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Abstract

Miocene deep-sea benthic foraminifera from ODP Sites 752A (Broken Ridge), 1168A (Western
Tasmanian Margin) and 1139A (Kerguelen Plateau) in the southern Indian Ocean, have been
studied for their stratigraphic distribution, diversity, abundance and test-size changes during
periods of global climate shifts. All sites yielded similar taxa though the exact assemblage
composition varied at each site. No major faunal extinctions were noted with many taxa
ranging through. Site 752A had a major foraminiferal assemblage shift at ~13 Ma. While those
from 1168A and 1139A recorded a significant drop in the Shannon diversity index at about 14
Ma. These events may relate to the expansion of the East Antarctic Ice Sheet during this period
of marked global cooling, indicating an impact in deep-sea ecosystems. Nuttalides umbonifera
and Sphaeriodina bulloides are the most abundant species of the early to the mid-Miocene
interval at these sites, with the former known to favour highly oligotrophic conditions.
Abdetodentrix pseudothalmani and Trifarina angulosa had their peak abundance during the
mid-late Miocene in association with global cooling. Test size variability measured in five
separate taxa (Abdetodentrix pseudothalmani, Cibicidoides mundulus, Globocassidulina
subglobosa, Nuttalides umbonifera and Sphaeroidina bulloides) demonstrated rapid size
increase at around 12 Ma in all Sites. Studies of benthic foraminiferal stable isotopes 680 and
813C at all sites accords well with global published records for this interval. All sites
demonstrated increasing 8 13C values from the late early Miocene to mid-Miocene, coinciding
with the early to mid-Miocene Monterey carbon isotope excursion. Mid-late Miocene 520

values reflect global cooling during the expansion of the East Antarctic Ice Sheet (14-12 Ma).
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Chapter One

Introduction and Background

1.1 Miocene palaeoclimates & tectonics

The Neogene (Miocene & Pliocene, approximately 23-2.5 Ma) divided into an early Neogene
warm climate interval and late Neogene cool interval. The Miocene marked by different stages
of climatic transition (Flower and Kennett, 1993). The early Miocene has been characterised
as a warm interval in contrast to the early and mid-Oligocene with significant cooling
beginning after permanent emplacement of the East Antarctic Ice Sheet (EAIS) during the mid-

Miocene (Shackleton and Kennett, 1975).

The later part of the early Miocene from (~ 16 Ma) represents the warm stage ended with the
early mid-Miocene cooling stage™ 14.8 to 12.9 Ma, and this reflects climatic changes that
result in the major growth of EAIS (East Antarctic Ice Sheet). The mid-Miocene cooling interval
coincided with increased development of Antarctic Deep Water (AADW) and major growth of
the EAIS (Flower and Kennett, 1993). Badger et al. (2013) suggested that the development of
the East Antarctica Ice Sheet happened at about 14 Ma. This development followed by positive
carbon isotope excursion (carbon maximum 6 (CM6)), because of increased organic carbon

burial and depleting of carbon dioxide in the atmosphere.



The Miocene was a time of major ocean-atmospheric change. The first establishment of the
Antarctic ice sheet was during the early Oligocene, in response to circumpolar oceanic current

then developed during the middle Miocene (Ramstein et al., 1997).

Banerjee et al. (2017) used planktonic and benthic foraminifera carbon and oxygen isotope as
a proxy to show palaeoceanographic changes in the Northern Indian Ocean (ODP Site 758)
during the Miocene. They reported the global warmth period at ~17-14 Ma which coexisted
to increase of organic carbon deposition (Monterey excursion), this period followed by the
cold event of EAIS at ~14—-12 Ma and initiation of Indian Summer Monsoon (ISM) with the

waning of Antarctica Ice sheet (12.3-10.4 Ma).

At the time of Antarctic Ice Sheet expansion (14.7 to 12.7 Ma) and global cooling low summer
insolation over Antarctica coexisted with decreasing atmospheric carbon dioxide levels from

the northwest and southeast subtropical Pacific Ocean (Holbourn et al., 2005).

During the study of West Pacific Ocean (Ocean Drilling Program Site 1146) Holbourn et al.
(2013) observed from the 80 curve that the continuous deep water cooling and glaciation
episodes following the end of the Mid-Miocene Climatic Optimum especially after ~ 13 Ma
until 9 Ma except of short warming episode at about 10.8-10.7Ma at peak insolation during

eccentricity maxima (100 and 400 kyr).

The rapid expansion of the East Antarctic Ice Sheet (EAIS) at 13.8 Ma is accompanied by a sea-

level fall of ~60 m (Miller et al., 2005, Lear et al., 2015). The mid-Miocene is an interval of high



813C values linked to the so-called “Monterey Carbon Excursion” (17.5-13 Ma); Vincent et al.,
1985, Holbourn et al., 2007), characterized by several distinct 6*C maxima (Carbon Maxima
or CM events; Woodruff and Savin, 1991) that were accompanied by organic carbon removal
in marine (Compton et al., 1990, Vincent et al., 1985) or terrestrial realms (Diester-Haass et
al., 2006). Greenop et al. (2014) suggested that two intervals of Antarctic ice sheet retreating
occurred during the Mid Miocene Climatic Optimum when recording high CO2 and orbital

obliquity variability.

The sea surface temperature SST at Site 608 in the North Atlantic Ocean from the Oligocene/
Miocene boundary to the middle Miocene Climatic Optimum (23.03 to 14.5 Ma) was nearly
15 °C warmer than modern temperature. While during the Middle Miocene Climatic Transition
(MMCT, 14.5 to 12.5 Ma), SSTs decreased by ~6 °C. This decreasing continued until 9 Ma. The
cooling of SST coincided with a pCO2 decrease from an average of ~430 ppm in MCO to ~305

ppm after the MMCT (Super et al., 2018).

During the 6 Ma of the mid-Miocene, a substantial increase in oceanic 6'®0 was recorded
(Zachos et al., 2008) reflecting the increase in global ice volume as a consequence of global
cooling. During this interval, the EAIS is considered to be a major ice sheet (Westerhold et al.,

2005).



The stable isotope records (marine) at ~14 Ma shows a significant growth of the ice sheet on
Antarctica (Flower and Kennett, 1995). The development of the oceanic front in the Tasmania
and New Zealand sectors of the Southern Ocean coincides with the continuing cooling trend

by the middle/late Miocene (Exon et al., 2001).

The interval of the peak warmth during the MMCO has a minor impact on benthic foraminifera
accumulation rates, number of specimens and assemblage composition during the study of
the late early to middle Miocene benthic foraminiferal assemblages in eastern equatorial
Pacific Sites U1337 and U1338. While during the major cooling, a significant change of the
assemblage composition has recorded which indicated by increasing organic flux to the sea
floor, surface productivity increasing and intensification of the equatorial upwelling
(Kochhann et al., 2017). During around 13.8 Ma the bottom water temperature decreased by
~ 2 °C at both Sites U1338 and 1146, this decrease coincided with the increasing of 680w by

0.9-1.0 %o (Kochhann et al., 2017).

The equatorial ocean gateway (The Indonesian Throughflow) transfers heat from the Pacific
into the Indian Ocean. West Pacific Warm Pool fluctuations are related to variability in the
Indonesian Throughflow which acts as a control on inter-annual climate variation such as the

SE Asian monsoon and the El Nifio-Southern Oscillation (ENSO) (Hall et al., 2011).

Indonesian Gateway restriction starting, and termination of deep-water flow, from the Early
Miocene, seems to have coincided with major global climate system perturbations which

include rapid warming during the Late Oligocene followed by short term glaciation or pulse



glaciation and coincided with positive carbon isotopic excursion in the earliest Miocene

(Zachos et al., 2001).

The rapid change in tectonics, topography and land/sea distributions is a complicated history
of the Indian-Pacific Ocean gateway during the Neogene (Hall, 1998). As the closure of the
deep-water connection happened, mountains rose, increasing area of the land and shelf areas
and the formation of the new deep basins. This closure accompanied by number of changes
such as high mountains rose first in Borneo and later elsewhere in Indonesia. The erosion and
rainfall also may have been changed. Oceanic circulation would have been affected by
geologically controlled passages changes and modifications. Through the gateway, there was
passing from warm South Pacific to colder North Pacific waters. The climate changed from
drier to wetter. These tropical gateway changes had a similar impact to changes in other

oceanic gateways and the rise of Tibet for the global climate system (Hall et al., 2011).

Tasmanian Gateway was rapidly deepening and widened during the early Oligocene and
brought cooler, open ocean conditions (Exon et al., 2001). The relatively shallow Tasmanian
Gateway is one of the few places in the mid to high latitudes were fairly completed

(McGonigal, 2007).

The tectonic separation between Australia and Antarctica is a key for the Antarctic
Circumpolar Current (ACC) development during the Cenozoic (Kennett et al., 1975). The

Kerguelen Plateau is situated 1000 km north of the Antarctic continent in the Southern Ocean.



It is tectonically active and geographically connected to the South Pole since its formation at

110 Ma (Mutter and Cande, 1983).

Mutter and Cande (1983) have described in detail the separating mechanism of the Broken
Ridge and the Kerguelen Plateau, which started around 100 Ma this similar to the total fit of
Antarctica and Australia. Mutter and Cande (1983) noted several horsts and grabens are
trending N-S and NW-SE at the eastern side of the Kerguelen Plateau these clarify the

mechanism of the separation of the Broken Ridge and the Kerguelen Plateau.

Sea surface temperature variations may have caused changes of the surface hydrography at
the Kerguelen Plateau; these also may have been driven by obliquity and long-term
eccentricity.lit is suggesting that the astronomical forcing played a key role in the evolution of
Southern Ocean dynamics during the Middle Miocene (Verducci et al., 2009). According to
Verducci et al. (2009), the intense cooling phase identification was derived from a detailed
study of the climatic and hydrographic changes that occurred in the region especially in ODP
Hole 747A (Kerguelen Plateau, southern Indian Ocean) during the Middle Miocene Climatic

Transition (the Middle Miocene Shift).

1.2 Miocene palaeoceanography

1.2.1 Indian Ocean Miocene palaeoceanography
The connectivity of the Pacific and the Indian Ocean is by transporting water through the

Indonesian seaway (Indonesian throughflow (ITF)) from the North Pacific (Gordon and Fine,



1996). The movement of surface and thermocline components of the ITF towards the Indian
Ocean was unobstructed by topography, while below the thermocline many sills separating
the Indonesian seas prevented throughflow. The link between the Indian Ocean and

Indonesian sea was recorded in the Timor vicinity (Gordon et al., 2003).

According to Fieux et al. (1996), cooler, more saline and highly oxygenated water was
observed in the Timor passage below 1500 m. According to Van Aken et al. (1988), the sill
which will block the passage between the Indian Ocean and Indonesian sea were observed at
the depth 1450m. Before the Miocene, the open connection existed between the Pacific and
Indian oceans (Martin and Scher, 2006). According to the Martin and Scher (2006) during their
study at 757 (Ninetyeast Ridge) from 40 to 10 Ma, it was observed (based on Nd isotope) that
the waters at this site were derived from the Southern Ocean and are intermediate to deep
waters, although a true Antarctic Circumpolar Current did not exist throughout this entire

interval.

Nishimura and Suparka (1997) believed that the deep-sea connection between the Pacific and
Indian Oceans closed in the latest Miocene at ~6 Ma. The restriction of the Indonesian seaway
was finally observed in the early Pliocene 4-3 Ma which led to separation in the thermocline
water source between the South Pacific to the North Pacific Ocean (Cane and Molnar, 2001).
The final closure of the deep-sea connection between the Pacific and Indian oceans may have
affected the deep-sea biota and changed the thermohaline circulation of the eastern Indian

Ocean (Singh and Gupta, 2010).
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Figure 1. 1: Global deep-sea oxygen isotope records based on compiled data for more than 40
DSDP, ODP sites (36) and climatic events. Most of the data are from analysing long-ranging
benthic foraminifera, Cibicidoides and Nuttalides (after Zachos et al., 2001).



Tethyan Indian Saline Water (TISW) upwelled in the Antarctic region throughout the early
Miocene; meridional heat transported by this deep water source (TISW) may have prevented
large scale formation of the EAIS, this had continued until the middle Miocene ~14 Ma
(Woodruff and Savin, 1989). The TISW was competing against cold, Southern Component
Water (SCW) during the early to early middle Miocene. The termination of TISW was due to
the collision of Africa with Eurasia, where the eastern Mediterranean and Paratethys seas
became separated from the northern Indian Ocean and the flow of warm and saline water
decreased (Hsu and Bernoulli, 1978), especially during early middle Miocene when major

growth of the EAIS was recorded (Flower and Kennett, 1993).

Through studying twelve sites in the ODP leg 115 from the north-central Indian Ocean,
Boersma (1990) noticed that benthic foraminifer index faunas characterise the late Oligocene
to late Pliocene vertical water-mass stratification along depth traverses. Benthic foraminifera
fauna indicates well-oxygenated, deep bottom water conditions during most of this time, at
all depths except under the southern Indian upwelling and in the Pliocene in the southern
Arabian Sea. These well-oxygenated bottom waters considered to have been more fertile than
Antarctic Intermediate Water (AAIW) that covers intermediate depths in the low to middle

latitude Mascarene and Central Indian basins (Boersma, 1990).

Singh et al. (2012) clarify in detail the mechanism of the movements of the surface winds and
currents at Hole 752A on the Broken Ridge (south-eastern Indian Ocean) (Figure 1.2), and the
West Wind Drift, the South Equatorial Current and the Subtropical Convergence, which largely

control the surface water circulation at that area. Other currents such as the Leeuwin Current



and South Indian Current are other components of the surface circulation off the coast of
Western Australia located near Hole 752A. This hole has been mainly under the impact of the
southern component deep water during the entire Neogene, and its present water depth has
remained the same with an extremely low sedimentation rate of <0.61 cm ka ! (Peirce et al.,

1989).

1.2.2 Southern Ocean Miocene palaeoceanography

According to Huang et al. (2017), mixed layer deepening in the southwest Ross Sea and the
southeast Weddell Sea during the MMCT suggested that upward movement of more saline
deep waters and their partial mixing with shallow surface water along the Antarctic
continental margin might have provided higher densities needed for the production of the
AABW. Huang et al. (2017) inferred that the decrease of atmospheric CO; level from 450 ppm

to 278 ppm had little effect on the distribution of deep-water formation.

According to Mackensen (1992) from his study of some ODP Sites (747, Central Kerguelen
Plateau; 748 and 751, Southern Kerguelen Plateau) Miocene, bottom-water circulation stayed
the same until late mid-Miocene. Mackensen (1992) also noted that the early late Miocene
shows the retreating of carbonate-corrosive, deeper abyssal regions occupied by newly
formed bottom-water masses from the Kerguelen Plateau, and shallow bathyal regions

occupied by an aged water mass, such as NADW (North Atlantic Deep Water).
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Figure 1. 2: The location map of the Hole 752A (ODP) with the black dot, the arrow showing
different oceanic currents affecting this hole. SJC = South Java Current, LC = Leeuwin Current,
SEC = South Equatorial Current, WAC = West Australian Current. From (Singh et al., 2012)
(after Wijffels et al., 1996).

The opening of the Drake Passage in the early Neogene coincided with the continuous opening
of the Tasmanian Seaway. In the early Neogene, the Antarctic Circumpolar Current (ACC)
highly separated Antarctica from lower latitudes warm water influences (Exon et al., 2001).

The northern regularly movement of the Tasmanian region happened during ~ 15 Ma, at the
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time when EAIS (East Antarctic Ice sheet) expanded and the deposition of the pelagic
carbonates in deep water at an average of 1-2 cm.ka™ was also observed (Exon et al., 2001).
The late Miocene ice-sheet expansion after 5 Ma affected in Australia and caused high aridity

and dust accumulation in some sequences had also observed (Exon et al., 2001).

