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Abstract 

The climate of the earth has been changing both on short and long time scales and continues 

to change at present. It exerts a powerful influence on the diversity and organization of 

continental and marine biological systems. Therefore studies related to climate change have 

become crucial considering its scientific and socio-economic impact. The ocean drilling 

program (ODP), which commenced in 1968, provided important climatic information from 

recovered cores of deep-sea floor throughout the world. The tools and techniques used by 

ODP investigated the physical, chemical, and biological properties of the seafloor and also 

revealed important information based on preserved sediments and fossil shells. Although the 

past climatic conditions are not direct analogs to the modern climate systems, they provide a 

ground to test the interaction of the ocean-climate system as it responds to changes in Earth’s 

radiative budget, fluctuations in global ice volume and perturbations of the carbon cycle. The 

Miocene epoch is of particular interest to geologists and palaeoclimatologists as it is marked 

by major phases of Himalayan uplift affecting Asian monsoon intensity, which is interlinked 

with the northern hemisphere glaciation. Miocene epoch is marked by various volcanic and 

tectonic events which affected the paleogeography, paleoceanographic and paleoclimatic 

conditions. The timing of the initiation of Indian summer monsoon is still a matter of debate. 

ODP Site 758 was drilled in 1988, with one of the major objectives to study the impact of the 

uplift of Himalayas and the Tibetan Plateaus on sedimentation rates (increased terrigenous 

input) and the development of the monsoonal climate regime. However, so far very limited 

work has been reported on the above objective. 

This thesis is mainly based on stable isotope (Carbon and oxygen) records of planktonic 

(Globigerinoides quadrilobatus) and benthic (Cibicidoides wuellerstorfi) foraminifera shells 

from well dated core ODP site 758 in the southern BoB, located atop the Ninetyeast Ridge. 

The study focuses on interpretation of surface and deep water changes modulated by various 
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climatic events that occurred during the middle Miocene. The age of the study ranges from 

17-9 Ma for isotopic analysis and 17-8 Ma for geochemical analysis. Unlike, other ODP site 

in the Northern Indian Ocean (e.g ODP 116 and ODP 117), ODP 758 reports no turbidites 

and has only hemipelagic sediments derived from Himalayan region. As ODP 758 is 

influenced by the both the southwest (SW) and northeast (NE) monsoon systems, it form an 

ideal location for understanding monsoonal variation and paleoceanographic changes during 

middle Miocene. The interpretations are based on high precision carbon and oxygen isotope 

measurements of 169 separated foraminifera at CSIR-NGRI, Hyderabad. The chronology of 

the core under study was established based on interpolation of 
87

Sr/
86

Sr study of Ahmad et 

al., (2005). Geochemical analysis conducted for selected sediment samples revealed 

significant variability in paleo-redox conditions, paleoproductivity and sediment provenance 

during the Middle Miocene.  

Carbon and oxygen isotopic data on Globigerinoides quadrilobatus (planktonic) and 

Cibicidoides wuellerstorfi (benthic) indicated various global and local successions of 

oceanographic and climatic importance. The climatic events recorded at ODP 758 are; (a) 

Mid Miocene climatic Optimum  (17-15 Ma), (b) Monterey Excursion (17-14 Ma), (c) East 

Antarctica Ice sheet (EAIS) formation (13.8  Ma), (d) Initiation of Indian Summer Monsoon 

(ISM) with waning of Antarctica Ice sheet (12.3-10.4 Ma), and (e) evidence of a cooling 

event (10.2-9.6 Ma). Benthic foraminifera δ
18

O  record showed almost identical deep water 

evolution to that of the Indo Pacific for 13.9-11.5 Ma interval. A significant change in δ
13

Cben 

at ~10.2 Ma was indicative of a complete re-adjustment of the carbon cycle after the 

‘Monterey Excursion’ and export of the North Atlantic Deep Water (NADW) towards the 

southern Ocean to give rise to the Circumpolar Deep Water (CDW), with a δ
13

C value of 

~0.4‰. The formation of the NADW may have given rise to modern deep water like 

conditions at ~10 Ma ago. A comparison of carbon and oxygen isotope records of site 758 
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(this study) with previously published isotopic records from other regions suggested a good 

correlation between the South Pacific, Indo Pacific and southern Bay of Bengal (BoB) during 

the studied time interval. It appears that a strong westerly Indian Ocean current (MIOjet) may 

have linked these Oceans from 14 to 9 Ma. The depleted δ
18

Opl values until 14 Ma points at 

establishment of strong, warm oceanic current referred as MIOjet associated with the 

progressive closure of the Indonesian gateway. The establishment of the proto Western 

Pacific Warm Pool around this time along with the MIOjet, which carried warm water from 

western Pacific to Indian Ocean, gave rise to a strong SST gradient and hence established 

ideal conditions for establishment of the ISM at ~ 12 Ma. Development of monsoon is a 

complex phenomenon which requires a blend of various favourable conditions along with 

temperature gradient. The Tibetan Plateau also played a very significant role in the 

development of monsoonal climate. At 12 Ma, the Tibetan plateau had achieved sufficient 

elevation to block the penetration of moisture from the Indian Ocean or south Pacific into 

western China causing downpour on Indian subcontinent. 

The climatic events deciphered from stable isotope data together with detailed geochemical 

studies helped in understanding variability in paleo-redox conditions, paleoproductivity and 

sediment provenance during the middle Miocene. The EAIS formation resulted in increase in 

aridity and enhanced aeolian input in the BoB, originating possibly from Arabian desert and 

Persian Gulf, resulting in high Zr/Al ratio at the study area. The initiation of ISM at ~12 Ma 

may have been responsible for nutrient supply and increasing productivity as indicated by 

Babio and Porg flux. The productivity in the southern BoB appears to be higher during warm 

period of ~ 12 - 10 Ma as compared to the colder period. Increase in K/Al and Rb/Al ratios 

provide evidence of intense mechanical weathering in response to uplift in the Himalayan 

region and Tibetan Plateau at 12 Ma and ISM initiation in particular might have increased 

overall erosion rates to BoB. Redox sensitive elements like authigenic U, U/Th and V/Cr 
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ratios points at oxic conditions of deposition during middle Miocene. This study strongly 

points at initiation of Monsoon at ~ 12 Ma and intensification at ~ 10 Ma. Unlike previous 

studies that reported a lag between the development of the East Asian Monsoon and Indian 

Summer Monsoon, this study shows that the East Asian Monsoon and Indian summer 

monsoon systems developed simultaneously without any time lag. 

High Illite and Smectite content shows increase in physical and chemical weathering in 

response to uplift in the Himalayan region and Tibetan Plateau coupled with rainfall at ~ 12 

Ma. This study also reports evidence of volcanic activity in the nearby location of ODP 758 

at ~ 11 Ma, based on presence of glass shards and anomalously high rare earth and trace 

elemental concentrations in few sediment samples. The composition of glass shards obtained 

is distinctly different from the shards reported from nearby Indonesian volcanic region. The 

large size of the shards (250-315 µm) and their composition raises a possibility of an 

unreported insitu volcanism at site 758 or the glass shards may have originated at a 

volcanically active area within 500 km of ODP site 758. 
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Chapter 1: Introduction 

1.1 Introduction to Paleoceanography and Paleoclimate
 

The climate of the earth is dynamically changing through time. It exerts a powerful influence 

on the diversity and organization of continental and marine biological systems (Nicholls, 

1995; Clark et al., 2007). Therefore, studies on climate change have become crucial 

considering its scientific and socio-economic impact. Understanding the process and history 

of natural climate variability is necessary for refining climate predictability and properly 

attributing ongoing climatic changes to anthropogenic and natural causes (Swim et al., 2009). 

The paleoclimate records contain a much wider range of information in terms of duration and 

amplitude of climate changes than the instrumental records and provide insight into how the 

climate system reacts due to non-anthropogenic forcing.  

Marine sediments are sensitive to subtle changes in ocean climate parameters and serve as an 

important repository for past climatic and oceanographic reconstruction studies (Shackleton 

et al., 1990; Pelletier et al., 2015 and reference therein). Present concerns about climate 

change have heightened awareness of climatic fluctuations and the necessity to understand 

the forcing mechanisms of climate change. This, in turn has encouraged attempts to unravel 

the important climatic information stored in the deep sea sediments. In order to predict 

possible climate change scenarios, it is essential to have proper understanding of 

paleoceanographic changes. The ocean drilling program (ODP), which commenced in 1968, 

provided important climatic information from cores of deep-sea floor throughout the world. 

The tools and techniques used by ODP investigated the physical, chemical, and biological 

properties of the seafloor and also revealed information based on preserved sediments that 

contain the store of Earth's historical record (Clift et al., 2014). These past records enable us 

to understand the mechanisms of historical ocean-circulation patterns, global climate 
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changes, past carbon and nutrient cycles, and the subsequent variations in Earth's floral and 

faunal populations. The global deep sea oxygen isotopic changes are shown in Fig. 1.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Paleoceanography has evolved from traditional disciplines, such as sedimentary geology and 

paleontology to newer approaches, such as chemical and isotopic studies and modelling of 

the Earth's systems including future climate. With the availability of new state-of-the-art 

Figure 1.1  Global deep-sea oxygen isotope records based on data compiled from more than 40 

DSDP and ODP sites (Zachos et al., 2001) 
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analytical and modelling techniques, we are currently in a position to estimate human 

influences on global climate change, carbon cycle and biosphere changes, including 

extinction events and as well as future prediction on Earth’s climate variability. 

The Earth’s climate system is mainly driven by insolation. Since the low latitudes receive 

larger share of this energy, the climate system functions by redistributing the excess heat 

continuously through the oceanic and the atmospheric circulation towards the polar regions 

(Ruddiman, 2001; IPCC: Solomon et al., 2007). Therefore, any perturbation to the solar 

budget of the Earth is bound to induce a reaction of the climate machine, involving 

amplifying and stabilizing effects within the climate system. The climate machine consists of 

several dynamic components that interact with each other on different time scales. Therefore, 

in order to understand the climate system we need to identify and investigate the main 

processes that are responsible for such changes. The primary forcing over tens of thousands 

of years termed as Milankovitch cycle is related to the orbital parameters of the Earth that 

modulate the seasonal and latitudinal distribution (obliquity and precession) and total amount 

of incoming solar radiation (eccentricity). On shorter time scales, a variety of climate 

forcings are involved including changes in solar activity occurring on decadal to millennial 

timescales (Imbrie et al., 1993; Masson-Demotte et al., 2006. Volcanic activity and dust also 

enhances changes in the optical properties of the stratosphere on inter-annual to decadal 

scales. 

1.2 Paleoclimate archives 

Paleoclimatic records can provide crucial information on the operation of climate system 

including the occurrence of tipping points and the adverse effect of abrupt changes. The 

detailed study of the past climate is possible through various paleoclimate archives which 

consists of geologic (e.g., sediment cores, ice cores, speleothems) and biologic (e.g., tree 

rings, corals etc.) materials that preserve evidence of past climatic changes for the last 
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millions of years (Masson-Delmotte et al., 2013). They contain substances or features 

(climate proxies) that can be sampled and analyzed using a variety of physical and chemical 

processes. Using results from the analyses of proxies in archives, reconstruction is done 

through time which is useful to infer patterns of climate and environmental change at the 

sample site. Combining such individual reconstructions, we get a picture of regional and 

global climate change through time. 

Paleoclimate records are preserved in marine, aquatic, and terrestrial settings all over the 

world. The various paleoclimate archives that are being used in paleoclimatology and 

paleoceanography are discussed below: 

1.2.1 Ice cores 

 Ice cores serve as important high resolution paleoclimate archives (e.g Dansgaard et al., 

1982). Ice cores are retrieved from an ice sheet, generally from the Antarctica, Greenland or 

from other high mountain glaciers. As layers of snow accumulate annually to form ice, lower 

layers are older than upper ones. Ice cores contain enormous amount of information on yearly 

time scale with reference to the past climatic changes. Ice cores preserves wind-blown dust, 

ash, bubbles of atmospheric gases, etc. Most importantly they contain greenhouse gases like, 

CO2, CH4 and N2O of the past climatic cycles. Ice cores serves as a store house of 

information on various proxies to study climate change. These proxies include temperature, 

precipitation, ice volume, ocean chemistry and gas composition of the atmosphere, solar 

variability, sea surface productivity, volcanic eruptions, desert extent, etc. Recently published 

climate records from the Greenland and Antarctica have shown history of high latitude 

climate variability for the last ~800,000 years (Lambert et al., 2008). 

1.2.2 Lake sediments 

 Oxygen isotopes (δ
18

O) in authigenic minerals record temperature changes of ambient water 

masses and therefore very useful in paleoclimate studies (e.g Imbrie and Kipp, 1971; Coope, 
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1977). The δ
18

O in biogenic silica (mainly diatoms) is being used in low carbonate lakes. The 

oxygen isotopes (δ
18

O) in diatoms are very sensitive proxy for past climate, reflecting 

changes in the source, temperature, lake hydrology and amount of past precipitation. 

Different climate settings in lakes and seasonal differences in diatom production lead to 

various aspects of climate that are recorded in oxygen isotopic composition in diatoms. The 

δ
13

C and δ
15

N imprints of organic material in the lake sediments also provide very useful 

information to understand regional climate and paleo-vegetation changes. 

1.2.3 Speleothems 

 Speleothems are secondary calcium carbonate deposits formed within a cave environment 

via the degassing of CO2-enriched seepage water entering the cave system through fractures 

in the host rock. The growth of speleothems is intrinsically linked to Earth’s atmosphere and 

hydrosphere, in particular water availability and therefore have been extensively used in 

paleoclimatic research (e.g Neff et al., 2001; Burns et al., 2002). Thus, precisely dated 

speleothems, particularly stalagmites, provide valuable information regarding climatic 

fluctuations. The water, ultimately responsible for forming a speleothem, is the result of 

meteoric precipitation falling above or nearby a given cave site and the variation in the 

oxygen isotopic composition of speleothem calcite (δ
18

Ocalcite) is directly linked to the 

isotopic composition of this rainfall (δ
18

Orain) and the temperature of the cave at the time of 

carbonate deposition. 

1.2.4 Corals 

 Corals are marine animals with a calcium carbonate skeleton. They grow and thrive in warm, 

shallow, well-lit ocean waters of tropics. Although some corals live as individuals, they 

typically live in colonies and are the main reef builders in modern oceans.  

Scleractinian (stony) corals are exclusively marine and are very similar to sea anemones but 

generate a hard skeleton of calcium carbonate. Within the carbonate skeleton of corals, there 
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are annual growth bands, with lighter-colored layers deposited during the summer and darker 

layers forming in the winter. Chemical composition of each layer is analysed to reconstruct 

monthly, annual and longer records of past temperature and salinity variations. Unlike other 

paleoclimate archives corals generally contain relatively short paleoclimate records. 

However, their ability to provide monthly and seasonal time resolution allow reconstruction 

of relatively short term phenomena such as El Niño and La Niña events that occur on short 

time scales. Therefore scleractinian corals are considered the best archives for very high-

resolution marine records. Stable oxygen isotopes in coral bands are extensively used to 

reconstruct sea surface temperatures (SST). 

1.2.5 Marine sediments 

Marine sediments are one of the best paleoclimatic and paleoceanographic archives because 

they are essentially continuous in character and their age can be determined relatively easily. 

Marine sediments preserve a wide range of information about climate history in the form of 

their microfossil assemblage, organic matter, sedimentological characteristics, elemental and 

isotopic compositions of fossil shells etc (e.g Hansson, 1994; Rea, 1994). Moreover, their 

depositional environment, sedimentation rates, size fraction and colour provide us with 

abundant information of chemical characteristics during their deposition. Sediments found in 

the ocean floor can be divided into hydrogenous, cosmogenous, terrigenous and biogenic 

material. The hydrogenous material is formed from the chemical reaction in the ocean and the 

cosmogenous material comes from the outer space. Terrigenous matter derived from the 

continent is broken down by weathering and transported to the oceans by means of wind or 

river. This can be used as a proxy for weathering, source rock and variability in wind strength 

and wind direction throughout the formation of the marine sediment. Biogenic component of 

marine sediment generally consists of microfossils. Any sediment having more than 30% 

skeletal material is called biogenic sediment, also known as biogenic ooze. On the basis of 



Introduction Chapter 1 

 

7 | P a g e  
 

composition, microfossils are roughly divided into following four categories: (a) Phosphatic, 

as conodonts, (b) Calcareous, as coccoliths and foraminifera, (c) Siliceous, as diatoms and 

radiolarian, or (d) Organic, as pollen and spores. This division reflects a difference in the 

mineralogical and chemical composition of microfossil rather than any strict taxonomic or 

ecological distinctions (Haynes, 1981). Abundance of these microfossils is an indicator of 

ocean productivity changes. Volcanic ash also forms an important component in marine 

sediment, and given the prevalence of oceanic and continental arc volcanism around the 

globe in regard to widespread transport of ash, its presence in marine sediment is nearly 

ubiquitous (Scudder et al., 2016). Tephra is a collective term for all the unconsolidated, 

primary pyroclastic products of a volcanic eruption, including all unconsolidated pyroclastic 

deposits irrespective of their origin or nature of emplacement (Froggatt and Lowe, 1990). 

There are three routes through which volcanic ash can be transferred into the marine 

environment.  

1) Atmospheric turbulent diffusion and the subsequent fallout from the spreading and 

dispersal of volcanic plumes. In this case, eruption cloud and wind turbulence supports 

fragments before settling through the atmosphere and through water down-wind of the 

eruption column.  

2) Fallout from abrasion within ballistic trajectory resulting in a constant rain of ash settling 

through the atmosphere and through water down-wind of the eruption column.  

3) Pyroclastic flows, lahars or ash-charged rivers that discharge into the ocean.  

Tephra from volcanic plumes can be very widespread over land and sea. These deposits 

travel through atmosphere and then settle through water column and provide a record of 

explosive volcanism in the geological past. Tephra layers are rapidly deposited over a 

relatively short geologic time interval (hours, days, weeks) and may define isochronous 

surfaces (e.g. Sparks et al., 1997). Volcanic ash input to the  ocean contributes nutrients 
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supply to the surface ocean and are thus important for understanding trace metal cycling, 

biological productivity, climate change (Kutterolf et al. 2013; Metzner et al. 2014). 

Amongst the various proxies preserved within marine sediments for inferring past climate, 

few important proxies are discussed below: 

1.2.5a Elemental geochemistry and Clay mineralogy: Major and trace element concentration 

of marine sediments are excellent proxies to study paleoceanographic processes and resulting 

climate changes such as shifts in wind pattern, fluvial input and various biological and 

geochemical processes (Duplessy, 1982; German and Elderfield, 1990; deMenocal et al; 

1993; Rea, 1994; Pattan and Pearce, 2009, Avinash, K et al., 2015). The content of a given 

chemical element in a sediment sample depends on the relative proportions of its constituent 

phases derived from different parts of geosphere (Goldberg, 1963).  In order to investigate the 

highly informative properties in marine sediments, researchers have developed multi proxy 

methods for paleoenvironmental studies. The chemical composition and elemental proxies 

provide invaluable information regarding sediment provenance, paleocirculation, 

paleoproductivity and redox conditions of sediments (Brumsack, 1980; Wignall and Myers, 

1988; Calvert and Pedersen, 1993; Dean et al., 1999; Tribovillard et al., 2006, 2008; Pattan 

and Pearce, 2009; Algeo and Tribovillard, 2009; Algeo et al., 2012 and reference therein). 

Normalization of elemental data is carried out to assess the relative degree of enrichment or 

depletion of specific elements in a given sediment sample, or to estimate contribution of an 

element derived from crustal rocks to marine sediments. Data compilations of the Post-

Archean Australian Shale (PAAS) (Taylor and McLennan, 1985) and Upper continental crust 

(McLennan, 2001) have been used for this purpose. The lithogenic fraction of sediments 

carries information on the variable composition of Earth’s crust, which can be modified later 

by processes such as chemical erosion and sorting on land surface and on sea floor, as well as 

during transportation. The element aluminium (Al) is mostly used to calculate total lithogenic 
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content of sediments because of its very similar concentration in acidic to basic extrusive and 

intrusive and most metamorphic rocks. This in turn, is similar to its concentration in most of 

bulk crust and shale rocks which are most common sedimentary rocks (Wedepohl et al., 

1978; Taylor and McLennan, 1985; Calvert and Fontugne, 2001). The conservative behaviour 

of Al in weathering profiles and soil formation is well known due to the in-situ clay mineral 

formation and hydroxides retention (Loughnan, 1969; Hem, 1978; Bohn et al., 1979). These 

features of Al have made it an important normalizing parameter for crustal elemental data in 

marine sediments. Elemental ratios such as Ti/Al, K/Al, Zr/Al, Rb/Al have been successfully 

used to infer terrestrial/detrial fluvial and aeolian inputs to marine sediments (Calvert and 

Fontugne, 2001; Schmitz, 1987). Elemental proxies for marine palaeoproductivity and in turn 

biogenic input to marine sediments have been reported by using biogenic Barium flux and 

organic Phosphorus flux. The presence or absence of oxygen and H2S determines the 

depositional condition which varies between oxic, suboxic and anoxic environments in world 

oceans. Oxic, suboxic and anoxic conditions are often governed by biological productivity 

and supply of terrigenous input, which in turn is linked with strong monsoonal intensity 

(Gupta et al., 2004). Some elements like Th, U, V, Cr and Ce are most commonly used 

redox-sensitive trace elements in ocean waters and have received considerable attention as 

promising paleo-tracers (Jones and Manning 1994; Pattan et al., 2013 and reference therein). 

Climatic cycles of interglacial and glacial periods have modulated changes in oceanic 

oxygenation in the past, for example in the southern Indian Ocean (Bareille et al., 1998) and 

in the Cariaco Basin (Yarincik et al., 2000). Along with geochemical properties of marine 

sediments, clay mineralogy of marine sediments also proves to be useful proxy as it 

constrains the provenance of fine grained terrigenous sediments (Biscaye, 1965). Clays are 

sensitive indicators of the environment of their formation, and their composition can be used 

to decipher climatic variations which do not affect other size fractions (Moriarty, 1977). The 
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composition of terrestrial clay mineral reflects the prevailing physical/chemical weathering 

regimes that control nature and intensity of pedogenetic processes in continental areas. The 

intensity of physical and/or chemical weathering is inturn dependent on climate zonation and 

atmospheric moisture content (e.g., Chamley, 1989; Weaver, 1989).  

1.2.5b Stable isotopes in foraminifera fossil shells: Calcareous fossil foraminifera are 

formed from the elements found in the ancient oceans in which they lived in. Hence, they 

play a dominant role in paleoceanographic study. Foraminifers preserve evidence of past 

environmental conditions in their shells in the form of isotopic and chemical tracers. Remains 

of foraminifers shells can be found by retrieving sediment cores from oceans, since their 

shells get buried and preserved in sediment as they die. The chemical makeup of these shells 

reflects the water chemistry at the time of shell formation. The stable oxygen isotope ratio of 

the shell is used to infer past water temperatures and climatic changes. Environmental 

conditions can be inferred from relative abundance as well as species composition in 

particular areas. The latest accepted classification of the foraminifera is based on that of 

Loeblich and Tappan (1992). The general classification is as follows: 

Kingdom: Protista 

Phylum: Protozoa 

Class: Sarcodina 

Subclass: Rhizopoda 

Order: Foraminiferida (foraminifera) 

Based on the habitat, foraminifera are divided into planktonic and benthic forms. 

Planktonic foraminifera are free-floating forms of the open ocean that secrete a calcium 

carbonate shell. Planktonic foraminifera originated from benthic foraminifera in the Late 

Jurassic to Cretaceous i.e. Mesozoic about 100 Ma (Darling et al., 1997). Planktonic 

foraminifera are extensively used as trace fossils due to their short geological time and wide 



Introduction Chapter 1 

 

11 | P a g e  
 

geographic extent. However, planktonic foraminifera are less in number of species when 

compared to benthic species. Out of the ~4000 known living species of foraminifera, only 40 

are planktonic. They have one of the best fossil records of any organism because of their 

large population and wide geographical extent. Hence, they are extensively used in 

stratigraphic correlation, isotopic study as well as petroleum industry. Planktonic 

foraminifera are either mixed layer or thermocline dweller.  

Benthic foraminifera are bottom dwelling forms that live at the sediment-water interface and 

within the top few centimetres of the bottom sediments. Taxonomically, they are more 

diverse and live in wide array of environment from marsh to abyssal plain, but their number 

per species is lesser as compared to the planktonic forms. Epibenthic species like 

Cibicidoides wuellerstorfi live in ocean bottom water, above the sediment and therefore 

widely used as an excellent proxy to infer deep water circulation change and for bio-

stratigraphic correlation. 

The foraminifera fossil shells record chemical and isotopic signatures of the water masses in 

which they lived. Oxygen exists in nature in the form of three stable isotopes; 

Oxygen isotope Abundance percentage 

16
O 99.763 % 

17
O 0.037% 

18
O

 
0.20% 

 

 

An exchange reaction of oxygen takes place between CaCO3 and H2O during CaCO3 

precipitation; 

1/3CaC
16

O3 + H2
18

O = 1/3CaC
18

O3 + H2
16

O. 

Table 1.1 Different oxygen isotopes and their natural abundance 
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The equilibrium constant for this reaction is given by; 

K = [CaC
18

O3]
1/3

 [H2
16

O] 

        [CaC
16

O3]
1/3

 [H2
18

O] 

 

The equilibrium constant (K) is dependent on temperature (T), therefore calcium carbonate 

precipitated from water of constant oxygen isotopic composition at different temperatures 

will have different 
18

O/
16

O ratios. This is the basis underlying the quantitative determination 

of palaeotemperatures of ocean water from oxygen isotope studies of CaCO3 (Urey, 1947).  

The isotopic fractionation that occurs during various physico-chemical processes is described 

as;  

 a-b=  
18

O/
16

Oa 

                                 18
O/

16
Ob 

where  is the fractionation factor. The subscripts a and b refer to two different phases (eg. 

solid and liquid). The equation used to calculate δ
18

O is given below; 

δ
18

O = [(
18

O/
16

Osample – 
18

O/
16

Ostandard) / 
18

O/
16

Ostandard] x 10
3
 

Oxygen isotope records provide a vital method in understanding the earth’s past climate.  

Urey (1947) first documented the use of isotope fractionation as a temperature proxy. 

