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Figure 5.12 Downcore variation of (a)C org  (b)Corg  flux (c)CaCO3 (d)813CG.ruber 

(e)C/N and (f)813Corg  in core AAS-42/15. Oxygen Isotope Stages 

(01S) are in bold numbers (1-6) and shaded areas represent 

glacial periods. 

Figure 5.13 Downcore variation of (a)C org  (b)Corg  flux (c)CaCO3 (d)613Caruber 

(e)813Corg and (f)C/N in core AAS-42/12A. Oxygen Isotope 

Stages (OIS) are indicated in numbers (1-9). Shaded areas 

represent glacial periods. 

Figure 5.14 Downcore variation of (a)5 15N (b)Corg  (c)613Caruber for core AAS-

42/15. Low productivity with corresponding decrease in 

denitrification is seen during the glacial periods. Proxies indicate 

influence of weakened summer monsoon during the glacial 

periods at the core site. Oxygen Isotope Stages (OIS) are 



indicated in numbers (1-6). Shaded areas represent glacial 

periods. 

Figure 5.15 Downcore variation of (a)6 15 N (b)Corg (C)6 13CG.ruber for AAS-

42/12A. High and low variations in denitrification (6 15 N) clearly 

indicate the corresponding levels of phytoplankton (Corg) and 

planktic foraminifers (613CG.ruber)  productivity. All the proxy 

variations are influenced by summer monsoon intensity during 

the various stages of glacial-interglacial perioids. Oxygen 

Isotope Stages (01S) are indiacated in numbers (1-9) and 

shaded areas represent glacial periods. 

Figure 5.16 Correlation plots of (a)613C org  (b)Corg  (c)Norg  (d)C/N with 6 15N in 

core AAS-42/15. The scatter in Corg and Norg vs 615N plots with a 

positive correlation rule out the diagenetic effects on 6 15N depth 

profile. Poor correlations in 6 15N vs 613Corg  and C/N show that 

downcore 615N signals are free from dilution effect due to 

terrestrial organic matter inputs. 

Figure 5.17 Correlation plots of (a)6 13Corg  (b)Corg  (c)Norg  (d)C/N with 6 15N in 

core AAS-42/12A. The scatter in Corg  and Norg vs 615 N plots with 

a positive correlation rule out diagenetic effects on S15N  depth 

profile. Poor correlations in 6 15N vs 613Corg  and C/N show that 

downcore S15N  signals are free from dilution effects due to 

terrestrial organic matter inputs. 

Figure 5.18 Variations of major elements (Ti, Al, Fe, Mg and Sr) in 

comparison with Corg and CaCO3 (indicator of overhead 

productivity), during various glacial-interglacial stages, in core 

AAS-42/15. Profiles of Ti, Al, Fe, Mg are presented with their 

total concentration while Sr is normalized to Al. Glacial stages 



are indicated by shading. Oxygen Isotope Stages (OIS, 1-6) are 

indicated. 

Figure 5.19 Variations of major elements (Ti, Al, Fe, Mg and Sr) in 

comparison with Corg and CaCO3 (indicator of overhead 

productivity), during various glacial-interglacial stages, in core 

AAS-42/12A. Profiles of Ti, AI, Fe, Mg are presented with their 

total concentration while Sr is normalized to Al. Glacial stages 

are indicated by shading. Oxygen Isotope Stages (OIS, 1-9) are 

indicated. 

Figure 5.20 Down core variations of redox sensitive elements (Fe, Mn, V, 

Co, Mo) in comparison with 6 13C of benthics (indicator of bottom 

water oxygen) and 6 15N (denitrification proxy), during various 

glacial-interglacial stages in core AAS-42/15. Glacial stages are 

indicated with shaded portions. Oxygen Isotope Stages (OIS, 1-

6) are indicated. 

Figure 5.21 Down core variations of redox sensitive elements (Fe, Mn, V, 

Mo) in comparison with 6 13C of benthics (indicator of bottom 

water oxygen) and 615N (denitrification proxy) during various 

glacial-interglacial stages in core AAS-42/12A. Glacial stages 

are indicated with shaded portions. Oxygen Isotope Stages 

(OIS, 1-9) are indicated. 

Figure 5.22 Temporal variability of productivity proxies and micro-nutrient 

type elements in comparison with 6 13C of benthics, 815N  and Corg 

 during various glacial-interglacial stages in core AAS-42/15. 

Glacial stages are indicated by shading. Oxygen Isotope Stages 

(OIS, 1-6) are indicated. 



Figure 5.23 Temporal variability of productivity proxies and micronutrient 

type elements, in comparison with 6 13C of benthics, 615N and 

Cog during various glacial-interglacial stages in core AAS-

42/12A. Glacial stages are indicated by shaded portions. 

Oxygen Isotope Stages (01S, 1-9) are indicated. 



PREFACE 

Nitrogen being a polyvalent element; its speciation, transformation and 

fluxes in aquatic environments are controlled by ambient oxygen (02) 

concentrations. As seawater is generally oxygenated, nitrogen in the ocean 

occurs largely in the most oxidized (5+) state, viz. nitrate ions (NO3) except 

only in a few regions where a part of the water column gets nearly stripped of 

02. In these suboxic regions, microbes convert NO3 to molecular nitrogen 

(N2), a process known as denitrification, which is the most important pathway 

for fixed nitrogen loss and a key player in the nitrogen budget. The most 

intense mid-water column oxygen deficient zones (ODZs) are found to occur 

in the Pacific and Indian Oceans. In the Pacific Ocean zones, ODZ occurs 

below the productive tropical eastern boundary upwelling zones whereas in 

the Indian Ocean it is located in the northern region, especially in the 

northeastern Arabian Sea. This anomaly results from its unusual Indian 

Ocean geography, i.e. mainly the presence of Asian landmass that restricts its 

northern expanse to the tropics and, to a smaller extent, a porous eastern 

boundary (openings between the Indonesian islands), which allows the 

exchange of water with the Pacific Ocean. The resultant circulation is not 

conducive for strong upwelling off the coasts of Myanmar and Australia, in 

comparison to that found off the west coasts of America. Instead, the most 

intense upwelling and consequently very high rates of primary production (PP) 

occur along the northwestern boundary of the Indian Ocean (the Somali and 

Arabian coasts). Despite the lateral supply of high salinity intermediate waters 



from the Persian Gulf and the Red Sea, subsurface water renewal in the 

Indian Ocean occurs largely because of advection from the south. The waters 

derived from the Southern Hemisphere gradually lose 02 but accumulate 

metabolic products (002, nutrients) during their northward movement. Thus, a 

lower supply of 02 together with its enhanced demand produces intense 02 

deficiency (Winkler 02 < 0.1 mL L -1 ; -4 pM) over a wider depth range 

(100/150 to 1,000 m) in the north, particularly in the North Eastern Arabian 

Sea. 

Due to the semi-enclosed nature of the North Indian Ocean, the OMZ 

(oxygen minimum zone) impinges upon a very large area of the continental 

margin. Bottom waters with 02 < 0.5 mL L -1  (22 pM) and < 0.2 mL L -1  (9 pM), 

are estimated to cover about 1.15 x 10 6  and 0.76 x 106  km2  of the marginal 

seafloor in the region. However, the zone of perennial mid-water column 

denitrification is confined to the open ocean. Suboxic conditions develop over 

the inner and mid-shelf off the west coast of India only seasonally (during late 

summer and autumn). As compared to the open ocean system, the coastal 

suboxic system covers two orders-of-magnitude less volume, but experiences 

more extreme conditions (i.e. greater nitrate consumption leading to complete 

anoxia). Coastal hypoxia also appears to have intensified in the past few 

decades presumably due to enhanced nutrient loading from land. 

Although a number of studies have been carried out both, in the open 

ocean and coastal regions of the Arabian Sea with respect to nitrogen cycling, 

very little information is available on the behaviour of redox sensitive trace 

metals (such as Fe, Mn, Mo, V and Co). Like nitrogen, these elements also 

undergo speciation changes depending upon the 02 levels, and either get 



deposited in or mobilized from sediments. However, several concerns are 

known in regard to the interpretation of metal trends with respect to past 

environmental variability. The most important of these is the diagenetic effect 

because of which metal concentrations in the sediments may not necessarily 

reflect redox conditions in overlying waters at the time of sediment deposition. 

Due to these constraints, a multi-proxy approach has to be adopted to 

reconstruct, from the sedimentary records, past variability of processes in the 

water column. 

Over the past ten years, a number of sedimentary records of 6 15N have 

been published from different sites in the Arabian Sea representing a range of 

oceanographic settings and sedimentation rates. These records show higher 

enrichment of 615N (>8°k0) in surface sediments not only throughout the 

Holocene but also during all interglacial periods over the past 1 Ma. In 

contrast lighter isotopic enrichment (-5-6%o), comparable to that found in non-

reducing environments today, characterizes sediments accumulated during 

the glacial stages indicating the weakened denitrification or its absence during 

such periods. However, only a few of the cores studied so far, have been 

sampled from the core of the denitrification zone, and none of the previous 

work dealt with the seasonal coastal system. 

In view of the limited proxies used previously to reconstruct past 

changes in Arabian Sea denitrification, and poor geographical coverage, the 

present study has been aimed to adopt a multi-proxy approach covering 

shallow as well as deep Arabian Sea. The results will help us to decipher the 

variations in the water column by providing insights into the response of 



subsurface reducing environment to global and regional changes in climate and 

oceanographic processes (productivity and circulation). The present study is 

the first to use stable nitrogen isotopes and redox sensitive metals proxies, to 

construct paleo-redox conditions, in well-dated sediments of both the open 

ocean and coastal suboxic regions. The present study is dealt within six 

chapters. 

Chapter 1 provides the introduction to the topic of research and study 

area - the Arabian Sea. It gives the background information covering the 

relevant works previously carried out in the region and other regions of the 

world oceans with pronounced OMZs. The need for undertaking the present 

work following a multi-proxy approach is emphasized, and the scope and 

objectives of the study are defined. 

Chapter 2 contains descriptions of the material and methods used in 

the study, i.e. the details about the field work, techniques used for collection, 

handling and processing of samples. It also describes various analytical 

instruments used for chemical and isotopic analyses. Briefly, an Inductively 

Coupled Plasma Atomic Emission Spectrometer (ICP-AES) was used for 

trace metal measurements. The stable oxygen and carbon analyse/is were 

carried out using an Isotopic Ratio Mass Spectrometer (IRMS). Isotopic ratios 

of 15N/14N in sedimentary organic matter were measured using an elemental 

analyzer coupled with IRMS (EA-MS). 

Chapter 3 gives a general account of the hydrography and circulation 

in the Arabian Sea, both in the offshore and coastal regions. Details about the 

open ocean system have long been available, and being the subject of 

several previous works, these are briefly dealt with here. Instead, greater 



emphasis is laid on the coastal system. Seasonal changes that affect the 

biogeochemical cycling over the western continental margin of India are 

highlighted. These details of biogeochemical cycling over the Indian shelf and 

its changes, including evidence for recent intensification of the coastal 

oxygen-deficient environment, are provided. 

Chapter 4 presents the results for the three short and shallow cores — 

CR-2, SaSu-1 and SaSu-3B, collected from the inner- and mid-shelf regions 

(water depths 45, 35 and 50 m, respectively) off Goa. Dating techniques 

employed for these cores indicate the temporal resolutions in all the three 

cores to be comparably high. Decreasing trends in 8 15N and 613C in both 

cores suggest increase in terrestrial inputs in the last few decades, consistent 

with the trace metal data (especially Al in SaSu-1). 6 15N does not appear to be 

a good proxy of denitrification in these cores. Enhancement of biological 

productivity in the region over the past few decades, suggested by the 

historical water column data, is supported by records of a number of proxies 

(especially N, P, CaCO3  and Ba contents). In conformity with the increased 

productivity, the redox sensitive metals are indicative of intensified 

denitrification. 

Chapter 5 presents the results for two deep-sea gravity cores, AAS — 

42/15 (length 440 cm; taken from Raman Seamount; water depth 2525) and 

AAS — 42/12A (length 530 cm; taken from Wadia Seamount; water depth 

2250 m). Both cores came from beneath the most intense water-column 

denitrification, but the sediments at the coring sites are currently not exposed 

to the OMZ (bottom water dissolved oxygen concentration close to the coring 



sites is presently 2-2.5 mL/L). Oxygen isotope records were generated for 

planktonic foraminifer, Globigerinoide ruber in both the cores. The 6150 record 

was similar in structure to the well-established oxygen isotope curves of the 

deep sea cores in that the first 6 Oxygen Isotope Stages (OIS) could be 

clearly identified for AAS-42/15, while in core AAS-42/12A the first 8 complete 

OIS with a part of OIS 9 could be identified. The upper portion of this core was 

subjected to AMS 14C dating. Based on combined 14C and 180 data, this core 

has a very good chronology, covering a period of -165 Ky and -320 Ky 

respectively. 

Since the OMZ does not reach the seafloor at the coring sites, the 

records generated enable evaluation of changes in the intermediate as well as 

bottom waters through comparison of different proxies of conditions in the two 

domains. For example, while the sedimentary 615N record can be taken to 

represent denitrification, those of benthic 8 13C and trace metals are expected 

to reflect conditions prevailing in near-bottom waters. The most important and 

unexpected result obtained in the present study is that the environmental 

changes in the intermediate and bottom waters, very often occurred in 

opposite directions, probably caused by reorganization of the subsurface 

circulation, over the past climatic cycles. A relaxation/cessation of 

denitrification during the glacial periods and intensification during interglacial 

times, as suggested by earlier works, is confirmed by results of this study as 

well. Moreover, such periods also appear to be characterized by low and high 

values of Ba/Al, respectively, indicating that productivity changes contributed 

to changes in denitrification. Records of other redox-sensitive metals 



exhibiting changes, are in agreement with the 6 13C record rather than with the 

615 N record, which is consistent with the assumption that oxygenation in the 

mesopelagic and benthic environments is not occurring in the same way. 

Chapter 6 summarizes the major findings of the present study and 

makes recommendations for future research. 
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Chapter 1 

INTRODUCTION 

1.1 General Introduction 

The oceans, which cover 71% of the Earth, are inextricably involved 

and play a major role in the physical, chemical and biological processes that 

regulate the total Earth system. Climate is a major component of the Earth 

system that involves coupled interactions between the atmosphere, oceans, 

ice sheets, land surface and biota. Global changes in climate can occur due to 

astronomical or man-made factors. There is a great deal of concern about the 

human beings affecting the climate through the ongoing increase in the 

concentrations of greenhouse gases, mostly carbon dioxide (CO2) (IPCC, 

2007). How the oceans respond to these human-induced changes in the 

atmospheric CO2 will, to a large extent, determine the Earth's surface 

environment in the times to come. The impending global warming 

underscores the urgent need to develop a coherent and rational approach to 

understand the climate system. 

The Earth's climate undergoes natural variations on inter-annual and 

longer timescales. The human-induced climate changes are thus expected to 

be superimposed on a background of the natural variations and hence it is 

absolutely essential for us to understand the natural variability and the 

causative processes to be able to make reliable predictions for future climatic 

alterations. This, of course, includes the role played by the oceans. 
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The seafloor is the main site of deposition for most materials produced 

in the ocean or transported from land by air and water. The sediments thus 

preserve records of past changes in the climate and in other physical and 

biogeochemical processes. It is for this reason that sediment cores have long 

been utilized to reconstruct paleo-climatic variations. Over the past few 

decades, a number of proxies have been developed that provide a wealth of 

information concerning changes in various climatic and environmental 

variables. Biological, biogeochemical, geochemical and sedimentological 

proxies are the most commonly used ones for this purpose. Apart from the 

reliability of these proxies, the nature of site selected is very important for the 

interpretation of paleo-data. The preservation of the paleo-signal is strongly 

dependent on environmental conditions in sediments and overlying water 

column and on the rate at which sediments accumulate which also determines 

the temporal resolution. Sedimentary records from the continental margins 

generally provide a better understanding of past variations because of higher 

sedimentation rates relative to deep ocean basins and also due to the fact 

that the continental margins directly receiving materials from land, are sites of 

greater burial of organic and inorganic carbon, and are affected by coastal 

processes such as upwelling, generally higher biological production and 

hypoxia. 

1.2 Peculiarities/unique features of the Indian Ocean 

The Indian Ocean extends from the Tropic of Cancer to the shores of 

Antarctica. Although accounting for only 20% of the world's ocean surface, the 
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Indian Ocean possesses several unique features that make it a very important 

region for both global climate and biogeochemical cycling. This is largely due 

to its unusual geographical setting. A brief overview of the factors that 

distinguish the Indian Ocean from other oceans is given below. 

1.2.1 Geographic settings — impact on climate and oceanographic 

processes 

Unlike the Atlantic and Pacific, the Indian Ocean is blocked by land at 

low latitudes (-25°N) (Figure 1.1) because of which, the region north of the 

equator does not contain temperate or polar areas (i.e. it is essentially 

tropical). This unusual geographical setting drastically influences the climate 

of the region and results in a number of unusual, even unique features. For 

example, it is the only region of the world where the atmospheric and surface 

circulations reverse every six months. This phenomenon, known as the 

monsoons, is caused by the differential heating of land and sea. The 

monsoonal reversals introduce enormous seasonality in physical and 

biogeochemical processes. In the tropical ocean that is generally stratified, 

fertilization of surface layer with essential nutrients usually occurs through 

upwelling along the ocean's eastern boundary (e.g. off California and Peru in 

the Pacific, and Mauritania and Namibia in the Atlantic). In the Indian Ocean, 

by contrast, there are no equivalent upwelling zones along its eastern 

boundary (e.g. off Myanmar and Australia). Instead, the most intense 

upwelling here occurs seasonally [during the summer or southwest monsoon 

(SWM)] along the western boundary (off Somalia, Yemen and Oman) in the 
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Figure 1.1: Figure showing the land locked Indian Ocean at low latitudes 
(-25°N), unlike the Atlantic and Pacific Oceans. Also shown are the major 
oxygen minimum zones of Eastern Tropical North Pacific (ETNP), Eastern 
Tropical South Pacific (ETSP) and Arabian Sea (AS). 



northwestern part (the Arabian Sea) (Schott and McCreary, 2001 and 

references therein). This is because of different atmospheric and surface 

oceanic circulations. During the SWM strong winds blowing from the SW, 

forces the surface waters to move away from the coast replacing it with cold, 

nutrient-rich subsurface water. The upwelled water advects hundreds of 

kilometers from the shelf (please refer Figure 3.10 of Chapter 3). The 

resultant large-scale nutrient enrichment of the euphotic zones leads to 

extensive phytoplankton blooms (Naqvi et al., 2003). Fertilization of surface 

waters also occurs, albeit on a smaller scale, over a large area in the northern 

Arabian Sea during winter [the northeast monsoon (NEM)]. During this 

season, cold and dry winds of continental margin blow from the NE causing 

convection. Although this process is confined only to 100-125 m (Banse, 

1984, 1987), it is sufficient to erode the upper portion of the thermocline, and 

since the nutrient concentrations are quite high at the depths to which 

convective mixing occurs, the resultant entrainment of nutrients in the surface 

layer is substantial (Madhupratap et al., 1996; Morrison et al., 1998; Naqvi, 

2001). This again supports fairly extensive phytoplankton blooms (Banse and 

McClain, 1986; Wiggert et al., 2002; Naqvi et al., 2003). As a result of the 

diverse mechanisms that maintain large reflux of nutrients from the 

subsurface to surface waters, the annually averaged productivity in the 

Arabian Sea is comparable with that in the North Atlantic during the spring 

blooms (Barber et al., 2001). Thus the most productive part of the Indian 

Ocean is its northwestern portion rather than its eastern boundary. 

Intermediate and deep waters of the oceans are formed through 
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cooling at mid and high latitudes. The lack of expanse of the Indian Ocean 

beyond the tropics in the northern hemisphere means that this process does 

not occur in the northern Indian Ocean. There are two sources of intermediate 

waters in the marginal seas, though - in the Red Sea and the Persian Gulf - 

where waters dense enough to penetrate the open ocean at depths of few 

hundred meters do get formed in winter but water densification in these areas 

is also aided by large rates of evaporation as these marginal seas are located 

in arid zones. Moreover, even though the outflows from these sources leave 

strong imprint on the salinity structure of the Arabian Sea, with the core layers 

identified by marked salinity maxima occurring at -250 m for the Persian Gulf 

Water (PGW) and -500 m for the Red Sea Water (RSW) (Wyrtki, 1971), their 

contribution to the water balance is not very large (Swallow, 1984). 

Furthermore, because of high salinity and relatively high temperatures, these 

water masses do not carry large amounts of dissolved oxygen (DO); Naqvi et 

al., (2007) estimate that, only -10% of the oxygen used for subsurface 

respiration in the Arabian Sea is supplied by the PGW and RSW, with the 

remaining coming along with waters originating at south of the subtropical 

convergence. Because of the tortuous trajectories of their flow these waters 

lose most of the DO before reaching the Arabian Sea contributing to the 

formation of the thick, intense mesopelagic oxygen deficient zone (ODZ). 

1.2.2 Oxygen deficiency in the oceans - its consequences 

Surface seawater is generally well oxygenated everywhere in the 

oceans with DO concentrations normally close to the saturation values being 
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maintained by ocean-atmosphere interactions, photosynthetic activity and 

turbulence caused by winds, tides and waves. The DO concentrations in 

subsurface waters are determined by the balance between the physical 

supply (through advection and mixing) and removal for oxidation of organic 

matter (Wyrtki, 1962). In most parts of the ocean, the physical supply of 

oxygen is sufficient such that the water does not lose all of its DO content, 

even though a minimum in DO occurs in its vertical profiles representing the 

depth where the balance between the consumption and supply is more toward 

the former than at other horizons (Wyrtki, 1962). However, there are some 

areas where DO at the minimum reaches levels very close to zero (Deuser, 

1975). Due to the difficulty in making precise DO measurements below about 

0.1mL L-1 , the zones containing Winkler DO less than this nominal value are 

often called "oxygen-deficient". There are three major sites in the ocean 

where such an acute oxygen deficiency is observed in the water column; two 

of them lie in the eastern tropical Pacific Ocean whereas the third is located in 

the northern Indian Ocean (Figure 1.1). Smaller scale deficiency of similar 

magnitude also occurs off Namibia in the Benguela Current, but this is largely 

confined to the shelf (Calvert and Price, 1971). 

The anomalous location of the zone of most intense oxygen deficiency 

(in the north rather than the east) is related to the combination of two above-

mentioned peculiarities of the Indian Ocean: biological productivity is the 

highest in the north (especially in the Arabian Sea) and the subsurface layers 

in the northern Indian Ocean are largely ventilated from the Southern 

Hemisphere such that the age of the water at any horizon generally increases 

6 



northward. The combination of high oxygen demand and modest supply 

results in northward decrease in DO concentrations, especially across the 

Hydrochemical Front at about 10 °S latitude (Wyrtki, 1973). The Front is 

formed due to the zonal flow in the upper kilometer such that cross equatorial 

water exchange is limited only to the western boundary of the Indian Ocean 

(i.e., off Africa; Swallow, 1984). Swallow (1984) called the complex equatorial 

current system to be a holding tank where intermediate waters of the southern 

origin lose their oxygen content before they enter the Arabian Sea. In the 

Arabian Sea, the DO content continues to decrease and north of about 12°N 

latitude, the approximate position of zero wind stress curl (Warren, 1994), 

within a layer below 100-150 m depth, the thickness of which generally 

increases northward, the DO concentrations are close to the detection limit 

(<1 pM, -0.02 mL L -1 ; Naqvi and Jayakumar, 2000; Codispoti et al., 2001). 

This makes the Arabian Sea the region with the thickest and the most intense 

oxygen minimum observed anywhere in the open ocean. 

Due to the semi-enclosed nature of the North Indian Ocean, the ODZ 

impinges upon a very large area of the continental margin: bottom waters with 

02 < 0.5 mL L -1  (22 pM) and < 0.2 mL L -1  (9 pM), are estimated to cover about 

1.15 x 106  and 0.76 x 10 6  km2 , respectively, of the marginal seafloor in the 

region, which amount to as much as 59 and 63%, of the corresponding global 

areas (Helly and Levin, 2004). Moreover, littoral countries of the North Indian 

Ocean approximately account for a quarter of the world's human population, 

which in conjunction with the ongoing rapid economic growth makes the 

region's coastal environments experiencing oxygen deficiency highly 
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vulnerable to human impact. 

1.2.2.1 Geochemical impact 

Water-column denitrification 

As a consequence of the near absence of DO within the ODZ, the 

facultative bacteria switch over to nitrate (NO 3 ) as an oxidant for the 

degradation of organic matter, reducing NO 3  to nitrite (NO2) then to nitric 

oxide (NO), nitrous oxide (N20) and finally to molecular nitrogen (N2). This 

reduction sequence, called denitrification, is a crucial biogeochemical process 

that compensates for the inputs of bio-utilizable combined or fixed nitrogen to 

the oceans through atmospheric deposition, N2 fixation and river runoff; but for 

this process the atmospheric N2 would be depleted in a few tens of million 

years (Deuser et al., 1978; Codispoti and Christensen, 1985; Codispoti et al., 

2001). The rate of water column denitrification in the Arabian Sea is currently 

estimated to be around 35 Tg N y-1  (1 Tg = 10 12  g), which is at least 1/3 of the 

global water column denitrification (Naqvi, 1987; Codispoti et al., 2001; Bange 

et al., 2005; Devol et al., 2006). 

Denitrification invariably involves the accumulation of NO2, the first 

intermediate formed through the reduction of NO3. This feature often used as 

a diagnostic tool for locating denitrifying zones is called the secondary nitrite 

maximum (SNM). It is distinguished from the primary nitrite maximum by way 

of the associated DO levels (nearly zero). The primary nitrite maximum is 

found in the oxygenated part of the water column (close to the top of the 

thermocline/nitracline) where it is produced by two mechanisms - the 
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assimilatory reduction of NO3 by phytoplankton and the oxidation of NH4 # 

 (nitrification) (Vaccaro, 1965; Wada and Hattori, 1971). 

The geographical limits of the Arabian Sea denitrification zone have 

been delineated by Naqvi (1991) based on SNM. Operationally bounded by 

the 0.2 tiM NO2 contour (Please refer Figure 3.3 of Chapter 3), the 

denitrifying zone is several hundred meters thick (maximum depth range 100-

700 m), occupying the upper 1/2 to 1/3 of the ODZ, and spreading over an 

area measuring around 1.4 x 10 6  km2  (Naqvi, 1994). Interestingly the 

denitrification zone lies outside the continental margins, and does not match 

with the most productive upwelling zones of the western Arabian Sea. 

Moreover, it has been pretty well defined and is fairly stable. Besides the 

Arabian Sea, the other areas with comparable SNM are the eastern-boundary 

upwelling zones in the eastern tropical South Pacific (ETSP) off Peru and 

Chile (Codispoti and Packard, 1980; Farias et al., 2007) and in the eastern 

tropical North Pacific (ETNP) off Mexico (Cline and Richards, 1972; Codispoti 

and Richards, 1976). Similar features with smaller volume but of greater 

intensity also occur off Namibia (Kuypers et al., 2005). 

The SNM in the Arabian Sea, as in the ETNP (Cline and Richards, 

1972), is associated with DO < 1 jAM (Naqvi and Jayakumar, 2000; Codispoti 

et al., 2001; Naqvi et al., 2003). This threshold controls the reduction of NO 3-  

to NO2. The northern Indian Ocean contains a huge volume of water 

containing DO just below the threshold, and so a slight decrease in the DO 

concentration can potentially result in large increases in the rate of water 
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column denitrification. For example, the minimum DO concentration in the Bay 

of Bengal is no more than 2-3 1.1M lower than in the Arabian Sea. The Bay of 

Bengal is presently not denitrifying (i.e. it does not contain a SNM; Rao et al., 

1994; Howell et al., 1997), but slight changes in circulation or productivity can 

turn this region denitrifying. The reason for the maintenance of DO 

concentrations just above the denitrification threshold in the Bay of Bengal is 

not clear. Naqvi et al. (1996) provided evidence for lower respiration rates in 

subsurface waters in this region compared with the Arabian Sea and 

suggested that, these were related to enormous inputs of lithogenic material 

by rivers that provides ballast to particulate matter such that it sinks rapidly 

through the water column with consequently smaller remineralization. 

In addition to the perennial open-ocean denitrifying zone referred to 

above, oxygen deficient conditions also develop seasonally over the western 

Indian shelf. This process, first reported by Banse (1959) and Carruther et al. 

(1959), begins with the onset of upwelling in May following the reversal of 

coastal circulation. That is during the SWM the West India Coastal Current 

(WICC) is directed southward and the local winds are also upwelling 

favourable (Shetye et al., 1990). This makes the thermocline shoal up. But 

one unique feature of hydrography of this region is the presence of a warm, 

low salinity lens that is formed due to intense SWM rainfall in the coastal 

zone. The low density lens prevents the upwelled water from coming to the 

surface, resulting in very strong near-surface stratification. Respiration of 

locally-produced organic matter quickly removes all DO from the sub- 

pycnocline depth triggering vigorous denitrification that consumes all NO3 in 
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just about a month making the system sulphate reducing. This shallow 

suboxic zone is not contiguous to the larger open ocean system. However, 

despite the high specific rates the overall denitrification rate over the Indian 

shelf is only about 10% of the rate in the open ocean suboxic zone (Naqvi et 

al., 2006a,b). It is believed that the shallow water oxygen deficiency has 

undergone intensification in recent years presumably due to increased loading 

of fertilizers from land (Naqvi et al., 2000, 2006a,b). 

Recently, Devol et al. (2006) have made direct measurements of 

denitrification rates in both the open ocean and coastal suboxic zones through 

incubations of water samples spiked with 15NO3 - . Their data show higher rates 

(21.6+46.8 nM c1 -1 ) for coastal suboxic zone than for open ocean (8.8+3.8 nM 

c1 -1 ), reflecting greater amount of organic carbon availability and higher 

temperatures over the shelf. The overall rates for the open ocean are 

consistent with the rates estimated previously from NO3" deficits (the 

deficiency in NO3 -  with reference to the concentration expected from the 

Redfield stoichiometry) (Naqvi, 1987) or from the activity of the respiratory 

electron transport system (ETS) (Naqvi and Shailaja, 1993). In the coastal 

region, however, the rates are lower than those suggested by the observed 

15NO3 -  loss (Naqvi et al., 2006a,b). Devol et al. (2006) also measured the 

N2/Ar ratio in the open ocean and observed large increases in the ratio within 

the SNM. Unexpectedly, the N2 "excess" computed from the N2/Ar data are 

much higher (up to twice) than the corresponding NO3 -  deficits. Although it is 

possible that sedimentary denitrification contributes to some extent to the 

observed N2 excess, the two potentially more important processes causing 
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the discrepancy are anammox (anaerobic ammonium oxidation: NO2 -  + NH4+  

-4 N2 + 2F120) and mineralization within the ODZ of organic matter produced 

by nitrogen fixers that has non-Redfieldian elemental composition (N:P >> 16) 

(Codispoti et al., 2001; Devol et al., 2006). It may be pointed out that 

anammox is a recently discovered process that in some areas has been found 

to be the dominant pathway of NO3 loss in suboxic environments (Kuypers et 

al., 2005; Thamdrup et al., 2006). The importance of this process in the 

Arabian Sea is still uncertain inspite of a recent report (Nicholls et al., 2007). 

Nitrous oxide cycling 

N20 is a by-product of nitrification and an intermediate of denitrification 

(i.e. it is both, produced as well as consumed during the reduction of NO3 to 

N2). Denitrification is, of course, an anaerobic process, and so it's associated 

cycling is dependent on the ambient DO levels. Low DO concentrations affect 

the yield of N20 via nitrification as well; that is, the N20/NO3 ratio increases 

as the DO approaches suboxia (Goreau et al., 1980). In well-oxygenated 

water columns, the surface waters are slightly super saturated with respect to 

atmospheric N20, with a small flux to the atmosphere (Weiss, 1978; Butler et 

al., 1989). Yoshinari (1976) demonstrated that the depth profile of N20 is a 

mirror image of the DO profile, and interpreted this observation to indicate 

nitrification as the dominant production mechanism. In the Indian Ocean, 

surface waters of the Arabian Sea have been found to exhibit unusually high 

degree of supersaturation, especially during the periods and within the zones 

of upwelling. The reported values are: 330% off Somalia (De Wilde and 

Helder, 1997), 230% off Oman (Bange et al., 1996) and 8,250% off India 
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(Naqvi et al., 2005). The unusually high supersaturation observed by Naqvi et 

al. (1998, 2000, 2006a,b) in coastal waters off western India during the period 

of suboxia have been proposed to arise from denitrification. By contrast, in the 

open ocean suboxic zone N20 profiles invariably exhibit a minimum within the 

SNM sandwiched between two maxima at the peripheries of this feature 

(Naqvi and Noronha, 1991; Naqvi et al., 1998). In areas where the SNM is not 

present (e.g. in the western and southern Arabian Sea and the Bay of 

Bengal), a single broad maximum in N20 is observed (Naqvi and Noronha, 

1991; Naqvi et al., 1994; Bange et al., 2001). Thus the concentrations and 

even distribution pattern of N20 in oxygen depleted waters are quite variable, 

and changes in the DO field can greatly alter the water column inventory of 

N20 and its flux to the atmosphere. Overall, since the ODZ like those found in 

the northern Indian Ocean, are conducive for vigorous production as well as 

consumption of N20, but overall serve as strong net sources of this important 

greenhouse gas (Cohen and Gordon, 1978; Elkins et al., 1978; Codispoti and 

Christensen, 1985; Nevison et al., 2003; Naqvi et al., 2005), an expansion of 

these zones is expected to lead to an increase in its emission to the 

atmosphere. 

Sedimentary Respiration 

The areas having pronounced ODZs are distinguished by the 

accumulation of organic matter (OM) in the underlying sediments, and this 

applies to the northern Indian Ocean as well (Paropkari et al. 1993a,b). The 

reason for this has been a subject of considerable debate in the literature, 

though. This is because the ODZs are generally regions of high productivity, 
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and so the rate of deposition of organic matter at the seafloor is higher. On 

the other hand, low DO in bottom waters overlying the continental margin 

sediments is expected to favour greater preservation of organic matter. While 

Pedersen et al. (1992, 1993), favoured the production hypothesis, Paropkari 

et al. (1993a,b) emphasized the role of preservation of organic matter in the 

Arabian Sea sediments. The two hypotheses, however, are most likely not 

mutually exclusive. The availability of large amounts of organic matter in 

continental margin sediments is believed to fuel high benthic respiration rates, 

both aerobic and anaerobic (denitrification and sulphate reduction). Since the 

organic-rich shelf and slope sediments are generally reducing, they are 

expected to support high anaerobic respiration rates. The few data on 

denitrification (Naik and Naqvi, 2002) and sulphate reduction (Schmaljohann 

et al., 2001) rates, that are available from the Arabian Sea, however, indicate 

that the sedimentary respiration rates are well within the ranges reported from 

other areas. 

Redox Sensitive Elements 

In addition to nitrogen, reducing conditions in the ODZs also affect 

cycling of several other polyvalent elements. Such redox-sensitive elements 

include manganese (Mn), iron (Fe), molybdenum (Mo), cadmium (Cd), cobalt 

(Co), copper (Cu), vanadium (V) and iodine (I). For example, dissolved Mn (II) 

concentrations rise abruptly due to the reductive solubilization of particulate 

Mn hydroxides (Lewis and Luther, 2000), when DO concentration levels fall 

below the suboxic threshold. Diffusion of Mn (II) into the water column also 

occurs from the reducing continental margin sediments (Saager et al., 1989; 
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Lewis and Luther, 2000). When reduced Mn enters the oxic zone from the 

suboxic/anoxic environment, it quickly gets oxidized to insoluble Mn (IV). Fe 

(II) also follows a similar pattern (Saager et al., 1989). In contrast, Cd, Co and 

Mo get precipitated in suboxic environments and are solubilized in oxic 

environments. These elements have been found to accumulate in sediments 

under suboxic conditions irrespective of whether the water column is oxic or 

suboxic (Klinkhammer and Palmer, 1991; Rosenthal et al., 1995a; van Geen 

et al., 1995; Crusius et al., 1996; Nameroff et al., 2002) and under anoxic 

conditions (Anderson et al., 1989a,b; Emerson and Huested, 1991; Colodner 

et al., 1993, 1995). As a consequence of the low DO levels in the Arabian 

Sea, the cycling of redox sensitive elements is expected to be different from 

the more common oxic environments. 

1.2.2.2 Biological effects 

Oxygen depletion in the water column affects the behaviour of marine 

organisms below DO levels of -60 1AM (Howell and Simpson 1994). The 

intense oxygen deficiency occurring within the ODZs exerts a strong influence 

on the abundance and composition of marine organisms in the mesopelagic 

realm. For example, in the ETNP as well as in the Arabian Sea, most 

zooplanktons are excluded from the ODZ, due to their inability to cope up with 

suboxic conditions (Wishner et al., 1998; Morrison et al., 1999). The majority 

of marine organisms migrate to other oxic environments. In the open Arabian 

Sea, the fraction of total biomass (0-1000 m) that migrates into the upper 

layer (0-100 m) at night has been found to be the lowest at locations having 
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the most pronounced oxygen minimum (Wishner et al., 1998). In a diurnal 

study carried out by Madhupratap et al. (1990) close to the shallow time-

series site monitored in this study, zooplankton counts and biomass within the 

oxic mixed layer were found to be much higher than in the oxygen depleted 

subsurface waters. 

When the ODZ shoals up to within the euphotic zone, as happens over 

the Indian shelf, a very interesting phenomenon occurs. The oxygen-depleted 

waters contain nutrients in high concentrations; yet, the photosynthetic 

production rate, measured with the radiocarbon technique, is very low even 

when these waters are well within the euphotic zone (e.g. Naqvi et al., 2003, 

2006a). This has been ascribed to the inability of "normal" phytoplankton (e.g. 

diatoms) to function in waters with very low ambient DO because they require 

oxygen for their metabolism (Naqvi et al., 2006a). This is despite the fact that 

phytoplankton produce oxygen during photosynthesis. However, some 

cyanobacteria can probably survive in low oxygen waters (Goericke et al., 

2000), and when the system turns anoxic, some primary production can still 

be carried out by anoxygenic photosynthetic organisms (Repetta et al., 1989). 

Unfortunately, nothing is known from the Arabian Sea about such autotrophs. 

When the system turns completely anoxic, NH4 +  becomes the dominant 

form of combined nitrogen fuelling new primary production (Naqvi et al., 2000, 

2006a). This is an unusual situation because new production in the ocean is 

almost always supported by NO3. It is believed that diatoms require NO3 -  for 

their healthy growth and the presence of NH 4+  in high concentrations has an 

inhibitory effect on NO3 uptake (Dugdale et al., 2002). However, although the 
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composition of phytoplankton was somewhat different, diatoms were found to 

be by far the dominant micro phytoplankton group at stations experiencing 

complete anoxia over the Indian shelf (Naqvi et al., 2006a). 

Chemical and biological processes within the sediments and at the 

sediment-water interface contribute significantly to oceanic biogeochemical 

cycles, especially in the Arabian Sea due to its uncommon geographical 

setting. When the entire continental shelf off India gets enveloped by 

subsurface/bottom waters with 02< 0.5 mL L -1 , as observed by Naqvi et al., 

(2000), the benthic fauna gets profoundly impacted. Among the first to notice 

this effect were Carruthers et al. (1959) who reported an absence of benthic 

animals off Bombay at depths where DO content of the bottom water was < 

0.5 mL L -1 . 

The most important impact of the oxygen deficiency in coastal waters is 

on fisheries, which is an important source of protein and one of the key 

commercial activities for the coastal population. This aspect has, not 

surprisingly, received a great deal of attention (e.g., Banse, 1959, 1968; 

Carruthers et al., 1959; Hida and Pereira, 1966). Analyzing the fish landing 

data for Goa during the period 1995-2001, Naqvi et al. (2006a) reported a 

substantial decrease in the demersal fish catch over the past few years. 

However, a similar significant decline was not observed in case of pelagic 

fishes and hence Naqvi et al. (2006a) concluded that the onset of anoxic 

conditions (appearance of hydrogen sulphide) could be the main cause of the 

declining demersal fish catch. Besides the adverse impact on fisheries, the 

oxygen deficiency is also known to result in fish mortality when the fishes are 
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unable to escape from the anoxic upwelled waters. For example, Naqvi et al. 

(1998) and Ramaiah et al. (2005) recorded instances of fish mortality off 

Kerala during the upwelling season apparently caused by asphyxiation. 

1.3 Role of nitrogen in climate control 

Nitrogen is a major component of atmosphere and an essential nutrient 

for all forms of life. It is a polyvalent element that occurs in oxidation states 

ranging from 3— to 5+ (Table 1.1). Among all species of nitrogen, NO3 is the 

most oxidized form, while NH4 +  is the most reduced one. N2 is by far the most 

abundant chemical species and the major constituent of the Earth's 

atmosphere. N20 is the next most abundant species of nitrogen in the 

atmosphere. It is an important trace gas that plays a significant role in global 

warming and stratosphere ozone depletion. Aside from its reaction with ozone 

in the stratosphere, N20 is quite inert in the atmosphere and also in the 

surface layer of the ocean. However, since it is an intermediate of the redox 

chemistry of the nitrogen system, it gets involved in chemical transformations 

where rapid changes in oxidation state of nitrogen take place (e.g. in soils and 

subsurface waters). However, in spite of its large abundance in the 

atmosphere (as N 2), biological productivity both on land and in the ocean is 

often nitrogen-limited. This is because, few plant species of autotrophs 

(cyanobacteria) are capable of using (fixing) it. The species that can be 

readily utilized by plants are combined inorganic forms such as NO 3  and 

NH4+ , the former being the most abundant form of fixed nitrogen in nature, 

and organic forms such as urea ((NH2)2C0). 
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Table 1.1 

Common species of marine nitrogen and its oxidation states. 

Species Molecular formula Oxidation number 

of nitrogen 

Nitrate ion NO3 5+ 

Nitrite ion NO2 4+ 

Nitrous oxide gas N20 1+ 

Nitric oxide gas NO 

Nitrogen gas N2 0 

Ammonia gas NH3  3- 

Ammonium ion NH4+  3- 

Organic amine RN H2 3- 



An important component of the oceanic nitrogen cycle (Figure 1.2), is 

the uptake of combined nitrogen by phytoplankton in the euphotic zone, 

mostly as NO3. But since, N in the biological materials is present in the most 

reduced (3-) form (as amino nitrogen), NO3 must first be reduced, and most 

plants are enzymatically equipped to carry out this (assimilatory) reduction. 

The organic matter produced by plants is eventually remineralized by the 

heterotrophs, and N is first released as NH4 +  that is oxidized by nitrifiers to 

NO3, with NO2  as one of the intermediates and N20 as a byproduct (Figure 

1.2; Codispoti and Christensen, 1985). If there were no other process, the 

entire N in nature would eventually be converted to NO3 -  because the Earth's 

surface environment is mostly oxidizing. This is not the case as reducing 

conditions also develop on account of bacterial oxygen consumption in soils, 

oceanic sediments, and in waters, both on land and in some parts of the 

ocean, as stated above. Within these reducing environments, NO 3  is utilized 

as an oxidant for the degradation of organic matter by heterotrophic microbes. 

This process known as denitrification completes the N cycle as it leads to the 

production of gaseous N, mostly N2 and to a lesser extent N20 (Figure 1.2). 

More recently, another pathway of N2 production (anammox) has been 

discovered (Strous et al., 1999). It involves the reaction of NO2 with NH4+ 

 (NO2 + NH4+  --> N2 + 2H20). Unlike denitrification, anammox is an autotrophic 

process. Its significance in N2 production is being increasingly realized 

(Dalsgard et al., 2003; Kuypers et al., 2003, 2005; Thamdrup et al., 2006). 

Irrespective of the production pathway, N2 produced in the anaerobic 
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Figure 1.2: A view of the oceanic nitrogen cycle (adapted from 
Codispoti et al., 2001). The intra-cellular intermediates that do not 
appear to accumulate in seawater are represented with (X) and (Y) 
denotations. Modifications have been done in the diagram to 
suggest the production of N20 as well as its consumption during 
denitrification. 



environments on land and ocean keeps its inventory constant on the 

geological time scales. In the oceans too, the inventory of fixed nitrogen 

should attain some kind of a steady state over long-enough time scales. That 

is, net inputs of fixed N to the ocean through N2 fixation (the major fixed N 

source in spite of the inability of prokaryotes to carry out this process), 

atmospheric deposition and river runoff should balance the net loss, most of 

which occurs through sedimentary and water column denitrification, with some 

permanent burial in sediments and even smaller emission of N20 to the 

atmosphere. Whether or not such a steady state exists in today's ocean is a 

matter of intense ongoing debate. While Gruber and Sarmiento (1997) and 

Gruber (2004) believe that the marine fixed nitrogen budget is close to 

balance, the current best estimates of the various input and sink terms 

suggest a grossly off-balance budget with the losses exceeding the inputs by 

>200 Tg N y1  (Table 1.2; Codispoti et al., 2001). Obviously, such a large 

imbalance cannot be sustained over long periods of times because it would 

result in a substantial change in the oceanic combined N inventory and its 

isotopic composition (see below), for which there is no evidence in the recent 

(past few thousand years) sedimentary record (Altabet, 2006). However, as 

pointed out by Codispoti (2007), the data used to generate the current fixed N 

budget have been collected only in the last few decades, and it is possible 

that these represent an anthropogenically altered N budget which would not 

have created a sedimentary imprint yet. 

The major loss terms in the fixed nitrogen budget are dependent on the 

oxygen distribution in the ocean (for water column denitrification) as well as 
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Table 1.2 

Marine combined nitrogen budget (from Codispoti et al., 2001). 

Process 	 Gruber and Sarmiento 
(1997) 

10 12g N yr-1  

Codispoti et al. 
(2001) 

10 12g N yr-1  

Sources 

Pelagic N2 fixation 110 ± 40 110 
Benthic N2 fixation 15 ± 10 15 
River input (DN) 34 ± 10 34 
River input (PON) 42 ± 10 42 
Atmospheric deposition (Net) 30 ± 10 30 
Atmospheric deposition (DON) 56 

Total Sources 231 ± 44 287 

Sinks 

Organic N export 1 
Benthic denitrification 95 ± 20 300 
Water column denitrification 80 ± 20 150 
Sedimentation 25 ± 10 25 
N20 loss 4 ± 2 6 

Total Sinks 204 ± 30 482 



the sea level (which determines the area of the continental margins where 

most of the sedimentary denitrification occurs). Both of these undergo 

changes associated with climatic cycles. It is therefore almost certain that, the 

loss term is variable on geological time scales. Evidence for this can be found 

in the sedimentary record, as summarized below and also to be provided in 

Chapters 4 and 5 based on the results of the present study. The crucial 

question is whether or not the input terms (largely N2 fixation) also keep pace 

with these changes in the oceanic denitrification rate? There is growing 

realization that denitrification and N2 fixation may, in fact, be tightly coupled. 

This is because denitrification produces a pool of excess phosphate (relative 

to the Redfield N:P ratio of 16:1; Redfield et al., 1963) that should stimulate N2 

fixation (Deutsch et al., 2007; Naqvi, 2007), such that increases in oceanic 

denitrification rate would be accompanied by enhanced N2 fixation in the 

oceans. Whether or not this occurred in the past is not clear at this point of 

time. If the changes in the denitrification rate were not compensated quickly 

enough by N2 fixation, a change in oceanic fixed N inventory would occur 

(Altabet, 2007). This would affect the rate of primary production. 

The possible link between changes in the oceanic fixed N inventory 

and climatic cycles was first postulated by McElroy (1983) in order to explain 

the cyclic changes in atmospheric CO2 as revealed by the analysis of air 

trapped in polar ice caps (the atmospheric CO2 has been lowered by —100 

ppm during peak glacial periods as compared to the interglacial times during 

past few hundred years of Earth's history for which the ice-core data are 

available; see, for example, Petit et al., 1999). The hypothesis is essentially 
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based on the observation that, in large areas of oceans where the upper 

water column is stratified (generally in the tropics) fixed nitrogen is nearly 

depleted in the euphotic zone, thereby limiting primary production (Codispoti, 

1989). The production of particulate organic matter and its export to the deep 

sea (the biological pump) is a key process that is responsible for the 

sequestration of CO2 from the atmosphere. Changes in the fixed N inventory 

would thus affect the strength of the biological pump thereby changing the 

atmospheric CO2 content and global climate. Specifically, sequestration of 

CO2 from the atmosphere may decrease when losses of combined nitrogen 

through denitrification exceed inputs from N2 fixation, plus supply from land 

and atmosphere; while during the period of weak pelagic and sedimentary 

denitrification, fixed nitrogen would accumulate in the ocean, stimulating 

photosynthesis in turn lowering the atmospheric CO2. While the former 

situation is suggested to have prevailed during the interglacials, the latter 

would apply to glacial times (McElroy, 1983; Altabet et al., 1995, 2002; 

Ganeshram et al., 1995, 2000). 

