn in the
Arabian Sea, within the core of denitrification zone, show maxima in its
concentration coinciding with the secondary nitrite maxima [Lewis and Lutherlll,
2000]. Similarly, significant enrichment of dissolved Fe was reported in the depth
range of 200-400m relative to overlying and underlying waters, with up to 50% of
dissolved Fe present as Fe'. The maxima of Fe enrichment was also found to
coincide with the secondary nitrite maxima [Moffett et al., 2007]. These studies
demonstrate the role of suboxic layers of the Arabian Sea in determining the
mobilization of redox sensitive elements, Fe and Mn. This raises the question of

whether the distribution of the dissolved concentration of redox sensitive
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elements, Re, U and Mo are also impacted by the denitrifying layer of the Arabian

Sea. The work carried out in the present study addresses this question.

Furthermore, while the present work was in progress, the distributions of Re, U
and Mo were reported from the waters of the Bay of Bengal [Singh et al., 2011],
another basin in the northern Indian Ocean characterized by high river water and
particulate flux. The results of the present study are compared with the Bay of
Bengal data to learn about the relative behavior of these elements in the two
basins, both with high particulate flux, one with high biogenic flux (Arabian Sea)
and the other with high detrital flux (Bay of Bengal). Thus, in order to understand
the effect of suboxic and denitrifying conditions in the Arabian Sea water on the
water column geochemistry of redox sensitive elements Re, U and Mo, water
samples from the Arabian Sea were collected within the core of intense
denitrification and outside it (Refer chapter 2 of this thesis for details on the
sampling locations and sample collection).

4.2. The Arabian Sea and its suboxic water column

The Arabian Sea is a unique oceanic basin surrounded by continental landmass on
its western, eastern and northern boundaries and connected to the Indian Ocean to
the south. The Arabian Sea is one of the highly productive ocean basins; the
productivity resulting from monsoonal upwelling brought about by seasonally
reversing winds. The high productivity causes continuous rain of biogenic
material through the water column. These debris during their transit are subject to
combustion by dissolved oxygen in the water column, resulting in the formation
of intense oxygen minimum and suboxic denitrification layer at intermediate
depths, typically 200-1000m [Bange et al., 2005; Naqvi, 1994]. Denitrification
process is a perennial feature of the Arabian Sea water column. The restricted
ventilation of the basin also contributes to the suboxic conditions of the Arabian

Sea.

In the suboxic waters of the Arabian Sea, occurrence of dissolved H,S has not
been observed, though the presence of sulfides as metal complexes has been

reported [Theberge et al., 1997]. Further, measurable sea-air fluxes of methane
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from the upper layers of the Arabian Sea have been explained in terms of reducing
micro environments [Lal et al., 1996; Owens et al., 1991] . In addition to suboxic
conditions at intermediate waters, the Arabian Sea is a region of high particle flux
through its water column (25-50 g m?y™) [Ramaswamy and Nair, 1994]. These
features make Arabian Sea a suitable basin to study the behavior of redox
sensitive elements such as Re, U and Mo in the water column. In contrast to the
water column, signatures of reducing (anoxic) environment are more wide spread
in the Arabian Sea sediments. For example, the high abundances of organic
matter, authigenic uranium in the margin and shelf sediments of the Arabian Sea

has been attributed to presence of reducing environments [Borole et al., 1982].

The riverine supply to the Arabian Sea is mainly contributed by the Indus River.
The Indus River is the largest river flowing into Arabian Sea, supplying 9 x 10* ¢
of water and 400 million tons of sediments to the Arabian Sea annually, though in
recent decades, its flow has been restricted considerably due to construction of
dams [Garzanti et al., 2005]. In addition, there are several medium and minor
rivers draining into the Arabian Sea; the Narmada, Tapi, Mahi and several rivers
flowing through the Western Ghats of India. Altogether these rivers supply ~ 8 x
10" ¢ of water and ~100 million tons of sediments annually. Also, being in the
proximity of Asian landmass with widespread deserts, aeolian transport of dust is
also a significant source of sediments to the Arabian Sea; contributing ~ 100
million tons of sediments [Goldberg and Griffin, 1970; Kolla et al., 1976;
Ramaswamy and Nair, 1994; Sirocko and Sarnthein, 1989].

The Arabian Sea exhibits distinct lateral salinity gradients in the upper 1000m
[Wyrtki, 1971; 1973] due to marked differences in the rate of evaporation over
precipitation and the influx of less saline waters from the Bay of Bengal through
its southeastern corner. In addition, the Persian Gulf and the Red Sea contribute
high salinity waters to the Arabian Sea at depths of about 200 m and 500 m
respectively. Thus, the upper 1000 m water column of the Arabian Sea is

composed of three characteristic water masses, the Arabian Sea High Salinity
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Water (ASHSW), the Persian Gulf Water (PGW) and the Red Sea Water (RSW)
[Kumar and Li, 1996; Rochford, 1964; Shenoi et al., 1993; Wyrtki, 1973].

Below the 1000m water column of Arabian Sea, the upper water masses viz.
ASHSW, PGW and RSW mix to form the North Indian Intermediate Water
(NIW), which moves southwards. On its southward progression, NIIW mixes
with the northward moving polar waters and forms the North Indian Deep Water
(NIDW). The deeper water masses in the Arabian Sea compose of North Atlantic
Deep Water (NADW) and Antarctic Bottom Water (AABW) [Kumar and Li,
1996].

4.3 Results

4.3.1 General Observations

All the basic parameters such as salinity, dissolved oxygen (DO) and nitrite
concentration of the samples were measured onboard on all three expeditions in
which samples were collected for this study (SS-256, SS-259, KH-09-5;
Chapter2). Salinity was determined by measuring the conductivity of the samples
using a salinometer. Dissolved oxygen was measured by the winkler's titration
method and the nitrite content using an autoanalyzer. The salinity, DO and nitrite
data are given in Table 4.1 along with the other measured parameters. Fig. 4.1
shows two typical 0-S (potential temperature vs. salinity) plots from the stations
investigated in the present study. The ASHSW is found in all the stations
excluding the station lying in the southern Arabian Sea in proximity of the
western edge of the Bay of Bengal (station 0805). The water masses PGW and
RSW are also shown with their core densities (o) 26.5 and 27.25 respectively.

Fig. 4.2 shows significant difference in the water column structure of the Arabian
Sea basin, indicating marked distinction in water column from north to south. The
most significant feature is the drop in the salinity for the station 0805 (southern
station at 6.01°N, 77.48°E). This is due to entrance of less saline waters into the
Arabian Sea from its south-eastern margin with Bay of Bengal during the winter

monsoon (North-East monsoon).
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Fig. 4.1: Representative 0-S plots for two of the stations from the Arabian
Sea. The plots show significant difference in the water column structure of
the Arabian Sea from north to south. The oy contours are also shown along
with the characteristic water masses in the Arabian Sea. The plot for the
station 0805 shows a lower salinity for the surface waters due to entrance of
low salinity waters from the Bay of Bengal.

The temperature profile in the Arabian Sea shows well stratified layers with
higher temperatures (25-30°C) at the surface (Fig. 4.2a). The salinity in the
Arabian Sea shows higher values (35-37) in the surface and sub-surface waters
which are prominent north of 10°N (Fig 4.3b). This is due to excess of
evaporation over precipitation in the Arabian Sea basin, with Arabian Sea being a
negative water body. Near the southernmost station at ~6°N, the surface water
salinity is much lower. The depth of penetration of high salinity waters is more

towards the north (Fig. 4.2b).

North of 12°N, dissolved oxygen shows a very prominent minimum between 100
to 1200m (Fig. 4.2c). The high surface productivity coupled with restricted
ventilation contributes to extreme depletion of dissolved oxygen in these waters.
This, as mentioned earlier, creates widespread oxygen minimum zone (OM2Z)
with active water column denitrification [Bange et al., 2005; Naqvi, 1994], as
evidenced from secondary nitrite maxima (SNM) in the upper 500 m of water

column (Fig. 4.2d). The redox conditions prevailing in the intermediate waters of
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Arabian Sea significantly influence the vertical distribution of suite of trace
elements especially Fe and Mn [Lewis and Lutherlll, 2000; Moffett et al., 2007,
Saager, 1994].
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Fig. 4.2: Latitudinal variation in (a) temperature (°C), (b) salinity, (c)
dissolved oxygen (uM), (d) Nitrite (uM), (e) Re (pmol/kg), (f) U (nmol/kg) and
(9) Mo (nmol/kg) in the Arabian Sea. North of 12°N, the water column of the
Arabian Sea shows the zone of intense oxygen minima. All the plots were
made using the ocean data view (ODV) program [Schlitzer, 2010].
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4.3.2 Re, U and Mo distributions

The Re, U and Mo concentrations of the samples along with the salinity, dissolved
oxygen (DO) and nitrite concentration are listed in Table 4.1 and presented in Fig.
4.3. The Re, U and Mo concentrations vary from 37 to 43 pmol/kg, 12.9 to 14.8
nmol/kg and 103 to 119 nmol/kg respectively, covering a salinity range from 32.4

to 36.7 and a wide range of dissolved oxygen levels from 2.2 uM to 212 uM.

Most of the stations sampled fall under the zone of active water column
denitrification experience water column denitrifying conditions, the exceptions
being stations 0803, 0805 and the shallow stations 0702 and 0703. The Re, U and
Mo concentrations in four nearby profiles viz. 0802, 0708, 0707 and ER6 (within
+ 1° latitude and longitude) are quite similar overlapping within analytical
uncertainties (Table 4.1, Fig. 4.3).

The water samples on the KH-09-5 were collected using a clean CTD system that
consisted of titanium hydrographic wire. The observation that the concentrations
of Re, U and Mo are nearly identical in samples collected by conventional
sampling system (on SS-256 and SS-259 cruises) and clean sampling technique
onboard KH-09-5 (station ER6) suggests that for these elements conventional
sampling system does not introduce discernible contamination during sampling
and thus the conventional sampling system can be used for seawater sample

collection for redox sensitive elements Re, U and Mo without any flaw.
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Fig. 4.2 (continued).

The distribution of Re, U and Mo (Fig. 4.2e—-4.2g) show a correlation with salinity
(Fig 4.2b), rather than with the dissolved oxygen (Fig. 4.2c) in the Arabian Sea.
The distribution of Re, U and Mo in the water column of the Arabian Sea unlike
dissolved oxygen (Fig. 4.2c), does not show any removal from the intermediate
waters of the basin. On the contrary concentration of Re, U and Mo shows an
enrichment akin to salinity in the northern intermediate waters of the Arabian Sea.



DISTRIBUTION OF Re, U AND Mo IN THE ARABIAN SEA | 9%

The common feature shared by salinity and Re, U and Mo concentrations is an

increase towards higher latitudes in the Arabian Sea.

Table 4.1: Re, U and Mo concentration in the profiles from the Arabian Sea

Temp 0, NO; Re U Mo
Depth(m) Salinity (°C) (uM)  (uM)  (pmol/kg) (nmol/kg) (nmol/kg)

0802 (14.42°N, 69.42°E)

5 36.7 28.9 209.0 01 42.6 145 117
65 36.5 26.3 1710 0.5 423 14.6 117
120 35.8 20.0 12.9 0.4 41.6 14.2 116
230 35.7 14.6 8.9 3.3 41.7 141 114
330 35.5 12.7 4.3 0.3 40.8 14.0 113
400 355 12.3 5.2 0.1 40.7 14.2 111
500 35.5 11.7 8.3 0.4 41.2 14.0 113
550 355 114 4.6 0.4 40.9 14.0 112
600 35.5 11.0 6.3 0.9 40.8 14.0 113
700 355 10.3 6.4 0.9 40.7 13.9 115
800 354 9.6 7.1 1.6 40.9 13.9 112
900 35.3 8.8 103 0.0 40.4 14.0 111

1000 35.3 8.0 165 0.0 41.0 13.8 113
1500 35.0 5.1 516 0.1 40.7 13.9 111
2100 34.8 2.7 109.1 0.0 40.1 13.7 111
2700 34.8 1.8 1394 0.0 39.6 13.8 111
3000 34.7 1.6 1473 0.0 39.9 13.7 111
3600 34.7 14 1545 0.0 40.0 13.8 110
3900 34.7 14 1459 0.0 40.0 13.7 112
4040 34.9 14 1489 0.0 40.4 13.8 111
0803 (10.12°N, 71.86°E)

5 355 28.9 2023 0.0 40.6 14.0 113
35 36.4 28.8 2016 0.0 42.0 14.3 115
75 35.9 23.9 538 0.2 41.4 141 114
130 35.1 16.4 - 0.0 40.3 13.8 112
210 35.2 13.3 36.6 0.0 40.7 13.9 113
300 35.2 121 27.3 0.0 41.1 13.9 112
360 35.2 115 335 00 40.9 13.9 114
465 35.3 10.9 203 0.0 41.2 14.0 111
600 35.2 10.3 171 0.0 40.8 13.8 112
700 35.2 9.4 195 0.0 40.3 14.0 113
800 35.2 8.7 245 0.0 41.1 14.0 113

900 35.2 8.4 258 0.0 41.1 13.9 111
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1000 35.1 7.7 344 0.0 41.1 13.8 112
1200 35.0 6.4 439 00 40.6 13.8 112
1400 35.0 5.2 643 0.0 40.0 13.8 112
1600 34.9 4.2 851 0.0 ; 13.8 111
1800 34.8 3.3 101.9 0.0 40.2 13.7 11
2000 34.8 2.6 1273 0.0 ; 13.8 113
2200 34.8 2.2 129.8 0.0 39.9 13.8 112
2400 34.8 1.9 1445 0.0 40.4 13.8 111

0805 (6.01°N, 77.48°E)

5 324 291 2116 00 36.6 12.9 103
60 35.3 280  187.8 03 40.1 14.0 113
120 35.0 21.8 499 00 39.7 13.9 111
200 35.0 14.1 201 0.0 39.6 14.0 115
300 34.9 11.6 196 0.0 39.8 13.8 113
400 35.1 10.7 284 0.0 39.5 13.9 113
490 35.1 10.2 259 0.0 40.0 13.8 111
580 35.0 9.4 241 0.0 39.0 13.9 113
650 34.8 9.0 - 00 39.6 13.7 114
750 35.0 8.4 343 00 40.1 14.0 114
845 35.0 7.8 348 00 39.4 13.8 112
890 35.0 7.7 389 00 39.7 13.9 113

1000 35.0 6.9 455 0.0 40.1 13.7 115
1100 34.9 6.0 527 0.0 39.6 13.7 112
1250 34.9 5.6 651 0.0 38.9 13.9 112
1450 34.9 4.6 81.0 0.0 38.8 13.7 113
1650 34.9 3.8 96.8 0.0 39.0 13.7 112
1850 34.8 3.1 1151 0.0 38.9 13.7 113
2050 34.8 2.6 1282 0.0 39.2 13.7 111
2250 34.8 2.3 1332 0.0 39.1 13.9 111

0708 (15.00°N, 70.49°E)

6 36.0 281  201.8 0.0 413 14.1 116
67 36.3 262 1468 03 40.9 14.3 118
168 355 15.9 11.4 1.9 . - ;
200 35.3 14.9 45 00 403 13.9 114
350 355 12.6 7.7 00 403 13.9 115
500 35.4 11.6 101 0.0 41.0 13.8 114
663 355 10.9 73 00 41.0 14.1 115
800 35.4 9.8 232 00 40.4 14.0 115

1000 35.3 8.4 116 0.0 404 14.0 114
1400 35.1 5.9 438 00 40.9 13.8 114
1800 34.9 3.7 826 0.0 40.5 13.7 111
2000 34.8 3.0 97.7 0.0 40.4 - 112
2200 34.8 2.5 109.7 0.0 40.4 13.7 111

0707 (15.00°N, 68.49°E)
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5 36.2 27.7 1955 0.0 41.0 14.1 118
70 36.4 27.2 1849 0.2 423 14.3 117
220 35.7 14.9 51 4.1 40.8 13.9 113
380 35.6 12.4 53 0.5 40.3 141 114
500 355 11.7 6.6 - 41.2 141 114
550 35.5 114 114 1.0 40.9 14.0 111
600 355 11.0 114 0.0 41.0 14.0 115
900 354 8.8 140 0.0 41.0 14.0 115

1200 35.2 6.8 31.7 0.0 40.6 13.9 113

1600 35.0 4.6 643 0.0 40.4 13.8 111

2000 34.8 3.0 1018 0.0 39.1 13.7 112
0706 (16.50°N, 66.50°N)

5 36.3 26.3 1776 04 41.4 14.3 115
110 36.0 21.3 4.4 0.1 413 14.4 116
250 35.9 15.2 6.0 4.8 413 14.0 114
380 35.7 12.9 204 0.0 40.9 14.2 115
520 35.6 11.8 10.2 0.0 40.7 14.2 114
600 355 11.2 3.2 0.1 40.6 - -
700 35.5 10.7 104 0.0 40.8 13.9 115
800 355 9.9 4.8 0.0 40.5 14.0 112

1000 35.3 8.2 16.2 0.0 39.5 13.8 110

1400 35.1 5.9 38.2 0.0 39.1 13.9 111

1800 34.9 3.7 73.2 0.0 38.9 13.8 112

2100 34.9 2.8 954 0.0 38.9 13.7 113
0705 (18.00°N, 68.50°E)

5 36.7 27.0 2009 0.1 42.6 14.8 119
190 35.8 15.8 54 6.5 41.1 14.4 116
340 355 12.9 6.5 0.1 40.6 14.4 116
530 35.6 11.8 8.7 0.0 41.0 14.8 117
700 35.6 10.9 9.8 0.1 413 14.3 115
800 35.5 10.1 7.6 0.1 41.0 14.4 117

1000 35.3 8.6 11.9 0.1 40.3 14.6 117

1800 35.0 3.8 1021 0.3 39.6 14.2 116

2100 34.8 2.7 988 0.0 40.0 14.1 114

2250 34.8 24 1151 0.0 40.1 14.4 117
0704 (18.00°N, 70.64°E)

5 35.6 27.7 2074 0.0 40.7 14.2 114
180 35.6 17.7 16.3 5.2 40.7 14.2 116
325 35.7 14.0 109 43 40.8 141 114
400 35.7 13.1 9.8 2.1 41.4 141 115
550 35.6 12.3 2.2 - 413 141 114
800 355 10.0 163 0.2 40.9 13.9 114

0703 (18.00°N, 72.00°E)
5 35.5 28.3 1911 0.0 413 14.0 114
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55 36.3 28.5 1835 0.1 - 14.4 117
85 35.5 23.4 27.1 0.0 - 14.2 115
0702 (17.27°N, 77.44°E)
2 35.1 - 2096 0.0 40.2 14.0 113
ERG6 (14.00°N, 69.00°E)

10 36.3 28.5 1990 0.1 423 14.3 117

25 36.7 28.7 1991 0.1 42.1 145 119

50 36.6 28.3 1913 04 42.1 14.4 117

60 36.6 28.1 185.7 0.7 41.7 14.4 117
100 36.0 22.3 220 0.1 40.9 14.3 118
150 35.8 18.3 3.9 13.9 41.2 141 116
200 35.7 15.8 2.5 7.9 40.8 14.1 115
250 35.5 13.4 2.5 7.3 39.7 13.9 116
400 355 12.3 2.8 0.0 40.4 14.1 115
600 35.5 111 51 0.0 40.3 141 113
800 35.4 9.5 9.7 0.0 39.1 14.1 114
1250 35.1 6.4 370 0.0 39.3 13.7 111
2000 34.8 3.0 103.0 0.0 39.3 13.8 111
2500 34.8 2.0 1326 0.0 39.6 13.9 114
3000 34.7 1.6 1513 0.0 39.0 - -
3500 34.7 14 158.0 0.0 38.7 13.9 114
4000 34.7 14 146.7 0.0 39.2 13.8 113
4140 34.7 14 1459 0.0 38.8 13.8 113

- Not measured.
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Fig. 4.3: Depth profiles of dissolved Re, U and Mo concentration in the
Arabian Sea along with the salinity (blue), dissolved oxygen (DO; red) and
nitrite (green) profiles in (a) 0802, (b) 0803, (c) 0805, (d) 0708, (e) 0707, (f)
0706, (g) 0705, (h) 0704, (i) ER6. The bars shown at the bottom right of the
plots show the analytical uncertainties in the measurement of Re, U and Mo.
The concentrations of Re, U and Mo show a marked correlation with salinity
rather than dissolved oxygen levels.

4.4 Discussion
4.4.1 Re, U and Mo in the water column of the Arabian Sea
The vertical profiles for Re, U and Mo in the Arabian Sea are shown in Fig. 4.3 (a

— 1), along with profiles for DO, nitrite and salinity. The data show that within
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analytical uncertainties, the dissolved Re, U and Mo concentrations within each
profile and among the profiles are independent of the dissolved oxygen
concentration. However, the distribution of dissolved Re, U and Mo

concentrations in the Arabian show a correlation with salinity.

The Re, U and Mo concentrations do not exhibit any significant correlation with
the dissolved oxygen in the water column (Table 4.2, Fig. 4.4). The average Re (n
=11), U (n = 10) and Mo (n = 10) in the samples with DO concentration less than
5 uM are 40.7 = 1.0 pmol/kg, 14.1 £ 0.3 nmol/kg and 114 = 3 nmol/kg
respectively (Table 4.2). The errors given along with the numbers are the 2c
uncertainties of the data. This is nearly identical to the average Re (n =41), U (n =
42) and Mo (n = 42) concentrations of 40.4 + 2.6 pmol/kg, 14.0 + 1.0 nmol/kg and
114 £+ 6 nmol/kg respectively, in samples with DO concentration greater than 100
uM (Table 4.2). The larger scatter in the data in samples with DO > 100 uM is
due to salinity variations. The near identical concentrations of dissolved Re, U and
Mo in samples with DO <5 uM and DO >100 uM (Table 4.2) suggest that, the
abundances of these redox sensitive elements are not affected by the suboxic
conditions in the water column. This inference is also reaffirmed by the frequency
distribution plots for Re, U and Mo concentrations for different dissolved oxygen
levels (Figs. 4.4a, 4.4b and 4.4c).

Table 4.2: Statistics of Re, U and Mo concentration with different dissolved
oxygen levels in the waters of the Arabian Sea. The associated errors given
with the Re, U and Mo concentrations are the 2c uncertainties of the data.
The Re, U and Mo concentrations in the waters of the Arabian Sea overlap
with within the uncertainty for different dissolved oxygen levels

n Re 2c n U 2c n Mo 2c
DO (uM) (Re) (pmol/kg) (Re) (U) (nmol/kg) (U) (Mo) (nmol/kg) (Mo)
<5 11 40.7 1.0 10 14.1 0.3 10 114 3
5-10 20 40.8 1.1 20 14.1 0.5 20 114 3
<10 31 40.8 1.1 30 14.1 0.4 30 114 3
>10 96 40.3 2.0 98 14.0 0.5 99 113 5
>100 41 40.4 2.6 42 14.0 1.0 42 114 6
All 127 41.1 19 128 14.0 05 129 114 5
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Fig. 4.4: Frequency distribution of (a) Re, (b) Mo and (c) U in the samples
analysed. It is evident that the concentration of these elements in samples
with DO < 5uM and DO > 100 uM are the same within errors; the scatter in
the data is due to variation in salinity.

The nitrite profiles (Figs. 4.2d, 4.3) show the presence of secondary nitrite
maxima (SNM) in the upper water column (200-600m) north of 12°N, in stations

0802, 0708, 0707, 0706, 0705, 0704 and ER6, whereas, in stations 0803 and 0805
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SNM is not seen, suggesting that these two stations lie outside the active water
column denitrification zone. The near identical concentrations of Re, U and Mo in
samples from the denitrification zone and outside it further suggests that
denitrification also does not impact their distribution in the water column of the
Arabian Sea (Table 4.1).