Emiliani (1955) based on studies of Urey (1947), McCrea (1950) and Epstein et al. (1953) 

reported the first use of oxygen isotope paleothermometry to reconstruct glacial-interglacial 

changes in climate using fossil foraminiferal shells from deep sea sediments. Paleoclimatic 

reconstruction using foraminifera fossil shell was therefore proved to be an integral part of 

paleoceanographic studies.  
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The paleotemperature equation proposed by Epstein et al. (1953) and later modified by 

Shackleton (1974) is given below; 

T = 16.9 – 4.38 (δ
18

Ocarbonate – δ
18

Oseawater) + 0.1 (δ
18

Ocarbonate – δ
18

Oseawater) 

Fractionation of oxygen isotopes during different physiochemical processes is of supreme 

interest as it improves our understanding about the past climate. The oxygen isotope ratio of 

biogenic carbonates in seawater is basically function of two parameters; the SST and oxygen 

isotopic ratio of ambient seawater. One degree change in temperature causes around 0.2‰ 

change in δ
18

O of foraminifera (Craig and Gordan, 1965). Any fluctuation in oxygen isotopes 

of seawater reflects decrease or increase of water input from land to oceanic reservoir. The 

decrease of water influx would occur when climate is cold (glacial period). During such 

periods, seawater gets locked near poles due to waxing of ice sheets. On the other hand, the 

polar ice melts during warm periods (interglacial), causing rise in sea level and return of 

seawater to the ocean. The glacial period in the past have always been marked by increase in 

global ocean δ
18

O (Schrag, 1996). Foraminiferal δ
18

O records not only reflect changes in 

global ice volume, but they also reflect changes in the δ
18

O of seawater due to local 

processes.  Due to difference in mass, H2
16

O evaporates more readily than H2
18

O, and δ
18

O 

values of precipitation are low compared with that of seawater. As a result, evaporation 

causes surface water salinity and δ
18

O values to increase, and precipitation causes surface 

water salinity and δ
18

O values to decrease. One ppt change in salinity results in 0.3‰ change 

in δ
18

O (Craig and Gordan, 1965). As evaporation and precipitation both influence salinity 

and δ
18

O, they show latitudinal variation with higher values at lower latitudes and vice versa. 

Combining all the factors mentioned above, we find that the variations in the oxygen isotopes 

of planktonic and benthic foraminifera represent the changes in oxygen isotopic ratios of 

ocean water associated with the waning and waxing of polar ice and changes in water 

temperature and salinity through time. Therefore, the oxygen isotopes of the surface and deep 
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dwelling foraminifera are widely used for tracing paleo-temperatures and paleo-salinity of the 

ambient water masses. 

Carbon has two stable isotopes; 

Carbon isotope Abundance percentage 

12
C 98.89% 

13
C 1.11% 

 

 

The isotopic ratios of carbon are denoted as; 

δ
13

C = [(
13

C/
12

Csample – 
13

C/
12

Cstandard)/ 
13

C/
12

Cstandard] x 1000 

Carbon isotopic variations are used in studying deep water mass movement, 

paleoproductivity changes and connections between climatically induced changes in the 

terrestrial biosphere affecting CO2 reservoirs. In nature, there are two major reservoirs of 

carbon; organic matter and sedimentary carbon. Both these reservoirs are isotopically 

different from each other because of the isotopic fractionation. Organic carbon is rich in 
12

C 

as photosynthesis preferentially uptakes lighter carbon isotope. The precipitation of carbon in 

carbonates involves very small isotopic fractionation with respect to total dissolved inorganic 

carbon. Stable carbon isotopes of planktonic foraminifera are very helpful in knowing paleo 

productivity changes and variations in nutrient content, whereas stable carbon isotopic ratios 

in benthic foraminifera reflect deep water circulation pattern. Presently about 90% of carbon 

in the ocean atmosphere system is stored in the deep oceans.  

 

 

Table 1.2 Different stable carbon isotopes and their natural abundance 
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1.3 Miocene epoch – The rise of modern ecosystem 

The Miocene is the first geological epoch of the Neogene period and extends from about 

23.03 to 5.33 Ma. The Miocene name is adapted from the Greek word which means “less 

recent” by Sir Charles Lyell because it has 18% fewer modern sea invertebrates than the 

Pliocene. Two major ecosystems, kelp forests and grasslands, made their first appearances in 

Miocene. 

The earth has experienced a series of ice ages from the Oligocene through the Miocene and 

into the Pliocene. The Miocene boundaries are not marked by a single distinct global event 

but consist rather chains of short lived climatic events. The Miocene epoch is of particular 

interest to geologists and palaeoclimatologists as it is marked by major phases of Himalayan 

uplift affecting Asian monsoon intensity, which is interlinked with northern hemisphere 

glaciation. Miocene epoch is also characterized by various volcanic and tectonic events 

which affected the paleogeography, paleoceanographic and paleoclimatic condtions. 

Although the past climatic conditions are not direct analogs to the modern world climate 

systems, they provide a ground to test the interaction of the ocean-climate system as it 

responds to changes in Earth’s radiative budget, fluctuations in global ice volume and 

perturbations of the carbon cycle. The Mid Miocene Climatic Optimum (MMCO) represents 

an interesting phase of global warming, which interrupted the long-term Cenozoic cooling 

trend for more than 2 Ma. This drastic climatic reversal offers a challenging opportunity for 

researchers to explore the interactions between climate warming and the carbon cycle. As the 

modern CO2 level crosses 400 ppm mark, it raises an alarm. But, the Earth has encountered 

similar climatic territory in Miocene, when tropical SSTs were as much as 12°C warmer, 

with CO2 levels similar to today, estimated at around 400 ppm (Zhang et al., 2013). Extent of 

ice sheet was minimal in high northern latitudes and ice was limited to inland portions of East 

Antarctica. Thus, the warmer middle Miocene period potentially provides a useful period to 

https://scripps.ucsd.edu/programs/keelingcurve/
http://rsta.royalsocietypublishing.org/content/371/2001/20130096.short
http://rsta.royalsocietypublishing.org/content/371/2001/20130096.short
http://www.sciencedirect.com/science/article/pii/S0012825214000713
http://www.sciencedirect.com/science/article/pii/S0012825214000713
http://www.sciencedirect.com/science/article/pii/S0012825214000713
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test predicted changes in ocean circulation associated with global warming and melting of 

polar ice. 

1.3.1 Paleogeography 

Continents continued to drift toward their present positions during the Miocene. All the 

modern geologic features were established, except for the isthamus of Panama- land bridge 

between South America and North America (Fig.1.2). South America was approaching the 

western subduction zone in the Pacific Ocean, resulting in both the rise of the Andes and a 

southward extension of the Meso-American peninsula. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Indian plate continued to collide with Asia, creating dramatic new mountain ranges. The 

Tethys Seaway continued to shrink and then disappeared as Africa collided with Eurasia in 

the Turkish–Arabian region between 19 and 12 Ma. The subsequent uplift of mountains in 

Figure 1.2 Modern like configuration of continents with ice covered Antarctica in middle Miocene 

(PALEOMAP Project, Christopher R. Scotese, http://www.scotese.com/miocene.htm) 



Introduction Chapter 1 

 

17 | P a g e  
 

the western Mediterranean region closed the Mediterranean outlet to Atlantic Ocean and a 

global fall in sea levels combined to cause a temporary drying up of the Mediterranean Sea 

(known as the Messinian salinity crisis) near the end of the Miocene (Adams et al., 1977). 

1.3.2 Climate 

Climate during Miocene was warmer than that of the preceding Oligocene and the following 

Pliocene, although the slow global cooling continued that eventually led to the Pleistocene 

glaciations. A long-term cooling trend was well underway in Miocene, yet amid the Miocene, 

the global climate rivalled to that of the warm Oligocene (e.g Hodell and Wodruff, 1994; 

Kurschner et al., 2008). The Miocene warming began ~ at 21 Ma and continued until ~ 14 

Ma after which the global temperatures dropped sharply – the Middle Miocene Climate 

Transition (MMCT) forming the East Antarctic Ice sheet (EAIS) (Flower and Kennett, 1993, 

1995; Holbourn et al., 2005, 2007). By 8 million years ago the Late Miocene cooling event 

took place leading to sharp drop in global temperature once again. The Antarctic ice sheet 

expanded to its present-day size and thickness. Greenland may have begun to have large 

glaciers as early as 7 to 8 million years ago (Herbert et al., 2016). 

1.3.3 Oceans 

The isolation of Antarctica due to the formation of the Antarctic Circumpolar Current (ACC) 

leads to oceans cooling. About 15 million years ago, the ice cap in the southern hemisphere 

expanded to its present form. The North Atlantic deep water (NADW) formation had started 

during the Late Miocene (Blanc et al., 1980). The tectonic changes in the Miocene also 

resulted in many surface currents. During the warming event of Miocene, tropical SSTs were 

as much as 12°C warmer, with CO2 levels similar to modern concentration, estimated at 

around 400ppm (Zhang et al., 2013).  

 

 

http://rsta.royalsocietypublishing.org/content/371/2001/20130096.short
http://rsta.royalsocietypublishing.org/content/371/2001/20130096.short
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1.4 The Indian Summer Monsoon System 

A monsoon refers to the seasonally shifting winds in the Indian Ocean and surrounding 

regions due to change in pressure system. For many decades, scientists are trying to unravel 

the factors that causes Indian summer monsoon (ISM) to arrive in June and die down in 

September. Before the advent of weather satellites, the understanding of how atmospheric 

forces enacts together to form monsoon was fairly limited. The monsoonal winds blow from 

the southwest (in summer) during one half of the year and the northeast (in winter) during the 

other half causing seasonal changes on land and sea. The Asian monsoon, which affects 

Indian subcontinent and southeast part of the Asia, is probably the most noted of the 

monsoons. Despite its vast influence, little is understood about what controls the timing and 

intensity of the Asian monsoon. Considerable research effort has been aimed at constraining 

rainfall over land but predictions of rainfall in climate models are still unreliable (Malik et al., 

2012). The livelihoods of over three billion people are dependent on the annual summer 

rainfall known as the Indian summer monsoon, therefore a huge population is affected by the 

inconsistency of south Asian monsoon rainfall on a short and long time scale (Fig. 1.3)  

(Turner and annamalai, 2012). Since India is majorly an agro-based economy, any change in 

monsoon has greater impact on common masses. Intense heavy rainfall leads to flooding, 

breaks in monsoon or a weak monsoon leads to water shortage and drought (Goswami et al., 

2006; Sinha et al., 2007). The Indian monsoon is apparently the most grounded articulation of 

Earth's coupled hydroclimate, involving large interhemispheric exchanges of mass and 

energy among the ocean, atmosphere and landmasses (Webster, 1987; 1994; Webster et al., 

1998; Gadgil, 2003; Yihui et al., 2004; Liu and Tang, 2004; Yihui and Chan, 2005; Liu and 

Tang, 2005; Park et al., 2007). The southwest (SW) monsoon is one of the most intense 

climatic phenomena on Earth. Its long term development has been linked to the growth of 

high topography in South and Central Asia. Intensification of the summer monsoon rains is 
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linked to the tectonic advancement of the Himalaya and Tibet, the exhumation of the Greater 

Himalaya and to the rate of plate convergence. Silicate weathering in the Himalaya has also 

been linked to the long-term drawdown of atmospheric CO2 during the Cenozoic, 

culminating in the onset of Northern Hemispheric glaciations. No other part of the world has 

such intense links between tectonic and climatic processes. Unfortunately these speculations 

stay untested because of constrained data on history of Indian monsoonal precipitation and 

circulation changes. As foreland basin records are subjected to disruption by major 

unconformities, finding deposition age with high precession is difficult. A comprehensive 

understanding of the underpinnings of monsoonal regimes is important as it might serve as an 

analog for future and to assess the direction and impacts of future climatic changes. 

 

 

Figure 1.3 This image shows the earth’s population. One third of the world population live 

inside the circle (Dewey, 2013). 

 

The monsoon over India is solely initiated due to differential solar heating of the landmass 

and ocean which creates pressure gradient. The SST in the northern Indian Ocean is warmed 

along with the Indian plain and Tibetan plateau. Since the Tibetan plateau lies at a height of 

4500 m on average, there is strong warming over this region compared to the other, creating a 

low pressure trough. So the pressure gradient is formed from south to north. This gradient 
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causes cross equatorial flow which is affected by earth’s Coriolis force to give rise to SW 

summer monsoon winds. As these winds blow from ocean to land, they pick up moisture 

from the warm Indian Ocean to converge over the Himalayan ranges and cause downpour on 

Indian subcontinent. 

  

 

 

 

 

 

 

 

 

 

 

 

There are two Indian monsoon seasons: 

1) The Indian summer monsoon or SW monsoon: - It is active during June to September 

and is caused by the intense heating of the landmass. The pressure gradient on the 

huge landmass like, Asia, cause massive amount of air to flow over the ocean to the 

land. This is referred as ‘SW monsoon’ because of the SW direction of the wind.  

2) The winter or northeast (NE) monsoon: - It takes place around December-January and 

land starts cooling more rapidly than ocean, the pressure gradient is reversed, the 

cooler high pressure air over inland Asia then starts to move down towards the lower 

pressure over the ocean. This gives rise to NE monsoon. Most parts of India receive 

Figure 1.4 Representing topographic and orographic control on ISM (source 

:http://recherche.crpg.cnrs-nancy.fr/spip.php?article1150&lang=fr) 
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rains by the SW monsoon, while Tamil Nadu remains the only state to receive rains 

from the NE monsoon.   

1.4.1 Reconstructing timing of initiation and intensification of ISM  

To establish any link between climate and tectonics, it is essential to understand the timing 

and dynamics of monsoon development, which can then be correlated, or not, with changing 

topography in central Asia or the tectonics of the Himalaya (Clemens et al., 1991; Prell and 

Kutzbach, 1992; Molnar et al., 1993; Clift and Plumb, 2008). 

Reconstructing monsoon intensity depends on two factors: (i) obtaining continuous 

sedimentary sequences, and (ii) choosing the best proxy for reconstruction, as there are few 

robust rainfall proxies like well developed salinity gradient in the Bay of Bengal (BoB) 

(Kudrass et al., 2001; Clift et al., 2014). The BoB is known to receive large amount of fresh 

water and suspended particulate matter from major rivers like Ganges, Brahmaputra, 

Mahanadi, Krishna- Godavari, Cauvery, Irrawaddy and Salween (Bird et al., 2008). These 

rivers contribute high fluxes of fresh water during strong SW monsoon season causing 

salinity changes. Researches based on sediment flux and their chemical and isotopic 

properties reported that the ongoing physical erosion in these river basins is mainly regulated 

by climate (Islam et al., 1999; Singh and France-Lanord, 2002; Goodbred, 2003; Singh et al., 

2008; Chakrapani and Saini, 2009; Panda et al., 2011). This makes BoB a major repository 

for monsoon reconstruction. 

While most researchers agree that the Asian monsoon systems intensified at around 8 Ma 

(Kroon et al., 1991; Prell et al., 1992; Chen et al., 2003; Wan et al., 2007), however this view 

has been challenged by Jia et al. (2003) and Licht et al. (2014), who suggested that the 

intensification occurred during the early Miocene and the late Eocene respectively. Various 

authors have used different proxies and established various timings of intensification/ 

initiation of ISM (Table 1.3). Clay mineralogy is a widely used proxy in marine sediments as 
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it is mainly influenced by the state of chemical weathering in the flood plains of the rivers 

(Thiry, 2000). Clift et al. (2002) studied ODP site 1148 sediments to suggest that the initial 

summer monsoon intensified at around 15 Ma. In another study, Wan et al. (2007) using 

grain-size analysis and clay mineralogy in sediments of ODP Site 1146 argued that it was the 

winter monsoon that strengthened at 15 Ma and at 8 Ma, and the summer monsoon mostly 

intensified at ~ 3 Ma. Jia et al. (2003) utilized organic chemistry to argue for a strong summer 

monsoon initiation in the early Miocene, which is consistent with facies and pollen data from 

continental China that focuses to a major reversal  in regional climate around the Miocene–

Oligocene boundary (Sun and Wang, 2005). In contrast, chemical weathering data points at 

general weakening of the summer monsoon since the Early Miocene (Wei et al., 2006; Wan 

et al., 2010). A unique approach of spectral colour analysis was adopted by Clift et al. (2008) 

to propose a peak summer monsoon intensity in the middle Miocene, followed by a 

weakening, especially around 8–10 Ma.  
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Source Type of evidence Event Timing 

(Ma) 

Ramstein et al. 

(1997) 

Modeling Monsoons and 

Paratethys retreat 

ca. 30 

Guo et al. (2002) China loess deposits Monsoon climate 22 

Wang (1990) Sediments in China Monsoons 20 

Clift and Gaedicke 

  (2002) 

Indus Fan sediments Erosion/weathering 16 

Clift et al. (2002) South China Sea 

smectite mineral 

Precipitation and 

monsoons 

15.5 

Spicer et al. 

(2003) 

Fossil flora Himalayan elevation 

and monsoons 

before 15 

Coleman and Hodges 

(1995) 

Tectonics Himalayan elevation before 14 

Blisniuk et al. (2001) Tectonics Himalayan uplift and 

monsoons 

before 14 

Chen et al. (2003) Oceanic microfossils Monsoons and 

upwelling 

12–11 

Dettman et al. 

(2001) 

Isotopes and land Monsoons 10.7 

Zhisheng  et al. 

(2001) 

Land and marine 

sediments 

Uplift and onset of 

monsoons 

9–8 

Kroon et al. (1991) Oceanic microfossils Monsoons and 

upwelling 

8.6 

Filipelli (1997) Weathering and 

sediments 

Monsoons 8 

Quade et al. (1989) Isotopes and flora Monsoons 8–7.6 

Licht et al 2013 Isotope of 

macrofossils 

Monsoons 45 Ma 

Table 1.3 List of various authors showing different timings for initiation of monsoons and 

uplift of Himalayas (After Gupta et al., 2004) 
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 As mentioned earlier in this section, sediment archived in the BoB can provide useful 

information on climate–erosion link and all other paleoenvironmental conditions. However, 

the biological and physical processes in BoB during the middle Miocene is poorly 

understood, as very limited work has been attempted in sediments of the southern BoB to 

identify these changes. Therefore, in order to better understand the timing of ISM initiation, 

we focused our attention to reconstruct the paleoceanography of the southern BoB using 

stable isotope (Carbon and oxygen) and geochemical tracers. Stable carbon (δ
13

C) and 

oxygen (δ
18

O) isotopic records of carbonate pelagic sections have become important tools to 

unlock these events. There is a scarcity of isotopic data on Miocene sediments from the 

northern Indian Ocean to reconstruct surface and deep water characteristics in this region. 

The fresh water discharge in the BoB associated with ISM is responsible for nutrient supply 

resulting in increase in primary productivity (Ramaswamy and Nair, 1994), decrease in 

salinity and strong stratification during SW Monsoon (Duplessy, 1982; Ostlund et al., 1980). 

Therefore, it is necessary to understand the implications of these parameters on behaviour and 

distribution of redox-sensitive elements, to establish the terrigenous input, productivity 

changes and provenance in middle Miocene. Till now, variations in redox-sensitive elements 

such as U, Ce and V, productivity proxies such as Babio, Porg flux, terrigenous input proxies 

such as K/Al, Rb/Al and Zr/Al ratios have not been studied in sediment cores from the BoB 

during Miocene. Therefore, in this thesis, first attempt is made to reconstruct the past 

monsoonal conditions, depositional environment and paleoproductivity conditions in the BoB 

based on stable isotope, redox-sensitive, major and trace element geochemistry. 

1.5 Objectives 

The conflicting evidence for the timing of initiation and intensification of ISM highlight the 

importance of long, continuous sediment successions and robust proxies for achieving 

consensus about the timing of the monsoon intensification. This study will therefore focus on   
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reconstructing rainfall and runoff in response to the ISM from the core monsoon region of the 

BoB. The following objectives are proposed in response to the above issue. 

 To understand paleoclimatic and paleoceanographic changes between 17 and 9 Ma 

using stable carbon and oxygen isotopes from fossil foraminifera. 

 To infer deep water change in the southern BoB in response to climatic events using 

isotopic imprint of benthic foraminifera. 

 Time of strengthening and initiation of Indian Summer Monsoon. 

  To infer redox conditions and other geochemical changes in response to initiation of 

ISM. 

1.6 Motivation for the present study 

Monsoonal circulation, which is controlled by the strong differential sensible heating of the 

Indian Ocean and the Indian-Asian landmass, influences weather between 30
o
N and 30

o
S 

latitude over the African, Indian, and Asian landmasses (e.g., Schott and McCreary, 2001). 

Climate over the Indian Ocean has been strongly controlled by the uplift of the Tibetan 

Plateau (Molnar et al., 1993; Prell and Kutzbach, 1997), leading to the initiation of the 

monsoon. ODP Site 758 was drilled in 1988, with one of the major objectives to study the 

impact of the uplift of Himalayas and the Tibetan Plateaus on sedimentation rates (increased 

terrigenous input) and the development of the monsoonal climate regime. As stated earlier, 

currently ODP site 758 is within the influence of both the SW and NE monsoon currents to 

the east of the Indian landmass (Schott and McCreary, 2001). The SW monsoon winds 

develop major divergences above site 758, inducing strong upwelling (Knox, 1987) in the 

region and thus leading to high primary productivity (Banse and English, 1994; Gregg, 2001). 

The average potential primary (organic carbon) production for the upper 0–50 m is 20–30 

mg·m
3
·h

-1
 during the SW monsoon season and 0.10–0.15 mg·m

3
·h

-1 
during the NE monsoon 

season (Krey, 1973). The latitude of site 758 did not change significantly over the studied 
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interval (Peirce et al., 1989). Unlike other ODP sites in the northern Indian Ocean (e.g ODP 

116 and ODP 117), ODP 758 reports no turbidites and contains only hemipelagic sediments 

derived from Himalayan region. Above mentioned factors including its unique location 

motivated me to select site ODP 758 for this study. 

1.7 Structure of the thesis 

The present work is divided into 5 chapters with supporting information appended at the end. 

The main content of each chapter is described below 

Chapter 1: General introduction to paleoclimate, paleoceanography and Miocene epoch. 

Chapter 2: Geological and Oceanographic setting 

This chapter comprises of detailed core description, sampling step, sample description and 

description of study area (ODP 758). A brief introduction about Ninetyeast Ridge is included 

along with description of Bengal Fan morphology and sediment characteristics. This chapter 

also includes pre and post monsoonal surface water change (SST and salinity), deep water 

mass change in BoB and the provenance of sediments found in Southern BoB. 

Chapter 3: Materials and Methods 

The materials used for the present study, chronostratigraphy of ODP 758 and the 

methodology adopted in analytical procedures for the generation of stable isotope, trace, rare 

earth, major elements, clay minerals and glass shards geochemistry using state-of-the-art 

techniques like IRMS, HR-ICPMS, XRD, XRF and EPMA are described in this chapter. The 

description for each method includes sample preparation technique, description of instrument 

and analytical procedures. The precession of stable isotope standards is also discussed. 

Calculations of stable isotope data using different equations are also discussed. 

Chapter 4: Results and discussion 

This Chapter is divided into four sub chapters: (i) Stable isotope signatures as proxy for 

various climatic and oceanographic event in Miocene (ii) Geochemistry of Marine sediments 



Introduction Chapter 1 

 

27 | P a g e  
 

and their implication to paleoenvironment (iii) Clay mineral Composition and (iv) Glass 

shards geochemistry. The stable carbon and oxygen isotopes of benthic and planktonic 

foraminifera results have been discussed in sub chapter 1. The inferences drawn are discussed 

in detail including various climatic events that occurred during the period of study and 

changes in the deep water masses. The initiation and intensification of ISM is discussed in 

detail. Behaviour and distribution of redox-sensitive elements, changes in terrigenous input, 

productivity and provenance of sediments in middle Miocene with reference to various 

climatic events have been discussed in sub chapter 2. Sub chapter 3 contains clay mineral 

composition of the sediments of ODP 758 which further investigates provenance change and 

physical/chemical erosion that took place in response to ISM. The geochemistry of the glass 

shards obtained in this study has been discussed in sub chapter 4. This sub chapter also 

includes composition of the glass shards, their morphology and possible sources are inferred. 

Chapter 5: Conclusion and future scope.  

All major findings of this study are summarised in this chapter. A concluding model has been 

included in this chapter. This chapter deals with unresolved issues that can be addressed in 

future work in samples of the same site or other ODP sites.   

 

 

 

 

 

 

 

 

 



28 | P a g e  
 

Chapter 2: Geological and 

Oceanographic setting 

2.1 Introduction 

ODP site 758 is located atop the Ninetyeast Ridge in the southern BoB (Lat. 5
o
23’N, Long. 

90
o
21’E; water depth 2925 m), approximately 1000 m above the Bengal Fan (Fig.2.1). It is 

located halfway between Deep Sea Drilling Project (DSDP) sites 216 and 217 on the 

southeast side of the massive en echelon blocks that characterize the Ninetyeast Ridge. This 

location is also marks the northern boundary in the south-north paleoceanography/ climate 

transect. 

 

. 

 

 

 

 

 

 

 

 Figure 2.1 Location map of ODP site 758 
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The sediments at ODP site 758 mainly consist of biogenic pelagic calcium carbonate 

(CaCO3), but terrigenous silt, clay and volcanic tephra also forms important component of 

sediments (Farrell and Janecek, 1991) (Fig. 2.2).  Biogenic pelagic calcium carbonate content 

increases downcore to more than 80% at 121- 296 mbsf. The sediment samples selected for 

this study are from subunit I B and subunit II A of the ODP 758A.  Sediments of subunit I B 

mainly consist of white nannofossil ooze with clay and foraminiferal fossil shells. The CaCO3 

content in subunit I B increases downcore with decreasing clay content. The CaCO3 in 

subunit II B increases to more than 80%. This unit mainly consist of foraminifera, calcareous 

nannofossils, chalk, mottled and bioturbated sediments. Erosional products from Himalaya-

Tibet (dissolved as well particulate) are brought to the Bengal Fan by major rivers Ganges, 

Brahmaputra and Irrawaddy. Coarse-grained sediments get confined to the bottom/deep Fan. 