1.4 Previous Studies 

1.4.1 Water column denitrification in the Arabian Sea 

The severe oxygen depletion in subsurface waters of the Arabian Sea 

was first observed during the John Murray Expedition (1933-34) and Gilson 

was the first to investigate nitrogen cycling in the region (Gilson, 1937). 

Surprisingly, this work was not followed up by more detailed studies for 

several decades, probably because of the outbreak of the Second World War 
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and the subsequent political changes, but despite few observations, the 

Arabian Sea has long been recognized as a site of water column 

denitrification [as mentioned by Richards (1965) in his classical treatment of 

anoxic basins and fjords]. The International Indian Ocean Expedition (110E; 

1962-65) resulted in the generation of a large amount of data, including on 

dissolved inorganic nitrogen, mostly NO3 and in some cases NO2, but these 

data were largely used to prepare maps showing the distributions of oxygen 

and NO3 along various horizontal and vertical planes (Wyrtki, 1971). Some of 

these data, along with new observations, were used by Sen Gupta and his 

coworkers, who made the first concerted effort to specifically address the 

Arabian Sea denitrification problem (Sen Gupta et al., 1976a,b). Shortly 

afterwards Deuser et al. (1978) provided the first estimate of the rate of water 

column denitrification in the region (0.1-1 Tg N y-1 ). The two groups quantified 

NO3 deficits resulting from denitrification following different approaches: a 

Redfield stoichiometry-based approach by Sen Gupta et al. (1976a,b) and 

coworkers and NO3-salinity relationship by Deuser et al. (1978). Naqvi et al. 

(1982) evaluated the two approaches and found that the method of Deuser et 

al. (1978) underestimated NO3 deficits. Subsequent studies by Naqvi and 

others focused on refinement of methods for estimating NO3 -  deficits (Naqvi 

and Sen Gupta, 1985; Naqvi et al., 1990; Codispoti et al., 2001), demarcation 

of the Arabian Sea denitrification zone (Naqvi, 1991; Naqvi et al., 2000), 

quantification of denitrification rates from box models (Naqvi, 1987), activity of 

the respiratory electron transport system (ETS) (Naqvi and Shailaja, 1993) 

and on deck incubations (Devol et al., 2006) and N20 cycling (Naqvi and 
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Noronha, 1991; Patra et al., 1999). The salient results of these studies are as 

follows: 

1. The perennial, open ocean denitrification zone of the Arabian Sea is a fairly 

well-defined and stable system that does not seem to have undergone any 

discernible change over the past three to four decades for which reliable data 

are available. This zone is anomalously located in that; it is geographically 

separated from centres of the most intense upwelling regions (i.e. off Somalia 

and Oman). 

2. Contrary to earlier belief, the oxygen-deficient waters are renewed quickly 

(T < 10 y), accounting for the short term temporal changes even within the 

core of the SNM. 

3. Rate of water column denitrification in the open suboxic zone has been 

found to range from 10 to 44 Tg N y', with most recent estimates closer to the 

upper end of this range. Thus water column denitrification in the Arabian Sea 

is globally highly significant. 

4. The N2/Ar ratio confirm the presence of large excess of N2 with the N2 

anomalies far exceeding NO3 deficits. 

5. The severe oxygen deficiency leads to rapid turnover of N20 with the 

Arabian Sea serving as a strong net source of this gas to the atmosphere. 

6. In addition to the perennial open ocean suboxic zone, severe depletion of 

oxygen also occurs in bottom waters over the Indian shelf during late summer 

and autumn. Although the rate of denitrification in this shallower system is 

modest, the rate of production of N20 — mostly through denitrification is 

disproportionately very large. 
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Due to the above mentioned rapid renewal of waters within the Arabian 

Sea ODZ, substantial inter-annual and even intra-annual changes in the 

extent of denitrification have been recorded (Naqvi, 1987; Naqvi et al., 1990). 

For example, Naqvi et al. (1990) found substantial oscillations on a seasonal 

scale in denitrification along the Indian continental margin. This was attributed 

to the presence of an undercurrent that supplies oxygen to intermediate layers 

in this region; and as this supply is associated with the SW Monsoon 

circulation; lower deficits were found during this season. However, direct 

observations of these changes have been limited to the last 3-4 decades. In 

order to investigate variability of the process on geological time scale, one has 

to inevitably turn to the geological record. The present study is largely 

concerned with such changes. 

1.4.2 Paleo-Climatic studies in the Arabian Sea 

A comprehensive paleoclimatic/ paleoceanographic data set and 

information are available from the western and northwestern Arabian Sea 

(PreII et al., 1980; PreII, 1984a,b; PreII and Van Campo, 1986; Clemens and 

PreII, 1990; Anderson and PreII, 1993; Sirocko et al. 1993, 1996, 2000; 

Reichart, 1997, Naidu and Niitsuma, 2003; Naidu, 2004; Higginson et al. 

2004). For the first time century scale variations in SW monsoon intensity 

were observed by Sirocko et al. (1993) during the past 24 Ky in a sediment 

core - 74 KL, from western Arabian Sea. Later using various biogenic and 

geochemical proxies, history of the SW monsoon has been deciphered by 

several workers (Emeis et al. 1995; Rostek et al. 1997; Reichart, 1997; Naidu, 
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1998). Moreover in the western Arabian Sea, using sedimentary 6 15 N, Altabet 

et al. (1995) observed synchroneity between past variations in denitrifcation 

and other hydrographic and oceanographic features such as sea surface 

salinity, temperature and surface productivity during glacial-interglacial 

transitions. All these studies indicated the surface productivity in the western 

and northwestern Arabian Sea during the late Quaternary period to be 

primarily controlled by changes in wind intensity associated with the summer 

(SW) monsoon. Biogenic proxy records of upwelling and surface productivity 

also inferred that, monsoon intensity varied in phase at periodicities near the 

earth's precessional cycle (23 Ky) for the last 140 Ky (Prell and Van Campo, 

1986). Adding to all these studies, Clemens and Prell, (2003) created two very 

similar multiproxy records viz - Summer-Monsoon Stack (SMS) and Summer-

Monsoon Factor (SMF), of summer-monsoon variability for 350 Ky time 

period; by combining five individual summer-monsoon proxies (biological, 

isotopic, geochemical and physical) from the Northern Arabian Sea using 

stacking and principal component analysis (PCA). These multi-proxies, SMS 

and SMF were found to be spectrally very similar, dominated by variance in 

the 41-Ky (obliquity) and 23-Ky (precession) bands with very little variance at 

the 100-Ky (eccentricity) band associated with large-scale changes in global 

ice-volume. Denitrification intensity in Arabian Sea has also been reported by 

Reichart et al. (1998); Ganeshram et al. (2000); Suthhof et al. (2001); 

Banakar et al. (2005). Sirocko et al. (1993) and Reichart, (1997), reported 

records of continental aridity employing elemental proxies such as Ti/AI and 

Mg/AI from the western and northwestern regions of Arabian Sea. Studies 
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from these regions later also revealed the teleconnections between sub-

tropical monsoon and high latitude climate (Sirocko et al. 1996; Naidu and 

Malmgren, 1995; Schulz et al. 1998). Among monsoon oriented studies in the 

northern Arabian Sea, some detailed studies have focused on the variation of 

Oxygen Minimum Zone of the northern Arabian Sea (Murray Ridge, Off Oman 

and Pakistan Margins; Reichart et al., 1997, 1998, 2002 respectively). Apart 

from the variability and intensity of summer monsoon, surface productivity and 

sub-surface denitrification; the bottom water redox conditions also gets 

influenced by the export flux of organic matter. To understand these effects, 

Somayajulu et al. (1994), Tribovillard et al. (1996), Morford and Emerson 

(1999); employed several trace elements (such as Mn, Cr, V, Ni, Zn, Mo, U, 

Re and Cu) to track past changes in the bottom water redox conditions under 

which they had been precipitated/ migrated. 

Similar to the availability of paleoclimatic record from the western and 

northwestern Arabian Sea, the eastern Arabian Sea is also expected to 

provide and have indeed furnished clues to past monsoon changes in terms 

of surface productivity, sub-surface denitrification and bottom water redox 

conditions. Moreover, recently, the eastern Arabian Sea has received 

increased attention after the realization that it is a potential source of 

atmospheric N20 (a green house gas), a future threat to global climate (Patra 

et al. 1999; Naqvi et al. 2000 and references therein). 

The first detailed paleoclimatic/ paleoceanographic study in the eastern 

Arabian Sea was by Duplessy (1982). Using 6180 of planktonic foraminifera, 

he showed that the SW monsoon was much weaker during the last glacial 
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maximum (LGM, -18 Ka BP) than present; whereas, the NE monsoon was 

much stronger. Later, Sarkar et al. (1990) corroborated these findings using 

43 180 of surface dwelling foraminifera and other geochemical proxies. 

Sonzogni et al. (1998) used the alkenone method to estimate sea surface 

temperatures from as many as twenty deep-sea sediment cores raised from 

the tropical Indian Ocean, (of which five cores were from the eastern Arabian 

Sea) and concluded that the tropics were about 1.5-2.5 °C colder during the 

last glacial period. In conjunction with the oxygen isotope stratigraphy, Prabhu 

et al. (2004) has also discussed about the longest pollen record (200 Ky) from 

the eastern Arabian Sea. They concluded a reduction in SST by -2 °C during 

the glacial periods together with a rise in salinity of 1 psu due to lessened 

fresh water input to the Arabian Sea as a result of weakened southwest 

monsoon and strong northeast monsoons. Besides the above mentioned 

records, there are a number of studies pertaining to 6 180 carried out on 

different species of planktic and benthic foraminifers, which delivers detail 

inferences about the Holocene monsoon record from the eastern Arabian Sea 

(Sarkar et al. 2000, Thamban et al. 2001; Agnihotri et al. 2003a; Tiwari et al. 

2005a; Tiwari et al. 2006). Simultaneously, studies have also been carried out 

by various researchers on the eastern Arabian Sea using proxies such as 

Corg , CaCO3, SiO2, 6 18 N and trace metals. 

Corg, a traditional proxy for surface productivity has shown inconsistent 

behaviour from region to region during glacial-interglacial transition (Sirocko et 

al. 2000, Thamban et al. 2001; Agnihotri et al. 2003b) and hence its 

application to construct the paleo-productivity has remained a controversial 
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topic in case of sediments from the Arabian Sea. Sarkar et al. (1993) 

observed a significant Corg, enhancement during the LGM (known to be a 

period of low productivity) from a southeastern Arabian Sea sediment core 

and attributed this to better preservation due to prevailing anoxic conditions in 

bottom waters based on uranium enrichment. However, using organic 

indicators of bottom water redox conditions, Schutle et al. (1999) did not find 

any appreciable signatures of anoxicity in bottom waters for sediment cores 

collected from the northeastern (off Pakistan) and southeastern (close to 

Maldives) Arabian Sea in the last —330 Ky, and assigned the accumulation of 

organic carbon to be controlled mainly by primary productivity. Emeis et al. 

(1995), however found it difficult to interpret Corg accumulation rate in terms of 

surface productivity changes in the northwestern Arabian Sea, where the 

depth profiles of Corg accumulation was found to be significantly affected by 

variations in sedimentation rates. Due to this problem, Emeis et al. (1995) and 

Schulz et al. (1998) emphasized that Corg concentration is a better indicator of 

surface productivity rather than its accumulation rate. Based on a multiproxy 

approach (Corg, organic nitrogen, CaCO3, Sr and Ba) for three cores from 

eastern and southeastern Arabian Sea, Agnihotri et al. (2003b) deciphered 

decreased surface productivity during LGM in agreement with records of 

Pattan et al. (2003). Recently Banakar et al. (2005), however has reported 

increased productivity during the LGM period as observed from high 

concentrations of marine Corg, Ealkenones and Corg  flux for a core collected 

from the eastern Arabian Sea (off Goa). Examining the response of 

denitrification with productivity variation, they observed a decoupling between 
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the two for the LGM period, while they covaried during other climatic periods. 

The reduced LGM denitrification inspite of increased productivity was 

attributed to effective ventilation of the EAS- thermocline by the intensified 

formation of Arabian Sea High Salinity Waters (ASHSW) in the northern 

Arabian Sea, resulting in well sustained oxygenation throughout the LGM. 

Recently, a study on the variability of primary productivity and OMZ intensity 

at millennial scale was reported by Singh et al. (2006), from a core collected 

along the western continental margin of India (water depth 200m). 

lnspite of all the investigations from eastern Arabian Sea, there still 

exist a scarcity of data for inferring the presence and variations of OMZ during 

the past. Though few studies have furnished the same with a single proxy (for 

e.g. enrichment of Uranium by Sarkar et al., 1993), a multiproxy approach is 

lacking. 

Also, not many studies on the variation of oxygen concentrations in the 

past have been taken up along the Western Continental Margin of India and 

the coastal areas. The deposition of sediments along the continental shelf and 

slope regions is controlled by paleo-topography of the late Pleistocene, sea-

level fluctuations, monsoon intensity and sediment input from rivers 

(Narayana et al. 2005). As these areas focuses on the shallow region suboxic 

environments developed due to the ongoing anthropogenic activities, the 

sedimentary records from continental margins with shallow water depth would 

help as an ideal archive to study various sedimentary processes for 

deciphering the past fluctuations in the climate and environmental systems on 

a decadal to centennial timescales. 
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Initial studies along the West Coast of India started with Murthy et al. 

(1969), reporting the distribution of organic matter in the marine sediments. 

Further investigations on organic carbon and inorganic geochemistry from the 

western continental margin of India, led Marchig, (1972) towards two main 

observations of (1) Fe and Ti to be concentrated in the lithogenic, quartz-rich 

and coarse-grained sediments of the shelf and upper slope, and (2) while Mn, 

Ni, Cu, and Zn mostly associated with the clay mineral-rich, fine-grained 

sediments of the lower slope and deep ocean. These studies were then 

followed by Paropkari et al. (1978, 1987, 1993a), focusing on environmental 

controls on the distribution and enrichment of organic carbon along the 

continental marginal sediments, attributing the preservation of organic carbon 

mainly to bottom water anoxia. However, all Paropkari et al., studies were 

based on surficial sediment samples. Later, Narayana and Singh (1997) 

reported 4 - 5 episodes of intense upwelling at different time intervals, in a 

core collected from the inner shelf off Mangalore, based on CaCO3, organic 

matter and percentage of planktic foraminifers (Globigerina bulloides and 

Globigerinata glutinata) proxies. Pandarinath and Narayana (1998) studied 

inner shelf surficial sediments off Coondapur, West coast of India with 

respect to the distribution of 12 elements (Al, Ca, Fe, Mn, Ti, Cu, Ni, Cr, Pb, 

Zn, Co and V), and concluded the inner shelf environment to be unpolluted. 

Recently Agnihotri et al. (2007, a study based on a core collected from 

the inner shelf region off Goa, from a water depth of -45 m) found the marine 

productivity to be in tandem with external solar forcing throughout the core. 

Intensity of subsurface denitrification was also found to be dominantly 
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controlled by surface productivity prior to anthropogenic period (-700 to 150 

years BP). However a decrease in denitrification was observed after -150 yrs 

BP in contrast to the increased productivity. The change in denitrification trend 

could be an artifact of dilution of sedimentary signal by isotopically lighter 

nitrogen supply from land or higher current rate of denitrification, that it didn't 

leave its heavy isotope imprint on sedimentary nitrogen. They also recorded 

decrease in sedimentary 6 15 N during the Little Ice Age (LIA) due to lower 

productivity most likely induced by a weakened summer monsoon. 

In general, the geochemistry of surface Arabian Sea sediments is 

reasonably well understood. However no study has yet been made with a 

multiproxy approach simultaneously using the sediment cores collected from 

wide ranging bottom environments of (i) oxygen deficient marginal waters and 

(ii) deep sea. Thus, this study has been planned to investigate the two 

environmental sediments with a multiporxy approach. In the following section, 

a brief on the usefulness of proxies - 615 N and trace metals in particular is 

given. The other proxies - Corg , C/N, CaCO3, SiO2, 613Corg, 
618t-N, 

L; 0 131/44orams, 

have been described in chapter 4 and 5. 

1.4.3 Sedimentary nitrogen isotope composition as a denitrification 

proxy 

The most commonly used proxy of past denitrification is the ratio of 

15 N/14N in sedimentary organic matter (conventionally expressed in delta 

notation: 615 N = 1000 x (c5N/14N)sam/c5N  ,i4.. Mstd) -1], where the subscript 'sem' 

and `std' denote isotope ratios in the sample and atmospheric N2, 
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respectively). This theoretical framework and scientific rationale behind this 

application are as follows: 

Nitrogen has two stable isotopes with mass numbers of 15 and 14 ( 15N 

and 14N) of which the lighter isotope is far more abundant (99.63%). Like all 

biogeochemical processes, denitrification also involves mass dependent 

fractionation of isotopes whereby 14NO3 - is preferentially reduced leaving the 

residual NO3 enriched with 15 N (Cline and Kaplan, 1975; Liu and Kaplan, 

1989; Brandes et al., 1998; Voss et al., 2001). In the Arabian Sea, &15N  of 

NO3 increases from -6%o in deep waters (2500-3000 m), comparable with 

values from other areas (Sigman et al., 1997), to 15-18%0 within the core of 

the denitrifying layer; the 6 15 N of N2 concurrently decreases from -0.6%0 to 

-0.2%0 (Brandes et al., 1998; Altabet et al., 1999b). Brandes et al. (1998) 

combined the isotopic data with NO 3-  deficits derived from the NO-

temperature relationship, and used an advection-reaction model (Rayleigh 

fractionation) and a diffusion-reaction model to compute the fractionation 

factor (6) of 22%0 and 25%0, respectively. Altabet et al. (1999b) obtained a 

somewhat higher value (-30%0) taking -N* as the NO3" deficit and assuming 

Rayleigh fractionation. These estimates of E for the Arabian Sea are similar to 

those for the eastern tropical North Pacific (Brandes et al., 1998; Cline and 

Kaplan, 1975), implying relative constancy of isotopic fractionation associated 

with open-ocean denitrification. 

If and when the isotopically heavy NO3 from the ODZ is brought up to 

the euphotic zone through upwelling and vertical mixing and locally consumed 

on an annual basis, the signature of elevated 615N would then be transferred 
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to the sinking particulate organic matter (POM) and ultimately preserved in 

sediments (Schafer and lttekkot, 1993; Altabet et al., 1995). Thus, the 

sedimentary 15 N/14 N would reflect the degree of subsurface denitrification and 

the ODZ's intensity at the time of sediment deposition. This premise, however, 

needs to be qualified with several caveats (Naqvi, 2007): (1)The 15 N/14N of the 

particulate organic matter (POM) is determined by the balance between 

denitrification and N2-fixation, and how this balance changed with time in the 

past is not known. (2)Early diagenesis causes an enrichment of 15N in surface 

sediments relative to sinking POM by 2-3°/00, although this effect is not seen at 

locations receiving high flux of POM (Gaye-Haake et al., 2005). (3) Sites of 

the most intense upwelling in the Arabian Sea are found along its western 

boundary (off Oman and Somalia), which are located outside the 

denitrification zone (Naqvi, 1991). The water that upwells here is derived from 

the south and its NO3 is not expected to be isotopically heavy. However, as it 

is advected -1000 km from the coast before its NO3 is fully consumed (refer 

Figure 3.4 for nitrate profile, of chapter 3), substantial enrichment of 15N must 

occur due to fractionation during phytoplankton uptake. Thus, even though on 

the basin scale, the NO3 upwelled is fully consumed annually, one may 

expect gradients in sedimentary 6 15 N along the trajectory of flow of the 

upwelled water. 

Even though, as stated above, sedimentary 6 15N more correctly 

represents the balance between denitrification and N2-fixation rather than 

denitrification alone, it may be assumed that during periods of intense 

denitrification in the past, the balance was similar to what exists today (caveat 
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1). Similarly, it may also be assumed that any diagenetic alteration of the 

isotopic signal in the sediments is time invariable (i.e. the offset of the 

sedimentary 615N from the corresponding value of sinking material at the time 

of its deposition is the same for a given site), so that changes observed within 

a record would still provide insights into denitrification variability (caveat 2). 

The qualitative similarity of the deep-sea records (e.g. from the core V34-101 

raised from -3 km depth and having a core top total nitrogen content of only 

0.07%) to other records from the region justifies this assumption (Altabet et 

al., 1999a). With regard to caveat 3, Altabet et al. (1999a) argued that despite 

the large gradients in S15N  of NO3 within the ODZ, the homogenous 

distribution of heavy 6 15N values just below the euphotic zone facilitates 

uniform preservation of the denitrification signal all over the Arabian Sea. This 

is analogous to the uniform distribution of high S 15 N in the suspended 

particulate material (SPM) observed by Montoya and Voss (2006) throughout 

the upper and intermediate water column in the Arabian Sea, although the 

processes that bring about such a homogenization are not understood. 

Over the past decade or so, several sedimentary time series of S 15 N 

have been published from sites in the Arabian Sea representing diverse 

oceanographic settings and sedimentation rates (Altabet et al., 1995, 1999a, 

2002; Ganeshram et al., 2000; Suthhof et al., 2001; Agnihotri et al., 2003a). 

These data show high enrichment of 6 15 N throughout the Holocene as well as 

during all interglacial periods over the past 1 million years. In contrast, lower 

615N values (-5-6%0), comparable to those occurring outside the ODZ's today 

are characteristic of sediments that accumulated during the glacial stages. 
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This suggests that, denitrification weakened or was absent during cold, glacial 

periods (Altabet et al., 1995, 1999a, 2002; Ganeshram et al., 1995, 2000; 

Suthhof et al., 2001). Sedimentary 6 15N has been found to exhibit a nearly 

normal distribution about a median of -6.5%0, with the present day values 

being close to the upper end of the range, and without a long term trend 

(Altabet et al., 1999b). Spectral analysis of the records reveals cyclicities 

associated with the major orbital frequencies (100, 41 and 23 kyr), 

significantly coherent with records of 6 180 in foraminifera (a proxy of ice 

volume) for all three frequencies, and lithogenic grain (representing the SWM 

strength) for all but the eccentricity one. These points to the importance of 

both hydrography and productivity in controlling Arabian Sea denitrification 

(Altabet et al., 1995, 1999a). Higher resolution records reveal oscillations over 

the millennial time scale apparently linked with the climatic changes 

(Dansgaard/Oeschger oscillations and Heinrich events) inferred in ice cores 

(Suthhof et al., 2001; Altabet et al., 2002). For instance, the 6 15N records in 

two sediment cores from the Oman Margin analyzed by Altabet et al. (2002) 

reveal sharp maxima during Isotope Stage 3 that are remarkably similar in 

structure and timing to the ice core 6 180 excursions representing 

Dansgaard/Oeschger oscillations. When smoothened with a 3000y running 

average (note that the residence time of nitrogen in the sea is currently 

believed to be around 3000y; Codispoti et al., 2001), the two 6 15N curves are 

remarkably similar to the Antarctic temperature and CO2 records. This 

prompted Altabet et al. (2002) to conclude that changes in denitrification in the 

ODZ of the Arabian Sea, and probably in other similar areas of the eastern 
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tropical Pacific, may have a major impact on global climate. Furthermore, it 

has been suggested that such changes probably also contributed to the 

variability in atmospheric N20 content as recorded in polar ice (Altabet et al., 

1995, 2002; Suthhof et al, 2001; Fluckinger et al., 2002). 

1.4.4 Trace metals as redox proxies 

The solubility of trace metals in seawater and their partitioning between 

different phases are often determined by their oxidation states. For instance, 
• 

iron (Fe) is one of the redox sensitive elements that have two oxidation states, 

Fe (II), and Fe (III), of which the reduced form is more soluble. In oxic waters 

Fe (III) gets precipitated as Fe-hydroxides into the sediments. Vanadium (V) 

on the other hand shows a completely opposite behaviour: its oxidized form [V 

(V)] is more soluble than the reduced form [V (IV)]. A great deal of attention 

has been paid to utilize other such metals which exhibit contrasting behavior 

under different natural redox conditions as proxies of the redox state of the 

environment at the time, deposition occurred. These tracers help to elucidate 

the mechanisms by which organic carbon—rich deposits and petroleum source 

rocks are formed (e.g.; Pedersen et al., 1992; Calvert and Pedersen, 1993), to 

constrain models of anoxia and associated reducing environment (Emerson 

and Huested, 1991; Calvert and Pedersen 1993; Hastings, 1994; Morford and 

Emerson 1999; Nameroff, 1996, Nameroff et al., 2002, 2004) and paleo-

productivity (Dymond et al., 1992; Rosenthal et al., 1995a, Klump et al., 

2000). However, before one utilizes the redox-sensitive trace metals as 

paleo—tracers, it is essential to comprehensively understand their 
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geochemistry in both oxidizing and reducing environments. Several problems 

exist concerning the interpretation of metal data with respect to past 

environmental variability. The most important of these is the diagenetic effect 

because of which concentrations in the sediments may not necessarily reflect 

redox conditions in overlying waters at the time of sediment deposition. 

Unlike the application of 6 15N as a paleo-denitrification proxy, the 

application of trace metals as a tracer of paleo-redox conditions has been 

quite limited (Sarkar et al., 1993; Schenau et al., 2002; Pailler et al, 2002; 

Agnihotri et al., 2003a) in not only the Arabian Sea but Indian Ocean as a 

whole. Sarkar et al. (1993) reported the occurrence of deep-water anoxia 

based on the observed concomitant enrichment of organic carbon and 

authigenic uranium in the glacial sections of a core from the eastern Arabian 

Sea. This was attributed to a change in deep water circulation. However, the 

benthic carbon isotopic evidence presented later in this thesis suggests that, 

while the deep water oxygen concentrations did change with time, the change 

in benthic 43 13C is inconsistent with completely anoxic glacial deep water. This 

mismatch underscores the need to adopt a multi proxy approach in order to 

make the paleo-environmental reconstructions more reliable. 

1.5 Significance, Objectives and Scope of the Study 

Oceanographic processes in the Arabian Sea are to a very large extent 

controlled by the unique phenomenon of monsoon. Numerous previous 

studies have shown that the intensity of monsoon has fluctuated in the past 

on a variety of time scales, largely forced by changes in solar insolation (e.g., 

Prell, 1984b; Gupta et al., 2003). Moreover, the ongoing and future changes 
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in the Earth's climate are expected to affect the SWM (making it more intense) 

thereby impacting the regional biogeochemistry including the volume and 

intensity of the ODZ (e.g. Goes et al., 2005). The past holds the key to future; 

and so in order to predict these changes an understanding of paleo-

denitrification and of the processes that controlled it, is essential. 

Most of the earlier works on paleo-denitrification have focused on the 

western Arabian Sea, often utilizing 6 15 N as the sole proxy. The ODZ is better 

developed in the north eastern Indian Ocean and a few published records of 

615 N are available from this region. Moreover, as already stated, apart from 

the open ocean sub-oxic zone, denitrifying conditions also develop over the 

Indian continental shelf on a seasonal basis. Changes in this shallow system 

in the past are yet to be investigated. Given these shortcoming in the 

available information, the present study strives to: 

(1) provide new data from sites where denitrification is most intense (in 

northeastern Arabian Sea) following a multi-proxy approach 

(2) addresses for the first time the important issue of, how the shallow 

water, seasonal ODZ change with time in recent past 

The latter issue is of special significance, since it has more socio-

economic relevance. The knowledge being sought is essential to evaluate the 

extent to which human activities are modifying the state of our coastal 

environment. 

As the study focuses on both - the open Arabian Sea and the coastal 

region of India affected by water column oxygen deficiency, the results would 

give us insight on the behaviour of the two different environments during the 
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past and present. The results obtained from short coastal cores will help us in 

experiencing the behaviour of the coastal environment during the past. This in 

turn would provide us an understanding about the present day intensification 

of suboxia-anoxia occurring in the water column due to the anthropogenic 

activities correlated with the natural forcing. 

The deep sea gravity core results would help us infer about the 

ventilation and presence of water masses with different oxygen concentration 

in the intermediate and bottom waters, especially from the sedimentary 

nitrogen isotope proxy (which is a denitrification indicator, and which infers 

about denitrification occurring in intermediate waters) and 6 13C of benthic 

fauna (Cibicidoedes wuellerstorfi, dwelling on seabed surface), together with 

redox sensitive elements which would record the changes occurring in the 

bottom waters at the time of its deposition. 

The broad objectives of the study are: 

i) To evaluate various proxies of paleo-productivity and redox conditions 

[stable carbon and nitrogen isotopes, organic matter and trace metals 

(viz. Mn, Co, Fe, Mo, V)]. 

ii) To distinguish signals of depositional environment from post-

depositional diagenetic changes. 

iii) To correlate these changes with those in the climate (particularly the 

Asian summer monsoon) and related physical and biological processes 

(such as upwelling, circulation, and biological productivity). 

In order to fulfill these objectives, extensive measurements of various paleo 

proxies were carried out, the results of which are presented here. 
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Chapter 2 provides a description of the methods. Chapter 3 includes 

information on the hydrography and circulation that determine the state of the 

biogeochemical environment, including its redox status. Chemical and other 

ancillary data and a discussion of the relevant processes both in the open 

ocean and coastal ODZ are presented to serve as the background against 

which the paleo-data are interpreted and discussed in Chapter 4 (for the 

shallow ODZ) and Chapter 5 (for the deep ODZ). Finally, the major 

conclusions of the study are summarized in Chapter 6 and recommendations 

made for future works. 
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Chapter 2 

MATERIALS AND METHODS 

2.1 	Introduction 

In order to achieve the scientific objectives identified in chapter 1, three 

short and two long gravity cores were collected from the coastal region (off 

Goa) along the western continental margin of India and open ocean 

denitrifying zone of Arabian Sea respectively. The geochemical 

measurements were carried out using various analytical techniques and 

instruments. Apart from core collection, water sampling was also done at the 

time of core collection and during other field trips, to have the water column 

data. The detailed descriptions of sampling and material including methods 

are given below. 

2.2 Collection of Sediment Cores 

Two short gravity cores were collected in October 2002, during the first 

trial cruise of a multi-corer on board the CRV Sagar Sukti. One more gravity 

core was collected in September 2005 on board the CRV Sagar Sukti during 

the SaSu-98 cruise, using the two meter long gravity corer on board. The 

other two long gravity cores were collected in February 2002, during the 42nd  

cruise of MN A.A. Siderenko, a vessel chartered by the then Department of 

Ocean Development, now Ministry of Earth Sciences (MoES). Gravity cores 

were collected by the author while the short coastal cores were collected by 

the biogeochemistry group from NIO. Details of the core location, water depth 
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of collection and length of the sediment cores raised, are given in Table 2.1. 

Location of all the cores is shown in figure 2.1. 

Colour and lithology of sediments were noted immediately after the 

recovery of the cores on board. Visual examinations was done for identifying 

the presence of turbidites and sediment slumping. All the cores were sub-

sampled on board into 1 cm thick slices, throughout for the short cores and 2 

cm slices for the long cores, using thin transparent knife shape acrylic plate. 

The sediment samples were then sealed in plastic zipped bags and stored. At 

shore based laboratory, required amount of all the samples were oven dried 

at 60°C and preserved in pre-cleaned plastic vials until further analyses. 

2.3 Various proxies used in this study 

Multi-proxy studies are common in reconstructing environmental 

changes. Particularly, anthropogenic eutrophication and the onset of anoxia 

have been examined in various estuarine systems by number of researchers 

(e.g. Cornwell et al., 1996; Zimmerman and Canuel, 2000; Chmura et al., 

2004) through the multi-proxy approach. To decipher the past changes in 

biological productivity, sub-surface denitrification, terrestrial inputs and bottom 

water redox conditions at seabed, various proxies viz. biogenic constituents, 

stable carbon and nitrogen isotopes, trace metals, and stable oxygen and 

carbon isotopes of forams were measured. A detailed analytical scheme 

followed for the systematic sediment sample analyses is shown in figure 2.2. 

Details of all the proxy analyses done in this study and the different 
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Table 2.1 

Locations and details of sediment cores collected from the Arabian 

Sea. 

Cruise 

No. 

Core 

No. 

Latitude 

°N 

Longitude 

°E 

Water 

Depth 

(m) 

Length 

of the 

Core 

(cm) 

Collection 

date 

SaSu - 

98 

CR-2 14°8.0' 74°2.0' 45 100 27/09/2005 

SaSu 

Trial 

Cruise 

SaSu-1 15°28.6' 73°27.5' 50 21 23/10/2002 

SaSu 

Trial 

Cruise 

SaSu- 

3B 

15°28.4' 73°32.42' 35 43 23/10/2002 

AAS - 

42 

AAS- 

42/15 

17°13.0' 69°02.0' 2525 440 19/02/2002 

AAS - 

42 

AAS- 

42/12A 

15°4.0' 69°59.0' 2270 530 18/02/2002 



56 	60 	64 	68 
	

72 
	

76 

Longitude (°E) 

Figure 2.1: Location of cores collected from the shallow and deep water OMZ 
region of Arabian Sea. The extent of OMZ is demarcated by the secondary nitrite 
maxima (0.5uM). Figure modified from Naqvi (1991). 
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instruments used are discussed below, with the accuracies summarized in 

Table 2.4 in terms of precision. 

2.3.1 210Pb and AMS 14C dating 

210Pb dating 

Chronology of short cores (SaSu-1, SaSu-3B and CR-2) was 

constructed by the 210Pb dating technique, measured via its grand daughter 

nuclide 210Po, at Physical Research Laboratory, Ahmedabad. About 2-3 g of 

ground dry sediment sample was leached with 8M HCI in presence of 209Po 

spike. The solution was finally made in 50-60 mL of 0.6M HCI, and ascorbic 

acid was added to complex the Fe 3+  ion present in the solution. The polonium 

(Po) isotopes were then autoplated onto a 1.5cm diameter silver disc 

suspended in solution. The plating was done for 3 hours by maintaining the 

temperature of the solution at —65°C. After plating, silver disc was rinsed with 

distilled water, dried and the activities of the Po isotopes ( 2°9Po and 210Po) 

were measured for alpha counting using Si-surface barrier detectors coupled 

to a pulse height analyzer (Yadav et al, 1992; Sarin et al., 1992; Somayajulu 

et al., 1994, Sharma et al., 1994). 

AMS 14C dating 

Chronology for the long gravity cores (AAS-42/15 and AAS-42/12A) 

was set up by 14C dating of planktonic foraminiferal separates of 

Globigerinoide ruber species (>250 pm) employing Accelerated Mass 

Spectrometer (AMS). The AMS measurements were performed at the 
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National Ocean Sciences AMS Facility (NOSAMS), Woods Hole, MA (USA). 

The samples were processed to derive the graphite form of carbon which was 

then compressed by the target press and inserted into the cathode (Cs) of the 

ion source. The sample was then accelerated and the carbon converted into a 

positive ion and then, the separated C-12 and C-13 ions were measured in 

Faraday Cups, where a ratio of their current was recorded. Simultaneously 

the C-14 ions were recorded in a gas ionization counter so that ratios of C-14 

to C-13 and C-12 were recorded instantly. These raw data signals were then 

converted to radiocarbon ages using algorithms. Carrara Marble was used as 

a blank, while Oxalic Acid was used as the standard. Based on repeat 

standards analysis, the precision of the technique was found to be 5-7 per mil 

(McNichol and Aluwihare, 2007), (http://www.nosams.whoi.edu ). A single 

sample (interval 97-99cm) from core CR-2 was also dated by AMS 14C for 

bulk organic matter, to ascertain the core age beyond the 210Pb dating limits; 

at the Institute of Physics (loP), Bhubhaneshwar. 

2.3.2 Organic Carbon and Nitrogen analyses 

All the cores (SaSu-1, SaSu-3B, CR-2, AAS-42/15, and AAS-42/12A) 

were analyzed for organic carbon and nitrogen proxies. Prior to analyses, 

sediment samples were treated with 1M HCI to remove the carbonates, 

washed thoroughly with de-ionized water, dried and homogenized except for 

those analyzed in Germany. Analyses of sediment samples for organic carbon 

(Corg ) and nitrogen (Norg) were done on three different instruments as per their 

availability to carry out the analysis. SaSu-1 and SaSu-3B core samples were 
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measured by Fisons NA1500 NC Elemental Analyzer (Fisons Inc., Italy) at the 

Physical Research Laboratory (PRL), Ahmedabad. About 10mg of the dried, 

decalcified samples were taken for analysis. The samples were packed in 

aluminium cups and introduced in the Elemental Analyzer through an 

autosampler. The samples were dropped into the combustion tube containing 

silver cobaltous cobaltic oxide and granular chromium oxide maintained at 

1050°C. In the combustion tube, the samples were combusted readily due to 

flash combustion in presence of high purity oxygen at -1800 °C. All the halides 

and sulphur gases were removed in the combustion column and the evolved 

CO2 and NOx  were then passed through a reduction column containing 

reduced Cu at 650 °C to yield finally purified CO2 and N2. The final pure CO2 

and N2 were then separated in a GC column at 60 °C and measured by 

Thermal Conductivity Detector (Bhushan et al. (2001). A three point 

calibration sequence was made following linear-fit method using a Deer River 

Shale Standard as a reference material containing 2.53% carbon and 0.12% 

nitrogen (Sarin et al., 1997). The analytical precision for measurement of 

carbon and nitrogen was found to be ±1.0% and ±0.8% respectively based on 

repeat measurements of the sample and standard. 

Organic carbon and nitrogen for AAS-42/15 core sediments were 

estimated by NCS analyzer (CE Instruments, model NCS-2500; at MO, Goa). 

- 8mg of the samples were weighed in tin cups and introduced into the 

vertical quartz tube (filled with silver cobaltous cobaltic oxide and granular 

chromium oxide) and combusted completely at -1000°C. The evolved CO2 

and NO„ were then passed through a reduction column containing Cu filings, 
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where nitrogen oxides got reduced to molecular nitrogen while the CO2 

remained unchanged. The gas mixture was then passed through an 

anhydrone trap, for the absorption of moisture. The resulting purified gas 

mixture was eluted and separated by a Porapack column and subsequently 

detected by a TCD detector. The precision of the analysis was found to be 

better than ±1% using Urea (NH2CONH2) as a standard. 

Analysis of sediment samples from core AAS-42/12A for organic 

carbon and nitrogen were done by a Carlo Erba NA 2100 elemental analyzer 

at Center for Tropical Marine Ecology - Bremen, Germany. Organic carbon 

(Core) and nitrogen was measured after removal of carbonate by adding 200 

pL of 1M HCI and subsequent drying at 40 °C, by using -10mg of sample 

taken into 9x10.5 mm silver cups. The decalcified samples then were 

combusted in an oxidation column at 1100 °C under the supply of oxygen. 

The gas mixture containing oxides of nitrogen, carbon, hydrogen and sulphur 

were then transported by Helium, to a column filled with silver to remove SO2 

if any. For reduction of nitrogen oxides (N0 x) the gases were passed through 

another column filled with copper. A trap was used to remove water. N2 and 

CO2 were then separated on a gas chromatographic column and measured by 

a thermal conductivity detector (TCD). Accuracy was monitored by measuring 

standards after every five samples. Standards used were 'Leco 1009' with 

0.034 ±0.01 weight %N and 0.85 ±0.09 weight %C or 'Leco 1012' with 0.13 

±0.04 weight %N and 1.30 ±0.04 weight %C. Depending on sample sizes and 

compositions the combustion tube was cleaned for every 5-15 measurements. 
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The mean accuracy for nitrogen measurements were ±0.01%, while carbon 

was measured with accuracy of ±0.22%. 

2.3.3 CaCO3 analysis 

Carbonate Carbon was determined for SaSu-1, Sasu-3B, CR-2, AAS-

42/15 and AAS-42/12A cores by Coulometry using UIC Coulometer, model 

CM 5014 (UIC Inc., USA). CO2 was evolved from the samples through 

acidification, by treating nearly 30mg of homogenized sediment sample with 5 

mL of 1M HCI at 50 °C. CO2 free air (air was stripped off CO2 by passing 

through 45% KOH scrubber solution) was used as a carrier gas for flushing 

CO2 in the system. The CO2 liberated was flushed by the carrier gas and dried 

by passing it through a post scrubber solution of 50% KI maintained at pH=3 

(pH adjusted to 3 with 50% Sulphuric Acid) and a column of activated silica 

gel and drierite (moisture absorbing zeolite). The dried CO2 was then passed 

through the coulometer titration cell (with Platinum-cathode and Silver—anode) 

containing monoethanolamine solution and a self indicator (thymol blue) 

(Bhushan et al., 2001). Pure and dried CaCO3 (suprapure grade MERCK) was 

used as a standard for calibration. The precision of CaCO3 analysis was found 

to be <2.5% based on repeated standard and sample analysis. 

2.3.4 Stable isotope studies 

Stable oxygen and carbon isotope compositions of calcareous marine 

organisms have been widely used to reconstruct the paleo environmental 

conditions. For oxygen, 180/160  (8180) ratio is used, while for carbon it was 

13C/12C and denoted as 613C. They were measured using Mass 
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Spectrometers with dual inlet system. In the present study, isotope 

measurements of forams were done using the Micromass (Isoprime) Dual 

Inlet, Mass Spectrometer of GV Instruments at National Institute of 

Oceanography, Goa. 

Sample preparation 

Samples of the open ocean gravity cores (AAS-42/15 and AAS-

42/12A) were chronicled prior to analyses of other proxies. Stable isotope 

analysis of oxygen (6180) and carbon (6 130) were used as proxies to find the 

chronology of the cores. Stable isotope studies were done on the foraminifera 

(forams) fossils from the sediment. For this, aliquots of sediment samples 

were wet sieved using a 63 micron mesh of diameter 12 inches, with tap 

water, dried and size fractionated for 250 and 125 pm using the respective 

sieves. The required species of planktonic and benthic forams were then hand 

picked using a simple stereo microscope with a resolution of 50X. 

Basic principle of Mass Spectrometers 

Mass spectrometers are the most effective and widely used means of 

measuring isotope abundances. In principle, a mass spectrometer deflects 

any moving charged particle under the influence of magnetic field and/or 

electric field. A mass spectrometer may be divided into four parts (Figure 2.3): 

(1) the inlet system, (2) the ion source and accelerator, (3) the mass analyzer, 

and (4) the ion detector (Hoefs, 1987). The whole system works under very 

high vacuum, which is essential for the stability of the ions produced and for 

their free flow. 
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The inlet system provides a facility for purification of gas (CO2 in case 

of carbonates — forams) before feeding to the mass spectrometer. This is 

done through a series of trapping systems (moisture trap along with cold 

fingers 1 and 2) which removes the moisture contents and other unwanted 

gases produced from the sample materials during the reaction with acid 

(phosphoric). 

The ion source is an electrically heated metal coil (Thorium—Th) that 

gives off electrons. The atoms/molecules from the sample are bombarded 

with this stream of electrons (perpendicular to each other), during which some 

of the collisions are energetic enough to knock one or more electrons out of 

the atoms/molecules to make positive ions. These molecular positive ions are 

then repelled away form the very positive ionization chamber and accelerated 

into a finely focused beam. 

The mass analyzer separates the ion beams emerging from the ion 

source based on their mass/charge ratio (mass/charge ratio is given the 

symbol m/z or sometimes m/e). This is done through a strong magnetic field. 

As the ion beam passes through the magnetic field, the ions get deflected into 

circular paths based on their masses (i.e. m/z ratio) as the charge on all ions 

is preferably assumed to be 1 and it requires a lot more energy to knock off 

the second electron from an already positive ion. The radii of the circular path 

are proportional to the square root of m/z ratio. 

The ion detector (Faraday cups) collects the separated ion beam 

(coming from the analyzer) and converts it into electrical impulses, which are 

then fed into an amplifier. In case of oxygen and carbon isotope 
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measurements, there are separate Faraday cups to detect the different 

masses of ions simultaneously. 

2.3.4.1 Stable Oxygen (8180) and Carbon (813C) Isotope analysis 

Stable isotope measurements of both oxygen and carbon were 

performed on surface dwelling planktonic foraminifers - Globigerinoide ruber 

and benthic foraminifer - Cibicidoides wuellerstorfi, for both the open ocean 

gravity cores. For planktonic foraminifers, tests from >250 pm fraction were 

used for analysis to avoid the size fraction effect (Duplessy et al., 1981). Prior 

to analysis, the specimens were ultra sonicated for 5-10 seconds (taking care 

not to break the tests) to remove any fine material attached to the tests. The 

tests (mounted on special slides with holes) were then dried and preserved in 

a desiccator until analysis was done. The isotope (carbonates) measurements 

were carried out on the GV- Micromass Spectrometer coupled with an 

automated CO2 preparation system (Gilson - multicarb). The isotopic 

composition of carbonate was measured on the CO2 gas evolved by the 

treatment of foraminiferal shells with 102.6% pure, specific gravity 1.913g/cm 3 

 ortho-phosphoric acid at a constant temperature of 90 °C through an auto-

sampler. The ortho-phosphoric acid was purified by distillation in the 

laboratory from analytical grade 88% with specific gravity 1.75g/cm 3. The 

standard CO2 gas was then calibrated against the international carbonate 

standard — Pee Dee Belemnite (PDB), using National Bureau of Standards 19 

(NBS-19). The denoted unit of isotope ratio measurements is the delta value 

(6). The 6-value is defined in the same way as mentioned in equation (1) as: 
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45 180 = {[( 180/160 ) sample/ ( 180/160) standard] - 1} X 1000 	 (1) 

and 

8130 = {[( 13C/12C)- 	C/ C) sampl / , ‘ 13 — 12  standard] -1} X 1000 	 (2) 

The 6 notation represents per mil (%o) deviations from the isotopic standard 

PDB, prepared from the rostrum of the belemnite - Belemnitella Americana 

from the Cretaceous Pee Dee formation of South Carolina. The PDB standard 

is defined as 0 per mil for carbon and oxygen. The isotopic composition of 

water was reported as per mil deviations of the sample, from Standard Mean 

Ocean Water (SMOW); a hypothetical water close to average ocean water 

(Craig, 1957). Since the supply of PDB is exhausted, calibrations are normally 

done through the analysis of NBS samples. The NBS 19 is a homogenized 

standard of Jurassic Soinhofen limestone form Southern Germany. The 

standard deviation, (i.e. the long term measurement precision) based on 

replicate analyses of internal laboratory standards and NBS19 for 6 180 were 

better than ± 0.06%o and that for 6 13C was better than ± 0.04%o. The mean 

sample size was 3-5 shells for 6 180 measurements while for 6 13C 

measurements an approximate sample weight of 20-60pg was taken. 

2.3.4.2 Analyses of 813C and 815N in sedimentary organic matter 

Measurements of 6 13 Corg  and 815 N were done in the organic fraction of 

the sediments for all the five cores (SaSu-1, SaSu-3B, CR-2, AAS-42/15, 

AAS-42/12A) using an isotope ratio mass spectrometer of Thermo Finnigan 

Delta plus, at the Center for Tropical Marine Ecology - Bremen, Germany. The 
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mass spectrometer was coupled with the Flash EA 1112 elemental analyzer 

in a continuous flow mode. Required amount of samples were weighed in 

silver cups and combusted. The gas mixture (N2 and CO2) was separated in a 

Flash EA 1112 elemental analyzer (same procedure as in the NA 2100 

elemental analyzer mentioned in section 2.3.2). Carbon dioxide (CO2) and 

Nitrogen (N2) were ionized and transferred into a magnetic field, where they 

were separated by virtue of their different mass/charge ratio. The split ion 

beams were detected and the results were expressed as 6 values in Too, as 

deviation from composition of atmospheric nitrogen and V-PDB standard for 

carbon, 613Corg and 815 N were calculated as follows: 

S13Corg and 615N = ((Rsamlpe-Rstandard)/Rstandard) X 1000 
	

(3 ) 

Where R = 13C/12C and 15N/14N. 

Calibration for 613Corg and 815N contents was achieved using several 

international standards throughout the analyses. A sample from Brazil was 

frequently used as a reference and this standard was measured after every 7 

samples (Pedersen et al., 1991, Ganeshram et al., 1995, Higginson et al., 

2004). The standard deviation for 6 13Corg and 6 15N was found to be ±0.11 and 

±0.17%o respectively. 

2.3.5 Elemental analysis of major and trace elements 

Major and trace elements were analyzed for cores SaSu-1, Sasu-3B, 

CR-2, AAS-42/15 and AAS-42/12A using the Inductively Coupled Plasma - 

Atomic Emission Spectrometry (ICP-AES) technique. The spectrometry 

method required the sample to be introduced in solution form. For this, the 
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samples were digested using an appropriate acid mixture employing the 

closed vessel technique. 

2.3.5.1 Sample preparation with MARS 

The choice of digestion method depends on the requirement of extent 

of dissolution of the sample, quantities of acids, total digestion taken, and 

minimal analytical errors. Microwave-acid digestion utilizes lesser amounts of 

acids and is faster with minimal contamination than open vessel digestion. 

Also an important factor to be considered is the nature of the geological 

material (Totland et al., 1992). Keeping all these aspects in mind, microwave 

digestion technique was adopted for the dissolution of sediment samples. 