The two shallow stations (0702 and 0703) occupied during the cruise SS-256
(Dec, 2007) lie on the western Indian shelf in the zone where intense seasonal
hypoxia and water column H,S have been reported [Naqvi et al., 2000]. Dissolved
H.S was not measured during the sampling, but considering that local seasonal
hypoxia occurs during October, it is likely that it waned by the time samples were
collected in December for the present work from these locations. The measurable
DO levels (DO ~ 27 uM) support this contention. The Re, U and Mo
concentrations in the surface sample at station 0702 are 40.2 pmol/kg, 14.0
nmol/kg and 113 nmol/kg respectively, quite similar to the open ocean values. At
station 0703, where three samples were collected in the vertical profile up to a
depth of 85m (water depth 98m), the U and Mo concentrations show nearly
constant values 14.2 = 0.2 and 115 + 2 respectively. Re concentration was
measured only in the surface sample which had a value of 40.2 pmol/kg; nearly
the same as the value for the open ocean (Table 4.1). These results suggest that
the impact of dissolved H,S, if any on the abundances of these elements also

waned away by the time of sampling.

The Re, U and Mo concentrations in the Arabian Sea show good correlation with
the salinity with correlation coefficients of 0.96, 0.93 and 0.96 respectively (Fig.
4.5). The data for the SAFe waters (Pacific Ocean; this study), Bay of Bengal
[Singh et al., 2011] and Pacific Ocean [Anbar et al., 1992; Chen et al., 1986] are
also shown (Fig. 4.5). The Re, U and Mo in the Arabian Sea, Bay of Bengal and
Pacific Ocean show a good correlation with salinity. This covariation is a strong
indication that salinity is the dominant factor governing the distribution of these
three redox sensitive elements in the ocean water column. This makes physical

process such as evaporation and mixing of water masses more significant in
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deciding the Re, U and Mo concentrations in the ocean rather than the

biogeochemical processes.

The concentrations of Re, U and Mo in surface waters of the Arabian Sea are
generally high which are attributable to high salinity of these waters. In contrast,
in the surface water of station 0805 (6.01°N, 77.48°E), which lies in the southern
Arabian Sea, the Re concentration is as low as 36.6 pmol/kg. The U and Mo
concentrations are also lower in this water with values of 12.9 nmol/kg and 103
nmol/kg respectively. These low values are consistent with low salinity of this
water (32.4). The lower salinity in this surface sample is due to influx of less
saline water from the Bay of Bengal into the Arabian Sea during winter monsoon
(North-East monsoon). During this season north-easterly winds in the Bay of
Bengal set up the East Indian Coastal Current (EICC) as a southward western
boundary current which runs parallel to the Indian peninsula carrying low salinity
waters from the Bay of Bengal. This low salinity surface water, characterised by
lower concentrations of Re, U and Mo [Singh et al., 2011] enters the Arabian Sea
via the West Indian Coastal Current [Schott and McCreary, 2001; Shankar et al.,
2002; Wyrtki, 1973]. This coupling between Re, U and Mo abundances and
salinity suggests that these elements can serve as tracers of water masses in the

Arabian Sea and the Bay of Bengal.

Comparison of Re profile in the Arabian Sea with that reported for the Pacific
Ocean [Anbar et al., 1992] shows a distinct difference. In the Pacific, the data
showed enrichment of Re in surface waters which was unexplained by salinity
variations. The high Re content in the surface waters of Pacific Ocean was
attributed to possible input of anthropogenic Re to the surface ocean via the
atmosphere. In the surface waters of Arabian Sea, no such enrichment is observed
in the concentration of Re (Fig. 4.3). Thus the role of atmospheric/aeolian input of

Re to the surface waters of Arabian Sea is insignificant.

Table 4.3 is a comparison of Re, U and Mo concentrations in the Arabian Sea,

Bay of Bengal, Pacific Ocean and Atlantic Ocean in waters of 35 salinity. The
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data show that Re, U and Mo concentrations in these basins are same within
uncertainties and suggest that the Re, U and Mo distribution in the ocean is
uniform. Further considering that the settling particles in the Bay of Bengal are
dominated by river detritus whereas those in the Arabian Sea by biogenic material
produced in the surface water [Ramaswamy and Nair, 1994], it can be inferred
that the composition and nature of settling particles also does not influence the

water column distribution of these elements.
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@® Bay of Bengal (Singh et al., 2011)
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Fig. 4.5: Concentration of (a) Re, (b) U and (c) Mo vs. Salinity in the Arabian
Sea. The measured concentration for each tenth of salinity (e.g.: 34.9, 35.0,
35.1, etc) are averaged to minimize the clutter in data. Data show a good
correlation with salinity suggesting that salinity is dominant factor governing
the distribution of these elements in the water column. The concentration of
Re is in the units of pmol/kg while the concentrations of U and Mo are in the
units of nmol/kg. The data from the Bay of Bengal and Pacific Ocean are also
plotted.
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Table 4.3: Dissolved Re, U and Mo in Arabian Sea and other oceanic basins
(at 35 salinity)

Re 1o U 1o Mo 1o
Region (pmol/kg) (Re) (nmol/’kg) (U) (nmol/kg) (Mo)
Arabian Sea’ 39.8 0.7 13.8 0.1 114 1
Bay of Bengal” 41.0 0.8 13.9 0.1 112 1
Pacific Ocean 40.1% 1.1% 13.7° 0.1° 107¢ 3t
Atlantic Ocean 40.1° 0.4¢ 13.6* 0.4* 109° 98

" This study, * [Singh et al., 2011], ®[Anbar et al., 1992], *[Chen et al., 1986], {[Collier,
1985], €[Colodner et al., 1993], ¥[ Ku et al., 1977], 3[Morris, 1975]

4.4.2 Re, U and Mo in the Arabian Sea sediments

There have been a few studies on the abundance and distribution of Re, U and Mo
in the sediments of the Arabian Sea [Borole et al., 1982; Pattan and Pearce,
2009; Sirocko et al., 2000]. These studies show that these elements are enriched in
sediments associated with high organic carbon. For example, in the organic
carbon rich surface sediments of the Arabian Sea, up to 50 times enrichment in
the Re/Al ratio [Pattan and Pearce, 2009] has been reported over the upper
continental crust (UCC; Table 4.4) [Taylor and McLennan, 1995; Viers et al.,
2009]. Similarly, U/Al and Mo/Al are also enriched in the surface sediments with
ratios up to 8 and 4 times over the UCC value (Table 4.4).

Table 4.4: Enrichment of Re, U and Mo in the sediments of the Arabian Sea
relative to upper continental crust (UCC)

Re/Al U/AI Mo/Al
(Ppb/%)  (ppm/%)  (ppm/%)
ucct 0.06 0.35 0.37
Arabian Sea sediments 3.11° 2.68° 1.36°
2.88"
Enrichment 50 8 4

" [Taylor and McLennan, 1995]; © [Pattan and Pearce, [2009];
¥ [Sirocko et al., 2000]; ¥ [Borole et al., 1982]

These data indicate that the organic matter plays an important role in sequestering
these elements in sediments of the Arabian Sea. Thus, the Arabian Sea basin is an

important site for the removal of redox sensitive elements Re, U and Mo. The
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mechanism and sites of such removal are still poorly understood. As has been
discussed in the present work, the removal of these elements from the water

column of the Arabian Sea is not a favoured phenomenon.

Primary productivity was not measured during this study. However, available data
show that primary productivity is quite high and is in the range of 0.5t0 2.5 gC m’
2d in the Arabian Sea surface water during winter [Madhupratap et al., 1996].
The primary productivity during the months of winter monsoon in the Arabian
Sea results from surface cooling driven convection process that inject nutrients up
into the surface waters of the Arabian Sea. Further, results of sediment trap
deployment in the eastern and central Arabian Sea showed that settling flux of
particles is in the range of 25-30 g m?y™, with ~6 % of organic carbon
[Ramaswamy and Nair, 1994]. These studies suggest that there is significant
primary productivity and rain of organic matter through the water column of the
Arabian Sea. This high productivity and biogenic particle rain through the water
column do not seem to have any discernible impact on the dissolved profile of Re,
U and Mo as evidenced from their uniform lateral and vertical distribution.
Therefore the enrichment of Re, U and Mo observed in organic matter rich
sediments seems to be due to their removal at the sediment-water interface.
Investigations on the pore water abundances of Re, U and Mo in the sediments are
required to better understand and characterize the mechanism of removal of these

elements from the waters of the Arabian Sea.

4.5 Conclusions

The dissolved Re, U and Mo concentrations from the oxic and suboxic layers of
the Arabian Sea show that these elements behave conservatively in the water
column, i.e. there is no discernable removal of Re, U or Mo from the suboxic and
denitrifying layers of the Arabian Sea. The concentrations of Re, U and Mo in the
water column of the Arabian Sea vary as a function of salinity showing good
correlations with correlation coefficients of 0.96, 0.93 and 0.96 respectively.
Comparison of the concentrations of Re, U and Mo in the water column of the

Arabian Sea with data from other oceanic regions show that they overlap with
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each other for the same salinity suggesting that salinity exerts a dominant control
on their concentration and that Re, U and Mo behave conservatively in the water
column. The similarity of dissolved Re, U and Mo concentrations in the water
column of Arabian Sea (high biogenic debris through the water column) and the
Bay of Bengal (high detrital flux through the water column) suggest that even the
high flux and/or nature of particles through the water column do not affect the
water column distribution of these elements with no removal from the water
column. The salinity-concentration link further supports that the distribution of
these elements is governed by physical processes of advection and mixing
between water masses and evaporation and not by biogeochemical processes
operating in the water column. The salinity dependence of Re, U and Mo
concentrations hints at the possibility of using their distributions to track water

masses in the ocean.
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CHAPTER 5

Variations in **’0s/*®0s of the Arabian seawater during past
30 ka
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5.1 Introduction

Continental chemical weathering regulates the global carbon and exogenic cycles
of various elements and heat budget of the Earth. The impact of chemical
weathering on carbon cycle regulates global climate on long time scales
[Ruddiman, 1997]. In turn, global climate significantly influences continental
weathering as chemical erosion depends on temperature, rainfall and glaciation.
Climate variability can induce variation in the intensity of chemical weathering,
records of which are archived in marine sediments. Radiogenic isotopes in the
ocean track the history of continental erosion variation and its rate, intensity and
pattern. A number of radiogenic isotopes in the ocean, ¥Sr/%°Sr, “*Nd/***Nd,
1870s/*%0s serve as tracers to investigate past variations in the continental erosion

and sediment provenances [Goswami et al., 2012b; Tripathy et al., 2011].

Among the various radiogenic isotope proxies, Os has a residence time of 8-40 ka
in the ocean [Oxburgh, 2001], long enough to homogenise its isotopic signature in
the global ocean but at the same time, short enough to track the variations in its
supply on glacial — interglacial time scale. Os isotopes in the ocean has three
sources, continental, hydrothermal input and extra terrestrial dust. Among these
three, Os derived from continental weathering has a highly radiogenic isotopic
composition (**’0s/**®0s ~ 1.5) [Levasseur et al., 1999] compared to the two
other sources of Os, hydrothermal inputs (**’Os/*®0s ~ 0.12) [Meisel et al., 2001]
and dissolution of cosmic/micrometeoritic dust (**’0s/**®0s ~ 0.12-0.13) [Luck
and Allegre, 1983; Walker and Morgan, 1989]. Any variation in the relative
proportion of Os supplied to the ocean from these radiogenic and non-radiogenic
sources would reflect in the *¥’0s/*®0s of seawater. Os isotope studies from East
pacific Rise [Oxburgh, 1998], Cariaco Basin [Oxburgh et al., 2007], Santa
Barbara Basin [Williams and Turekian, 2004] and Japan Sea [Dalai et al., 2005]
indicate the variation in **’0s/**Os sea water over glacial-interglacial time scale,
with lower *¥’0s/*®0s during glacial periods, particularly during the Last Glacial
Maxima (LGM). Lower oceanic **’0s/*®0s during the LGM has been attributed
to reduced supply of radiogenic Os from continents. This was due to reduced

continental weathering and decreased continental runoff resulting from lower
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temperature. The occurrence of this trend in the Atlantic and the Pacific oceans
has prompted to consider the dip in the Os isotopic composition during the LGM
as a global signature [Oxburgh et al., 2007], though it is yet to be verified in the

Indian Ocean.

Organic matter rich marine sediments are known to sequester redox sensitive
elements e.g. U, Mo, Re and Os from seawater. Re and Os behave conservatively
in seawater and shows similar behaviour to U and Mo [Goswami et al., 2012a;
Levasseur et al., 1998; Singh et al., 2011]. Re and Os are removed from seawater
to sediments generally at or near the sediment-water interface via their diffusion
through pore water to depths where the redox conditions of sediments are
conducive to their sequestration. This often leads to their enrichment in
anoxic/suboxic marine sediments [Crusius et al., 1996]. The degree of removal of
Re from seawater to sediments via pore water has been found to be more than U
and Mo. The Re enrichment in the anoxic/suboxic marine sediments is greater
than many other redox sensitive elements (including U and Mo) due to the high
ratio of [Re]scawater/[R€]crust Which reflects the high solubility of the perrhenate ion
ReO, in seawater. The Os concentration in the detrital material of sediment is
quite low. Therefore its budget in the organic matter rich sediment is dominated
by authigenic Os and hence the Os isotopic composition of organic matter rich
sediments by and large represents the Os isotopic signature of the seawater [Dalai
et al., 2005; Oxburgh et al., 2007] at the time of their deposition.

In this study, Re, Os concentrations and *¥’0s/**0s have been analysed in organic
matter rich sediments taken from a core (SS-3101G, Figure 2.2) raised from the
south-eastern Arabian Sea. The basic objective of this study is to reconstruct the
Os isotope composition of seawater from the Arabian Sea over last 30 ka. This
study will provide an opportunity to compare the temporal evolution of the Os
isotopic composition in the Northern Indian Ocean to those reported for the
Atlantic and the Pacific Oceans and to assess whether the Os isotopic variations of

seawater over glacial — interglacial time scale represents a global phenomenon.
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5.2 Results and discussion

5.2.1 Os concentration and its isotope composition of bulk sediments

Organic carbon content of the sediments of the core SS-3101G analysed in this
study range from 0.61 to 2.25 wt% [Agnihotri, 2001]. Organic matter rich marine
sediments are known to sequester Os from the seawater. The Os in the organic
matter rich marine sediments is known to be scavenged by marine organic matter
under reducing bottom water conditions. Thus, the Os isotopic composition of
organic matter rich sediments at a time represents that of the seawater [Dalai et
al., 2005]. The relatively high concentration of organic carbon in these sediments
prompted the measurement of *¥’0s/**¥0s in bulk sediments with the premise that
these sediments would record the seawater Os isotopic composition. The Os
concentration and its isotopic composition derived from bulk sediments are given
in Table 5.1 and plotted in Fig. 5.1.

The Os concentrations in bulk sediments of the core vary from 119 to 321 pg/g,
with higher concentrations during the LGM (Fig. 5.1). The Os isotopic
composition (*¥'0s/**®0s) of the bulk sediments from the Arabian Sea ranges
from 0.69 to 1.00. It shows four excursions towards lower values during ~2.5 ka,
~8 ka, ~20 ka and ~29 ka. The Os isotopic composition of bulk sediments display
lower values compared to the contemporary seawater value. The most recent
sample with age of 2.2 ka shows a *®’0s/**®0s of 0.96 which is significantly lower
compared to contemporary seawater “2’Os/*®80s value of 1.06 + 0.01 [Levasseur
etal., 1998].

Further during the LGM, the *¥’0s/**®0s of bulk sediments of the Arabian Sea is
quite less radiogenic compared to those observed during same time in other ocean
basins [Oxburgh et al., 2007]. The *¥’0s/*®0s of the bulk sediments from the
Arabian Sea display much lower values than the records available for the Os
isotopic composition from other oceanic basins (in the records of seawater basin
from Pacific and Atlantic basins, the seawater *’0s/***0s varies only between
0.91 and 1.06 for the last 200 ka) [Oxburgh, 1998; Oxburgh et al., 2007, Williams
and Turekian, 2004].
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Table 5.1: Os concentration and ’0s/*®®0s of bulk sediments from the core
SS-3101G

Sample” Age (ka) ®'0s/**®*0s Os (pglg)

3101(2-3) 2.2 0.960 119
3101(3-4) 25 0.693 196
3101(6-7) 3.3 0.941 199

3101(12-13) 5.1 0.907 153
3101(16-17) 6.7 0.871 141
3101(19-20) 7.8 0.718 202
3101(22-23) 9.0 1.004 255
3101(25-26) 10.2 0.948 235
3101(32-33) 12.0 0.975 141
3101(39-40) 13.8 0.986 197
3101(45-46) 15.7 0.934 258
3101(61-62) 19.3 0.963 276
3101(67-68) 20.1 0.736 321
3101(77-78) 21.0 0.970 235
3101(85-86) 21.6 0.994 260
3101(91-92) 22.4 0.877 262
3101(95-96) 23.2 0.889 260

3101(114-116) 26.3 0.822 269

3101(126-128) 28.1 0.847 251

3101(130-132) 28.7 0.744 318

* Numbers in parenthesis are depth intervals in cm.
For calibrated “C ages of the sediments refer to Table 2.2 (Chapter 2)

These lines of evidences suggest that bulk sediments of the Arabian Sea analysed
in this study do not strictly record the seawater Os isotope composition. In
addition to seawater Os, significant fraction of detrital Os is also present in these
core sediments and hence these sediments are providing the mixed signature of
seawater and detrital Os. Detrital material responsible for non-radiogenic Os in
these sediments could be the sediments from the Trans-Himalaya delivered by the
Indus River, Deccan Basalts and aeolian dust from African and Arabian

Peninsula.
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Fig. 5.1: Temporal variation in the **’0s/**®0s and Os concentration in bulk
sediments of core SS-3101G from the Arabian Sea

It is evident from the above results and discussion that the application of Os
isotope composition of the bulk sediments of the core SS-3101G to study the
evolution of Os isotopic composition of Arabian seawater over the past is
difficult. Therefore, to investigate the temporal evolution of **’0s/**®0s of the
Arabian seawater, the hydrogenous component of Os from the sediments has to be
separated and analyzed. This was done by leaching these sediments with mild
acidic peroxide solution. The leaching of sediments with acidified hydrogen
peroxide solution efficiently releases the hydrogenous Os from ferromanganese
oxyhydroxide and organic matter phases, presumed to contain the sea water Os
[Pegram et al., 1992; Pegram and Turekian, 1999; Williams and Turekian, 2004].

5.2.2 Re concentration of bulk sediments

The temporal variation in Re concentration of the bulk SS-3101G sediments core
is listed in Table 5.2. Re concentrations of the bulk sediments of the SS-3101G
core are lower during the Holocene (last 10 ka; Fig. 5.2). In the most recent
sample of the strata, the Re concentration is 0.26 ng/g. This is slightly lower than

the average continental crust value of 0.4 ng/g [Taylor and McLennan, 1995].
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These sediments contains significant fraction of CaCOs, varying from ~60% in
the most recent sediments to ~20% in sediments deposited during the LGM
[Agnihotri, 2001].

Table 5.2: Re concentration in bulk sediments of core SS-3101G

Sample” Age (ka) Re (ng/g)

3101(0-1) 1.7 0.26
3101(3-4) 2.5 0.25
3101(6-7) 3.3 0.27
3101(12-13) 5.1 0.68
3101(16-17) 6.7 1.58
3101(17-18) 7.1 3.90
3101(22-23) 9.0 2.97
3101(25-26) 10.2 1.89
3101(27-28) 10.9 0.62
3101(32-33) 12.1 0.44
3101(39-40) 13.8 0.73
3101(45-46) 15.7 4.74
3101(46-47) 16.1 11.02
3101(53-54) 18.3 29.91
3101(58-59) 18.9 13.90
3101(62-63) 19.4 16.51
3101(66-67) 19.9 7.40
3101(77-78) 21.0 3.41
3101(85-86) 21.6 15.10
3101(91-92) 22.4 12.05
3101(95-96) 23.2 13.98
3101(100-102) 24.2 11.54
3101(104-106) 24.8 2.26
3101(114-116) 26.3 2.15
3101(126-128) 28.1 10.02
3101(130-132) 28.7 25.98

* Numbers in parenthesis are depth intervals in cm.
For calibrated “C ages of the sediments refer to Table 2.2 (Chapter 2)

The calcium carbonate fraction contains very little Re (< 0.05 ng/g) as Re is not
incorporated into the calcite shells [Colodner et al., 1993]. Correcting for
carbonate dilution, the Re concentration in the most recent sediments from the

core SS-3101G would be ~0.65 ng/g, marginally higher than the continental crust
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value. Carbonate dilution correction would further increase Re contents in the
sediments deposited during LGM. Higher concentration of Re in the sediments of
the Arabian Sea during LGM suggest increased bottom water reducing conditions
in the basin. The productivity in this basin was lower during the LGM [Agnihotri
et al., 2003]; hence the bottom water reducing conditions could be due to the poor
supply of oxygen in the deeper water. These will be discussed in details in later

section of this chapter.
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Fig. 5.2: Temporal variation in Re concentration of bulk sediments of core
SS-3101G

5.2.3 Os concentration and isotopic composition of hydrogenous fraction of
core SS-3101G

To avoid the Os contamination from detrital material, Os was analysed in the
hydrogenous fraction of the sediments. The hydrogenous fraction of the sediments
was extracted by mild acidic peroxide leaching. The isotopic composition of the
hydrogenous Os fraction is measured to track the Os isotopic evolution of Arabian

seawater.

The results of the temporal variation in the Os concentration and its isotopic
composition in hydrogenous fraction of sediments from the Arabian Sea are given
in Table 5.3 and plotted in Fig. 5.3.



VARIATION IN '¥’0s/*®®0s OF ARABIAN SEAWATER | 117

Table 5.3: Os concentration and ¥’ 0s/**®0s of hydrogenous fraction of core
SS-3101G

Sample” age (ka) '®'0s/®®0s  Os (pg/g)

3101(1-2) 1.9 1.040 102
3101(6-7) 3.3 1.023 86
3101(17-18) 7.1 1.033 81
3101(19-20) 7.8 1.009 72
3101(23-34) 9.4 1.032 132
3101(33-34) 12.3 0.992 69
3101(42-43) 14.8 1.009 103
3101(46-47) 16.1 0.982 201
3101(51-52) 17.7 1.018 144
3101(54-55) 18.4 1.029 257
3101(66-67) 19.9 1.004 166
3101(68-69) 20.2 1.033 187
3101(78-79) 21.1 1.032 175
3101(90-91) 22.3 1.038 250
3101(100-102)  24.2 1.030 141
3101(110-112)  25.7 1.012 101
3101(122-124) 275 0.982 167
3101(130-132)  28.7 1.007 147
3101(132-134)  29.0 1.037 160

* Numbers in parenthesis are depth intervals in cm.
For calibrated “C ages of the sediments refer to Table 2.2 (Chapter 2)

The Os concentration in the leachable fraction of sediments varies from ~ 80 pg/g
in the recent samples to ~ 250 pg/g for samples representing the LGM, suggesting
an increase in the authigenic fraction of Os to the sediments deposited during
LGM, like Re enrichment in sediments during the LGM. The *’0s/*®0s of
seawater (as represented by the hydrogenous component) in the most recent
sample has a value of 1.04 + 0.01, close to the Os isotopic composition of present
day seawater (1.06 + 0.01) [Levasseur et al., 1998]. The Os isotopic composition
of the Arabian seawater shows lowest value of 0.982 at ~16 ka just after the LGM,
and also at ~27.5 ka prior to the LGM (Table 5.3). Between these two lowest
values, '®’0s/*®0s shows a hump with higher values during LGM. The
8705/'%80s of the Arabian seawater during LGM is nearly identical to the

contemporary seawater.
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Fig 5.3: Temporal variation in Os concentration and **’Os/**®Os of
hydrogenous fraction of core SS-3101G. Os concentrations are higher during
the LGM.