McGonigal (2007) tried to reconstruct the palaesoceanographic conditions in the Tasmanian
Gateway during the Miocene by using calcareous nannofossil assemblage data, with age
models, geochemical and sedimentological data during his study of different sites (1168, 1170,
1171 and 1172). During the Miocene in the Tasmanian region when Australia and Antarctica
continued to separate, the complete development of both ACC (Antarctic Circumpolar
Current) and oceanic fronts in the Southern Ocean happened and the ice volume on Antarctica

waxed and waned (McGonigal, 2007).

Woodruff and Savin (1989) suggested that the TISW flowed from the northern Indian Ocean
to Antarctic region and operated as a significant factor in transporting meridional heat which
connected high- and low-latitude climates in early Miocene time. Deepwater circulation from
11 to 5 Ma was similar to modern circulation. When NADW flowed southward to the Antarctic
circumpolar region, it became entrained in that water, and become an important constituent
of Antarctica deep water (Woodruff and Savin, 1989, Wright et al., 1992). According to Bialik
et al. 2019, the water mass exchange between the Mediterranean Sea and the Indian Ocean
via the Mesopotamian Seaway has reduced by ~90% in a first step at ca. 20 Ma during the
initiation of South Asian Monsoon (SAM). The final closure of the seaway coexisted with the

sea-level drop caused by permanent glaciation initiation of Antarctica at around 13.8 Ma.
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1.3 Miocene deep-sea benthic foraminifera

Benthic foraminifera are one of the important constituents of deep-sea environments; they
can thrive at different depths and habitats above the carbonate compensation depth and all
latitudes from tropics to poles. They have very good fossilisation potential. To understand
more about the nature and distribution of the water masses, studying benthic foraminifera
will be a good proxy for determining bottom water conditions in the geologic past (Singh and

Gupta, 2010).

Several studies were emphasised the sensitivity of the benthic foraminifera to the different
factors such as nutrients, the oxygen level of the bottom water and pore water oxygenation
(Corliss, 1985, Gooday, 1988). Below are listed a number of common, widespread taxa that
are known to have associations with particular water-masses and/or environmental

conditions (See Table 1.1).

Smooth walled bolivinids were previously mentioned by Smart and Ramsay (1995) and

Ramsay et. al. (1998) lately changed to genus Streptochilus by Smart and Thomas (2006, 2007).

Smart and Thomas (2006) stated that the abundant early Miocene (18.9-17.2 Ma) small
biserial foraminifera in the eastern Atlantic and western Indian Oceans which previously
assigned to genus Bolivina were planktic (genus Streptochilus) depending on isotopic
composition, apertural morphology and sedimentation rate. Smart and Thomas (2007)
recognised three different species of Streptochilus in the eastern Atlantic and western Indian

Oceans which previously assigned to genus Bolivina.
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oligotrophic condition, and
high seasonal food.
Associated with AABW in
the Indian Ocean and
NADW in the Atlantic and
Southern oceans.

1997, Loubere and
Fariduddin ,1999,
Gooday, 2003)

Species Micro- Environmental References Period of greatest
habitats preferences Dominance (current study)
Abdetodentrix Infauna Low oxygen conditions. (Hayward et al., 2002) [The mid-late Miocene (752A,
peudothalmanni 1168A), early and mid- Miocene
at 1139A.
Astrononion Infauna High organic flux, low (Gooday, 1994) The mid- Miocene at 752A and
umbilicatulum temperature. earliest Miocene and mid to late
Miocene at 1168A and earliest
Miocene at 1139A.
Globocassidulina Shallow High oxygen, high (Corliss, 1979a, Singh  [The earliest Miocene and mid-
subglobosa infauna temperature and strongly |and Gupta, 2004, Singh |Miocene at all Sites.
pulsed food. Associated etal, 2012)
with AABW in the south-
eastern Indian Ocean.
Cibicidoides Epifauna High primary productivity. [(Mackensen, 1992) The early and the late Miocene
mundulus at 752A, the earliest Miocene
and the mid- Miocene at 1168
and the early Miocene at
1139A.
Epistominella Epifauna Oxygenated conditions. (Poag and Low, 1984, [The mid-late Miocene at 752A
exigua highly productivity and Kurihara and Kennett, |& 1139A and the early Miocene
prefer cooler water. 1992, Thomas et al., at 1168A.
1995)
Nuttalides Epifauna High oxygen, low (Bremer and Lohmann, |The early and mid - Miocene at
umbonifera temperature, low food, 1982, Corliss, 1983, 752A, the mid and the late
and low productivity. Loubere and Fariduddin, [Miocene at 1168A and the mid-
Associated with AABW in  |1999, Gooday, 2003, Miocene at 1139A.
the Indian Ocean and Singh et al., 2012)
NADW in the Atlantic and
Southern oceans.
Siphonodosaria Infauna Moderately low oxygen (Boersma, 1990) The early Miocene in the
lepidula and high organic carbon. current Sites (752A, 1168A and
1168A).
Trifarina angulosa  |Infauna Prefer cold and strong (Mackensen, 1992) During the late Miocene at
bottom water currents. 752A and 1168A, the mid-
Miocene (~15Ma) at 1139A.
Cibicidoides Epifauna Low organic carbon, ( Corliss, 1983, Linke The mid to the late Miocene at
wuellerstorfi strong bottom currents, |and Lutze, 1993, Gupta, [752A, the early and the late

Miocene at 1168A, the late
early Miocene and the mid-
Miocene at 1139A.

Table 1. 1: Miocene deep-sea benthic foraminifera species with their microhabitats,
environmental preferences, water masses and period of greatest dominance at the current
study Sites (752A, 1168A and 1139A). Bolivinids (in general) include all Bolivinid species.
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water.

Species Micro- Environmental References Period of greatest
habitats preferences Dominance (current study)
Ehrenbergina Infauna High temperature, high (Gupta and Satapathy, |The latest Miocene at 752A, the
carinata nutrient, and low oxygen |2000, Gupta et al., early to late Miocene at 1168A.
environment. 2006)
Smooth walled Infauna Low oxygen conditions. (Corliss and Fois, 1990, |Bolivina dilatata dominated in
Bolivinids Associated with NCW, Corliss, 1991, Smart and |the early Miocene at 1168A, the
TOW in Atlantic and Indian [Ramsay, 1995, Ramsay [earliest Miocene at 1139A. The
oceans. et al., 1998) other smooth Bolivinids
(Bolivina sp.3 and B. sp.9) were
dominant in the late Oligocene
and the early Miocene at 752A
and 1139A, the early and the
late Miocene at 1168A.
Bolivinids (in Infauna High organic flux, and high |(Poag and Low, 1984, [The late Oligocene, the
general) primary productivity. Boersma and Mikkelsen, [Miocene, and the early Pliocene
1990, Gupta, 1994) at all studied Sites.
Oridorsalis Infauna Well-oxygenated water, (Mackensen et al., 1985,|The mid- Miocene at 752A, the
umbonatus low organic condition. Gupta, 1994) early Miocene to the early
Associated with AABW in Pliocene at 1168A, the early to
the Indian Ocean. the mid- Miocene at 1139A.
Cibicidoides bradyi |epifauna Low oxygenated (Gupta and Thomas, The mid- Miocene at 752A, the
conditions. 1999) early to the mid- Miocene at
1168A and the early Miocene at
1139A.
Osangularia culter [Infauna Low oxygenated (Gupta and Thomas, The early to the mid- Miocene
conditions. 1999) at 752A and 1139A, and the
mid- Miocene at 1168A.
Uvigerinids Infauna High organic flux, cool (Boersma, 1986, The early and the late Miocene
water and highly Gooday, 1994, Gupta et |at 752A, the early Miocene at
productivity. al., 2001b, Gupta et al., |1139A and the late Miocene at
2004, Thomas et al., 1168A.
1995)
Melonis barleeanus (Infauna High organic flux, cool (Gooday, 1994) The mid- Miocene to the early

Pliocene at 752A, the late
Oligocene to the early Pliocene
at 1168A and the late Oligocene
to the mid- Miocene at 1139A.

Table 1. 1: Continued

15




1.3.1 Previous studies in the Indian and the Southern oceans

There are many reports and studies from the ODP, IODP and DSDP sites which have published,
and these provide useful resources. Woodruff and Savin (1989) collected faunal, carbon and
oxygen isotope data from all around the world to investigate the evolution of Miocene
thermohaline circulation, through three periods, approximately early, middle, and late

Miocene times.

Boersma and Mikkelsen (1990) studied the primary productivity and the development of a
mid-depth oxygen minimum in the Central Equatorial Indian Ocean between ~ 17 and 10 Ma.
Data from benthic foraminifera, siliceous fossils, and stable isotopes demonstrated the
enhancement of organic carbon oxidation in the sediments, and high primary productivity in
the southern Indian upwelling zone during the Miocene at the ODP Site 714. It has been
observed that with increasing diatom productivity index, the Thalassionema group, elevated
diatom and uvigerinid abundances, and bolivinid diversity resulting in enhanced primary

productivity and oxygen minimum.

Schroder-Adams (1991) studied Middle Eocene to Holocene benthic foraminifers from sites
736, 738, and 744 (Kerguelen Plateau). Significant faunal changes were observed in the middle
Eocene, late Eocene/early Oligocene, middle Miocene, and late Miocene. Gradual species

replacement was observed for the benthic assemblages at those sites.

Smart and Ramsay (1995) presented a summary of published stable isotope and benthic

foraminiferal assemblages record between 24 and 8 Ma in the Atlantic and Indian oceans. A
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low oxygenated intermediate to deep-water mass was identified which was restricted to
North West Indian, Atlantic and the Tethys (Mediterranean) oceans. Highly abundant smooth-
walled bolivinids occurred coevally (19.5-16.5 Ma) in these oceans. Smart and Ramsay (1995)
interpreted the southward flow of North Component Water (NCW) produced in the Atlantic
Ocean between 20 and 16 Ma, via Tethys, to the intermediate and deep-water flow into the

northern Indian Ocean.

Gupta and Satapathy (2000) studied thirty-one samples of latest Miocene-Pleistocene from
the Deep-Sea Drilling Project (DSDP) Site 236. They did the multivariate analysis of the abyssal
benthic foraminifera, west-central Indian Ocean (Eastern Somali Basin). The result shows
significant changes of deep ocean environments during the Neogene, which affect the
distribution of the benthic foraminifera (Woodruff and Savin, 1989). Gupta and Satapathy
(2000) suggested that benthic foraminifera distribution was controlled by the amount of food

supply and rate of the bottom water oxygenation.

Gupta et al. (2004) believed that the intensification of the Indian monsoon system (10-8 Ma)
originated from the uplift of the Himalayas and Tibetan Plateau. This intensification caused
major changes in fauna and flora on land as well as in the Indian Ocean. The monsoon
increased productivity and upwelling. These changes observed during the study of benthic
foraminifera isotope data of the eastern and south-eastern Oceanic Drilling Program Sites

(752, 757 and 758 (Leg 121) and Deep-Sea Drilling Project (DSDP) Sites 214 and 216 (Leg 22).
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Singh and Gupta (2010) studied deep-sea benthic foraminifera from 194 samples from Ocean
Drilling Program (ODP) Hole 757A, located on the Ninetyeast Ridge, the south-eastern Indian
Ocean below the equatorial divergence zone. Singh and Gupta (2010) noticed that benthic
foraminifera assemblages showed significant changes at Hole 757B since the late Oligocene.
The well-oxygenated, oligotrophic species including Cibicides cicatricosus, C.
pseudoungerianus and Oridorsalis umbonatus were dominant during the late Oligocene to the
early Miocene. These species began to decrease when Site 757 moved northward towards the
influence of the Indonesian Throughflow (ITF) subsurface water masses from the Pacific
Ocean. Inthe early Eocene (~50 Ma) Hole 757B (1500 m water depth) is located at 45° S. Across
the Oligocene-Miocene boundary (~23.5 Ma) 757B was located at 29° S in a temperate region
near the subtropical convergence zone at a water depth of 1500 m. At ~5 Ma this site shifted

to 21° S at ~10 Ma and 18°30'S (Peirce et al., 1989).

Singh et al. (2012) measured different diversity parameters of Neogene deep-sea benthic
foraminifera of the ODP Hole 752A. The value of all diversity parameters declined between 25
to 23 Ma and after that increased with peak values at ~13.5 Ma. This Site is also studied in the
current project since no detailed assemblage data has been published. According to Singh et
al. (2012), the late Oligocene to earliest Miocene was an environmentally unstable interval at
Hole 752A, which was dominated by species typical for low organic carbon, well-oxygenated
and carbon corrosive conditions. The highest diversity parameters coincided with the early

Middle Miocene Climatic Optimum.
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Greenop et al. (2014) studied Miocene sediments from Ocean Drilling Program (ODP) Hole
761B in the Indian Ocean. They reported two intervals of Antarctic ice sheet retreating during

MMCO when recording high CO2 and orbital obliquity variability.

Banerjee et al. (2017) recorded many climatic events in the Northeast Indian Ocean at ODP
Site 758, such as MMCO (17-15 Ma), Monterey excursion (17—-14 Ma), EAIS formation (13.8
Ma), summer monsoon initiation (12.3—-10.4 Ma), and recording cooling event during 10.2—

9.6 Ma.

Huang et al. (2017) stated that the Weddell Sea is the main location of the formation of bottom
water and, also, an important component of global ocean circulation. Despite CO;
concentrations fluctuations during the middle Miocene, the Weddell Sea shows enhanced

Antarctic Bottom Water (AABW) formation and gyre transportation during this time.

Lubbers et al. (2019) reported the range between 13.5 to 8.2 Ma as an interval of declination
of carbonate percentages and carbonate accumulation rates at International Ocean Discovery
Program Site U1443 (Ninetyeast Ridge, Indian Ocean). Marked decrease in carbonate
accumulation rates together with decrease carbonate percentages were reported after ~13.2
Ma. This continued until ~8.7 Ma, which coincides with the middle to late Miocene carbonate

crash (Lubbers et al., 2019).
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1.3.2 Deep-sea benthic foraminifera of the Indian Ocean and the Southern oceans

Benthic foraminifera have been studied in different localities in the Indian and Southern
Oceans. The distribution and abundance of benthic foraminifera may have been affected by
different water masses in different water depths, as well as the salinity, water temperature

and the rate of organic matter input.

Nomura (1991) studied benthic foraminifera assemblages at sites 754 (Broken Ridge) and 756
(Ninetyeast Ridge), eastern Indian Ocean, and linked them with palaeoceanographic changes.
Nomura (1991) observed that the major faunal changes were the increasing abundance of
Cibicidoides wuellerstorfi and the decline of the Burseolina cf. pacifica- Cibicidoides mundulus
assemblages at ~13 Ma at the Site 754. These changes coincided with diversity decreasing.
The Gavelinopsis lobatulus- Uvigerina proboscidea assemblage increased in the earliest

Pliocene ~5 Ma at Site 754.

According to Singh and Gupta (2010) at Hole 757B Cibicides cicatricosus and Cibicides
pseudoungerianus disappeared, whereas Stilostomella lepidula showed a decrease in
abundance in the early late Miocene during ~12-10 Ma, coinciding with a major decline in the
population of Oridorsalis umbonatus. A major decrease in the abundance of Stilosomella
lepidula occurred between 12-11 Ma which coincided with a major gradual increase of
Nuttalides umbonifera. Stilostomella lepidula is a cosmopolitan taxon which prefer
complicated ecological systems and its distribution still not clear (Singh and Gupta, 2010).
According to Johnson et al. (2011) during the study of the two ODP sites of the subtropical

Pacific Ocean (ODP Sites 1146, South China Sea; ODP Site 1237, southeast Pacific) they believe
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that the relative abundance of elongate group taxa has not changed during the cooling period
of the middle Miocene Climate Transition. They suppose that the environmental changes

associated with the mid-Miocene global cooling did not affect the elongated group.