Schematic diagram of the digestion procedure is shown in figure 2.4. Dried, 

homogenized, sediment samples weighing -500mg were taken in clean 

Teflon liners. To the liners then a mixture of concentrated, ultra pure (metal 

free) acids in the proportion of 5:3:2 mL of HNO3: HF: HCI respectively was 

added (Morford and Emerson 1999; Crusius et al., 1996). However the acid 

combination was finalized after a series of laboratory experiments with 

different combination of all the acids (Rosenthal et al., 1995b; Reichart et al., 

1998; Warnken et al., 2001). The Teflon vessels were then screw capped 

(fitted with rupture membrane for safety purpose) and placed in Microwave 

Accelerated Reaction System (MARS; model MARS5, CEM, USA). A two-

step procedure as given in table 2.2 was followed to ensure complete 

digestion of the sediment samples. The final volume was made to 50 mL. For 

analysis of major elements, samples were accordingly diluted and measured 
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Table 2.2 

Two step procedure for digestion of dried, homogenized sediment 

samples for elemental analysis on ICP-AES. 

Step 1: Acid mixture (HNO3, HF, HCI) 

Microwave 

Power 

(watts) 

No. 

of 

Vessels 

Power 

(%) 

Ramp 

Time 

(min) 

Control 

Pressure 

(psi) 

Control 

Temp. 

(°C) 

Hold 

Time 

(min) 

1200* 12 90 30.0 800 210 30.0 

Step 2: Boric Acid (15-20mL for each sample) 

1200* 12 85 20.0 800 180 30.0 

*Microwave power is decided based on the number of vessels used for 

digestion as 1200W for 12; 600W for 6 and 300W for 3 vessels. 



-500mg dried, homogenised 
sediment sample 

Treated with conc. HNO3+HF+HCI 

in MARS at 210°C 

Residue treated with sat. Boric acid 
in MARS at 180°C 

Final solution made in 0.05M HNO3 

Figure 2.4: Schematic diagram of digestion procedure on MARS-5 
for elemental analysis. 



on ICP-AES. Standards (USGS) were also treated the same way as the 

samples. 

2.3.5.2 Measurements on ICP-AES 

The digested samples were measured for major and trace elements 

using the Liberty—Series II (Sequential mode) ICP-AES of Varian make. The 

major elements measured were Aluminium (Al), Magnesium (Mg), Iron (Fe), 

Strontium (Sr), Titanium (Ti) and Phosphorus (P) and among the trace 

elements, Manganese (Mn), Molybdenum (Mo), Vanadium (V), Cobalt (Co), 

Nickel (Ni), Copper (Cu), Barium (Ba) and Chromium (Cr). A schematic of the 

ICP-AES is shown in figure 2.5. The sample gets introduced into the nebulizer 

with the help of pneumatic peristaltic pump, where it is converted into an 

aerosol with the help of an inert Argon gas flowing perpendicular to the 

sample flow. The fine mist is then carried to the plasma flame (6,000- 

10,000°C) where the sample gets atomized, ionized and excited. The argon 

plasma works at very high radio frequency and in this instrument it is operated 

at 36MHz. The light emitted from the plasma is focused onto the holographic 

grating which resolves the light into its individual wavelengths specific for 

each element. The light signal is then taken up by the photomultiplier tube 

(PMT) detector, which generates a milli-volt signal proportional to incident 

light signal. The electrical signal then gets converted in terms of concentration 

with the help of a capacitor and a digital voltammeter. All the specifications 

and operating conditions of the ICP-AES are given in table 2.3. 

Calibration of the spectrometer was achieved by means of multi- 
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Table 2.3 

Specifications and operating conditions of ICP-AES. 

ICP Spectrometer Liberty Series II, Varian (sequential 

mode) 

Power 1.2 KW 

Plasma gas flow 12.0 L.min-1  

Auxiliary gas flow 1.5 L.mirf l  

Nebulizer V-groove 

Sample uptake rate 1 mL .min -1  

PMT voltage 700-800volts 

Signal integration 3 seconds 

Grating order Default 

Filter position Default 

Resolution 0.006 nm for Cd line at 228.8 nm 

Detection limit 3 6µg L-1  
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element standards in 0.5 M HNO3 of varying concentrations at ppb and ppm 

levels as per the element requirement during analysis. Several USGS rock 

standards like MAG-1 (marine sediment), SCo-1(Cody shale/silty marine 

shale), and BIR-1(Icelandic Basalt) were analyzed to check accuracy and 

precision of the elemental analysis of sediment samples. Among all the 

standards, MAG-1 was analyzed extensively in this work as it closely matched 

the matrix of the sediment samples. Precision involved for the elements 

measured were 1-5%. 

2.4 Water sampling and analysis 

During the core collection from the deep sea, water samples were 

collected from selected (mostly standard) depths covering the entire water 

column (down to bottom) using either Go-flo or Niskin samplers (5/10 -litre 

capacity) mounted on rosette fitted to Sea-bird CTD (conductivity-

temperature-depth, No. SBE 9/11). Temperature and conductivity sensors in 

the CTD units allowed continuous profiling of these properties. The salinity 

data derived from the in-situ sensor was calibrated through analysis of 

discrete samples in the laboratory. Temperature recorded by probe was 

occasionally verified by using reversible thermometers. While for the coastal 

sample collection, a portable CTD was generally used. Again the temperature 

profiling data from the CTD was checked with reversible thermometer 

readings and check for salinity was done by analyzing samples with an 

Autosal Salinometer (model 8400). 
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Once the CTD sampler was brought on the deck, samples were 

collected following a particular fashion. Firstly, salinity samples were collected 

in glass bottles after a thorough rinsing (three times) and filled up to the 

shoulder. The neck of the bottle was dried with a tissue paper so as to avoid 

salt deposition. The bottles were then capped tightly and kept in a 

temperature-controlled room until anlaysis. Salinity values are expressed as 

Practical Salinity Units (psu, Fofonoff, 1983). 

The samples then collected for other chemical analyses, were first 

sampled for dissolved gases (02, H2S, N20) in specialized glass bottles and 

then for nutrients in teflon plastic bottles. While sampling for dissolved gases, 

utmost care was taken to avoid any atmospheric contamination. Chemical 

analyses of discretely-collected water samples for 02, hydrogen sulphide 

(H2S), and nutrients (NO3, NO2 and NH4 +) were performed on board ships, 

whereas those samples collected during the coastal field trips were done in 

the shore laboratory. N 20 samples were preserved with HgCl2 and analyzed 

either on board ship or in the shore laboratory. 

2.4.1 Analyses of dissolved gases 

2.4.1.1 Dissolved oxygen 

Dissolved oxygen was estimated by the Winkler titration method as 

modified by Carpenter (1965). The principle of the method is as follows: 

The dissolved oxygen in seawater was made to oxidize Mn (II) to Mn (III) to 

Mn (IV), under strongly alkaline medium. In the presence of excess iodide, 

reduction of Mn (III) and Mn (IV) liberates iodine upon acidification (either 
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H2SO4 or NCI). The iodine released was titrated against standard sodium 

thiosulphate solution using starch as the indicator. The amount of 02 was 

calculated from sodium thiosulphate consumed. 

2.4.1.2 Hydrogen Sulphide 

Hydrogen sulphide was estimated spectrophotometrically by 

methylene blue method by Fonselius (1962). The method is based on 

dimethyl-p-phenylene diamine reaction in acidic medium with ferric chloride to 

form an indammonium salt (Bindshedler's green), an intermediate. The 

product then combines with hydrogen sulphide yielding a thiazine dye 

(methylene blue). This compound's maximal absorbance occurs at 670 nm 

and was measured at this particular wavelength. 

2.4.1.3 Nitrous Oxide 

The estimation of N20 was carried out by multiple phase analysis using 

the equilibriation technique of McAuliff (1971). An aliquot of 25 mL of 

seawater sample was taken in 100mL air-tight syringe that was previously 

flushed with helium gas to avoid atmospheric contamination. An amount of 25 

mL of helium gas was injected into the syringe. During the transfer of both, 

the water sample and helium gas utmost care was taken to avoid contact with 

atmosphere. The sample was equilibrated for 5 minutes by vigorous shaking 

on a mechanical shaker. The N 20 released from water into the headspace 

was dried by passing over a moisture trap (10cm long, 1cm wide). The 

sampled gas was then introduced in to the GC (via a 6-port valve) containing 
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a stainless steel column packed with Chromosorb (80/100 mesh) and 

maintained at 80 °C. The separated N20 gas was then detected using 

Electron Capture Detector (ECD). The extraction was repeated twice, more 

on the same aliquot. The detector output was read in terms of peak area, by a 

data station. The precision of the method was — 4%. Standards were run at 

the beginning and end of each set of samples to check the drift in the 

instrumental conditions and response. Air was used as a working standard. 

Standardization was against a standard mixture of 510 ppb N20 in nitrogen 

(Gas standards, Alitech Associated Inc, IL. USA). Calculations for getting the 

concentration of nitrous oxide were done by plotting the log of peak area of 

each extraction against the extraction number. The slope (z) and intercept (I) 

of each sample was computed and the initial concentration of nitrous oxide 

(N20) was then obtained from the following equation, 

[N20] = 1/(z-1) 	  (4) 

The concentration unit used for Nitrous Oxide measurements was part per 

million (ppm). 

2.4.2 Nutrient analyses 

Nutrient analyses were done using an automated SKALAR segmented 

flow analyzer (Model 5100-1), following the principles discussed in Grasshoff 

et al. (1983). The primary standards for analysis were prepared in bulk and 

stored aseptically in ampoules to maintain uniformity. 
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2.4.2.1 	Nitrite and Nitrate 

The estimation of nitrite in seawater was based on its reaction with an 

aromatic amine that led to the formation of a diazonium compound, which on 

coupling with a secondary aromatic amine forms an azo dye (Bendschneider 

and Robinson, 1952). The absorbance of the pink colored azo dye was 

measured at 540 nm. 

The nitrate in seawater was determined based on the reduction of 

nitrate to nitrite in a reductor column filled with copper-amalgamated cadmium 

granules following which, nitrite was determined via the formation of an azo 

dye (Grasshoff, 1969). The reduction conditions were maintained using 

ammonia-ammonium chloride buffer in such a way that nitrate was 

quantitatively converted to nitrite but not further. The principal reaction that 

takes place is 

NO3 + Me(s) + 2H +  ----> NO2" + Me ++  + H2O 

2.4.2.2 Ammonia (NH4++NH3) 

Ammonia estimation was based on the improved method given by 

Koroleff (1970). Ammonia dissolved in seawater reacts with hypochlorite 

under moderately alkaline conditions forming monochioramine, which in the 

presence of sodium nitroprusside (as catalyst), phenol and excess 

hypochlorite forms indophenol blue. The ratio of phenol:active chlorine must 

be constant and should be close to 25 w/v which otherwise will affect (bleach) 

the colour intensity. The blue colour of the indophenol was then measured at 

a wavelength of 630 nm. 
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2.4.2.3 Phosphate 

Inorganic phosphate was estimated using the method given by Koroleff 

(1983). Phosphate ions in seawater were made to react with acidified 

molybdate to yield a phosphomolybdate complex, which was then reduced to 

highly coloured blue compound by ascorbic acid. The absorbance of formed 

phosphomolybdenum blue was measured at 880 nm. To avoid the 

interferences from silicate, the pH of the final reaction was less than 1 and the 

ratio of sulphuric acid to molybdate was maintained between 2 and 3. 
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Table 2.4 

Summary of precision for the analytical instruments employed during 

analyses. 

Instrument Name Proxy analyzed Precision 

Scintillation Counter 

(RPL, Ahmedabad) ziopb ± 5% 

Accelerator Mass 

Spectrometer (Woods 

Hole, USA) 

14C 5 - 7%0 

NC Elemental Analyzer 

(PRL, Ahmedabad) 

Corg 

Norg 

±1.0% 

±0.8% 

NCS analyzer 

(N10,Goa) 

Corg  

Norg 

±0.9% 

±0.77% 

Elemental analyzer 

(Bremen,Germany) 

Corg 

Norg  

±0.22% 

±0.01% 

Coulometer 

(MO, Goa) 

CaCO3 ±1.0% 

IRMS 

(N10, Goa) 

6180 

613C 

± 0.06%0 

± 0.04%0. 

EA - MS 

(Bremen,Germany) 

61 3Corg 

 815Norg  

±0.11%0 

±0.17 % 

ICP-AES 

(N10, Goa) 

Fe & V , Mn & Mo, 

Co & Cd 

<1%, <1.5%, 

<3% 

GC 

(N10, Goa) 

N20 < 4% 

Autoanalyzer 

(N10, Goa) 

NO2, NO3, NH 4+ , 

PO43-  

±0.006, 0.06, 0.06, 

0.003 pM 
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Chapter 3 

HYDROGRAPHY AND BIOGEOCHEMICAL CHARACTERISTICS 

OF THE CORING SITES 

3.1 	Introduction 

This chapter provides the background information on oceanographic 

processes on the central and eastern Arabian Sea. Some of the information 

included is based on the published data for which appropriate references are 

made. The other data were generated by the biogeochemistry group of which 

the author was a participant. It may be added that collection of diverse data 

used in the study cannot be obtained by a single individual. 

In order to understand the hydrographical and biogeochemical 

processes of the Indian Ocean, it is essential to consider its unique 

geographical setting and geomorphological features that have already been 

alluded to, in Chapter 1. The presence of land mass that limits the northern 

expanse of the Indian Ocean to a latitude <-25 °N, give rise to the monsoonal 

climate. The word "monsoon" is derived from the Arabic "mausam", meaning 

the climate. It is believed to have been used by the sailors in the context of 

the seasonally reversing winds and oceanic currents that they made use of, 

for sailing to and from India, from the middle-eastern and east African ports. 

There are actually two monsoons, the Northeast (NE) or winter monsoon and 

the Southwest (SW) or summer monsoon, both identified by the dominant 

direction, the winds blow from during December-March and June-September, 
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respectively. Following the scheme currently in use, the transition periods 

between the two monsoons are called the Spring Intermonsoon (April-May) 

and Fall Intermonsoon (October-November). 

The winter (NE monsoon) season is characterized by high pressure 

over the Asian landmass which results in the northeasterly winds over the 

Arabian Sea (Figure 3.1). The formation of low pressure over the Asian 

landmass is due to the low seasonal insolation and relatively high albedo due 

to seasonal snow cover (Clemens et al., 1991). On the other hand in summer, 

as a result of the differential heating of the continent and oceanic regions, a 

low atmospheric pressure develops over the Asian landmass with relatively 

high atmospheric pressure over the cooler southern Indian Ocean. This drives 

southwesterly winds over the Arabian Sea including a strong low-level 

atmospheric jet, called the Findlater (or Somali) Jet (Smith et al., 1991) that 

extends from the Somali coast to the northwest coast of India (Figure 3.1). 

The moisture-laden winds bring about widespread rainfall over the whole of 

South Asia (Clemens et al., 1991). 

Most of the rainfall over the Arabian Sea occurs during the SWM and 

along its eastern shores where it exceeds -3000 mm y-1 . The precipitation 

declines towards the northwest. The balance between evaporation and 

precipitation is the highest off the Arabian coast and the lowest off Southwest 

India. The Arabian Sea receives much smaller river runoff than the Bay of 

Bengal with the combined discharges by the Indus, Narmada and Tapi being 

< 200 km3  y-1 . However, there are numerous smaller rivers originating in the 

Western Ghats whose combined annual discharge (mostly during the SWM) 
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has been estimated to be about 150 km 3  (Naqvi et al., 2003). Due to the large 

rainfall and land runoff precipitation and runoff exceed evaporation over a 

narrow belt off the west coast of India. The net water balance is negative 

elsewhere in the Arabian Sea. Therefore, surface salinity shows a marked 

increase from the southeastern to the northwestern parts of the Arabian Sea 

(Wyrtki, 1971). 

3.2 Circulation and water masses 

The most remarkable feature of the surface circulation in the Arabian 

Sea, as indeed for the Indian Ocean as a whole, is the reversal of surface 

currents every six months. Because, the North Indian Ocean is a small ocean 

basin located essentially in the tropics, coastal and equatorial Kelvin waves 

and equatorial Rossby waves, that have both annual and sub-annual periods 

and are generated by changes in the monsoon winds, can propagate rapidly 

through the region, thereby strongly influencing circulation far away from their 

origins (Shetye and Gouveia, 1998). The combination of such remote forcing 

and local wind forcing produces features of surface circulation not observed in 

other regions. 

Figure 3.2 shows the generalized surface circulation in the northern 

Indian Ocean during the two monsoon seasons. In general, surface currents 

in the Arabian Sea flow clockwise during the SWM and counter-clockwise 

during the NEM. The SWM currents are the most energetic in the western 

Arabian Sea, especially off Somalia, where the northbound seasonal Somali 

Current (SC) attains a volume transport which is comparable to that of the 
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Gulf Stream (Schott and McCreary, 2001). The Somali Current system 

includes three major anticyclonic eddies - the Southern Gyre (SG), the Great 

Whirl (GW) and the Socotra Eddy (SE); because of which most of the 

northward coastal flow by the SC is deflected to the east and south around 4° 

and 10 °N latitudes to feed the Southwest Monsoon Current (SMC). The 

offshore divergence causes intense upwelling at these latitudes, especially 

around 10 °N. Even more widespread upwelling occurs further north off the 

Arabian coast, especially off Oman. However, the currents here do not exhibit 

an organized pattern and seasonality expected from the wind stress except 

close to the coast (e.g. the Ras-al-Hadd Jet off northwestern Oman). Instead, 

the flow is dominated by meso-scale eddies that account for the bulk of the 

kinetic energy (Flagg and Kim, 1998). The filaments and plumes carrying the 

cold, nutrient-rich upwelled waters extend up to -1000 km from the coast, 

fertilizing a large volume of the surface layer and resulting in intense 

phytoplankton blooms (Naqvi et al., 2003). 

Along the Indian coast, the southward flowing West India Coastal 

Current (WICC) induces upwelling, but this process is much weaker 

compared with the upwelling off Oman or Somalia and the upwelled water 

does not spread as far offshore. The thermocline does shoal up over a large 

area, though, all along the coast and in the region of the Lakshadweep Low 

(LL), a seasonal cyclonic eddy. Moreover, the upwelled water is overlain by a 

thin (-10 m) warm, fresher lens because of which the signatures of upwelling 

are not discernible in the satellite data. It may be noted that the upwelling 

period (May-November) extends well beyond the SWM season indicating that 
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the process cannot be forced entirely by local winds. This is supported by 

results of numerical modeling which shows that, remote forcing from the Bay 

of Bengal plays a major role in driving the WICC (McCreary et al., 1993). 

During the NEM, the SMC is replaced by the Northeast Monsoon 

Current (NMC) that flows westward. Surface currents in the northern and 

western Arabian Sea are weaker and less organized, but circulation in the 

eastern Arabian Sea is best developed during this season. This current is the 

broadest off the SW coast of India, where the LL is replaced by the 

Lakshadweep High (LH), and gradually narrows as it flows northward (Shetye 

et al., 1991a). The warm, low-salinity waters of the WICC exert a major 

control on biogeochemical cycling as they do not allow convective mixing to 

occur along over most of the western continental shelf of India. This certainly 

is the case off Goa. 

The subsurface water movement in the northern Indian Ocean is poorly 

known, but is also greatly impacted by the existence of the low latitude 

northern boundary. As the isotherms within the thermocline do not outcrop in 

the North Indian Ocean, the subsurface layers in the region are ventilated 

mostly from the south. The Arabian Sea does receive dense outflows from the 

Persian Gulf and Red Sea; however, their combined volume transport is only 

about 0.64 x 106  m3  s-1 , an order of magnitude lower than the volume 

transport for intermediate waters of the southern origin (Warren, 1994). These 

waters enter the Arabian Sea only along its western boundary and during the 

SWM (Swallow, 1984) such that most of the mid-depth water renewal in the 

Arabian Sea (and in fact the entire North Indian Ocean) occurs in the western 
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region. 

Based on the temperature and salinity distribution in the water column, 

three different kinds of water masses can be distinguished for the Indian 

Ocean; those that are generated within the open Indian Ocean by sub-

duction, those that are mixing products of other water masses, and those that 

enters from outside (Wyrtki, 1971; Tomczak and Godfrey, 1994, Tomczak and 

Godfrey, 2003). Winter cooling in the northern Arabian Sea leads to the 

formation of a very shallow subsurface water mass called the Arabian Sea 

High Saline Water (ASHSW) (Shetye et al., 1994). Being denser, this water 

spreads as a salinity maximum just beneath the surface mixed layer 

(Morrison, 1997; Schott and Fischer, 2000). Another northern salty near-

surface water mass, found at a depth of about 250-300 m which is clearly 

distinct from ASHSW, is the Persian Gulf Water (PGW). The influence of 

PGW does not extend very far beyond the northern Arabian Sea; it loses its 

identity due to mixing with waters of the southern origin as it moves southward 

(You and Tomczak, 1993; Kumar and Prasad, 1996). The third and the 

densest water formed in the region is the Red Sea Water (RSW) which is 

encountered at a water depth of 500-600 m; the salinity maximum 

corresponding to this water is rarely seen north of latitude 17 °N. Of the water 

masses coming from the Southern Hemisphere, the Subantarctic Mode Water 

(which has about the same density as the PGW) but is characterized by an 

oxygen maximum and a salinity minimum, is the most prominent (Sen Gupta 

and Naqvi, 1984). The oxygen maximum corresponding to this water vanishes 

at about 12 °N, the southern limit of the suboxic zone (Naqvi et al., 1993). 
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The Lower Circumpolar Deep Water (CDW) enters the deepest parts of 

central Indian Ocean (Toole and Warren, 1993). However its direct entry is 

generally obstructed by the deep ridges. The deepest water in the Arabian 

Sea is derived through a western boundary current that passes through a 

chain of western basins and enters the Arabian Basin through the Owen 

Fracture Zone (Naqvi and Kureishy, 1986). The Indian Deep water (IDW) 

mass which is presumably formed due to deep upwelling of the CDW flows 

just above the CDW. The IDW mass is oxygen-poor and has high salinity as a 

result of its mixing with older intermediate waters above while in the 

southwest, it has the characteristics of diluted North Atlantic Deep Water, 

which has higher oxygen and salinity (Mantyla and Reid, 1995). 

3.3 Upwelling/vertical mixing, productivity and the oxygen minimum 

zone 

The effect of monsoonal forcing in the Arabian Sea is evident in the 

seasonal sea surface temperature (SST) maps that also reflect the circulation 

pattern (Figure 3.1). The lowest SSTs in the Arabian Sea paradoxically occur 

in summer in the western Arabian Sea, obviously caused by upwelling. As 

already mentioned, upwelling also occurs along the west coast of India during 

the SWM, though far less vigorously than in the western Arabian Sea. This is 

because, the strong wind blowing with the Somali and Arabian coasts to its 

left results in rapid and large scale Ekman transport. The volume of water 

upwelled is very large as is the area of the Arabian Sea over which it spreads. 

In the eastern Arabian Sea, the process is much slower. The thermocline 
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shoals up to very shallow depths (with the upwelled water often prevented 

from reaching the surface by the low salinity cap) in response to the large 

scale circulation with the local winds contributing only part, to the upwelling. 

The process introduces copious amounts of nutrients to near-surface waters 

sustaining high primary productivity (PP). 

Nutrient enrichment also occurs in the Arabian Sea during the NEM. 

This is because, the cold dry winds blowing from the continent over the ocean 

increase the density of surface waters resulting in convective overturning 

which reaches and erodes the upper portion of the thermocline over a large 

area in the northern and central Arabian Sea. The high biological productivity 

arising from the nutrient enrichment is accompanied by a high rate of organic 

matter input and its oxidation in the water column. As pointed out earlier, the 

renewal of intermediate waters is largely through advection from the south 

and these waters lose much of their oxygen content by the time they reach 

the Arabian Sea. The circulation in the equatorial Indian Ocean also plays an 

important role in maintaining low oxygen concentrations in the Arabian Sea. 

The flow of waters in the upper kilometer in the equatorial belt is mostly zonal, 

such that cross equatorial exchange of water is only confined to the western 

Arabian Sea (Swallow, 1984). According to Swallow, "The equatorial region 

between, say, 5 °N and 5 °S seems likely to act as a holding tank, in which the 

dissolved oxygen of the relatively new intermediate water decays and is 

reduced by mixing with the older water". Thus, the development of an intense 

and thick (150-1200 m) OMZ in the Arabian Sea is a result of the combination 

of limited oxygen supply to the intermediate layers through water renewal and 
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a moderately high rate of oxygen consumption (Swallow, 1984; Naqvi, 1987; 

Olson et al., 1993; Warren, 1994). 

The acute oxygen depletion causes the heterotrophic bacterial 

population to switch over to alternate electron acceptors for organic matter 

degradation (Richards, 1965). The most abundant of such species in the 

water column is NO3 - . For NO3 to be utilized as an oxidant, the dissolved 

oxygen concentrations must cross a threshold value which is probably well 

below 1 ,LI\A (Morrison et al., 1999; Codispoti et al., 2001; Naqvi et al., 2003). 

This threshold is deduced based on the observation that NO2 -  accumulation in 

oxygen-poor waters, taken as a diagnostic tool for denitrification, only occurs 

when the precisely measured oxygen concentrations are below this level. 

Note that the corresponding Winkler oxygen concentrations may be higher by 

2-3 1.1.M. The threshold oxygen levels appear to reach in only upper 1/3 or so 

of the OMZ in the Arabian Sea in the vertical within a zone that is well defined 

and does not seem to have changed much since it was first delineated by 

Naqvi (1991) from the climatology of NO2 data then available. It is remarkable 

that despite the presence of a large volume of water with oxygen levels just 

above the nitrate reduction threshold, the open-ocean denitrification (suboxic) 

zone remains fairly stable over decades, that too with the "global change" 

reportedly already underway (Goes et al., 2005). 

3.4 Processes for the formation of coastal and open-ocean suboxic 

zones 

The most intense OMZ, as inferred from the occurrence of the SNM is 
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located in the generally most productive northwestern part of the Indian 

Ocean. However, within the Arabian Sea itself, suboxic conditions are not 

associated with the upwelling systems of Somalia and Arabia; instead, the 

SNM zone extends toward the southwest into the central Arabian Sea from 

the northwestern Indian shelf, a region of relatively low PP (Figure 3.3). This 

is believed to arise from a more effective subsurface-water renewal along the 

Arabian Sea's western boundary through advection from the south (given that 

the cross-equatorial exchange of subsurface waters is largely confined in the 

western Indian Ocean — Swallow, 1984) as well as from the Red Sea and the 

Persian Gulf. Moreover, the dominance of upper-layer flow by meso-scale 

eddies, which account for the bulk of the kinetic energy (Flagg and Kim, 1998) 

and extend to the core of the suboxic zone, may facilitate greater downward 

diffusion of 02 from the surface in the west. In contrast, the SNM coincides 

with the zone of the lowest kinetic energy and reduced vertical penetration of 

the eddy field (Kim et al., 2001). In addition to these physical factors, the 

availability and utilization of nutrients by phytoplankton and the subsequent 

vertical flux of organic matter must also contribute to the observed 02 

distribution. Kim et al. (2001) opined that the route of offshore transport of the 

nutrient-rich upwelled water (occurring predominantly through filaments and 

plumes) is such that the denitrification zone receives more nutrients/organic 

matter than the region located to its south and west. They emphasized the 

importance of the Ras al Hadd Jet that transports upwelled water first along 

the northeast Omani coast and then away from the coast off the cape, it has 

been named after. Nutrient distributions during the upwelling season (e.g. for 
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NO3- , Figure 3.4) do indeed indicate long-distance (.1000 km) transport of the 

upwelled water reaching well within the region of the most intense 02 

deficiency, but the generally-observed gradual offshore decrease in surface 

nutrient concentration is not supportive of this view. 

Recent results of modeling (Wiggert et al., 2006) as well as 

observations (Naqvi et al., submitted) suggest that, contrary to the prevalent 

belief, PP in the western Arabian Sea might sometimes be limited by iron (Fe) 

instead of nitrogen during the SWM. These results have important 

implications for the composition of phytoplankton and the vertical scale of 

organic matter degradation. Iron deficiency has been known to cause an 

increase in ratio of Si:N uptake by diatoms (Hutchins and Bruland, 1998) 

facilitating greater offshore transport of NO3. A more rapid depletion of silicate 

is expected to cause a shift in phytoplankton community structure with 

increasing abundance of smaller autotrophs offshore, which is in accordance 

with observations (Garrison et al., 1998). During the northeast (NE) monsoon 

the central Arabian Sea experiences convective mixing that penetrates, at the 

most, to a depth of 125 m (Banse, 1984, 1987). The depthwise nutrient 

distribution in the region is such that vertical mixing brings up substantial 

amounts of NO3 to the euphotic zone but not much silicate, thereby limiting 

diatom productivity (Naqvi et al., 2002). Thus, PP in the open central Arabian 

Sea seems to be dominated by small, non-diatomaceous autotrophs during 

both the SWM and NEM. The organic matter produced by these organisms 

would be degraded at shallower depths relative to that produced by diatoms. 

Therefore, one would expect the average depth of remineralization of material 
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exported from the surface layer to shoal up with increasing distance from the 

coast, such that more material is degraded close to the core of the 02 

minimum zone in the offshore region. This is consistent with the observed 02 

distribution (Naqvi et al., submitted). 

The development of suboxic conditions over the Indian shelf is related 

in a general way to the prevalence of large-scale, mesopelagic, open-ocean 

02 deficiency, because the latter is the source of water that upwells over the 

Indian shelf during the SWM. Nevertheless, the open-ocean and coastal 

suboxic zones are not contiguous. This is due to the presence of the West 

India Undercurrent (WIUC) that flows northward while the surface flow is 

toward the south. The WIUC may be identified just off the continental 

shelf/slope from the distribution of temperature (upward sloping of isotherms 

at the top of this feature and downward tilt close to its bottom; Figure 3.5a), 

and even more clearly from those of salinity and 02 (Figure 3.5b,c). Note that 

the water derived from the south has lower salinity and slightly higher 02 

content. As judged by the 35.400 salinity contour, the influence of the 

undercurrent, at its peak, extends vertically down to approximately 400 m 

depth and horizontally up to 200 km from the continental slope at 15°N 

latitude (Figure 3.5b). Even though seasonally variable, the WIUC is very 

important for determining the redox status of subsurface waters since it is a 

source of 02 to the otherwise suboxic mesopelagic zone that prevents the 

water from turning denitrifying off the continental margin probably as far north 

as 17 °N latitude. Consequently, as reflected by the distribution of NO2 -

(Figure 3.5d), denitrification intensifies away from the coast. This pattern is 
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opposite to that observed in the two other major oceanic suboxic zones, 

especially off Peru-Chile, where the poleward undercurrents, in fact, support 

bulk of the denitrification (Codispoti et al., 1989). This difference probably 

owes to a lower respiration rate within the WIUC, which, in turn, may be 

caused by two factors. First, unlike its counterpart off Peru-Chile the WIUC 

does not occur over the shelf but along the continental slope, and secondly, 

except in the most southern part, upwelling along the west coast of India is by 

and large confined to a narrow strip over the inner shelf such that surface 

waters directly overhead of the WIUC are not very productive. As the water 

upwells and moves shoreward, rapid increase in respiration depletes its 

already low 02 content, culminating in the seasonal development of reducing 

conditions [denitrification followed by sulphate (SO4 2-) reduction] over the mid-

and inner-shelf regions (refer the following section of 3.5) covering a wide 

latitudinal range (between at least 12 °N — 20 °N, probably extending further 

north to the Pakistani coast). 

3.5 Biogeochemical conditions prevailing over the shallow coring 

sites 

Cores CR-2, SaSu-1 and SaSu-3B were raised from the inner- and 

mid-shelf regions off Goa (Figure 3.6). Hydrographic and chemical data along 

a coast-perpendicular section off Goa for the core sampling period (late 

SWM/early SI) are plotted in figure 3.7 whereas figure 3.8 provides the same 

information for the NEM season. In order to demonstrate the evolution and 

demise of the oxygen deficient conditions on an annual cycle, the data 
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collected at the CaTS station are also presented and discussed. 

3.5.1 Cross shelf sections off Goa during two seasons 

As stated above, the southward flowing WICC induces upwelling along 

the west coast of India. Figure 3.7, based on measurements made in 

September 2002, shows this feature and also depicts the changes that occur 

in the upwelling water as it moves up the shelf. The upsloping of isotherms 

(Figure 3.7a) toward the coast are obviously due to upwelling which begins 

sometime in April-May and lasts till October/November. The other striking 

feature of the hydrographic data is the presence of the previously mentioned 

low-salinity lens that overlies the cold, saline upwelled water, especially near 

the coast (Figure 3.7b). This fresher water lens is produced as a result of 

intense rainfall in the coastal zone (in Goa, the annual rainfall is in the vicinity 

of 3000 mm, but most of it is concentrated during the SWM). 

Around the shelf break, near-bottom water has low oxygen 

concentration, but it is oxidizing (DO is well above the detection limit of the 

Winkler procedure, NO3-  content is high and NO2 is undetectable, see figures 

3.7c,d,e). However, as this water ascends over the shelf, it quickly loses the 

residual oxygen that leads to sequential reduction of other oxidized chemical 

species: First, denitrification sets in over the mid-shelf region as evidenced by 

the depletion of NO3-  and build up of NO 2" (Figure 3.7e), and once NO3 and 

NO2-  are fully consumed, SO42-  reduction is initiated over the inner-shelf, as 

reflected by the accumulation of H2S (Figure 3.7f). These conditions are 

typical for the period (late summer/early autumn) although some variations do 
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occur from one year to another (Naqvi et al., 2006a). 

The conditions are quite different during the NEM when the WICC 

carries warmer, fresher waters of equatorial origin towards the north (Figure 

3.8). The low concentrations of nutrients coupled with downwelling associated 

with this flow result in lower productivity and relatively deep mixed layers so 

that the shelf waters are generally well oxygenated. Observations made 

during the NEM season of 2002 accordingly show higher temperatures (-27-

28 °C) than those observed during the SWM season (Figure 3.8a) while low 

salinity (< 34) persists to a depth of at least - 40m (Figure 3.8b). NO3 levels 

are much lower even when the denitrificaion does not occur due to the 

prevalence of high oxygen concentrations throughout the water column 

(Figures 3.8c). 

3.5.2 Climatology at the CaTS site 

The time-series station, named as the Candolim Time Series (CaTS), 

(15°31'N, 73°39'E) lies approximately 10 km off the coast from the village of 

Candolim (Figure 3.6). This site is being monitored since 1997. These 

observations are of great relevance to the present study because, the three 

short cores examined here come from the same general area and also 

because it is the most suitable data set to provide the background information 

on seasonal changes in the hydrographic and biogeochemical environment 

today with which, one can compare the core top proxy data and make 

inferences as to the past changes. The data for 7 years (1997-2004) have 

been pooled and averaged for various depth intervals on a fortnightly basis for 
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August-December and on a monthly basis for the remaining period. Figure 3.9 

gives variations of various properties on a depth-time plot that reveals well-

defined annual cycles of the measured variables. 

The temperature record (Figure 3.9a) shows a bimodal distribution 

pattern that is well known to exist in this region (e.g. Banse, 1959). The 

highest values are recorded during the SI while the lowest values occur during 

the late SWM extending into the early FI, obviously due to upwelling. The 

water column during the NEM is homogenous but the salinity changes 

considerably (Figure 3.9b) presumably related to the northward flow of WICC 

that brings fresher waters from the south, especially in February. Like 

temperature, salinity also reaches its maximum 36.000) during the SI 

season. With the onset of upwelling and almost simultaneous formation of the 

low salinity cap strong vertical gradients in salinity (and temperature) develop 

that persist from June/July to October/November (Figure 3.9). 

The oxygen deficiency apparently persists for a much longer period 

than one would expect from the temperature record (Figure 3.9c). Naqvi et al. 

(2006a) speculated that the decay of Trichodesmium blooms during the SI 

could sometimes result in 02 depletion in the near bottom water even before 

the onset of upwelling. However, near-bottom 02 concentrations do not reach 

suboxic (< 10 ilM) levels until July/August. NO3 concentrations increased 

during the early stages of upwelling, but decrease once suboxic conditions 

develop in near-bottom waters (Figure 3.9d). This is associated with the 

accumulation of NO2" (Figure 3.9e). Within about one month of its onset, 

denitrification reaches completion (i.e. NO3 and NO2 -  are fully consumed). It 
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may be noted that in addition to the build-up of NO2 -  in suboxic waters during 

denitrification, some accumulation of NO2 also takes place at shallower 

depths in oxygenated waters (Figure 3.9e); this is due to assimilatory 

reduction of NO3 by phytoplankton, nitrification or denitrification in sediments 

(Naqvi et al., 2006a). 

Reduction of SO42-  as indicated by the appearance of H2S (Figure 3.9f) 

begins only after the complete removal of the oxidized N species from the 

water column. Such (anoxic) conditions prevail during the months of 

September and October (Figure 3.9). During this period, cross-shelf sections 

north of about 12°N latitude (e.g. Figure 3.10), exhibit all three types of redox 

environments (oxic over and beyond the outer shelf, suboxic over the mid-

shelf and anoxic over the inner shelf). Such a well-organized sequence with a 

remarkable regularity is not known to occur along any other open coast. 

However, it is believed that a few decades ago complete anoxia in this region 

was not as frequent, if it existed at all, as it is now (at the CaTS site it has 

been recurring every year since 1998). For the region off Karwar and during 

the upwelling period, Naqvi et al. (2006a) compared oxygen data generated in 

recent years (1997-2004) with those collected in the 1970s, and found the 

recent values to be significantly lower. According to these authors, oxygen 

deficiency in this region seems to have intensified as a consequence of 

enhanced nutrient loading and this might account for the development of 

completely anoxic conditions. 
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3.6 Biogeochemical conditions prevailing within the suboxic zone of 

the open ocean 

As already stated, the seasonal suboxic zone over the western 

continental shelf of India is not contiguous with the perennial deeper suboxic 

zone of the open ocean. In figure 3.11, the boundaries of the perennial 

suboxic zone along with the climatological maximal nitrite concentrations 

reported by Naqvi, (1991) are shown along with the locations of the two open 

ocean coring sites (AAS-42115 and AAS-42112A). The two sites are clearly in 

the region that experiences intense denitrification today. A brief account of the 

hydrographic and biogeochemical attributes of the water column at this site is 

as follows: 

Three stations were selected to provide representative profiles of 

hydrographic and chemical parameters. Two of them (3201 and 3202), 

occupied during the FORV Sagar Sampada cruise SS119 in April 1994, and 

are very close to the location of the core AAS-42/15 (17.07'997°N, 

68.01'016°E). Station 3201 was sampled down to -1.5 km, but 3202 was 

sampled down to 3 km. However, since the T, S and 02 profiles converge at 

-1.5 km, the profiles at 3202 can be taken to apply, to the core-top at this 

coring site and to the AA-42/12A site as well (horizontal gradients in 

properties at depths > 2 km are negligible between the two locations). 

Vertical profiles of temperature, salinity and oxygen and of oxygen, 

nitrate and nitrite at the two stations are presented in figure 3.12a and 3.12b, 

respectively. A pronounced OMZ is conspicuously seen at both the sites 

between 150-1000 m, with the lowest oxygen values occurring in the upper 
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portion of the OMZ, as already mentioned. It is within this layer that the main 

secondary nitrite maximum is located and also nitrate profiles exhibit a 

pronounced minimum, indicative of denitrification. Note that the nitrite 

maximum is not confined to a specific water mass. At 3201, salinity remains 

high and relatively invariable throughout the nitrite maximum whereas at 3202 

the most intense nitrite maximum includes the transition from a salinity 

minimum to a salinity maximum. The oxygen concentration rises at depths 

exceeding 1 km where both T and S decreases steadily. At the depths, the 

two cores were raised from the oxygen concentrations are >100 1AM. In other 

words, both core sites are presently bathed by fairly oxygenated waters. 

Similar results are also observed at another location slightly (by 

2°Latitude) to the north of the coring sites. This location (19°N, 67°E) was 

sampled repeatedly during the United States Joint Global Ocean Flux Studies 

(U.S. JGOFS) Arabian Sea Process Study (1994-95) and thereafter during 

cruises conducted by the National Institute of Oceanography. The oxygen 

data collected during the US JGOFS cruises following either the automated 

Winkler titration or colorimetric procedures are more accurate, as the nitrite 

build-up was almost always noticed when oxygen fell below 1 ptM (Figure 

3.13a). This was also where nitrous oxide (N20) concentrations were the 

lowest indicating that like NO3 and NO2-, N20 was also being used by 

bacteria as an electron acceptor (Figure 3.13a, b). At the boundaries of the 

secondary nitrite maximum, however, N20 accumulates in high concentrations 

due to production by nitrification, denitrification or a coupling between the two 

processes (refer Figure 4 from Naqvi and Noronha, 1991). 
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In addition to the routine hydrographic and chemical data, specialized 

measurements made at this site included the N2/Ar ratio. This ratio exhibits a 

strong increase within the secondary nitrite maximum zone, and by 

subtracting the background ratio (at the same density level but outside the 

suboxic zone), it is possible to calculate the excess nitrogen biologically 

produced in these waters. Surprisingly at its maximum, the excess nitrogen 

far exceeds even the most generous estimates of nitrate deficit (Figure 3.13c). 

Some of this discrepancy might be accounted by the contribution by 

anammox, with the rest mostly caused by the non-Redfieldian (N:P » 16) 

composition of organic matter, produced by nitrogen fixers, that is supplied to 

and degraded within the OMZ (Codispoti et al., 2001; Devol et al., 2006). In 

any case, it would appear that the current estimates for N2 production in the 

open-ocean suboxic zone should be conservative. 

3.6.1 Nitrogen Isotope composition 

Discrimination by denitrifying bacteria between the two stable isotopes 

of nitrogen ( 14N and 15N) has been known for quite some time (Wada and 

Hattori, 1991, and references therein). Brandes et al. (1998) were the first to 

demonstrate that, this effect leads to marked enrichment of the heavier 

isotope in residual nitrate in the open-ocean suboxic zone of the Arabian Sea. 

Their data came from the one of the stations (3201) for which the 

hydrographic and chemical data have been presented and discussed above 

(see Figure 3.12). Deep waters (2500 to 3000 m) at this site are found to have 

615N ( 15 NO3)  of -6%o which is close to the values (-5%0) observed in other 
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areas (Wu et al., 1997; Sigman et al., 1997). However the 6 15N values 

increases to 15%0 within the core of the denitrifying layer (Naqvi et al., 2006b; 

Brandes et al., 1998; Figure 3.12) because of the preferential reduction of 

14NO3 -  over 15NO3 in seawater (Cline and Kaplan, 1975). Concurrently, the 

6 15N of N2 was found to decrease from -0.6%o to -0.2%0 in the denitrifying 

layer of the central Arabian Sea (Brandes et al., 1998). Brandes et al. (1998) 

computed the isotope fractionation factor (E) using the measured 615 N in NO3 

and the nitrate deficits computed following Naqvi and Sen Gupta (1985). The 

estimated values for E for the Arabian Sea (22 - 25%0) were similar to those 

calculated for the eastern tropical North Pacific. These estimates were also 

well within the range (c = 17 to 29%0) obtained by Delwiche and Steyn, (1970), 

Mariotti et al. (1981) and Barford et al. (1999) in laboratory cultures of 

denitrifying bacteria. 

The isotopic distribution pattern observed in the coastal suboxic zone is 

quite different, and more variable, from that described above, even though the 

data are rather limited (Naqvi et al, 2006b). These data come from two sets 

of observations - in August 1997 off Mangalore (Station SS 3939; isotopic 

analysis carried out following Brandes et al., 1998) and in September 2000 off 

Goa (Stations G3, G4 and G5; isotopic analysis carried out following Tanaka 

and Saino, 2002). On both occasions the sub-pycnocline water column had 

experienced significant losses of NO3. The NO3 profile at Station 3939 

exhibited a mid-depth maximum below which concentrations decreased while 

the NO2 concentrations showed a concomitant increase with depth (Naqvi et 

al., 2006b). NO3 deficit also increased with depth, reaching the peak value of 
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just under 15 fiM in the deepest sample (27 m). While all the above 

parameters exhibited expected depth wise changes, the profile of 6 15N-NO3 

deviated greatly from the expected one. That is, given the high NO3 deficit in 

subsurface waters, the 6 15 N-NO3" values should have ranged between 17 and 

26%o if the isotopic fractionation factor reported for the open ocean suboxic 

zone (-25%0) was also applicable to the shallow suboxic zone. The values 

measured were consistently lower. In fact, all samples taken from within or 

below the pycnocline yielded 615N-NO3" values (6.65 to 7.41%0) that were 

quite close to the oceanic average with no depth wise variability. NO3 in the 

only sample taken from the surface layer was even lighter (3.43%o). 

Several possibilities could be invoked to explain the above 

observations: (1) Processes responsible for the observed NO3 losses in the 

coastal suboxic zone may be different from those in its open ocean. A likely 

scenario is that a substantial fraction of the loss may occur within the 

sediments, and the much smaller isotopic fractionation associated with 

sedimentary denitrification (Brandes and Devol, 2002) could then account for 

the low 6 15N-NO3 values. The few data on sedimentary denitrification, 

measured mostly during the upwelling period following the acetylene block 

technique, have yielded values ranging from 0.23 to 1.25 mmol NO3 rn -2  d-1 , 

which are generally within the range of values from other areas (Naik and 

Naqvi, 2002). Estimates based on the isotope pairing method are comparable 

with these values (Naqvi et al., manuscript in preparation). These rates by 

themselves appear to be inadequate to account for the observed NO3 loss in 

the water column. The other processes that may bring about NO3 removal are 
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anammox, dissimilatory reduction of NO3 to NH4+  (which may also be coupled 

to anammox) and/or autotrophic denitrification (e.g. reduction of NO3 by 

species such as S 2-/HS- , Fe2+  and Mn2+ ; Luther et al., 1997). Of these at least 

anammox is expected to be quite important in view of the above-mentioned 

results from other regions, more so over the Indian shelf where very high NO2 

concentrations (maximum 16 pM) are expected to be matched by a high rate 

of diffusive supply of NH4+  from the sediments (Naqvi et al., 2000). (2) 

Apparently low 6 15 N-NO3-  relative to the NO3-  deficit could be produced by 

mixing involving anoxic water. (3) It has been found recently that the reduction 

of NO3 to NO2 involves huge isotopic discrimination, such that 6 15N of NO2 in 

the suboxic zone of the eastern tropical North Pacific is quite low (Casciotti, in 

press). The procedures followed to measure isotopic composition of NO3 -  did 

not differentiate between NO3 and NO2, and therefore the measured values 

would be dependent on the ratio between NO2 and NO3 concentrations. This 

ratio is generally much higher in the coastal zone than in the open ocean, and 

that could contribute to lower 6 15N of the combined NO3 and NO2 pool. (4) 

Finally, it is also possible that if and when the NO3 loss is through 

heterotrophic denitrification, the fractionation factor associated with the 

process may not be the same in the coastal and offshore regions. 

Unlike the observations off Mangalore, isotopic data off Goa do show 

substantial enrichment of the heavier isotope in residual NO3 (Naqvi et al., 

2006a). For these samples the fractionation factor was calculated using a 

simple advection-reaction model that ignores diffusion. The s value so 

obtained was 7.7%o. Inclusion of data from Sta. SS 3939 led to little change in 
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E (7.21%o). At the first glance these results appear to support the notion of 

lower fractionation factor in the coastal suboxic zone. However, as discussed 

above, the possibility of other factors being also responsible for pulling down 

the 615N value of NO3 of coastal waters cannot be ruled out. In fact, it is quite 

likely that all the factors mentioned above may be in operation, their relative 

importance varying in space and time. Such a dynamic environment which 

contrasts the relatively more stable conditions of the open ocean system 

offers both challenges and opportunities to gain further insights into the 

pathways of oceanic nitrogen cycling. 

3.7 Conclusions 

The water column data along the off Goa transect clearly indicates the 

existence of an enhanced suboxia turning to anoxia. This leads to the 

inference that the coastal cores (SaSu-1 and SaSu-3B) collected along the 

same transect and the core (CR-2) just below this transect were all overlain 

with low oxygen waters during the time of collection. For the open ocean 

gravity cores, from the data presented in vicinity to core locations, confirms 

the bottom waters to be oxygenated with denitrification occurring in the 

intermediate water column. 
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Chapter 4 

RECONSTRUCTION OF PALEO - CHEMICAL ENVIRONMENT 

ON DECADAL TO CENTENNIAL TIME SCALES 

4.1 	Introduction 

The mid- and inner-shelf segments of the eastern Arabian Sea (west 

coast of India) are affected seasonally by intense 02 deficiency in near-

bottom waters, as has already been described and discussed in Chapter 3. 