The finer silts and clays are most likely transported by turbidity currents within nepheloid 

layers (Kolla et al., 1976). As ODP 758A is located above the sedimentary distribution 

channels of the Bengal Fan, the section is thin enough to penetrate and is not interrupted by 

turbidites. The present location of site 758 is within the influence of both the SW and NE 

monsoon currents to the east of the Indian landmass (Schott and McCreary, 2001). 
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2.2 Ninetyeast Ridge 

The Ninetyeast Ridge located in the eastern Indian Ocean is considered as one of the longest 

linear topographic feature in the world, it trends north-south along the 90ᴼ E Meridian 

(Mukhopadhyay and Krishna, 1955). It extends up to ~ 5000 kms long from south of 35
o
S to 

about 17
o
N. The thickness of sediments above the ridge varies along its length, at 10

o
 N, it is 

covered by thin veneer of sediments, while farther 700 km up to 17
o
 N, the ridge is covered 

by thick sediments of the Bengal Fan. This ridge has divided the Bengal Fan into two lobes 

(1) the western Main Bengal Fan having thick sedimentary sequences, west of the Ninetyeast 

Figure 2.2 Litholog of ODP site 758A (Pierce J et al., 1988). The portion 

marked by red lines has been selected for this study 
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Ridge, and (2) Nicobar Fan, lying east of the Ninetyeast Ridge and SW of Sumatra and the 

Sunda Trench. The Ninetyeast Ridge is separated by variable width with an average of 200 

km. The ridge on the northern side consists of series of en echelon blocks while on the 

southern part it is linear and flat topped. The seafloor in the southern part of the ridge is 

deeper in the eastern flank than that of the western flank. A transform fault between the 

Indian and Australian plate is identified on the eastern flank of the ridge. The ridge rises to 

2600 m from surrounding water depth of 5000 m. The ridge is marked by alternated 

elongated highs and intermittent troughs. The shallowest point exists at 1500 m water depth 

south of 15
o
S. In the western direction the ridge appears to have more width because of a 

protruded and oval shape structure with large areal extend known as the Osborn Knoll. The 

top of the ridge is covered by thick stratified sediments of lower tertiary limestone.  

Prior to drilling activity, several theories were proposed to explain the origin of the 

Ninetyeast Ridge. These theories are, i) the ridge was interpreted as a horst structure, ii) as a 

result of over thrusting, iii) as a hotspot trace, iv) due to localized gabbro emplacement, and 

v) interaction between a spreading centre and transform fault (e.g. Whitford and Duncan, 

1978; Royer et al., 1991; and references therein). On completion of the DSDP (Legs 22 and 

26) and ODP (Leg 121: Sites 756–758) on the Ninetyeast Ridge during the late 1970s and 

late 1980s, a general conclusion was reached that the ridge formed from enhanced volcanism 

during ∼44 Ma that resulted from hotspot volcanism associated to the Kerguelen mantle 

plume as the plate moved rapidly northward during the Late Cretaceous to Late Eocene 

(Whitford and Duncan, 1978; Duncan, 1991; Frey et al., 1991; Royer et al., 1991; Weis and 

Frey, 1991; Weis et al., 1992). 
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2.3 Bengal Fan 

The Bengal Fan was apparently first recognized as a submarine Fan by Dietz (1953). It is the 

largest submarine fan in the world, 3000 km in length, 1000 km wide and a maximum 

thickness of 16.5 km (Fig. 2.3). It has an area of approximately 2.8–3.0 x 10
6
 km

2
, excluding 

the Nicobar Fan, extending from 20
o
N to 7

o
S latitude. The highest width is reported at 15

0
N 

and least is at 6
0
N. The continental slope of eastern India is the western margin of the Bengal 

Fan, the northern proximal or upper fan lies off the Bangladesh continental slope; and the 

northern end of the Sunda trench fan and the accretionary prism of the Sunda Subduction 

Zone forms the eastern margin of the fan. Major part of Bengal Fan sediments have been 

subducted and/or uplifted into this accretionary prism (Curray et al., 2002). Initial Paleocene–

Eocene collision of India with the subduction zone of the north side of the Tethys Ocean 

resulted in creation of the BoB (Alam et al., 2003; Curray et al., 1982; Curray and Moore, 

1974; Lee and Lawver, 1995). Preceding to collision, a thick continental rise prism of 

sediment had formed off the eastern edge of India. Rapid clastic sedimentation in the Bengal 

Basin and fan formation prograded southward during the Tertiary after commencement of 

sedimentation on the top of continental rise during continuing collision in the Eocene. The 

Ganga and Brahmaputra rivers drain Himalayan region and finally debouche their huge 

sediment loads into the Bengal delta. This Delta has filled the Bengal Basin, and the 

sediments from the delta have also been distributed across the entire BoB to form the largest 

submarine fan in the world. Two distinct fans, separated by the Ninetyeast Ridge, are 

recognized; the eastern subfan is called the Nicobar Fan, and the western Fan which is the 

main Bengal Fan (Fig. 2.3) (Curray and Moore, 1971, 1974). The Nicobar Fan is no more 

active due to closure of its feeding channel system by convergence of the Ninetyeast Ridge 

with the Sunda Trench (Curray and Moore, 1974).  
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Figure 2.3 Bengal Fan and few drilling Sites (Ref: Expeddition 354: Bengal Fan report 

http://archive.joidesresolution.org/node/3760) 

The fan varies in depth at its apex and distal end, which is 1400 and almost 5000 m, 

respectively. The fan stores immense volume (12.5 x 10
6
 km

3
) and mass of sediments and 

metasediments (2.88 x 10
16

 tonnes) (Curray, 1994). The gigantic dimension of the Bengal 

Fan makes it the largest fan in the world. The Bengal Fan is not a smooth structure; rather it 

is divided by a series of channels or fan valleys that are open for various distances along the 

length of the Fan. Curray et al. (2002), has suggested a three-fold division of the fan, based 

on the gradients of the central ‘active’ valley and of the Fan surface. 

1. Upper fan, with highest average valley and fan gradients of about 2.39 m/km and 5.7 m/km 

respectively. The thalweg of the dynamic fan valley lies over the level of the neighbouring 

fan, and the lower boundary of the upper fan lies where the thalweg of the channel is cut into 

the fan surface, rather than being built above it. 
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2. Middle fan, with valleys smaller in cross-sectional area, both the fan and valley gradients 

average about 1.68 m/km. 

3. Lower fan, where the gradients is least, it drops to less than about 1 m/km, except at few 

places where the gradient may increase due to valley fill.  

The boundaries between the upper, middle, and lower fan lies approximately at 2250 and 

2900 m contours respectively. The upper fan is distinctively different than those of the 

middle and lower fan regions in size, morphology and structure.  

The Bengal Fan serves as an important geomorphologic feature as it has been largely 

unaffected by tectonic disturbances and has minor contour currents influence (Kolla et al., 

1976). Although many gigantic rivers enter the western side of the BoB, the overall 

morphology is still dominated by the massive sediment supply from the present and past 

canyons fronting the Bengal delta of the Ganges and Brahmaputra rivers (Curray et al., 

2002). The enormous Bengal Fan serves as an important archive for studies of processes 

acting in the deposition of extensive turbidite sections and paleoclimate and 

paleoceanographic studies.  

 

2.4 Drainage to northern Indian Ocean:  

2.4.1 Surface water changes: The oceanography and climatology of the NIO at present are 

strongly controlled by the monsoon climate system, characterized by the seasonal reversal of 

wind pattern and surface water circulation. The northern BoB receive huge amount of fresh 

water fluxes from rivers and is prone to high salinity changes associated with the monsoon.  

During the summer months (May-October), strong southwesterly winds are generated due to 

pressure difference between land and ocean water mass. These winds carry large quantities of 

water vapour to the Indian subcontinent. The water precipitated over land is debouched to the 
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BoB by several river systems. In the winter months (November-April), the pressure system is 

reversed and dry winds blow from the NE. The BoB is known to receive large amount of 

fresh water and suspended particulate matter, from major rivers like Ganges, Brahmaputra, 

Mahanadi, Krishna-Godavari, Cauvery, Irrawaddy and Salween (Bird et al., 2008). These 

rivers contribute high fluxes of fresh water during strong SW monsoon season. This fresh 

water discharge in the BOB is responsible for nutrient supply resulting in increase in primary 

productivity (Ramaswamy and Nair, 1994), decrease in salinity and strong stratification 

during SW monsoon (Ostlund et al., 1980). The volume of water discharged into the BoB 

from the Ganges-Brahmaputra and Irrawaddy river systems during the summer is five times 

greater than during the winter (Rodolfo, 1967). This variation in fresh water input produces a 

seasonal salinity gradient in the surface waters of BoB (Fig. 2.4). During the summer 

monsoon, a steep salinity gradient, increasing to the south, exists along 90°E (Wyrtki, 1973). 

The gradient which forms primarily in response to fresh water input is further enhanced by 

the high salinity water export from the equatorial Indian Ocean by SW monsoon Current 

(Prell et al., 1980). Unlike sea surface salinity, (SSS) which is subjected to high fluctuations 

in the BoB, the sea-surface temperature (SST) variations are nearly constant over the year 

when compared to the fluctuations observed in the Arabian Sea (Fig. 2.4) (Wyrtki, 1973). 

During the winter months, the average SST in the BoB ranges from 26°C in the north to 28°C 

in the south. During the summer monsoon, the temperatures are slightly higher and ranging 

from 28°C to 30°C (Wyrtki, 1973). However the southern region of the BoB shows relatively 

less variations in seasonal changes in SST and SSS. At present near ODP site 758, the SST is 

28.5±1.0°C and the SSS is 33.8±0.3 ‰ throughout the year (Wyrtki, 1988). 
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2.4.2 Provenance of sediment in northern Indian Ocean: The lithogenic sediments in the 

BoB derived from erosion of the Himalayan, Indo–Burman and Indian Peninsula ranges help 

us in understanding monsoon variations, weathering patterns, river run-off and provenance of 

sediments. Amongst the major rivers that debouche into the BoB, sediments are mainly 

derived from Ganges–Brahmaputra rivers, Irrawaddy river (Babu et al., 2010), and Western 

part of the Indo–Burman ranges (Colin et al., 1999). The rapid fluctuations in oceanographic 

and climatic systems in the BoB during the Middle Miocene are poorly understood as very 

limited studies have been attempted in Miocene sediments of the NIO to identify various 

Figure 2.4 Modern sea surface salinity (SSS) and sea surface temperature (SST) during summer    

            and winter months in the NIO. (Source: http://www.esrl.noaa.gov/psd/). 
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processes (Banerjee et al., 2017). Moreover the drainage pattern of river systems and wind 

patterns during the Miocene may have been different from that of today. 

It is generally envisaged that the Bengal Fan sediments are mainly derived from the High 

Himalayan Crystallines (HHC) via. the Ganges-Brahmaputra river system in the present day 

physiographic setting.  However, the results obtained so far on Miocene sediments from the 

Ninetyeast Ridge clearly indicate an entirely different provenance and transport pathways. 

Studies indicate the sediments at ODP site 758 are derived mainly from Arakan ranges (Indo-

Burman) and Irrawaddy river. Hence the Middle Miocene sediments show less influence of 

Ganga-Brahmaputra river system and greater influence of Irrawaddy sediments 

(Padmakumari, 2008). The drainage area for the possible source material could have been the 

Indus-Tsangpo Suture zone in southern Tibet, the eastern Himalayas and the Indo-Burman 

ranges.  

(i) Indus-Tsangpo suture zone: The crustal suture formed by continental collision between 

India and Asia lies along a complex tectonic zone, the Indus line. The lithology of Indus 

flysch is mainly composed of shale, sandstone of mostly late Cretaceous age where they are 

tectonically intermixed with ophiolitic suit, radiolarian chert, sequences of limestone and 

slate. These lithologies majorly indicate oceanic pelagites and exotic blocks of Permian to 

Jurrassic rocks (Graham et al., 1975). North of the suture belt is dominated by Mesozoic and 

Tertiary granitic plutons. Krishnan (1968) observed that the suture presumably wraps around 

the eastern Himalayan syntaxis and trends into the Indo-Burman ranges. 

(ii) The Eastern Himalayas: The easternmost part of the great Himalaya rises abruptly from 

the Brahmaputra plain to a height of 7089 m finally merging with the Tibetan Plateau in the 

north (Gopendra Kumar, 1997).  It abuts against the Burmese (Myanmar), Arakan ranges 

forming the Mishmi hills. The Mishmi hills which is the northern continuation of the 

Proterozoic succession of northern Myanmar, contains evidence of Cretaceous and Neogene 
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plutonism apparently similar to that of Ladakh (Gopendra Kumar, 1997). According to Burg 

et al. (1998), the Indus-Tsangpo Suture from the east Himalayas bends to the south and 

continues into the BoB to the west of the Arakan Yoma of Indo-Burman ranges. The 

Mesozoic subduction zone of the Indo-Burma ranges extended through Assam (Tidding 

Suture) into the Indus-Tsangpo Suture (Mitchell, 1981) is indicated by similar Mesozoic rock 

type of the Indus-Tsangpo line and eastern Indo-Burman ranges. The western belt of plutons 

of Burma is closely associated with the Burma Volcanic Arc and consists of I-type granitoids 

associated with diorite and gabbro (Gururajan and Choudhuri, 2003). 

(iii) The Indo Burma Ranges: A sediment pile of thickness > 10 km exists at the head of the 

BoB, trending Northeast ward into the bay and towards the Assam valley. This sediment 

column is result of sediments being scrapped off the subducting plate which makes an entire 

mountain range, the Indo-Burman ranges (Curray et al., 1982).  The Indo-Burma ranges 

include the following: the Arakan Yoma, the Chin Hills and the Naga Hills, adjacent to 

Assam valley where the Indian continental shield appears to be underthrusting the eastern 

Himalayan syntaxis (Evans, 1964; Mitchell, 1981). The Indo-Burman ranges consist mainly 

of turbidite, sandstone, carbonaceous mudstone, limestones and bedded cherts in association 

with pillow lavas, serpentinites, ultrabasics and a metamorphic complex (Gramann, 1974; 

Mitchell, 1981). 

2.4.3 Deep water changes: The deep water masses in the BoB are introduced into the bay 

through two western boundary currents flowing along the Central Indian and Ninetyeast 

Ridges called circumpolar deep water (CDW) (Warren, 1981). This CDW is a blend of North 

Atlantic Deep water (NADW) and Southern Ocean Deep Water (SODW). As the bottom 

waters moves northward, it upwells to shallower depths. In the North Atlantic, cooler and 

saline water being high in density sinks down to the bottom to form NADW and gets 

exported towards Antarctica to mix with the Antarctic bottom water (ABW) and makes its 
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journey towards the Indian and Pacific Ocean in the form of global thermohaline circulation 

(THC) (Fig. 2.5).  

 

 

 

 

 

 

 

 

 

 

Large scale upwelling in the Indian and Pacific Oceans brings these water masses to 

shallower depths (Stommel, 1958). The rate of deep water upwelling in the Indian Ocean is 

several times higher compared to the Pacific and Atlantic Oceans. During the process of 

upwelling, the deep water masses are transformed and heated by diapycnal mixing with the 

overlying less dense water (Munk, 1966). The proportion of lower CDW and ABW in the 

southeast Indian Ocean is equal. The deep water circulation is completely density driven and 

therefore depends on temperature and salinity. The climatic and oceanographic condition that 

prevailed in Miocene may have been different than the present mixing of deep water masses. 

Expansion of polar ice sheet had given rise to formation of deep water in Miocene. Prior to 

Figure 2.5 Schematic depiction of the Global Thermohaline Circulation (Rahmstorf, 2002). 
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Miocene, deep water of Indian ocean and Pacific ocean mixed thoroughly, later progressive 

closure of the Indonesian seaway lead to cut off deep water flow from Indian to Pacific or 

vice versa (Gourlan et al., 2008). However, surface water inflow from Pacific to Indian 

Ocean continued.  
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Chapter 3: Materials and Methods 

3.1 Introduction 

As discussed in previous chapter, sub-samples of ODP site 758 at every 10 cm interval were 

obtained from ODP Repository in Kochi, Japan. These sub-samples were first divided into 

two parts – one part was used for sediment geochemistry and the other for separation and 

identification of foraminifera fossil shells, their isotopic measurements and clay 

mineralogical studies. 

3.2 Chronology 

The Neogene sediments of site 758 contain abundant calcareous nannofossils that provide a 

useful tool for biostratigraphic age estimates (Pierce et al., 1989; Klootwijk et al., 1992).  A 

detailed Sr isotope chemostratigraphy of this site for 0-7 Ma time interval shows good 

correlation with magnetostratigraphy (Farrell and Janecek, 1991; Farrell et al., 1995). 

However, magnetostratigraphy is not available for early Miocene to late Miocene section of 

this site. Oxygen isotope stratigraphy of the Miocene section shows some features of 

stratigraphic importance, but this record is incomplete for astronomical tuning and 

stratigraphic correlation (Vincent et al., 1991). 

The age model presented here is based on nannofossil events and interpolated numerical ages 

(Klootwijk et al., 1992). The stratigraphic resolution of samples is about 0.03 Ma. The 

strontium isotope chemostratigraphy based on best fit trend, of 
87

Sr/
86

Sr ratio with time, using 

polynomial regression (Hodell et al., 1991; Miller et al., 1991), has been carried out here for 

Miocene section of site 758 sediments (Ahmad et al., 2005). These ages show a good 

agreement (<+ 1.48 Ma) with the biostratigraphic ages. The ages obtained by Ahmad et al., 

(2005) (Fig. 3.1) were interpolated to obtain dates for all the sediment samples used in this 

study. 
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Figure 3.1 Comparison of biostratigraphic age and Sr isotope derived age of ODP 758  

(Ahmad et al., 2005) 



Materials and Method Chapter 3 
 

43 | P a g e  
 

3.3 Processing of samples for stable isotopes 

About 10 gm of sediment samples were soaked in 3% H2O2 overnight and washed through a 

150 μm sieve in running distilled water. The process was done very carefully to avoid 

breakage of foraminiferal fossil shells. During this cleaning and sieving process, the finer 

portion (mostly clay content) is removed and transferred to another bigger beaker. The 

retained fraction (>150 μm) was then transferred into the 100 ml beaker. The courser fraction, 

which contains mostly fossil foraminifera was dried at ~ 60 °C for several hours. The dried 

fraction was then scattered into a standard tray for identification and separation of selected 

foraminiferal species under a binocular light microscope. 

3.4 Identification and separation of foraminifera 

The samples were roughly scanned under binocular microscope to see the availability of 

species of planktonic and benthic foraminifera. The desired species were separated using a 

binocular microscope (Fig. 3.2a) in the size range of 250-315 μm. The size range of 

foraminifera is important because stable isotopes, particularly carbon isotopes are very 

sensitive to the size of specimens. Care was taken to collect healthy species of planktonic and 

benthic foraminifera to avoid any dissolution effect. In order to determine surface water 

characteristics near surface dwelling species of planktonic foraminifera Globigerinoides 

quadrilobatus (Figs. 3.2b,c) was separated, whereas for deep / bottom water characteristics 

benthic foraminifera species (Cibicidoides wuellerstorfi) (Figs. 3.2d,e) was picked. It may be 

noted that C. wuellerstorfi is considered to be ideal epibenthic species for bottom water 

reconstruction studies (Lutze and Thiel, 1989). Microscopic examination of courser fraction 

showed dissolution of shells at certain levels and therefore only well preserved shells were 

handpicked for this study. All separated foraminifera were then cleaned ultrasonically in 

methanol to remove adhering fine particles. 
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Figure 3.2 a) Binocular microscope and images of foraminifera used in this study, (b) 

Globigerinoides quadrilobatus (umbilical view) (c) Globigerinoides quadrilobatus 

(spiral view) (d) Cibicidoides wuellerstorfi (spiral view) and (e) Cibicidoides 

wuellerstorfi (umbilical view). 
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3.5 Stable Isotope Measurements 

Overall about 170 separated foraminifera samples from ODP site 758 were analyzed for 

carbon and oxygen isotopes using Isotope Ratio Mass Spectrometer (IRMS) equipped with 

automatic carbonate device (Kiel IV). The details of the procedures are provided in the 

following sub-chapters.   

3.5.1 Mass spectrometric technique  

Oxygen (δ
18

O) and carbon (δ
13

C) isotopic measurements were performed at CSIR-National 

Geophysical Research Institute, Hyderabad, India using MAT 253 Isotope Ratio Mass 

Spectrometer (IRMS) coupled with an automatic carbonate device (Kiel IV). The IRMS 

model MAT-253 is state-of-the-art equipment used for a better precision for both carbon and 

oxygen isotopes.  The analysis of stable isotopes is normally concerned with measuring 

isotopic variations arising from mass-dependent isotopic fractionation in natural systems. 

Most IRMS instruments that are used for precise determination of isotopic ratios are of 

magnetic sector type. The IRMS operates by ionizing the sample of interest, accelerating it 

over a potential in the kilo-volt range and separating the resulting stream of ions according to 

their mass to charge ratio (m/z). The current of each ion beam is then measured using a 

Faraday detector or multiplier detector (Fig. 3.3). Many radiogenic isotope measurements are 

made by ionization of a solid source, whereas stable isotope measurements of light elements 

(e.g. C and O) are usually made in an instrument with a gas source. In the latter case, dual gas 

inlets enable reliable repetition of measurements by supplying continuous streams of 

reference and sample gases, which are sequentially switched by a changeover valve system. 

The collector features an array of Faraday cups (conductive, metal vessels which neutralize 

ions that hit them whilst themselves becoming charged), or multicollector which allows the 

simultaneous detection of multiple isotopes. By comparing the detected isotopic ratios to a 

measured standard, an accurate determination of the isotopic make-up of the sample is 
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obtained. The carbon and oxygen isotope ratios are measured relative to the international 

standards like NBS-18, NBS-19 and MMB. The results are then converted to VPDB (Vienna 

Pee Dee standard), which is a limestone formed in the Cretaceous period in South Carolina, 

U.S.A. The IRMS model Mat 253 used in this study is shown in Fig. 3.6. 

 

 

 

 

 

 

 

 

 

 

 

3.5.2 KIEL- IV Auto-carbonate Device 

Isotope of carbon and oxygen in carbonates require generation of carbon dioxide (CO2) 

which is done by reacting carbonates with 100% orthophosphoric acid (H3PO4). The Kiel IV 

carbonate device is a fully automated preparation device used for precise and accurate 

determination of oxygen and carbon isotope ratios in carbonates (Figs. 3.4, 3.5). This auto 

device has wide use in many fields of geology. One of the major applications of this device is 

the estimation of ocean paleo-temperatures from 
18

O/
16

O ratios in marine microfossils. The 

system can run almost continuously in fully unattended operation. A batch of 48-samples 

contains including 4-5 international standards can be analyzed using this device. Each  

sample measurement takes about 35-40 minutes.  

 

Figure 3.3 Design of Magnetic Sector, Neir-type Spectrometer designed by Alfred O.Nier 

(1947).  
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                                Figure 3.4 KIEL IV Auto carbonate device 

                               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       

 

                        Figure 3.5  Schematic Diagram of ‘KIEL IV auto carbonate device’ 
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3.5.3 Procedure for isotopic ratio measurements 

The system consists of a thermostated reaction region, a trapping and gas cleaning system 

and an inlet system (Fig. 3.5). The reaction region is housed in a precision temperature 

controlled oven and consists of an auto-sampler with 48 vials or thimbles. The thimbles can 

be loaded with as little as 50 μg of sample. The vials are made of special glass and allowing 

visual inspection of the sample and easy cleaning prior to re-use. In order to speed up the 

measurements, the sample containers are organized in two concentric rows, each with a 

separate reaction and measuring position. The reaction region also houses the reservoir of 

concentrated phosphoric acid, which is dispensed through two metal-free acids resistant 

dosing valves of all new design. Once the sample containers are loaded and the sequence 

table is filled out, all subsequent steps are fully automated. Prior to reaction and measurement 

each container is evacuated. The CO2 formed by the reaction of the carbonate with the acid is 

transferred into new trapping and gas cleaning system; this consists of a temperature 

controlled trap with associated valve, ultra-high vacuum system and a micro volume inlet 

system. With the temperature controlled trap (at liquid nitrogen temperature) in the first step, 

CO2 is quantitatively removed from the reaction region along with some moisture and frozen 

in the trap. At the temperature of -70 ºC, the CO2 is transferred into the micro volume inlet 

system, while moisture is retained in the trap. If there is an excess of CO2 then there is a 

mechanism which allows only the right amount of CO2 to be transferred. This process is free 

of isotopic fractionation. The Kiel IV carbonate device connects to the changeover valve via 

a dedicated capillary. This design minimizes the interaction of CO2 with the metal surface, a 

possible cause for memory and cross contamination. 
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.      Figure 3.6 : Dual Inlet Isotope Ratio Mass Spectrometer (IRMS) model MAT-253 

  

3.5.4 Precision and reproducibility of results 

Stable oxygen (
18

O) and carbon (
13

C) isotopic measurements were performed on 

foraminiferal fossil shells. About 4-5 tests of planktonic foraminifera (G. quadrilobatus) and 

2-3 tests for benthic foraminifera (Cibicidoides wuellerstofi) were used for isotopic analysis. 

Samples were reacted with saturated (100%) orthophosphoric acid at ~ 70 °C in a vacuum 

system of Kiel IV device and the evolved CO2 was analyzed by the mass spectrometer 

(Ahmad et al., 2012). Isotopic composition is reported in notation as  per mil deviation 

from VPDB standard. Analytical precision was better than 0.1‰ for 
18

O and 0.05‰ for 


13

C. Calibration to the VPDB standard was achieved by repeated measurements of MMB 

and NBS-19 standards (Figs. 3.7, 3.8). Oxygen isotopic data of benthic foraminifera was 

converted into Uvigerina scale by adding 0.64‰ for isotopic correction (Mix et al., 1991). 
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Figure 3.7 Carbon (
13

C) and oxygen (
18

O) isotopes in MMB standard (relative to VPDB). 

The reproducibility over the period of analysis is better than ±0.05‰ and ±0.10‰ for 
13

C and 


18

O respectively. 
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Figure 3.8 Carbon (
13

C) and Oxygen (
13

C) isotopes in NBS-19 international standards 

(against VPDB). The reproducibility over the period of analysis is better than 

±0.05‰ for 
13

C and ±0.10‰ for 
18

O 
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3.6 Geochemistry of marine sediments 

The sediment samples were finely powdered for major, trace and rare earth elements (REEs) 

analysis. Subsequent to powdering the samples were weighed and standard procedures were 

followed for trace and major element analysis. The major element analysis was carried out by 

X-ray fluorescence (XRF) spectrometer (model: Philips PW-2440 Magix-PRO), after loss on 

ignition (LOI) was determined in sediment samples. The trace and rare earth elemental 

analysis was carried out using high resolution inductively coupled mass spectrometer (HR-

ICP-MS) (Nu Instruments Attom


, UK) in jump-wiggle mode. 