Nomura (1991) also observed decreasing Cibicidoides mundulus- Epistominella umbonifera
assemblages at the Site 756 during the late early Miocene (~17.1 Ma), also the development
of the Uvigerina proboscidea assemblage was earlier than the same assemblage at Site 754,
which developed at around 7.3 Ma. According to Nomura (1991), faunal change may be
related to palaeoceanographic changes. While the timing of the assemblage changes was not
simultaneous at sites 754 and 756, these sites are located at different water depths. The
deeper Site (756) may have a connection to the deeper water upwelling, while Site 754 is
located at the centre of the flat crest of Broken Ridge which may be far from direct water

upwelling.

On the Southern Kerguelen Plateau especially at sites, 744 and 738 Epistominella exigua
dominates the bathyal to abyssal sediments during the late Miocene to Holocene. This species
is considered a high productivity species associated with increased upwelling near the

Antarctic convergence (Schroder-Adams, 1991).

Mackensen (1992) believed that the high productivity environments favoured the Uvigerina

hispidocostata assemblages on the southern Kerguelen Plateau in the early Miocene. In the

latest Miocene at Site 751 Epistominella exigua was a dominant species associated with the
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Antarctic polar frontal zone and indicating the position of this site below the highly productive

surface water masses (Mackensen, 1992).

Ramsay et al. (1998) believed that Nuttalides umbonifera and smooth-walled bolivinids
abundances simultaneously increased in Atlantic, Mediterranean Sea and Indian Ocean sites
between 19.5 and 16.5 Ma. According to Mackensen et al. (1990), Nuttalides umbonifera is
typical of the middle Miocene interval on the Maud Rise and southern Kerguelen Plateau.

The highest relative abundance of the smooth-walled bolivinids was seen at the Indian Ocean
Site 237 however they are absent at Site 710, while no smooth-walled bolivinids were seen at

the eastern Indian Ocean Sites 216 and 758 (Ramsay et al., 1998, Smart and Ramsay, 1995).

Ramsay et al. (1998) observed the different distribution of bolivinids in different water depths.
The shallow to intermediate sites were characterised by coarse-walled bolivinids (Site 707),
while in the intermediate to deep water sites (237,709) the smooth-walled bolivinids were
observed. The smooth-walled bolivinides lately changed to three different species of
Streptochilus (planktonic foraminifera) by Smart and Thomas (2007). Nuttalides umbonifera

recorded their highest abundant in a deep-water site (710).

On the flat western side of the East Tasman Plateau at Site 1172 the benthic foraminifera
assemblages were mainly dominated by Cibicidoides mundulus, and Cibicidoides wuellerstorfi
in the uppermost Oligocene through lowermost upper Pliocene. Melonis barleeanum is
dominated the Early Neogene, but it has much minor role than at sites 1168 and 1170

(Shipboard Scientific Party, 2001c).
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During the early Miocene at Site 1171 in the East Tasman Plateau, the lower bathyal to abyssal
water depths (~1500-2500 m) is characterised by the presence of Cibicidoides mundulus and
Nuttalides umbonifera. In the Middle Miocene when the deposition of the sediments was in
upper abyssal depths (~¥2000 —3000 m) Epistominella exigua dominated (Shipboard Scientific
Party, 2001b). The percentage of Nuttalides umbonifera and Epistominella exigua increased
at the DSDP sites 709 and 710 during around 14- 13 Ma. These species have peak abundance

at the deepest Site 710 during about 11- 9 Ma (Smart et al., 2007).

1.4 Aims and Objectives

The current study focuses on the benthic foraminifera assemblage abundance and diversity
fluctuations at three different localities (ODP holes 752A, 1139A and 1168A) in the Southern
Indian Ocean during the Miocene. The main objective of this study is to interpret benthic
foraminifera data assemblages to reconstruct palaeoceanography of the Broken Ridge (752A),
Tasmanian Gateway (1168A) and Kerguelen Plateau (1139A) during the Miocene epoch. The
assemblages will be investigated using additional quantitative techniques (clustering),
diversity indices, calculating the Benthic Foraminifera Accumulation Rates (BFAR), and
examine the foraminiferal test sizes, carbonate crash, biogenic blooms and also stable isotope
analyses will be used to help reconstruct the environmental controls on the assemblage

changes.

Major palaeoceanographic and paleoclimatic changes in this region during the Miocene
represent a key of the global climatic evolution during the Miocene (Flower and Kennett,

1993). According to Flower and Kennett (1993) and Woodruff (1985), benthic foraminiferal
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assemblages start to change in the late early Miocene, and this continues into the mid-
Miocene in the Pacific and Atlantic. It is likely that physicochemical variations in the bottom
water masses, such as changes in deep-water nutrients level and corrosivity related to surface
water productivity, and deep water temperature fluctuations during the Miocene strongly
affected the distribution of individual benthic foraminifera species during this time (Flower

and Kennett, 1993).

Woodruff and Savin (1989) believed that global thermohaline circulation strongly affected by
warm saline water influx to the Indian Ocean during the early Miocene. Tethyan Indian Saline
Water (TISW) flowing in the northern Indian Ocean finally disappeared at around 14 Ma. The
diminishing of the TSIW and formation of the North Atlantic Deep Water (NADW) before 14.5
Ma may have affected the abundance and distribution of benthic fauna in a different part of
the world. The current study tries to understand the impact of different water masses and
climate changes from the south-eastern Indian Ocean and the Southern Oceans on small sized

(> 63 um) benthic foraminifera assemblages during the Miocene Epoch.
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Chapter Two
Site Descriptions and Methodologies

2.1 752A—Broken Ridge

Broken Ridge is 3500 m above the surrounding seafloor in the south-eastern Indian Ocean; it
is an elongated plateau-like feature (Figure 2.1). Shallow water (<1,500m) sediments have
accumulated on Broken Ridge since the mid-Cretaceous. These sediments record both the
geological and oceanographic history of the mid-latitudes of the Indian Ocean (Rea et al.,

1990).

Tectonically the Broken Ridge originated from the northern flank of the Kerguelen-Broken
Ridge Plateau, this separated from the main part during the Eocene (Rea et al., 1990). Uplift
of the Broken Ridge occurred at about 60 Ma by flexure that occurred in response to intra-
plateau rifting. Seafloor spreading began after the rifting between both parts of the old
plateau at the Southeast Indian Ocean Ridge around 42 Ma (Houtz et al., 1977, Rea et al.,

1990).

According to Rea et al. (1990), the palaeoceanographic and paleoclimate history of the Broken
Ridge was the main objective of ODP Leg 121 Drilling. As the position of the Broken Ridge is
always above the calcium carbonate compensation depth (CCD), it allowed the deposition of
fossiliferous calcareous sedimentary units. The upper Paleogene chalk and Neogene

calcareous oozes are separated by an angular unconformity associated with Eocene rifting
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from underlying, northerly dipping Cretaceous and lower Paleogene tuffs and limestone (Rea

et al., 1990).

Four ODP sites (752, 753, 754 and 755) were drilled, located along a 21.2-km north-south
transect, Extending across the shallow platform of Broken Ridge (1,100 m). The sedimentary
record of these sites contains important evidence of volcanic activity, high biological
productivity during Palaeocene and Miocene, Cretaceous-Paleogene boundary events at high
southern latitudes, Eocene uplifting and erosion, sea-level change of the Oligocene and finally

current winnowing of the Neogene (Rea et al., 1990).

2.1.1 Site & Core Description

Ocean Drilling Program (ODP) Site 752 (proposed Site BR-2) is near the crest of Broken Ridge,
about 16 km north of the main southward-facing escarpment (Shipboard Scientific Party,
1989a) (Figure 2.1). Hole 752A is situated at a water depth of 1086.3 m (30°53.475'S,
93°34.652'E). The current study covered an interval of 79.7 m which includes latest Oligocene,

the whole Miocene, and a part of the early Pliocene.

The advanced hydraulic piston corer (APC) and extended core barrel (XCB) systems were used
to core 752A. The extended core barrel (XCB) system sheared off at 308 m below seafloor
(mbsf) when it penetrated a very hard chert layer. The average core recovery was 70.6%

(Shipboard Scientific Party, 1989a).
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The recovery at this site is 436 m of Pleistocene through upper Maastrichtian sediments for
both holes (752A and 752B). Two lithologic units were identified. The current hole (752A) is
part of Unit-1, 112.9 m of foraminifer and nannofossil ooze of Pleistocene to late Eocene age;
Unit Il comprises a complete, 322.7-m-thick, chalk sequence of early Eocene to late

Maastrichtian age (Table 2.1) (Shipboard Scientific Party, 1989a).

The recovery of Unit | is from 121-752A-1H to 121-752A-12X (0-112.9 mbsf), the upper part is
composed mainly of foraminiferal ooze which represents nearly the top 45 m. The lower part
of the succession is composed mainly of nannofossil-foraminifera or foraminifera-nannofossil
ooze. The sediment colour ranges from alternations of white (10YR 8/2) to pale brown (10YR
8/3) in the first core, changed to the stark white, which is whiter than (10YR 8/1) through Core
121-752A-5H at 45 mbsf and grades down into a dark yellow-brown (7.5YR 7/6) in Cores 121-
752A-9H through 121-752A-11H. Some shell fragments are found, including few cm diameters
of bivalve shell which been observed in cores 121-752A-9H and 121-752A-10H (Shipboard

Scientific Party, 1989a) (Figure 2.2).

2.1.2 Age-depth model & palaeodepth reconstruction

The age of the sediments in the current study was determined based on the first (FO) and last
occurrence (LO) of seven nannofossil species. Recovery in the Cenozoic section is very good at
752A. Calcareous nannofossils within foraminifera and nannofossil oozes are abundant, with
good preservation in Pliocene-Pleistocene sediments and moderate to poor in Miocene

sections (Shipboard Scientific Party, 1989a).
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Figure 2. 1: Location map of the ODP studied Site 752 Hole A on the Broken Ridge. The
contour lines represent the predicted bathymetry in metres (after Ingle et al., 2003).

Core Depth
Unit Lithology Age
Interval | (mbsf)
0.00- Foraminifera/
1H-12X 112.90 nannofossil Pleistocene to late Eocene
ooze
Nannofossil/
A | 13x-22x 112.90- calcareous Early Eocene to late
209.80 Paleocene
chalk
209.80- Siliceous .
1B 23X-31X 288.70 chalk Late to mid Paleocene
288.70- Indurated Mid Paleocene to late
lC | 32X-34X 317.60 chalk Maastrichtian

Table 2. 1: Lithologic units at the Site 752 Hole A ( After Shipboard Scientific Party, 1989a).
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The zonation scheme of Okada and Bukry (1980) (Figure 2.2) was used by the Shipboard
Scientific Party (1989a) to date the upper Neogene, but some problems were seen in middle
and lower Miocene sediments due to poor preservation of the nannofossil assemblages and
the strong overgrowth of the discoasters. At least two zones have been used and comparisons
made between zonal assignments of the Miocene from the Broken Ridge to the Ninetyeast

Ridge (ODP Site 756) to give a better precision (Shipboard Scientific Party, 1989a).

It has been noted that the Okada and Bukry (1980) Zone CN2 is missing in the lower Miocene
section, which may be related to the presence of a hiatus (Shipboard Scientific Party, 1989a).
The current study age-depth model was calculated depending on the calcareous nannofossils
data used by Shipboard Scientific Party (1989a) as shown in Table 2.2, and the ages were
revised by using ATNTS2012 in GTS2012 (Hilgen et al., 2012). The range of the index calcareous

nannofossil and planktonic foraminifera species is shown in Figure 2.4 with their zones.

The age-depth model is plotted in Figure 2.3, and the age-depth relationship is determined
for the current study based on the trend line equations which appear in the graphs (Figure
2.3). The sedimentation rates fluctuated from about 1 cm kain the Neogene to 3-4 cm kain
the Paleogene-Maastrichtian (Shipboard Scientific Party, 1989a), while by using the same age
model been created by them it has been observed that average sedimentation rate of current
study Hole (752A) in Neogene and late Oligocene is 0.413 cm ka™ (Table 2.3). The current study
average rate of deposition is 0.44 cm ka*. The calculated age has been plotted versus depth

and rate of sedimentation (Figure 2.5). It has been observed that the rate of the deposition is
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changed in two different times, the first change is around 5.61 Ma and the second change is

around 13.56 Ma.

The palaeodepth reconstruction is based on the 29 most abundant species from the late
Oligocene to early Pliocene (Table 2.4). Bathymetric terminology in this study follows Van
Morkhoven et al. (1986): inner shelf = 0-50 m, mid-shelf = 50-100 m, outer shelf = 100-200
m, upper bathyal = 200-600 m, mid bathyal = 600-1000 m, lower bathyal = 1000-2000 m,
abyssal = 2000—6000 m. Palaeodepth interpretations of the most abundant species at 752A
follows Van Morkhoven et al. (1986) and Holbourn et al. (2013). For Uvigerina peregrina and
Gavelinopsis lobatulus Van Marle (1988) is used, and for Ehrenbergina carinata Eade (1967) is

used.

According to Shipboard Scientific Party (1989a) the early Miocene to the late Pliocene interval,
core 9H to 1H, the water depth is middle-lower bathyal. The palaeodepth of the late Oligocene
to the early Miocene interval studied (core 10H) is upper bathyal based on the palaeodepth
of the most abundant species such as Planulina costa and costate uvigerinids; these species

are indicators of middle to upper bathyal depths.

2.1.3 Benthic Foraminifera

The late Oligocene and Neogene Benthic foraminifera are very well preserved. Pliocene-
Pleistocene faunas are characterized by Cibicidoides kullenbergi, Stilostomella lepidula,
Planulina wuellerstorfi, Globocassidulina subglobosa, Gyroidina orbicularis, Pullenia bulloides,

Oridorsalis umbonatus, and nodosariid and dentalinid taxa (Shipboard Scientific Party, 1989a).
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Figure 2. 2: Summary diagram of ODP Site 752 Hole A on the Broken Ridge, showing the

recovery, age, nannofossil zones, magnetic polarity, lithology and water depth (After
Shipboard Scientific Party, 1989a).
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Age (Ma)

Original Data Depth

Species (Events) (Shipboard Age (Ma)
Scientific Party, ATNTS2012 in | (mbsf)

1989a) GTS2012

LO Discoaster brouweri 1.90 1.93 4.30

LO Reticulofenestra pseudoumbilica 3.40 3.70 10.30
FO Ceratolithus acutus 5.00 5.35 19.10
FO Amaurolithus primus 6.40 7.42 25.10
LO Sphenolithus heteromorphus 14.30 13.53 58.10
FO Sphenolithus heteromorphus 17.10 17.71 73.10
LO Reticulofenestra bisecta 23.70 23.13 91.70

Table 2. 2: Age-Depth model depending on the range of abundant calcareous nannofossil
species.