5.2.3.1 Os concentration variations in the leachable fraction of SS-3101G
The temporal variation in the Os concentration of the leachable phase from the
sediments of the core SS-3101G is plotted along with Re concentration (in bulk

sediments) and organic carbon content of the core SS-3101G in Fig. 5.4.

The Os concentration of the leachable fraction of the sediments shows higher
values during the LGM. This increase in the Os concentration is also associated
with an increase in the Re concentration of bulk sediments and an increase in the
organic carbon content (Fig. 5.4). Re and Os are known to be redox sensitive
elements that are removed from the seawater to sediments under reducing

conditions.

Re is a useful proxy for deciphering the past redox changes of the oceanic basin
[Colodner et al., 1995]. Pattan and Pearce, [2009] and Sarkar et al., [1993]
observed higher concentrations of Re and U in the Arabian Sea sediments

deposited during the LGM which was attributed to anoxic/suboxic bottom water
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conditions in the region during that time. In addition, the organic carbon content
of the sediments are also higher during LGM, which could be attributed to better
preservation of organic carbon owing to the lower oxygen content of the water
column of the Arabian Sea. The high organic carbon can also result from higher
productivity during the LGM, however, this has been ruled out based on
distribution of other productivity proxies [Agnihotri et al., 2003].
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Fig. 5.4: Temporal variations in the Os concentration of leachable fraction of
the sediments, Re concentration of the bulk sediments and organic carbon
content of the sediments of the core SS-3101G. The organic carbon content of
the sediments is from Agnihotri, [2001]. The Re concentration in the bulk
sediments and the Os concentration of the leachable fraction of the sediments
show an increase during the LGM along with higher organic carbon content
of the core during that time.
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The accumulation fluxes of Re, Os and organic carbon were calculated using the
linear sedimentation rate (LSR) and dry bulk density (DBD) of the sediments of

the core. The accumulation fluxes were calculated using the following relation:

F=CxLSRxd (5.1)
where, F is the accumulation flux (in g cm?ka™)
C is the concentration of Re, Os and organic carbon in the sediments
LSR is the linear sedimentation rate (obtained from the ages and depths of
the overlying and underlying samples)
d is the dry bulk density taken to be 0.85 (in g cm™)

The mass accumulation rate of organic carbon in the core is generally low up to
~17.5 ka (varying only from 0.003 to 0.053 g cm™?ka™). During the LGM, the
accumulation rate of organic carbon increased to a high value ranging from 0.061
to 0.266 g cm?ka™. This increase in the accumulation rate of organic carbon was
due to better preservation of organic carbon during the LGM. The accumulation
rates for Re and Os show a behaviour similar to that of the organic carbon. The
accumulation rates range from 0.07 to 29.10 ng cm™ka™ for Re and 0.07 to 0.53
ng cm?ka™ for Os during 2 - 17.5 ka. During the LGM, the Re and Os
accumulation rates showed an increase with values ranging from 50.46 to 178.43
ng cm2ka® for Re and 1.13 to 2.07 ng cm?ka™ for Os. This increase in the
accumulation rates of Re and Os in the sediments during the LGM is associated to
higher accumulation rate of the organic carbon during that time. This suggests the
association/linkage of organic carbon in sequestering the Re and Os from the

seawater into the sediments.

5.2.3.2 Temporal variation in **’0s/**®0s of seawater from the Arabian Sea

The *¥’0s/*®0s of leachable fraction of sediments (representing seawater Os)
from the core SS-3101G varies between 0.982 and 1.040 (Table 5.3). *¥'0s/*%0s
of the hydrogenous Os from the most recent sediment sample is nearly identical to
the contemporary seawater value confirming that leachable fraction does represent

the seawater Os isotope composition. The ¥’0s/**80s of the Arabian seawater
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shows an increase in the Holocene towards the present (Fig. 5.3). Further, the Os
isotopic composition of seawater shows an excursion towards higher values
during the LGM.

The Os entering the ocean is derived from three different sources. These are the
continental source with isotopic composition, *2’0s/*®0s ~ 1.5 [Levasseur et al.,
1999], the micrometeoric/cosmic dust with **’Os/**®0s of ~ 0.12 [Meisel et al.,
2001] and the hydrothermal input with *¥’0s/**®0s of ~ 0.12 [Luck and Allegre,
1983; Walker and Morgan, 1989]. Thus the Os isotopic composition of the
dissolved Os in the ocean, at a given time, is the resultant of combination and
relative proportions of these sources. Any change in the Os isotopic composition
and/or flux of Os from these sources can result in the variation in the Os isotopic
composition of the seawater over the past.

The variation in the range for the isotopic composition of the Os derived from the
mantle (via hydrothermal vents) and micrometeoric/cosmic dust is small (these
sources have *®'0s/*®0s very close to 0.12). Thus, it is the flux of these sources
that would require varying in order to influence the seawater Os isotopic
composition. The flux of extraterrestrial dust (cosmic dust) has been studied from
the Indian Ocean and found to remain fairly constant over the last 200 ka
[Marcantonio et al., 1999]. Additionally the study based on the Antarctic ice core,
the supply of extraterrestrial material has been found to be stable for the last 30 ka
[Winckler and Fischer, 2006], which provides an additional argument for the
support of the stability of extraterrestrial input. Further, for the time span covered
by the sediments of the core (~30 ka), there has not been any major event of sea
floor spreading which would result in the increase in the supply of mantle derived
Os into the ocean [Oxburgh, 1998]. Thus, the variation in the Os isotopic
composition of seawater recorded by the SS-3101G core from south-eastern
Arabian Sea is not due to change in the Os isotopic composition and/or Os flux
from the cosmic dust and hydrothermal inputs. The measured changes in the
seawater Os isotopic composition therefore has to result from changes in the Os

isotopic composition and/or Os flux from the continental source.
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The oceanic inventory of Os is considered to be well mixed and thus the Os
isotopic composition of seawater at any time would reflect the global signature in
the ocean. There have been a few studies on the record of Os isotopic composition
of seawater over the past; from the East Pacific Rise, Pacific Ocean [Oxburgh,
1998]; Cariaco basin, Atlantic Ocean [Oxburgh et al., 2007]; Santa Barbara Basin
[Williams and Turekian, 2004] and Japan Sea [Dalai et al., 2005]. The temporal
evolution of Os isotopic composition of seawater from the Arabian Sea measured

in the present study is compared with some of these global records in Fig. 5.5.
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Fig. 5.5: Comparison of the temporal variation in the Os isotopic composition
of the Arabian seawater (present work) with reported *¥’0s/*®80s variations
from the East Pacific Rise (Pacific Ocean) [Oxburgh, 1998] and Cariaco basin
(Atlantic Ocean) [Oxburgh et al., 2007]. The black curve is the 3-point
running average (used as a response filter to suppress the high frequency
fluctuation in the data) of '®’Os/*®0Os of the Arabian seawater. The Os
isotopic trend from the Arabian Sea and other oceanic basins show a similar
trend for the last ~16 ka with gradual increase in the *’Os/**Os of seawater
towards the present day seawater value of 1.06 = 0.01. During the LGM, the
¥70s/**80s of seawater from the Arabian Sea shows major departure from
other records with a hump in contrast to lower values for the other oceanic
regions

As the flux and isotope composition of non-radiogenic sources of Os to seawater
have remained constant during last 200 ka, the excursions in the *8’0s/*®0s of the
seawater reflect variations in the flux and/or isotopic composition of dissolved Os
reaching the oceans from the continents. The possibility of the variation in the Os
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isotopic composition of the riverine supply to the ocean has been discussed and
discarded by Oxburgh, [1998] based on very limited variation in the *’0s/**®0s
(1.3 to 1.4) of the deltaic sediments from a number of world’s large rivers relative
to wide range of **’0s/*®0s values (1.2 to 3.6) reported for the continental rocks.
The seawater Os isotope composition therefore would vary due to variation in the

flux of continental Os.

In general, the trend of Os isotope evolution of the Arabian seawater (Fig. 5.5)
resembles with those observed in other global basins, such as the East Pacific Rise
[Oxburgh, 1998] and Cariaco Basin [Oxburgh et al., 2007] during 2 -16 ka,
whereas, during the LGM, i.e. between 17 and 26 ka, they differ drastically.
Earlier studies have observed higher concentrations of redox sensitive elements U
and Re in the sediments of the Arabian during LGM [Pattan and Pearce, 2009;
Sarkar et al., 1993]. The sediments of the core SS-3101G also exhibit higher
content of Re and Os during the LGM (Fig. 5.4). These evidences suggest that the
redox sensitive elements Re, U and Os were more efficiently incorporated into the
sediments of the Arabian Sea during the LGM. This was due to the reduced
oxygen content of the deeper waters in the Arabian Sea [Pattan and Pearce, 2009;
Sarkar et al., 1993]. The reduced oxygen content in the deeper waters of the
Arabian Sea and anoxic/suboxic conditions at the bottom could be ascribed to
poor ventilation of the basin due to reduced supply of polar waters the LGM
[Pattan and Pearce, 2009; Piotrowski et al., 2009; Sarkar et al., 1993; Schmiedl
and Leuschner, 2005]. Reduction in the flow of North Atlantic Deep Water
(NADW) to the northern Indian Ocean has been reported by Piotrowski et al.,
2009. The NADW flows in the depth range of 2000 to 3800m in the Arabian Sea
[Piotrowski et al., 2009]. The core SS-3101G in the Arabian Sea is situated at a
water depth of 2766m, lying in the domain of the NADW water depth. The
reduced flow of NADW partially isolated the Arabian Sea basin from other
oceanic basins during the LGM. Consequently, the non radiogenic Os signature of
global ocean (with *’0s/*®®0s ~ 0.98; [Oxburgh et al., 2007]) was unable to
influence the Os isotopic composition of Arabian seawater. The Arabian Sea was

restricted to get the supply of non-radiogenic Os delivered by the intense
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weathering of East Indies, Papua New Guinea, the Philippines and ophiolite
section of the circum-Pacific region to the global ocean during LGM [Williams
and Turekian, 2004]. Radiogenic signature of Os in the Arabian Sea during LGM
is local in nature and it is derived from the weathering of the Himalayan and
Peninsular lithologies. Contribution from the Deccan Basalt weathering would not
have been significant as their Os content is quite low [Allégre et al., 1999].
Further, low salinity water with higher *’0s/*®0s from the Bay of Bengal
entered the Arabian Sea due to intensification of North-East monsoon during the
LGM [Sarkar et al., 1990]. This will also increase the Os isotope composition of
the Arabian Sea water during LGM. Higher fluxes of aeolian dust during LGM
could also increase the Os isotope composition of the Arabian Seawater, however,
this need to be ascertained by measuring Os isotope composition of dust over the
Arabian Sea.

5.3 Conclusions

The Os isotopic composition of the organic matter rich bulk sediments from the
Arabian Sea show significant amount of detrital contamination. This hinders the
applicability of the bulk sediments from the Arabian Sea in tracking the temporal

variation in ¥’0s/*®®0s of the Arabian seawater.

The '¥70s/*®0s of the seawater and Os concentration of the leachable fraction of
sediments from the Arabian Sea show a correlation with climate with both the Os
isotopic composition as well as the concentration showing an excursion towards
higher values during the LGM. The **’0s/*®0s of seawater from Arabian Sea
shows a similar trend to the records of the Os isotopic composition from the other
global basins, displaying increase in the '*’0s/*®Q0s from 16 ka to 2 ka
approaching towards the present day seawater **’0s/**0s of 1.06 + 0.01. The
1870s/*%0s of the Arabian seawater shows a decoupling from other records during
LGM, experiencing an excursion towards higher values. Also, the Re content of
the sediments as well as the Os concentration of the leachable fraction of the
sediments was also higher during the LGM. These are due to anoxic conditions in

the bottom waters of the Arabian Sea caused by the reduced transport of NADW
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into the Arabian Sea, resulting in its partial isolation from rest of the oceans
during the LGM.
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CHAPTER 6

Temporal variations in ¥Sr/%°Sr and eyq in sediments of the south-
eastern Arabian Sea: Impact of monsoon and surface water
circulation
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6.1 Introduction

The Arabian Sea annually receives ~400 million tons of suspended load from the
Himalaya and Transhimalaya [Milliman et al., 1984] through the Indus river
system, and ~100 million tons through the Narmada, Tapi and the rivers of the
Western Ghats [Alagarsamy and Zhang, 2005; Chandramohan and Balchand,
2007]. In addition, ~100 million tons of aeolian dust from the deserts of Oman,
Africa and western India is deposited annually in the Arabian Sea, its contribution
to the eastern Arabian Sea being only ~30 million tons, which further decreases
towards the Indian peninsula [Ramaswamy and Nair, 1994; Sirocko and
Sarnthein, 1989]. The sediments deposited in the Arabian Sea preserve in them
the records of erosional patterns in their source regions, factors regulating them
and the pathways of sediment dispersal in the sea [CIift et al., 2008; Rahaman et
al., 2009].

One of the key factors determining the erosion patterns of the drainage basins is
the monsoon. The Indian subcontinent experiences two monsoons annually, the
South-West (summer) and the North-East (winter) monsoons; the former being
more pronounced at present. The intensities and patterns of these monsoons have
varied during the past [Fleitmann et al., 2003; Gupta et al., 2003; Herzschuh,
2006], these in turn, have affected the erosion distribution of drainage basins [Clift
et al., 2008; Rahaman et al., 2009] and supply of sediments to the seas around
India [Ahmad et al., 2005; Colin et al., 1999; Tripathy et al., 2011]. These
variations, in addition to impacting erosion, also influence the surface water
circulation in the Arabian Sea and the Bay of Bengal which determine the

sediment dispersal and deposition in them.

During the SW monsoon, surface water from the Arabian Sea flows to the Bay of
Bengal; in contrast, during the NE monsoon, surface currents flow from the Bay
of Bengal to the Arabian Sea [Schott and McCreary, 2001; Shankar et al., 2002].
There is evidence to suggest that the transport of low-salinity water from the Bay

of Bengal to the Arabian Sea was enhanced during the Last Glacial Maximum
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(LGM) due to a more intense NE monsoon [Sarkar et al., 1990; Tiwari et al.,
2005].

Clay mineralogy and radiogenic isotopes of Sr and Nd have been used to
investigate spatial variations in the provenance of sediments in the Arabian Sea
and the Bay of Bengal and their causative factors. For example, investigations of
surface sediments in the Arabian Sea suggest that supply from the Himalaya,
Transhimalaya and Karakorum ranges brought via the Indus dominate in the
northern and central regions [Garzanti et al., 2005], whereas the sediments off the
shelf and slope regions of the eastern Arabian Sea are sourced mainly from
peninsular India [Chauhan and Gujar, 1996; Chauhan et al., 2010; Kessarkar et
al., 2003; Kolla et al., 1976; Rao and Rao, 1995]. There is also evidence based on
clay mineral studies of sediments from the southwestern slope of India that
suggest long range transport of Ganga-Brahmaputra sediments to the tip of Indian

peninsula by surface currents [Chauhan and Gujar, 1996; Chauhan et al., 2010].

The radiogenic isotopes of Sr and Nd in silicate phases are commonly used as
proxies for sediment provenances. The Sr (¥Sr/*°Sr) and Nd (***Nd/***Nd)
isotopic composition of continental source rocks depend on their Rb/Sr and
Sm/Nd ratios and their ages. Terrigenous sediments in the ocean are weathering
products of continental rocks that have wide range of Sr and Nd isotope ratios.
Thus, the Sr and Nd isotopic composition of detrital marine sediments provide a
means to trace their sources and their variations in space and time [Innocent et al.,
2000; Rutberg et al., 2005].

The samples used for this work are the sediments from the Arabian Sea cores (SS-
3104G and SS-3101G) and the west flowing rivers of India. Details of the
sediments have been given in chapter 2 of this thesis. Fig. 6.1 shows the location
of the sediment cores (in the Arabian Sea) along with major rivers draining into
the Arabian Sea and Bay of Bengal.
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The objective of this work is to track the temporal variation in the provenance of
sediments deposited in the eastern region of the Arabian Sea during the last ~40
ka and assess the impact of climate and surface water circulation in determining
their source(s) and dispersal. This work also addresses the issue of long range
transport of sediments from the Bay of Bengal to the Arabian Sea during the LGM

due to intensification of NE monsoon.

Latitude (°N)

80
Longitude (°E)
Fig. 6.1: Locations of the two sediment cores analyzed in the study. Various
rivers draining into the Arabian Sea and the Bay of Bengal are also shown.
Core SS-3101G lies between the present day limits of the Indus and Bengal
Fans. Core SS-3104G lies in the present day Deccan basaltic provenance zone
and outside the limit of Indus Fan. The location of the core SS-3101G lies
between the limit of Indus and Bay of Bengal fans.

6.2 Results
6.2.1 River sediments
The Sr and Nd isotopic composition in silicate fraction of river sediments are

given in Table 6.1 and plotted in Fig. 6.2.
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Table 6.1: Sr and Nd isotopic composition of silicate fraction of river
sediments’

Sample code River ¥Sr/sr Nd/MNd eng
MH Mahi 0.73051  0.51160 -20.3

NM Narmada 0.72126 0.51203 -11.9

NM R Narmada (Repeat) 0.72121 0.51205 -11.5

TP-1 Tapi 0.70947  0.51235 -5.7

TP-2 Tapi 0.70961  0.51233 -5.9
NETHRAVATHI-1 Nethravathi 0.72176  0.51054 -40.8
NETHRAVATHI-2 Nethravathi 0.71507 0.51097 -32.6
PERIYAR-1 Periyar 0.72379 0.51130 -26.2
PERIYAR-2 Periyar 0.72176 ~ 0.51119 -28.2
KIL/2K1/M Kajli 0.70529 0.51275 2.2
SUKH/2K1/M Sukh 0.70885  0.51257 -1.3
SUKH/2K1/M R Sukh (Repeat) 0.70888  0.51258 -1.2
VAT/2K1/M Vashishthi 0.70636  0.51258 -1.2

" Sampling location details are given in Table 2.3 (Chapter 2).

The isotopic composition of river sediments, as expected, reflects those of
lithologies of the region. Sediment from the Mabhi river is the most radiogenic in
Sr (3'Sr/%°sr = 0.73051) while its eng is quite unradiogenic (-20.3), consistent with
the lithology of the Mahi River basin that comprises of metamorphic rocks of the
Aravalli Super Group, the Deccan basalts and the alluvial deposits of Pleistocene
and Holocene ages. The 'Sr/*°Sr and eng of the Narmada sediments are 0.72126
and -11.9 respectively, indicating contribution of radiogenic Sr from the Vindhyan

Super Group along with unradiogenic Sr from Deccan basalts.

The Deccan basalts comprise of various formation that are distinct in their Sr and
Nd isotopic composition. The northern part of the Deccan basalts consists of
Poladpur, Bushe and Jawhar-lgatpuri formations that show evidence of
contamination with upper crustal material. The 8’Sr/%Sr of these formations range
from 0.705 to 0.720, whereas the eng varies from -5 to -20 [Mahoney et al., 2000;
Peng et al., 1998]. The central and south-western parts of the Deccan basalts are
composed of the Ambenali and Mahabaleshwar formations that have less degree

of crustal contamination. The %’Sr/*Sr and eng Of these formations vary from
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0.703 to 0.708 and +5 to -10 respectively [Mahoney et al., 2000; Peng et al.,
1998]. The river Tapi flows through the northern areas of Deccan basalts; the
Poladpur, Bushe and Jawhar-lgatpuri formations that are higher in &’Sr/%°Sr and
lower in eng. The two samples from the Tapi River yield ¥Sr/*®Sr of 0.70947,
0.70961 and eng Of -5.9, -5.7; consistent with the isotopic composition of the

dominant Deccan basalt formations in its drainage.

0 Kajlia
- A A
vashishthi 45Uk
TaptiA
Deccan Basalts ANarmada
o
r.QZ -20 + AMahi
Peninsular gneisses/granites _
A Periyar-1
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0.70 0.72 0.74
875/86g,

Fig. 6.2: Sr-Nd isotope plot of contemporary river sediments (silicate
fraction) draining into the Arabian Sea. The isotopic composition of major
end-members is also given.

The Nethravathi sediments collected in April, 2010 (Tables 6.1) have Sr isotopic
composition (0.72176) and eng (-40.8) that are distinctively different from those in
the sample collected in December, 2010 (®'Sr/*°Sr 0.71507; eng -32.6; Table 6.1).
These seasonal differences can arise from variations in mixing proportions of

sediments from tributaries during different seasons.
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The isotopic composition of sediments of the Periyar River (3'Sr/*®Sr 0.72379 and
0.72176; eng -26.2 and -28.2; Table 6.1) is also close to that of the Nethravathi
River, not unexpected considering that both of them drain Peninsular
granites/gneisses. The Sr and Nd isotopic composition of sediments from the three
Western Ghats streams are least radiogenic in %’Sr/%®Sr (0.70529 to 0.70885) and

most radiogenic in eng (-1.3 to 2.2), within the range reported for Deccan basalts.

6.2.2 Arabian Sea sediments

Sr and Nd concentrations and their isotopic compositions in the silicate fraction of
sediments from SS-3104G and SS-3101G cores are given in Tables 6.2 and 6.3.
The temporal variation in Sr and Nd concentrations and their isotopic
compositions in silicate phases of cores SS-31014G and SS-3101G are shown in

Figs. 6.3 and 6.4 respectively.

Table 6.2: Sr and Nd concentration and isotopic composition of core SS-
3104G silicates

Sample* Age (ka) Sri Fsr/fsrt  NdT M™NdAMNA® eng
3104(2-3) 1.4 1274 0.71416 15.5 051216  -9.4
3104(6-7) 1.6 843  0.71689 25.6 051198  -12.9
314(9-10) 33 88.7  0.71667 - - -
3104(11-12) 3.9 1058  0.71521 - - -
3104(14-15) 4.9 - - 14.4 0.51209  -10.7
3104(17-18) 5.8 86.9  0.71651 12.1 051213  -10.0
3104(19-20) 6.5 85.7  0.71658 11.1 051214  -96
3104(21-22) 7.6 88.6  0.71647 12.3 051213  -9.9
3104(23-24) 8.6 784  0.71648 9.9 051213 9.9
3104(23-24)R 8.6 782  0.71621 10.9 051213  -9.9
3104(24-25) 9.2 111.3  0.71434 10.2 051219  -88
3104(26-27) 10.3 835  0.71702 12.3 051215 95
3104(28-29) 11.4 86.5  0.71779 7.4 0.51207  -11.0
3104(30-31) 12.5 83.2  0.71748 9.3 051212  -10.2
3104(31-32) 13.0 941  0.71596 - - -
3104(32-33) 13.5 99.3  0.71671 135 051215  -95
3104(37-38) 15.5 100.1  0.71642 13.2 051214 9.7
3104(37-38)R 15.5 100.1  0.71649 13.4 051214 9.7
3104(41-42) 16.6 102.3  0.71698 14.0 051212  -10.1

3104(41-42)R 16.6 102.8 0.71687 14.8 0.51213 -9.9
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3104(44-45) 17.4 966 071719 137 051211  -10.3
3104(48-49) 18.5 1016 071773  14.3 051208  -10.8
3104(52-53) 19.6 985 071754 137 051210  -10.5
3104(61-62) 20.3 952 071745  12.6 051212  -10.0
3104(68-69) 20.8 936 071759  14.2 051214  -9.8
3104(71-72) 21.8 946 071788  12.8 051213  -9.9
3104(74-75) 22.8 - - 147 051214  -9.7
3104(77-78) 23.8 - - 13.8 051212  -10.2
3104(80-81) 24.8 914 071793 115 051211  -10.2
3104(82-83) 255 - - 13.8 051209  -10.6
3104(84-85) 26.1 941 071840  14.0 051214  -9.8
3104(88-89) 26.7 938 071764  12.6 051213  -10.0
3104(95-96) 27.8 927  0.71708 8.6 051216  -9.3
3104(95-96)R 27.8 921  0.71693 - - -

3104(100-102) 28.9 1112 0.71680 - - -

3104(102-104) 29.6 939 071768  13.9 051215  -9.6
3104(106-108) 30.9 949 071778  14.0 051214  -9.8
3104(114-116) 336 923 071785  13.4 051214  -9.8
3104(116-118) 34.3 1122 071714 - - -

3104(122-124) 36.1 983 071649  14.4 051216  -9.3
3104(126-128) 37.1 1126 071727 135 051214  -9.8
3104(126-128)R  37.1 1110 071721  12.8 051215  -9.5
3104(132-134) 38.6 945 071702  13.4 051217  -9.0

-: not analysed

R: Replicate analysis

* Numbers in parenthesis are depth intervals in cm.