This process has been known since the 1950s, but the early works were 

concentrated in the regions off Bombay (Carruthers et al., 1959; Gogate, 

1960) and off Cochin (Banse, 1959). The latter study deserves special 

mention because it involved the first systematic time series measurements of 

biogeochemical parameters. Banse monitored two stations located over the 

shelf (at water depths of 25 and 55-60 m) from August 1958 to January 1960, 

and another deeper station over the continental slope (depth —2000 m) from 

November 1958 to May 1959. Combining these measurements with the other 

available data, he provided a comprehensive description, on a seasonal 

basis, of hydrography of the eastern and northern parts of the Arabian Sea 

that also covered 02 distribution (Banse, 1959, 1968, 1984). A similar time 

series from the central western shelf was made available much later by Naqvi 

and coworkers (example Naqvi et al., 2006a) at the CaTS (Candolim Time 

Series) site (Chapter 3). The similarity between the temperature and 02 data 

published by Banse (1968) with the climatological record at CaTS is quite 

striking. For example, the lowest temperature (-21 °C) and the lowest bottom-

water 02 occur during September-October in both records. The 02 deficiency 
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observed off Goa is far more intense, however. A northward intensification of 

the 02 deficiency is to be expected from physical considerations. Specifically, 

the waters upwelling over the Indian shelf are derived from the poleward-

flowing West India Under Current (WIUC; Naqvi et al., 2000). The core of the 

WIUC has slightly higher 02 than the surrounding waters, but it is still fairly 02 

depleted (Naqvi et al., 2006a). The 02 content of the WIUC should fall 

northward making it easier for the upwelling waters to turn suboxic/ anoxic. 

In addition to the natural processes, it is likely that human activities are 

also contributing to coastal hypoxia/suboxia/anoxia through enhanced riverine 

inputs and atmospheric deposition of nutrients (especially DIN). For the North 

Indian Ocean as a whole potential human induced alterations are more 

important than in other regions for two reasons: (1) The countries bordering 

the North Indian Ocean account for roughly 25% the world's human 

population, a great majority of which (about 1.4 billion people) lives in India, 

Pakistan and Bangladesh. There are large requirements of food and energy 

for such a large population. For example, the current rate of synthetic fertilizer 

consumption the South Asian exceeds 15 million tonnes of nitrogen (N) per 

year. This is roughly 46-times the amount consumed in 1960-61. Similarly, oil 

consumption, which accounts for roughly a third of all commercial energy 

sources in the region, is about 2.5 billion barrels per day 

(http://www.eia.doe.gov/emeu/cabs/topworldtables34.html)  (to put this in a 

perspective, India consumes roughly the same amount of oil annually as that 

produced by Kuwait). Thus, large quantities of nitrogen from both the food 

and energy sectors are expected to be "leaked" and introduced to the 
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environment, including coastal waters. Coastal waters in this region therefore 

face a larger risk of eutrophication. (2) Due to the widespread mesopelagic 02 

deficiency and a much lower area-to-coastline ratio (515 km) than the global 

ocean (888 km), the North Indian Ocean contains about 2/3 of the continental 

margin area exposed to waters with 02 content below 0.2 mL/L (Helly and 

Levin, 2004). 

In fact, the human induced 02 deficiency in coastal waters is being 

noticed with increasing frequency all over the globe. The best known of the 

'dead zones' (named so because of the exclusion of many organisms 

including commercially important fishes arising from the 02 deficiency) is the 

one occurring in the inner Gulf of Mexico; this develops every summer due to 

fertilizer runoff by the Mississippi (Diaz and Rosenberg, 1995; Malakoff, 1998; 

Rabalais and Nixon, 2002). However, these zones are different from those 

found along the eastern boundaries of the Pacific and the Atlantic Oceans 

and along the northern boundary of the Indian Ocean (Kamykowski and 

Zentara, 1990; Helly and Levin, 2004), in that the latter are primarily of natural 

origin. However, for reasons mentioned above, it is quite possible that some 

of the naturally formed coastal 02 deficient zones are also undergoing 

intensification, and the coastal 02 deficient system of the eastern Arabian Sea 

is perhaps the most affected by such a change. 

Naqvi et al. (2000) were the first to suggest that seasonal 02 deficiency 

over the Indian shelf has been intensifying over the past few decades due to 

enhanced fertilizer loading. The principal argument being used to support this 

view is that the complete anoxia distinguished by the presence of H2S 
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completely has been recurring in near-bottom waters at the CaTS site every 

year since 1998. There is no indication for the occurrence of sulphate 

reduction in the historical data sets, though. It may be argued that anoxia may 

be occurring in the past as well but it was not noticed because it was not 

specifically looked for. However, it should be realized that H 2S, if present 

even in sub micromolar concentrations, can be easily detected by its 

unpleasant odour, and a Winkler 02 analyst would have easily noticed this 

phenomenon, if it had occurred in the past. An extensive data set was 

gathered in the 1970s along numerous cross-shelf sections under the 

UNDP/FAO sponsored Integrated Fisheries Project (IFP) during 1971-1975. 

The sections were repeated in different seasons. When these data are 

compared with recent measurements in the region off Karwar, a general 

decrease in subsurface 02 appears to have occurred over the past three 

decades (Naqvi et al., 2006a). Whether or not the observed change is 

human-induced cannot be established with absolute certainty, though. One 

cannot, for example, rule out the possibility that the shift may be a part of the 

natural variability on decadal/centennial time scales, related to subtle shifts in 

hydrography and circulation (upwelling and/or stratification). Indeed, analyses 

of biomarkers of biological productivity has revealed that the latter varied with 

time in unison with solar irradiance and is currently higher than ever before 

during the past seven centuries (Kurian et al., submitted). How the redox 

environment changed over the same time period is not known. This question 

is of considerable importance in the context of future evolution of the coastal 

biogeochemical environment and ecosystems in response to the impending 
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global warming, given its potentially large impact on both socio-economics of 

coastal communities (e.g. effect on fisheries — Naqvi et al., 2006a) and on 

climate [possible positive feedback through enhanced production of nitrous 

oxide (N20), Naqvi et al., 2000]. The work carried out to address this issue is 

described in this chapter. 

4.2 Sedimentary Records 

Rapidly accumulating sediments of the continental margin that are 

exposed to the OMZ are expected to catalogue overhead productivity in the 

form of higher sedimentary organic carbon (Corg) content due to better 

preservation of Cam  under oxygen deficient conditions (Paropkari et al., 1987, 

1991, 1992, 1993a; Schulz et al., 1998; Van der Weijden et al., 1999; 

Bhushan et al., 2001). Agnihotri et al. (2002) found the C org  variations in 

sediment cores from the northeastern Arabian Sea to mimic variations in 

surface productivity as well as monsoon intensity (the latter controlling the 

former through upwelling-induced surface water nutrient enrichment). 

Accordingly, downcore Corg variations in sediments from the northeastern 

Arabian Sea have been used to infer paleomonsoon intensity that seems to 

have varied in unison with the climatic oscillations deduced from the 

Greenland ice cores for the past 110,000 years (Schulz et al., 1998). Isotope 

records of carbon in sediments are affected by global, regional, or local 

carbon cycle change. The 13C/12C ratio in marine sediments provides a 

measure of terrestrial inputs (on account of the fact that the terrestrial organic 

matter is significantly more depleted in 13C as compared to the marine organic 
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matter; refer paragraph 3 from now). The terrestrial organic matter is also 

generally depleted in 15N. But a more common application of the sedimentary 

nitrogen isotope composition (5 15N) has been for reconstructing the history of 

N cycle processes on time scales from 100's to millions of years. As already 

stated, 615N has been found to be a useful tool for inferring past changes in 

water column denitrification (Ganeshram et al., 1995, 2000; Pride et al., 1999; 

Altabet et al., 2002; Thunell and Kepple, 2004) in areas where NO3" gets fully 

consumed by phytoplankton from the surface layers and near-surface NO3 

drawdown by phytoplankton, where it is partially utilized (Francois 1997; 

Sigman et al., 1999). 

Due to the high sedimentation rates coastal environments commonly 

preserve thick sequences of the Holocene sediments that are best suited to 

investigate past climate and sea-level changes as well as local environmental 

changes. Since coastal sediments are repositories of large quantities of 

inorganic and organic carbon (Bauer and Druffel, 1998), they have been 

subjected to extensive studies in the recent past (e.g. Fry and Sherr, 1989; 

Andrews et al., 2000). Knowledge of the sources of organic matter in 

estuarine and coastal sediments and factors controlling their distribution is 

important to the understanding of global biogeochemical cycles. 

In this chapter, an attempt is made to examine the temporal variability 

of various paleo-proxies such as C org , total nitrogen (Norg), calcium carbonate 

(CaCO3), weight ratios of carbon and nitrogen (C/N), isotopic compositions of 

carbon (813Corg) and nitrogen (6 15N) and redox sensitive trace elements, on a 

decadal to centennial scale. Three sediment cores covering the past few 
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hundred years (maximum -700 years) retrieved from the tropical coastal 

environment off Goa are utilized for this purpose. The observed proxy 

variations are interpreted to decipher past changes in productivity and redox 

environment. 

Before the presentation of results related to this study, a brief 

discussion of the various proxies employed will be in order. Distribution of 

organic matter in estuarine and marine sediments has been a subject of 

considerable interest and a large number of investigations have been 

performed on this aspect. The sedimentary organic matter is comprised of 

both, the material produced in the sea as well as that derived from land, the 

fraction of the latter obviously becoming more important in continental margin 

sediments than in the abyssal basins. The conventional methods used to 

trace terrestrial organic matter in marine environment include the lignin 

content, and the C/N, H/D and 13C/12C ratios (Sackett, 1964; Gardner and 

Menzel, 1974; Nissenbaum, 1974; Pocklington, 1976; Hedges and Parker, 

1976). The carbon isotope method is based upon a general depletion of 13C in 

terrestrial organic matter compared with marine organic matter (Craig, 1953; 

Sackett, 1964; Smith and Epstein, 1971). In general the average 6 13C values 

of the organic matter produced by the land plants and marine plants differ by 

8%o (Sackett, 1964). This difference is retained in the sedimentary organic 

carbon. As a result gradients are observed for the sediments deposited in 

near-shore environments where there is a mixing of terrestrial and marine 

derived materials. This technique has been used extensively to investigate 

the origin and extent of terrestrial organic matter in the marine environment 
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(Eckelman et al., 1962; Sackett, 1964; Parker et al., 1972; Newman et al., 

1973; Fontugne and Duplessy, 1986). 

The C/N ratio is normally measured along with 613Corg. This ratio has 

long been used to evaluate the relative contributions from terrestrial and 

marine sources (Bordovskiy, 1965; Tyson 1995). The weight ratio in the 

organic matter produced by marine plankton is -5.6 (Redfield et al., 1963), 

much lower than in the terrestrial organic matter which is more than 20 

(Bordovskiy, 1965). Although due to differential mineralization of C and N, the 

ratio in the sediments is higher, values lower than 10 are generally taken to 

indicate a largely marine origin whereas values around 10 or higher represent 

both marine and terrestrial organic components (Stein, 1991). The 

sedimentary Corg can serve as a proxy of surface productivity only, if it is of 

marine origin and well preserved in the sediment after deposition. It's 

absolutely not clear if these criteria are met in the sediment cores examined 

by us. Nevertheless Corg  has been used as productivity proxy by previous 

workers in the Eastern Arabian Sea (Agnihotri et al., 2003a,b, Thamban et al., 

2001, Bhushan et al., 2001). 

The use of organic matter signatures in isolation may not be adequate 

to investigate processes responsible for its production and consumption; 

instead a much better understanding of these processes can be achieved by 

combining the C/N data with information on 6 13C (Andrews et al., 1998; 

Matson and Brisnon, 1990) and 6 15N (Talbot, 2001; Thornton and McManus, 

1994). Andrews et al.(1998), Muller and Voss (1999), Maksymowska et al. 

(2000), Bhushan et al. (2001) and Agnihotri (2002), among others, have used 
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C/N ratios and S13Corg  as potentially useful indicators for identifying the 

sources of sedimentary organic matter. It may be pointed out that, diagenesis 

of sediments could alter the isotopic composition of sedimentary organic 

matter and should this take place the use of this parameter for investigating 

the deposition history of sediments becomes more complicated. However, on 

the time scale covered by this study and given the high sedimentation rate in 

the cores examined this effect can be ignored (Sackett, 1964). 

The application of nitrogen isotopic ratio (S 15N) as a proxy of N cycling 

processes in sediments owes to the discrimination between the two isotopes 

during various biogeochemical transformations. The major source of new 

nitrogen to the euphotic zone is the vertical transport of NO3 (McCarthy and 

Carpenter, 1983), with biological nitrogen fixation and atmospheric input 

making only minor contributions (Knap et al., 1986). The nitrogen isotopic 

composition has been used to investigate its sources and transformations in 

the ocean (e.g., Saino and Hattori, 1980, 1987; Altabet and McCarthy. 1985; 

Wada and Hattori, 1991). Altabet (1988) found that for a site near Bermuda 

the 6 15N of particles sinking from the euphotic zone was, on average, 4%0 

higher relative to the suspended matter, indicating that only certain 

components of the suspended pool were selectively transformed into sinking 

particles. S15 N has also been used to deduce the sources of particulate matter 

to the sediment (Peters et al., 1978; Sweeney and Kaplan, 1980). Although 

the isotopic composition is modified as the material passes through the food 

web and before the particles produced are eventually deposited on the 

seafloor, downcore S 15N changes are widely used to infer past changes in the 
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oceanic N cycle (Rau et al., 1987; Altabet and Curry, 1989; Altabet et al., 

1995, 2002; Deutsch et al., 2004). 

Apart from recording changes in denitrification in the subsurface 

waters and partial NO3 utilization in the euphotic zone (Altabet and Francois, 

1994), 6 15N also helps to determine the sources of organic matter (Sweeney 

and Kaplan, 1980; Kerherve et al., 2001). The 6 15N values of terrestrial 

vascular plants are typically within the range -5%o to +18%o with an average 

value -3%o, while the marine POC is characterized by 6 15N ranging between 

3%o and 12%0 with a mean of -6%0 (Wada and Hattori, 1991; Muller and Voss, 

1999; Makshymowska et al., 2000). Although there are several complications 

caused by the existence of a variety of potential source pools (Meyers, 1997; 

Talbot, 2001), and by processes such as denitrification (Seitzinger, 1990), 

615N has been still used to differentiate between terrestrial and marine 

sources of organic matter. 

The abundance of various elements in sediments relative to 

sedimentary rocks can also provide valuable information in regard to the 

conditions under which the deposition occurred or the changes that have 

occurred thereafter. Concentrations of trace elements in sediments reflect the 

various physical, chemical and biological controls on their supply to, their 

distribution in, and their removal from the ocean. Many of the trace elements 

that have been studied in sediments and sedimentary rocks are polyvalent 

with their oxidized and reduced forms having different solubilities. They are 

therefore partitioned between the solid and solution phases to different 

extents under varying redox conditions, and their accumulation in or 

95 



mobilization from the sediments is controlled by either a change in redox state 

(as in case of Fe, Mn, Re and U) and/or speciation (as happens for Mo). 

Other metals such as Cd have a single stable oxidation state in aqueous 

solution but their concentrations may be are regulated by solubility of the least 

soluble salt; most metal sulphides are sparingly soluble in water, and so 

under fully anoxic conditions such metals are removed from interstitial waters 

to the solid phase. The differential solubility of the oxidized and reduced metal 

forms, has led to their use as paleo-environmental proxies (Rosenthal et al., 

1995a,b; Crusius et al., 1999; Dean et al., 1999; Yarincik et al., 2000; Adelson 

et al., 2001; Pailler et al., 2002; Ivanochko and Pedersen, 2004). For 

example, changes in the intensity of the oxygen minimum zone, over the 

north eastern margin of the Pacific have been inferred from variations in the 

sedimentary concentrations of redox-sensitive trace metals (Dean et al., 

1997; Zheng et al., 2000a; Nameroff et al., 2004; Mckay et al., 2005). 

However, the application of redox-sensitive trace metals as paleo-proxies 

requires an understanding of their geochemical behaviours under different 

conditions. For this purpose, several researchers have focused their attention 

to the permanently anoxic systems such as the Black Sea and Cariaco Basin 

(Calvert, 1990; Dean et al., 1997; Morford and Emerson, 1999; Nameroff et 

al., 2002; Sundby et al., 2004; McKay et al., 2007). One important factor that 

must be taken into consideration while interpreting the sedimentary record of 

trace metals is diagenesis. That is, since the redox conditions in subsurface 

sediments are quite different from those in the overlying waters, changes can 

occur after sedimentary burial and it is critical to separate the diagenetic and 
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Figure 4.1: Core locations of three shallow cores raised from the inner and mid 
shelf region off Goa. 



depositional signatures. 

4.2.1 Age Models 

Three cores raised from the inner- and mid-shelf regions off Goa are 

utilized here for gaining insights into past changes in surface productivity and 

subsurface denitrification on the decadal to centennial time scales. The core 

locations are shown in figure 4.1 and the details are provided in table 4.1. 

Two of the cores analyzed (SaSu-1 and SaSu-3B) were collected 

using a multi-corer and were < 0.5 m long. The third, CR-2, was a 1-m long 

gravity core. Since the coring sites were expected to have high sedimentation 

rates, they were dated using the 21°Pbxs  method (Sarin et al., 1992; Sharma et 

al., 1994). 21°Pb has a half-life of 22.5 years, and so this method is useful for 

dating only very recent sediments (<-100 years old). Linear 210Pb decay was 

seen from 4 to 15 cm depth in case of SaSu-1, and from 4.5 to 17 cm in case 

of SaSu-3B. The sedimentation rates for the two cores were calculated to be 

1.14 mm/y and 1.78 mm/y, respectively. Uniform 210Pb activity in the upper 4 - 

4.5 cm of the two cores was presumably due to bioturbation. The computed 

sedimentation rates were applied to the period beyond 100 years. The dated 

records extend up to -175 years before present (B.P.) for SaSu-1 and -240 

years B.P. for SaSu-3B (Figure 4.2a,b). The temporal resolutions in the two 

cores is quite high (<10 y). A few quantitative estimates made by Stackelberg 

(1972) and ZoBell (1973) in the inner shelf region along the western 

continental margin of India suggested a maximum rate of sedimentation of 

15-19 cm/100y which agrees very well with the sedimentation rates in the 
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Table 4.1 

Details of core intervals dated for 210Pb, sedimentation rates and total 

core age for cores SaSu-1, SaSu-3B and CR-2. 

Sr. 

No. 

Core 

No. 

210Pb Dated 

Core depths (cm) 

Sedimentation 

Rate (mm/y) 

Total Core 

Age (Y B.P.) 

1. SaSu-1 4 — 15 1.14 175 

2. SaSu-3B 4.5 — 17 1.78 240 

3. CR-2 0.0 — 22 1.5 900 
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Figure 4.2: Age Curves for cores SaSu-1 and SaSu-3B based on measurements 

of 21 °Pb dates. Data points with blue filled circles (e) are experimental 21 °Pb 
dates. The calculated Sedimentation (Sed.) rates rates are indicated. The age 
curves shown in above plots are for full length of the cores sampled. 
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Plate 4.1: Photograph of SaSu-3B core. Jet dark colour sediment at the 
top of the core indicates preservation of organic carbon. 



cores examined in the present study. 

In case of the CR-2, the upper portion of the core was also dated by 

the 210p. xs  o method (Sharma et al., 1994). A systematic decrease of 

normalized excess i.e. 21°Pbxs/AI with depth was found between core top to 

20-22 cm depth-interval, yielding a linear sedimentation rate of 1.5 mm/y 

(Figure 4.3). Assuming the core top to correspond to the year of collection 

(2005 AD) and using a linear sedimentation rate of 1.5 mm/y, an age-depth 

model was constructed for the last -150 years. If one. extends this age-depth 

model to the entire core length, the time period covered would be -660 years 

with an average sampling resolution of -13 years. AMS 14C dating of bulk 

organic matter from the 97-99 cm level yielded an age of 900±66 (16) 

Calendar y BP (Figure 4.3). Given the uncertainties involved in both 

techniques, this agreement is quite good. 

CR-2 has also been analyzed for biomarkers (dinosterol, phytosterol, 

stigmasterol and 13-sitosterol) (Kurian et al, submitted). An excellent 

covariance was found between the downcore records of the major biomarker 

and organic proxies (based on 

dinosterol, and the Sunspot number time-series during the last -250 years 

[adapted from www.ncdc.noaa.qov/paleo/forcing.html]. In addition, at deeper 

levels, beyond the range of 210Pb dating (last -150 years), the dinosterol 

record is remarkably similar to that of reconstructed total solar irradiance 

(TSI) (Bard et al., 2000) except that the extrema in the former appear to be a 

little younger. The 210Pb-derived age model has therefore been revised by 

matching the extrema in two records and assigning the TSI-based ages to the 

21°Pb derived age model), especially 
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Figure 4.3: Age-depth model for core CR-2. 



Major dinosterol extrema. Using a binomial best-fit (r2= 0.98) to the depth 

versus TSI-derived age, ages were recalculated for the entire core. The 

estimated age of the deepest sample was thus found to be -720 yr, which is 

intermediate of the 210Pb and 14C based ages, providing further confidence in 

the tuned age-depth model. 

4.2.2 Changes over the past 700 years - proxy records from CR-2 

Data on .the established productivity proxies and stable isotope ratios 

in core CR-2 are presented in table 4.2, while major and trace element data 

are listed in table 4.3. The 6 3 COrg values vary within a narrow range, from 

-21.4 to -20.5%o, while 4. 15N values range from -6 to 7.8%o. Corg and N 

contents vary from 2.32 to 3.4% and from 0.24 to 0.40%, respectively. C/N 

ratios are between 8.5 and 10.5, well within the reported range for marine 

sedimentary organic matter in the northeastern Arabian Sea (8±2; Reichart, 

1997; Bhushan et al., 2001). Changes in inorganic and siliceous productivity 

were inferred from CaCO3 and BioSi contents that vary from -4 to13.5% and 

from 1.18 to 2.67%, respectively. The observed concentration ranges for 

major elements supplied predominantly by continental detritus are rather 

narrow (e.g. 6.4-8.1% for Al, 5.3-6.3% for Fe and 2.1-2.5% for Mg). 

Since abundances of most trace elements are controlled by both 

biogenic and detrital components, in order to investigate changes that are not 

caused by variations in detritus supply, concentrations of these elements are 

normalized with that of Al (Cqlvert and Pedersen, 1993; Reichart, 1997; 

Agnihotri et al., 2003a). Non-detrital /authigenic component of any element 
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can also be calculated as elemental excess (or depletion) (Ele xs) over its 

natural shale abundance using the following equation: 

Elexs  = Eletotar [Almeasured x(Ele/A 1 ) 	] 	
 
(1) 

4.2.2.1 Surface productivity and sub-surface denitrification variations 

during the last -700 years 

Figure 4.4 shows downcore records of the productivity-related 

variables, viz. Corg, Norg, CaCO3 and BioSi contents, C/N ratio, and C and N 

isotopes of sedimentary organic matter, with the depth scale transformed to 

the scale of time of sediment deposition i.e. year AD; using the tuned age-

depth model described above. Kurian et al. (submitted) have shown that 

surface productivity, supported by monsoon upwelling, varied in unison with 

the Sunspot activity/Solar irradiance forcing during the last -700 years. 

Downcore changes in CaCO3 closely follow those in C org  and Norg (Figure 

4.4a,b,c) suggesting a close covariance of the organic and inorganic 

(calcareous) productivity in the region during the deposition period. Both 

records display prominent minima during -1650-1750 AD within the time span 

of the Little Ice Age (LIA, from -1500 to 1750 AD). Biogenic silica, however, 

exhibits much greater short-term oscillations, but decreased productivity 

during the LIA is still discernible in its record (Figure 4.4g). 

The 815N of sedimentary OM is a well-tested tool for tracking past 

changes in water column denitrification, especially in the rapidly accumulating 

sediments that experience high surface productivity (Altabet et al., 1999b, 

2002; Ganeshram et al., 2000; Suthhof et al., 2001; Agnihotri et al., 2003a, 
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2006). The 615 N of particulate organic matter (POM) is a function of the 6 15 N 

of source NO3 and fractionation that occurs during its uptake by 

phytoplankton (provided that NO3-  is not fully utilized). The 815N of dissolved 

NO3 in the seawater is on an average -5%0 (Altabet, 2006), but in the 

perennial suboxic zone of the central Arabian Sea (-150-600 m; Naqvi, 

1987), denitrification results in 815N values as high as 15-18%0 (Brandes et al., 

1998). As most of the new nitrogen fuelling primary production in the euphotic 

zone is derived from the subsurface layers (Naqvi et al., 2007), the 

suspended and sinking organic matter as well as surficial sediments are 

characterized by elevated 615 N values all over the Arabian Sea where the 

upwelled NO3 is fully consumed on an annual basis (Schafer and lttekkot, 

1995; Gaye-Haake et al., 2005; Montoya and Voss, 2006). Variations in 6 15N 

in numerous cores raised from the continental slope, seamounts or abyssal 

plain in the Arabian Sea have revealed that, large enrichment of 6 15N in 

sediments has been prevalent not only throughout the Holocene, but also all 

interglacial periods over the past 1 Ma. In contrast, lighter isotopic values (-5- 

6%0), comparable to those found in non-reducing environments today, 

characterize sediments that accumulated during the glacial stages indicating 

that denitrification weakened or was absent during such periods (Altabet et 

al., 1995, 1999a, 2002; Ganeshram et al., 1995, 2000; Suthhof et al., 2001). 

Higher resolution records indicate variations on an even shorter (millennial) 

time scale, closely linked with the climatic changes recorded by the 

Greenland ice cores (Suthhof et al., 2001; Altabet et al., 2002). For example, 

the 615N records in two sediment cores from the Oman Margin generated by 
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Altabet et al. (2002) show oscillations that are remarkably similar in structure 

and timing to the Dansgaard/Oeschger events recorded in the Greenland 

(GISP2) ice cores. High resolution records of the Holocene, such as those 

recently analyzed by Altabet (2007) are not available from the Arabian Sea. 

The data presented here are, in fact, the first from the continental shelf 

anywhere in the Indian Ocean. 

The CR-2 site is presently affected by intense denitrification, albeit 

seasonally; however, this is not reflected in the near core-top 6 15N that 

averages only 6.6%o in the upper 5 cm (Table 4.2, Figure 4.4). Sedimentary 

6 15N at this location appears to have decreased slightly but steadily over the 

last century (the upper shaded portion in Figure 4.4). This is inconsistent with 

the trend exhibited by the productivity proxies (e.g. Co g, Figure 4.4, and even 

more so dinosterol — Kurian et al., submitted) that suggest an increase in 

productivity over the same period (Kurian et al., submitted). There are several 

possible explanations of this anomaly: (i) Dilution of the 6 15N signal by inputs 

of terrestrial organic matter containing isotopically lighter nitrogen; (ii) Inputs 

of lighter inorganic combined nitrogen of anthropogenic origin leading to the 

production of organic matter with lower 6 15N. Note that possibility (i) also 

requires a decrease in the 6 13Corg  and an increase in C/N, which are not 

observed, whereas possibility (ii) only requires a decrease in .5 15N, (iii) The 

sedimentary 5 15N may not proportionately reflect the degree of water column 

denitrification because the isotopic fractionation factor in coastal suboxic zone 

may be significantly different (lower) than in the perennial suboxic zone in the 

open ocean (Naqvi et al., 2006b) and/or as denitrification often leads to 
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complete removal of NO3 from the water column (Naqvi et al., 2000, 

2006a,b), the impact of the process on the sedimentary 6 15N may not be very 

large; and (iv) the region is well known for the occurrence of Trichodesmium 

blooms. Fixation of light nitrogen by these and possibly other diazotrophs 

would compensate for the heavy isotope enrichment by denitrification. It may 

be pointed out that denitrification and N2-fixation are coupled since the latter 

produces excess phosphate that is expected to stimulate the growth of 

diazotrophs (Deutsch et al., 2007; Naqvi, 2007); moreover, other limiting 

elements for N2-fixation (mainly iron) are expected to be present in high 

concentrations in the coastal waters. The available data sets do not allow an 

evaluation of the relative importance of these possible factors. 

Despite the above-mentioned complexities, that limit the application of 

sedimentary 6 15N as a reliable paleo-denitrification tool in coastal marine 

environments, the 8 15N record does, nevertheless, show overall similarities 

with those of the productivity proxies and TSI curve during much of the time 

period covered by the core barring the Anthropocene. The most prominent 

feature of the 6 15N record is the conspicuous decrease in 6 15 N concurrent with 

a decrease in organic productivity during the period from -1650 to 1750 AD, 

within the time span of the LIA (-1500 to 1750 AD) (Figure 4.4d). 

Contemporaneous 8 13Corg  values vary within narrow range (-20.86±0.23%0) 

that is typical of marine sedimentary OM in the Arabian Sea (Fontugne and 

Duplessy, 1986; Reichart, 1997) and show no obvious decrease (Figure 

4.4e). Similarly, the absence of an increase in the C/N ratio (Figure 4.4f) 

indicates that the negative 6 15N excursion during -1650 to 1750 AD could not 
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have been due to dilution by terrestrial OM. Taken together these results 

strongly suggest that denitrification over the Indian shelf substantially 

weakened, probably due to a less intense upwelling and weaker stratification 

in response to weaker southwest monsoon, during this period. Significantly, 

this event is reflected in marked changes in most of the properties examined 

here (Figures 4.4 and 4.5). 

Given the previously reported weakening of winds in the Arabian Sea 

during the LIA, it is also possible that water column denitrification in the 

Arabian Sea as a whole (coastal as well as open ocean) became less 

vigorous and thus the observed signal could represent a regional decrease in 

615N in NO3 and ultimately in the sedimentary OM. It may be pointed out that 

the coastal hypoxic zone only accounts for -10% of the overall water column 

denitrification in the region (Naqvi et al., 2007). However, the open ocean and 

coastal suboxic zones are not contiguous in the region of the present study 

and the upwelled water is derived from the WIUC that originates in the 

southeastern Arabian Sea/Laccadive Sea. The oxygen concentrations in the 

undercurrent water are not low enough for denitrification to occur (Naqvi et 

al., 2006a,b), and so the effect of open ocean denitrification is not expected to 

dominate that of local denitrification over the shelf at the sites chosen in the 

present study. 

Another noteworthy feature of figure 4.4d is an apparent absence of a 

long term change in sedimentary 6 15N. The above mentioned uncertainties in 

the interpretation of the 615 N data not withstanding, the lack of a long-term 

trend probably implies a fairly stable balance between the nitrogen input and 
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removal processes over the last seven centuries. This is consistent with the 

results of Altabet (2007) who also found little secular trends in sedimentary 

615N variations in other areas over the past few millennia; as discussed by 

him these results have important implications for the N budgets that seem to 

be grossly out of balance in today's oceans. 

4.2.2.2 Temporal variability of major elements 

In continental margin sediments, Al is mainly present in clay minerals 

carried by the air and continental runoff, and therefore it is predominantly of 

continental origin. This also applies to two other major elements, Fe and Mg 

(Calvert and Pedersen, 1993). Though Fe is known to undergo redox 

changes, its close covariance with typical continental lithogenic tags such as 

Al and Ti indicates that its temporal variability is mainly due to changes in the 

detrital supply (Agnihotri et al., 2003a). A plausible reason for the observed 

tight covariance between Fe and other detrital tags (non-redox sensitive 

elements such as Al and Ti) is that the majority of reactive (redox-sensitive) 

Fe is mobilized within the suboxic water columns. Close covariance of Fe with 

Al in core CR-2 (Figure 4.5a,b) can be interpreted in a similar way. Thus the 

variability in concentrations of both Fe and Al may be brought about by 

dilution with the major biogenic components such as C og  and CaCO3. Mg is 

another major element supplied mainly by continental detritus; however, 

downcore changes in Mg do not appear to follow those in Al and Fe (Figure 

4.5c), a feature discussed later in the section. 

In order to investigate changes in the non-detrital component of 
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phosphorus (P), a major macronutrient, the P content was normalized with Al. 

In CR-2, P/AI ratio (by weight) varies from 130 to 348 x 10 -4  consistently 

higher than its average shale value (-88 x 10-4 ; Turekian and Wedepohl, 

1961) thereby suggesting dominant presence of non detrital P. A visual 

covariance can be seen in P/AI and C org  records of CR-2 (Figure 4.5d). 

The Sr/AI ratio varies from 27 to 65 x 10 -4  with a mean (±SD) of 43±8 x 

10-4 , which is close to its average shale value (38 x 10 -4 ; Turekian and 

Wedepohl, 1961). Nonetheless, downcore variability of Sr/AI is very similar to 

that of CaCO3 (r2= 0.91; Figure 4.5e), suggesting their close association as 

observed in other late-Quaternary and Holocene paleo records from the 

eastern Arabian Sea (Agnihotri et al., 2003a,b). 

Mgxs estimated using equation 1 varies from 0.75 to 1.13%; thus, this 

element is substantially (-40%) enriched in CR-2 sediments relative to shale. 

The Mgxs  could be present in sediments as MgCO3 (dolomite and 

palygorskite) mainly supplied by atmospheric dust and/or as fragmented 

continental weathered material from basaltic terrain of western India which is 

known to be Mg rich (Rao and Wagle, 1997, Sirocko et al., 2000). It is less 

likely that calcite contributes to the observed Mg xs  because Mg xs  and CaCO3 

do not show statistically significant correlation (r2= 0.023; Figure 4.5f). In 

contrast, the depth profile of Mg xs  shows statistically significant positive 

correlation with Corg  (r2= 0.41; Figure 4.5g). Specific analysis of Mg-bearing 

minerals such as palygorskite / dolomite could provide further insights into Mg 

speciation in shelf sediments of this region. 
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4.2.2.3 Temporal variability of redox-sensitive and nutrient type 

elements 

Downcore records of redox-sensitive elements Mn, Cr, V, and Ba have 

been plotted in figure 4.6. Mn concentrations vary from 283 to 354 .tg g -1 , 

whereas the corresponding ranges for Cr and V are 111-151 and 59-107 pg 

1 g-  , respectively (Table 4.3). Ba content oscillates between 109 and 139 pg g -

1  (Table 4.3). The average Mn/AI ratio in the core is 44±4 x 10 -4 , which is less 

than half of the average shale value (-106 x 10-4 ; Turekian and Wedepohl, 

1961). Observed lower Mn/AI ratios throughout the deposition period of the 

core (Figure 4.6a) suggests that Mn is mobilized out of the sedimentary 

column, a process commonly observed in reducing sediments (Somayajulu et 

al., 1994). 

Elements such as Cr and V are known to precipitate out from seawater 

under reducing conditions (Piper and Isaacs, 1996). The Cr/AI and V/AI ratios 

remain within very narrow ranges, 16-20 and 8-14 x 10 -4, respectively. The 

average value for Cr/AI (18±1 x 10 -4) is slightly higher than the average shale 

value of 11 x 10-4  but the average V/AI (12±1 x 10 -4) is lower than the shale 

value (16 x 104; Figure 4.6b,c). Thus, the expected enrichment in the solid 

phase is seen only in case of Cr. A slow long-term increasing trend in both 

ratios appears to exist, the reason for which is not clear, with no consistent 

excursions during the TSI extrema. It would thus appear that the changes in 

productivity and the redox status of the overlying water had little effect on 

sedimentary redox cycling; while the sedimentary environment continued to 

remain reducing throughout the deposition period. Evidently, post depositional 
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diagenetic alterations have not been large since such changes would drive 

Mn/AI and Cr/AI in opposite directions, and an anti-correlation between the 

downcore records of these ratios are not observed (Figure 4.6a,b). 

Ba is used as a reliable paleo-productivity proxy in sediments where (i) 

amount of its terrestrial contribution is much smaller compared with its 

biogenic component (Dymond et al., 1992); and (ii) sediments are deposited 

under oxic condition (i.e. beyond OMZ in case of eastern Arabian Sea) 

(Prakash Babu et al., 2002; Agnihotri et al., 2003b). In rapidly accumulating 

and reducing shelf sediments where contribution of Ba supplied by detritus is 

significant, considerable amount of Ba could be mobilized into water column 

from the underlying sediments (McManus et al., 1998). Ba concentrations in 

core CR-2 show significant depletion (factor of -4) relative to its average 

shale abundance (Figure 4.6d), suggesting strong reducing conditions of 

water column throughout the deposition period. Under such persistent 

reducing environment with almost constant sedimentation rate, sedimentary 

Corg  content serves as a reliable proxy for surface productivity and hence 

monsoon intensity in the region. 

In addition to CaCO3, Corg, Norg and BioSi, non-detrital components of 

Cu and Ni can be used as productivity proxies. These elements act as 

micronutrients which are removed from surface waters during plankton growth 

and liberated from settling organic debris in the sub-surface waters (Calvert 

and Pedersen, 1993). In anoxic (sulfidic) sedimentary conditions, these 

elements also precipitate as their respective sulfides (Sirocko et al., 2000). In 

CR-2, however, Cu and Ni do not show any significant excess over their 
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detrital components (Figure 4.6e,f). This may be because the free sulphide 

concentrations in pore waters, in the inner shelf off Goa are surprisingly low 

(S.W.A. Naqvi, unpublished data). Nevertheless, some accumulation of these 

nutrient-like elements in sediments should be expected during periods of high 

productivity, such as the last -150 years. The Cu record does provide some 

evidence for this phenomenon (Figure 4.6e). 

4.2.3 Changes over the past -200 years - proxy records from SaSu-1 

and SaSu-3B 

The two shorter cores facilitate a better focus on the changes that have 

occurred in the coastal environment in the eastern Arabian Sea in more 

recent times (over the last two centuries), and hence these records are 

discussed in greater detail below. Data on the established proxies of 

productivity and stable isotope ratios in core SaSu-1 and SaSu-3B are 

presented in table 4.4 and table 4.5 respectively, while major and trace 

element data are listed in table 4.6 and table 4.7 for SaSu-1 and SaSu-3B 

respectively. 

4.2.3.1 Organic carbon, total nitrogen and CaCO3 

The Cog and TN concentrations for SaSu-1 vary from 4.1 to 4.7% and 

from 0.47 to 0.57%, respectively (Figure 4.7a,b). In both cases, the minima 

occurred approximately 60 y BP after which the concentrations have risen 

steadily with the present values being the highest recorded in the core. This is 

consistent with the record from CR-2 discussed above. In the lower half of the 
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core, the ranges of variability are quite narrow. The average C org  and TN 

contents are 4.41 and 0.50%, respectively. The CaCO3 content is found to 

fluctuate between 12.5 and 18% with an average of -15% (Figure 4.7c). The 

highest value of -18% is observed -40 yrs BP and the lowest -70 yr BP for 

CaCO3, coinciding with minima in C org  and TN, and in the oldest and the 

youngest samples. Thus, CaCO3 shows a more or less parallel correlation 

with Corg and TN except for the most recent past where a divergence between 

the organic and inorganic proxies is noticed. The C/N weight ratio varies 

between 8 and 9.6 with a generally downcore increasing trend (Figure 4.7d). 

The mean C/N ratio in this core is 8.7. 

In SaSu-3B, Corg and TN contents range from 3.5 to 5.3%, and from 

0.36 to 0.58% (Figure 4.8a,b). As in the case of SaSu-1, the C org  and TN 

concentrations exhibit rapid increase over the past 50-60 years. In older 

samples, the values remain relatively uniform (a slight longer term decreasing 

trend with depth is discernible for TN, though). The average values for the 

whole core are -3.9% for Corg and 0.41% for TN. The CaCO3 content varies 

between 4 to 8% with an average value of -6% (Figure 4.8c). A prominent 

long term decreasing trend with lowest values at the present time 

distinguishes this record. Weight ratios of C/N range between 8 and 11 also 

showing an increasing trend down core, except for an anomalously high value 

close to the core top (Figure 4.8d). The mean ratio for the entire core is 9.7. 

The long term trend for the C/N ratio in this core is similar to that in SaSu-1, 

but such is not the case for CaCO3. 
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4.2.3.2 Sedimentary Carbon (8 13Corg) and Nitrogen (8 15N) isotopes 

Sedimentary 6 13Corg  and 615N values for SaSu-1 vary from -21.0 to - 

20.5%o and from -7.0 to 7.7%o respectively (Figure 4.9a). In both cases the 

lightest values occur in the upper portion of the core although in the case of 

613Corg the decrease occurred much later (i.e, in younger samples) as 

compared to 6 15N, which declined abruptly -60 yr BP. Variations in older 

samples are within a narrow range. 

In case of Core SaSu-3B also, similar trends as in SaSu-1 are 

observed for both proxies, albeit with larger oscillations. The 45 13Corg and 615 N 

values range from -21.3 to -20.5%o and from -7.0 to 8.2%o, respectively 

(Figure 4.9b). The amplitude of the oscillations is particularly large in the 

lower 2/3 of this core. 

4.2.3.3 Temporal variations in carbon sources and denitrification 

inferred from concentrations and isotopic composition of organic 

carbon and Nitrogen 

A compilation of the available data on organic carbon content of 

sediments in the Arabian Sea by Paropkari et al. (1987) revealed high (1-4%) 

Corg enrichment in the inner shelf region. The slope sediments have even 

higher Corg (4-6%), but the outer shelf sediments are conspicuously depleted 

in Corg (<1%). Possible causes for the enrichment of organic carbon in the 

slope region have been examined in detail for the last two and half decades, 

and is intensely debated, with one group of researchers supporting the 

production hypothesis (Parrish, 1982; Pedersen and Calvert, 1990; Calvert 
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and Pedersen, 1992; Calvert et al., 1995), while the other favouring the 

preservation hypothesis (Dow, 1978; Demaison and Moore, 1980; Bralower 

and Thierstein, 1987; Summerhayes, 1987; Paropkari et al., 1991, 1992, 

1993a). Paropkari et al. (1992) emphasized that productivity does not exert 

the dominant control on organic carbon distribution in the sediments; instead 

it is the bottom water anoxia that, in conjunction with various depositional 

parameters, determines the degree of preservation. Calvert et al. (1995), on 

the other hand, concluded that the distribution of organic matter on the 

western continental margin is controlled by variation in supply, dilution by 

other sedimentary components, and the texture of sediments. Cowie et al. 

(1995) concluded that along with productivity and anoxia, other factors such 

as sedimentation rates, local productivity, water depth, sediment mineralogy, 

texture, particle winnowing, biological mixing and irrigation also contribute to 

the preservation of organic carbon. 

The high organic carbon concentrations observed in both the shorter 

cores analyzed in this study are generally in accordance with previous reports 

from the Indian margin (Marchig, 1972; Paropkari et al., 1987; Rao and Rao, 

1989; Naidu et al., 1992). However, the large increase in the near surface 

sediments occurring in the past few tens of years was not recorded 

previously. To be more specific, the C org  contents (4.1-4.7% for SaSu-1 and 

3.5-5.3% for SaSu-3B) observed in these cores are close to the upper end of 

the range (0.35 - 3.53%) reported by Paropkari et al. (1987). These authors 

found the average Corg for the inner shelf regions between Ratnagiri and 

Quilon to be -2%, almost half the average C org  value of -4.2% for the SaSu 
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cores. The TN content in both cores (0.36-0.58%) is within the range (0.1-

1.25%) observed by Paropkari et al. (1987). More recently, Gaye-Haake et al. 

(2005) reported a local maximum in TN of -0.5% in surficial sediments over 

the western Indian continental margin. These authors found sedimentary 

nitrogen to be generally higher, closer to the coast in the Arabian Sea than in 

the Bay of Bengal, due to the dilution caused by the river-derived sediments 

in the latter region. Surface values in the cores examined here are thus also 

consistent with Gaye-Haake et al's (2005) data. 

An interesting one-to-one correlation is observed between TN and Cor g 

 with the depth profiles of the two parameters being almost identical in both 

cores (Figure 4.10a,b). A striking feature of records of both parameters is the 

aforementioned increase occurring over the latter half of the last century. This 

change seems to be more pronounced in SaSu-3B than in SaSu-1 

presumably because of proximity of the former to the coast. The top few 

centimeters of the core had a distinctly different appearance (the sediment 

was distinctly much darker; plate 4.1), which also suggests that an abrupt 

change occurred in this region in the most recent past. It is within this layer 

that the highest Corg  (5.3%) and TN (0.58) contents were recorded. The exact 

reason of this increase i.e. whether it is due to higher production (through 

eutrophication or intensification of upwelling) or preservation (through 

intensifying coastal oxygen deficiency) is not clear, but it is most likely that 

both causative mechanisms are in operation (given that oxygen deficiency 

itself is related to nutrient enrichment). 

The reported mean C/N weight ratio for marine organic matter in the 
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Eastern Arabian Sea is 8±2 (Calvert et al., 1995; Bhushan et al., 2001; 

Agnihotri, 2002). The mean C/N weight ratio (8.7) in SaSu-1 is therefore 

consistent with the earlier data and indicates the largely marine origin of 

organic matter. The mean C/N weight ratio (9.7) in SaSu-3B is slightly 

towards the higher side, which again can be explained by the shallower 

depth. Intriguingly, there exist distinct long-term decreasing trends in C/N with 

time (i.e. core top values being the lowest) in both the cores. This would imply 

a decreasing supply of organic carbon from land over the past 200 years 

(which is against the expectation, given the well known change in land use, 

and an intensification of the monsoonal rainfall as has already been 

discussed earlier). It would appear that the C/N change could have been 

caused by other processes (e.g. differential remineralization of carbon and 

nitrogen or changes in food web structure especially among the benthic 

community). Note, however, that there is one very high value of C/N (Figure 

4.8d) near the core top within the black, distinctly different layer mentioned 

above. This portion of the sediment probably contains substantial terrigenous 

component. 

As stated earlier, the 613Corg  provides valuable clues as to the source 

of the organic matter as the carbon isotopic composition of coastal sediments 

is determined by the relative contributions from marine phytoplankton 

(typically with 813Corg of -20 to -22%0 vs PDB), and marine plants (largely C3 

with an average 613Corg  of around -27%0) (Meyers, 1997; Tyson, 199E 

However the 613Corg  of phytoplankton signature can also vary as a result 

CO2 uptake caused by high primary productivity, which in turn may re 
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nutrient loading (Schelske and Hodell, 1995). In this case, 6 13Corg  values may 

vary by as much as -13 to -29%0 (Andrews et al., 1998). There is also a 

possibility of slight fractionation through food chain (Peterson et al., 1985) and 

during degradation of organic matter (Thornton and McManus, 1994). The 

mean 613Corg  (versus PDB) based on 21 measurements in SaSu-1 is - 

20.70%o; the corresponding mean of 47 analyses in SaSu-3B is -20.96%0. The 

range of 6 13Corg values in both the cores is thus typical for the marine organic 

matter. Nevertheless, the 6 13Corg  profiles in both the cores show a distinct 

relative upcore decrease in values over the last 4-5 decades (Figure 4.11a,b). 

This is not consistent with the C/N data discussed above. However, this 

conforms to expectations as the monsoonal strength (and thus presumably 

terrigenous supply of organic matter) has been higher in the region than ever 

before in the past 700 years. Moreover, sterol biomarkers (stigmasterol and 

13-sitosterol produced by terrigenous plants although not exclusively) are also 

most concentrated in the upper portion of core CR-2 representing the same 

time period (Kurian et al., submitted). 

The 615N in SaSu-1 and SaSu-3B are —7 and 7.2%0, respectively. 

These values are higher than those (<6%0) reported by Gaye-Haake et al. 

(2005) for surficial sediments over the western Indian shelf. These are also 

higher than the average 6 15N of oceanic NO3 (5%o - Altabet, 2006), but lower 

than the 6 15N of sedimentary nitrogen in areas of open ocean underlying 

zones of denitrification (up to 9%o in the central Arabian Sea; Gaye-Haake et 

al., 2005; also see Chapter 5). The value for the core CR-2 is even lower 
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(6.6%o), as discussed in 4.2.2.1. This is a rather unexpected finding because 

as discussed in Chapter 3, the inner- and mid-shelf regions experience 

intense denitrification in late summer and autumn. In fact, the relatively lower 

6 15N persist throughout the upper portions of the cores representing the past 

few decades. High quality NO3 data from the shelf region available for over 

two decades show that denitrification did occur during this period (see 

supplementary in Naqvi et al, 2000). The 8 15N in the sediments older than 40-

60 years are generally higher (reaching up to -8.2%o in the middle part of 

SaSu-3B), and the average 615N for the entire cores (7.41%0 for SaSu-1 and 

7.55%o for SaSu-3B) also reflect the occurrence of denitrification in the region. 

But for the most recent past (last two decades) for which the water column 

data are available, the sedimentary nitrogen isotope data, does not seem to 

track accurately the denitrification intensity. 

Over the last few decades, expanding human populations in coastal 

regions, land use changes by the increasing use of synthetic nitrogenous 

fertilizers in agriculture and combustion of fossil fuel (that releases NOx), 

have resulted in increased nutrient inputs to estuarine systems (Howarth et 

al., 2002). These inputs have led to eutrophication in many coastal systems 

(Naqvi et al., 2000; Turner and Rabalais, 1994, 2003) and it is feared that, 

this trend will continue. The Chesapeake Bay is one of such systems that 

receive large anthropogenic nutrient loads and experiences bottom water 

suboxia during summer. Bratton et al. (2003) have reconstructed the history 

of suboxic events in this system using stable N isotopes based on the 

observed increase in 615N in sediment cores (by up to 4%o during periods of 
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suboxia). Similar results were also obtained by Eadie et al. (1994) over 

Louisiana shelf off the mouth of the Mississippi River, where the heavy 6 15 N 

signatures were linked to nutrient enhancement of productivity and 

denitrification. As in the case of area of the present study, these two regions 

experience seasonal suboxia, and so the absence of a very heavy 6 15N signal 

cannot be linked to the lack of perennial denitrification. Moreover, these 

regions also receive terrestrial matter with its characteristically lower 6 15 N. 