Age (Ma)
0 5 10 15 20 25
O 1 1 1 1 J
10 y = 4.3161x - 4.5637
20 - y = 2.8986x + 3.5928
30 -
20 y = 5.401x - 14.975
E ] ATNTS2012
Z 50 - in GTS 2012
hd
Qo
A 60 -
70 -
80 - y = 3.4967x + 10.928
90 -
100 -

Figure 2. 3: Age-Depth model created from the original data (Shipboard Scientific Party,
1989a) using calcareous nannofossils bioevents and revised by ATNTS2012 in GTS2012.
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Figure 2. 4: Neogene stratigraphic subdivision, geomagnetic polarity, and standard zonation of
planktonic foraminifera and calcareous nannofossils (After (Hilgen et al., 2012)).
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Or.lgmal Data. (M.a). _rate of . ATNTS2012 .rate of .
Depth | (Shipboard Scientific | sedimentation | . Sedimentation
_ in GTS 2012 i
Party, 1989a) cm ka? cm ka?
13.32 3.95 0.49 4.14 0.43
18.30 4,96 0.49 5.30 0.50
19.85 5.27 0.49 5.61 0.29
22.78 5.87 0.49 6.62 0.29
24.42 6.20 0.40 7.19 0.46
28.00 7.09 0.42 7.96 0.54
29.61 7.48 0.42 8.25 0.54
33.94 8.52 0.42 9.06 0.54
37.45 9.36 0.42 9.71 0.54
38.95 9.72 0.42 9.98 0.54
40.30 10.04 0.42 10.23 0.54
41.99 10.44 0.42 10.55 0.54
47.10 11.67 0.42 11.49 0.54
50.16 12.40 0.42 12.06 0.54
53.03 13.09 0.42 12.59 0.54
54.33 13.40 0.42 12.83 0.54
56.73 13.97 0.42 13.28 0.57
58.33 14.36 0.55 13.56 0.35
61.30 14.90 0.54 14.41 0.35
64.13 15.43 0.54 15.21 0.35
66.80 15.92 0.54 15.98 0.35
69.80 16.48 0.54 16.84 0.35
74.00 17.27 0.25 18.04 0.35
77.94 18.82 0.28 19.16 0.35
80.71 19.80 0.28 19.96 0.35
82.05 20.28 0.28 20.34 0.35
87.10 22.07 0.28 21.78 0.35
88.95 22.72 0.28 22.31 0.35
91.77 23.72 0.28 23.12 0.35
93.03 2417 0.38 23.48 0.40

Table 2. 3: Age-Depth data of the current study of both original and revised ages after
ATNTS2012 in GTS2012, with the rate of the deposition calculated from revised ages.
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Figure 2. 5: Age-Depth plot and the rate of sedimentation (Site 752 Hole A). The black line

represents the age-depth plot, while the red line represents the rate of sedimentation. The
yellow boxes show the intervals of sedimentation rate changes.

Early Miocene faunas almost similar to the late Miocene fauna, because Cibicidoides and
Stilostomillids appear as a common species in early Miocene. Species like Lenticulina have
been found in Sample 121-752A-9H-CC, which have been associated and co-occurred with
Globocassidulinids. These faunas are good indicators of the lower-middle bathyal
environment. In the early Miocene Martinottiella scabra (agglutinated taxon) is also recorded

(Shipboard Scientific Party, 1989a).

35



Benthic foraminifera species

Bathymetry

Amphicoryna scalaris

neritic to bathyal

Bolivina huneri

bathyal to abyssal

Bulimina truncana

middle to lower bathyal

Cibicidoides bradyi bathyal to abyssal
Cibicidoides mundulus bathyal to abyssal
Eggerella bradyi bathyal to abyssal

Globocassidulina subglobosa

bathyal to abyssal

Gyroidinoides soldanii

bathyal

Nuttalides umbonifera

lower bathyal to abyssal

Oridorsalis umbonatus

Lower neritic to abyssal

Osangularia culter

middle to lower bathyal

Pullenia bulloides

bathyal to abyssal

Pullenia quinqueloba

neritic to abyssal

Siphonodosaria lepidula

bathyal

Sphaeroidina bulloides

middle and upper bathyal

Stilostomella subspinosa

bathyal to abyssal

Trifarina angulosa

Lower neritic to upper bathyal

Bulimina striata

upper to middle bathyal

Laticarinina pauperata

bathyal to abyssal

Uvigerina peregrina

middle bathyal

Cibicidoides wuellerstorfi

lower bathyal to abyssal

Planulina costata

middle and upper bathyal depth

Uvigerina auberiana

neritic to abyssal

Trifarina bradyi

Lower neritic to bathyal

Melonis barleeanus

bathyal

Epistominella exigua

lower bathyal to abyssal

Gavelinopsis lobatulus

middle bathyal

Siphouvigerina hispida

Upper middle bathyal

Ehrenbergina carinata

lower bathyal to abyssal

Table 2. 4: Benthic foraminifera species and their palaeodepths (bathymetry). Species
bathymetry in bold represents the most abundant and indicative species for late Oligocene to

early Miocene. Palaeodepth interpretations of the most abundant species follow Van
Morkhoven et al. (1986) and Holbourn et al. (2013).
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Late Miocene faunas are dominated by Ehrenbergina carinata, Cibicidoides kullenbergi,
Stilostomella lepidula, Planulina wuellerstorfi, Oridorsalis umbonatus, Pullenia bulloides, and

Gyroidina soldanii.

Many of the taxa in the current study have a long stratigraphical range except for species such
as Bolivina huneri which appears only in the early Miocene. Uvigerina peregrina and Planulina
costata range from the early to mid-Miocene. Trifarina angulosa is abundant in the mid-
Miocene, and species such as Melonis barleeanus, Epistominella exigua, and Gavelinopsis
lobatulus range from the mid-Miocene to early Pliocene. Siphouvigerina hispida ranges from
the mid-Miocene to early late Miocene, and Ehrenbergina carinata from late Miocene to

Pliocene.

2.2 Hole 1168A — Western Tasmania margin

The present western Tasmania margin as part of the east Gondwana supercontinent, until the
separation of Australia from Antarctica during the Late Cretaceous through early Cenozoic.
The early separation was from the Cretaceous through the middle Eocene, formed the
Australo-Antarctic Gulf. This separation was associated with the northwest direction
movement of the western Tasmania margin. The separation was also followed by a north-
south movement that had less effect on the margin on the location of the studied site
(Shipboard Scientific Party, 2001a). In the late Palaeocene/early Eocene the western terrane
rifted away from Antarctica and underwent strong deformation as the Antarctic plate moved

southward away from the Australian plate.
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The Tasman Fracture Zone transform margin was shaped by shear motion, which continued
until the early Miocene (chron 6B, 23 Ma) when the Southeast Indian Ridge axis cleared from

the western edge of the South Tasman Rise (Rollet, 1997).

The present continental shelf around Tasmania is mostly non-depositional. The continental
slope west of Tasmania slopes is at ~4°, from 200 to 4000 m. The continental rise situated at
4000—- 4500 m, and the abyssal plain is generally 4500-5000 m deep. The slope is underlain by
continental basement, shallow-marine sandstone and siltstone. The mudstone of Upper
Cretaceous and Paleogene are widespread in the deep water west of Tasmania, underlying
Oligocene to Holocene pelagic carbonates. The seismic interpretation shows that the

basement is overlain by several kilometres of sediments (Shipboard Scientific Party, 2001a).

2.2.1 Site & Core Description

Oceanic Drilling Program (ODP) Hole 1168A is located in middle bathyal in water depth (2463
m) situated in the 4° slope of the western Tasmanian margin (70 km from the coast) in a 25
km-wide strike-slip basin between up-thrown northwest-trending ridges of Cretaceous rocks
(Figure 2.6). The site was separated initially from the Pacific Ocean by the Tasman land bridge

which was located at the eastern end of the restricted Australo-Antarctic Gulf.

The site lies north of the oceanographic Subtropical Front, 80 km southeast of Deep-Sea

Drilling Project (DSDP) Site 282, is located in deeper water and on a structural high. Hole 1168A

reached 883.5 mbsf with 98% recovery (Shipboard Scientific Party, 2001a).
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Two advanced hydraulic piston corer/extended core barrel corer (APC/XCB) holes and the
third hole with just the APC were used at Site 1168 (Shipboard Scientific Party, 2001a). The
lithology of the hole varies, from the surface until a depth of 260 mbsf (Core 189-1168A-28X).
It is dominated by calcareous biogenic components (nannofossils and foraminifers) of the mid-
Miocene and younger (Lithostratigraphic Unit 1), these are succeeded by 400 m of nannofossil
siltstone, clayey chalk, and sandstone of early Miocene and Oligocene age (Unit Il) and then
220 m of shallow-marine carbonaceous mudstone and sandstone (Units IlI-V) of the late
Eocene. When the first appearance of siliciclastic clay-sized particles was observed they
appear to associate with siliciclastic silty particles below 530 mbsf (Core 189-1168A-56X;

(Shipboard Scientific Party, 2001a) (Figure 2.7).

Lithostratigraphic Unit | (0—260 mbsf) is subdivided into two subunits. The first subunit IA
started from O (zero) to 45 mbsf, and the second subunit IB continues to 260 mbsf. The
lithology of subunit IA is light greenish-grey foraminifer-bearing nannofossil ooze with minor
calcareous turbidite sands and subunit IB is a white nannofossil ooze. Carbonate content in
this unit has an average of 90 wt%, little alteration is seen in the calcareous microfossils,
benthic foraminifera is present throughout the successions, dinoflagellates cysts are absent
only in the mid-Miocene, and are common in the late Miocene. The age of Unit | based on
microfossils is early mid-Miocene to Pleistocene. The average sedimentation rate is 1.65 cm
kal. The depositional setting of Unit | is middle bathyal with well-oxygenated bottom water

(Shipboard Scientific Party, 2001a).
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Lithostratigraphic Unit Il (260-660 mbsf) consists of three subunits, and subunit llA is 260 to
410 mbsf, Subunit 1IB from 410 to 540 mbsf, and Subunit IIC from 540 to 660 mbsf. These
three subunits are olive-grey become darker and more silty and clayey downward. The
preservation of the calcareous microfossils is good with little alteration, they are abundant in
the Miocene and moderately preserved in late Oligocene. Dinoflagellates and benthic
foraminifers are common, radiolarians are uncommon, and diatoms are rarely recorded. The
sedimentation rate is higher than the previous unit (Unit 1), with an average sedimentation
rate of 4.3 cm ka-! through the Miocene and late Oligocene. The water depth is bathyal, and
the bottom water oxygenation is variable. Subunit IIA is mainly clay-bearing nannofossil chalk
and nannofossil claystone and average carbonate content of 40 wt%. Subunit 1IB consists of
nannofossil-bearing claystone and nannofossil claystone with an average carbonate content
of 30 wt%. Subunit IIC consists of silty nannofossil chalk to nannofossil siltstone. Average

carbonate content is 40 wt% (Shipboard Scientific Party, 2001a).

2.2.2 Age depth-Model & Palaeodepth

The age of the sediments in the current study have been determined based on the first (FO)
and last occurrence (LO) of eleven nannofossil species, twelve planktonic foraminifera species
and twenty seven geomagnetic polarity datums calculated by Stickley et al. (2004) and revised
by ATNTS2012 in GTS2012 (Hilgen et al., 2012) (Table 2.5). An age-depth model was previously
provided by Shipboard Scientific Party (2001a) where they calculated the boundaries of the
Miocene depending on calcareous and siliceous microfossils. According to Stickley et al.
(2004), the calculated age model gives linear sedimentation rate from the early Miocene of ~2

cm ka decreasing onward from middle Miocene to a ~1.6 cm ka™.
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McGonigal (2007) used the calcareous nannofossils to determine the age and placing the
Miocene boundaries for the Site 1168 Hole A. According to McGonigal (2007), The Miocene
was limited between samples 189-1168A-10H-2, 15 cm, and 47X-4, 68 cm and the
Oligocene/Miocene boundary (CN1a/CP19) are placed at 439.94 mbsf between Samples 189-

1168A-47X-4, 40 cm, and 47X-4, 68 cm.

The current study age models have been established depending on calcareous nannofossils,
planktonic foraminifera and geomagnetic polarity datums from Stickley et al. (2004) these

been revised by ATNTS2012 in GTS2012 (Hilgen et al., 2012) (Table 2.5).

The age-depth model is plotted in Figure 2.8, and the age-depth relationship is determined

for the current study based on the trendline equations which appear in the graph (Figure 2.8).

The average rate of sedimentation for the Hole 1168A is 1.82 cm ka™* (Table 2.6). The rate of

the sedimentation is higher in two different intervals, first at around 9.6-10.3 Ma (5.67 cm ka

1) and again at around 21.84-23.03 (6.68 cm ka™') (Figure 2.9).
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Figure 2. 6: Offshore Tasmanian region. Showing seafloor topography and topographic feature
from 42°S to 44°S. Solid circle = ODP Site 1168 Hole A. Colour tones in scale bar are
representing different bathymetry (after Shipboard Scientific Party, 2001a).

According to Gupta et al. (2004) due to increasing the Antarctic ice sheet volume at around
10- 8 Ma, the wind system strengthened, which increased the oceanic productivity. Paul et al.

(2000) supposed that a large and short glacial maximum recorded at 22.95 and 21.1 Ma.
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Figure 2. 7: Lithology and recovery of the Site 1168 Hole A, western Tasmanian margin, from
depth 65- 488 mbsf. The age is revised by ATNTS2012 in GTS2012 (Hilgen et al., 2012).
Calcareous nannofossil zones follow (Hilgen et al., 2012), (after Shipboard Scientific Party,
2001a).
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2.2.3 Benthic Foraminifera

Late Oligocene has an abundant fauna with Dentalina, Cibicidoides spp., and siliceous
agglutinated foraminifera representing well-oxygenated assemblages and gives bathyal
(~400-2000 m) depth to the Late Oligocene sediments (Shipboard Scientific Party, 2001a).
The Neogene benthic foraminifera assemblages are abundant, diverse and well preserved,
characteristic of open marine settings, for instance Valvulina pennatula in late early Miocene
to early mid-Miocene, Cibicidoides wuellerstorfi (~280-50 mbsf) in the late early Miocene to
Pliocene, Cibicidoides mundulus in Miocene and early Pliocene and Sigmoilopsis schlumbergeri
and Melonis barleeanus (Table 2.6) in the late Miocene and upward (Shipboard Scientific

Party, 2001a).

The Neogene bathymetry is lower bathyal/upper abyssal (¥1000-2500 m) according to
previously mentioned abundant benthic foraminifera assemblages (Shipboard Scientific Party,
2001a). The oxygen level increase from very poorly oxygenated to well-oxygenated, which
coincided with the paleodepth increases from Eocene to Neogene. Based on the benthic
foraminifera assemblages the paleodepth is neritic to upper bathyal (~*100-200 m) in the
upper Eocene, and it deepens to lower bathyal/upper abyssal (~1000-2500 m) in the Neogene

(Table 2.6) (Shipboard Scientific Party, 2001a).
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Age (Ma) ATNTS2012 Mean Depth
Age Stickley et Events in GTS Depth
al. (2004) 2012 m) | &morsim
Pliocene 4.70 (FO) Globorotalia 431 76.12 1.50
crassaformis (F)
(LO) Triguetrorhabdulus
5.23 rugosus (Orthorhabdus 5.28 84.21 0.75
rugosus) (N)
7.40 (FO) Amaurolithus primus (N) 7.42 110.71 0.75
7.80 (LO) Minylitha convallis (N) 8.68 129.01 0.75
5.80 (L) Globoquadrina 5.92 130.42 1.50
dehiscens (F)
7.80 (FO) Globorotalia cibaoensis (F) 9.45 132.39 0.47
8.10 (FO)Globorotalia juanai (F) 9.69 140.02 1.50
9.40 (FO) Minylitha convallis (N) 9.76 152.70 0.75
11.40 (LO) Paragloborotalia 10.47 188.02 1.50
mayeri (F)
11.90 (LO)Cyclicargolithus 12.12 197.81 0.75
floridanus (N)
12.70 (LO) Calcidiscus 11.24 221.51 0.75
. premacintyrei (N)
Miocene (LO) Globorotalia
14.00 . 13.80 224.60 0.42
peripheroronda (F)
13.20 (LCO) Cyclicargolithus 13.28 236.21 0.75
floridanus (N)
13.52 (LO) Sphenolithus 13.53 242.21 0.75
heteromorphus (N)
15.10 (FO) Orbulina suturalis (F) 15.10 255.27 1.46
16.30 (FO) Praeorbulina curva (F) 16.28 264.91 1.50
16.29 Onset C5Cn.1n (M) 16.27 272.20 0.00
16.33 Termination C5Cn.2n (M) 16.30 276.70 0.00
16.49 Onset C5Cn.2n (M) 16.47 279.00 0.00
16.56 Termination C5Cn.3n (M) 16.54 282.10 0.00
16.73 Onset C5Cn.3n (M) 16.72 287.40 0.00
17.30 (LO) Catapsydrax dissimilis (F) 17.54 288.54 2.93
17.28 Termination C5Dn (M) 17.24 292.20 0.00
18.20 (FO) Sphenolithus 17.71 293.81 0.75
heteromorphus (N)
17.62 Onset C5Dn (M) 17.53 296.50 0.00
18.30 (LO) Sphenolithus belemnos (N) 17.95 299.56 0.50
18.28 Termination C5En (M) 18.06 307.00 0.00
18.50 (FO) Globorotalia 18.26 307.17 2.66

praescitula (F)

Table 2. 5: Age-Depth model data for Hole 1168A based on the ranges of calcareous

nannofossil species, planktonic foraminifera and geomagnetic polarity datum.