*Sr, Nd concentrations in ug/g

S The errors on the Sr and Nd isotopic data are better than 10 ppm (1oy).

In SS-3104G, which lies in the northeastern Arabian Sea off Mangalore (Fig. 6.1)
the Sr and Nd concentrations range from 78 to 127 pg/g and 7 to 26 pg/g
respectively and are generally lower than that in sediments of SS-3101G.

The ¥Sr/®°Sr and eng of SS-3104G (Table 6.2, Fig. 6.3) vary in a narrower range
compared to SS-3101G, with most samples having 2'Sr/%Sr between 0.716 to
0.718 and eng between -10.5 to -9.0. These ratios are within the range of isotopic

compositions of slope sediments of west coast of India [Kessarkar et al., 2003].
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Table 6.3: Sr and Nd concentration and isotopic composition of core SS-
3101G silicates

Sample* Age (ka) Srt ¥sr/srt NdT MNd/MNd® eng
3101(1-2) 1.9 1171 071631  19.8 051197  -13.0
3101(6-7) 3.3 1564  0.71412 6.0 051213  -9.8
3101(10-11) 4.4 1395 0.71459 87 051197  -13.1
3101(10-11)R 4.4 133.1  0.71501 - - -
3101(13-14) 5.5 112.7 0.71686  13.4 051194  -13.7
3101(16-17) 6.7 985  0.71838 127 051193  -138
3101(18-19) 75 95.7  0.71755 6.5 051192  -14.1
3101(21-22) 8.6 88.0  0.71930 125 051190  -14.4
3101(23-24) 9.4 107.9  0.71768  12.9 051190  -14.3
3101(26-27) 10.6 96.3 071677  11.7 0.51208  -10.9
3101(30-31) 11.6 2033  0.71690  20.0 051206  -11.3
3101(34-35) 12.5 941 071830 137 051204  -11.8
3101(38-39) 13.5 98.3  0.71753 457 051218  -9.0
3101(41-42) 14.5 100.2  0.71685 128 051206  -11.2
3101(43-44) 15.1 109.1 071721 123 051204  -11.7
3101(46-47) 16.1 97.9 071776 196 051203  -11.8
3101(50-51) 17.4 959 071906  13.7 051200  -12.4
3101(53-54) 18.3 1172 0.71773 - - -
3101(59-60) 19.1 101.1  0.72069  14.6 051189  -14.6
3101(62-63) 19.4 825 071949 134 051186  -15.2
3101(70-71) 20.4 904  0.71854 183 051196  -13.3
3101(86-87) 21.6 86.7 071920 17.4 051192  -14.0
3101(90-91) 22.3 101.2  0.71950 158 051192  -14.1
3101(90-91)R 22.3 101.9 0.71956 145 051190  -14.4
3101(94-95) 23.0 1354  0.71805 - - -
3101(98-99) 23.7 113.0 071864  13.9 051194  -13.6

3101(102-104) 245 101.1  0.71752 11.3 0.51209 -10.7
3101(108-110) 25.4 102.8  0.71828 14.6 0.51206 -11.3
3101(116-118) 26.6 1029  0.71779 13.1 0.51210 -10.6

3101(122-124) 27.5 94.7 0.71850 13.2 0.51208 -10.8
3101(126-128) 28.1 96.9 0.71860 13.8 0.51206 -11.3
3101(132-134) 29.0 95.2 0.71707 10.4 0.51206 -11.2

-: not analysed

R: Replicate analysis

* Numbers in parenthesis are depth intervals in cm.

"Sr, Nd concentrations in ug/g

$ The errors on the Sr and Nd isotopic data are better than 10 ppm (1oy).
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Fig. 6.3: Temporal variation in ®'Sr/®**Sr and exg of sediments from SS-3104G.
Sr and Nd isotope composition of these sediments display a narrow range,
suggesting that their sources and the mixing proportions have remained
nearly the same during the last 40 ka. The markers along the x-axis of the
plots show age control points in the core. The lines represent 3-point moving
average of the data.

In SS-3101G, from the near equatorial region (Fig. 6.1) the Sr and Nd
concentrations range from 94 to 200 pg/g and 6 to 45 pg/g respectively (Table
6.3). Both #7Sr/*®Sr (0.71412 to 0.72069) and eng (-15.2 to -9.0) show variations
with depth but with opposite trends (Figs. 6.4a, b).

The concomitant temporal changes in both #Sr/%°Sr and eyg in SS-3101G (Figs.
6.4a, b) and the observation that their range is much larger than the average
analytical uncertainty leads to infer that these variations represent source
variability and/or their mixing proportions. Therefore, the data from these two

cores serve as a proxy to track variations in their provenance.
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Fig. 6.4: ¥Sr/*Sr and eng of sediments of core SS-3101G. The data show
significant temporal variation which correlate with known climatic/monsoon
variability (c) [Herzschuh, 2006]. Sr and Nd isotope compositions of these
sediments display two excursions during ~20 and ~9 ka coinciding with LGM
and intensified SW monsoon respectively. The lines in (a) and (b) are 3-point
moving average of the data respectively and the markers along the x-axis of
the plots show age control points in the core. Line in (d) is 3-point moving
average of gng values form the Indus delta [Clift et al., 2008].

6.3 Discussion
The Sr and Nd isotopic composition of river sediments supplied to the Arabian

Sea are given in Fig. 6.2. The data demonstrate the impact of various lithologies
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drained by these rivers in determining the isotopic composition of their sediments.
The ®'Sr/*®Sr and eng values of the two Arabian Sea cores along with those of their
potential sources, the Deccan basalts, the higher and lesser Himalaya, the
Vindhyan Super Group and the Peninsular granites/gneisses are presented in an
isotopic mixing diagram (Fig. 6.5). Sr and Nd isotopic composition of these
sources (Fig. 6.5, Table 6.4) are from published literature [Ahmad et al., 2009;
Chakrabarti et al., 2007; Clift et al., 2002 ; Clift et al., 2008; Clift et al., 2010 ;
Harris et al., 1994; Peucat et al., 1989; Singh et al., 2008 ; Tripathy et al., 2011,
Tripathy, 2011].

10
B CoreSS-3104 G
_ O Core SS-3101G
@ Core SS-3101 G (Holocene IMP)
O = @® Core SS-3101 G (LGM)
< Indus (Present)
B Indus (Holocene IMP)
A Bay of Bengal (LGM)
-10 - V¥ Bay of Bengal (Holocene IMP)
i)
COZ
\% .
-20 = .
»—l/ LHS
301 TP
0.705 0.805 0.905
875y /865y

Fig. 6.5: Sr and Nd isotope compositions of SS-3101G and SS-3104G
sediments and their potential sources in two isotope mixing plot. Sediments of
the core SS-3104G show very limited variation. Sr and Nd isotopic
composition of SS-3101G sediments show wider range. Various lithologies
used as end-members are: D, Deccan basalts; V, Vindhyan Super Group; P,
Peninsular granites/gneisses; HHC, Higher Himalayan Crystalline; LHS,
Lesser Himalayan Silicates.
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Table 6.4: ¥Sr/*°Sr and eng of potential end members

Sr/f°sr ENd

Endmembers Range Typical Range Typical
Himalaya
TSS' 0.72 0.74 0.73 -15 -12 -13
HHC' 0.73 0.79 0.76 -16 -14 -15
LH silicate 0.76 0.94 0.85 -25 -24 -25
Siwaliks' 0.72 0.76 0.74 -18 -16 -17
Peninsular India
Deccan Basalt' 0.70 0.72 0.71 -13 5 -5
Vindhyan®* 0.90 -34 -14 -19
Peninsular Gneiss”® 0.70 0.73 0.71 -8 -45 -29
Contemporary River sediments
West flowing'*
Mahi 0.73 -20
Narmada 0.72 -12
Tapi 0.71 -6
Nethravathi 0.72 -41 -33 -37
Periyar 0.72 -26 -28 -27
Kajli 0.71 2
Sukh 0.71 -1
Vashishthi 0.71 -1
East flowing”
Pennar 0.76 -24 -22 -23
Godavari 0.72 -18 15 -16
Krishna 0.72 -13 12 -12
Himalayan
Indus™ %% €€ 0.72 -15
Brahmaputra'™’ 0.73 -14
Ganga' 0.76 -16
Marine Sediments
Bengal Fan sediments®s 0.74 -16
Western Bay of Bengal®
Glacial 0.73 -14
Holocene IMP 0.74 -16

" [Singh et al, 2008], € [Tripathy, 2011], ¥ [Chakrabarti et al., 2007], * [Harris et al,
1994], ° [Peucat et al, 1989], ~ This study, " [Ahmad et al, 2009], ** [Clift et al, 2008], **
[Clift et al, 2010], “ [Clift et al, 2002], ™" [Singh et al, 2002], %% [France-Lanord et al,

1993], *[Tripathy et al, 2011].



Sr AND Nd ISOTOPES OF THE ARABIAN SEA SEDIMENTS | 139

The role of Indus as the source of sediments in the eastern Arabian Sea is debated.
Based on clay mineralogical study, Kessarkar et al., [2003] suggest that the
penetration of Indus sediments is restricted to the north of Saurashtra (~20°N),
whereas, Ramaswamy and Nair, [1989] suggests that longshore current helps

Indus sediments to be transported to the south of Mangalore.

In addition to riverine particulates, another source of sediments to the Arabian Sea
is aeolian dust from the deserts of Arabia [Kolla et al., 1976; Sirocko and
Sarnthein, 1989]. The magnitude of supply of dust has been reported to vary with
time with enhanced contribution during the LGM [Harrison et al., 2001; Petit et
al., 1999; Reichart et al., 1997; Sirocko et al., 2000]. The Sr and Nd isotopic
composition of aeolian dust over the western Arabian Sea is characterized by
unradiogenic Sr (!’Sr/®®Sr = 0.709) and radiogenic Nd (eng = -6) [Sirocko, 1995].
The Sr and Nd isotopic composition of dust falls within the range of Deccan
basalts and if dust with such isotopic composition also deposits over the eastern
Arabian Sea it is difficult to differentiate between aeolian dust and sediments
sourced from basalts and assess their contribution. However, there have been
earlier studies in the eastern Arabian Sea which suggest that aeolian dust is not a
significant contributor of sediments to this area [Kessarkar et al., 2003; Kolla et
al., 1976; Sirocko and Sarnthein, 1989].

6.3.1 Core SS-3104G

The sediments of SS-3104G have 2'Sr/%°Sr and eng within a narrow range defined
by the contemporary sediments of the Indus, Narmada, Tapi and other Western
Ghats streams suggesting that all these rivers are potential sources of silicate
sediments to this core site Despite the proximity of Nethravathi River to the SS-
3104G core site, its contribution and hence that from the Peninsular
granites/gneisses to this core site seems minor. This inference is based upon the
highly depleted eng Values of the Nethravathi sediments and the observation that at
present the Nethravathi River supplies only ~1 million tons of sediments annually
to the Arabian Sea [Panda et al., 2011].
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The limited range in Sr and Nd isotopic composition throughout the length of this
core covering a time span of ~40 ka also leads us to infer that the provenance of
sediments and their mixing proportion have remained nearly the same during this
period. The reason for the lower ’Sr/*®Sr in the (2-3) cm and &g in the (6-7) cm

sections of SS-3104G (Table 6.2), however, is unclear.

6.3.2 Core SS-3101G

The Sr and Nd isotopic composition of SS-3101G silicates displays wider range
than those in SS-3104G with two excursions at ~9 ka and ~20 ka (Figs. 6.4a, b).
The lower bound of 8’Sr/®Sr (i.e. the lowest values of 8’Sr/*Sr) and the upper
bound of eng (i.€. the most radiogenic values of gng) of SS-3101G is similar to that
observed for the core SS-3104G. Thus, the ¥Sr/*®Sr and eng of core SS-3104G can
be considered to represent the baseline values of Sr and Nd isotopic composition
of SS-3101G sediments. This in turn would suggest that Deccan basalts and the
Vindhyan Super Group are the dominant sources of sediments to this core,
delivered through the Narmada and the Tapi rivers. In addition, there has to be
enhanced relative contribution of sediments with more radiogenic Sr and
unradiogenic Nd to account for the excursion in its isotopic composition during
~9ka and ~20ka (Fig. 6.4).

The excursions in the Sr and Nd isotopic composition of SS-3101G core overlaps
with the known climatic (monsoon) variations in the Asian region (Fig. 6.4c),
[Herzschuh, 2006]. The timing of the first excursion in the Sr and Nd isotopic data
at ~20 ka corresponds to the well known Last Glacial Maximum (LGM) whereas
the excursion at ~9 ka overlaps with the known intensification of SW monsoon
precipitation [Fleitmann et al., 2003; Herzschuh, 2006; Prell and Kutzbach, 1987;
Sinha et al., 2005]. It is clear from the observed interrelations between Sr-Nd
isotopic composition and monsoon variations (Fig. 6.4), that climate exerts a
significant control on the erosion patterns and sediment fluxes from different

sources depositing at this core location and their mixing proportions.
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6.3.2.1 Provenance of sediments during Last Glacial Maximum (LGM)

The Sr and Nd isotopic composition in SS-3101G during LGM show a peak in
87Sr/%°Sr and a dip in eng (Figs. 6.4a, b) with values similar to that from sediments
of the western Bay of Bengal during LGM [Tripathy et al., 2011]. Potential
sources that can contribute to the Sr and Nd excursions during LGM are relative
increase in (i) Himalayan sediments and/or (ii) Peninsular granites/gneisses, both

of which are characterized by higher radiogenic Sr and low eng cOMposition.

It is known that during LGM there was decrease in SW monsoon precipitation and
increase in NE monsoon [Herzschuh, 2006]. The intensification of NE monsoon
with concomitant decrease in SW monsoon during LGM would promote
strengthening of southwestward East Indian Coastal Current (EICC) in the Bay of
Bengal. This in turn would enhance the flow of waters from the Bay of Bengal to
the Arabian Sea [Schott and McCreary, 2001; Shankar et al., 2002]. Such
enhanced transport of Bay of Bengal waters to the south eastern Arabian Sea
during LGM is documented in the oxygen isotopic composition of foraminifera
deposited during this period [Sarkar et al., 1990; Tiwari et al., 2005].

The observation that the isotopic composition of LGM stratum in SS-3101G is
similar to those in western Bay of Bengal [Tripathy et al., 2011], that there is
enhanced flow of low salinity water from Bay of Bengal to southeastern Arabian
Sea during this period and that the existence of sediment plumes in the coastal and
open Bay of Bengal [Sridhar et al., 2008a,b; Rajawat et al., 2005] is an
indication that sediments from the western Bay of Bengal may be transported to
this core site. However, clay mineral studies of sediments from southeastern
Arabian Sea have yielded divergent conclusions; Kessarkar et al. [2003] suggest
that the sediments of the southeastern Arabian Sea largely represent hinterland
flux and are not influenced by sediments transported from the Bay of Bengal
waters during the intensification of NE monsoon. In contrast, Chauhan and Gujar
[1996] and Chauhan et al. [2010] argue in favour of sediment transport from Bay
of Bengal during intensification of NE monsoon.
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If sediments from the western Bay of Bengal are indeed the cause of Sr and Nd
isotopic excursion, then based on a two end-member mixing model, it can be
estimated that during LGM about one-fifth of sediments in SS-3101G are from
western Bay of Bengal, the balance being of SS-3104G composition.

20°N
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20°N
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Fig. 6.6: The surface currents in the Arabian Sea during the monsoon. The
arrows indicate the direction of surface currents during the intensification of
(a) North-East monsoon and (b) South-West monsoon; [Schott and McCreary,
2001; Shankar et al., 2002; Wyrtki, 1973]. NMC, North-East Monsoon
Current; SMC, South-West Monsoon Current; EICC, East India Coastal
Current; WICC, West India Coastal Current.
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Alternatively, considerably enhanced contribution of sediments sourced from
Peninsular granites/gneisses (e.g. through the Nethravathi, Periyar rivers) can also
explain the isotopic excursions. This however seems unlikely considering that at
present these rivers account for only a very small fraction of sediments to the
south-eastern region of the Arabian Sea [Chandramohan and Balchand, 2007,
Nair et al., 2003, Panda et al., 2011] and the observation of Ramaswamy and
Nair, [1989] that much of sediments from the peninsular rivers are retained in the

western shelf of India peninsula.

6.3.2.2 Provenance of sediments during Holocene Intensified Monsoon Phase
(IMP)

The core SS-3101G shows a second excursion in Sr and Nd isotopic composition
during ~9 ka, coinciding with higher SW monsoon precipitation phase commonly
known as the Holocene Intensified Monsoon Phase (IMP) [Fleitmann et al., 2003;
Herzschuh, 2006; Prell and Kutzbach, 1987]. Based on the mixing diagram (Fig
6.5), this excursion also require enhanced contribution of sediments with more
radiogenic Sr and unradiogenic Nd analogous to that needed to explain the LGM
data. This requirement is intriguing considering that the monsoon trend was
opposite during the two periods; SW monsoon being intense during ~9 ka
whereas, NE monsoon was more pronounced during ~20 ka. More intense SW
monsoon during Holocene IMP would constrain the North-East monsoon current
(Fig. 6.6) and therefore ensuing flow of water from the Bay of Bengal to the
Arabian Sea. In such a case, supply of sediments from the Bay of Bengal to the
Arabian Sea to account for the isotopic excursion at ~9 ka would also be
restricted. Further, as was the case during LGM, peninsular rivers as a major
source also seems unlikely unless their sediment flux during Holocene IMP was
significantly higher and the sediments were transported efficiently to the core site.
Two lines of evidence based on contemporary information indicate that these
requirements may not be fulfilled. These are (i) during Holocene IMP, the sea
level was similar to that at present, therefore, the efficiency of shelf storage of
sediments is expected to be similar to that of today [Siddall et al., 2003] and (ii)
the clay mineralogy of sediment trap samples indicate that sediments from west
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flowing peninsular rivers are by and large retained in the shelf region of the
Arabian Sea [Ramaswamy and Nair, 1989]. The Narmada and Tapi rivers are the
other major suppliers of sediments to the Arabian Sea. The discharge of these
rivers is dictated by SW monsoon and therefore they could transport more
sediment during intensification of SW monsoon. However, these sediments
cannot explain the observed magnitude in isotopic excursion if their isotopic
composition was the same as those measured in this study (Table 6.6); the eng
values of the Narmada and Tapi sediments are about -11.5 and -5.8 respectively,
which are significantly more radiogenic than the values for core SS-3101G at
Holocene IMP (-14).

The Sr and Nd isotopic composition of SS-3101G display variations similar to
those reported for the Indus delta during the past ~14 ka (eng; Fig. 6.4d) [Clift et
al., 2008; Clift et al., 2010] with both of them showing excursions in 8’Sr/**Sr and
eng during ~9 ka. The similarity in the Sr and Nd isotopic composition and their
temporal pattern hints at the possibility of supply of Indus delta sediments to the
SS-3101G core site. The more radiogenic %'Sr/%Sr and lesser eng during ~9 ka in
the core SS-3101G can be explained in terms of enhanced sediment supply
through the Himalayan tributaries of the Indus. This can result from
intensification of SW monsoon precipitation over the Himalaya during this period
[Clift et al., 2008; Clift et al., 2010]. The intensification of SW monsoon during
~9 ka resulted in stronger surface currents in the southeast direction from the
Arabian Sea to the Bay of Bengal (Fig. 6.6). The strengthening of this current
would result in enhanced southeastward transport of water and sediments from the
Arabian Sea to Bay of Bengal. The core SS-3101G lies to the east of Chagos-
Laccadive ridge with the presence of sill adjacent to the core location that can
facilitate transfer of sediments across the ridge by surface currents. Thus, Sr and
Nd isotopic excursions observed during ~9 ka in the core SS-3101G can be a
result of increased sediment supply from the Himalayan sources by the Indus
tributaries. Based on the Nd isotopic data of sediments of the Indus delta, and that
of the Arabian Sea sediments and two endmember mixing calculation, it can be
estimated that during the Holocene IMP, about 15% of sediments at the SS-3101G
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location are derived from the Indus delta. This interpretation, however, rests on
the premise that the sediment flux from the peninsular rivers during ~9 ka was the
same as that at present and that much of the flux is retained in the shelf. If such a
premise is proven to be invalid then the isotopic excursion in SS-3101G during ~9

ka may also result from sediment supply of peninsular rivers.

Such a contribution from Indus at ~9 ka to core SS-3104G can be ruled out on the
basis that presently, the location of the core SS-3104G is dominated by sediments
brought by the Narmada and Tapi River from the Deccan basalts and Vindhyan
ranges [Kolla et al., 1976]. Even during the intensification of SW monsoon during
~9 ka the Deccan contribution at the core site would increase due to more rainfall
on the Western Ghats and the transfer of sediments to the location of core SS-
3104G.

It is clear from the above discussion that in addition to climate, ocean circulation
also plays an important role in sediment dispersal and their deposition as has been
documented in the deposition of Meiji drift in the Pacific Ocean [VanLaningham
et al., 2009].

6.4 Conclusions

Temporal variations in Sr and Nd isotopic composition of silicate component of
two well dated sediment cores from the eastern Arabian Sea have been
determined. Sr and Nd isotopic compositions of sediments from the more northern
core (SS-3104G) display narrow ranges indicating only minor variations in their
source proportion since last ~40 ka. Even the flux of aeolian dust has changed
very little over the eastern Arabian Sea during last ~40 ka remaining almost
consistent during this time. In contrast, the results of the southeastern Arabian Sea
core (SS-3101G) exhibit two excursions in the isotopic composition coinciding
with two major climate change events; LGM and Holocene Intensified Monsoon
Phase (IMP). This correlation suggests significant control of climate/monsoon on
erosion pattern and sedimentation. Sediment supply is controlled by climatic

variability whereas its dispersal is controlled by circulation pattern of the surface
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ocean. The Sr and Nd isotopic excursion at ~20 ka is attributed to enhanced
sediment contribution from the Bay of Bengal resulting from strengthened NE
monsoon which boosts N-S coastal current in the western Bay of Bengal,
transporting water and sediments, the later with higher ®Sr/®*Sr and lower eng. In
contrast, intensified SW monsoon precipitation during ~9 ka enhanced sediment
transfer from the Indus delta to the southeastern Arabian Sea enabling sediment
transfer from the Arabian Sea to Bay of Bengal. This work demonstrates that the
Sr and Nd isotopic composition in the silicate fraction of the Arabian Sea
sediments has the potential to track the variation in the intensity and pattern of the

Indian monsoon system.
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CHAPTER 7

Summary and future perspectives
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The major goals of this thesis were to study the processes related to ocean
circulation, aeolian dust deposition, behaviour of redox sensitive elements and
dispersal of sediments in the northern Indian Ocean, especially the Arabian Sea.
These goals were accomplished by the studying the spatio-temporal variations in
the concentration and isotopic composition of trace elements in the aqueous and
sedimentary reservoirs of the Arabian Sea. Nd concentration and its isotopic
composition (eng) in the water column of the Arabian Sea along with inverse
modelling approach were used to quantify the water masses in the Arabian Sea.
Further, lateral and vertical distribution of the dissolved redox sensitive elements
Re, U and Mo was studied from several vertical profiles within and outside the
zone of intense denitrification in the Arabian Sea. The focus of this work was to
assess the role of suboxic/denitrifying water column of the Arabian Sea in
influencing the water column distribution of these elements. In addition, the
temporal evolution of *8’0s/*®0s of the Arabian seawater was studied to assess
the impact of paleo-weathering and ocean circulation in influencing the Os
isotopic inventory of the Arabian Sea on a glacial-interglacial timescale. Efforts
were also made to use the Sr-Nd isotopic composition of silicate fraction of
sediments from the south-eastern Arabian Sea to reconstruct temporal variation in
their provenances, and their controlling factors. The major outcomes of this thesis

have been summarized in the following section.

