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PREFACE 

The earth system has been undergoing exceptionally rhythmic climatic changes since 

beginning of the Pleistocene (2.6 Ma) in the form of alternating cold-dry glacial and warm-wet 

interglacials. These climatic cycles have been shown to have profound impact on the Indian monsoon 

system and in turn the properties of the upper water column of the northern Indian Ocean (NIO). The 

biogeochemical changes in the NIO are associated with the monsoon variability. One of the upper 

water column characteristics of NIO is existence of a perennial Oxygen Minimum Zone (OMZ), i.e. 

the subsurface zone where the dissolved Oxygen (DO) concentration is the least.  

The factors responsible for the formation and sustainment of OMZ are primary productivity, 

ventilation at thermocline depth, and mixed layer dynamics. The ventilation at OMZ depth in NIO is 

largely comprises of a mixture of Persian Gulf Water (PGW), Red Sea Water (RSW) and Subantarctic 

Mode Water (SMW). These water masses remain unchanged through the Holocene. Secondly, the 

deepening of the mixed layer depth due to turbulent wind-forced mixing during the summer monsoons 

is expected to weaken the OMZ. The modern OMZ in NIO is primarily governed by primary 

productivity, as the sources of ventilated waters remain constant throughout the year. However, the 

glacial-interglacial OMZ changes cannot be expected to be forced only by the productivity alone, 

because, the water masses ventilating the OMZ have also changed. The ventilation changes are mainly 

due to significantly decreased sill-depth at the outflow of PGW and RSW waters in to the NIO during 

the glacial time.  

In general the Arabian Sea OMZ is more intense (<10 µM of DO) between ~200 and 700 depth 

than the BoB-OMZ (> 10-15 µMol). A seasonal contrast in the dynamics of OMZ in these two basins 

has also been observed. During March to August (spring-summer) the core of Arabian Sea OMZ 

thickens by ~150 m, while the BoB-OMZ thins by ~70 m. On the other hand, during September to 

February (fall-winter) the thicknesses of the cores of both OMZs remain nearly unchanged at ~700 m 

in Arabian Sea and at ~400 m in BoB. The BoB-OMZ appears to have significantly deeper organic 

matter reminerlization depth unlike the Arabian Sea hence has distinct control on the OMZ.  

A recent study suggested that the BoB-OMZ has reached a tipping point. However, evidences 

for presence of PGW in its core, extensive eddy mixing in BoB and unlikely de-oxygenation of the 

interior of BoB even after 2100 AD, together argue against the suggested ‘tipping point’ or its further 

intensification. Although, it is known that the OMZ in the NIO has shown dramatic variation from the 

LGM to Holocene, it is not clearly known yet whether the BoB-OMZ in the Holocene (present warm 

period) has remained as observed today or it has changed. Such information may be of necessity for 

developing predictive models. The natural variation of OMZ in absence of anthropogenic forcing can 

be obtained from reconstruction of the past OMZ by extracting appropriate redox-sensitive element 
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signals buried in the sediments. Therefore, my doctoral research aims to reconstruct the past OMZ of 

the BoB. The objectives for the present study are: a) To understand the OMZ variation during the LGM 

and Holocene Periods in the waters of the eastern continental margin of India, and b) To assess the 

possible contributing factors such as productivity, ventilation and detritus input to its variation, which 

are largely connected to the summer monsoon intensity. 

 Reconstruction of changes in the dimension of OMZ through glacial-interglacial times is of 

palaeoclimatic significance, because the intensity and depth of OMZ may have varied in accordance 

with the interglacial (warm) and glacial (cold) climates as a result of concurrent monsoon variability. 

The expansion of the Arabian Sea OMZ was shown to have extended beyond the Equator at around 

Miocene-Pliocene Boundary apparently associating with extremely high productivity. The last 250 kyr 

OMZ reconstructions for the NIO have indicated that there have been times with weakest or non-

existent OMZ coinciding with lowest productivity, while the intensified OMZ was found associated 

with periods of high productivity. These palaeo-productivity studies demonstrate a potential link 

between OMZ and palaeo-monsoons via the productivity. 

The redox sensitive elements such as Mn, Co etc. in the sediments having multiple oxidation 

states in solution and solids are promising proxies for tracking changes in the DO of palaeo-oceans 

through sediment repository. If the oxygen demand by settling organic matter overwhelms the oxygen 

supply in intermediate waters then the secondary oxidants in underlying sediments such as Mn-oxides 

and -oxyhydroxides (MnOx) are utilized as source of oxygen for the decay of organic matter. It means, 

the oxic-suboxic boundary condition seems to define the Mn- oxidation and reduction boundary in the 

oceanic water. Hence the accumulation of Mn is susceptible to OMZ fluctuation. Whenever DO falls 

below a critical level (2 ml/l), the Mn starts reducing (Dickens and Owen, 1994), and gets diffused to 

deeper depths or redirects to more oxygenated region and reprecipitate. The reprecipitated MnO2 

colloidal particulates efficiently adsorb variety of dissolved cations and carry to the sediment and bury 

along with other sedimentary particles of diverse origin. Under the influence of an OMZ below the 

suboxic level, the concentration of Mn in the underlying sediments decreases as a result of its removal 

to the surrounding water as reduced (dissolved) -Mn as soon as the preformed Mn-oxide particulates in 

the sediment are reduced due to oxidation of decaying organic matter. The available dissolved Mn in 

the water column re-precipitates as Mn-oxide particulate as soon as it comes in contact with waters 

having DO above sub-oxic level. Therefore, Mn variation in the sedimentary column can be used as a 

qualitative proxy to reconstruct intermediate water oxygenation. The concentration of redox sensitive 

Mn, U, Mo, and Re which have ability to precipitate as particulate oxides and sulfides under variable 

oxygenation conditions and few bivalent cations such as Co, Cu, Ni, and Cr, which are sensitive to 

surface adsorption (scavenging) from water column hence can be used as tracers of the redox 
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variability.  

To understand past variation of oxygenation in the intermediate waters flooding the OMZ in 

BoB, a pair of sediment cores underlying most intense region of modern OMZ (core) and the base of 

the same OMZ off Chennai coast are utilized. One sediment core (SSK50-GC14A) is from a water 

depth of 325 m (core of OMZ) and second sediment core (SSK50-GC13) is from ~1474 m (base of the 

OMZ, where there is higher oxygen than in the core of OMZ). The sediment column at these water 

depths can serve as archives of palaeo-OMZ variability in both intensity and vertical extent, and 

closely associated productivity, terrigenous detritus input, and ventilation. Using elemental proxies of 

representing these processes it is feasible to understand the past OMZ variability and its connection to 

climate driven biogeochemistry of the basin via the monsoon variation.  

For bulk geochemistry the solutions prepared from HF + HClO4 digested sediment, and for 

oxide fraction analysis the leachates from acid reductive leaching techniques have been adopted and 

analyzed on simultaneous ICP-OES and ICP-MS. The δ
18

Oformainifera, and Corg and δ
13

Corg, were 

measured on continuous flow IR-MS coupled with gas bench and element analyzer at the National 

Institute of Oceanography, Goa. The quality of analytical results was assessed by analyzing 

international reference material. The statistical analysis of the data was carried out utilizing Microsoft 

Excel software. Three sections from these sediment cores were subjected to AMS-radiocarbon dating at 

Arizona University, USA.  

With the help of radiocarbon dates and 
18

OG. sacculifer and other published radiocarbon 
18

O data 

from the same region a reliable chronology for studied sediment cores has been developed. The OMZ 

sediment core (SSK50-GC14) covers the last ~40 kyr and OMZ-base Sediment core (SSK50-GC13) 

covers the last 16 kyr climate history. The well recognized global climate events are clearly evident in 

these sediment cores. The past variation of BoB-OMZ as reflected by sediment composition has been 

assessed in light forcing parameters.  

The thesis is divided in to seven chapters. The background information on climate variability and present 

day OMZ dynamics and associated biogeochemical processes in particular with respect to BoB and working 

hypothesis are presented in Chapter 1 – Introduction. The Chapter 2- Study area comprises brief description of 

regional tectonic setting, hydrography, sediment sources, climatology, and seasonal fluctuation in the OMZ etc. A 

detailes of sediment cores, sample processing and analytical protocols are given in Chapter 3 – Material and 

methods. The Chapter 4 – Results contains all the analytical results of elemental and isotopic composition in the 

form of tables and figures. The discussion and interpretation of the data in light of the published literature is 

presented in Chapter 5. The conclusions and references are provided in Chapters 6 and 7 respectively.  
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1. INTRODUCTION 

The solar energy received at the Earth’s surface (insolation) varies geographically due 

to its shape and different physical setups (land and ocean configuration). The insolation 

variation from place to place results in systematic gradient in warmth of the Earth-Ocean 

surface causing atmospheric and oceanic circulations, which bring about inter-hemispheric 

energy-balance. This energy-balancing processes along with Earth’s astronomical elements 

result in regionally characteristic weather and climate systems. The oceans play a vital role in 

dictating weather and climate, which involve pumping-in and -out a vast amount of heat 

energy between different physical spheres of the planet, viz. atmosphere, hydrosphere, 

cryosphere, and lithosphere. Amongst the entire Earth’s surface, the tropical region acts as the 

heat-generator while the polar regions as heat absorbers. The global thermohaline circulation 

redistributes the tropical heat-energy across the hemispheres via the oceans (Figure 1), and 

plays a decisive role in climate system (Broecker, 1997). Thus, the hydrosphere largely 

governs the global climatic state, wherein the solar energy acts as the fuel for this engine. 

The Earth’s climate is continuously and rhythmically changed since its formation. A 

climate change can be considered as the result of perturbations induced by variation in the 

insolation activity (i.e., continuously changing Earth’s orbital parameters), volcanic activity, 

changes in atmospheric composition of greenhouse gases, etc. The paleoclimatology deals 

with climate dynamics through the evolutionary history of earth. This branch of science aims 

to track climatic episodes that happened in the past on various time-scales such as decadal, 

centennial and millennial scale. The climate linkage with other processes on the planet 

encompassing biosphere, atmosphere, hydrosphere, cryosphere and lithosphere is an important 

component of the paleoclimate research. In a nutshell, the paleoclimate can be considered as a 

systematic study of the Earth System and intricate relationships between various components 

of this system in the past.  

The physicochemical and biogeochemical imprints preserved in various repositories 

can be used as paleo-records. As the paleoclimate is concerned only with the changes occurred 

prior to the instrument era (geological time-scales), it cannot measure the components of the 

climate system directly. Therefore, the ice cores, tree-rings, marine and lake sediment cores, 

stalactites and stalagmites, etc are utilized as reliable repositories of past climate, because their 

deposition is progressive through the time. The evidences for paleoclimatic variation are 

extracted from the above repositories through chemical, isotopic, mineralogical, biological, 

physical etc signatures which are known as proxies. 
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Figure1. Schematic diagram of the deep ocean thermohaline circulation. Blue arrows indicate cold deep-water 

currents originating in North Atlantic and red arrows indicate warm returning surface current to the 

origin. This circulation scheme is also termed as Atlantic Meridional Overturning Circulation (AMOC). 

This figure represents resultant structure of circulation loop on long time-scale of few hundreds of years 

(500-800 years) (Rahmstorf, 2003). Therefore, it is a highly simplified long-term average pattern of a 

complex deep current system. Figure source: Wikipedia (February 2018). 

Almost all the major components of the Earth System can be reconstructed via the 

paleoclimate proxies. The time-series of these proxy data provide substantial evidences to 

reconstruct earth’s climate over millions of years (Bradley, 1999). Through the paleoclimate 

reconstructions one can provide baseline natural variability of different components of the 

climate system over which the anthropogenically forced climate changes are imprinted. This 

baseline information in fact is a necessity to unscramble natural changes and human induced 

changes from the overall resultant climate we experience and to assist in developing reliable 

predictive climate models. 

1.1. Astronomical forcing of the Earth’s climate. 

In the last few decades the cyclic changes in the geometry of the Earth’s orbital 

parameters have been found to be closely associated with Earth’s natural climate. These 

parameters are, the degree of ellipticity in the Earth’s orbit around the Sun (eccentricity), tilt 

angle in the rotation axis of the Earth (obliquity), and wobbling or orientation of the rotation 

axis (precession) (Figure 2) having periodicities of roughly 100000, 40000 and 20000 years 

respectively (Milankovitch, 1941). These changes in the orbital parameters results in 

continuously changing insolation (W/m
2
) received at the earth surface through time, which is 

the basic fuel or fundamental driver of the climate or weather systems. Therefore, in 

paleoclimate records the above periodicities have been recognized and evaluated (see Hays et 

al., 1976; Shackleton, 1987; 2000).  
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Figure 2. Milankovitch pace maker of climate which explains earth’s orbital variations that affect the insolation 

received at the surface of the earth. Figure source: www.frontiersofsci.org 

The Quaternary climate records show rythemic perturbations in climate as a result of 

changes in the Earth’s orbital parameters. Within the last two glacial cycles at around 100 ky 

cyclicity, twenty-six well expressed temperature oscillations termed as Dansgaard-Oeschger 

cycles (DOC) have been recorded in the Greenland ice-cores (Dansgaard et al., 1993; Grootes 

et al., 1993), with alternate warm inter-stadials and cold stadials occurring on an average 

interval of 1470 years (Bond et al., 1997), and ice rafting events known as Heinrich events 

(Bond et al., 1992). The glaciation in the northern hemisphere is terminated by rapid de-

glaciation at Bølling- Alleord warm period at 14.5 ka BP, which is terminated by rapid cooling 

at Younger Dryas (YD) at 12.5 ka BP that extends for about 1000 years and ended abruptly at 

the commencement of present warm period Holocene (11.8 ka BP).  

The Holocene, a latest interglacial phase of the Quaternary witnessed a remarkable 

stability in global temperature and sea level. The climatic variation within the Holocene 

although appears stable includes millennial scale temperature oscillations as medieval warm 

period and succeeding little ice age with 2°C temperature drop (Miller et al., 2012) and 

significant cooling in the northern hemisphere at 8.2 ka (Alley and Augustsdottir, 2005). 

Several previous reports suggest a close link between the global climate and regional weather 

systems. 

The Indian monsoon system is one of such regional weather system affecting the 

biogeochemistry of the northern Indian Ocean comprising two highly dynamic basins viz., 

http://www.frontiersofsci.org/sites/files/frontiersofsci/files/FoSO_demenocal_sem2_activity_africa_answers.pdf
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Arabian Sea (AS) and the Bay of Bengal (BoB). In a recent study, the changes in inter-

hemispheric heat transfer associated with changing intensity of the Indian Monsoon System 

(ISM) have been shown to have caused reversals in the polar climates during the last deglacial 

transition (Banakar et al., 2017). Therefore, the ISM may not be simply a passive follower of 

the global climate as thought previously, but it has potential to contribute to the global climate 

variation. It is well known that this monsoon system has definite bearing on the 

biogeochemistry of the northern Indian Ocean in the modern times (Dileep Kumar, 2009). 

This particular aspect is important in the present study that deals with the changes in the past 

Oxygen Minimum Zone (OMZ) in BoB.  

1.2. Oxygen minimum zone. 

The surface oceans have very high dissolved oxygen (DO) as they continuously 

interact with the atmosphere. As one moves away from the equator (tropics) towards polar-

regions, the surface water DO increases progressively with increasing latitudes (Figure 3). 

This is because, a) the miscibility of gases in water increases with decreasing temperature and 

b) the water temperature decreases with increasing latitudes caused by progressively 

decreasing insolation. Below such highly oxygenated surface water the OMZs occur. In this 

subsurface zone of few ocean basins the DO concentration reaches a lowest level <5 µM, 

particularly in the intermediate depths of coastal seas and land locked bays. The OMZ can be 

defined as a depth range in which the settling organic matter decomposes or remineralizes 

(breakdown) to yield inorganic carbon and the nutrients back into the water column. The AS 

and BoB have been shown to host nearly half of the world’s OMZ regions (Helly and Leven, 

2009). However, the OMZ in the AS is most intense leading to basin-wide dentirification 

(Codispoti et al., 2001; Naqvi et al., 2010). When the primary oxidant, the DO, is exhausted 

due to remineralization of organic matter (respiration), the secondary oxidants such as 

dissolved nitrates (primary nutrient) and Mn-oxides particulates at the seafloor provide a 

source of oxygen by breaking-down in to free oxygen, nitrous oxide (N2O) and inorganic 

carbon in case of former oxidant, and Mn
2+

 in case of latter oxidant. The nitrous oxide is 

considered as a highly potent greenhouse gas. Therefore, OMZs play an important role in 

regulating global warming and oceanic carbon- and nitrogen- cycling. 

The primary productivity in the surface and renewal of intermediate and deep water 

DO (ventilation) has been considered to be the primary drivers of the OMZs (Olson et al., 

1993). The primary productivity in the AS and BoB is very high (>500 mgC/m
2
; Kabanova, 

1963) due to monsoon forced upwelling and strong mesoscale eddies in the northern Indian 
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Ocean. As far as the BoB-OMZ is concerned, a third parameter viz., terrigenous silicate (or 

mineral grains derived from land) also play a vital role in its dynamics (Azhar et al., 2017). 

Therefore, OMZ variation in the past BoB is not as straightforward as in the AS. Thus a 

combination of three primary factors, viz., primary productivity, thermocline ventilation, and 

the terrigenous detritus input determine the past variation in the OMZ of the bay.  

 

 

Figure 3. Annual surface water dissolved oxygen concentration of World Ocean. Due to low temperature high 

latitude waters have high concentration of dissolved oxygen compared to low latitude oceans. Source: 

World Ocean Atlas, 2009 ( www.nodc.noaa.gov ). 

The oceanic surface waters (mixed layer) is oxygen saturated and in equilibrium with 

atmospheric oxygen, which is the source of DO in the ocean. The temperature of the surface 

water has two roles to play with respect to OMZ. Firstly, if the source water that ventilates a 

given OMZ is warm, then its oxygen holding capacity is less; secondly, the density of the 

water at its source region is also reduced. Both these together can intensify a given OMZ. 

Contrastingly, if the salinity of surface water at the source region is high then there shall be 

increased production of intermediate water that ventilates a given OMZ due to increased 

density that can result in weakening of the OMZ. Thus, the salinity and temperature of remote 

regions where the ventilating water mass/s is/are formed are important for development and 

sustainability of an OMZ. Under normal conditions the oxygen minima conditions are 

http://www.nodc.noaa.gov/
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localized to intense upwelling regions, which result in high primary productivity. The organic 

matter from highly productive surface water column that rains into the intermediate or 

thermocline waters undergoes bacterial degradation (remineralization or oxidation) consuming 

the DO. This process leads to rapid depletion of DO in the intermediate depths resulting in 

OMZ. Therefore, the ventilation of intermediate depths and the surface productivity in a given 

region are mainly responsible for the development of OMZ in that region.  

The re-mineralization is also responsible for the formation of OMZ. The re-

mineralization or nutrient recycling is one of the prerequisite for continuation of primary 

productivity (Cavan et al., 2017). Most of the organic matter (~80 %) gets oxidized within 

upper 1000 m water. Therefore, the well sustained OMZ regions are normally found in the 

continental margins where only aged waters (low DO waters) fill the intermediate regions of 

the oceans (Olson et al., 1993). Below the mixed layer the atmospheric oxygen cannot 

penetrate vertically downward and hence the source of DO at intermediate depths is only from 

ventilation by oxygenated waters formed elsewhere. The seafloor at about 300 m depth 

receives only a half of the total organic matter produced in the upper 100 m of photic zone, 

suggesting very high rate of remineralization or oxygen consumption below the mixed layer. 

The organic matter produced at surface decreases exponentially with depth and at the most 

only 10 % of it would reach 1000 m depth and deposit. This in turn suggests that the rate of 

DO consumption is extremely high in water depths from the base of mixed layer up to around 

300 m, which normally is the depth zone covered by most intense (least DO) part of the OMZ 

known as ‘Core of the OMZ’ in highly productive regions (for example, see Figure 4). Hence, 

the anoxia is absent below 1500 m water depth (Kamykowski and Zentara, 1990). When the 

oxygen demand by oxidizable organic matter cannot be met by the DO, the formation of OMZ 

is initiated, and when the adequate replenishment of DO is not done at these depths, the OMZ 

is sustained (Wyrtki, 1962; Kamykowski and Zentara 1990; Olson et al. 1993; Sarma, 2002; 

Paulmier and Ruiz-Pino 2009). 
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Figure 4. Vertical distribution of dissolved oxygen (a) shown along with NO3
-
 (b) and NO2

-
 (c) in the 

Arabian Sea (filled circles) and in Bay of Bengal (open circles). The insets show the station 

locations. Grey shaded area of the inset indicates perennial denitrification region. Note: 

Extremely intense OMZ in the Arabian Sea as compared to the Bay of Bengal is indicated by 

near zero concentration of DO. Figure source: Naqvi et al. (2006)  

The OMZ regions are important because, a) worlds 80 % of petroleum deposits have 

been formed from ancient organic-rich sediments of continental margins suggesting their 

formation in oxygen-depleted, b) they are the primary regions of nitrogen cycling (Codispoti 

et al., 2001), c) they are the regions which sequester significant amount of atmospheric CO2 

burying it in the sediment as organic matter (Cavan et al., 2017; van der Weijden et al., 2001), 

and d) they are known for rich microbial communities (Kiene and Bates, 1990). The OMZ are 

considered as analogous of primitive anoxia in which life is widely thought to have first 

appeared (Zumft, 1997), because there are similarities between primitive life (Archea) and 

bacteria inhabiting in OMZ. Thus, the OMZ regions are not only important in terms of 

economic importance but also in academic and climate perspective.  
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Figure 5. Global distribution of dissolved oxygen concentration at 400 m water depth exhibiting 

locations of perennial OMZ. Note the extremely depleted dissolved oxygen (pink band) in 

coastal and enclosed basins. (Cover page Figure) Figure source: www.slideplayer.com  

The vast expanses of highly depleted DO (<25 µmol/l) and nitrite-rich waters in 

interiors of the world ocean define the intense OMZ (Ulloa et al., 2012) (Figure 5), also 

known as marine dead zones. Around 400 such marine dead zones have been reported 

worldwide which closely match with human footprints (Diaz and Rosenberg, 2008); while 

very few of them are permanently anoxic (Paulmier and Ruiz-Pino, 2009). The permanent 

OMZ (Figure 5) are seen in continental margin waters hosting very high primary productivity 

(Wyrtki, 1962). Such permanent OMZs are characteristic of both the basins (AS and BoB) of 

the northern Indian Ocean and in the tropical eastern Pacific margins (Karstensen et al., 2008; 

Olson et al., 1993). The anoxic OMZs are mostly found in the AS and Pacific. Some 

researchers term these regions as AMZ (anoxic marine regions) (see Ulloa et al., 2012). The 

AMZs are characterized by sulfate reduction at the sediment surface swept by anoxic waters 

(Figure 6). The global OMZ covers an area of around 32 million sq. km. and a volume of 

around 110 million cubic km, which account for over 7 % of the total area and volume of all 

the oceans together (Paulmier and Ruiz-Pino, 2009). The less intense OMZ (within suboxic 

levels) is found in the BoB (Figure 6).  

http://www.slideplayer.com/
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Figure 6. Schematic diagrams of the different types of OMZs in the World Oceans and the vertical 

profile of important dissolved species. 