45




Age (Ma) ATNTS2012 Mean
. . Depth errors
Age Stickley et al. Events in GTS Depth (m)
(2004) 2012 (m)
19.20 (FO) Sphenolithus 19.03 313.91 0.75
belemnos (N)
18.78 Onset C5En (M) 18.52 315.00 0.00
19.05 Term'"(?\;')o” cén 18.75 321.20 0.00
20.13 Onset Cbn (M) 19.72 334.60 0.00
Termination
20.52 C6AN.1n (M) 20.04 339.50 0.00
21.40 (LO) Tenuitella 20.78 341.11 1.50
. munda (F)
Miocene
20.73 Onset C6AN.1n (M) 20.21 341.50 0.00
Termination
21.00 C6AN.2n (M) 20.44 343.70 0.00
21.32 Onset C6AN.2n (M) 20.71 346.70 0.00
21.77 Term'"a(t&:)” COAAN 21.08 349.80 0.00
21.86 Onset C6AAN (M) 21.16 351.10 0.00
Termination
22.15 C6AAr.1n (M) 21.40 351.80 0.00
22.25 Onset C6AAr.1n (M) 21.48 353.50 0.00
Termination
22.46 C6AAr.2n (M) 21.66 358.40 0.00
22.49 Onset C6AAr.2n (M) 21.69 359.00 0.00
Termination
22.59 C6Bn.1n (M) 21.77 359.90 0.00
22.75 Onset C6Bn.1n (M) 21.94 366.00 0.00
Termination
22.80 C6Bn.2n (M) 21.99 371.30 0.00
23.07 Onset C6Bn.2n (M) 22.27 386.20 0.00
23.20 (FO) Globoguadrina 22.50 409.48 1.83
dehiscens (F)
Oligocene 24.12 Onset C6Cn.3n? 23.30 462.60 0.00
Termination
24.73 C7n.1n? 24.00 472.00 0.00

Table 2. 5: Continued
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Figure 2. 8: Age-Depth model for Hole 1168A created from Stickley et al. (2004) using
calcareous nannofossils bioevents, planktonic foraminifera and geomagnetic polarity datum
and revised by ATNTS2012 in GTS2012 (Hilgen et al., 2012).
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Paleodepth
Age (Ma) Rate of
ATNTS2012 . . (Shipboard Benthic foraminifera
Depth (m.) . Sedimentation .
in em Ka'l Scientific Party, assemblages
GTS2012 2001a)
65.30 4.23 1.54 Sigmoilopsis schlumbergeri
77.31 5.01 1.54 C. mundulus + C. wuellerstorfi
Melonis barleeanus

85.60 5.55 1.54
99.70 6.46 1.54
103.05 6.68 1.54
112.20 7.27 1.54
123.45 8.00 1.54
130.36 8.45 0.84
140.20 9.62 5.67 Cibicidoides
151.30 9.82 5.67
163.70 10.03 5.67 mundulus
171.70 10.18 5.67
180.10 10.32 5.67
186.70 10.44 1.67 S
197.35 11.08 1.52 %
208.74 11.83 1.52 S
222.67 12.74 1.52 lower bathyal N
226.11 12.97 1.52 to @)
230.64 13.26 1.52 upper abyssal
236.03 13.62 1.52 (~1000-2500 m)
242.05 14.01 1.52
248.63 14.44 1.52
256.67 14.97 1.52
265.06 15.52 1.52
276.06 16.24 1.52
288.66 17.07 1.52 Vulvulina
296.70 17.60 1.52 pennatula
304.60 18.12 1.52
310.95 18.53 1.52
320.25 19.14 1.52
337.33 20.26 1.52
347.05 20.90 1.52 Cibicidoides
352.00 21.22 1.86
363.55 21.85 6.68 mundulus (well oxygenated)
369.99 21.94 6.68
383.97 22.15 6.68
390.60 22.25 6.68
423.72 22.75 6.68
442.85 23.03 6.68
457.62 23.25 2.05 bathyal
470.22 23.87 1.34 (~400-2000 m)
488.10 25.20 1.34

(Average=1.82)

Table 2. 6: Age-Depth data for Hole 1168A with revised ages after ATNTS2012 in GTS2012,
with the rate of the deposition of each depth calculated from revised age and paleodepth
depending on benthic foraminifera assemblages (Shipboard Scientific Party, 2001a).
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Figure 2. 9: Age-Depth plot and the rate of sedimentation (Site 1168 Hole A). The black line is
the age-depth plot, while the red line is the sedimentation rate. The yellow boxes show the
rapid change in the rate of sedimentation in two different range of times.
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2.3 1139A - Skiff Bank (Kerguelen Plateau)

Site 1139 is situated on the Skiff Bank (Leclaire Rise), ~350 km west-southwest of Kerguelen
Archipelago at a water depth of 1415 m (Figure 2.10) (Shipboard Scientific Party, 2000). Skiff
Bank is close to the northern Kerguelen Plateau (NKP), and it also has a similar structure and
bathymetrically continuous with (NKP) (Schlich et al., 1998). Duncan and Storey (1992)
suggested that Skiff Bank is the current site of the Kerguelen hot spot, but a thick sedimentary
cover (hundreds of meters) in the Skiff Bank dispute against the idea that it could be entirely
formed during the Holocene volcanism. The age of the Skiff Bank’s igneous crust and its
relation with northern Kerguelen Plateau (NKP) have not yet been fully established, however
the northern Kerguelen Plateau (NKP) is believed to be Cenozoic, forming around ~40 Ma
when the Southern Indian Ridge separated the Broken Ridge and Kerguelen Plateau

(Shipboard Scientific Party, 2000).

2.3.1 Site & Core Description

The current study covered nearly 168m of latest Oligocene and early to mid-Miocene and early
late Miocene. Rotary coring continued at the Hole 1139A to a depth of 694.2 mbsf. From the
lower 233 m of the hole altered volcaniclastic rocks, basalts, and few beds of sedimentary
were recovered. The upper part of the hole (above the igneous basement) consist of ~383 m
calcareous claystone and chalk, and at the top and bottom, they are intercalated with thin
intervals of calcareous ooze and calcareous chalk. These sediments overlie thin sandy

packstones (<10m) and ~ 77m of grainstone. Five sedimentary lithologic units were covered
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in the upper part (0-461.7m) of the hole (1139A) (Shipboard Scientific Party, 2000) and only

two of the units are covered in the current study (late Oligocene and early late Miocene).

The first unit (Unit I) covers 47.5 m between 1R-1, 0 cm, to 5R-CC, 25 cm (early Pleistocene-
early Miocene). The top three cores of the unit are composed of calcareous ooze; they are
soupy and were highly disturbed during drilling, which makes an accurate determination of
the thickness and stratigraphic limits between beds difficult. Based on the abundance of
diatoms, Unit | has divided into two subunits (Figure 2.11). The major gap between early
Pleistocene to middle Miocene is marked by the lithology changes between cores 1139A-2R

and 3R.

Subunit 1A (1R-1, 0 cm- 2R-CC, 19 cm; 0—19.00 mbsf) is composed of light grey foraminifer-
and diatom-bearing nannofossil ooze (middle-early Pleistocene). Thin beds of disturbed white
foraminifer-bearing nannofossil ooze (1R-3, 48—-95 cm; 2R-1, 28-53 cm; 2R-1, 98-136 cm; and
2R-2, 47-85 cm) are part of the Subunit 1A. The carbonate content ranged from 64 to 75 wt%.
Small pebbles and basaltic sand grains were found scattered in this subunit. The base of the

Subunit IA is marked by a major gap (Shipboard Scientific Party, 2000).

Subunit IB (3R-1,0cm, to 5R-CC, 25 cm; 19.00—47.50 mbsf) is composed of foraminifer-bearing
nannofossil ooze (middle-early Miocene), downward colour gradation of this subunit has
changed from white to very light grey to dark brown and light greenish-grey. The lower part
is gradational. The Core 3R is mainly composed of foraminifera-bearing, diatom bearing

nannofossil ooze. Both sponge spicules and clay minerals are present in Core 5R. The
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carbonate content of the subunit ranged from 74 to 83 wt%. A few basalt pebbles and other
volcanic clasts have been seen in Section 3R-1, traces of glauconite and burrows have been

seen distributed through the Cores 4R and 5R (Shipboard Scientific Party, 2000).

Unit Il (6R-1, 0 cm, to 40R-5, 92 cm: 47.50-380.72 mbsf) ranged from late Oligocene to middle
Miocene. This unit is comprising most of the sedimentary section (333m), composed of
interbedded grey to greenish-grey nannofossil bearing clay and claystone and nannofossil-
bearing ooze and chalk. In the upper part of the unit (47.5-170 mbsf, Cores 6R through 18R)
the colour ranges are from dark greenish-grey to greenish-grey. In the lower part, the colour
is grey interbedded with the light grey of several thin intervals (170—-380.72 mbsf, Cores 18R
through 40R). The sediments become gradually indurated with depth, and it became very hard

by 100-110 mbsf (Cores 11R and 12R), and they classified as claystone and chalk.

Most of the sedimentary intervals between 8R-1, 0 cm to 10R-CC, 19 cm (66.5—95.1 mbsf) are
composed of diatom bearing, nannofossil-bearing clay and ooze. The sediments of Unit Il are
highly burrowed, traces like Zoophycos and Chondrites have been seen in the sediments. The
average carbonate content in this unit is 44 wt%, and it fluctuates in the succession, reflecting
that the sediments are nannofossil clay or claystone with interbeds of nannofossil ooze or
chalk, nannofossil-bearing clay or claystone, and rare claystone. Carbonate rich intervals are
seen above Core 9R (<70mbsf), between 18R and 25R (160—230 mbsf), and below Core 36R

(>340 mbsf) (Shipboard Scientific Party, 2000).
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2.3.2 Age depth-Model & Palaeodepth

Age determination is based on the calcareous nannofossil ranges and magnetostratigraphy
(Shipboard Scientific Party, 2000) (Table 2.7). An age model has been established using
planktic foraminifera (Shipboard Scientific Party, 2000) and calcareous nannofossil datums
(Persico et al., 2003) these are also compared with (Reusch, 2002) (Table 2.7) and ages revised

using ATNTS2012 in GTS2012 (Hilgen et al., 2012) (Table 2.8).

The age model for the current study has been established depending on calcareous
nannofossils, planktonic foraminifera these been revised by ATNTS2012 in GTS2012 (Hilgen et

al., 2012) (Table 2.9).

The age-depth model is plotted in Figure 2.12, and the age-depth relationship is determined
for the current study based on the trendline equations which appear in the graphs (Figure

2.12).

The average rate of sedimentation at the Site 1139 Hole A is 2.58 cm ka™* (Table 2.9). The rate
of sedimentation from 19.30 to 33.75 (mbsf) is 0.30 cm ka™ and from the depth 48.21 until
145.25 (mbsf) the rate increases very rapidly with to a high rate of sedimentation (2.32 cm ka
1), while the highest rate of sedimentation (7.06 cm ka) is recorded from 156.71 to 186.6
(mbsf) (Figure 2.13). The derivation of terrigenous clastic deposits and high pelagic input from
the exposed volcanic edifice In the Skiff Bank had affected the high sedimentation rates at

1139A (Shipboard Scientific Party, 2000).
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Figure 2. 10: Location map of the studied area, the contour line is predicted bathymetry in
meters below the seafloor. The solid circle is the position of the studied site at Skiff Bank in
Kerguelen Plateau (after Ingle et al., 2003).
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Depth
D T Age (M A
Core atum ype ge (Ma) (mbsf) ge
3R-CC CN5a/CN3 Nannofossil | 15:00- | 2400 | early middle
16.00 Miocene
8R-CC CN2-CN1 Nannofossil mid-early
Miocene
19R-CC | LO Reticulofenestra | Napnofossil | 24.00 | 179.75 latest
bisecta Oligocene
21R-cC | LOZygrhablithus | Nannofossil | 26.20 | 200.25 late
bijugatus Oligocene

Table 2. 7: Depths and ages of calcareous nannofossils to find the chronology of Site 1139,
established by Shipboard scientific Party, (2000) in Reusch (2002).

Age ATNTS2012 in

Events (GTS 2012) (Ma) Depth (mbsf)
T Cyclicargolithus floridanus (N) 12.12 15.93
T Cocolithus miopelagicus  (N) 10.62 19.25
T Globoconella praescitula (F) 13.73 24.38
B Calcidiscus macintyrei (N) 13.36 32.50
B Globoconella miozea (F) 16.70 34.77
B Globoconella praescitula (F) 18.26 40.16
T Reticulofenestra bisecta (N) 23.13 153.05
T Zygrablithus bijugatus  (N) 23.76 197.55

Table 2. 8: Established age-depth of Site 1139A using planktic foraminifera (F) (Shipboard
Scientific Party, 2000) and nannofossil datums (N) (Persico et al., 2003) and revised using
ATNTS2012 in GTS2012 (Hilgen et al., 2012).
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Figure 2. 12: Age-Depth model created from the original data using calcareous nannofossils
and planktonic foraminifera bioevents and revised by ATNTS2012 in GTS2012 (Hilgen et al.,
2012).

Palaeobathymetry at Site 1139 is determined depending on benthic foraminifera abundance
in Oligocene, which is sparse and low and found in different depths at the current Site (Reusch,
2002). Oligocene benthic foraminifera species are two groups each indicate a different
bathymetry. According to Reusch (2002) the bathyal (200-2000 m) to upper abyssal (2000-
3000 m) species are Astrononion pusillum, Bulimina macilenta, Cibicidoides bradyi,
Cibicidoides dickersoni, Cibicidoides eocaenus, Laticarinina pauperata, Melonis barleeanum,

Nonion havanense, Osangularia mexicana, Planunlina renzi, and Sphaeroidina bulloides, while
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the most common bathyal (200-2000 m) species are Planulina costata, Planulina renzi,
Rectuvigerina multicostata, Uvigerina mexicana, and Uvigerina spinulosa. Cibicidoides
praemundulus and Laticarinina pauperata are most abundant at >1000 m, and they are
recorded throughout the current Oligocene samples. From these data Reusch (2002)
established the paleobathymetry of the Oligocene at Site 1139 Hole A, which is estimated at
1000-2000 m due to the sparse benthic foraminifera, and the fact that assemblages of the
current Site are similar to those identified from latest Eocene-Oligocene at the sites 747 and
748 (Mackensen and Berggren, 1992, Reusch, 2002). The water depth of Site 747 is 1695 mbsf,
and Site 748 is 1287.5 mbsf which are close to a water depth of the current Site (1139A).
According to Schlich and Wise Jr (1989), the paleodepth of Site 747 is lower bathyal to upper

abyssal for the Oligocene and early Miocene.