Keeping in view, the above discussion on terrestrial dilution, it is highly 

unlikely that the dilution by terrestrial inputs can overwhelm the denitrification 

signal. The possible causes of the lower than expected sedimentary 6 15N over 

the Indian shelf have already been mentioned earlier (see Section 4.2.2.1). 

The favoured explanation is that denitrification presently does not lead to very 

high enrichment of 15N in NO3 over the Indian shelf. Water column data on 

6 15N of NO3 lends observational support to this view. As described in Chapter 

3, the 615N of NO3 is highly variable (ranging from 3.4 to 22.5%0). However, 

even the highest value is substantially lower than that expected from the 

observed NO3 deficit and the fractionation factor computed for the open 

ocean denitrification zone (Naqvi et al., 2006b). The possible causes of this 

anomaly are described in Chapter 3. In addition, as stated in Section 4.2.2.1, 

there is also the possibility of N2-fixation, which occurs in the region during the 

oligotrophic intermonsoon seasons (especially during the spring 

intermonsoon — Devassy et al., 1978), may dilute the N isotopic signal 

produced by denitrification. 

The mismatch between productivity and denitrification-produced 6 15 N 
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enrichment may, however, be a recent phenomenon arising from the 

intensified productivity and denitrification in the last few decades in response 

to human induced changes. This is because; in the older sediments of the two 

SaSu cores as well as in CR-2 the sedimentary 6 15N does exhibit higher 

values and (in the longer record) tracks the productivity proxies. In other 

words, the relationship between sedimentary 6 15N and productivity/extent of 

denitrification may not always co-vary. This is to be expected because once 

denitrification reaches completion, 15 NO3" is also fully consumed such that the 

period over which denitrifying bacteria can afford the luxury of discriminating 

between the two N isotopes is relatively short (about 1 month). In any case, 

the results of the present study clearly demonstrate for the first time the 

limitation of 615N as a proxy of denitrification in coastal waters. 

4.2.3.4 Variability among the cores 

Some differences are observed in terms of organic matter signatures 

between the two cores though both core locations are quite close to each 

other (Table 4.8). In general, all parameters show smaller variations in SaSu-

1 as compared to SaSu-3B. Located farther from land, the sedimentation rate 

is lower for SaSu-1 compared with SaSu-3B, and it is probably for this 

reason, the Cog content is higher. Often spatial variability reflects water depth 

(and proximity to shorelines). For example, the C/N ratio in cores generally 

increases, as water depth decreases (Owen and Lee, 2004). The same is 

observed here too, with somewhat higher C/N values occurring at 35 m 

(SaSu-3B) as compared to 50m (SaSu-1) water depth. 
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The average 615N as well as its range are significantly larger in SaSu-

3B compared to SaSu-1. This may be because near-bottom suboxia over the 

Indian shelf is limited to a very narrow belt (Chapter 3). As a result the inner 

shelf experiences this phenomenon longer than the middle shelf. It is quite 

likely that there were times in the past when this process did not occur at the 

site of SaSu-1. 

Distribution of CaCO3 is quite different in the two cores; while the 

CaCO3 content decreased almost monotonously in SaSu-3B by a factor of 2 

from the oldest to the youngest sample, its profile has a greater structure in 

SaSu-1, where the overall amplitude of oscillations is smaller but the CaCO3 

content is higher. In addition to dilution by terrigenous material (which 

accounts for the shoreward decrease in CaCO3 in the region), one other 

factor to be considered is the intensity of oxygen minimum. Anoxic conditions 

would prevent the growth of benthos with calcareous shells and intensifying 

anoxia might account for the decline in the CaCO3 content in recent times. 

The changes in benthic ecology are also expected to affect the C/N ratio, and 

this is an aspect that future research should focus on. 

4.2.3.5 Co-variability of proxies 

Figures 4.12 and 4.13 show scatter plots between various organic 

proxies. Significant correlation is observed between C org  and TN in both 

cores, especially in SaSu-3B. This suggests that the two are largely bound 

together. Statistically significant correlations also exist between S13Cor9 and 

5 15N, and 6 15N and C/N in SaSu-1, apparently in contradiction with one 
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another. It means that either 613Corg  or C/N does not accurately track the 

terrestrial inputs of organic matter. Assuming it to be C/N, some dilution of the 

615N signal arising from denitrification by terrestrial organic matter occurs at 

this site. However, such a dilution should have been more pronounced in 

SaSu-3B, since it is located closer to land. Such is not the case. Correlations 

between S13Corg and 6 15 N, 613Corg  and C/N, and 6 15N and C/N are statistically 

insignificant in this core. 

Downcore records of Corg and CaCO3 exhibit visual similarity in SaSu-

1, especially in the middle portion of the core (Figure 4.14a). For example, 

coincident minima in both variables about 60 y BP suggest lower organic and 

inorganic productivity. However, this co-variabilty is not seen in SaSu-3B 

(Figure 4.14b) where, as mentioned above, Corg remains fairly invariant for 

most parts except for the increase observed in the past few decades, while 

the CaCO3 content decreases monotonously with time. This difference is 

probably caused by the proximity of SaSu-3B to land and the resultant 

environmental conditions that probably drive different food webs in the 

benthic realm. Bhushan et al. (2001) also observed a lack of parallel trend 

between CaCO3 and C org  in cores collected off Goa. 

Records of BioSi and C org  should show similar trends as the diatoms 

are the principal group of phytoplankton in this region. Surprisingly, however, 

there seems to be an anti-correlation between the two for most parts, except 

for the last few decades, in SaSu-1. This also applies to the relation between 

BioSi and CaCO3 in this core (Figure 4.15a). In SaSu-3B, the BioSi shows a 

long term declining trend similar to that of CaCO3 although with more 
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fluctuations (Figure 4.15b). 

4.2.3.6 Burial fluxes and past productivity changes 

Burial fluxes (also called the mass accumulation rates, MAR) for C org , 

TN and CaCO3  were calculated by multiplying the respective concentrations 

(g/g) with sedimentation rate (cm/kyr) and dry bulk densities (DBD, g/cm3). 

Fluxes of Corg range from 19 to 23 g m-2  y 1 , and from 26 to 32 g m-2 y- 1 

(except for two values which are as high as 38 g m -2  y 1  for surface samples) 

in SaSu-1 and SaSu-3B, respectively.. The flux ranges observed for TN are 

2.2-2.8 g m-2  y-1  and 2.4-4.0 g m -2  y 1  for SaSu-1 and SaSu-3B, respectively. 

The variations in fluxes observed in both the cores are similar to those 

observed by Bhushan et al. (2001). 

It is readily apparent from the profiles [Figure 4.16 (SaSu-1) and Figure 

4.17 (SaSu-3B)], that the flux patterns for all the three parameters mirror their 

original proxy distribution pattern in both the cores. Note, however, that the 

relative values for the two, change substantially. For example, the Corg 

content is lower in SaSu-3B compared with SaSu-1, but reverse is the case 

for the Corg burial fluxes. This, of course, is due to higher sedimentation rate 

at the shallower site. In SaSu-1, C org , TN and CaCO3  exhibit a similar 

downcore trend, as pointed out earlier, and the same holds good for their 

respective flux profiles as well. In SaSu-3B, CaCO3 content as well as its 

burial flux do not show any covariation with the corresponding C org  and TN 

values. As the variations in Corg flux are identical to those in case of TN in 

both the cores indicating the absence of any preservation bias. This is in 
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contrast with the results of Bratton et al. (2003) from the Chesapeake Bay 

where the TOC flux pattern did not mirror the TN flux. Instead the TN fluxes 

rose steadily over the 20th  century whereas TOC fluxes peaked at —1950 and 

declined thereafter. 

4.2.3.7 Major and Trace Elements 

Geochemistry of surface sediments in the region have also been a 

subject of several past studies (Murty et al., 1978; Shankar et al., 1987; Kolla 

et al., 1976b, 1981a,b; Prakash Babu et al., 2002). Sirocko et al. (2000) 

analyzed thirty seven sediment cores from the deep Arabian Sea for 

investigating past variations in the intensity of the monsoon-driven 

atmospheric circulation and the associated oceanographic processes in 

surface waters. His comprehensive work allowed tracking past monsoon 

changes with century-scale resolution. But most of these records are from 

sites away from the area of our study. Over the western Indian continental 

margin Agnihotri (2002) carried out a fairly detailed study using trace metals 

as proxies of paleo-chemical environment. However, the material examined 

by him did not include cores from the inner shelf region with modern records 

of seasonal anoxia. The records presented in Sections 4.2.2.2 and 4.2.2.3 

and below are thus the first of their kind from the eastern Arabian Sea. 

4.2.3.7.1 Temporal variability of major elements 

The Al content of sediments in SaSu-1 and SaSu-3B ranged from 6 to 

7.3% (mean 6.5%), and from 7.7 to 9.5% (mean 8.56%), respectively. The 
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generally higher Al content in SaSu-3B is evident due to its proximity to land. 

The average values are almost half of the corresponding shale value [-17; 

Wedepohl (1971, 1991)]. In SaSu-1, Al concentrations appear to have been 

rising since the beginning of the last century along with those of Fe and Mg 

(Figure 4.18a,b,c), and that like Al also appear to have a dominant land 

source, as discussed above. This can be explained by the increasing supply 

from land, both due to increase in rainfall (and consequently land runoff) and 

changes in land use (deforestation in the Western Ghats as well agricultural 

practices). This trend was not so well marked in SaSu-3B for Al (where two 

rising trends interrupted by a sharp discontinuity 80-100 y BP are observed), 

but the Fe and Mg contents (Figure 4.19a,b,c) in this core still show general 

upcore increase. Mg content in SaSu-1 varied from 2.03 to 2.55% (mean 

2.2%), whereas for SaSu-3B it was between 2.12 and 2.36% (average 

2.24%). The Sr/AI weight ratio varied from 53 to 80 x le (average 64 x 10-4 ), 

and from 22 to 30 x 104  (average 25 x 104) for SaSu-1 and SaSu-3B cores, 

respectively. The average value of Sr/AI in SaSu-1 core is higher than the 

average shale value (38 x 104; Turekian and Wedepohl, 1961), but in case of 

SaSu-3B this value is lower. The downcore profile of Sr/AI shows similarity 

with that of CaCO3. The similarity was more pronounced for SaSu-1 (r=0.92; 

Figure 4.18e) than in SaSu-3B (r=0.63; Figure 4.19e). This similarity seems to 

persist throughout the late-Quaternary and Holocene (Agnihotri et al., 

2003a,b; Agnihotri and Dutta, 2003) suggesting a close association between 

the Ca and Sr. 

The P/AI weight ratio varied from 199 to 225 x 10 -4  (average 210 x10 -4 ), 
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and from 153 to 202 x 10-4  (average 182 x 104) for SaSu-1 (Figure 4.18d) 

and SaSu-3B (Figure 4.19d), respectively. For both the cores, the values 

observed are considerably higher than the average shale value of 88 x 10 -4 ; 

(Turekian and Wedepohl, 1961) suggesting the presence of large amounts of 

non detrital P. When the downcore profiles of P/AI and Corg are 

superimposed on each other (Figure 4.18d, Figure 4.19d) no visible co-

variance occurs in SaSu-3B but the two profiles exhibit substantial similarity in 

SaSu-1. A correlation also seems to exist among the P/AI and C org  records of 

core CR-2. Its absence in SaSu-3B may be due to a disturbed Al record in 

this core. 

4.2.3.7.2 Temporal variability of redox sensitive elements 

The sites of both SaSu-1 and SaSu-3B are presently overlain within 

the zone of seasonal anoxia (DO = 3 pM; 0.06 mL/L). Variations in redox 

status of bottom waters in the past should have influenced the behaviour of 

redox-sensitive metals and also the C org  preservation. To investigate this 

effect, depth profiles of redox sensitive elements Fe, Mn, Mo, Cr, Co, and V 

are examined here. 

In SaSu-1, bulk Fe and Mn concentrations vary from 4.56 to 6.92% 

and from 284 to 491 pg/g with average values of 5.6% and 369 pg/g, 

respectively (Figure 4.20b,c). The concentration ranges for Mo, V, Cr and Co 

are 62.2-71.5, 3.4-78, 40-116 and 17.3-39.6 pg/g, with average values of 

66.44, 27.7, 79 and 24.05 pg/g, respectively (Figure 4.20d,e,f,g). 

In SaSu-3B, bulk Fe and Mn concentrations vary from 5.79 to 7.38% 
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and from 372 to 768 pg/g with average value of 6.5% and 471 pg/g, 

respectively (Figure. 4.21 b,c). Concentration ranges for other elements are 

from 73.7 to 89.2 pg/g for Mo, from 2.3 to 30.3 pg/g for V, from 142 to 196 for 

Cr pg/g, and from 8.78 to 43.23 pg/g for Co, with corresponding average 

values being 80.26, 15.46, 158 and 22.88 pg/g (Figure 4.21d,e,f,g). A single 

point maximum value of 107 pg/g was observed in the V profile; this value 

was excluded from the calculation of the mean. Interestingly, maxima in 

several other metals also occurred at this level which seems to correspond to 

a strong monsoonal activity in the recent past. Concentration and element/AI 

ratio, average shale values are given in table 4.9 for reference. 

Coming from shallow coastal sites, the two cores are more likely to be 

influenced by terrigenous inputs, which would affect metal concentrations. In 

order to account for this effect, the metal data have been normalized with Al. 

If the bottom waters at the core site have undergone changes in redox 

conditions during the past, this is expected to be reflected by the redox-

sensitive metal data. In natural aquatic systems, Mn and Fe are present as 

Mn(II), Mn (III), Mn(IV), Fe (II), and Fe (III). Mn concentrations are controlled 

by the detrital phase because reactive Mn oxyhydroxides deposited on the 

sea floor are reduced to soluble Mn(II), which diffuses out into the overlying 

waters. The redox behaviour of Mn plays a central role in the cycling of other 

metals that can adsorb onto Mn hydroxides (e.g. Mo, V, and Cr) (Shaw et al., 

1990). The geochemistry of Mn and Fe are similar, both responding to 

oxidative precipitation and reductive dissolution (Moffett, 1990). Dickens and 

Owen (1994) have suggested that the redox-sensitive Mn oxyhydroxide 

125 



particulates get dissolved upon entering an OMZ. The Mn (II) so produced is 

redirected by the circulation eventually to precipitate in oxygenated 

environments. The average values of the Mn/AI ratio for SaSu-1 and SaSu-3B 

cores are 56 x le and 55 x 10-4  respectively which is almost half of the 

average shale value (-106 x 10 -4 ; Turekian and Wedepohl, 1961). The 

observed low values of Mn/Al ratios throughout the cores (Figure 4.22a & 

4.23a) suggest the mobilization of reactive redox sensitive Mn out of the 

sedimentary column, which normally occurs in reducing sediments 

(Somayajulu et al., 1994). This is similar to the trend observed in CR-2. 

Cr, Mo, Co and V are known to precipitate out from seawater under 

reducing conditions (Calvert and Pedersen, 1993; Piper and Isaacs, 1996). 

The profiles for the ratios of Cr/Al, Mo/AI, Co/AI and V/AI are shown in figure 

4.22b,c,d,e (SaSu-1) and 4.23b,c,d,e (SaSu-3B). All the above ratios Cr/AI, 

Mo/AI, Co/AI and V/AI exhibit a narrow range of variation between 6-17, 9-11, 

3-6, 1-12 x 10-4  for SaSu-1 and 16-23, 8.5-10, 1-6, 0-12 x le for SaSu-3B 

respectively. The average value of Cr/Al is found to be substantially higher in 

SaSu-3B (19 x 10-4) but marginally higher in SaSu-1 (12 x 10 -4) than its 

average shale value of 11 x 10 -4 . Similarly, as expected, the average values 

of Co/AI and Mo/AI are also found to be on the higher side in both the cores 

as compared to their average shale values (Table 4.9). However, the average 

V/AI values of 4 x 104  and 2 x 10-4  in SaSu-1 and SaSu-3B, respectively, are 

much lower than the relatively high average shale value of 16 x 10 -4 . Thus, 

the expected enrichment in the solid phase was not observed contrary to the 

trends for Cr, Mo and Co. Nonetheless, a slow long-term upcore trend 
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appears to exist in all ratios which is also reflected in the increasing upcore 

trend for Corg (Figure 4.22f and 4.23f). It would thus appear that changes in 

productivity and reducing conditions in the overlying water had very little 

effect on the sedimentary cycling of redox elements and that the sedimentary 

environment was reducing all the time during the deposition time of the cores. 

Evidently there has been no significant post diagenetic change since these 

alterations would then have resulted in opposite trends in the Mn/Al and rest 

of the ratios (Cr, Co, Mo, and V) discussed above, which is not observed 

(Figure 4.22 and 4.23). A similar observation has also been made for CR-2. 

4.2.3.7.3 Temporal variability of nutrient type elements- Barium and its 

significance for paleo-productivity studies 

Ba concentrations in both SaSu-1 and SaSu-3B show significant 

depletion (factor of -4.5, in this study that favourably compares with the factor 

of -4 depletion observed in CR-2) relative to its average shale abundance 

(Figure 4.24a,b), suggesting the occurrence of suboxic conditions throughout 

the deposition period of the cores. Under such continuous reducing conditions 

with almost constant sedimentation rate, sedimentary Corg content rather than 

Ba should be used as a reliable surface productivity proxy. 

4.2.3.7.4 Micronutrient elements as paleo-productivity proxies 

Cu and Ni did not show any significant excess over their average shale 

values (Figure 4.25), except to some extent for Cu in SaSu-1 (Figure 4.25c). 

As mentioned earlier, the lack of pronounced enrichment of these elements in 

127 



Mn/AI x 10 -4 	Cr/A1x10 -4 	Mo/AI x 10 -4 	Co/AI x 10 -4 	V/AI x 10 -4 	Corg (%) 

2000 

1960 

▪ 1920 

>- 
1880 

1840 

1800 

Figure 4.22: Downcore variations in Element/AI ratios of selected redox-sensitive trace metals in relation 
with their respective average shale values for core SaSu-1. Also shown is vertical profile of C org  for 
comparison. (a)Mn/AI (b)Cr/AI (c)Mo/AI (d)Co/AI (e)V/AI (f)Corg• 

a) I 

(c) (f) (d) 

(C
o/

A
I)

  A
ve

ra
g

e  
sh

a
le

  =
  2

.1
 

(M
o /

A
I) 

 A
ve

ra
g

e  
sh

a
le

  =
  0

. 1
5 

(a)  

100 	4 	16 	0 	12 2 	5 	0 	12 	4 	4.6 
.i.1 	 1 	1 	1 	1 	1.1.1 

• 

40 
11111111 II I , I 



Mn/AI x 104  Cr/Alx 104  Mo/Alx 104  

2000 

1950 

1900 

>- 
1850 

1800 

1750 

40 100 

1 

co o f  
11 	I 
a) 
To fn  

C 
a) 
Q I  

-2 
2 

(a) 

(C
r/

A
I)  

A
ve

ra
g

e  
s

ha
le

  =
 1 

Co/A1x104 	V/AI x 104 	Corg (%) 

4 	0 	12 	3.2 4.4 

(f) 

5.6 
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reducing sediments is perhaps due to the non-availability of free sulphide in 

high concentrations in interstitial waters for their precipitation. However, 

accumulation of these elements in sediments should still be expected to some 

extent at least during period of high productivity. The Ni/Al record in SaSu-3B 

(Figure 4.25b) does show a general trend of increase in the last few decades, 

the period of the highest productivity as inferred from several other proxy 

records discussed above. Such an increase is not readily evident in the case 

of the Cu/AI ratio in this core (Figure 4.25d). In SaSu-1, although the ratios 

(Figure 4.25a,c) are closer to their respective average shale values, the 

downcore changes are not consistent with the trends in other proxies of 

productivity (which appears to be at its all time maximum over the past few 

decades). 

4.3 Conclusions 

Various proxies analyzed in the three shallow cores raised from the 

inner- and mid-shelf areas that are seasonally overlain by suboxic/anoxic 

waters today, exhibit significant downcore variations. 

1. The consistent increasing trend observed for various biogenic proxies 

viz. Corg , CaCO3, Norg in all the three cores, indicate enhanced productivity 

over the past few decades. In most probability, this increase is the 

consequence of human activities (fertilizer inputs from land). 

2. However, despite this increase in, and possibly because of, the higher 

productivity that should be expected to support a higher rate of near-bottom 

denitrification (the evidence of which is provided by the water column 
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measurements); the sediments do not seem to reflect an enhancement of the 

615N signal (especially during the last few decades for all three cores). In 

deeper sediments (core CR-2) though, particularly during the Little Ice Age, 

615N might still serve as a proxy of (reduced) denitrification. 

3. Ba concentrations did not exhibit any significant increasing trends 

during the last few decades in all the three cores as indicated by the biogenic 

proxies. Instead the Ba/AI average values were depleted by a factor of 4 

when compared with its average shale value, indicating removal of Ba from 

the sediments due to strong reducing environments. Thus Ba acted more as a 

redox proxy rather than productivity proxy. 

4. The micronutrient elements - Cu and Ni, did not show any enrichment 

compared to its average shale values, for the corresponding increased 

productivity during the last few decades in any of the three cores. 

5. For all the three cores, the redox sensitive elements — Fe, Mn, Co, Cr, 

Mo and V indicated the persistence of reducing conditions throughout the 

depositional periods of the cores. Evidently, no significant post diagenetic 

changes were detected, as these alterations would have resulted in opposite 

trends in the Mn/AI, Fe/AI and rest of the ratios (Cr, Co, Mo and V) which was 

not observed. 
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Table 4.2 
Major bulk carriers of productivity measured in core CR-2 along with 
C and N isotopes of sedimentary organic matter.  
Mean depth (cm) Cora  (%) N (%) CaCO3 (%) BioSi(%) 813C(%0) 815N(/00) C/N 

1 3.40 0.39 8.55 1.63 -21.1 6.9 8.6 

3 3.39 0.40 8.77 1.47 -20.9 6.5 8.5 

5 3.14 0.34 8.26 1.19 -20.9 6.4 9.2 

7 3.03 0.33 7.98 2.32 -20.9 6.8 9.2 

9 3.02 0.33 8.03 2.22 -20.7 6.9 9.3 

11 2.92 0.31 7.18 1.38 -21.0 6.8 9.3 

13 3.07 0.32 7.24 2.15 -20.8 6.9 9.5 

15 2.97 0.32 7.70 1.45 -20.7 6.7 9.3 

17 2.84 0.31 7.69 1.79 -21.2 6.7 9.3 

19 2.74 0.30 6.66 1.66 -20.9 6.9 9.2 

21 2.72 0.30 6.64 2.35 -21.1 6.7 9.2 

23 2.74 0.30 7.87 1.50 -20.7 7.4 9.3 

25 2.71 0.29 8.10 1.98 -20.7 7.5 9.4 

27 2.60 0.28 8.96 1.46 -20.8 7.3 9.4 

29 2.83 0.30 7.74 2.28 -20.7 7.5 9.5 

31 2.80 0.29 8.52 1.38 -21.0 7.4 9.6 

33 2.75 0.28 7.46 1.83 -21.0 7.3 9.7 

35 2.81 0.29 7.14 1.97 -21.0 6.9 9.8 

37 2.50 0.25 5.59 2.51 -21.3 7.4 9.9 

39 2.45 0.25 5.98 1.55 -21.4 7.0 9.6 

41 2.76 0.28 5.42 1.42 -21.3 7.0 9.9 

43 2.61 0.27 6.91 1.36 -21.3 6.3 9.7 

45 2.50 0.25 4.12 1.94 -21.3 6.1 9.9 

47 2.43 0.24 4.45 1.63 -21.3 6.2 10.0 

49 2.41 0.25 5.14 2.00 -21.2 7.0 9.7 

51 2.32 0.26 7.79 2.17 -20.7 7.3 9.0 

53 2.69 0.30 10.52 2.10 -20.6 7.8 8.9 

55 2.91 0.31 10.57 1.88 -20.5 7.2 9.3 

57 3.06 0.35 9.70 1.81 -21.0 7.4 8.9 

59 3.03 0.32 9.60 2.62 -20.6 7.3 9.4 

61 3.00 0.31 9.13 1.57 -20.6 7.4 9.6 

63 3.01 0.32 8.76 2.20 -20.6 7.2 9.5 

65 3.04 0.29 9.08 1.90 -20.8 6.9 10.4 

67 2.95 0.31 9.13 2.30 -20.7 7.2 9.5 

69 2.98 0.31 9.67 2.65 -20.6 7.1 9.5 

71 2.97 0.31 7.63 1.95 -20.6 7.0 9.6 

73 3.22 0.35 8.85 2.66 -20.7 7.6 9.1 

75 2.63 0.29 8.47 2.36 -20.6 7.2 9.0 

77 2.74 0.30 9.36 2.38 -20.5 7.6 9.1 

79 2.85 0.29 9.18 1.96 -20.9 7.2 9.9 

81 2.91 0.30 10.54 2.35 -20.8 7.4 9.7 

83 2.80 0.30 11.22 2.39 -20.6 6.9 9.4 

85 2.97 0.30 11.34 1.78 -20.9 6.8 9.8 

87 2.81 0.30 10.88 2.67 -20.8 6.7 9.3 

89 2.85 0.30 9.14 1.43 -20.8 7.0 9.6 

91 2.80 0.28 10.28 1.81 -20.7 6.7 10.0 

93 2.77 0.28 11.37 2.12 -20.8 6.7 10.0 

95 2.68 0.27 11.76 2.47 -20.8 6.5 9.9 

97 2.79 0.28 13.58 2.37 -20.7 6.6 10.0 

99 2.85 0.27 10.33 1.51 -20.8 6.7 10.5 



Table 4.3 
Major and minor element measured in core CR-2. P and minor 
element concentrations are presented in pg/g (ppm). 
Mean depth (cm) Al (%) Fe (%) Mg (%) Mn Ba Cr Cu Ni 

6.41 5.58 2.35 1489 333 114 286 130 50 61 85 

3 7.01 5.78 2.38 1536 351 125 282 135 47 60 89 

5 6.91 5.99 2.38 1525 345 124 285 137 47 58 93 

7 6.99 5.75 2.35 1489 338 125 275 139 48 61 85 

9 6.9 5.85 2.37 1472 329 124 282 133 49 68 87 

11 7.06 5.78 2.36 1564 322 125 274 138 45 61 87 

13 6.95 5.75 2.31 1534 316 124 270 129 47 54 93 

15 7.22 5.89 2.39 1533 337 126 275 139 49 58 91 

17 7.16 5.82 2.39 1620 321 127 281 140 49 61 90 

19 7.17 5.76 2.36 1648 320 130 264 135 49 53 91 

21 7.42 5.7 2.4 1608 301 133 242 137 47 63 101 

23 7.31 5.75 2.35 1598 322 134 268 135 47 61 92 

25 7.35 5.87 2.41 1763 336 136 283 137 46 56 99 

27 7.05 5.65 2.28 1533 330 130 278 133 44 64 93 

29 6.95 5.71 2.29 1562 303 122 269 136 45 65 88 

31 7.23 5.83 2.31 1646 308 125 276 142 48 62 76 

33 7.31 5.9 2.3 1644 308 127 268 140 46 61 88 

35 7.41 5.98 2.31 1693 314 127 260 151 49 71 85 

37 7.71 6.24 2.27 1724 327 133 223 147 48 78 102 

39 7.58 6.07 2.27 1746 323 130 227 142 48 71 107 

41 7.83 6.13 2.3 1887 310 123 225 146 49 71 103 

43 7.76 6.17 2.34 1802 321 132 246 144 49 70 101 

45 8.05 6.25 2.32 1803 327 135 218 147 51 59 88 

47 8.11 6.3 2.32 1785 333 139 218 149 48 63 98 

49 7.89 6.15 2.25 1699 336 138 215 147 49 73 96 

51 7.17 5.79 2.2 1672 354 134 283 137 43 49 87 

53 6.85 5.46 2.26 1629 339 128 335 128 43 51 87 

55 6.85 5.47 2.27 1622 319 122 339 127 43 51 86 

57 7.13 5.69 2.39 1776 321 122 336 132 46 62 79 

59 7.44 5.91 2.49 1701 316 127 331 133 47 62 81 

61 7.4 5.79 2.44 1779 307 123 324 134 52 66 85 

63 7.49 5.92 2.48 1837 306 125 327 142 48 58 103 

65 7.05 5.52 2.33 1723 290 118 315 122 49 50 59 

67 7.06 5.41 2.33 1609 283 110 290 131 51 48 89 

69 7.56 5.44 2.25 1563 294 124 321 142 49 64 91 

71 7.51 5.34 2.23 1584 287 125 325 135 49 73 85 

73 7.78 5.55 2.26 1717 296 128 318 132 49 42 85 

75 7.71 5.61 2.28 1644 299 129 322 132 49 52 80 

77 7.57 5.57 2.23 1554 299 133 332 126 48 50 92 

79 7.71 5.73 2.33 1613 309 130 341 133 50 55 78 

81 7.72 5.76 2.39 1645 325 133 376 132 45 49 97 

83 7.61 5.46 2.33 1606 na 134 391 130 47 48 84 

85 7.44 5.42 2.32 1579 na 131 384 125 50 - 48 67 

87 7.49 5.5 2.3 1649 na 131 390 130 47 69 78 

89 7.69 5.62 2.39 1654 na 133 383 123 43 53 80 

91 7.44 5.63 2.32 1651 na 129 398 123 45 34 75 

93 6.89 5.28 2.16 1514 na 118 418 111 46 35 75 

95 7.41 na 2.28 1583 na 128 388 125 42 59 87 

97 6.97 na 2.18 1475 na 122 452 120 40 37 80 

99 7.58 5.81 2.35 1667 na 135 365 129 42 63 80 



Table 4.4 
Major bulk carriers of productivity, sedimentary C and N isotopes of organic matter 
measured in core SaSu-1 along with fluxes for carbon, nitrogen and CaCO3. 

Core 
(cm) 

Corg 

(%) 
Norg 

(%) 
C/N CaCO3  (%) & 5N 

(%) 
613Cor9 

 (96) 
Si02 

 (%) 
Corg  flux 
(gmf2a-1 ) 

Norg  flux 
(gm-2a-1 ) 

CO3  flux 
(gm-2a-1 ) 

0 4.50 0.54 8.15 13.35 7.05 -20.92 1.56 21.64 2.61 64.20 
1 4.64 0.56 8.18 16.35 7.14 -20.85 1.50 22.61 2.74 79.73 
2 4.49 0.52 8.54 17.35 7.21 -20.79 1.38 22.00 2.55 85.00 
3 4.54 0.55 8.32 18.04 7.05 -20.84 1.39 22.32 2.70 88.72 
4 4.49 0.54 8.33 17.95 7.40 -20.99 1.27 22.05 2.64 88.26 
5 4.34 0.49 8.78 16.33 7.36 -20.84 1.31 21.15 2.39 79.61 
6 4.34 0.47 9.09 15.35 7.39 -20.91 1.32 21.03 2.29 74.47 
7 4.10 0.49 8.36 13.70 7.41 -20.61 1.81 19.75 2.34 65.97 
8 4.15 0.47 8.71 13.26 7.48 -20.64 1.69 19.95 2.27 63.74 
9 4.37 0.50 8.60 16.09 7.46 -20.57 1.53 21.29 2.44 78.31 
10 4.41 0.51 8.83 15.44 7.56 -20.55 1.37 21.41 2.47 74.92 
11 4.42 0.50 8.96 15.57 7.54 -20.53 1.47 21.45 2.42 75.61 
12 4.30 0.49 8.71 15.73 7.51 -20.68 1.52 20.88 2.36 76.43 
13 4.37 0.48 8.92 15.28 7.49 -20.63 1.50 21.18 2.35 74.11 
14 4.33 0.48 9.18 15.98 7.40 -20.50 1.69 21.08 2.32 77.74 
15 4.55 0.52 9.00 15.08 7.36 -20.81 1.24 22.02 2.51 73.04 
16 4.45 0.50 8.84 14.79 7.44 -20.60 1.57 21.52 2.44 71.54 
17 0.48 8.13 13.95 7.59 -20.65 1.53 2.30 67.25 
18 4.36 0.49 9.13 13.69 7.65 -20.52 1.97 20.98 2.34 65.90 
19 4.54 0.48 9.66 12.78 7.60 -20.57 1.66 21.78 2.31 61.29 
20 4.45 0.50 9.04 14.47 7.55 -20.63 1.58 21.52 2.43 69.92 



Table 4.5 
Major bulk carriers of productivity, sedimentary C and N isotopes of organic matter measured in 
core SaSu-3B along with fluxes for carbon, nitrogen and CaCO3. 

Core 
(cm) 

Corg 

(%) 
Norg 

(%) 
C/N 

CaCO3 
(%) 

615N 

No) 
s13co, 

(%o) 
Si02  
(%) 

Corg  flux 
gm -2a  - 1 

Norg  flux 
gm -2 a 

CaCO flux 
gm

-2a-i 

0.0 5.07 0.58 8.96 4.59 7.19 -20.95 1.64 37.15 4.22 33.59 
0.5 5.29 0.48 10.92 4.95 7.65 -20.89 1.59 38.78 3.55 36.30 
1.0 4.30 0.51 8.21 4.56 7.66 -21.05 1.74 31.46 3.76 33.42 
1.5 4.20 0.46 8.92 4.38 7.33 -21.20 1.68 30.78 3.37 32.05 
2.0 4.23 4.50 7.36 -20.93 1.69 30.98 32.95 
2.5 3.99 0.46 8.58 4.57 7.49 -21.24 1.60 29.24 3.38 33.44 
3.0 3.92 0.41 9.65 5.00 7.25 -21.13 1.73 28.69 3.01 36.63 
3.5 3.83 0.43 8.80 4.79 7.20 -21.12 1.50 28.08 3.15 35.09 
4.0 3.95 0.43 9.13 4.66 7.05 -20.93 1.47 28.96 3.15 34.10 
4.5 4.11 0.46 8.96 5.62 7.23 -21.27 1.71 30.16 3.34 41.24 
5.0 4.19 0.44 9.40 5.52 7.33 -20.95 1.89 30.74 3.26 40.49 
5.5 3.95 0.42 9.22 4.90 7.46 -21.08 1.78 28.97 3.08 35.91 
6.0 3.94 0.43 9.22 5.25 7.40 -21.03 1.79 28.86 3.17 38.51 
6.5 4.06 0.45 8.88 5.34 7.41 -20.88 1.68 29.74 3.33 39.13 
7.0 3.97 0.47 8.26 5.09 7.59 -20.93 1.71 29.11 3.47 37.28 
7.5 4.19 0.45 9.21 4.85 7.32 -20.99 1.64 30.72 3.31 35.57 
8.0 3.88 0.41 9.35 5.57 7.57 -20.97 1.82 28.43 3.03 40.89 
9.0 3.69 0.40 9.08 5.08 7.39 -21.21 1.81 27.02 2.93 37.21 

10.0 3.70 0.42 9.00 5.02 7.19 -21.29 1.73 27.08 3.09 36.80 
11.0 3.75 0.41 9.04 5.41 7.50 -20.99 1.60 27.52 3.02 39.64 
12.0 3.67 0.40 9.09 5.43 7.24 -21.00 1.86 26.91 2.95 39.80 
13.0 3.71 0.41 8.83 5.49 7.63 -20.85 1.84 27.24 3.03 40.27 
14.0 3.54 0.38 9.33 5.44 7.44 -21.09 1.82 25.98 2.79 39.86 
15.0 3.88 0.40 10.00 7.55 -21.22 1.72 28.83 3.00 80.10 
16.0 3.72 0.39 9.45 6.18 7.88 -21.07 1.66 27.32 2.90 45.37 
17.0 3.73 0.38 9.76 6.02 7.47 -21.27 1.82 27.42 2.81 44.20 
18.0  3.66 0.40  9.00 5.25  7.81 -21.01 1.69 	 26.85 2.94  38.46 



Core 
(cm) 

Corg 
(%) 

Norg 
(%) 

C/N 
CaCO3 

 (%) 

815 N 
(%) 

813Cor9  
(ke) 

SiO2 
(%) 

Corg  flux 
gnf2a-1  

Norg  flux 
gm'a" 

CaCO flux 
gm'a" 

19.0 3.65 0.39 9.32 5.86 8.21 -21.07 1.87 26.82 2.88 42.99 

20.0 3.62 0.38 9.23 5.81 7.85 -21.03 1.75 2'6.57 2.80 42.60 

21.0 3.85 0.40 9.50 7.29 7.74 -21.11 1.67 28.34 2.94 53.64 

22.0 3.64 0.38 9.71 5.62 7.50 -20.70 1.75 26.74 2.80 41.22 

23.0 3.71 0.38 9.57 5.83 8.03 -21.08 1.76 27.20 2.81 42.75 

24.0 3.65 0.38 9.76 6.26 8.27 -20.81 1.89 26.80 2.82 45.95 

25.0 3.86 0.39 9.68 5.61 7.82 -20.83 1.86 28.29 2.88 41.16 

26.0 3.92 0.38 9.95 6.40 7.86 -20.92 1.99 28.81 2.83 47.01 

27.0 3.78 0.39 9.90 7.35 7.55 -20.89 1.78 27.81 2.86 54.14 

28.0 3.74 0.38 9.76 6.93 7.36 -20.76 27.50 2.77 50.96 

29.0 3.82 0.38 9.76 6.47 7.48 -20.99 28.05 2.83 47.52 

30.0 4.03 0.39 10.24 6.72 7.02 -20.73 29.63 2.84 49.37 

31.0 3.74 0.36 10.45 6.69 7.79 -20.96 27.50 2.68 49.17 

32.0 3.85 0.37 10.35 6.27 7.77 -20.66 1.83 28.29 2.74 46.03 

33.0 3.75 0.38 9.90 6.23 7.91 -20.86 1.85 27.57 2.82 45.72 

34.0 3.69 0.39 9.57 6.87 7.78 -20.76 1.79 27.17 2.84 50.55 

35.0 3.57 0.37 9.50 6.57 7.71 -20.95 1.80 26.27 2.75 48.25 

36.0 3.66 0.38 9.62 7.81 7.68 -20.82 2.02 26.94 2.80 57.60 

37.0 4.02 0.37 11.16 7.31 7.33 -20.86 1.83 29.63 2.70 53.83 

38.0 3.61 0.37 9.85 6.59 7.09 -20.80 1.93 26.52 2.75 48.42 

39.0 3.87 0.39 9.90 6.51 7.86 -20.49 1.74 28.45 2.83 47.81 

40.0 3.64 0.37 9.70 7.50 7.97 -20.85 .1.79 26.83 2.71 55.24 

41.0 3.77 0.38 10.12 7.41 7.49 -20.71 1.97 27.75 2.78 54.55 

42.0 3.70 0.37 10.21 8.01 7.38 -20.91 1.92 27.26 2.73 59.07 



Table 4.6 

Major and minor element measured in core SaSu-1. Minor element concentrations are presented in pg/g. 

Core 
(cm)  

Al 
(%) 

Mg 
(%) 

Fe 
(%) 

P Mn Ba Sr Cr Cu Ni V Co Mo 

0  7.3 2.5 6.9 1453 470 128 447 115 46 60 49 31 70 

1 2.3 6.7  1439 466 128 469 116 49 90 50 20 69 

2.4 6.9 1465 491 128 530 111 46 71 49 40 72 
2 

2.4 6.7 1403 470 126 538 112 43 54 78 17 70 
3 C c  _  

2.3 6.4 1420 453 123 525 98 44 66 55 40 69 
4 

2.3 6.3 1457 428 123 492 106 43 65 41 29 69 
5 

2.3 6.2 1411 403 123 449 94 39 72 20 20 71 
6  -.- 
7  6.9 2.3 6.0 1449 379 122 399 80 53 64 41 20 68 

8  6.9 2.2 5.9 1431 369 123 379 84 73 52 18 22 70 

9  6.5 2.2 5.6 1380 369 115 433 65 43 61 41 23 66 

10  6.4 2.2 5.4 1356 350 115 414 76 41 47 18 21 65 

11  6.4 2.2 5.3 1326 333 111 414 76 45 70 14 31 65 

12  6.6 2.1 5.2 1378 339 110 405 73 46 50 14 18 66 

13  6.1 2.1 5.0 1375 323 106 413 53 44 36 12 18 63 

14  6.3 2.1 5.0 1349 321 108 403 55 45 39 15 28 65 

15  6.1 2.1 4.9 1306 313 106 388 59 49 39 11 20 65 

16  6.3 2.1 4.8 1342 305 105 365 56 67 55 12 22 63 

17  6.2 2.1 4.8 1336 298 106 346 71 43 40 3 21 62 

18  6.4 2.1 4.8 1304 296 106 346 59 49 60 9 21 64 

19  6.1 2.1 4.6 1307 284 102 330 54 41 34 9 23 62 

20 6.1 2.0 4.6 1323 287 102 335 39 47 14 23 22 62 



Table 4.7 Major and minor element measured in core SaSu-3B Minor element concentrations are presented in pglg. 

Core Al Mg 
(%) 

Fe 
(%) 

P Mn Ba Sr Cr Cu Ni 

78 (cm)  (%) 

2.3 6.4 1481 535 119 211 148 40 71 17 33 
83 0  8.3 

6.8 1565 581 125 205 156 47 79 26 23 
83 0.5  8.3 2.3 

2.3 7.0 1623 623 128 198 155 46 85 19 30 
83 1  8.5 

2.4 7.0 1663 611 124 200 178 45 72 18 
83 1.5  8.5 

2.3 7.0 1592 628 124 191 163 44 54 4 9 
86 2  8.2 

7.3 1592 709 126 192 169 39 80 7 16 
86 2.5  8.5 2.3 

2.2 7.4 1595 768 134 190 197 42 58 107 34 
85 3  8.6 

7.3 1564 723 131 194 158 50 64 17 21 
87 3.5  8.4 2.2 

7.3 1579 699 131 196 162 37 79 30 30 

4  8.5 2.2 

2.2 6.9 1516 594 123 195 179 51 71 23 80 

81 4.5  8.0 
2.2 7.0 1493 632 122 193 156 39 71 17 25 

83 5  8.1 
2.3 7.0 1520 595 126 203 183 43 51 23 17 

82 5.5  8.5 
2.3 6.8 1525 554 128 207 153 49 45 13 34 

79 6  8.2 
2.3 6.8 1523 533 129 203 165 49 22 37 

80 6.5  8.1 
2.3 6.7 1533 514 124 197 157 51 20 

76 7  8.2 
2.4 6.4 1448 468 121 201 146 43 18 

81 7.5  7.8 
2.2 6.7 1590 477 126 202 145 51 24 21 32 

81 8  8.0 
2.3 6.6 1516 459 125 197 150 52 43 16 13 

80 9  8.0 
2.3 6.7 1536 471 126 196 144 52 60 23 

10  8.4 
2.3 6.5 1588 441 123 199 143 46 40 6 22 80 

81 11  8.1 
2.3 6.5 1593 421 127 207 160 46 3 26 18 

12  8.2 
2.3 6.4 1607 396 120 210 152 53 64 11 78 

74 13  8.0 
2.2 6.2 1566 382 116 195 149 41 48 43 

75 14  7.7 
2.1 6.2 1530 380 118 266 146 44 37 18 

74 15  7.8 
2.3 6.4 1592 406 133 230 163 43 47 2 21 

16 8.9 

V 	Co Mo 



Mo Co V Ni Cu Cr Fe 
(%)  

Sr Mg 
(%)  

Ba Mn Core 
(cm)  

P 
77 20 19 45 47 162 232 136 414 1523 6.3 2.2 8.9 77 17 24 37 45 179 224 137 402 1515 6.3 2.3 9.4 77 18 15 8 24 50 158 233 139 415 1613 6.3 2.2 9.0 78 19 21 16 43 157 220 136 413 1541 6.4 2.3 9.0 76 20 22 0 44 45 179 238 133 396 1572 6.3 2.3 8.9 21 77 21 5 41 144 231 131 392 1577 6.2 2.3 9.0 22 75 23 16 23 42 162 218 132 389 1621 6.1 2.2 8.6 79 23 22 25 46 154 221 134 410 1571 6.3 2.3 9.0 76 24 9 18 15 39 151 217 125 381 1621 6.0 2.2 8.6 25 76 18 27 47 156 217 126 391 1700 6.0 2.1 8.8 26 75 18 15 16 48 133 224 121 372 1592 5.9 2.1 8.8 27 74 17 20 5 44 161 220 120 375 1519 5.9 2.1 8.3 28 76 18 46 148 219 122 395 1682 6.0 2.2 8.9 29 77 25 40 150 216 122 381 1604 5.9 2.1 8.6 76 30 19 27 50 142 204 120 369 1567 5.8 2.1 8.4 31 79 18 57 232 141 421 6.7 2.3 7.9 32 77 11 39 232 140 400 6.4 2.3 7.9 33 75 20 48 233 135 387 1321 6.3 2.2 7.8 34 87 36 11 50 51 250 129 423 1416 6.6 2.2 9.2 35 88 19 2 39 52 268 130 430 1591 6.6 2.2 9.1 36 89 23 6 41 51 244 131 430 1483 6.7 2.3 9.3 37 85 19 3 35 51 236 122 403 1464 6.3 2.2 9.1 38 89 30 29 49 54 230 122 412 1571 6.4 2.2 9.4 39 88 40 13 49 47 255 121 411 1491 6.3 2.2 9.5 40 85 29 44 45 241 120 409 1502 6.2 2.1 9.3 41 86 22 3 54 50 243 119 397 1654 6.1 2.2 9.4 42 



Table 4.8 

Statistical summary for organic matter signatures and sedimentation rates from the two study cores. 

Sr. 

No. 

Core No. 

Latitude, 

Longitude. 

Location Corg 

(% range) 

C/N 

(ratio range) 

813Corg  

(%o range) 

815 N 

(%o range) 

Sedimentation 

rate 

1. SaSu1 

15.28.6°N 

73.27.5°E 

Mid-shelf 

Region 4.1 — 4.7 8 — 9.6 -21 to -20.5 7 — 7.7 
1.14 

mm/y 

2. SaSu3B 

15.28.4°N 

73.32.4°E 

Inner shelf 

Region 3.5 — 5.3 8 - 11 -21.3 to -20.5 7 — 8.2 
1.78 

mm/y 

• 



Table 4.9 

Average shale values of major and minor elements and element/AI 

ratios. 

Element 
Average 

shale 
Element/AI 

Average 
shale 

Al 16.7 Fe/AI 0.59 

Fe 7 Mg/AI 0.19 

Mg 2.6 Ti/AI 575 

P 0.16 P/AI 88 x 10-4  

Sr 300 Sr/AI 38 x 10-4  

Mn 850 Mn/AI 106 x 10-4  

Ba 580 Ba/AI 75 x 10-4  

Cr 90 Cr/AI 11 x 10 -4  

Cu 45 Cu/AI 06 x 10-4  

Ni 68 Ni/AI 09 x 10-4  

V 130 V/AI 16 x 10-4  

Co 19 Co/AI 2.4 x 10 -4  

Mo 1 Mo/AI 0.15 x 10 -4  



CHAPTER 5 



Chapter 5 

RECONSTRUCTION OF PALEO-CHEMICAL ENVIRONMENT ON 

TIME SCALE OF CENTENNIAL TO TENS OF 

KILO YEARS 

5.1 	Introduction 

The Arabian Sea is an area of high biological productivity driven by the 

summer monsoon upwelling and winter monsoon convection (Barber et al., 

2001). Since changes in monsoon forcing are expected to be recorded by the 

sediments, it is not surprising that sediment cores from the Arabian Sea have 

been widely studied to reconstruct past climate variability in response to 

orbital changes in insolation (PreII, 1984b; Clemens and PreII, 1990; Murray 

and PreII, 1992; Emeis et al., 1995; Reichart et al., 1997). Despite these 

extensive efforts, a complete consensus is yet to emerge on past 

climate/environment variability as inferred from the analyses of various 

proxies in many well-dated sediment records from the region. Over several 

glacial-interglacial cycles, for instance, Reichart et al. (1997), Rostek et al. 

(1997), and Schubert et al. (1998) have shown that the accumulation of 

organic carbon in the Northeast Arabian Sea has been strongly dominated by 

a 23 ky cycle, with maxima in organic carbon content corresponding to 

periods of low summer insolation in the northern hemisphere. In contrast, 

PreII (1984b), Murray and PreII (1991), Shimmield, (1992), Sirocko et al. 
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(1993) and Emeis et al. (1995) observed different patterns in the western 

Arabian Sea and attributed the observed variations in their proxies to maxima 

in productivity during periods of high boreal summer insolation. Furthermore, 

Sarkar et al. (1993) attributed the elevated organic carbon and uranium 

contents of sediments during the last glacial maximum (LGM) in the eastern 

Arabian Sea to increased preservation of organic carbon and reduction of 

uranium caused by deep-water anoxia, a view not supported by other data as 

will be discussed later. 

In this study, a number of proxies have been measured in the same 

cores to circumvent the potential problem relating to one single proxy not 

accurately recording ambient conditions in various areas or at different times. 