3.6.1 Major element analysis by XRF 

X-ray fluorescence (XRF) spectrometer (Philips PW-2440 Magix-PRO) attached with fully 

automated with 100-KV X-ray generator, microprocessor controller and 72-position 

automatic sample changer was used to determine the major oxides of representative sediment 

samples. One gram of the powdered sample was weighed using an analytical balance with a 

precision as low as 0.0001 g. Collapsible aluminium cups were used to prepare pressed 

pellets (Krishna et al., 2007). The cups were filled at the bottom with ~2.5 g of boric acid, 

and the 1 g of the fine powdered sample is placed on the top, and “then” pressed under a 

hydraulic pressure of 25 tonnes to obtain the pellet of each sample. International marine 

sediment reference materials from the US Geological Survey were used to prepare the 

calibration curves for major and trace elements, and to check the accuracy of analytical data. 

The precision obtained for most of the major oxides were less than 2% RSD. 

3.6.2 Loss on Ignition (LOI) 

Loss on ignition was estimated by weighing about 1g of the sample powder in a pre-weighed 

silica crucible followed by their heating in a muffle furnace preheated to about 650
o
C for 30 

minutes. The crucibles were then transferred carefully to a desiccator, tightly covered and 

allowed to cool to room temperature. The weight of silica crucible along with heated sample 
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was recorded and finally loss on ignition was calculated accordingly. Duplicate samples were 

processed along with each batch for LOI and the precision of the measurement was found to 

be within permissible error. 

3.6.3 Trace element analysis by ICP-MS  

Trace elements including rare earth elements (REEs) and high field strength elements (HFSE) 

were determined from solutions prepared homogenized sample powder dissolved in reagent 

grade HF:HNO3 acid mixture in Savillex
®
 screwtop vessels. A test portion (0.05 g) of sample 

was added to 25 ml Savillex Teflon pressure decomposition vessels. A mixture of 10 ml 7:3 

HF-HNO3 was added to 0.05g of sediment powder and kept on a hot plate at 150◦C for 48 

hours. Following this, the entire mixture was evaporated to dryness. When the sample was 

dry, it was further dissolved by adding 10 ml of 1:1 HNO3 and kept on hot plate for 10-15 

minutes. Then 5 ml Rh (1 ppm concentration) was added as an internal standard. After 

cooling, the volume of the solution was made up to 250 ml. Geochemical reference material 

MAG I, MESS 3 and HISS I were used for this experiment (Satyanarayanan et al., 2014). In 

the present investigation, very clear solutions were obtained for all the samples and 

calibration standards. Solutions were analyzed at CSIR-NGRI, Hyderabad, by high resolution 

inductively coupled mass spectrometer (HR-ICP-MS) (Nu Instruments Attom


, UK) in jump-

wiggle mode at moderate resolution of 300 which permits all the analytes of interest to be 

measured accurately (Fig. 3.9). 

3.6.4 Instrumentation of ICP-MS 

The AttoM


 HR-ICP-MS consists of a double-focusing single-collector with forward Nier-

Johnson analyzer geometry (Nu Instruments, UK) and was used here on low-resolution mode 

with the detector at automatic mode. In this mode the intensity of incoming signal triggers 

acquisition through ion counters, attenuation grid or Faraday cup, thereby dynamically 

measuring a range of ions. The data acquisitions of samples were carried out at CSIR-
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National Geophysical Research Institute, Hyderabad (India). The ions of particular mass/ 

charge ratio were scanned in jump-wiggle mode (similar to peak hopping) which permits the 

analytes of interest to be measured accurately. The sample introduction consisted of a 

standard Meinhard
®

 nebulizer with a cyclonic spray chamber housed in Peltier cooling 

system. A constant temperature of 5
o
C was maintained throughout to ensure uniformity in 

sample viscosity and solution density which inturn affects constant spinning of solution 

inside the spray chamber irrespective of initial condition of diluted sample. The instrument 

software for all quantitative measurements used in this study is AttoLab


 while the data 

processing was carried out using Nu Quant
®
, which uses knowledge-driven routines in 

combination with numerical calculations (quantitative analysis) to perform an 

automated/manual interpretation of the spectrum of interest. Instrument was optimized using 

1ng/ml tuning solution and the sensitivity of 
115

In was about 1 million cps. Oxide and 

hydroxide formation levels were low (< 0.2%) and the doubly charged ions ratio was < 3%. 

Mass bias fractionation and several well-known isobaric interferences were eliminated by 

operating the instrument at 300 resolutions (300R).  A proprietary solid-state 1.6KW RF 

generator operating at 27.12MHz is used by the ICP source. The software performs RF 

matching and tuning of the torch box, providing simplicity and reliability of the matching 

system. Mass flow controllers were used for providing highly stable plasma gas control. A 

Fassel design fully adjustable in X, Y and Z directions plasma torch manufactured from high 

quality quartz was used. The spray chamber system with high thermal stability which 

consisted of a cyclonic, Peltier-cooled spray chamber system, along with a glass concentric 

nebulizer with a 0.2 ml/min uptake rate was located outside of the source enclosure. Platinum 

tipped skimmer and sampler cones were used. A three channel, built-in peristaltic pump was 

used for pumping the sample solutions and also for draining waste from the spray chamber. 

The operation parameters such as lens voltages, argon flow rate, forward and reflected power 
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of the generator were accurately optimized to obtain maximum sensitivity which would 

contribute to the quality of the measurements. 

 

 

 

 

 

 

 

 

 

 

 

3.7 Clay mineral analysis by X-Ray Diffraction (XRD) 

3.7.1 Sample preparation for XRD analysis 

The sediment samples were sieved using 230 mesh sieve and taken into the separation 

cylinder (of 1 litre capacity) followed by addition of distilled water. The cylinders were 

shaken well and kept aside for six hours thirty minutes for 2 µm clay fraction preparation. For 

2-4 µm fraction separation it was kept for one hour forty two minutes. After six and a half 

hours, the top part was pipetted out into two separate 250 ml beakers. 10 ml of hydrogen 

peroxide and 5 ml of glacial acetic acid was added in order to remove the organic matter and 

carbonate. Excess acid was removed by repeated washing with distilled water. The samples 

were mixed rigorously and kept overnight. The top portion was then decanted very carefully 

without disturbing the settled clay fraction. Oriented clay slides were then prepared by 

Figure 3.9  High resolution inductively coupled mass spectrometer (HR-ICP-MS) (Nu Instruments 

Attom


, UK) 
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pipetting 1 ml of the concentrated clay suspension onto a glass slide and allowed them to dry 

in air (Kessarkar et al., 2003).  

The dried sample slides were placed on a holed ceramic plate and inserted in a desiccator that 

contained ethylene glycol. The desiccator was heated to 100qC for 1 hour. Thereafter, X-ray 

diffraction studies were carried out on the glycolated slides by scanning them from 3q2T to 

22q2T at 1.2q2T/min, using nickel-filtered Cu KD radiation on a Rigaku X-ray 

diffractometer, operated at 20 mA and 40 kV. All samples were scanned from 240 to 260 2ș 

at 1/20 2ș min-1 to differentiate kaolinite and chlorite peaks (Biscaye, 1964).  Clay minerals 

were identified based on peak positions from the glycolated X-ray diffractograms and peak 

areas of the principle reflections of major clay minerals above the base line were measured. 

The peak areas of kaolinite, chlorite, illite and smectite were multiplied by the weighting 

factors 2, 4 and 1 respectively and weighted peak area percentages were calculated, following 

the semi-quantitative method of Biscaye (1965). 

3.7.2 XRD concept 

X- ray diffraction (XRD) is a rapid analytical technique primarily used for phase 

identification of a crystalline material and can provide information on unit cell dimensions. 

The analyzed material is finely ground, homogenized, and average bulk composition is 

determined. 

X-ray diffraction is based on constructive interference of monochromatic X-rays and a 

crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce 

monochromatic radiation, collimated to concentrate, and directed towards the interference 

(and a diffracted ray) when condition satisfy Bragg’s Law (nλ= 2dsinӨ). This law relates the 

wavelength of electromagnetic radiation to the diffraction angle and processed and counted. 

By scanning the sample through a range of 2Ө angles, all possible diffraction directions of 

the lattice should be attained due to the random orientation of the powdered material. 
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Conversion of the diffraction peaks to d-spacing allows identification of the mineral because 

each mineral has a set of unique d-spacing. Typically, this is achieved by comparison of d-

spacing with standard reference patterns. 

All diffraction methods are based on generation of X-rays in an X-ray tube. These X-rays are 

directed at the sample, and the diffracted rays are collected. A key component of all 

diffraction is the angle between the incident and diffracted rays. The samples were analysed 

in X-ray diffractometer (model PW 1840) at CSIR-NIO, Goa. The schematic diagram is 

provided (Fig. 3.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Schematic drawing of XRD. 
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3.8 Glass shards Geochemistry 

3.8.1 Sample Preparation for EPMA 

Picking glass shards- Glass shards were picked under microscope for analysis in Electron 

Probe Micro Analyser (EPMA) 

Impregnating- Glass shards were vacuum impregnated prior to sample preparation. Loose 

material on the sample surface can cause contamination of the electron column, and 

unimpregnated porous samples can cause poor vacuum by prolonged out-gassing. 

Cast-making-SEM visualization of pore structure can be facilitated by vacuum impregnating 

a sample, followed by dissolution of the sample material using hydrofluoric acid.  Producing 

latex cast can also facilitate topographic details of small fossils. 

Fusing-Bulk analyses of fused glass samples were made using EPMA techniques.  Samples 

and standards were fused using the same procedure. 

Polishing- Following this the glass shards were polishes as a sample to a flat, unscratched 

surface is critical for good quantitative analysis.  An uneven, or scratched sample surface can 

lead to uneven production of x-rays from the sample surface, errors in absorption correction, 

and spurious results. The polishing steps needed for a sample depends on the types of 

material present.  Metallic phases typically polish very easily, whereas minerals with strong 

cleavage can be problematic.   

Cleaning- The samples were subjected to cleaning. Any contaminating material, particularly 

skin oil, on the sample surface will end up contaminating the column.  Also, contaminating 

material under the conductive coating of a sample can cause the conductive coating that will 

be placed on the sample to bubble and crack, making the sample impossible to analyze. 
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Mapping-Finding analysis areas on a sample using the optical microscope or electron 

imaging can be difficult because of the small field of view.  The maximum optical field of 

view for the most advanced EPMA instrument is 1750 microns (1.75 mm), and the maximum 

electron image field is around 2500 microns (2 mm).  Therefore, having a good sample map, 

particularly for quantitative analysis, is very important.   

Coating- The samples were then carbon coated. Many geological samples are nonconductors 

of electricity.  Therefore, if an uncoated sample is placed in the path of the electron beam, the 

sample will charge, causing deviation of the electron beam, as well as catastrophic 

decharging.   The sample must be coated with conductive material, such as carbon, gold, or 

gold-palladium alloy. For quantitative analysis and X-ray mapping, carbon is the coat of 

choice.  Because of its low Z, it has a minimal effect on the X-ray spectrum, either in terms of 

producing X-ray lines or absorbing X-rays. A carbon coat is applied using a vacuum 

evaporator at pressures of less than 10-4 torr.  The ideal coating thickness is 20 nm. 

3.8.2 EPMA concept 

The EPMA technique is based on the excitation of characteristic x-rays by an electron beam 

from the sample at the sight of impingement. Identifying the constituent elements (limited to 

atomic number >3) present and quantifying is carried out by measuring the intensities of 

discrete x-ray energies (EDS-energy dispersive spectrometry) or specific wave-length(s) 

(WDS-wave-length dispersive spectrometry). This allows the determination of small 

compositional variations within a small domain of the order of a few tens of microns, which 

is otherwise not possible by any sort of bulk chemical analysis. A general view of CSIR-

NGRI EPMA is shown in Fig. 3.11 
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                           Figure 3.11  A view of Cameca SX100 EPMA at CSIR-NGRI 

The experimental work was carried out on the CAMECA SX100 EPMA at CSIR-National 

Geophysical Research Institute. Polished thin section were coated with 20 nm thin layer of 

carbon for electron probe micro analyses. The CAMECA SX100 instrument was operated by 

SX100 Software at a voltage of 20 kV and current 20 nA with a Tunsten filament source in 

the electron gun for generation of electron beam. Natural silicate mineral as internal standard 

used to verify positions of crystals (SP4-TAP, SP1-TAP, SP2-LiF and SP2-PET) with respect 

to corresponding wavelenght dispersive (WD) spectrometers (SP#) in CAMECA SX100 

instrument. The following X-ray lines were used in the analyses: Na-Kα, Mg-Kα, Al-Kα, Al-

Kα, Si-Kα, K-Kα, Ca-Kα, Ti-Kα, Cr-Kα, Mn-Kα, Fe-Kα, Ni-Kα, Zr-Lα. Natural mineral 

standards: Jadeite, andradite, corundum, orthoclase; pure metal standard: Ti, Cr, Mn, Ni and 

Zr used for routine calibration and quantification.  
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Chapter 4: Results and Discussion 

 4.1 Introduction 

Sub-samples of ODP 758 A from the southern BoB were studied for their stable carbon 

(δ
13

C) and oxygen (δ
18

O) isotopes in planktonic and benthic foraminifera shells to infer 

surface and bottom water characteristics in middle Miocene. Any change in surface water and 

deep water is associated with global and regional climatic and oceanographic changes during 

the period of this study. The sediment samples were also analyzed for major and trace 

elements geochemistry to understand paleoproductivity changes, aeolian and fluvial inputs 

and paleo environmental conditions during the middle Miocene. The proxies used here are 

directly or indirectly linked to climatically modulated surface processes. Few samples 

exhibiting distinct glass shards under microscope and showing high concentration of trace 

elements and REEs were subjected to electron microprobe (EPMA) study. Clay mineralogy 

has been carried out in few samples as a proxy for physical erosion and provenance. The age 

model presented in this study is based on strontium isotope derived chemostratigraphy 

(<+1.48 Ma) on best fit trend of 
87

Sr/
86

Sr with time (Ahmad et al., 2005; Banerjee et al., 

2017). The details of the work carried out in the sediment of ODP 758 A, including their 

chronostratigraphy, stable isotopes, clay mineralogy, trace element results and electron 

microprobe study are discussed below. 
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4.2 Chronological framework of ODP 758 A 

The chemostratigraphy age model of site ODP 758, displayed in Fig. 4.1, is based on best fit 

trend 
87

Sr/
86

Sr with time (Ahmad et al., 2005) by using polynomial regression of Hodell et al. 

(1991) and Miller et al. (1991).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The stratigraphic resolution of samples varies from 20 ka in the lower section to 8 ka in the 

upper section. The biostratigraphic age model of this site showed a reasonably good 

agreement with the strontium isotope derived chemostratigraphy (<+1.48 Ma). The 

biostratigraphic age model is based on calcareous and siliceous fossil events (nannofossils, 

foraminifera and diatoms) and interpolated numerical ages (Peirce et al., 1989; Klootwijk et 

Figure 4.1 Age Vs depth curve (after Ahmad et al., 2005). Bar in blue marks hiatus 
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al., 1992). Marker species were used in calcareous nannofossils zonation scheme (Okada and 

Bukry, 1980) and different planktonic and benthic foraminifera assemblages were used to 

decipher biostratigraphy of the Miocene segment. Highest sedimentation rate is reported for 

late Miocene ~ 9-8 Ma (0.75cm/ka) followed by a 0.5 cm/ka at ~ 10.8-9.6 Ma, intermediate 

for the mid Late Miocene at ~12 Ma (0.25cm/ka) and lowest (0.1 cm/ka) for the ~14-13 Ma. 

4.3 Stable isotopes as proxy for climatic and oceanographic events  

4.3.1 Oxygen isotopes 

Isotopic measurements in separated foraminifera were carried out from 169 depth levels of 

ODP 758, ranging in age from 17.8 to 9.6 Ma. The δ
18

O values in planktonic foraminifera (G. 

quadrilobatus) varied considerably between −0.06‰ vs VPDB and −1.9‰ vs VPDB. The 

most negative δ
18

O was observed at ~14 Ma and least negative at ~12 Ma. The average δ
18

O 

values showed three prominent trends; a decreasing δ
18

O trend between ~17.8-14 Ma (mean 

δ
18

O  −1.21‰), a step wise δ
18

O increase from ~14 to 12 Ma (mean δ
18

O −0.78‰) and again 

a decreasing δ
18

O trend from ~12 to 10 Ma (mean δ
18

O −1.06‰). The planktonic 

foraminifera showed high rate of dissolution from ~10.3 to 9.8 Ma, as evident by the 

complete absence of G. quadrilobatus.  

Oxygen isotopic measurements were also performed in 108 levels of separated epibenthic 

foraminifera (C. wuellerstorfi). It may be noted that a major period of the study, from ~17.8 

to 13.8 Ma, was marked by the absence of C. wuellerstorfi, followed by very low abundance 

of this species. Because of this constraint, high resolution isotopic data could not be 

generated around 11.6 Ma. However the abundance of C. wuellerstorfi increased in the 

younger section (~11.6-9.6 Ma), that enabled us to generate higher resolution record of deep 

water variability. The δ
18

Oben varied from 3.4‰ to 0.73‰ vs VPDB with highest δ
18

Oben 

value at 9.6 Ma and the lowest at 13.84 Ma. The δ
18

Oben record showed an overall increasing 

trend for ~13.8 to 9.6 Ma (Fig. 4.3). The highest mean δ
18

Oben (2.78‰) was recorded between 
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12.09 and 11.6 Ma, followed by a decrease in mean δ
18

Oben (2.34‰) between 11.06 and 10.3 

Ma. The average δ
18

Oben again increased to 2.75‰ from 10.2 to 9.6 Ma.  

The δ
18

O record of planktonic foraminifera at ODP 758 exhibits both long term as well as 

short term variations because of changes in SST, SSS and seawater δ
18

O associated with 

global ice volume change. The stable isotope record from the NE Indian Ocean for the middle 

Miocene represents global as well as local changes in surface water characteristics (Figs. 4.3, 

4.5). Comparison of data from this study with South Pacific site ODP 588 (Flower and 

Kennett, 1993) (Figs. 4.3b, 4.5b) suggests a similarity in surface water evolution. In order to 

understand the deep water changes the benthic record was compared (Figs. 4.3c, 4.5c) with 

ODP site 761 (Figs. 4.3d, 4.5d) in the Indo Pacific Ocean (Lear et al., 2010). The stable 

isotope results of this study shows a reasonably good correlation with the Indo Pacific Ocean 

δ
18

O record with minor changes, which can be attributed to the local variations in deep water 

characteristic. The average δ
18

Oben (2.26‰) recorded at site 758 from 13.9 Ma to 11.5 Ma is 

very close to δ
18

Oben   (2.17‰) at ODP 761, suggesting similar deep water characteristics at 

both these locations for this time interval. The following inferences are drawn based on stable 

oxygen isotope records from ODP 758: 

 (i) Mid Miocene Climatic Optimum and MIOjet: The δ
18

Opl record exhibits a decreasing 

trend from 17 to 14 Ma, indicating a warming event termed as Mid Miocene Climatic 

Optimum (MMCO). The MMCO occurred at ~17-15 Ma is referred as a period of global 

warmth, disrupting the overall cooling trend (Fig. 4.3). Previously, factors such as mountain 

uplift and ocean circulation were considered responsible for this warming. Foster et al (2012) 

showed that pCO2 reached a maximum value of 392 ± 94 ppm during the MMCO and 

declined to 200 ppm by 12 Ma. The period of global warmth-MMCO coincides well with the 

period of elevated CO2 (15–16 Ma) and the main eruptive phase of the Columbia River Flood 

Basalts (16.1–15 Ma; Hooper et al., 2002). This temporal coincidence points at an increase in 
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volcanic CO2 emissions being responsible for the warmth of the MMCO (e.g. Hodell and 

Wodruff, 1994; Kurschner et al., 2008). The highly negative δ
18

Opl at 14 Ma, even after the 

end of MMCO (Fig. 4.3a), was probably due to Miocene Indian Ocean equatorial jet 

(MIOjet)  that may have established at 14 Ma associated with the progressive closure of the 

Indonesian gateway (Gourlan et al., 2008). 

On the basis of Nd isotopic study, Gourlan et al. (2008) showed the passage between the 

Indian and Pacific Ocean was wider prior to 14 Ma. This broad passage was known for 

shallow and intermediate waters exchange between Indian and Pacific Ocean. There were 

two simultaneous currents, one flowing westward in the North from the Pacific and another 

flowing eastward from Indian Ocean to Pacific Ocean (blue arrows, 30 Ma). The Indian to 

Pacific Ocean current is considered as shallow surface current, flowing off the western 

Australian coast, then north of Papua New Guinea and finally mixed with western Pacific 

Ocean waters. There also existed a deep water current from Indian to Pacific Ocean (Linthout 

et al., 1997; Thomas et al., 2003) (Fig. 4.2 red arrow). The tectonic readjustment of the 

Australian block towards north suspended the Indian to Pacific current and yielded a major 

reorganization of the Indian Ocean. Hence, resulting in closure of the Indian to Pacific 

currents (bottom and shallow waters) 14 Ma ago and a large, strong, oceanic current referred 

as MIOjet was formed. The MIOjet is identical to the modern Pacific South Equatorial 

Current (SEC), flowing east to west. Existence of shallow Mn crusts also suggests a 

vanishing shallow Indian to Pacific current between 18 and 10 Ma (van de Flierdt et al., 

2004; Frank et al., 2006). The Pacific to Indian ocean current was then channelled by 

northward movement of Papua New Guinea and southward motion of the Sunda block 

(Replumaz et al., 2004). This resulted in the Pacific waters to flow into the Indian Ocean 

through complex channels within the restricted Indonesian passage populated by many 

emerging volcanic islands due to complex and multiple episodes of subduction.  
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This current caused the warm water from the proto western Pacific warm pool (WPWP) to 

gush into the Indian Ocean and raised SST at 14 Ma resulting in negative δ
18

Opl. This 

hypothesis is consistent with the observation of Akmaluddin et al. (2010) for an optimum 

SST in central Java, Indonesia at 14 Ma related to the WPWP. 

 

 

 

(ii) Middle Miocene Climatic Transition (MMCT)/East Antarctic Ice sheet formation 

(EAIS): A sharp increase in δ
18

Opl from 14 to 12 Ma coincides with the formation of EAIS 

(Fig. 4.3). This temperature drop or climatic transition is related to subsequent decline in CO2 

during the MMCT. This CO2 decline is the result of a termination of eruption, and also 

increase in silicate weathering of the erupted flood basalt during the warm period (e.g. Hodell 

and Wodruff, 1994; Grard et al., 2005) and increased organic carbon burial (Hodell and 

Wodruff, 1994) which is indicated by orbitally paced peaks in the benthic foraminiferal δ
13

C 

globally (Holbourn et al., 2007) as well as at ODP site 758, which are broadly coincident 

with CO2 drawdown. Several workers have previously reported this global cooling step 

leading to major ice sheet expansion at 13.9 Ma (Flower and Kennett, 1993, 1995; Holbourn 

Figure 4.2 The onset of Miojet due to tectonic adjustment of Australian block  

(Gourlan et al., 2008) 
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et al., 2005, 2007). The increasing δ
18

Oben trend in sediments of ODP 758 also points at cold 

bottom water conditions at ~13.8-11.6 Ma. An increase in relative abundance of C. 

wuellerstorfi have been reported in association with intervals of warm bottom water 

temperatures in the Atlantic (Lutze, 1979) and the Pacific (Woodruff, 1985), hence the 

absence of benthic foraminifera (C. wuellerstorfi) from 17.8 to 13.8 Ma, followed by a low 

abundance until 11.6 Ma at ODP site 758, may be related to the introduction of cold Antarctic 

Bottom Water (ABW) into the NE Indian Ocean because of the major ice sheet formation on 

Antarctica. Regardless of the numerous isotopic records in the world oceans, the causes of the 

MMCT are still ambiguous (Hamon et al., 2013). According to Monterey hypothesis, 

increase in organic carbon deposition affected the ocean-atmosphere reservoir considerably, 

leading to pCO2 drawdown and consequent decrease in global temperature. While some 

investigators agree that the drawdown of pCO2  may have caused MMCT (Holbourn et al., 

2005; Foster et al., 2012; Badger et al., 2013, pCO2 reconstruction during the Miocene is still 

being debated (Pearson and Palmer, 2000; Pagani et al., 2009). The termination of water 

exchange between the Indian Ocean and the proto-Mediterranean Basin due to the closure of 

the eastern Tethys seaway has also been attributed to the initiation of MMCT (Woodruff and 

Savin, 1989; Flower and Kennett, 1994, 1995). 

(iii) Initiation of ISM / Waning of Antarctic glaciations: The step wise cooling continues 

until 12 Ma as reflected in δ
18

Opl, followed by a step wise decrease in δ
18

Opl till 10.3 Ma (Fig. 

4.3). The decrease might be the result of waning of Antarctic glaciations at middle/ late 

Miocene (Srinivasan and Gupta, 1990). Moreover, the appearance of C. wuellerstorfi in 

greater number after 11.6 Ma and the decrease in average δ
18

Oben value (2.34‰) at ~11.06-

10.3 Ma also points at the middle/ late Miocene warming (Srinivasan and Gupta, 1990). 

Similar warm oceanic environments are also recorded globally in oxygen isotopes from 

offshore eastern Australia, DSDP Leg 90 (Kennett and von der Borch, 1986), the Atlantic 

Ocean (Haq et al., 1980) and the NIO (Gupta and Fernandes, 1995). Global warming in the 

http://www.sciencedirect.com/science/article/pii/S0025322703002159#BIB20
http://www.sciencedirect.com/science/article/pii/S0025322703002159#BIB18
http://www.sciencedirect.com/science/article/pii/S0025322703002159#BIB16
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late Miocene resulted in a favorable environment for the onset of East Asian Monsoon at ~ 

12- 11 Ma (Nicholls, 1995; Chen et al., 2003). As this warming has been reported from 

different world oceans, it is suggested that the warming event not only triggered the onset of 

the summer monsoon in the South China Sea (SCS) (Chen et al., 2003) but also in the Indian 

Ocean. The proto- WPWP had developed around this time and the MIOjet enhanced its warm 

affect from western Pacific to Indian Ocean giving rise to a strong SST gradient. In the 

modern day scenario the modern WPWP acts as the source and center of the moisture for SW 

monsoonal wind and hence plays a major role in controlling the monsoonal climate in the 

region (Yan et al., 1992). Hence, this study hypothesize that in late Miocene (~12 Ma) the 

concurrent development of the WPWP from the east (West Pacific) to the west (Indian 

Ocean) along with the evolution of warm surface current- MIOjet played a major role in 

development of the east Asian Monsoon and ISM. Development of monsoon is a complex 

phenomenon which requires a blend of various favourable conditions along with temperature 

gradient.  Hence, the role of the Tibetan Plateau is very significant in the development of 

monsoonal climate. Dettman et al. (2003) reported that, at 12 Ma, the Tibetan plateau had 

achieved sufficient elevation to block the penetration of moisture from the Indian Ocean or 

south Pacific into western China. Previous studies have reported a lag between the 

development of the east Asian Monsoon and ISM, though they are influenced by same factors 

(Gupta and Srinivasan, 1992; Chen at al., 2003). However, this study shows that the east 

Asian Monsoon and ISM developed simultaneously without any lag. 

