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General Introduction 

 
 

Natural and human-induced climate changes are major concerns for this century, as it induces 

an increase of 0.8°C in average global temperature since 1951 due to the human activity (IPCC, 

2013). The changes caused by the warming of the climate system are now observable, such as the 

risen sea level and decreasing snow and ice cover. Indeed, these changes may finally affect all 

aspects of human lives and extending to all biospheres. Thus, understanding natural changes in the 

climate system by paleoclimate reconstructions is a key to improve the climate models to better 

estimate the future climate changes. As shown by the last decades of IPCC work, fully unraveling 

the dynamics of climate changes requires quality observational datasets with extensive spatial and 

time coverage to meet the most recent standards in climate modeling. Because instrumental 

records of environmental changes are short (<150 yrs), it is only through the study of natural 

environmental archives (i.e., ice cores, lake and ocean sediments, speleothems…) that one can 

address pre-anthropic climate changes and environmental variability at centennial to geological 

timescales. For such studies, we have to work with qualitative and quantitative “proxies” 

determined in geological archives (e.g., marine sediments, ice cores, speleothems…) to 

reconstruct paleo-environmental changes.  

Paleoclimate records from ice cores, marine sediments and continental archives indicate that the 

Earth’s climate system experienced climate changes and gave evidence for large climate instability 

from decadal to orbital timescales. For instance, when looking at ice cores, a series of variations 

can be observed, from around 1 to 100 kyr (the so-called glacial-interglacial cycles) (Figure 1). In 

the ocean, the last glacial period and deglaciation were also systematically punctuated by abrupt 

changes in the north Atlantic freshwater budget related to iceberg discharges (e.g. Dansgaard-

Oeschger cycles and Heinrich events) (e.g., Taylor et al., 1993; Bond et al., 1993; McManus et al., 

1994). When comparing both ocean and ice-cores records of the northern and southern 

hemispheres, large bipolar seesaw shifts detected in the Greenland and Antarctic ice cores can be 

associated through the major reorganization in ocean heat advection (e.g., Dansgaard et al., 1993; 

Bond et al., 1997; Andrew, 1998; IPCC, 2013; Figure 1).  

The thermohaline ocean circulation (THC) is a part of the large-scale ocean circulation which is 

driven by global density gradients created by surface heat and freshwater fluxes (Rahmstorf, 2006; 

Figure 2). THC could transport energy (heat) and material (solids, dissolved substances and gases) 

around the world through the mixing water masses between the ocean basins (Rahmstorf, 2006; 

Wunsch, 2002). In addition, the Atlantic meridional overturning circulation (AMOC) is an 

important part of thermohaline ocean circulation. The AMOC is characterized by a northward flow 
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of warm, salty water in the upper layers of the Atlantic, along with a southward flow of colder, 

 

 

 

Figure 1. Records of (a)Greenland ice core GISP2 18
O (Grootes and Stuiver, 1997) compared with 

(b) Antarctic ice core 18
O from Byrd station (Johnsen et al., 1972), and (c) atmospheric pCO2 

(Lüthi et al., 2008). The red lines show that Antarctic trends to be warm when Greenland is cold.  

 

deep waters. The surface limb of the AMOC plays an important role in regulating the global 

climate changes through heat redistribution from the tropical region to the high latitudes by 

surface and intermediate-deep water masses and carbon cycling, as ocean is the largest external 

carbon reservoir (e.g., Rahmstorf, 1995; Stocker and Wright, 1996; Tomczak and Godfrey, 2003; 

Bryan et al., 2010; Talley et al., 2011; Figure 2).  

A large amount of previous studies have worked on the links between ocean circulation changes 

and climate changes in the past (e.g., Barker et al., 2011; Skinner et al., 2010). It has recently been 

shown that vigorous AMOC may have persisted in the North Atlantic throughout most of the last 

glacial period, only disrupted by episodes of sluggish circulation associated with the catastrophic 

iceberg discharges of the coldest Heinrich stadials (HS), the Dansgaard-Oeschger stadials (D-O 
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stadials) and the Younger Dryas cold event of the last termination (Böhm et al., 2015). These 

major perturbations in Atlantic circulation have been related to the reduced North Atlantic Deep 

Water (NADW) flow (e.g., Mcmanus et al., 2004; Böhm et al., 2015) and the advection of 

southern-sourced waters filling a large part of the deep Atlantic ocean (e.g., Duplessy et al., 1988; 

Lynch-Stieglitz et al., 2007; Roberts et al., 2010; Böhm et al., 2015), affecting the circulation in all 

ocean basins (e.g., Lynch-Stieglitz et al., 2007; Roberts et al., 2010; Böhm et al., 2015). Thus, 

many previous works have documented past changes in deep ocean circulation (e.g., Mix and 

Fairbanks, 1985; Corliss et al., 1986; Oppo and Fairbanks, 1987; Kallel et al., 1988; Waelbroeck et 

al., 2006).  

 

 

 

Figure 2. The map of world ocean thermohaline circulation. According to Rahmstorf (2006). 

 

In modern time, intermediate water masses play a key role as heat and carbon storage reservoirs, 

which can exchange with the atmosphere on a millennial timescale through changes in water mass 

stratification (Sigman and Boyle, 2000). However, the evolution of intermediate waters circulation 

is less documented than those of deep water masses. In addition, studies of the intermediate water 

circulation since the LGM mainly focused on the Atlantic Ocean (e.g., Oppo and Fairbanks, 1987; 

Tsuchiya et al., 1992; Pérez et al., 2001; Lynch-Stieglitz et al., 2007; Pahnke et al., 2008; Barbero et 

al., 2010; Bashmachnikov et al., 2015; Dubois-Dauphin et al., 2016) and the Pacific Ocean (e.g., 

Kallel et al., 1988; Mix et al., 1991; Yasuda, 2004; Pahnke and Zahn, 2005; Bostock et al., 2010). 

These studies suggest an increased northward penetration of Antarctic Intermediate Water (AAIW) 

into the Pacific and Atlantic Oceans during glacial periods, as well as at millennial time scale during 

the Heinrich events and stadials (e.g., Pahnke and Zahn, 2005; Cao et al., 2007; Pahnke et al., 2008; 

Dubois-Dauphin et al., 2016; Figure 3). However, the role of AAIW is still controversial in the 
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Atlantic Ocean, where several studies suggest a reduced northward flux of AAIW into the tropical 

Atlantic (e.g. Came et al., 2008; Xie et al., 2012; Howe et al., 2016; Gu et al., 2017; Figure 3).  

 

  

 

Figure 3. Schematic map showing the northward flow of AAIW at present and during the last 

deglaciation. a) The northward flow invasion of AAIW at the present time; b) the northward flow of 

AAIW during the last deglaciation. The white dots suggest strong invasion of AAIW during the last 

deglaciation (Cao et al., 2005; Pahnke et al., 2008; Marchitto et al., 2007; Bryan et al., 2010; Yu et 

al., 2018), by contrast, the red circles indicate reduced northward flux of AAIW (Xie et al., 2012; 

Howe et al., 2016 ).Corrected based on Yu et al. (2018).    

    

Moreover, during the last deglaciation, a two-step rapid increase of atmospheric CO2 occurred in 

the 18-14.7 and 12.8-11.7 cal kyr BP time intervals (Monnin et al., 2001). Decades of 

paleoceanographic research suggest that the variation of Southern Ocean circulation played a key 

role in transferring the deep ocean carbon to the upper ocean and atmosphere during the last 

deglaciation, by enhancing the upwelling and increasing the northward penetration of the Antarctic 

Intermediate Water (AAIW) (e.g., Anderson et al., 2009; Marchitto et al., 2007; Skinner et al., 

2014). The formation and advection of AAIW in the Southern Ocean, plays an important role in 

understanding the deglacial circulation variation, as it is sensitive to changes in the Southern Ocean 

dynamics and the strength of the westerly wind (Ribbe, 2001). The Southern Ocean is thus also a 

crucial area in the global carbon cycle through strong air-sea exchanges as well as interactions 

between the ocean surface, intermediate and deep waters (e.g., Lynch-Stieglitz et al., 1994; Ribbe, 

2001). Thus, the extension of AAIW and the relationships with the atmospheric CO2 variations still 

need to be constrained, as well as the relationships with enhanced upwelling in the Southern Ocean 

during the last deglaciation at millennial scales. 

The Indian Ocean plays an important role in global ocean circulation in terms of affecting the 

carbon storage capacity of the ocean and climate (e.g., Ahmad et al., 2008, 2012; Bryan et al., 

2010; Raza et al., 2014; Talley et al., 2011). In addition, due to the land-sea configuration in the 

northern Indian Ocean, much of the intermediate and deep waters of the northern Indian Ocean 
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originate from the south, with only small contributions of intermediate waters from the Red Sea 

and of Pacific water through the Indonesian sea (Talley et al., 2011). Consequently, studying 

intermediate waters in the north Indian Ocean will allow us to better constrain past changes in the 

production of intermediate and deep water and in circulation from the Southern Ocean. In 

addition, it will help us to understand their potential role in global climate changes. Finally, 

through its connections with the Southern Ocean via the AAIW, the Indian Ocean could also have 

played a key role in past changes in the C storage. 

Carbon in the ocean exists in different chemical forms expressed as the seawater carbonate 

system, and mainly consists of six parameters [CO2], [HCO3
-
], [CO3

2-
], pH, DIC (total dissolved 

inorganic carbon) and total alkalinity. The solubility of CO2 in seawater increases with the 

pressure of the gas and decreases as the temperature and salinity of the seawater increase. The 

dissolution equilibrium reaction is: 

 

𝐶𝑂2(𝑔) ⇔ 𝐶𝑂2(𝑎𝑞) 

 

Compared with the dissolution of a non-reactive gas, after the CO2 dissolved in seawater, the 

reactions of CO2(aq) with seawater, acid-base reactions as well as ionic solubility reactions are 

more complex. 

 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂
𝑘𝑎1
⇔ 𝐻𝐶𝑂3

−(𝑎𝑞) + 𝐻+(𝑎𝑞)  

 

𝐻𝐶𝑂3
−(𝑎𝑞)

𝑘𝑎2
⇔ 𝐶𝑂3

2−(𝑎𝑞) + 𝐻+(𝑎𝑞)  

 

The ocean’s carbonate system can be affected by variations in atmospheric CO2 and ocean 

circulation. It thus plays a crucial role in the global carbon cycle (e.g., Sigman and Boyle, 2000; 

Ridgwell and Zeebe, 2005; Anderson et al., 2009). The deep-water carbonate ion concentration 

especially determines the seawater carbonate saturation, controlling the preservation state of solid 

Calcium carbonate CaCO3 and affects the carbon reorganization in the climate system, through 

exchanges with intermediate and surface water, the later being in equilibrium with the atmospheric 

CO2. Thus, reconstruction of past deep-ocean seawater variations in the global Carbon content and 

forms could help to better constrain the processes and mechanisms controlling the past global 

carbon cycle. 

   In order to obtain information about the ocean characteristics such as carbon cycle, ocean 

circulation or productivity, it is necessary to use multiple proxies that play a vital role in 
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paleoceanographic and paleoclimate studies. Among these proxies, a lot of our knowledge about 

past changes of ocean conditions can be obtained from the foraminifera. They live in many 

environmental conditions of the surface and the sub-surface of the ocean and the seafloor, and 

their shells can be preserved inside marine sediments. Thus, foraminifera are a reliable archive to 

reconstruct several physical parameters of the ocean in the past. 

Foraminifera can be used as proxies for paleoenvironmental conditions through their abundance 

and diversity, the so-called assemblages. Moreover, their tests may record the geochemical 

signature of the water in which they lived and calcified their tests. For instance, Oxygen and 

Carbon stable isotopes 
18

O and 
13

C are widely used foraminiferal proxies, that can record the 

bottom water temperature, paleo-nutrient and deep-water circulation. The 
14

C obtained from 

foraminifera could also be a reliable tracer of water masses circulation and ventilation, and the raw 

difference between benthic and planktonic radiocarbon ages can help to reconstruct past 

circulation strenght (e.g. Broecker and Peng, 1984; De Pol-Holz et al., 2010; Wan and Jian, 2014; 

Siani et al., 2013). In addition, the reconstruction of bottom water temperature, carbonate system 

parameters and paleo-nutrient over geological time from benthic foraminifera elemental/Ca ratios 

has received increasing attention (e.g. Boyle and Keigwin, 1982; Boyle et al., 1995; Yu et al., 

2008; Raitzsch et al., 2011; Marchitto et al., 2018).  

Thus, decades of paleoceanography research using benthic foraminifera geochemical proxies 

have helped to better understand past changes in intermediate and deep water masses circulation in 

the Atlantic Ocean (e.g., Lynch-Stieglitz et al., 2007; Pahnke et al., 2008; Barbero et al., 2010; 

Bashmachnikov et al., 2015), the Pacific Ocean (e.g., Pahnke and Zahn, 2005; Bostock et al., 

2010) and the north Indian Ocean (Bryan et al., 2010; Raza et al., 2014; Yu et al., 2018; Ma et al., 

2019). However, there are few continuous and high-resolution benthic foraminiferal records that 

have been reported in the north Indian Ocean at intermediate water depths (e.g., Ahmad et al., 

2008, 2012; Bryan et al., 2010; Raza et al., 2014; Yu et al., 2018; Ma et al., 2019). 

To sum up, as much of the intermediate and deep waters of Indian Ocean originate from the 

south, the mainly intermediate water masses (500-1200m) in the Indian Ocean are Antarctic 

Intermediate Water (AAIW), Red Sea Intermediate Water (RSIW) and Indonesian Intermediate 

Water (IIW).  Thus, the north Indian Ocean could be a key area to better constrain past changes in 

intermediate circulation in the Northern Indian Ocean, and the relationships with the other ocean 

basins as well as their influence on the global Carbon cycle. Therefore, in this study, we have 

investigated three sediment cores at intermediate water depth: 

- from the Bay of Bengal, in the high latitude of the Indian Ocean, where the different 

intermediate water masses can be mixed; 

- from the Arabian Sea, in the southern tip of India, to better constrain the temporal evolution of 
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RSOW and the connexion between the BoB and the Arabian Sea; 

- in the Eastern Equatorial Indian Ocean, to track the contribution of IIW and the northward 

penetration of AAIW.  

In addition, these three cores have high sedimentation rates and could provide high-resolution 

records to reconstruct past changes in the intermediate circulation at a high temporal scale. 

To reach these objectives, we have investigated benthic foraminiferal assemblages together with 

stable isotopes (
13

C, 
18

O) and 
14

C of benthic foraminifera in order to reconstruct past 

hydrological changes at intermediate water depth and a high temporal resolution since the LGM. 

Our goal is to better understand the relationships between ocean circulation (and, especially, the 

role of AAIW), Southern Ocean upwelling intensity and changes in the atmospheric CO2. 

We have developed an instrumental protocol on a newly installed single collector sector field 

high-resolution inductively coupled plasma mass spectrometer (HR-ICP-MS) Thermo Element 

XR to measure benthic foraminiferal elemental/Ca ratios. The Mg/Ca, Sr/Ca, Cd/Ca, Ba/Ca, Li/Ca 

and U/Ca of benthic foraminifera were used to reconstruct the intermediate water properties 

(especially, the seawater [CO3
2-

] content and paleo-nutrient) from the northern and equatorial 

Indian Ocean to better understand the temporal evolution of the source and ventilation of 

intermediate water mass in the northern Indian Ocean and their relationships with the other ocean 

basins and the global C cycle.  

The results of all investigations performed are presented in five chapters. 

The hydrological settings at modern time and in the past of the studied areas (Bay of Bengal, 

Arabian Sea and eastern equatorial Indian Ocean) constitute Chapter 1. 

The material used as well as the background of the multiple proxies that have been used in this 

work -benthic foraminiferal assemblages, stable isotopes, 
14

C and benthic elemental ratios 

analysis-, are detailed in Chapter 2.  

Chapter 3 presents results of benthic foraminiferal assemblage analysis, benthic stable isotopes 

and 
14

C from one core located in the northern Bay of Bengal at intermediate depth (core MD77-

176) in order to constrain the temporal evolution of the source, ventilation and structure of 

intermediate and deep-water masses of the Bay of Bengal and the northward penetration of 

AAIW. 

The chapter 4 focused on benthic foraminifera elemental ratios obtained from one core of the 

Arabian Sea (southern tip of India) (core MD77-191) and core from one core of the northern Bay 

of Bengal (core MD77-176). Benthic foraminiferal 
13

C and seawater carbonate ion concentration 

estimated from trace element ratios (Mg/Ca, Sr/Ca, Li/Ca and U/Ca) of aragonite benthic 

Hoeglandina elegans were used to trace the evolution of past intermediate-deep water masses and 

constrain ocean-atmosphere exchanges during the two-stage increase in atmospheric CO2 across 
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the last deglaciation. 

The Chapter 5 represents the first continuous and high-resolution benthic foraminifera Cd/Ca 

and Ba/Ca records in the northern Indian Ocean, displayed as a manuscript. These new results help 

to improve our knowledge on the paleo-nutrient reconstruction by benthic Cd/Ca and Ba/Ca. In 

addition, the results of benthic assemblage analysis of core MD77-191 (Arabian Sea) to estimate 

the changes in bottom water conditions (oxygen concentration and organic matter flux) are also 

presented. 

Chapter 6 contains the geochemical results (benthic foraminiferal 
13

C, 
18

O and elemental 

ratios) obtained from one core of the eastern equatorial Indian Ocean (core SHI9001). 

Finally, conclusions and perspectives of this work are the last part of this PhD dissertation. 
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Chapter 1: Physiography and hydrological settings 

 

 

 

 

In this first chapter, I present the general background information of the study area. Firstly, I 

illustrate the physiography and environmental settings of the Bay of Bengal, Arabian Sea and 

eastern equatorial Indian Ocean. In addition, I introduce the hydrological settings of the Indian 

Ocean in the modern time and in the past.  
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1.1 Physiography and environmental settings 

 

The Indian Ocean is bounded by Asia in the north, the Indonesia and Australia in the east, 

Antarctica in the south and Africa in the west. The Indian Ocean does not have high northern 

latitudes, as it is only extending to 25°N, which differs from the Atlantic and Pacific Oceans. The 

Indian Ocean is connected with the Atlantic and Pacific Oceans through the Antarctic Circumpolar 

Current in the southern Ocean, and with the Pacific Ocean through the Indonesian archipelago.  

The Indian Ocean has several marginal seas. The northern part has two large embayment: Bay of 

Bengal (BoB) and Arabian Sea, separated by the Indian peninsula. The Red Sea and the Persian 

Gulf are the inland seas in the north. Other marginal seas are the Andaman Sea located in the 

northeast, gulfs of Aden and Oman in the northwest, and the Great Australian Bight off the southern 

coast of Australia. The geographical settings of northern Indian Ocean are shown in Figure 1.1.  

 

 

 

Figure 1.1. Map of the main topographical features of the northern Indian Ocean. The marginal 

seas of Arabian Sea and Bay of Bengal investigated in this study have reported. 

 

The BoB is a shallow embayment of the northeastern Indian Ocean, occupying a total area of ~ 

2,173,000 km
2
 (Figure 1.1). It is bounded to the west by the Sri Lanka and India, to the north by the 

Bangladesh, to the east by Burma and the northern Malay Peninsula. The large amount sediment 

discharge of Ganges-Brahmaputra river system (1.1×10
9
 t/yr), the Indo-Burman rivers, the 

Irrawaddy river (2.3 to 3.3×10
8
 t/yr) and several Indian peninsular rivers (2.4 ×10

8
 t/yr) make a 
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huge contribution for the BoB (Curray and Moore, 1971; Robinson et al., 2007; Tripathy et al., 

2011). In addition, the Ganges-Brahmaputra river discharges huge amounts of sediments onto the 

BoB, which dominate the river input budget to the BoB (Milliman and Meade, 1983; Sarin and 

Krishnaswami, 1984; Sengupta et al., 2006).  

 The Arabian Sea is located in the northwestern Indian Ocean, covering an area of ~ 3,862,000 

km
2
. It is bordered by the Horn of Africa and the Arabian Peninsula to the west, Iran and Pakistan to 

the north and the Indian Peninsula to the east (Figure 1.1). The Arabian Sea is mainly fed by the 

Indus River system with around 400×10
6
 t/yr of suspended load from the Himalayas and 

Transhimalaya (Milliman and Meade, 1983), and by Narmada River, Tapi River and Western Ghats 

rivers (∼100×10
6
 t/yr) (Alagarsamy and Zhang, 2005; Chandramohan and Balchand, 2007). In 

addition, the aeolian dust from the deserts of Oman, Africa and western India also contribute 

around 100×10
6
 t/yr in the Arabian Sea (Sirocko and Sarnthein, 1989; Ramaswamy and Nair, 

1994).  

The eastern equatorial Indian Ocean is limited to the East by Sumatra Island (Figure 1.1). The 

subduction of the Indian oceanic plate beneath the Eurasian continental plate formed the volcanic 

arc in western Indonesia, one of the most seismically active areas on the planet with a long history 

of powerful eruptions and earthquakes. This chain of active volcanoes formed Sumatra, Java, Bali, 

and Nusa Tenggara islands. The sediments of eastern equatorial Indian Ocean are mainly 

volcanogenic derived from the Indonesian Archipelago in the northeast, from submarine volcanic of 

the Mid-Indian Ocean Ridge (Venkatarathnam and Biscaye, 1973).  

 

1.2 Hydrological settings  

 

1.2.1. Surface circulation  

 

The surface mixed layer and the boundary currents in the tropics and northern Indian Ocean 

(Arabian Sea and Bay of Bengal) are dominated by the seasonal reversing Indian monsoon wind 

(Figure 1.2). Monsoons are the seasonal changes of the large-scale winds. The summer monsoon 

(from May to September) in the northern Indian Ocean blow from the southwest to northeast, and 

the winter monsoon (during November to January) occur from the northeast. Therefore, the surface 

circulation in the northern Indian Ocean is characterized by cyclonic flow in the winter monsoon 

period, and displays an anticyclonic direction during the summer monsoon period. 

 

The surface circulation of tropical and northern Indian Ocean is dominated by the monsoonal 

wind forcing (Figure 1.2) (Talley et al., 2011). Today, the surface water masses above 150m in the 
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Arabian Sea are Arabian Sea high Salinity Water (ASHS; 36.5 psu) (Talley et al., 2011).  In 

contrast, the surface water shallower than 100m in the Bay of Bengal is much fresh Bay of Bengal 

surface waters (BoBSW; 31 psu), due to the high river input (Talley et al., 2011). In addition, the 

surface mixed layer and the boundary currents in the Arabian Sea and the Bay of Bengal are directly 

forced by the seasonal reversal of the Indian monsoon wind. Thus, by the influence of Indian 

monsoon, the surface water of Arabian Sea and Bay of Bengal forms from a mix of high saline 

ASHS and low saline BoBSW, respectively (Tomczak and Godfrey, 2003; Talley et al., 2011). In 

addition, low salinity surface water from BoB could also enter in the Arabian Sea from the south tip 

of Indian by the East India Coastal Current (EICC) (Figure 1.2). 

The surface water of the eastern equatorial Indian Ocean represents a westward extension of the 

Pacific’s warm pool. Compared with lower salinity of the northeastern Indian Ocean (BoBSW), the 

eastern equatorial Indian Ocean is characterized by high temperature and high salinity due to the 

influence of West Pacific Warm Pool. However, this area has complex dynamic currents and wave 

systems. The dominant current is the Indonesian Through Flow, which is outflow from the Pacific 

Ocean to the Indian Ocean.  
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Figure 1.2. A schematic representation of identified current branches during the Southwest 

Monsoon (a) and Northeast Monsoon (b), including some choke point transport numbers 

(Sv=10
6
m

3
.s

1
 ). Current branches indicated are the South Equatorial Current (SEC), South 

Equatorial Countercurrent (SECC), Northeast and Southeast Madagascar Current (NEMC and 

SEMC), East African Coast Current (EACC), Somali Current (SC), Southern Gyre (SG) and Great 

Whirl (GW) and associated upwelling wedges, Socotra Eddy (SE), Ras al Hadd Jet (RHJ) and 

upwelling wedges off Oman, West Indian Coast Current (WICC), Laccadive High and Low (LH and 

LL), East Indian Coast Current (EICC), Southwest and Northeast Monsoon Current (SMC and 

NMC), South Java Current (JC) and Leeuwin Current (LC). According to Schott and McCreary 

(2001). 

 

1.2.2. Intermediate and deep-water circulations  

 

The main intermediate water masses found at around 500-1200 m water depths in the Indian 

Ocean are Antarctic Intermediate Water (AAIW), Red Sea Intermediate Water (RSIW) and 

Indonesian Intermediate Water (IIW) (Figures 1.3 and 1.4) (You, 1998; Talley et al., 2011).  

 

 

 

Figure 1.3. Schematic map showing the intermediate water circulation of the Indian Ocean (You, 
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1998). Locations of the studied cores are represented by red stars.  

 

AAIW is a global intermediate water mass that is found in all three major oceans, characterized 

by a very low salinity (~ 34.39 psu). AAIW is considered to be important water mass at thermocline 

depths in the southern hemisphere, thus, it may potentially affect the global circulation through 

affecting the temperature gradients and nutrient (Olson et al., 1993; Sarmiento et al., 2004; Hendry 

et al., 2012). Modern AAIW in the Indian Ocean originates mainly from the southwestern Atlantic 

Ocean (Talley et al., 2011). It extends to the tropics through East African Coast Current (EACC) 

and Somali Current at about 1000-1500m water depth in the south Indian Ocean, just above the 

North Atlantic Deep Water (NADW) (Talley et al., 2011). In addition, part of AAIW sourced from 

the south of Australia, and flows northward along the Australian coast in the Western Australian 

Current and Leeuwin Undercurrents (e.g., You, 1998; Smith et al., 1991). In the South Indian 

Ocean, AAIW lies between 1000 and 1500 m, just above the Indian NADW (Tomczak and Godfrey, 

2003). The northward extension of AAIW in the Indian Ocean rarely reaches beyond 10°S in the 

modern Indian Ocean (Lynch-Stieglitz et al., 1994).  

The Red Sea Intermediate Water (RSIW) results from the outflow of high salinity Red Sea Water 

(density ~ 27.6 kg/m
3
). Thus, it is the salinity maximum intermediate water filling the Arabian Sea 

between 400 and 1400m (Beal et al., 2000; Talley et al., 2011). RSIW spreads eastward to the 

eastern boundary at 5°N, in addition, intensification and rapid RSIW flows southward along the 

western boundary towards the Agulhas (You, 1998; Beal et al., 2000; Talley et al., 2011). In 

addition, RSIW represents only a small contribution to the BoB as its main flow is along the 

western margin of the Indian Ocean (You, 1998; Talley et al., 2011).  

IIW is an intermediate-depth water mass originating from the Pacific Central Water. It passes 

through the Australasian Mediterranean Sea as Indonesian Through Flow, which remains relatively 

low salinity at 34.8 psu (Tomczak and Godfrey, 2003). IIW flows zonally westward and bifurcates 

into a northward and a southward   flow in the western Indian Ocean (You, 1998). Around 50–60% 

of IIW water flows into the Bay of Bengal through the south of Sri Lanka. IIW flows clockwise at 

thermocline levels in the BoB, and returns along the Sumatra and Java Islands (You, 1998). 

The deep-water masses of the northern Indian Ocean are characterized by a mixture of water 

masses from Atlantic (North Atlantic Deep Water, NADW) and Antarctic oceans (Antarctic Bottom 

Water, AABW), without any surface contribution to deep or bottom water masses in the Indian 

Ocean (Figure 1.4 and Figure 1.5) (Reid, 2003; Talley et al., 2011). Between 1200 and 3800m, the 

dominant deep water in the North Indian Ocean is Indian Deep Water (IDW), originating from the 

Circumpolar Deep Water and NADW (You and Tomczak, 1993; Tomczak and Godfrey, 2003). 

However, in the eastern Indian Ocean, IDW originates from the mixture of Circumpolar Deep Water 
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(CPDW) and NADW (Warren, 1981). 

 Below 3800m of water depth, the abyssal basins are dominated by the AABW, which is formed 

in the Weddell Sea and Ross Sea (Wyrtki, 1973; Kolla et al., 1976; Reid, 2003; Tomczak and 

Godfrey, 2003). However, AABW only reaches the southern part of the BoB as most of the BoB is 

shallower than 4000m (Tomczak and Godfrey, 2003). In the BoB, the bottom water upwells when it 

moves northward, so the deep waters can eventually return to shallower depths (Talley et al., 2011). 

Thus, changes in the bottom waters can also affect shallower-depth water masses in the northern 

BoB. 

 

 

 

Figure 1.4. (a) and (b) Salinity (psu, coloured shading) depth-latitude section using the Ocean Data 

View (ODV) software (Schlitzer, 2015) and vertical distribution of water masses in the Arabian Sea 

and Bay of Bengal (N-S cross section). BoBLS: Bay of Bengal low salinity Water, ASHS: Arabian 

Sea High Salinity Water, RSIW: Red Sea Intermediate Water, IIW: Indonesian Intermediate Water, 

AABW: Antarctic Bottom Water, IDW: Indian Deep Water. 
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Figure 1.5. Schematic map showing the deep-water masses circulations of the northern Indian 

Ocean. The black arrows represent deep circulation. Figure from (Kolla et al., 1976).  

 

1.2.3. Modern primary productivity and nutrient content of water masses   

 

The northern Indian Ocean, especially the Arabian Sea, is characterized by seasonal highly 

productive (Shankar et al., 2002). During the summer monsoon, the southwest wind blows more 

salinity water from the northern to the southeastern Arabian Sea. By contrast, during the winter 

monsoon, the northeastern winds bring low salinity water (BoBSW) from the BoB. In addition, 

enhanced upwelling occurs in the western Arabian Sea during the summer monsoon, resulting in a 

strong Ekman pumping, and thus leading to an increased surface productivity (Lévy et al., 2007; 

Bassinot et al., 2011; Figure 1.6).  

However, the surface productivity in the BoB is generally weak compared with the Arabian Sea 

(e.g., Prasanna Kumar et al., 2002; Thushara and Vinayachandran, 2016; O’malley, 2017; Figure 

1.6). In the BoB, seasonally large river input could lead to a more stable stratification in the upper 

ocean (Vinayachandran et al., 2002), and hence the vertical mixing of nutrients from the subsurface 

to the euphotic zone is generally limited (Gomes et al., 2000). In addition, the primary productivity 

of the western BoB suggests a slight increase during the winter monsoon, as indicated by the 

distribution of chlorophyll in the surface water (Thushara and Vinayachandran, 2016; O’malley, 

2017; Figure 1.6). 
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Figure 1.6. a) – b) the Net primary productivity distribution in Northern Indian Ocean during 

January and July, respectively. Maps based on MODIS chlorophyll-a, SST, PAR satellite data, using 

the standard vertically Generalized Production Model (VGPM) (Behrenfeld and Falkowski, 1997) 

as the standard algorithm. 

 

In the modern Indian Ocean, surface water is characterized by a relatively depleted nutrient 

content, with ~ 1.5 µmol/kg phosphate concentration (Fig 1.7). For the intermediate water masses in 

the northern Indian Sea (BoB and Arabian Sea), the phosphate concentration is at around 2.5-3 

µmol/kg. In addition, the modern data indicate that the southern sourced intermediate water 

(AAIW) in the south Indian Ocean shows a lower phosphate concentration at about 2-2.5 µmol/kg 

(Fig 1.7). Moreover, the phosphate concentration of deep-water masses (~2-2.5 µmol/kg) is slightly 

lower than the intermediate water masses in the northern Indian Ocean. 
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Figure 1.7. Phosphate (μmol/kg, coloured shading) depth-latitude section using the Ocean Data 

View (ODV) software (Schlitzer, 2015) and vertical distribution of water masses in the (N-S cross-

section) (a) the Western and (b) the Eastern Indian Ocean. BoBLS: Bay of Bengal low salinity 

Water, AIIW: Antactic Intermediate Water, RSIW: Red Sea Intermediate Water, AABW: Antarctic 

Bottom Water, IDW: Indian Deep Water. 