 

The dynamics of OMZ largely depends on variation in productivity and ventilation 

(Olson et al., 1993). However, recent studies have also indicated importance of detrital silicate 

particles in remineralization of settling organic matter (see Azhar et al., 2017). The changes in 

OMZ can cause wide-scale alteration in marine ecosystem (Diaz and Rosenberg, 2008). 

Recent studies indicate a severe oxygen depletion and vertical expansion of the OMZ in the 

tropical northeast Atlantic wherein nearly 15 % of habitat loss during 1960 - 2010 (Stramma et 

al., 2011). The OMZ in the northern Indian Ocean is highly dynamic and undergoes seasonal 

changes in thickness and oxygen concentration in the core (Dileep Kumar, 2009). During the 

spring summer transition (June - July) or during the onset of summer monsoon the AS 

witnesses rapidly enhanced primary productivity (Dileep kumar, 2009). As a result the OMZ 

shows a 20 % thickening and severe depletion in DO in the core of OMZ. During the 

intensification of the summer monsoon the BoB OMZ also undergoes a horizontal contraction 

of ~10 %. The increase in core thickness was found to be associated with shoaling of the upper 

limit of the core to ~20 - 30 m in the AS and extreme depletion of DO in the core without any 

effect on the horizontal extension of the OMZ. The limitation on the depth of the upper limit 

of the OMZ core is further associated with the depth of mixed layer. In other words, with 

amplified depth of mixed layer the upper limit of the OMZ deepens. Therefore, the OMZs are 

controlled by seasonal changes in the wind intensity. Thus, the summer monsoon season in the 

northern Indian Ocean that is associated intense wind mixing results in deepening of the OMZ 

and reverse happens during the winter monsoon season that is associated with strong 

stratification and thinning of the mixed layer.  



23 

 

The primary components of the OMZ dynamics in the northern Indian Ocean basins 

(productivity and ventilation, and also the organic matter remineralization depth) must have 

been affected by climate change from the glacial to interglacial type via the seasonal changes 

in the monsoon intensity. Hence, the strength of palaeo-OMZ of AS and BoB are expected to 

show differences between glacial and interglacial climates. Changes in the benthic 

foraminifera assemblages of California Basin (Cannariato and Kennett, 1999), laminated 

sediments off Pakistan (Von Rad et al., 1999; Schulte et al., 1999), and proxies of surface 

water productivity, changes in aragonite compensation depth (Reichart et al., 1998) etc clearly 

suggest climate dependent fluctuations in the OMZ of the AS, which must hold good also for 

BoB. 

1.3. Biogeochemical effect of OMZ 

A perennial OMZ can cause wide ranging effects in the biotic and abiotic components 

in the marine system. The DO concentration affects all the ecological processes in the marine 

environments. Based on the DO concentration, the OMZs and their main ecological and 

environmental characters are tabulated below. 

Table 1. Classification of physical and biological facies on different oxygenation levels (Tyson 

and Pearson, 1991). 

 

Oxygen 

(ml/L) 

Oxygenation regime 

Environmental facies 

Biofacies Physiological 

regime 

8.0-2.0 Oxic Areobic Normoxic 

2.0-0.2 

2.0-1.0 

1.0-0.5 

0.5-0.2 

Dysoxic Dysaerobic Hypoxic 

   Moderate 

   Severe 

   Extreme 

0.2-0.01 Suboxic Quasi-Anaerobic  

<0.01 Anoxic Anaerobic Anoxic 

 

As the variable concentrations of DO in the OMZ regions lead to the formation of 

different types of ecological and physiological environments, the chemical processes are also 

expected to differ accordingly. The main chemical process within the OMZ is the reduction of 

different type of inorganic substances present in the water column as well as in sediment in 
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contact with OMZ waters. A series of molecular reduction occurs once DO in the water 

column begins to decline. They are de-nitrification, oxide-reduction, sulphate-reduction and 

methanogenesis. The respiratory decomposition of the organic matter leads to the release of 

photosynthetically fixed CO2 back into the water and hence CO2 maxima are seen in the OMZ 

depths (Paulmier et al., 2010), reducing the pH of waters through the formation of carbonic 

acid, i.e., developing zones of acidification (Gobler and Baumann, 2016). It is well known that 

the acidification of oceanic waters promote dissolution of carbonate skeletons of various 

phyto-zoo-planktons deposited in the continental and slope regions and also coral reefs, in turn 

increasing the climatically very important pCO2 of the ocean surface. The chemical processes 

involved in such conditions are shown in the following equations. 

Respiration 
(CH2O) 106(NH3)16H3PO4 +138O2  H3PO4 +16HNO3 +106CO2 +122H2O 

Nitrate Reduction
  

NO3
- 
+ 6H

+
 + 6e

-
  N2 

(CH2O) 106(NH3)16H3PO4 +94.4HNO3 H3PO4 +55.2N2 +106CO2 +177.2H2O 

 

Mn-Reduction   
MnO2 + 4H

+
 +2e

-
  Mn

2+
 +2H2O 

(CH2O) 106 (NH3)16 H3PO4 +236 MnO2 + 472H
+
 H3PO4 + 236 Mn

2+ 
16 NH3 +106 CO2 +366 H2O 

Fe-Reduction    
Fe (OH)

 3
 + 3H

+
 +e

-
  Fe

2+
 +3H2O  

(CH2O) 106 (NH3)16 H3PO4 +212 Fe2O3 + 848 H
+
 H3PO4 424Fe

2+
16 NH3 + 106 CO2 +530 H2O 

Sulfate Reduction     
SO4

2- 
+ 10H

+
 + 8e

-
  H2S + 4H2O 

(CH2O) 106 (NH3)16 H3PO4 + 53 SO4
2-

  H3PO4+53 S
2- 

+ 16 NH3 +106 CO2 +106 H2O 

Methanogenesis 

CO2 + 8H
+
 + 8e

-
  CH4+ 2H2O 

(CH2O)106 (NH3)16 H3PO4  H3PO4 +16 NH3 + 53 CO2+ 53 CH3 

Immediately after utilizing free-DO by respiration (oxidation/remineralization), the 

next targets of the organic matter for oxygen (electron acceptor) is nitrate, which is achieved 

by converting NO3
-
 to gaseous nitrogen (Codispoti et al., 2001) and particulate MnO2. At the 

same time, the anaerobic oxidation- annamox- of NO
3-

 also happens in OMZ using NO2
-
 

(Murray et al., 2005; Kuypers et al., 2004; Kalvelage et al., 2013). The increased demand for 

electron acceptors (oxygen ion) by the oxidizable organic matter leads to a series of reduction 

reactions once DO drops down to a critical level normally defined as suboxic. The order of 

these reactions is nitrate reduction, MnOx reduction, FeOx reduction, SOx reduction and finally 
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methanogenesis. Hence, the concentration of reduced chemical species in the aqueous form 

(N2, Mn
2+

, Fe
2+

, H2S, and CH4) would be very high in an intense and well sustained OMZ.  

1.4. Behavior of redox sensitive elements in the OMZ 

The seafloor sediments in contact with OMZ waters is prone to develop severe 

reducing environment, where several redox-sensitive element species are subjected to 

reduction induced mobility. The OMZ intercepts in continental margin and creates permanent 

hypoxia that could persist for thousands of years (Reichart et al., 1998). The interaction of 

OMZ waters with sediment promotes reduction of oxides at sediment water interface. This 

may lead to the depleted concentrations of leachable redox sensitive elements such as Mn and 

Fe in sediment. The dispersed particulate Mn and Fe in the sediment can undergo complete 

reduction in suboxic environments. The leached elements exit from the sediment and migrate 

to more oxygenated deeper regions and re-precipitates as their oxides and hydroxides (Dickens 

and Owen, 1994). The re-precipitating Mn and Fe oxide colloids subsequently act as host 

(carrier) phase for several cations present in the ambient seawater through surface adsorption 

(Koschinsky and Halbach, 1995).  

The elements which undergo changes in their oxidation states according to redox 

variability are known as redox sensitive elements, which undergo partitioning between solid 

and solution phases. These elements (major or minor) have multiple valancy (oxidation) states 

with significantly differing solubility in seawater. Hence, the behavior of redox sensitive 

elements in both water and sediment could be reliable tools for understanding the redox 

variability in the water that impinges over sediment (Calvert and Pedersen, 1993). 

As already mentioned in above paragraphs the increased oxygen demand for the decay 

of organic matter continues even after the consumption of free-DO. From previous studies it is 

now known that there are two types of redox sensitive elements, viz., those who change the 

valancy state during reduction and those which won’t (Calvert and Pederson, 1993). The Mn, 

which is soluble in suboxic to anoxic condition and insoluble in oxic condition, and Cr, U, and 

Re, which are soluble in oxic and insoluble in anoxic are the elements which undergoes 

change in valance under different redox conditions. While Cu, Ni, Zn and Cd is soluble in oxic 

as chloride ions and adsorb to sulfates in anoxic condition to precipitate without changes in 

their valancy (Bertine, 1972; Breit and Wanty, 1991; Emerson, 1998; Emerson and Huested, 

1991;  Colodner et al., 1993; Crusius et al., 1996; Crusius & Thomson, 2000; Calvert and 

Pedersen, 1993; Tribovillard et al., 2006; Bruland, 1980). Therefore, the enrichment or 

depletion of certain elements in sediment renders them useful to track the paleo-redox status of 



26 

 

the water in contact. The Table 2 presents the state (soluble/insoluble or aqueous/solid) of few 

elements in the oxic and anoxic environments. 

            Table 2. Principal redox sensitive element species in oxic and anoxic environments 

Element Oxic Anoxic 

Mn MnO2 (s) Mn
2+

; MnCl
+ 

(aq);MnCO3 (s) 

Cr CrO4
2-

 (aq) Cr(H2O)4 (OH) 
2+

 (aq); Cr(OH)3 (s) 

Mo MoO4
2-

 (aq) MoO2
+ 

(aq); MoS2 (s) 

U UO2(CO3)3
4- 

(aq) UO2 (s) 

Re ReO
4- 

(aq) ReO2 (s); ReS2 (s); ReS7 (s) 

Cu CuCl
+ 

(aq) CuS (s); Cu2S (s) 

Ni NiCl
+
 (aq); Ni

2+
 NiS (s) 

Zn ZnCl
+ 

(aq); Zn
2+

 ZnS (s) 

Among the above element species the chemically dynamic characteristics of Mn may 

be due to its higher crustal abundance (~600 ppm: McLennan, 2001), as well as its ability to 

exist in several oxidation states (Mn
2+

 to Mn
6+

) compared to other elements. The Mn is the 

only redox sensitive element, which exists in solid phase in oxic environment along with Fe. 

Their oxy-hydroxides can act as a host for minor elements present in the ambient sea water 

during their precipitation as colloidal oxides and hydroxides (Koschinsky and Halbach, 1993). 

Hence, hydrogenous (or authigenic Mn-oxide) plays vital role in the transfer of trace elements 

to the sediments. The dominant species of Mn in sea water are Mn
2+

 and MnCl
+
. Its 

thermodynamic instability leads to its precipitation as Mn oxides and oxyhydroxides, i.e., 

MnO2 and MnOOH (together MnOx). The source of Mn to the oceanic water is the weathered 

continental crust transported by rivers and winds, hydrothermal activity and halmyrolysis 

(submarine alteration of basalts and sediment). The latter along with several sheet silicates 

carrying Mn can readily undergo chemical transformation in seawater and release several 

minor elements to the surrounding water. The fourth source of Mn to seawater is its diffusion 

from sediments which take place in reducing conditions nearly similar to halmyrolysis but 

specific to Mn-oxides. All these together enrich the seawater with primary redox sensitive 

elements, which have ability to readily re-precipitate as oxides and hydroxides as soon as they 

come in contact with waters having DO above suboxic level. Thus, the suboxic water roughly 

defines the boundary between dissolved and particulate Mn or Fe phases. The hydrothermal 

input of Mn is rather highly localized to mid-ocean ridges and is removed quickly from the 
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water as oxide in the vicinity of hydrothermal plumes hence an insignificant contributor to the 

OMZ regions. Below the oxic anoxic interface the reductive dissolution of oxy-hydroxide 

particles release soluble Mn (Mn
2+

) that may diffuse upward and downward (Rajendran et al., 

1992) without forming any organometallic or sulfidic complexes like other several trace 

elements (i.e., Cu, U, Mo etc) (Algeo et al., 2012). However, Mn can form carbonates in 

seawater (rhodochrosite) under high carbonate-ion saturation conditions (Pedersen and Price, 

1982; Thomson et al., 1986; Calvert and Pedersen, 1993).  

1.5. Scope and significance of reconstructing paleo-OMZ 

In the geological past OMZs have probably expanded and contracted in the interglacial 

(warm) and glacial (cold) periods respectively (Cannariato and Kennett, 1999). There are 

evidences to show that the past ISM variation has influenced the productivity in northern 

Indian Ocean and also the redox conditions in sediments (Banakar et al., 2005; Chodankar et 

al., 2005; Finney and Lyle, 1988; Pattan et al., 2017; Punyu et al., 2014). The OMZ in the AS 

has completely disappeared during Heinrich events and YD probably due to changes in the 

pattern of thermohaline circulation (Schulte et al., 1999). The last 250 kyr OMZ 

reconstructions for the northern-AS (Makhran Coast) has indicated that there have been times 

with weakest or non-existent OMZ coinciding with lowest productivity and vice versa 

(Reichart et al., 1998).   

The OMZ perturbations can adversely affect the marine ecosystem. The primary 

drivers of OMZ such as productivity and ventilation are shown to have influenced by the local 

climatology. The past-OMZ reconstruction can be useful to understand the biogeochemical 

responses of a basin to the past climate in general and productivity and ventilation in 

particular. The OMZs are the potential regions to sequester atmospheric CO2 via the enhanced 

burial of the photosynthetically synthesized organic matter by phytoplankton communities, 

which are one of the largest reservoirs of atmospheric CO2 and provide a strong negative 

feedback mechanism for global warming (Cavan et al., 2017). Thus, paleo-OMZ 

reconstruction is an important study in climate perspective. 

The long-term real-time modern observations suggest that the frequency of dysoxia (2-

0.2 ml/l DO) has increased in time over last few decades (Officer et al., 1984; Stramma et al., 

2011) and resulted in intensification of modern OMZ. This may be due to various reasons like 

increase in productivity, higher nutrient loading, metal input, riverine discharge, atmospheric 

dust fallout, volcanic activity, etc (Keeling et al., 2010). The deoxygenation is regarded as a 

near ubiquitous feature of all oceanic basins that is indicative of the effect of global warming. 
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Modern OMZs have expanded in the last 50 years and are expected to expand further more 

with global warming due to raise in temperature and slowdown in ventilation (Stramma et al., 

2010; Cabre et al., 2015) leading to an boost up organic carbon transfer by means of biological 

pump and accumulate in the deep ocean. The future expansion of OMZ is likely to increase the 

biological ocean carbon storage and act as a negative feedback to climate warming (Cavan et 

al., 2017). Thus, it is apparent that a good understanding of the past OMZ dynamics controlled 

naturally is of necessity to address the issues related to modern climate change. 

1.6. Working hypothesis and objectives 

Manganese in sediments can be broadly classified in to lithogenic and non lithogenic 

fractions (Chester and Hughes, 1967; Manjunatha and Shankar, 1996). The lithogenic fraction 

includes elements in the resistant phase (crystal lattice of minerals), and the non-lithogenic 

fraction includes particle adsorbed, carbonates and oxide particulates. The Mn in the non-

lithogenic fraction (oxides) starts reducing whenever DO level falls below 2 ml/l (Dickens and 

Owen, 1994) and reduces completely within the suboxic environment. Hence, Mn deposition 

within the OMZ is not feasible that leads to decreased concentration in sediment deposited 

within conditions below suboxic. Sediment deposited within or swept by the core of OMZ 

therefore contains less Mn as compared to the sediment deposited out of the OMZ, where 

waters are oxic. The Mn from sediment located within OMZ undergoes Mn-oxide/hydroxide 

reduction and exits the sediment reservoir. Thus, measuring the Mn associated with 

sedimentary oxide particulates can provide clues about the changes in past OMZ. This 

working hypothesis is depicted schematically in Figure 7. By quantifying the concentration of 

Mn within a sediment core that represents a time-in-past it is possible to qualitatively asses the 

fluctuation of OMZ in a given region. This hypothesis forms the basis for the present study. 
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Figure 7. The schematic diagram to elucidate the working hypothesis. The bottom thick blue line indicates the 

sediment water interface. The right side of the schematic diagram shows the depth Vs dissolved oxygen 

curves in the different oxygen levels. The blue line represents the modern OMZ while the orange dashed 

line shows a weakened OMZ with minimal core and the brown dotted line indicates an intensified OMZ 

with an extended core. All the three hypothetical OMZs have the same core (least DO concentration). 

Below 2 ml DO level is taken as the Mn reduction starting zone (Dickens and Owen, 1994) and above 2 

ml/l is taken as the Mn oxidation level. This MnRd/MnOx boundary is indicated with straight red dashed 

line at 2ml/l in DO scale. The left side of the panel indicates the location of the core with respect to the 

presented OMZs. The first sediment core which is located ~400 m water depth is from the core of the 

modern OMZ of the BoB. While the sediment core from the base of the modern BoB-OMZ (~1400 m 

water depth) is indicated by the purple bar. The shallow water sediment core is well located in the core 

of the OMZ where the precipitation of Mn is not feasible. Hence, undergoes reductive redirection of Mn 

from the depositional site. While the deep water core (~1400 m) is influenced mostly by Mn deposition 

and influenced by reductive dissolution only during an extended OMZ period. The bottom panel 

indicates the expected Mn profile of shallow and deepwater cores under above two conditions of the 

OMZ.  

 

 

Objectives of the present study 
 

1. To understand the variation in past-OMZ in the waters of eastern continental margin of 

India (western Bay of Bengal).  

2. To reconstruct terrigenous- and organic- matter input changes to the study region and 

qualitatively assess their influence on the palaeo-OMZ. 

3. To evaluate various parameters forcing OMZ changes in BoB in light of established 

climate dependent monsoon variability. 
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2. STUDY AREA 

2.1. General introduction 

The Indian subcontinent divides the Northern Indian Ocean (NIO) into two basins, the 

AS in west and the BoB in east. The NIO is characterized by existence of half of the world 

OMZ (Helly and Levin, 2004; Paulmier and Ruiz-Pino, 2009). The present study region, BoB, 

is a semi-enclosed basin extending between 6⁰ and 24⁰ N latitudes and between 80⁰ and 92⁰ E 

longitudes. The average depth of the bay is 2600 m. A unique feature of the bay is the huge 

freshwater influx it receives from one of the world’s largest perennial drainage system viz., 

Ganga and Brahmaputra and also several seasonal peninsular rivers. The BoB also receives a 

large amount of freshwater by overhead precipitation. The estimated annual freshwater input 

to BoB by rivers is of the order of 1.6 trillion m
3 

(Subramanian, 1993), in addition to overhead 

precipitation of ~2000 mm/y (Prasad, 1997). The majority of freshwater input to the basin 

occurs mostly during the Summer Monsoon and following inter-monsoon period (June-

October). Because of such huge freshwater input the evaporation minus precipitation in BoB is 

always negative in contrast to its counterpart - the AS.    

2.2. Local climatology 

The monsoon currents regulate climatology of the entire NIO (Dileepkumar, 2009). 

During November to March continental high pressure system is developed in the north leads to 

northeast monsoon. During this period the cold dry north easterlies brings cold climate to the 

subcontinent. During April to September the peninsular India bears the low pressure belt and 

winds flow from ocean to land known as the southwest monsoons, which are much stronger 

than northeast monsoons and bring over 90 % of the rains to the subcontinent. The moisture 

charged summer monsoons together with the presence of imposing Himalaya in north result in 

highest rainfall on the subcontinent that mostly drains in to BoB. The open ocean water of 

BoB is oligotrophic and is characterized by the chlorophyll concentration less than 0.30 mg/m
3 

(Ramaiah et al., 2010). However, the bay has a subsurface chlorophyll maximum (Sarma and 

Aswanikumar, 1991).  

The BoB salinity is  strongly  influenced  by  freshwater  runoff  from  the Ganga  and  

Brahmaputra  at  the  northern  end  of the  bay. Hence, the surface water become 

progressively fresher or less saline from south to north of the bay (from ~35 psu in south to 

~30 psu at the mouth of Ganga-Brahmaputra in north). This overall low salinity surface water 

virtually creates a strong near surface stratification or freshwater plug over the bay. Below a 
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depth of about 100 m, the stratification is dominated by thermocline dynamics. Over most of 

the continental shelf the salinity varies from 34.5 to 34.9 psu (Levitus and Boyer, 1994). The 

overall sea surface temperature (SST) distribution in the BoB is highly influenced by the 

prevailing monsoon system with annual mean of ~27 ⁰C. During the winter (northeast) 

monsoons the SST ranges from ~26 ⁰C in northern bay to ~29 ⁰C at the southern end of the 

bay. During the summer monsoons, in contrast, the temperature decreases from north to south 

because of the heavy freshwater input. However, during the summer monsoon period the SST 

structure in the bay is complex due to existence of several warm and cold cells across the bay. 

The circulation in the BoB is characterized by reversal of clockwise currents during 

southwest (summer) monsoons to anticlockwise during northeast (winter) monsoons. The bay 

is characterized by frequent cyclones and gyres. Intense tropical storms of high winds and 

torrential rains occur in April–May and during October–November. These processes develop 

turbulent eddies across the bay causing injection of deep nutrients in to the photic zone and 

also ventilate the OMZ (Sarma et al., 2017) by locally mixing the atmospheric oxygen with 

the OMZ beyond the depth of its core. The seasonally reversing western boundary currents 

which is known as the East Indian coastal current (EICC) in the BoB drives most of the 

exchange of water masses between the AS and the bay (Akhil et al., 2014; Shankar et al., 

2003). The southward flow of this current transfer the low salinity water from the bay in to the 

AS (Chaithanya et al., 2014) 

2.3. Water masses 

The intermediate and deep waters in BoB are ventilated by cold and oxygen rich 

waters formed in distant open oceans (Sverdrup et al., 1942). The dominant water-mass below 

the mixed layer up to around 1000 m depth is Indian Central Water, which is a mixture of 

several waters originating in Persian Gulf, Red Sea, Sub-Antarctic Region and Indonesian Sea 

(Emery and Meincke, 1942; You and Tomczak, 1993). The dynamics of this mixed character 

water mass is most important with respect to OMZ in the bay. As already mentioned huge 

input of freshwater to the BoB results in strongly stratified low salinity surface plug over the 

bay and creates a surface barrier layer (Shetye 1993; Vinayachandran et al., 2002). The 

Arabian Sea high salinity water (ASHSW), Persian Gulf water (PGW), Red Sea water (RSW) 

can be traced in the bay with increasing depths (Jain et al., 2017). The summer monsoon 

currents carry ASHSW in to the BoB (Murty et al.,1992; Shankar et al., 2002; 

Vinayachandran, 2013) that slides below the surface low salinity plug (Jain et al., 2017). The 

intermediate depths (thermocline) of the BoB also receive Sub-Antarctic mode water (SMW). 



32 

 

These water masses govern the ventilation of the BoB at depth where the OMZ exists. 