Higher fresh water input due to initiation of ISM might have also contributed to decrease in 

δ
18

Opl value. Enhanced productivity is recorded during this period in sediments of ODP 758   

which is consistent with enhanced ‘Biogenic Bloom’ events documented in cores of Indo 

Pacific divergence (Berger et al., 1993) during this period. Productivity event is discussed in 

detail in section 4.4. 

http://www.sciencedirect.com/science/article/pii/S0025322703002159#BIB4
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Figure 4.3 The δ
18

O curves of planktonic and benthic foraminifera of Site 758 plotted for comparison with 

sites ODP 761 (Benthic) and DSDP 588 (Planktonic); (a-b) δ
18

O  profile of G. Quadrilobatus from site 758 

( NE Indian Ocean) and  DSDP 588 ( Southwest Pacific) (c-d) δ
18

O  profile of C. wuellerstorfi from site 

758( NE Indian Ocean) and ODP site 761 ( Indo Pacific). The grey bar shows Mid Miocene climatic 

optimum (MMCO), the pink bar represents East Antarctic Ice sheet formation (EAIS), the blue bar 

represents waning of EAIS, and the yellow bar represents cooling event. 
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4.3.2 Carbon isotopes 

The δ
13

C in planktonic foraminifera (G. quadrilobatus) also show significant variations 

between 3.27‰ to 0.46‰ vs VPDB. The highest δ
13

C was recorded at 11.32 Ma and the 

lowest at 17.21 Ma. The planktonic δ
13

C record showed four prominent shifts at four 

different time intervals. The δ
13

Cpl shifts were seen at ~18-17 Ma, 17-13.5 Ma, 13.5-12.3 Ma 

and 12.3-10.4 Ma. Both carbon and oxygen isotopic tracers showed a positive trend from 

17.8 to 16.8 Ma (n=40) (Fig. 4.4) and a negative trend from 16.8 to 13.03 Ma (n=57). 

The δ
13

C values in C. wuellerstorfi showed gradual declining trend with significant 

fluctuations ranging between 2.26 to 0.08‰. The gradual trend was interrupted by a sudden 

decrease at ~10-9.78 Ma. The mean δ
13

Cben during 10 to 9.78 Ma dropped down to 0.44‰ 

from an average value of 1.05‰ before 10 Ma. 

(i) Monterey Excursion: The δ
13

Cpl varies between 3.27 and 0.46‰. The increasing δ
13

Cpl 

trend towards 17 Ma suggests a change in carbon budget in surface water (Fig. 4.5). The 

available Mid Miocene carbon isotope records are characterized by the high δ
13

C of sea 

surface water between 17.5 and 13.5 Ma (the Monterey Excursion of Vincent and Berger, 

1985). Therefore, the observed shift in average δ
13

Cpl in ODP 758 from 1.26‰ to 2.3‰ is 

attributed to global phenomenon of ‘Monterey Excursion’. Vincent and Berger (1985) first 

recorded this signal in benthic and planktonic foraminifera from the latest Early Miocene of 

the Indian Ocean, the excursion started at about 17.5 Ma and lasting for 4 million year, which 

is also evident in this study. This carbon extraction was the result of increased extraction and 

burial of organic carbon, which was in turn correlated with increased biological productivity 

and carbon fractionation in the oceans. These processes affected the CO2 reservoir thus, 

lowering CO2 levels and cooled the climate (reverse greenhouse). This cooling aided in EAIS 

formation, the CO2 drawdown due to organic carbon burial is considered as one of the major 

phenomenon of MMCT. The CO2 drawdown would have acted as a positive feedback, the 
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cooler climate allowing more vigorous ocean upwelling and nutrient supply leading to 

enhance productivity. Large quantities of organic matter were deposited around the edges of 

the northern Pacific. The feedback loop eventually was broken when the supply of nutrient, 

mainly phosphorus, exhausted and productivity rates dropped. The cooling trend was 

interrupted as result of increase in the level of CO2 in the atmosphere.  As ice buildup, drop in 

sea level exposed the continental shelf regions, increasing the area for erosion of organic rich 

soil and decreasing the area of deposition, further enhancing the negative feedback loop.  

In other regions of the world oceans this increasing trend is followed by a decline in δ
13

C 

associated to a re-adjustment of the carbon cycle after the “Monterey Excursion” (Woodruff 

and Savin, 1989; Wright and Miller, 1993; Holbourn et al., 2013), which is also consistent 

with the records obtained in this study. The average δ
13

Cpl was increased by approximately 

1‰ at the onset of Monterey Excursion and then subsequently decreased to 1.79‰ at the end 

of Monterey Excursion. The  negative correlation between δ
13

Cpl and δ
18

Opl (R
2
= 0.26) at the 

onset of Monterey Excursion (Fig. 4.4) at 16.84 Ma may be related to upwelling, wherein 

cold deeper water brought up to the surface with lighter carbon and heavier oxygen isotopes 

resulted in a negative correlation. Vincent and Berger, (1985) explained that the strong 

increase in coastal upwelling was most likely driven by the onset of global cooling during 

Monterey Excursion. This global cooling caused zonal wind stress, resulting in both 

equatorial as well as coastal upwelling. High concentrations of organic carbon and 

phosphorus in Monterey rocks support coastal upwelling. Moreover, the increased abundance 

of diatom species, Denticulopsis nicobarica, is supportive of the equatorial upwelling 

(Barron et al., 1984).  
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(ii) Cooling event (Formation of NADW): The decreasing trend of δ
18

Oben at ~10.2 Ma is 

interrupted by a cooling event that extends till 9.6 Ma (Fig. 4.3). Srinivasan and Gupta (1990) 

provided evidence for bottom water cooling at ~ 9 Ma using higher abundance of Uvigerina 

sp as the proxy. A similar cooling event has also been supported by higher δ
18

O values of 

Oridorsalis umbonatus (Vincent et al., 1985). This cooling event at site 758 may be 

associated to the introduction of cold deep water mass.  The δ
13

Cben serves as an efficient 

proxy for distribution of deep water masses in world oceans. The carbon isotope in deep sea 

is primarily controlled by the regeneration of 
13

C-poor organic material and has a distribution 

much like a nutrient such as phosphate in the modern ocean. Significant depletion in average 

δ
13

Cben from 1.05‰ to 0.44‰ in ODP 758 further reflects change in deep water 

characteristic. The δ
13

Cben value (0.44‰) at ~ 10.2-9.6 Ma is identical to the δ
13

C value of 

modern Circumpolar Deep Water (CDW). The modern CDW is a blend of North Atlantic 

Deep Water (NADW) and deep water formed in Southern Ocean with a δ
13

C value of ~ 0.4‰ 

(Charles and Fairbanks, 1992; You, 2000). The NADW source is nutrient depleted when 

Figure 4.4 (a) The δ
18

O vs δ
13

C changes in planktonic foraminifera before the Monterey 

Excursion, and (b) The δ
18

O vs δ
13

C changes after the onset of Monterey Excursion. 
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compared to Southern ocean source water. Moreover, the residence time of deep water in the 

Atlantic Ocean is short, allowing little additional accumulation of nutrients from sinking 

organic material. The δ
13

C can be used to document the relative mixtures of Northern and 

Southern water masses. The δ
13

Cben shift suggests a complete re-adjustment of the carbon 

cycle after the “Monterey Excursion” and export of NADW towards the southern Ocean to 

give rise to the CDW. Modelling experiments (Butzin et al., 2011) and Nd isotope studies 

also indicated the onset of NADW formation between 10.6 and 7.3 Ma (Thomas and Via, 

2007). The export of NADW indicates a modern like THC may have established at ~ 10.2 

Ma. 
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Figure 4.5  The δ
13

C curves of planktonic and benthic foraminifera of site ODP 758 for 

comparison with ODP 761 (benthic) and DSDP 588 (planktonic); (a-b) δ
13

C profile of G. 

quadrilobatus from site 758 (NE Indian Ocean) and  DSDP 588 (SW Pacific) (c-d) δ
13

C profile of 

C. wuellerstorfi from site 758(NE Indian Ocean) and ODP site 761 (Indo Pacific).The green bar 

shows Monterey Excursion, the pink bar represents a high productivity event followed by a period 

of high dissolution denoted by blue bar. 
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4.4 Geochemistry of sediments: Implication of paleoenvironment 

About 50 samples were selected for detailed analysis of major oxides, trace elements 

including rare earth elements (REEs) and isotopic ratios. The major element, trace element 

and REE composition of sediments of ODP site 758 show prominent shifts during the studied 

time interval due to various climatic, oceanographic and tectonic processes. The geochemical 

records of site 758 are compared with stable carbon and oxygen isotope records of fossil 

foraminifera (Banerjee et al., 2017), which indicate climatic events responsible for significant 

variations in the composition of marine sediments, influenced by terrigenous input, 

paleoproductivity, and depositional redox conditions. The elemental ratios are discussed 

below: 

4.4.1 Productivity changes during the middle Miocene 

The biogenic Barium (Babio) content (a productivity indicator) varied from 34 ppm at 16.95 

Ma to as high as 1195 ppm at 10.43 Ma. These concentrations were converted to their 

respective fluxes to yield values of 8.27 g cm
-2

 ky
-1

 and 0.20 g cm
-2

 ky
-1

 respectively. Organic 

Phosphorus (Porg) flux was high from ~ 12 to 10 Ma with highest value of 62.76 g cm
-2

 ky
-1

 at 

10.2 Ma. The productivity proxies showed an increasing trend from 12- 10 Ma followed by a 

decrease in Babio, Porg flux from 10-8 Ma. 

The chemical behaviour and cycling of barium in seawater are now fairly well understood 

(Ganeshram et al., 2003; Paytan and Griffith, 2007; Van Beek et al., 2007; Griffith and 

Paytan, 2012). Barium has a relatively short residence time in seawater (~10 kyr; Dickens et 

al., 2003). The main source of Barium is through river runoff (continental input), Ba reaches 

the marine environment, where it forms barite (BaSO4) or is associated to other geochemical 

supports (e.g. oxy-hydroxides, carbonates or aluminosilicates) (Dymond et al. 1992; Pfeifer 

et al. 2001). The sediment-water interface contributes to a large part of barite burial flux by 

sinking organic matter and biogenic silica, leading to local Ba enrichment of the sediments. 
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This fraction is referred to as biogenic Barium (Babio). Barite precipitation is also aided by 

marine organisms that assimilate Ba intercellularly, including dissolution of celestite (SrSO4) 

in acantharian (protozoan zooplankton enriched in Ba) which leads to substantial increase in 

Ba concentration (Gooday and Nott, 1982; Fisher et al., 1991;  Bertram and Cowen, 1997). 

However, when compared with authigenic precipitation of barite within decaying organic 

matter, the barite precipitation by marine organisms or replacement of celestite (SrSO4) in 

acantharians are minor sources (Gooday and Nott, 1982; Bernstein et al., 1992, 1998; Bishop, 

1988; Van Beek et al., 2007). The decay of organic matter results in the localized 

development of microenvironments, where Ba is concentrated via adsorption onto Fe-

oxyhydroxides (Sternberg et al., 2005), and where the solubility product of barium (Ba
+2

) and 

sulfate (SO4
−2

) exceeds the equilibrium constant of barite (BaSO4), generating a 

supersaturated microenvironment causing spontaneous nucleation of barite crystals (Dehairs 

et al., 1980; Bishop, 1988; Dehairs et al., 1992).  According to Dymond et al. (1992), barite 

being a refractory mineral, has a preservation rate of approximately 30% under oxic 

conditions and thus higher than other indicators of productivity such as carbonates with 

approximately 10%, biogenic silica with approximately 5% and organic carbon with 

approximately 1%. Both Babio and barite therefore prove to be promising proxies for marine 

paleoproductivity (Dymond et al. 1992). Since Ba may occur in other mineral phases, it has 

been plotted with Th to ensure its biogenic source (Fig. 4.6). The Th content in sediment is a 

good indicator of detrital fraction (Von Breymann et al., 1990). Sediments of ODP site 758 

are significantly enriched in barium concentration when compared to upper continental crust 

(McLennan, 2001), suggesting a dominant Babio source. Biogenic Ba (Babio) was calculated 

by the amount of excess Ba.  The algorithm for excess Ba is determined by calculating the 

difference between total Ba (Batotal) and the terrigenous Ba (Baterrigenous) concentration of 

sediments associated with terrigenous aluminosilicates. 

Baexcess = Batotal – Baterrigenous 
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Baterrigenous = Altotal x (Ba/Al)detrital 

In this study, it is assumed that Babio is equivalent to Baexcess which means that all non detrital 

Ba is biogenic in origin. In high productivity zones like equatorial Pacific, a small fraction of 

the non detrital Ba is derived from surface adsorption onto carbonates and ferromanganese 

oxyhydroxide. The (Ba/Al)detrital is considered as that of the average continental crustal value 

0.0065 (McLennan, 2001). 

The amount of Babio is often governed by site-specific sedimentation rate which results in 

discrepancy in Ba concentration giving a false productivity signal. The most reliable proxy is 

therefore flux of Babio which is calculated by converting the concentration data to flux 

estimate. 

Babio flux = (Babio/100) x ρdry x LSR, where, 

Babio flux is expressed in g cm
-2 

ka
-1

; dry bulk density ρdry in mg/cm
3
; Linear Sedimentation 

Rate (LSR) in cm/ka. 

In order to calculate Babio flux, the LSR and dry bulk density ρdry should be known. The dry 

bulk density is calculated by an exponential function of sediment age (Schoepfer et al., 2015).  

ρdry = 0.0794 x ln(x) + 0.650 

where x is the age of the sample (in kyr). The dry bulk density obtained, is similar to the 

value reported in Scientific initial report of Leg 121 (Peirce et al.,1989) for 8.8 – 17.4 Ma. 

LSR is calculated by age depth model of ODP 758 A (Ahmad et al., 2005; Banerjee et al., 

2017). 

The Babio content varies from 34 ppm at 16.95 Ma to as high as 1195 ppm at 10.43 Ma. These 

concentrations converted to their respective fluxes yield value of 8.27 g cm
-2

 ky
-1

 and 0.20 g 

cm
-2

 ky
-1

 respectively (Fig. 4.7a). Although Ba proxies have been used worldwide, studies 

show that barium should not be used as a proxy for paleoproductivity in certain 

paleoenvironmental conditions. Barite formed, may partially dissolve in barite undersaturated 

seawater, in reducing environment and sulphate depletion zone (Von Breymann et al., 1990; 
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Passier et al., 1999; Henkel et al., 2012). However, Ba concentration proves to be a reliable 

paleoproductivity indicator in oxic and suboxic environments (Schmitz, 1987; Jumars et al., 

1989). 

Phosphorus (P) is structural and functional constituent of all organisms and serves as an 

essential nutrient in a marine ecosystem (Redfield, 1958). Organic matter is the major source 

of P in marine sediment whereas the P from terrigenous silicates and other minerals (detrital 

P) accounts for < 20% of total P (Schoepfer et al., 2015).  As a result of minimal contribution 

of detrital P to marine sediments, total P is commonly used as a proxy for organically derived 

P (Algeo and Ingall, 2007). After burial, the organic P is remineralized in oxygenated bottom 

water. A substantial amount of the organic bound P is released into sediment pore waters 

(Benitez-Nelson, 2000). Under oxic conditions, combination of different processes aids in 

retention of remineralized P (Filippelli, 2001; Tribovillard et al., 2006; Diaz et al., 2008). 

Various P trapping mechanisms, such as adsorption onto and complexation with metal 

oxyhydroxides, as well as biological sequestration of polyphosphates result in saturation of 

pore water P concentration, resulting in the precipitation of authigenic P minerals that once 

formed are stable in the burial environment (Kraal, 2010). In this study Porg is used instead of 

total phosphorus (P) to obtain accurate biogenic P flux. Porg was calculated by the following 

method: 

Porg= ( Ptotal) –[Al x (P/Al)detr] 

P/Al ratio of 0.0087 was considered in this study based on the average of P and Al 

concentrations of upper continental crust (McLennan, 2001). This calculation assumes non- 

detrital P from marine phytoplankton biomass. Phosphorus accumulation rate was calculated 

using the following equation: 

Porg flux = (Porg /100) x ρdry x LSR 

Phosphorus accumulation rates have proved to an excellent productivity proxy in ancient as 

well as modern sediments (Compton et al., 1990; Schenau and De Lange, 2001; Schenau et 
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al., 2005). However bottom-water redox conditions must be taken into consideration while 

interpreting productivity from Phosphorus accumulation rate. Porg accumulation rate serves a 

good productivity proxy in Quaternary Indian Ocean (Schenau et al., 2005). The Porg  flux 

remains high from ~ 12- 10 Ma with highest value of 62.76 g cm
-2

 ky
-1

 at 10.2 Ma (Fig. 4.7c). 

The Babio, Porg accumulation rate shows a reasonably good correlation with another 

productivity proxy δ
13

Cpl- δ
13

Cben (Fig. 4.7b). Subsequent to Monterey excursion, the δ
13

C 

values started decreasing in all over the world oceans. The declining trend in δ
13

Cpl was 

interrupted at ~12.3-10.4 Ma when the average δ
13

Cpl value rose similar to that in Monterey 

Excursion (Fig. 4.3). This appears to be a local change in δ
13

Cpl, probably because of an 

increase in productivity coinciding with the initiation of ISM. This also explains the high rate 

of dissolution of planktonic foraminifera which immediately followed this event at 10.3 Ma. 

Oxidation of large amount of organic matter in the sediments during high productivity event 

might be responsible for dissolution of planktonic foraminifera (Berger and Winterer, 1974). 

Further, a gradual decreasing δ
13

Cben trend is interrupted by a sudden decrease in mean 

δ
13

Cben at ~ 10 Ma (Fig. 4.5). The δ
13

C difference between P (Planktonic) and B (Benthic) 

species (Δδ
13

CP-B) reflects periodic surface-water productivity changes (Fig. 4.7b). High 

productivity enhances the removal of 
12

C, resulting in increased δ
13

C of sea surface water 

(Deuser et al., 1981; Hemleben et al., 1989). Simultaneously, the increased rate of raining 

organic matter and its oxidation at depths causes δ
13

C depletion of bottom waters (Loubere, 

1996). The Δδ
13

CP-B increases during high productivity event and decreases during period of 

low productivity. This kind of isotopic gradient between surface and deep water mass 

requires water mass stratification during the period with high Δδ
13

CP-B. The increase in 

surface productivity, indicated by the high Δδ
13

CP-B may have resulted from excess nutrient 

supply to the mixed layer with fresh water via runoff (Schilman et al., 2001).   

The productivity proxies have been compared to stable oxygen isotope record to check 

glacial-interglacial variability in productivity. The Porg, Babio and their fluxes exhibit high 
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values during relatively warm period as compared to colder periods (grey region in Fig. 4.7).. 

Primary productivity is mainly governed by two factors: the availability of sunlight and the 

availability of nutrients. (Dash et al., 2011; Shukla et al., 2013).  Since BoB is situated in 

tropical region, biological production is limited by the availability of nutrients rather than 

sunlight. The availability of nutrients is inturn dependant on ISM. The timing of  initiation of 

ISM has been a matter of debate but most authors agree that the uplift of the Himalayas and 

Tibetan Plateau increased the land-sea thermal contrast (Hahn and Manabe, 1975) resulting in 

initiation of the Indian monsoons (e.g., Ruddiman and Kutzbach, 1989; Hastenrath, 

1991).The initiation of monsoonal winds as response to Himalayan-Tibetan uplift led to 

increased upwelling in the Arabian Sea and eastern Indian Ocean (Singh and Gupta, 2004). 

The stable isotope study at site 758 indicates initiation of ISM at ~12 Ma and its 

intensification at ~10 Ma (Banerjee et al., 2017).  

The initiation of ISM must have enhanced quantity of erosional products from Himalayan 

region to the BoB (Prell and Kutzbach, 1992). The weathered material coupled with wind 

induced upwelling must have resulted in higher fluxes of nutrients to the BoB, thereby 

increasing the oceanic productivity (Filippelli, 1997) at ~12 – 10 Ma. Enhanced productivity 

during this period is also reported in sediment cores from Indo Pacific divergence (Berger et 

al., 1993; Dickens and Owen, 1994). The productivity event started at ~12 Ma in response to 

the initiation of ISM (Fig. 4.7) much before the time suggested by Gupta et al. (2004), but 

productivity bloomed with intensification of ISM as much as to give rise to sudden downfall 

in δ
13

Cben, increase in Babio Porg flux, total dissolution of planktonic foraminifera due to 

oxidation of the organic matter at ~10 Ma. However, the period between ~10 to 8 Ma is 

characterized by lower fluxes of Babio and Porg. Increased upwelling and productivity may 

have enhanced the rate of photosynthesis producing organic matter by consumption of 

dissolved carbon-dioxide and water. Intensified monsoon must have triggered rigorous 

physical and chemical erosion resulting in CO2 drawdown that could have contributed to late 
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Miocene cooling at ~ 8 Ma (reverse greenhouse effect). Tripathi et al. (2017) has also 

identified lower productivity in Eastern Arabian Sea (EAS) and weak South Asian Monsoon 

(SAM) during the same time interval. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Barium (Ba) vs Thorium (Th) concentration of sediments at ODP 758. The Black line 

represent Ba/Th value of upper continental crust (McLennan, 2001) 
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Figure 4.7 a) Babio flux in g cm
-2

 kyr
-1

, (b) δ
13

Cpl vs δ
13

Cben ( Banerjee et al., 2017) for comparison, (c) 

Porg flux in g cm
-2

 kyr
-1

, and (d) δ
18

Opl  value of ODP 758  ( Banerjee et al., 2017). The grey shaded 

area represents colder events (EAIS and late Miocene cooling). 
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A productivity model is developed from ~ 12 – 8 Ma. The productivity which varies through 

time is directly correlated to monsoonal strength. The monsoon is intern dependent on 

atmospheric heating and SST. At ~ 12 Ma, initiation of ISM enhanced upwelling and nutrient 

supply via fresh water runoff from rivers. Excess nutrient supply inturn triggered 

photosynthesis in phytoplanktons and thus generating excess organic matter. High rate of 

photosynthesis amplified removal of 
12

C from sea surface water, resulting in increased δ
13

C 

of dissolved inorganic carbon. Sinking organic matter and biogenic silica enhanced Babio and 

Porg fluxes (Fig. 4.8 a). 

 Intensification of ISM at ~ 10 Ma escalated the reaction chain occurring in the ocean and 

atmosphere, i.e organic carbon burial and silicate weathering. Increase in upwelling enhanced 

the rate of photosynthesis producing organic matter by consumption of dissolved carbon 

dioxide and water. Atmospheric carbon dioxide (CO2) dissolved in monsoonal rainwater, 

resulting in the formation of natural carbonic acid (H2CO3). This weak acid reacted with 

silicate rock on continents, dissolving the rock and therefore causing rigorous silicate 

weathering. The dissolved minerals were eventually carried by rivers to the BoB, where they 

were used by living organisms such as foraminifera, radiolarians, coccolithopores, and 

diatoms to create shells of CaCO3 (calcite) or SiO2 (opal). These organisms eventually died, 

decayed and many shells fell all the way to the sea floor and got buried (Fig. 4.8b) 

Organic carbon burial and silicate weathering caused intense CO2 drawdown that could have 

possibly contributed to late Miocene cooling (reverse greenhouse effect) (Herbert et al., 

2016). As there is a direct relationship between SST and modern summer monsoon, a 

decrease in SST must have resulted in weakening in ISM intensity at ~ 8 Ma (Fig. 4.8c) 

(Nicholls, 1995). The productivity model in Fig. 4.8 is a pictorial representation of the 

monsoonal variation from 12- 8 Ma, including all the reaction chains. 
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Figure 4.8 Productivity model representing productivity variation at 12-8 Ma in the BoB in response to 

ISM activity. 
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4.4.2 Provenance of terrigenous sediments 

Riverine input as well as aeolian input into the sediments can be analyzed using elemental 

ratios. For instance K/Al and Rb/Al ratios are used to decipher riverine input and Zr/Al for 

aeolian input. Generally cold periods are considered to be more arid due to strengthening of 

wind regimes with high aeolian input and humid periods are characterized by less aeolian 

input. The K/Al ratios remained low (0.08) from ~ 17 Ma until ~ 12 Ma and then increased to 

0.14 from ~ 12 to 8 Ma. The K/Al ratio showed a prominent shift from 0.09 to 0.14 at 12.3 

Ma (Fig. 4.9a). The Rb/Al ratio also showed lower value (4.02) from ~ 17 Ma until ~ 12 Ma 

and then the average Rb/Al value increased to 6.21 from ~ 12 to 8 Ma (Fig. 4.9b). The Zr/Al 

ratio showed a reverse trend with high average of 19.31 from 17-12 Ma which decreased to 

8.56 after 12 Ma (Fig. 4.9c). 

 The BoB is known to receive large quantity of fresh water fluxes from various rivers 

(Subramanian, 1993) and over 1350 million tonnes of suspended sediment flux every year 

(Milliman and Meade 1983; Subramanian, 1985). The lithogenic sediments in the BoB 

derived from erosion of the Himalayan, Indo–Burman and Indian Peninsular regions help in 

understanding monsoon variations, weathering pattern, river run-off and sediment 

provenance. Sediments in the BoB are mainly derived from Himalaya through Ganges–

Brahmaputra and Irrawaddy rivers (Babu et al., 2010) and western part of the Indo–Burman 

ranges (Colin et al., 1999).  