 

1.2.4. The past hydrology of the Indian Ocean since the last glacial times 

 

 The thermohaline ocean circulation plays a key role in regulating climate changes at different 

time-scales through heat redistribution and carbon cycling (e.g., Rahmstorf, 1995; Stocker and 

Wright, 1996; Tomczak and Godfrey, 2003; Bryan et al., 2010; Talley et al., 2011). In the modern 

ocean, as shown in Figure 1.8 A, North Atlantic Deep Water (NADW) enters the Southern Ocean 

through the South Atlantic, and joins in the deep waters flowing through the Drake Passage. The 

combination of deep waters from Pacific, Indian, and Atlantic is transported eastward as 

Circumpolar Deep Water (CDW). CDW upwells to intermediate water in the Pacific sector around 

Antarctica, which forms an important component of the upward limb of the thermohaline 

overturning circulation (Talley, 2013; Sikes et al., 2017). Then, these waters flow northward 

through the Polar Front (PF) and sink as Antarctic Intermediate Water (AAIW) and Subantarctic 

Mode Water (SAMW) (Talley, 2013). Furthermore, AAIW (800–1500 m) and SAMW (400–800 

m) move northward beneath warmer and saltier subtropical surface waters. Thus, in the modern 

thermohaline circulation, the oceans are connected by NADW transport and converted by the 

upwelling in the Southern, Indian, and Pacific Oceans (Sikes et al., 2017).  
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A large amount of previous studies have worked on the links between ocean circulation variations 

and climate changes in the past (e.g., Barker et al., 2011; Skinner et al., 2010). Based on the 

previous studies, the Atlantic Meridional Overturning (AMOC) circulation was slowdown during 

most of the last glacial periods and associated with the formation of shallower Glacial North 

Atlantic Intermediate Water (e.g., McManus et al., 2004; Böhm et al., 2015). The AMOC has only 

been disrupted during episodes of sluggish circulation associated with the catastrophic iceberg 

discharges of the coldest Heinrich stadials (HS), the Dansgaard-Oeschger stadials (D-O stadials) 

and the Younger Dryas cold event (YD) of the last termination (Böhm et al., 2015) (Figure 1.8B). 

These slowdowns of the AMOC have been related to the reduced North Atlantic Deep Water 

(NADW) flow (e.g., Mcmanus et al., 2004; Böhm et al., 2015) and an increased advection of 

southern-sourced waters, filling a large part of the deep Atlantic ocean (e.g., Lynch-Stieglitz et al., 

2007; Roberts et al., 2010; Böhm et al., 2015; Duplessy et al., 1988) and affecting the circulation in 

all ocean basins (e.g., Lynch-Stieglitz et al., 2007; Roberts et al., 2010; Böhm et al., 2015).  

The Indian Ocean plays an important role in the global overturning circulation, as it is an 

upwelling region, like the Pacific Ocean (Talley et al., 2011). In addition, as the northern Indian 

Ocean is in the land-sea configuration, the deep-water masses of the Northern Indian Ocean are 

characterized by a mixture of water masses from Atlantic (North Atlantic Deep Water, NADW) 

and Antarctic oceans (Antarctic Bottom Water, AABW), without surface contribution to deep or 

bottom water masses in the Indian Ocean; furthermore, much of the intermediate waters of the 

northern Indian Ocean originate from the south, with only small contributions of intermediate 

waters from the Red Sea and of Pacific water through the Indonesian sea (Talley et al., 2011). In 

addition, the Eastern Equatorial Indian Ocean is a key area to study the connections between the 

Pacific Ocean and the Indian Ocean through the Indonesian Throughflow (ITF). Thus, 

reconstruction of Indian Ocean circulation will allow us to better constrain past changes in the 

production of intermediate and deep water and in circulation from the global ocean. 

 In the Indian Ocean, most of previous works have documented past changes in deep ocean 

circulation (e.g., Kallel et al., 1988; Naqvi et al., 1994; Ahmad et al., 2008, 2012; Raza et al., 

2014). They all suggested that during the glacial, the reduction in the NADW flux into the Indian 

Ocean allowed for a higher contribution from the Southern Ocean. By contrast, the Holocene is 

mainly influenced by better-ventilated NADW (Ahmad et al., 2008, 2012; Raza et al., 2014), in 

agreement with the past variations of AMOC in the Atlantic Ocean. 
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Figure 1.8. View of overturning circulation schematics. (a) Modern circulation and (b) 

Hypothesized overturning circulation during the LGM (Sikes et al., 2017). Polar Front (PF), 

Subantarctic Front (SAF), and Subtropical Front (STF), which are major fronts separate the 

interior water formation zones. Colors represent the water masses as follows: blue = AABW, green 

= NADW/GNAIW, orange = PDW/IDW, red = AAIW/SAMW, and purple = surface low-latitude and 

mainly in the Atlantic Ocean. 

 

As mentioned before, from the Last Glacial Maximum (LGM) to the Holocene, the AMOC was 

likely experienced major changes (e.g. McManus et al., 2004; Böhm et al., 2015). During the HS1 

and YD, which are abrupt deglacial climate cooling events recorded in the northern hemisphere, a 

weak or even a collapse of AMOC occurred (Böhm et al., 2015). Synchronously, the Southern 

Hemisphere increased the heat fluxes and reduced sea ice cover in the Southern Ocean. Thus, strong 

winds enhanced the upwelling and increased the northward penetration of the northward flow of 

AAIW/ SAMW, which could increase northward transport of nutrient and heat at intermediate 

waters depth (Anderson et al., 2009; Skinner et al., 2014; Poggemann et al., 2017; 2018). The role 

of AAIW is still controversial during the last deglaciation in the Atlantic Ocean: several previous 

studies indicated a reduced influence of northward AAIW into the tropical Atlantic (e.g. Came et 

al., 2008; Xie et al., 2012; Howe et al., 2016; Gu et al., 2017), whereas others suggested an 
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increased penetration (e,g., Pahnke et al., 2008; Dubois-Dauphin et al., 2016; Poggemann et al., 

2017; 2018). In addition, the enhanced northward transport is also strongly supported by the 

intermediate records of benthic carbon isotope, ɛNd and B-P age offsets from the North Indian (Jung 

et al., 2009; Bryan et al., 2010; Yu et al., 2018; Ma et al., 2019), and Pacific Ocean (e.g., Mix et al., 

1991; Pahnke and Zahn, 2005; Bostock et al., 2010). 

To sum up, a large amount of previous studies have worked on the seasaw relationship between 

the AMOC and the Southern Ocean circulation during the transition from the Last Glacial 

Maximum to the Holocene (e.g., McManus et al., 2004; Böhm et al., 2015; Came et al., 2008; 

Anderson et al., 2009). However, the role of AAIW in rapid climate changes resulting from major 

AMOC are controversial, especially in the Atlantic Ocean (e.g., Pahnke et al., 2008; Dubois-

Dauphin et al., 2016; Came et al., 2008; Xie et al., 2012; Jung et al., 2009; Pahnke and Zahn, 2005). 

Thus, studying intermediate waters in the Indian Ocean will allow us to better constrain past 

changes in the production of intermediate and deep water and in circulation from the Southern 

Ocean; in addition, it will help us to understand their potential role in global climate changes. 
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Chapter 2: Materials and Methods 

 

 

 

 

In order to reconstruct variations of intermediate water circulation of the Bay of Bengal, the 

Arabian Sea and the Eastern Equatorial Indian Ocean since the LGM, we selected three cores to 

constrain the northward penetration of the AAIW, the intermediate waters of the Red Sea and of the 

Pacific through the Indonesian sea. It was necessary to use a multi-proxy approach (stable isotopes, 

14
C ages, elemental ratios and assemblages on benthic foraminifera) to constrain past water masses 

conditions, ventilation as well as the sources of water masses. In this chapter, I present the material 

used, as well as the different methods. The development needed to measure the element/Ca ratios is 

also displayed. 
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2.1. Material 

 

The samples used in this study are foraminifera obtained from marine cores collected at 

intermediate water depth from the Bay of Bengal (BoB), Arabian Sea and eastern equatorial Indian 

Ocean. 

 

2.1.1. Northern Bay of Bengal: core MD77-176 

 

Core MD77-176 (14°30’5N-93°07’6E, 1375m) was collected from the northeastern BoB during 

the OSIRIS III cruise of the N.0. Marion Dufresne in 1977 (Figure 1.3). The sediment consists of 

intercalated olive grey terrigenous clay and silty clay layers with foraminifer- or nannofossil-

bearing ooze. In addition, several turbidite layers were identified. The age model of core MD77-176 

was previously established by using 31 planktonic foraminifer (Globigerinoides ruber) AMS 
14

C 

dates combined with the MD77-176 oxygen isotope record obtained on planktonic foraminifera G. 

ruber, which were correlated to the GISP2 Greenland ice core record (Marzin et al., 2013). Core 

MD77-176 displays high accumulation rates (average ~25 cm/kyr and up to 40 cm/kyr for the 

Holocene), and could thus provide high-resolution records since 40 cal kyr BP. The samples were 

collected outside from the identified turbidite levels (429-432 cm, 460-463 cm, 470-472 cm, 485-

493 cm, 508-514 cm, 577-582 cm, 732-738 cm, 918-921 cm, 950-951 cm and 962-963 cm) (Marzin 

et al., 2013). 

 

2.1.2. Arabian Sea: core MD77-191 

 

Core MD77-191 (07°30’N-76°43’E, 1254m) located in the southern tip of India in the Arabian 

Sea was collected during the OSIRIS III cruise of the N.0. Marion Dufresne in 1977 (Figure 1.3). 

The age model of core MD77-191 was established in this work by using 9 monospecific planktonic 

foraminifer Globigerinoides bulloides accelerator mass spectrometry (AMS) 
14

C dating (Bassinot et 

al., 2011), one 
14

C date made on pteropods (Mléneck et al., 1997), and three 
14

C dates obtained on 

planktonic foraminifera Globigerinoides ruber measured with the ECHoMICADAS at the LSCE, 

France (see details in section 2.3.2. below). The 
14

C ages were converted to calendar ages by using 

the CALIB Rev. 7.1 software (Stuiver and Braziunas, 1993). Core MD77-191 provides a 

continuous record since the last 17 kyr BP with an average sedimentation rate of about 53 cm/kyr 

and up to 90 cm/kyr for the Holocene.  

Samples of these two cores (MD77-191 and MD77-176) were available from previous studies 
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(Kallel et al., 1988; Marzin et al., 2013; Bassinot et al., 2011) and were sieved in the 63-150 

and >150 µm fractions. A total of 75 samples (MD77-191) and 217 samples (MD77-176) were 

collected for benthic foraminiferal analysis. 

 

2.1.3. Eastern Equatorial Indian Ocean: core SHI9001 

 

Core SHI9001 (6°11.57' S 103°11.80' E, 1348m) is located in the Eastern Equatorial Indian 

Ocean EEIO and was collected during the SHIVA cruise (Figure 1.3). The lithology of core 

SHI9001 is dominated by olive grey terrigenous clay and nanno-fossil carbonate ooze. The 

sampling interval is every 10 cm and a total of 88 samples were sieved for benthic foraminiferal 

analysis. Each ~20 g of bulk sediments were dried at 60 °C and weighed. Dried samples were 

soaked in water for 2 days, and a few drops of hydrogen peroxide were added to adequately 

disaggregate the samples, if necessary. Samples were washed through a 63 µm mesh-size sieve. The 

residue on the sieve was transferred to the filter paper in the 63-150 and >150 µm fractions, dried at 

60 °C and weighed.  

The age model of core SHI9001 was based on the stratigraphical correlation between the benthic 


18

O record with a reference record (LR04 benthic stack, Lisieki and Raymo, 2005; see details in 

section 6.5.1. from Chapter 6). Core SHI9001 spans the last 685 kyr, reaching Marine Isotope Stage 

MIS 17. Sedimentation rates are on average 2.5 and 1 cm/ka for interglacial and glacial periods, 

respectively. 

 

2.2. Methods 

 

2.2.1. General information on foraminifera  

 

Foraminifera are single-celled, protists with exo-skeletal tests (Mortyn and Martinez-Boti, 2007). 

They existed and diversified as part of the burst in development of the Kingdom Protista since 

Cambrian times (Escalante and Ayala, 1996). Base on their marine habitat, foraminifera could be 

recognized as planktonic and benthic foraminifera. The majority of modern foraminifera are benthic, 

and only about 40–50 are planktonic species (Gupta, 1999; Mortyn and Martinez-Boti, 2007). 

The foraminifera distribute in a wide range of ocean environments and could be a good fossil 

recorder due to the well-preserved, calcite or aragonite shells. The foraminiferal tests are a common 

component of marine sediments, which assemblages can be used as a proxy for paleo-environment, 

such as organic carbon flux, bottom water oxygen concentration and ventilation (e.g., Corliss, 1985; 
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Fontanier et al., 2002). 

In addition, the shells of foraminifera can powerfully record the chemical and physical properties 

of the ocean through their isotopic (e.g., Oxygen, Carbon, Boron… stable isotopes) and minor or 

trace element composition (e.g., Mg/Ca, Sr/Ca, U/Ca, Li/Ca, B/Ca, Cd/Ca, Ba/Ca, B/Ca…) (e.g., 

Katz et al., 2010). Therefore, the foraminifera can be used to reconstruct the paleo-ecological and 

past global environmental evolution. 

We especially used three benthic foraminifera species commonly used in paleoceanography for 

geochemical analysis during this PhD work, thanks to their abundance in the studied cores (see also 

details in the sections dedicated to assemblage results in Chapter 3 and 5). Two of the used benthic 

foraminiferal are made of calcite (Cibicidoides wuellerstorfi and Uvigerina peregrina) and one of 

aragonite (Hoeglundina elegans) (Figure 2.1). Cibicidoides wuellerstorfi and Hoeglundina elegans 

belong to epifaunal species, and U. peregrina is an endobenthic species (Fontanier et al., 2002).  

 

 

 

Figure 2.1. Benthic foraminiferal species used for geochemical analysis in this work. Cibicidoides 

wuellerstorfi (left), Uvigerina peregrina (middle), and Hoeglundina elegans (right). Figures from 

(Holbourn et al., 2013). 

 

In this study, we investigated the stable isotopes 
13

C, 
18

O, the radiocarbon ages 
14

C and 

elemental ratios (Mg/Ca, Sr/Ca, U/Ca, Li/Ca, Cd/Ca and Ba/Ca) of these three benthic foraminifera, 

together with benthic foraminiferal assemblages from marine cores MD77-176, MD77-191 and 

SHI9001 located in the Indian Ocean, as described in greater detail below. 
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Table 2.1. Summarize of all analytical investigations.  

 

2.2.1.1 Oxygen and Carbon stable isotopes  

 

Oxygen and carbon are naturally present in abundance on Earth, such as in the Calcium 

Carbonate (CaCO3) of which is the material of benthic and planktonic foraminiferal shells. Oxygen 

is made of three stable isotopes whose respective relative abundances are: 
16

O 99.76%, 
17

O 0.04% 

and 
18

O 0.2%. Individual measurements of 
18

O/
16

O obtained from nature are reported as departures 

in parts per thousand (‰) from a laboratory standard: 

 

𝛿 𝑂18  (‰) =
( 𝑂/ 𝑂16 )𝑠𝑎𝑚𝑝𝑙𝑒
18 − ( 𝑂/ 𝑂1618 )𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

( 𝑂/ 𝑂)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
1618 × 1000  

 

Carbon (C) has mainly two stable isotopes: 
13

C and 
12

C. The abundance of 
12

C isotope is around 

98.9%, and the 
13

C isotope accounts for about 1.1%. As similar with the oxygen, the carbon isotopic 

composition is expressed in the δ notation: 

 

Species 

Core 


13

C, 
18

O 
14

C Elemental /Ca 
Assemblages 

MD77-176 

Cibicidoides 

wuellerstorfi, 

Cibicidoides 

pachyderma, 

Uvigerina peregrina 

Cibicidoides 

wuellerstorfi, 

Cibicidoides 

pachyderma, 

Hoeglundina 

elegans 

Hoeglundina elegans, 

Uvigerina peregrina 
X 

MD77-191 

Cibicidoides 

wuellerstorfi, 

Cibicidoides 

pachyderma, 

Uvigerina peregrina, 

Globigerinoides ruber 

Globigerinoides 

ruber 

Hoeglundina elegans, 

Cibicidoides 

pachyderma, 

Uvigerina peregrina, 

Globobulimina spp. 

X 

SHI9001 

Cibicidoides 

wuellerstorfi 
 

Hoeglundina elegans, 

Uvigerina peregrina 
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𝛿 𝐶13  (‰) =
( 𝐶/ 𝐶12 )𝑠𝑎𝑚𝑝𝑙𝑒
13 − ( 𝐶/ 𝐶1213 )𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

( 𝐶/ 𝐶)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
1213 × 1000  

 

The standard material for carbonate samples is the Pee Dee Belemnite (PDB). In addition, δ
18

O 

and δ
13

C values are calibrated versus PDB by using National Bureau of Standards (NBS) standards. 

The ocean and ice sheet are the major oxygen reservoir. During the glacial period, the 
16

O is 

more enriched in the icecaps and shows a light δ
18

O values. By contrast, the ocean shows heavier 

δ
18

O. Thus, benthic foraminiferal δ
18

O that reflect the ocean geochemical signature is thus affected 

by the global ice volume, the source of deep-water masses, and bottom water temperature 

(Shackleton and Opdyke, 1973; Figure 2.2 a). As a salty water mass will have a high δ
18

O signal 

because both of them have a positive relationships with evaporation, changes in the salinity are also 

recorded by the δ
18

O. 

 

 

 

Figure 2.2. Modern simplified oxygen and carbon cycle by Ruddiman, (2014). 

 

According to studies in the modern ocean with living foraminifera (e.g., McCorkle et al., 1990 

and 1997), the epifaunal benthic foraminiferal δ
13

C can reflect the dissolved inorganic carbon δ
13

C 

in bottom water (e.g., Duplessy et al., 1984; Curry et al., 1988). During the glacial times, 
12

C 

enriched organic carbon transferred from the land to the ocean, the δ
13

C of inorganic carbon in the 
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ocean should be more negative due to the remineralization of 
12

C-rich organic carbon. In addition, 

the photosynthesis and carbon isotope fractionation lead to higher values of the surface water 

compared with the deep water masses (Ruddiman, 2014) (Figure 2.2 b and Figure 2.3). Changes in 

δ
13

C values of epifaunal benthic foraminifera can be influenced by different processes such as 

surface productivity, changes of the water mass sources and/or mixing and air-sea exchanges 

(Lynch-Stieglitz et al., 1995) (Figure 2.2 b and Figure 2.3). Infaunal benthic foraminiferal δ
13

C 

(such as U. peregrina) is mainly affected by the pore water, thus carrying a signal influenced by the 

remineralization of organic matter in the ocean floor (e.g., Mackensen et al., 2000; Mackensen and 

Licari, 2004).  

 

 

 

Figure 2.3. Modern deep-ocean GEOSECS δ
13

C data patterns, figure from Ruddiman, (2014).   

 

2.2.2. Benthic radiocarbon content as a tracer for water ventilation  

 

The carbon exchanges of surface waters in the ocean mainly occur at the ocean-atmosphere 

interface. The surface waters have the highest 
14

C/
12

C ratio compared with deep water masses. 

However, the exchanges between ocean and atmosphere are not instantly, the radioactive 
14

C atoms 

are continuously decaying during this process. Thus, the radiocarbon age is different between 

surface water and atmosphere, and the average difference age is around 400 years (Key et al., 2004). 
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In the ocean, the 
14

C content stops to renew due to the isolation from the surface water layer, and 

14
C begins to decrease by radioactive decay and deeper water masses get aging. The 

14
C of deep-

water masses in different oceans are in good agreement with the modern circulation scheme (e.g., 

Matsumoto, 2007; Khatiwala et al., 2012). For instance, the deep-water masses of Atlantic Ocean 

have the younger 
14

C age compared to other oceans, as the surface water sinks as deep waters and 

fill the ocean interior (Figure 2.4). Thus, the 
14

C could be a useful tracer of water masses ventilation 

and circulation. The 
14

C of water masses could be obtained from foraminifera measurements. The 

benthic and planktonic species could provide the intermediate-deep and surface water signals, 

respectively. The 
14

C age difference between benthic and planktonic foraminiferal species is useful 

to reconstruct the ventilation of the water masses (e.g., Broecker et al., 1984; De Pol-Holz et al., 

2010; Wan and Jian, 2014; Siani et al., 2013). The ventilation recorded in foraminifera depends on 

(i) 
14

C of surface water related to atmospheric 
14

C through air-sea gas exchange and timing of 

equilibrium between the atmosphere and water masses; (ii) the time elapsed since water masses 

reaching the studied sites have become isolated from the atmosphere, and (iii) vertical and 

horizontal mixing processes involving water masses with different 
14

C signatures. 

 

 

 

Figure 2.4. An objectively mapped conventional 
14

C age of natural radiocarbon below 1500 m of 

the ocean. Figure from Matsumoto, (2007). 

 

2.2.3. Benthic foraminiferal assemblages  
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Benthic foraminifera exist in all marine environments, which consist of above, at, or below the 

water-sediment interface (e.g., Corliss, 1980; Holbourn et al., 2013; Jorissen, 1999) (Figure 2.5). In 

the deep water depth, benthic foraminiferal distribution could be used to estimate the bottom water 

condition changes (e.g., Corliss et al., 1986; Schmiedl et al., 1998; Almogi-Labin et al., 2000), 

especially indicating a strong relationship with the organic matter flux to the seafloor (e.g., 

Altenbach et al., 1999; Caulle et al., 2015; Fontanier et al., 2002; Van der Zwaan et al., 1999).. Both 

the depth of the principle redox fronts and the microhabitat of deep infaunal species show important 

increases with depth. Therefore, the exported flux of organic matter appears to be the main 

parameter controlling the composition and the vertical distribution of benthic foraminiferal faunas 

below the sediment-water interface.  

The benthic foraminiferal microhabitat could be a function of organic flux and benthic ecosystem 

oxygenation, thus, by comparing benthic foraminiferal assemblages to modern ones, changes of 

food supply and oxygen concentrations of the bottom water can be reconstructed (e.g., Peterson, 

1984; Corliss, 1979; Murgese and De Deckker, 2005). For example, as shown in the Figure 2.5, at 

the deepest oligotrophic stations, deep infaunal faunas (G. affinis) become relatively poor and the 

benthic faunas are dominated by H. elegans, Q. seminula and C. pachydermus (Fontanier et al., 

2002). Combining the benthic foraminiferal fauna analysis with the measurements of the 

geochemistry (δ
18

O, δ
13

C, 
14

C, trace and minor elemental ratios) allows to constrain the 

paleoceanographic evolution (like oxygen, nutrient, …). 

 

 

 

Figure 2.5. Microhabitat distribution and specific foraminiferal composition along the bathymetric 

transect in the Bay of Biscay, figure from Fontanier et al. (2002).  
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2.2.4. Benthic foraminiferal elemental ratios 

  

Past variations in the hydrography and circulation of intermediate/deep water masses are 

reconstructed using benthic foraminiferal elements/Ca (Mg/Ca, Sr/Ca, Li/Ca, B/Ca, Cd/Ca, Ba/Ca, 

U/Ca…), which are commonly used as water mass tracers (e.g., Boyle and Keigwin, 1985; Boyle et 

al., 1995; Ahmad et al., 2008; Lear et al., 2010; Katz et al., 2010). Among the various existing 

proxies, Mg/Ca in benthic foraminifera has been used for a long time to reconstruct bottom water 

temperature changes (e.g., Rosenthal et al., 1997; Lear et al., 2002; Martin et al., 2002; Marchitto et 

al., 2007; Barrientos et al., 2018). The reconstruction of bottom water temperature based on the 

benthic foraminiferal Mg/Ca, is calculated by comparing core-top samples with bottom water 

temperatures (Figure 2.6). However, there is also another possible influence on benthic Mg/Ca, and 

these previous studies especially indicate the influence of carbonate ion concentration on the Mg/Ca 

(e.g., Rosenthal et al., 2006; Bryan and Marchitto, 2008; Yu and Elderfield, 2008; Marchitto et al., 

2018).  

 

 

Figure 2.6. Relationships between the Mg/Ca measured in Cibicidoides and a) bottom water 

temperature (adapted from Lear et al., 2002) and b) seawater [CO3
2-

] (adapted from Yu and 

Elderfield, 2008). 

 

Other elemental/Ca ratios have been explored to reconstruct past bottom temperatures, such as 

benthic foraminifera (H. elegans, Uvigerina peregrina, Planulina ariminensis, and Planulina 

foveolata) Li/Ca and Sr/Ca ratios (Rosenthal et al., 2006; Bryan and Marchitto, 2008; Marchitto et 

al., 2018). But for other species, previous works suggest that benthic Li/Ca and Sr/Ca in H. elegans 

for instance could be used as paleo-proxies for both carbonate ion concentration and temperature 
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(Rosenthal et al., 2006; Hall and Chan, 2004; Marchitto et al., 2018; Doss et al., 2018). Other works 

have tested empirical calibration exercises and have shown that the B/Ca ratio is directly linked to 

bottom water carbonate ion concentration (e.g., Yu and Elderfield, 2007; Brown et al., 2011; Yu et 

al., 2010), but emerging proxies are also explored such as U/Ca, Li/Ca and Sr/Ca (e.g., Rosenthal et 

al., 2006; Raitzsch et al., 2011; Yu et al., 2014b). Indeed, previous works conducted on deep-sea 

benthic species seem to show that benthic foraminiferal U/Ca, Li/Ca, Sr/Ca are promising marine 

dissolved carbon/carbonate system proxies (Hall and Chan, 2004; Bryan and Marchitto, 2008; 

Raitzsch et al., 2011; Keul et al., 2013; Yu et al., 2014a), impacting our ability to fully reconstruct 

intermediate and deep-water circulation and C content associated to global carbon cycle (Came et 

al., 2003; Yu et al., 2008; Makou et al., 2010; Poggemann et al., 2017). However, most of these 

studies were devoted to calcitic foraminifera, and only a few works have focused on the benthic 

foraminifera H. elegans. Indeed, this aragonitic specie is not widely found in the sediment due to its 

higher sensitivity to dissolution compared to calcitic foraminifera (Rosenthal et al., 2006; Hall and 

Chan, 2004; Marchitto et al., 2018). 

Despite bottom water temperature and seawater [CO3
2-

], other deep-water properties can be 

reconstructed from element/Ca ratios.  For instance, the benthic foraminifera Cd/Ca can be a robust 

proxy to reconstruct the paleo-nutrient, as the labile nutrient (phosphate and nitrate) shows a 

positive correlation with the seawater Cd (Boyle et al., 1976; Boyle, 1988; Elderfield and Rickaby, 

2000; Figure 2.7; equation 1).  

                                      𝐶𝑑 = 1.2 (𝛼𝐶𝑑 𝑃⁄ (3.3 𝑃⁄ − 1))⁄ + 1                                      (Eq. 1) 

In the modern sediments, Cd/Ca ratios measured in the tests of benthic foraminifera are strongly 

correlated with seawater dissolved Cd concentrations, and the distribution of seawater Cd is highly 

correlated with the nutrient PO4
3-

. Benthic foraminifera Ba/Ca have also been explored to 

reconstruct paleo-nutrient (e.g., Lea and Boyle, 1989, 1990; Hall and Chen, 2004; Martin and Lea, 

1998), because the dissolved barium exhibits a positive correlation with the ocean alkalinity and 

silica (refractory nutrients), which both seems to mainly regenerate at deep depth (Chan et al., 1977; 

Lea and Boyle, 1989; Hall and Chan, 2004). 
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Figure 2.7. Dissolved Cd versus dissolved phosphate in the global ocean, figures from Elderfield 

and Rickaby (2000). Curves show different solutions to the inset equation (equation (1) with CdT = 

1.2 and PT = 3.3) that can explain regional relationships between the two nutrients. Bold line is the 

best fit to the global data set, with Cd/P=2.  

 

2.3. Analytical Methods 

 

2.3.1. The preservation state of foraminifera  

 

The benthic foraminiferal trace elemental (e.g., Cd/Ca, Ba/Ca, Sr/Ca…) and stable isotop values 

may could be influenced by the calcite dissolution, which may be induced by highly carbonate 

corrosive bottom water and/or the seasonal high productivity, thus, they could not correctly reflect 

bottom water values under the dissolution contidions (e.g., McCorkle et al., 1995; Zarriess and 

Mackensen, 2011). Then, for our study, well-preserved benthic foraminifera samples were 

handpicked and carefully checked under a binocular microscope to ensure that the samples have no 

dissolusion.  

 

2.3.2. Benthic foraminiferal δ
18

O and δ
13

C analyses  

 

Picking of the foraminiferal samples was performed on the washed, dry samples by a series of 

sieves in order to separate special size fractions. The size fraction (250-315 μm) was then sprinkled 

into a tray, and species identification and picking were done using the binocular lens.  Stable 

oxygen (δ
18

O) and carbon (δ
13

C) isotope measurements were performed on well-preserved (clean, 

intact and without dissolution) samples. 
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On core MD77-176 located in the northeastern BoB, measurements of δ
18

O and δ
13

C were 

performed on 191 samples of benthic foraminiferal species. The δ
18

O and δ
13

C records covering the 

period over the last 14 cal kyr BP had been previously analysed on benthic foraminifera 

Cibicidoides wuellerstorfi at the Laboratoire des Sciences du Climat et de l’Environnement (LSCE, 

France). These analyses were carried out on a Finnigan MAT 251 mass spectrometer, and the mean 

external reproducibility of carbonate standards is ±0.05‰ for δ
18

O and ±0.03‰ for δ
13

C. In order to 

obtain a higher resolution of the δ
18

O and δ
13

C records spanning the last 40 cal kyr BP, benthic 

foraminifera C. wuellerstorfi, C. pachyderma, and U. peregrina were also analyzed at the State Key 

Laboratory of Marine Geology of Tongji University (Shanghai, People’s Republic of China). 

Approximately 4-8 clean and well-preserved specimens (>250 μm) were selected per sample. Stable 

isotope analyses were performed using a Finnigan MAT 253 mass spectrometer, with a mean 

external reproducibility better than ±0.07‰ for δ
18

O and ±0.04‰ for δ
13

C. In addition, δ
18

O and 

δ
13

C values were calibrated versus PDB by using National Bureau of Standards (NBS) standards.  

The stable isotopes records for cores MD77-191 (Arabian Sea) were also performed on 83 of 

planktonic foraminifera Globigerinoides ruber from the 250-315 μm size fractions, respectively. 

167 samples of benthic species C. pachyderma, C. wuellerstorfi, and U. peregrina from >250 μm 

were selected for the δ
18

O and δ
13

C analyses for MD77-191. These stable isotopes analyses have 

been performed on approximately 4 to 8 clean and well-preserved specimens on a Finnigan MAT 

251 mass spectrometer hosted at the Laboratoire des Sciences du Climat et de l’Environnement 

(LSCE, France). The mean external reproducibility of carbonate standards is ±0.05‰ for δ
18

O and 

±0.03‰ for δ
13

C. Both δ
18

O and δ
13

C values are presented relative to the Pee Dee Belemnite (PDB) 

scale by comparison with the National Bureau of Standards (NBS). 

 In addition, the benthic stable isotopes (δ
18

O and δ
13

C) were only analysed on 70 samples of 

benthic foraminiferal C. wuellerstorfi from core SHI9001 to build the age model. These 

measurements were performed at the State Key Laboratory of Marine Geology of Tongji University 

(Shanghai, People’s Republic of China). Around 2 to 4 clean and well-preserved samples (>250 μm) 

were selected. Stable isotope analyses were performed using a Finnigan MAT 253 mass 

spectrometer, with a mean external reproducibility better than ±0.07‰ for δ
18

O and ±0.04‰ for 

δ
13

C.  

 

2.3.3. Radiocarbon dating of foraminifera 

 

Benthic radiocarbon analyses were performed on epifaunal species Cibicidoides spp. and 

Hoeglundina elegans (size >150μm) of core MD77-176 (BoB). Approximately 400 to 1000 μg of 

benthic foraminiferal shells were picked. They were leached with HNO3 (10
-2 

M), rinsed with Milli-
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Q
TM

 water, converted to CO2 by reacting with anhydrous phosphoric acid (Tisnérat-Laborde et al., 

2001) and collected in small glass tubes (Wacker et al., 2013). Samples were analyzed with the 

ECHoMICADAS at the LSCE, France. Measurements were taken using the gas handling system 

and cracker system (Wacker et al., 2013). Radiocarbon results are reported as conventional 
14

C ages 

in yr BP and the benthic-planktonic 
14

C age offsets. 

In addition, for core MD77-191, three 
14

C dates obtained on planktonic foraminifera 

Globigerinoides ruber measured with the ECHoMICADAS at the LSCE, France. Combined with 9 

monospecific planktonic foraminifer G. bulloides accelerator mass spectrometry (AMS) 
14

C dating 

and one 
14

C date made on pteropods (Mléneck et al., 1997), we could establish the age model of 

MD77-191. 