 2.4. Sediment sources to BoB 

 The Himalaya, Indo-Burma, and Southern Peninsular India are the main sources of 

terrigenous sediment to the BoB (Colin et al.,1999). The Nd -Sr isotopes of sediments from 

the study region (eastern continental margin) closely resemble the Nd -Sr systematics of the 

Deccan basalts and peninsular granites (Colin et al., 1999). The clay mineral assemblage of the 

margin and fan sediments suggested a significant amount of sediment in the BoB is derived 

from Precambrian Indian Shield and Deccan basalts (France-Lanord et al.,1993; Aoki et 

al.,1991). Further, these isotopic characters of several sediment samples from the Central 

Indian Ocean fall within the mixing region between High Himalayan Crystalline and Deccan 

Basalt (Fagel et al., 1994), suggesting the influence of pensinsular lithology on the 

sedimentation in BoB. Therefore, the Krishna, Godavari and Kaveri rivers (KGK) which drain 

the peninsular India must have delivered the peninsular characteristic sediment not only to the 

present study area, but also contributed to the Bengal Fan sedimentation. As the study area is 

located close to the mouth of KGK river system, the present sediment cores are expected to 

reflect changes in terrigenous matter supply by the monsoon dependent peninsular rivers.  

2.5. Characteristics of BoB - OMZ  

 The BoB mixed layer variability is largely depends on the regional oceanographic 

characteristics and atmospheric forcing. During summer monsoon period the BoB has a 

shallow mixed layer than in AS (Shenoi, 2002; Vinayachandran et al., 2002). This is primarily 

controlled by the combination of weaker winds and strong near surface stratification 

associated with the entrainment restriction and increased barrier layer thickness in BoB (Han, 

et al., 2001). Although the physical and biological oceanographic parameters in NIO remain 

more or less similar, the high overhead precipitation in BoB results in shallow mixed layer. 

This low salinity lens restricts vertical mixing within the upper 100 m water depth (Sarma, 

2002). Hence, the organic matter production in BoB is lesser compared to AS. This relatively 

less productive surface waters in BoB results in the formation of a relatively weaker OMZ as 

compared to the OMZ in AS. However, the measurements of vertical fluxes of the particulate 

organic matter suggested that the organic fluxes at depths in BoB are higher than at similar 

depths in AS (Gauns et al., 2005; Ittekkote et al., 1992). This enhanced particulate organic 

matter flux in low productive BoB waters are found to be due to aggregation of organic matter 

with mineral particles, which increases the settling speed by reducing the rate of 
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remineralization by providing a protection to the organic matter against oxidation (Rao et al., 

1994; Howell and Doney, 1997). Productivity is the key factor which determines the formation 

of OMZ in any ocean. The episodic events like meso-scale cool eddies and cyclones are 

capable of enhancing productivity, but, these are inconsistent events of short time-scale and 

hence difficult to identify in long time-scale palaeo-records.  

In contrast to perennially anoxic OMZ in the AS, the BoB-OMZ is a nearly suboxic 

and hence absence of large scale de-nitrification (Rao et al., 1994; Howell and Doney, 1997). 

The BoB-OMZ extends up to a depth of ~700 m (Figure 4). Further downwards the DO 

gradually increases due to the advection of oxygenated water from the south (Sardessai et al., 

2007). The formation and sustainment of BoB-OMZ are regulated by physical and biological 

processes with insignificant seasonal variability and the residence time of intermediate water 

(Sarma, 2002). The strong surface stratification not only inhibits nutrient injection in to the 

surface waters leading to oligotropic conditions (<0.30 mg/m
3 

chlorophyll: Ramaiah et al., 

2010), but also restricts oxygen exchange leading to the formation of intense OMZ (Sarma et 

al., 2013). In addition, the OMZ depth in BoB is ventilated by a complex mixture of inherently 

oxygen depleted aged water (Sengupta et al., 2013). Thus, the overall oxygen minimum 

condition is sustained throughout the year by combination of complex physical and biological 

processes specific to this basin (Sarma, 2002).  

2.6. Paleoclimatology of the BoB 

 The SSTs were depleted by ~3 ⁰C and 
18

OSEAWATER was enriched by ~0.6 ‰  during 

the Last Glacial Maximum (LGM) as compared to Holocene (Rashid et al., 2011).  A drastic 

change in precipitation over BoB appears to have taken place during the early Holocene 

(Rashid et al., 2007; 2011), which is consistent with the ISM intensification in the AS (see 

Fleitmann et al., 2004). The deglacial ISM records from BoB showing intensification during 

Bølling-Allerod warm event and weakening during Younger Dryas (YD) cold event (Rashid et 

al., 2011) are also consistent with AS records (Banakar et al., 2004; 2017; Kesserkar et al., 

2013). Therefore, paleomonsoon records extracted from sediments of both these basins are 

nearly consistent. 

 The above review of modern and paleoclimatological studies from the NIO indicate 

that, a) the modern and palaeomonsoon forcing on the biogeochemistry of BoB and AS appear 

to be nearly similar, b) the terrigenous sediment differs significantly between these two basins, 

c) the modern hydrographic set-up, nutrient dynamics and organic matter remineralization 

depths are quite different in these two basins hence significant differences in export production 
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and OMZ status, d) although the surface circulations connect both these basins very well, a 

significant differences in freshwater budgets render the basins highly contrasting with respect 

to mixed layer dynamics, e) the water masses ventilating the modern OMZ depth in both 

basins are the same except for more aged in BoB. As there are both similarities and 

dissimilarities in bio-geo-physico-chemical characteristics of these two basins, the palaeo-

OMZ of the BoB needs to be understood separately from that of the palaeo-OMZ of the AS.   
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3. MATERIAL AND METHODS 

3.1. Sediment cores 

Two sediment cores are utilized for the present work and were collected using a 

cylindrical gravity corer during the 50th cruise of R.V Sindhu Sankalp under GEOSINKS 

project funded by the Ministry of Earth Sciences. The SSK50-GC14A is retrieved from a 

water depth of 325 m, which is presently swept by the most intense core of the OMZ. This 

sediment core (hereafter referred as ‘OMZ- core’ or GC14) is 282 cm long. The SSK50-GC13 

sediment core (hereafter referred as ‘Base-OMZ core’ or GC13) is from a water depth of 1474 

m, which is out of the modern OMZ. This core is 200 cm long. Further details of these two 

sediment cores are presented in Table 3 and Figure 8. The Figure 8 also shows the modern DO 

conditions at the locations of these two sediment cores. The sub-sampling was done at 1 cm 

intervals using PTFE knife to avoid metal contamination. The sub-samples were dried at low 

temperature (~40 ⁰C) in oven and transferred to clean labeled plastic vials for further analysis. 

The sediment record contains indirect fingerprints of past climatic and biogeochemical 

processes. To understand those processes it is necessary to focus on particular component from 

multi-component sedimentary system. Such particular component/s must have well known 

natural behavior and capable to record and preserve the changes of that known natural 

processes. Different types of analytical procedures are required for qualitative and quantitative 

measurement of those components which are called as ‘proxies’. In the following paragraphs 

the analytical procedures followed in the present study are briefly explained. 

Table 3. Details of the sediment core utilized for the present study 

Sediment core 

Water 

depth  core length Location 

SSK50 GC14A 325 m 282 cm 13
o
 39’ 58”N  

      80
o
 34 ‘ 30” E 

SSK50 GC13 1474 m 200 cm 13
o
 31’31” N 

      80
o
 39’ 24” E 
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Figure 8. Location details of the sediment cores SSK50-GC14A (red filled circle) and SSK50-GC13 (black filled 

circle. The inset shows sediment core locations with respect to present-day depth profile of dissolved 

oxygen. The modern OMZ (DO < 1 ml/l) occurs between 200 and 700 m. The seasonally reversing 

coastal currents are shown with colored arrows.  

 

3.2. Coarse fraction extraction 

The coarse fraction (+63 µ size fraction) analysis was carried out to extract 

foraminifera skeletons for oxygen isotopes and radiocarbon measurements. About 5 g of 

freeze dried sediment sample was dispersed in RO-water in presence of 10 % of sodium hexa-

metaphosphate for overnight. The dispersed sediment was wet sieved over 63µ standard sieve 

using gentle water jet to wash off fine fraction (< 63 µ). The separated coarse fraction was 

oven dried. When observed under the microscope the tests of foraminifera did not show any 

indications of dissolution as evident by absence of G. menardii keels and translucent patches 

on chamber walls of most of the species including O. universa that is considered to be most 

prone to dissolution (Hemleben, 1996).  
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3.3. Oxygen isotope measurement 

The oxygen isotopic ratio (expressed as δ
18

O) is the ratio of abundance of a heavy 

(
18

O) and light oxygen (
16

O) isotopes present in natural system. These isotopes have played a 

crucial role in unraveling the past climatic history of the Earth. The evaporation and 

precipitation are the two primary factors which fractionate the water molecules (H2
16

O and 

H2
18

O) having different molecular weights (18 and 20 respectively) in the oceanic reservoir. 

As per the Rayleigh’s fractionation law, the lighter water molecules (18) preferentially go in to 

vapor phase and heavier water molecules (20) preferentially stay in the liquid phase (ocean 

water).  Thus, the evaporation leads to relative enrichment of heavier oxygen isotopes in the 

oceans when evaporated ocean water locks in to ice in high latitudes and mountains instead of 

returning to oceans in the form of rains or precipitation. Therefore, the ice formed at the polar 

regions and mountains invariably is enriched with 
16

O or depleted with 
18

O as compared to the 

ocean water at a given time because the vapor evaporated from the oceans itself is the source 

of water for the formation of polar and continental ice. If the oceans receive more freshwater 

than evaporated at a given point of time by melting of continental ice and polar ice-caps, then 

the oceans get relatively enriched with light water molecules (18) or depleted with heavy 

water molecules (20), because the melt-water is invariably depleted with 
18

O as compared to 

the ocean water. The formation or expansion of ice-caps and continental ice is typical of cold 

glacial climates and the melting of ice-caps and continental ice is typical of warm interglacial 

conditions. Accordingly, the 
18

O/
16

O of the ocean water exhibit different patterns of ratios 

depending upon the type of climate prevailed in the past. The foraminifera secreting their tests 

in equilibrium with the composition of the ambient ocean water therefore preserve the above 

described climate dependent ratios of oxygen isotopes during their short life-time of few 

weeks. After the death of the organism the oxygen isotope signatures embedded in the tests 

during their life-time are preserved. Thus foraminifera provide a powerful proxy to understand 

the past climate change via the oxygen-isotopic ratios (expressed as 
18

O). This forms the 

fundamental aspect of utilizing oxygen isotope ratio as a proxy for palaeoclimatology. The 

oxygen isotopic ratio is expressed with delta notation - δ
18

O where; 

δ
18

OForaminifera = [(
18

O/
16

OForaminifera  -
18

O/
16

OStandard) ×
18

O/
16

OStandard] x 10
3
 

The δ
18

O changes are expressed in permill unit (‰), as a change with respect to 

international reference standard Pee-Dee Belemnite (PDB). Urey (1947) for the first time 

recognized the climate dependent behavior of these isotopes. Later, Epstien (1953), Emiliani 

(1954), and Shackleton (1974) developed this method and made it an integral part of the 
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paleoclimate research. 

Around 20 clean tests of upper mixed layer dwelling planktonic foraminifera 

Globigerinoides sacculifer (G. sacculifer) of 250-355µ size were picked from the coarse 

fraction. The tests were gently crushed and sonicated in presence of 10 % H2O2 to remove 

adhering and chamber filling fine particles of clay and organic matter, and washed and dried 

over night in specific glass vials. The sample was reacted with 100 % orthophosphoric acid at 

90°C in a gas-bench coupled with an in-house Thermo Delta
+
 Isotopic Ratio Mass 

Spectrometer. The relative abundance of molecules with mass discriminator at 
46

CO2 

(
12

C
18

O
16

O) and 
44

CO2 (
12

C
16

O
16

O) were measured. 

The deep water core (GC13) was totally devoid of planktonic foraminifera hence 

benthic foraminifera Uvigerina peregrina were used for 
18

O measurement following the 

procedure described above. The precision of 
18

O measurements is ±0.1 ‰. 

3.4. Radiocarbon dating 

The radiocarbon dating is used to determine the absolute age of a sample which 

contains measurable activity of 
14

C (radiocarbon). This isotope of carbon has a half life of 

5568 ± 30 years (Libby, 1949). The 
14

C is continuously formed in the atmosphere by the 

interaction of cosmic ray neutrons on 
14

N atoms. Then it oxidizes in air forming 
14

C-dioxide in 

a way similar to stable carbon-dioxide and enters in carbon cycle through metabolism. When 

an organism dies the intake of 
14

C by that organism is ceased. From that moment the 
14

C 

begins to decay at a rate dictated by its half-life. By measuring the residual 
14

C activity in 

fossilized organism and considering its production rate as constant, the lapsed number of years 

from its death until the time of measurement (age) can be obtained. Thus, the radiocarbon 

dating provides absolute age of the samples. Around 1000 tests of mixed planktonic 

foraminifera were handpicked from the coarse fraction under binocular microscope. Two sub-

sections were used for radiocarbon dating of GC14 (shallow-water core). As the coarse 

fractions from the upper 200 cm sections of GC13 (deep-water core) did not contain sufficient 

number of tests required for radiocarbon measurements only one bottom section is dated to 

know the maximum age of this sediment core. 
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3.5. Organic matter analysis 

Sedimentary organic matter holds substantial information on environmental conditions 

under which it was synthesized by the organisms. The biological paleoproductivity can be 

inferred from quantifying the sedimentary organic matter if preserved quantitatively (Meyers, 

1997). The photosynthetic production in the photic zones is the primary source of organic 

matters. The proper combination of C, H, N, O and P in accordance with the Redfield Ratio 

defined (Redfield, 1942) for different types of organic matter is the key to understand the past 

climate, whether dry or wet. The photosynthetic pathways for fixing CO2 in the synthesized 

chlorophyll (organic matter) are different for different ecosystem. For example, higher order 

plants such as in tropical rain forests and phytoplanktons in the marine environment follow C-

3 pathway while the grass and arid climate plants normally follow C-4 pathway, which have 

very distinct fractionation of CO2 with (
12

CO2 or 
13

CO2) molecules in the atmosphere while 

incorporating in to their photosynthetic matter. Also, the organic matters synthesized through 

different pathways have different C/N ratios. Redfield (1942) summarized this photosynthetic 

process for diatom as: 

106CO2 + 16HNO3 + H3PO4 + 122H2O    (CH2O) 106(NH3)16 H3PO
4
 + 138O2 

The subsamples of the sediment cores were rendered salt-free by repeated washing 

with de-ionized water and freeze dried. Finely ground alternative depth subsamples were 

decarbonized by treating with 0.1N HCl until the effervescence ceased. The decarbonated 

sediment was repeatedly washed with DI water, centrifuged, and dried overnight at 50⁰C. 

Around 10µg of the decarbonated sediment aliquots were packed in tin-cups and analyzed for 

Corg and total-N in an Elemental Analyzer. Isotopes of C and N were also measured 

simultaneously by using Thermo Delta
+
 IRMS coupled to the Element Analyzer. The 

measurement accuracy of Corg is ±2 % and ±0.2 ‰ for 
13

C. 

3.6. Sediment composition measurement 

 In order to track the paleo-OMZ dynamics it is necessary to understand the variation in 

chemical composition of both the sediment cores. The redox-sensitive element concentrations 

in dispersed Mn-oxide particulates and coatings, which are precipitated as the authigenic 

oxides, were extracted using acid-reductive procedure. The bulk sediment compositional 

variation to understand variation in terrigenous matter supply to the core location was 

measured in bulk sediment digested using strong acid mixture. 
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The particulate oxides are authigenic Fe-Mn particulates in the sediment column which 

also scavenge several divalent cations from the water. As explained in introductory section the 

solubility of redox sensitive elements varies according to the redox variability of the ambient 

water column. As the terrigenous silicates are the dominant mineral phases in margin sediment 

potentially subdue the signals of very low concentration of authigenically precipitated oxides. 

Therefore, it is necessary to extract only the oxides from the sediment using leaching methods 

capable of leaving behind the silicates without reacting with them. The leaching method 

adopted in the present study is well established procedure followed by several researchers in 

the past (see Rutberg et al., 2000; Bayon et al., 2004; Piotrowski et al., 2002; 2012; Wilson et 

al., 2013). 

Step 1 – Carbonate removal 

1. Take exactly 1gm of sample in the extraction vial. 

2. Add 10 ml of 10 % (v/v) acetic acid. 

3. Place the above mixture on rotor for 5 minutes after initial effervescence. 

4. Decant the clear solution (without losing the sediment particles from the vial) after 

centrifuging the mixture at 6000 rpm for 5 minutes. 

5. Repeat above steps till the completion of CO2 release as evident from total absence 

of effervescence. 

6. Washing the residue two times with 30 ml of DI-water after centrifuging and dried. 

Step 2 – Oxide leaching 

1. Add 10 ml of 0.02M hydroxyl amine hydrochloride in 25 % of acetic acid to the 

extraction vial containing the residue after decarbonation. 

2. Place the above mixture on the rotor disk and rotate for 2 hours. 

3. Centrifuge the vials for 7 minutes at 6000 rpm. 

4. Transfer the clear leachate to 50 ml acid cleaned and dried beakers. 

Step 3 – Pre-concentration 

1. Place the vials containing above leachates on hot plate at temperature of 80 °C and 

evaporate completely the solvent. The residue remaining is the extracted oxide-

fraction. 

2. Dilute the residue with 5ml of 0.05 M supra-pure HNO3. 

3. The above concentrate of oxide fraction is ready for the analysis. 
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The salt-free dried sub-samples were ground, and accurately weighed sediment was 

digested in open PTFE beakers in presence of HF and HClO4. The incipiently dried digest was 

dissolved in 5 ml of supra-pure 0.5 M HNO3 and diluted to 20 ml with DI-water for analysis. 

The USGS nodule reference standards A-1 and P1 were used as reference material to assess 

the recovery of oxide fraction (Fe-Mn oxide/hydroxide) by the adopted oxide-leaching 

method. The Japanese sediment standard (JMS-1) was used to assess the accuracy of bulk-

sediment composition of acid digested total sample. The solutions were analyzed on Perkin-

Elmer Optima 7300 DV ICP-OES calibrated with 5 matrix-matched multi-element calibration 

standards. The measured and reported values for reference standards are given in Tables 10 

and 13 in the next section.  
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4. RESULTS 

4.1. Age of the sediment cores  

 Two depth-sections (0.5 cm and 281.5 cm) of the GC14A (OMZ sediment core) and 

one depth section (200 cm) of GC13 (Base-OMZ sediment core) were dated by radiocarbon as 

described in Section 3.  The measured radiocarbon ages were corrected for reservoir age of 

331 years estimated for western BoB, north of Sri Lanka (Dutta et al., 2001). The reservoir 

corrected ages are converted into calendar ages using online CalPal-7 radiocarbon calibration 

program with reference year of 1950 CE (Dangzelocke et al., 2007). The radiocarbon ages 

along with lab reference numbers (Arizona University’s AMS Facility) are presented in Table 4 

Table 4. Radiocarbon ages for dated sections of the two sediment cores 

Radiocarbon ages 

Sediment core 

Section 

(cm) Lab reference Number 

14
C age 

y BP ± y 

Calibrated age 

(y BP) 

SSK 50 GC 14 A 0.5 AA106592 X29195 2159 35 1770 

 

281.5 AA106595 X29198 38560 980 42806 

SSK 50 GC 13 200 AA106596 X29199 12926 53 15705 

 

From the Table 4 it is evident that the OMZ core (GC14) covers the redefined LGM 

(~29 ka BP to ~18 ka BP: Clark et al., 2008), last deglaciatin (18 – 12 ka BP) and Holocene 

(12 – 1.8 ka BP). This core extends back in to later part of the Marine Isotope Stage-3. 

Whereas, the Base-OMZ core (GC13) covers only later part of the last deglaciation (15.7 – 12 

ka BP). For the former sediment core (GC14), the well expressed deglacial climate events in 


18

OG.sacculifer record (Bolling and YD: Figure 9) are used as tie points along with two 

radiocarbon ages to assign the ages for intermediate sections, which will be described in detail 

in subsequent section. On the other hand, only the bottom-most section of the latter sediment 

core (GC13) was dated, hence, it is not possible to assign the actual age for the core-top. 

However, based on the 
18

OUvigerina record, which is presented later as Figure 10, I speculate 

that complete Holocene is represented by this sediment core. This speculation is also based on 

the presence of semisolid thin peneliquid layer at the core-top observed when the core was 

collected, which indicates that the core-top is intact. Therefore, the core-top is assumed to be 

of ‘Zero’ age. The ages for other intermediate sections are estimated based on the calculated 

sedimentation rates considering core-top to correspond to “Today or Zero year’ and ‘15.7 ka 

BP’ for core bottom’, i.e., a total of 200 cm deposited in 15.7 kilo years. 
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4.2. Oxygen isotopes and chronology of the OMZ sediment core 

 The fidelity of a sediment core as palaeoclimate repository depends upon how best that 

core is intact and deposited continuously over a time period without undergoing any post-

depositional disturbances such as internal sediment mixing or slumping or presence of 

turbidites. Such disturbances in the OMZ sediment core (GC14) may be ruled out based on 

progressively increasing radiocarbon ages with depth in the sediment core and occurrence of 

prominent past climatic events. Further, the oxygen isotopic events in this sediment core are 

closely comparable with other published records from the same region (e.g. see Govil and 

Naidu, 2011). 

Two distinct climate events (YD at 12.3 ka BP and Bølling warm event at 14.5 ka BP) 

identified in 
18

OG.sacculifer record of the OMZ sediment core (GC14) are exactly similar with 

those recorded in a nearby sediment core (SK218/A) having eight radiocarbon dates (Govil 

and Naidu, 2011). Therefore, these events are used as tie-points between two radiocarbon ages 

(top and bottom sections of the sediment core) for establishing chronology for this sediment 

core. The core covers a time span of ~42 kyr. The 
18

OG.sacculifer for all the measured sections 

along with their calculated ages is presented in Table 5 and its depth-profile as Figure 9. 