Another novel approach adopted here is to compare the .3 13C record in benthic 

foraminifera with the .3 15N record in bulk sediments to infer conditions prevailing 

at two different depths, since the former is a proxy of ambient nutrient levels 

(and by extension the oxygen concentration) in near-bottom waters (the 

bathypelagic) and the latter reflects the intensity of denitrification (or the 

severity of the OMZ) at depths of few hundred metres (the mesopelagic). The 

results are expected to improve our understanding of variability and response 

of the subsurface reducing environment in the Arabian Sea to global and 

regional changes in climate and oceanographic processes (productivity and 

circulation). In this chapter, variations in these proxies are examined in two 

gravity cores collected from seamounts that lie well below but directly 

underneath the mesopelagic layer experiencing intense denitrification in the 

open ocean (Figure 5.1). Details of the cores are given in Chapter 2, Table 
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2.1. Core AAS-42/15 was retrieved from the Raman Seamount (water depth 

2525m), while core AAS-42/12A came from the Wadia Seamount (water 

depth 2270m). Both cores were carefully checked and found free from any 

slumping activities. The sediments were also devoid of any turbidites as one 

would expect for cores from the seamounts. 

5. 2 Results 

5.2.1 Stratigraphy and sedimentation rates 

Studies on stable isotope composition of carbonaceous remains of 

marine organisms are extensively used to reconstruct environmental 

conditions over the geological time scale. These studies were started in the 

early 1950's on different organisms [e.g. by Epstein et al. (1953) on molluscs; 

Emilliani (1955) on planktonic foraminifera; and Shackleton (1977) on benthic 

foraminifera]. Variations in oxygen isotopic composition of foraminifera have 

been found to provide valuable information on oceanic paleotemperature, 

paleosalinity and past fluctuations in sea level and glacial ice volumes 

(Duplessy, 1982; Shackleton, 1987; Wefer and Berger, 1991; Sirocko et al., 

1993). Studies on carbon isotopes provide insights into the changes of past 

ocean biological productivity, circulation patterns and global carbon budget 

(Shackleton, 1977; Berger et al., 1978; Shackleton and Vincent, 1978; 

Altenbach and Sarnthein, 1989). 

The planktonic oxygen isotope data were used to establish the 

chronologies of the two cores. For this purpose downcore records of 

planktonic 8180 were tuned with the standard low latitude oxygen isotope 
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Figure 5.1: Locations of open ocean gravity cores (denoted with open white 
circles) raised from the OMZ region of Arabian Sea. 



curve of Bassinot et al. (1994). This low-latitude 8 180 reference record has 

been developed by stacking and tuning the 8 180 records from core MD900963 

and ODP site 677 with the SPECMAP stack of lmbrie et al. (1984). Based on 

the oxygen isotope stratigraphy, Core AAS-42/15 extended to Oxygen 

Isotopic Stage (OIS) 6 whereas core AAS-42/12A extended to OIS 8 and the 

beginning of OIS 9. In both the cores the isotopic stages could be readily 

identified. The oxygen isotope record for the two cores along with the curve of 

Bassinot et al. (1994) are shown in Figure 5.2a,b. Several tie points were 

identified for both cores to get the best fits. 

In order to achieve a better stratigraphic control for the period within 

the radiocarbon dating, the upper parts of the two cores were subjected to 

AMS 14C analysis. Hand-picked specimens of Globigerinoide ruber were used 

for this purpose. The AMS 14C ages were calibrated to reservoir-corrected 

calendar ages before present (1950) using the CalPal software [CalPal, The 

Cologne Radiocarbon Calibration and Palaeoclimate Research Package (for 

more details see - http://www.calpal.de/)],  which provides calibration back to 

50 ky BP. Estimated AMS 14C age, described as ky BP (thousands of years 

before present) and appropriately corrected ages in calendar years (as ca ky 

BP) are given in table 5.1. The sedimentation rates varied considerably over 

time in the same core and more so between the two cores despite their 

geographical proximity to each other. Core AAS-42/15 covered a period of 

-160 Ky BP, while core AAS-42/12A extended to -320 Ky BP. Details of 14C 

dates, tie points taken (in terms of core depth in cm) and sedimentation rates 

calculated for both the cores are given in table 5.2. It may be noted that the 
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Table 5.1 

Estimated AMS 14C age and corresponding age in calendar years. 

Calendar years are calculated using the CalPal software. 

Core AAS-42/15 

Depth interval 

in core (cm) 

Estimated 14C 

Age (Ky-BP) 

Age in calendar 

Years (cal-Ky-BP) 

0-2 5.76 ± 0.050 - 6.6 ± 0.062 

20-22 11.05 ± 0.070 -13.0 ± 0.110 

30-32 13.35 ± 0.055 -16.5 ± 0.519 

50-52 17.70 ± 0.085 -21.1 ± 0.389 

80-82 21.10 ± 0.110 -25.3 ± 0.356 

130-132 33.40 ± 0.510 -38.8 ± 1.212 

Core AAS-42/12A 

Depth interval 

in core (cm) 

Estimated 14C 

Age (Ky-BP) 

Age in calendar 

Years (cal-Ky-BP) 

0-2 6.44 ± 0.050 -7.4 ± 0.047 

30-32 18.05 ± 0.100 -22.0 ± 0.460 

80-82 cm 38.40 ± 0.370 -43.0 ± 0.460 



Table 5.2 

Sedimentation rates calculated based on AMS 14C dates (marked with 

asterisks) and tie points taken from Bassinot et al., (1994). 

Core AAS-42/15 (Raman 

Seamount, off Bombay) 

Core AAS-42/12A (Wadia 

Seamount, off Goa) 

Core 

Dept 

h 

(cm) 

Estimate 

d 

Age (Kyr) 

Sedimentatio 

n 

Rates 

(cm/Kyr) 

Core 

Dept 

h 

Estimate 

d 

Age (Kyr) 

Sedimentatio 

n 

Rates 

(cm/Kyr) 

0 6.6* OIS 1 0 7.4* OIS 1 

20 13.0* 3.13 	OIS 1 30 22.0* 2.05 	OIS 2 

30 16.5* 2.86 	OIS 2 80 43.0* 2.38 	OIS 3 

50 21.1* 4.35 	OIS 2 140 66.0 2.61 	OIS 4 

80 25.3* 7.14 	OIS 3 160 80.0 1.43 	OIS 5 

130 38.8 3.70 	OIS 3 170 88.0 1.25 	OIS 5 

150 52.0 1.52 	OIS 3 230 122.0 1.76 	OIS 5 

180 64.0 2.50 	OIS 4 310 194.0 1.11 	OIS 7 

230 78.0 3.57 	OIS 5 340 224.0 1.00 	OIS 7 

258 88.0 2.80 	OIS 5 400 234.0 6.00 	OIS 7 

270 98.0 1.20 	OIS 5 410 250.0 0.63 	OIS 8 

280 106.0 1.25 	OIS 5 470 288.0 1.58 	OIS 9 

312 120.0 2.29 	OIS 5 490 296.0 2.50 	OIS 9 

352 134.0 2.86 	OIS 6 520 310.0 2.14 	OIS 10 

386 152.0 1.89 	OIS 6 

424 158.0 6.33 	OIS 6 

440 164.29 2.54 	OIS 6 
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(b)AAS-42/12A (Wadia Seamount). The plots are stacked over the 
Low Latitude Isostack Plot from Bassinot et al. (1994). Oxygen 

Isotope Stages (01S) and AMS 14C dates indicated. 



those parts of the cores that were dated by the radiocarbon method, the 

oxygen isotope records do not exactly match with the standard 6 180 curve 

(that is essentially used for the stratigraphic purpose in older sediments) in 

that the 6 180 maxima corresponding to the LGM appear to be older. The age-

depth profiles and sedimentation rates for both the cores are shown in figure 

5.3. The average sedimentation rate calculated for core AAS-42/15 was 3.16 

cm/Ky whereas for core AAS-42/12A it was 2.06 cm/Ky. The sedimentation 

rate of core AAS-42/12A is in good agreement with sedimentation rates 

previously reported for nearby locations (2.1 cm/Ky by Paropkari et al., 1992; 

and 2.8 cm/Ky by Prabhu et al., 2004). 

5.2.2 Oxygen isotope (8180) variations 

Variations in oxygen isotopic composition (6 180) of calcareous shells 

are caused by either temperature or salinity, with the latter often being the 

predominant factor. During the process of evaporation of seawater, there is 

fractionation of isotopes because of the relative ease of H2 180 going to the 

vapour phase than H 2180 (Dawson, 1992). Therefore, during times when the 

salinity of the oceans was higher than today (e.g. the LGM when large volume 

of water was locked up into ice sheets on the continents and in the sea), the 

6180 value of water (and of the CaCO 3) biologically precipitated by the 

organisms was higher (by 1.2%0 often referred to as the ice volume effect due 

to —120 m lower sea level; Fairbanks, 1989). 
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5.2.2.1 8180 records of planktonic foraminifera 

Downcore 6180 values of the planktonic species - G. ruber varied 

between -1.73 and +0.10%0 in AAS-42/15 and between -3.15 and -0.17%o in 

AAS-42/12A with more negative (lighter) values occurring during the 

interglacial times (warmer periods) and relatively heavier (less negative) 

values found during glaciations (colder periods) (Figure 5.4a,b; Table 5.3). For 

core AAS-42/15 steep decreases in 6 180 are documented at -13-9 Ky (OIS 

1), -55-50 (OIS 3) and again at -125-120 Ky (OIS 5), whereas gradual 

enrichments are evident in between these intervals and also beyond 125 Ky. 

Within the -125 and 55 Ky interval depleted 6 180 values occur corresponding 

to the warm sub-stages of 015 5 i.e. 5.5, 5.3 and 5.1, and enriched values 

corresponding to colder sub-stages 5.4, 5.2 and 4. In core AAS-42/12A 

decreases are seen between -13-9, -125-120, -240-230 and -295-290 cal 

Ky for OIS 1, 5, 7 and 8.5 respectively. However the decrease in 6 180 during 

OIS 3 is not very pronounced in this core. The amplitude of 08 180 (difference 

between the last glacial and interglacial 8 180 values) is 1.55%0 and 1.43%0 for 

cores AAS-42/15 and AAS-42/12A, respectively. 

5.2.2.2 8180 records of benthic foraminifera 

Oxygen isotope record of Cibicidoides wuellerstorfi in core AAS-42/12A 

was observed to be very absurd showing no proper trend and fluctuated 

irregularly. These data are regarded as suspect and will therefore be excluded 

from discussion. The 6 180 record for the other core (AAS-42/15) did show a 
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trend consistent with the planktonic record for the same core and the OIS 1 to 

6, could be marked (Figure 5.5a). In this core, 6 180 values varied between 

2.36 to 4.06%0 (Table 5.4) with a LGM to Holocene shift of 1.70%3 that 

substantially exceeds the ice volume effect. 

5.2.3 Carbon isotope (813C) variations 

The carbon Isotope composition of marine fossil carbonates is more 

complicated compared to oxygen isotopes. This is because the composition of 

CaCO3 shells secreted by foraminifera depends on the 13C/12C ratio of 

dissolved HCO3 (Wefer and Berger, 1991). The 13C/12C ratio, in turn, varies 

within the water column as a result of the photosynthetic carbon fixation and 

oxidation of organic matter (Kroopnick, 1974). The 8 13C of calcite is relatively 

less sensitive to changes in temperature (-0.035%0 1°C - Emrich et al., 1970). 

Hence the down core variation in 8 13C, though complex, is indicative of the 

variations in the 8130  of dissolved HCO3 in the environment. The dissolved 

HCO3" is also affected by the air-sea exchange of CO2 (Hoefs, 1987). 

5.2.3.1 513C record of planktonic foraminifera 

The 613C values for G. ruber are found to range between 0.05 and 

1.33°/00, in AAS-42/15, while in AAS-42/12A the range is 0.02-1.55%0 (Figure 

5.6a,b; Table 5.5). The 613C shows large oscillations in AAS-42/15 with 

relatively higher values occurring during the interglacial times compared to the 

glacial periods. In core AAS-42/12A, values are less variable and no 
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systematic trend is observed among various OISs. 

5.2.3.2 813C records of benthic foraminifera 

The 613C of C. wuellerstorfi in core AAS-42/15 varies from -0.6 to 

0.31%o, while in core AAS-42/12A, the variation is between -0.38 and 0.25%0 

(Figure 5.7a,b; Table 5.6). Like the planktonic and benthic oxygen isotope 

records of AAS-42/15, the benthic carbon isotope record also distinguishes all 

the 6 marine isotopic stages very neatly. Unlike the 8 180, the 813C profile of C. 

wuellerstorfi in AAS-42/12A is reasonable distinguishing the 9 marine isotopic 

stages. 

5.2.4 Organic carbon, nitrogen and CaCO3 variations 

All the data for organic carbon (Corg), nitrogen (N), C/N weight ratio and 

CaCO3 are listed in table 5.7 for core AAS-42/15 and in table 5.8 for core 

AAS-42/12A. Downcore plots for all the proxies are presented in figure 5.9 for 

AAS-42/15 and in figure 5.10 for AAS-42/12A. Corg varies from 0.65 to 3.67% 

in ASS-42/15, and from 0.7 to 3.5% in core AAS-42/12A, except for one very 

high value (5.2%) at the core top. Nitrogen content varies between 0.02 and 

0.37% in core ASS-42/15, and between 0.1 and 0.35% in core ASS-42/12A, 

except for one very high value of 0.58% in the surface sample as in the case 

of Corg. The CaCO3 content varied over broad ranges, from 30 to 60% in core 

AAS-42/15 and from 40 to 69% in core AAS-42/12A. The surface sample in 

the latter core was distinguished by a high value of 74% for CaCO3 as well. 

The C/N weight ratio ranged between 4.5 and 12.0 for core AAS-42/15 with 

one high value of 25 at -136 Ky and in core AAS-42/12A it ranged between 
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6.2 and 10.2 with a high value of 18.5 at —225 Ky. As expected, the results for 

all the organic proxies showed relatively high values during the interglacial 

periods and low values during the glacial periods. 

5.2.5 Sedimentary organic 813C and 815N variations 

Figures 5.11a,c depict variations in 6 13Corg  in the two cores whereas 

the corresponding profiles of 6 15N are shown in figures 5.11b,d. Both cores 

showed large changes in 6 15N of bulk sedimentary organic matter with values 

ranging from 6.5 to 9.5%o in AAS-42/15 and from 5.5 to 8.9%o in AAS-42/12A 

(refer Table 5.8). 6 13Corg  oscillated between -22.7 and -18.25%o in core AAS-

42/15 with large number of values around -20 and -19%0. The range observed 

in core AAS-42/12A was from -21.0 to -18.7%o, but again most data fell within 

a very narrow range of -19.75 to -18.75%o. 

5.3 Discussions 

5.3.1 Variations in planktonic 8 180 records 

As expected, large excursions of 6 180 of G. ruber are observed in both 

the cores (Figure 5.4a,b) during the transition from OIS 6 to OIS 5 

(Termination II) and from OIS 2 to OIS 1 (Termination I). However in both 

cores, the Younger Dryas event (excursion to lighter 6 180 around —11 Ky BP; 

Fairbanks, 1989) could not be seen. This is probably because the sample 

resolution is poor in both the cores. Furthermore, in core AAS-42/12A the 

excursion of 6 150 corresponding to the transition from OIS 9 and to OIS 8 was 
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also observed. Two more quite prominent excursions of 6 180 are noticeable in 

this core representing the warm interstadial OIS 7.5 and 7.1. 

The oxygen isotopic composition of seawater is determined by 

changes in global continental ice volume and regional or local changes in SST 

and salinity (Broecker, 1986). Processes such as evaporation, precipitation, 

freezing and mixing can affect the 6 180 values of surface waters locally (Savin 

and Yeh, 1981). A number of reports have been published form the Arabian 

Sea on fluctuations in 6 180 of planktonic foraminifera covering the last glacial-

interglacial transition (e.g., Duplessey, 1982; Sarkar et al., 1990; Rostek et al., 

1993; Sirocko et al., 1993; Thamban et al., 2001; Prabhu et al., 2004). These 

studies revealed enrichment of 6 180 substantially in excess of the ice volume. 

The glacial-interglacial shifts (A6 180) of 1.55%0 (in AAS-42/15) and 1.43%0 (in 

AAS-42/12A) are accordingly higher than the global ice volume effect (1.2%o; 

Labeyrie et al., 1987; Fairbanks, 1989). The high 5 180 values during the LGM 

have been ascribed by previous workers to: (1) lower glacial SST, a larger 

excess of evaporation over precipitation resulting in higher salinity, (2) mixing 

of water masses and (3) changes in habitat of foraminifers (Sirocko et al., 

1993). 

The A6 180 amplitudes observed in the present study are nevertheless 

lower than those reported previously (-2%o; Sonzogni et al., 1998, Thamban 

et al., 2001; Prabhu et al., 2004). According to Epstein et al. (1953), and 

Ganssen and Sarnthein (1983), a decrease in SST by 1°C leads to an 

increase in 6 180 by -0.2%0. Assuming no salinity change other than the ice 
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volume effect (6 180 = 1.2%0), the excess A6 180 (by —0.35 and — 0.25%o for 

cores AAS-42/15 and AAS-42/12A respectively), would require a glacial SST 

decrease by 1-2°C. Previous studies based on oxygen isotopic data have also 

inferred SST change of comparable magnitude (Duplessy, 1982; Sarkar et al., 

1990). The analysis of alkenones in a sediment core from southeastern 

Arabian Sea led to the suggestion that SST's were lower during the LGM as 

compared to today by 2°C (Sonzogni et al., 1998; Rostek et al., 1997). Also 

using alkenone data Banakar et al. (2005) reported a mean SST decrease of 

1°C for the period 24Ka — 12Ka. The lowest SST was found to occur at 12Ka, 

which cast doubts on the SST reconstructions of these authors (Ramesh and 

Tiwari, 2007). Quantification of tropical temperatures based on pollen studies 

(Bonnefille et al., 1990, 1992) indicates that the continental temperatures in 

East African highlands were lower by 3-4°C during the LGM than today. 

However, Thamban et al. (2001) found a significant shift in 6 180 towards 

lighter values of the order of 0.5-0.7%o around 15Ka BP which they attributed 

mainly to the increased influx of fresh water related to the intensification of 

southwest monsoon in addition to the SST increase. The apparent adequacy 

of the reported SST change in accounting for the observed 6 180 changes 

implies that the contributions arising from shifts in the balance between 

evaporation and precipitation and water mass mixing should have been 

relatively minor at the sites of the cores analyzed in the present study. 

5.3.2 Variations in benthic 6180 records 

The LGM to Holocene shift in 6 180 in core AAS-42/15 is —1.25%o, which 
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is almost the same as the global ice volume effect (-1.2%o; Labeyrie et al., 

1987; Fairbanks, 1989) but lower than the corresponding change in G. ruber, 

discussed above. As stated earlier, the 6 180 record in AAS-42/12A does not 

show any clear trend, although the range of measured values (8isn _ 
%-/C.wuellerstorfi 

4.0-2.4%0) is comparable to the range observed by Schmeidl and Mackensen, 

(2006; 6180c.wuellerstorfi 3.7-2.4%o; A8180  -1.1-1.3%0) and by Ahmad and 

Labeyrie (1994; A - 18  -0 C.wuellerstorfi 3.8-2.4%0). The observed benthic A6 180 of 

1.25%0 in core AAS - 42/15, which just matches the global ice volume effect, 

is lower than the value (A6 180 -1.4%0) reported by Ahmad and Labeyrie 

(1994) but higher than the estimated (06 180 -0.9%0) by Thamban (1998). This 

supports the view that the bottom water temperatures did not change much 

during the last glacial-interglacial period (Savin and Yeh, 1981; Ahmad and 

Labeyrie, 1994). Furthermore, the salinity change also appears to have been 

minimal. 

5.3.3 Controls on 8 13C variation in planktonic foraminifera - an overview 

The stable carbon isotope composition of planktonic foraminifera, as 

mentioned in section 5.2.3, is complex and only a portion of the total 6 13C 

variations observed in planktonic foraminifers in deep sea sediments reflects 

local upwelling, productivity and nutrient variations (Prell and Curry, 1981; 

Ganssen and Sarnthein, 1983; Wefer and Berger, 1991). Though most 

foraminifera precipitate calcite in disequilibrium with the ambient dissolved 

CO2, the degree of disequilibrium varies from species to species (Wefer and 
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Berger, 1991). It is now well established that in addition to the 6 13C of 

dissolved ECO2, other "vital effects" related to metabolic processes such as 

respiration and symbiont photosynthesis affect the 6 13C of foraminifera shells 

(Erez and Honjo, 1981). For example, Spero and Williams (1988) found that 

environmental parameters like light (photosynthesis) and temperature 

mutually controlled the signals for 6 13C and 6180 values, respectively, while 

SSTs did not significantly affect the 6 13C record of planktonic foraminifera. 

Nonetheless, past changes in the tropical surface waters can be attributed to 

variations in 6 13C composition of atmospheric CO2 caused by variations in 

terrestrial vegetation cover, and oceanic nutrient availability and primary 

productivity (Thamban, 1998). The past 6 13C fluctuations in the tropical 

surface waters have been mainly attributed to: 1) Variations on the 6 130 

composition of the atmospheric CO2 caused by variation in forest biomass; 

and 2) Variations in nutrient availability and primary productivity. 

1) Variation in 613C of atmospheric CO2 

Any changes in the isotopic composition of the atmospheric CO2, are 

rapidly transmitted to surface waters through air-sea gas exchange and hence 

to the shallow dwelling planktonic foraminifera (Shackleton, 1977; Prell and 

Curry, 1981). G. ruber that generally occurs at water depths of 0-25 m 

(Deuser, 1987) was chosen for this study, as has been done by numerous 

previous workers. This species is more likely to reflect changes in the 

atmospheric CO2 compared with other species that reside deeper in the water 
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column (e.g. Limacina inflate, a pteropod species which lives at depths >50 m; 

Fabry and Deuser, 1992). G. ruber is also known to exhibit seasonal 

variations with higher isotopic values occurring during summer when the 

chlorophyll biomass and carbon fluxes are at their peaks (Fischer et al., 

1996). The range of 613CG.ruber  values (-O-1.5%o; Figure 5.6a,b) observed in 

both cores are in good agreement with those observed by Thamban (1998) in 

the eastern Arabian Sea, and even by Fischer et al., (1999) in the South 

Atlantic. Kroopnick (1985) found the 6 13C of ECO2 (8 13C1c02) in the Arabian 

Sea surface waters to be around 1.6%0. 

The 613C records in the two cores are complex and not entirely 

consistent with each other. The long term mean for 6 13C in AAS-42/15 is 

-0.5%0, and a long term secular trend is not observed over the period of 

accumulation of this core. The 6 13C values in AAS-42/12A also appear to 

fluctuate around this mean up to OIS 5, but in younger sediments the values 

are definitely higher. The following discussion will therefore be restricted to 

AAS-42/15 that has better resolution and age control. On a glacial-interglacial 

time scale, there occurred a net transfer of lighter carbon from the land to the 

ocean that lowered the mean oceanic 813C by up to -0.5%0 (Curry et al., 1988; 

Duplessy et al., 1988). One would therefore expect lower 6130  during the 

glacial stages. The values during OIS 2, early OIS 4, and OIS 6 are indeed 

lighter. Terrestrial vegetation also responds to precipitation and temperature 

variations at low latitudes (Street-Perrot et al., 1997). As the maxima in 6 13C 

are observed during the early Holocene, early OIS 3 and late OIS 5 

143 



(interglacial stages), these might arise from enhanced precipitation favouring 

C3 vegetation (trees preferentially use 12C) and an increase in 813C of the 

surface seawater. Prell and Curry (1981) concluded that the single most 

important factor responsible for the observed similarities in amplitude and 

timing of the past 6 13C events is the variation in 6 13C composition of 

atmospheric CO2 caused by changes in terrestrial biomass. 

2) Variations in the upwelling intensity and productivity 

Another factor leading to glacial-interglacial variations in the 8 13C could 

be upwelling of subsurface waters. This process leads to inputs of isotopically 

lighter carbon to the surface layer, thereby lowering the 8 13C (Prell and Curry, 

1981). However if the decrease in 813C is due to enhanced upwelling of cold 

deep waters, 8 180 would also be expected to record more positive (heavier) 

values at the same time. However, during the cold isotopic stages, when the 

613C values are generally the lowest, heavier 6 180 values are largely due to 

the ice volume effect and some local cooling assuming no additional salinity 

change as discussed above, and it is well-established that upwelling was 

suppressed during these periods (Prell, 1984a). On the other hand, periods of 

more intense upwelling in the Arabian Sea were those of high precipitation 

that probably lowered the salinity of surface waters on a regional scale and 

also favoured greater fixation of 12C on land. Moreover, upwelling promotes 

the growth of phytoplankton which strongly discriminates against the heavier 

isotopes. Isotopic analysis of G. ruber collected by sediment traps in the 
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Arabian Sea revealed that, unlike 6 180, the 613C values vary considerably in 

space and time. This led Curry et al. (1992) to conclude that the relation 

between 6 13C and upwelling intensity is complex in the region. Nevertheless, it 

would appear that changes in upwelling probably contributed little to the 

planktonic 6 13C variations observed in the present study. 

5.3.4 The 813C record of epifaunal benthic species reflecting bottom 

water oxygenation 

Over the past few decades, carbon isotope records of benthic 

foraminifera have been increasingly utilized to reconstruct past changes in 

deep water circulation and organic carbon remineralization as the 13C/12C ratio 

has been found to provide a wealth of information on carbon cycling in the 

oceans (e.g., Zahn et al., 1986; Curry et al., 1988; Duplessy et al., 1988; 

Mackensen et al., 1994, 2001). Since the marine organic matter and CO2 

released during its oxidation in the water column are significantly depleted in 

13C, the 613Czco2values in subsurface waters are lower, relative to the surface 

waters; also, 6 13C exhibits a distribution pattern mirroring that of phosphate - 

decreasing with oxygen consumption and downstream of the deep water flow 

such that subsurface waters of the North Indian and North Pacific oceans 

have the lowest 6 13C values (Kroopnick, 1985). Numerous studies have been 

carried out on 313C  variations in benthics (especially C. wuellerstorfi and U. 

peregrine). The results have shown that the two species precipitate calcite 

with variable disequilibrium with the ambient dissolved CO2 (e.g. Zahn et al., 
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1986; Grossman, 1987; McCorkle et al., 1990). Of these the 613C of C. 

wuellerstorfi is close to that of CO2 in bottom waters and so its application has 

been more widespread. Like 613C, the Cd/Ca ratio in seawater also reflects 

the ambient nutrient (phosphate) levels (Boyle, 1986). However, the 

interpretation of the foraminiferal 613C and Cd/Ca data is not always 

straightforward in terms of the organic carbon mineralization and oxygenation 

of subsurface waters (Boyle, 1992, 1994). The limitation of benthic 8 130 as a 

paleo-chemical proxy stems from a lack of complete understanding of 

complex ecological, biogeochemical and physical interactions that together 

determine the isotopic composition of the chosen species (Schmiedl and 

Mackensen, 2006). Glacial-interglacial shifts of 0.32 to 0.46%0 6 13C have been 

attributed to global changes in the carbon cycling on land and in the ocean 

(Curry et al., 1988; Duplessy et al., 1988). The departures from equilibrium for 

the 613C in the benthic foraminifera are attributed mainly to "vital effects" and 

microhabitat effects. 

One observed "vital effect" based on measurements involving several 

species is the depletion of heavy isotopes in CaCO3 due to disequilibrium with 

the dissolved CO2 (Wefer and Berger, 1991). This disequilibrium occurs due 

to the incorporation of isotopically-light metabolic CO2 into the carbonate tests 

and the magnitude of vital effect is proportional to the amount of metabolic 

CO2 in the organisms, the size of the CO2 pool and its calcification rate (Erez, 

1978; Grossman, 1987; McConnaughey et al., 1997). Almost all biogenic 

carbonates are influenced by vital effect, with the degree of disequilibrium 

varying widely and also being specific for different species (Grossman, 1987). 
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In addition, the 813C composition of the test carbonate is closely related 

with the accumulation rates of organic carbon and varies with the 

microenvironment of different species, reflecting 813C variations of ICO2 in the 

overlying/pore waters (Zahn et al., 1986; Grossman, 1987; McCorkle et al., 

1990). Since the epifaunal C. wuellerstorfi remains in direct contact with the 

bottom waters, it incorporates the isotopic signatures of bottom water 6 13C, 

while the infaunal species (e.g. Uvigerina peregrine) reflect S13C of the pore 

water i.e. substantially lower 6 13C values (Grossman, 1984a; McCorkle et al., 

1990, 1997; Rathburn et al., 1996; Mackensen and Licari, 2004; Schmiedl et 

al., 2004; Fontanier et al., 2006). The 613C of CO2 in pore waters of near-

surface sediments varies as per the extent of organic matter remineralization 

(McCorkle and Emerson, 1988; McCorkle et al., 1985, 1990; Sayles and 

Curry, 1988; Stott et al., 2000; Holsten et al., 2004]. Under oxic conditions, the 

pore water 613C will vary depending on the amount of organic carbon fluxes 

reaching the seafloor and with higher carbon rain rates, the porewater 6 13C 

will be lower (Schmiedl and Mackensen, 2006). Thus, 8 13C of benthic 

foraminifera can provide information on bottom water oxygenation levels 

(Vidal et al., 2004; Schmiedl and A. Mackensen, 2006). 

Benthic 613C measurements for both the cores in the present study 

were made on the C. wuellerstorfi that reliably incorporate the bottom water 

signatures, and whose 6 13C and also of some other species belonging to the 

same genus has been found to be very close to the bottom waters 6 13C (Curry 

et al., 1988). Figure 5.7a,b shows the observed downcore variations of +5 13C. 

147 



The 613C record exhibits large changes most of which seem to relate very well 

with the 6180 records (planktonic as well as benthic for AAS-42/15 and only 

planktonic for AAS-42/12A). In general, high values occur during the 

interglacial stages while low values are typical of glacial times. This would 

imply that bottom waters at the coring site were well oxygenated during the 

glacial periods and were relatively oxygen depleted during the interglacials. 

The core-top 813C values of 0.272 and 0.016%0 versus PDB in the AAS-42/15 

and AAS-42/12A respectively, are lower than the values reported by Naqvi et 

al. (1996) and Thamban (1998), but quite comparable with the data of 

Schmiedl and Mackensen (2006). Moreover, these values are close to those 

expected in modern sediments from the water column measurements of 

Kroopnick (1985). 

Of the two profiles presented, that from AAS-42/15 is more reliable 

because its resolution is better and also because, as mentioned earlier, the 

benthic 8 180 data for AAS-42/12A are not reasonable. Although the 613C 

record for this core shows general similarities with that of AAS-42/15, most of 

the inferences below are drawn from the latter record. The lowest 6 13C values 

(- -0.6°/00) in this core correspond to OIS 6. This suggests a poorly oxygenated 

state of bottom waters. Although a low 8 13C could also be caused by the 

microhabitat effect (Schmiedl and Mackensen, 2006), it would be hard to 

explain why such an effect would be manifested only during this period. 

Similarly, the high 8 13C values, most pronounced (- 0.3%0) during the late OIS 

5, could be caused by lower surface productivity that would lead to 
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enrichment of 6 13C in organic particles undergoing sedimentation (e.g. Zahn 

et al., 1986; Zahn and Pedersen, 1991); however, it is much more likely that 

these arise from a higher bottom water oxygen content. The total amplitude 

of benthic 613C oscillations in AAS-42/15 is remarkably large (-0.9%0) and it 

seems most likely that it reflects large changes in the bottom water oxygen 

content at the coring sites. 

The 6130  records in both cores seem to bear fairly good peak-to-peak 

visual correspondence with the corresponding Corg records (Figure 5.8) with 

few exceptions (most notably during the late OIS 5) even though the relative 

amplitudes of the peaks differ. For example, in AAS-42/15 the large increase 

in Corg during the OIS 3 is accompanied by relatively small increases in 6 13C. 

Similarly, in core AAS-42/12A, the magnitude of 613C change is higher during 

the interglacial stages 3, 5 and 7, relative to the Holocene (Figure 5.8c) in 

spite of the much higher Corg  content during the Holocene (Figure 5.8d) 

content. Nonetheless, when all the data points are carefully looked at, and 

compared with the Corg profile (Figure 5.8c,d), they show general overall 

resemblance. While this similarity is as expected because higher productivity 

(of which Corg is a proxy) should lead to greater remineralization of organic 

matter at depth, the lesser quantitative correlation is not surprising either 

because the benthic 6 13C is also determined by other physical factors and the 

vital effects as referred above. In particular, if the productivity increases 

(decreases) are associated by a more (less) vigorous ventilation at depths, 

these would obscure the relation between 6 13C and Corg. 
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5.3.5 Paleo-productivity inferences from C org  and its fluxes 

As mentioned earlier in chapter 4, the origin of organic carbon 

enrichment in marine sediments has been a subject of widespread interest for 

the past several decades. The quality and quantity of organic matter in marine 

sediments are determined by the supply of organic materials from marine and 

terrestrial sources and their preservation in the sediments (Summerhayes, 

1981; Tissot et al., 1980). Studies on carbon isotopic composition of the 

sedimentary organic matter suggested that the influence of terrestrial sources 

is limited to areas within a few tens of kilometers of the coastline so that 

marine organic matter is the dominant component in most of the sediments 

(Sackett, 1964; Fontugne and Duplessey, 1986). Primary production of 

organic matter in the ocean is carried out by a wide variety of unicellular 

planktonic organisms whose activities are governed by nutrient supply and 

solar radiation. Only a fraction of the organic matter produced in the euphotic 

zone is exported to the deep, aphotic layers. A part of this material is oxidized 

during settling, another part is used as food by benthic organisms, a yet 

another portion undergoes further degradation in the sediments, and the 

remainder is buried. Some commonly used proxies for paleo-productivity of 

surface waters are Corg (Muller and Suess, 1979; Pedersen 1983; Sarnthein et 

al., 1988; Ganeshram and Pedersen, 1998), biogenic barite (Schmitz, 1987; 

Dymond et al., 1992) and opal (Lyle et al., 1992; Gardner et al., 1997) in 

sediments. In addition, various biomarkers have been developed as proxies of 

bulk production as well as by specific groups of autotrophs (Prahl et al., 1989; 

Jasper and Gagosian, 1993; Ohkouchi et al., 1997; Schubert et al., 1998; 
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Weme et al., 2000). However each proxy has its own problems and 

limitations. In the case of C org , preservation versus production is still a 

debated issue. It is also equally important to know as to what fraction of 

organic matter is of terrestrial origin, when C org  is used as a paleoproductivity 

proxy. 

Productivity in the eastern Arabian Sea is known to have fluctuated in 

the recent geological past in response to changes in the monsoons. The 

eastern Arabian Sea has been divided into two zones by Satya Prakash and 

Ramesh (2007) based on physical forcing, responsible for the primary 

production. While Zone 1 (extending from 20 to 25°N and 62 to 75°E) falls 

under the influence of cold NEM, during which period convective mixing 

supports high productivity, Zone 2 (extending from 20 to 10°N and 62 to 75°E) 

is mainly influenced by the SWM upwelling-induced high production. Both 

core locations (Figure. 5.1) fall within Zone 2 according to Satya Prakash and 

Ramesh (2007), but being away from the influence of the WICC the coring 

sites are known to experience convection driven nutrient enrichment in winter 

(S.W.A. Naqvi, personal communication). By contrast, the water upwelling 

along the Indian coast does not reach that far offshore, and that advecting 

offshore from the upwelling centres of the western Arabian Sea generally 

loses most of its nutrients by the time, if ever, it reaches the coring sites. 

Nevertheless, the SWM enhances the productivity of the Arabian Sea as a 

whole (Naqvi et al., 2003), and so it is reasonable to assume that changes in 

both NEM and SWM would be recorded in the two cores examined here. 

Figure 5.9 and 5.10 presents the profiles of organic carbon, nitrogen, C/N 
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ratio and calcium carbonate in cores AAS-42/15 and AAS-42/12A, 

respectively. The behaviours of various proxies in the two cores are discussed 

separately. 

Core AA S-42115 

The Corg profile suggests higher productivity during the warmer stages 

as compared to glacial stages except for OIS 6 during which two major peaks 

with high Corg content are recorded. The highest Corg values occur during the 

warmer OIS 3 (Figure 5.12a). Other records of productivity indicators (total 

chlorine and N content) in the western Arabian Sea also show several events 

of enhancements of productivity during OIS 3 (of these only two peaks are 

recorded in the AAS-42/15 Corg record, presumably due to poor resolution). 

The Corg flux profile (Figure 5.12b) also exhibits a similar trend as that of Corg. 

The CaCO3 and 613C of G. ruber profiles (Figure 5.12c,d) also exhibit more or 

less similar trends as C org , albeit with different amplitudes (e.g. the CaCO3 

minimum for OIS 4 is much more pronounced than for the LGM). The 

paleoproductivity pattern provided by all the proxies in this core seems to be 

at variance with some earlier reports of high productivity during the glacial and 

low during interglacial periods in the vicinity of the coring sites. To list some of 

them, Fontugne and Duplessy (1986) found high productivity during glacial 

periods, while Thamban et al. (2001) showed productivity to be low during 

early Holocene. In both cases the reduced productivity was attributed to the 

dynamics of the circulation system and the hydrological cycle along the west 

coast of India. Furthermore, using CaCO3 content of sediments as a 
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productivity indicator, Sarkar et al. (1993) showed that productivity was at its 

maximum during the LGM. 

Paleoproductivity reconstructions based on alkenones and coccoliths 

(Rostek et al., 1997); Florisphaera profunda in the total coccolithophore flora 

(%Fp), Corg , and CaCO3 contents (Prabhu and Shankar, 2005) also showed 

that primary productivity increased during glacial times and decreased at the 

beginning of interglacial periods. The enhanced productivity during glacial 

periods has been attributed to the strong NEM, which would bring nutrient-rich 

deep water to the euphotic zone by weakening water column stratification, 

while the reduced productivity was probably a result of the intensification of 

the SWM during the two terminations. Prabhu and Shankar (2005) also 

commented on the high Corg content observed during the interglacial periods 

as not being just an artifact of better preservation of organic matter due to 

high sedimentation rate. 

The observed high (low) C org  contents during interglacials (glacials) 

indicating higher (lower) productivity in this study, however, is in agreement 

with the results of Reichart et al. (1997) for a core from the Murray Ridge in 

the northern Arabian Sea. This Corg distribution pattern also supports the 

conclusion of Pattan et al. (2003) based on analysis of a core from the 

southeastern Arabian Sea that productivity was lower during glacial periods 

and higher during major interglacials. The high Corg content observed during 

the Holocene in particular is consistent with previous reports of elevated 

productivity in the northeastern and northwestern Arabian Sea (Fontugne and 

Duplessy, 1986; Von Rad et al., 1995; Schulz et al., 1998; Schulte et al., 
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1999; Sirocko et al., 2000), and the southern continental margin of India 

(Paropkari et al., 1991; Thamban et al., 1997). The observed high Corg 

contents during OIS 3 (4.5%; -40Ky) and 5 (3.25%; -110Ky) should also be 

due to high productivity and not greater preservation because a 

corresponding hike was observed in the 6 13C of G. ruber (Figure 5.12d) and 

Corg  flux (Figure 5.12b) profiles as well. In spite of high sedimentation rate -25 

Ky BP, the Corg  content is not exceptionally high, while the maximal Corg is 

observed when the sedimentation rate was -3.7cm/Ky at -38 Ky BP. The 

variation in Corg accumulation rate from 0.1 to 1.0 g/m 2/ky in this core (Figure 

5.12b) agrees well with that over the Oman margin (0.5 to 2.5 g/m 2/ky; Zahn 

and Pedersen, 1991) and is slightly higher compared to that over the 

southeastern Arabian Sea (0.05 to 0.50 g/m 2/ky; Pattan et al. 2003). It is much 

lower than the corresponding rate in the northeastern Arabian Sea (2 to 20 

g/m2/ky; Von Rad et al., 1995). Thus, it can be inferred from the above 

observations that the productivity at the core site is moderate and comparable 

with that in the western Arabian Sea. 

The C/N ratio and 6 13Corg  in the marine sediments were used to trace 

the source of organic carbon and to rule out the possibility that high 

accumulation of Corg  could be due to inputs of organic matter of terrestrial 

origin. The C/N ratio of phytoplankton and zooplankton is -6, freshly 

deposited organic matter has a C/N of -10 while terrigenously derived organic 

matter has C/N exceeding 20 (Hedges and Parker, 1976; Emerson and 

Hedges, 1988; Meyers, 1994, 1997). The C/N ratio in this study core varied 

from 7 to 10 (Figure 5.12e), except for one single high value of 26 during the 
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late OIS 6 (-130Ky BP), suggesting the organic carbon to be mainly of marine 

origin. 

The 613Corg  values in AAS-42/15 mostly range between -20.5 and - 

18.5%0. Assuming the 613Corg values of -26%o for the terrigenous and -20%0 for 

the marine organic matter (e.g. Fontugne and Duplessy, 1986), the fraction of 

terrigenous organic matter would be negligible. However there are three data 

points having values --21.5%o around -164 Ky BP, which falls in the glacial 

stage 6, and one value in the early interglacial stage 5 (-122 Ky). An even 

more depleted 6 13Corg  value of -22.9%o was found during the early Holocene 

indicating strong influence of SWM that could have led to relatively elevated 

inputs from land thereby lowering the O13 Corg value. However, the 613 Corg 

never reached the typical terrigenous value of -26.0%0. Thus, both the C/N 

ratio and 6 13Corg  provide compelling evidence for a predominantly marine 

origin of organic matter in core AAS-42/15. 

The observed high Corg content during stage 6 has to be accounted for. 

The cold glacial stage 6 has 3 warm interstadial stages (6.1, 6.3 and 6.5; 

Bassinot et al., 1994) and a hike in the Corg content was observed during 

these warm interstadial stages. These warm interstadials are again under the 

influence of comparatively stronger SWM. Thus, the observed Corg distribution 

trends in AAS-42/15 suggest that even though this site is located in the 

northeastern Arabian Sea, the overall productivity is still controlled 

predominantly by processes related to the SWM, as is the case in the western 

Arabian Sea (Prell, 1984b; Murray and Prell, 1991), in the Murray Ridge 
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region (Reichart et al., 1997) and in the southeastern Arabian Sea (Pattan et 

al., 2003). 

Core AAS-42/12A 

As in core AAS-42/15, the Corg profile in AAS-42/12A also shows 

generally high values during the interglacial stages 1, 3, 5 and 7 and low 

values during the glacial stages (Figure 5.13a). However while C org  content 

decreased during cold OIS 2 and 8, some increased during OIS 4, 6 and early 

8 also occurred (Figure 5.13a). For the entire core, the range of Corg values is 

0.7-3% except for the high value of -5% during the Holocene. This range of 

Corg  is in agreement with that (0.37-2.64%) reported by Prabhu and Shankar 

(2005). 

Like AAS-42/15, this core is also located well above the lysocline 

(which in the Arabian Sea begins at -3800 m; Peterson and Prell, 1985). 

Thus, the sedimentary CaCO3 content should also provide a measure of the 

overhead productivity (Sirocko et al., 1993; Naidu and Malmgren, 1996; 

Agnihotri et al., 2003b). The Corg and CaCO3 records in AAS-42/12A are, in 

fact, quite similar. Both records show particularly high values during the 

Holocene indicating very high productivity that is further supported by the 

613CG.ruber data (Figure 5.13c,d). The high C org  content is also accompanied by 

a high Corg  accumulation rate (Figure 5.13b). These results are consistent with 

previous reports of high productivity during the Holocene, driven by an intense 

SWM (Prell, 1984b; Sirocko et al., 1993; Naidu and Malmgren, 1996; 

Overpeck et al., 1996). 
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The high Corg  content during OIS 5.5 is also accompanied by 

corresponding increase in CaCO3 and Corg accumulation rate, but a decrease 

in 613 CG.Tuber. The low 813CG.ruber  suggest that foraminiferal productivity was not 

favoured but the environment must have been overall productive, especially 

by cocolithophores, since the corresponding Corg flux and CaCO3 contents are 

high. A sharp hike in Corg was also observed at - 225Ky BP (OIS 7.4; 

Bassinot et al., 1994) which was also reflected by a high Corg  flux due to a 

high sedimentation rate (6.0 cm/Ky) at this time. The cold interstadial 7.4 

should have had low Corg content compared with 7.3 and 7.5 because of the 

weakened SWM and consequently lower productivity as reflected by the 

CaCO3 and 613CG ruber  profiles. Overall, the Corg record for AAS-42/12A, as in 

the other core analyzed here, shows high productivity during the interglacial 

periods. The observed variations within OIS 5 are in agreement with those 

reported by Prabhu et al. (2004) who found correlations with pollen record to 

be high during warmer intervals (5.1, 5.3 and 5.5) and low during colder 

intervals (5.2 and 5.4). 

The increase in Corg  during the OIS 4 in AAS-42/12A is hard to explain 

as this was not found to occur in AAS-42/15. If real, then it would reflect 

regional variations of overall productivity or differences in the quality of 

production. The CaCO3 and Corg  flux profiles also exhibit peaks at this interval, 

indicating that coccolithophores could be important contributors to the 

productivity; whereas the .5 13Caruber  profile shows lighter values (Figure 5.13) 

implying low foraminiferal productivity. For the glacial stage 6 there should 

have been two peaks in the Corg profile corresponding to the warm 
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interstadials of 6.3 and 6.5 (Figure 5.13) as observed in the 613CG.ruber profile. 

Instead, a hike in Corg is observed during the cold interstadial 6.4, which is 

also reflected by the CaCO3 profile. The reasons for these differences are not 

obvious, but the signals should not be over-interpreted because of poorer 

resolution and age control in this core compared to AAS-42/15. For the glacial 

stage 8, the observed lower values in C org  are as expected, except for a slight 

increase in the beginning, which seems to represent more intense SWM 

during the warm interstadial OIS 8.5. The Corg peak is again accompanied by 

a CaCO3 peak and a minimum in 6 13CG.ruber, which may again be due to the 

possible mechanism mentioned above. 

The C/N values in AAS-42/12A fluctuate within a narrow range from 8-

10, with a single high value of 18.3 at -225 Ky BP (Figure 5.13f), that is 

coincident with maxima in Corg and its accumulation rate. This also happens to 

be the period when the sedimentation rates were high (-6.0 cm/Ky). However 

a decrease in 6 13Corg  is not seen at this level, which means that Corg  is of 

purely marine origin. The 6 13Corg  varied within a narrow range between -19.75 

and -18.75%0, with a few values reaching -20.75%0 (Figure 5.13e). The range 

of 61 3C0rg observed in this core is very close to the isotopic composition of 

marine organic matter mentioned earlier. 

The trends of variability observed in AAS-42/12A are generally 

consistent with those seen in AAS-42/15 as discussed in the preceding 

section supporting the view that the productivity in the eastern Arabian Sea is 

dominantly associated with the SWM, being higher during warm periods and 

lower during cold ones. 
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5.3.6 Glacial-interglacial variability in denitrification 

Fixed nitrogen (N) is supplied to the ocean by rivers, N2-fixation by 

cyanobacteria and atmospheric deposition, with N2-fixation being the largest 

source term (Capone et al., 1997; Codispoti et al., 2001). The major sinks are 

denitrification in oxygen-deficient waters and in sediments, and the burial of 

organic nitrogen in sediments (Codispoti and Christensen, 1985; Codispoti et 

al., 2001). In the absence or near absence of oxygen, NO3 is used as an 

electron acceptor for the bacterially mediated degradation of organic matter 

(Goering, 1968; Cline and Richards, 1972). Water-column denitrification, 

which accounts for nearly a quarter of the total oceanic N-loss, occurs 

primarily in three areas: the ETNP, ETSP and Arabian Sea (Codispoti and 

Christensen, 1985; Codispoti et al., 2001). Each of these regions are 

characterized by an intense oxygen minimum zone and upwelling induced 

high primary production which supplies copious quantities of settling organic 

detritus that sustains high rates of denitrification in subsurface waters 

(Deuser, 1975; Codispoti et al., 2001). As a consequence of denitrification, 

these zones are sensitive to climate induced changes in upwelling intensity 

and hydrography, which are known to vary on the glacial-interglacial time 

scale (e.g. Ganeshram et al., 1995; 2000; Altabet et al., 1995, 2002). 

Large deficiencies in the inorganic combined nitrogen occur within the 

intermediate waters of the northern Arabian Sea (Sen Gupta et al., 1976a; 

Deuser et al., 1978; Naqvi et al., 1982; Naqvi, 1987). It is estimated that 

denitrification in the Arabian Sea accounts for a third of the global oceanic 

water column denitrification (10-30 TgNy-1 ; Naqvi, 1987; Mantoura et al.,1993; 
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Bange et al., 2005). 

Changes in ocean chemistry due to those in biological productivity and 

circulation have been identified as the key factors modulating atmospheric 

pCO2 over glacial-interglacial timescales (Berger et al., 1989; Broecker and 

Henderson, 1998). An increase in biological productivity caused by a higher 

oceanic NO3 -  inventory has been proposed to be a possible mechanism that 

could explain the drawdown of atmospheric CO2 levels during glacial times 

(McElroy, 1983; Altabet and Curry, 1989; Ganeshram et al., 1995, 2000; 

Altabet et al., 1995, 2002; Falkowski, 1997; Broecker and Henderson, 1998). 