 

2.3.4. Benthic foraminiferal assemblage analyses 

 

Benthic foraminifera are an important component of faunal communities in many benthic 

environments, and distribute from intertidal to greater depths. Due to high densities of the benthic 

foraminifera, small sediment volumes provide large numbers of specimens, making them very 

useful for the paleo-ecological reconstructions. Based on previous studies, the benthic foraminiferal 

assemblages display strong relationships to the quantity and nutritive quality of the organic detritus 

reaching the ocean floor, and to the oxygenation of the interstitial waters (e.g., Jorissen et al., 1998, 

2007; Gooday, 2003).  

For each sample in this study, benthic foraminifera (>150 μm) were extracted, counted and 

identified to species level following the taxonomical descriptions of various authors (e.g., Jones, 

1994; Holbourn et al., 2013; Loeblich and Tappan, 1988). Around 102, and 75 samples from 

MD77-176 and MD77-191 were selected, respectively. As bulk samples of core MD77-176 and 

MD77-191 were not weighed, we could not calculate absolute abundance of foraminifera or 

accumulation rates. All specimens were counted, and individual census counts were expressed as 

the percentage of total benthic foraminifera present in each sample. 

To describe major faunal variations, we performed principal component analysis (PCA) using 

PAST software (Version 3.0, Hammer et al., 2001). Species with a percentage presence of >1% in 

at least 1 sample were used for statistical analysis and diversity calculation. 

 

2.3.5. Benthic foraminiferal elemental ratios 
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2.3.5.1. Pre-experiments for the HR-ICP-MS 

 

Trace and minor elemental compositions of foraminiferal tests are widely used to reconstruct 

paleoceanography conditions. Mg/Ca (0.5-5 mmol/mol), Sr/Ca (1-2.5 mmol/mol), Fe/Ca (<1 

mmol/mol), Al/Ca (<1 mmol/mol) and Mn/Ca (<100 µmol/mol) are present in foraminifera CaCO3 

at relatively high concentrations, it could be measured by ICP atomic emission spectrometry (AES) 

or ICP optical emission spectrometry (OES) techniques (e.g., Schrag, 1999; Green et al., 2003). 

Cd/Ca (0.004-0.2 µmol/mol), Ba/Ca (1-120 µmol/mol), Li/Ca (10-24 µmol/mol), and U/Ca (3-22 

nmol/mol), are trace elements, thus their concentrations are below the detection limits of these 

techniques. However, a single collector sector field high resolution inductively coupled plasma 

mass spectrometer (HR-ICP-MS) Thermo Element XR provides higher sensitivity than AES and 

OES, allowing the measurement of many trace and minor elements with small samples. Methods 

presented here allow the simultaneous determination of Mg/Ca, Sr/Ca, Fe/Ca, Mn/Ca, Al/Ca, Cd/Ca, 

Ba/Ca, Li/Ca and U/Ca by HR-ICP-MS (Figure 2.8). In order to develop the best measurement 

method, we did pre-test by using modern samples of benthic foraminiferal Ammonia tepida from 

the Bay of Biscay. Therefore, we will present these pre-experiment in detail below. 

 

 

 

Figure 2.8. Photos showing the instrument of HR-ICP-MS 

 

Firstly, we prepared two series of mother standard solutions for the elemental ratios analyses. 

First six standard solutions are Mn, Al and Fe mixtures with linear Ca concentration (0.5-7 ppm) to 

get more precise Ca concentration dilutions for the second run, and could also avoid quite long time 

for the all element ratios measurement in one time. Then, seven multi-element stock standard 
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solutions (J0-J6) were prepared gravimetrically by spiking a 1000 µg/ml Ca standard with 

appropriate amounts of Mg, Sr, Cd, Li, B, Ba and U mono-elemental 1000 µg/ml certified ICP-MS 

grade stock solutions (Table 2.2). The ratios of stock solutions were spaced linearly to contain the 

natural ratio ranges expected in both planktonic and benthic foraminifera. Working mother 

standards were made by diluting the stock standard solutions with 0.1N HNO3 to get calcium 

concentrations of ~1 ppm and 50 ppm separately, as we performed analyses in two time (the first 

run is diluted in ~1 ppm Ca to get real calcium concentration of the sample; the second run is 

diluted in ~50 ppm to measure the elemental ratios at the same calcium concentration). In addition, 

we did the pre-analysis of the standard solutions and the coefficients (r
2
) of standard curves used to 

calculate elemental/Ca ratios are >0.9999 for all elemental ratios (Figure 2.9). 

 

Table 2.2.  Elements concentrations of two series of mother standard solutions 

Label [Ca] [Fe] [Mn] [Al] 

  ppm ppm ppm ppm 

Solution 1 0.51 3.7×10
-4

 5×10
-5

 5.1×10
-5

 

Solution 2 0.97 9.4×10
-4

 1.4×10
-4

 1.4×10
-4

 

Solution 3 3.05 4.1×10
-3

 2×10
-4

 6.1×10
-4

 

Solution 4 4.06 7×10
-3

 2.9×10
-4

 1.2×10
-3

 

Solution 5 5.07 0.01 5×10
-4

 1.7×10
-3

 

Solution 6 7.05 0.02 9.8×10
-4

 2.5×10
-3

 

 

Label [Ca] [Mg] [Sr] [B] [Li] [Cd] [Ba] [U] 

 
ppm ppm ppm ppb ppb ppb ppb ppb 

J0 51.51 0.004 0.005 0.008 0.056 0.005 1.01 0.005 

J1 51.9 0.02 0.06 0.28 0.10 0.012 1.10 0.094 

J2 51.66 0.05 0.096 0.7 0.15 0.015 1.19 0.19 

J3 49.62 0.08 0.11 0.94 0.18 0.019 1.23 0.30 

J4 52.10 0.12 0.18 1.42 0.24 0.027 1.47 0.47 

J5 50.54 0.16 0.23 2.06 0.31 0.033 1.6 0.61 

J6 51.38 0.24 0.28 2.76 0.5 0.04 1.89 0.79 

 

The instrument used during this work has been set up in November 2015, and the first tests have 

begun in May 2016. However, as this instrument is shared with different colleagues with other 

kinds of analysis, it was not possible to work on long time periods to set up the method, but rather 

like one or two weeks every 8 weeks. Thus, the development of the method occurred from May 

2016, July 2016, March-April 2017, June 2017 and the first sample measurements were made on 

July 2017, when we were sure that the instrumental settings as well as the measurement method 
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were optimized. 

The first point to test was the introduction of the sample. Indeed, the HR-ICP-MS has 2 injection 

systems that can be used, the FAST and the direct (with a normal or a micro-nebulizer) injection. 

For the FAST analysis system, the required volume of sample is 4ml. As the trace elements in the 

foraminifera are at levels of about mol/mol to nmol/mol, this system would require tens of 

specimens to get the sufficient sensitivity to be measured on the ICP-MS-HR. Thus, we decided to 

use the direct injection. Moreover, the minimum volume with the micro- system is 500 µl.  

The target elements to measure were from the ppm (Ca) (Mg, Sr, Al, Fe and Mn) to the ppt (Cd, 

U, Li and Ba), so we decided to measure them in two different series. First, the minor elements are 

measured at Ca concentration of around 1ppm, calculated from the weight of the shells. Then, 

knowing the real Ca concentration, we can thus adjust all concentrations of Ca first to minimize the 

matrix effect (de Villiers et al., 2002) and secondly to measure the trace elements. 

 

Figure 2.9. The correlation ships of standard solution for each element 
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The sequence of analysis was constructed as illustrated in Table 2.3. Based on the previous 

studies, when measuring high‐calcium samples such as foraminifera (100 ppm), data quality could 

be affected by decreasing sensitivity caused by Ca deposition on sampling cones (Yu et al., 2005). 

Yu et al. (2005) suggest that it is possible to perform the drift correction standards by every 3 

samples to check the instrument performance and achieve optimal correction quality in case of 

sudden changes in drift. As the drift correction monitored every 3 samples strongly extends the time 

of analysis, and as the maximum Ca concentration of our measurements is around 50 ppm, thus, we 

decided to perform every 4 samples to correct the drift.  

Table 2.3.  An example of analysis sequence 

No. Analysis sequence 

1 Blank-1 

2 Check-std4 

3 STD-0 

4 STD-1 

5 STD-2 

6 STD-3 

7 Check-std4 

8 STD-4 

9 STD-5 

10 STD-6 

11 Check-std4 

12 Blank-2 

13 Sample 1 

14  Sample 2 

15 Sample 3 

16 Check-std4 

17 Sample 4 

18 Sample 5 

19 Sample 6 

20 Sample 7 

21 Check-std4 

 

For the instrument settings, a multitude of spectral interferences may combine with analyzed 
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isotope peaks in low resolution, and these interferences could be constrained by moving to medium 

or high resolution. We checked the most recurrent interferences and their occurrence for each 

element to be measured to choose the resolution from the Thermo software. We tested the 

sensitivity and the accuracy of the different resolution especially for the following elements: 

-Fe: medium/high resolution: the reproducibility vary from 3-7% to <2%, respectively; 

-Mn: medium/high resolution: the reproducibility decreases from 2-4% to <2.8%, respectively; 

-Ca: medium/high resolution: the reproducibility decreases from 2-2.5% to <2%, respectively; 

-Sr: low/medium resolution: for the 2 isotopes tested (see below), the reproducibility is quite 

similar between the different resolutions (<2%) but slightly better at medium resolution. 

We also tested different isotopes for some elements, to select the best analytical method: 

- 
24

Mg and 
26

Mg;  

- 
86

Sr and 
88

Sr; 

- 
44

Ca and 
48

Ca.  

This methodology for Ca was chosen because for the first series of analysis, the Ca concentration 

is low enough to allow for the measurement of 
44

Ca, but in order to get a higher concentration to 

measure trace elements, the concentration of Ca is to high to be measured by ICP-MS-HR except if 

choosing a very low abundant isotope, such as the 
48

Ca. Measuring both isotopes during the first 

series allow to check for the same results obtained on both isotopes, whereas 
48

Ca is the only 

isotope that can be measured during the second series at the same time than trace elements thanks to 

its low abundance. For Mg and Sr, the results are quite similar for both isotopes of the same element, 

but we decided to keep both isotopes for each of them to ensure that if a problem occurs on one 

isotope we could use the other one. 

For trace elements, the loss of sensitivity by changing the resolution was too important to work at 

another template than low resolution. Moreover, there is no frequent interference with these 

isotopes, so we decided to stay in low resolution. 

Finally, we selected the following template: 

- 
7
Li, 

11
B, 

111
Cd, 

137
Ba, 

238
U in low resolution;  

- 
24

Mg, 
26

Mg, 
27

Al, 
86

Sr, 
88

Sr in medium resolution; 

- 
44

Ca, 
48

Ca, 
55

Mn, 
56

Fe in high resolution.  

Then, to ensure for the cleanness of the analysis, blanks were measured using the same acid as 

used for sample dissolution and dilution. In order to minimize the memory effect, we tested 

different rinse times with the blank values to have a sufficient cleaning and a reasonable time of 

analysis, and a value of 40s was chosen. To avoid cross-contamination, the rinse acid was made of 

50ml 0.1N HNO3 in 50µl HF.  

In order to find the minimum weight of samples needed, we did the pre-test of trace elements 
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analysis in 10 ppm, 30 ppm, 50 ppm and 90 ppm (the maximum concentration) for the micro- 

system. We found that the measurements performed on the trace elemental RSD% were decrease 

with the increased calcium concentration. And for 50 ppm and 90 ppm Ca all have a very low RSD% 

3%. With the consideration of the instrument sensitivity, 90 ppm Ca is the maximum 

concentration to be measured, thus we choose to analysis the trace element in 50 ppm calcium 

(Table 2.4).  

 

Table 2.4. Comparision of RSD % in different Ca concentration 

Ca con. 
RSD (%) 

Mg Sr Li U Cd Ba Ca 

10 ppm 1.06 2.24 1.39 3.7 9.43 1.51 4.61 

30 ppm 1.01 2.04 0.97 1.67 11.5 1.52 2.61 

50 ppm 0.53 0.88 0.75 1.44 3.65 0.64 1.99 

90 ppm 0.65 0.67 0.78 1.35 3.37 0.88 1.59 

 

2.3.5.2. Cleaning procedures for benthic foraminifera 

 

Approximately 8-15 well-preserved (clean, intact and without dissolution) benthic foraminifera 

samples were handpicked by the binocular microscope. The foraminiferal tests were gently crushed 

between two glass plates to open all the chambers. Then the fragments were cleaned to remove clay. 

The steps consist of cleaning by Milli-Q
TM

 water for around four times until the overlying water 

became clean and then methanol for further clay removal in two times. In every time, the fragments 

with liquid should be sonicated in an ultrasonic bath for 1 minute and pipetted most of overlying 

liquid carefully without risk of sample loss.  

The clay-free samples were treated for oxidative and reductive cleaning to remove the organic 

matter and elemental oxides. The benthic foraminifera cleaning procedure followed published 

methods (Boyle and Keigwin, 1985; Barker et al., 2003). For the reductive cleaning step, each 

sample was injected by 100 µl reductive solutions, heated in the water for 30 minutes, and 

performed an ultrasonic cleaning for 10s every 5-10 minutes (Table 2.5). In addition, the procedure 

of oxidative cleaning consist of adding 250 µl oxidative solutions, heating in water bath for 10 

minutes and also performing on ultrasonic bath for 10s every 2.5 minutes (Table 2). Thereafter, the 

samples were transferred to a new 500 µl Teflon tuber, cleaned with weak acid 0.001N HNO3 for 

one time and Milli-Q
TM

 water for 2 times with an ultrasonic bath. Then, samples were dissolved in 

0.075N HNO3 and diluted with 0.1N HNO3 for the analysis. 
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Table 2.5.  Chemical composition of oxidative and reductive cleaning solutions (Boyle and Keigwin, 

1985; Barker et al., 2003) 

Cleaning solutions compositions 

Oxidative 15ml 0.1N NaOH + 50 µl 30 % H2O2 

  

Reductive 250 µl 31M hydrous hydrazine 

 +2 ml 16M NH4.NH2.H2O 

 +2ml 0.25M citric acid 

 

 2.3.5.3. Analytical protocols of elemental ratios 

 

We analyzed multiply elemental ratios (Mg/Ca, Sr/Ca, U/Ca, Cd/Ca, Ba/Ca, Li/Ca, Fe/Ca, 

Mn/Ca, and Al/Ca) in benthic foraminifera obtained from cores MD77-191 (Arabian Sea), MD77-

176 (Bay of Bengal) and SHI9001 (Eastern Equatorial Indian Ocean). For core MD77-191, we 

performed measurements on three calcite (C. pachyderma, Globobulimina spp., and U. peregrina) 

and one aragonite (H. elegans) benthic foraminiferal species. For cores MD77-176 and SHI 9001, 

due to the limitation of the benthic foraminifers’ quantities, we only measured the elemental ratios 

in shells of H. elegans and U. peregrina. Each sample contained approximately 8-15 individual 

foraminifera larger than 250μm. 

Instrumental settings for trace element analyses are listed in Table 2.6. The instrument sensitivity 

was optimized daily using 100 ppt Tune standard solutions. Given the limited foraminiferal sample 

size, we used a high efficiency PFA MicroFlow Nebulizer (ES-2000-3503-080), producing an 

uptake rate of 50 µl/min. One measurement of eight element ratios over 8 min requires 1ml solution 

at a calcium concentration of 50 ppm.  

Sample and standard solutions were then systematically adjusted at 50 ppm Ca through dilution 

using 0.1N HNO3. A blank consisting of the same 0.1N HNO3 used to dilute the standards and 

samples is also analyzed. On HR-ICP-MS, the elemental blanks are better than 4.5% for Al/Ca, 0.05% 

for Mn/Ca, 0.8% for Fe/Ca, 6.5% for Li/Ca, 0.05% for U/Ca, 0.03% for Mg/Ca, 0.01% for Sr/Ca, 

6.5% for Cd and 1.8% for Ba/Ca. All raw intensities (including standards) are minus blank 

intensities, raw data are calculated by correcting the drift by using two-point linear standard curves 

interspersed between every four samples with a same standard. Standard curves are used to 

calculate elemental/Ca ratios, coefficients of determination (r
2
) are always >0.9999 for all elemental 

ratios (Figure 2.8). 
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Table 2.6.  ICP-MS settings for elemental ratios determinations. 

Parameter Trace element mode 

Plasma RF power 1200 

Nebulizer ES-2000-3503-080 

Spray chamber Twister Spray Chamber with Helix 

Injector 2.0 mm QUARTZ INJECTOR  

Sample cone Ni 

Skimmer cone Ni “H” high performance 

Sample matrix 0.1N HNO3 

Uptake time 50s 

Analysis time 490s 

Washout time 40s 

Mass resolution Low (Li, B, Cd, Ba, U), Medium (Mg, Al, Sr) 

and High (Ca, Mn, Fe) 

Runs 10 

Passes 6 

Detection mode Tripple (analog, counting, faraday) 
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Chapter 3: Changes in intermediate circulation in the Bay of Bengal 

since the Last Glacial Maximum as inferred from benthic 

foraminifera assemblages and geochemical proxies 

 

. 

The Bay of Bengal (BoB) is a key area to study past intermediate water circulation on the Indian 

Ocean. Indeed, the BoB is landlocked to the north by Asia, and this land - sea configuration implies 

that much of the intermediate and deep waters of the northern Indian Ocean originate from the 

south, with only small contributions of intermediate waters from the Red Sea and of Pacific water 

through the Indonesian sea (Talley et al., 2011). Thus, studying intermediate waters in the 

northeastern Indian Ocean will allow us to better constrain past changes in of the hydrology of 

intermediate and deep-water masses from the Southern Ocean. It will help us to understand their 

potential role in global climate changes (Kallel et al., 1988; Jung et al., 2009; Yu et al., 2018). 

In this chapter, I present high resolution records of benthic foraminiferal assemblages, 13
C, 

18
O, and 

14
C since the Last Glacial Maximum (LGM) at intermediate water depths in the BoB 

from core MD77-176 (14°30’5N-93°07’6E, 1375 m water depth). This multi-proxy approach 

combining micro-paleontological (benthic assemblages) and geochemical (13
C, 18

O, and 
14

C) 

proxies allowed to reconstruct past hydrological changes of the Intermediate waters, and to 

interpret the observed changes in terms of variations in the water mass sources and changes in the 

ventilation rate since the last 40 kyr. Then, combining results with previous foraminifera ɛNd 

obtained on the same core and on several deeper cores of the BoB allowed to constrain the 

temporal evolution of the source, ventilation and structure of intermediate and deep-water masses 

of the northern Indian Ocean and the northward penetration of AAIW. 
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Chapter 4: North Indian Ocean circulation since the last deglaciation 

as inferred from new elemental ratios records of benthic foraminifera 

Hoeglundina elegans  

 

 

As the ocean is the largest external carbon reservoir that can exchange rapidly with atmosphere 

(Broecker and Peng, 1982), the ocean’s carbonate system can be affected by variations in 

atmospheric CO2 and ocean circulation. Thus, it plays a crucial role in the global carbon cycle 

(e.g., Sigman and Boyle, 2000; Ridgwell and Zeebe, 2005; Anderson et al., 2009), and 

reconstruction of past deep-ocean seawater variations in the global Carbon content and forms 

could help to better constrain the processes and mechanisms controlling the past global carbon 

cycle.  

In particular, during the last deglaciation, a two-step rapid increase of atmospheric CO2 

occurred during time intervals from 18 to 14.7 cal kyr BP and from 12.8 to 11.7 cal kyr BP (Monnin 

et al., 2001). Decades of paleoceanographic research suggest that variations of the Southern Ocean 

circulation played a key role in transferring the deep ocean carbon to the upper ocean and 

atmosphere during the last deglaciation, by enhancing the upwelling and increasing the northward 

penetration of the Antarctic Intermediate Water (AAIW) (e.g., Anderson et al., 2009; Marchitto et 

al., 2007; Skinner et al., 2014). However, the role of AAIW in rapid climate changes resulting from 

major AMOC as already described in the literature is controversial (e.g., Pahnke et al., 2008; 

Dubois-Dauphin et al., 2016; Came et al., 2008; Xie et al., 2012; Jung et al., 2009; Pahnke and 

Zahn, 2005). Thus, studying intermediate waters in the Indian Ocean will allow us to better 

constrain past changes in the production of intermediate and deep-water and its circulation from 

the Southern Ocean. 

In this chapter, we have investigated two marine cores (MD77-191 and MD77-176) from the 

Northern Indian Ocean located at intermediate depth, and performed benthic foraminiferal oxygen 

and carbon isotopes combined with trace element ratios (Mg/Ca, Sr/Ca, Li/Ca and U/Ca) of 

aragonite benthic species H. elegans to trace the evolution of past intermediate-deep water masses 

and constrain ocean-atmosphere exchanges during the two-stage increase in atmospheric CO2 

across the last deglaciation.  
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Abstract: 

 

The evolution of intermediate circulation in the northern Indian Ocean since the last deglaciation 

has been reconstructed from two marine cores located at intermediate depths off the southern tip of 

India (core MD77-191) and in the northern Bay of Bengal (BoB) (MD77-176). Benthic 

foraminiferal 
13

C and seawater carbonate ion concentration ([CO3
2-

]) estimated from trace element 

ratios (Mg/Ca, Sr/Ca, Li/Ca and U/Ca) of aragonite benthic species Hoeglundina elegans were used 

to trace the evolution of past intermediate-deep water masses and constrain ocean-atmosphere 

exchanges during the two-stage increase in atmospheric CO2 across the last deglaciation. We show 

that intermediate water carbonate ion concentration was mainly affected by oceanic alkalinity 

inventory changes and linked to the modulation of atmospheric CO2 on glacial-interglacial time 

scales. Higher benthic foraminiferal 
13

C, depleted [CO3
2-

] and decreased Benthic-Planktonic age 

14
C offsets at intermediate water depths suggest a release of deep-sea CO2 to the atmosphere 

through the Antarctic Intermediate Water (AAIW) in the Southern Ocean during the 17-15.2 and 

12.6-10.5 cal kyr BP time intervals. During the late Holocene, a decrease in the intermediate-water 

[CO3
2-

] indicates the contribution to atmospheric CO2 rise since 8 cal kyr BP, due to the depleted 

global ocean alkalinity.   

 

Key words: carbonate ion concentration, benthic elemental ratios, AAIW, deglaciation, 

atmospheric CO2, North Indian Ocean   
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1. Introduction 

 

Atmospheric CO2 records from ice cores in Antarctica exhibit variations at glacial-interglacial 

and millennial timescales over the last 800 kyr, that are correlated to global climatic changes 

(Lisiecki and Raymo, 2005; Luthi et al., 2008). This indicates that the climatic system and, in 

particular, Earth heat budget and temperature are highly sensitive to variations of greenhouse gas 

CO2 (IPCC, 2013). Past variations in the global carbon cycle are, therefore, a key element to 

understand processes controlling atmospheric CO2 and its relationships to climate changes. As the 

ocean is the largest external carbon reservoir that can exchange rapidly with atmosphere, changes in 

the oceanic carbon pool are strongly linked to past atmospheric CO2 variations (Broecker and Peng, 

1982), with complex feedback relationships. For instance, a decrease in atmospheric CO2 can drive 

Earth cooling, and such cooling could in turn results in a further decrease in atmospheric CO2 by 

enhancing the carbon solubility and thus carbon storage in ocean waters. This effect led to a net 

decrease of ~ 15 ppm in atmosphere CO2 during the glacial period (Sigman and Boyle, 2000; 

Brovkin et al., 2007; Yu et al., 2014a). The atmospheric CO2 increases from 180 to 265 ppm during 

the last deglaciation, as well as millennial abrupt events call for more complex ocean processes, 

involving changes in the ocean biogeochemistry and circulation. Several previous studies suggested 

that these atmospheric variations can be linked to processes occurring in the Southern Ocean (e.g., 

Sigman and Boyle, 2000; Toggweiler et al., 2006; Anderson et al., 2009; Skinner et al., 2014; 

Poggemann et al., 2018).   

The deep ocean is the largest external carbon reservoir of the ocean and it can exchange with the 

atmosphere at millennial timescale through changes in water mass stratification (Sigman and Boyle, 

2000). It has been suggested, for instance, that enhanced Southern Ocean ventilation released CO2 

through the strong upwelling of carbon-rich deep waters during the last deglaciation (Anderson et 

al., 2009; Bryan et al., 2010; Marchitto et al., 2007; Skinner et al., 2014). This mechanism could 

explain the two-step increase of atmospheric CO2 during the last deglaciation (18-10 kyr BP; 

Monnin et al., 2001). The formation and advection of Antarctic Intermediate Water (AAIW), which 

is sensitive to westerly winds position and intensity (Ribbe, 2001), likely played a key role in the 

circulation changes of Southern Ocean during the last deglaciation. Decades of paleoceanography 

research using benthic foraminifera geochemical proxies have helped to better understand past 

changes in intermediate and deep water masses circulation in the Atlantic Ocean (e.g., Lynch-

Stieglitz et al., 2007; Pahnke et al., 2008; Barbero et al., 2010; Bashmachnikov et al., 2015), the 

Pacific Ocean (e.g., Pahnke and Zahn, 2005; Bostock et al., 2010) and the north Indian Ocean 
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(Bryan et al., 2010; Raza et al., 2014; Yu et al., 2018; Ma et al., 2019). These studies all suggested a 

northward propagation of Antarctic Intermediate Water (AAIW) in Pacific, Atlantic and Indian 

Oceans at millennial time scales during Heinrich stadial periods (e.g. Mangini et al., 2010; Pahnke 

et al., 2008; Ma et al., 2019).  

Vertical stratification and redistribution of carbon through the ocean and to/from the atmosphere 

result -or are linked- to changes in the dissolved inorganic carbon system (e.g., Sigman and Boyle, 

2000; Ridgwell and Zeebe, 2005; Anderson et al., 2009). Among the dissolved inorganic carbon 

species, deep-water carbonate ion concentration ([CO3
2-

]) is a particularly important one as it 

determines seawater carbonate saturation with respect to the Calcium carbonates deposited in ocean 

surface sediments (e.g., foraminifer tests, pteropod shells, coccoliths…). Variations in deep-water 

carbonate ion, by driving changes in the preservation/dissolution of sedimentary carbonate make 

this carbonate fraction an active player of the ocean and global carbon cycle. Reconstructing past 

deep-ocean seawater [CO3
2-

] variations is mandatory, therefore, to better constrain the processes 

and mechanisms controlling past global carbon cycle.      

The reconstruction of bottom water temperature and carbonate system parameters over 

geological time from benthic foraminifera elemental/Ca ratios has received increasing attention 

over recent decades (e.g. Boyle and Keigwin, 1985; Boyle et al., 1995; Yu et al., 2008; Raitzsch et 

al., 2011; Marchitto et al., 2018). Mg/Ca in benthic foraminifera has been used to reconstruct 

bottom water temperature changes (e.g., Rosenthal et al., 1997; Lear et al., 2002; Martin et al., 2002; 

Marchitto et al., 2007; Barrientos et al., 2018), and/or sensitive to the bottom water carbonate ion 

saturation (Δ[CO3
2-

], defined as the difference between [CO3
2-

] and [CO3
2-

]sat; e.g., Yu and 

Elderfield, 2008; Rosenthal et al., 2006; Bryan and Marchitto, 2008; Marchitto et al., 2018). Other 

elemental/Ca ratios, benthic foraminifera Li/Ca and Sr/Ca ratios have been explored to co-vary with 

both past bottom temperatures and Δ[CO3
2-

] (e.g., Hall and Chan, 2004; Rosenthal et al., 2006; 

Bryan and Marchitto, 2008; Doss et al., 2018; Marchitto et al., 2018). Most of these studies were 

devoted to calcitic foraminifera. Only a few studies focused on the benthic foraminifera 

Hoeglundina elegans, since this aragonite specie is not widely found in the sediment due to its 

higher sensitivity to dissolution than calcitic foraminifera (Rosenthal et al., 2006; Marchitto et al., 

2018). Previous works suggest that Mg/Ca, Li/Ca and Sr/Ca in H. elegans could be also used as 

paleo-proxies for both carbonate ion concentration and temperature (e.g., Hall and Chan, 2004; 

Rosenthal et al., 2006; Bryan and Marchitto, 2008; Marchitto et al., 2018). 

 In calcitic benthic foraminifera, empirical calibration exercises have shown that the B/Ca ratio is 

directly linked to bottom water carbonate ion concentration (e.g., Yu and Elderfield, 2007; Brown et 

al., 2011; Yu et al., 2010a). Previous works seem to show that benthic foraminiferal U/Ca, Li/Ca, 
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Sr/Ca are promising marine dissolved carbon/carbonate system proxies, have been conducted for 

deep-sea benthic species (Bryan and Marchitto, 2008; Raitzsch et al., 2011; Keul et al., 2013; Yu et 

al., 2014b), impacting our ability to fully reconstruct intermediate and deep-water link to global 

carbon cycle (Came et al., 2008; Yu et al., 2008; Makou et al., 2010; Poggemann et al., 2017). In 

addition, most of these applications studies of elemental ratios have focused on the Atlantic Ocean 

(e.g., Yu et al., 2008; Makou et al., 2010; Poggemann et al., 2017). As the Northern Indian Ocean 

plays an important role in global ocean circulation in terms of deep-water ventilation or 

stratification (e.g., Ahmad et al., 2008, 2012; Bryan et al., 2010; Raza et al., 2014), it has received 

increasing attention over recent decades (e.g., Bryan et al., 2010; Sijinkumar et al., 2016; Yu et al., 

2018; Ma et al., 2019). However, there are no continuous and high-resolution benthic foraminiferal 

elemental ratios records that have been reported from this area. 

In this study, we investigated benthic and planktonic foraminifera 
13

C, 
18

O, and elemental 

ratios of benthic foraminifera from two cores located at intermediate water depths off the southern 

tip of India and in the Northeastern BoB, to better constrain the temporal evolution of the source 

and ventilation of intermediate water mass in the northern Indian Ocean and, in particular, track the 

northward penetration of AAIW over the last 17 cal kyr BP. 

 

2. Material and hydrological setting  

 

Cores MD77-191 and MD77-176 were collected respectively in the southern tip of India in the 

edge of Arabian Sea (07°30’N-76°43’E, 1254 m water depth), and in the Northeastern BoB 

(14°30’5N-93°07’6E, 1375 m water depth) during the OSIRIS III cruise of the N.0 Marion 

Dufresne in 1977 (Fig.1).  

Today, the surface water masses above 150m in the Arabian Sea correspond to the Arabian Sea 

high Salinity Water (ASHS; salinity 36.5 psu) (Talley et al., 2011). By contrast, in the Bay of 

Bengal, the surface water shallower than 100m, the Bay of Bengal surface water (BoBSW) is much 

fresher (salinity ~31 psu) because of the considerable river input (Talley et al., 2011). The surface 

mixed layer and the boundary currents in the Arabian Sea and in the BoB are directly controlled by 

wind forcing and display, therefore, changes related to the seasonal reversal of the Indian monsoon 

wind system (Fig. 1). The surface waters at the site of cores MD77-191 and MD77-176 are a mix of 

high salinity Arabian Sea Surface Water and low salinity Bay of Bengal Water, respectively 

(Tomczak and Godfrey, 2003; Talley et al., 2011). MD77-191 is also located in the summer 



Chapter 4: North Indian Ocean circulation since the last deglaciation as inferred from new 

elemental ratios records of benthic foraminifera Hoeglundina elegans  

 

68 

 

upwelling area of the Arabian Sea, and the average depth of the permanent thermocline is around 

100m (Ravichandran et al., 2012). 

 

 

Fig. 1. (a) Geographical setting, locations of MD77-191 (red star) in the Arabian Sea and MD77-

176 (black star) in the Bay of Bengal. The black arrows are the general surface circulation 

direction in the Northern Indian Ocean drifted by Southwest Monsoon (Schott and McCreary, 

2001). (b) and (c) Salinity (psu, coloured shading) depth-latitude section using the Ocean Data 

View (ODV) software (Schlitzer, 2015) and vertical distribution of water masses in the Arabian Sea 

and Bay of Bengal (N-S cross section). ASHS: Arabian Sea High Salinity Water, NIIW: North 
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Indian Intermediate Water, RSOW: Red Sea Water, NADW: North Atlantic Deep Water, BoBLS: 

Bay of Bengal low salinity Water, AABW: Antarctic Bottom Water, IDW: Indian Deep Water. 

 

The main intermediate water masses in the Indian Ocean are the Antarctic Intermediate Water 

(AAIW), the Red Sea Water (RSOW) and the Indonesian Intermediate Water (IIW) (You, 1998; 

Talley et al., 2011). The northward extension of AAIW in the Indian Ocean reaches only as far as 

10°S in the modern Indian Ocean (Lynch-Stieglitz et al., 1994). The Red Sea Water is a high 

salinity intermediate water and fills the Arabian Sea (between 400 and 1400m) (Beal et al., 2000; 

Talley et al., 2011). RSOW spreads eastward to the eastern boundary at 5°N and flows through 

much stronger western boundary toward the Agulhas (You, 1998; Beal et al., 2000; Talley et al., 

2011). Thus, RSOW could affect MD77-191 core site at the southern tip of India, but should have 

only a small contribution in the Bay of Bengal at core MD77-176 site. IIW originates from the 

Pacific Central Water and enters the BoB via the Indonesian through flow. IIW flows clockwise at 

thermocline levels in the BoB (You, 1998). 