         Table 5. Variations of 
18

OG. sacculifer extracted from OMZ sediment core (GC14)  

Depth 

cm 

Age  

ka BP 


18

OG.sacculifer 

‰ vPDB 

Depth 

cm 

Age ka 

BP 


18

OG.sacculifer 

‰ vPDB 

0.5 1.77 -2.582 139.5 22.40 -1.26 

4.5 2.47 -2.35 144.5 23.12 -0.83 

8.5 3.17 -2.61 152.5 24.27 -0.51 

12.5 3.87 -2.52 160.5 25.42 -1.06 

16.5 4.57 -2.17 164.5 25.99 0.21 

20.5 5.26 -1.92 168.5 26.57 -0.70 

24.5 5.96 -1.55 172.5 27.14 0.61 

28.5 6.66 -1.77 176.5 27.72 0.06 

32.5 7.36 -2.36 180.5 28.29 -0.32 

36.5 8.06 -2.48 188.5 29.44 0.59 

44.5 9.46 -1.81 192.5 30.02 0.24 

48.5 10.15 -1.95 196.5 30.59 0.54 

52.5 10.85 -1.01 200.5 31.17 -0.13 

56.5 11.55 -0.52 204.5 31.74 -0.40 

60.5 12.25 0.00 212.5 32.89 -0.59 

64.5 12.60 -0.74 214.5 33.18 -0.54 

68.5 12.95 -0.92 216.5 33.47 -0.50 

72.5 13.29 -0.59 220.5 34.04 -0.69 

76.5 13.64 -1.24 224.5 34.62 -0.96 

80.5 13.99 -0.77 228.5 35.19 -0.77 

84.5 14.50 -2.21 232.5 35.77 -0.41 

88.5 15.07 -1.85 236.5 36.34 0.60 
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92.5 15.65 -1.86 240.5 36.91 0.01 

96.5 16.22 -1.00 244.5 37.49 0.01 

99.5 16.66 -0.88 248.5 38.06 0.54 

108.5 17.95 -0.71 256.5 39.21 -0.26 

112.5 18.52 -0.10 260.5 39.79 -0.18 

116.5 19.10 -0.84 264.5 40.36 -0.48 

120.5 19.67 -0.35 268.5 40.94 -0.39 

124.5 20.25 -0.42 272.5 41.51 -1.08 

128.5 20.82 -0.85 276.5 42.09 -0.90 

132.5 21.40 -1.09 280.5 42.66 -0.31 

136.5 21.97 -0.62       

 

               Figure 9. Depth-series of 
18

OG. sacculifer for OMZ sediment core (GC14) 

 

  

          From Figure 9, it is evident that the range of variation in the 18
OG. sacculifer   is between 0.5 

‰ and – 2.5 ‰. The enriched values occur between 250 and 150 cm depth intervals and 

between 70 and 40 cm depth intervals corresponding to 38 – 24 ka BP and 13 – 9 ka BP (Table 

5). While most depleted values are found in the upper 40 cm sections and at around 85 cm 

depth. The former trend is characteristic of cold and dry climate and the latter is for warm and 

wet climate. There is ~2 ‰ difference between the maximum and minimum 18
OG. sacculifer, which 

is nearly similar to the LGM to Holocene 18
OG. sacculifer contrast found in the AS sediments 

(Banakar et al., 2005; 2010; Chodankar et al., 2005). 
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4.3. Time-series of 
18

OU.Perigrina from the Base-OMZ sediment core (GC13)  

The Base-OMZ sediment core, which was collected from a water depth of 1474 m is 

not only devoid of planktonic foraminifera, but also contains very few tests of benthic 

foraminifera tests. Only in the bottom section (200 cm depth section) abundant number of 

foraminifera tests were available for radiocarbon dating. Hence, the chronology of this 

sediment core is based on only one radiocarbon date. The calibrated age for the bottom section 

(Table 4) indicates that this sediment core covers a time span of last 16 kyr and the 
18

OU. 

perigrina are presented in Table 6 and Figure 10. The reason for the scarcity of foraminifera is not 

clear. However, few carbonate test present in the sediment core are intact and hence loss due to 

dissolution may be ruled out. The possibility of terrigenous matter diluting the carbonate 

fraction is likely, but could not be confirmed. All the available benthic foraminifera tests of U. 

peregrina (10-15 Nos.) from each section were utilized for 
18

O measurement. The standard 

precision of the 
18
O measurement is 0.1‰.  

           Table 6. Variations of 
18

OU.Perigrina with depth/age in Base-OMZ sediment core (GC13) 

Depth 

cm 

Age  

ka BP 

18OU. perigrina  

‰ vPDB 

Depth 

cm 

Age  

ka BP 

18OU. perigrina  

‰ vPDB 

0.5 0.33 3.11 76.5 6.17 3.12 

4.5 0.64 3.08 80.5 6.48 3.11 

8.5 0.95 3.13 84.5 6.79 3.11 

12.5 1.25 3.03 88.5 7.10 3.15 

20.5 1.87 3.05 92.5 7.40 3.07 

24.5 2.18 3.11 96.5 7.71 3.18 

28.5 2.48 3.09 100.5 8.02 3.03 

32.5 2.79 3.01 108.5 8.63 3.19 

36.5 3.10 3.12 116.5 9.25 3.09 

40.5 3.41 3.10 124.5 9.86 3.16 

44.5 3.71 3.06 128.5 10.17 3.12 

48.5 4.02 3.07 152.5 12.02 3.20 

52.5 4.33 3.00 160.5 12.63 3.18 

56.5 4.64 3.12 168.5 13.25 3.15 

60.5 4.94 3.11 176.5 13.86 3.35 

64.5 5.25 3.10 184.5 14.48 3.16 

68.5 5.56 3.05 192.5 15.09 3.45 

72.5 5.87 3.07 200.5 15.71 3.33 
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                         Figure 10. Depth-series of 
18

OU.Perigrina in deep-water sediment core (GC13) 

The consistently depleted 
18

OU.perigrina is evident from 150 cm depth up to the core-top 

with values around 3.1‰, whereas, the sections below 150 cm exhibit slightly enriched values 

(Figure 10). The former interval corresponds to 15.7 ka BP to 12.8 ka BP and the latter 

sections represent the period older than12 ka BP (Table 6). Although, the 
18

OU.perigrina contrast 

between these two intervals is small (~0.4 ‰), it in fact, indicates a kind of transitional climate 

from cold to warm.     

 4.4. Organic matter measurements 

 The down core variations of the marine organic matter and its nature can reveal 

environmental changes in the past. The present dataset of sedimentary organic matter 

comprises organic carbon (Corg), total nitrogen (Ntot), and carbon isotopes (
13

 Corg). The 

accuracy of the measurements is assessed by reference standards analyzed along with samples 

and presented as Table 7 and 8  

Table 7. Concentration ranges, range, and analytical errors associated with measured components of 

the organic matter in two sediment cores  

  

BBOT Sucrose 

Corg % N % 13Corg ‰ 

    Reported 72.53±0.26 6.51±0.15 -10.45 

Reference standards Analyzed 71.8 6.95 -10.59 

    % Error 1.05 6.82 -1.31 

Present sediments   Lowest 1.70 0.08 -19.80 

       GC14  Highest 6.92 0.81 -17.27 

Cores   Mean 2.67 0.23 -18.51 

    Lowest 1.56 0.13 -20.71 

  GC13  Highest 2.88 1.13 -18.67 

    Mean 2.24 0.25 -19.69 
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             Table 8. Variations of Corg, and 
13

Corg with depth/age in OMZ sediment core (GC14) 

Depth 

cm 

Age 

ka BP 


13

Corg 

‰ 

vPDB 

Corg 

% 

Depth 

cm 

Age 

ka BP 


13

Corg ‰ 

vPDB 

Corg 

% 

0.5 1.8 -18.1 1.8 134.5 21.7 -19.0 2.4 

2.5 2.1 -17.6 1.7 140.5 22.5 -19.0 2.4 

4.5 2.5 -18.3 1.8 142.5 22.8 -18.8 2.7 

6.5 2.8 -17.6 1.8 144.5 23.1 -19.0 2.6 

8.5 3.2 -17.6 1.8 146.5 23.4 -19.1 2.4 

10.5 3.5 -17.5 1.8 148.5 23.7 -18.9 2.7 

12.5 3.9 -17.4 1.8 150.5 24.0 -18.6 4.8 

14.5 4.2 -17.6 2.0 152.5 24.3 -19.0 2.7 

16.5 4.6 -17.4 2.1 154.5 24.6 -18.8 2.5 

18.5 4.9 -17.9 2.1 156.5 24.8 -18.8 2.1 

20.5 5.3 -17.7 2.1 158.5 25.1 -18.9 2.8 

22.5 5.6 -17.5 2.2 160.5 25.4 -18.7 2.6 

24.5 6.0 -17.8 2.2 162.5 25.7 -18.8 2.4 

26.5 6.3 -17.4 2.2 164.5 26.0 -18.7 3.7 

28.5 6.7 -17.7 2.2 166.5 26.3 -18.8 2.3 

30.5 7.0 -17.8 2.3 170.5 26.9 -18.7 2.3 

32.5 7.4 -17.9 2.2 172.5 27.1 -18.8 2.8 

34.5 7.7 -17.8 2.3 176.5 27.7 -18.8 2.3 

36.5 8.1 -17.8 2.3 178.5 28.0 -18.6 2.2 

38.5 8.4 -17.5 2.2 180.5 28.3 -18.8 2.1 

40.5 8.8 -17.9 2.2 182.5 28.6 -19.2 4.8 

42.5 9.1 -18.1 2.4 184.5 28.9 -18.7 2.1 

44.5 9.5 -18.4 2.2 186.5 29.2 -19.2 2.6 

46.5 9.8 -18.4 2.4 188.5 29.4 -18.7 2.3 

48.5 10.2 -18.3 2.2 190.5 29.7 -18.8 2.5 

50.5 10.5 -18.7 2.6 192.5 30.0 -18.7 2.3 

52.5 10.9 -18.6 2.4 194.5 30.3 -18.4 2.4 

54.5 11.2 -18.7 2.4 196.5 30.6 -18.6 2.4 

56.5 11.6 -19.7 2.4 200.5 31.2 -18.1 1.8 

58.5 11.9 -19.4 2.6 202.5 31.5 -18.5 2.3 

60.5 12.3 -19.3 2.6 204.5 31.7 -18.5 1.9 

62.5 12.4 -19.1 2.8 206.5 32.0 -18.3 2.2 

64.5 12.6 -18.8 2.8 208.5 32.3 -18.4 2.3 

66.5 12.8 -19.0 2.7 210.5 32.6 -18.5 2.3 

68.5 12.9 -18.4 2.6 212.5 32.9 -18.6 6.9 

70.5 13.1 -18.3 2.5 214.5 33.2 -18.1 6.9 

72.5 13.3 -18.3 2.6 216.5 33.5 -18.1 5.2 

74.5 13.5 -18.8 2.0 218.5 33.8 -18.2 5.8 

76.5 13.6 -18.4 2.3 220.5 34.0 -18.4 2.9 

78.5 13.8 -19.3 2.3 222.5 34.3 -18.3 3.4 

80.5 14.0 -19.2 2.5 228.5 34.6 -18.5 3.5 

84.5 14.5 -19.1 2.3 230.5 35.5 -18.0 2.8 

86.5 14.8 -19.7 3.2 232.5 35.8 -17.9 1.8 
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88.5 15.1 -19.8 2.3 234.5 36.1 -18.0 4.2 

90.5 15.4 -19.5 2.3 236.5 36.3 -18.1 2.3 

92.5 15.6 -19.3 2.2 238.5 36.6 -18.0 5.4 

94.5 15.9 -19.4 2.4 240.5 36.9 -17.9 2.4 

96.5 16.2 -19.3 2.2 242.5 37.2 -18.0 4.3 

98.5 16.5 -19.2 2.0 244.5 37.5 -18.1 2.9 

100.5 16.8 -19.3 2.0 246.5 37.8 -18.2 3.7 

102.5 17.1 -19.2 2.1 248.5 38.1 -17.9 4.5 

104.5 17.4 -19.2 1.9 250.5 38.4 -18.0 3.9 

106.5 17.7 -19.4 2.2 252.5 38.6 -18.2 3.6 

108.5 17.9 -19.6 2.3 254.5 38.9 -17.9 4.1 

110.5 18.2 -19.7 2.2 256.5 39.2 -17.8 2.3 

112.5 18.5 -19.7 2.2 258.5 39.5 -17.8 2.4 

114.5 18.8 -19.5 2.1 260.5 39.8 -17.8 5.1 

116.5 19.1 -19.3 1.9 262.5 40.1 -18.0 2.1 

118.5 19.4 -19.3 2.2 264.5 40.4 -17.5 3.3 

122.5 20.0 -18.9 2.3 266.5 40.7 -18.0 3.3 

124.5 20.2 -19.3 2.2 268.5 40.9 -17.8 3.0 

126.5 20.5 -19.1 2.1 270.5 41.2 -18.2 6.0 

128.5 20.8 -19.0 2.1 272.5 41.5 -17.8 2.5 

130.5 21.1 -19.1 2.3 274.5 41.8 -17.3 2.0 

132.5 21.4 -19.1 2.3 276.5 42.1 -17.5 2.0 

Figure 11. Depth-series of Corg, and 
13

Corg of the OMZ sediment core (GC14). 
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         Table 9. Variations of total organic carbon and 
13

Corg in Base-OMZ core (GC13) 

Depth 

(cm) 

Age 

KyBP 


13

Corg 

‰ 

Corg 

% 

Depth 

(cm) 

Age 

KyBP 


13

Corg 

‰ 

Corg 

% 

0.5 0.3 -20.0 1.7 86.5 6.9 -19.5 2.5 

2.5 0.5 -19.4 1.6 90.5 7.2 -19.6 2.6 

4.5 0.6 -19.4 1.6 94.5 7.6 -19.9 2.6 

8.5 0.9 -19.3 1.6 96.5 7.7 -20.1 2.7 

10.5 1.1 -19.2 1.7 98.5 7.9 -19.6 2.6 

12.5 1.3 -19.1 1.6 102.5 8.2 -19.9 2.7 

14.5 1.4 -19.7 1.8 106.5 8.5 -20.1 2.6 

16.5 1.6 -19.1 1.8 110.5 8.8 -20.2 2.7 

18.5 1.7 -19.1 1.7 114.5 9.1 -20.1 2.6 

20.5 1.9 -18.8 1.7 116.5 9.2 -20.1 2.7 

22.5 2.0 -19.0 1.8 118.5 9.4 -20.2 2.6 

24.5 2.2 -19.0 1.9 120.5 9.6 -20.3 2.4 

26.5 2.3 -19.3 1.9 122.5 9.7 -20.4 2.6 

28.5 2.5 -18.8 1.7 124.5 9.9 -20.7 2.4 

30.5 2.6 -19.0 1.9 126.5 10.0 -20.1 2.4 

32.5 2.8 -19.1 1.8 128.5 10.2 -20.4 2.1 

34.5 2.9 -18.7 1.9 150.5 11.9 -20.3 2.4 

36.5 3.1 -18.7 1.9 154.5 12.2 -20.1 2.3 

38.5 3.3 -19.0 1.9 156.5 12.3 -19.9 2.2 

40.5 3.4 -18.9 1.9 158.5 12.5 -20.1 2.3 

42.5 3.6 -19.0 2.0 160.5 12.6 -20.3 2.2 

44.5 3.7 -19.4 1.9 162.5 12.8 -20.1 2.3 

46.5 3.9 -19.0 2.1 164.5 12.9 -20.5 2.2 

48.5 4.0 -19.2 2.1 166.5 13.1 -20.2 2.4 

50.5 4.2 -20.3 2.1 168.5 13.2 -20.6 2.2 

52.5 4.3 -19.2 2.2 170.5 13.4 -20.3 2.4 

54.5 4.5 -19.1 2.2 172.5 13.6 -20.5 2.2 

56.5 4.6 -18.7 2.0 174.5 13.7 -20.0 2.3 

58.5 4.8 -19.5 2.3 176.5 13.9 -20.4 2.4 

60.5 4.9 -19.3 2.3 180.5 14.2 -20.4 2.5 

62.5 5.1 -19.4 2.3 182.5 14.3 -20.0 2.4 

64.5 5.3 -19.7 2.4 184.5 14.5 -20.5 2.4 

66.5 5.4 -19.4 2.3 186.5 14.6 -20.0 2.5 

68.5 5.6 -19.5 2.3 187.5 14.7 -20.2 2.4 

70.5 5.7 -19.4 2.3 190.5 14.9 -19.9 2.6 

72.5 5.9 -19.2 2.4 192.5 15.1 -20.4 2.4 

74.5 6.0 -19.8 2.6 194.5 15.2 -19.4 2.6 

78.5 6.3 -19.8 2.6 196.5 15.4 -20.0 2.5 

82.5 6.6 -19.9 2.6 198.5 15.6 -19.3 2.9 

84.5 6.8 -19.6 2.5         



50 

 

 

                Figure 12. Depth-series of Corg and 
13

Corg in Base-OMZ sediment core (GC13). 

 

4.5. Variations in elemental composition 

 Several major and minor elements in marine sediment provide clues about their source 

and pathways, which are normally dependent of monsoon variations. The terrigenous silicate 

detritus entering the marine regime also determines the remineralization depth of organic 

matter (Azhar et al., 2018). For this purpose the down-core elemental distribution of a set of 

index elements are measured in both bulk sediment, as well as in authigenically precipitated 

oxide (hydrolysate or leachable) component of the sediment. A complete recovery of 

authigenic component by any adopted leaching methods is important for reliable 

interpretations, hence, needs to be validated. The Table 10 below helps to assess the 

extraction-efficiency of the leaching method adopted in this study. 
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Table 10. Recovery details of primary elements with respect to authigenic oxide fraction. Two 

ferromanganese nodule (Fe-Mn oxide) reference standards having genetic and compositional 

similarity to the authigenic-oxide particles in the sediment are utilized.  

Element Fe-Mn nodule standard (element oxide in %) Present sediment cores (element in ppm) 

  USGS A1 USGS P1 GC 14 A GC 13 

  Measured  Reported Measured  Reported Average Lowest highest Average lowest highest 

Mn  24.2 23.9 38.71 37.6 23 13 39 139 93 226 

Fe 16.4 15.6 8.43 8.3 1545 102 3438 2963 1836 4043 

From Table 10 it is evident that the recovery of elements associated with the Fe-Mn 

oxide fraction of the reference material is nearly complete (> 95 %). Therefore, the elemental 

composition of authigenic components of the present sediment cores presented in Tables 10, 

11, and 12 may be considered as reliable. 

Table 11. Composition of authigenic oxide fraction leached from OMZ sediment core (GC14) 

Depth 

Ka 

BP 
Mn 

(ppm) 

 Fe 

(ppm) 

Ti 

(ppm) 

Co 

(ppm) 

Cr 

(ppm) 

V 

(ppm) 

Mo 

(ppb) 

U 

(ppb) 

Re 

(ppb) 

0.5 1.8 17 301 0.3 1.0 1.4 6.0 8.0 0.4 0.3 

8.5 3.2 17 379 0.3 1.1 1.4 7.2 5.4 0.5 0.2 

16.5 4.6 18 552 0.3 1.4 1.8 6.2 4.5 0.6 0.4 

24.5 6.0 19 704 0.4 1.7 1.7 8.0 4.1 0.5 0.4 

32.5 7.4 26 1007 0.5 2.5 2.1 6.8 4.3 0.6 0.4 

40.5 8.8 24 1104 0.8 2.7 2.0 6.6 3.5 0.7 0.6 

48.5 10.2 26 1199 1.2 3.1 1.8 5.2 3.3 0.8 0.5 

56.5 11.6 35 1132 4.6 3.4 1.7 4.0 4.0 1.8 0.6 

64.5 12.6 27 913 9.8 3.1 2.2 3.3 5.0 3.7 0.8 

72.5 13.3 16 1132 3.6 2.2 1.8 3.5 4.0 1.1 0.5 

80.5 14.0 18 102 0.1 1.6 0.6 3.2 3.7 0.0 0.4 

88.5 15.1 26 1991 2.1 3.4 1.6 4.3 3.6 1.1 0.6 

96.5 16.2 26 1710 0.4 2.2 1.3 5.1 4.1 0.6 1.1 

104.5 17.4 14 1319 0.5 2.0 0.8 3.2 2.6 0.4 0.6 

112.5 18.5 21 2013 0.8 2.1 1.5 7.0 4.0 0.8 0.3 

120.5 19.7 13 846 0.5 1.0 0.7 2.4 2.0 0.6 0.2 

128.5 20.8 21 1617 0.7 2.0 1.3 6.6 2.5 0.5 0.3 

136.5 22.0 24 2089 0.4 2.4 1.5 7.1 3.2 0.4 0.4 

145.5 23.3 20 2023 0.6 2.1 1.8 6.7 2.9 0.8 0.3 

152.5 24.3 21 2007 0.5 2.1 1.6 8.1 4.4 0.5 0.4 

168.5 26.6 22 2373 0.6 2.3 2.0 8.6 6.5 0.7 0.6 

176.5 27.7 32 1852 1.1 2.8 1.9 6.4 5.0 2.0 0.4 

184.5 28.9 26 2052 1.8 2.3 2.0 7.6 6.5 3.3 0.5 

194.5 30.3 20 2278 0.5 2.4 2.1 7.0 4.8 1.4 0.5 

200.5 31.2 29 1999 0.7 3.3 2.3 9.8 5.4 0.8 0.7 
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Figure 13. Depth profile of elements in the leachable fraction of OMZ sediment core (GC14). 
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Table 12. Composition of authigenic oxide fraction leached from Base-OMZ sediment core (GC13). 

Depth 

(cm) 

Ka 

BP 

Mn 

(ppm) 

 Fe 

(ppm) 

Ti 

(ppm) 

U 

(ppm) 

Re 

(ppb) 

Mo 

(ppb) 

Co 

(ppm) 

V 

(ppm) 

Cr 

(ppb) 

0.5 0.3 170 1284 0.2 0.4 0.0 1.2 9.4 5 949 

8.5 0.9 164 1987 0.3 0.5 0.1 2.3 9.8 6 1394 

16.5 1.6 175 2012 0.4 0.7 0.1 2.3 9.8 7 1398 

24.5 2.2 148 2468 0.4 0.8 0.2 2.4 8.9 7 1487 

32.5 2.8 119 2204 0.2 0.8 0.2 2.3 7.9 7 1404 

40.5 3.4 121 2047 0.2 0.6 0.2 2.4 7.4 7 1429 

48.5 4.0 120 2748 0.2 0.8 0.3 2.4 7.6 7 1642 

56.5 4.6 99 2819 0.3 1.1 0.4 3.5 6.8 8 1901 

64.5 5.3 84 2827 0.3 1.1 0.5 3.1 6.6 8 1794 

72.5 5.9 75 2406 0.2 1.0 0.4 3.3 5.7 6 1583 

80.5 6.5 72 2411 0.2 1.0 0.3 3.0 5.8 6 1638 

88.5 7.1 95 2378 0.3 1.1 0.7 5.3 5.6 6 1743 

96.5 7.7 82 1948 0.3 1.3 0.4 5.5 6.3 6 1753 

104.5 8.3 91 2449 0.3 1.8 0.6 7.4 5.5 7 2057 

112.5 8.9 92 2059 0.3 1.4 0.4 7.7 5.1 6 1788 

120.5 9.6 91 2016 0.3 1.4 0.4 7.1 5.5 6 1855 

128.5 10.2 122 1920 0.3 1.1 0.5 6.4 5.2 6 1759 

152.5 12.0 84 1883 0.2 1.0 0.3 7.0 4.8 6 1593 

160.5 12.6 104 1925 0.5 1.0 0.2 7.8 5.4 6 1531 

168.5 13.2 83 1667 0.3 0.9 0.2 8.7 4.0 5 1510 

176.5 13.9 104 1777 0.3 1.0 0.8 8.8 5.7 6 1546 

181.5 14.2 88 1316 0.2 0.8 0.3 7.5 4.7 5 1307 

192.5 15.1 109 1877 0.3 0.8 0.3 9.8 6.5 6 1616 

200.5 15.7 104 1303 0.3 0.7 0.7 6.8 5.3 5 1571 
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Figure 14. Depth profile of elements in the leachable fraction from Base-OMZ sediment core. 