7.1 Nd and eng Of waters from Arabian Sea: quantification of water masses
and estimation of dust flux using inverse model approach

The distribution of dissolved Nd concentration and its eng in the waters of the
Arabian Sea exhibit significant lateral and vertical variations. In the Arabian Sea,
at ~14.5°N, the vertical profile of Nd isotopic composition shows radiogenic
values of -7 to -10. Similar eng Values were observed at ~10°N. Contrary to this,
the eng Of the waters from southern station 0805 (in the periphery of Bay of
Bengal), are quite non-radiogenic. This suggests a significant contribution of Nd
from Bay of Bengal indicating the inter-basin exchange of water between the

Arabian Sea and Bay of Bengal at the south-eastern periphery.
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Inverse model calculation of Nd concentration, eng, Salinity and temperature data
of the waters of the Arabian Sea suggest transport of low salinity waters from the
Bay of Bengal to the Arabian Sea during the sampling period. The Intermediate
waters in the Arabian Sea are significantly composed of NIIW and NIDW. The
contribution of NIIW is more significant in the Arabian Sea north of 10°N, while
the existence of NIDW is more representative of intermediate waters in the
Arabian Sea at around 8°N. The deeper waters in the Arabian Sea, MNADW and
AABW both show a transport from north to south in the Arabian Sea waters,
suggesting a more northward progression of these water masses in the Arabian
Sea after their entry in the basin from the Somali basin. The return of these deeper
water masses towards the south in the Arabian Sea takes place along the western
flange of the Chagos-Laccadive ridge. The presence of Chagos-Laccadive ridge
significantly reduces the flow of deeper water masses (MNADW and AABW)
from the Arabian Sea to the Bay of Bengal.

The Ndexcess (Nd content of water other than that from the mixing of water masses)
in the Arabian Sea computed from the inverse modelling shows significant
additional input of Nd to the surface waters at the location of stations 0802 and
0803 in the Arabian Sea. The gng Of this Ndexcess SUpply was obtained to be around
-6 at stations 0802, similar to that of the dust depositing over the Arabian Sea.
This inference highlights the significance of dust deposition from the nearby
landmass in modifying the Nd content and isotopic composition of surface waters
of the Arabian Sea. Based upon Ndexcess Signature in surface waters of the Arabian
Sea, the dust deposition flux in this oceanic basin was estimated to be 8 + 2 g m™
y'*. Nd distribution in the water column of station 0805 is affected by release from

sinking particles of the Bay of Bengal origin.

7.2 Distribution of Re, U and Mo in the Arabian Sea

The concentration of redox sensitive elements was measured in the water columns
of the Arabian Sea. The dissolved Re, U and Mo concentrations from the oxic and
suboxic layers of the Arabian Sea show that these elements behave conservatively

in the water column. The findings of this study suggest that there is no discernable
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removal of Re, U or Mo from the suboxic and denitrifying layers of the Arabian
Sea. Rather, the distribution of Re, U and Mo in the waters of the Arabian Sea
show a dominant control of salinity. The concentrations of Re, U and Mo in the
water column of the Arabian Sea vary as a function of salinity. Comparison of the
concentrations of Re, U and Mo in the water column of the Arabian Sea with data
from other oceanic regions shows that they overlap with each other for the same
salinity. This suggests that the distribution of Re, U and Mo behave
conservatively in the water columns of the Arabian Sea, even in the oxygen
minimum zone. The similarity of dissolved Re, U and Mo concentrations in the
water column of Arabian Sea (with high biogenic debris through the water
column) and the Bay of Bengal (with high detrital flux through the water column)
suggest that even the high flux and/or nature of particles do not affect the
distribution of these elements. The salinity-concentration link further supports that
the distribution of these elements is governed by the physical processes of
advection and mixing between water masses and evaporation and not by

biogeochemical processes related to denitrification operating in the water column.

7.3 Temporal evolution of ®’0s/*®0s of the Arabian seawater

The Os isotopic composition of Arabian seawater over the past shows a
correlation with the climate. The ¥’0s/*®0s of the Arabian seawater is similar to
that of the global oceans since last 30 ka except during the LGM. The *¥’0s/*®80s
of the Arabian seawater decouples from other oceanic records during LGM,
experiencing an excursion towards higher values. Further, the Re content of the
sediments as well as the Os concentration of the leachable fraction of the
sediments was also higher during the LGM. The observed increase in Re and Os
contents during the LGM are due to anoxic/suboxic conditions in the deeper
waters of the Arabian Sea basin during that time. As the productivity in the
Arabian Sea was lower during the LGM, the anoxic/suboxic conditions were
caused by the decrease in the oxygen content of the deep water. This was due to
the reduced transport of bottom water, North Atlantic Deep Water (NADW) into
the Arabian Sea.
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7.4 Temporal variation in ¥Sr/®®Sr and eng of the sediments of eastern
Arabian Sea

As a part of this thesis work, sediments from two well dated cores from the
eastern Arabian Sea have been analyzed to study their Sr and Nd isotopic
compositions in silicate phases. Sr and Nd isotopic compositions of sediments
from the more northern core (SS-3104G; 12.8°N, 71.7°E) display narrow ranges
indicating only minor variations in their source proportion since last ~40 ka. Even
the flux of aeolian dust has changed very little over the eastern Arabian Sea for
the last ~40 ka. In contrast, the results on the Sr and Nd isotopic composition in
the south-eastern Arabian Sea core (SS-3101G; 6.0°N, 74.0°E) exhibit two
excursions in these isotopic composition coinciding with two major climate
change events; the LGM and the Holocene Intensified Monsoon Phase (IMP).
This correlation suggests significant control of climate/monsoon on erosion
pattern and deposition of sediments in the Arabian Sea. Sediment supply to the
ocean is controlled by climatic variability whereas its dispersal is controlled by

circulation pattern of the surface ocean.

The Sr and Nd isotopic excursion at ~20 ka has been linked to enhanced sediment
contribution from the Bay of Bengal resulting from strengthened NE monsoon.
This resulted in strengthening of N-S coastal current in the western Bay of
Bengal, transporting water and sediments, the later with higher ®’Sr/**Sr and lower
eng from Bay of Bengal to the Arabian Sea. In contrast, intensified SW monsoon
precipitation during ~9 ka enhanced sediment transfer from the Indus delta to the
southeastern Arabian Sea enabling sediment transfer from the Arabian Sea to Bay
of Bengal. The Sr and Nd isotopic variations in the sediments from the Arabian
Sea and their association with the climatic changes demonstrate that the Sr and Nd
isotopic composition of these sediments have the potential to track the variation in

the intensity and pattern of the Indian monsoon system.

7.5 Future Perspectives
Studies carried out towards this thesis have addressed the issues related to ocean

circulation, aeolian dust deposition, behaviour of redox sensitive trace elements
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and, Os isotope evolution and dispersal and deposition of sediments in the
Arabian Sea. Results of this thesis indicate few interesting scientific problems
which need to be addressed in future. These have been listed as follows:

(i) In this thesis, the Nd concentration and its isotopic composition were analyzed
in the water columns of the eastern Arabian Sea. Very little information is
available regarding the Nd budget in the western Arabian Sea. A detail study of
Nd concentration and its isotope composition in water column of the western and
central Arabian Sea will be required to study the pathways of deep and bottom
water (NADW and AABW) in the Arabian Sea.

(ii) The Re, U and Mo distribution in the water column of the Arabian Sea shows
a conservative nature with no removal from the intermediate suboxic layers.
However, the sediments of the Arabian Sea are found to be enriched in these
elements. Further investigations on the pore water abundances of Re, U and Mo
are required to better understand and characterize the mechanism of their removal
from waters to the sediments of the Arabian Sea. A large area on the western shelf
of India develops an intense seasonal hypoxia with the presence of H,S [Naqvi et
al., 2000]. In this region, presence of H,S in the water column has been detected.
Behavior of redox sensitive elements needs to be characterized in such regions of
the Arabian Sea.

(iii) This study displays the conservative nature of Mo in the OMZ of the Arabian
Sea despite the fact that it acts as a metal cofactor in marine biological cycles. It
could be due to high concentration of Mo in seawater. Mo isotopes should be

studied in the OMZ of the Arabian Sea to understand its internal cycling.

(iv) The Sr and Nd isotopic composition of sediments from the core SS-3101G in
the south-eastern Arabian Sea show significant provenance changes during the
LGM and the Holocene IMP, confirming an erosion-climate link over a millennial
timescale. As the majority of detrital material/sediments are carried to the ocean

by rivers; it is logical to expect a similar change in provenance of sediments in
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river basins draining multi-lithological terrains. Further investigations on the
temporal variations in the Sr and Nd isotopic compositions of river sediments
would provide insights of the changes in provenance of riverine sediments. Thus,
in future, it will be interesting to employ Sr and Nd isotopes to reconstruct the
past changes in provenances of river sediments, particularly that of the Ganga,

Brahmaputra, Indus and the Godavari Rivers close to their mouths.
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The concentrations of redox sensitive elements rhenium, uranium and molybdenum have been measured in
the suboxic water column of the Arabian Sea to determine their response (behavior) to intense oxygen min-
ima and denitrifying conditions in the water column. North of 12°N, within the core of the intense oxygen
minimum zone (OMZ) of the Arabian Sea, the dissolved oxygen levels drop to values as low as <5 uM accom-
panied by the presence of secondary nitrite maxima (SNM) indicating the occurrence of denitrification in the
water column. The distributions of Re, U and Mo in the Arabian Sea show that their dissolved concentrations

Editor: ].D. Blum ! . e . . ‘ : . -
in the suboxic layer are indistinguishable from those in the overlying and underlying oxic waters suggesting

Keywords: that there is no discernible removal of these elements from the suboxic denitrifying layers. In contrast, the
Re lateral and vertical distribution of dissolved Re, U and Mo concentrations vary as a function of salinity sug-
U gesting their conservative behavior. The salinity normalized (35) Re, U and Mo concentrations in the Arabian
Mo Sea are 40 pmol/kg, 13.8 nmol/kg and 114 nmol/kg respectively. These concentrations are nearly identical to
Arabian Sea their abundances in the Bay of Bengal, a basin adjacent to the Arabian Sea characterized by high freshwater
2;2‘;;‘22;20" influx and fluvial sediments. The similarity in concentration suggests that the large variability in the biogenic

and detrital particulate fluxes and the suboxic/denitrifying conditions between these two oceanic regions do
not affect the concentrations of Re, U and Mo and that the prevailing biogeochemical conditions in these re-

gions are inadequate for their removal from the water column.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Re, U and Mo constitute a suite of redox sensitive trace elements
that have found applications to investigate paleo-redox conditions
of the ocean and determine chronology of marine deposits (Sarkar
et al., 1993; Crusius et al., 1999; Henderson et al., 2001; Morford
et al., 2001; Nameroff et al., 2002, 2004; Kendall et al., 2009). In addi-
tion, Mo is associated with marine biological processes (Morel and
Price, 2003). The growing interest on the applications of these ele-
ments as paleo-redox indicators would be better served through a
more detailed understanding of their marine geochemistry that in-
cludes their sources, sinks and internal cycling in the ocean. Re, U
and Mo are enriched in sediments rich in organic carbon (Borole
et al, 1982; Sarkar et al., 1993; Morford and Emerson, 1999;
Morford et al., 2005; McManus et al., 2006; Pattan and Pearce,
2009), suggesting that productivity and/or organic carbon burial
may have a role in their removal from seawater.

The distribution of Re, U and Mo in well oxygenated oceanic re-
gions shows conservative behavior (Ku et al., 1977; Collier, 1985;
Anbar et al., 1992; Sohrin et al., 1999; Singh et al., 2011). In these
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oceanic regions, Re, U and Mo occur in their higher oxidation states
as oxyanions, ReV"'05, UY'0,(C0O5)3~ and Mo"'07~ respectively.
The high stability and unreactive nature of these oxyanions is
reflected in their long oceanic residence times, of the order of ~10°-
10®y (Bruland and Lohan, 2003). Under reducing conditions the oxi-
dation states of these elements become Re!, U" and MoV, making
them particle reactive and susceptible for removal from dissolved to
particle phases. Such reducing conditions are met in oceanic regions
where the demand for oxygen for combustion of organic matter and
respiration is not fulfilled. There have been only limited studies on
the distribution of these redox sensitive elements in suboxic/reducing
ocean water column to investigate their potential removal from
seawater.

In this context, earlier studies of Re, U and Mo in anoxic/suboxic
basins have highlighted the role of their diffusion from overlying sea-
water to pore waters to facilitate their removal followed by their up-
take at the oxic-anoxic boundary (Anderson et al., 1989; Emerson
and Huested, 1991; Klinkhammer and Palmer, 1991; Colodner et al.,
1995; Crusius et al., 1996; Nameroff et al., 2002). More recent study
(Vorlicek and Helz, 2002) however has shown that the presence of
mineral surfaces catalyzes the reduction of redox sensitive elements
into particle reactive species, thus making their removal from sea-
water more efficient. For example, Re, U and Mo measurements in
the Black Sea have demonstrated their removal from seawater in
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Fig. 1. Location of sampling stations in the Arabian Sea. The shaded region in the center of the Arabian Sea is the intense Oxygen minimum zone (OMZ). The stations 0702, 0703,
0704, 0705, 0706, 0707 and 0708 were occupied during the SS-256 cruise (Dec, 2007) and the three stations 0802, 0803 and 0805 were sampled during the cruise SS-259

(Nov, 2008). The station ER6 was occupied during KH-09-5 cruise (Dec, 2009).

the euxinic deeper waters; the mechanism of their removal, however
still remains to be fully understood (Anderson et al., 1989; Colodner
et al., 1995). In contrast to investigations of Re, U and Mo in sedi-
ments, there are only limited studies on their behavior in suboxic/
anoxic water column. Investigation on the distribution of U in the
Cariaco trench doesn't indicate any detectable removal from the sub-
oxic/reducing water column (Anderson, 1987); in contrast, its distri-
bution in the Arabian Sea water column has hinted toward its
possible removal from the oxygen minimum zone (OMZ; Rengarajan
et al., 2003). A recent study (Helz et al., 2011) indicated the removal
of Mo from the waters of euxinic basins under specific combination
of H,S concentration and pH in presence of reactive Fe. Such studies
on the distribution of these redox sensitive elements in the suboxic/
anoxic water column are important to address issues pertaining to
their potential removal from water column to sediments.

The goal of the present study is to investigate the impact of the pe-
rennial OMZ and denitrification present in the water column of the
Arabian Sea on the distribution of dissolved Re, U and Mo. The sub-
oxic conditions of the Arabian Sea have been found to influence Mn
and Fe cycling in the water column (Saager et al., 1989). Vertical pro-
files of Mn in the Arabian Sea, within the core of denitrification zone,
show maxima in its concentration coinciding with the secondary ni-
trite maxima (Lewis and Luther, 2000). Similarly, significant enrich-
ment of dissolved Fe was reported in the depth range of 200-400 m
relative to overlying and underlying waters, with up to 50% of

Table 1
Details of the sampling stations.

Cruise Month, year Station Lat (°N) Long(°E) Research vessel
SS-256 Dec, 2007 0702 17.27 7244 Sagar Sampada
SS-256 Dec, 2007 0703 18.00 72.00 Sagar Sampada
SS-256 Dec, 2007 0704 18.00 70.64 Sagar Sampada
SS-256 Dec, 2007 0705 18.00 68.50 Sagar Sampada
SS-256 Dec, 2007 0706 16.50 66.50 Sagar Sampada
SS-256 Dec, 2007 0707 15.00 68.49 Sagar Sampada
SS-256 Dec, 2007 0708 15.00 70.49 Sagar Sampada
SS-259 Nov, 2008 0802 1442 69.42 Sagar Sampada
SS-259 Nov, 2008 0803 10.12 71.86 Sagar Sampada
SS-259 Nov, 2008 0805 6.01 77.48 Sagar Sampada
KH-09-5 Dec, 2009 ERG 14.00 69.00 Hakuho-Maru

dissolved Fe present as Fe". The maxima of Fe enrichment was also
found to coincide with the secondary nitrite maxima (Moffett et al.,
2007). These studies demonstrate the role of suboxic layers of the
Arabian Sea in determining the mobilization of redox sensitive ele-
ments, Fe and Mn. This raises the question of whether the distribution
of the dissolved concentration of redox sensitive elements, Re, U and
Mo are also impacted by the denitrifying layer of the Arabian Sea. The

Table 2a
Replicate analysis of Re concentration.

Station Depth (m) Re (pmol/kg)
0802 5 42.6
5R 423
1500 40.7
1500R 40.0
0803 2400 404
2400R 40.0
0805 5 36.6
5R 36.8
120 39.7
120R 39.8
750 40.1
750R 40.0
1100 39.6
1100R 39.7
1250 389
1250R 399
0708 663 41.0
663R 40.6
2200 404
2000R 40.7
0707 5 41.0
5R 41.7
2000 39.1
2000R 38.7
0706 250 413
250R 40.0
2100 389
2100R 40.0
0705 700 41.3
700R 40.1
0703 5 413
5R 419
ER6 3000 39.0
3000R 392




258 V. Goswami et al. / Chemical Geology 291 (2012) 256-268

Table 2b Table 4
Replicate analysis of U and Mo concentrations. Salinity, temperature, DO, NO5 and Re, U and Mo concentration in the profiles from the
Arabian Sea.
Station Depth (m) U (nmol/kg) Mo (nmol/kg)
Depth(m) Salinity Temp O, NO; Re u Mo
0802 ® I e () (M) (uM) (pmol/kg) (nmol/kg) (nmol/ke)
1000 13.8 113 0802 (14.42°N, 69.42°E)
1000R 14.0 111 5 36.7 289 2090 0.1 426 145 117
4040 13.8 111 65 36.5 263 1710 05 423 146 117
4040R 13.7 111 120 35.8 200 129 04 416 142 116
0803 5 14.0 113 230 35.7 146 89 33 417 14.1 114
5R 13.9 114 330 355 127 43 03 408 14.0 113
1200 13.8 112 400 355 123 52 01 407 14.2 111
1200R 13.8 113 500 355 117 83 04 412 14.0 113
2200 13.8 112 550 355 114 46 04 409 14.0 112
2200R 13.7 110 600 355 110 63 09 408 14.0 113
0805 5 12.9 103 700 355 103 64 09 407 139 115
5R 12.7 103 800 354 96 7.1 16 409 13.9 112
2250 13.9 111 900 353 88 103 00 404 14.0 111
2250R 13.6 110 1000 353 80 165 00 410 13.8 113
0708 1400 13.8 114 1500 35.0 5.1 516 01 407 139 111
1400R 13.8 111 2100 348 27 1091 00  40.1 13.7 111
0707 2000 13.7 112 2700 348 1.8 1394 00 396 13.8 111
2000R 13.7 111 3000 347 16 1473 00 399 13.7 111
0706 5 14.3 115 3600 34.7 14 1545 00 400 13.8 110
5R 143 116 3900 347 14 1459 00 400 13.7 112
0705 5 14.8 119 4040 349 14 1489 00 404 13.8 111
5R 14.7 118
0704 5 14.2 114 0803 (10.12°N, 71.86°)
5R 143 113 5 355 289 2023 00 406 14.0 113
ER6 4140 13.8 113 35 36.4 288 2016 00 420 143 115
4140R 13.9 114 75 359 239 538 02 414 14.1 114
130 35.1 164 - 00 403 138 112
210 35.2 133 366 00 407 13.9 113
300 35.2 121 273 00 411 139 112
work carried out in the present study addresses this question. In ad- 360 352 1.5 335 00 409 13.9 114
dition, while this work was in progress, the distributions of Re, U 465 353 109 203 00 412 140 m
. 600 35.2 103 171 00 408 13.8 112
and Mo were reported frpm the waters of the Bay of Bengal (Singh 700 350 04 195 00 403 140 113
et al., 2011), another basin in the northern Indian Ocean character- 800 352 8.7 245 00 411 14.0 113
ized by high river water and particulate flux. The results of the pre- 900 352 84 258 00 411 139 11
sent study are compared with the Bay of Bengal data to learn about 1000 351 77 344 00 411 1338 12
the relative behavior of these elements in the two basins, both with ﬁgg gg'g g'g gjj g'g ig'g 3'2 H;
high particulate flux, one with high biogenic flux (Arabian Sea) and 1600 349 42 851 00 - 138 111
the other with high detrital flux (Bay of Bengal). 1800 34.8 33 1019 00 402 13.7 111
2000 34.8 26 1273 00 - 13.8 113
2200 348 22 1298 00 399 138 112
2. Study area 2400 348 19 1445 00 404 13.8 111
0805 (6.01°N, 77.48°E)

The Arabian Sea is a unique oceanic basin surrounded by conti- 5 324 201 2116 00 366 12.9 103
nental landmass on its west, east and northern boundaries and con- 60 353 280 1878 03  40.1 14.0 113
nected to the Indian Ocean to the south. The Arabian Sea is one of 120 350 218 499 00 397 139 111
he highly productive ocean basins; the productivity resulting from 200 3.0 14120100396 140 115
the highly p ’ p ty & 300 349 116 196 00 398 138 113
monsoonal upwelling brought about by seasonally reversing winds. 400 35.1 107 284 00 395 13.9 113
The high productivity causes continuous rain of biogenic material 490 35.1 102 259 00 400 13.8 111
through the water column. These debris during their transit are sub- 580 350 94 241 00 390 139 113
ject to combustion by dissolved oxygen in the water column, result- 650 348 90 - 00~ 396 137 114
. . . o r . . . 750 35.0 84 343 00 401 14.0 114
ing in the formation of suboxic denitrifying layer at intermediate 845 350 78 348 00 394 138 112

890 35.0 77 389 00 397 13.9 113
1000 35.0 69 455 00 401 13.7 115
1100 349 60 527 00 396 13.7 112
Table 3
Re. U and Mo in SAFe water. 1250 349 56 651 00 389 139 112
' 1450 349 46 810 00 388 13.7 113
SAFe water sample  Salinity =~ Re (pmol/kg) U (nmol/kg) Mo (nmol/kg) 1650 349 3.8 968 00 390 137 112
1850 34.8 3.1 1151 00 389 13.7 113
D1-242 3440 391 137 108 2050 348 26 1282 00 392 13.7 111
D2-142 3440 399 138 112 2250 348 23 1332 00 391 13.9 111
S-107 34.90 394 14.0 111
GD-31 34.98 40.6 139 113 0708 (15.00°N, 7049°)
GS-149 3665 407 146 116 6 360 281 2018 00 413 14.1 116
D1-242R 3440 390 - - 67 363 262 1468 03 409 143 118
GS-149R 3665 407 - - 168 355 159 114 19 - - -
SAFe (sampling and analysis of Fe) samples are the seawater samples provided by Prof. 200 353 149 45 0.0 403 13.9 114
Kenneth Bruland, University of California, Santa Cruz. 350 355 126 7.7 0.0 403 139 115
The salinity values given above were measured for profiles nearby the SAFe water 500 354 1.6 101 00 41.0 13.8 114

samples collected at the same time. 663 355 109 73 00 410 14.1 115




(continued on next page)