The deep water masses of the Northern Indian Ocean are characterized by a mixture of Atlantic 

and Antarctic water masses (Reid, 2003; Talley et al., 2011). Between 1200 and 3800m, the 

dominant deep water in the North Indian Ocean is Indian Deep Water (IDW), originating from the 

Circumpolar Deep Water and NADW (You and Tomczak, 1993; Tomczak and Godfrey, 2003). 

Below 3800m, the abyssal basins are bathed chiefly by the Antarctic Bottom Water (AABW) (Reid, 

2003; Tomczak and Godfrey, 2003). However, AABW only reaches the southern part of the BoB as 

most the bay is shallower than 4000m (Tomczak and Godfrey, 2003). In the BoB, the bottom water 

upwells when it moves northward (Talley et al., 2011), thus changes in bottom waters are 

transferred upward to shallower water masses. 

 

3. Methods 

 

3.1. δ
18

O and δ
13

C analyses 

 

Stable oxygen (δ
18

O) and carbon (δ
13

C) isotope measurements were performed on well-preserved 

(clean and intact) samples of the planktonic foraminifera Globigerinoides ruber (250-315 µm 

fraction) and the endo-benthic foraminifera Uvigerina peregrina (250-315 µm fraction) on core 

MD77-191. As U. peregrina is an infaunal benthic foraminiferal species, the δ
13

C values may 

reflect pore water isotopic compositions rather than deep-water signature. In order to get a high-
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resolution benthic δ
13

C records that would reflect more accurately bottom water changes, epi-

benthic foraminifera Cibicidoides wuellerstorfi, and Cibicidoides pachyderma were also analyzed. 

These stable isotopes analyses had been performed on approximately 4 to 8 clean and well-

preserved specimens per sample on a Finnigan MAT 251 mass spectrometer at the Laboratoire des 

Sciences du Climat et de l’Environnement (LSCE, France). Both δ
18

O and δ
13

C values are presented 

relative to the Pee Dee Belemnite (PDB) scale through calibrations performed with standards from 

the National Bureau of Standards (NBS). The mean external reproducibility of carbonate standards 

is ±0.05‰ for δ
18

O and ±0.03‰ for δ
13

C. 

3.2.Analytical protocols of elemental ratios 

Mg/Ca, Sr/Ca, U/Ca and Li/Ca ratios were measured in shells of the epi-faunal benthic 

foraminifera H. elegans from cores MD77-191 and MD77-176. H. elegans is an epi-faunal species 

that growths on the sediment-seawater interface, minimizing the influence of pore water 

composition on the elemental ratios (Lutze and Thiel, 1989). Each sample contained approximately 

8-15 individual foraminifers larger than 250μm. The foraminifera tests were crushed open between 

two glass plates. The resulting fragments were ultrasonically cleaned to remove clays, and then 

submitted to oxidative and reductive protocols to remove organic matter and oxides following 

methods described by Boyle and Keigwin (1985) and Barker et al., (2003). Samples were dissolved 

in 0.075N HNO3 and analyzed using a single collector sector field high resolution inductively 

coupled plasma mass spectrometer (HR-ICP-MS) Thermo Element XR hosted at the Laboratory 

GEOPS (University Paris-Sud, France). 

Instrumental settings for trace element analyses are listed in Table 1. The instrument sensitivity 

was optimized daily using 100 ppt tuning standard solutions. Given the limited amount of solution 

obtained after dissolution of foraminifera samples, we used a high efficiency PFA MicroFlow 

Nebulizer (ES-2000-3503-080) resulting in an uptake rate of 50 µl/min. One measurement requires 

1ml solution at a calcium concentration of both ~ 1 ppm and 50 ppm.  

We prepared two series of mother standard solutions for elemental ratio analyses. First six 

standard solutions are Mn, Al and Fe mixtures with linear Ca concentration (0.5-7 ppm) to get more 

precise Ca concentration dilutions for the second run. Then, seven multi-element stock standard 

solutions (J0-J6) were prepared gravimetrically by spiking a 1000 µg/ml Ca standard with 

appropriate amounts of Mg, Sr, Cd, Li, B, Ba and U mono-elemental 1000 µg/ml certified ICP-MS 

grade stock solutions. The ratios of stock solutions were spaced linearly to contain the natural ratio 
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ranges expected in both planktonic and benthic foraminifers. Working mother standards were made 

by diluting the stock standard solutions with 0.1N HNO3 to get calcium concentrations of 50 ppm.  

 

Table 1. ICP-MS settings for elemental ratios determinations. 

Parameter Trace element mode 

Plasma RF power 1200 

Nebulizer ES-2000-3503-080 

Spray chamber Twister Spray Chamber with Helix 

Injector 2.0 mm QUARTZ INJECTOR  

Sample cone Ni 

Skimmer cone Ni “H” high performance 

Sample matrix 0.1N HNO3 

Uptake time 50s 

Analysis time 490s 

Washout time 40s 

Mass resolution Low (Li, B, Cd, Ba, U), Medium (Mg, Al, Sr) 

and High (Ca, Mn, Fe) 

Runs 10 

Passes 6 

Detection mode Tripple (analog, counting, faraday) 

Sample solutions were systematically adjusted at 50 ppm Ca through dilution using 0.1N HNO3. 

A blank consisting of the same 0.1N HNO3 used to dilute the standards and samples is also 

analyzed. The elemental blanks are better than ±0.14% for Mg, ±0.02% for Sr, ±5.3% for Li and 

±0.05% for U. All raw intensities (including standards) are corrected by removing the specific blank 

intensity values. Drift corrections during the course of daily analyses were performed through 

bracketing and linear regression estimated using standards interspersed every four samples. 

Standard curves are used to calculate elemental/Ca ratios, coefficients of determination (r
2
) are 

always >0.9999 for all elemental ratios. The mean reproducibility and accuracy is Mg/Ca 2%, Sr/Ca 

0.9%, Li/Ca 0.2% and U/Ca 3.5%. 

4. Chronological framework of studied cores 

The age model of core MD77-191 was established by using 9 monospecific planktonic 

foraminifer G. bulloides accelerator mass spectrometry (AMS) 
14

C dating (Bassinot et al., 2011), 
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one 
14

C date made on pteropods (Mléneck et al., 1997), and three 
14

C dates obtained on planktonic 

foraminifera Globigerinoides ruber measured with the ECHoMICADAS at the LSCE, France 

(Table 2). The 
14

C ages were converted to calendar ages by using the CALIB Rev. 7.1 software 

(Stuiver and Braziunas, 1993), the marine calibration data set (Reimer et al., 2013), and correcting 

for a surface marine reservoir of around 400 years. Core MD77-191 provides a continuous record 

since the last 17 kyr BP with an average sedimentation rate of about 53 cm/kyr and up to 90 cm/kyr 

for the Holocene. 

 

Table 2. Calibrated AMS 
14

C age determined on planktonic (10 data taken from Bassinot et al., 

2011). 
14

C ages were converted into calendar years (cal. yr BP, BP = AD 1950) by using the Calib 

Rev. 7.1 software (Stuiver and Braziunas, 1993). 

Depth(cm) Calendar age  

(yr B.P.) 

Taxa 14
C age (yr) 1 Sigma error 

(±yr) 

28 1526 G. bulloides 1970 60 

76 2226 G. bulloides 2560 70 

127 2797 G. bulloides 3020 60 

175 3567 G. bulloides. 3660 60 

222 4236 G. bulloides 4160 60 

271 5070 G. bulloides 4790 60 

373 6582 G. bulloides 6150 80 

425 8757 G. bulloides 8230 90 

482 9648 G. bulloides 8970 80 

550 11294 G. ruber 10300 50 

580 13285 G. ruber 11810 50 

594 14258 Pteropods sp. 12630 190 

710 16142 G. ruber 13820 60 

The age model of core MD77-176 was previously established by using 31 planktonic foraminifer 

(G. ruber) AMS 
14

C dates combined with the MD77-176 oxygen isotope record obtained on 

planktonic foraminifera G. ruber, which was correlated to the GISP2 Greenland ice core record 

(Marzin et al., 2013). Core MD77-176 displays high accumulation rates (average ~25 cm/kyr and 

up to 40 cm/kyr for the Holocene), and provide a high-resolution record since 40 cal kyr BP. 

 

5. Results 
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5.1. Stable isotope results 
 

Stable isotope analyses were performed on planktonic foraminifera G. ruber, benthic C. 

pachyderma, C. wuellerstorfi and U. peregrina from core MD77-191 in order to produce the most 

complete records. Benthic δ
18

O were obtained from U. peregrina which is known to record the 

calcite δ
18

O at equilibrium (e.g., Shackleton, 1974). Most of the benthic δ
13

C record was obtained 

from C. wuellerstorfi. In order to get a higher resolution, we corrected the δ
13

C results from C. 

pachyderma to C. wuellerstorfi by using the average difference of 0.27‰ between both species 

obtained from 19 pair measurements of samples where the two species co-existed (Table 3). 

 

Table 3. Stable isotope data (per mil versus PDB) from the core MD77-191 of Cibicidoides 

pachyderma and Cibicidoides wuellerstorfi in the same levels to assess the vital effect and 

microhabitat effect for 18
O and13

C, respectively. 

Depth  

(cm) 

δ
13

C (‰ vs.PDB) δ
18

O (‰ vs.PDB) 

Cibicidoides 

wuellerstorfi 

Cibicidoides 

pachyderma 

Cibicidoides 

wuellerstorfi 

Cibicidoides 

pachyderma 

40 0.28 0.07 1.87 2.02 

160 0.31 0.01 1.87 1.90 

170 0.15 -0.03 1.91 2.01 

230 0.39 -0.03 1.84 2.00 

260 0.48 0.08 2.05 2.02 

270 0.34 0.05 2.01 2.20 

290 0.51 0.07 1.94 2.04 

300 0.51 0.05 2.11 2.05 

320 0.28 0.03 1.78 1.94 

330 0.37 0.03 2.10 2.04 

340 0.39 0.05 2.04 2.04 

350 0.39 0.05 2.07 2.06 

370 0.38 -0.01 1.97 2.05 

380 0.41 0.00 2.06 2.13 

390 0.26 0.12 2.02 2.20 

410 0.29 -0.09 2.11 2.27 

720 0.22 0.06 2.48 2.64 

730 0.28 0.30 2.08 2.73 

750 0.11 0.36 3.54 2.92 

The δ
18

O of G. ruber was enriched during the last deglaciation compared with the Holocene (Fig. 

2). A marked maximum in G. ruber δ
18

O is evident during the early deglaciation, reaching -0.7‰ at 
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16 cal kyr BP. After that, the δ
18

O displays a general decrease and reaches more depleted during the 

Holocene with the average ~ -2.58‰. In addition, the general trend is punctuated by higher values 

around ~ -1.53‰ in the interval 12.6-10.5 cal kyr BP (the late deglaciation).   

 

 
 

Fig. 2. (a) δ
18

O records of the planktonic foraminifera G. ruber, (b) benthic δ
18

O and (c) δ
13

C 

records for MD77-191. The black inverted triangles represent the 
14

C calculated calendar age 

points (Bassinot et al., 2011). LGIT: Last glacial-interglacial transition. 

 

For core MD77-191, down-core benthic δ
18

O values range between 2.36 to 4.25‰ (Fig. 2). The 

most enriched δ
18

O value (4.25‰) was found during the last deglaciation period (16 cal kyr BP), 

whereas the most depleted (2.36 ‰) occurs in the late Holocene (2.36 cal kyr BP). In the late part of 
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the deglaciation, the δ
18

O shows a shift towards higher values around ~3‰ in the interval 12.6-10.5 

cal kyr BP. This interval is followed by a decrease of δ
18

O from 10 cal kyr BP to the core top (mean 

value of 2.75‰). 

The Cibicidoides δ
13

C values of core MD77-191 range from -0.04 to 0.62‰ (Fig. 2). During the 

last deglaciation, the Cibicidoides δ
13

C values increased during the time intervals 17-15.2 and 12.6-

10.5 cal kyr BP and decreased (~0.03‰) at around 15-13.3 cal kyr BP. From 10.3 to about 9 cal kyr 

BP, the Cibicidoides δ
13

C record suggests large oscillations with high peak values (0.52-0.62‰) at 

around 9.8-9.1 cal kyr BP. Then, the δ
13

C records display a decrease during the middle and late 

Holocene, the mean value of Cibicidoides δ
13

C is at ~0.31‰. 

 

5.2. Elemental ratios 
 

To check the robustness of our results and potential diagenetic imprint (i.e. oxides), the Mn/Ca 

ratio was systematically measured. It ranges between 6.5-10 µmol/mol, which is much lower values 

than the 100 µmol/mol threshold proposed by Boyle (1983) to sort out sample results and eliminate 

trace element results that chiefly reflect the presence of oxides. Barker et al. (2003) also suggested 

to check for potential clay contamination, with an Al/Ca <0.5 mmol/mol. All Al/Ca results are 

below 0.2 mmol/mol, indicating a good sample cleaning, and thus no sedimentary clay 

contamination. 

Mg/Ca, Sr/Ca, Li/Ca and U/Ca ratios of core MD77-191 range from 0.5-1.5 mmol/mol, 0.8-2.1 

mmol/mol, 2.7-6.4 µmol/mol and 7.4-34.1 nmol/mol, respectively (Figs.3a-d). All these elemental 

ratios display a minimum during the 17-15.2 cal kyr BP time interval, with average values of 

Mg/Ca (~0.8 mmol/mol), Sr/Ca (~1.4 mmol/mol), Li/Ca (~3.9 µmol/mol), and U/Ca (~15.1 

µmol/mol). Elemental ratios display higher values in the 15-13.3 cal kyr BP interval, and the most 

enriched values of Mg/Ca (1.5 mmol/mol), Sr/Ca (2.1 mmol/mol). Li/Ca (6.4 µmol/mol), U/Ca 

(34.1 µmol/mol) occur during this time interval. Then, the Mg/Ca, Sr/Ca, Li/Ca and U/Ca records 

generally show a continuous decrease throughout the deglaciation until the late Holocene. The 

lowest values are found in the late Holocene with mean values of Mg/Ca, Sr/Ca, Li/Ca and U/Ca 

reaching 0.6 mmol/mol, 1.0 mmol/mol, 3.5 µmol/mol and 17.3 µmol/mol, respectively. However, 

the continuous decrease is interrupted by an increase during the early Holocene (10.3-9 cal kyr BP).  

For core MD77-176 located in the BoB, H. elegans Mg/Ca and Sr/Ca values range between 0.35 

and 0.82 mmol/mol, and from 0.55 to 1.32 mmol/mol, respectively. The H. elegans Mg/Ca and 

Sr/Ca records from core MD77-176 show a strong covariation (Figs.3e-f). The most enriched 

Mg/Ca (0.82 mmol/mol) and Sr/Ca (1.32 mmol/mol) values occurred during the last deglaciation 
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(11.7-11.5 cal kyr BP). From 17 to about 12.5 cal kyr BP, the Mg/Ca and Sr/Ca records exhibit a 

succession of oscillations with a first minimum (0.39 and 0.7 mmol/mol, respectively) occurring 

between 17 and 15.4 cal kyr BP, and a second shorter low (0.54 and 0.68 mmol/mol, respectively) 

between 13.4 and 12.5 cal kyr BP. During the Holocene, the values of Mg/Ca and Sr/Ca decrease 

continuously to reach a minimum at the end of Holocene.   

 

 

Fig. 3. Comparison of benthic foraminifera H. elegans elemental ratios. (a)-(d) MD77-191 Mg/Ca, 

Sr/Ca, Li/Ca and U/Ca; (e)-(f) MD77-176 Sr/Ca and Mg/Ca. The grey-shaded intervals mark the 

two-step increase in atmospheric CO2, the yellow-shaded interval marks the 15-13.3 cal kyr BP 

interval. 
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6. Discussion 

 

6.1. Reconstruction of past [CO3
2-

] variations 

 

6.1.1. Temperature versus carbonate ion effects 

 

Following the previous works, the influences of benthic foraminiferal elemental ratios are not 

well understood. Several studies obtained from aragonite benthic specie H. elegans, Rosenthal et al. 

(2006) proposed that the Mg/Ca and Sr/Ca of H. elegans may reflect a combination effect of [CO3
2-

] 

and bottom water temperature when the degree of Δ[CO3
2-

] is below 15 µmol/mol. Both calcite and 

Aragonite benthic species Li/Ca ratio were also suggested to reflect the changes of saturation state 

and bottom plaeotemperature (Hall and Chan, 2004; Marriott et al., 2004; Lear and Rosenthal, 2006; 

Lear et al., 2010). As already observed in previous studies (Bryan and Marchitto, 2008; Marchitto et 

al., 2018), by contrast to the Mg/Ca and Li/Ca ratios of H. elegans, Mg/Li ratio shows a better 

correlated to bottom-temperature. Thus, H. elegans Mg/Ca and Li/Ca could be used as paleo-

proxies for both carbonate ion concentration and temperature (e.g., Rosenthal et al., 2006; Bryan 

and Marchitto, 2008; Marchitto et al., 2018).  

The benthic foraminiferal δ
18

O can record the changes in local temperature, ice-volume and 

salinity. We used the ice-volume related, global seawater δ
18

O estimate of Bintanja and Wal (2008) 

to correct our benthic δ
18

O record for ice volume changes. Thus, we suggest that the resulting 

corrected δ
18

Osw-ivc record indicates mostly deep water paleo-temperature and/or salinity variations. 

In the modern ocean, Red Sea Water (RSOW) flows through much stronger western boundary 

toward the Agulhas compared with eastward flows to the eastern boundary at 5°N (You, 1998; Beal 

et al., 2000; Talley et al., 2011). Thus, core MD77-191 (located in the eastern Arabian Sea) may be 

influenced by the RSOW, which is characterized by high salinity (Beal et al., 2000; Talley et al., 

2011). However, core MD77-176 site in the northeastern BoB should have no or limited influence 

of RSOW (Talley et al., 2011). Thus, we compared the δ
18

Osw-ivc records obtained from core MD77-

176 and MD77-191 to estimate the influence of high salinity of RSOW (Figs.4a-b). The comparison 

of benthic oxygen records since the 17 cal kyr BP seems not obvious clarifies the influence of high 

salinity and/or temperature.  

H. elegans Mg/Li ratio has been suggested to be a better correlated to the bottom temperature in 

positive relationship (R
2
=0.95) compared with the Mg/Ca or Li/Ca (Bryan and Marchitto, 2008; 

Marchitto et al., 2018). However, according to the equation established by Marchitto et al. (2018), 

there was a flat part of the exponential curve in the cold part (related to Mg/Li ~0.1-0.3 mol/mmol), 
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showing a less sensitivity compared with the higher temperature. In addition, the H. elegans Mg/Li 

from core MD77-191 ranges between 0.14-0.28 mol/mmol (Fig.4c), which is corresponding to the 

less sensitivity cold end part. Thus, we keep use the Mg/Li raw data to show the variations of 

intermediate water temperature from core MD77-191. In addition, we compared the trend of H. 

elegans Mg/Li results from core MD77-191 with other intermediate water paleo-temperature (IWT) 

record obtained from the tropical West Atlantic Ocean, which was calculated by using Uvigerina 

spp. Mg/Ca ratios (Core M78/1-235-1, 11°36.53’N-60°57.86’W, 852 m water depth; Poggemann et 

al., 2018; Figs.4c-d). Fore core MD77-191, H. elegans Mg/Li record displays higher values in the 

15-13.3 cal kyr BP interval, and shows decreasing trend during 17-15.2 and 12.6-10.5 cal kyr BP 

intervals, which may indicate colder intermediate water temperature compared with 15-13.3 cal kyr 

BP interval (Fig.4c). Then, the Mg/Li record generally shows a continuous decrease during the 

Holocene, and shows a good in agreement with the tropical W-Atlantic Ocean ITW record at the 

Holocene period (Fig.4c). During the last deglaciation the tropical W-Atlantic Ocean ITW record 

generally displays an increased trend at the 17-15.2 and 12.6-10.5 cal kyr BP intervals, may 

indicating the heat transport via AAIW. However, the tropical W-Atlantic Ocean ITW record has a 

much higher resolution by contrast to our Mg/Li results from core MD77-191, thus, it seems 

difficult to compare these two records during the last deglaciation.  

The influence of [CO3
2-

] can be tested by using the other elemental proxies. The U/Ca of both 

calcite benthic calcite and planktonic foraminifera shows a negative correlation with [CO3
2-

] 

(Raitzsh et al., 2011; Russell et al., 2004; Keyl et al., 2013). Uranium speciation and solubility 

could be also additionally influenced by the redox state, as pore water has a much lower oxygen 

concentration, and leading to more depleted uranium concentration than bottom water (Barnes and 

Cochran, 1990). However, we performed the analyses on epi-benthic H. elegans in this study, 

therefore we do not expect a major effect of the redox state on U/Ca records. Even through there is 

no U/Ca studies performed on the H. elegans, it seems reliable that U/Ca ratio could represent a 

potential alternative to the B/Ca ratio to reconstruct bottom water [CO3
2-

]. Furthermore, Yu et al. 

(2014b) demonstrated that benthic species Cibicidoides genera, Uvigerina spp., H. elegans Sr/Ca 

could be used as a proxy to reconstruct deep water [CO3
2-

]. In addition, in cores MD77-191 and 

MD77-176, Mg/Ca and Sr/Ca records obtained on H. elegans strongly co-vary (Fig. 3). Records of 

Mg/Ca, Sr/Ca, Li/Ca and U/Ca from core MD77-191 show similar variations over the last 17 cal 

kyr BP (Fig.3). Thus, we suggest that the records of benthic elemental ratios (Mg/Ca, Sr/Ca, Li/Ca 

and U/Ca) seem to be mainly induced by the carbonate ion concentration changes. 
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Fig. 4. a) and b) benthic δ
18

O obtained from MD77-176 (Bay of Bengal) and MD77-191 (Arabian 

Sea), respectively, The uncorrected benthic δ
18

O is black line and correct benthic δ
18

O by using the 

global ice volume δ
18

O is red line; c) H. elegans Mg/Li ratios obtained from core MD77-191; d) 

IWT record based on the Mg/Cauvigerina obtained from core M78/1-235-1 in the tropical W-Atlantic 

Ocean (Poggemann et al., 2018). The colour-shaded intervals are the same as in Figure 3. 

 

6.1.2. Calculation of past [CO3
2-

]  

 

Records of Mg/Ca, Sr/Ca, Li/Ca and U/Ca from MD77-191 and of Mg/Ca and Sr/Ca from 

MD77-176 seem to be more sensitive to the variations of the [CO3
2-

] concentrations. Studies of 
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benthic foraminifera U/Ca variations measured on calcite epifaunal species C. wuellerstorfi, 

Cibicidoides mundulus and Ammonia sp., showed a negative correlation with bottom water 

carbonate ion concentration (Raitzsch et al., 2011; Keul et al., 2013). However, to our knowledge, 

no such comparison work exists for aragonite benthic species H. elegans.  

In addition, as mentioned before, H. elegans Sr/Ca could covary with Δ[CO3
2-

] bottom water 

when Δ[CO3
2-

]aragonite is below 15 µmol/mol, and then being less sensitive with relatively constant 

values above 15 µmol/mol (Rosenthal et al., 2006). Yu et al. (2014b) summarized the literature 

calibration data of Sr/Ca for C. wuellerstorfi, C. mundulus, Uvigerina spp. and H. elegans. 

Although not yet tested thoroughly, they proposed that the benthic Sr/Ca may be used as an 

auxiliary proxy for sea water Δ[CO3
2-

]. We collected the literature core-top data of paired Δ[CO3
2-

]aragonite with H. elegans Sr/Ca at intermediate water depth (500-1500 m) (Rosenthal et al., 2006; Yu 

et al., 2014b) and plotted these Sr/Ca values together. Our database shows a positive relationship 

between Sr/Ca and bottom water Δ[CO3
2-

]aragonite (Fig.5). When combined, the linear relationship 

between Sr/Ca and Δ[CO3
2-

] shows a sensitivity of 0.0167 mmol/mol of Sr/Ca per µmol/kg of 

Δ[CO3
2-

].  

In order to compare our reconstructions with other records of [CO3
2-

] obtained from B/Ca, we 

calculated the deep water Δ[CO3
2-

] from the H. elegans Sr/Ca by using the equation defined before: 

At Δ[CO3
2-

]aragonite obtained from intermediate water depth (500-1500 m), Sr/Ca= -0.0002 Δ[CO3
2-

]
2
aragonite + 0.0292 Δ[CO3

2-
]aragonite + 1.3189 (r

2
=0.85). Seawater [CO3

2-
]sat is mainly affected by 

salinity, temperature and water depth (pressure). We calculated the [CO3
2-

]sat at the studied sites by 

using CO2sys.xls (Ver. 12) (Pelletier et al., 2005). 

The combined effects of salinity, temperature and pressure on the [CO3
2-

]sat are about ±0.5 

µmol/kg on glacial-interglacial timescales, remaining roughly unchanged in the deep ocean at 

glacial-interglacial timescales (Yu et al., 2008; 2014a). Thus, we can make the calibration of the sea 

water [CO3
2-

] concentration and reconstruct the paleo-[CO3
2-

] of the intermediate water at our core 

sites based on the equation of Δ[CO3
2-

]=[CO3
2-

] − [CO3
2-

]sat. 
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Fig. 5. Core-top H. elegans Sr/Ca vs. deep water Δ[CO3
2-

]aragonite. 

 

Intermediate water [CO3
2-

] at core MD77-191 site calculated using changes in the Sr/Ca ratios 

display a decreasing trend during 17-15.2 kyr time interval and 12.6-10.5 cal kyr BP, which range 

between 97 and 77 µmol/kg, and between 95 and 84 µmol/kg, respectively. The [CO3
2-

] 

concentrations reach maximum values (~ 119 µmol/kg) in the 15-13.3 cal kyr BP time interval. 

Thereafter, the values of [CO3
2-

] keep decreasing and get a minimum value ~67 µmol/kg at the end 

of Holocene. In addition, compared with lower values (mean value of 73 µmol/kg) during the late 

Holocene (8.8-1.3 cal kyr BP), the record shows an increasing trend (mean value of 87 µmol/kg) 

during the early Holocene (10.3-9 cal ky BP).  

We also calculated the [CO3
2-

] record of core MD77-176 from the northeastern BoB by using the 

H. elegans Sr/Ca ratios. The record of intermediate water [CO3
2-

] shows higher concentration of 

[CO3
2-

] during the LGM (~ 71 µmol/kg) than during the Holocene (~ 68 µmol/kg). During the last 

deglaciation, the intermediate water [CO3
2-

] record displays a decreasing trend to around ~67 

µmol/kg at the 17-15.2 cal kyr BP interval, however, two extreme high values of the intermediate 

water [CO3
2-

] concentration (84-86 µmol/kg) occur at 11.7-11.5 cal kyr BP, it seems difficult to 

interpret this values and could not re-analysis these two samples limited by the H. elegans quantities. 

Furthermore, if we ignore these extremely high values, we also observed a decrease in the [CO3
2-

] 

(~ 70 µmol/kg) during the 12.6-10.5 cal kyr BP time intervals.  

 

6.2. Possible controls on [CO3
2-

] records 
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To the first approximation, [CO3
2-

] ≈ ALK−DIC (Zeebe and Wolf-Gladrow, 2001). Thus, 

carbonate ion concentration in the seawater reflects the balance between mechanisms that affect 

changes in alkalinity (ALK) and total dissolved inorganic carbon (DIC). Those mechanisms are 

varied and most important ones deal with biological regeneration, changes of the water mass 

sources and/or mixing of different water masses and air-sea exchanges (Yu et al., 2008). Deep water 

[CO3
2-

] affects the dissolution/ preservation of CaCO3 on the sea floor by determining the seawater 

carbonate saturation, and provides therefore a control on global oceanic ALK inventory (Yu et al., 

2014a).    

Biological regeneration is linked to the sinking of organic matter and CaCO3. The 

remineralization of sinking organic matter release CO2 in the deep ocean (Holligan and Robertson, 

1996; Yu et al., 2008). The released CO2 will consume [CO3
2-

] to produce bicarbonate ions (HCO3
-
), 

thus resulting in the decrease of carbonate ion (Holligan and Robertson, 1996). Thus, the ratio of 

organic to inorganic carbon (the so-called rain ratio) has an important effect on the [CO3
2-

] 

concentration; an increasing rain ratio leading to the reduction of [CO3
2-

] concentration of the deep 

ocean (Berger and Keir, 1984; Hollogan et al., 1996; Yu et al., 2008).  

At core MD77-191 location, the paleo-productivity is controlled by the summer monsoon 

upwelling activity. High G. bulloides abundance results from cores MD77-191 and SK237-GC04 

(10°58.65’N- 74°59.96’E, 1245 m water depth) indicate a progressive increase of surface 

productivity during the Holocene, and displays a significant increase since ~ 6 cal kyr BP (Bassinot 

et al., 2011; Naik et al., 2017; Fig.6). In addition, the total organic carbon (Corg) could be used as an 

indicator of paleo-productivity (e.g., Naidu et al., 1992; Calvert et al., 1995), the record of Corg 

obtained from core SK237-gc04 also shows an increase trend during the late Holocene and reaches 

the maximum value in the end of Holocene (Fig.6). An increasing rain ratio (more organic matter 

sinking) leads to decreased [CO3
2-

] concentration of the deep ocean (Berger and Keir, 1984; 

Holligan and Robertson, 1996; Yu et al., 2008). In addition, we observed a decrease in the [CO3
2-

] 

concentration, which is consistent with the high productivity during the Holocene (8.8-1.3 cal kyr 

BP; Fig.6). Thus, we suggest at site MD77-191 changes in paelo-productivity may be affected by 

the progressive increase of upwelling activity, resulting in more organic matter and a depletion of 

[CO3
2-

].  

However, for core MD77-176 obtained from northern BoB, the primary productivity is much 

lower than in the Arabian Sea in the modern time, and the distribution of chlorophyll in the surface 

water of the northeastern BoB indicates a slight increase of productivity in the winter monsoon 

(Thushara and Vinayachandran, 2016; O'malley, 2017). In addition, the deep water [CO3
2-

] from the 
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Indian and Pacific Ocean are also lower during the Holocene compared with last deglaciation (Fig.7) 

(Yu et al., 2014a), which is in agreement with the decreasing trend of the intermediate [CO3
2-

] 

records obtained from cores MD77-191 and MD77-176 during the Holocene (8.8-1.3 cal kyr BP). 

This could likely result from a depletion in the oceanic ALK (Yu et al., 2014a), knowing that 

reducing the whole ocean ALK inventory may decrease the CO2 solubility, thus driving up the 

atmospheric CO2 over the last 8 cal kyr BP (Ridgwell et al., 2003; Menviel and Joos, 2012; Yu et 

al., 2014a). Thus, we suggest that paleo-productivity does not appear to a major control in affecting 

the variation of [CO3
2-

] concentrations from the northeastern BoB. Finally, the decrease in the 

intermediate-water [CO3
2-

] obtained from the north Indian Ocean (MD77-176 and MD77-191) 

during the Holocene may mainly indicate the contribution to atmospheric CO2 rise since 8 cal kyr 

BP, due to the depleted global ocean alkalinity.   

 

 

Fig. 6. a) the total organic carbon percentage (%Corg) and b) G. bulloides percentage from core 

SK237-GC04 (1245m, Naik et al., 2017).c) relative abundance of G. bulloides and d) [CO3
2-

] 
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record obtained from core MD77-191 (Arabian Sea). The colour-shaded intervals are the same as 

in Figure 3.   