High abundance of many species during early Miocene to early late Miocene such as
Cibicidoides mundulus, Cibicidoides wuellerstorfi, Globocassidulina subglobosa, Cibicidoides
bradyi, Nuttalides umbonifera, Epistominella exigua, Oridorsalis umbonatus, indicate bathyal
to abyssal depths and species like Sphaeroidina bulloides, Gavelinopsis lobatulus and
Uvigerina peregrina are indicative of middle to upper bathyal depths (Table 2.4). The
paleodepth of the current study during early to early late Miocene may be of middle to lower
bathyal depending on the species mentioned above. The bathymetry of the Site 1139 Hole A
is, therefore, bathyal from the late Oligocene to mid-Miocene (Shipboard Scientific Party,

2000).
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Age (Ma) Rate of Common Benthic
Depth | ATNTS2012 . . foraminifera
. Sedimentation
(m.) in cm ka-l Paleodepth assemblages
GTS2012

19.30 11.25 0.30

21.50 11.99 0.30

23.82 12.78 0.30

28.90 14.49 0.30

31.05 15.22 0.30 Cibicidoides mundulus,
33.75 16.13 0.30 Cibicidoides wuellerstorfi,
39.21 17.98 1.43 Globocassidulina

48.21 18.61 2.32 _ subglobosa, Cibicidoides
58.11 19.03 2.32 Middle to bradyi, Nuttalides
60.45 19.14 2.32 lower )

umbonifera,
66.95 19.42 2.32 bathyal : . .
Epistominella exigua,

80.39 20.00 2.32 Oridorsalis umbonatus
87.45 20.30 2.32 o o
95 45 20.65 > 37 Sphae.rOId/r.la bulloides,
106.91 2114 232 GG'Ve/lr'IOpSIS /obqtulus,
111.60 2134 232 Uvigerina peregrina
121.20 21.76 2.32
129.15 22.10 2.32
135.95 22.39 2.32
138.41 22.50 2.32
145.25 22.79 2.95
156.71 23.18 7.06 Lower Astrononion pusillum,
163.46 23.28 7.06 bathyal Cibicidoides bradyi,
174.21 23.43 7.06 Planulina costata,
186.60 23.60 7.06 Planulina renzi

(Average=2.58)

Table 2. 9: Age-Depth data of the current study revised ages after ATNTS2012 in GTS2012,
with the rate of the sedimentation of each depth calculated from revised age and paleodepth
depending on benthic foraminifera assemblages from the current study and Reusch (2002).
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Figure 2. 13: Age-Depth plot and rate of sedimentation (Site 1139 Hole A). The black line is the
age-depth plot, while the orange line indicates the sedimentation rate. The yellow boxes
indicate two periods of change in the sedimentation rate. The upper box shows the steep
change, while the lower box shows the highest rate of sedimentation.

2.3.3 Benthic Foraminifera

Benthic foraminifera have not been mentioned in the initial report even though there are

many highly abundant species, especially in late early Miocene and early to mid-Miocene

intervals. The Oligocene assemblages were of low abundance; some species were used to

determine the paleo-depth which have been previously mentioned (Reusch, 2002).
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2.4 Methodologies

2.4.1 Sample preparations

Ninety-seven (97) samples from the latest Oligocene, Miocene and early Pliocene were
processed by using > 63 um sieve. The core samples were firstly dried in the oven at 40 C ©,
and then all the samples were weighed (dry weight) and processed to get a size of > 63 um.
The dry samples were soaked in distilled water then washed (> 63 um) to disaggregate and

dried in the oven at 40 C°.

Thirteen (13) samples at 1168A and sixteen (16) samples at 1139A were disaggregated by
using a freeze-thaw method, especially those samples which were hard to disaggregate by
water. Twenty (20) samples at 1168A and seventeen (17) samples at 1139A were
disaggregated (1168A) by using diluted hydrogen peroxide (H,02) then all samples were
washed by using > 63 um sieve and dried. The dried samples were split by a splitter to get
different fractions (see Appendices F, H & J). For each sample, one fraction or more were used
to pick an aliquot of 300 to more than 300 benthic foraminifera specimens. During the picking
of thirty samples (30) at 752A, 268 species were identified and from picking forty-two (42)
samples at 1168A, 331 species were identified, while during the picking of twenty-five (25)

samples at 1139A, 224 species were identified.

2.4.2 Dendrogram, diversity and rarefaction curves

All data of ninety-seven (97) samples of the studied sites (752A, 1168A and 1139A) were

examined using PAST software (PAST 3.25) to plot diversity, dendrogram and rarefaction
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curves (Hammer et al., 2001). The dendrogram was made by using the Bray-Curtis similarity
index, Unweighted Pair-Group Average (UPGMA), stratigraphically constrained (Figures 4.1,

4.6 & 4.11).

2.4.3 Benthic foraminifera accumulation rate

Benthic foraminifera accumulation rate is expressed as humber of specimens /cm? per ka.;
this is useful for sea-floor organic flux estimation (Herguera and Berger, 1991) and was
calculated as follows:

BFAR (number of specimens/ cm? per ka) = BF * LSR * DBD
BF= number of benthic foraminifera per gram of dry sediment.
LSR= linear sedimentation rate (cm ka™t).

DBD= dry bulk density of sediment (g/cm?3).

The dry bulk density of the Site 752A (See Appendix F) was calculated from the Initial Reports
(Shipboard Scientific Party, 1989a). The calculation of some intervals was stopped due to an
error from the range between 65-110 mbsf (Shipboard Scientific Party, 1989a). These
uncalculated intervals are recalculated depending on the DBD average values of shallower

intervals than 65 mbsf and deeper ranges below 110 mbsf.

The dry bulk density at 1168A was calculated from the Initial Reports (Shipboard Scientific
Party, 2001a) (See Appendix H). The dry bulk density was calculated for most samples based
on the values of the same cores and sections in the initial report. While the dry bulk density

of the eighteen samples between 17X-3 to 52X-4 were calculated depending on the mean
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value of the nearest sections to these samples, for instance, the density of the sample 17X-3

is calculated by taking the mean density value of 17X-2 and 17X-4 in the initial report.

Dry bulk density of the Site 1139A (See Appendix J) was calculated from the initial report
(Shipboard Scientific Party, 2000). Dry bulk density (DBD) for the 3R-1, 3R-2 and 20R-4

calculated from the mean value of the nearest sections to these samples.

2.4.4 Correlation Coefficient and significant value:

Correlation coefficient and significant values are calculated using Microsoft excel 2016.
Correlation coefficient directly calculated using the insert function, while significant values

determined from data analysis through using regression analysis tool.

2.45 Testsizes

Five different species are used to examine the change of the test size during the late Oligocene
and the Neogene at the Sites 752A, 1168A and 1139A (Figures 5.1- 5.5). The selected species
are representing the most abundant species at the study sites. The test sizes have measured
by taking the maximum diameter of each specimen under a stereoscopic microscope (GXM
XTL3101) in the University of Birmingham, Geology Department. The specimens magnified to
the limit where each grid of the objective lens give 25 um that is why the difference between

each size is 25 um (See Appendices L- P).
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2.4.6 Carbonate Mass Accumulation Rates:

Carbonate mass accumulation rates (MAR carbonate; § cm~2 ka™') are calculated based on
carbonate content (%), linear sedimentation rate (LSR; cm ka) and dry bulk densities (DBD).
To calculate MAR carbonate firstly MAR buik sediments (8 cm~2 ka™?) should be calculated by using
the following equation:

MAR pulk sediments = LSR * DBD

Then the following equation will use to calculate MAR carbonate:

MAR carbonate = (CaC03%/100) * MAR bylk sediments

Carbonate content (%) derived from the initial reports at all studied Sites (752A, 1168A and
1139A). In some intervals, the carbonate content (%) of closest depths to the current study

samples is used.
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Chapter Three

This chapter has done by the contribution of lan Boomer and Kirsty Edgar in abstract,

introduction and systematic descriptions

Latest Oligocene to earliest Pliocene deep-sea benthic foraminifera
from ODP Sites 752, 1168 and 1139 southern Indian Ocean.

Dana Ridha?, lan Boomer! & Kirsty Edgar?
Earth Sciences, GEES, University of Birmingham, Edgbaston, B15 2TT, UK

Correspondence to: lan Boomer (i.boomer@bham.ac.uk)

Abstract. Deep-sea benthic foraminifera provide important markers of environmental
conditions in the deep-ocean basins where their assemblage composition and test chemistry
are influenced by ambient physical and chemical conditions in bottom-water masses.
However, all foraminiferal studies must be underpinned by robust taxonomic approaches.
Although many parts of the world’s oceans have been examined, over a range of geological
timescales, the Neogene benthic foraminifera from the southern Indian Ocean has only been
recorded from a few isolated sites. In this study, we have examined 97 samples from Neogene
sediments recovered from three ODP Sites in the southern Indian Ocean (752, Broken Ridge;
1139, Kerguelen Plateau; 1168, West Tasmania) that cover a range of palaeolatitudes and
water depths to examine the impact of known global climatic shifts on the deep oceans in this
region. More than 200 species of benthic foraminifera were recorded at each site and, despite
their geographic and bathymetric separation, the most abundant taxa were similar at all three
sites. Many of these species range-through from late Oligocene to early Pliocene
demonstrating relatively little faunal turnover of the most abundant taxa during the key

palaeoclimatic shifts of the Miocene. We illustrate and document the occurrence of the 52
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most-abundant species (i.e. those with >1% abundance) encountered across the three study

sites.

3.1 Introduction

The Neogene (Miocene & Pliocene, 23.03-2.58 Ma) can be informally subdivided into an early
warm interval and late cool interval (Flower and Kennett, 1993). Superimposed on this long-
term cooling is the Mid-Miocene climatic optimum (MMCO) between ~15-17 Ma, marking the
warmest interval of the Neogene (Zachos et al.,, 2001). Cooling following the MMCO
culminated at ~13-14 Ma in major growth of the East Antarctic Ice Sheet (EAIS). Further
cooling coincided with increasing intensification of Antarctic deep-water formation and

growth of the AIS and Greenland Ice Sheet (Flower and Kennett, 1993, 1994, 1995).

Profound palaeoclimatic and palaeoceanographic changes in the Neogene drove progressive
and significant turnover of deep-sea benthic foraminiferal communities from the so-called
Transitional fauna characterising the late Oligocene-early Miocene to the late Neogene fauna
of the late Miocene, and finally the establishment of recognisably modern assemblages in the
mid-Pleistocene (Jones, 1994, Kaiho, 1994). The first major transitional interval occurred in
the early-middle Miocene, between ~13-17 Ma (Kaiho, 1994), spanning the onset of the
MMCO and subsequent East Antarctic Ice Sheet growth, and associated changes in water mass
character and upwelling intensity (Woodruff, 1985). Further changes in species abundance
occur ~8-10 Ma, in the late Miocene. Finally, the last global extinction of benthic foraminifera
(~20% of deep-sea genera) occurred in the late Pliocene-mid Pleistocene (Hayward et al.,

2012) and is variously attributed to increasing ocean productivity and intensification of low
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oxygen zones, and changes in the food type and supply, due to the expansion of the Antarctic
and later Northern Hemisphere ice sheets and global cooling (Hermoyian and Owen, 2001,

Gupta et al., 2004, Smart et al., 2007).

Superimposed on this long-term global pattern of benthic foraminifera assemblage change
are distinct basinal and latitudinal differences in the timing of certain events. For instance, the
global decline in deep-sea benthic foraminifera species abundance and richness occurs much
earlier (late Oligocene-Miocene) in the Southern Ocean, than in the Indian Ocean (late
Miocene; Hayward et al., 2012). However, responses in the Indian Ocean remain relatively
poorly constrained. The present study aims to expand our understanding of the spatial and
temporal distribution of the most abundant benthic foraminifera from the deep-sea Miocene

sediments of this region.

Previous records of Miocene benthic foraminifera from the central and southern Indian Ocean
are largely single-site reports with a focus on palaeoceanographical interpretations though
some provide a useful illustration for comparison with the present study. Boersma (1990)
reported benthic foraminifera from twelve ODP sites from Leg 115 across the central Indian
Ocean, where quantitative studies of the benthic foraminifera indicated faunal separation at
intermediate, deep, and abyssal water depths from the late Oligocene onwards and hence the
development of a more strongly vertically stratified ocean. Nomura (1991) systematically
described the most abundant Oligocene to Pleistocene benthic foraminifera species and

assemblage changes at ODP Sites 754 (Broken Ridge) and 756 (Ninetyeast Ridge) in the eastern
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Indian Ocean, linking them with palaeoceanographic changes and noting, for example, a major

faunal change at ~13 Ma.

There have been two studies focussing on the Kerguelen Plateau. Schroder-Adams (1991)
investigated middle Eocene to Holocene benthic foraminifera from Sites 736, 738, and 744 on
the Kerguelen Plateau (Figure 1), describing and illustrating many species. Significant faunal
changes (and species replacements) were noted in the middle Eocene, late Eocene/early
Oligocene, middle Miocene and late Miocene. Mackensen (1992) quantitatively studied
benthic foraminiferal assemblages from the lower Miocene through to upper Pleistocene
interval from ODP Site 747 (Central Kerguelen Plateau) and Sites 748 and 751 (Southern

Kerguelen Plateau).

Gupta and Satapathy (2000) studied abyssal benthic foraminifera from thirty-one samples of
the latest Miocene to Pleistocene from Deep Sea Drilling Project (DSDP) Site 236, north of the
Mascarene Plateau. This study investigated the link between benthic foraminifera
distribution, productivity and deep-ocean thermohaline circulation in the west-central Indian

Ocean during that period.

The main aim of this work is to provide a taxonomic and stratigraphic reference for the most
common Miocene benthic foraminifera encountered in the southern Indian Ocean, supported
by scanning electron microphotograph (SEM) images. The study deals with foraminifera
encountered in ODP Holes 752A, 1139A and 1168A, all in the southern part of the Indian

Ocean (Figure 1). Of these, the latter two have not previously been investigated for benthic
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foraminiferal assemblages, and whilst Neogene benthic foraminifera assemblages have been
used for palaeoceanographic reconstructions in Hole 752A (Singh et al., 2012), no systematic

species description or reference images were provided.
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Figure 3. 1: Location map of the study area. Studied sites are marked as stars (752, 1168 and
1139), additional sites referred to in the text are located by dots (after Weatherall et al., 2015).
Sites 752, 754 & 756 (Leg 121), Site 1168 (Leg 189), Site 1139 (Leg 183), sites 705-716 (Leg
115) and DSDP Site 236 (Leg 24).
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3.2 Materials and Methods

ODP Site 752 is situated on the Broken Ridge in the south-eastern Indian Ocean (30°53.475"

S, 93°34.652" E; Fig. 1) at a water depth of 1086 m (Shipboard Scientific Party, 1989a). The



current study covered a 79.7 m interval of sediments from Hole 752A, which includes latest
Oligocene through early Pliocene, the average core recovery is 70.6 %, composed mainly of
foraminifera and nannofossil ooze. An age model for Hole 752A was developed using the
calcareous nannofossil datums from the initial report (Shipboard Scientific Party, 1989a), with
revised ages from Astronomically Tuned Neogene Time Scale (ATNT2012) in GTS2012 (Hilgen

et al., 2012).

ODP Site 1139 is located west of Kerguelen Island (50°11'20"S, 63°55'40"E; Fig. 1) at a water
depth of 1415 m (Shipboard Scientific Party, 2000). The late Oligocene to the earliest, late
Miocene interval was sampled from Hole 1139A comprising 167.3 m with an average core
recovery of 62 %. The sediments are foraminifera-bearing nannofossil ooze, nannofossil-
bearing clay and claystone and nannofossil-bearing ooze and chalk. An age model has been
established using planktic foraminifera (Shipboard Scientific Party, 2000) and calcareous
nannofossil datums (Persico et al., 2003) with ages revised using ATNT2012 in GTS2012 (Hilgen

et al., 2012).