4.6. Bulk sediment composition 

 The bulk sediment composition is nothing but the total-sediment composition, which is 

cumulative result of all fractions together, forming the sediment. As the continental shelf 

sediment in the vicinity of river discharge points can capture the changes in terrigenous 

silicate supply, the present OMZ sediment core (GC14) is suitable for understanding the 

monsoon dependent variation in river discharge of silicate matter derived from the land they 

drain. To assess the accuracy of analytical results one reference standards (Japanese Marine 

Sediment-1: JMS1) is used and the percent error associated with the results are presented in 

Table 13. This table also contains range of variation of the analyzed elements. The Tables 14 

and 15 present the down-core variation of a set of elements utilized in the present study and 

their depth-series are presented as Figures 15 and 16. 
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Table 13. Analytical errors estimated from the sediment reference standards 

##   

JMS-1 standard 

(Deviation in % of the 

reported values) 

Sediment cores  

(concentration units given in first column are applicable to all other columns) 

GC14 (Shallow-water core) GC13 (deep-water core) 

 

 

Lowest Highest Average Lowest Highest Average 

Fe                8 0.50 (%) 7.64 4.83 5.17 7.82 6.35 

Mg                7 0.84 (%) 1.97 1.43 1.46 2.34 1.87 

Zn                2 44 (ppm) 129 75 97 157 118 

Ti                 3 0.03 (%) 0.58 0.42 0.32 0.57 0.44 

V                 7 39 (ppm) 134 98 112 195 148 

Mn               6 0.01 (%) 0.04 0.03 0.03 0.05 0.04 

Ca               8 2.17 (%) 20.19 9.04 NA  NA NA 

Al                7 3.26 (%) 7.86 6.12 7.14 9.22 8.22 

Co             11 0  (ppm) 24 9 20 35 27 

Ni               5 35 (ppm) 94 72 67 110 83 

Cr              NA 55 (ppm) 130 95 NA NA NA 

NA – Not available (analyzed values are very close to blank level, hence rejected).  

## - The element variations in the time-series larger than the above estimated percent deviation (1 error) only 

are considered as significant for interpretations. 

 

Table 14. Depth-distribution of major and minor elements in OMZ sediment core (GC14) 

Age Al Ti Fe  Mn Mg  

Bulk-

Ca Co Zn Cr V 

Carb-

Ca Ba Sr Sc Cu 

KaBP % % % % % % ppm ppm ppm ppm % ppm ppm ppm Ppm 

1.77 6.65 0.55 4.85 0.043 1.57 4.15 25 79 96 117 1.98 196 215 12 67 

2.47 6.84 0.55 5.04 0.040 1.60 4.31 24 78 104 120 2.14 198 213 13 68 

3.17 6.99 0.56 5.21 0.037 1.59 4.84 24 81 102 124 2.67 20 220 12 69 

3.87 6.94 0.55 5.25 0.037 1.62 5.36 23 80 107 118 3.19 168 240 11 69 

4.57 6.69 0.53 4.93 0.033 1.58 6.19 22 77 93 112 4.02 185 225 11 60 

5.96 5.55 0.45 4.32 0.025 1.36 6.91 17 70 83 103 4.74 203 228 10 69 

6.66 5.79 0.43 4.02 0.024 1.31 6.57 15 65 77 90 4.40 211 236 11 63 

8.06 5.27 0.37 3.63 0.020 1.12 8.06 12 71 81 80 5.89 227 238 12 64 

8.76 5.12 0.36 3.51 0.019 1.07 8.68 11 75 93 77 6.51 234 255 11 63 

9.46 5.19 0.36 3.55 0.017 1.09 9.54 11 73 83 73 7.37 261 309 9 53 

10.85 4.92 0.31 3.21 0.017 1.02 10.27 8 67 70 60 8.10 271 349 9 52 

11.55 4.67 0.29 3.10 0.016 0.99 12.07 6 53 76 55 9.90 234 409 8 49 

12.25 3.49 0.23 2.45 0.013 0.84 15.57 4 44 65 42 13.40 27 538 6 40 

12.60 3.33 0.23 2.44 0.013 0.88 19.22 3 54 76 42 17.05 240 659 4 33 

12.95 3.26 0.22 2.62 0.011 0.90 20.19 2 57 76 39 18.02 309 702 4 32 

13.29 3.93 0.26 3.14 0.013 0.97 17.30 4 52 75 52 15.13 277 759 3 35 

13.64 4.27 0.28 3.30 0.014 1.02 15.84 5 52 86 54 13.67 260 707 2 24 

13.99 4.41 0.29 3.56 0.015 1.02 15.80 5 52 73 60 13.63 240 607 4 32 

14.50 4.87 0.33 3.60 0.017 1.13 15.97 7 62 76 67 13.80 32 556 4 37 

15.07 5.28 0.36 3.76 0.017 1.10 13.10 9 60 73 70 10.93 300 538 3 38 

15.65 6.06 0.43 3.94 0.025 1.45 9.26 13 69 87 93 7.09 271 501 6 40 
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16.22 6.49 0.46 4.19 0.027 1.53 7.35 14 75 92 98 5.18 277 433 5 41 

16.66 6.31 0.43 3.99 0.025 1.46 8.86 14 70 90 93 6.69 274 456 9 57 

16.80 6.20 0.45 5.31 0.028 1.63 10.58 6 74 98 96 8.41 265 468 8 63 

17.95 5.95 0.45 5.17 0.028 1.72 10.21 6 69 93 105 8.04 250 641 8 60 

18.52 6.39 0.48 5.28 0.030 1.79 9.08 5 73 98 107 6.91 237 623 7 55 

19.10 6.77 0.48 5.17 0.028 1.80 9.21 4 75 103 107 7.04 270 587 10 66 

19.67 6.29 0.46 5.06 0.028 1.68 9.71 5 78 99 102 7.54 25 522 8 53 

20.25 6.12 0.44 5.68 0.031 1.60 8.27 5 71 55 100 6.10 251 437 9 44 

20.82 7.06 0.52 5.59 0.030 1.77 7.15 7 81 107 115 4.98 251 470 9 61 

21.40 7.15 0.49 6.01 0.031 1.74 8.82 5 83 110 107 6.65 353 360 10 63 

21.97 7.76 0.58 7.09 0.037 1.97 8.00 11 106 130 134 5.83 250 443 9 60 

22.55 7.28 0.54 6.78 0.037 1.86 8.29 9 103 130 124 6.12 268 334 9 64 

23.12 6.86 0.51 6.09 0.036 1.86 8.83 7 87 114 116 6.66 247 504 9 62 

23.70 6.47 0.48 5.91 0.032 1.77 10.79 5 78 99 110 8.62 242 387 9 63 

24.27 6.88 0.48 5.89 0.030 1.71 7.67 10 78 101 119 5.50 231 427 9 64 

24.85 6.53 0.47 5.88 0.032 1.63 10.01 6 88 105 106 7.84 245 539 9 54 

25.42 6.75 0.48 5.55 0.029 1.71 9.21 5 78 103 107 7.04 256 522 8 58 

25.99 6.05 0.42 7.10 0.027 1.60 9.39 2 75 97 98 7.22 248 555 7 59 

26.57 6.83 0.48 5.96 0.032 1.76 10.84 7 83 112 122 8.67 238 648 6 56 

27.14 6.08 0.41 7.64 0.028 1.58 9.70 2 74 98 98 7.53 241 562 8 60 

27.72 6.17 0.42 5.13 0.027 1.60 10.91 3 69 94 102 8.74 228 586 7 64 

28.87 5.46 0.37 4.94 0.026 1.50 13.49 0 60 79 89 11.32 221 562 6 53 

29.44 5.15 0.35 6.46 0.025 1.41 12.63 0 66 85 86 10.46 246 549 7 53 

30.02 5.56 0.39 5.73 0.025 1.46 10.74 1 66 81 98 8.57 289 543 6 51 

30.59 6.16 0.40 4.87 0.027 1.42 8.87 1 66 86 95 6.70 311 475 6 54 

31.17 6.15 0.40 4.33 0.023 1.45 9.12 1 62 87 96 6.95 306 309 8 59 

31.74 5.30 0.33 3.99 0.020 1.27 10.83 4 58 74 84 8.66 265 323 8 59 

32.32 5.86 0.37 5.87 0.024 1.37 7.30 7 77 93 102 5.13 329 678 7 56 

32.89 6.86 0.42 4.91 0.023 1.40 5.92 9 79 93 106 3.75 343 328 6 60 

33.47 6.31 0.39 4.86 0.024 1.44 10.38 8 68 86 104 8.21 224 248 7 53 

34.33 4.99 0.31 5.64 0.018 1.09 8.10 4 59 71 85 5.93 310 414 7 46 

35.19 7.62 0.46 5.25 0.026 1.38 9.31 10 85 109 106 7.14 283 464 4 48 

35.77 6.28 0.35 5.26 0.020 1.14 7.25 6 82 82 88 5.08 283 431 8 56 

36.91 4.11 0.25 3.17 0.016 0.86 5.24 1 51 68 63 3.07 290 618 5 58 

37.49 6.36 0.40 4.34 0.024 1.34 7.85 10 82 125 109 5.68 279 241 9 57 

38.06 6.88 0.42 4.77 0.028 1.46 6.35 9 90 110 125 4.18 288 341 7 53 

38.64 7.14 0.44 5.01 0.027 1.45 5.01 10 97 106 121 2.84 277 257 7 54 

39.21 7.30 0.44 5.07 0.028 1.40 6.57 12 93 107 112 4.40 269 237 7 55 

39.79 7.09 0.44 4.14 0.024 1.41 5.48 10 81 112 111 3.31 275 172 7 53 

40.36 7.67 0.46 4.91 0.023 1.53 4.01 13 104 122 123 1.84 264 107 9 64 

41.51 7.55 0.45 4.92 0.24 1.53 2.17 16 100 118 121   270 99 9 55 

42.81 7.35 0.45 5.23 0.025 1.44 6.40 13 94 120 123 4.23 231 216 3 59 
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Figure 15. Depth distribution of elements in bulk sediment of GC14 (OMZ sediment core) 
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 Table 15. Depth-distribution of major and minor elements in Base-OMZ sediment core (GC13) 

Age Al Ti Fe Mn Mg Co Zn V Sr Cu Ni 

ka % % % % % ppm ppm ppm Ppm ppm ppm 

0.33 8.24 0.49 6.92 0.05 2.16 32 115 170 97 82 87 

0.64 8.12 0.53 6.82 0.05 2.14 33 114 175 97 84 87 

0.95 8.25 0.52 7.20 0.05 2.16 33 117 178 34 85 90 

1.25 8.30 0.49 7.00 0.04 2.15 31 120 172 93 82 87 

1.56 8.81 0.56 7.42 0.05 2.25 35 129 187 100 86 96 

1.87 8.81 0.45 7.65 0.04 2.31 32 130 179 79 86 96 

2.18 8.64 0.53 7.13 0.05 2.18 32 123 177 103 78 91 

2.48 9.08 0.53 7.82 0.05 2.34 33 157 190 94 97 99 

2.79 8.75 0.56 7.64 0.05 2.33 34 134 195 103 94 97 

3.10 8.48 0.52 7.31 0.04 2.25 32 126 187 93 85 110 

3.41 8.27 0.57 7.09 0.05 2.14 33 132 186 100 85 98 

3.71 8.08 0.56 6.91 0.04 2.09 31 122 178 101 81 89 

4.33 8.30 0.51 6.71 0.04 2.01 29 120 169 100 76 86 

4.94 8.51 0.52 6.51 0.04 1.91 29 123 164 107 71 87 

5.25 8.66 0.51 6.57 0.04 1.91 28 123 164 109 70 87 

5.56 9.22 0.40 6.95 0.03 2.12 26 129 162 76 73 92 

5.87 8.44 0.47 6.14 0.04 1.85 26 113 146 103 62 81 

6.17 8.35 0.41 6.18 0.03 1.84 25 120 141 94 63 83 

6.48 7.74 0.42 5.63 0.03 1.76 24 119 134 106 57 80 

6.79 8.04 0.41 5.96 0.03 1.81 24 119 137 94 59 83 

7.10 8.16 0.43 5.98 0.03 1.81 25 117 137 100 58 82 

7.40 7.89 0.40 5.90 0.03 1.80 23 115 133 95 59 79 

7.71 8.45 0.44 6.17 0.04 1.86 27 120 142 115 64 83 

8.02 8.35 0.42 6.05 0.03 1.83 26 124 133 112 60 81 

8.33 8.23 0.39 5.89 0.03 1.77 24 120 126 109 58 77 

8.63 8.54 0.42 6.12 0.03 1.82 25 124 130 115 60 81 

8.94 8.59 0.42 6.20 0.04 1.81 26 128 131 123 62 82 

9.56 8.28 0.44 5.95 0.03 1.76 26 115 127 131 57 78 

9.86 8.45 0.40 6.07 0.03 1.78 25 114 130 119 58 77 

12.32 8.43 0.40 6.16 0.04 1.68 25 112 129 114 57 79 

12.63 8.51 0.39 6.24 0.04 1.74 26 114 133 114 59 79 

12.94 7.94 0.38 5.96 0.03 1.62 25 113 130 128 58 76 

13.25 7.78 0.37 5.68 0.03 1.55 24 106 123 122 57 73 

13.55 7.73 0.35 5.17 0.03 1.49 20 97 112 124 51 68 

13.86 7.14 0.34 5.26 0.03 1.49 22 106 115 217 56 71 

14.17 7.98 0.38 6.07 0.03 1.64 25 116 137 155 63 79 

14.48 7.88 0.36 5.82 0.03 1.59 24 111 126 154 61 74 

14.78 7.71 0.34 5.84 0.03 1.57 23 110 124 164 57 77 

15.09 7.41 0.34 5.54 0.03 1.49 23 103 118 165 57 72 

15.40 7.32 0.33 5.41 0.03 1.52 23 101 115 200 55 70 

15.71 7.18 0.32 5.25 0.03 1.46 21 99 117 230 54 68 
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       Figure 16. Depth-distribution of elements in bulk sediment of Base-OMZ sediment core (GC13). 
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5. DISCUSSION 

As already described in the introduction chapter, the OMZ is a subsurface zone of 

lowest DO concentration, which occurs as a result of high surface productivity and poor 

ventilation of the intermediate waters (Olson et al., 1993). In this chapter, the interpretation 

based on variations observed in the time-series of compositional parameters with respect to 

past changes in OMZ, productivity, thermocline ventilation and terrigenous matter supply are 

presented. 

5.1. Sedimentation rate 

The changes in marine sedimentation rates at continental shelves and slopes provide 

preliminary indications about variations in terrigenous material input as these sediments are 

dominated by land-derived silicates. The sedimentation rates for the identified Holocene 

Period are 5.7 and 13 cm/ky respectively in OMZ and Base-OMZ sediment cores. The LGM 

sedimentation rate is 6.9 cm/ky in the farmer sediment core. Other well dated sediment cores 

from deep-water BoB (>3000 m) (Pavan and Govil, 2011; Pattan et al., 2013) have yielded 

further higher mean sedimentation rates of ~15 cm/ky. These observations suggest that the 

sedimentation rate in Indian eastern continental margin increases with depth probably due to 

increased influence of fan sediment with water-depth.  

5.2. Climate and monsoon variations as depicted by 
18

O  

The 
18

O of foraminifera encodes the 
18

O of the ambient seawater in which it has 

accreted its calcite skeleton (Emiliani and Ericson, 1991). The 
18

OSEAWATER response to past 

climate change has been shown to be globally uniform, which is forced by the global ice 

volume extent (Shackleton, 2000). Therefore, the calcite secreting organisms such as 

planktonic and benthic foraminifera are well suited to delineate the past climate stages (Imbrie 

et al., 1973). The 
18

O of the G. sacculifer (a planktonic species), is used for identifying the 

climate stages in OMZ sediment core (GC14) that was retrieved from the seafloor swept 

presently by most-intense (core) OMZ. The 
18

OG. sacculifer time-series of OMZ sediment core 

(GC14) reflects the changes in global ice-volume, which had changed dramatically according 

to the climate prevailed at the time of sediment deposition.  

The 
18

O of the benthic foraminifera U. peregrina was used for the Base-OMZ 

sediment core (GC13) which was retrieved from the seafloor that is presently swept by the 

base of the OMZ. Although not of significance, both these sediment cores are from nearby 
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locations, hence fall under the influence of same vertical extent of the OMZ. This minimizes 

the effect of spatial differences in oceanographic parameters responsible for OMZ dynamics. 

The reason for selecting different species for 
18

O measurement has already been presented in 

the ‘material and methods’ section. In addition to global ice-volume changes, the 
18

OG.sacculifer 

is also a function of local surface - salinity and -temperature changes (Labeyrie et al., 1996; 

Lea et al., 2000; Chodankar et al., 2005; Banakar et al., 2005; 2010). However, these aspects 

are out of scope of the present thesis and only the total variation in the 
18

O is presented and 

discussed.  

The overall 
18

OG.sacculifer variation in the depth-series in the OMZ sediment core 

(GC14), which is located right within the depth range of most intense OMZ (150 - 400 m), is 

between  -2.5 ‰ (at 8.5 cm) and 0.5 ‰ (at 196.5 cm) (Figure 9 and 17), i.e., a contrast of ~3 

‰. In the Base-OMZ sediment core (GC13), which is located at water depth that corresponds 

to the base of modern OMZ, the 
18

OU. perigrina variation is ~3.4 ‰ (at 192.5 cm) to 3.0 ‰ (at 

8.5 cm) (Figure 10), i.e., a contrast of only 0.4 ‰.  

As per the ice-volume based estimates of global 
18

O contrast between the coldest 

LGM and the warmest Holocene is ~1 ‰ (Shackleton, 2000; Imbrie et al., 1973; Bassinot et 

al., 1994) and can be accounted in the OMZ sediment core (GC14). But, this contrast is 

significantly lower in the Base-OMZ sediment core (GC13) than the expected 1‰. This 

observation, at the outset, suggests that, the former sediment core covers both climate 

extremities (LGM and Holocene), while the latter sediment core does not cover the LGM. This 

observation becomes clearer when the 
18

O variation is plotted against the time based on the 

radiocarbon ages (Figure 17). 
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Figure 17. 
18

OG.sacculifer depth-series of OMZ sediment core (bottom panel) and tuning this depth-series 

to two radiocarbon ages (red downward) arrow and to the structure of previously published 

record of a nearby sediment core (Govil and Naidu, 2011) which is based on seven radiocarbon 

dates (top panel). The double headed blue arrows show the two well pronounced climatic 

events (1-YD; 2- Bølling) utilized for time-scale tuning of the present sediment core. 

The depth-series of both the sediment core were translated in to time-series utilizing 

radiocarbon dates, the prominent features in the 
18

O, and tuning the depth-series of 
18

O with 

the time-series of previously published nearby sediment core (Govil and Naidu, 2011) (Figure 

17). The 
18

O events and the radiocarbon dates together suggest that the OMZ sediment core 

covers the last 42.7 kyr climate record, while the Base-OMZ sediment core covers only part of 

the last deglaciation to Holocene climate (i.e., last 15.7 kyr) (see Figure 19). 

In the OMZ sediment core, the enriched 
18

OG.sacculifer (>0 %) are evident at 38-36 ka 

BP, 31-26 ka BP and ~12 ka BP, which apparently indicate the coldest climate similar to LGM. 

But, in almost all previous foraminifera 
18

O records, the LGM (MIS-2) has been assigned to 

24 to 11 ka BP based on SPECMAP (Imbrie et al., 1973; Bassinot et al., 1994). However, this 

time-slab of LGM was modified following the stacking and modeling of all the available 

global radiocarbon, 
10

Be and 
3
He data (Clark et al., 2009). These authors have clearly 

demonstrated that the fully developed coldest LGM conditions were already in place by ~26 

ka BP and the LGM conditions began to develop ~33 ka BP itself. It is also noteworthy that a 
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rapid increase in the benthic 
18

O occurred from 38 ka BP and terminated with highest 


18

Obenthic at ~29 ka BP to continue through 19 ka BP in the global benthic foraminifra 
18

O 

stack (popularly known as LR-04 benthic stack: Leisiki and Raymo, 2005). This trend of 

growth in 
18

Obenthic clearly suggested that the growth of coldest LGM in fact started nearly 38 

ka BP and reached the coldest LGM condition at around 29 ka BP and terminated at ~19 ka 

BP. In other words, the previously marked LGM between 24 and 18 ka BP in SPECMAP is 

much shorter than the actual. The most enriched 
18

OG.sacculifer in OMZ sediment core (between 

~40 and 20 ka BP) probably indicates that the LGM cooling in BoB mixed layer began in 

accordance with the global climate cooling trend (Figure 18). However, the moderate 

depletions of 
18

OG. sacculifer within the demarcated cold climate (i.e., ~33 and 22 ka BP) 

(Figure 18) may suggest an increased freshwater input to the BoB due to intermittently 

intensified monsoons or intermittent warming causing enhanced melt-water input. This 

interpretation however remains tentative until supported by other evidences. The third 

prominent 
18

OG.sacculifer enrichment at ~12 ka BP (Figure 18) occurs in most of the previously 

published records from AS (Schulz et al., 1998; Kessarkar et al., 2013, and references therein) 

that has already been identified as Younger Dryas (YD).  

The LGM identified and marked in the present 
18

OG.sacculifer record is punctuated by 

warmer insterstadial-like events at ~35-30 ka BP and ~25-20 ka BP suggesting that the 

oxygen-isotopic response of the BoB surface to LGM climate is not monotonous but 

resembles the Greenland-type climate variability. This is further supported by the presence of 

warm Bølling-Ǻllerød (BA) interstadial and YD stadial like events in the deglacial section of 

the present OMZ sediment core (Figure 18).  

The newly designated LGM (26 - 19 ka BP: Clark et al., 2009) in the present OMZ 

sediment core does not exhibit expected heaviest-
18

O (Figure 18). The feasible causes for this 

discrepancy are, 1) enhanced freshwater input, i.e., dramatically increased Indian Summer 

Monsoon (ISM) compared to the Pre-LGM period, and/or 2) weakening of winter-spring 

coastal currents, which transfer low-salinity water from the bay into Eastern Arabian Sea 

(EAS) (Shetye et al., 1993). The former is unlikely because most of the palaeo-records suggest 

significantly reduced ISM during the LGM and YD (Banakar et al. 2010; Deplazes et al., 

2013; Sinha et al., 2001 and references therein), hence there was decreased freshwater input to 

the BoB. When the low-salinity water out-flow from coastal BoB in to the EAS in the form of 

coastal currents is reduced or weakened, then the surface salinity in the coastal bay is expected 

to decrease. The low-salinity tongue in the EAS caused by the BoB low-salinity water inflow 
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during the LGM has been shown to have weakened significantly (Chodankar et al., 2005), 

suggesting restricted flow of the low-salinity water originating in the BoB flowing into the 

EAS. This reduced flow would automatically decrease the surface salinity in the east-coast 

BoB waters, in which the present OMZ sediment core is located. Therefore, a significantly 

weakened advection of the BoB low-salinity water appears to have reflected as decreased 


18

OG.sacculifer during the LGM (Figure 18).  

The commencement of LGM climate at ~38 ka BP as represented in the OMZ 

sediment core oxygen-isotope record is nearly consistent with Clark et al., (2009). The YD and 

BA are well-expressed in the 
18

OG.sacculifer record and are comparable in timing with the 

NGRIP ice-core (NGRIP, 2004) and Tibetan Cave deposit (Dutt et al., 2015), although with 

certain timing offsets (Figure 18). This timing offset is expected as the present record is based 

on only two radiocarbon dates.  