 

6.3. Significance to paleo-climate and atmospheric CO2 changes 

 

We compared the sea water [CO3
2-

] records of core MD77-191 (Arabian Sea) and core MD77-

176 (northeastern BoB) with [CO3
2-

] records which were reconstructed by the benthic foraminiferal 

B/Ca at different water depths from the Atlantic Ocean (BOFS 17K, 58.0°N-16.5°E, 1150 m water 

depth), and the Indian Ocean (WIND 28K, 10.2°S-51.8°E, 4147 m water depth) (Yu et al., 2008, 

2010) (Fig. 7). All of the [CO3
2-

] records at intermediate water depth display low values during the 

17-15.2 and 12.6-10.5 kyr time intervals (last deglaciation). The record of intermediate [CO3
2-

] 

obtained from core MD77-176 shows maximum values (～84-86 µmol/kg) at 11.7-11.5 cal kyr BP, 

corresponding to a marked decrease (2.51‰) of benthic δ
18

O at 11.5 cal kyr BP, by contrast, 

intermediate [CO3
2-

] from Arabian Sea and Atlantic Ocean all display a decreasing trend during 

11.7-11.5 cal kyr BP (Figs. 7f and h), this seems to be associated to a local effect difficult to 

understand in this core. However, we could also observe a decrease in the [CO3
2-

] from core MD77-

176 in the BoB during the 12.6-10.5 cal kyr BP time intervals except these two extreme high values 

(～84-86  µmol/kg) at 11.7-11.5 cal kyr BP. During the 17-15.2 and 12.6-10.5 cal kyr BP intervals, 

deep water [CO3
2-

] concentrations rose by about ～10 µmol/kg in the deep Atlantic, equatorial 

Pacific and Indian Oceans (Yu et al., 2008, 2010a, 2010b). The increased deep water [CO3
2-

] would 

promote deep-sea carbonate preservation and hence deplete the oceanic ALK inventory. Such an 

increase of deep-water [CO3
2-

] concentration is coeval with the two-step deglacial increase of 

atmospheric CO2 (Fig. 7), likely suggesting that the deep-water carbonate ion increase results from 

a drop in DIC associated to the transfer of CO2 from the deep ocean into the upper water depth and, 

ultimately, the atmosphere. The release of deep-sea CO2 may induce a [CO3
2-

] decline at 

intermediate depths. Such a hypothesis is consistent with the variations of intermediate [CO3
2-

] 

concentration records from the Northern BoB, Arabian Sea and Northern Atlantic Ocean (Fig. 7).  

Furthermore, we also observed that the decrease in [CO3
2-

] records correspond to an increase of 

benthic δ
13

C during the last deglaciation. Such an increase in benthic δ
13

C values has been observed 

in previous studies from the northern Indian Ocean (e.g., Duplessy et al., 1984; Curry et al., 1988; 

Naqvi et al., 1994; Jung et al., 2009; Ma et al., 2019). This increase of benthic δ
13

C in the Holocene 

may reflect more invigorated circulation associated with better-ventilated waters at intermediate 

depth in the Northern Indian Ocean (Duplessy et al., 1984; Waelbroeck et al., 2006; Ma et al., 2019). 
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The similarity of the benthic δ
13

C-increases reflects the northward expansion of AAIW during time 

intervals 17-15.2 and 12.6-10.5 cal kyr BP in the western Arabian Sea, Pacific Ocean and BoB (Fig. 

S1) (Pahnke and Zahn, 2005; Jung et al., 2009; Ma et al., 2019). However, as AAIW is formed from 

the deep waters AABW, air-sea exchange could also affect the values of δ
13

C, as the intermediate 

benthic δ
13

C in the Southern Ocean is dominated by the influence of air-sea exchange (Lynch-

Stieglitz et al., 1994). Thus, values of intermediate benthic δ
13

C could relatively increase via 

stronger upwelling during the formation of AAIW. In addition, the transition in the ɛNd and Δ
14

C 

records during the deglaciation also indicates a strong northward penetration of AAIW within the 

North Atlantic and Bay of Bengal (e.g., Cao et al., 2007; Pahnke et al., 2008; Pena et al., 2013; Yu 

et al., 2018; Ma et al., 2019). During the last deglaciation, core MD77-176 record of B-P age offsets 

display a decreasing trend in the 17-15.2 and 12.6-10.5 cal kyr intervals, corresponding to increases 

of benthic δ
13

C values (Fig. 7). The variations in the B-P age offsets obtained from core MD77-176 

(Northern Bay of Bengal), Arabian Sea and Pacific Ocean, all indicate a stronger upwelling and an 

enhanced northern flow of AAIW from the Southern Ocean during these two periods.  

Therefore, during the 17-15.2 and 12.6-10.5 kyr time intervals, enhanced vertical ventilation in 

the Southern Ocean could have led to an increased production of intermediate water masses (AAIW) 

(Anderson et al., 2009). Values of intermediate benthic δ
13

C and [CO3
2-

] concentration could 

indicate stronger upwelling during the formation of AAIW (Yu et al., 2008, 2014a). Thus, 

decreased [CO3
2-

] concentrations from cores MD77-191 and MD77-176 suggest the release of CO2 

from the deep ocean during the deglacial period. 

 

7. Conclusions 

 

Benthic foraminifera δ
13

C, δ
18

O and elemental ratios of H. elegans have been analyzed on core 

MD77-191 (1254 m water depth) located in the south tip of India, as well as core MD77-176 (1375 

m water depth) obtained from the northern BoB, in order to reconstruct the evolution of 

intermediate water masses in the northern Indian Ocean since last deglaciation. Benthic elemental 

ratios (Mg/Ca, Sr/Ca, Li/Ca and U/Ca) seem mainly influenced by the carbonate ion concentration 

changes.  

We reconstructed seawater [CO3
2-

] concentration by converting H. elegans Sr/Ca to [CO3
2-

] 

using a modern, core-top based, empirical relationship. During the last deglaciation, increased 

benthic δ
13

C, depletion in [CO3
2-

] and decreased B-P age offsets occurred in the 17-15.2 and 12.6-

10.5 cal kyr BP intervals. All of these results suggest the strong linkage between Southern Ocean 
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enhanced ventilation via AAIW and release of CO2 during the last deglaciation. The decreased 

[CO3
2-

] in intermediate water masses also provides evidence for the important influence of global 

ALK inventory variation during the late Holocene, corresponding to the atmospheric CO2 rise since 

8 kyr BP and/or increased productivity across the Holocene (at least for MD77-191). 

 

 

Fig. 7. a) Ice core atmospheric CO2 from Antarctic Dome C (Monnin et al., 2001), b) the 
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intermediate water B-P 
14

C age offset of MD77-176 in the BoB (Ma et al, 2019), c) and d) benthic 

δ
13

C from MD77-176, MD77-191, respectively, e)- h) compilation of [CO3
2-

] records at different 

depths in the Indian Ocean and Atlantic Ocean (Yu et al., 2008). The colour-shaded intervals are 

the same as in Figure 3. 
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Supplementary figures 

 

Fig. S1. Compilation of benthic δ
13

C records obtained from core MD77-191 (water depth of 1254 

m), MD77-176 (water depth of 1325 m) (Ma et al., 2019), core RC12-344 (2140 m water depth, 

Naqvi et al., 1994), MD97-2120 (1210 m water depth, Pahnke and Zahn, 2005), and Core 905 

(1580 m water depth, Jung et al., 2009). The grey-shaded intervals mark the two-step increase in 

atmospheric CO2, the yellow-shaded interval marks the 15-13.3 cal kyr BP interval. The colour-

shaded intervals are the same as in Figure 3. 
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Chapter 5: Changes in productivity and intermediate circulation in 

the northern Indian Ocean since the last deglaciation: new insights 

from benthic foraminiferal Cd/Ca and Ba/Ca records and benthic 

assemblages analysis 

 

Past changes in the global Carbon cycle are involved in climate changes at different time-scales. 

As the productivity is a key process controlling the ocean Carbon pool, a better understanding of 

the processes controlling the productivity and their changes through time is a clue to better 

constrain past climate changes associated to variations in the Carbon Cycle. The nutrient content 

of water masses is a key factor influencing the productivity. In this context, the benthic foraminifera 

Cd/Ca is a robust proxy to reconstruct the paleo-nutrient, as the labile nutrient (phosphate and 

nitrate) shows a positive linear correlation with the seawater cadmium (Boyle et al., 1976; Boyle, 

1988; Elderfield and Rickaby, 2000). In addition, benthic foraminifera Ba/Ca have also been 

explored to reconstruct paleo-nutrient, due to dissolved barium also exhibits a positive correlation 

with the ocean alkalinity and silica (refractory nutrients) (e.g., Lea and Boyle, 1989, 1990; Hall 

and Chan, 2004; Martin and Lea, 1998). However, the nutrient content associated to the AAIW has 

never been documented in the Indian Ocean, whereas it could also have an important role on the 

atmospheric CO2 by controlling the primary productivity (e.g., Bauska et al., 2016; Kohfeld et al., 

2005).  

In this chapter, we present the first continuous and high resolution records of benthic 

foraminiferal Cd/Ca and Ba/Ca from two well time-scale constrained cores of the northern Indian 

Ocean (southeastern Arabian Sea and northern Bay of Bengal) in order to establish variations of 

intermediate circulation and paleo-nutrient content since the last deglaciation.  

In addition, Arabian Sea is one of the most productivity regions in the modern time (Banse, 1987; 

Marra and Barber, 2005). Then, I also present the study of the benthic foraminiferal assemblages 

from the southeastern Arabian Sea, which permits to reconstruct the changes in the bottom water 

conditions (oxygen concentration and organic matter flow) and could be associated to the 

variations of the surface productivity since the last deglaciation in the Arabian Sea. 
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Abstract: 

 

Cd/Ca and Ba/Ca ratios of several benthic foraminiferal species have been conducted on two well 

time-scale constrained cores of the northern Indian Ocean (Arabian Sea and northern Bay of 

Bengal), as well as benthic foraminiferal assemblages analyses obtained from core MD77-191 in 

the Arabian Sea, in order to establish variations of intermediate circulation and paleo-nutrient 

content since the last deglaciation. Intermediate water Cdw estimated from the benthic Cd/Ca and 

Ba/Ca ratios were mainly affected by the surface productivity changes and/or variations of bottom 

water ventilation. The benthic foraminiferal analysis is consistent with the geochemical records. 

Results indicate that during the last deglaciation, millennial-scale events are marked by a decrease 

in the Cdw and Ba/Ca values which indicate a decreasing surface productivity and high bottom 

water ventilation, coincident with increased benthic δ
13

C values, low B-P 
14

C age offsets and 

depleted [CO3
2-

]. All these records provide thus strong evidences for an increased northward 

penetration of Antarctic Intermediate Water (AAIW) in the northern Indian Ocean. This was 

associated with enhanced upwelling in the Southern Ocean, reflecting a strong sea-atmospheric CO2 

exchange through Southern Ocean ventilation during the last deglaciation. During the late Holocene 

(from 5.2 to 2.4 cal kyr BP), benthic foraminiferal assemblages indicate a meso- to eutrophic deep 

water conditions which correspond to high productivity, and consisent with a significant increase of 

intermediate water Cdw obtained from southeastern Arabian Sea and northeastern BoB reflects an 

increase in the surface productivity. By contrast, the productivity during the early Holocene (from 

10 to 6 cal kyr BP) seems to be weaker compared with 5.2-2.4 cal kyr BP time interval. The 
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comparison of intermediate water Cdw with previous studies about Indian monsoon reconstruction 

suggests a seesaw relationship between intense monsoon rainfall and the surface productivity in the 

BoB and south tip of Arabian Sea during the Holocene.  

    

Key words: paleo-nutrient, Cd/Ca, Ba/Ca, benthic assemblage, deglaciation, atmospheric CO2, 

North Indian Ocean   

 

1. Introduction 

  

During the last deglaciation, a two-step rapid increase of atmospheric CO2 occurred in the 18-

14.7 and 12.8-11.7 cal kyr BP time intervals (e.g., Monnin et al., 2001). Several studies suggest that 

variations of the Southern Ocean circulation contribute to these increases of atmospheric CO2 by 

transferring the deep ocean carbon to the upper ocean and atmosphere during the last deglaciation, 

by enhancing the upwelling and increasing the northward penetration of the Antarctic Intermediate 

Water (AAIW) in all ocean basins. (e.g., Anderson et al., 2009; Marchitto et al., 2007; Skinner et al., 

2014). In the Pacific Ocean (e.g., Pahnke and Zahn, 2005; Bostock et al., 2010), and the northern 

Indian Ocean (Bryan et al., 2010; Raza et al., 2014; Yu et al., 2018; Ma et al., 2019), all studies 

indicate an increased northward propagation of AAIW during glacial periods, as well as at 

millennial time scale during the Heinrich events and stadials (e.g., Bryan et al., 2010; Pahnke et al., 

2008). However, the role of AAIW is still controversial in the Atlantic Ocean, where several studies 

suggest a reduced northward flux of AAIW into the tropical Atlantic (e.g. Came et al., 2008; Xie et 

al., 2012; Howe et al., 2016; Gu et al., 2017) whereas others indicate an increased penetration (e,g., 

Pahnke et al., 2008; Dubois-Dauphin et al., 2016; Marchitto et al., 2007; Poggemann et al., 2017, 

2018).  

Thus, the northward extension of AAIW and the relationships with the atmospheric CO2 

variations still need to be constrained, as well as the relationships with enhanced upwelling in the 

Southern Ocean during the last deglaciation at millennial scales. Many proxies have been used to 

reconstruct past changes in intermediate circulation, such as Δ
14

C (e.g., Bryan et al., 2010; 

Marchitto et al., 2007), benthic 
13

C (e.g., Jung et al., 2009; Pahnke and Zahn, 2005; Ma et al., 2019) 

and foraminifera ɛNd (e.g., Xie et al., 2012; Pahnke et al., 2008; Yu et al., 2018). All these previous 

studies were focus on the close relationship between enhanced ventilation in the Southern Ocean 

and rising atmospheric CO2 during the last deglaciation period. In addition, the intermediate-deep 

water circulation could affect the oceanic biological pump and nutrient upwelling, and thus could 
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also contribute to the observed CO2 changes (e.g., Toggweiler, 1999; Marchitto and Broecker, 

2005). Thus, recently reconstruction of the seawater nutrient to trace the variation of intermediate 

water masses have been received increasing attention, (e.g., Boyle and Keigwin, 1982; Oppo and 

Fairbanks, 1987; Came et al., 2008; Valley et al., 2017; Poggemann et al., 2017).                                                                      

The benthic foraminifera Cd/Ca is a robust proxy to reconstruct the paleo-nutrient, as the labile 

nutrient (phosphate and nitrate) shows a positive linear correlation with the seawater cadmium 

(Boyle et al., 1976; Boyle, 1988; Elderfield and Rickaby, 2000). Dissolved barium also exhibits a 

positive correlation with the ocean alkalinity and silica (refractory nutrients), which both seems to 

mainly regenerate at deep depth (Chan et al., 1977; Lea and Boyle, 1989; Hall and Chan, 2004). 

Therefore, benthic foraminifera Ba/Ca have also been explored to reconstruct paleo-nutrient (e.g., 

Lea and Boyle, 1989, 1990; Hall and Chan, 2004; Martin and Lea, 1998). However, the nutrient 

content associated to the AAIW has never been documented in the Indian Ocean, whereas it could 

also have an important role on the atmospheric CO2 by controlling the primary productivity (e.g., 

Bauska et al., 2016; Kohfeld et al., 2005). 

 In the modern time, Arabian Sea is one of the most productive regions (Banse, 1987; Marra and 

Barber, 2005), and surface productivity is dominated by the monsoon system due to the monsoon-

driven vertical mixing and upwelling (Lévy et al., 2007). Different regions of Arabian Sea respond 

varyingly to the seasonal wind forcing, and thus could result in the variation of surface productivity 

at different seasons (Wiggert et al., 2005). In the western Arabian Sea, the southwestern wind 

associated to the summer monsoon, can lead to a high surface productivity via the enhanced coastal 

upwelling and Ekman pumping, inducing the lateral advection of nutrient-rich upwelling water (e.g., 

Wyrtki, 1973; Lévy et al., 2007) (Fig.1a). However, the upwelling is weaken and ceased during the 

winter season due to the changes in winds direction, leading a decrease of surface productivity 

(Fig.1b). Productivity in the eastern Arabian Sea off the India margin corresponds to the deepening 

of the mixed-layer and upwelling (e.g., Sharma, 1978; Shetye et al., 1990). Thus, the productivity of 

the southern tip of India is a key area to identify changes in the summer monsoon (Fig.1a).   

Many previous studies have focused on the reconstruction of paleo-productivity of Arabian Sea 

during long time periods (e.g., Prell and Kutzbach, 1987; Naidu and Malmgren, 1996; Gupta et al., 

2003; Bassinot et al., 2011; Singh et al., 2011). Monsoon-driven productivity of Arabian Sea could 

also be associated to global climate changes (Heinrich Stadials, glacial episodes) (e.g., Sigh et al., 

2006; 2011; Saraswat et al., 2014). One of the most current proxies used to reconstruct the paleo-

productivity is the relative abundance of the planktonic foraminifera Globigerina bulloides (Prell 

and Kutzbach, 1987; Naidu and Malmgren, 1996; Gupta et al., 2003; Bassinot et al., 2011). The 
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significant changes in the relative abundance of planktic foraminifera G. bulloides seem correspond 

to enhanced productivity (Curry et al., 1992; Naidu et al., 1992), and the immediate response of G. 

bulloides to the changes of the productivity makes it to be a useful proxy to reconstruct the paleo-

productivity (e.g., Naidu and Malmgren, 1996; Zaric et al., 2005; Bassinot et al., 2011).  

 

 

Fig. 1. a) – b) Seasonal distribution of the Net primary productivity distribution (g C m
-2

 yr
-1

)  in 

Northern Indian Ocean during the summer and winter monsoon. Maps based on MODIS 

chlorophyll-a, SST, PAR satellite data, using the standard vertically Generalized Production Model 

(VGPM) (Behrenfeld and Falkowski, 1997) as the standard algorithm. 

At the deeper water depth, as the benthic foraminiferal microhabitat is related to organic flux and 

benthic ecosystem oxygenation, their distribution and abundance are powerful proxies to estimate 

the bottom water condition changes (e.g., Corliss et al., 1986; Schmiedl et al., 1998; Almogi-Labin 

et al., 2000), especially by indicating the organic matter flux to the seafloor (e.g., Altenbach et al., 

1999; Caulle et al., 2015; Fontanier et al., 2002; Van der Zwaan et al., 1999). Thus, benthic 

foraminifera could be the indicator of the productivity especially in high carbon flux regions 

(Schnitker, 1994). By comparing past benthic foraminiferal assemblages to modern ones, changes 

of food supply and oxygen concentrations of the bottom water can be reconstructed (e.g., Peterson, 

1984; Corliss, 1979; Murgese and De Deckker, 2005). Recently, the association between benthic 

foraminiferal assemblages and the geochemical proxies has received increasing attention, and their 
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comparison was used to reconstruct the evolution of surface productivity and upwelling intensity in 

the Indian Ocean (e.g., Den Dulk et al., 1998; Hermelin 1991, 1992; Hermelin and Shimmield, 1995; 

Murgese and De Deckker, 2005). Thus, by combining the benthic foraminiferal fauna analysis with 

the measurements of the geochemistry (benthic δ
18

O, δ
13

C, trace and minor elemental ratios) allows 

to constrain the paleoceanographic evolution (like oxygen, nutrient, …). 

In this study, we have reconstructed benthic foraminifera Cd/Ca and Ba/Ca records at 

intermediate water depth in the northern Indian Ocean (Arabian Sea and northern Bay of Bengal) to 

estimate past changes in the paleo-nutrient content over the last 17 kyr and constrain relationships 

between AAIW circulation, Southern Ocean upwelling intensity and changes in the atmospheric 

CO2. We provide in this work the first continuous and high-resolution benthic foraminifera Cd/Ca 

and Ba/Ca records in the northern Indian Ocean, whereas numerous records of benthic Cd/Ca have 

been published in the Atlantic Ocean (e.g., Came et al., 2008; Valley et al., 2017; Hall and Chan, 

2004; Poggemann et al., 2017) and some in the Pacific Ocean (Boyle and Keigwin, 1982; Mccorkle 

et al., 1995; Umling et al., 2018). The intermediate and deep waters of the northern Indian Ocean 

are mainly from the south, due to the landlocked by Asia in the north (Talley et al., 2011). Thus, 

studying intermediate waters in the north Indian Ocean is important i) to understand the global 

intermediate circulation and its relationships with the Southern Ocean, and ii) to better constrain its 

potential role in global climate changes and the carbon cycle (Kallel et al., 1988; Jung et al., 2009; 

Yu et al., 2018; Ma et al., 2019).  

We have also investigated benthic foraminiferal assemblages obtained from core MD77-191 

(southeastern Arabian Sea) to help us to understand the changes in the bottom water conditions. 

Combined with benthic foraminiferal δ
18

O, δ
13

C, trace and minor elemental ratios obtained from the 

same core (chapter 4), our study allowed gathering information about past intermediate- and deep-

water ventilation and changes in surface paleo-productivity. 

 

2. Material and hydrological setting 

 

We analyzed sediment core MD77-191 (07°30’N-76°43’E, 1254m) located in the Arabian Sea 

(southern tip of India), and core MD77-176 (14°30’5N-93°07’6E, 1375m), from the northeastern 

Bay of Bengal (BoB). These cores have been collected in 1977 during the OSIRIS III cruise of the 

N.0. Marion Dufresne (Fig. 2). 
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Fig. 2. (a) Geographical setting and locations of MD77-191 in the Arabian Sea (red star), MD77-

176 in the Bay of Bengal (red star) and reference site SK237 GC04 (red cirle, Naik et al., 2017). 

The black arrows are the general surface circulation direction in the Northern Indian Ocean drifted 

by Southwest Monsoon (Schott and Mccreary, 2001). (b) and (c) Phosphate (μmol/kg, coloured 

shading) depth-latitude section using the Ocean Data View (ODV) software (Schlitzer, 2015) and 

vertical distribution of water masses in the Arabian Sea and Bay of Bengal (N-S cross section). 

ASHS: Arabian Sea High Salinity Water. EIOW: Eastern Indian Ocean Water, BoBLS: Bay of 

Bengal low salinity Water, AAIW: Antarctic Intermediate Water, IIW: Indonesian Intermediate 

Water, RSW: Red Sea Intermediate Water, AABW: Antarctic Bottom Water, IDW: Indian Deep 
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Water.  

The age model of core MD77-191 was established by using 9 monospecific planktonic 

foraminifer Globigerinoides bulloides accelerator mass spectrometry (AMS) 
14

C dating (Bassinot et 

al., 2011), one 
14

C date made on pteropods (Mléneck, 1997), and three 
14

C dates obtained on 

planktonic foraminifera Globigerinoides ruber measured at the LSCE, France (Ma et al., in prep.). 

The 
14

C ages were converted to calendar ages by using the CALIB Rev. 7.1 software (Stuiver and 

Braziunas, 1993), the marine calibration data set (Reimer et al., 2013), and correcting for a surface 

marine reservoir of around 400 years. Core MD77-191 provides a continuous record since the last 

17 cal kyr BP with an average sedimentation rate of about 53 cm/kyr and up to 90 cm/kyr for the 

Holocene. The age model of core MD77-176 was previously established by using 31 planktonic 

foraminifer (G. ruber) AMS 
14

C dates combined with the core MD77-176 oxygen isotope record 

obtained on planktonic foraminifera G. ruber, which were correlated to the GISP2 Greenland ice 

core record (Marzin et al., 2013). Core MD77-176 displays high accumulation rates (average ~25 

cm/kyr and up to 40 cm/kyr for the Holocene). Both cores have been characterized by high 

sedimentation rates (up to 90 cm/kyr) allowing to provide for the first time high-resolution benthic 

foraminifera Cd/Ca and Ba/Ca records in the northern Indian Ocean for the period since 40 cal kyr 

BP. 

In the modern ocean, the surface waters of the Arabian Sea and BoB are characterized by 

seasonal reversal currents corresponding to the monsoon winds. The surface water masses 

shallower than 150m in the Arabian Sea are mainly Arabian Sea high Salinity Water (ASHS, 36.5 

psu)  (Talley et al., 2011). In the BoB, the surface waters above 100m are Bay of Bengal surface 

waters (BoBSW), with a low salinity (31 psu) due to large river inputs (Talley et al., 2011). The 

monsoon winds drive a strong vertical mixing in the Arabian Sea, which could cause a large variety 

of surface productivity during the summer monsoon season (Levy et al., 2007). In contrast, the 

productivity of the BoB is much lower than in the Arabian Sea due to strong salinity stratification of 

the upper water column caused by precipitation and Himalayan rivers freshwater discharge 

(Thushara and Vinayachandran, 2016). The distribution of chlorophyll in surface water of the 

northeastern BoB suggests a slight increase in productivity during the winter monsoon period 

(around January) (Thushara and Vinayachandran, 2016; O'malley, 2017).  

Cores MD77-191 and MD77-176 are mainly bathed by North Indian Intermediate Water (NIIW) 

(Olson et al., 1993; Reid, 2003). However, core MD77-191 could also be influenced by the Red Sea 

Water (RSOW) (Beal et al., 2000; Talley et al., 2011). At core MD77-176 site in the northeastern 

BoB, there is no or very limited influence of RSOW, but this area could be affected by the southern 

return flow of deep water (North Indian Deep Water) (Talley et al., 2011). In addition, the 
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northward extension of AAIW today in the Indian Ocean rarely reaches beyond 10°S (Lynch-

Stieglitz et al., 1994). The phosphate concentration of modern waters in the northern Indian Sea 

(BoB and Arabian Sea) at intermediate water depth is at around 2.5-3 µmol/kg (Figs. 2b and c). In 

addition, the modern data indicate that the southern sourced intermediate water (AAIW) in the 

south Indian Ocean shows a lower phosphate concentration at about 2-2.5 µmol/kg  (Figs. 2b and c).     

 

3. Methods 

3.1. Cd/Ca and Ba/Ca analyses 
 

We analyzed Cd/Ca and Ba/Ca in three calcite (Cibicidoides pachyderma, Uvigerina peregrina, 

and Globobulimina spp.) and one aragonite (Hoeglundina elegans) benthic foraminiferal species 

from core MD77-191. C. pachyderma is an epifaunal species, U. peregrina and Globobulimina spp. 

are endobenthic species with an intermediate and a deep microhabitats, respectively (Fontanier et al., 

2002). In core MD77-176, we measured Cd/Ca and Ba/Ca ratios in H. elegans shells.  

Each sample contained approximately 10-15 individuals from the 250-315μm fraction. Samples 

were gently crushed, cleaned to remove clays, organic matter and elemental oxides by using 

reductive and oxidative cleaned following previously published methods (Boyle and Keigwin, 1982; 

Barker et al., 2003). Each sample was dissolved in 0.075N HNO3 and analyzed using a single 

collector sector field high resolution inductively coupled plasma mass spectrometer (HR-ICP-MS) 

Thermo Element XR hosted at the Laboratory GEOPS (University Paris-Sud, France). 

The detailed instrumental settings and mother standard solution are described in Ma et al., (in 

preparation). A blank consisting of the same 0.1N HNO3 used to dilute the standards and samples is 

also analyzed. On HR-ICP-MS, the elemental blanks are better than 6.5% for Cd and 1.8% for 

Ba/Ca. All raw intensities (including standards) are minus blank intensities, raw data are calculated 

by correcting the drift by using two-point linear standard curves interspersed between every four 

samples with a same standard. Standard curves are used to calculate elemental/Ca ratios, 

coefficients of determination (r
2
) are always >0.9999 for all elemental ratios. The mean 

reproducibility and accuracy is Cd/Ca 7.5% and Ba/Ca 4.1%. 

 

3.3. Faunal analysis 

A total of 74 samples were collected for benthic foraminiferal assemblage determinations. In 

each sample, benthic foraminifera (>250 μm) were extracted, counted and identified to species level 

following the taxonomical descriptions of various authors (e.g., Jones, 1994; Holbourn et al., 2013; 

Loeblich and Tappan, 1988). Due to the lack of bulk samples’ weight from core MD 77-191, we 
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could not perform the calculation of absolute abundance of foraminifera or accumulation rates, thus 

we coverted the individual counts as the percentage of total benthic foraminifera present in each 

sample. In order to describe major faunal variations, we performed principal component analysis 

(PCA) by using software PAST (Version 3.0, Hammer et al., 2001). Species present with a 

percentage >1% in at least 1 sample were used for statistical analysis and diversity calculation.   

 

4. Results 

4.1. Elemental ratios results 

 

To check the validity of the elemental ratios results, Mn/Ca ratios from cores MD77-191 and 

MD77-176 were systematically measured. The Mn/Ca of H. elegans from cores MD77-191 and 

MD77-176 range between 6.5 and 10 µmol/mol and between 1 and 30 µmol/mol, respectively. 

Such ranges are much lower than the 100 µmol/mol limit proposed by Boyle (1983). The Mn/Ca 

obtained on three calcite benthic foraminifera species from core MD77-191, C. pachyderma (5-18 

µmol/mol), U.  peregrina (3-23 µmol/mol) and Globobulimina spp. (4-69 µmol/mol) are also all 

below 100 µmol/mol (Boyle, 1983). The Fe/Ca ratios are generally lower than 1 mmol/mol in all 

samples from cores MD77-191 and MD77-176. In addition, Barker et al. (2003) suggested a 

detection limit for uncleaned samples for Al/Ca at ＞0.5 mmol/mol, and all Al/Ca results are below 

0.5 mmol/mol, indicating that the sample cleaning procedure was efficient. This suggests that 

samples were not affected by clay contamination.  

 

4.1.1 Cd/Ca 

 

The Cd/Ca records of C. pachyderma, U. peregrina and Globobulimina spp. from core MD77-

191 range between 0.07-0.2 µmol/mol, 0.07-0.14 µmol/mol and 0.03-0.09 µmol/mol, respectively 

(Figs. 3b-d). The calcite benthic species C. pachyderma and U. peregrina Cd/Ca values display a 

general increase trend during the time interval from the early to late Holocene (10-2.4 cal kyr BP). 

The Cd/Ca records of C. pachyderma and U. peregrina generally show a continuous increase during 

the Holocene with larger variations between 5.2 and 2.4 cal kyr BP. However, the Cd/Ca record of 

deep infanual Globobulimina spp., obtained at lower time resolution, shows different variations 

compared with the two calcite taxa without long term variations during the Holocene. During the 

last deglaciation, the Cd/Ca records of C. pachyderma, U. peregrina and Globobulimina spp. both 

have very low time resolutions. The Cd/Ca records of C. pachyderma and U. peregrina show low 

values during the 17-15.2 and 12-11 cal kyr BP time intervals, with average values of ~0.08 
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µmol/mol for C. pachyderma and ~0.09 µmol/mol for U. peregrina. By contrast, these two species 

(C. pachyderma and U. peregrina) Cd/Ca ratios display a higher value (~0.12 µmol/mol) at the 15-

13.3 cal kyr BP time interval compared with 17-15.2 and 12-11 cal kyr BP time intervals.  

 

 

 

Fig. 3. (a)-(d) Cd/Ca records of the benthic foraminifera Hoeglundina elegans, Cibicidoides 

pachyderma, Uvigerina peregrina, and Globobulimina spp. obtained from MD77-191. EHCO: 

Early Holocene Climate Optimum associated to intensified summer monsoon rainfall is also 

displayed.  

 

The H. elegans Cd/Ca values of core MD77-191 range from 0.05 to 0.31μmol/mol since 17 cal 

kyr BP (Fig. 3a). Compared with the lower values (0.07 μmol/mol) for the last deglaciation (17-11 
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cal kyr BP time interval), a continuous increase in the Cd/Ca begins at 10 cal kyr BP and reaches a 

maximum (0.31 μmol/mol) during the late Holocene (from 5.2 to 2.4 cal kyr BP). In addition, 

taking into consideration the analytical error bar (±0.02, 2) significant decreases of about ~0.05 

μmol/mol occurred at 16-15.2 and 12.6-11 cal kyr BP time intervals during the last deglaciation, 

and a slightly increase (0.09 μmol/mol) between 15 and 13.3 cal kyr BP.   

For core MD77-176, the H. elegans Cd/Ca records range between 0.06 and 0.17 μmol/mol over 

the past 18 cal kyr BP (Fig. 4a). The average benthic Cd/Ca values are similar at ～0.09 μmol/mol 

during the different time intervals (18-15.4 cal kyr BP, 12.7-10.5 cal kyr BP and Holocene). The 

analyses of MD77-176 are at low time resolution during the last deglaciation, moreover, compared 

with benthic Cd/Ca obtained from MD77-191, the Cd/Ca from MD77-176 record does not display a 

strong long-term trend since the last 18 cal kyr BP. However, the benthic Cd/Ca for the Holocene is 

associated to a slight increase both in value and range of variations after 6 cal kyr BP.  

 

 

 

Fig. 4. (a) Cd/Ca and (b) Ba/Ca records of the benthic foraminifera Hoeglundina elegans from 



Chapter 5: Changes in productivity and intermediate circulation in the northern Indian Ocean since the last 

deglaciation: new insights from benthic Cd/Ca and Ba/Ca records and benthic assemblages analysis 

 

109 

 

MD77-176, the red lines are the smoothed curves using a five-point average. (c) benthic δ
13

C (d) G. 

ruber δ
18

O records for MD77-176. EHCO: Early Holocene Climate Optimum associated to 

intensified summer monsoon rainfall is also displayed. 