Berger and Keir (1984) showed that a glacial increase in NO3 inventory by 

30% due to reduced oceanic denitrification could produce the pCO2 decrease 

during glacial maxima. 

5.3.6.1 Water column denitrification and nitrogen isotopes 

The isotopic composition of NO3 -  supplied to surface waters through 
0, 

upwelling and vertical mixing and the isotopic fractionation of NO3 during 

uptake by phytoplankton determines the ratios of 15N/14N in organic matter 

produced in the euphotic zone (Altabet and Francois, 1994). The isotopic 

composition of NO3 in oxygenated waters is -4-6%0 (Sigman et al., 1999). As 

discussed in Chapter 3, in denitrifying waters NO3 is highly enriched in 15 N 

with the 615 N reaching up to 18%0 (Cline and Kaplan, 1975; Brandes et al., 

1998). This is because isotopic fractionation associated with denitrification 

strongly discriminates against 15NO3-  with a fractionation factor of 20-30%o 

(Cline and Kaplan, 1975; Brandes et al., 1998; Altabet et al., 1999a). The 
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isotopically heavy NO3 that is supplied to surface waters in these areas is 

utilized by the biota resulting in unusual 6 15 N enrichments (8-10%0) in 

particulate organic material and the underlying modern sediments (Schafer 

and lttekkot, 1993; Altabet et al., 1995, 2002; Suthhof et al., 2001). Therefore, 

the 615N of organic matter being deposited in the sediments overlain by the 

OMZ can serve as proxy for the past changes in water-column denitrification 

(Schafer and lttekkot, 1993; Altabet et al., 1995, 2002; Ganeshram et al., 

1995, 2000). 

In this section variability of denitrification in the past is investigated 

using sedimentary 6 15N in the two open-ocean cores covering the last 160 

and 320 kilo years. Downcore variations of 6 15N are shown in figure 5.14a for 

core AAS-42/15 and in figure 5.15a for AAS-42/12A. Again, the record from 

the former core is more detailed and will form the mainstay of the following 

discussion. 

There are two striking features of the 6 15N records. First, they show 

remarkable similarities with the Cog records in both cores, and second the 

sedimentary 6 15N exhibits well-developed maxima and minima during the 

warm and cold periods, respectively. The 6 15 N varied from 5.5 to 8.9%o in core 

AAS-42/15 and from 6.5 to 9.5%o in core AAS-42/12A. These ranges 

compares favourably with those in the literature [e.g. 7.7- 9%o by Altabet et al. 

(1999a) and 5.9-9.6%o by Agnihotri et al. (2003a)] for cores from the Arabian 

Sea. As observed in both the cores and also in conformity with the previous 

results, the highest 6 15 N values (-8-9.5%0) are confined to the interglacial 
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stages with glacial values being -2%o lighter. 

5.3.6.2 Factors influencing temporal variation of the 8 15N signal 

As has been pointed out previously, changes in 6 15N of sedimentary 

organic matter can occur due to a number of processes in addition to 

denitrification. Therefore, for 6 15N to be used as a proxy of denitrification, the 

other possible explanations should be examined as follows. 

5.3.6.2.1 Terrestrial organic matter inputs 

Mixing of isotopically lighter terrestrial organic matter (-6 15N = 2 to 4%o 

(Sweeney and Kaplan, 1980; Kao and Liu, 2000) with marine organic matter 

can lower 615N in marine sediments (Peters et al., 1978). In order to evaluate 

this possibility, the relationships of 8 15N with C/N and 6 13C were examined 

(Figures 5.16a and 5.17a). Since these parameters are well established 

indicators of the terrestrial supply, one would expect them to co-vary with 6 15N 

if the terrestrial inputs were to be an important contributor to the observed 

615N variability. Such is not the case as the correlations between 6 15N and 

C/N and between 6 15 N and 6 13C are quite insignificant. This is consistent with 

the earlier conclusion that the source of organic matter in both cores remained 

predominantly marine throughout the periods of their deposition. 

5.3.6.2.2 Alterations of organic matter in the water column and sediment 

diagenesis 

The process of remineralization of organic matter during its sedimen- 
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tation through the water column and in sediments can affect the variations of 

sedimentary 515N signal. A uniform -4%o shift to heavier 6 15 N values between 

settling material and near-surface sediments has been reported for the 

Southern Ocean and the equatorial Pacific (Altabet and Francois, 1994). In 

the northern Indian Ocean, Gaye-Haake et al. (2005) also found that 8 15N of 

material collected by the deepest sediment traps are consistently higher by 2- 

3%0 than the corresponding values in the surface sediments except for the two 

shallowest, northernmost trap locations in the Arabian Sea and the Bay of 

Bengal. This has been attributed to early diagenesis in sediments that 

removes isotopically lighter nitrogen; this interpretation is supported by a 

significant correlation between .5 15N and Degradation Index based on amino 

acid contents (Gaye-Haake et al., 2005). 

The two cores analyzed in the present study have moderate 

sedimentation rates. Possible diagenetic effects on the 8 15N signal in these 

cores were examined through relationships among 6 15N and Corg , N and C/N 

ratios (Figures 5.16b,c,d and 5.17b,c,d). Positive correlations are observed 

between 5 15N and Corg, and also between 6 15N and N content. The correlation 
• 

of 6 15N with C/N is negligible in both cores. This indicates that the effect of 

early diagenesis is probably not very large in these cores. Moreover, even if 

this effect were to be significant, it would be reasonable to assume that it is 

time invariable, such that changes observed within an individual record would 

still provide insights into trends of denitrification variability (Altabet et al., 

1999a). 
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(d)C/N with 6 15N for core AAS-42/12A. The scatter in C org 

 and Norg  vs 6 15N plots with a positive correlation, rule out 

diagenetic effects on 6 15N depth profile. Poor correlations in 
6 15N vs 6 13Corg  and C/N show that downcore 6 15N signals 
are free from dilution effect due to terrestrial organic matter 

inputs. 



5.3.6.2.3 Incomplete nitrate utilization 

The next possible factor that would affect the sedimentary 6 15 N 

variation is the partial utilization of NO3, i.e. preferential uptake of 14NO3 by 

the phytoplankton (Montoya, 1994; Waser et al., 1998). The water that 

upwells in the western Arabian Sea is advected over 1000 km from the coast 

before its NO3 is fully consumed (Naqvi et al., 2006b) and a substantial 

enrichment of 15N is expected to occur in this water due to fractionation during 

phytoplankton uptake. Consistent with this expectation, Altabet et al. (1999a) 

recorded surface 6 15N-NO3" values as high as -10%0 at an offshore station 

arising from this effect, while Schafer and lttekkot (1995) observed a related 

seasonal minimum in 615 N of sinking material at their western Arabian Sea 

trap site. Thus, even though on the basin scale the upwelled NO 3" is fully 

consumed annually, one may expect gradients in sedimentary 6 15N along the 

trajectory flow of the upwelled water similar to those observed in the 

equatorial Pacific (Altabet and Francois, 1994). Given that the bulk of the 

vertical flux occurs during the SWM season, this potentially important effect 

needs to be investigated in detail. However, Altabet et al. (1999a) argued that 

despite the large horizontal gradients in 615 N of NO3 within the OMZ, the 

homogenous distribution of heavy 6 15 N values just below the euphotic zone 

facilitates uniform preservation of the denitrification signal all over the Arabian 

Sea. In contrast with the western Arabian Sea, water upwelling in the eastern 

Arabian Sea quickly loses its dissolved NO3 (Naqvi et al., 2006b), and so the 

enrichment of 15N in sediments due to this effect is expected to be of even 

lesser importance here. 
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5.3.6.2.4 Nitrogen fixation 

Nitrogen fixation by cyanobacteria is also expected to contribute to the 

variation of the 615N in sediments. The diazotrophs use atmospheric N2 

without much isotopic fractionation, producing organic matter with 6 15N of -1 to 

+1%0 (Wada and Hattori, 1991). In regions and during times of high N2 fixation 

one may expect a dilution of the 6 15N signal due to this process. Thus, if N2 

fixation was enhanced during the glacial periods (Falkowski, 1997), this signal 

could be interpreted as one of reduced denitrification. Recent results have, 

however, shown that N2 fixation and denitrification are tightly coupled (e.g. 

Deutsch et al., 2007). This is due to the fact that denitrification creates a pool 

of excess phosphate that in turn promotes N2 fixation. Accordingly, regions 

such as the Arabian Sea that experience intense denitrification are also areas 

of high N2 fixation (Devassy et al., 1978; Capone et al., 1997). Naqvi (2007) 

pointed out that sedimentary 6 15N actually reflects regional balance between 

denitrification and N2 fixation, but how this balance has changed with time is 

not known. However, Haug et al. (1998) found that in the relatively nutrient 

depleted waters of the Cariaco Basin, N2 fixation during the last 580 Ky 

occurred only during periods of enhanced subsurface denitrification. One may 

assume that the same applies to the Arabian Sea as well. That is, it is unlikely 

that high rates of N2 fixation could have been supported in the region without 

intense denitrification, and despite the significant N2 fixation in the region the 

role of denitrification in controlling the N isotopic composition remained 

dominant throughout. 
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5.3.6.3 Variabilty in water column denitrification 

The high 615N values (8-9.5%o) obtained for the Holocene in the two 

cores (AAS-42/15 and AAS-42/12A) are similar to the values observed by 

several other researchers in recent sediments underlying zones of intense 

water column denitrification (e.g. Libes and Deuser, 1988; Schafer and 

lttekkot, 1993; Pride et al., 1999; Altabet et al., 1995, 1999a, 2002; 

Ganeshram et al., 1995, 2000; Sutthof et al., 2001). Similarly, the low 6 15 N 

values during the LGM have also been recorded by earlier workers in the 

Arabian Sea (Altabet et al., 1995, 1999a, 2002; Ganeshram et al., 2000; 

Sutthof et al., 2001; Agnihotri et al., 2003a) as well as in the denitrification 

sites of the Pacific (Ganeshram et al., 1995, 2000). This general trend of 

higher 8 15N values during the warmer periods and lower values during the 

colder periods are also seen in longer records (e.g. in the 1 Ma record of 

Altabet et al., 1999a). Moreover, as stated earlier, high-resolution 6 I5N 

records show changes even within individual OIS (particularly the D/0 cycles 

and Heinrich Events that occurred during the OIS 3; Sutthoff et al., 2001; 

Altabet et al., 2002). 

The significance of the records presented in the present study is that 

they were generated from seamounts (where transport of terrestrial supply of 

organic matter is expected to be minimal) that are located directly beneath the 

zone of the most intense denitrification today (which makes the record 

sensitive to minor changes in denitrification intensity) in a region where the 

surface waters do not get significantly enriched with NO3 advecting from the 

western Arabian Sea such that the signal observed is purely of denitrification 
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origin. A noteworthy result obtained in the present study is that while the 615N 

values during the LGM are substantially lower than during the Holocene, they 

are considerably higher than those found during most other cold stages (e.g. 

by -1%0 compared to OIS 4 and 6 in AAS-42/15; Figure 5.14). This clearly 

shows that denitrification in the Arabian Sea was suppressed but did not 

cease to occur during the LGM. The 6 15 N data are supported by those on C org 

 for these periods (the two parameters show good correspondence with each 

other throughout the depositional periods of the cores). Apparently, OIS 4 and 

OIS 6 were the periods when Arabian Sea denitrification was at its minimum, 

possibly not occurring at all. It would also appear that denitrification during the 

LGM was slightly more intense or at least of comparable intensity than during 

two of the warm substages of OIS 5. On the other hand, the present-day 

intensity of denitrification appears to have been matched by parts of the 

warmer interglacial stages of OIS 3 and 5. Of these, the OIS 3 is of particular 

interest because of a high climatic variability during this period (manifested as 

D/0 Cycles in Greenland ice cores and Heinrich Events in sediments of the 

North Atlantic). Previous studies by Sutthoff et al. (2001) and by Altabet et al. 

(2002) have shown that these events of warming and cooling in the North 

Atlantic region have been recorded as remarkably coeval changes in 

sedimentary 515N in the Arabian Sea. Apparently, the warming in the North 

Atlantic region affected the global climate including an intensification of the 

SWM that in turn could have led to more severe oxygen depletion at mid-

depths in the Arabian Sea OMZ (Altabet et al., 2002). Some of the highest 

615N and Corg  values occurred in AAS-42/15 during OIS 3, but because of a 
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lower sampling resolution all such excursions are not seen in the records 

generated in the present study. These excursions have, since been confirmed 

by a very high resolution 6 15N record from the Murray Ridge (S.W.A. Naqvi, 

unpublished data). 

5.3.6.4 Relative changes in productivity and circulation with respect to 

denitrification variability 

The subsurface OMZ and associated denitrification is sustained by a 

complex but hitherto poorly understood the balance between oxygen supply 

through deep-water renewal and oxygen consumption rates determined by 

the productivity-related downward flux of organic matter from the surface 

layer. As stated earlier, high biological productivity in the Arabian Sea is 

largely due to widespread upwelling driven by the SWM winds, and a number 

of studies have focused on the variability of this process on a geological time 

scale. The various proxies used for this purpose include organic carbon and 

opal accumulation rates, Ba/AI ratios and foraminiferal assemblages 

(Clemens and Prell, 1990; Shimmield, 1992; Schulz et al., 1998). It is now 

well established that the productivity changes were largely associated with the 

23-Ky precessional cycle which controls the strength of the SWM with a few 

Ky time lag. For instance, the last major maximum in biological productivity 

occurred -9 Ky BP (Prell, 1984b), somewhat later than the maximum in 

northern hemisphere summer insolation -11 Ky BP (this pecession-driven 

maximum enhances the seasonality i.e. warmer summers and cooler winters. 

Note that while warmer summers would lead to intensification of the SWM 
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upwelling, cooler winters should drive more connective mixing such that there 

will be greater reflux of nutrients from the subsurface to surface waters. The 

increased biological production would in turn raise the oxygen demand. Thus, 

the observed correspondence between 815N and Corg  is not surprising. It 

provides a mechanistic relationship between the strengths of SWM and 

denitrification. What is not clear though is how the renewal processes respond 

to the natural climate change. There is some evidence that suggests that the 

cross-equatorial exchange of intermediate waters occurs mostly during the 

SWM (Swallow, 1984). But monsoonal forcing may not be the only driver of 

water and dissolved substances (oxygen and nutrients of relevance here). 

Changes in subsurface circulation will also occur in response to changes in 

the global thermohaline circulation, but very little information is available on 

this important aspect (Schulte et al., 1999). A novel approach has been 

followed in this study by generating the 6 13C record in C. wuellerstorfi 

(6 13Cc wuell) and 615N in bulk sediments in the same core in order to address 

this issue. Of these, as stated earlier, the former is at least a semi-quantitative 

proxy of ambient oxygen levels (at the core depths of 2520 and 2270 m) while 

the latter reflects the oxygen deficiency within the OMZ (i.e. at depths of a few 

hundred metres). 

A comparison of the 613CC.wuell  record and sedimentary 6 15N record for 

AAS-42/15 reveals excellent correspondence between the two over most of 

this core in that high values of one are associated with high values of the 

other and vice versa (Figure 5.14a,c). The high 8 13Cc wuell  value at the core top 

is consistent with high oxygen concentration in bottom waters at this site as 
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discussed in Chapter 3, while a high 3 15N value conforms to intense 

denitrification at this site today. During the LGM (OIS 2 and even more so 

during OIS 4), on the other hand, when the sedimentary 6 15N reached 

minimum values, so did the 8 13Cc.wuen as well. This is contrary to expectation 

because the Arabian Sea has an estuarine type of circulation where the deep 

waters entering the basin upwell slowly and flow southward at shallower 

depths. What these data seem to demonstrate is a sea-saw trend, one in 

which the most intense oxygen deficiency in the mesopelagic is associated 

with well-oxygenated conditions in deeper water (-2.2-2.5 km) and vice versa. 

Based on isotopic measurements on Cibicidoedes species, Kallel et al. 

(1988) reported a hydrographic discontinuity between the intermediate and 

deep waters during the LGM in the Indian Ocean with the intermediate water 

being better ventilated and deep waters more slowly renewed and therefore 

quite oxygen depleted. The very high 6 13Cc.wuell values (>1%0) for deep waters 

observed by these authors have since not been reproduced, although 

enrichment of 613CC.wuell  substantially above the global glacial-interglacial shift 

has been observed by other workers as well (Naqvi et al., 1994; Boyle et al., 

1995). Boyle (1997) postulated that the upper glacial North Atlantic 

intermediate/deep water (GNAI/DW) ventilated the western basins of the 

Indian Ocean instead of the Circumpolar Deep water that receives a large 

input from the North Atlantic deep water today. The results of the present 

study suggest that such a circulation pattern where the intermediate waters 

were better ventilated while the deep and bottom flows slowed down were 

typical of all glacial stages with the present type of circulation being restored 
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during interglacial times. This would result in vertical rearrangement of 

chemical structure with the intermediate waters of the glacial ocean being 

more oxygenated (i.e. the OMZ would have weakened) and the deep waters 

being less oxygenated than they are today. It may be emphasized that 

although the oxygen concentrations probably decreased considerably in deep 

waters (as indicated by the 613CC.wue1  data; Naqvi et al., 1994), complete 

oxygen depletion such as that reported by Sarkar et al. (1993) is most unlikely 

to have occurred. In any case, the results of this study suggest large changes 

in bottom water oxygen concentration [as inferred from the large (>0.75%0) 

shift in 613CC.wuell from OIS 6 to OIS 5.1]. These changes in the vertical 

distribution of oxygen and of nutrients and other products of remineralization 

have potentially important implications for the glacial-interglacial changes in 

atmospheric carbon dioxide (Boyle, 1988). 

Thus, it is proposed that the inferred relaxation of denitrification during 

glacial times was not merely because of a decrease in productivity, but also 

because of changes in the mid-depth circulation. However, it may be noted 

that the two factors are not exclusive. For example, changes in circulation 

(e.g. a more vigorous ventilation of subsurface waters) would also weaken the 

vertical gradients of nutrients in near surface waters thus lowering their reflux 

to the euphotic zone. This, in turn, would lead to a decrease in productivity, 

the signal for which will be preserved as low Cog in the sediments. 

5.3.7 Geochemistry of major and redox elements on Glacial —

Interglacial timescale in sediments 

The interpretation of trace metal distribution in the sedimentary record 
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is usually constrained by their bahaviour in oxic (>10 1.IM dissolved oxygen) 

and anoxic (>1 1.1M hydrogen sulfide) environments. The promising tracers of 

chemical and biological processes include Ba (Schmitz, 1987; Dymond et al., 

1992; Gingele and Dahmke, 1994, Prakash Babu et al., 2002), Cd, Cu, Mo, V, 

Re and U (reviewed in Calvert and Pedersen, 1993). Studies have been also 

performed on the geochemistry of redox-sensitive trace metals in suboxic 

(<10 1.1M dissolved oxygen and <1 [1M hydrogen sulfide) depositional 

environments by Morford and Emerson (1999), Nameroff (1996), Nameroff et 

al. (2002, 2004), Sirocko et al. (2000), Agnihotri (2002) and Agnihotri et al. 

(2003a,b, 2007). These studies have covered all the three major open ocean 

OMZs viz. ETNP, ETSP, and the Arabian Sea. However, most of the studies 

carried out in the Arabian Sea so far have been on surface sediments, many 

were confined to the Holocene and some extended to cover the LGM. Thus, 

there exists very little information on the variability of trace/redox-sensitive 

metals on glacial-interglacial timescale. 

5.3.7.1 Downcore variations in major elements 

Downcore variations of Ti, Al, Fe and Mg in both cores mirror those of 

CaCO3 and Corg (Figure 3.18 for core AAS-42/15 and Figure 3.19 for core 

AAS-42/12A). Data is presented in table 5.9 for core AAS-42/15 and table 

5.10 for core AAS-42/12A. The average concentrations for these elements are 

Ti=0.22%, Al=3.85°/0, Fe=2.4% and Mg=1.63% for core AAS-42/15 and 

Ti=0.2%, Al=3.5°/0, Fe=2.25% and Mg=1.6°/0 for core AAS-42/12A. The 

observed distribution of these elements, known to be of detrital origin, may be 
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due to their concentration in the clay fraction (Calvert and Pedersen, 1993) 

which shows a negative trend with CaCO3 (a productivity proxy) as also 

observed by Thamban et al. (2001) in a core from the southeastern Arabian 

Sea. Agnihotri et al. (2003a) similarly found a negative trend of Al, Ti, Fe and 

Mg with CaCO3, Corg and P/AI all productivity proxies and attributed the same 

to their concentration in the clay fraction of the sediments. However, his cores 

also came from the southeastern Arabian Sea and covered largely the 

Holocene period. In a more comprehensive study covering the entire Arabian 

Sea, Sirocko et al. (2000) also found negative relations between the detrital 

elements and Corg and CaCO3. Results of the present study show less 

accumulation of these elements when the SWM was stronger and productivity 

was higher and vice versa. 

The profile of Sr/AI shows a similar trend as that of CaCO3 during all 

glacial-interglacial stages, suggesting a close association of the two (with 

r=0.86, for AAS-41/15, Figure 3.18f,g; and r=0.89, for AAS-42/12A, Figure 

3.19f,g). Marchig (1972, 1974); Stackelberg (1972) and Mattiat et al. (1973) 

observed that the areas of extreme Sr enrichment were not confined to a 

specific water depth, but clusters of aragonitic needles occurred in the coarse 

fraction of the sediments collected from the western continental shelf of India. 

Lightfoot et al. (1990) reported that the basalts of the Deccan are rich in Sr. 

Due to intense chemical weathering in the region; the runoff gets enriched 

with Sr which may be removed along with aragonite after entering the ocean. 

The Sr/AI ratio ranges from 100 to 455 with an average of 208 for AAS-42/15, 

and from 160 to 600 with an average of 260 for core AAS-42/12A. The 
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observed average values in both cores are very high compared to the 

average shale value (38 x 104). In both the cores, the ratios during the 

Holocene are higher than those during other stages. Agnihotri et al. (2003a) 

observed a similar relation between Sr/AI and CaCO3, with the average Sr 

concentration being 75% in excess over the average shale abundance. The 

high ratio of Sr/AI observed during the interglacial periods can be attributed to 

intense SWM promoting chemical weathering and transportation of Sr from 

the Deccan source. 

The Sr/AI profile shows sharp decrease from the Holocene to the LGM 

in both the cores (Figure 5.18g and 5.19g), which was also observed by 

Sirocko et al. (2000) in a core from the western Arabian Sea. However, he 

ascribed the observed decrease to the lysocline effect as the core came from 

a water depth of 3200m (74KL), above the lysocline depth of -2900m (Kallel 

et al., 1988; Kolla et al., 1976a). Due to shallower water depths, such effect 

can be ruled out for the cores examined in the present study and the 

decrease in Sr/AI ratio observed during the LGM or other stages such as 7.4 

in core AAS-42/12A (Figure 5.19g) can be attributed to the weakening of the 

SWM. 

5.3.7.2 Downcore variations in trace elements 

Metals such as Fe, Mn, Cd, Mo, V and Re, which are commonly 

referred to as redox-sensitive metals, have been used for investigating 

changes in the oxidation state of the overlying water column and sediments 

during sediment deposition (Van Geen et al., 1996; Crusius et al., 1996; 
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Zheng et al., 2000b; Pailler et al., 2002; Nameroff et al., 2002, 2004). A 

number of processes affect the deposition of metals in the underlying 

sediments; some of them are discussed below. 

5.3.7.2.1 	Processes involved in accumulation of metals in sediments 

1. Depositional environment: It includes redox states of water column and 

metals (solubility or precipitation in oxic or suboxic/anoxic environments). The 

principal factor controlling the redox state of the sediment is the balance 

between the flux of organic matter to the seafloor and the flux of oxidants to 

the sediments from the overlying seawater (Emerson et al., 1985). Thus, 

variations in sedimentary redox state are linked to the changes in pelagic 

export production and the vigour of water circulation. 

2. Adsorbtion onto other particulate matter and the flux of biological 

material: Some fraction of the metal present above the background 

concentration is due to the delivery of metals through settling biological 

material to the sediment (e.g., Zheng et al., 2000b; Nameroff et al., 2002). 

However, most of the enrichment results from the changing redox conditions 

that occur as organic matter is degraded by the thermodynamically 

predictable sequence of oxidants (02, NO3, Mn (IV), Fe(III) and 504 2) 

(Froelich et al., 1979). Consequently, under optimal conditions, one should 

be able to use enrichments and depletions of individual trace metals to 

identify the redox conditions that prevailed in both the bottom water and in the 

sediment during sediment deposition. 
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3. Diagenesis: This includes processes that frequently, and sometimes 

extensively, modifies the original extent of metal enrichment in the upper layer 

of sediment (Calvert and Pedersen, 1993; Crusius et al., 1996; Gobeil et al., 

1997, 2001). Authigenic inputs (fraction of metal added in sediment after 

deposition) of metals can also occur during diagenesis. In fact some of the 

minerals like Evaporite (common evaporite minerals are halite, gypsum and 

anhydrite, which can form as seawater evaporates, and the rocks limestone 

and dolostone) are authigenically (insitu) formed. The small amount of metals 

that are preserved in the geological record may reflect the redox conditions of 

this diagenetic modification in the sediments rather than those of the overlying 

water. 

The effect of early diagenesis on redox-sensitive metal concentration 

buried into the geological record has not been well documented. However, 

Nameroff et al. (2002) investigated this aspect by analyzing redox-sensitive 

metals from the sediments of northwestern Mexican Margin together with the 

analysis of sinking particles and water column parameters. She observed 

signatures of diagenesis occurring in the sediments, but the concentrations of 

Cu, Ba, Cd, Mo, Re, U and V in the water column were unaffected by the low-

02 conditions in the OMZ. 

There exists very little information about the phases that control metal 

enrichment and the kinetics of their formation, and the understanding of the 

transport of metals by sinking particles. The post depositional diagenetic 

reactions that alter the distribution of metals in sediments is far from 

satisfactory, left alone, completely. Despite these limitations, the 
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concentrations of Mn, Fe, Cd, U, Mo, V and Re in marine sediments are 

promising tracers of the redox state of the sediment and overlying waters. 

5.3.7.2.2 	Evaluation of trace elements as ideal redox tracers 

Sedimentary records of trace metals such as Fe, Mn, Cu, Mo, Cd, Re, 

U and V provide important clues to how the redox state of depositional 

environments has changed over time. It is equally important to know the 

chemistry of the redox- sensitive trace elements and their behaviour in the 

water column including their modes of transport from one phase to the other. 

Table 5.11 lists the characteristics of different redox-sensitive trace elements 

of interest here. 

5.3.7.3 Glacial — interglacial variability of redox-sensitive trace metals 

Downcore profiles of redox-sensitive trace metals (normalized to Al) 

are presented in figure 5.20 (for core AAS-42/15) and figure 5.21 (for core 

AAS-42/12A). Profiles of the denitrification proxy (5 15N) and the bottom water 

oxygen indicator (613Cc.wuell)  are also presented for comparison. Both the 

cores show variations in response to the bottom water variability instead of 

the intermediate OMZ characteristics. Tables 5.12 (AAS-42/15) and 5.12 

(AAS-42/12A) provides the trace metal concentration data while element/AI 

ratio data is presented in table 5.14 (AAS-42115) and table 5.15 (AAS-42/12A) 

Core AAS-42115 

All redox-sensitive elements show higher concentrations during the 
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Holocene (Figure 5.20). Fe and Mn should have been depleted in the 

Holocene sediments, showing a trend opposite to that of the 5 15N profile, had 

they been exposed to the OMZ. This is because Fe and Mn precipitates under 

oxic condition and get solubilised in reducing environments (Calvert and 

Pedersen, 1993). Instead, both the profiles (Fe/AI and Mn/AI) follow the same 

trend as 515N and 813CC wuefi. This general behavior persists throughout the 

cores, which suggests that the characteristics of bottom water that affects the 

sedimentary Fe and Mn distribution have contrasted those at intermediate 

depths. 

The average Mn/AI ratio in the core is -74 x 1e, which is less than the 

average shale value (-106 x 10 4; Turekian and Wedepohl, 1961; please refer 

to table 4.xx for the average shale values in chapter 4). The lower Mn/Al ratio 

suggests a net Mn loss from the sediments particularly during glacial periods 

(as indicated by lower values during such periods) when the bottom water 

oxygen concentrations appear to have decreased (Figure 5.22d). Agnihotri et 

al. (2003a), Sirocko et al. (2000), Nameroff et al. (2004), Higginson et al. 

(2004) also reported lower values of Mn and higher values of Mo, V, Co in 

cores that were exposed to reducing environment during sediment deposition. 

The Fe/AI ratio varied within a range of 0.55 to 0.75 with an average 

value of 0.63, which is slightly higher than the average shale value of -0.55 

(Wedepohl, 1971, 1991). The relatively higher Fe concentrations are probably 

due to the large amounts of Fe supply from the Fe-rich basalts of the Deccan 

Traps. Sirocko et al. (2000) recorded lower contents of Fe in sediments of the 

western Arabian Sea off Yemen compared to the eastern Arabian Sea off 
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India. He suggested the dust from Persian Gulf area is the predominant 

source of Fe in the western Arabian Sea and the Fe-rich basalts of the 

Deccan Traps in the eastern Arabian Sea. 

V, Co and Mo are known to precipitate out from seawater under 

reducing conditions (Piper and Isaacs, 1996), and accordingly get enriched in 

the sediments. As observed in the profiles of these elements (Figure 

5.20e,f,g), the values for V/AI, Co/AI and Mo/AI remain within narrow ranges 

of 10-28 x 10-4, 0-5 x 104  and 12.5-16 x 104, respectively. These elements 

are generally found to be enriched during the interglacial periods (especially V 

during OIS 3) compared to the glacial stages except during the LGM when 

higher values occur for all the three elements. The observed average value of 

-19 x 10-4  for V/AI is slightly higher than its average shale value of 16 x 10 -4 

 while the average value of -13 x 10-4  for Mo/AI is much higher than the 

corresponding shale value of 0.15 x 10 4. The average value of 1 x 10 -4  for 

Co/AI ratio is, by contrast, half of the average shale value of 2.1 x 10 4. Co 

concentration can be controlled by scavenging, uptake by organisms in the 

euphotic zone or adsorption onto Mn-hydroxides. In suboxic waters Co can be 

removed from the solid Mn and Co-phases and also after deposition the labile 

Co3+  can be transformed into Co2+  in reducing environments and become 

mobile like Mn (German and Elderfield, 1990). The low average value suggest 

that it is not enriched in sediments but with whatever amount is present 

follows the trend of productivity which is more during the interglacial and lower 

during the glacial periods. The enormously high value of Mo/AI could be due 

to its adsorption onto the Mn-oxyhdroxides (Shimmield and Price, 1986). The 
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solid phase of Mn-oxyhdroxide leads to the sorption enrichment of V too 

(Shaw et al., 1990; Nameroff et al., 2004) in oxic sediments, which could be 

the reason for its enrichment throughout the core. Reduced V and Mo are 

found to be adsorbed strongly onto particle surfaces without forming any 

sulphides (Wehrli and Stumm, 1989). Thus, the enrichment of V, Co and Mo 

observed during the interglacial compared to the glacial periods could be due 

to their adsorption on the particle surfaces resulting from higher productivity. 

Core AAS-42/12A 

The behaviours of redox-sensitive elements in this core are clearer, 

although somewhat different from those in core AAS-42/15. The Fe/AI profile 

exhibits enrichment during the glacial periods, with lower concentrations 

occurring during the interglacial times which mirror the 6 15 N and 613C profiles. 

Profiles of Mn/AI, V/AI, Mo/AI showed similar trends as Fe/AI (Figure 5.21). 

The range of values observed for Fe/Al, Mn/AI, V/AI and Mo/AI are 0.54-0.79, 

46-110 x 10 -4 , 14-37 x 10 -4  and 11-18 x 10-4 , respectively. 

The average value of -0.64 for Fe/AI is higher than the average shale 

value (-0.55) probably because of Fe inputs from basalts of the Deccan traps. 

However what is more important is its variability over the glacial-interglacial 

timescales. In the case of Mn/AI, except for the very high values in the 

Holocene sediments, the overall average value of -56 x 10 -4  is half of the 

average shale value (-106 x 10 -4), indicating mobilization of Mn from the 

sedimentary column, a process commonly observed in reducing sediments 

(Somayajulu et al., 1994; Agnihotri et al., 2003a, 2007). 
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The average values for V/AI (-19 x 10 -4), is slightly higher than its 

average shale value (-16 x 10-4), while the average value for Mo/AI (-14 x 10 -

4) is much higher than the corresponding average for the shale (-0.15 x 10 -4). 

Sirocko et al. (2000) found maximal values of Mo in sediments from the Indian 

continental margin, where Corg concentrations are very high (Marchig, 1972, 

1974). He also reported high Mo values on the Carlsberg ridge in the glacial 

sediments, though the reason for its accumulation could not be ascertained. 

However, in view of the results of Shankar et al. (1987) from the Carlsberg 

ridge, the variation of Mo during the Holocene was suggested to be controlled 

by Corg while the enrichment during LGM was attributed to slower deep water 

ventilation (Sarkar et al., 1993) in addition to the linear response to the 

coherent Corg increase. The exorbitantly high values in Mo/AI could again be 

due to its adsorption onto the oxyhydroxides of Fe and Mn (Bertine and 

Turekian, 1973; Manheim, 1974; Kato et al., 1995; Cruisius et al., 1996) thus 

following their pattern of enrichment in sediments. The higher values in glacial 

sediments could be the effect of Corg and slower ventilation of bottom waters, 

even though, as stated earlier, these waters were not reducing/anoxic as 

inferred by Sarkar et al. (1993). 

In oxygenated waters, the stable form of V(V) is vanadate, which gets 

adsorbed onto both Mn and Fe-oxyhydroxides (Wehrli and Stumm, 1989, 

Calvert and Piper, 1984). The higher contents of V/AI during the glacial 

periods again indicate more oxygenated bottom waters and the values on the 

higher side during the interglacial if at all, may be due to reduced vanadyl ion, 

V(IV)02+  which binds even more strongly to the chelating surface groups than 
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the larger anionic vanadate. However V reduction occurs below the level of 

either Mn or Fe oxyhydroxide reduction (Shaw et al., 1990; Kato et al., 1995; 

Hastings et al., 1996). The average value of V/AI being slightly more than the 

average shale value indicates its enrichment due to adsorption on Fe and Mn-

oxyhydroxides in oxygenated waters thus indicating the bottom waters to be 

oxygenated. However, this is not consistent with the other evidence 

(especially 613CC.wuel)  discussed above. 

Cr, another trace metal, also occurs in sea water in at least two 

oxidation states and precipitates in its lower oxidation state, the predominant 

oxidized state being Cr(VI), chromate ion and, to a lesser extent, as the 

cationic Cr(III) aquahydroxy species Cr(OH)2 +  (H20)4 (Elderfield, 1970; 

Cranston and Murray, 1978; Cranston, 1983; Murray et al., 1983). 

Enrichments of Cr in sediments can be due to high proportions of detrital 

chromite, high Cr contents in clay-minerals or trapping of Cr in strongly 

reducing sediments. Cr concentrations in both cores average to -35pg/g 

(Table 5.12 and 5.13) which is not even half of the average shale value 

(90pg/g). However, the Al-normalized Cr values fall within a range of 7-13 x 

104  with average value of 9 x 10 4  for core AAS-42/15 (Figure 5.22g), while 

for core AAS-42/12A the range is 7-16 x 10 4  with an average of 10.8 x 10 4 

 (Figure 5.23g). The average normalized shale value of 11 x 104  for Cr/AI, is 

slightly higher compared to the value in core AAS-42/15 and almost same as 

the value in core AS-42/12A, suggesting the origin of Cr to be clastic in both 

the cores. Sirocko et al. (2000) recorded very high Cr contents which they 

attributed to inputs from the ophiolite-rich strata of Iran, Pakistan and Oman 
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transported by the northwesterly winds blowing from the Persian Gulf region. 

The Cr data (both concentration and Al-normalized ratio) indicate the absence 

of reducing environments in bottom waters during sediment deposition. Thus, 

Cr distribution in both cores seems to be controlled by the aeolian transport 

from land and does not point to the prevalence of reducing conditions in the 

overlying water column. 

Notwithstanding some inconsistencies in the redox-sensitive metal data 

among the two cores and even within the same core, one general conclusion 

that can be drawn from the above discussion is that the bottom waters at the 

study sites were perhaps never reducing over the investigated time period, 

even though substantial changes in bottom water oxygen concentration (i.e. 

decreases during the glacial periods) did occur in response to changes in 

circulation and associated shifts in the vertical hydrographic structure. It is 

likely that the decreased oxygen concentrations favoured the development of 

reducing conditions in the sediments, though. 

5.3.7.4 Barium as a productivity proxy 

Barium (Ba) has been employed as a productivity proxy ever since 

Goldberg and Arrhenius (1958) showed its enrichment in equatorial Pacific 

sediments. This was later supported by Dymond et al. (1992) who observed a 

linear relationship between Ba and Cog. This approach has been followed by 

several researchers (Bishop, 1988; Shimmield and Mowbray, 1991; Dymond 

et al., 1992; Francois et al., 1995, Prakash Babu et al., 2002). Schmitz (1987) 

even employed the Ba proxy for tracing the northward drift of the Indian plate 
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during the Cenozoic period; higher Ba concentrations were interpreted 

corresponding to the time when this plate was located below the equatorial 

high productivity belt. For more recent times, Shimmield and Mowbray (1991) 

found greater Ba abundance off Oman during interglacial periods due to 

enhanced productivity. 

Ba/AI ratio ranges from 66 to 224 x 10 -4  (Figure 5.22c), with an average 

value of 110 x 10-4  in core AAS-42/15, and from 64 to 198 x 10 -4  (Figure 

5.23c) with an average of 97 x 10-4  in core AAS-42/12A. In both cores the 

average values are higher than the average shale value (75 x 10 -4 ). The 

highest Ba contents are found in sediments rich in biogenic opal, since diatom 

frustules can contain up to 30,000 ppm Ba (Collier and Edmond, 1994). Ba 

present in the water column can be removed by either adsorption or formation 

of barite (BaSO4) in reducing micro-environments of sinking organic particles 

(Bishop et al., 1977). The glacial-interglacial distribution pattern of Ba/AI 

follows a trend similar to that of Cog, with higher concentrations occurring 

during the interglacial and lower values during the glacial periods. This is 

consistent with the removal of Ba from seawater by adsorption on sinking 

organic particles whose flux would increase during interglacial periods of high 

productivity as seen in figure 5.22c,f (AAS-42/15) and figure 5.23c,f (AAS-

42/12A). Lower values of the Ba/AI ratio during the glacial periods would 

conversely be due to decreased productivity. 

The high Ba/AI values observed in both the cores also suggest that the 

bottom water conditions remained oxygenated during the depositional periods 

of the sediments. This is because the ratio has been known to fall in reducing 
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environments (McManus et al., 1998). This observation is at variance with the 

results of Agnihotri et al. (2007) who found significant depletion of Ba/AI (by a 

factor of 4), relative to its average shale abundance in the eastern Arabian 

Sea. However, as discussed in Chapter 4, the data from the shallower cores 

do demonstrate reductive losses of Ba. Finally, as the Ba/AI ratio in both 

cores follows the same pattern as Corg it lends further support to inferences 

about productivity changes based on the Corg abundance, and in turn the 

variability of the SWM strength. 

5.3.7.5 Glacial-interglacial variability of nutrient-type elements 

Profiles of sedimentary concentrations of the elements having nutrient 

type behavior, viz. P, Cr and Cu, are given in figure 5.22d,e (AAs-42/15) and 

figure 5.23d,e (AAS-42/12A). Phosphorus (P) is a major micronutrient and 

also has detrital supply from the igneous and sedimentary rocks with typical 

concentrations of < 0.1%, but values exceeding 0.15% may occur in deep sea 

clays (Sirocko et al., 2000). Sirocko et al. (2000) measured P content in the 

Arabian Sea sediments varying between 0.07% and 0.15%. The P 

concentrations observed in the present study are < 0.07% for both the cores 

(Table 5.12 and 5.13) indicating low detrital supply. In order to look for 

changes in the non-detrital component of P, its concentration was normalized 

with AI. The ranges of the P/AI ratio observed are 92-240 x 10 -4  with an 

average of 145 x 10-4  for core AAS-42/15, and 92-260 x 10 -4  with an average 

of 138 x 10-4  for core AAS-42/12A. In both cases the average values are 

higher than the average shale value (88 x 10 -4), thereby suggesting the 
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dominant presence of non-detrital P. Moreover, a visual covariance is seen 

among P/AI and Cog  (Figure 5.22d,f and 5.23d,f) profiles in both the cores at 

all times. 

Among the trace metals, Cu exhibits a unique characteristic in that it 

behaves partly like a micronutrient but is also scavenged from solution in the 

deep water (Calvert and Pedersen, 1993). Ni and Zn show variations similar 

to nutrients. The nutrient type behavior of Cu was earlier demonstrated by 

Bruland (1980) and Broecker and Peng (1982), who found the concentration 

of Cu in ocean waters to increase with depth. This is also supported by the 

chemical composition of plankton (Collier and Edmond, 1984). The mineral 

concentration of Cu averages between 5 and 100 gg/g, with basalts having 

the highest values and feldspars-rich rocks the lowest (Turekian and 

Wedepohl, 1961). In the present study, observed ranges of Cu concentration 

(Table 5.12 and 5.13) in both cores are rather narrow with an average value 

of -25 µg/g. Going by the concentrations alone, it would appear that Cu 

deposited in the sediments, was mostly detrital. However, when the Cu 

concentrations are normalized with Al, the ratios in both cores again remain 

within narrow ranges with values varying from 3 to 14 x 10 4  and averaging 6.5 

x 10-4  for core AAS-42/15 (Figure 5.22e), and from 2 to 23 x 10 -4  with an 

average of 7.3 x 10 -4  for the core AAS-42/12A (Figure 5.23e). The averages 

are marginally higher than the shale average of 6 x 10 4  (Turekian and 

Wedepohl, 1961) indicating the presence of non-detrital Cu which can be 

attributed to its nutrient type behavior. Saager et al. (1992), Sirocko et al. 

(2000), Agnihotri et al. (2007) have also reported the nutrient type behavior of 
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Cu in the Arabian Sea. 

5.3.8 Synthesis on Paleo-Productivity based on various proxies 

Organic Carbon (Cord 

Corg is a paleo-productivity proxy often used (e.g. Ganeshram and 

Pedersen, 1998; Agnihotri et al., 2001 a). The downcore records of Corg, Norg, 

and CaCO3 in core CR-2 (Figure 4.4a,b,c), showed prominent minima during 

-1650-1750 AD, a period that coincides the Little Ice Age (LIA, from 1500 to 

1750 AD). All the three variables covaried suggesting close relations between 

organic and inorganic (calcareous) productivity in the region during the 

deposition period. A distinct increase in concentrations was also observed in 

Corg, and Norg in the last 4-5 decades indicating increased productivity. 

Corg  and Norg records in SaSu-1 (Figure 4.7a,b) and SaSu-3B (Figure 

4.8a,b) also revealed increased productivity during the last 4-5 decades after 

-60 y BP (1940 AD). The concentration of C org  was as high as 5.3% in the 

recent years in SaSu-3B (core very close to coast) indicating enhanced 

productivity probably due to increased anthropogenic activities. The CaCO3 

profile covaried with Corg for SaSu-1 core (Figure 4.7c), except in the last two 

decades where CaCO3 decreased rapidly suggesting decreased inorganic 

productivity. CaCO3 varied between 4 and 8% in SaSu-3B (Figure 4.8c) with a 

prominent decreasing trend upward. 

Variations in Corg  profile for the deep gravity cores (AAS-42/15 and 

AAS-42/12A) suggest higher productivity during the warmer-interglacial 

stages as compared to cold glacial stages in general, with prominent 
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variations in core AAS-42/15. The highest C org  values for core AAS-42/15 

occurred during the warmer OIS 3. Norg and CaCO3 profiles also exhibited 

trends similar to that of Corg, albeit with different amplitudes (e.g. the CaCO3 

minimum for OIS 4 was much more pronounced than for the LGM, Figure 

5.9a,b,e). In core AAS-42/12A, Corg, Norg and CaCO3 profiles also covaried 

with the highest values during the Holocene (Figure 5.10a,b,e). As both the 

cores are located in the regions that come under the influence of South West 

Monsoon (Satya Prakash and Ramesh, 2007), higher productivity during the 

intergiacials was attributed to stronger SWM. The weakening of SWM during 

the glacial periods resulted in lower productivity as reflected by the Corg, Norg 

and CaCO3 proxies. 

Barium (Ba) 

Ba normalized to Al (Ba/AI) is a reliable paleo-productivity proxy in the 

oxic sediments when the terrestrial contribution is smaller. The downcore 

profile of Ba/AI (Figure 4.6d) in CR-2 did not agree with the Corg record. It was 

depleted by a factor of 4 relative to its average shale abundance of 75. In 

SaSu-1 and SaSu-3B also Ba/AI showed significant depletion (factor of 4.5) 

relative to its average shale value (Figure 4.24a,b). In all the three coastal 

cores, depleted Ba/AI values suggested the occurrence of strong reducing 

conditions in the cores thereby proving it to be a redox sensitive proxy rather 

than a productivity proxy under reducing conditions. 

Ba/AI ratio ranged from 66 to 224 x 10 -4  (Figure 5.22c), with an average 

value of 110 x 10-4  in core AAS-42/15, and from 64 to 198 x 10 -4  (Figure 

5.23c) with an average of 97 x 10 4  in core AAS-42/12A. In both the cores 
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average values were higher than the average shale value (75 x 10 -4). The 

highest Ba contents are found in sediments rich in biogenic opal, since diatom 

frustules can contain up to 30,000 ppm Ba (Collier and Edmond, 1994). Ba 

present in the water column can be removed by either adsorption or formation 

of barite (BaSO4) in reducing micro-environments of sinking organic particles 

(Bishop et al., 1977). The glacial-interglacial distribution pattern of Ba/AI 

followed the trend of Corg, with higher concentrations occurring during the 

interglacial and lower during the glacial periods. This is consistent with the 

removal of Ba from seawater by adsorption on sinking organic particles whose 

flux would increase during interglacial periods of high productivity as seen in 

Figure 5.22c,f (AAS-42/15) and Figure 5.23c,f (AAS-42/12A). Lower values of 

the Ba/AI ratio during the glacial periods would obviously be due to decreased 

productivity. The high Ba/AI values observed in both the cores also suggested 

that the bottom water conditions remained oxygenated during the depositional 

periods of the sediments. 

Phosphorus (P) 

Phosphorus (P) which is a macro nutrient in the water column is also 

expected to reflect productivity changes occurring in the water column. In 

order to investigate variations in the non-detrital component of P, it was 

normalized with Aluminum (Al). A covariance was observed between P/AI and 

Corg  (Figure 4.5d and 4.18d) in core CR-2 and SaSu-1, ensuring that non-

detrital P/AI ratio could be used in deciphering productivity variations of the 

past. While no substantial similarity was observed between the P/AI and Corg 

records in SaSu-3B core (Figure 4.19d). However the P/AI ratios in all the 
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three cores were found to be considerably higher (factor of 2-3) relative to its 

average shale value of 88 x 10 -4 . 

A covariance was also seen between P/AI and C org  profiles (Figure 

5.22d,f and 5.23d,f) in both the deep cores at all times. Also the average 

values of P/AI ratio (145 x 10 -4  for core AAS-42/15 and 138 x 10 -4  for core 

AAS-42/12A) in both cores were higher than the average shale value 

suggesting the dominant presence of non-detrital P. From the above 

observation, P/AI was found to serve as a productivity proxy in the gravity 

cores. 

Copper (Cu) and Nickel (Ni) 

In addition to Corg , Norg , CaCO3, Ba and P non-detrital components of 

Copper and Nickel (in terms of Cu/AI and Ni/AI) can also be used as 

productivity proxies, as these elements act as micronutrient which are 

removed from surface waters during plankton growth, but released during 

decomposition in the sub-surface waters (Calvert and Pedersen, 1993). The 

Cu/AI and Ni/AI profiles did not exhibit any excess over its average shale 

value in all the three shallow cores viz CR-2 (Figure 4.6e,f), SaSu-1 (figure 

4.25a,c) and SaSu-3B (Figure 4.25b,d). Nonetheless, the Cu/AI record in CR-

2 and Ni/AI record in SaSu-3B does show a general trend of increase in the 

last few decades - the period of high productivity. 

Variations in Cu/AI ratio in both the deep cores again remained within 

narrow ranges, with values averaging about 6.5 x 10 -4  for core AAS-42/15 

(Figure 5.22e) and 7.3 x 10-4  for core AAS-42/12A (Figure 5.23e). The 

averages are marginally higher than the shale average of 6 x 10 -4 , indicating 
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the presence of non-detrital Cu which, can be attributed to its nutrient type 

behavior. As Ni could not be measured, use of Ni/AI could not be ascertained 

in these cores. 