ODP Site 1168 is situated at a middle bathyal water depth (2463 m) on the western margin of
Tasmania (42°38'40"S, 144°25'30"E; Fig. 1) (Shipboard Scientific Party, 2001a). The
sedimentary interval studied in Hole 1168A covers 422.8 m with an average recovery of 98%.
This interval covers the latest Oligocene through to early Pliocene, which is mainly composed
of nannofossil ooze, silty clay and claystone. The age model for Hole 1168A uses planktic
foraminifera, calcareous nannofossils and geomagnetic polarity datums calculated by Stickley

et al. (2004) with revised ages from ATNT2012 in GTS2012 (Hilgen et al., 2012).
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In total, 97 samples were selected from the study sites (30, 25 and 42 samples at ODP Sites
752, 1139 and 1168, respectively). Sediment samples were processed by first disaggregating
them in water and then wet sieving at 63 um. Samples were then dried overnight in an oven
at 40°C, the dry >63 um sieve size fraction was then split until an aliquot of >300 benthic
foraminifer specimens was achieved and subsequently picked clean of all benthic foraminifer.
The 52 most- abundant species encountered (of more than 500 species provisionally
determined across all three sites) were selected for this work as they represent ~79% of the
total benthic foraminifera specimens found across all sites. Scanning electron microscope
images of representative (uncoated) specimens of each selected species were taken on a
Phenom Desktop SEM at the University of Birmingham. The total size range of specimens
observed within the study was also recorded by measuring the longest axis of the specimens

using a reticle on a stereo-microscope.

3.3 Foraminiferal Assemblages

In the current study, the generic and suprageneric classification of the foraminifera follows
Loeblich and Tappan (1987, 1994). The classification of Loeblich and Tappan (1994) is broadly
the same as that of Loeblich and Tappan (1987) with some modification of high-level
categories as given in Loeblich and Tappan (1992). Specifically, the elevation of the
foraminifera to a higher taxonomic rank by Lee (1990) to Class Foraminiferea was accepted by
Loeblich and Tappan (1992) and Kaminski (2004). The key sources for species identification
are Wright (1978), Hayward (2002), Hayward et al. (2012) and Holbourn et al. (2013).

Descriptions are based on existing literature with additional observations from this study.
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Benthic foraminifer assemblages are relatively well preserved (albeit recrystallized) with
specimens largely complete and surficial details preserved. Assemblages are diverse with
more than 200 species identified in total in each site (500 within the entire study) and are
dominated by calcareous benthic foraminifera. This diversity is higher than previously
documented in the Indian Ocean (e.g. Boersma, 1990; Nomura, 1991; Schroder-Adams, 1991
and Mackensen, 1992).The previously mentioned workers did not use the smaller fractions
(>63 um) except Boersma (1990), while the current study results recorded higher diversity.
This may be due to including smaller fractions. The 52 selected species described here are
assigned to 33 different genera and are subdivided into four orders, 14 superfamilies, 20
families and 16 subfamilies. Four recorded species are left in open nomenclature, two each
from Bolivina and Gyroidinoides. All taxa described are calcareous hyaline forms with the
exception of one agglutinated species. Representatives of the Buliminida (31 species)
constitute the majority of those recorded, especially in ODP Hole 752A, but they are also both
abundant and diverse in Holes 1139A and 1168A. Species of the Rotaliida are the next most

important components of the benthic foraminifer assemblages.

Discussion of the stratigraphic range of each species at the individual study sites is included in
the taxonomic section and shown in Figure 2. Many species occur throughout the studied
interval, and many of the most abundant occur at all sites, with just a few exceptions. Notably,
there appear to be environmentally cued distributions, for example, Bolivina huneri only
occurs in the early Miocene of Hole 752A, and the mid- to late Miocene of Hole 1168A, not
occurring at all at Hole 1139A. It is clear that, although there is a faunal similarity between the

three sites, in terms of species occurrence, the faunal composition at each site differs through
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the studied interval and each site responds differently to climatic events through the Miocene.

A full discussion of the assemblage data and palaeoceanographic implications are deferred to

a later contribution.
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Figure 3. 2
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3.4 Taxonomy [Note, on acceptance, all figured specimens will be given Museum

Numbers, Lapworth Museum of Geology, University of Birmingham]

Class FORAMINIFEREA J. J. Lee, 1990
Order BULIMINIDA Fursenko, 1958
Superfamily BOLIVINACEA Glaessner, 1937
Family BOLIVINIDAE Glaessner, 1937

Genus Bolivina d'Orbigny, 1839c

Bolivina dilatata Reuss 1850

Figure 3.3, 1a-b

1850 Bolivina dilatata Reuss: p. 381, pl. 48, fig. 15a-c.

1949 Bolivina subspathulata Boomgaart, p.112, pl.12, fig. 4.

2016 Bolivina dilatata Reuss; Lei and Li, p. 202, pl. 2, figs. a-h.

Description: The test is biserial elongate, has perforated hyaline wall; the shape of the
chambers is triangular to trapezoidal. The sutures are depressed. The aperture is a slit-like to

arcuate opening with a thin tooth plate in the middle. The aperture location is terminal.

Dimensions: The species length ranges from 125-250 um in the current study.

Stratigraphic range: This species is recorded in the Aquitanian of 1139 and late Oligocene
(Chattian) to early Pliocene (Zanclean) at 1168. This species is not recorded at 752 consistent

with earlier studies (Nomura, 1995).
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Remarks: This is considered a cosmopolitan species (Lei and Li, 2016) but to the best of our
knowledge this is the first time it has been recorded in the Indian Ocean. This species is also
accepted as Bolivina dilatata (Hayward et al. 2020) in the World Register of Marine Species

(WORMS).

Bolivina huneri Howe, 1939

Figure 3.3, 2a-b

1939 Bolivina huneri Howe: p. 66, pl. 9, figs. 3, 4.

1983 Bolivina huneri Howe; Tjalsma and Lohmann, p. 23, pl. 11, fig. 5.

1987 Bolivina huneri Howe; Miller and Katz, p. 124, pl. 1, figs. 7a-b.

2013 Bolivina huneri Howe; Holbourn et al., p. 68, figs. 1-3.

Description: Very densely ornamented biserial species, with a tapered test. The test surface
has reticulate ornamentation largely obscuring sutures with the exception of the final
chamber. The inflated chambers are elongated. The aperture is situated at the base of the last
chamber and is arcuate with wide aperture view and tooth plate.

Dimensions: The species length ranges from 175-250 um in the current study.

Stratigraphic range: This species is recorded from the Chattian through early Burdigalian of
752. At 1168 the species is confined to the Miocene and ranges from Burdigalian to Tortonian,
the species is not recorded at 1139. These ranges fall within the middle Eocene-late Miocene

(Tortonian) range determined by Holbourn et al. (2013).
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Remarks: The distribution is cosmopolitan (Holbourn et al., 2013) and it has previously been
recorded on the Kerguelen Plateau, southern Indian Ocean at ODP sites 748 and 751

(Mackensen, 1992) and 736, 738 and 744 (Schroder-Adams, 1991).

Bolivina reticulata Hantken, 1875

Figure 3.3, 3a-b

1875 Bolivina reticulata Hantken: p. 65, pl. 15, fig. 6.

1978 Bolivina reticulata Hantken; Wright, p. 711, pl. 2, figs. 8-10.

Description: Broad biserial test with wide, slightly inflated, elongate chambers,
characteristically covered by narrow anastomosing ribs. The test is slightly perforated and has
a narrow keel around the periphery. Depressed and limbate sutures are observed. The
aperture is sub-rounded, located at the base of the last chamber with an internal tooth plate.
The species is characterised by its sub-rounded shape in a side view and slightly compressed

in cross-section.

Dimensions: The species length ranged from 150-375 um in the current study.

Stratigraphic range: The species is recorded at 752 from the Chattian to Serravallian, from the

Miocene and Early Pliocene (Zanclean) at 1168 and Langhian-Tortonian at 1139.

Remarks: This species is recorded in the Mediterranean (Wright, 1978) and South Atlantic
Ocean (Tjalsma, 1983). This species has a highly variable morphology both in terms of test
shape and ornamentation (Wright, 1978). This species is included by some authors as a junior

synonym of Latibolivina subreticulata (Parr) by Loeblich and Tappan (1994) and Holbourn et
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al. (2013) and is primarily recorded from the tropical Indian and Pacific Oceans (Holbourn et

al., 2013). Thus, this species likely has a global distribution.

Bolivina sp.3

Figure 3.3, 4a-c

Description: The test is biserial, elongate with a smooth surface. Some specimens are highly
perforated. The chambers are elongate to trapezoid in shape. The sutures are slightly

depressed. The aperture is sub-rounded and located at the base of the last chamber.

Dimensions: The species length ranged from 150-250 um in the current study.

Stratigraphic range: The species is only observed in the late Oligocene (Chattian) of 752. At
1139 it occurs between the Chattian and Serravallian. At 1168 the species ranges throughout

the Miocene and into the early Pliocene (Zanclean).

Remarks: This species differs from Bolivina dilatata (Reuss, 1850), by having a longer test
relative to its width (2.5x long as wide rather than 2:1), the sutures are extremely shallow. The
current species is similar to the Bolivina cf. dilatata maxima (p. 148, fig. 7, pl. k) recorded in
the Central Paratethys (Peryt, 2013) but the latter has more depressed sutures. The current
species differs from Bolivina spathulata (Williamson, 1858), which has a sharp edge in the
apertural view, whereas specimens here have a subrounded edge in apertural view. Also,
specimens from the China Seas (Lei and Li, 2016) have an anastomosing imperforate costae
ornamentation and are much larger ~550 um (2x longer than those observed here). This

species is so far only been recorded in the southern Indian Ocean (current study).
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Bolivina cf. reticulata Hantken, 1875

Figure 3.3, 5a-b

cf 1875 Bolivina reticulata Hantken: p. 65, pl. 15, fig. 6.

cf 1978 Bolivina reticulata Hantken; Wright, p. 711, pl. 2, figs. 8-10.

cf 2013 Latibolivina subreticulata (Parr); Holbourn et al., p. 327, figs. 1-4.

Description: The test is biserial, with hyaline wall composition. The chamber shape is elongate
to a trapezoid. The suture is depressed and limbate. The ornamentation is of anastomosing

ribs. The aperture is basal, rounded with a tooth plate.

Dimensions: The species length ranges from 125-375 um in the current study.

Stratigraphic range: The species is only observed at 752 through the Miocene and early

Pliocene (Zanclean). This species is highly abundant in the mid-late Miocene.

Remarks: This species is similar to Bolivina reticulata (Hantken, 1875), but B. reticulata has a
broader (particularly towards the base) and relatively more elongate test, with a more
compressed periphery in apertural view. According to Wright (1978), Bolivina reticulata varies
in shape from an elongate form with limbate sutures to specimens with little ornamentation.
This species is also similar to Bolivina viennensis (Marks, 1951) reported in Polish Carpathian
Foredeep Basin (Central Paratethys) by Peryt (2013). This form is so far only recorded in the

Indian Ocean.
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Figure 3. 3:
(Scale bar =100 um)

1a-b. Bolivina dilatata, 1168A, 37X-6, 75-79cm: 1a. side view; 1b. apertural view.

2a-b. Bolivina huneri, 752A, 10H-5, 77-81cm. 2a. side view; 2b. apertural view.
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3a-b. Bolivina reticulata, 1168A, 15X-2, 76-80cm: 3a. side view; 3b. apertural view.

4a-b. Bolivina sp.3, 1168A, 4a-b. 26X-2, 73-77cm: 4a. side view; 4b. apertural view. 4c. 37X-6,

75-79cm: side view.

5a-b. Bolivina cf. reticulata, 752A, 5a. 5H-1, 65-70cm: apertural view. 5b. 3H-5, 62-67cm: side

view.

6a-b. Bolivina sp.9, 752A, 9H-2, 104-109cm: 6a. side view; 6b. apertural view.

7a-b. Bolivina viennensis, 752A, 5H-1, 65-70cm: 7a. side view; 7b. apertural view.

8a-c. Bolivinellina cf. B. translucens, 752A, 3H-1, 50-55cm: 8a-b. side view; 8c. apertural view.

9a-b. Abditodentrix pseudothalmanni, 1139A, 19R-2, 60.5-64.5cm: 9a. side view; 9b. apertural

view.

10a-b. Bulimina truncana, 10a. 752A, 9H-5, 65-70cm: lateral view. 10b. 1168A, 37X-6, 75-

79cm: apertural side view.

11a-b. Bulimina cf. B. elongata, 11a. 1168A, 23X-3, 74-78cm: apertural side view. 11b. 1139A,

18R-1, 96-100cm: apertural side view.

12. Bulimina gibba, 1139A, 19R-2, 60.5-64.5cm: lateral view.

13. Bulimina striata, 752A, 5H-1, 65-70cm: apertural side view.

Bolivina sp.9

Figure 3.3, 6a-b
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Description: The test is finely perforated, smooth, and elongate, with a hyaline wall
composition. Chambers are abroad, trapezoid, biserial arranged, with a depressed suture
between chambers. Aperture is loop-shaped, basal position. The test length is nearly three

times longer than the width. The test is tapered at both ends.

Dimensions: The species length ranges from 125-250 um in the current study.

Stratigraphic range: The species occurs through the Miocene and into the early Pliocene
(Zanclean) at 752. The species is very abundant in the early Burdigalian at 752. Only very few
specimens have been recorded at 1168, mainly in the Chattian and between the Burdigalian
to Serravallian with a very few records in the early Pliocene (Zanclean). This species is not

recorded at 1139.

Remarks: This species is similar to Bolivinellina pseudopunctata (Alve and Murray, 2001)
recorded in intertidal environments from southern England (/bid. pl. 2, figs 7-9). The current
species has a wider loop-shaped aperture with the last slightly irregular chamber. While B.
pseudopunctata has a narrower, slightly compressed aperture, and the shape of the chambers
are consistently trapezoidal. This species differs from Bolivina spathulata (Williamson, 1858)
by having a big and rounded (loop-shaped) aperture on the apertural face rather than a small
and narrow loop-shaped aperture. Also, Bolivina spathulata specimens from the China Seas
(Lei and Li, 2016) have an anastomosing imperforate costae ornamentation, not been

observed in the current study.

Bolivina viennensis Marks, 1951

Figure 3.3, 7a-b
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1951 Bolivina viennensis Marks: p. 60, pl. 7, fig.1.

1991 Brizalina albatrossi (Cushman); Nomura, p.53, pl. 1, fig. 3.

2005 Bolivina viennensis Marks; Popescu and Crihan, p.380, pl. 1, figs. 14-16.

2008 Bolivina viennensis Marks; Baldi and Hohenegger, p. 2, pl. 3, fig. a.

Description: The test is biserial, elongated. Chambers elongated to trapezoid; sutures
depressed. Surface ornamentation reticulate showing an anastomosing pattern. Aperture
rounded, terminal. Normal pores are relatively few and concentrated near the margin of the

chambers.

Dimensions: The species length ranges from 175-575 um in the current study.

Stratigraphic range: This species is only present at 752 and ranges from the Burdigalian to

Messinian, re-appearing in the early Pliocene (Zanclean).

Remarks: This species is similar to Bolivina cf. reticulata, but the length of Bolivina viennensis
is nearly three times longer than the width, and the test has a sharp end near the proloculus,
while Bolivina cf. reticulata is shorter and is sub-rounded near the proloculus. This species is
recorded as Bolivina viennensis in the southern Vienna Basin (Austria) (Baldi and Hohenegger,
2008), and in Romania (Popescu and Crihan, 2005). Similar specimens are recorded as
Brizalina albatrossi in the Eastern Indian Ocean at Site 754 in the Broken Ridge (Nomura,

1991).