 

4.1.2 Ba/Ca 

 

The Ba/Ca records obtained on the four benthic foraminifera species from core MD77-191 range 

between 1.8-6.3 µmol/mol (H. elegans), 1.3-3.7 µmol/mol (C. pachyderma), 1.7-3.9 µmol/mol (U. 

peregrina) and 1.7-3.4 µmol/mol (Globobulimina spp.), respectively (Fig.5). For benthic calcite 

foraminifera C. pachyderma, U. peregrina and Globobulimina spp., the average Ba/Ca values 

during the last deglaciation (17-11 cal kyr BP) are 2.39, 2.21 and 1.96 µmol/mol, respectively. The 

mean Ba/Ca values during the Holocene are 3.03 µmol/mol (C. pachyderma), 2.62 µmol/mol (U. 

peregrina) and 2.69 µmol/mol (Globobulimina spp.), slightly higher than during the last 

deglaciation. The Ba/Ca record of H. elegans does not exhibit strong variations from the last 

deglaciation to the Holocene (mean values 3.51 and 3.17 µmol/mol, respectively) (Fig. 5a). In 

addition, the Ba/Ca record of the deep infauna species Globobulimina spp. is at a very low time 

resolution compared with other species, precluding observing the millennial scale variations since 

16 cal kyr BP. However, the Ba/Ca values of Globobulimina spp. display a continuous increase 

trend from 16 cal kyr BP (～1.76 µmol/mol) to 6 cal kyr BP and reach maximum values (~ 3.4 

µmol/mol) at the 6.8-6 cal kyr BP interval. Thereafter, the record shows a decrease trend until 1.3 

cal kyr BP.    

During the last deglaciation, short events have also been recorded at the core MD77-191 site 

during the 17-15.2, 15-14.3 and 13.3-11 cal kyr BP intervals. The Ba/Ca values all show a 

decreasing trend in the 16-15.2 cal kyr BP time interval (C. pachyderma ～2.35 µmol/mol, U. 

peregrina ～2.23 µmol/mol and H. elegans ～3.15 µmol/mol), followed by higher values during 

the 15-14.3 cal kyr BP time-period (C. pachyderma ～ 2.85 µmol/mol, U. peregrina ～ 2.7 

µmol/mol and H. elegans ～4.15 µmol/mol). Then, a decrease occurs from 13.3 to 11 cal kyr BP.  

In addition, Ba/Ca records obtained from H. elegans, C. pachyderma and U. peregrina all display 

a general increasing trend during the 8.8-3.5 cal kyr BP with a lager shift at around 6 cal kyr BP. 

However, the Ba/Ca records from these three benthic species seem to display different trend at 

some millennial scale events during the Holocene. For the Ba/Ca records of calcite species C. 

pachyderma and U. peregrina, significant decreases at 10-9 and 4.7-3.6 cal kyr BP intervals are 

observed, by contrast with the H. elegans Ba/Ca, showing an increasing trend during these two time 

intervals.  
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Fig. 5. (a)-(d) Ba/Ca records of the benthic foraminifera Hoeglundina elegans, Cibicidoides 

pachyderma, Uvigerina peregrina, and Globobulimina spp. obtained from MD77-191; (e) G. ruber 

δ
18

O records for MD77-191. EHCO: Early Holocene Climate Optimum associated to intensified 

summer monsoon rainfall is also displayed.   

 

The H. elegans Ba/Ca record from core MD77-176 ranges between 1.7 and 5.7 μmol/mol over 

the past 18 cal kyr BP (Fig.4b). The Ba/Ca record from core MD77-176 shows a similar value range 

(average ~3.4 μmol/mol) during the Holocene than the last deglaciation. The Ba/Ca record shows a 

much lower time resolution during the last deglaciation compared with Holocene, it seems less 
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reliable to describe the variations during the last deglaciation based on a low resolution record. Thus, 

we will only focus on changes in the Ba/Ca since 10 cal kyr BP. The values of Ba/Ca during the 

Holocene display a general increase since 10 cal kyr BP with significant shift (mean values of ~ 3.5 

µmol/mol) at around 7-5 cal kyr BP. 

 

4.2. Foraminifera assemblages 

Benthic foraminiferal species richness ranges between 16 and 36, and total abundance fluctuates 

between 84 and 644 specimens. Hyaline species are the dominant constituents (＞80%), and consist 

mainly in Bulimina aculeata, Hoeglundina elegans, Cibicidoides pachyderma, Uvigerina spp., 

Gyroidina broeckhiana, Globocassidulina subglobosa, Sphaeroidina bulloides, Gyroidinoides spp., 

Lenticulina spp., Melonis barleeanum, and Globobulimina spp. (including Praeglobobulimina spp.) 

(in decreasing order of relative average abundance). Agglutinated taxon reach on average about 

1.6%, and consist in Textularia sp., Martinottiella communis, and Eggerella bradyi. Average 

percentage of porcelaneous species is about 5.1%, characterized by Pyrgo elongata, Pyrgo 

murrhina, Pyrgo depressa, Pyrgoella irregularis, Quinqueloculina spp., Sigmoilopsis 

schlumbergeri, and Spiroloculina spp. 

Furthermore, we merged species that have ecological similarity, such as Globobulimina affinis, 

Globobulimina pacifica, and Praeglobobulimina spp. into Globobulimina spp. The relative 

abundance of species >1% in at least 1 sample were used for statistical analyses. Around 74 

samples and 55 groups/species were adopted to perform principal component analysis (PCA) in 

order to identify major faunal trends. The PCA analysis suggests that the benthic foraminifera could 

be grouped into two assemblages, and represents about 42% of the total variance (Table 1).  

High positive loadings of PC1 are shown by Bulimina aculeata and Cibicidoides pachyderma, 

together with Pullenia bulloides and Ehrenbergina trigona. This assemblage, referred hereafter as 

assemblage 1, dominated the foraminiferal record during the late Holocene (between 6 and 1.4 cal 

kyr BP) (Fig. S1a). Hoeglundina elegans and Bulimina manginata exhibit high negative loadings on 

PC1 and dominate so-called assemblage 2, which dominate the record from the last deglaciation to 

early Holocene (Fig. S1b). Other quantitatively important contributors are Cibicidoides 

wuellerstorfi, Globocassidulina subglobosa, and Gyroidinoides orbicularis. 

The total variance of PC2 is 21%, and the species composition consist of Bulimina mexicana, 

Gyroidinoides orbicularis and Bolivina robusta (Positive loadings); Bulimina aculeata, 

Hoeglundina elegans and Uvigerina peregrina (Negative loadings) (Table 1). It seems that the main 

composition of assemblage (PC2) is quite similar to PC1, and does not show more information 
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about the bottom conditions compared to PC1. Thus, we only use PC1 in the manuscript to 

recognize the two assemblages. 

 

Table 1. Species composition of benthic foraminiferal assemblages from core MD77-191. 

 Dominant 

species 

 Important 

associated species 

 Variance 

(%) 
PC1     42 

Positive loadings Bulimina aculeata 0.82 Pullenia bulloides 0.15  

 Cibicidoides 

pachyderma 

0.16 Ehrenbergina trigona 0.13  

      

Negative loadings Hoeglundina 

elegans 

-0.28 Cibicidoides 

wuellerstorfi 

-0.03  

 Bulimina manginata -0.07 Globocassidulina 

subglobosa 

-0.03  

   Gyroidinoides 

orbicularis 

-0.04  

      

PC2     21 

Positive loadings Bulimina mexicana 0.15 Gyroidinoides 

orbicularis 

0.17  

 Bolivina robusta 0.14    

      

Negative loadings Bulimina aculeata -0.26 Hoeglundina elegans -0.55  

 Uvigerina peregrina -0.52    

 

5. Discussion 

 

5.1. Intermediate Cdw concentrations from Northern Indian Ocean 
 

In the modern ocean, benthic foraminifera Cd/Ca have a positive correlation with Cdw and labile 

nutrient (phosphate and nitrate) (Boyle et al., 1976; Hester and Boyle, 1982). As aragonite benthic 

foraminifera H. elegans faithfully records the bottom water Cd concentrations (Cdw), Cd/Ca ratios 

could be converted to seawater Cdw with the relationship (Eq.4.1), where the partition coefficient 

Dp ≈ 1 for all water depth (Boyle et al., 1995; Bryan and Marchitto, 2010). 

 

   𝐷𝑝 =
(𝐶𝑑 𝐶𝑎)𝑓𝑜𝑟𝑎𝑚⁄

(𝐶𝑑 𝐶𝑎)𝑤𝑎𝑡𝑒𝑟⁄
                                                        (Eq. 4.1) 

 

However, the partition coefficient in the calcite species changes with water depth. For water depths 
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below 3000m, Dp ≈ 2.9 and for water depths between 1150-3000 m, was calculated based on the 

equation of Boyle, (1992; Eq. 4.2). The seawater Ca concentration is assumed to be a constant mean 

value of 0.01 mol/kg (Boyle, 1992).  

 

𝐷𝑝 = 1.3 + (depth − 1150) × (1.6 1850)⁄                              (Eq. 4.2) 

 

The intermediate Cdw based on the H. elegans Cd/Ca values of core MD77-191 range from 0.5 to 

3.1μmol/kg since 17 cal kyr BP (Fig. 6a). Cdw results from core MD77-191 indicate a shift from 

last deglaciation (~0.8 nmol/kg) to late Holocene (~1.31 nmol/kg). A continuous increase in the 

Cdw begins at 10 cal kyr BP and is marked by a major shift at around 6.4 cal kyr BP with values up 

to 3.1 nmol/kg for 5.2-2.4 cal kyr BP time interval. In addition, variations of Cdw obtained on H. 

elegans during the last deglaciation indicate a decrease of about ~0.5 nmol/kg at 16-15.2 and 12.6-

11 cal kyr BP time intervals during the last deglaciation, with a slight increase (0.9 nmol/kg) 

between 15 and 13.3 cal kyr BP.   

The intermediate Cdw was also calculated for calcite benthic species C. pachyderma, 

Globobulimina spp. and U. peregrina obtained from core MD77-191. The Cdw values of deep 

infanual Globobulimina spp. do not exhibit strong variations compared to the Cdw records of C. 

pachyderma and U. peregrina, displaying a general increasing trend from the last deglaciation to 

the Holocene. In addition, the relatively lower change of Globobulimina spp. Cd/Ca compared to 

the other species investigated here may indicate a stable nutrient of the pore water, as 

Globobulimina spp. is a deep benthic infaunal species compared with other benthic taxa (Fig. 6d). 

During the last deglaciation, the Cdw values show a decreasing trend during the 17-15.2 and 12-11 

cal kyr BP intervals, with mean values of ~ 0.59 and 0.65 nmol/kg, respectively, for C. pachyderma 

and ~ 0.62 and 0.67 nmol/kg, respectively, for U. peregrina) (Fig. 6b and c). In addition, these two 

species (C. pachyderma and U. peregrina) Cdw records all display a higher value (~0.94 and 0.84 

nmol/kg) at the 15-14.3 cal kyr BP interval (Fig. 6b and c). Such variations of Cdw obtained on C. 

pachyderma and U. peregrina are in good agreement with those obtained on H. elegans. Then, the 

Cdw displays a general increase during the Holocene, with average values of ~0.87 nmol/mol for C. 

pachyderma and ~0.81 nmol/kg for U. peregrina. 
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Fig. 6. (a)-(d) Cdw records calculated based on the Cd/Ca of benthic foraminifera Hoeglundina 

elegans, Cibicidoides pachyderma, Uvigerina peregrina, and Globobulimina spp. obtained from 

MD77-191, (e) Cdw record from MD77-1761 reconstructed by H. elegans Cd/Ca, the red line is the 

smoothed curves using a five-point average. EHCO: Early Holocene Climate Optimum associated 

to intensified summer monsoon rainfall is also displayed.   

 

For core MD77-176, the intermediate Cdw calculated from the H. elegans Cd/Ca records ranges 

between 0.6 and 1.7 nmol/kg over the past 18 cal kyr BP (Fig. 6e). Compared with intermediate 

Cdw from MD77-191, the Cdw record of core MD77-176 does not display a strong long-term trend 

from the last deglaciation to the Holocene. However, the trend of Cdw during the Holocene also 
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displays a slight increase both in value and range of variations since 6 cal kyr BP, which is 

associated with the increased in MD77-191 intermediate Cdw record at 6.4-2.2 cal kyr BP interval. 

In addition, the MD77-176 record was at a lower time resolution especially during the last 

deglaciation, and seems displaying a slight increase (1 nmol/kg) in the 18-15.4 cal kyr BP time 

interval, with a second shorter maximum (1.3 nmol/kg) at 13.4-11 cal kyr BP time interval.  

As the labile nutrient regenerates by the decomposition of organic matter from the surface water, 

such variations of Cdw could be due to a modification of the surface productivity. However, the Cdw 

could also be modified by variations of the water masses sources and/or the renewal process of 

deep-water masses (Marchitto, 2004; Marchitto and Broecker, 2006).  

 

5.2 Intermediate refractory nutrient variations since the last deglaciation 
 

The distribution of barium has a positive relationship with the refractory nutrient (silica and 

alkalinity) (Chan et al., 1977; Lea and Boyle, 1989). Thus, the release of dissolved barium to the 

bottom water during organic matter remineralization can be recorded through the benthic Ba/Ca, a 

potential tracer proxy for the refractory nutrients. 

The variations of the Ba/Ca records obtained on four benthic foraminiferal species (H. elegans, 

C. pachyderma, U. peregrina and Globobulimina spp.) are less clear compared with the Cd/Ca 

records from core MD77-191, especially at the millennial scales during the Holocene. However, the 

slight changes recorded at the millennial-scale in the Ba/Ca records are in agreement with the 

benthic Cd/Ca during the last deglaciation. Indeed, the records of Ba/Ca obtained from C. 

pachyderma, U. peregrina and H. elegans in MD77-191 all display decreasing trends during the 16-

15.2 cal kyr BP and 13.3-11 cal kyr BP time intervals, consistent with the benthic Cd/Ca changes 

during the same time intervals (Fig. S2). In addition, although the records of Ba/Ca from H. elegans, 

C. pachyderma and U. peregrina show different trends at the 10-9, 4.7-3.6 cal kyr BP time intervals 

(during the Holocene) and seem difficult to interpret in the detail, the Ba/Ca records from these 

three species all display an increasing trend during the 8.8-3.5 cal kyr BP. A larger shift occurs at 

around 6 cal kyr BP, which is in agreement with the variations of Cd/Ca records from the same core 

(Fig. S2).  

As both Ba/Ca and Cd/Ca records performed on H. elegans from core MD77-176 are at a much 

lower time resolution during the last deglaciation than the Holocene, it seems less reliable to 

describe the variations during the last deglaciation. Thus, we only focus on the variations since 10 

cal kyr BP. In order to better observe the variations during the Holocene, we will use the Cd/Cd and 

Ba/Ca records on the smoothed curves using a five-point average for a comparison (Figs. 4a and b). 
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These smoothed curves show a covariation for the Holocene (Figs. 4a and b). The records display a 

general increase since 10 cal kyr BP with significant shift at around 7 cal kyr BP. Finally, we 

suggest that the Ba/Ca and Cd/Ca records seem in agreement in the long-term variations during the 

Holocene and at millennial scale changes during the last deglaciation for core MD77-191.  

Changes in the Ba/Ca record indicates the influence of an additional source of Ba to the deep 

waters (surface productivity and river input), the source of water masses and/or the ventilation of 

deep-water masses (Martin and Lea, 1998; Ni Fhlaithearta et al., 2010). However, river inputs do 

not appear to play an important role in the variation of Ba/Ca. Although the River input is 

characterized by enriched Ba
2+

 relative to surface waters (Hall and Chan, 2004), but the transport of 

river barium is quite limited due the saturation of seawater related to BaSO4 (Ni Fhlaithearta et al., 

2010). In addition, we also compared the Ba/Ca record with the G. ruber δ
18

O records of core 

MD77-176 (Marzin et al., 2013) and MD77-191 which indicates the surface salinity variations in 

the core site (Figs. 4b, d and 5). The lower salinities during the earliest Holocene (around 10-7 kyr) 

are associated with an intensified Indian monsoon, leading to more freshwater discharge from the 

Ganges-Brahmaputra river system and from the Irrawaddy River (e.g., Marzin et al., 2013; 

Contreras-Rosales et al., 2014). This should have led to more river barium, however, we do not 

observe a larger increase in the Ba/Ca values, the opposite of what would be expected from strong 

river barium input. Thus, the influence of the large river input on the benthic Ba/Ca values can be 

discounted. Moreover, the Ba
2+ 

sourced from water masses also does not appear to be a major 

control at our core site. As in the modern Indian Ocean, the silica concentration of the core sites is 

similar with the southern sourced intermediate water (Fig.S3), and would reflect a stable refractory 

nutrient at the intermediate water depth.  

In addition, previous works indicate that the enhanced benthic Ba/Ca ratios could be mainly 

related to increased surface productivity and/or lower ventilation (e.g., Hall and Chan, 2004; Martin 

and Lea, 1998; Ni Fhlaithearta et al., 2010). Moreover, the Cdw could also reflect the surface 

productivity variations, source of water masses and/or the renewal process of deep water masses. 

Therefore, we will discuss these possible mechanisms below and will combine our data to enable us 

to decipher these different processes. 

 

5.3. Intermediate water circulation versus productivity effects 

 
In core MD77-191, we measured three calcite benthic taxa and one aragonite benthic species H. 

elegans, all of these records showing similar variations since 17 cal kyr BP. However, the Cd/Ca 

and Ba/Ca record of H. elegans has a higher resolution compared to other calcite benthic species, 
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especially during the last deglaciation. Moreover, we only produced a Cd/Ca record from H. 

elegans at core MD77-176 site. Thus, in the following discussion, we will only focus on the 

intermediate Cdw which were calculated by the H. elegans Cd/Ca from cores MD77-191 and 

MD77-176. In addition, the time resolution of H. elegans Cd/Ca and Ba/Ca records from core 

MD77-176 during the last deglaciation is very low compared with the Holocene, then, we only 

focus on the high resolution period since 10 cal kyr BP (Holocene).   

The significant changes in the relative abundance of planktonic foraminifera Globigerina 

bulloides seem correspond to enhanced productivity (Curry et al., 1992; Naidu et al., 1992), and the 

immediate response of G. bulloides to the changes of the productivity makes it to be a useful proxy 

to reconstruct the paleo-productivity (e.g., Naidu and Malmgren, 1996; Zaric et al., 2005; Bassinot 

et al., 2011). In addition, the total organic carbon (Corg) could be also used as an indicator of past 

productivity and/or bottom water ventilation changes (Naidu et al., 1992; Canfield, 1994; Calvert et 

al., 1995; Naik et al., 2017). In order to examine the relationships between intermediate Cdw and 

surface productivity since the last deglaciation in the eastern Arabian Sea, we compared the MD77-

191 Cdw values with the relative abundance of G. bulloides from the same core MD77-191, the 

records of Corg and the G. bulloides percentage obtained from core SK237 GC04 (1245m, 

southeastern Arabian Sea, Naik et al., 2017) (Figs. 7a-d). These records display a strong co-

variation since 17 cal kyr BP. Thus, we suggest the intermediate Cdw could be mainly influenced by 

the surface productivity.  

In addition, B. aculeata and C. pachyderma are major components to assemblage 1 (during the 

late Holocene), together with Pullenia bulloides and Ehrenbergina trigona (Figs. 8 and S1a). 

According to various authors, B. aculeata has a widespread distribution in the Southern Atlantic 

Ocean, the South China Sea and Arabian Sea, with preferred water depths from 1500 to 2500m 

(Miao and Thunell, 1993; Mackensen et al., 1995; Jian and Wang, 1997; Almogi-Labin et al., 2000). 

The distribution of B. aculeata is typically associated to high productivity and organic carbon flux 

(Mackensen et al., 1995; Altenbach et al., 1999). In the modern Arabian Sea, B. aculeata were 

observed in water with high phosphate and nitrate concentrations where surface productivity is high 

(De and Gupta, 2010). Pullenia bulloides is a shallow infaunal species, associated to mesotrophic 

environment in poorly ventilated deep waters in the northwestern Indian Ocean (Gupta and Thomas, 

1999). Ehrenbergina trigona are recorded commonly in low oxygen habitats (Caulle et al., 2014). 

We thus interpret assemblage 1 as indicating relatively low-oxygen and meso- to eutrophic bottom 

water conditions during the late Holocene (6-1.4 cal kye BP). This environment could be associated 

to a higher surface productivity. In addition, strengthened increased of intermediate Cdw records 

from MD77-191, all display larger increase during the 5.2-2.4 cal kyr BP associated to larger 
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variations in G. bulloides relative abundance from MD77-191 (Bassinot et al., 2011), which 

indicate an enhanced productivity during the late Holocene (Fig. 8). Benthic foraminifera 

assemblage 1 seem consistent with the geochemical proxies, reflecting a relatively low-oxygen 

level and meso- to eutrophic deep water conditions at the core site during the late  Holocene that 

could correspond to high productivity. 

By contrast, benthic foraminiferal assemblage 2 that dominate the last deglaciation to the early 

Holocene is characterized by H. elegans and Bulimina manginata as major contributors. The other 

quantitatively important contributors are Cibicidoides wuellerstorfi, Globocassidulina subglobosa, 

and Gyroidinoides orbicularis (Fig. S1b). In the northern Arabian Sea, Den Dulk et al. (1998) 

suggested that H. elegans preferred a high dissolved oxygen and low organic carbon level 

environment. Studies of living specimens from Bay of Biscay showed that the fauna dominated by 

H. elegans corresponds to rather oligotrophic settings (Fontanier et al., 2002). The live C. 

wuellerstorfi were found at low organic carbon flux rate (Mackensen et al., 1985; Burke et al., 1993; 

Altenbach et al., 1999). In addition, in the eastern Indian Ocean, it could indicate an environment 

characterized by a high oxygen concentration and a low carbon-flux rate (Murgese and De Deckker, 

2005, 2007). G. subglobsa is an infaunal cosmopolitan species which is found throughout the 

Atlantic, Pacific and Southern Ocean. It reflects an oligotrophic environment, which is associated 

with a lower organic matter and higher dissolved-oxygen concentrations (Schönfeld, 2001; De and 

Gupta, 2010 and references therein).  

Periods dominated by this taxon indicate then rather high oxygen levels and an oligotrophic 

environment. All evidences together suggest that intermediate water masses during the Holocene 

were characterized by high bottom water oxygen conditions and a low flux of organic matter. Thus, 

the assemblage 2 dominated during the (17-6 cal kyr BP interval) may be associated to the lower 

surface productivity compared with the late Holoecene (6-1.4 cal kyr BP). The benthic 

foraminiferal assemblages analysis seem difficult to be identified at millennial-scale variation 

during the last deglaciation (Fig. S1b). The records of G. bulloides percentage (Bassinot et al., 2011) 

and intermediate Cdw during the 17-6 cal kyr BP all display a larger variation since 6 cal kyr BP 

and show a much lower values compared with the late Holocene, and the depleted values are in 

agreement with the assemblage 2 indicating a poor surface productivity from the last deglaciation to 

the early Holocene.  

Thus, the benthic assemblages could indicate the organic matter flow, which may associated to 

the surface productivity especially in high carbon flux regions such as the Arabian Sea (Schnitker, 

1994). In addition, the benthic foraminifera fauna are consist with the Cdw record of core MD77-191 
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particularly during the late Holocene (6-1.4 cal kyr BP), and may indicate the record of Cdw mainly 

link to changes of the surface productivity at the core site. 

 

Fig. 7. (a) Organic carbon weight percentage (%Corg) and (b) G. bulloides percentage from core 

SK237 GC04 (1245m, Arabian Sea, Naik et al., 2017). (c) relative abundance of G. bulloides and (d) 

Cdw records from MD77-191 (Arabian Sea). (e) Relative abundance of angular asymmetrical 

benthic foraminifera (%AABF) from core SK237 GC04 (1245m, Arabian Sea, Naik et al., 2017). (f) 
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H. elegans Ba/Ca records from MD77-191 (Arabian Sea). EHCO: Early Holocene Climate 

Optimum associated to intensified summer monsoon rainfall is also displayed.   

 

The enhanced benthic Ba/Ca ratios could be mainly associated to the increased surface 

productivity and/or lower ventilation (e.g., Hall and Chan, 2004; Martin and Lea, 1998; Ni 

Fhlaithearta et al., 2010). We compared the H. elegans Ba/Ca record with the relative abundance of 

angular asymmetrical benthic foraminifera (%AABF) obtained from core SK237 GC04 

(southeastern Arabian Sea, 10°58.65’N, 74°59.96’E, 1245m; Naik et al., 2017) to figure out the 

influence of the bottom water ventilation, as the dropped in %AABF suggest enhanced bottom 

water ventilation (Nigam et al., 2007; Mazumder and Nigman, 2014; Naik et al., 2017) (Figs.7e and 

f). All of these two records display decreasing trend during the 16-15.2 cal kyr BP and 13.3-11 cal 

kyr BP time intervals. In addition, during the early Holocene, these two records decrease from 9 to 

6 cal kyr BP. However, the H. elegans Ba/Ca of MD77-191 and %AABF from SK237 GC04 

display an opposite trend since 6 cal kyr BP. By contrast, the Ba/Ca record seems consistent with 

the increasing trend in Cdw during the 6-3.5 cal kyr BP interval (Figs. 7 d and f). As we discussed 

before, the intermediate Cdw from MD77-191 is mainly controlled by the surface productivity; thus, 

we suggest that the H. elegans Ba/Ca may also be affected by the productivity (during the late 

Holocene) and/or bottom water ventilation (from the late deglaciation to the early Holocene, the 

period with low productivity). 

 For core MD77-176 in the northern BoB, the smoothed curves of intermediate Cdw and H. 

elegans Ba/Ca records show a covariation for the Holocene (Figs. 6e and 4b). These records display 

a general increase since 10 cal kyr BP with significant shift at around ~6 cal kyr BP, which is 

agreement with the larger variation of Cdw obtained from MD77-191 during the Holocene, thus we 

suggest the H. elegans Ba/Ca and Cdw may also reflect the surface productivity.  

 

5.4. Changes in intermediate water circulation, paleo-productivity and global 

implications       
 

During the Holocene, the intermediate Cdw obtained from cores MD77-191 and MD77-176 

display a continuous increasing trend since 10 cal kyr BP and with larger variations between 5.2 

and 2.4 cal kyr BP. Compared with the late Holocene, the lower values of intermediate Cdw between 

10 and 6 cal kyr BP, corresponding to depleted values of G. bulloides relative abundance from cores 

SK237 GC04 and MD77-191 in the same time interval, and may indicate a poor surface 

productivity for the time interval from 10 to 6 cal kyr BP than during the late Holocene (Naik et al., 
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2017) (Figs. 7b-c). The hypothesis to explain the lower surface productivity during the 10-6 cal kyr 

BP could be related by the intensified monsoon precipitation, and/or enhanced transport of low 

salinity water from the BoB (Sirocko et al., 2000; Naik et al., 2017). As the early Holocene Climate 

Optimum (10-6 cal kyr BP) is characterized by enhanced monsoon precipitation (Marzin et al., 

2013; Contreras-Rosales et al., 2014) (Figs.9c-e), this should lead to more freshwater discharge 

from the Ganges-Brahmaputra river system and from the Irrawaddy River, then resulting in 

pronounced ocean stratification of the northern BoB and the south tip of India. Thus, this process 

may in turn decrease the surface productivity in the northern BoB and southeastern Arabian Sea.   

 

Fig. 8. Comparison benthic assemblage 1 of MD77-191 with intermediate Cdw and G. bulloides 

percentage from the same core. (a)-(d) relative abundance of dominated species from benthic 
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assemblage 1, (e) PC 1 scores, (f) intermediate Cdw and (g) G. bulloides percentage from core 

MD77-191. EHCO: Early Holocene Climate Optimum associated to intensified summer monsoon 

rainfall is also displayed.   

In addition, strengthened increased of intermediate Cdw records from cores MD77-191 and 

MD77-176 during the 5.2-2.4 cal kyr BP are associated to larger variations in G. bulloides relative 

abundance from cores SK237 GC04 and MD77-191, which indicate an enhanced productivity 

during the late Holocene (Naik et al., 2017) (Figs. 7b-c). Moreover, the changes in the Cdw records 

are also consistent with the weakened summer monsoon intensity and rainfall during the late 

Holocene, which were observed in the BoB and Indian continent (Marzin et al., 2013; Contreras-

Rosales et al., 2014; Sarkar et al., 2015) (Fig.9). This could also strongly support the hypothesis of 

the seesaw relationship between intense monsoon rainfall and the surface productivity in the BoB 

and south tip of Arabian Sea during the Holocene.    

During the last deglaciation, short events have been recorded at the core MD77-191 site during 

the 16-15.2 and 12.6-11 cal kyr BP intervals. A significant decrease in G. bulloides relative 

abundance obtained from cores SK237 GC04 (Naik et al., 2017) and MD77-191, as well with 

depleted intermediate Cdw from core MD77-191 during the time  interval from 16 to 15.2 cal kyr 

BP, all suggest a decrease of surface productivity (Figs. 7b-d). A small decrease in the relative 

percentage G. bulloides of core SK237 GC04 and Cdw occur in the 12.6-11 cal kyr BP may also 

indicate reduced productivity during this interval (Figs. 7b and d). In addition, the drop of %AABF 

from core SK237 GC04 and H. elegans Ba/Ca records indicate better ventilation bottom water, 

which result in a decreasing trend of %Corg due to a poor preservation (Figs. 7a, e and f).   

The depleted Ba/Ca values in the 16-15.2 and 12.6-11 cal kyr BP intervals correspond to increase 

of benthic δ
13

C and a decrease in [CO3
2-

] records obtained from the same core (Fig. 10). In addition, 

the changes in the benthic δ
13

C record, and B-P age offsets obtained on the sedimentary marine 

cores from Arabian Sea and Bay of Bengal at the 16-15.2 and 12.6-11 cal kyr BP intervals 

correspond to warming episodes in Antarctica and the Southern Hemisphere during the deglaciation 

(e.g., Epica, 2006; Cuffey et al., 2016). These time intervals also correspond to better ventilation in 

the South Ocean (e.g., Anderson et al., 2009; Skinner et al., 2010), which led to an enhanced 

vertical ventilation in the Southern Ocean resulting in an increased production of intermediate water 

masses (AAIW) (Anderson et al., 2009). Moreover, the decreased Ba/Ca obtained from MD77-191 

may suggest better ventilated intermediate water during the 16-15.2 and 12.6-11 cal kyr BP 

intervals. These also provide the evidence for the enhanced northern flow of AAIW in the northern 

Indian Ocean. 
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Fig. 9. (a) and (b) intermediate Cdw calculated by H. elegans obtained from MD77-176 and MD77-

191, respectively. (c) Lonar Lake δ
13

Cwax record (Sarkar et al., 2015). (d) δDAk-ic record from 

core SO188-342KL (Contreras-Rosales et al., 2014). (e) G. ruber δ
18

O obtained from MD77-176 

(Marzin et al., 2013). EHCO: Early Holocene Climate Optimum associated to intensified summer 

monsoon rainfall is also displayed.       

 

An increase in benthic δ
13

C values is observed during the 17-15.2 and 12.6-11 cal kyr BP time 

intervals in the northern Indian Ocean (e.g., Duplessy et al., 1984; Curry et al., 1988; Naqvi et al., 
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1994; Jung et al., 2009; Ma et al., 2019). The similarity between the benthic δ
13

C-increases reflects 

the northward expansion of AAIW during time intervals 17-15.2 and 12.6-11 cal kyr in the western 

Arabian Sea, Pacific Ocean and BoB (Jung et al., 2009; Pahnke and Zahn, 2005; Ma et al., 2019). 

However, as AAIW is formed from the deep waters AABW, air-sea exchange could also affect the 

values of δ
13

C, as the intermediate benthic δ
13

C in the Southern Ocean is dominated by the 

influence of air-sea exchange (Lynch-Stieglitz et al., 1994). Thus, values of intermediate benthic 

δ
13

C could increase relatively via stronger upwelling during the formation of AAIW.  

Furthermore, the transition in the ɛNd and Δ
14

C records during the deglaciation also indicates a 

strong northward penetration of AAIW within the North Atlantic and Bay of Bengal (e.g., Cao et al., 

2007; Pahnke et al., 2008; Pena et al., 2013; Yu et al., 2018). During the last deglaciation, core 

MD77-176 record of B-P age offsets displayed a decreasing trend in the 17-15.2 and 12.6-11 cal kyr 

intervals, and also indicated a stronger upwelling and an enhanced northern flow of AAIW from the 

Southern Ocean during these two periods (Ma et al., 2019). In addition, during the last deglaciation, 

a decrease in [CO3
2-

] records of core MD77-191 also suggest the release CO2 from the deep ocean 

in the deglacial period through the explanation of AAIW (Ma et al., in prep.).   