The ISM and the northern high-latitude (Greenland) climate connection is well-known 

(see Schulz et al., 1998; Kesserkar et al.,2014 and references therein), which suggest that the 

ISM was intensified during warm Bølling and DO interstadials, while the cold YD forcing has 

been invoked for explaining the weakening of the ISM. Therefore, the identified climate 

events in the present 
18

OG.sacculifer record can be interpreted in terms of ISM intensity. 

Although the ISM intensity appears to have fluctuated throughout the last glacial period, as the 

overall variation of 
18

OG.sacculifer is around ± 0.4 ‰ between ~42 and ~20 ka BP (Figure 18), a 

major shift in the ISM intensity occurs only at the commencement of deglaciation ~18 ka BP. 

From the beginning of the deglaciation, the 
18

OG.sacculifer rapidly decreases from 0.2 ‰ at 18 

ka BP to 2.2 ‰ at 14.5 ka BP, i.e., 2 ‰ decreases, which appears to represents the Bølling 

warming in Greenland. If the global 
18

OSEAWATER decrease of 1 ‰ during the last deglaciation 

caused by decreased ice volume/warming (Shackleton, 2000) is subtracted from the observed 

decrease of 2 ‰ in the present record (Figure 18), the remainder of ~1 ‰ decrease must have 

been due to intensified freshwater input to the bay coinciding with Bølling warming in the 

northern hemisphere.  In contrast, during the cold YD in Greenland the ISM appears to have 

significantly weakened as indicated by rapidly increased 
18

OG.sacculifer by ~2.2 ‰ since the 

Bolling (Figure 18). The Greenland climate connection with the ISM interpreted from present 

OMZ sediment core record is consistent with previously observed intensification of ISM 

during the warm Bølling and weakening during the cold YD (Banakar et al. 2010; Deplazes et 

al., 2013; Dutt et al., 2015; Kessarkar et al., 2014; Schulz et al., 1998; Wang, 2001; Sinha et 

al., 2005). 
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Within the Holocene a minor but distinct depletion of 
18

OG.sacculifer is evident ~8 ka BP 

followed by enrichment at ~6 ka BP (Figure 18), suggesting a strengthening of ISM followed 

by its weakening respectively. The strengthening of the ISM at ~8 ka BP observed in the 

present 
18

O record has also been reported by Overpeck et al (1996) from the AS sedimentary 

records. These Holocene ISM events have significance with respect to development and 

decline of Harappan Civilization. The 8 ka BP intense ISM might have not allowed the human 

settlements to be established in Indus Valley due to perennially flooded Indus and its 

tributaries until ~6 ka BP when the ISM weakened. At around this time the floodplains suitable 

for agriculture might have got exposed and stabilized favoring the establishment of human 

settlements. This ISM weakening at ~6 ka BP recorded in the present OMZ sediment core 

(Figure 18) appears to be similar to that observed ~5 ka BP in other BoB sedimentary records 

(Rashid et al., 2011), cave deposits (Dutt et al., 2015) and Tibetan Lake sediments (Nishimura 

et al., 2013), which has already been linked to the growth of Harappan Civilization on the 

Indian Subcontinent (Staubwasser et al., 2003;  Ponton et al., 2012; Dixit et al., 2014).  

The 
18

OG.sacculifer during 26 to 18 ka BP (i.e., LGM) does not exhibit expected 

enrichment, instead, most enriched values are evident prior to 26 ka BP (Figure 18). The 

probable cause for this could be either an enhanced freshwater input (i.e., intensified ISM), or 

weakening of Eastern India Coastal Current (EICC). The EICC transfers low salinity water 

from the northern bay into AS via the east-coast of India (Shankar et al., 2002; Shetye et al., 

1993). This current is largely responsible for balancing perennially high-salinity AS. Any 

restriction to the flow of EICC in to AS would cause the east coast waters to become fresher as 

the loss of low-salinity water from the bay to the AS is prevented or reduced. The 

intensification of ISM during the LGM is unlikely because most of the palaeo-records suggest 

significantly reduced ISM during the LGM and YD as expected under the then prevailed 

ITCZ-ISM coupled dynamics (Gadgil, 2003). On the other hand, the EICC has been shown to 

have restricted to the southernmost AS during the LGM that has adversely affected freshening 

of the eastern AS (Chodankar et al., 2005). Therefore, the moderate decrease in the 


18

OG.sacculifer during the LGM (26 - 18 ka BP) as compared to the preceding period can be 

speculated to be a result of accumulation of low salinity northern bay water along the eastern 

margin of India due to reduced strength of EICC. Such restriction to the EICC out-flow occurs 

when the sea level gradient between the western-BoB and the Eastern AS is reduced probably 

as result of declined freshwater flux to the BoB. The reduced sea level gradient between these 

two basins apparently reduces this out-flow, which might have caused the observed depletion 
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of 
18

OG.sacculifer during the LGM. This interpretation is consistent with reduction in the ISM 

during the coldest LGM, which is the main cause of lowering of sea level in the BoB that 

receives huge freshwater flux mostly from ISM. The modern ISM intensity influences the 

biogeochemistry of northern Indian Ocean (Dileepkumar, 2009), which in turn might have 

influenced the status of the OMZ in the BoB (Sarma et al., 2013). However, whether such 

ISM-OMZ coupling existed in the past-BoB is not known and can be understood with the help 

of geochemical tools. 

 

 

Figure 18. Time-series of 
18

OG.Sacculifer from OMZ sediment core (GC14) is compared with NGRIP ice-core 
18

O 

(NGRIP Proj. Members, 2004) (10-point running mean) and 
18

O of Mawmluh Cave deposit of 

Meghalaya (Dutt et al., 2015). The downward arrows are the two measured radiocarbon ages, and upward 

arrows are the two tie-points (YD and Bølling) adopted from a nearby sediment core (Govil and Naidu, 

2011). Note the consistency of deglacial and 8 ka BP events in all records.  
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The Base-OMZ sediment core (GC13: water depth = 1474 m), as mentioned in 

material section, is nearly devoid of planktic foraminifera. All the available tests of Uvigerina 

perigrina (benthic foraminifera) species were analyzed for 
18

O. The chronology for this 

sediment core is based only on one radiocarbon date obtained for 200 cm depth (considered 

here as the bottom of the core), as there were no adequate numbers of benthic tests required 

for radiocarbon dating (equivalent to ~10 mg of carbonate) in the entire core-length. The 

radiocarbon age obtained for this bottom section is 15705 y BP and the top of the sediment 

core is assumed as ‘Present’ (refer to material and methods section for details). 

The time-series of 
18

OU. perigirina exhibits a clear trend of nearly constant values in the 

Holocene 12 ka BP – Present) and relative enrichment in preceding later part of the 

deglaciation (16 ka BP – 12 ka BP) (Figure 19). The timing of the end of the last deglaciation 

is consistent with well-established commencement timing of the Holocene in both SPECMAP 

(Imbrie et al., 1973) and also in the LR-04 Benthic Stack (Liesicki and Raymo, 2005). 

  

 

Figure 19.  Time-series of 
18

OU.perigrina of the OMZ-base sediment core (GC13). The vertical 

downward arrow is the measured  radiocarbon age; horizontal arrow indicates that the 

deglacial section continues further down in the sediment column beyond the length of this 

sediment core; the dotted vertical line separates Holocene and Deglacial climate stages. 

The 
18

OU.perigrina varies in a narrow range (between 3.0 ‰ to 3.5 ‰: Figure 10 and 

Table 5) and exhibits a nearly uniform depleted values of ~3.5 ‰ after 12 ka BP as compared 

to 15.7 ka BP (Figure 19). The rapid and highly fluctuating decrease in 
18

OU.perigrina from 15.7 

ka BP to ~12 ka BP indicates that the later part of the last deglacial warming was not smooth 

but through rapid adjustments in deepwater properties. The identified Holocene, on the other 

hand, exhibits negligible variation in the 
18

OU.perigrina (3.1 ± 0.1 ‰: Figure 19) suggesting 

nearly uniform climate forcing on deepwater in BoB. The ISM variability from this core 

cannot be assessed as the depth of habitat of U. perigrina in the present instance is 1474 m 

which is beyond the depth of influence of monsoon forcing.  
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5.3. Sediment sources to eastern margin – geochemical approach 

The ISM intensity has a great influence on river-transported terrigenous matter input to 

the eastern continental margin of India, because several seasonal peninsular rivers drain into 

the western BoB. The combined terrigenous input by the eastward flowing Mahanadi-Kaveri-

Krishna-Godavari system is next to the Ganga-Brahmaputra river sediment input. Hence, the 

changes in terrigenous input to western BoB along the Indian east-coast should reflect the 

changes in the strength of the peninsular rivers, in turn, the ISM intensity. The sediment flux to 

the bay and its chemical properties have demonstrated that climate has significant role in 

regulating the peninsular erosion (Goodbred, 2003; Tripathy et al., 2014).  

The Holocene sedimentation rate of 5.7 and ~13 cm/ky are recorded respectively by 

the OMZ and Base-OMZ sediment cores (GC14: 325 m water depth and GC13: 1474 m water 

depth respectively). The LGM sedimentation rate of 6.9 cm/ky is recorded in the former 

sediment core. That is, an average sedimentation rate of ~6.8 cm/ky in the OMZ sediment core 

for the last ~42 kyr. Another well dated deep-water sediment core from the BoB (SK 218/1 – 

3300 m water-depth Pavan and Govil, 2011; Pattan et al., 2013) records further higher average 

sedimentation rate of ~15 cm/ky for the last ~35 kyr. These data appear to indicate that the 

sedimentation rate in BoB increases with increasing depth of deposition, which is puzzling. 

This increased sedimentation rate with increasing depth in the bay may be due to enhanced 

influence of fan sediments on sedimentation rates with increasing water depth in the distal bay. 

The OMZ sediment core location is in the vicinity of discharge points of Krishna-

Godavari-Kaveri (KGK) river system draining the peninsular India. Therefore, it receives 

pristine silicate detritus derived from the peninsular India, which is directly under the 

influence of ISM. The erosion strength of this river system is directly related to the strength of 

the ISM. Further, it is necessary to know the average composition of KGK derived sediment to 

assess the provenance of terrigenous material variation in this sediment core.  

The Table 16 provides details of composition of sediments of KGK river system. 

Although the location of the present OMZ sediment core is in the vicinity of KGK discharge 

points (Figure 8), the presence of Ganges-Brahmaputra derived sediment cannot be ruled-out, 

because seasonally reversing EICC is expected to disperse sediment all along the east-coast of 

India (Selvaraj et al., 2004). The Nd - Sr isotopic compositions of east coast sediments are 

significantly different from those of proper Bengal Fan sediment, but closely follow the 

Deccan basalts and peninsular granites. On the other hand, the fan sediment falls between the 

mixing line of Himalayan granites and Deccan basalts (Galy et al., 2010). The KGK rivers 

originate in the peninsular south India and share a common tectonic history (Sastri et al., 
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1973). Hence, these three rivers must have acted as a major sediment transport agents to the 

BoB. This observation clearly indicates that the peninsular rivers are the main source for the 

terrigenous component in the sediment of the eastern coastal region of India. Thus, the OMZ 

sediment core is expected to receive most of the terrigenous silicates from KGK river system 

than the Himalyan Rivers. It is noteworthy that over 34 % of the terrigenous component in 

sediment of the deep western BoB has been accounted for peninsular rivers (Goodbred, 2003), 

hence, changes in terrigenous element composition of the OMZ sediment core (GC14) is 

expected to respond to monsoon variation. The sediment flux to the bay and its chemical 

properties have demonstrated that climate has significant role in regulating the peninsular 

erosion (Goodbred, 2003; Tripathy et al., 2014). Therefore, sediment composition in the study 

area should exhibit comparable behavior with the average KGK sediment. For this, I have 

considered the available element composition of KGK sediment (Table16: Subramanian et al., 

1985) to calculate the average composition of the source sediment to the depositional site of 

the present sediment cores.  

Table 16. Comparison of major element composition of bulk sediment of the present sediment core with potential 

terrigenous sediment Source Rivers (all values in wt. % and data from Subramanian et al., 1985) 

  OMZ sediment. Core 

(GC14) (Average of 64 

samples) 

Krishna 

River 

sediment 

Kaveri 

River 

sediment 

Godavari 

River 

sediment 

Average 

River 

sediment  

Al 6.1 3.4 4.8 4.3 4.3 

Fe 4.8 4.2 1.8 5.7 3.4 

Ti 0.4 0.6 0.3 0.9 0.5 

Mg 1.4 1.3 1.1 1.4 1.3 

Mn 0.02 0.10 0.03 0.10 0.07 

Ca 9.0 5.3 1.1 4.5 3.3 

 

5.4. Depositional environments in the OMZ depths vis-à-vis monsoon variability 

The Al, Fe, Mg, Ti and Mn concentration in the bulk sediment of both sediment cores 

exhibit a remarkable similarity to the KGK sediment composition. In particular, the OMZ 

sediment core composition is closest to the KGK sediment (Table 16). Thus, the main source 

of terrigenous matter to the present core locations appears to be the erosion products of the 

Peninsular India. However, there are subtle differences with respect to individual elements in 

the sediment core and the source-river sediment. The marginal enrichment of Al – a primary 
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indicator of silicate detritus, than the average KGK sediment may be due to hydrodynamic 

sorting of material in the river system before reaching the open-ocean (Garzanti et al., 2010). 

The Mn shows a significant depletion in the OMZ sediment core compared to KGK sediment 

(Table 16) and average continental crust (Rudnick and Gao, 2003). This may be due to the 

extreme suboxic conditions at the seafloor (325 m water-depth) as it is under the influence of 

the modern most intense OMZ waters. Due to lowest DO at this depth, the sedimentary Mn at 

the sediment-water interface reduces and migrates out of the sedimentary system. The Ca 

shows three times enrichment in this sediment core compared to KGK sediment average 

suggesting that this excess-Ca must be of biogenic origin that can be supported by presence of 

foraminifera skeletons in the coarse fraction.  

The depth-series of elements in bulk composition of the OMZ sediment shows 

significant depletion of all elements (Al, Fe, Mg, Ti, and Mn) except Ca at around 60 cm and 

moderate depletion at around 240 cm. The remaining sections of the core show only minor 

fluctuations (Figure15 and Table 14). In contrast, the Ca shows enrichment in the sections 

where other elements are depleted. This down-core opposite variation trends of Al, Fe, Mg, 

Mn and Ti as compared to Ca warrants an explanation. The Ca-enrichment could be either due 

to significant increase of Ca-rich minerals such as calcite and calcic-feldspars derived from 

peninsular rocks, or due to increased abundance of skeletons of calcite secreting organisms 

such as foraminifera and coccoliths. The calcic-feldspar enrichment can be ruled out because it 

results in corresponding enrichment of Al. The increased supply of terrestrial calcite derived 

from limestones also can be ruled out because the drainage basins of KGK river system is 

devoid of limestone or dolomite formations as evident from very low Ca content in KGK 

sediment (Subramanian et al., 1985: Table 16). Therefore, the likely candidate for the observed 

contrasting down core behavior of Ca with respect to other elements could only be due to 

presence of biogenic calcite skeletons. To confirm this, the coarse fractions of the sediment 

sections were carefully examined under the microscope. The sections enriched with Ca are 

found to be enriched with foraminifera tests.  

Thus, the sections showing depleted terrigenous elements (Al, Fe, Mg, Ti and Mn) are 

not the result of decreased supply of the terrigenous matter by the KGK system, but because of 

dilution by biogenic calcite. The organic matter (OM) and authigenically precipitated oxides 

form minor components in the sediment cores. Therefore, it is necessary to unscramble 

different phases of element carriers in the bulk sediment. The inter-elemental correlation 

analysis is used to identify different group of elements in the bulk sediment (see Table 17). 

The element Al is considered as a proxy for detrital (terrigenous) silicate material and Ca is 
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considered as the proxy for biogenic calcite. 

Table 17. Inter-elemental correlation matrix obtained for the composition of bulk sediment  

  Al Ti Fe  Mn Mg     Ca    Co     Zn 

 

Cr  V  

 Al 1.00 

          Ti 0.89 1.00 

         Fe  0.68 0.67 1.00 

        Mn 0.78 0.93 0.73 1.00 

       Mg  0.81 0.90 0.81 0.88 1.00 

      Ca -0.76 -0.68 -0.42 -0.61 -0.47 1.00 

     Co  0.43 0.56 -0.02 0.47 0.18 -0.59 1.00 

    Zn  0.88 0.76 0.63 0.66 0.68 -0.66 0.41 1.00 

   Cr  0.81 0.72 0.56 0.62 0.68 -0.51 0.33 0.87 1.00 

  V  0.95 0.91 0.75 0.85 0.86 -0.77 0.43 0.85 0.79 1.00 

 

               n = 64; r = 0.65 is significant at 99% confidence level shown with bold fonts 

A strong mutually sympathetic association of Al, Ti, Mg, Mn, Zn, Cr and V (r > 0.8; n 

= 64) and their strong inverse association (r > 0.5) with Ca (Table 17) confirms that the 

sediment core contains two primary components, viz., terrigenous silicate and biogenic 

carbonate. Further, it can be seen in the last 32 kyr time-series of Corg and Ca that, both these 

biogenic components (OM and calcite) exhibit as expected a comparable variation through 

time (Figure 22). These together confirm that most of the Ca is bound to biogenic carbonate. 

The minor elements V, Co, Cr, and Zn are associated with terrigenous silicate detritus phase as 

evident from their strong sympathetic association with silicate phase elements and inverse 

association with biogenic-Ca (Table 17).  

If the terrigenous matter input by KGK to the sediment core location vis-à-vis the 

monsoon variability to be understood, then it is necessary to remove the biogenic carbonate 

dilution effect on the bulk composition of sediment. The lowest Ca-content in the present 

sediment core of 2.2 % and is considered to be the silicate-supported Ca. This silicate-Ca is 

subtracted from the total Ca-content of every section of the sediment core to obtain excess-Ca 

or biogenic–Ca. Then all other elements were normalized with the estimated excess-Ca 

(biogenic-Ca) content of respective sub-sections. The normalized elements essentially are the 

elements exclusively associated with terrigenous silicates.   
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Figure 20. Last 32 ky time-series of productivity indicators in OMZ sediments core. 

Table 18. Inter-elemental correlations for biogenic-Ca normalized composition of the OMZ-sediment core 

 

Fe  Mn Ti Al Mg  Co Cr Zn  V 

Fe  1.0 

        Mn 0.9 1.0 

       Ti 1.0 1.0 1.0 

      Al 1.0 0.9 1.0 1.0 

     Mg  1.0 1.0 1.0 1.0 1.0 

    Co 0.8 0.9 0.9 0.9 0.9 1.0 

   Cr 1.0 0.9 1.0 1.0 1.0 0.8 1.0 

  Zn  1.0 0.9 1.0 1.0 1.0 0.8 1.0 1.0 

 V 1.0 0.9 1.0 1.0 1.0 0.9 1.0 1.0 1.0 

n = 63; r = 0.9 is significant at 99.9 % confidence level  
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The correlation matrix obtained for excess-Ca normalized terrigenous-silicate elements 

show significantly improved mutual positive association (r > 0.9: Table 18). This clearly 

suggests that the Ca in the present sediment core higher than the KGK sediment Ca is 

associated with biogenic fraction, which is a proxy of productivity, and all other elements are 

associated with the KGK derived terrigenous sediment. The estimated biogenic Ca (Table 14), 

therefore can be utilized as a proxy for understanding the past productivity changes in 

response to ISM variation. The biogenic-Ca normalized elemental concentrations are 

considered as reliable proxies to reconstruct the past changes in terrigenous matter supply to 

the location of the OMZ sediment core, which in turn should indicate the changes in the past-

ISM. 

                    
 

Figure 21. Time-series of biogenic-Ca normalized element composition reflecting the changes in terrigenous 

matter input to the OMZ sediment core location. 
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The time-series of terrigenous elements exhibit distinct depletion between 35 and 15 ka 

BP bound by pre-LGM and Holocene enrichment (Figure 21), suggesting that the river 

discharge in to the East Coast of India was significantly lowered during the LGM from its 

preceding period and significantly increased through the Holocene. This pattern of river 

discharge is consistent with several past monsoon records derived from sediments of the 

northern Indian Ocean, which have indicated significant weakening of ISM during the LGM, 

and intensification during Holocene (Schulz et al., 1998; Kessarkar et al., 2013; Banakar et al., 

2017; Sinha et al., 2005). The rapid weakening of summer monsoon precipitation causing 

severe drought conditions within the Holocene at ~5 - 4 ky (Nishimura et al., 2014; 

Staubwasser et al., 2003) is also well-reflected in the terrigenous element time-series by 

decreased contents (Figure 21) indicating weakened river discharge. The timings of intensified 

ISM during the interstadials of last glacial period (~22, ~32 and ~42 ka BP) and ~8 ka BP 

during the Holocene as reflected in the 
18

OG.sacculifer are also evident by moderate increases in 

terrigenous element contents at those timings (Figure 21). In addition, the mid-Holocene (~6 

ka BP) weakening of the ISM is also reflected by the decreased terrigenous elements around 

that time (Figure 21). A noteworthy feature of the present 
18

OG.sacculifer and terrigenous 

element records is that the ISM evolution during the deglaciation (~20-10 ka BP) appears to 

have evolved through rapid fluctuations as previously reported by several researchers from the 

AS sedimentary records. 

The inter elemental correlation matrix for the OMZ-base sediment core (GC13) (Table 

19) that covers last 15.7 kyr suggests the following dominant mineral phases in the sediment 

core which is different from the core of OMZ: 

1. A very strong positive mutual association (r > 0.8) between Mn-Fe-Ti-Co-Ni-Zn-V, 

indicates presence of Fe-Mn oxide phase precipitated at the benthic boundary or 

sediment-water interface. The strong Ti association with Mn and Fe in fact has been 

observed previously in deep-water sediment of world oceans characterized by high DO 

content. This particular association of otherwise typically detrital (silicate detritus) 

associated Ti suggests its strong coupling with the Fe-Ti hydrate in the authigenically 

precipitated oxides (Koschinsky et al., 1994).  

2. The mutual relationship among typical terrigenous elements Al and Mg is very strong 

(r > +0.8), but weak with Mn and Ti. The Fe also exhibits strong positive association 

with terrigenous characteristic elements Al and Mg (r = 0.8) suggesting that this 

element is partitioned almost equally between authigenic oxide and terrigenous silicate 
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phases. The moderately positive association of Mn and Ti with Al may be because of 

presence of minor amount of these two elements in the terrigenous silicate minerals.  

3. The only element that exhibits negative association with all other analyzed elements is 

the Sr. This behavior of Sr apparently suggests that it is associated exclusively with 

such a mineral phase that acts as dilutant of the oxides as well as terrigenous silicate 

mineral phases. It is already observed in the OMZ sediment core (Table 17) that the Ca 

is anti-correlated with silicate and oxide elements. Since the Ca data is not available 

for this sediment core, only bulk composition is emphasized without normalizing for 

carbonate dilution. 