5.4 Conclusions 

A number of proxies analyzed in two deep gravity cores raised from the 

northeastern Arabian Sea, in the region that experiences some of the most 

intense denitrification in the oceanic water column today at intermediate 

depths, exhibit significant downcore variations on the glacial-interglacial 

timescale. The major conclusions of the chapter are as follows: 

1. The magnitudes of glacial to interglacial (LGM to Holocene) shift in 

6 180G.ruber for the two cores substantially exceed the global ice volume effect 

(1.2%o) by 0.35%0 in AAS-42/15 and by 0.23%0 in AAS-42/12A. These shifts 

are smaller than those reported previously from the region and could be 

explained by a glacial decrease in SSTs by -2°C without invoking any change 

in salinity. 

2. The observed amplitude of -1.25%0 in 5180c.wuen for core AAS-42/15 is 

almost the same as the global ice volume effect and supports the view that 

bottom water (depth -2.5 km) temperature and salinity during the LGM were 

probably similar to their present-day values. 

3. The 613CC.wuell  record exhibits high and low values during the 

interglacial and glacial stages respectively, in both the cores, suggesting that 

bottom waters were well oxygenated during the interglacial period and 

comparatively less oxygenated during the glacial maxima. 
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4. Variations observed in all biogenic proxies in both the cores indicate 

that biological productivity had been higher during interglacial periods than the 

glacial periods. This is arguably due to vigorous upwelling associated with 

intense SWM during interglacials, with the intensity having decreased during 

glacial times. The 6 13Corg  and C/N ratios demonstrate that the sedimentary 

organic matter at the study sites remained predominantly of marine origin 

throughout the depositional history of the core. 

5. In conformity with earlier reports, marked changes in water-column 

denitrification intensity appear to have occurred in the geological past with the 

process being generally more intense during the interglacial periods 

(especially the Holocene and OIS 3) and less intense during the glacial 

maxima. At the LGM, the process was greatly subdued but not completely 

shut off, and it was even less intense (probably absent) during OIS 4. 

However, the most important result obtained in the present study is that the 

sedimentary 6 13 N and 613Ccmuell seem to have co-varied in AAS-42/15 such 

that there was a sea-saw variability in oxygen concentrations in deep water 

(depth -2.5 km) and the mesopelagic (the depths of the present-day OMZ). 

That is, when the mesopelagic oxygen levels were lower, supporting 

denitrification (during interglacial periods such as today), deep-water oxygen 

was higher and vice versa. This shift in the vertical hydrographic structure 

probably resulted due to intrusion of ventilating water from the south at 

shallower depths during the LGM (in response to changes in the deep water 

formation in the North Atlantic). This has been previously proposed to occur in 

the Arabian Sea during the LGM, but the present study shows that this was a 
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common feature of all glacial stages. 

6. Good correspondence between the Ba/AI and C org  records on one 

hand and 6 15N on the other suggest that changes in productivity along with 

those in circulation contributed to the observed changes in the denitrification 

intensity. It is pointed out that the changes in productivity and ventilation are 

related, often working in the same direction. 

7. Records of redox-sensitive metals exhibit changes that mostly relate to 

the 4513 CC.wuell record rather than the 6 15N record, which is not surprising given 

that the denitrifying zone lies much above the seafloor at the coring sites. The 

trace metal distributions generally suggest that bottom waters at the study 

sites had never been reducing over the investigated time period, even though 

substantial changes in bottom water oxygen concentration did occur in 

response to changes in circulation and associated shifts in the vertical 

hydrographic structure. However, it is likely that the decreased oxygen 

concentrations favoured the development of reducing conditions in the 

sediments. 
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Table 5.3 

Oxygen isotope (5180) data using planktonic foraminifer 

(Globigerinoide ruber) for cores AAS-42/15 and AAS-42/12A. 

AAS-42/15 AAS-42/12A 
Core Depth 

(cm) 

8180 

(%o) 
Core Depth 

(cm) 

8180 

(%o) 
0 -1.33 0 -1.33 

10 -1.73 10 -1.64 
20 -1.61 20 -0.28 
30 -0.88 30 -0.26 
48 -0.17 40 -0.46 
50 -0.25 50 -0.21 
70 -0.29 60 -0.80 
80 -0.73 70 -0.73 
116 -0.78 80 -0.93 
124 -0.65 90 -0.70 
130 -0.77 100 -0.77 
138 -0.64 110 -0.48 
150 -1.23 120 -0.51 
160 -0.76 130 -0.64 
168 -0.64 140 -0.22 
174 -0.62 150 -1.02 
180 -0.52 160 -1.37 
188 -0.62 170 -0.86 
192 -0.89 180 -1.44 
198 -0.86 190 -1.24 
202 -0.83 200 -1.54 
212 -0.70 210 -1.79 
218 -1.01 220 -1.85 
230 -1.18 230 -3.16 
240 -0.97 240 -0.80 
250 -1.04 250 -1.06 
258 -0.94 260 -0.73 
264 -1.12 270 -0.77 
270 -1.31 280 -1.02 
280 -1.01 290 -0.29 
290 -1.02 300 -1.42 
298 -1.31 310 -1.96 
304 -1.40 320 -0.85 
312 -1.58 330 -0.94 
320 -0.82 340 -0.43 
326 -1.36 350 -0.66 
340 -0.52 360 -0.69 
352 0.10 370 -0.82 
370 -0.19 380 -1.28 
378 -0.46 390 -1.54 
386 -0.67 400 -2.06 
392 -0.43 410 -0.17 
396 -0.47 420 -0.70 
424 -0.10 430 -0.47 
428 -0.62 440 -0.48 
436 -0.53 450 -0.53 
440 -0.69 460 -0.83 

470 -2.79 
480 -1.45 
490 -0.37 
500 -0.50 
510 -0.51 
520 -1.61 
530 -0.91 



AAS-42/15 AAS-42/12A 

Core Depth 
(cm) 

8180 

(%o) 

Core Depth 
(cm) 

81 80 

(%o) 
0 0 3.97 
10 2.36 10 3.63 
20 3.04 20 3.71 
30 3.61 30 3.80 
48 3.60 40 2.88 
50 3.65 50 3.38 
70 3.56 60 3.55 
80 4.06 70 3.65 
116 3.27 80 3.32 
124 3.36 90 3.33 
130 3.59 100 3.31 
138 3.23 110 3.05 
150 2.89 120 2.86 
160 3.43 130 3.14 
168 . 3.40 140 3.39 
174 150 3.72 
180 3.54 160 3.65 
188 3.78 170 3.47 
192 3.67 180 3.16 
198 3.79 190 3.19 
202 2.92 200 3.60 
212 3.19 210 3.43 
218 3.68 220 3.49 
230 3.02 230 3.48 
240 3.32 240 3.30 
250 2.72 250 3.22 
258 3.30 260 3.69 
264 2.94 270 3.39 
270 3.04 280 3.48 
280 3.22 290 3.50 
290 300 3.21 
298 2.88 310 3.64 
304 2.59 320 3.08 
312 3.23 330 2.90 
320 2.68 340 3.43 
326 350 3.72 
340 3.55 360 3.71 
352 3.47 370 3.45 
370 4.03 380 3.53 
378 3.90 390 4.14 
386 3.61 400 3.71 
392 3.65 410 3.44 
396 3.85 420 3.86 
424 3.74 430 3.33 
428 3.69 440 3.78 
436 3.13 450 3.33 
440 3.62 460 3.44 

470 3.06 
480 2.93 
490 3.97 
500 3.31 
510 3.32 
520 3.17 
530 2.97 

Table 5.4 

Oxygen isotope data (5 180) using benthic foraminifer 

(Cibicidoides wuellerstorfi) for cores AAS-42/15 and AAS-42/12A. 



Table 5.5 

Carbon isotope (813C) data using planktonic foraminifer 

(Globigerinoide ruber) for cores AAS-42/15 and AAS-42/12A. 

AAS-42/15 AAS-42/12A 

Core Depth 
(cm) 

8 13C 
(%o) 

Core Depth 
(cm) 

$5 13C 
(%o) 

0 0.58 0 1.14 
10 1.08 10 0.91 
20 1.33 20 0.56 
30 0.48 30 1.02 
48 0.33 40 1.45 
50 0.55 50 0.97 
70 0.59 60 1.55 
80 0.81 70 0.86 
116 0.49 80 1.14 
124 0.34 90 1.17 
130 0.85 100 1.16 
138 0.05 110 1.28 
150 0.59 120 1.46 
160 0.91 130 1.00 
168 1.30 140 0.46 
174 0.60 150 0.90 
180 0.62 160 0.60 
188 1.01 170 0.89 
192 0.41 180 0.02 
198 0.88 190 0.77 
202 0.19 200 0.37 
212 0.78 210 0.58 
218 0.27 220 0.20 
230 0.64 230 0.25 
240 1.27 240 0.70 
250 1.07 250 0.57 
258 1.31 260 1.03 
264 0.61 270 0.70 
270 0.88 280 1.02 
280 0.48 290 0.62 
290 1.03 300 0.53 
298 0.40 310 0.46 
304 0.98 320 0.77 
312 0.46 330 0.83 
320 0.30 340 0.59 
326 350 0.76 
340 0.214 360 1.49 
352 0.27 370 0.93 
370 0.57 380 0.38 
378 0.93 390 0.78 
386 0.60 400 
392 0.39 410 0.52 
396 0.66 420 0.51 
424 430 0.54 
428 0.34 440 0.61 
436 0.39 450 0.93 
440 460 0.99 

470 0.37 
480 0.39 
490 0.28 
500 0.68 
510 0.17 
520 0.61 
530 0.30 



Table 5.6 

Carbon isotope (6 13C) data using benthic foramnifer (Cibicidoides 

wuellerstorfi) for cores AAS-42/15 and AAS-42/12A. 

AAS-42/15 AAS-42/12A 

Core Depth 
(cm) 13C 	(%o) 

Core Depth 
(cm) 13C 	(%o) 

0 0 0.02 
10 0.27 10 -0.18 
20 -0.08 20 -0.11 
30 -0.23 30 -0.18 
48 -0.23 40 -0.09 
50 -0.19 50 0.07 
70 -0.09 60 0.25 
80 -0.15 70 0.01 
116 -0.05 80 -0.08 
124 90 0.03 
130 0.04 100 -0.15 
138 -0.09 110 0.24 
150 -0.09 120 0.03 
160 -0.01 130 0.09 
168 -0.20 140 -0.14 
174 150 -0.12 
180 -0.36 160 -0.21 
188 -0.14 170 0.08 
192 -0.24 180 -0.08 
198 -0.25 190 
202 -0.11 200 -0.29 
212 0.05 210 -0.13 
218 -0.17 220 -0.26 
230 0.12 230 -0.01 
240 0.28 240 0.00 
250 0.31 250 -0.13 
258 0.23 260 -0.13 
264 0.28 270 -0.22 
270 0.08 280 -0.23 
280 0.14 290 -0.09 
290 300 -0.08 
298 0.06 310 0.02 
304 0.11 320 -0.06 
312 0.03 330 0.14 
320 -0.22 340 -0.17 
326 350 -0.26 
340 -0.25 360 -0.33 
352 -0.24 370 -0.12 
370 -0.56 380 -0.12 
378 -0.47 390 -0.30 
386 -0.22 400 -0.33 
392 -0.39 410 -0.23 
396 -0.54 420 -0.34 
424 -0.41 430 -0.08 
428 -0.49 440 -0.33 
436 -0.53 450 -0.18 
440 -0.59 460 -0.18 

470 0.11 
480 0.17 
490 -0.36 
500 -0.38 
510 -0.08 
520 -0.14 
530 -0.17 



Table 5.7 

Organic carbon, nitrogen, C/N weight ratios and CaCO3 for cores 

AAS-42/15 and AAS-42/12A. 

AAS-42/15 AAS-42/12A 
Core 
Depth 
(cm) 

C'rg 
( % ) 

Norg 
(/o) 

C/N 
CaCO3 

(% ) 

Core 
depth 
(cm) 

C
°rg 

 
(%) 

Nosy 

(%) 
CAN  

CaCO3 
(%) 

0 3.09 0.30 10.15 59.55 0 5.19 0.58 9.01 73.61 
10 2.90 0.27 10.74 50.55 10 2.84 0.35 8.11 68.36 
20 1.92 0.30 6.45 57.36 20 0.85 0.12 6.88 48.46 
30 1.28 50.28 30 1.54 0.19 8.23 48.79 
48 1.92 0.20 9.45 44.15 40 1.89 0.21 8.89 49.21 
50 1.99 0.21 9.25 48.78 50 1.83 0.21 8.87 48.70 
70 1.72 0.20 8.71 45.45 60 1.81 0.21 8.70 52.05 
80 2.16 0.30 7.13 45.65 70 1.92 0.21 8.95 46.80 
116 2.39 0.25 9.60 50.39 80 3.02 0.34 8.95 60.58 
124 2.92 0.27 10.79 42.73 90 3.04 0.33 9.16 56.96 
130 4.60 0.37 12.37 44.24 100 0.97 0.13 7.46 45.42 
138 3.40 0.38 9.07 44.17 110 1.69 0.19 8.68 45.60 
150 3.57 0.37 9.72 46.57 120 1.65 0.21 7.84 58.06 
160 1.70 0.23 7.30 49.45 130 1.70 0.19 8.77 58.27 
168 2.15 0.26 8.32 46.47 140 2.55 0.25 10.24 49.08 
174 1.76 0.17 10.14 44.74 150 1.70 0.19 9.18 47.05 
180 0.96 0.11 8.87 42.12 160 0.86 0.10 8.31 42.73 
188 0.94 35.83 170 0.71 0.10 6.84 44.94 
192 1.37 0.15 8.89 33.54 180 1.07 0.13 8.29 45.84 
198 1.53 0.19 8.09 31.87 190 1.42 0.16 8.90 48.56 
202 1.28 0.18 7.28 31.84 200 1.25 0.16 7.66 52.70 
212 1.72 0.24 7.18 30.23 210 0.90 0.12 7.62 46.64 
218 1.81 0.16 11.27 29.33 220 1.80 0.20 8.86 48.20 
230 1.74 0.16 10.85 29.69 230 1.94 0.22 8.91 53.62 
240 1.72 0.17 9.95 35.98 240 0.68 0.11 6.22 58.89 
250 1.29 0.17 7.61 33.74 250 1.10 0.11 10.00 49.90 
258 0.98 39.01 260 1.40 0.19 7.20 61.47 
264 0.79 35.62 270 2.40 0.25 9.62 58.00 
270 1.86 0.32 5.80 43.62 280 1.21 0.14 8.73 54.51 
280 2.75 0.27 10.35 47.51 290 0.87 0.10 8.67 39.98 
290 3.17 0.33 9.59 45.77 300 1.32 0.15 8.92 44.13 
298 1.33 0.15 8.95 40.43 310 1.70 0.19 8.95 54.83 
304 0.79 0.14 5.61 32.85 320 2.55 0.32 8.00 68.64 
312 2.01 0.24 8.31 42.30 330 1.47 0.19 7.73 65.42 
320 1.56 0.20 7.81 44.55 340 1.46 0.16 9.36 49.85 
326 1.48 0.27 5.56 51.99 350 3.47 0.19 18.46 51.61 
340 1.80 0.20 8.96 54.97 360 1.13 0.12 9.09 47.11 
352 3.67 0.14 25.42 48.74 370 1.44 0.14 10.13 43.73 
370 2.95 0.29 10.23 49.85 380 1.79 0.19 9.57 49.79 
378 1.69 0.17 9.94 43.60 390 1.83 0.17 10.58 50.38 
386 0.99 0.14 7.17 46.66 400 1.35 0.16 8.53 56.89 
392 1.56 0.35 4.46 42.79 410 1.59 0.16 10.14 52.92 
396 0.65 42.18 420 1.36 0.14 10.00 43.43 
424 2.48 0.02 42.57 430 1.19 0.12 9.58 42.97 
428 0.90 0.12 7.34 39.67 440 1.26 0.14 9.05 46.83 
436 2.33 0.27 8.61 44.62 450 0.95 0.12 7.88 45.10 
440 1.88 0.24 8.01 46.26 460 1.33 0.16 8.29 56.36 

470 1.79 0.22 8.13 66.00 
480 1.28 0.15 8.31 57.89 
490 0.68 0.10 7.08 50.09 
500 0.89 0.11 7.89 49.54 
510 1.68 0.21 8.11 54.11 
520 1.42 0.16 9.04 47.35 
530 1.07 0.12 8.77 46.91 



Table 5.8 

Sedimentary carbon (813Corg) and nitrogen (815Norg) isotopes in cores 
AAS-42/15 and AAS-42/12A. 

AAS-42/15  AAS-42/12A 
Core

Depth 
(cm)  

" scorg  
(%o) 

15 8Norg 
(%o) 

Core 
Depth 
(cm) 

8"corg  
(%o) 

815 N org  
(%o) 

0  -19.93 9.31 0 -20.64 8.88 
10  -22.68 8.74 10 -19.90 8.07 
20  -22.72 8.35 20 -18.92 7.75 
30  -21.20 7.29 30 -18.96 7.72 
48  -18.69 7.50 40 -18.82 6.86 
50  -19.01 8.01 50 -18.79 7.26 
70  -18.54 7.51 60 -18.82 7.21 
80  -19.13 7.32 70 -18.74 7.11 
116  -18.65 7.97 80 -18.89 8.65 
124  -19.05 7.69 90 -18.90 8.11 
130  -19.22 9.05 100 -19.21 6.46 
138  -20.51 8.61 110 -19.40 6.86 
150  -19.20 9.49 120 -18.96 7.93 
160  -18.89 7.66 130 -20.25 6.88 168  -20.08 8.48 140 -19.19 7.47 
174  -20.34 8.26 150 -19.16 7.57 
180  -19.52 6.67 160 -19.13 6.66 
188  -19.36 6.56 170 -19.17 6.72 
192  -20.00 6.56 180 -19.72 7.40 
198  -19.67 6.43 190 -19.69 8.08 
202  -19.16 6.73 200 -19.53 7.28 
212  -19.66 6.86 210 -18.91 6.38 
218  -19.98 8.18 220 -19.34 6.87 
230  -18.38 8.20 230 -19.49 7.26 
240  -18.66 7.59 240 -19.06 6.10 
250  -19.26 8.17 250 -21.00 6.27 
258  -18.24 7.00 260 -19.38 7.74 
264  -18.25 7.17 270 -19.38 7.52 
270  -18.63 8.57 280 -19.61 7.12 
280  -19.29 8.83 290 -19.34 6.33 
290  -20.63 9.19 300 -18.90 6.10 
298  -20.55 7.83 310 -18.97 7.13 
304  -18.79 7.12 320 -19.48 7.48 
312  -21.54 8.06 330 -19.24 7.15 
320  -20.24 8.37 340 -19.41 6.68 
326  -18.64 7.87 350 -19.89 5.89 
340  -19.17 7.71 360 -19.46 5.53 
352  -19.33 8.30 370 -19.10 5.53 
370  -18.99 8.24 380 -18.98 6.45 
378  -19.75 7.85 390 -18.87 6.69 
386  -18.99 7.17 400 -19.02 7.99 
392  -20.52 6.73 410 -19.06 6.17 
396  -19.34 6.74 420 -19.18 6.65 
424  -21.56 8.36 430 -19.60 6.31 
428  -18.82 7.44 440 -19.53 6.69 
436  -21.45 8.51 450 -18.80 6.79 
440  -19.00 8.73 460 -19.23 7.56 

470 -18.61 7.06 
480 -19.66 7.80 
490 -18.73 6.83 
500 -19.18 7.23 
510 -19.28 7.08 
520 -19.80 6.45 
530 -19.18 6.90 



Table 5.9 

Major element (Al, Fe, Mg, Ti) concentration for core AAS-42/15. 

Core 
Depth (cm) 

Al 
(%) 

Fe 
(%) 

Mg 
(%) 

Ti 
(%) 

0 2.19 1.64 1.21 0.15 
10 1.67 1.20 1.31 0.11 
20 2.42 1.74 1.32 0.15 
30 3.00 2.13 1.55 0.20 
48 3.03 1.88 1.52 0.20 
50 3.06 2.08 1.59 0.20 
70 3.53 2.48 1.67 0.23 
80 3.41 2.26 1.58 0.22 
116 3.45 2.22 1.73 0.22 
124 3.85 2.56 1.72 0.24 
130 3.48 2.40 1.73 0.23 
138 3.67 2.54 1.64 0.24 
150 2.95 2.12 1.63 0.20 
160 3.27 2.10 1.54 0.20 
168 3.19 2.13 1.63 0.19 
174 3.36 2.02 1.66 0.20 
180 3.99 2.42 1.72 0.23 
188 4.04 2.71 1.84 0.24 
192 4.33 2.67 1.72 0.26 
198 4.84 2.84 1.85 0.26 
202 5.22 3.08 1.81 0.28 
212 5.04 3.14 1.95 0.27 
218 4.77 3.08 1.91 0.26 
230 5.16 3.10 1.80 0.26 
240 4.75 3.13 1.73 0.27 
250 4.33 2.64 1.79 0.24 
258 5.12 2.99 1.78 0.28 
264 5.11 2.94 1.71 0.27 
270 4.05 2.70 1.52 0.22 
280 3.59 2.10 1.40 0.19 
290 3.85 2.21 1.58 0.21 
298 4.22 2.42 1.64 0.22 
304 5.21 3.09 1.71 0.28 
312 4.24 2.50 1.56 0.23 
320 3.96 2.35 1.59 0.21 
326 3.55 2.07 1.38 0.19 
340 3.07 2.06 1.37 0.18 
352 3.36 2.02 1.50 0.18 
370 3.53 2.23 1.46 0.21 
378 3.37 2.03 1.55 0.20 
386 4.08 2.34 1.63 0.24 
392 4.03 2.27 1.72 0.24 
396 4.39 2.41 1.74 0.25 
424 4.30 2.51 1.72 0.24 
428 4.66 2.71 1.57 0.25 
436 3.74 2.25 1.60 0.21 
440 3.73 2.33 1.60 0.21 



Table 5.10 

Major element (Al, Fe, Mg, Ti) concentration for core AAS-42/12A. 

Core 
Depth (cm) 

Al 
(%) 

Fe 
(%) 

Mg 
(%) 

Ti 
(%) 

0 1.68 1.12 1.06 0.11 
10 2.12 1.45 1.22 0.13 
20 3.62 2.42 1.83 0.22 
30 3.25 2.23 1.68 0.20 
40 3.52 2.40 1.80 0.22 
50 3.36 2.20 1.74 0.20 
60 3.33 2.12 1.69 0.20 
70 3.30 1.85 1.68 0.20 
80 2.73 1.67 1.40 0.16 
90 2.67 1.61 1.34 0.16 
100 4.32 2.61 1.85 0.24 
110 3.93 2.45 1.66 0.21 
120 2.07 1.35 1.08 0.12 
130 2.69 1.96 1.38 0.16 
140 3.46 2.37 1.71 0.22 
150 3.62 2.47 1.75 0.23 
160 4.26 3.49 2.01 0.25 
170 4.48 2.68 1.96 0.25 
180 4.02 2.51 1.85 0.23 
190 3.73 2.44 1.79 0.21 
200 3.38 1.99 1.54 0.18 
210 4.28 2.44 1.77 0.23 
220 3.46 2.12 1.48 0.19 
230 3.46 2.02 1.49 0.20 
240 3.82 2.37 1.61 0.20 
250 4.10 2.67 1.71 0.22 
260 2.50 1.73 1.21 0.15 
270 2.45 1.71 1.19 0.15 
280 3.68 2.24 1.57 0.21 
290 4.32 2.94 1.77 0.23 
300 4.33 2.83 1.80 0.24 
310 3.54 2.13 1.49 0.20 
320 2.41 1.52 1.13 0.14 
330 2.38 1.42 1.15 0.14 
340 3.49 3.00 1.58 0.21 
350 3.67 2.41 1.52 0.22 
360 4.19 2.55 1.61 0.24 
370 4.62 2.86 1.70 0.24 
380 3.73 2.36 1.49 0.20 
390 3.82 2.46 1.43 0.20 
400 3.14 1.86 1.32 0.17 
410 4.62 2.86 1.89 0.25 
420 4.64 2.68 1.83 0.24 
430 4.67 2.53 1.80 0.24 
440 4.26 2.44 1.70 0.22 
450 4.75 2.70 1.79 0.25 
460 2.46 1.44 1.12 0.14 
470 3.21 1.85 1.34 0.18 
480 3.10 1.85 1.35 0.18 
490 3.55 2.80 1.56 0.21 
500 3.84 2.53 1.68 0.22 
510 3.42 2.08 1.58 0.20 
520 3.68 2.28 1.67 0.20 
530 3.70 2.32 1.59 0.20 



Table 5.11. 

Geochemistry of trace elements used to characterize the redox state of sedimentary depositional environments. Data 
sources: (1) Boyle et al. (1976), (2) Bruland (1978); Knauer and Martin (1981), (3) McCorkle and Klinkhammer (1991), (4) 
Boyle et al. (1977), (5)Sawlan and Murray (1983); Heggie et al. (1987), (6)Landing and Bruland (1980), (7) Martin and Knauer 
(1984), (8)Froelich et al. (1979), (9) Landing and Bruland (1987), (10) Collier (1985), (11) Shaw et al. (1990), (12) Emerson and 
Huested (1991), (13)Collier (1984), (14)Brumsack and Gieskes (1983) 

Element 
Oxic 

Oxidation 
state 

Speciation 
in oxic 

seawater 

Processes 
controlling 

distribution in 
oxic seawater 

Reduced 
Oxidation 

state 

Speciation in 
reduced 

environment 

Processes controlling 
accumulation in sediments 

Fe 
Fe (III) Fe(OH)3( S) 

Nutrient cycling, 
non-conservative 

(9) 
Fe (II) Fe2+  (aq) 

Precipitates as hydroxides. Delivery 
by detrital material (9). FeOOH 

reduction (8) 
Mn Mn(IV) Mn(OH)4(s) non-conservative 

(6) 
Mn(II) Mn2+  (aq) Precipitates as hydroxides. Delivery 

by detrital material (7). Mn02 
reduction (8) 

Cd Cd (II) CdC1 +  (aq) Nutrient cycling, 
non-conservative 

(1) 

Cd(II) CdS(s) Precipitation in presence of free 
sulfide. Released during diagenesis 

of organic matter (2). Complexes 
strongly with bisulfide (3). 

Cu Cu (II) CuCl +  (aq) Nutrient cycling, 
non-conservative 

(4) 

Cu(II), 
Cu(I) 

CuS(s), Cu2S Precipitates as disseminated 
sulfides and released during 

diagenesis of organic matter (5). 
Mo Mo(VI) Mo042- 

 (aq) 
Conservative (10) Mo(V), 

Mo(IV) 
Mo02+(aq), 

MoS2(s) 
Diffusion across sediment-water 
interface to precipitate at depth 

(11,12), Mn02 reduction (11), direct 
Mo-Sulfide precipitation (19) 

V V(V) HVO42-(aq) 
H2VO4_ 

(aq) 

some nutrient 
cycling, nearly 

conservative (13) 

V(IV), 
V(III) 

V02+(aq), 
VO(OH)3(aq) 

V(OH)3(aq) 

Mn02 and FeOOH reduction (11), 
diffusion (11,12), Accumulation in 
anoxic sediments. Reduced V(IV) 

strongly scavenged (14). 



Table 5.12 

Elemetal (Ba, Sr, Co, Cr, Cu, Mn, Mo, V, P) concentration for core 

AAS-42/15. 

Core 
Depth 
(cm) 

Ba 
(ug/g) 

Sr 
(ug/g) 

Co 
(ug/g) 

Cr 
(ug/g) 

Cu 
(ug/g) 

Mn 
(ug/g) 

Mo 
(ug/g) 

V 
(ug/g) 

P 
(ug/g) 

0 492 877 11 22 32 34 44 523 
10 372 763 3 8 22 269 24 44 324 
20 391 861 16 21 367 36 43 405 
30 283 840 26 21 269 45 42 404 
48 390 720 1 28 18 247 39 87 486 
50 367 716 6 33 16 243 50 70 528 
70 351 720 5 30 23 268 50 81 591 
80 381 831 31 23 241 46 53 675 
116 365 752 6 32 17 257 46 74 595 
124 488 766 4 37 19 251 54 69 633 
130 516 769 1 32 19 235 49 40 639 
138 459 790 5 46 22 241 52 41 627 
150 443 814 4 31 15 224 44 81 578 
160 331 861 32 23 249 45 44 541 
168 343 819 3 29 15 249 46 50 528 
174 321 814 3 28 24 256 42 43 537 
180 297 813 26 19 275 51 77 432 
188 348 618 0 32 15 262 59 79 497 
192 351 715 3 37 35 285 56 90 487 
198 372 585 46 21 289 62 87 515 
202 423 580 3 51 25 310 66 101 547 
212 418 568 5 44 41 287 66 109 561 
218 396 562 37 33 266 64 95 555 
230 447 591 1 47 35 291 67 95 517 
240 365 641 3 40 42 283 67 90 554 
250 381 704 0 49 24 316 58 82 590 
258 341 556 3 41 15 285 64 84 476 
264 418 589 4 37 26 287 65 88 481 
270 532 796 5 38 23 271 56 90 516 
280 487 841 6 36 29 255 46 76 509 
290 462 841 5 38 33 277 48 78 559 
298 464 702 5 37 33 268 55 73 538 
304 468 592 5 52 17 296 68 90 527 
312 597 774 5 42 37 278 57 67 486 
320 607 782 6 44 44 267 53 99 572 
326 658 849 3 33 21 257 48 71 586 
340 252 996 3 26 19 220 48 60 481 
352 389 858 1 38 28 235 46 71 601 
370 379 887 10 35 13 284 52 76 646 
378 304 760 6 31 19 285 46 71 564 
386 318 749 3 36 28 317 53 86 538 
392 318 745 4 39 18 298 51 77 510 
396 314 705 43 22 304 57 74 445 
424 375 711 4 49 17 310 57 88 586 
428 348 629 6 41 21 270 64 82 474 
436 403 813 5 38 23 312 50 94 601 
440 380 814 10 37 13 311 53 72 570 



Table 5.13 

Elemental (Ba, Sr, Cr, Cu, Mn, Mo, V, P) concentration for core 

AAS-42/12A. 

Core 
Depth 
(cm) 

Ba 
(ugig) 

Sr 
(ugig) 

Cr 
(ugig) 

Cu 
(ugig)  

Mn 
(ug/g) 

Mo 
(ugig) 

V 
(ugig) 

P 
(ugig) 

0 334 1027 26 17 186 22 27 380 
10 363 1040 34 28 208 30 38 437 
20 352 797 44 32 339 49 72 505 
30 383 779 43 29 176 46 55 475 
40 330 726 52 26 187 47 79 496 
50 294 773 35 20 179 46 72 478 
60 274 800 43 19 175 44 68 434 
70 284 850 43 21 176 38 64 477 
80 311 947 31 29 135 35 56 454 
90 285 943 31 35 132 34 54 403 
100 286 706 44 21 218 55 73 442 
110 317 727 39 39 183 53 60 446 
120 277 933 30 8 107 28 34 396 
130 344 899 26 5 143 42 55 403 
140 383 836 51 43 190 49 76 470 
150 315 802 46 38 212 53 81 938 
160 297 702 44 18 237 76 91 470 
170 303 720 48 16 233 57 87 433 
180 309 757 46 16 224 56 84 459 
190 337 784 42 19 217 55 81 477 
200 277 876 35 27 183 43 124 399 
210 370 763 40 27 230 54 84 424 
220 318 849 27 38 189 45 64 452 
230 328 862 32 51 195 45 56 442 
240 327 794 35 17 207 52 60 299 
250 389 791 43 11 225 58 68 477 
260 299 953 21 13 158 38 56 395 
270 335 975 33 18 149 38 55 396 
280 281 863 31 13 206 48 68 398 
290 338 699 46 19 217 64 75 420 
300 360 746 41 23 215 62 88 468 
310 337 928 30 25 183 47 80 432 
320 291 1142 28 10 160 33 48 451 
330 315 1063 26 9 160 31 40 467 
340 296 863 43 16 186 63 67 508 
350 289 916 30 18 196 51 83 517 
360 271 821 40 27 208 54 81 395 
370 340 837 42 24 228 62 85 481 
380 290 962 34 16 201 50 80 488 
390 366 903 38 21 184 55 56 446 
400 356 951 37 49 170 39 60 600 
410 366 768 38 107 233 64 98 583 
420 361 806 38 24 241 60 78 554 
430 316 830 42 35 247 56 86 562 
440 312 920 39 23 245 52 78 554 
450 337 799 47 36 239 60 84 439 
460 309 958 19 40 123 33 47 454 
470 315 979 36 19 169 41 53 533 
480 334 995 33 13 174 40 43 560 
490 405 818 35 62 175 62 67 454 
500 361 780 37 7 187 56 70 433 
510 355 948 49 17 189 46 62 467 
520 347 933 38 26 203 50 77 450 
530 329 845 33 194 53 70 406 



Table 5.14 

Element/AI ratio of Ba, Sr, Co, Cr, Cu, Mn, Mo, V and P for core 

AAS-42/15 

Core 
Depth 
(cm) 

Ba/AI 
x104  

Sr/AI 
x104  

Co/AI 
x104  

Cr/AI 
X104  

Cu/AI 
x104  

Mn/AI 
x104  

Mo/AI 
x104  

V/AI 
x104  

P/AI 
x104  

0 224 399 5 10 14 15 20 238 

10 222 455 2 5 13 161 14 26 194 

20 161 355 0 7 9 151 15 18 167 

30 94 280 0 9 7 90 15 14 135 

48 128 237 0 9 6 81 13 29 160 

50 120 234 2 11 5 79 16 23 173 

70 100 204 2 9 6 76 14 23 168 

80 112 244 0 9 7 71 13 16 198 

116 106 218 2 9 5 75 13 21 172 

124 127 199 1 10 5 65 14 18 164 

130 148 221 0 9 6 68 14 12 184 

138 125 215 1 13 6 66 14 11 171 

150 150 276 1 10 5 76 15 28 196 

160 101 263 0 10 7 76 14 13 165 

168 108 257 1 9 5 78 15 16 165 

174 96 242 1 8 7 76 12 13 160 

180 74 203 0 6 5 69 13 19 108 

188 86 153 0 8 4 65 15 19 123 

192 81 165 1 9 8 66 13 21 112 

198 77 121 0 10 4 60 13 18 107 

202 81 111 10 5 59 13 19 105 

212 83 113 1 9 8 57 13 22 111 

218 83 118 0 8 7 56 13 20 116 

230 87 114 0 9 7 56 13 18 100 

240 77 135 1 8 9 60 14 19 117 

250 88 163 0 11 5 73 13 19 136 

258 67 108 8 3 56 12 16 93 

264 82 115 1 7 5 56 13 17 94 

270 131 196 1 9 6 67 14 22 127 

280 136 234 2 10 8 71 13 21 142 

290 120 218 1 10 9 72 12 20 145 

298 110 166 1 9 8 64 13 17 128 

304 90 114 1 10 3 57 13 17 101 

312 141 183 10 9 66 13 16 115 

320 153 197 1 11 11 67 13 25 144 

326 185 239 9 6 72 13 20 165 

340 82 325 1 8 6 72 16 20 157 

352 116 255 0 11 8 70 14 21 179 

370 107 251 3 10 4 81 15 21 183 

378 90 225 2 9 6 85 14 21 167 

386 78 184 1 9 7 78 13 21 132 

392 79 185 1 10 5 74 13 19 127 

396 72 161 10 5 69 13 17 101 

424 87 165 1 11 4 72 13 20 136 

428 75 135 9 4 58 14 18 102 

436 108 217 1 10 6 83 13 25 161 

440 102 218 3 10 3 83 14 19 153 



Table 5.15 

Element/AI ratio of Ba, Sr, Cr, Cu, Mn, Mo, V and P for core 

AAS-42/12A. 

Core 
Depth 
(cm) 

Ba/AI 
xie 

Sr/AI 
xie 

Cr/AI 
x10-4 

Cu/AI 
x10-4 

M n/AI 
xie 

Mo/AI 
xie 

V/AI 
xie 

P/AI 
x10-4 

0 198 610 16 10 110 13 16 225 
10 172 491 16 13 98 14 18 206 
20 97 220 12 9 94 14 20 140 
30 118 240 13 9 54 14 17 146 

40 94 206 15 7 53 13 22 141 
50 88 230 10 6 53 14 21 142 
60 82 240 13 6 53 13 21 130 
70 86 258 13 6 53 12 20 144 
80 114 347 11 11 50 13 20 167 
90 107 353 12 13 49 13 20 151 
100 66 163 10 5 51 13 17 102 

110 81 185 10 10 46 14 15 113 
120 134 451 15 4 52 14 16 191 
130 128 335 10 2 53 16 21 150 
140 111 242 15 13 55 14 22 136 
150 87 222 13 10 59 15 22 259 
160 70 165 10 4 56 18 21 110 
170 68 161 11 4 52 13 19 97 
180 77 188 11 4 56 14 21 114 

190 90 210 11 5 58 15 22 128 
200 82 259 10 8 54 13 37 118 
210 86 178 9 6 54 13 20 99 
220 92 245 8 11 55 13 18 131 
230 95 250 9 15 56 13 16 128 
240 86 208 9 4 54 14 16 78 
250 95 193 10 3 55 14 17 117 
260 120 381 9 5 63 15 22 158 
270 137 398 13 7 61 15 23 162 
280 76 235 8 4 56 13 19 108 
290 78 162 11 4 50 15 17 97 

300 83 172 9 5 50 14 20 108 
310 95 262 9 7 52 13 23 122 
320 121 474 11 4 66 14 20 187 
330 132 447 11 4 67 13 17 196 
340 85 247 12 4 53 18 19 145 

350 79 250 8 5 53 14 23 141 
360 65 196 9 6 50 13 19 94 
370 74 181 9 5 49 13 18 104 
380 78 258 9 4 54 13 21 131 

390 96 236 10 6 48 14 15 117 
400 113 303 12 16 54 12 19 191 
410 79 166 8 23 50 14 21 126 
420 78 174 8 5 52 13 17 119 
430 68 178 9 7 53 12 18 120 

440 73 216 9 5 58 12 18 130 
450 71 168 10 8 50 13 18 92 
460 126 389 8 16 50 13 19 184 
470 98 305 11 6 53 13 16 166 
480 108 321 11 4 56 13 14 181 

490 114 230 10 17 49 17 19 128 
500 94 203 10 2 49 15 18 113 
510 104 277 14 5 55 13 18 137 
520 94 254 10 7 55 14 21 122 

530 89 228 9 52 14 19 110 
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Chapter 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 	Conclusions 

This chapter summarizes the results and findings of the present work, 

mainly on the changes in the oxygen minimum zone of the coastal waters and 

the deep Arabian Sea. Sedimentological and paleoceanographical studies 

were carried out on three coastal shallow and two open ocean deep cores. 

Studies based on multiple geological proxies are integrated and paleo-climatic 

conditions on centennial and millennial timescales during the glacial-

interglacial periods have been suggested. The following points summarize the 

salient features and findings of this study: 

1. Various proxies (Corg, Norg, CaCO3, C/N, Si02, 613Corg , 815Norg , Al, Fe, Mg, 

Sr, Mn, V, Co, Mo, Ba, Cu, Cr and Ni) analyzed in the three shallow 

cores raised from the inner- and mid-shelf areas that are seasonally 

overlain by suboxic/anoxic waters, at present, exhibit significant 

downcore variations. 

2. A consistent trend in enhanced productivity over the past few decades is 

found in the shallow cores records. In most probability this increase is a 

consequence of human activities (fertilizer inputs from land). 

3. Higher values of Corg  in all the shallow cores (especially in SaSu-3B) at 

depths, indicative of the last few decades reveals the preservation of 

organic carbon due to unavailability of sufficient oxygen to oxidize huge 
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amount of organic matter sinking due to high productivity. 

4. Terrestrial input tracers (6 13Corg , C/N), clearly indicated the organic 

matter to be of marine origin; though nitrogenous based fertilizers 

discharge is expected to increase C/N ratio but the actual increase does 

not seem to be significant. 

5. Despite the increased surface productivity, which is expected to result in 

higher rate of near-bottom denitrification (the evidence for which is 

available from the water column measurements), the sediments do not 

exhibit an enhanced 6 15N signal. Nevertheless, 6 15N might still serve as a 

proxy of denitrification in deeper sediments (CR-2), particularly during 

the Little Ice Age. 

6. Redox sensitive trace metals in the shallow cores revealed no clear 

trends in their variability, except indicating a general persistence of 

reducing conditions throughout the depositional period. 

7. Down core oxygen isotope records of planktic foraminifers 

Globigerinoide ruber, in the two deep ocean cores, revealed the 

difference in amplitudes of 6 180 values (-1.55 & -1.43%0) between the 

LGM and Holocene to be a result of the global continental ice volume 

effect and an increase in the sea surface temperature by -2°C during the 

Holocene. 

8. The benthic amplitude value of 6 180C.wuellerstorfi of -1.25%0, represents the 

'ice volume effect' (-1.2%o), thus supporting the assumption that bottom 

water temperatures are nearly unchanged during the last glacial-

interglacial period. 
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9. The maximum in 613C value of planktics observed during the early 

Holocene, early OIS 3 and late OIS 5 (interglacial stages), is due to the 

enhanced monsoonal precipitation resulting in an increase in C3 

vegetation (trees preferentially use 12C) and 613C of the atmospheric 

CO2. This increases the surface seawater 6 13C giving rise to high 8 13C in 

planktics. 

10. The observed lower values of 613C during glacial periods indicated that 

they were due to the climatic variations and are devoid from effects of 

any denitrification or upwelled waters, which was inferred from the co-

variability between 6 180 and 613C of planktics. 

11. The benthic 613C record exhibits high and low values during the 

interglacial and glacial stages, respectively, for both the cores suggesting 

the bottom waters to be well oxygenated. The highly depleted value of 

613C observed during the glacial stage 6 (AAS-42/15) is attributed to the 

combined effect of microhabitat and remineralization. 

12. The coherent glacial-interglacial down core variations of Corg with 

respective low and high contents indicate higher productivity during the 

interglacial periods due to intense upwelling triggered by strong 

southwest monsoons and low productivity during glacial periods to that of 

reduced upwelling because of weakened monsoons. 

13. The Corg  flux profile, CaCO3 and 6 13C of G. ruber profiles also exhibit a 

similar trend as that of Corg, indicating higher productivity during the 

interglacial than the glacial periods. 
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14. The down core variations in carbon isotope ratios of organic matter 

(613Corg), and the C/N weight ratio, in both deep cores indicate that the 

Corg  is dominantly of marine in nature. However, the observed 6 13Corg 

variations may correspond to varying supply of organic matter from 

terrestrial and marine sources. 

15. A relaxation/cessation of denitrification during the glacial periods and its 

intensification during interglacial times, as suggested by earlier works, is 

confirmed by results of this study. The sediments are also confirmed to 

be relatively less affected by diagenetic changes, with high intensity of 

denitrification during interglacial period and strong OMZ driven by 

increased productivity. 

16. The downcore variations in Ti, Al, Fe and Mg of both cores, mirrored the 

surface productivity proxies, namely CaCO3 and Corg. The observed 

distributions of detrital elements (Ti, Al, Fe, Mg), is due to their 

concentration in the clay fraction, and showed negative relations with 

CaCO3 (a productivity/monsoonal proxy). 

17. A comparison of the detrital/lithogenic elements with the productivity 

proxies, reveal that the negative trends were observed in all the glacial-

interglacial stages. Therefore, the low abundance of detrital/lithogenic 

elements is due to dilution by biogenic materials during high productivity 

and vice versa. 

18. The down core variation of Sr/AI was similar to CaCO3 during all the 

glacial-interglacial stages suggesting their close association [r=0.86 

(AAS-41/15) and r=0.89 (AAS-42/12A)]. Since most of the Sr is expected 
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to have been derived from the aragonitic phase (which is the main 

mineral), its association with carbonate fraction could be proportional and 

linear. 

19. Enrichment and depletion of redox sensitive metals in sediments reflects 

the changes in the intensity of the OMZ. Decreased Mn and Fe 

concentrations observed during the glacial periods when the productivity 

was less and higher values during the interglacial even when the 

productivity was high, irrespective of the reducing conditions in the 

intermediate waters suggest that, Fe and Mn are influenced by bottom 

waters at the time of deposition and indicate the bottom water conditions, 

rather than indicating the signatures of suboxic intermediate waters. 

Close observations at the profiles indicate the behavior to be present 

throughout the core during all the glacial — interglacial periods. 

20. While, the enrichment of V, Co and Mo observed during the interglacial 

compared to the glacial periods, appears to be due to their association 

with particles resulting from higher productivity. The average value of 

V/AI being slightly more than the average shale value could also indicate 

its enrichment due to adsorption on Fe and Mn — oxy-hydroxides in 

oxygenated waters, again indicating the bottom water environment to be 

oxygenated. 

21. The overall depleted values of Cr in the sediments with respect to its 

shale value (both concentration and Al-normalized ratio) indicate non 

existence of reducing environments in bottom waters during deposition. 

Also Cr does not indicate any signatures of intermediate reducing waters 
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(as indicated by denitrification proxy variation), as inferred from its 

depleted values and supports the inferences drawn from other redox 

sensitive elements that they are indicative of the deposition environment 

with bottom waters being more oxygenated and do not provide any 

information about the intermediate reducing waters or the OMZ intensity. 

22. Trace metal results from both the open ocean cores confirm the tight 

coupling among ocean circulation, marine productivity and global change 

and indicate the bottom waters to be oxygenated during the time of 

sediment deposition. 

23. The glacial-interglacial distribution pattern of Ba/AI follows a similar trend 

as that of Corg with higher contents during the interglacial and lower 

contents during the glacial periods, suggesting the removal of Ba from 

seawater by adsorption on organic materials and sinking organic 

particles, whose flux increases during high productivity of interglacial 

sediments. 

24. Higher average values of Ba/AI ratio, in both the cores also indicate that 

the bottom water conditions were oxygenated during the deposition of 

sediments because had the waters been reducing, it would have 

reflected with a decreased value of Ba/AI ratio as is observed by 

McManus et al. (1998); Agnihotri et al. (2007). 

25. Thus the Ba/AI ratio in both cores follow the same pattern as Corg 

confirming that it can be employed as productivity proxy and also gives 

inferences about the bottom water conditions, whether oxic or reducing. 
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26. Covariance of P/AI and Cog in both cores, with the average value of P/AI 

being higher than the average shale value, suggests the dominant 

presence of non-detrital, biogenic P, during all the glacial-interglacial 

stages. 

27. The average values of Cu/AI also being slightly higher than the average 

shale value indicates the presence of non-detrital Cu which can be 

attributed to its nutrient type behaviour, because of which it is removed 

from the surface waters during plankton growth. 

28. Since the OMZ does not reach the seafloor at .the study sites, the 

records generated enable evaluation of changes in the intermediate as 

well as bottom waters through comparison of different proxies of 

conditions in the two domains. For example, while the sedimentary 6 15 N 

record can be taken to represent denitrification, those of benthic 8 13C 

and trace metals are expected to reflect conditions prevailing in near-

bottom waters. The most important and unexpected result obtained in 

the present study is that the environmental changes in the intermediate 

and bottom waters very often occurred in opposite directions, probably 

caused by reorganization of the subsurface circulation, over the past 

climatic cycle. 

6.2 Recommendations for further research 

The detailed multi-core and multi-proxy study from the coastal shallow 

and deep ocean sediments of the eastern Arabian Sea described in this work 

has provided valuable information on the processes influencing the 
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distribution of various chemical and isotopic proxies in these sediments. The 

study has thus brought into focus the increasing intensity of suboxia over the 

coastal regions for the last few decades and the existing decoupling of the 

intermediate waters from the bottom waters in the deep waters. This study 

also raises several intriguing questions, which need to be addressed for the 

better understanding of the complex behavior of the monsoons and its spatial 

and temporal variability. These include - 

• Whether the monsoonal variability on decadal scales can be inferred 

from coastal sediments? For which a number of coastal cores will have 

to be investigated, to provide insights into the processes through 

proxies that respond on seasonal time-scales. 

• Investigations on terrestrial inputs of organic matter due to 

anthropogenic activities needs to be looked in more detail by adopting 

more specific proxies in this regard. 

• Inferences from various proxies (from deep cores) regarding the 

dominating behavior of the southwest summer monsoon in the 

northeastern Arabian Sea at least at the coring site, needs to be 

reinforced with more detailed studies on sediment cores focusing on 

the provenance of the sediments. 

• More sediment cores from areas impinged with OMZ waters and deep 

waters, for comparison, need to be studied for the coherency among 

millennial scale variations in the OMZ intensity, denitrification and other 

paleo-climatic processes. 
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• Sediment cores along the periphery of the oxygen minimum zone (as 

demarcated by Naqvi, 1991, based on the nitrite contour) needs to be 

investigated, with all possible chemical and geological proxies to infer 

the existence and extent of paleo oxygen deficient zone in the Arabian 

Sea. 
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