In addition, the depleted Ba/Ca values obtained from the northern Indian Ocean at 16-15.2 and 

12.6-11 cal kyr BP intervals are synchronous with a two-step increase of atmospheric CO2 (Fig.10). 

Combined with variations in B-P age offset and benthic 
13

C records reported from the same region, 

all these signals could indicate strong upwelling and enhanced northern flow of AAIW from the 

Southern Ocean during these two periods. Thus, the variations of these records could provide strong 

evidence for the hypothesis that the Southern Ocean upwelling played a vital role for the CO2 

increase in the deglacial period (Anderson et al., 2009; Skinner et al., 2010, 2014). However, 

Kohfeld et al. (2005) suggested that although the physical processes (such as ventilation) could be 

involved for most of the glacial-interglacial CO2 change, the biological pump may also contribute 

around less than half of the observed changes of CO2 during the glacial-interglacial transitions. In 

addition, the depleted intermediate Cdw and Ba/Ca records from the Arabian Sea indicate reduced 

surface productivity and/or enhanced ventilation, and thus a weaker biological production could 

also contribute to the two-step increase of atmospheric CO2 during the 16-15.2 and 12.6-11 cal kyr 

BP intervals.  
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Fig. 10. (a) Ice core atmospheric CO2 from Antarctic Dome C (Monnin et al., 2001); (b) 

intermediate [CO3
2-

] record, (c) H. elegans Ba/Ca ratios, and (d) benthic δ
13

C records obtained 

from MD77-191. The grey-shaded intervals mark the two-step increase in atmospheric CO2, the 

yellow-shaded interval marks the 15-13.3 cal kyr BP interval. 

 

6. Conclusion 

 

Changes in benthic foraminiferal Cd/Ca and Ba/Ca were reconstructed on core MD77-191 (1254 

m water depth) located in the south tip of India, as well as on core MD77-176 (1375 m water depth) 
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obtained from the northern BoB, in order to obtain the evolution of intermediate water circulation 

and paleo-nutrient changes in the northern Indian Ocean since the last deglaciation. Benthic 

elemental ratios Cd/Ca and Ba/Ca seem mainly influenced by the surface productivity changes 

and/or the intermediate-bottom water ventilation.  

We reconstructed seawater Cdw concentration by converting H. elegans Cd/Ca. During the late 

Holocene (5.2-2.4 cal kyr BP), the increased intermediate Cdw concentrations of cores MD77-191 

and MD77-176 indicate an enhanced surface productivity in the southeastern Arabian Sea and 

northeastern BoB, corresponding to weakened monsoon intensity and rainfall. By contrast, the 

lower values of intermediate Cdw obtained from two cores indicate an enhanced monsoon 

precipitation and/or increased river input from the Himalayan rivers. In addition, benthic 

foraminiferal assemblages obtained from core MD77-191 were also investigated, and consistent 

with the records of G. bulloides relative abundance (Bassinot et al., 2011) and intermediate Cdw 

obtained from the same core. Results indicate that assemblage 2 dominated the 17-6 cal kyr BP, 

reflecting a high bottom water oxygen conditions and a low flux of organic matter, corresponding to 

a poor productivity. The typically late Holocene assemblage indicates relatively low-oxygen level 

and meso- to eutrophic deep-water conditions, associated with high surface productivity during the 

late Holocene. 

Moreover, during the last deglaciation, decreased intermediate Cdw concentration and benthic 

Ba/Ca ratios are related to depleted surface productivity changes and/or the enhanced ventilation of 

intermediate-bottom water masses at the in the 16-15.2 and 12.6-11 cal kyr BP intervals. Combined 

with the increased benthic δ
13

C, depletion in [CO3
2-

] and decreased B-P age offsets occurred during 

the same intervals, all of these changes indicate the increased northward flow of AAIW during 16-

15.2 cal kyr BP and 12.6-11 cal kyr BP time intervals. These signals also provide strong evidence 

for the important role of enhanced Southern Ocean ventilation to the CO2 increase during the last 

deglaciation.  
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Supplementary figures 

 

Fig. S1. Down core variations of PC 1 scores and the percentages of major species in: (a) benthic assemblage 

1 and (b) benthic assemblage 2. 

Fig. S2: comparison of Cd/Ca and Ba/Ca obtained from MD77-191. (a) Cd/Ca and (b) Ba/Ca 

records from Hoeglundina elegans; (c) Cd/Ca and (d) Ba/Ca records from Cibicidoides pachyderma; 

(e) Cd/Ca and (f) Ba/Ca records from  Uvigerina peregrina; (g) Cd/Ca and (h) Ba/Ca records from  

Globobulimina spp. EHCO: Early Holocene Climate Optimum associated to intensified summer 

monsoon rainfall is also displayed. 

 Fig. S3: Silica (μmol/kg, coloured shading) depth-latitude section using the Ocean Data View 

(ODV) software (Schlitzer, 2015) and vertical distribution of water masses in the Arabian Sea and 

Bay of Bengal (N-S cross section).  
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a) 

 

Fig. S1 
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b) 

 

Fig. S1 
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Chapter 6: Changes in the intermediate circulation from Eastern 

Equatorial Indian Ocean since MIS 17 based on the benthic elemental 

ratios 

 

 

In this chapter, I present the preliminary interpretation of geochemical records of benthic 

elemental ratios from SHI9001. The stable isotope analysis used to build the age model have been 

performed very lately during the PhD work, preventing thus a complete interpretation of the 

results that will be further developed in the future. Hereafter, I present the preliminary age model, 

as well as some interpretation tracks to be followed to understand the elemental ratio and stable 

isotopes results. 
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6.1. Introduction 

 

The Eastern Equatorial Indian Ocean is a key area to study the connections between the Pacific 

Ocean and the Indian Ocean through the Indonesian Throughflow (ITF). Indeed, the ITF transports 

about 10 Sv of warm, low salinity water from the Pacific Ocean through the passageways of the 

Indonesian archipelago into the eastern Indian Ocean (e.g., You and Tomczak, 1993; You, 1998; 

Tomczak and Godfrey, 2003). North Pacific thermocline and intermediate water masses are leaving 

the oceanic gateway via the Makassar Strait, Lombok Channel (1.2 Sv), Ombai Strait (4.5 Sv) and 

Timor Sea (4.3 Sv), to form a major heat source for the Indian Ocean and contribute about one third 

to the upper water mass transport in the North Atlantic at 20°N (Schiller et al., 1998; Speich et al., 

2001). The ITF contributes to the intermediate water circulation in the Northern Indian Ocean 

through the Indonesian Intermediate Water, flowing through the Bay of Bengal off Sumatra, the 

Southern Ocean along the Australian coast and the Arabian Sea via the Equatorial Indian Ocean 

(You, 1998). The IIW enter into the Indian Ocean just south of the Java Island, making this area a 

key point to study past exchanges between the Pacific and the Indian Ocean, and to decipher how 

changes in Pacific Ocean circulation can affect the IIW.  

Past studies of the ITF have mainly focused on surface and thermocline depths, and give different 

results:  

i) at the surface, changes in the sea-surface temperatures SST and marine paleoproductivity seem 

to be related to variations in the upwelling intensity, associated to the monsoon strength, with a 

processional cyclicity and at a longer timescale, due to low-latitude climate phenomena such as El 

Niño–Southern Oscillation or the Indian Ocean Dipole or Zonal Mode (Lückge et al., 2009). 

However, a recent work (Wang et al., 2018) has pointed out changes in the SST related to glacial-

interglacial changes. Another study has exhibited the role of the southern high-latitude climate on 

SST at glacial-interglacial timescale (Mohtadi et al., 2010). In addition, studies on marine records 

from the Sumatran continental margin (De Deckker and Gingele, 2002; Gingele et al., 2002), or the 

oceanic realm off south Java (Martinez et al., 1999; Takahashi and Okada, 2000), suggest that 

changes in the East Asian Monsoon (EAM) intensity have been driving the surface oceanic mixing 

and paleo-productivity in the eastern Indian Ocean, without assigning any significant role to the 

Pacific Ocean or the ITF. To finish, the connection with the Northern Indian Ocean remains unclear 

since a SST reconstruction from the Andaman Sea exhibiting a 3° cooler SSTs during the last 

glacial compared to today has established a direct link between local hydrography and changes in 

the intensity of the Asian monsoon system, rather than a global climatic mechanism connecting 
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both areas (Rashid et al., 2007); 

ii) at the thermocline depth, variations in the thermocline water temperature TWT mainly exhibit 

a precession cyclicity associated to the austral winter monsoon and independent from the glacial-

interglacial conditions (Wang et al., 2018). These variations have also been related to changes in the 

TWT changes in the North Indian Ocean, with a warmer TWT during glacial stages (Mohtadi et al., 

2010); 

iii) finally, none of these previous works has extended back in time older than 300 kyr, and most 

of them have focused on surface and thermocline depths, without any record for intermediate water. 

The aim of this work is to better understand past changes in the intermediate water circulation, by 

using geochemical proxies measured on benthic foraminifera from a marine sediment core retrieved 

off Java (core SHI9001 6°11.57' S 103°11.80' E) at 1348m water depth. This study will help to 

better understand the connections between the Pacific Ocean and the Indian Ocean through the ITF 

and the IIW at glacial-interglacial as well as at longer timescale. 

 

6.2. Studied area 

 

Surface circulation in the study area is dominated by the monsoon wind regime. During the NW 

monsoon season (December–March), the South Java Current (SJC) (coming from the Equatorial 

Counter Current ECC), is flowing to the southeast to mix with the Leeuwin Current (LC), forming 

from warm and saline water coming from the eastern part of the Indonesian Archipelago (Tomczak 

and Godfrey, 1994). The mixing of the SJC and the LC feeds the South Equatorial Current (SEC) 

flowing westward. Lower salinities are observed in the SJC because of fresher water coming from 

the Java Sea and runoff from Sumatra and Java. During the SE monsoon (July–October), the SJC is 

moving northwestward to give origin to the SEC without any significant contribution of the LC 

(Quadfasel and Cresswell, 1992). This is also the season during which an active upwelling system 

off S Java and SW Sumatra is established (Tomczak and Godfrey, 1994). At the thermocline depth, 

the dominant water masses are the North Indian Water (NIW) and the ITF (Gordon et al., 1997; 

Wijffels et al., 2002). The NIW is forming from the Indian Central Water (ICW), and mixes with 

the outflow of salty marginal seas (Red Sea and Persian Gulf) when crossing the equator. The NIW 

are flowing northward following the SJC. The ITF is made of intermediate waters from the North 

and South Pacific. The ITF strength increases during the boreal summer, transferring cooler and 

fresher thermocline waters, and warmer and fresher surface waters to the Indian Ocean (Gordon et 

al., 1997). 
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Fig. 6.1. Mean surface (dashed arrows) and subsurface (solid arrows) currents in the studied area 

with core SHI9001 location. Gray dashed area roughly indicates the spatial extension of the Java 

upwelling. ECC, Equatorial Counter Current; ITF, Indonesian Throughflow; LC, Leeuwin Current; 

NIW, North Indian Water; SEC, South Equatorial Current; SJC, South Java Current; SJUC, South 

Java Undercurrent. Note the seasonal reversal in the flow direction of the SJC. Adapted from 

Mohtadi et al. (2010). 

 

6.3. Material and Methods  

 

Core SHI9001 (6°11.57' S 103°11.80' E, 1348m) is located in the Eastern Equatorial Indian 

Ocean EEIO and was collected during the SHIVA cruise. A total of 88 samples were sieved for 

benthic foraminiferal analysis.  

Oxygen and Carbon stable isotope have been performed on 70 samples of C. wuellerstorfi at the 

State Key Laboratory of Marine Geology of Tongji University (Shanghai, People’s Republic of 

China). Approximately 4-8 clean and well-preserved specimens (>250 μm) were selected per 

sample. Stable isotope analyses were performed using a Finnigan MAT 253 mass spectrometer, 

with a mean external reproducibility better than ±0.07‰ for δ
18

O and ±0.04‰ for δ
13

C. δ
18

O and 

δ
13

C values were calibrated versus PDB by using National Bureau of Standards (NBS) standards. 

Further analysis of planktonic foraminifera Globigerinoides ruber are going to be performed during 

summer 2019 in order to complete the benthic record.  

Mg/Ca, Sr/Ca, U/Ca, Li/Ca, Cd/Ca and Ba/Ca ratios were measured in shells of the epi-faunal 

benthic foraminifera H. elegans (aragonite) and shallow endo-benthic Uvigerina peregrina (calcite) 
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from cores SHI9001. An epi-faunal species that growths on the sediment-seawater interface 

minimizes the influence of pore water composition in the elemental ratios (Lutze and Thiel, 1989) 

whereas U. peregrina is an endo-benthic species with an intermediate microhabitat (Fontanier et al., 

2002). 

Each sample contained approximately 8-15 individual foraminifers larger than 250μm. The 

foraminiferal tests were crushed open between two glass plates. The resulting fragments were 

ultrasonically cleaned to remove clays, and then submitted to oxidative and reductive protocols to 

remove organic matter and oxides following methods described by Boyle and Keigwin (1985) and 

Barker et al. (2003). Samples were dissolved in 0.075N HNO3 and analyzed using a single collector 

sector field high resolution inductively coupled plasma mass spectrometer (HR-ICP-MS) Thermo 

Element XR hosted at the Laboratory GEOPS (University Paris-Sud, France).  

The detailed instrumental settings and mother standard solution have been described in previous 

Chapters. A blank consisting of the same 0.1N HNO3 used to dilute the standards and samples is 

also analyzed. On HR-ICP-MS, the elemental blanks are better than ±0.12% for Mg, ±0.02% for Sr, 

±5.5% for Li, ±0.05% for U, ±6% for Cd and ±1.6% for Ba/Ca. All raw intensities (including 

standards) are corrected by removing the specific blank intensity values. Drift corrections during the 

course of daily analyses were performed through bracketing and linear regression estimated using 

standards interspersed every four samples. Standard curves are used to calculate elemental/Ca ratios, 

coefficients of determination (r
2
) are always >0.9999 for all elemental ratios. The mean 

reproducibility and accuracy is Mg/Ca 2.1%, Sr/Ca 0.8%, Li/Ca 0.1%, U/Ca 3%, Cd/Ca 7.5% and 

Ba/Ca 4.5%.  

 

6.4. Benthic foraminiferal records  

 

6.4.1. Stable isotope records 

 

The C. wuellerstorfi 
18

O record ranges from 2.40‰ to 3.89‰ at 240 and 510 cm, respectively. 

Cyclic variations are observed, and seem to correlate with glacial-interglacial changes.  


13

C results range from -1.17‰ at 740 cm to 0.47‰ at 90 cm. Variations in the 
13

C seem to be 

anti-correlated to the 
18

O record. Moreover, a long-term trend is observed, with an average 

increase from ≈-0.5 to ≈0.3 ‰ from the bottom to the core-top. 
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Fig. 6.2. C. wuellerstorfi stable isotopes records from core SHI9001. 

 

6.4.2. Elemental ratios results 

 

To check the validity of the elemental ratios results, the Mn/Ca from SHI9001 was systematically 

measured. The Mn/Ca of H. elegans and U. peregrina range between 0.5-5 µmol/mol and 1-25 

µmol/mol, respectively, which is much lower than the 100 µmol/mol limit proposed by Boyle, 

(1983). The Fe/Ca values of H. elegans and U. peregrina are generally lower than 0.5 mmol/mol in 

all samples from core SHI9001. In addition, Barker et al., (2003) suggested a detection limit for 

uncleaned samples for Al/Ca at ＞0.5 mmol/mol, and all Al/Ca results are below 0.5 mmol/mol, 

indicating the efficiency of the sample cleaning, suggesting the lack of sedimentary clay 

contamination.  

 

6.4.2.1. Elemental ratios results of H. elegans 

 

Mg/Ca and Sr/Ca ratios of core SHI9001 range from 0.3-0.6 mmol/mol and 0.4-1.3 mmol/mol, 

respectively (Fig. 6.3). The H. elegans Mg/Ca and Sr/Ca records show a strong covariation. These 
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elemental ratios records display a decrease from 870 cm to 407 cm, reaching minimum values of 

Mg/Ca (0.3 mmol/mol) and Sr/Ca (0.4 mmol/mol). Then, records show a continuous decrease from 

400 to the core top (10 cm). 

Cd/Ca and Ba/Ca records range from 0.07-0.15 µmol/mol and 1.2-7 µmol/mol (Fig. 6.3). The 

Cd/Ca and Ba/Ca values show an increasing trend during the 870-630 cm and 590-520 cm intervals, 

with average values of ~0.13 µmol/mol for Cd/Ca and ~5.4 µmol/mol for Ba/Ca. Then, the 

elemental ratios display a decrease since 510 cm. Compared with benthic Ba/Ca variations, the 

Cd/Ca variations are less clear from 510 to the core-top. By comparison, the Ba/Ca record reaches 

an increase in the 407-248 cm depth interval, with a maximum (7 μmol/mol) at 248 cm depth.  

Li/Ca and U/Ca records range between 0.6-4 µmol/mol and 17-64 nmol/mol (Fig. 6.3). Li/Ca 

and U/Ca records keep a stable value (~2.5 µmol/mol and ~20 nmol/mol) between 870-550cm. 

Thereafter, Li/Ca values display a significant decrease in the 520-480 cm interval reaching a 

minimum value (0.6 µmol/mol), and then show a continuous increase from 470 to the core-top. By 

contrast, U/Ca records display a significant increase from 510 cm to the core top and reach a 

maximum value (64 nmol/mol) in 210 cm depth. 
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Fig. 6.3. Core SHI9001 H. elegans Mg/Ca, Sr/Ca, Cd/Ca, Ba/Ca Li/Ca and U/Ca records. 
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6.4.2.2. Elemental ratios results of U. peregrina 

 

Mg/Ca, Sr/Ca, Cd/Ca, Ba/Ca, Li/Ca and U/Ca U. peregrina ratios from core SHI9001 range 

from 0.9-2 mmol/mol, 1.1-1.7 mmol/mol, 0.12-0.2 µmol/mol, 4.5-9.4 µmol/mol, 14-21 µmol/mol 

and 8.7-35 nmol/mol, respectively (Fig. 6.4). Mg/Ca, Sr/Ca and U/Ca show an increasing trend 

between 800 and 447 cm depth interval, and reach a maximum value (2 mmol/mol, 1.7 mmol/mol 

and 35 nmol/mol, respectively). Thereafter, the records of Mg/Ca, Sr/Ca and U/Ca generally 

decrease until the core-top. In addition, an increasing trend is observed in the Li/Ca record from 800 

cm to 307 cm, and the maximum value (21 µmol/mol) is reached at 307 cm depth. Then, the record 

of Li/Ca shows a decreasing trend in the core-top (278-80 cm depth interval). The Cd/Ca and Ba/Ca 

elemental ratios display a slight increase in the 800-307 cm depth interval. The Cd/Ca and Ba/Ca 

records generally show a continuous decrease from 278 cm to 20 cm. The lowest values are found 

in this depth interval reaching 0.12 µmol/mol and 4.5 µmol/mol, respectively. However, the 

continuous decrease is interrupted by an increase during the 259 -190 cm depth interval. 
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Fig. 6.4. Core SHI9001 U. peregrina Mg/Ca, Sr/Ca, Cd/Ca, Ba/Ca Li/Ca and U/Ca records. 
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6.5. Discussion 

 

6.5.1. Age model 

 

The age model for core SHI9001 was obtained by correlating the benthic 
18

O record (Figure 6.5) 

with the reference record LR04 (Lisiecki and Raymo, 2005) using the Analyseries software 

(Paillard et al., 1996). We also tested the comparison with the planktonic 
18

O record of core 

SO139-74KL off Sumatra (6°543’S, 103°833’E, 1690m) spanning the last 290 kyr (Wang et al., 

2018). Both age models are in agreement for the last 290kyr, and for the older time-period, we only 

used the LR04 reference record. However, because of the low resolution of the record, the oldest 

Marine Isotope Stages MIS were more difficult to be compared to the LR04 benthic stack. We 

chose the two maximum values of the 
18

O at 3.89‰ and 3.85‰ at 510 and 840 cm depths, 

respectively, as indicating MIS 10 and 16, respectively. Following this method, the record in core 

SHI9001 extended down to MIS 17 that spans the last ≈685 ka. Sedimentation rates are variable 

from glacial to interglacial stages, with a constant trend of low to high values, respectively. On 

average, sedimentation rates for interglacial and glacial periods were determined as 2.5 and 1 cm/ka, 

respectively. 

 

 

 

Fig. 6.5. Core SHI9001 18
O versus age (black dots and curve). Age model based on LR04 benthic 

stack (dark grey, Lisiecki and Raymo, 2005) and core SO139-74KL 18
O planktonic record (light 
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grey, Wang et al., 2018). Gray band and peer numbers indicate glacial stages. 

The SHI9001 benthic 
13

C record exhibits less clear variations related to glacial-interglacial 

cycles, but seems to show a longer trend. In order to better understand core SHI9001 
13

C record, 

we compare it to the benthic 
13

C stack from Hoogakker et al., (2006) and to records from the South 

China Sea (ODP1143, 9°36198’N, 113°28503’E, 2771m, Wang et al., 2004) and the Timor Sea 

(core MD01-2378, 13°0825’S, 121°788’E, 1783m, Holbourn et al., 2005) (Fig. 6.6). 

 

 

 

Fig. 6.6. Core SHI9001 13
C record (black curve and dots) compared to a 13

C benthic stack (dark 

grey, Hoogakker et al., 2006), and 13
C records from the South China Sea (medium grey, ODP1143, 

Wang et al., 2004) and the Timor Sea (light grey, core MD01-2378, Holbourn et al., 2005). Gray 

band and peer numbers indicate glacial stages. 

 

Global trends for the different records are quite similar, even if because of the low-resolution of 

core SHI9001, the variations are sometimes less clear. These variations of about 400 kyr duration 

have been associated in the literature to concomitant changes in the burial fluxes of organic and 

inorganic carbon due to ventilation changes and/or changes in the production and export ratio 

(Hoogakker et al., 2006). In particular, 2 major events punctuated the last million-year period, the 

mid-Pleistocene transition (MPT) centered at 0.9 Ma and the mid-Brunhes event (MBE) around 0.4 

Ma, both of them marked by a 
13

C maximum values (Wang et al., 2004). Although now well 

documented, the underlying causes for these large-scale variations in the 
13

C are still under debate, 

implying changes in the changes in ratio between particulate and dissolved organic carbon 
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(POC/DOC) in the ocean, as well as changes in the ocean circulation and in the global Carbon pool, 

also implying exchanges with the atmosphere. The role of the Southern Ocean is in particular 

invoked, because of its central role in the connection between all ocean basins, as well as in the 

biogeochemical processes (Wang et al., 2004). 

 

6.5.2. Comparison between stable isotope records and elemental ratio results 

 

In order to better decipher the variations observed in the elemental ratio records, we processed 

cross-comparison between the results for each species (Tables 6.1. and 6.2.). 

 

 Table 6.1. Correlation coefficient (R
2
) calculated between the different element/Ca ratios for H. 

elegans. The observed negative correlations are indicated in red and the highest R
2
 are highlighted 

in yellow. 

 

Table 6.2. Correlation coefficient (R
2
) calculated between the different element/Ca ratios for U. 

peregrina. The highest R
2
 are highlighted in yellow. 

 

Different groups emerge from these results: 

1) H. elegans Mg/Ca, Sr/Ca and, with a lowest R
2
, the Li/Ca, seem to be in agreement. The highest 

R
2
 are observed between the Cd/Ca, Ba/Ca and U/Ca, with negative trends between the U/Ca and 

the two other ratios. However, we can notice that the Cd/Ca, Ba/Ca and Li/Ca records exhibit a 

longer trend with an abrupt decrease of the values at about 400 kyr, whereas the U/Ca ratio 

increases at the same time. 

 Mg/Ca Sr/Ca Li/Ca Cd/Ca Ba/Ca U/Ca 

Mg/Ca   0,46950 0,17925 0,00118 0,08497 0,00155 

Sr/Ca 0,46950   0,34731 0,2695 0,35924 0,24727 

Li/Ca 0,17925 0,34731   0,27044 0,13506 0,11875 

Cd/Ca 0,00118 0,26950 0,27044   0,47221 0,60486 

Ba/Ca 0,08497 0,35924 0,13506 0,47221   0,5255 

U/Ca 0,00155 0,24727 0,11875 0,60486 0,5255   

 Mg/Ca Sr/Ca Li/Ca Cd/Ca Ba/Ca U/Ca 

Mg/Ca   0,36061 0,69647 0,19595 0,15739 0,10489 

Sr/Ca 0,36061   0,51947 0,61521 0,82266 0,37823 

Li/Ca 0,69647 0,51947   0,24461 0,22436 0,18209 

Cd/Ca 0,19595 0,61521 0,24461   0,67818 0,15476 

Ba/Ca 0,15739 0,82266 0,22436 0,67818   0,23558 

U/Ca 0,10489 0,37823 0,18209 0,15476 0,23558   
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2) Strong correlations between the Mg/Ca and the Li/Ca in the one hand, and between the Sr/Ca, 

Cd/Ca and Ba/Ca and to a lesser extent, with the U/Ca, are observed for U. peregrina (Table 6.2.). 

When comparing the elemental ratio records from both species to the stable isotope records, some 

trends emerge: 

i) As already described, the 
18

O of C. wuellerstorfi clearly exhibit the “classical” glacial-

interglacial changes, whereas the 
13

C record shows a longer trend; 

ii) U. peregrina Mg/Ca and Li/Ca seem to be in agreement with the C. wuellerstorfi 
18

O, 

exhibiting the glacial-interglacial cyclicity, as well as the Mg/Ca and the Sr/Ca of H. elegans 

(Fig.6.7); 

iii) Sr/Ca, Cd/Ca and Ba/Ca records (and U/Ca, to a lesser extent) from U. peregrina are similar, 

and part of the variations is in agreement with the long-term trends of the 
13

C record. Moreover, 

the Cd/Ca and the Ba/Ca ratios from H. elegans display an opposite variations compared to the 
13

C 

(Fig. 6.8); 

v) A more complex pattern is observed in the Li/Ca and U/Ca records from H. elegans, also partly 

exhibited by the Ba/Ca and Cd/Ca ratios, as well as in the Mg/Ca and Sr/Ca (Fig. 6.3).  

The difference between both species can be explained by their different microhabitats: indeed, H. 

elegans is an epifaunal species that is supposed to record the deep-water geochemical properties 

whereas U. peregrina has a deeper microhabitat inside the sediment, and thus may reflect the pore-

water signature. However, as common features have also emerged from the different records from 

both species at glacial-interglacial as well as at longer timescales, the same processes as described 

in the following could drive their variations. 

 

6.5.2.1. Glacial-interglacial variability 

 

As already observed in previous records (e.g., Bryan and Marchitto, 2008), the covariation of the 

Mg/Ca and Li/Ca ratios of U. peregrina can be used to propose a new proxy for bottom-temperature, 

the Mg/Li ratio. We calculated this ratio, and we used the equation from Bryan and Marchitto, 

(2008) to reconstruct past bottom water temperature (BWT): Mg/Li = 0.0061*T+0.033 (Fig. 6.8). In 

order to compare the results with another calibration method, we also calculated the BWT from the 

Mg/Ca ration with the 2 equations given by Bryan and Marchitto: Mg/Ca = 0.079T+0.77 and 

Mg/Ca = 0.98e
(0.045*T) 

and another one from of Elderfield et al., (2010) Mg/Ca = 0.07T+0.9 (Fig. 

6.8.). We also used the Mg/Ca from H. elegans and the following equation from Bryan and 

Marchitto, (2008) to check the validity of our reconstructions: Mg/Ca = 0.006*T+0.03.  



Chapter 6: Changes in the intermediate circulation from Eastern Equatorial Indian Ocean since 

MIS 17 based on the benthic elemental ratios 

 

157 

 

 

 

Fig. 6.7. Comparison between the 18
O and the H. elegans Mg/Ca and Li/Ca form U. peregrina and 

Mg/Ca and the Sr/Ca from H. elegans. Gray band and peer numbers indicate glacial stages. 

 

On U. peregrina species, the BWT calculated from the Mg/Li ratio vary between 5.03°C at 53 

kyr and 11.45°C at 338kyr. The different reconstructions from the Mg/Ca ratio are in agreement 

BWT range between -0.66 and 16.25°C at 56 and 338 kyr, respectively, but the amplitudes of the 

BWT, as well as the maximum values calculated with this latter method seems slightly unrealistic. 

Moreover, the BWT from the Mg/Li calculation are in good agreement with the calculations from 

the Mg/Ca ratio of H. elegans, ranging from 4.29°C to 9.9°C at 296 and 12 kyr, respectively. These 

values are slightly higher than the modern BWT of about 5°C at the studied site, but the trends are 

in agreement with the glacial-interglacial variability, suggesting colder water masses during glacial 
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periods compared to interglacial intervals. These changes in the BWT could reflect a change in the 

water source, as well as a difference in the contribution from the ITF, affected by the sea level 

variations during glacial times. Moreover, this BWT change could also reflect a more local effect 

associated to the strength of the upwelling, as already observed for subsurface water (Lückge et al., 

2009). Further work will help to decipher between these different mechanisms. 

 

 

 

Fig. 6.8. Comparison between the 18
O and the bottom water temperatures reconstructed from the 

Mg/Ca of H. elegans (calibration from Bryan and Marchitto, 2008, pink curve) and the Mg/Li 

(calibration from Bryan and Marchitto, 2008, blue curve) and the Mg/Ca (calibration from 

Elderfield et al., 2010, dark green curve, from Bryan and Marchitto, 2008, linear calculation, light 

green curve, exponential calculation, light blue curve) from U. peregrina. Gray band and peer 

numbers indicate glacial stages. 
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6.5.3. Long-term changes 

 

The Sr/Ca, Cd/Ca and Ba/Ca ratios from U. peregrina, as well as the Cd/Ba and the Ba/Ca from 

H. elegans tend to exhibit opposite variations to the 
13

C record from C. wuellerstorfi (Fig. 6.9). 

According to the literature, the Cd/Ca and the Ba/Ca ratios are related to the nutrient content of the 

water masses (e.g., Boyle and Keigwin, 1982; Came et al., 2008; Elderfield and Rickaby, 2000; 

Hall and Chan, 2004; Oppo and Fairbanks, 1987; Valley et al., 2017; Poggemann et al., 2017).  

 

 

 

Fig. 6.9. Comparison between the 13
C and Sr/Ca, Cd/Ca and Ba/Ca records from U. peregrina 

and the Cd/Ca and Ba/Ca records from H. elegans. Gray band and peer numbers indicate glacial 

stages. 
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Thus, an increase in these ratios associated to a decrease in the 
13

C tend to prove that the 

nutrient content of the water masses at the core site have varied through time. This is in agreement 

with the global variations in the ocean 
13

C, related to changes in the Organic versus Inorganic 

carbon ratios and associated to global biogeochemical cycle changes. However, part of these 

variations could also reflect changes in the water source, with a varying contribution from water 

masses from the Southern Ocean. Moreover, as already noticed for the glacial-interglacial 

variability, local changes related to the relationships between the monsoon and the upwelling, could 

also have influenced the paleo-nutrient concentrations. 

 

6.5.4. Abrupt variations during the 400 kyr event 

 

Finally, the Li/Ca and the U/Ca records of H. elegans display an abrupt opposite variation at 

around 400 kyr, that does not seem to mirror the glacial-intergalcial variability nor the long-term 

trends described in the 
13

C record (Fig. 6.10). However, this abrupt change occurs during a 
13

C 

maximum observed in various 
13

C records (Fig. 6.6 and 6.10). As the Li/Ca and the U/Ca proxies 

can reflect the carbonate ion concentration (e.g., Doss et al., 2018; Marchitto et al., 2018; Keul et al., 

2013), these records could indicate a strong change in the ocean Carbon cycle at intermediate water 

depths, that could be in relation with the global C change recorded in the 
13

C.  
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Fig. 6.10. Comparison between the 13
C and Li/Ca and U/Ca records from H. elegans. Gray band 

and peer numbers indicate glacial stages. 
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General conclusions and perspectives  

 

The main objectives of this study were to reconstruct the evolution of intermediate water 

circulation in the Indian Ocean at glacial-interglacial as well as at millennial timescales, and to 

better understand the relationships between ocean circulation (especially the role of Antarctic 

Intermediate Water AAIW), Southern Ocean upwelling intensity and changes in the atmospheric 

CO2 by the investigation of marine cores at intermediate water depth collected from the northern 

Indian Ocean (Bay of Bengal and Arabian Sea) and in the Eastern Equatorial Indian Ocean. In this 

study, we have investigated benthic foraminiferal assemblages together with stable isotopes (
13

C, 


18

O), and 
14

C of benthic foraminiferal in order to reconstruct hydrological changes of intermediate 

water masses at high temporal resolution since the Last Glacial Maximum (LGM). The analyses of 

benthic foraminiferal elemental ratios were made to reconstruct the chemical properties of 

intermediate water masses such as paleo-carbonate ion concentration (Mg/Ca, Sr/Ca, Li/Ca, and 

U/Ca), bottom-water temperature (Mg/Li) or the paleo-nutrient changes (Cd/Ca and Ba/Ca). This 

strategy allowed us to better understand the temporal evolution of the source and ventilation of 

intermediate water masses in the northern Indian Ocean and, in particular, the millennial-scale 

variations during the last deglaciation in the Northern Indian Ocean, or longer-trend changes in the 

Equatorial Indian Ocean.  