V. Goswami et al. / Chemical Geology 291 (2012) 256-268 259
Table 4 (continued) Table 4 (continued)
Depth(m) Salinity Temp O, NO2 Re U Mo Depth(m) Salinity Temp O NO; Re U Mo
(°C) (M) (uM) (pmol/kg) (nmol/kg) (nmol/kg) (°C) (uM) (uM) (pmol/kg) (nmol/kg) (nmol/kg)
800 354 98 232 00 404 14.0 115 2000 34.8 30 1030 00 393 13.8 111
1000 353 84 116 00 404 14.0 114 2500 34.8 20 1326 00 396 13.9 114
1400 35.1 59 438 00 409 13.8 114 3000 347 16 1513 00 390 - -
1800 349 37 826 00 405 13.7 111 3500 347 14 1580 00 387 13.9 114
2000 34.8 30 977 00 404 - 112 4000 34.7 14 1467 00 392 13.8 113
2200 34.8 25 1097 00 404 13.7 111 4140 347 14 1459 00 388 13.8 113
0707 (15.00°N, 68.49°E) -+ not measured.
5 36.2 277 1955 00 410 14.1 118
70 36.4 272 1849 02 423 143 117 ) _ )
220 35.7 149 51 41 408 139 113 depths, typically 200-1000 m (Naqvi, 1994; Bange et al., 2005). Deni-
380 356 124 53 05 403 141 114 trification process is a perennial feature of the Arabian Sea water col-
500 355 117 66 - 41.2 14.1 114 umn (Fig. 1). In these suboxic layers, occurrence of dissolved H,S has
550 355 114 114 10 409 14.0 111 tb b d thoueh th £ sulfid tal
600 355 110 114 00 410 140 115 not been observed, thoug e presence of sulfides as metal com-
900 354 3.8 140 00 410 14.0 115 plexes has been reported (Theberge et al., 1997). Further, measurable
1200 352 68 317 00 406 13.9 113 sea-air fluxes of methane from the upper layers of the Arabian Sea
1600 350 46 643 00 404 13.8 111 have been explained in terms of reducing micro environments
2000 348 30 1018 00 391 137 12 (Owens et al., 1991; Lal et al., 1996). In addition to suboxic conditions
0706 (16.50°N, 66.50°N) at mtermedla.te waters, the Arabian Sea is el2 regl]on of high particle
5 36.3 263 1776 04 414 143 115 flux through its water column (25-50 g m~“y~ '; Ramaswamy and
110 36.0 213 44 01 413 144 116 Nair, 1994). These features make Arabian Sea a suitable basin to
250 359 152 60 48 413 14.0 114 study the behavior of redox sensitive elements such as Re, U and
380 357 129204 00 409 142 115 Mo in the water column. In contrast to the water column, signa-
520 356 118 102 00 407 142 114 watl 1. : w 0 » S1gNe
600 355 112 32 01 406 _ _ tures of reducing (anoxic) environment are more wide spread in
700 355 10.7 104 00 408 13.9 115 the Arabian Sea sediments. For example, the high abundances of or-
800 355 99 48 00 405 14.0 112 ganic matter, authigenic uranium in the margin and shelf sediments
1000 353 82 16200 395 138 110 of the Arabian Sea has been attributed to presence of reducing envi-
1400 35.1 59 382 00 391 139 111
1800 349 37 732 00 389 138 112 ronments (Borole et al., 1982). o _
2100 34.9 238 954 00 389 13.7 113 The Indus River is the largest river flowing into Arabian Sea, sup-
plying 9x 1031 of water and 400 million tons of sediments to the
0705 (18.00°N, 68.50°E) Arabian Sea annually, though in recent decades, its flow has been re-
> 36.7 2702009 01 426 148 119 stricted considerably due to construction of dams (Garzanti et al
190 35.8 158 54 65 411 14.4 116 o y 5 . ‘ e
340 355 129 65 01 406 14.4 116 2005). In addition, there are several medium and minor rivers drain-
530 35.6 118 87 00 410 14.8 117 ing into the Arabian Sea; the Narmada, Tapi, Mahi and several rivers
700 356 109 98 01 413 143 115 flowing through the Western Ghats of India. Altogether these rivers
800 3510176 01 410 144 117 supply ~8x 10" 1 of water and ~100 million tons of sediments annu-
1000 353 86 119 01 403 14.6 117 Ilv. Also. being in th imitv of Asian land ith wid d
1800 35.0 38 1021 03 396 142 116 ally. Also, being in the prox1m1tyq sian landmass with wi esprea
2100 3438 27 988 00 400 14.1 114 deserts, aeolian transport of dust is also a significant source of sedi-
2250 348 24 1151 00 401 144 117 ments to the Arabian Sea; contributing ~100 million tons of sedi-
ments (Goldberg and Griffin, 1970; Kolla et al., 1976; Sirocko and
0704 (18.00°N, 70.64°E) Sarnthein, 1989; Ramaswamy and Nair, 1994)
5 35.6 277 2074 00 407 14.2 114 v 20T vamy an ’ i . .
180 356 177 163 52 407 142 116 The Arabian Sea exhibits distinct lateral salinity gradients in the
325 35.7 140 109 43 408 14.1 114 upper 1000 m (Wyrtki, 1971, 1973) due to marked differences in
400 35.7 131 98 21 414 14.1 115 the rate of evaporation over precipitation and the influx of less saline
250 356 12322 - 413 14.1 114 waters from the Bay of Bengal through its southeastern corner. In ad-
800 355 100 163 02 409 13.9 114 . ; . . -
dition, the Persian Gulf and the Red Sea contribute high salinity wa-
0703 (18.00°N, 72.00°E) ters to the Arabian Sea at depths of about 200 m and 500 m
5 355 283 1911 00 413 14.0 114
55 36.3 285 1835 01 - 14.4 117 30 -
85 355 234 271 00 - 14.2 115 — / , 0802
) 0805
< 25
0702 (17.27°N, 77.44°E) P =
2 35.1 - 2096 00 402 14.0 113 5 i %
e 27
ER6 (14.00°N, 69.00°E) € 5l
10 36.3 285 1990 01 423 143 117 g %
25 36.7 287 1991 0.1 421 14,5 119 @ -
50 36.6 283 1913 04 421 14.4 117 5
60 36.6 281 1857 07 417 14.4 117 g .
100 36.0 223 220 01 409 143 118 i) -
150 35.8 183 39 139 412 14.1 116 g 5 & &
200 35.7 158 25 79 408 14.1 115 42 2 " a5 5 a7
250 355 134 25 73 397 139 116 .
400 355 123 28 00 404 14.1 115 Salinity
600 355 111 51 00 403 14.1 113 . ) ) . N
300 354 95 9.7 0.0 39.1 141 114 Fig. 2. Rgpresentatlve 6-S (potential temperature vs. sahm-ty) plots for the thtlons in
1250 35.1 6.4 370 00 39.3 13.7 11 the Arabian Sea. The 0, contours are also shown along with the characteristic water

masses in the Arabian Sea. The plot for the station 0805 shows a lower salinity for
the surface waters. This is due to entrance of low salinity waters from the Bay of Bengal.
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respectively. Thus, the upper 1000 m water column of the Arabian Sea
is composed of three characteristic water masses, the Arabian Sea
High Salinity Water (ASHSW), the Persian Gulf Water (PGW) and
the Red Sea Water (RSW) (Rochford, 1964; Wyrtki, 1973; Shenoi
et al., 1993; Kumar and Li, 1996).

3. Methods

Seawater samples were collected during three cruises in the
Arabian Sea; SS-256 (Dec, 2007) and SS-259 (Nov, 2008) onboard

1000 1

Depth [m]

1000 |

2000

Depth [m]

3000

4000

6°N

2000

Depth [m]

3000

4000

6°N 8°N 10°N

12°N

FORV Sagar Sampada and GEOTRACES oceanographic expedition
KH-09-5 (Dec, 2009) onboard R/V Hakuho Maru of the Japan Agency
of Marine Science and Technology (JAMSTEC). The sampling locations
are shown in Fig. 1 and the details of the sampling stations are given
in Table 1. Water samples were collected using 12 | Niskin bottles on
12 position CTD rosette array (on SS-256 and SS-259) or a 24 position
CTD rosette array (on KH-09-5). The seabird CTD was used in all of
the oceanographic expeditions to measure conductivity, temperature
and depth. On the KH-09-5 cruise, a clean CTD system was used
which consisted of titanium hydrographic wire. After collection,
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Fig. 3. Latitudinal variation in (a) temperature (°C), (b) salinity, (c) dissolved oxygen (uM), (d) nitrite (M), (e) Re (pmol/kg), (f) U (nmol/kg) and (g) Mo (nmol/kg) in the Arabian

Sea. All the plots were made using the ocean data view (ODV) program (Schlitzer, 2010).
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Fig. 3 (continued).

water samples for trace element analysis were further sub-sampled
into clean 2 I carboys on SS-256 and SS-259 cruises and filtered in on-
board clean lab through 0.45 pm Millipore cellulose filter. In the KH-
09-5 cruise, the water samples were filtered through 0.2 pm Acropak
cartridge filters in a HEPA filtered clean air chamber. Filtered seawa-
ter samples were stored in precleaned (by soaking in 2 N HCI for sev-
eral days and cleaning profusely with MilliQ water) polypropylene
bottles. The samples were acidified to pH~2 using ultrapure quartz
distilled HCL.

For Re measurements, a known weight of seawater (typically
~50 g) was spiked with a known amount of '®°Re enriched (94.5%)
tracer and stored at room temperature for at least 24 h for sample-
spike equilibration. Subsequently, the spiked samples were dried at
80 °C and digested with a few drops of quartz distilled HNOs. The
Re was extracted and purified from the residue by ion exchange sep-
aration methods (Trivedi et al., 1999; Dalai et al., 2002; Rahaman and
Singh, 2010). The purified Re was redissolved in 5 ml 0.4 N HNOs. The
Re concentration in the acid solutions was determined by measuring
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4000

6°N 8N 10°N

their '8Re/!'®"Re ratio on Thermo X-Series Il Q-ICP-MS facility at PRL.
Instrumental mass fractionation correction was done by measuring
Re standard of natural composition frequently. The sample counts
were generally in excess of several thousand cps for both '®Re and

187Re, compared to 10 cps for the background.

U and Mo concentrations were also measured by isotope dilution
inductively coupled plasma mass spectrometry. For these measure-
ments, about 0.25 g of precisely weighed sample was mixed with pre-
cisely known weights of 2*5U (99.97%) and '°°Mo (95.9%) enriched
spikes. The sample spike mixture was allowed to equilibrate and di-
luted ~30 times using 0.4N HNOs3 (Klinkhammer and Palmer,
1991). The 23°U/?38U and '°°Mo/*®Mo ratios were determined on
the diluted samples. The sample counts were greater than 4000 for
98Mo and greater than 15,000 for '®°Mo, 23U and 228U. The back-
ground counts monitored during the runs were a few orders of mag-
nitude lower than those for ®Mo, '°°Mo, 23°U and #3®U.

Total procedural blank levels were also measured for all the three
elements. The average blank based on eight independent measure-
ments was found to be 5+ 2 pg for Re; 0.8+ 0.2 pg for U and 100 +
20 pg for Mo. As these blanks were much lower than the sample
levels, no corrections for blanks were made. Several samples were
measured in replicates to determine the analytical precision; the re-
sults of these analyses are given in Tables 2a and 2b. Analytical preci-
sion (CV%), determined based on the replicate analyses are ~1%, 0.6%
and 0.8% for Re, U and Mo measurements respectively.

Along with the samples, a few SAFe (Sampling and Analysis of Fe)
samples were also analyzed for Re, U and Mo. Their salinity normal-
ized concentrations are similar to their open ocean values (Table 3;
Collier, 1985; Chen et al., 1986; Anbar et al., 1992; Colodner et al.,
1993; Singh et al., 2011).

Salinity, dissolved oxygen (DO) and nitrite concentration of the
samples were measured onboard on all three expeditions. Salinity
was determined by measuring the conductivity of the samples using
a salinometer. Dissolved oxygen was measured by the Winkler's titra-
tion method and the nitrite content using an autoanalyzer. The salin-
ity, DO and nitrite data are given in Table 4 along with the other
measured parameters.

4. Results
4.1. General observations
Fig. 2 shows two typical 6-S (potential temperature vs. salinity)

plots from the stations investigated in the present study. The ASHSW
is found in all the stations excluding the station lying in the southern
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Fig. 3 (continued).

Arabian Sea in proximity of the western edge of the Bay of Bengal (sta-
tion 0805). The water masses PGW and RSW are also shown.

The temperature profile in the Arabian Sea shows well stratified
layers with higher temperatures (25-30 °C) at the surface (Fig. 3a).
The salinity in the Arabian Sea shows higher values (35-37) in the
surface and sub-surface waters which are prominent north of 10 °N
(Fig. 3b). Near the southernmost station at ~6 °N, the surface water
salinity is much lower. The depth of penetration of high salinity wa-
ters is more toward the north (Fig. 3b).

North of 12 °N, dissolved oxygen shows a very prominent mini-
mum between 100 and 1200 m (Fig. 3¢). The high surface productiv-
ity coupled with restricted ventilation contributes to extreme
depletion of dissolved oxygen in these waters. This, as mentioned ear-
lier, creates widespread oxygen minimum zone (OMZ) with active
water column denitrification (Naqvi, 1994; Bange et al., 2005), as evi-
denced from secondary nitrite maxima (SNM) in the upper 500 m of
water column (Fig. 3d). The redox conditions prevailing in the inter-
mediate waters of Arabian Sea significantly influence the vertical dis-
tribution of suite of trace elements especially Fe and Mn (Saager,
1994; Lewis and Luther, 2000; Moffett et al., 2007).

4.2. Re, U and Mo distributions

The Re, U and Mo concentrations of the samples along with the sa-
linity, dissolved oxygen and nitrite concentration are listed in Table 4
and presented in Fig. 4. The Re, U and Mo concentrations vary from 37
to 43 pmol/kg, 12.9 to 14.8 nmol/kg and 103 to 119 nmol/kg respec-
tively, covering a salinity range from 32.4 to 36.7 and a wide range
of dissolved oxygen levels from 2.2 uM to 212 puM. Most of the stations
sampled experience active water column denitrification (Fig. 1), the
exceptions being stations 0803, 0805 and the shallow stations 0702
and 0703. The Re, U and Mo concentrations in four nearby profiles viz.
0802, 0708, 0707 and ER6 (within 4-1° latitude and longitude) are
quite similar overlapping within analytical uncertainties (Table 4,
Fig. 4). The observation that the concentrations of Re, U and Mo are
nearly identical in samples collected by conventional sampling system
and clean sampling technique onboard KH-09-5 (station ER6) suggests
that for these elements conventional sampling system does not intro-
duce discernible contamination during sampling.

The distribution of Re, U and Mo (Fig. 3e-g) shows a correlation
with salinity (Fig. 3b), rather than with the dissolved oxygen (Fig. 3c)
in the Arabian Sea. The common feature shared by salinity and Re, U
and Mo concentrations is an increase toward higher latitudes in the
Arabian Sea.



V. Goswami et al. / Chemical Geology 291 (2012) 256-268 263
DO (uM) DO (uM) DO (uM)
0 100 200 0 100 200 0 100 200
Re (pmol/kg) U (nmol/kg) Mo (nmol/kg)
036 40 44 48 12 14 16 100 110 120 130
1000 -
E 2000 1
=
o
[
0O 30001
4000
33 35 37 33 35 37 33 35 37
Salinity Salinity Salinity
0 2 4 6 0 2 4 6 0 2 4 6
NO," (uM) NO," (uM) NO," (uM)
DO (uM) DO (uM) DO (uM)
0 100 200 0 100 200 0 100 200
Re (pmol/kg) U (nmol/kg) Mo (nmol/kg)
036 40 44 48 12 14 16 100 110 120 130
1000
E
< 2000
o ] n
a
3000
4000 — H —
33 35 37 33 35 37 33 35 37
Salinity Salinity Salinity
(I) é tll é 0 2 4 6 0 2 4 6
NO, (uM) NO, (uM) NO, (uM)
DO (uM) DO (uM) DO (uM)
0 100 200 0 100 200 0 100 200
Re (pmol/kg) U (nmol/kg) Mo (nmol/kg)
36 40 44 48 12 14 16 100 110 120 130
0 — 1 - =
C
1000
E
< 2000 - H
o
o)
0 3000
4000 — = —
32 34 36 32 34 36 32 34 36
Salinity Salinity Salinity
0 2 4 6 0 2 4 6 0 1 2 3 4 5 6
NO, (uM) NO, (uM) NO," (uM)

Fig. 4. Depth profiles of dissolved Re, U and Mo concentrations in the Arabian Sea along with the salinity (blue), dissolved oxygen (DO; red) and nitrite (green) profiles in (a) 0802,
(b) 0803, (c) 0805, (d) 0708, (e) 0707, (f) 0706, (g) 0705, (h) 0704, and (i) ER6. The bars shown at the bottom right of the plots show the analytical uncertainties in the measure-

ment of Re, U and Mo.

5. Discussion
5.1. Re, U and Mo in the water column of the Arabian Sea
The vertical profiles for Re, U and Mo in the Arabian Sea are shown in

Fig. 4 (atoi), along with profiles for DO, nitrite and salinity. The data show
that within analytical uncertainties, the dissolved Re, U and Mo

concentrations within each profile and among the profiles are indepen-
dent of the dissolved oxygen concentration, but covary with the salinity.
The Re, U and Mo concentrations do not exhibit any significant correla-
tion with the dissolved oxygen in the water column (Fig. 5). The aver-
age Re (n=11), U (n=10) and Mo (n=10) in the samples with DO
concentration less than 5 uM are 40.7 4- 1.0 pmol/kg, 14.140.3 nmol/
kg and 114 4-3 nmol/kg respectively (Table 5, Fig. 5). The errors given
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Fig. 4 (continued).

are 20 spread in the data. This is nearly identical to the average Re
(n=41), U (n=42) and Mo (n=42) concentrations of 404+
2.6 pmol/kg, 14.0 & 1.0 nmol/kg and 1144 6 nmol/kg respectively, in
samples with DO concentration greater than 100 uM (Table 5). The
larger scatter in the data of samples with DO >100 uM is due to salin-
ity variations. The near identical concentrations of dissolved Re, U and
Mo in samples with DO <5uM and DO >100 uM (Table 5) suggest

that, the abundances of these redox sensitive elements are not affected
by the suboxic conditions in the water column. This inference is also
reaffirmed by the frequency distribution plots for Re, U and Mo con-
centrations for different dissolved oxygen levels (Fig. 5a, b and c).
The nitrite profiles (Figs. 3d, 4) show the presence of secondary
nitrite maxima (SNM) in the upper water column (200-600 m)
north of 12 °N, in stations 0802, 0708, 0707, 0706, 0705, 0704 and
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Fig. 4 (continued).

ER6, whereas, in stations 0803 and 0805 SNM is not seen, suggesting
that these two stations lie outside the active water column denitrifi-
cation zone. The near identical concentrations of Re, U and Mo in
samples from the denitrification zone and outside it further suggests
that denitrification also does not impact the distribution of these
three redox sensitive elements in the water column of Arabian Sea
(Table 4).

The two shallow stations (0702 and 0703) occupied during the
cruise SS-256 (Dec, 2007) lie on the western Indian shelf in the

zone where intense seasonal hypoxia and water column H,S have
been reported (Naqvi et al., 2000). Dissolved H,S was not measured
during the sampling, but considering that local seasonal hypoxia oc-
curs during October, it is likely that it waned by the time samples
were collected in December for the present work from these loca-
tions. The measurable DO levels (DO ~27 pM) support this contention.
The Re, U and Mo concentrations in the surface sample at station 0702
are 40.2 pmol/kg, 14.0 nmol/kg and 113 nmol/kg respectively, quite
similar to the open ocean values. At station 0703, where three
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Fig. 5. Frequency distribution of (a) Re, (b) Mo and (c) U in the samples analyzed. It is
evident that the concentration of these elements in samples with DO <5 pM and DO
>100 uM is the same within errors; the scatter in the data is due to variation in salinity.

samples were collected in the vertical profile up to a depth of 85 m
(water depth 98 m), the U and Mo concentrations show nearly con-
stant values of 14.2 £ 0.2 and 11542 respectively. Re concentration
was measured only in the surface sample which had a value of
40.2 pmol/kg; nearly the same as the value for the open ocean
(Table 4). These results suggest that the impact of dissolved H,S, if

Table 5

Statistics of Re, U and Mo concentration with oxygen.
DO n Re 200 n U 20 n Mo 20
(uM)  (Re) (pmol/kg) (Re) (U) (nmol/kg) (U) (Mo) (nmol/kg) (Mo)
<5 11 407 1.0 10 1441 03 10 114 3
5-10 20 40.8 1.1 20 141 05 20 114 3
<10 31 408 1.1 30 141 0.4 30 114 3
>10 96 403 2.0 98 14.0 05 99 113 5
>100 41 404 2.6 42 14.0 1.0 42 114 6
All 127 411 19 128 140 05 129 114 5

any on the abundances of these elements also waned away by the
time of sampling.

The Re, U and Mo concentrations in the Arabian Sea show good
correlation with the salinity with correlation coefficients of 0.96,
0.93 and 0.96 respectively (Fig. 6). The data for the SAFe waters
(Pacific Ocean; this study), Bay of Bengal (Singh et al., 2011) and
Pacific Ocean (Chen et al, 1986; Anbar et al, 1992) are also
shown (Fig. 6). The Re, U and Mo in the Arabian Sea, Bay of Bengal
and Pacific Ocean show a good correlation with salinity. This co-
variation is a strong indication that salinity is the dominant factor
governing the distribution of these three redox sensitive elements
in the ocean water column. This makes physical process such as
evaporation and mixing of water masses more significant in decid-
ing the Re, U and Mo distributions in the ocean rather than the bio-
geochemical processes. The concentrations of Re, U and Mo in
surface waters of the Arabian Sea are generally high which are at-
tributable to high salinity of these waters. In contrast, in the surface
water of station 0805 (6.01°N, 77.48°E), which lies in the southern
Arabian Sea, the Re concentration is as low as 36.6 pmol/kg. The U
and Mo concentrations are also lower in this water with values of
12.9 nmol/kg and 103 nmol/kg respectively. These low values are
consistent with low salinity of this water (32.4). The lower salinity
in this surface sample is due to influx of less saline water from the
Bay of Bengal into the Arabian Sea during winter monsoon (North-
East monsoon). During this season north-easterly winds in the Bay of
Bengal set up the East Indian Coastal Current (EICC) as a southward
western boundary current which runs parallel to the Indian peninsu-
la carrying low salinity waters from the Bay of Bengal. This low salin-
ity surface water, characterized by lower concentrations of Re, U and

46
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Fig. 6. Concentration of (a) Re, (b) U and (c) Mo vs. salinity in the Arabian Sea. The
measured concentrations for each tenth of salinity (e.g.: 34.9, 35.0, 35.1, etc.) are aver-
aged to minimize the clutter in data. Data show a good correlation with salinity sug-
gesting that salinity is a dominant factor governing the distribution of these
elements in the water column. The concentration of Re is in the units of pmol/kg
while the concentrations of U and Mo are in the units of nmol/kg. The data from the
Bay of Bengal and Pacific Ocean are also plotted.
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Mo (Singh et al., 2011) enters the Arabian Sea via the West Indian
Coastal Current (Wyrtki, 1973; Schott and McCreary, 2001; Shankar
et al., 2002). This coupling between Re, U and Mo abundances and
salinity suggests that these elements can serve as tracers of water
masses in the Arabian Sea and the Bay of Bengal.

Comparison of Re profile in the Arabian Sea with that reported for
the Pacific Ocean (Anbar et al., 1992) show a distinct difference. In the
Pacific, the data showed enrichment of Re in surface waters which
was unexplained by salinity variations. The high Re content in the
surface waters of Pacific Ocean was attributed to possible input of an-
thropogenic Re to the surface ocean via the atmosphere. In the surface
waters of Arabian Sea, no such enrichment is observed in the concen-
tration of Re (Fig. 4). Thus the role of atmospheric/aeolian input of Re
to the surface waters of Arabian Sea is insignificant.