The K/Al and Rb/Al ratios are used to identify the variations in riverine input at ODP site 

758.  Feldspar and illite are abundant in K, so the increase in K/Al at ~ 12 Ma from 0.080 to 

0.14 (Fig. 4.9a) may reflect the higher concentration of feldspar and illite (Colin et al., 1999; 

Singh et al., 2008). Feldspar and illite concentrations in sediments depend on the source 

signature, weathering and transport pathways (Damodararao et al., 2016). Rb substitutes for 

K in some aluminosilicates and this property makes it a proxy for tracing fluvial input            

(Martin- Puertas et al., 2010; Nieto- Moreno et al., 2011; Rodrigo- Gamiz et al., 2011 and 
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references therein). The Rb/Al ratios also show lower value (4.1) from ~ 17 -12 Ma, after 12 

Ma (Fig. 4.9b). Illite is a major constituent of river debouching in the BoB.  He et al. (2013) 

showed that the major clay component of Yarlung Tsanpo, which is the upper stream of 

Brahmaputra, is illite (78%). Illite is also a major component of Irrawaddy river in BoB 

(Rodolfo, 1975). High concentration of feldspar and illite from ~ 12 Ma could be possibly 

due to intense mechanical weathering in response to uplift in the Himalayan region and 

Tibetan Plateau at 12 Ma (Crowley et al., 1998; Dettman et al., 2003; Anderson and Wellner, 

2013). Mean Erosional rates have been increasing since 12 Ma and ISM initiation in 

particular might have increased overall erosion rates to BoB (Richter et al., 1993; Burbank et 

al., 1992; Molnar, 2001). A likely cause for the lower Rb/Al and K/Al ratios prior to 12 Ma is 

relatively lower erosion rate prior to initiation of ISM and Tibetan uplift, therefore less 

contribution from the Himalayan rivers, which are generally characterized by high K/Al 

ratios (Tripathy et al., 2014) 

Aeolian input variations in oceans have been reconstructed using various geochemical 

proxies such as Si/Al, Zr/Al and Ti/Al ratios (Schnetger et al., 2000; Calvert and Pedersen, 

2007 and references therein). These ratios depend on the proportion of aeolian quartz and 

heavy mineral relative to the marine sediments. The Si/Al ratio is suggestive of relative 

proportion of quartz to aluminosilicates. Since increase in aridity marks increase in aeolian 

quartz input, Si/Al ratio is often used for paleorecords. However, silicon also occurs in the 

opaline skeletons of diatoms, silicoflagellates and radiolarians, and therefore use of Si/Al in 

regions with higher productivity must be avoided. Because of higher Babio accumulation rate 

in site 758, the Si/Al ratio was not considered as proxy for aeolian input in this study. 

Schmitz 1987 has used Ti/Al in BoB as a paleostream indicator rather than aeolian proxy. 

The study indicated that Ti content in the Bengal Fan sediments reflects an increase in coarse 

grained material from the Ganga-Brahmaputra river system. Since site 758 is located in distal 

part of Bengal Fan, the Ti content is very meagre and hence there is no change in Ti/Al 
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throughout the time interval of this study. Instead Zr/Al ratio was used as the aeolian input 

indicator. Zircon is main carrier of Zr in aeolian dust and affects the Zr/Al ratio variability 

(Fig. 4.9c). Since Zircon is a heavy mineral, it is mostly associated with coarser quartz grains. 

Enhanced concentration of Zr/Al relative to hemipelagic sediments thus aids in identifying 

period of high aeolian input. 

The Zr/Al ratio at site 758 shows high average values from ~ 17 to 12 Ma, after which the 

ratios decrease substantially indicating reduced aeolian input in the region. The average Zr/Al 

(20.7) at ~ 17 to 12 Ma decreases to 8.84 after 12 Ma (Fig. 4.9c). Modern aeolian dust 

contribution at site 758 has been reported to be negligible (Prospero 1981); however 

neodymium (Nd) isotopic study on planktonic foraminifera at site 758 showed an increase in 

aeolian input during the Last Glacial Maximum (LGM) (Burton and Vance, 2000). They have 

proposed that the potential dust source at site 758 might be from Arabian Desert and the 

Persian Gulf, which is adjacent to the western Indian Ocean. The input of dust might have 

been introduced either directly into the BoB or from the northwest Indian Ocean through 

thermocline waters. This study proposes that EAIS formation gave rise to similar atmospheric 

conditions like LGM leading to strengthen wind regime in the region. This increase in aridity 

might have enhanced aeolian dust input in the BoB until ~ 12 Ma from the sources mentioned 

above. 
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Figure 4.9 Terrigenous input proxies compared with  δ
18

Opl  of ODP 758, (a) K/Al ratio of sediments, 

(b) Rb/Al ratios (expressed as 10
-4

), (c) Zr/ Al ratio (expressed as 10
-4

), (d) δ
18

Opl  value of ODP 758 

(Banerjee et al., 2017). The shifts are marked by arrows. The grey shaded area represents cooling 

event (EAIS formation) and the yellow shaded area represents warming event. 
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4.4.3 Trace elements as proxies for depositional environments 

The depositional environment proxies used are U/Th, Authigenic Uranium and V/Cr ratio. 

Authigenic Uranium content in sediments of site 758 vary from -0.81 to 0.4 ppm (Fig. 4.10a). 

The average U/Th ratio was calculated to be 0.20, which is lower than the crustal value (0.26) 

(McLennan, 2001) (Fig. 4.10b). The lowest U/Th ratio (0.15) was seen at ~ 9.4 Ma and the 

highest (0.42) at 10.22 Ma. The V/Cr ratios show values ranging from 1.14 to 0.26 ppm (Fig. 

4.10c). 

Uranium is an excellent indicator of paleo-redox conditions of depositional environment 

(Dean et al., 1999; Algeo and Maynard, 2004; Algeo et al., 2012). The concentration of U 

remains unaltered in different ocean basins as well as with water depth because of its 

conservative behavior (Rosenthal et al., 1995; Crusius et al., 1996; Crusius and Thomson, 

2000 and references therein.). The ratio of uranium to thorium (U/Th) is often used as a redox 

indicator (Adams and Weaver, 1958; Rogers and Adams, 1969, Pattan et al., 2013) with U/Th 

being higher in organic-rich mudstones. Thorium is relatively immobile in the low-

temperature surface environments and is concentrated during weathering in resistant minerals 

(Klinkhammer and Palmer, 1991). Thorium is often associated with heavy minerals and clays 

in detrital fractions of fine grained sediments, such as mudstones. Under oxic condition, U
6+

is 

present as Uranyl tricarbonate species, which is highly soluble in water. However, under 

reducing environment, U
6+ 

reduces to U
4+

 and becomes particle active and gets fixed onto 

sediments. Therefore, under anoxic conditions, U shows enrichment compared to the 

continental crust (Zheng et al., 2000). Once fixation is initiated, further uranium is supplied 

by diffusion from seawater (Klinkhammer and Palmer, 1991), resulting in increase in U/Th 

ratio. The conservative behaviour of U makes authigenic U content as an important proxy for 

bottom water anoxia in ancient sedimentary sequences (Wignall and Myers, 1988). Since 

detrital material has a Th/U ratio of 3.8 ± 1.1, the authigenic U can be calculated as:  
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(authigenic U ) = (total U) – (Th/3) 

Sediments with Th/U ratio > 3 indicate negative authigenic U (Myers and Wignall, 1987) and 

therefore negative authigenic U was obtained throughout the study interval (Fig. 4.10a). The 

absence of any authigenic U in site 758 samples is suggestive of an oxic environment in the 

southern BoB during this study time interval. The higher U/Th ratio (> 1.25) represents 

anoxic environment (Fig. 4.10b). The U/Th ratio varies from 0.43 to 0.12. While, most of the 

samples has U/Th ratios that are less than the crustal value depicting oxic depositional 

conditions, the U/Th ratio increases above crustal value (0.26) (McLennan, 2001) in few 

sediment samples. However, these values are too low for an anoxic environment and could 

arise due to a localised oxygen demand with increase in supply of labile organic matter, 

causing suboxic conditions (Pattan et al., 2013). Vanadium to chromium (V/Cr) ratio has also 

been used as a proxy for paleo-redox conditions (Hatch and Leventhal, 1992; Jones and 

Manning, 1994). Chromium (Cr) gets incorporated within the detrital clastic fraction of 

sediments. Chromium may be present in clays as a substitution for Al or it can also occur as 

chromite (Bjorlykke, 1974; Patterson et al., 1986), whereas Vanadium (V) is concentrated in 

sediments deposited under reducing conditions as it gets bounded to organic matter by the 

incorporation of V
4+

 into porphyrins (Shaw et al., 1990; Emerson and Huested, 1991). 

Sometimes, V may be physically hosted by detrital silicate minerals (Glikson et al., 1985; 

Stow and Atkin, 1987). Since V/Cr ratio in the sediments of site 758 is < 2 (Fig. 4.10c), it 

shows oxic environmental conditions at the time of sediment deposition. 
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Figure 4.10 Trace elements as proxies for depositional environment; (a) represents absence of any 

authegenic Uranium (U), (b) represents U/Th, (c) represents V/Cr ratio of sediments. Values less than 

crustal values (represented by solid black line) have been marked by arrows. 
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4.5 REE Analysis 

The sediments show negative cerium (Ce) anomaly and positive europium (Eu) anomaly with 

reference to PAAS (Fig. 4.12). The Ce/Ce* in the sediment samples varies between 0.54 - 

0.86 with an average value of 0.7 (Fig.4.11). The Ce/Ce* ratio was calculated following the 

equation of Bau and Dulski (1996). The Ce/Ce* value >1, < 1 and =1 suggest positive, 

negative and flat type anomaly, respectively (Murray et al., 1991). Presence of Fe-Mn oxides, 

clays with high Fe-Mn content and hydrothermal deposits results in positive Ce/Ce*, 

suggesting a well oxidized environment. Ce/Ce*< 1 is indicative of negative anomaly, 

suggesting reducing condition possibly due to the presence of calcareous, siliceous shells, 

phillipsites, phosphorites and authigenic smectites (Courtois and Jaffrezic-Renault, 1977; 

Desprairies and Courtois, 1980; Elderfield et al., 1981; Tlig and Steinberg, 1982; Pattan et al., 

2005 and reference therein), whereas presence of terrigenous dominated sediments result in 

Ce/Ce*=1 which is a flat type anomaly (Nath et al., 1992). Cerium exhibits multiple valency 

(Ce
3+

, Ce
4+

) in the natural environments and this behaviour can result in a marked 

fractionation. Under suboxic/ anoxic environment, Ce undergoes reduction from insoluble 

Ce
4+

 to soluble Ce
3+

, whereas in the oxic environment soluble Ce
3+

 is oxidized to insoluble 

Ce
4+

 (de Baar et al., 1988; German and Elderfield 1989). Hence Ce/Ce* ratio is considered as 

an important proxy to trace the bottom water redox conditions (Wright-Clark and Holser, 

1981; Wang et al., 1986; Elderfield and Pagett 1986; Liu et al., 1988; Liu and Schmitt 1990), 

tectonic and stratigraphic reconstructions (Murray et al., 1991), diagenetic changes (German 

and Elderfield 1990), sediment lithology (Nath et al., 1992) and potential indicator of eustatic 

sea level changes (Wilde et al., 1996). Lower values of Ce/Ce* < 1 in the entire sediment 

core suppose to suggest anoxic-suboxic conditions. This does not match with other redox 

sensitive element data, which shows that sediment core has oxic conditions. The Ce/Ce* 

values < 1 (marked by black line) (Fig. 4.11) in site 758 could be due to high content of 
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calcium carbonate where foraminifera has negative Ce-anomaly and generally follow 

seawater REE pattern. It is observed that stronger the negative Ce/Ce* anomaly higher the 

carbonate content and vice versa (Wang et al., 1986; Nath et al., 1992). It is observed that not 

only for Ce/Ce*, but the REE curve with reference to PAAS also represents a seawater 

pattern. The REE plot shows relative depletion of Light REE (LREE) and Medium REE 

(MREE) with respect to Heavy REE (HREE) (Fig. 4.12). The depletion of LREE and MREE 

relative to HREE is another characteristic feature of modern (and ancient) seawater. Relative 

and absolute REE abundances in seawater are controlled by surface adsorption of elements 

and complexation with ligands in seawater (Sholkovitz et al., 1994). As one moves from the 

LREE to the HREE, the ionic radii decreases as a result of progressive filling of the f-electron 

shell, an effect referred to as lanthanide contraction (Bolhar et al., 2004). As a result, the 

HREEs easily form complexes with carbonate ions than the LREEs (Lee and Byrne, 1993). 

The proportion of free REE available for uptake by surface adsorption therefore decreases 

from La to Lu. As particles travels through the water column, LREEs and MREEs are 

preferentially adsorbed while the HREEs are preferentially retained in solution as complexes, 

leading to depletion of LREEs and MREEs relative to HREEs in seawater. As the HREEs 

forms carbonate complexes, the seawater is enriched in HREEs. The REE pattern of the 

samples under study is similar to REE pattern of seawater due to the presence of high calcium 

carbonate content (~ 80%).  
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Figure 4.11 Negative Ce/Ce* of sediment samples with age 

Figure 4.12 REE / PAAS of sediment samples showing high HREE/LREE pattern. 
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4.6 Clay mineralogy 

 Clay mineral analysis was performed in few selected sediment samples due to lack of 

sufficient amount of sediment samples. Clay mineral composition serves as a supporting 

evidence of weathering that had taken place during the middle Miocene. Since results from 

stable isotope and geochemical signature showed initiation of ISM at ~12 Ma, few samples 

were selected prior to 12 Ma and few samples after 12 Ma for detailed clay minerals studies. 

Substantial changes were observed in Illite and Kaolinite percentages. The average 

percentage of Illite in sediments of 8-12 Ma was 41% and prior to 12 Ma was 31%. The 

average percentage of Kaolinite before 12 Ma was 44% which decreased to 25% after 12 Ma. 

The percentage of Smectite increased at ~ 12 Ma (average 23%) (Fig. 4.13).  

Clay mineral compositions indicate lithological characteristics of the source area and the 

mode of weathering. Significant uplift in the Himalayan region and increase in elevation of 

the Tibetan Plateau during late Miocene was responsible for increased physical weathering in 

the region (Harrison et al., 1992; Molnar et al., 1993; Valdiya, 1999). Dominance of Illite in 

sediments over kaolinite minerals reveals dominance of physical erosion in response to 

increased uplift at ~ 12 Ma. Physical weathering on land and glacial scour, particularly of 

crystalline rocks, results in the formation of detrital clay minerals Illite and Chlorite 

(Chamley, 1989). As these conditions prevail mostly in the Himalayan region, Illite and 

Chlorite found in the BoB are mostly known to be derived from the weathering of Himalayan 

rocks. Kaolinite, is known to be mostly formed in areas with higher chemical weathering, 

indicating that it may have been transported from the Indian shield (Nath et al., 2000 and 

references therein), whereas Smectite in the central Indian basin sediments is mainly derived 

from the weathering of basinal basaltic rocks (Rao and Nath, 1988; Bouquillon et al., 1989). 

Processes such as physical and chemical erosion, loosen materials, which are then carried by 

rivers as bed load. A shift from Kaolinite dominated clay to that of Illite and chlorite 
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dominated clay at 12 Ma at site 758 shows increase in physical erosion in response to 

increase uplift in the Himalayan region. Increase in K/Al ratio at 12 Ma also points towards 

dominance of Illite at 12 Ma. As mentioned earlier, Illite is a major constituent of rivers 

debouching in BoB. However increase in smectite content at ~ 12 Ma points that the late 

Miocene was time when both physical and chemical weathering was high. The rapid rise in 

Himalayan-Tibetan elevation coupled with increased rainfall may have enhanced both types 

of weathering in BoB. Prior to 12 Ma, high Kaolinite and Smectite contents indicate source 

from the Peninsular India, which later shifted to the Himalayan region in response to 

increased uplift coupled with monsoonal rainfall. However, researchers suggest that 

Smectite-Kaolinite mineral assemblage is not a result of provenance change rather produced 

from meteoric alteration in the Indo-Gangetic planes and Irrawaddy basin (France-Lanord et 

al., 1993). 

 

 

 

 

 

 

 

 

 

Figure 4.13 Clay mineral expressed in percentage. The green bar represents samples between 12-8 

Ma whereas the blue bar represents the samples between 12-17 Ma. 
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4.7 Glass shards investigation 

Among the 50 samples selected for trace and REEs determination, three samples exhibit 

anomalously high REE content with reference to PAAS normalized pattern (Fig. 4.14) when 

compared to average REE pattern of other samples. These samples also show anomalously 

high concentrations for trace elements like Zr, Ce, La, Nd, Sc, Sm, Gd, Dy, Er and Yb  and 

moderately high concentrations for trace elements like V, Cr, Ni, Rb, Pr, Ga, Nb, Cs, Eu, Tb 

and Ho (Fig. 4.15). A detailed microscopic study of these sediments helped to identify glass 

shards indicating a volcanic event in the nearby Indonesian region around 11 Ma (Plate 1, 

Plate 2). The presence of tephra layer in these samples therefore justifies their high 

concentrations of trace and REE (Tamburrino et al., 2012 and references therein). Since the 

glass shards were large enough to be identified under the binocular microscope (size range 

250-315 µm), it suggest that the tephra may have originated at a volcanically active area 

within 500 kms of ODP site 758 (Fisher, 1964; Slaughter and Hamil 1970). 
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Figure 4.14 PAAS normalized REE pattern of sediments. The purple line represents average 

REE in sediments without glass shards.  Sediments with glass shards are represented by 

green, yellow and red lines. 
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Figure 4.15 Average trace element concentrations of marine sediments. Sediments showing presence 

of glass shards are represented with blue line. The red line represents average trace element 

concentrations in samples without glass shards. 



Results and discussion Chapter 4 

 

100 | P a g e  

 

Colorless volcanic glass shards were found dispersed in three samples. The color of shards is 

often indicative of its composition (Horn et al., 1969); with colorless shards being silicic and 

deep brown shards of mafic composition. The glass shards observed in site 758 were in the 

size range of 250-315 µm, which in general displayed angular to smoothened surfaces. The 

glass shards were colorless, indicating silicic composition. Three different types of shards can 

be distinguished based on their morphology 1.bubble-wall shards 2.pumice shard with 

elongated vesicles and, 3.platy and angular (Plate 1 and Plate 2).  

Izett (1981) has shown that the shape of the shards is influenced by many variables, like 

viscosity and temperature of the magma. Pumice shards tend to develop from relatively high 

viscosity rhyolitic magma with temperatures < 850 °C, whereas bubble wall shards tend to 

develop from lower viscosity rhyolitic magma with temperatures > 850 °C. Blocky shards are 

formed from hydroclastic fragmentation of pyroclasts contemporaneous with gas exsolution 

and vesiculation (Fisher and Schmincke 1984). 
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Plate 1 Glass shards of various shapes and sizes found at  ~ 11 Ma in sediments of site 758. 
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Plate 2 Glass shards of various shapes and sizes at ~ 11 Ma in sediments of site 758. 
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EPMA data was obtained on individual, fresh glass shards (Appendix 6). All three 

morphological types have been analyzed for their major constituents. The glass shards of 

different morphologies showed no significant change in their major oxide composition. The 

glass shards can be classified as rhyolitic in composition, using the classification of Marsh 

(1976), where andesites have 57±3% SiO2, dacites have 63±3% SiO2 and rhyolites are more 

siliceous. To enable comparison of the major element composition of the tephras, all analyses 

were normalized to 100% on an anhydrous basis. The deficiency in the total assumed to 

represent magmatic volatiles (eg. H2O), varying degrees of secondary hydration experienced 

by the glass and/or minor elements not analysed. Analytical totals for individual glass shards 

were typically in the range 94–98 %. The major elements of composition obtained by EPMA 

on six individual glass shards were almost similar, suggesting a single volcanic vent. The 

SiO2 content varies between 72 and 76 %, Al2O3 content varies between 11.5 and 12.8%, 

K2O between 3.3 and 4%, whereas Na2O content lies between 3.1 and 3.5% (Fig. 4.17). 

As explosive volcanic eruption takes place, gases present in the magma escape violently in 

the atmosphere where it solidifies to form fragments of volcanic rocks and glass. Therefore, 

the glass shards present in sediments could be either transported from the land by wind and 

river runoff or could be a result of local submarine insitu volcanism. Ash layer of Older Toba 

Tuff (OTT) and Middle Toba Tuff (MTT) have been reported from ODP site 758 in the BoB 

(Glass and Koeberl, 2006). The OTT reported at site 758 is of ~ 0.77 Ma was associated with 

Australasian microtektites. Ash layer varying thickness at site 758 is also reported at 5 Ma 

(Dehn et al., 1991) The Sr and Nd isotopes and recent study on glass shards suggest 

magmatic type and volcanic origin of glass shards that occurred ~ 8 Ma, most probably 

supplied from the nearest Indonesian Arc volcanism (Padmakumari and Ahmad 2004, 

Jumaila et al., 2017). 

The location of ODP site 758 is on a bathymetric high, well above turbidity current pathways 

which supports the settling of volcanic ash from atmospheric fallout. All possible sources that 
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could have contributed to the volcanogenic material irrespective of their age and composition 

at the site are, (1) the Reunion hotspot, (2) the Kerguelen plume, (3) Broken ridge, (4) Indian 

Ocean Ridge volcanic, (5) Afro-Arabian flood volcanism, (6) the Taupo volcanic center 

(New Zealand) and (7) Indonesian volcanic arc. These sites are plotted along with the present 

sampling location (Fig. 4.16). The composition of shards obtained in this study is compared 

with the composition of shards from the sources mention above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reunion hotspot, Kerguelen hotspot, Indian Ocean ridge system and Broken ridge was 

discarded as they are dominantly of effusive basaltic volcanism type (Upton and Wadsworth, 

Figure 4.16 Map showing locations of known volcanic activity (described below) in the Indian Ocean 

region with respect to the present sampling location (Mascarenhas-Pereira et al., 2006). Toba caldera 

(Westgate et al., 1998), Toba volcanic (Ninkovitch, 1979),  Reunion volcanics (Upton et al., 2000), Afro-

Arabian tephra (Peate et al., 2003), Broken ridge (ODP site 121, site 752A: Mahoney et al., 1995), Indian 

Ocean Triple Junction representing Central Indian Ridge volcanics (Price et al., 1986), Kerguelen plateau 

(ODP site 1140: Wallace, 2002), and arrow in the extreme right points to the Taupo volcanic site in New 

Zealand, which is essentially a rhyolite dominated zone. 
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1966; Price et al., 1986; Mahoney et al., 1995; Wallace, 2002; Fretzdorff and Haase, 2002) 

and therefore cannot be a potential source for the tephra at ODP site 758 (Fig. 4.17). The 

Afro-Arabian flood volcanism and the Taupo volcanic center also have rhyolytic composition 

like site 758 glass shards but the depositional ages of Afro Arabia is around the time of the 

Oi2 cooling anomaly for Afro-Arabian volcanism at ~ 30 Ma (Peate et al., 2003). The Taupo 

volcanic center, which is reportedly of Late Pleistocene age, reports 28 intracaldera eruption 

episodes since 26.5 ka (Wilson, 1993; Sutton et al., 1995). However, the Taupo volcanic 

center is the remnant Miocene-Pliocene Coramandel Volcanic Zone (CVZ) (Skinner, 1986; 

Adams et al., 1994; Carter et al., 2003; Briggs et al., 2005). Onshore geochronological 

investigations indicate that the initiation of CVZ volcanism was marked by the onset of 

andesitic magmatism at ~ 18 Ma (Adams et al., 1994), after which volcanism migrated 

southeastwards. This episode was followed by a rhyolitic volcanism at ~ 10 Ma, after which 

CVZ became dominant which continued more or less non-stop until 2 Ma (Skinner, 1986). 

The CVZ stood out to be a potential source of the glass shards obtained, but the CVZ 

volcanism is marked by a low K2O content that lies in medium K series, whereas the samples 

under study are marked by high K2O content and they lie in high K2O series (Fig. 4.18). 

Moreover, the Taupo volcanic center is far away from ODP site 758 and glass shards greater 

than 88 µm cannot travel more than 500 kms from the volcanic source (Fisher, 1964; 

Slaughter and Hamil 1970). Since the glass shards were large enough to be identified under 

binocular microscope in size range 250-315 µm, it suggests that the Taupo volcanic center is 

not potential source of glass shards in this study.  

Glass shards from Indonesian volcanic arc, for example Toba ashes are rhyolitic in 

composition with high contents of SiO2 (79–80%), high K2O (>4.28 wt.%) and low Na2O 

(<1.58 wt.%) (Song et al., 2000). This is distinctly different in composition from the glass 

shards found at site 758. 
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The glass shards at site 758 are massive in the size range 250-315 µm which can be identified 

under binocular microscope and are definitely not from the above mentioned source. Hence it 

raises a possibility of an unreported insitu volcanism at site 758 or the glass shards may have 

originated at a volcanically active area within 500 km of ODP site 758 (Fisher, 1964; 

Slaughter and Hamil 1970). 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.17 Na2O+K2O vs. SiO2 plot (TAS diagram). Nomenclature fields after Bas et al. (1986), with 

abbreviations: Tr, trachytic; T, tephrite; PhT, phonotephrite; TPh, tephri-phonolite; Ph, phonolite. The 

glass shards found at site 758 are of  rhyolitic composition. 
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Figure 4.18 K2O vs SiO2 plot of the glass shards, which shows all glasses with high SiO2 plot in the 

high K series, while those of Kerguelen plateau, Broken Ridge, Indian Ocean Triple Junction, including 

plot in the middle to low K series. Series boundaries after Rickwood (1989). 
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Chapter 5: Conclusions and future 

scope 

5.1 Conclusion 

The stable carbon and oxygen isotope records of planktonic (Globigerinoides quadrilobatus) 

and benthic (Cibicidoides wuellerstorfi) foraminifera fossil shells from sediments of an ODP 

site 758 located in the southern BoB is interpreted for surface and deep water changes. These 

changes were modulated by various climatic and oceanographic events that occurred during 

the middle Miocene. Detailed geochemical investigations in selected sediment samples 

revealed significant variability in paleo-redox conditions, paleoproductivity and sediment 

provenance during the middle Miocene. The chronology of site 758 was established based on 

interpolated ages derived from  
87

Sr/
86

Sr curve proposed by Ahmad et al., (2005). The main 

conclusions of this study are listed below: 

 The δ
18

O record of planktonic foraminifera at ODP 758 exhibits long term as well as 

short term variations because of changes in sea surface temperature (SST), sea surface 

salinity (SSS) and seawater δ
18

O associated with global ice volume variability. The 

stable isotope records from the southern BoB for the middle Miocene represents 

global as well as local changes in surface water characteristics. The δ
18

O record 

reveals a period of global warmth at ~ 17 -14 Ma, known as Mid Miocene Climatic 

Optimum (MMCO) which preceded the cold event of East Antarctic Ice Sheet (EAIS) 

formation. The cold period of EAIS formation at ~14-12 Ma was followed by another 

period of global warmth in late Miocene resulting in a favourable condition for the 

onset of Indian Summer Monsoon (ISM). The decrease in δ
18

Opl coinciding 

appearance of C. wuellerstorfi in sediment samples strongly points at initiation of 

ISM at ~ 12 Ma. A good correlation between South Pacific, Indo Pacific and NE 
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Indian Ocean cores suggests that the strong westerly Indian Ocean current (MIOjet) 

linked these Oceans from 14 Ma. The establishment of the proto Western Pacific 

Warm Pool (WPWP)  around this time along with the MIOjet which carried warm 

water from western Pacific to Indian Ocean giving rise to a strong SST gradient and 

hence establishing ideal condition for establishment of the ISM at ~ 12 Ma 

 Sudden shift in δ
13

Cpl record of planktonic foraminifera suggests a change in carbon 

budget in surface water attributed to global phenomenon of ‘Monterey Excursion’. 