 

In the northeastern Bay of Bengal, benthic foraminiferal assemblages, 
13

C, 
18

O, and 
14

C have 

been conducted from core MD77-176 at intermediate water depths to reconstruct the evolution of 

intermediate water masses of the Northeast Indian Ocean since the Last Glacial Maximum (LGM). 

Our results seem to indicate that the LGM was mainly influenced by the southern sourced waters at 

the core site. A high relative abundance of intermediate and deep infaunal species during the LGM 

reflects low oxygen concentration and/or meso- to eutrophic deep-water conditions, associated with 

depleted benthic δ
13

C values. During the Holocene, benthic foraminiferal assemblages indicate an 

oligo– to mesotrophic environment with well-ventilated bottom water conditions compared with 

LGM. Millennial-scale events (17-14 and 13-10.6 cal kyr BP intervals) punctuated the last 

deglaciation, displaying an increase in the benthic δ
13

C and in the ɛNd values coincident with 

depleted B-P 
14

C age offsets. Strengthened upward mixing could move much younger 
14

C age 

surface water to deep water masses, leading to a decreasing in B-P age offsets. In addition, benthic 

δ
13

C could also increase via strong upwelling during the formation of AAIW/SAMW due to the 

influence of air-sea exchange (Lynch-Stieglitz et al., 1994). Thus, these records indicate an 

increased contribution of AAIW at the studied site accompanied by enhanced upwelling in the 
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Southern Ocean. This could be associated to a strong sea-atmospheric CO2 exchange through the 

Southern Ocean ventilation during the last deglaciation. 

 

In the northern Indian Ocean, benthic foraminiferal δ
13

C and δ
18

O combined with H. elegans 

elemental ratios (Mg/Ca, Sr/Ca, Li/Ca and U/Ca) were analyzed on core MD77-191 located at 1254 

m water depth from the south tip of India, and core MD77-176 (1375 m water depth) collected from 

the northern BoB. We highlighted that benthic elemental ratios (Mg/Ca, Sr/Ca, Li/Ca and U/Ca) 

seem to be mainly influenced by the carbonate ion concentration changes, and that bottom water 

temperature does not seem to strongly influence these ratios. We reconstructed seawater [CO3
2-

] 

concentration by converting H. elegans Sr/Ca to [CO3
2-

], by collecting the literature core-top data of 

paired Δ[CO3
2-

]aragonite with H. elegans Sr/Ca at intermediate water depth (500-1500 m) (Rosenthal 

et al., 2006; Yu et al., 2014) and plotted these Sr/Ca values together to build an empirical 

relationship. Then, we compared the seawater [CO3
2-

] records of core MD77-191 (Arabian Sea) and 

core MD77-176 (northeastern BoB) with [CO3
2-

] records at different water depths from the Atlantic 

Ocean (BOFS 17K, at 1150 m water depth), and the Indian Ocean (WIND 28K, at 4147 m water 

depth) (Yu et al., 2008, 2010). All of the [CO3
2-

] records at intermediate water depths display low 

values during the 17-15.2 and 12.6-10.5 kyr time intervals (last deglaciation), indicating the transfer 

of CO2 from the deep ocean into the upper water depth. In addition, the decrease in [CO3
2-

] records 

also correspond to an increase of benthic δ
13

C during the last deglaciation, which could be also 

observed in previous benthic δ
13

C studies from the northeastern Bay of Bengal, Arabian Sea and 

Pacific Ocean (e.g., Duplessy et al., 1984; Curry et al., 1988; Naqvi et al., 1994; Jung et al., 2009; 

Ma et al., 2019). Furthermore, increased benthic δ
13

C, depletion in [CO3
2-

] were also associated 

with decreased B-P age offsets from the Bay of Bengal occurred in the 17-15.2 and 12.6-10.5 cal 

kyr BP time intervals. All of these results suggest the strong linkage between Southern Ocean 

enhanced ventilation via AAIW and release of CO2 during the last deglaciation. During the 

Holocene, the decreased [CO3
2-

] in intermediate water masses also provides evidence for the 

important influence of global alkalinity inventory variation, corresponding to the atmospheric CO2 

rise since 8 cal kyr BP and/or increased productivity through the Holocene (at least for MD77-191), 

as the biological regeneration may also lead to the decrease of carbonate ion (Holligan and 

Robertson, 1996).  

 

We also performed analyses of benthic foraminiferal Cd/Ca and Ba/Ca on cores MD77-176 and 

MD77-191, to obtain the evolution of intermediate water circulation and paleo-nutrient changes in 

the northern Indian Ocean since the last deglaciation. Indeed, benthic Cd/Ca and Ba/Ca ratios seem 

mainly influenced by the surface productivity changes and/or the intermediate-bottom water 
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ventilation. The intermediate seawater Cdw concentration was calculated from the H. elegans Cd/Ca 

based on the equation of Boyle (1992). During the late Holocene (from 5.2 to 2.4 cal kyr BP), the 

increased intermediate Cdw concentrations of two marine cores MD77-191 and MD77-176 indicate 

an enhanced surface productivity in the south tip of India. For the northeastern Bay of Bengal, by 

contrast, the lower values of intermediate Cdw during the early Holocene (from 10 to 6 cal kyr BP) 

indicate a poor surface productivity. This large variation of the intermediate Cdw during the 

Holocene is in agreement with the changes in the monsoon precipitation observed in the BoB and 

Indian continent (Marzin et al., 2013; Contreras-Rosales et al., 2014; Sarkar et al., 2015), and could 

provide strong evidence for the hypothesis of the seesaw relationship between intense monsoon 

rainfall and the surface productivity in the BoB and south tip of Arabian Sea during the Holocene. 

Moreover, during the last deglaciation, decreased intermediate Cdw concentration and benthic 

Ba/Ca ratios are related to depleted surface productivity changes and/or the enhanced ventilation of 

intermediate-bottom water masses at the in the 16-15.2 and 12.6-11 cal kyr BP intervals. The 

enhanced intermediate water masses ventilation are associated with the increased benthic δ
13

C, 

depletion in [CO3
2-

] and decreased B-P age offsets obtained from the same cores and occur during 

the same intervals. All of these changes could also provide strong evidence for the increased 

northward flow of AAIW during 16-15.2 cal kyr BP and 12.6-11 cal kyr BP intervals. In addition, 

the study of benthic foraminifera assemblages from core MD77-191 collected from the south tip of 

India have permitted to establish two main assemblage characterized mainly by B. aculeata, C. 

pachyderma, Pullenia bulloides and Ehrenbergina trigona for assemblage 1 and H. elegans, 

Bulimina manginata C. wuellerstorfi and Globocassidulina subglobosa for assemblage 2. Benthic 

foramnifera assemblages are broadly in agreement with the records of G. bulloides relative 

abundance (Bassinot et al., 2011) and intermediate Cdw obtained from the same core, which could 

reflect the changes in the surface productivity since the 17 cal kyr BP. The benthic foraminiferal 

assemblage analysis indicates that assemblage 2 (during 17-6 cal kyr BP interval) reflects a high 

bottom water oxygen conditions and a low flux of organic matter, corresponding to a poor 

productivity. The late Holocene assemblage indicates relatively low-oxygen level and meso- to 

eutrophic deep water conditions compared with assemblage 2 during 17-6 cal kyr BP interval, and 

associated with high surface productivity during the late Holocene. 

 

In the eastern Equatorial Indian Ocean, the age model of core SHI9001 was based on the 

correlation between the 
18

O record obtained on benthic foraminifera (C. wuellerstorfi) with a 

reference record (LR04 benthic stack, Lisieki and Raymo, 2005). Core SHI9001 spans the last 685 

kyr, reaching Marine Isotope Stage (MIS) 17. The bottom water temperature calculated from the U. 

peregrina Mg/Li calculation is in good agreement with the calculations from the Mg/Ca ratio of H. 
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elegans, ranging from 4.29 to 9.9°C. The trends of bottom water temperature are in agreement with 

the glacial-interglacial variability, suggesting colder water masses during glacial periods compared 

to interglacial ones. The Sr/Ca, Cd/Ca and Ba/Ca ratios from U. peregrina, as well as the Cd/Ba and 

the Ba/Ca from H. elegans tend to exhibit opposite variations to the 
13

C record obtained on C. 

wuellerstorfi, which may indicate changes in the water source, with a varying contribution from 

water masses from the Southern Ocean. In addition, the Li/Ca and the U/Ca records of H. elegans 

display an abrupt opposite variation at around 400 kyr, that does not seem to mirror the glacial-

interglacial variability nor the long-term trends described in the 
13

C record. All these records could 

indicate a strong change in the ocean Carbon cycle at intermediate water depths, which could be in 

relation with the global C change recorded in the 
13

C. Further work will help to decipher between 

these different mechanisms. 

All the records obtained during this study provide a better understanding of the temporal 

evolution of the source and ventilation of intermediate water masses in the northern Indian Ocean 

and their relationships with the other ocean basins and the global C cycle. The main results are: 

(1). During the LGM, Southern Sourced Water (SSW) masses were dominant in the north Indian 

Ocean, and characterized by low oxygen concentration and/or meso- to eutrophic deep water 

conditions.  

(2). During the last deglaciation, increased northward flow of AAIW in the north Indian Ocean 

were highlighted, associated to the enhanced upwelling in the Southern Ocean. In addition, the 

geochemical records also provide strong evidence that enhanced Southern Ocean ventilation could 

play an important role in a two-step rapid increase of atmospheric CO2 during the 18-14.7 and 12.8-

11.7 cal kyr BP time intervals.    

(3). During the Holocene, the hydrology of the northern Indian Ocean is characterized by a 

progressive increase influence of NADW. In addition, the enhanced surface productivity occurs 

during the late Holocene (5.2-2.4 cal kyr BP), by contrast, the early-mid Holocene (10-6 cal kyr BP) 

display a poor surface productivity induced by a greater stratification of the upper water column 

link to intensified Indian summer monsoon condition (and associated increase of Asian rivers 

freshwater discharge). 

(4). At a longer timescale, the connection between the Indian Ocean and the Southern Ocean, with 

the related consequences on the global Carbon cycle, have also been pointed out although further 

investigations have to be performed to better understand these processes. 

To go further in the reconstruction of past changes in the intermediate water circulation and the 

understanding of the relationships between the Indian Ocean, the Southern Ocean and the C 

exchanges, the following points could be developed: 

 (1). For core SHI9001 collected from the eastern equatorial Indian Ocean, the age spans the last 
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685 kyr, and could reach Marine Isotope Stage MIS 17. Thus, the geochemical records show 

glacial-interglacial variability and/or the long-term trends, and which are quite different from the 

climate changes from two cores in the north Indian Ocean (MD77-191 and MD77-176, since the 

LGM). Thus, further study to develop the interpretation of the results of trace elemental ratios that 

will be help us understand the evolution of the source and ventilation of intermediate water masses 

in the eastern equatorial Indian Ocean, as well as global Carbon cycle during the glacial-interglacial 

periods. In addition, a more detailed stratigraphic structure of core SHI9001 will be necessary 

improved by higher resolution in sampling, and could also performed the planktonic foraminiferal 

oxygen isotope analysis as glacial-interglacial variability range should be easily recognized 

compared with benthic foraminifera.  

(2). As the weights of the bulk samples of cores MD77-176 (northeastern Bay of Bengal) and 

MD77-191 (southeastern Arabian Sea) were missing, these methods were not fully interpreted. For 

example, the abundance of foraminifera could not be calculated, thus the accumulation rate for the 

benthic foraminifera (BFAR) and the species (AR) also could not be used for these two cores.  

However, BFAR and AR seem to directly reflect the organic matter flux rates (e.g., Schmiedl and 

Mackensen, 1997; Murgese and De Deckker, 2007). For core SHI9001, the primary data about 

sampling and sieving of foraminiferal samples (weight of the bulk and dry foraminiferal samples) 

are available. Thus, in the future, we could be able to perform more calculations for the benthic 

foraminifera. In addition, performing on core SHI9001 the benthic assemblage analysis, and 

combined with the benthic geochemical proxies records (oxygen and carbon isotopes, trace 

elemental ratios), could help us get more information about the bottom water condition variations 

and better constrain the paleoceanographic evolution (like oxygen, nutrient, …) at a longer 

timescale. 

(3). Records of multiply geochemical proxies in the northern Indian Ocean all indicate that 

enhanced upwelling in the Southern Ocean leads to strong northward flow of AAIW, and could also 

associated to the two-step rapid increase of CO2 during the last deglaciation. It will be quite 

interesting to modeling changes in the strength of the AAIW and the impact on the Carbon ocean 

pool and the air-sea Carbon exchanges in the future. 
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Appendix 2 

Variations à l’échelle millénaire de la circulation intermédiaire dans l’océan 

Indien depuis la dernière période glaciaire reconstruites d’après les assemblages 

et la géochimie des foraminifères benthiques 

Les principaux objectifs de cette étude étaient de reconstituer l'évolution de la circulation des 

eaux intermédiaires dans l'océan Indien aux échelles de temps glaciaire-interglaciaire et millénaire, 

et de mieux comprendre les relations entre la circulation océanique (en particulier le rôle de l'eau 

intermédiaire antarctique AAIW), l’intensité de la remontée d'eau (upwelling) dans l'océan Austral 

et les modifications du CO2 atmosphérique via le cycle global du Carbone. Pour ce faire, nous 

avons étudié les assemblages de foraminifères benthiques ainsi que les isotopes stables (
13

C, 
18

O), 

la géochimie élémentaire (rapports Mg/Ca, Sr/Ca, Cd/Ca, Li/Ca, Ba/Ca et U/Ca) et les âges 
14

C de 

foraminifères benthiques de carottes marines prélevées à profondeur intermédiaire dans le nord de 

l'océan Indien (Baie du Bengale et Mer d'Oman) et dans l'est de l'océan Indien équatorial. Cette 

approche multi-traceurs sur plusieurs archives a ainsi permis de reconstituer les modifications 

hydrologiques des masses d’eau intermédiaires à haute résolution temporelle depuis le dernier 

maximum glaciaire, mais également sur plusieurs cycles climatiques. Les analyses des rapports 

élémentaires de foraminifères benthiques ont été effectuées pour reconstituer les propriétés 

chimiques de masses d’eau intermédiaires telles que la concentration en ions carbonate CO3
2-

 

(Mg/Ca, Sr/Ca, Li/Ca et U/Ca), la température de l’eau de fond (Mg/Li) ou les changements paléo-

nutritifs (Cd/Ca et Ba/Ca). Cette stratégie a permis de mieux comprendre l’évolution temporelle de 

la source et de la ventilation des masses d’eau intermédiaires dans le nord de l’océan Indien et, en 

particulier, les variations à l’échelle du millénaire au cours de la dernière déglaciation dans le nord 

de l’océan Indien, ainsi que des changements de tendance à plus long terme. 

Dans le nord-est de la baie du Bengale, les assemblages de foraminifères benthiques couplés aux 

enregistrements du 
13

C, du 
18

O et du 
14

C ont été réalisés sur la carotte MD77-176 (14°30’5N-

93°07’6E) à profondeur intermédiaire (1375 m) pour reconstituer l'évolution des masses d'eau 

intermédiaires depuis le dernier maximum glaciaire (LGM). Nos résultats semblent indiquer que le 

LGM était principalement influencé par les eaux provenant du sud (Océan Austral). Une abondance 

relative élevée d’espèces endofaunales intermédiaires et profondes associées à des valeurs de δ
13

C 

benthiques appauvries au cours de la LGM traduisent une faible concentration en oxygène et/ou des 

conditions d’eaux profondes méso- à eutrophes. Au cours de l'Holocène, les assemblages de 

foraminifères benthiques indiquent un environnement oligo- à mésotrophe avec des conditions de 

fond bien ventilées par rapport au LGM, en accord avec l’augmentation du δ
13

C. Des événements à 
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l'échelle millénaire (intervalles de 17-14 et 13-10.6 kyr BP) ont ponctué la dernière déglaciation, 

affichant une augmentation des valeurs du δ
13

C et de l’Nd (Yu et al., 2018) coïncidant avec des 

décalages d'âge appauvris en B-P 
14

C (i.e., les écarts d’âge 
14

C entre foraminifères benthiques et 

planctoniques). De plus, le δ
13

C benthique pourrait également augmenter via une forte remontée 

durant la formation de AAIW/SAMW en raison de l'influence des échanges air-mer (Lynch-

Stieglitz et al., 1994). Ainsi, ces enregistrements indiquent une augmentation de la contribution de 

l'AAIW sur le site étudié, accompagnée d'une remontée accrue dans l'océan Austral. Cela pourrait 

être associé à un fort échange de CO2 depuis l’océan vers l’atmosphère via la ventilation de l'océan 

Austral au cours de la dernière déglaciation. Cette étude a fait l’objet d’une publication dans la 

revue Geochemistry, Geophysics, Geosystems (Ma et al., 2019). 

Dans le nord de l’océan Indien, les enregistrements du δ
13

C et du δ
18

O des foraminifères 

benthiques associés aux rapports élémentaires de l’espèce Hoeglundina elegans (Mg/Ca, Sr/Ca, 

Li/Ca et U/Ca) ont été analysés sur les carottes MD77-191 (07°30’N-76°43’E ) situé à 1254 m de 

profondeur à l’extrémité sud de l’Inde et MD77-176 collectée dans le nord de la Baie du Bengale 

(BoB). Nous avons mis en évidence que les rapports élémentaires benthiques (Mg/Ca, Sr/Ca, Li/Ca 

et U/Ca) semblent être principalement influencés par les changements de concentration en ions 

carbonate [CO3
2-

] et que la température de l'eau de fond ne semble pas influencer fortement ces 

ratios. Nous avons reconstitué la concentration [CO3
2-

] de l’eau de mer en convertissant le rapport 

Sr/Ca de H. elegans en [CO3
2-

], en construisant une relation empirique basée sur les données de la 

littérature reliant le Δ[CO3
2-

] de l’aragonite au Sr/Ca de H. elegans à profondeur d’eau intermédiaire 

(500-1500 m) dans l’océan moderne (Rosenthal et al., 2006; Yu et al., 2014). Nous avons ensuite 

comparé les enregistrements du [CO3
2-

] de l’eau de mer des carottes MD77-191 (mer d’Arabie) et 

MD77-176 (nord-est de la BoB) avec des enregistrements du [CO3
2-

] à différentes profondeurs de 

l’océan Atlantique (BOFS 17K, 1150 m) et de l’océan Indien (WIND 28K, 4147 m de profondeur) 

(Yu et al., 2008, 2010). Tous les enregistrements de [CO3
2-

] à des profondeurs d'eau intermédiaires 

affichent des valeurs faibles pendant les intervalles de temps 17-15.2 et 12.6-10.5 kyr  durant la 

dernière déglaciation, indiquant un transfert de CO2 de l'océan profond vers les eaux supérieures. 

En outre, la diminution des valeurs de [CO3
2-

] correspond également à une augmentation du δ
13

C 

benthique au cours de la dernière déglaciation, également observée sur le δ
13

C benthique d'études 

précédentes dans le nord-est de la baie du Bengale, de la Mer d'Arabie et de l'Océan Pacifique (par 

exemple, Duplessy et al., 1984; Curry et al., 1988; Naqvi et al., 1994; Jung et al., 2009; Ma et al., 

2019). De plus, cette diminution du [CO3
2-

] couplée à l’augmentation du δ
13

C benthique est 

également associée à une diminution des décalages d'âge du B-P du golfe du Bengale survenue aux 

intervalles de temps compris entre 17-15.2 et 12.6-10.5 kyr BP (Ma et al., 2019). Tous ces résultats 
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suggèrent le lien étroit qui existe entre la ventilation accrue de l’océan Austral observée via les 

AAIW et le dégazage de CO2 au cours de la dernière déglaciation. Au cours de l’Holocène, la 

diminution de [CO3
2-

] dans les masses d’eau intermédiaires témoigne également de l’importance de 

la variation des stocks mondiaux d’alcalinité, qui correspond à l’augmentation du CO2 

atmosphérique depuis 8 cal kyr BP et/ou à une productivité accrue pendant l’Holocène (du moins 

pour la carotte MD77-191). En effet, la reminéralisation de la matière organique peut également 

entraîner une diminution de [CO3
2-

]  (Holligan et Robertson, 1996). Ce travail fait l’objet d’un 

manuscrit qui sera soumis pour publication avant la fin de l’année 2019. 

Nous avons également effectué des analyses des rapports élémentaires Cd/Ca et Ba/Ca de 

différentes espèces de foraminifères benthiques sur les carottes MD77-176 et MD77-191, afin de 

reconstituer l'évolution de la circulation intermédiaire de l'eau et des modifications paléo-nutritives 

dans le nord de l'océan Indien depuis la dernière déglaciation. En effet, les rapports benthiques 

Cd/Ca et Ba/Ca semblent principalement influencés par les changements de productivité en surface 

et/ou par la ventilation des masses d'eau de fond. La concentration Cdw de l'eau de mer à profondeur 

intermédiaire a été calculée à partir du Cd/Ca de H. elegans d'après l'équation de Boyle (1992). Au 

cours de l'Holocène tardif (de 5.2 à 2.4 kP cal cal), les concentrations accrues en Cdw des deux 

carottes MD77-191 et MD77-176 indiquent une augmentation de la productivité de surface. En 

revanche, dans le nord-est de la baie du Bengale, les valeurs plus faibles de Cdw intermédiaire au 

début de l’Holocène (de 10 à 6 kP BP) indiquent une faible productivité en surface. Cette grande 

variation de la Cdw intermédiaire durant l'Holocène est en accord avec les changements dans les 

précipitations de mousson observés dans le BoB et sur le continent indien (Marzin et al., 2013 ; 

Contreras-Rosales et al., 2014 ; Sarkar et al., 2015). Ces enregistrements permettent d’appuyer 

l’hypothèse de la relation de bascule entre les pluies de mousson intenses et la productivité en 

surface dans la BoB et la pointe sud de la mer d’Arabie pendant l’Holocène. De plus, au cours de la 

dernière déglaciation, une diminution de la concentration en Cdw et des rapports Ba/Ca benthiques 

dans les eaux intermédiaires pourrait être liée à une diminution de la productivité de surface et/ou à 

une meilleure ventilation aux intervalles 16-15.2 et 12.6-11 kyr BP. L'amélioration de la ventilation 

des masses d'eau intermédiaires est associée à l'augmentation du δ
13

C benthique, à l'épuisement de 

la [CO3
2-

] et à la diminution des décalages d'âge B-P obtenus à partir des mêmes carottes et se 

produit pendant les mêmes intervalles. Tous ces changements pourraient également fournir des 

preuves solides de l'augmentation du flux d'AAIW vers le nord au cours d'intervalles compris entre 

16-15.2 kal BP et 12.6-11 kyr BP. En outre, l'étude d'assemblages de foraminifères benthiques de la 

carotte MD77-191 a permis d'établir deux assemblages principaux caractérisés principalement par 

Bulimina aculeata, Cibicidoides pachyderma, Pullenia bulloides et Ehrenbergina trigona pour 

l'assemblage 1 et H. elegans, Bulimina marginata, C. wuellerstorfi et Globocassidulina subglobosa 
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pour l'assemblage 2. Les assemblages de foramnifères benthiques sont globalement en accord avec 

les enregistrements de l'abondance relative de G. bulloides (Bassinot et al., 2011) et du Cdw 

intermédiaire obtenu à partir de la même carotte, ce qui pourrait refléter des changements dans la 

productivité de surface depuis 17 kyr BP. L'analyse de l'assemblage de foraminifères benthiques 

indique que l'assemblage 2 (au cours d'un intervalle de 17 à 6 kyr BP) reflète des conditions 

d'oxygène dans l'eau de fond élevées et un faible flux de matière organique, correspondant à une 

faible productivité. L’assemblage de l’Holocène tardif indique une teneur en oxygène relativement 

basse et des conditions d’eaux profondes méso- à eutrophiques par rapport à l’assemblage 2 au 

cours de l’intervalle de 17-6 kyr BP et associé à une productivité de surface élevée au cours de 

l’Holocène tardif. 

Dans l'est de l'océan Indien équatorial, la carotte SHI9001 couvre les 685 derniers kyr, atteignant 

le stade isotopique marin (MIS) 17, permettant d’appréhender des variations hydrologiques sur 

plusieurs cycles climatiques. La température de l'eau de fond calculée à partir du Mg/Li de l’espèce 

Uvigerina peregrina est en bon accord avec les calculs du rapport Mg/Ca de H. elegans, allant de 

de 4.29 à 9.9 °C. Les tendances de la température des eaux de fond sont en accord avec la 

variabilité glaciaire-interglaciaire, suggérant des masses d'eau plus froides pendant les périodes 

glaciaires par rapport aux masses interglaciaires. Les rapports Sr/Ca, Cd/Ca et Ba/Ca de U. 

peregrina, ainsi que les rapports Cd/Ba et Ba/Ca de H. elegans ont tendance à présenter des 

variations opposées à l'enregistrement de δ
13

C obtenu sur C. wuellerstorfi, ce qui peut indiquer des 

changements dans la source d'eau, avec une contribution variable des masses d'eau de l'océan 

Austral. En outre, les enregistrements de Li/Ca et U/Ca de H. elegans présentent une variation 

opposée abrupte autour de 400 kyr, qui ne semble pas refléter la variabilité glaciaire-interglaciaire 

ni les tendances à long terme décrites dans l'enregistrement δ
13

C. Tous ces enregistrements 

pourraient indiquer un fort changement dans le cycle du carbone océanique à des profondeurs d'eau 

intermédiaires, ce qui pourrait être en relation avec le changement global de C enregistré dans le 

δ
13

C. Des travaux ultérieurs aideront à déchiffrer ces différents mécanismes. 

Tous les enregistrements obtenus au cours de cette étude permettent de mieux comprendre 

l’évolution temporelle de la source et de la ventilation des masses d’eau intermédiaires dans l’océan 

Indien nord et leurs relations avec les autres bassins océaniques et le cycle global du C. Les 

principaux résultats sont: 

(1). Au cours du LGM, les masses d’eau provenant du sud étaient dominantes dans le nord de 

l’océan Indien et se caractérisaient par une faible concentration en oxygène et / ou des conditions 

d’eaux profondes méso à eutrophes. 

(2). Au cours de la dernière déglaciation, on a mis en évidence un flux accru d’AAIW vers le 

nord dans le nord de l’océan Indien, associé à un upwelling renforcé dans l’océan Austral. En outre, 
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les enregistrements géochimiques fournissent également des preuves solides que la ventilation 

améliorée de l'océan Austral pourrait jouer un rôle important dans une augmentation rapide en deux 

étapes du CO2 atmosphérique pendant les intervalles de temps de 18-14.7 et de 12.8 à 11.7 kP BP. 

(3). Au cours de l'Holocène, l'hydrologie du nord de l'océan Indien est caractérisée par une 

augmentation progressive de l'influence de la NADW. En outre, l’augmentation de la productivité 

de surface a eu lieu au cours de l’Holocène supérieur (5.2-2.4 kyr BP), tandis que l’Holocène 

précoce-moyen (10-6 kyr BP) affiche une productivité de surface plus faible, induite par une plus 

grande stratification de la colonne d’eau associée à l’intensification de la mousson estivale indienne 

induisant une augmentation du débit d’eau douce des rivières asiatiques. 

(4). À plus long terme, la connexion entre l'océan Indien et l'océan Austral, avec ses 

conséquences sur le cycle global du carbone, a également été soulignée, bien que des recherches 

supplémentaires doivent être menées pour mieux comprendre ces processus. 
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Titre: Variations à l’échelle millénaire de la circulation intermédiaire dans l’océan Indien depuis la dernière 

période glaciaire reconstruites d’après les assemblages et la géochimie des foraminifères benthiques. 
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Résumé : L'objectif principal de cette thèse était de 

reconstituer l'évolution de la circulation 

intermédiaire depuis la dernière période glaciaire à 

partir de carottes de sédiments marins prélevées dans 

le golfe du Bengale GB, la Mer d’Arabie MA et 

l’océan Indien équatorial oriental OIEO. La stratégie 

scientifique mise en œuvre inclut l’étude des 

assemblages et de la géochimie des foraminifères 

benthiques (
13

C, 
18

O, 
14

C et rapports élémentaires), 

afin de reconstruire les changements de source et de 

ventilation des masses d’eau. Les résultats  obtenus 

dans le GB ont permis de restituer les changements 

hydrologiques à profondeur intermédiaire à haute 

résolution temporelle au cours des derniers 40 ka. 

Les enregistrements témoignent de changements 

dans la source des masses d’eau, entre l’Océan 

austral avec les eaux antarctiques intermédiaires 

AAIW et les eaux Nord Atlantique NADW, à 

l’échelle glaciaire-interglaciaire mais aussi lors des 

événements millénaires. Ce travail a aussi permis de 

fournir les 

premiers enregistrements à haute résolution 

temporelle des rapports élémentaires des 

foraminifères benthiques (Mg/Ca, Sr/Ca, U/Ca et 

Li/Ca) dans le GB et en MA. Ces résultats 

permettent notamment de mieux contraindre la 

pénétration des AAIW vers le nord depuis la 

dernière période glaciaire. La reconstruction de la 

concentration en ion carbonate permet également de 

discuter des relations entre les variations de la 

circulation intermédiaire et les changements 

profonds du cycle du Carbone à l’échelle globale, 

notamment via les échanges se produisant dans 

l’Océan Austral. Nous avons également fourni dans 

ce travail les premiers enregistrements de Cd/Ca et 

de Ba/Ca continus et à haute résolution dans le nord 

de l’océan Indien, pour reconstituer les modifications 

passées de la teneur en éléments nutritifs. Les 

enregistrements géochimiques dans l’OIEO 

témoignent de profonds changements des propriétés 

des masses d'eau intermédiaires, associées aux 

changements de circulation. 
 

 

Title: Millennial-scale variations of the intermediate water circulation in the Indian Ocean since the last 

glacial period inferred from assemblages and geochemistry of benthic foraminifera. 

Keywords: intermediate water circulation, benthic foraminifera, geochemistry, assemblages, Bay of Bengal, 
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Abstract: The main objective of this study was to 

reconstruct the evolution of the intermediate water 

circulation since the last glacial period by the 

investigation of marine cores collected from the Bay 

of Bengal (BoB), Arabian Sea (AS) and Eastern 

Equatorial Indian Ocean (EEIO). The scientific 

strategy involves benthic foraminiferal assemblages 

and geochemical proxies (
13

C, 
18

O, 
14

C and 

elemental ratios analysis) to better constrain past 

changes in the source and ventilation of water 

masses. Records from the BoB allowed 

reconstructing hydrological changes at intermediate 

depth over the last 40 cal kyr. The records highlight 

changes in the source of water masses, with a 

balance between the contribution of southern 

Antarctic Intermediate Water (AAIW) versus North 

Atlantic Deep Water (NADW) at glacial-interglacial 

timescale as well as during millennial events. 

 This work also provided the first high-resolution 

benthic foraminifera elemental ratio records 

(Mg/Ca, Sr/Ca, U/Ca and Li/Ca) from the BoB and 

the AS. These records especially help to better 

constrain the northward penetration of AAIW over 

the last glacial period. The reconstruction of the 

carbonate ion concentration allowed to discuss the 

relationships between the intermediate water 

circulation and deep changes in the global Carbon 

cycle, with a special interest for the Southern 

Ocean. This work also provides the first continuous 

and high-resolution benthic Cd/Ca and Ba/Ca 

records in the northern Indian Ocean, could 

reconstruct past changes in the nutrient content. 

Geochemical records from the EEIO exhibit strong 

changes in the chemical properties of the 

intermediate water masses, related to global 

circulation changes in the area. 
 

 