Table 6 is a comparison of Re, U and Mo concentrations in the
Arabian Sea, Bay of Bengal, Pacific Ocean and Atlantic Ocean in waters
of 35 salinity. The data show that Re, U and Mo concentrations in
these basins are same within uncertainties and suggest that the Re,
U and Mo distribution in the ocean is uniform. Further considering
that the settling particles in the Bay of Bengal are dominated by
river detritus whereas those in the Arabian Sea by biogenic material
produced in the surface water (Ramaswamy and Nair, 1994), it can
be inferred that the composition and nature of settling particles also
do not influence the water column distribution of these elements.

5.2. Re, U and Mo in the Arabian Sea sediments

There have been a few studies on the abundance and distribution
of Re, U and Mo in the sediments of the Arabian Sea (Borole et al.,
1982; Sirocko et al., 2000; Pattan and Pearce, 2009). These studies
show that these elements are enriched in sediments with high organic
carbon. For example, in the organic carbon rich surface sediments of
the Arabian Sea, up to 50 times enrichment in the Re/Al ratio (Pattan
and Pearce, 2009) has been reported over the upper continental
crust (UCC, Taylor and McLennan, 1985; Viers et al., 2009). Similarly,
U/Al and Mo/Al are also enriched in the surface sediments with ratios
up to 8 and 4 times over the UCC value. These data indicate that the
organic matter plays an important role in sequestering these ele-
ments in sediments.

Primary productivity was not measured during this study. However,
available data show that primary productivity is in the range of 0.5 to
25gCm 2d~! in the Arabian Sea surface water during winter
(Madhupratap et al., 1996). Further, results of sediment trap deploy-
ment in the eastern and central Arabian Sea showed that settling flux
of particles is in the range of 25-30 gm~2y~ !, with ~6% of organic car-
bon (Ramaswamy and Nair, 1994). These studies suggest that there is
significant primary productivity and rain of organic matter through the
water column of the Arabian Sea. This high productivity and biogenic
particle rain through the water column do not seem to have any discern-
ible impact on the dissolved profile of Re, U and Mo as evidenced from
their uniform lateral and vertical distribution. Therefore the enrichment
of Re, U and Mo observed in organic matter rich sediments seems to be
due to their removal at the sediment-water interface. Investigations on

Table 6
Dissolved Re, U and Mo at 35 salinity.

Region Re (pmol/ 10 U (nmol/ 1o Mo (nmol/ 1o
kg) (Re)  kg) U) kg (Mo)
Arabian Sea’ 39.8 0.7 13.8 0.1 114 1
Bay of 410 0.8 13.9 0.1 112 1
Bengal*
Pacific Ocean  40.1" 1.1 1378 0.1° 107 3£
Atlantic Ocean  40.1¢ 0.4¢  136¥ 04¥ 1098 98

"This study, *Singh et al., 2011, *Anbar et al., 1992, SChen et al., 1986, £Collier 1985,
€Colodner et al., 1993, ¥ Ku et al., 1977, $Morris, 1975.

the pore water abundances of Re, U and Mo in the sediments are re-
quired to better understand and characterize the mechanism of removal
of these elements from the waters of the Arabian Sea.

6. Conclusions

The dissolved Re, U and Mo concentrations from the oxic and sub-
oxic layers of the Arabian Sea show that these elements behave con-
servatively in the water column, i.e. there is no discernible removal of
Re, U or Mo from the suboxic and denitrifying layers of the Arabian
Sea. The concentrations of Re, U and Mo in the water column of the
Arabian Sea vary as a function of salinity with good correlation. Com-
parison of the concentrations of Re, U and Mo in the water column of
the Arabian Sea with data from other oceanic regions show that they
overlap with each other for the same salinity suggesting that salinity
exerts a dominant control on their concentration and that Re, U and
Mo behave conservatively in the water column. The salinity-concen-
tration link further supports that the distribution of these elements is
governed by physical processes of advection and mixing between
water masses and evaporation and not by biogeochemical processes
operating in the water column. The salinity dependence of Re, U
and Mo concentrations hints at the possibility of using their distribu-
tions to track water masses.
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[1] Srand Nd isotopic composition of silicate fractions of sediments have been measured in two well dated
gravity cores from the eastern Arabian Sea archiving a depositional history of ~29 and ~40 ka. The

’Sr/%°Sr and eyg in the northern core (SS-3104G; 12.8°N, 71.7°E) ranges from 0.71416 to 0.71840
and —8.8 to —12.8; these variations are limited compared to those in the southeastern core (SS-3101G;
6.0°N, 74.0°E), in which they vary from 0.71412 to 0.72069 and —9.0 to —15.2 respectively. This suggests
that the variation in the relative proportions of sediments suf}t)Gplied from different sources to the core
SS-3104G are limited compared to core SS-3101G. The ¥’Sr/*°Sr and enq profiles of SS-3101G exhibit
two major excursions, ca. 9 ka and 20 ka, coinciding with periods of Holocene Intensified Monsoon Phase
(IMP) and the Last Glacial Maximum (LGM) respectively with more radiogenic *’Sr/*®Sr and lower engq
during these periods. These excursions have been explained in terms of changes in the erosion patterns
in the source regions and surface circulation of the Northern Indian Ocean resulting from monsoon intensity
variations. The intensification of North-East (NE) monsoon and associated strengthening of the East Indian
Coastal Current in southwest direction during LGM transported sediments with higher ®’Sr/*®Sr and lower
eng from the western Bay of Bengal to the Arabian Sea. In contrast, enhanced South-West (SW) monsoon at
~9 ka facilitated the transport of sediments from the northern Arabian Sea, particularly Indus derived, to the
southeastern Arabian Sea. This study thus highlights the impact of monsoon variability on erosion patterns
and ocean surface currents on the dispersal of sediments in determining the Sr and Nd isotopic composition
of sediments deposited in the eastern Arabian Sea during the last ~40 ka.
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1. Introduction Transhimalaya [Milliman et al., 1984] through
the Indus river system, and ~100 million tons

[2] The Arabian Sea annually receives ~400 million through the Narmada, Tapi and the rivers of the
tons of suspended load from the Himalaya and  Western Ghats [dlagarsamy and Zhang, 2005;
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Chandramohan and Balchand, 2007]. In addition,
~100 million tons of aeolian dust from the deserts
of Oman, Africa and western India is deposited
annually in the Arabian Sea, its contribution to the
eastern Arabian Sea being only ~30 million tons,
which further decreases toward the Indian penin-
sula [Ramaswamy and Nair, 1994; Sirocko and
Sarnthein, 1989]. The sediments deposited in the
Arabian Sea preserve in them the records of ero-
sional patterns in their source regions, factors
regulating them and the pathways of sediment
dispersal in the sea [Clift et al., 2008; Rahaman
et al., 2009].

[3] One of the key factors determining the erosion
patterns of the drainage basins is the monsoon.
The Indian subcontinent experiences two mon-
soons annually, the South-West (summer) and the
North-East (winter) monsoons; the former being
more pronounced at present. The intensities and
patterns of these monsoons have varied during the
past [Fleitmann et al., 2003; Gupta et al., 2003;
Herzschuh, 2006], these in turn, have affected the
erosion distribution of drainage basins [Clif et al.,
2008; Rahaman et al., 2009] and supply of sedi-
ments to the seas around India [4hmad et al., 2005;
Colin et al., 1999; Tripathy et al., 2011]. These
variations, in addition to impacting erosion, also
influence the surface water circulation in the
Arabian Sea and the Bay of Bengal which deter-
mine the sediment dispersal and deposition in them.
During the SW monsoon, surface water from the
Arabian Sea flows to the Bay of Bengal; in contrast,
during the NE monsoon, surface currents flow from
the Bay of Bengal to the Arabian Sea [Schott and
McCreary, 2001; Shankar et al., 2002]. There is
evidence to suggest that the transport of low-
salinity water from the Bay of Bengal to the Arabian
Sea was enhanced during the Last Glacial Maxi-
mum (LGM) due to a more intense NE monsoon
[Sarkar et al., 1990; Tiwari et al., 2005].

[4] Clay mineralogy and radiogenic isotopes of Sr
and Nd have been used to investigate spatial varia-
tions in the provenance of sediments in the Arabian
Sea and the Bay of Bengal and their causative fac-
tors. For example, investigations of surface sedi-
ments in the Arabian Sea suggest that supply from
the Himalaya, Transhimalaya and Karakorum ran-
ges brought via the Indus dominate in the northern
and central regions [Garzanti et al., 2005], whereas
the sediments off the shelf and slope regions of the
eastern Arabian Sea are sourced mainly from pen-
insular India [Chauhan and Gujar, 1996; Chauhan
et al., 2010; Kessarkar et al., 2003; Kolla et al.,
1976; Rao and Rao, 1995]. There is also evidence

based on clay mineral studies of sediments from
the southwestern slope of India that suggest long
range transport of Ganga-Brahmaputra sediments
to the tip of Indian peninsula by surface currents
[Chauhan and Gujar, 1996; Chauhan et al., 2010].

[5] The radiogenic isotopes of Sr and Nd in sili-
cate phases are commonly used as proxies for
sediment provenances. The Sr (*’Sr/**Sr) and Nd
(***Nd/'**Nd) isotopic composition of continental
source rocks depend on their Rb/Sr and Sm/Nd
ratios and their ages. Terrigenous sediments in the
ocean are weathering products of continental rocks
that have wide range of Sr and Nd isotope ratios.
Thus, the Sr and Nd isotopic composition of detrital
marine sediments provide a means to trace their
sources and their variations in space and time
[Innocent et al., 2000; Rutberg et al., 2005].

[6] The objective of this work is to track the temporal
variation in the provenance of sediments deposited in
the eastern region of the Arabian Sea during the last
~40 ka and assess the impact of climate and surface
water circulation in determining their source(s) and
dispersal. This work also addresses the issue of long
range transport of sediments from the Bay of Bengal
to the Arabian Sea during the LGM due to intensi-
fication of NE monsoon.

2. Study Area, Materials and Methods

2.1. Details of the Sediment Cores
and Their Chronology

[7] Sediments from two gravity cores; SS-3101G
and SS-3104G, raised from the southeastern
Arabian Sea (Figures 1 and 2 and Table S1 in the
auxiliary material) onboard FORV Sagar Sampada
during 1991-92 [Somayajulu et al., 1999] are
investigated for their Sr and Nd isotopes of silicate
phases in this study." These cores have been studied
in detail earlier to retrieve records of paleopro-
ductivity and monsoon using a multiproxy approach
[Agnihotri et al., 2003; Sarkar et al., 2000]. These
two cores have been selected for this study as
(1) their chronology is well established based on
AMS 'C dating of planktonic foraminiferal sepa-
rates (Table S2) [Agnihotri, 2001; Agnihotri et al.,
2003; Somayajulu et al., 1999], which show that
they represent depositional histories of ~29 and
~40 ka and (2) they are strategically located to
investigate the impact of SW/NE monsoon variations
on the transport of sediments from the Bay of Bengal

'Auxiliary materials are available in the HTML. doi:10.1029/
2011GC003802.
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Figure 1. Locations of the two sediment cores ana-
lyzed in the study. Various rivers draining into the
Arabian Sea and the Bay of Bengal are also shown. Core
SS-3101G lies between the present-day limits of
the Indus and Bengal Fans. Core SS-3104 lies in the pres-
ent-day Deccan basaltic provenance zone and outside the
limit of Indus Fan. The arrows indicate the direction of
surface currents during the intensification of (a) North-
East monsoon and (b) South-West monsoon; [Schott
and McCreary, 2001; Shankar et al., 2002; Wyrtki,
1973]. NMC, North-East Monsoon Current; SMC,
South-West Monsoon Current; EICC, East India Coastal
Current; WICC, West India Coastal Current.

to the Arabian Sea. The core SS-3101G is located
east of Chagos Laccadive Ridge adjacent to a sill and
is in the pathway of water exchange between the Bay
of Bengal and the Arabian Sea due to monsoon pat-
tern reversal (Figure 1). The average sediment accu-
mulation rates of these cores are 4.6 and 3.5 cm/ka
respectively, with higher rates 7.5 and 4.2 cm/ka prior
to LGM which decreased to 2.9 and 2.7 cm/ka
after the LGM (Figure S1). The sedimentation rates
of both these cores were higher during LGM
[Agnihotri, 2001; Agnihotri et al., 2003; Somayajulu
et al., 1999].

2.2. River Sediments

[s] The Arabian Sea receives detrital sediments
from several rivers. Sr and Nd isotopic composition
of these river sediments can serve as tracers to track

the provenance of sediments in the Arabian Sea.
Such data are unavailable for the rivers from
the western India such as the Narmada, Tapi,
Nethravathi, Periyar and those draining the West-
ern Ghats (Vashishthi, Kajli, and Sukh). Therefore,
sediments from these rivers were collected and
analyzed for Sr and Nd isotopic composition. The
river sediments were generally collected from
locations close to their mouths. The details of
sampling locations of the river sediments and
lithology of the river basins are given in Table S3.

[s] The sampling of the Mahi, Narmada and Tapi
sediments was done in March, 2011; whereas for
the Nethravathi, it was done during two different
seasons, April and December, 2010. Samples of
Periyar River sediments were collected from two
locations, Cheranellur and Chennur (near Kochi), in
April, 2011. The samples from the minor streams
Vashishthi, Kajli, and Sukh flowing through the
Western Ghats are from the collection of Das et al.
[2005].

Ahmedaba%«'\\
® T

A o

Vashishthi A+
- Kaili A«
a Sukh'A

- Go
ARABIAN SEA

thi
Nethrava
*Mangalore N4

12°4 SS-3104G

\periyar
d Kochi A.gc\
1 & core LocATIONS

A RIVER SEDIMENT LOCATIONS

o
8™ . VINDHYAN SUPER GROUP
D DECCAN BASALTS
=

] PENINSULAR GRANITES/GNEISSES
= O ALLUvIUM * SS-3101G

o 750

o}

67E 71

Figure 2. Sampling locations of sediments from rivers
Mabhi, Narmada, Tapi, Nethravathi, Periyar and the three
Western Ghats streams Vashishthi, Kajli and Sukh.
Broad lithology of the regions drained by these rivers
and locations of cores SS-3101G and SS-3104G are also
shown.
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[10] The Mahi River drains a multilithological ter-
rain composed of sediments of the Vindhyan Super
Group, metamorphic rocks of the Aravalli Super
Group, the Deccan basalts and the alluvial deposits
of Pleistocene and Holocene ages [Sridhar, 2008].
The Narmada is the largest river draining into the
Arabian Sea from western India. It passes through
the Vindhyan ranges and Deccan basalts before
plunging into the Arabian Sea at the Gulf of
Cambay, near the town of Bharuch [Gupta et al.,
2011]. The Tapi River is the second largest west-
flowing river; its drainage basin consists of Deccan
basalts and alluvial deposits. The Tapi enters the
Arabian Sea at the Gulf of Cambay near the city of
Surat [Kale et al., 2003]. The Nethravathi River is a
minor river flowing through the Western Ghats
draining granites/gneisses of peninsular India. It
joins the Arabian Sea near Mangalore. The Periyar
River drains crystalline rocks of Archaen age;
sedimentary rocks of different ages and laterites
capping them [Chandramohan and Balchand,
2007]. There are several small streams that drain
Deccan basalts on the Western Ghats. In the present
study sediment samples from three of these streams
(Vashishthi, Kajli, and Sukh) were analyzed [Das
et al., 2005].

2.3. Measurement of Sr, Nd Concentrations
and Isotopic Composition

[11] In the laboratory, the sediment samples were
dried at 90°C for a few days, powdered using an
agate mortar and pestle to less than 100 ym size
and stored in pre-cleaned plastic containers.

[12] Sr and Nd isotopic analyses were made on
carbonate and organic matter free fraction of the
sediments [Singh et al., 2008]. The powdered sed-
iment samples were first decarbonated by leaching
with 0.6 N HCI at 80°C for ~30 min with ultrasonic
treatment. The slurry was centrifuged, residue
washed with Milli-Q water, dried and ashed at
~600°C to oxidize organic matter. A known weight
(~100 mg) of the carbonate and organic matter free
fraction of the sediment was transferred to Savillex™
vial and digested repeatedly with HF- HNO;-HCl at
~120°C to bring the sediment to complete solution.
The acid digestion step was repeated as needed to
ensure that the entire sample was brought to com-
plete solution. Sediments from the Arabian Sea
were digested in the presence of ¥Sr and '"°Nd
spikes whereas the river sediments were not spiked.
Pure Sr and Nd fractions were separated from the
solution following standard ion exchange proce-
dures [Rahaman et al., 2009; Singh et al., 2008].

[13] Sr and Nd concentrations and *’Sr/*®Sr and
"Nd/"**Nd of the Arabian Sea sediments were
measured on an Isoprobe-T TIMS and that of river
sediments on a Finnigan Neptune MC-ICP-MS at
PRL. The analyses were made in static multi-
collection mode. Mass fractionation corrections for
Sr and Nd were made by normalizing *°Sr/**Sr to
0.1194 and '**Nd/'"**Nd to 0.7219 respectively.
During the course of analyses, NBS987 Sr standard
was measured on both TIMS and MC-ICP-MS,
these yielded values of 0.710227 + 0.000014 (1o,
n = 110; o = Standard Deviation) and 0.710287 +
0.000020 (1o, n = 15) respectively for ’Sr/*°Sr.
For Nd, JNdi-1 Nd standard was measured on
TIMS which gave an average value of 0.512108 +
0.000008 (10, n = 35) for "**Nd/"**Nd, while JMC-
321 standard was measured on MC-ICP-MS, this
yielded an average value of 0.511095 + 0.000007
(1o, n=13).

[14] The internal reproducibility of measurements
was better than 10 ppm (1o,) for both Sr and Nd
isotopic ratios. Based on replicate measurements,
the average variation between sets of repeats was
determined to be 0.0002 and 0.00001 for ®’Sr/*°Sr
and "*Nd/'**Nd respectively. The Nd isotopic data
is expressed in terms of standard e notation,

13 Nd /" Nd

ENd = | T qaa ..
BN /" Ndeur

1} x 10*

where '"*Nd/'**Nd is the measured Nd isotopic
composition of the sample and '**Nd/'**Ndcyur is
the present-day '**Nd/'**Nd value of CHUR
(Chondritic Uniform Reservoir) which is 0.512638
[Jacobsen and Wasserburg, 1980]. The average
variation between sets of repeats for eng was 0.2.

[15] Several total procedural blanks for Sr and Nd
were also processed during the analysis. These
blanks are several orders of magnitude lower than
typical total Sr and Nd loads analyzed and hence no
corrections for blanks were made.

3. Results

3.1. River Sediments

[16] The Sr and Nd isotopic composition in silicate
fraction of river sediments are given in Table 1 and
plotted in Figure 3. The isotopic composition of
river sediments, as expected, reflects those of
lithologies of the region. Sediment from the Mahi
river is the most radiogenic in Sr (*’Sr/*°Sr =
0.73051) while its eng is quite unradiogenic
(—20.3), consistent with the lithology of the Mahi
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Table 1. Sr and Nd Isotopic Composition of Silicate Fraction of River Sediments®

Sample Code River 87Sr/86Sr BN/ Nd ENd
MH Mahi 0.73051 0.51160 -20.3
NM Narmada 0.72126 0.51203 -11.9
NM R Narmada (Repeat) 0.72121 0.51205 -11.5
TP-1 Tapi 0.70947 0.51235 -5.7
TP-2 Tapi 0.70961 0.51233 -5.9
NETHRAVATHI-1 Nethravathi 0.72176 0.51054 —40.8
NETHRAVATHI-2 Nethravathi 0.71507 0.51097 -32.6
PERIYAR-1 Periyar 0.72379 0.51130 —26.2
PERIYAR-2 Periyar 0.72176 0.51119 —28.2
KIJL/2K1/M Kajli 0.70529 0.51275 2.2
SUKH/2K1/M Sukh 0.70885 0.51257 -1.3
SUKH/2K1/M R Sukh (Repeat) 0.70888 0.51258 -1.2
VAT/2K1/M Vashishthi 0.70636 0.51258 -1.2

aSampling location details are given in Table S3.

River basin that comprises of metamorphic rocks of
the Aravalli Super Group, the Deccan basalts and
the alluvial deposits of Pleistocene and Holocene
ages. The ¥’Sr/*®Sr and eng of the Narmada sedi-
ments are 0.72126 and —11.9 respectively, indicat-
ing contribution of radiogenic Sr from the Vindhyan
Super Group along with unradiogenic Sr from
Deccan basalts. The Deccan basalts comprise
of various formation that are distinct in their Sr
and Nd isotopic composition. The northern part
of the Deccan basalts consists of Poladpur, Bushe
and Jawhar-Igatpuri formations that show evidence
of contamination with upper crustal material. The
87Sr/%¢Sr of these formations range from 0.705 to
0.720, whereas the eng varies from —5 to —20
[Mahoney et al., 2000; Peng et al., 1998]. The
central and southwestern parts of the Deccan basalts
are composed of the Ambenali and Mahabaleshwar
formations that have less degree of crustal contam-
ination. The 87Sr/%°Sr and eng Of these formations
vary from 0.703 to 0.708 and +5 to —10 respectively
[Mahoney et al., 2000; Peng et al., 1998]. The river
Tapi flows through the northern areas of Deccan
basalts; the Poladpur, Bushe and Jawhar-Igatpuri
formations that are higher in ®’Sr/*®Sr and lower in
end- The two samples from the Tapi River yield
*7Sr/*°Sr 0f 0.70947,0.70961 and exg of —5.9, =5.7;
consistent with the isotopic composition of the
dominant Deccan basalt formations in its drainage.
The Nethravathi sediments collected in April, 2010
(Tables 1 and S3) have Sr isotopic composition
(0.72176) and engq (—40.8) that are distinctively
different from those in the sample collected in
December, 2010 (*’Sr/*°Sr 0.71507; eng —32.6;
Table 1). These seasonal differences can arise from
variations in mixing proportions of sediments from
tributaries during different seasons. The isotopic
composition of sediments of the Periyar River
(*7Sr/%°Sr 0.72379 and 0.72176; eng —26.2 and

—28.2; Table 1) is also close to that of the Nethra-
vathi River, not unexpected considering that both of
them drain Peninsular granites/gneisses. The Sr and
Nd isotopic composition of sediments from the three
Western Ghats streams are least radiogenic in
87Sr/%®Sr (0.70529 to 0.70885) and most radiogenic
in eng (—1.3 to 2.2), within the range reported for
Deccan basalts.