Subsequent to Monterey excursion, the δ
13

C values started decreasing in all over the 

world oceans. The declining trend in δ
13

Cpl was interrupted at ~12.3-10.4 Ma in ODP 

site 758 and the average δ
13

Cpl value rose similar to that in Monterey Excursion. This 

is tribute to local change in δ
13

Cpl, due to an increase in productivity coinciding with 

the initiation of ISM. The increased surface productivity, indicated by the high 

Δδ
13

CP-B, most probably resulted from excess nutrient supply to the mixed layer with 

fresh water via runoff. The δ
13

Cben (0.44‰) at ~ 10.2-9.6 Ma is identical to the δ
13

C 

value of modern Circumpolar Deep Water (CDW), which is a combination of North 

Atlantic Deep water (NADW) and deep water formed in the Southern Ocean. The 

δ
13

Cben shift therefore suggests a complete re-adjustment of the carbon cycle after the 

Monterey Excursion and export of NADW towards the Southern Ocean to give rise to 

the CDW. 

 The climatic events deciphered from stable isotope data of foraminifera fossil shells 

together with detailed geochemical investigations in sediments of site 758 helped in 

understanding paleo-redox conditions, paleoproductivity and sediment provenance 

during the middle Miocene. The EAIS formation resulted in increase in aridity and 

enhancing aeolian input to the BoB, originating probably from the Arabian desert and 

the Persian Gulf. Uplift in the Himalayan region and Tibetan Plateau coupled with 
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ISM initiation in particular increased overall erosion rates to the BoB at 12 Ma. The 

initiation of ISM at ~12 Ma may have been responsible for nutrient supply and 

increasing productivity. The productivity in southern BoB appears to be higher during 

warm period ~ 12- 10 Ma as compared to the colder period. The deep water of BoB 

was well ventilated in the middle Miocene resulting in oxic conditions of deposition. 

The isotopic and geochemical signatures in foraminifera and sediments of site 758 

strongly points at initiation of ISM at ~ 12 Ma and intensification at ~ 10 Ma. Unlike 

previous studies that reported a lag between the development of the east Asian 

Monsoon and ISM, the present work shows that the east Asian Monsoon and ISM 

Monsoon may have evolved simultaneously without any significant time lag. 

 Both physical and chemical erosion prevailed during the period of study in response 

to increase uplift in the Himalayan region and Tibetan Plateau coupled with rainfall. 

 Presence of colorless glass shards of rhyolitic composition at ~ 11 Ma indicate a 

volcanic event in the nearby region. Out of all possible sources that could contribute 

to volcanic ash at site 758, few sources were ruled out because of their entirely 

different composition and few based on timing of the volcanic event. The most 

probable source, Indonesian arc, was ruled out because of its different composition. 

Since the glass shards were large enough to be identified under binocular microscope 

in size range 250-315 µm, suggests that the Taupo volcanic center was also not the 

source of the glass shards at Site 758.  Hence it raises a possibility of an unreported 

insitu volcanism at the study area or the glass shards may have originated at a 

volcanically active area within 500 kms of site 758. 

 A model is developed that includes all paleoclimate proxies used in this study to 

propose prominent shifts in climatic, oceanographic and tectonic changes at the 

studied location.  
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The model represents various proxies plotted against age (Ma) that are directly or indirectly 

linked to climatically modulated surface processes. These processes are inturn responsible for 

changes in terrigenous sediment source, depositional environment and productivity. The 

model also represents the abundance of foraminifera (planktonic and benthic) and presence of 

glass shards at ~ 11 Ma indicating a volcanic event in the nearby location. 

 

 

Figure 5.1 The climatic events taken into consideration are: MMCO (Mid Miocene Climatic Optimum), 

EAIS (East Antarctic Ice Sheet formation), In. of ISM (Initiation of Indian Summer Monsoon), Int. of ISM 

(Intensification of Indian summer Monsoon), Late Miocene cooling event.The model also represents a 

volcanic event at ~ 11 Ma. 
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5.2 Future Scope 

Stable isotope and geochemical tracers have provided interesting results on deep and surface 

water evolution in the southern BoB in response to climatic and oceanographic events. 

However conclusive evidence on the deep water mass evolution can be given only after 

performing the neodymium isotopic study in fossil foraminifera. Moreover no work has been 

attempted so far to establish the provenance of sediments in southern BoB to infer dominant 

influence of rivers during middle Miocene. 

Neodymium isotopic ratios in marine environments are increasingly used as a tracer of water 

mass characteristics and exchange processes between dissolved and particulate phases. The 

Nd isotopic study has become an important tool to analyse the role of Ocean in paleoclimate 

changes. Moreover Nd isotope provides a continuous high resolution record for comparison 

with other proxies like stable isotopes. Studies on Nd isotope in Indian Ocean during 

Miocene are very limited. As the Indian Ocean serves as a major junction of mixing of 

Atlantic and Pacific waters, any change in Nd isotope can reveal the paleoceanographic 

evolution of the water masses. Therefore a detailed study on 
87

Sr/
86

Sr and εNd(0) may be very 

useful in understanding changes in sediment source, transport pathways and dominant river 

influence in the southern BoB. Miocene epoch points at various warming and cooling period 

in the Earth’s history which is correlated with CO2 fluctuations in the atmosphere. The 

productivity model in this study also points at CO2 drawdown responsible for late Miocene 

cooling. However, high resolution records of changes in the pH of the oceans during 

Miocene have not been attempted. Boron isotopes in foraminiferal calcite will be useful in 

establishing the pH changes in the southern BoB in response to CO2 fluctuations during 

the Miocene. 
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Sample No. Depth 

(mbsf) 

Age (Ma) δ
18

Opl 

 (‰) 

δ
13

Cpl 

(‰) 

13x-3w-146 116.56 9.65 -1.33 1.09 

13x-4w-6 116.66 9.68 -1.33 1.48 

13x-4w-16 116.76 9.70 -0.90 1.55 

13x-4w-26 116.86 9.72 -1.57 1.35 

13x-4w-46 117.06 9.76 -1.06 1.09 

13x-4w-56 117.16 9.78 -1.02 1.47 

13x-4w-76 117.36 9.82 -1.43 2.35 

13x-6w-16 119.76 10.33 -1.18 2.25 

13x-6w-26 119.86 10.35 -2.00 1.94 

13x-6w-36 119.96 10.37 -1.76 2.09 

13x-6w-56 120.16 10.41 -1.36 1.71 

13x-6w-66 120.26 10.43 -1.36 1.87 

13x-6w-76 120.36 10.45 -1.04 2.10 

13x-6w-86 120.46 10.47 -1.85 2.01 

13x-6w-96 120.56 10.49 -1.41 1.95 

13x-6w-106 120.66 10.52 -1.23 2.27 

13x-6w-116 120.76 10.54 -1.24 2.69 

13x-6w-126 120.86 10.56 -0.87 2.57 

13x-6w-146 121.06 10.60 -0.86 2.32 

13x-7w-6 121.16 10.62 -1.26 2.62 

13x-7w-16 121.26 10.64 -0.64 1.45 

14x-1w-6 121.76 10.66 -1.55 2.24 

14x-1w-16 121.86 10.68 -0.63 2.65 

14x-1w-66 122.36 10.79 -1.47 2.48 

14x-1w-76 122.46 10.81 -1.08 2.55 

14x-1w-86 122.56 10.83 -1.12 2.01 

14x-1w-96 122.66 10.85 -1.03 2.41 

14x-1w-106 122.76 10.87 -1.22 2.10 

14x-1w-116 122.86 10.89 -1.27 2.66 

14x-1w-126 122.96 10.90 -0.71 2.77 

14x-1w-136 123.06 10.94 -0.73 2.26 

14x-1w-146 123.16 10.98 -1.43 2.11 

14x-2w-6 123.26 11.03 -0.99 2.37 

14x-2w-16 123.36 11.07 -0.77 2.15 

14x-2w-26 123.46 11.11 -0.73 1.90 

14x-2w-36 123.56 11.15 -0.96 2.41 

14x-2w-46 126.66 11.19 -1.06 2.18 

14x-2w-56 123.76 11.24 -1.27 2.13 

14x-2w-76 123.96 11.32 -0.18 3.27 

14x-2w-86 124.06 11.36 -1.01 2.36 

14x-2w-96 124.16 11.39 -1.10 2.91 

14x-2w-103 124.23 11.43 -1.25 3.16 

14x-2w-106 124.26 11.47 -1.09 2.32 

14x-2w-116 124.36 11.51 -1.23 1.77 

14x-2w-126 124.46 11.55 -0.49 1.86 

14x-3w-6 124.76 11.66 -0.78 2.06 

Appendix 1: Stable oxygen and carbon isotope in planktonic foraminifera  
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Sample No. Depth 

(mbsf) 

Age  

(Ma) 
δ

18
Opl 

 (‰) 

δ
13

Cpl 

(‰) 

14x-3w-16 124.86 11.70 -0.68 2.35 

14x-3w-26 124.96 11.73 -0.81 2.66 

14x-3w-36 125.06 11.77 -1.00 2.95 

14x-3w-46 125.16 11.81 -0.50 2.09 

14x-3w-56 125.26 11.85 -0.32 2.75 

14x-3w-66 125.36 11.89 -0.82 2.30 

14x-3w-76 125.46 11.93 -0.81 2.64 

14x-3w-86 125.56 11.97 -1.12 2.16 

14x-3w-96 125.66 12.01 -0.06 1.84 

14x-3w-106 125.76 12.05 -0.70 1.90 

14x-3w-116 125.86 12.09 -1.01 2.35 

14x-3w-126 125.96 12.13 -0.88 2.18 

14x-3w-136 126.06 12.17 -0.71 2.23 

14x-3w-146 126.16 12.21 -0.92 2.29 

14x-4w-6 126.26 12.30 -0.34 2.74 

14x-4w-16 126.36 12.34 -0.30 1.49 

14x-4w-26 126.46 12.37 -0.16 1.73 

14x-4w-36 126.56 12.41 -0.86 1.66 

14x-4w-46 126.66 12.45 -0.88 1.76 

14x-4w-56 126.76 12.58 -0.81 1.71 

14x-4w-66 126.86 12.67 -0.96 1.58 

14x-4w-76 126.96 12.76 -0.73 1.80 

14x-4w-86 127.06 12.85 -0.28 2.43 

14x-4w-96 127.16 12.94 -1.22 2.31 

14x-4w-106 127.26 13.03 -0.39 1.76 

14x-4w-116 127.36 13.12 -0.75 1.85 

14x-4w-126 127.46 13.21 -0.91 1.77 

14x-4w-136 127.56 13.30 -0.91 1.88 

14x-4w-146 127.66 13.39 -1.05 1.65 

14x-5w-6 127.76 13.48 -1.00 1.62 

14x-5w-16 127.86 13.57 -0.98 1.92 

14x-5w-26 127.96 13.66 -0.79 2.44 

15x-1w-6 131.46 13.75 -1.10 2.11 

15x-1w-16 131.56 13.84 -1.04 1.51 

15x-1w-26 131.66 13.93 -1.39 2.90 

15x-1w-36 131.76 14.02 -1.44 2.49 

15x-1w-46 131.86 14.11 -1.53 2.83 

15x-1w-56 131.96 14.20 -1.67 2.62 

15x-1w-66 132.06 14.29 -1.41 2.96 

15x-1w-76 132.16 14.38 -1.67 2.58 

15x-1w-86 132.26 14.47 -1.78 2.55 

15x-1w-90 132.30 14.64 -1.53 2.97 

15x-1w-96 132.36 14.66 -1.90 3.09 

15x-1w-106 132.46 14.69 -1.03 2.55 

15x-1w-116 132.56 14.71 -1.81 2.88 

15x-1w-126 132.66 14.74 -1.72 2.84 



158 | P a g e  
 

Sample No. Depth 

(mbsf) 

Age  

(Ma) 
δ

18
Opl  

(‰) 

δ
13

Cpl 

(‰) 

15x-1w-136 132.76 14.76 -1.37 2.38 

15x-1w-146 132.86 14.78 -1.09 2.72 

15x-2w-6 132.96 14.81 -1.51 2.56 

15x-2w-16 133.06 14.83 -1.36 2.21 

15x-2w-26 133.16 14.86 -0.53 2.22 

15x-2w-46 133.36 14.90 -0.71 1.61 

15x-2w-66 133.56 14.95 -0.87 2.16 

15x-2w-76 133.66 14.98 -1.13 1.88 

15x-2w-86 133.76 15.00 -0.93 1.99 

15x-2w-96 133.86 15.02 -0.41 1.79 

15x-2w-106 133.96 15.05 -1.51 1.63 

15x-2w-116 134.06 15.07 -1.47 2.25 

15x-3w-6 134.46 15.17 -0.94 1.87 

15x-3w-16 134.56 15.19 -1.35 2.54 

15x-3w-26 134.66 15.22 -0.95 2.37 

15x-3w-36 134.76 15.24 -1.13 2.73 

15x-3w-46 134.86 15.26 -1.06 2.33 

15x-3w-56 134.96 15.29 -1.77 2.31 

15x-3w-66 135.06 15.31 -1.08 2.23 

15x-3w-76 135.16 15.34 -1.44 2.08 

15x-3w-86 135.26 15.36 -0.76 1.63 

15x-3w-96 135.36 15.38 -1.07 2.94 

15x-3w-106 135.46 15.41 -0.29 2.52 

15x-3w-116 135.56 15.43 -1.03 2.50 

15x-3w-126 135.66 15.46 -1.47 1.81 

15x-3w-136 135.76 15.48 -1.00 2.19 

15x-3w-146 135.86 15.51 -1.19 2.56 

15x-4w-6 135.96 15.53 -1.22 1.91 

15x-4w-16 136.06 15.55 -1.06 2.27 

15x-4w-26 136.16 15.77 -1.27 1.99 

16x-1w-6 141.06 16.17 -1.00 1.69 

16x-1w-16 141.16 16.37 -1.31 1.94 

16x-1w-26 141.26 16.57 -1.29 2.04 

16x-1w-36 141.36 16.82 -1.79 2.23 

16x-1w-46 141.46 16.84 -1.79 3.00 

16x-1w-56 141.56 16.86 -1.04 1.32 

16x-1w-66 141.66 16.89 -1.10 0.73 

16x-1w-76 141.76 16.91 -1.97 1.44 

16x-1w-84 141.86 16.95 -1.52 0.88 

16x-1w-86 141.96 16.97 -0.80 1.38 

16x-1w-96 142.06 16.99 -0.74 1.26 

16x-1w-106 142.16 17.01 -1.87 0.50 

16x-1w-116 142.26 17.03 -1.12 0.58 

16x-1w-126 142.36 17.05 -1.93 0.49 

16x-1w-136 142.46 17.07 -1.34 1.25 

16x-1w-145 142.56 17.10 -0.61 1.52 



159 | P a g e  
 

Sample No. Depth 

(mbsf) 

Age  

(Ma) 
δ

18
Opl  

(‰) 

δ
13

Cpl 

(‰) 

16x-2w-6 142.66 17.12 -0.92 0.54 

16x-2w-16 142.76 17.15 -1.10 1.50 

16x-2w-26 142.96 17.19 -0.95 1.29 

16x-2w-33 143.06 17.21 -1.77 0.46 

16x-2w-36 143.16 17.23 -0.83 0.75 

16x-2w-46 143.26 17.25 -1.16 0.64 

16x-2w-56 143.36 17.27 -1.12 1.39 

16x-2w-66 143.46 17.29 -1.50 0.91 

16x-2w-76 143.56 17.31 -1.40 1.45 

16x-2w-86 143.66 17.33 -0.95 1.47 

16x-2w-96 143.66 17.38 -1.10 0.90 

16x-2w-106 143.76 17.40 -0.78 1.47 

16x-2w-110 143.86 17.43 -1.43 1.57 

16x-2w-116 143.96 17.45 -0.74 1.14 

16x-2w-126 144.06 17.48 -1.39 1.70 

16x-2w-136 144.16 17.52 -1.05 1.25 

16x-2w-146 144.26 17.55 -1.39 1.66 

16x-3w-6 144.36 17.57 -1.10 1.45 

16x-3w-46 144.46 17.59 -1.21 1.37 

16x-3w-56 144.56 17.62 -1.18 1.24 

16x-3w-66 144.66 17.67 -1.22 0.80 

16x-3w-76 144.76 17.69 -1.08 1.50 

16x-3w-86 144.86 17.72 -1.13 1.10 

16x-3w-96 144.96 17.74 -1.00 1.82 

16x-3w-106 145.06 17.77 -0.85 1.40 

16x-3w-116 145.16 17.80 -1.02 1.76 

16x-3w-126 145.26 17.82 -1.35 0.88 

16x-3w-136 145.36 17.85 -1.12 1.65 

16x-3w-146 145.46 17.87 -0.72 1.56  



160 | P a g e  
 

Sample No. Depth  

(mbsf) 

Age 

(Ma) 
δ

18
Oben (‰) δ

13
Cben 

(‰) 

13x-3w-146 116.56 9.65 2.81 0.59 

13x-4w-6 116.66 9.68 2.78 0.78 

13x-4w-16 116.76 9.70 3.41 0.93 

13x-4w-26 116.86 9.72 2.33 0.52 

13x-4w-36 116.96 9.74 3.33 0.88 

13x-4w-46 117.06 9.76 3.12 1.11 

13x-4w-56 117.16 9.78 3.16 0.71 

13x-4w-66 117.26 9.80 2.52 0.59 

13x-4w-76 117.36 9.82 3.01 0.74 

13x-4w-86 117.46 9.84 2.83 0.61 

13x-4w-96 117.56 9.89 2.42 0.20 

13x-4w-116 117.66 9.91 2.71 0.25 

13x-4w-126 117.76 9.93 2.21 0.12 

13x-4w-136 117.86 9.95 2.33 0.08 

13x-4w-146 117.96 9.97 2.65 0.75 

13x-5w-6 118.16 9.99 2.89 0.58 

13x-5w-16 118.26 10.01 2.46 0.26 

13x-5w-36 118.36 10.05 2.85 1.27 

13x-5w-46 118.46 10.07 2.30 0.88 

13x-5w-56 118.56 10.10 2.67 1.10 

13x-5w-66 118.66 10.12 3.13 1.30 

13x-5w-76 118.76 10.14 2.60 0.95 

13x-5w-86 118.86 10.16 2.99 1.05 

13x-5w-96 118.96 10.18 2.51 1.14 

13x-5w-106 119.06 10.20 2.62 0.59 

13x-5w-116 119.16 10.22 2.58 1.15 

13x-5w-126 119.26 10.24 3.23 1.14 

13x-5w-136 119.36 10.26 2.76 1.09 

13x-5w-146 119.46 10.28 2.63 0.61 

13x-6w-6 119.66 10.31 2.82 1.02 

13x-6w-16 119.76 10.33 2.51 0.95 

13x-6w-26 119.86 10.35 2.52 0.93 

13x-6w-36 119.96 10.37 2.01 0.39 

13x-6w-46 120.06 10.39 2.11 0.56 

13x-6w-56 120.16 10.41 2.29 1.00 

13x-6w-66 120.26 10.43 2.51 0.86 

13x-6w-76 120.36 10.45 2.34 0.96 

13x-6w-86 120.46 10.47 2.23 0.92 

13x-6w-96 120.56 10.49 2.14 1.10 

13x-6w-106 120.66 10.52 2.45 0.88 

13x-6w-116 120.76 10.54 2.41 0.85 

13x-6w-126 120.86 10.56 2.24 1.01 

13x-6w-136 120.96 10.58 2.71 0.59 

13x-6w-146 121.06 10.60 2.53 1.05 

13x-7w-6 121.16 10.62 2.74 0.67 

13x-7w-16 121.26 10.64 2.47 0.94 

Appendix 2: Stable oxygen and carbon isotope in benthic foraminifera  

 



161 | P a g e  
 

Sample No. Depth 

 (mbsf) 

Age  

(Ma) 
δ

18
Oben 

 (‰) 

δ
13

Cben 

(‰) 

14x-1w-6 121.76 10.66 2.30 0.86 

14x-1w-16 121.86 10.68 2.01 0.74 

14x-1w-36 121.96 10.73 2.34 1.24 

14x-1w-46 122.06 10.75 2.05 0.68 

14x-1w-56 122.16 10.77 2.70 1.24 

14x-1w-66 122.26 10.79 2.78 0.64 

14x-1w-76 122.36 10.81 2.34 1.19 

14x-1w-86 122.46 10.83 2.38 1.09 

14x-1w-96 122.56 10.85 2.35 1.26 

14x-1w-106 122.66 10.87 2.54 0.96 

14x-1w-116 122.76 10.89 2.26 1.30 

14x-1w-126 122.86 10.90 2.58 0.84 

14x-1w-136 122.96 10.94 1.68 0.38 

14x-1w-146 123.06 10.98 2.47 0.91 

14x-2w-6 123.26 11.03 2.41 0.96 

14x-2w-16 123.36 11.07 2.12 1.25 

14x-2w-26 123.46 11.11 2.72 0.96 

14x-2w-36 123.56 11.15 2.38 0.32 

14x-2w-46 123.66 11.19 2.54 1.25 

14x-2w-56 123.76 11.24 2.81 0.76 

14x-2w-76 123.86 11.32 2.81 0.78 

14x-2w-86 123.96 11.36 2.41 1.33 

14x-2w-96 124.06 11.39 3.01 0.97 

14x-2w-103 124.23 11.43 2.74 1.19 

14x-2w-106 124.26 11.47 2.09 1.14 

14x-2w-126 124.36 11.54 2.74 1.12 

14x-2w-136 124.46 11.58 2.69 1.34 

14x-2w-146 124.56 11.62 2.22 0.77 

14x-3w-6 124.76 11.66 2.08 0.89 

14x-3w-16 124.86 11.70 3.13 1.18 

14x-3w-26 124.96 11.73 2.64 1.26 

14x-3w-36 125.06 11.77 3.07 1.29 

14x-3w-46 125.16 11.81 2.74 1.50 

14x-3w-56 125.26 11.85 2.95 1.21 

14x-3w-66 125.36 11.89 2.41 0.76 

14x-3w-76 125.46 11.93 2.81 1.38 

14x-3w-86 125.56 11.97 2.63 1.08 

14x-3w-96 125.66 12.01 2.47 0.86 

14x-3w-106 125.76 12.05 2.69 0.81 

14x-3w-116 125.86 12.09 3.10 1.30 

14x-3w-126 125.96 12.13 2.35 0.86 

14x-3w-136 126.06 12.17 1.72 1.64 

14x-4w-6 126.26 12.30 3.00 1.12 

14x-4w-16 126.36 12.34 2.42 1.22 

14x-4w-26 126.46 12.37 2.94 1.18 

14x-4w-36 126.56 12.41 1.79 0.98 



162 | P a g e  
 

Sample No. Depth 

 (mbsf) 

Age 

 (Ma) 
δ

18
Oben  

(‰) 

δ
13

Cben 

(‰) 