Table 19. Inter-elemental correlation matrix for bulk-sediment composition of Base-OMZ sediment core (GC13) 

        Al Fe Mg Ti Mn Sr Co Ni Zn V 

Al 1.0 

         Fe 0.8 1.0 

        Mg 0.8 1.0 1.0 

       Ti 0.6 0.9 0.9 1.0 

      Mn 0.5 0.9 0.8 0.8 1.0 

     Sr -0.7 -0.7 -0.7 -0.7 -0.4 1.0 

    Co 0.6 1.0 0.9 0.9 1.0 -0.6 1.0 

   Ni 0.7 0.9 0.9 0.8 0.8 -0.7 0.9 1.0 

  Zn 0.8 0.8 0.8 0.7 0.5 -0.6 0.7 0.8 1.0 

 V 0.7 1.0 1.0 0.9 0.9 -0.6 1.0 0.9 0.7 1.0 

The time-series of elements analyzed in the Base-OMZ sediment core (GC13) is 

controlled by combination of surface productivity, oxide precipitation and terrigenous-silicate 

supply. All the analyzed elements show nearly similar temporal variation in sediment at the 

base of the OMZ (Figure 22). This is expected because except Sr all other elements are 

mutually highly coherent as evident in (Table 19). This mutual coherency is mainly because of 

their dominant association with terrigenous silicate matter is the sediment. This restricts the 

utility of these elements only to interpret changes in terrigenous silicate supply, in turn, ISM 

variability. There are three distinct trends in their temporal variability (see Figure 22). 
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a) A gradual increase although with intermittent fluctuations between ~16 and 12ka 

BP. 

b) Attained more stable distribution between ~12 and 6 ka BP, as evident from minor 

fluctuation around constant concentrations. 

c) Further increase from ~6 ka BP to assumed Present with moderate decrease ~ 4 ka 

BP. 

 

Figure 22. Time-series of bulk-sediment elemental concentrations at the base of OMZ (GC13) 
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The above trends suggest that the terrigenous silicate supply to the seafloor at the base 

of OMZ increased through the deglaciation and remained mostly constant during the early 

Holocene. A major shift towards rapid increase in terrigenous input occurred during the mid-

Holocene until the Present in two pulses. These observations can be translated in to ISM 

variability. The ISM intensity began to increase during the deglaciation from its weakest mode 

of the LGM (as evident in OMZ sediment core – GC14 and also in several previous studies). 

The ISM intensity stabilized at moderately intensified level during early part of the Holocene, 

with a short-term decline between ~8 and 6 ka BP. After 6 ka BP the further intensification of 

the ISM is evident. The 8 – 6 ka BP ISM weakening event appears to be similar to that 

observed around 6 ka BP in the OMZ sediment core. The timing discrepancies in the 

terrigenous supply records of the two sediment cores may be due to very poor control on the 

chronology of this Base-OMZ sediment core. Otherwise, the changes in terrigenous supply to 

both locations for common time-slice (16 ka BP to Present) remain nearly similar. Therefore, 

the terrigenous material derived from the KGK appears to have reached the lower slope (1375 

m water depth) via the shelf without much adulteration through the last ~16 kyr. The above 

interpretations shall remain highly speculative for this sediment core due to age constraints 

and require further confirmations. Until then, only the changes recorded in OMZ sediment 

core are emphasized in this thesis. 

5.5. Paleoproductivity changes  

A significant variation in the concentration of Corg (1.7 % to 2.7 %) through time is 

evident in the OMZ sediment core (GC14) (Table 8 and see Figure 20) suggesting remarkable 

change in the Corg burial in the eastern continental margin of India. The Corg to the core 

location can be of both terrestrial and marine origin. Hence, the observed changes in the time-

series of Corg include relative changes in contribution of terrigenous carbon (soil-carbon) and 

marine productivity. The Corg variation in marine sediment can also be due to in changes in its 

post burial preservation. The problems associated with preservation of OM (Corg) in marine 

sediment is well-known (see Meyers, 1994), which has potential to reduce its utility as a 

reliable proxy of marine production. However, the preservation problem with OM normally 

encountered only when it is depositing in oxic environments where its remineralization or 

oxidation obliterate the actual productivity signals. But, the present sediment core is retrieved 

from the most intense depth of the OMZ where the water has remained oxygen depleted that 

prevents any loss of OM through remineralization. Therefore, the recorded temporal variation 

in the present OMZ sediment core can be considered as a faithful proxy for the productivity. 
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The 
13

 Corg in the present OMZ sediment core (GC14) vary between within 17.3 ‰ 

and  19.8 ‰ (Table 8 and Figure 20) suggesting that marine OM may have mixed with 

terrestrial OM, as the pristine marine OM has 
13

 Corg of ~  23 ‰ and the terrestrial pristine 

OM of C3 plants has ~  27 ‰ and of C4 plants has ~  15 ‰ (Meyers, 1994). However, it is 

most likely that the soil OM can show significant enrichment of 
13

 Corg over the original or 

pristine terrestrial OM as a result of preferential loss of 
12

C over the time due to oxidation 

within the well aerated soil as a result of its exposure to atmospheric oxygen (Natelhoffer and 

Fry, 1988) through aging. Therefore, nearly 3 ‰ to 5 ‰ enriched 
13

 Corg in the present OMZ 

sediment core may be due to some mixing of soil-carbon with marine-carbon, wherein, 

increasing 
13

 Corg above marine OM value indicates increasing contribution of soil-carbon. 

The enhanced terrigenous matter input is expected to enrich the coastal waters with 

nutrients and hence increased productivity (Sarma et al., 2013). To test this we assessed the 

Corg and biogenic-Ca variation in the last 32 kyr.  The Corg shows distinct increase during 

deglacial period (16-12 ka) from ~2 % to 2.7 % and a monotonous decrease from ~2.7 % to 

~1.7 % through the Holocene, with comparable trend in biogenic-Ca variation (Figure 20), 

which is in contrast to the recorded variation in the terrigenous sediment input (see Figure 15). 

At the outset, the coherent increase (decrease) of Corg and biogenic-Ca during deglacial 

transition (Holocene) suggest increased (decreased) marine production. If this variation in 

biogenic components reflect the marine productivity alone then the 
13

C of the OM should 

have been ~  23 ‰ (Meyer, 1994), which is not the case. Hence, requires an explanation. The 

additional source of enriched 
13

 Corg is necessary to account for 3 – 5 ‰ enrichment. The 

addition of KGK soil containing aged terrestrial-OM is only the possible additional source. 

Although, it is not feasible to unscramble exact proportion of the soil-carbon from the 

total Corg in the sediment core, it is possible to estimate its approximate proportion considering 

the soil-carbon end-member 
13

 Corg as 15 ‰ and marine-carbon end-member as 23 ‰. 

That is, for every 10 % of soil-OM in the total OM, the 
13

 Corg of the total-OM would show 

an increase of 
13

C Corg by ~1.5 ‰ over the marine end-member value of 23 ‰. Thus, the 

Holocene average of 17.5 ‰ would suggest a presence of ~ 40 % of soil-OM in the 

sediment, which eventually works out as ~60 % of marine-OM; similarly, the deglacial 

average of    19.5 ‰ would suggest approximately 25 % of soil-OM (i.e. 75 % of marine OM); 

and the LGM average of    18.5 ‰ accounts to ~ 30 % of soil-OM (i.e. 70 % of marine OM).  

The 
13

 Corg average of ~ 19.5 ‰ during the deglacial transition is followed by an 

increase of ~2 ‰ through the Holocene (Figure 20), which suggests that around 15 % 
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enhanced input of soil-OM during the Holocene as compared to the deglacial average and 

around 10 % increase compared to the LGM. This observation is nearly consistent with 

terrigenous element increases in the present sediment core during the Holocene (Figure 21). 

Therefore, it is apparent from the significantly decreased biogenic Ca and Corg that during the 

Holocene the KGK river system might have debouched more soil-OM in the eastern 

continental margin. Increased terrigenous matter loading in coastal waters (enriching the 

nutrient load) during intensified ISM years in coastal BoB waters (Sarma et al., 2013) is 

expected to enhance the marine production instead of observed reduction in Corg. This 

anomaly is speculated to be a result of increased turbidity in coastal waters limiting the light 

availability for photosynthesis in-spite of enhanced nutrient availability, i.e., reduced nutrient 

utilization.  

From Figure 20, it is also evident that during the Bølling warm period the productivity 

increased as evident from peak production of biogenic carbonate and increased Corg, but also 

the soil-carbon input shows an increase as evident from increasing 
13

 Corg. The following cold 

YD climate appears to have witnessed reduced soil-OM input as evident in decreased 
13

 Corg. 

This behavior of productivity proxies is on expected lines, because, it has been shown by 

previous studies that the ISM intensity significantly strengthened during the Bølling and 

weakened during the YD (see Kessarkar et al., 2013 and references therein) leading to 

strengthening and weakening of KGK river system responsible for delivering soil-carbon to 

the sediment core location. 

The Corg in Base-OMZ sediment core (GC13) (Figure 23) is higher (~2.5 %) with a 

marginal change of < 0.2 % during most of the deglacial time (16 ka BP to 8 ka BP), and 

begins to decrease to a minimum of ~1.6 % through the Holocene (Figure 23). Interestingly, 

the 
13

 Corg increases marginally from ~ 20.5 ‰ during deglacial time to ~ 19 ‰ through 

the Holocene suggesting that the soil-OM reaching the seafloor underlying the base of OMZ is 

considerably less than that reaching the seafloor underlying the OMZ. The last 16 kyr time-

series of Corg in this sediment core as well as in the OMZ sediment core (GC14: Figure 24) 

exhibit comparable trends. This similarity in Corg distribution in the present sediment cores 

indicates that the Corg records are faithful representatives of the surface productivity in the 

present case.  

As the 
13

Corg change is <1 ‰ throughout the last 16 kyr time covered by this sediment 

core, the relative changes in the proportion of soil OM and the marine OM appear to be 

insignificant. These observations apparently indicate that, a) the KGK derived sediment is 
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mostly locked in the shelf region and b) the productivity through the Holocene decreased 

significantly as compared to the preceding deglacial time. The decreased productivity during 

the Holocene recorded by both the sediment cores is consistent with the previous studies based 

on OM and lipid biomarker proxies in sediments of NIO (Banakar et al., 2005; Punyu et al., 

2014; Tamburini et al., 2003). This observation on decreased/increased productivity during 

Holocene/LGM in BoB along with similar previous observations from AS is of significance 

because the entire Northern Indian Ocean might have contributed to the global cooling during 

the LGM through enhanced burial of OM.   

                                   

  Figure 23. Time-series (2-point running mean) of Corg and 
13

C Corg in OMZ-base sediment core (GC13) 

5.6. Inter elemental association in the Mn-oxide 

The correlation analysis of the elements in leachable (oxide) fraction in the OMZ 

sediment core (GC14) (Table 20) is examined to understand the behavior of set of elements 

under suboxic environment. The formation process of open ocean Fe-Mn crusts and the 

particulate-oxides in sediment are similar as both these are formed by the accumulation of 

colloidal particles precipitated from the seawater and mainly composed of Mn and Fe enriched 

amorphous (cryptocrystalline) material, which act as carrier for other minor elements 

(Koschinsky and Halbach, 1995). Two minerals have already been identified previously in the 

authigenically precipitated oxides viz. Mn-oxide (MnO2) and goethite (FeOOH) precipitating 

independently as evident from very poor correlation between them in the hydrogenetic Fe-Mn 
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crusts of the Indian Ocean  (Banakar and Borole, 1991; Banakar et al., 1997) and from other 

oceans (see Koschinsky and Halbach, 1995).  

Table 20. Inter-element correlation matrix in authigenic fraction of OMZ sediment core. 

  Fe Mn Co Cr V Mo U Re Ti 

 Fe  1.0 

        Mn 0.0 1.0 

       Co  0.3 0.8 1.0 

      Cr  0.3 0.5 0.5 1.0 

     V  0.4 0.1 0.0 0.5 1.0 

    Mo 0.2 0.0 -0.1 0.5 0.4 1.0 

   U  -0.1 0.6 0.5 0.4 -0.3 0.2 1.0 

  Re  0.2 0.4 0.5 0.4 0.0 0.1 0.4 1.0 

 Ti  -0.2 0.5 0.5 0.3 -0.4 0.0 0.9 0.4 1.0 

r = 0.8 is significant at 99.9 % confidence level 

The strong positive association of Co with Mn evident in the present sediment core 

Mn-oxide fraction (r = 0.8: Table 20) has also been observed in Fe-Mn crusts forming in 

oxygen deficient mid-depth open oceans (Banakar et al., 1997; Koschinsky and Halbach 

1995). The closely comparable inter-elemental relationships of primary elements in oxide 

fraction of the OMZ sediment core and the hydrogenous Fe-Mn crust suggest that the inter-

elemental associations exhibited by the leached oxide fraction from present sediment cores 

(Table 20) are expected relationships in marine environment.  

The strong positive relationship of U with Ti (r = 9) and their moderately positive 

relationship with Mn (r ~ 0.5) and no relationship with Fe (Table 20) suggest that the Mn-

phase in the oxide fraction of the sediment is main carrier of Ti and U. The moderately 

positive association of U, Re and Cr with Mn (r = 0.5) and strong positive association of Co 

with Mn (r = 0.8) and their no association with Fe (Table 20) indicate that Mn is the carrier of 

all these minor elements in the leached fraction. But, with increasing suboxic conditions 

(decreasing DO below 2 ml/l: see Figure 24) the Mn reduction intensifies, while Re 

precipitation enhances. The non-association of U with Mo (r = 0.2) which are co-precipitating 

elements with increasing anoxia is also puzzling. These non-coherent associations appear to 

suggest that with the dissolution of oxides at the sediment-water interface under OMZ 

conditions the removal of one set of elements from sediment and precipitation of another set 
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of elements at the sediment-water interface the expected relationships are broken-down. 

However, the non-association of Mo with Mn or Fe (r < 0.2: Table 20) is on the expected line, 

because, the Mo precipitation is associated with the degree of sulphate reduction (intensity of 

anoxia), while Mn or Fe precipitation is associated with the degree of oxygenation.  

 

Figure 24. Schematic diagram showing behavior of redox-sensitive elements in oxic, suboxic and 

anoxic environments. The disappearance of solid-phase Mn (Mn-oxide) at the suboxic/ 

anoxic boundary associates with the beginning of the precipitation of Mo and U as sulphides 

via the sulphate reduction. On the other hand, when the solid-phase Mn is rapidly reducing 

with increasing suboxic conditions the Re begins to precipitate and enrich in the sediment. 

The redox-behavior of these elements is elaborately discussed by Crusius et al. (1996), 

Crusius and Thomson (2000), Tribovillard et al. (2006). This well-tested behavior of redox 

sensitive elements in the sediments is used as basis for discussing their time-series. However, 

there have been isolated studies arguing that the Re, Mo and U behavior in the oceans is 

controlled by the salinity and OM rain (Goswami et al., 2012) rather than their responses to 

oxygenation conditions at the sediment-water interface. In spite of these contradictions, the 

thermodynamics of these elements in the oxygen depleted conditions suggests that the degree 

of depletion of DO at sediment-water interface has a definite control on the distribution of 

these elements in the sediment. 

At the base of OMZ also the Mn and Fe appear to have independent precipitation as 

evident from their poor mutual relationship (r =    2) (Table 21). The strong positive association 

of Co with Mn further strengthens similar association observed in OMZ sediment core (r = 

0.9: Tables 21). The U, Re and Cr show negative association with Mn (r      0.6) unlike 

positive association found in OMZ sediment core (Table 20). These observations clearly 

suggest that the contents of U, Re, and Cr in sediment swept by extremely suboxic core of the 

OMZ and weakly suboxic base of the OMZ are governed by two different processes. As the 

sediment-water interface at the location of this sediment core experiences oxic/suboxic 

boundary condition, the Mn
2+

 is expected to oxidize and precipitate and the Mo, Re and U are 

unlikely to precipitate as oxygenation conditions need to be below the suboxic levels to initiate 

their precipitation. Hence, the observed negative relationship of these three elements with Mn 
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and Co is expected under the weak suboxic conditions at the base of OMZ. In other words, the 

oxygenation at the sediment-water interface presently swept by the base of OMZ appears to 

have remained nearly under same conditions since the last 16 kyr.  

Table 21. Correlation matrix for leached oxide fraction from the sediment at the base of OMZ 

  Mn  Fe  Ti  U  Re  Mo  Co  V  Cr 

Mn 1.0 

         Fe  -0.2 1.0 

       Ti  0.2 -0.1 1.0 

      U  -0.6 0.4 0.1 1.0 

     Re  -0.6 0.1 0.1 0.6 1.0 

    Mo  -0.5 -0.4 0.3 0.5 0.5 1.0 

   Co  0.9 0.2 0.1 -0.6 -0.6 -0.8 1.0 

  V  0.1 0.9 0.0 0.2 0.0 -0.5 0.4 1.0 

 Cr -0.6 0.6 0.1 0.9 0.6 0.4 -0.5 0.4 1.0 

      r = 0.8 significant at 99.9 % confidence level; n = 40 

5.7. Tracking past-OMZ in Bay of Bengal 

As already mentioned in Introduction Section, the world ocean OMZs are formed by 

the combination of productivity and sluggish intermediate water ventilation (Olson et al., 

1993; Helly and Leven 1990; Sarma, 2002). The DO in subsurface waters is controlled by, a) 

advection of oxygenated waters (ventilation) from the areas where it directly interacts with the 

atmosphere and sinks to intermediate depths and spreads, and b) the consumption of DO by 

the settling OM through respiration or remineralization of the dead settling OM. Hence, the 

rate of oxygenated water advection and the amount of OM produced in the photic layer 

(primary productivity) determines the DO levels of the intermediate (OMZ) waters. The deep 

and bottom waters have very high DO concentration (>4 ml/l) as compared to the OMZ waters 

primarily due to their origin at high-latitude (cold) oceanic surfaces.  

A high E-P in the AS leads to the formation of high-salinity mixed layer below which 

three distinct water masses feed the OMZ depths. In the increasing order of depth they are 

Arabian Sea High salinity water mass (ASHSW) in mixed layer, the Persian Gulf Water 

(PGW) and Red Sea Water (RSW) (Ivanov-Frantskevich, 1961; Shenoi et al., 1993; Shetye et 

al., 1994). The intermediate depth in which the OMZ occurs is also ventilated by the 

Subantarctic Mode Water (SMAW) of the Indian Ocean sector (You and Tomczak, 1993) and 
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minor contribution from Indonesian Through flow Water (ITF) and Antarctic Intermediate 

Waters (AIW) (You and Tomczak, 1993). In the intermediate depth of the NIO all these water 

masses mix and result in Indian Central Water (ICW). The PGW and RSW originate in the 

very high salinity evaporative marginal seas located in the west of the AS. The PGW occurs 

between 150 and 400 m and RSW occupy a depth range of 600 m - 800 m (Wyrkti, 1971). The 

high salinity-warm (36.8 psu and 18⁰C) PGW (Shenoi et al., 1993) that enters into the 

northern end of AS from the Gulf of Oman at a depth of around 70 m which is the sill-depth 

separating both these basins, sinks to around 200 m with a inherently low DO of 3.5 ml/l 

(Olson et al., 1993). It spreads below the ASHSW across the AS and enters in to the BoB 

(Shankar et al., 2005). The second source of DO to the AS and BoB intermediate depths are 

RSW that spread in a depth range of 300-600 m with very low DO (2.5 ml/l: Grasshouf, 

1969).  

As the PGW and RSW are characterized by inherently low DO contents, their presence 

in intermediate depths of both AS and BoB (Jain et al., 2016) itself provides the first necessary 

basis for the development of OMZ. The SMW, although originally has very high DO, but due 

to very long transit distance before entering the NIO loses significant amount of oxygen and 

ultimately becomes oxygen depleted in AS and BoB similar to RSW (Olson et al., 1993). 

Thus, the water masses feeding the intermediate depths in the NIO are fundamentally oxygen 

depleted (DO < 3 ml/L). Based on the incoming and out-going waters in a box model, Sarma 

(2002) computed residence time of 6.5 years for the OMZ waters in the AS which indicates a 

sluggish renewal of water at the intermediate depths that provides another favorable condition 

for sustained OMZ. The OMZ in the AS is known for its intense de-nitrification throughout 

the year (deSouza et al., 1996; Morrizon et al., 1998). 

All the above described water masses enter in to BoB maintaining their depth during 

their horizontal advection. The surface layer stratification in BoB is very strong due to the 

formation of a freshwater plug caused by huge river discharges and very high overhead 

precipitation (Ostlund et al., 1980). The ASHSW slips just below this very low-salinity 

stratified surface water of the bay. The PGW and RSW spreads in the BoB after travelling 

across the intermediate depth of AS. However, the DO of these waters is reduced to around 1 

ml/l at their entry point in to BOB in the southern-tip of India, from their original 2  3 ml/l 

(Jain et al., 2016). The presence of these water masses at intermediate depths of the BoB has 

been confirmed at depth ranges of 200-450 m and 500-600 m respectively, but the RSW 

gradually loses its identity through mixing with ICW and PGW (Jain et al., 2016). Although 
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the intermediate water replenishing the OMZ in BoB has significantly lower DO compared to 

that spreads in the AS and both basins experiencing high primary productivity, a relatively 

weaker OMZ of the bay not warranting denitrification is puzzling.  

A recent modeling (Azhar et al., 2017) and particle flux studies in the deep bay 

(Ittekkot et al., 1991; Lutz et al., 2002) indicated that huge potential for the formation of 

mineral aggregate with settling OM enhances the settling rate of OM, hence reduces 

remineralization of the OM in the water column of the bay (Sarma, 2002). This is a strong 

reason for observed deeper depth of remineralization of OM in the bay (over 1000 m) than that 

found in the AS (around 500 m) (Sarma, 2002; McCreary et al., 2012; Azhar et al., 2017). 

Therefore, the burial rate of OM in the bay is significantly higher than in the AS. This 

dynamics of the export production in the bay plays vital role for maintaining the OMZ in the 

above the de-nitrification level (Azhar et al., 2017; Sarma, 2002).  Further, there is no major 

difference in the residence time of the intermediate waters ventilating the OMZ depths in the 

AS and BoB, where it is around 6-8 years in the former and ~10 years in the latter (Sarma, 

2002). Despite the large spatial and seasonal variability in productivity and circulation, oxygen 

levels in the BoB OMZ are more or less constant which is regulated and sustained by both 

physical and biological pumps (Sarma, 2002).  

The strong surface stratification in BoB restricts the entrainment of nutrients injected 

from the thermocline. Because of this the BoB has a relatively low net primary productivity as 

compared to the AS, which reduces the oxygen demand via respiration. The two major factors 

which differentiate BoB-OMZ from the AS-OMZ are the organic matter remineralization 

depth and the mesoscale eddies in ventilating the BoB-OMZ. The upper OMZ in the BoB is 

ventilated by the mesoscale anticyclonic eddies which also spread nutrients both vertically and 

horizontally (Resplandy et al., 2011; Kim et al., 2001) in addition to oxygenating the upper 

water column, which extend even to the sub-thermocline depths (Davis et al., 2005; Bower et 

al., 2005; Sarma and Udaya Bhaskar, 2018). 