3.2. Arabian Sea Sediments

[17]1 Sr and Nd concentrations and their isotopic
compositions in the silicate fraction of sediments
from SS-3104G and SS-3101G cores are given in
Tables 2 and 3 and Figures 4 and 5 respectively. In
SS-3104G, which lies in the northeastern Arabian
Sea off Mangalore (Figures 1 and 2) the Sr and Nd
concentrations range from 78 to 127 ug/g and 7 to
26 pgl/g respectively and are generally lower than
that in sediments of SS-3101G. The *’Sr/**Sr and

0 Kajlid
7 A
VashiSHNIEEE
A
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Deccan basalts
A Narmada

©
o= -20 AMahi
Peninsular granites/gneisses Mkeriyar-1
A periyar-2
A Nethravathi-2
-40 7 ANethravathi-1
T
0.70 0.72 0.74
87sr/80sr

Figure 3. Sr-Nd isotope plot of contemporary river
sediments (silicate fraction) draining into the Arabian
Sea. The isotopic composition of major end-members
is also given.
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Table 2. Sr and Nd Concentration and Isotopic Composition of Core SS-3104G Silicates®
Sample® Age (ka) Sr° 87gr/36gy¢ Nd° 13Nd/ N end

3104(2-3) 1.4 127.4 0.71416 15.5 0.51216 -9.4
3104(6-7) 1.6 84.3 0.71689 25.6 0.51198 -12.9
314(9-10) 33 88.7 0.71667 - - -
3104(11-12) 3.9 105.8 0.71521 - - -
3104(14-15) 4.9 - - 144 0.51209 -10.7
3104(17-18) 5.8 86.9 0.71651 12.1 0.51213 -10.0
3104(19-20) 6.5 85.7 0.71658 11.1 0.51214 —9.6
3104(21-22) 7.6 88.6 0.71647 12.3 0.51213 -9.9
3104(23-24) 8.6 78.4 0.71648 9.9 0.51213 -9.9
3104(23-24)R 8.6 78.2 0.71621 10.9 0.51213 -9.9
3104(24-25) 9.2 111.3 0.71434 10.2 0.51219 —8.8
3104(26-27) 10.3 83.5 0.71702 12.3 0.51215 -9.5
3104(28-29) 11.4 86.5 0.71779 7.4 0.51207 -11.0
3104(30-31) 12.5 83.2 0.71748 9.3 0.51212 —-10.2
3104(31-32) 13.0 94.1 0.71596 - - -
3104(32-33) 13.5 99.3 0.71671 13.5 0.51215 -9.5
3104(37-38) 15.5 100.1 0.71642 13.2 0.51214 -9.7
3104(37-38)R 15.5 100.1 0.71649 13.4 0.51214 -9.7
3104(41-42) 16.6 102.3 0.71698 14.0 0.51212 -10.1
3104(41-42)R 16.6 102.8 0.71687 14.8 0.51213 -9.9
3104(44-45) 17.4 96.6 0.71719 13.7 0.51211 -10.3
3104(48-49) 18.5 101.6 0.71773 14.3 0.51208 —-10.8
3104(52-53) 19.6 98.5 0.71754 13.7 0.51210 -10.5
3104(61-62) 20.3 95.2 0.71745 12.6 0.51212 -10.0
3104(68-69) 20.8 93.6 0.71759 14.2 0.51214 -9.8
3104(71-72) 21.8 94.6 0.71788 12.8 0.51213 -9.9
3104(74-75) 22.8 - - 14.7 0.51214 -9.7
3104(77-78) 23.8 - - 13.8 0.51212 —-10.2
3104(80-81) 24.8 91.4 0.71793 11.5 0.51211 -10.2
3104(82-83) 25.5 - - 13.8 0.51209 —-10.6
3104(84-85) 26.1 94.1 0.71840 14.0 0.51214 -9.8
3104(88-89) 26.7 93.8 0.71764 12.6 0.51213 -10.0
3104(95-96) 27.8 92.7 0.71708 8.6 0.51216 -9.3
3104(95-96)R 27.8 92.1 0.71693 - - -
3104(100-102) 28.9 111.2 0.71680 - - -
3104(102-104) 29.6 93.9 0.71768 13.9 0.51215 -9.6
3104(106-108) 309 94.9 0.71778 14.0 0.51214 -9.8
3104(114-116) 33.6 92.3 0.71785 134 0.51214 -9.8
3104(116-118) 343 112.2 0.71714 - - -
3104(122-124) 36.1 98.3 0.71649 14.4 0.51216 -9.3
3104(126-128) 37.1 112.6 0.71727 13.5 0.51214 -9.8
3104(126-128)R 37.1 111.0 0.71721 12.8 0.51215 -9.5
3104(132-134) 38.6 94.5 0.71702 134 0.51217 -9.0

?Abbreviations and symbols: -: not analyzed; R: Replicate analysis.
*Numbers in parenthesis are depth intervals in cm.

“Sr, Nd concentrations in pug/g.

9The errors on the Sr and Nd isotopic data are better than 10 ppm (1oy).

eng of SS-3104G (Table 2 and Figure 4) vary in a
narrower range compared to SS-3101G, with most
samples having ¥’Sr/*®Sr between 0.716 to 0.718
and eng between —10.5 to —9.0. These ratios are
within the range of isotopic compositions of slope
sediments of west coast of India [Kessarkar et al.,
2003].

[18] In SS-3101G, from the near equatorial region
(Figures 1 and 2) the Sr and Nd concentrations
range from 94 to 200 pg/g and 6 to 45 ug/g

respectively. Both ¥’Sr/*®Sr (0.71412 to 0.72069)
and eng (—15.2 to —9.0) show variations with depth
but with opposite trends (Figures 5a and 5b).

[19] The concomitant temporal changes in both
87S1/%°Sr and eng in SS-3101G and the observation
that their range is much larger than the average
analytical uncertainty leads to infer that these var-
iations represent source variability and/or their
mixing proportions. Therefore, the data from these

6 of 13



&~ Geochemistry _
@\ G§8§h§$é§ Y19 Goswami BT AL SR, ND ISOTOPES OF ARABIAN SEA SEDIMENTS 10.1029/2011GC003802

| Geosystems | I

Table 3. Sr and Nd Concentration and Isotopic Composition of Core SS-3101G Silicates®

Sample® Age (ka)

Sr¢

87Sr/8(3$rd

143Nd/144Ndd

Nd° ENd

3101(1-2) 1.9 117.1 0.71631 19.8 0.51197 —-13.0
3101(6-7) 33 156.4 0.71412 6.0 0.51213 -9.8
3101(10-11) 4.4 139.5 0.71459 8.7 0.51197 —13.1
3101(10-11)R 4.4 133.1 0.71501 - - -

3101(13-14) 5.5 112.7 0.71686 13.4 0.51194 -13.7
3101(16-17) 6.7 98.5 0.71838 12.7 0.51193 -13.8
3101(18-19) 7.5 95.7 0.71755 6.5 0.51192 -14.1
3101(21-22) 8.6 88.0 0.71930 12.5 0.51190 -14.4
3101(23-24) 9.4 107.9 0.71768 12.9 0.51190 —14.3
3101(26-27) 10.6 96.3 0.71677 11.7 0.51208 -10.9
3101(30-31) 11.6 203.3 0.71690 20.0 0.51206 -11.3
3101(34-35) 12.5 94.1 0.71830 13.7 0.51204 -11.8
3101(38-39) 13.5 98.3 0.71753 45.7 0.51218 -9.0
3101(41-42) 14.5 100.2 0.71685 12.8 0.51206 -11.2
3101(43-44) 15.1 109.1 0.71721 12.3 0.51204 -11.7
3101(46-47) 16.1 97.9 0.71776 19.6 0.51203 -11.8
3101(50-51) 17.4 95.9 0.71906 13.7 0.51200 -12.4
3101(53-54) 18.3 117.2 0.71773 - - -

3101(59-60) 19.1 101.1 0.72069 14.6 0.51189 -14.6
3101(62-63) 19.4 82.5 0.71949 13.4 0.51186 -15.2
3101(70-71) 20.4 90.4 0.71854 18.3 0.51196 -13.3
3101(86-87) 21.6 86.7 0.71920 17.4 0.51192 -14.0
3101(90-91) 223 101.2 0.71950 15.8 0.51192 -14.1
3101(90-91)R 223 101.9 0.71956 14.5 0.51190 —14.4
3101(94-95) 23.0 1354 0.71805 - - -

3101(98-99) 23.7 113.0 0.71864 13.9 0.51194 —13.6
3101(102-104) 24.5 101.1 0.71752 11.3 0.51209 -10.7
3101(108-110) 25.4 102.8 0.71828 14.6 0.51206 -11.3
3101(116-118) 26.6 102.9 0.71779 13.1 0.51210 -10.6
3101(122-124) 27.5 94.7 0.71850 13.2 0.51208 -10.8
3101(126-128) 28.1 96.9 0.71860 13.8 0.51206 -11.3
3101(132-134) 29.0 95.2 0.71707 10.4 0.51206 -11.2

?Abbreviations and symbols: -: not analyzed; R: Replicate analysis.

PNumbers in parenthesis are depth intervals in cm.

“Sr, Nd concentrations in pug/g.

9The errors on the Sr and Nd isotopic data are better than 10 ppm ( lo,).

two cores serve as a proxy to track variations in
their provenance.

4. Discussion

[20] The Sr and Nd isotopic composition of river
sediments supplied to the Arabian Sea are given in
Figure 3. The data demonstrate the impact of vari-
ous lithologies drained by these rivers in deter-
mining the isotopic composition of their sediments.
The ¥’St/%®Sr and eny values of the two Arabian Sea
cores along with those of their potential sources, the
Deccan basalts, the higher and lesser Himalaya, the
Vindhyan Super Group and the Peninsular granites/
gneisses are presented in an isotopic mixing
diagram (Figure 6). Sr and Nd isotopic compo-
sition of these sources (Figure 6 and Table S4)
are from published literature [Ahmad et al., 2009;
Chakrabarti et al., 2007; Clift et al., 2002, 2008,

2010; Harris et al., 1994; Peucat et al., 1989; Singh
et al., 2008; Tripathy et al., 2011; Tripathy, 2011].

[21] The role of Indus as the source of sediments in
the eastern Arabian Sea is debated. Based on clay
mineralogical study, Kessarkar et al. [2003] suggest
that the penetration of Indus sediments is restricted
to the north of Saurashtra (~20°N), whereas
Ramaswamy and Nair [1989] suggest that longshore
current helps Indus sediments to be transported to
the south of Mangalore.

[22] In addition to riverine particulates, another
source of sediments to the Arabian Sea is aeolian
dust from the deserts of Arabia [Kolla et al., 1976;
Sirocko and Sarnthein, 1989]. The magnitude of
supply of dust has been reported to vary with time
with enhanced contribution during the LGM
[Harrison et al., 2001; Petit et al., 1999; Reichart
et al., 1997; Sirocko et al., 2000]. The Sr and Nd
isotopic composition of aeolian dust over the
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Figure 4. Temporal variation in ¥’Sr/**Sr and eng of
sediments from SS-3104G. Sr and Nd isotope composi-
tion of these sediments display a narrow range, suggest-
ing that their sources and the mixing proportions have
remained nearly the same during the last 40 ka. The mar-
kers along the x axis of the plots show age control points
in the core. The lines represent 3-point moving average
of the data.

western Arabian Sea is characterized by unradio-
genic Sr (*’St/*°Sr = 0.709) and radiogenic Nd
(eng = —6) [Sirocko, 1995]. The Sr and Nd isotopic
composition of dust falls within the range of Deccan
basalts and if dust with such isotopic composition
also deposits over the eastern Arabian Sea it is
difficult to differentiate between aeolian dust and
sediments sourced from basalts and assess their
contribution. However, there have been earlier
studies in the eastern Arabian Sea which suggest
that aeolian dust is not a significant contributor of
sediments to this area [Kessarkar et al., 2003; Kolla
et al., 1976; Sirocko and Sarnthein, 1989].

4.1. Core SS-3104G

[23] The sediments of SS-3104G have ®7Sr/*°Sr
and eng within a narrow range defined by the
contemporary sediments of the Indus, Narmada,
Tapi and other Western Ghats streams suggesting
that all these rivers are potential sources of silicate
sediments to this core site. Despite the proximity of
Nethravathi River to the SS-3104G core site, its
contribution and hence that from the Peninsular
granites/gneisses to this core site seems minor. This
inference is based upon the highly depleted enq
values of the Nethravathi sediments and the
observation that at present the Nethravathi River

supplies only ~1 million tons of sediments annually
to the Arabian Sea [Panda et al., 2011]. The lim-
ited range in Sr and Nd isotopic composition
throughout the length of this core covering a time
span of ~40 ka also leads us to infer that the
provenance of sediments and their mixing propor-
tion have remained nearly the same during this
period. The reason for the lower ¥’St/*Sr in the
(2-3) cm and engq in the (6-7) cm sections of SS-
3104G (Table 2), however, is unclear.

0.722
Core SS-3101G 4 (a)
A _A A A A AA A A
-8
=
& 125
el A A A A ATAA A A
> °
i = 3 (c)
L
&= 2
c
o
3
§ 11
=
58 o
11 (d)
5 ]
% -13:
-15 A
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Figure 5. 87G1/3%Sr and eng of sediments of core
SS-3101G. The data show significant temporal variation
which correlate with (¢) known climatic/monsoon vari-
ability [Herzschuh, 2006]. Sr and Nd isotope composi-
tions of these sediments display two excursions during
~20 and ~9 ka coinciding with LGM and intensified
SW monsoon. (a, b) The lines are 3-point moving aver-
age of the data respectively and the markers along the
x axis of the plots show age control points in the core.
(d) The line is 3-point moving average of eng values form
the Indus delta [CIift et al., 2008].
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Figure 6. Sr and Nd isotope compositions of SS-
3101G and SS-3104G sediments and their potential
sources in two isotope mixing plot. Sediments of the
core SS-3104G show very limited variation. Sr and
Nd isotopic composition of SS-3101G sediments show
wider range. Various lithologies used as end-members
are: D, Deccan basalts; V, Vindhyan Super Group; P,
Peninsular granites/gneisses; HHC, Higher Himalayan
Crystalline; LHS, Lesser Himalayan Silicates.

4.2. Core SS-3101G

[24] The Sr and Nd isotopic composition of SS-
3101G silicates displays wider range than those in
SS-3104G with two excursions at ~9 ka and ~20 ka
(Figures 5a and 5b). The lower bound of ¥’Sr/*Sr
(i.e., the lowest values of ®’St/*°Sr) and the upper
bound of eng (i.e., the most radiogenic values of
ena) of SS-3101G is similar to that observed for the
core SS-3104G. Thus, the 87Sr/*®Sr and eng of core
SS-3104G can be considered to represent the
baseline values of Sr and Nd isotopic composition
of SS-3101G sediments. This in turn would sug-
gest that Deccan basalts and the Vindhyan Super
Group are the dominant sources of sediments to
this core, delivered through the Narmada and the
Tapi rivers. In addition, there has to be enhanced
relative contribution of sediments with more
radiogenic Sr and unradiogenic Nd to account for
the excursions in its isotopic composition during
~9 ka and ~20 ka (Figure 5).

[25] The excursions in the Sr and Nd isotopic
composition of SS-3101G core overlap with the
known climatic (monsoon) variations in the Asian
region (Figure 5c¢) [Herzschuh, 2006]. The timing
of the first excursion in the Sr and Nd isotopic data
at ~20 ka corresponds to the well known Last
Glacial Maximum (LGM) whereas the excursion at
~9 ka overlaps with the known intensification of
SW monsoon precipitation [Fleitmann et al., 2003;

Herzschuh, 2006; Prell and Kutzbach, 1987; Sinha
et al., 2005]. It is clear from the observed inter-
relations between Sr-Nd isotopic composition and
monsoon variations (Figure 5) that climate exerts a
significant control on the erosion patterns and
sediment fluxes from different sources depositing
at this core location and their mixing proportions.

4.2.1. Provenance of Sediments During Last

Glacial Maximum (LGM)

[26] The Sr and Nd isotopic composition in SS-
3101G during LGM show a peak in ¥’Sr/**Sr and a
dip in eng (Figures 5a and Sb) with values similar to
that from sediments of the western Bay of Bengal
during LGM [Tripathy et al.,2011]. Potential sources
that can contribute to the Sr and Nd excursions during
LGM are relative increase in (1) Himalayan sedi-
ments and/or (2) Peninsular granites/gneisses, both
of which are characterized by higher radiogenic Sr
and low eng composition.

[27] Itis known that during LGM there was decrease
in SW monsoon precipitation and increase in NE
monsoon [Herzschuh, 2006]. The intensification of
NE monsoon with concomitant decrease in SW
monsoon during LGM would promote strengthen-
ing of southwestward East Indian Coastal Current
(EICC) in the Bay of Bengal. This in turn would
enhance the flow of waters from the Bay of Bengal
to the Arabian Sea [Schott and McCreary, 2001;
Shankar et al., 2002]. Such enhanced transport of
Bay of Bengal waters to the southeastern Arabian
Sea during LGM is documented in the oxygen iso-
topic composition of foraminifera deposited during
this period [Sarkar et al., 1990; Tiwari et al.,
2005].

[28] The observation that the isotopic composition
of LGM stratum in SS-3101G is similar to those in
western Bay of Bengal [Tripathy et al., 2011], that
there is enhanced flow of low salinity water from
Bay of Bengal to southeastern Arabian Sea during
this period and that the existence of sediment
plumes in the coastal and open Bay of Bengal
[Sridhar et al., 2008a, 2008b; Rajawat et al., 2005]
is an indication that sediments from the western Bay
of Bengal may be transported to this core site.
However, clay mineral studies of sediments from
southeastern Arabian Sea have yielded divergent
conclusions; Kessarkar et al. [2003] suggest that
the sediments of the southeastern Arabian Sea
largely represent hinterland flux and are not influ-
enced by sediments transported from the Bay of
Bengal waters during the intensification of NE
monsoon. In contrast, Chauhan and Gujar [1996]
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and Chauhan et al. [2010] argue in favor of sedi-
ment transport from Bay of Bengal during intensi-
fication of NE monsoon.

[29] If sediments from the western Bay of Bengal
are indeed the cause of Sr and Nd isotopic excur-
sion, then based on a two end-member mixing
model, it can be estimated that during LGM about
one-fifth of sediments in SS-3101G are from
western Bay of Bengal, the balance being of SS-
3104G composition.

[30] Alternatively, considerably enhanced contri-
bution of sediments sourced from Peninsular
granites/gneisses (e.g., through the Nethravathi,
Periyar rivers; Table 1) can also explain the isoto-
pic excursions. This however seems unlikely con-
sidering that at present these rivers account for only
a very small fraction of sediments to the south-
eastern region of the Arabian Sea [Chandramohan
and Balchand, 2007, Nair et al., 2003, Panda et al.,
2011] and the observation of Ramaswamy and
Nair [1989] that much of sediments from the pen-
insular rivers are retained in the western shelf of
India peninsula.

4.2.2. Provenance of Sediments During
Holocene Intensified Monsoon Phase (IMP)

[31] The core SS-3101G shows a second excursion
in Sr and Nd isotopic composition during ~9 ka,
coinciding with higher SW monsoon precipitation
phase commonly known as the Holocene Intensified
Monsoon Phase (IMP) [Fleitmann et al., 2003;
Herzschuh, 2006; Prell and Kutzbach, 1987]. Based
on the mixing diagram (Figure 6), this excursion
also require enhanced contribution of sediments
with more radiogenic Sr and unradiogenic Nd
analogous to that needed to explain the LGM data.
This requirement is intriguing considering that the
monsoon trend was opposite during the two periods;
SW monsoon being intense during ~9 ka whereas,
NE monsoon was more pronounced during ~20 ka.
More intense SW monsoon during Holocene IMP
would constrain the North-East monsoon current
(Figure 1) and therefore ensuing flow of water from
the Bay of Bengal to the Arabian Sea. In such a case,
supply of sediments from the Bay of Bengal to the
Arabian Sea to account for the isotopic excursion at
~9 ka would also be restricted. Further, as was the
case during LGM, peninsular rivers as a major
source also seems unlikely unless their sediment
flux during Holocene IMP was significantly higher
and the sediments were transported efficiently to the
core site. Two lines of evidence based on contem-
porary information indicate that these requirements

may not be fulfilled. These are (1) during Holocene
IMP, the sea level was similar to that at present,
therefore, the efficiency of shelf storage of sedi-
ments is expected to be similar to that of today
[Siddall et al., 2003] and (2) the clay mineralogy of
sediment trap samples indicate that sediments from
west flowing peninsular rivers are by and large
retained in the shelf region of the Arabian Sea
[Ramaswamy and Nair, 1989]. The Narmada and
Tapi rivers are the other major suppliers of sedi-
ments to the Arabian Sea. The discharge of these
rivers is dictated by SW monsoon and therefore they
could transport more sediment during intensification
of SW monsoon. However, these sediments cannot
explain the observed magnitude in isotopic excur-
sion if their isotopic composition was the same as
those measured in this study (Table 1); the eng
values of the Narmada and Tapi sediments are about
—11.5 and —5.8 respectively, which are significantly
more radiogenic than the values for core SS-3101G
at Holocene IMP (—14).

[32] The Sr and Nd isotopic composition of SS-
3101G display variations similar to those reported
for the Indus delta during the past ~14 ka (eng;
Figure 5d) [Clift et al., 2008, 2010] with both of
them showing excursions in ®’Sr/*°Sr and eyng
during ~9 ka. The similarity in the Sr and Nd
isotopic composition and their temporal pattern
hints at the possibility of supply of Indus delta
sediments to the SS-3101G core site. The more
radiogenic *’Sr/*®Sr and lesser eng during ~9 ka in
the core SS-3101G can be explained in terms of
enhanced sediment supply through the Himalayan
tributaries of the Indus. This can result from
intensification of SW monsoon precipitation over
the Himalaya during this period [Clift et al., 2008,
2010]. The intensification of SW monsoon during
~9 ka resulted in stronger surface currents in the
southeast direction from the Arabian Sea to the Bay
of Bengal (Figure 1). The strengthening of this
current would result in enhanced southeastward
transport of water and sediments from the Arabian
Sea to Bay of Bengal. The core SS-3101G lies to
the east of Chagos-Laccadive ridge with the pres-
ence of sill adjacent to the core location that can
facilitate transfer of sediments across the ridge by
surface currents. Thus, Sr and Nd isotopic excur-
sions observed during ~9 ka in the core SS-3101G
can be a result of increased sediment supply from
the Himalayan sources by the Indus tributaries.
Based on the Nd isotopic data of sediments of the
Indus delta, and that of the Arabian Sea sediments
and two end-member mixing calculation, it can be
estimated that during the Holocene IMP, about
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15% of sediments at the SS-3101G location are
derived from the Indus delta. This interpretation,
however, rests on the premise that the sediment
flux from the peninsular rivers during ~9 ka was
the same as that at present and that much of the
flux is retained in the shelf. If such a premise is
proven to be invalid then the isotopic excursion in
SS-3101G during ~9 ka may also result from
sediment supply of peninsular rivers.

[33] Such a contribution from Indus at ~9 ka to core
SS-3104G can be ruled out on the basis that
presently, the location of the core SS-3104G is
dominated by sediments brought by the Narmada
and Tapi River from the Deccan basalts and
Vindhyan ranges [Kolla et al., 1976]. Even during
the intensification of SW monsoon during ~9 ka
the Deccan contribution at the core site would
increase due to more rainfall on the Western Ghats
and the transfer of sediments to the location of core
SS-3104G.

[34] It is clear from the above discussion that in
addition to climate, ocean circulation also plays an
important role in sediment dispersal and their
deposition as has been documented in the deposition
of Meiji drift in the Pacific Ocean [VanLaningham
et al., 2009].

5. Conclusions

[35] Temporal variations in Sr and Nd isotopic
composition of silicate component of two well
dated sediment cores from the eastern Arabian Sea
have been determined. Sr and Nd isotopic compo-
sitions of sediments from the more northern core
(SS-3104G) display narrow ranges indicating only
minor variations in their source proportion since last
~40 ka. Even the flux of acolian dust has changed
very little over the eastern Arabian Sea during last
~40 ka remaining almost consistent during this
time. In contrast, the results of the southeastern
Arabian Sea core (SS-3101G) exhibit two excur-
sions in the isotopic composition coinciding with
two major climate change events; LGM and Holo-
cene Intensified Monsoon Phase (IMP). This cor-
relation suggests significant control of climate/
monsoon on erosion pattern and sedimentation.
Sediment supply is controlled by climatic variabil-
ity whereas its dispersal is controlled by circulation
pattern of the surface ocean. The Sr and Nd isotopic
excursion at ~20 ka is attributed to enhanced sedi-
ment contribution from the Bay of Bengal resulting
from strengthened NE monsoon which boosts N-S
coastal current in the western Bay of Bengal,

transporting water and sediments, the later with
higher 87S1/%°Sr and lower €ng. In contrast, inten-
sified SW monsoon precipitation during ~9 ka
enhanced sediment transfer from the Indus delta to
the southeastern Arabian Sea enabling sediment
transfer from the Arabian Sea to Bay of Bengal.
This work demonstrates that the Sr and Nd isotopic
composition in the silicate fraction of the Arabian
Sea sediments has the potential to track the variation
in the intensity and pattern of the Indian monsoon
system.
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