14x-4w-46 126.66 12.45 1.41 1.54 

14x-4w-56 126.76 12.58 2.09 1.10 

14x-4w-66 126.86 12.67 2.77 1.18 

14x-4w-76 126.96 12.76 2.13 1.34 

14x-4w-96 126.76 12.94 2.35 1.35 

14x-4w-106 126.86 13.03 1.51 0.96 

14x-4w-116 126.96 13.12 1.04 1.94 

14x-4w-146 127.06 13.39 1.76 1.22 

14x-5w-6 127.76 13.48 2.19 1.58 

14x-5w-16 127.86 13.57 1.90 2.26 

14x-5w-26 127.96 13.66 1.99 1.27 

15x-1w-6 131.46 13.75 1.91 0.57 

15x-1w-16 131.56 13.84 0.73 0.41  



163 | P a g e  
 

Age in 

Ma 
8.03 8.11 8.23 8.40 8.47 8.56 8.64 8.87 

wt%         

SiO2 26.23 28.97 38.12 30.00 33.18 32.27 32.24 24.53 

TiO2 0.02 0.03 0.05 0.03 0.03 0.02 0.03 0.03 

Al2O3 4.82 5.16 7.89 5.50 5.83 5.68 5.84 4.69 

Fe2O3 0.54 0.58 0.81 0.68 0.68 0.64 0.68 0.62 

MnO 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.03 

MgO 0.64 0.63 0.73 0.80 0.86 0.74 0.72 0.70 

CaO 25.02 27.56 24.49 24.61 32.39 31.71 30.68 21.07 

Na2O 0.24 0.24 0.34 0.26 0.29 0.29 0.29 0.21 

K2O 0.40 0.36 1.50 0.56 0.45 0.39 0.51 0.47 

P2O5 0.09 0.10 0.11 0.09 0.12 0.11 0.11 0.09 

LOI 40.12 36.06 23.93 36.59 26.87 28.80 28.69 45.83 

SUM 98.13 99.72 98.00 99.15 100.73 100.67 99.81 98.26 

Appendix 3: Major element concentration of sediments 



164 | P a g e  
 

Age in 

Ma 
8.99 9.11 9.04 9.22 9.38 9.80 10.01 10.03 

wt%         

SiO2 27.40 40.67 35.58 30.68 35.90 25.96 37.62 34.71 

TiO2 0.02 0.03 0.03 0.03 0.04 0.03 0.04 0.04 

Al2O3 3.44 4.47 4.03 5.74 7.30 5.12 7.49 7.16 

Fe2O3 0.50 0.77 0.76 0.73 0.92 0.59 0.87 1.09 

MnO 0.03 0.04 0.02 0.03 0.04 0.03 0.03 0.04 

MgO 0.43 0.87 0.95 0.84 1.11 0.60 1.23 1.27 

CaO 31.11 33.53 32.19 25.83 22.70 17.62 22.29 25.00 

Na2O 0.34 0.33 0.33 0.26 0.47 0.38 0.90 0.30 

K2O 0.20 0.46 0.55 0.46 0.61 0.40 0.51 0.70 

P2O5 1.05 0.12 0.11 0.10 1.49 1.14 3.09 1.72 

LOI 35.20 17.66 23.96 34.17 28.19 46.31 24.05 26.97 

SUM 99.71 98.96 98.51 98.88 98.78 98.18 98.12 99.01 



165 | P a g e  
 

Age in 

Ma 
10.20 10.22 10.43 10.64 10.85 10.89 11.19 11.62 

wt%         

SiO2 36.20 41.33 34.46 38.90 34.85 30.77 35.02 28.17 

TiO2 0.04 0.05 0.04 0.04 0.05 0.03 0.05 0.04 

Al2O3 7.81 8.42 6.32 8.43 6.15 5.61 7.22 6.29 

Fe2O3 0.88 1.02 0.84 1.04 0.98 0.67 0.95 0.74 

MnO 0.05 0.04 0.03 0.05 0.03 0.02 0.04 0.03 

MgO 0.87 1.17 0.98 1.27 1.00 0.80 0.86 0.67 

CaO 29.63 26.60 28.10 27.13 26.17 30.11 27.32 22.26 

Na2O 0.36 0.59 0.30 0.32 0.44 0.28 0.28 0.31 

K2O 0.84 0.62 0.71 0.66 0.47 0.46 0.48 0.36 

P2O5 1.12 2.17 1.11 1.13 1.40 0.80 1.12 0.83 

LOI 20.58 16.45 26.74 20.34 26.75 30.19 26.57 39.42 

SUM 98.39 98.46 99.63 99.31 98.29 99.75 99.91 99.13 



166 | P a g e  
 

Age in 

Ma 
11.70 12.01 12.34 12.45 12.58 13.03 13.13 13.39 

wt%         

SiO2 27.27 32.79 45.77 32.03 35.82 35.35 34.11 33.61 

TiO2 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 

Al2O3 6.00 5.61 6.00 5.92 6.65 5.90 3.03 3.96 

Fe2O3 0.63 0.68 0.63 0.73 0.81 0.69 0.67 0.76 

MnO 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.02 

MgO 0.69 0.63 0.69 0.76 0.92 0.94 0.87 0.62 

CaO 24.61 30.57 24.61 28.92 32.43 34.30 32.62 33.43 

Na2O 0.24 0.41 0.24 0.60 0.32 0.33 0.30 0.34 

K2O 0.53 0.51 0.53 0.34 0.58 0.42 0.44 0.25 

P2O5 0.99 1.54 0.09 2.05 0.12 0.12 0.11 0.75 

LOI 38.80 27.05 20.80 27.80 21.88 20.34 26.10 25.65 

SUM 99.82 99.83 99.42 99.19 99.58 98.46 98.31 99.43 



167 | P a g e  
 

Age in 

Ma 
14.23 14.83 14.85 15.07 15.22 15.31 15.55 15.75 

wt%         

SiO2 31.10 42.49 47.99 31.98 44.60 27.40 27.79 37.00 

TiO2 0.03 0.05 0.05 0.02 0.02 0.02 0.01 0.03 

Al2O3 4.82 2.86 2.30 2.41 3.42 3.44 2.11 3.85 

Fe2O3 0.64 0.86 0.50 0.58 0.57 0.50 0.50 0.68 

MnO 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 

MgO 0.42 0.48 0.34 0.36 0.35 0.43 0.34 0.80 

CaO 34.26 29.29 25.30 36.10 29.56 31.11 32.30 33.29 

Na2O 0.27 0.47 0.22 0.24 0.30 0.34 0.22 0.32 

K2O 0.11 0.17 0.09 0.13 0.23 0.10 0.05 0.24 

P2O5 0.63 0.80 0.49 0.48 0.76 1.05 0.49 0.12 

LOI 26.90 19.60 19.19 26.39 20.37 35.20 36.19 22.00 

SUM 99.21 97.11 96.49 98.73 100.19 99.61 100.02 98.36 



168 | P a g e  
 

 

Age in 

Ma 
16.91 16.95 17.01 17.15 17.27 17.40 

wt%       

SiO2 30.69 29.38 32.28 29.99 33.27 33.00 

TiO2 0.01 0.02 0.03 0.02 0.02 0.04 

Al2O3 3.29 5.27 4.43 2.96 3.52 2.99 

Fe2O3 0.56 0.61 0.70 0.63 0.66 0.73 

MnO 0.01 0.02 0.02 0.01 0.02 0.02 

MgO 0.34 0.61 0.73 0.46 0.49 0.70 

CaO 35.01 28.70 29.47 34.29 37.07 32.20 

Na2O 0.23 0.26 0.28 0.27 0.25 0.26 

K2O 0.08 0.29 0.16 0.08 0.14 0.23 

P2O5 0.32 0.10 0.10 0.70 0.49 0.67 

LOI 29.38 34.03 30.97 29.38 23.98 28.63 

SUM 99.91 99.29 99.17 98.80 99.91 99.45 



169 | P a g e  
 

Age in 

Ma 
8.03 8.11 8.23 8.40 8.47 8.56 8.64 8.87 

ppm         

Sc(45) 5.77 5.95 3.68 1.63 4.13 3.88 4.56 3.68 

V(51) 14.50 21.47 12.93 12.50 16.62 13.87 17.07 14.28 

Cr(53) 12.65 28.28 18.73 19.17 16.41 17.35 24.05 21.30 

Co(59) 6.53 8.58 4.54 6.57 7.42 5.26 9.56 6.75 

Ni(60) 32.95 87.82 30.52 35.54 37.91 30.25 40.72 44.43 

Cu(63) 24.80 51.70 42.03 35.08 38.91 37.39 39.98 50.93 

Zn(66) 291.95 148.04 80.41 73.98 188.38 67.43 82.10 127.76 

Ga(71) 4.55 4.66 2.27 1.78 3.51 2.38 3.38 2.60 

Rb(85) 16.81 17.38 13.34 14.50 20.46 14.06 17.28 13.68 

Sr(88) 1192.3 1122.9 1146.5 552.75 1290.7 1051.8 1210.3 1255.09 

Zr(90) 16.40 17.85 20.78 15.81 15.46 25.58 23.15 16.48 

Nb(93) 0.91 2.05 1.13 0.99 1.25 1.13 1.59 1.36 

Cs(133) 1.67 1.33 1.09 1.02 1.56 0.97 1.40 1.05 

Ba(137) 712.95 996.65 412.02 479.17 549.82 600.00 672.24 325.84 

La(139) 11.49 20.96 8.55 5.79 15.21 8.73 11.46 9.51 

Ce(140) 13.67 24.39 11.13 6.58 19.51 10.40 14.98 12.16 

Pr(141) 2.23 4.39 1.69 1.19 3.10 1.72 2.31 1.80 

Nd(146) 9.74 20.05 7.44 5.43 14.00 7.68 10.27 7.95 

Sm(147) 2.19 4.57 1.64 1.16 3.15 1.71 2.30 1.72 

Eu(153) 0.62 1.25 0.46 0.32 0.86 0.49 0.63 0.48 

Gd(157) 2.22 4.67 1.65 1.22 3.18 1.77 2.31 1.73 

Tb(159) 0.38 0.79 0.29 0.20 0.53 0.30 0.38 0.29 

Dy(163) 2.34 4.82 1.75 1.18 3.22 1.84 2.32 1.81 

Ho(165) 0.52 1.02 0.38 0.25 0.69 0.39 0.49 0.40 

Er(166) 1.58 3.16 1.19 0.78 2.10 1.23 1.53 1.26 

Tm(16) 0.22 0.45 0.17 0.11 0.28 0.17 0.21 0.18 

Yb(172) 1.36 2.72 1.04 0.63 1.79 1.07 1.29 1.10 

Lu(175) 0.21 0.44 0.16 0.10 0.28 0.17 0.19 0.17 

Hf(178) 0.74 0.85 0.53 0.79 1.03 0.49 0.64 0.53 

Ta(181) 0.06 0.38 0.59 0.15 0.08 0.29 0.37 0.26 

Pb(208) 12.45 10.34 8.71 6.78 35.99 8.59 8.59 9.01 

Th(232) 2.15 3.07 1.25 0.97 2.73 1.06 2.17 1.66 

U(238) 0.46 0.43 0.32 0.33 0.52 0.33 0.44 0.44 

Appendix 4: Trace element concentration in sediments 
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Age in 

Ma 
8.99 9.11 9.04 9.22 9.38 9.80 10.01 10.03 

ppm         

Sc(45) 4.83 5.25 4.66 5.86 5.42 3.28 3.56 4.93 

V(51) 19.55 19.64 17.48 23.97 21.72 15.16 19.37 23.65 

Cr(53) 23.10 22.31 21.20 42.57 24.49 34.14 42.90 29.06 

Co(59) 8.15 8.87 6.63 11.97 7.74 6.41 14.97 7.83 

Ni(60) 46.63 45.91 34.42 55.01 46.48 40.18 43.72 46.60 

Cu(63) 67.87 73.27 52.90 129.00 47.53 54.97 63.20 48.59 

Zn(66) 170.52 145.45 101.91 744.79 133.08 354.41 265.12 129.44 

Ga(71) 3.62 4.14 2.80 4.03 4.00 2.88 3.03 4.11 

Rb(85) 17.54 26.56 15.48 21.33 19.06 20.36 22.47 20.12 

Sr(88) 1145.0 1189.7 1166.4

4 

1363.8

2 

1307.2

6 

1134.1

0 

1105.8 1277.2

9 
Zr(90) 20.88 50.65 37.99 28.04 28.04 14.98 23.43 24.69 

Nb(93) 1.59 1.99 1.34 2.01 1.64 0.96 1.14 1.62 

Cs(133) 1.40 2.03 1.38 1.61 1.53 1.29 1.42 1.54 

Ba(137) 716.39 719.38 953.04 1043.1

1 

1038.2

0 

1043.5

4 

1100.2 1147.2

3 
La(139) 13.92 14.17 10.45 15.60 14.08 13.40 14.44 15.03 

Ce(140) 18.60 19.64 12.89 20.67 18.22 16.76 18.29 19.00 

Pr(141) 2.87 2.90 2.10 3.22 2.96 2.71 3.04 3.10 

Nd(146) 12.82 12.85 9.41 14.30 13.37 12.29 13.88 13.96 

Sm(147) 2.86 2.87 2.15 3.16 3.03 2.71 3.10 3.11 

Eu(153) 0.78 0.73 0.57 0.86 0.84 0.78 0.87 0.87 

Gd(157) 2.81 2.79 2.07 3.19 2.92 2.73 3.08 3.06 

Tb(159) 0.49 0.48 0.35 0.54 0.50 0.46 0.51 0.52 

Dy(163) 2.90 2.94 2.08 3.27 2.94 2.82 3.14 3.17 

Ho(165) 0.61 0.62 0.43 0.70 0.61 0.61 0.66 0.66 

Er(166) 1.90 1.92 1.32 2.16 1.90 1.89 2.00 2.06 

Tm(169

) 
0.26 0.27 0.18 0.31 0.27 0.26 0.28 0.29 

Yb(172) 1.63 1.67 1.08 1.86 1.60 1.70 1.77 1.81 

Lu(175) 0.25 0.27 0.17 0.29 0.25 0.26 0.28 0.28 

Hf(178) 0.70 1.11 0.70 0.93 0.72 0.74 0.81 0.68 

Ta(181) 0.24 0.36 0.67 0.42 0.26 0.06 0.06 0.28 

Pb(208) 12.86 16.73 9.52 17.87 10.05 14.76 13.66 8.96 

Th(232) 2.54 3.58 2.02 2.88 2.62 2.46 2.64 2.60 

U(238) 0.87 0.91 0.40 0.57 0.39 0.54 0.44 0.39 
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Age in 

Ma 
10.20 10.22 10.43 10.64 10.85 10.89 11.19 11.62 

ppm         

Sc(45) 5.68 3.93 6.57 9.09 6.49 7.07 6.73 4.89 

V(51) 24.88 22.63 26.23 30.24 20.23 24.40 23.00 17.35 

Cr(53) 26.71 30.31 34.29 37.96 29.60 30.77 29.35 27.53 

Co(59) 8.47 10.61 10.72 10.90 10.25 9.08 9.37 9.55 

Ni(60) 49.70 50.99 68.91 63.00 77.80 52.48 76.02 46.47 

Cu(63) 48.49 181.00 115.41 39.87 110.64 62.51 262.66 151.60 

Zn(66) 122.10 490.65 269.62 96.22 245.07 90.36 395.18 1424.88 

Ga(71) 4.42 4.04 4.96 6.24 5.29 4.85 4.87 3.78 

Rb(85) 22.20 37.27 24.31 31.00 17.96 20.77 17.63 17.93 

Sr(88) 1293.8

1 

11.61 1156.5

6 

1126.1

9 

1367.3

8 

1390.1

6 

1145.6

0 

1142.28 

Zr(90) 24.00 28.09 34.23 23.27 29.09 30.94 16.89 26.70 

Nb(93) 1.78 1.40 1.94 2.53 2.20 2.06 2.31 1.34 

Cs(133) 1.71 2.43 1.69 2.18 1.79 1.57 1.37 1.25 

Ba(137) 1437.2

1 

1393.2

4 

1446.3

9 

1170.2

6 

889.85 758.72 811.60 631.91 

La(139) 15.43 15.93 17.73 26.46 23.05 18.19 23.10 20.46 

Ce(140) 20.85 23.54 25.57 31.01 28.79 22.67 27.37 24.48 

Pr(141) 3.28 3.33 3.72 5.82 4.88 3.96 4.91 4.46 

Nd(146) 14.68 14.63 16.58 26.39 22.19 17.86 22.27 20.23 

Sm(147) 3.25 3.22 3.69 6.07 4.99 4.12 4.98 4.55 

Eu(153) 0.92 0.84 1.03 1.63 1.32 1.10 1.34 1.23 

Gd(157) 3.25 3.16 3.62 6.07 4.94 4.10 4.96 4.56 

Tb(159) 0.55 0.54 0.62 1.05 0.84 0.70 0.85 0.78 

Dy(163) 3.24 3.30 3.74 6.15 5.03 4.24 5.09 4.70 

Ho(165) 0.68 0.72 0.78 1.31 1.07 0.88 1.07 0.99 

Er(166) 2.09 2.22 2.39 4.06 3.36 2.70 3.34 3.03 

Tm(169) 0.29 0.32 0.35 0.57 0.46 0.38 0.46 0.42 

Yb(172) 1.80 2.04 2.12 3.47 2.85 2.30 2.82 2.64 

Lu(175) 0.28 0.33 0.33 0.54 0.46 0.36 0.44 0.42 

Hf(178) 0.85 1.48 0.97 1.55 1.04 1.03 1.14 1.08 

Ta(181) 0.32 0.06 0.36 0.59 0.38 0.34 0.63 0.06 

Pb(208) 11.32 130.37 27.10 11.58 21.07 10.64 25.52 54.46 

Th(232) 2.97 4.40 3.16 4.36 4.16 3.28 3.43 3.38 

U(238) 0.43 1.88 0.58 0.67 0.66 0.46 0.52 0.68 
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Age in 

Ma 
11.70 12.01 12.34 12.45 12.58 13.03 13.13 13.39 

ppm         

Sc(45) 5.32 3.12 7.00 5.83 5.73 4.42 4.55 3.74 

V(51) 19.86 12.36 11.65 12.58 13.84 15.29 14.42 14.19 

Cr(53) 26.48 41.51 16.12 21.38 21.13 29.43 27.07 15.69 

Co(59) 7.19 5.80 6.00 6.59 5.98 5.34 5.18 4.97 

Ni(60) 45.16 39.39 34.15 46.56 38.88 38.94 37.96 36.07 

Cu(63) 54.24 33.99 28.32 93.14 48.42 46.69 50.50 44.79 

Zn(66) 103.86 316.67 190.53 222.25 763.72 130.45 95.99 70.01 

Ga(71) 4.12 2.56 5.11 4.12 3.04 2.89 2.96 2.13 

Rb(85) 15.46 12.01 10.51 11.60 9.96 12.39 9.93 7.33 

Sr(88) 1080.8

2 

968.10 957.49 1139.66 1165.31 1153.74 1138.7

0 

1176.99 

Zr(90) 65.64 18.47 17.64 38.97 56.22 58.29 26.41 93.40 

Nb(93) 1.64 0.76 0.88 0.76 1.61 1.51 1.24 1.03 

Cs(133) 1.08 0.76 1.02 1.07 0.84 0.82 0.69 0.50 

Ba(137) 719.65 601.24 581.79 645.98 793.51 518.50 403.32 223.07 

La(139) 19.43 11.76 13.69 15.43 13.59 12.15 13.03 10.61 

Ce(140) 22.16 15.24 16.77 19.20 17.21 15.94 16.03 12.33 

Pr(141) 4.25 2.43 2.84 3.26 2.87 2.45 2.82 2.21 

Nd(146) 19.42 11.13 12.62 14.39 12.80 11.00 12.72 9.97 

Sm(147) 4.47 2.52 2.82 3.25 2.88 2.42 2.89 2.28 

Eu(153) 1.19 0.70 0.79 0.87 0.79 0.66 0.78 0.57 

Gd(157) 4.49 2.51 2.88 3.19 2.88 2.46 2.81 2.23 

Tb(159) 0.77 0.44 0.49 0.55 0.49 0.42 0.48 0.38 

Dy(163) 4.55 2.70 2.95 3.27 2.88 2.61 2.84 2.31 

Ho(165) 0.96 0.59 0.63 0.69 0.62 0.57 0.59 0.47 

Er(166) 2.90 1.85 1.93 2.13 1.88 1.80 1.82 1.45 

Tm(169) 0.40 0.26 0.27 0.29 0.26 0.26 0.25 0.20 

Yb(172) 2.41 1.68 1.69 1.85 1.65 1.61 1.53 1.26 

Lu(175) 0.37 0.28 0.26 0.29 0.26 0.26 0.24 0.19 

Hf(178) 0.67 0.75 0.74 1.18 0.68 0.55 0.55 0.49 

Ta(181) 0.29 0.04 0.08 0.05 1.10 0.31 0.26 0.28 

Pb(208) 10.33 13.21 10.68 50.98 11.97 9.47 9.85 8.83 

Th(232) 2.75 1.98 2.09 2.70 1.98 1.97 1.86 1.66 

U(238) 0.41 0.41 0.32 0.53 0.47 0.36 0.27 0.24 
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Age in 

Ma 
14.23 14.83 14.85 15.07 15.22 15.31 15.55 15.75 

ppm         

Sc(45) 3.62 3.90 4.68 3.45 7.11 5.62 8.97 4.19 

V(51) 14.99 13.63 12.55 10.53 11.64 8.55 5.20 11.50 

Cr(53) 16.99 15.67 18.05 15.82 24.47 28.19 11.15 15.97 

Co(59) 4.32 4.64 7.18 3.48 6.54 5.42 14.19 5.04 

Ni(60) 36.12 37.36 54.02 30.11 38.13 33.08 48.75 50.10 

Cu(63) 3.89 4.33 98.67 34.90 72.14 137.34 112.04 75.72 

Zn(66) 7.96 10.66 710.71 72.64 897.48 585.76 324.82 411.71 

Ga(71) 3.94 1.33 2.74 1.60 4.15 3.31 3.74 2.14 

Rb(85) 8.62 7.62 6.83 5.80 8.60 6.07 5.01 6.80 

Sr(88) 1285.7 1296.36 1196.58 1188.31 1427.79 1121.02 1070.33 1316.70 

Zr(90) 91.75 105.90 56.06 16.84 7.79 13.46 17.81 16.80 

Nb(93) 0.72 0.70 1.58 0.95 0.71 0.67 0.75 1.39 

Cs(133) 0.73 0.70 0.79 0.36 0.82 0.65 0.62 0.51 

Ba(137) 457.24 216.11 231.53 223.93 396.04 509.27 237.12 802.08 

La(139) 8.13 7.31 11.53 8.79 12.13 11.61 7.02 11.24 

Ce(140) 16.92 14.66 15.08 9.77 14.53 12.90 7.17 12.71 

Pr(141) 2.79 2.66 2.38 1.78 2.44 2.37 1.27 2.35 

Nd(146) 13.12 12.36 10.67 8.08 10.77 10.36 5.23 10.59 

Sm(147) 2.96 2.71 2.33 1.83 2.41 2.34 1.18 2.39 

Eu(153) 0.68 0.60 0.60 0.48 0.64 0.63 0.45 0.64 

Gd(157) 4.93 4.00 2.25 1.85 2.44 2.40 2.03 2.40 

Tb(159) 0.50 0.49 0.38 0.31 0.41 0.40 0.37 0.41 

Dy(163) 1.84 1.60 2.30 1.87 2.51 2.39 2.49 2.39 

Ho(165) 1.10 1.24 0.47 0.39 0.53 0.51 0.54 0.50 

Er(166) 4.93 4.20 1.46 1.16 1.61 1.55 1.63 1.52 

Tm(169) 4.97 4.57 0.21 0.16 0.22 0.21 0.23 0.21 

Yb(172) 2.99 2.99 1.25 1.03 1.42 1.36 1.37 1.29 

Lu(175) 0.28 0.26 0.20 0.16 0.23 0.21 0.21 0.21 

Hf(178) 1.97 1.85 0.65 0.44 0.71 0.69 0.81 0.52 

Ta(181) 0.82 0.73 0.35 0.45 0.05 0.06 0.02 0.30 

Pb(208) 3.89 3.65 22.60 7.77 55.42 33.39 34.11 12.49 

Th(232) 1.91 1.35 1.85 1.29 1.91 1.70 1.68 1.44 

U(238) 0.30 0.27 0.35 0.19 0.41 0.30 0.33 0.29 
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Age in Ma 16.91 16.95 17.01 17.15 17.27 17.40 

ppm       

Sc(45) 3.65 5.62 3.96 3.65 2.50 3.72 

V(51) 9.28 8.55 10.73 8.55 8.15 11.76 

Cr(53) 21.93 28.19 14.02 32.59 28.41 16.23 

Co(59) 15.30 5.42 8.40 8.27 6.42 9.72 

Ni(60) 40.75 33.08 45.96 31.31 34.00 37.08 

Cu(63) 112.68 137.34 56.63 35.51 43.03 40.67 

Zn(66) 1616.17 585.76 145.86 246.47 362.91 189.16 

Ga(71) 2.22 3.31 2.40 2.32 1.81 2.45 

Rb(85) 7.42 6.07 5.96 6.35 7.43 8.77 

Sr(88) 1093.05 1121.02 964.87 1063.61 1233.94 978.92 

Zr(90) 23.59 21.00 34.88 17.27 17.82 23.22 

Nb(93) 0.65 0.67 0.96 0.68 0.67 0.82 

Cs(133) 0.56 0.65 0.40 0.50 0.52 0.58 

Ba(137) 485.00 244.21 626.20 707.07 482.67 586.71 

La(139) 13.25 11.61 11.43 11.54 9.61 14.46 

Ce(140) 15.61 12.90 13.45 13.04 10.97 15.61 

Pr(141) 2.83 2.37 2.44 2.46 1.99 3.09 

Nd(146) 12.72 10.36 11.07 11.10 8.98 14.20 

Sm(147) 2.89 2.34 2.50 2.55 2.00 3.16 

Eu(153) 0.80 0.63 0.65 0.71 0.56 0.87 

Gd(157) 2.92 2.40 2.43 2.58 2.00 3.07 

Tb(159) 0.48 0.40 0.40 0.43 0.33 0.53 

Dy(163) 2.95 2.39 2.40 2.61 1.95 3.09 

Ho(165) 0.64 0.51 0.50 0.55 0.43 0.66 

Er(166) 1.92 1.55 1.53 1.68 1.25 1.97 

Tm(169) 0.28 0.21 0.22 0.23 0.18 0.27 

Yb(172) 1.73 1.36 1.31 1.49 1.14 1.73 

Lu(175) 0.28 0.21 0.21 0.24 0.18 0.27 

Hf(178) 0.64 0.69 0.44 0.59 0.67 0.67 

Ta(181) 0.04 0.06 0.18 0.05 0.05 0.04 

Pb(208) 75.21 33.39 8.92 12.93 22.44 12.27 

Th(232) 2.30 1.70 1.57 1.57 2.15 2.19 

U(238) 0.79 0.30 0.25 0.23 0.52 0.32 



175 | P a g e  
 

 

 

 

     Appendix 5: Clay mineral composition of samples of ODP core 758 

    

 

   Age 

 (Ma) 

 

% 

 

Chlorite 

% 

 

Smectite 

% 

 

Kaolinite 

% 

8.30 

 

31.70 

 

8.70 

 

29.40 

 

29.30 

9.30 

 

49.50 

 

6.60 

 

23.50 

 

20.70 

12.40 

 

42.60 

 

15.70 

 

11.30 

 

26.60 

15.40 

 

37.90 

 

5.30 

 

13.20 

 

43.60 

17.50 

 

24.70 

 

16.50 

 

13.30 

 

45.00 

 

Illite 
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 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 

SiO2 74.49 72.66 73.90 72.59 72.78 76.58 

TiO2 0.15 0.17 0.13 0.03 0.12 0.14 

Al2O3 11.88 12.22 11.57 11.09 12.19 12.87 

Cr2O3 
0.03 0.00 0.00 0.01 0.00 0.00 

FeO 1.21 1.24 1.24 0.94 1.19 0.97 

MnO 0.01 0.04 0.08 0.00 0.08 0.04 

MgO 0.14 0.12 0.11 0.05 0.12 0.16 

CaO 0.80 0.80 0.79 0.76 0.85 0.61 

Na2O 3.53 3.71 3.41 2.89 3.53 3.45 

K2O 3.57 3.74 3.77 3.86 3.72 3.38 

NiO 0.05 0.00 0.01 0.00 0.03 0.10 

ZrO2 0.01 0.09 0.13 0.01 0.00 0.11 

Total 95.87 94.79 95.14 92.22 94.62 98.41 

Appendix 6: Major element concentration of Glass shards (EPMA data) 