As already mentioned in material section, the shallow water sediment core (OMZ 

sediment core: GC14) is from the seafloor that is presently swept by most intense zone 

(suboxic) of the OMZ (Figure 8). Therefore, this sediment core is expected to preserve the past 

record of changes in the intensity of OMZ in the form of geochemical signals. The redox-

sensitive elements which are associated with authigenically precipitated oxide particulate 

fraction of the sediment can be considered as potential tools for this purpose. As per the 

working hypothesis, the increased oxide-bound elements (Mn, Fe, and Co) in sediment from 

OMZ environment would indicate decreasing intensity of the OMZ and vice-versa. The other 
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equally important redox-sensitive trace elements Re and Mo in authigenic fraction of the 

sediment would tell more refined story about the past OMZ. At sediment-water interface the 

Re and Mo enter the sediment from seawater and under suboxic (Mn-reduction) and anoxic 

conditions (sulfate reduction) respectively (Crusius et al., 1999; Nemeroff et al., 2000). In 

such set-up it is expected that the Re and Mo to exhibit anticorrelation with oxide-bound 

elements (Mn and Co). But, this expected relationship is not observed in the present sediment 

core, wherein, Re and Mo show weak positive or no relationship with oxide-bound elements 

(Table 20). If the sediment is depositing under oxic conditions the Mn is enriched because of 

the precipitation of MnO2. Wherein, Mo also is enriched because of scavenging by particulate 

Mn-oxides, but the Re is not scavenged by the oxide particulates under oxidizing conditions. 

When the depositional environment reaches suboxic conditions MnO2 is reduced releasing out 

the adsorbed Mo into seawater at sediment-water interface and Re is enriched in sediment 

through authigenic precipitation at the sediment-water interface (Crusius et al., 1999; 

Nemeroff et al., 2000; Boning et al., 2004). In other words, the Mo depends on oxide 

particulates, while, Re is independent. In such circumstance these two elements exhibiting no 

relationship with Mn or Fe is expected. Under the suboxic conditions the Mo diffuses deeper 

in to the sediments and precipitate as solid phase Mo as and when anoxic conditions are 

encountered within the sediment.  

The Mn content in bulk sediment is lower than the average KGK sediment (Table 16) 

clearly suggests that the sediment core location has remained under Mn-reducing conditions 

(below oxic/suboxic boundary) throughout the last 40 kyr, because, under suboxic 

environment the oxide-bound Mn reduces and redirected to the surrounding water column 

(Dickens and Owen, 1994). Assuming that the crustal contribution of Mo is negligible (1.5 

ppm: Taylor and McLennan, 1985), its significantly lower concentration in the extracted oxide 

fraction (~10 ppb: Table 11) and nearly similar concentration as compared to seawater 

composition (10 ppb: Turekian, 1968) also indicate that the core location (or the core of the 

OMZ) never experienced anoxic (or sulfidic environment) in the last 40 kyr. Thus, the OMZ in 

the core location appears to have fluctuated mostly within the suboxic limits. Therefore, the 

time-series of Mn, Co, and Re essentially record the past variation of DO within the level of 

suboxic range in the study region. 

 The higher Mn and transition metal contents in KGK sediment than the average crust 

have been attributed to the presence of authigenic oxides in river environment (Sastri et al., 

1973). Considering that the average terrigenous sediment supplied to the core-location had 

around ~700 ppm of Mn (see Table 16), then, a range of 200 – 400 ppm Mn in the entire 
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sediment core must be due its loss from the sediment, which is possible only when the 

depositional environment is suboxic or anoxic. As the Mn readily dissolves/precipitates at 

suboxic/oxic boundary (Pederson and Calvert, 1993; Dickens and Owen 1994), its 

concentration is linked to slight changes in DO concentration at sediment-water interface, 

which is presently suboxic. Therefore, it is possible that certain amount of Mn in the sediment 

core might be associated with the residual oxide-phase remained in the sediment after 

interacting with OMZ waters during its burial. Hence, its changes through time can provide 

information about past variation in the relative intensity of the OMZ (Reichart et al., 1998; 

Schenau et al., 2002).  

5.8. Temporal changes in the OMZ 

 The water depth (325 m) from which the sediment core GC14 (OMZ Sediment Core) 

was retrieved, is presently swept by most intense OMZ waters (core of the OMZ) (Figure 8). 

From the bulk-sediment Mn distribution (Table 13 and Figure 15), it is evident that this 

element is invariably lower than the average crustal composition and also the average KGK 

(Table 16) sediment throughout the sediment core. The concentrations of Mn and Co in 

leachable fraction of the sediment core vary in a narrow range of 20 - 35 ppm. A significantly 

low leachable Mn compared to its content in the bulk sediment (Av Mn = 250 ppm) confirms 

that the core location has remained within the oxygen depleted environment throughout the 

last 42 Ka BP. These observations led Sarathchandraprasad and Banakar (2018) to suggest that 

the intense suboxic OMZ similar to modern has been in existent in the study region for the last 

42 kyr. However, there have been subtle variations in the distribution of OMZ proxies Mn and 

Co. To eliminate the random variations in the time-series of all elements analyzed in the 

leachable fraction, i.e., Mn-oxide particles, the temporal variations based on a 3-point running 

mean through of the data are presented (Figure 25). Therefore, the responses of these elements 

to changes in contrasting monsoon intensity during the warm Bølling and cold YD are 

smoothed-out. 

 The time-series of Mn and Co (Figure 25) exhibit distinct changes through time 

indicating variations in the suboxic levels.  At the outset the “M” shape variation is observed, 

wherein, the high content peaks are centered on 10 and 35 ka BP and low content trough in 

between at 20 ka BP (Figure 25). Through the Holocene the contents decrease monotonously 

to minimum at ~5 ka BP forming left side limb of the ‘M’. The right side limb is formed by 

moderate depletion of these elements at 42 ka BP. Interestingly, the time-interval between two 

adjacent minima or maxima are spaced at around 20 kyr, which is a Precession Cycle in the 



88 

 

astronomical scheme of climate change (Milankovitch, 1942). The cyclicity found in the past 

ISM variability has been dominated by the Precession component (Clemens et al., 1991; 

Reichart et al., 1998). Therefore, the OMZ sensitive Mn and Co showing similar 

characteristics suggest that the ISM appears to have played a role in the past changes of the 

BoB-OMZ. As the decreasing intensity of suboxia leads to decreased removal of Mn and Co 

from sediment or vice versa (see Figure 24), the increasing Mn and Co in the leachable oxide 

of the OMZ- sediment core suggests weakening in the intensity at the core of OMZ. Therefore, 

the timings of increased Mn and Co at around 35 and 10 ka BP (Figure 25) might have been 

the result of increased DO in the core of OMZ. In contrast, the OMZ appears to have 

intensified at around 40, 20 and 5 ka BP. These timings however do not strictly follow the 

global climate pattern.  

The increasing trends of Mn and Co, along with the increasing Mo, U, and Re (Blue 

shaded bars in Figure 25) together suggest intensification of the suboxia in the core of the BoB 

OMZ during pre-LGM and last deglacial climate. In other time-slices there is no coherency in 

the variation between these elements probably because of differential forcing on the OMZ by 

different parameters governing the overall OMZ fluctuations in the BoB, such as, productivity, 

ventilation, and remineralization depth. To some extent, such observed behavior can be 

unscrambled by considering the behavior of each of these elements under variable suboxia in 

OMZ as schematically presented in Figure 25. Between 30 and 20 ka BP all these elements 

exhibit decreasing trend suggesting intensification of suboxia within the OMZ (Figure 25). A 

decoupling of U from Mo at ~10 ka BP is noticed, where U begins to increase in spite of Mo 

showing decrease. As per Figure 24, the U is expected to behave coherently with Mo under 

both suboxic and anoxic conditions.  
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Figure 25. Smoothed time series of redox sensitive elements Mn, Co, U, Mo and Re in the authigenic fraction 

from the sediments at the core of modern OMZ (GC14). The shadow lines are the data series and the 

thick lines are the 3 point moving average of each element. 

 

After having identified major changes in suboxia within the core of the OMZ, I have 

attempted to explain past suboxic levels by comparing the observed changes (Figure 26A) 

with changes in productivity (Figure 26 C), ventilation (Figure 26D) and the remineralization 

depth (Figure 26B). The Corg representing the productivity, the Al content in bulk sediment 

representing mineral ballast and the sea-level changes representing the ventilation are 

compared with the variation in the suboxia represented by Mn and Co in the leachable 

authigenic oxide fraction. The ventilation of intermediate depth in the study location is largely 

contributed by PGW and RSW (Jain et al., 2016). These two water masses originating 

respectively in the Red Sea and Persian Gulf are controlled by their sill depths (~300 m and 

~70 m respectively, Olson et al., 1993). When the sea-level was lowered by ~120 m during the 

LGM, the PGW would have been totally cut-off along with significant reduction in the entire 

NIO. Such situation is expected to intensify the suboxia in the core of the BoB-OMZ.  
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Several major rivers systems debouch large amount of land-derived silicate detritus 

(terrigenous or mineral load) in to the BoB 1350 million tons of sediments per year (Milliman, 

1992; 2001), which act as ballast for settling organic matter unlike in AS. Observation of the 

vertical fluxes of the particulate OM show that although the productivity of the BoB is lesser 

than AS, higher particulate fluxes have been reported in deep-BoB compared to the AS 

(Ittekkote, 1991). This anomaly is due to the formation of OM-aggregates with abundantly 

available mineral particles in the BoB. The mineral and OM aggregate slows down 

decomposition of OM in addition to increasing its settling speed (Rao et al., 1994; Howell et 

al., 1997) resulting in substantially increased remineralization depths all across the BoB ( 

Azhar et al., 2017). Therefore, the oxygen demand at intermediate depths of BoB is lesser than 

in the AS. These remarkable previous observations essentially suggest that the terrigenous 

input plays vital role in the BoB-OMZ dynamics in contrast to AS-OMZ. This further leads to 

suggest that the BoB-OMZ is description is not as straightforward as that of AS. Therefore, 

intensified monsoons can intensify the BoB-OMZ by increasing the productivity, but also can 

weaken the OMZ by increased input of terrigenous detritus. Hence, the past variation in 

geochemical proxies of BoB sediment requires careful evaluation in light of terrigenous input 

(monsoon intensity), productivity and mid-depth ventilation by sea-level dependant PGW and 

RSW.   

All the three time-series of proxies representing three primary parameters 

(productivity, ventilation and OM reminerilization depth) responsible collectively or 

individually for sustaining the BoB-OMZ (Olson et al., 1993; Rao et al., 1994; Sarma, 2002; 

McCreary et al., 2012; Helly and Leven, 2009; Azhar et al., 2017) are presented in Figure 26. 

First, productivity (Corg) variation is compared vis-à-vis suboxic level in the core of the OMZ 

as represented by leachable Mn and associated Co. As expected, the increased productivity 

during the initial LGM conditions (around 32 – 25 ka BP) (Figure 26C) has caused 

intensification of suboxic conditions as evident by decreasing authigenic Mn oxide 

particulates in the sediment core (Figure 26A). In contrast, a similar increase in the 

productivity during deglacial transition (around 18 – 12 ka BP) is not associated with similar 

intensification of suboxia and decreased productivity during the Holocene is not associated 

with expected weakening of suboxia (Figure 26A and C). Under such circumstances, this 

mismatch between suboxic status and the productivity need to be examined in light of other 

two forcing parameters (ventilation and OM-remineralization). The remineralization depth of 

the OM appears to have remained constant throughout the deglacial time as evident by nearly 

unchanged Al content (Figure 26B), hence not contributed to the above described mismatch. 
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The deglacial period has witnessed rapid increase in the global sea level (Figure 26D). This 

rise is expected to increase the inflow of oxygenated PGW and RSW in to the core of BoB-

OMZ. The increased inflow of these two waters therefore appear to have enhanced the 

replenishment of oxygen level in the then existing intense suboxic OMZ of the LGM, resulting 

in weakening of suboxia in spite of increased productivity.  

 

            

Figure 26. The time series composite of A) OMZ variability indicated by Mn Authigenic, B) variation in 

remineralization depth indicated by Al content, C) Oxygen demand indicated by organic matter content 

D) changes in the ventilation suggested by the global sea level pattern changes (LR04). The identified 

intensification and weakening of BoB OMZ are indicated by the hard line arrows. The identified 20 ky 

OMZ cyclicity is indicated by the dotted arrows in the bottom panel of the figure. 
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The Holocene intensification of suboxia, however, cannot be explained by invoking 

productivity and ventilation together or individually as dominant forcing on the OMZ, 

because, the ventilation remained unchanged due to nearly constant sea-level (Figure 26D) 

and productivity actually decreased (Figure 26C). The third potential forcing parameter, the 

OM remineralization-depth, must have increased through the Holocene as a result of increased 

terrigenous silicate input as depicted by Al variation (Figure 26B) due intensified ISM. The 

increased mineral-ballast (terrigenous-silicates and decreased productivity under nearly 

constant ventilation of intermediate waters (thermocline) in the BoB are expected to result in 

weakening of the OMZ instead of observed intensification. Therefore, it may be speculated 

that, the suboxic conditions in the core of the Holocene OMZ appear to have controlled by a 

complex interplay of several forcing parameters, which are not yet understood completely. 

Alternatively, a significant decrease in the DO of PGW and RSW may have occurred before 

they exit the AS to enter in to BoB as a result of increased respiration within the AS during the 

Holocene. This interpretation is based on the fact that, the AS-OMZ stabilized to most 

intensified present level nearly 7 ka BP (von Rad et al., 1999). It means, the PGW+RSW 

entering in to the BoB via AS were significantly depleted in DO since the Holocene. Thus, in 

spite of decreased productivity and increased mineral ballast in the BoB during Holocene the 

OMZ intensified instead of weakening. In light of this interpretation, it appears that the PGW 

and RSW in BoB have played a vital role in dictating the OMZ of the bay through the last 42 

ka BP.  

5.9. Effect of climatic events in BoB OMZ dynamics 

The effect and consequences of North Atlantic climatic events such as YD (Carlson, 

2013), Bølling, and Hienrich events (H1, H2, H3 and H4: Bond et al., 1992; Hemming et al., 

2004)) on hydrography and circulation of NIO have been well studied (vonRad 1999; Pattan et 

al., 2013; 2017). These climatic events have shown to have role in the fluctuations of OMZ in 

the AS (Schulte et al., 1998; von Rad et al., 1999; Reichart et al., 1998; 2002), which also have 

influenced OMZ variability in different regions of the world ocean (Shibahara et al., 2007; 

McKay et al., 2005). In this section the effect of global rapid climatic events on the BoB OMZ 

fluctuations are presented. 
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At the outset, the unsmoothed time-series of few redox sensitive elements appear to 

show approximate relationship with rapid climatic events recorded in high-latitude North 

Atlantic region (Figure 27). The weakened OMZ during ~37-40, ~32, ~22, ~16 and ~12 Ka BP 

as depicted by increased Mn, Co, and Re in oxide-fraction are tentatively correlated with 

Heinrich events and YD, i.e., cold stadials. As the increasing Re/Mo indicates decreasing 

suboxic conditions (Crusius et al., 1999), the elevated Re/Mo in the time-series (Figure 27) 

further confirms the weakening of OMZ during the periods when the global climate transited 

in to extreme cold conditions intermittently. During ~36-35, 27-26 ~ and ~12-11.5 Ka BP the 
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Mn and Re/Mo depleted and U and Mo are enriched (Figure 27) indicating intensification of 

OMZ. These periods roughly correlate with the interstadial warm events including Bolling of 

the deglaciation during which the ISM was intensified. These correlations are comparable to 

those already observed in the AS (Rad et al., 1999; Schulte et al., 1999) and apparently 

suggests that the rapid cooling in the northern hemisphere high-latitudes had a bearing on the 

OMZ status of the entire NIO. The changes in the deep thermohaline circulation (THC) during 

the YD and H events may have caused the BoB OMZ to weaken. It has been argued that 

during the YD the reduction in NADW formation gave way for increased contribution of the 

southern sourced water (Antarctic Intermediate Water and SAMW) to the NIO (Carlson, 2013) 

resulting in improved supply of DO at intermediate depths.  From these observations it is 

speculated that that the past OMZ variations in BoB might have been to some extent 

modulated by changes in global intermediate circulation causing changes in the ventilation and 

affecting the ISM intensity.  

5.10. Last 16 ky variation at the base of OMZ 

The authigenic Mn and Co pair shows a depleted concentration during ~16 to 8 ka BP 

(deglaciation to early Holocene) and a gradual increase in concentration from 8 ka BP onwards 

to the present (Figure 28). This indicates that at the base of OMZ the availability of 

oxidizable-Mn increased through the Holocene. Such condition at the base of OMZ is possible 

when Core of the OMZ is intensified resulting in enhanced reduction of sedimentary Mn-

oxide. Thus reduced Mn
2+

 exits the sedimentary reservoir and enriches the OMZ waters with 

dissolved Mn (Koschinsky and Halbach, 1995). The DO at the base of OMZ is higher 

(moderately suboxic) and provides ample opportunity to the dissolved Mn-pool to precipitate 

in to Mn-oxide particulates, in a way similar to the formation of seamount hydrogenous Fe-

Mn crusts (Koschinsky and Halbach, 1995; Banakar et al., 1994).  

The trends of Mo, U and Re which are opposite to Mn variation through the last ~16 

kyr covered by this sediment core supports existence of suboxic conditions at the Base of 

OMZ through the Holocene. The location of this sediment core is well beyond the PGW 

spreading depths. Hence, the source of oxygen required for changes in the suboxia at the base 

of the OMZ may have been associated with Antarctic Intermediate Water (AAIW) and 

Indonesian Intermediate Water (IIW). Although, these water masses do not enter directly in to 

the BoB they do retain their characters in spite of long transit along the south of equator before 

entering the BoB (You, 1998). You (1998) demonstrated that the IIW contribution to BoB-

intermediate depth below ~800 m is dominated by (>50%) with minor contribution from 
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AAIW and RSW. Therefore, the alternate reason for increased concentration of Mn in 

sediment through the Holocene might be due to weakening of suboxia as a result of increased 

flow of IIW and AAIW in the BoB that gradually reduced the removal of Mn from the 

sediment through the Holocene.  

 

                      Figure 28. Time-series of redox-elements in OMZ-base sediment core. 

The other possibility of changes in the Mn inventory of the Base-OMZ sediment core 

could be due to changes in the vertical extension of OMZ due to changes in its intensification. 

To understand this it is necessary to compare the respective geochemical data for a common 

time-period. This comparison is provided as Figure 29.  

Before going in to the details of suggested vertical expansion/contraction of the OMZ, 

it is re-emphasized in light of the working hypothesis (Figure 7) that the vertical expansion of 

the OMZ at a given time-slice should produce covariation of redox-elements in both the 
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sediment cores, i.e., both in the core of OMZ and at the base of OMZ. In case, the OMZ is 

vertically contracted, then the base of the OMZ comes improved oxygenation resulting in 

reduced suboxic conditions, while the core of the OMZ still remaining in the intense suboxic 

conditions. This situation would result in opposing trends of the redox elements in a given 

time-slice. It should be further noted that the Mn content in both the sediment cores is lower 

than the KGK average sediment or crustal composition (Table 16) indicating that the Mn-

oxide has been reducing throughout the time spans covered by both the sediment cores.  

5.11. Deglacial to late Holocene OMZ dynamics 

In this section the changes in the redox-elements composition in oxide-fractions from 

both the sediment cores are compared for the common time-period covered (16 Ka BP to 1.7 

Ka BP) (Figure 29). The concentration of Mn in OMZ sediment core is always lower (15 - 35 

ppm) than in the Base-OMZ sediment core (65 - 165 ppm) (Figure 29), as expected, because, 

the former sediment core location is swept by extremely suboxic waters (~0.5 ml/l) and the 

latter sediment core location by moderately suboxic waters (~ 2 ml/l) (Figure 4). The 

ventilation during this time period is assumed to be constant due negligible changes in the 

Holocene sea level. The Corg variation is nearly coherent at both core locations. The Mn 

content decreases in the OMZ sediment core through the Holocene while it rapidly increases 

through the mid-Holocene in the Base-OMZ sediment core. These trends indicate that at the 

core of the OMZ the DO depleted and at the base of the OMZ the DO increased. The 

increasing Mo through the Holocene in the OMZ sediment core and decreasing in Base-OMZ 

core (Figure 29) confirm the above observation. As the Corg in both the sediment core exhibits 

a decreasing trend through the Holocene, the observed changes in the status of OMZ cannot be 

explained by the productivity changes. Alternatively, the changes in the DO of ventilating 

water might have been the primary cause of observed trends in oxide-elements. It has been 

shown that for the last 7 kyr the OMZ of the AS has been stable (VonRad et al., 1999). This 

means that the AS OMZ has been extremely intense since then. Therefore, the PGW and RSW 

that enters the BoB-OMZ via the AS-OMZ must have been extremely oxygen deficient since 

the last 7 kyr. This might have intensified the BoB-OMZ resulting in depleting Mn in the 

OMZ sediment core. On the other hand, at the base of OMZ the improved DO within the 

suboxic (Mn-leachable) limit might have reduced the removal sedimentary Mn. 
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 Figure 29. Last 16 ky time-series of Mn, Corg and Re and Mo in the oxide-fractions cores  
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6. CONCLUSIONS 

A. The geochemical characteristics of few index elements and oxygen isotope time-series 

from two sediment cores of the eastern continental margin of India (western Bay of 

Bengal) record the past changes in summer monsoon related biogeochemical changes and 

OMZ variability. 

 

B. The Mn concentration in sediment cores from present day Core of the OMZ and from the 

base of the OMZ are consistently lower than the average crustal composition and also 

composition of terrigenous sediment supplied to the core locations suggest that the OMZ 

in the eastern margin of India has been under sub-oxic conditions since the last 42 kyrs. 

 

C. The weakening and strengthening of perennially suboxic OMZ in the study region appears 

to be (speculated) rhythmic with around 20 ky cyclicity. In that, the suboxia weakened 

during the pre-LGM, strengthened through the LGM, again weakened through the 

deglacial transition and strengthened through the Holocene.  

 

D. The absence of denitrification in modern Bay of Bengal as revealed by previous studies 

when coupled with above observations may indicate that the OMZ in the study region 

never reached suboxic-anoxic boundary conditions. 

 

E. The past changes in the OMZ of the eastern margin of India are complex and appear to 

have governed independently by changes in productivity, changes in ventilation and 

changes in terrigenous silicate supply at different times. 

 

F. The 18OG.sacculifer time-series contains well-defined climatic events of the last 42 kyr, such 

as LGM, Deglacial Bolling warm period and YD cold period and the Holocene. 

 

G. The observed Greenland climate connection with the Indian summer monsoon variation 

recorded by the present sediment cores is consistent with previous studies based on 

Arabian Sea sediment cores. 

 

H. The bulk sediment composition revealed that the terrigenous matter supply to the eastern 

continental margin of India was high during the pre-LGM, minimum during the LGM and 

increased through the Holocene in accordance with the established glacial-interglacial 

summer monsoon variability. 

 

I. The Corg and 13 Corg time-series suggest that the organic matter in the sediment is a 

mixture of marine productivity derived carbon and the soil carbon delivered by east 

flowing rivers draining the peninsular India. 

 

J. The decreased (increased) productivity during Holocene (LGM) in Bay of Bengal along 

with similar previous observations from Arabian Sea is of significance because the entire 

Northern Indian Ocean might have contributed to the global cooling during the LGM 

through enhanced burial of the organic matter.   
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