Genus Bolivinellina Saidova, 1975

Bolivinellina cf. B. translucens (Phleger & Parker, 1951)
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Figure 3.3, 8a-c

cf. 1951 Bolivina translucens Phleger & Parker: p. 15, pl. 7, figs. 13, 14.

cf. 1987 Bolivinellina translucens (Phleger & Parker); Loeblich and Tappan: pl. 547, figs. 6, 7.

cf. 1999 Bolivina translucens (Phleger & Parker); Ohkushi et al., p. 139, pl. 2, figs. 11, 12.

Description: Test elongate, triserial to biserial, narrow, oval in section. Chambers narrow and
moderately inflated, sutures depressed and oblique. Wall calcareous, hyaline and smooth, a
few pores apparent near the sutures. Aperture basal slit to loop-shaped with a tooth plate at

the base of the aperture. Test nearly 3-4 times longer than wide.

Dimensions: The species length ranges from 175-475 pum in this study.

Stratigraphic range: The species is only found at Site 752 where it is distributed throughout
the succession, with the greatest abundance in the late Miocene (Messinian) and early

Pliocene (Zanclean).

Remarks: The chambers appear triserially arranged in the initial part of the test, with inflated
chambers which become less inflated later towards the aperture. Bolivinellina translucens is
widely distributed in the Gulf of Mexico (Phleger and Parker, 1951) and, more locally, has been
recorded along the central West Coast of India (Mazumder et al., 2003) and throughout the

Indian Ocean (current study).
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Superfamily BOLIVINITACEA Cushman, 1927
Family BOLIVINITIDAE Cushman, 1927

Genus Abditodentrix Patterson, 1985

Abditodentrix pseudothalmanni (Boltovskoy & Guissani de Kahn, 1981)

Figure 3.3, 9a-b

1981 Bolivinita pseudothalmanni Boltovskoy & Guissani de Kahn: p.44-46, pl. 1, figs. 1-5.

1985 Abditodentrix asketocomptella Patterson, p.139, pl. 1, figs. 1-9.

1987 Abditodentrix pseudothalmanni (Boltovskoy & Guissani de Kahn); Loeblich and Tappan,

p. 503, pl. 554, figs. 1-5.

cf. 1991 Brizalina thalmanni (Renz, 1948), Nomura, p. 53, pl. 1, fig. 4.

Description: Test elongate, biserial and saggitate. The test is flattened in the side view with a
distinctive truncate margin giving it a rectangular appearance in section. Chambers are
elongated to a trapezoid. The sutures are depressed. Aperture is in a basal position, elliptical
in shape with tooth plate infolded on one side. The surface is densely covered with elevated

reticulate ornamentation.

Dimensions: The species length ranges from 100-425 um in this study.

Stratigraphic range: Occurs in the late Oligocene (Chattian) in all studies sites, ranging into
the early late Miocene (early Tortonian) in 1139 and the early Pliocene (Zanclean) at 752 and

1168.

Remarks: Most of the observed specimens are highly compressed in cross-section and densely

ornamented in the initial portion, near the proloculus, with simple reticulation or no
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ornamentation near the aperture. This species is recorded in the southwest Pacific Ocean
(Hayward et al., 2002) and the southwest Atlantic Ocean (Loeblich & Tappan, 1987). It is

recorded as Brizalina cf. thalmanni in the eastern Indian Ocean (Nomura, 1991).

Superfamily BULIMINACEA Jones in Griffith and Henfrey, 1875
Family BULIMINIDAE Jones, 1875

Genus Bulimina d'Orbigny, 1826

Bulimina truncana Gimbel, 1868

Figure 3.3, 10a-b

1868 Bulimina truncana Guimbel: p. 727, pl.2, figs. 7743, b.

1884 Bulimina rostrata Brady: p. 408, pl. 5, figs. 14, 15.

1927 Bulimina alazanensis Cushman: p. 161, pl. 25, fig. 4

1940 Bulimina bremneri Finlay: p.455, pl.64, figs. 84-86.

1991 Bulimina alazanensis Cushman: Schroder-Adams, p.624, pl. 1, fig. 5.

1991 Bulimina truncana Gimbel: Hermalin, p. 65, pl. 1, figs. 10, 16.

2002 Bulimina truncana Gimbel: Hayward et al., Plate 1, figs. 9, 10.

Description: Test tri-serial, elongate, sub-triangular in cross section, tapered in outline.
Rounded to sub-rounded in the apertural end and pointed in the apical end. The chambers
are inflated with obscured sutures. The longitudinal costae occur on all chambers (although

the upper portion of the final three chambers is smooth) and join together to form a spinose
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protrusion from the earliest chambers. The aperture is loop-shaped with internal tooth plate

and surrounded by apertural lip. The greatest width of the test is towards the apertural end.

Dimensions: The species length ranges from 125-625 um in the current study.

Stratigraphic range: The species is recorded from the late Oligocene to Pliocene at 752 and

1168. Whereas it is confined to the Miocene (Aquitanian to Serravallian) at 1139.

Remarks: Boersma (1986) noted that Bulimina truncana has a highly variable morphology and
thus, multiple synonyms based on differences in the number and extent of costae, their
height, and orientation. Of these, small forms with fewer costae that almost completely cover
the final chamber have been often been attributed to Bulimina rostrata, whereas those with
more costae that also tend to be wavy are assigned to Bulimina alazanensis. Furthermore, B.
rostrata also achieves its maximum width towards the middle of the text, is overall sub-circular
in cross-section compared to B. alazanensis where the maximum test width occurs closer to
the apertural end and the test has a more sub-triangular cross-section. B. truncana is very
similar to B. alazanaensis but was separated out based on having fewer, straighter, costae
that begin on the first or second chambers rather than the third (Boersma, 1986). Ultimately
overlapping species occurrences at the same sites, difficulties in consistently differentiating
taxa, and missing holotype specimens (B. alazanensis) have led to them being synonymised
(Hayward et al., 2019a) in World Register of Marine Species (WoRMS). Here tests are usually
sub-triangular in cross-section, having parallel, regularly formed costae with the largest width
of the test towards that apertural end rather than the middle and hence are closest to the

forms included in B. truncana. This species is considered to be cosmopolitan and has been
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recorded in Southwest Pacific Ocean (Hayward et al., 2002), Tasman sea, Coral Sea (Boersma,

1986) and Indian Ocean (Nomura, 1995).

Bulimina cf. B. elongata d'Orbigny, 1846

Figure 3.3, 11a-b

cf. 1846 Bulimina elongata d'Orbigny: p. 187, pl.11, figs. 19, 20.

cf. 1826 Bulimina elongata d'Orbigny: (Nomen nudum), p. 269.

cf. 2004 Bulimina elongata d'Orbigny: De Man et al., p.187, pl. 2, fig. 9.

cf. 2008 Bulimina elongata d'Orbigny: Kender et al., p. 513, pl. 17, figs. 4, 5.

Description: Elongate, narrow (three times as long as wide), triserial test becoming nearly
biserial in the final whorl. Little tapering of test. Chambers are flattened and broad. Sutures
are depressed. The aperture is basal and rounded. The surface is mainly smooth with very few

perforations.

Dimensions: The species length ranges from 150-400 um in this study.

Stratigraphic range: This species ranges from the late Oligocene (Chattian) to mid- Burdigalian
at 1168, extending into the early Tortonian at 1168. This supports the range (mid-Eocene to

Pleistocene) identified by Thomas (1990). This species is not present at 752.

Remarks: This species differs from Bulimina elongata sensu stricto (see Holbourn et al., 2013)
in that the chambers are less inflated (have a nearly polygonal outline) and a much slower rate
of chamber enlargement. Holbourn et al. (2013) consider Bulimina elongata a cosmopolitan

species.
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Bulimina gibba Fornasini, 1902

Figure 3.3, 12

1902 Bulimina gibba Fornasini: p. 378, pl. O, figs. 32-34.

2005 Bulimina gibba Fornasini; Rasmussen, p. 86, pl. 11, fig. 5

2013 Bulimina gibba Fornasini; Holbourn et al., p.97, figs. 1-3.

Description: Triserial, elongate, fusiform shape. Nearly circular in cross-section with narrow
apical tip. Chambers are inflated with clearly depressed sutures and strongly overlapping. The
aperture is loop shaped, located at the base of the last chamber, with apertural lip merging
with an internal tooth plate. The test surface is relatively smooth with perforation distributed

across the chambers.

Dimensions: The species length ranges from 125-300 um in the current study.

Stratigraphic range: This species occurs from the late Oligocene (Chattian) to early Tortonian

at 1139. This species is not recorded at either 752 or 1168.

Remarks: This species is commonly found and described (e.g., Holbourn et al., 2013) as having
an apical protrusion from the proloculus however, in this study, no spinose protrusions are
observed in any specimen. This absence cannot be explained by preservation. This species has
previously only been reported from the Atlantic (Holbourn et al., 2013) but the authors noted
that it may well range further which is confirmed in this study. Holbourn et al. (2013) report
this species from the Miocene to Recent but this work suggests it may occur earlier in the

Indian Ocean.
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Bulimina striata d'Orbigny in Guérin-Méneville, 1832

Figure 3.3, 13

1832 Bulimina striata d'Orbigny in Guérin-Méneville: p. 18, pl. 3, fig. 16.

1852 Bulimina costata d’Orbigny: p. 194.

1922 Bulimina inflata var. mexicana Cushman: p. 95, pl. 21, fig. 2.

1953 Bulimina mexicana Cushman; Phleger and others, p.33, pl.6, fig. 27.

1954 Bulimina striata mexicana Cushman; Parker, p.511, pl. 6, fig. 24.

1957 Bulimina australis Vella: p. 32, pl. 8, figs. 168-169.

1992 Bulimina striata d'Orbigny in Guérin-Méneville: Mackensen, p. 668, pl. 1, fig. 5.

2003 Bulimina striata d'Orbigny in Guérin-Méneville: Hayward et al., p. 517.

2011 Bulimina striata d'Orbigny in Guérin-Méneville: Kuppusamy et al., p. 46, pl. 2, figs. 7, 8.

2013 Bulimina striata d'Orbigny in Guérin-Méneville: Mancin et al., p. 64, pl. 2, fig. 3.

Description: Test conical and triserial. Semi-circular in cross-section, the initial part of the test
(near proloculus) is acute. Chambers are inflated overhanging previous chambers, becoming
broader and less ornamented near the aperture. The sutures are depressed but largely
obscured by ornamentation in the earlier portion of the test. Longitudinal costae extend from
the lower half of the chambers to overhang preceding chambers ending in acute points. The
aperture is loop-shaped bordered by a lip with an internal tooth plate.

Dimensions: The species length ranges from 100-500 um in this study.
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Stratigraphic range: The species is recorded throughout the whole succession (late Oligocene
— Pliocene) at 752. At 1139 and 1168 this species occurs from the late Oligocene (Chattian)

disappearing from 1139 in the Langhian and early Tortonian at 1168.

Remarks: This species is cosmopolitan. This species is identified around New Zealand
(Debenay, 2012) and by Kuppusamy et al. (2011) in North-West Atlantic Ocean. Many older
Indian Ocean publications report this species as B. mexicana (e.g., Nomura, 1995) which does
have a global distribution (Holbourn et al., 2013). Holbourn et al. (2013) consider the range of

this species to be Miocene-Recent, here it is found in the late Oligocene.

Family Turrilinidae Cushman, 1927
Subfamily Turrilininae Cushman, 1927

Genus Eubuliminella Revets, 1993

Eubuliminella exilis (Brady, 1884)

Figure3.4,1

1884 Bulimina elegans var. exilis Brady: p. 399, pl.50, figs. 5, 6.

1927 Buliminella subfusiformis var. tenuata Cushman: p. 149, pl. 2, fig. 9.

1930 Buliminella subfusiformis (Cushman); Cushman and Moyer, p. 56, pl. 7, fig. 20.

1947 Bulimina exilis Brady; Cushman and Parker, p. 123, pl. 28, figs. 27, 28.

1947 Bulimina subfusiformis var. tenuata (Cushman); Cushman and Parker, p. 124, pl. 28, fig.

29.

1993 Eubuliminella exilis (Brady); Revets, p. 141, pl.1, figs. 1-7.
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2015 Eubuliminella exilis (Brady); Setoyama & Kaminski, p. 8, figs. 4.2; 8.7.

Description: Elongate, narrow test that is triserial in the latter part. The test length is about
four times as long as it is wide. Ovate and little inflated chambers separated by curved and
depressed sutures. The aperture is basal and loop-shaped, but from the apertural opening,

the tooth plate is not clear.

Dimensions: The species length ranges from 150-550 um in the current study.

Stratigraphic range: The stratigraphic range of the species at 1168 is early Miocene
(Burdigalian) to the early Pliocene (Zanclean), Holbourn et al. (2013) suggested a range from

the late Miocene, the present study, therefore, extends the known stratigraphic range.

Remarks: The specimens in the current study lack the spine in the initial whorl and have
more weakly inflated chambers. According to Revets (1993) and Holbourn et al. (2013), this

species can be found worldwide.

Superfamily CASSIDULINACEA d'Orbigny, 1839a
Family CASSIDULINIDAE d'Orbigny, 1839a
Subfamily CASSIDULININAE d'Orbigny, 1839a

Genus Globocassidulina Voloshinova, 1960

Globocassidulina subglobosa (Brady, 1881)

Figure 3.4, 2

1881 Cassidulina subglobosa Brady: p. 60, illustrated in Brady, 1884, pl. 54, fig. 17.

1884 Cassidulina subglobosa Brady; Brady, p. 430, pl. 54, fig. 17.
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1983 Globocassidulina subglobosa (Brady); Tjalsma and Lohmann, p. 31, pl. 16, fig. 9.

1991 Globocassidulina subglobosa (Brady); Nomura, p.55, pl. 5, fig. 8.

2013 Globocassidulina subglobosa (Brady); Holbourn et al., p.264, figs. 1, 2.

Description: Test biserial, subglobular, with a sub-circular shape in cross-section. Chambers
are inflated and separated by depressed, curved sutures. The test wall is smooth and only

finely perforate. The aperture is slit-like, straight or curved.

Dimensions: The species length ranges from 100-925 pum in this study.

Stratigraphic range: This is a long-ranging species, recorded from late Oligocene to early
Pliocene at both 752 and 1168, and late Oligocene to the top of the studied interval (early

Tortonian) at 1139.

Remarks: This species is very well preserved in all studied sites. This is a cosmopolitan species

(Jones (1994) that is very long-ranging (Paleocene-Holocene; Tjalsma and Lohmann, 1983).

Genus Paracassidulina Nomura, 1983b

Paracassidulina minuta (Cushman)

Figure 3.4, 3a-b

1933b Cassidulina minuta Cushman: p. 92, pl.10, figs. 3a-c.

1951 Cassidulina crassa d’Orbigny; Phleger and Parker, p. 26, pl. 14, figs. 4a-b.

1954 Cassidulina aff. crassa d’Orbigny; Parker, p. 535, pl. 11, fig. 1.

1983b Paracassidulina minuta Cushman; Nomura, p. 66, pl. 5, figs. 16a-c.
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1991 Paracassidulina minuta Cushman; Nomura, p. 55, pl. 5, fig.s 2a-b.

Description: Biserial test with slightly depressed sutures. Surface smooth, finely perforated.
Chambers are strongly curved. Aperture is long, curved, and has an apertural ridge parallel to

the chamber periphery.

Dimensions: The species length ranges from 125-300 um in the current study.

Stratigraphic range: The species ranges from Chattian to early Tortonian at 752, Chattian to
mid-Serravallian at 1139. The stratigraphic distribution of the species at 1168 is early

Aquitanian to Zanclean.

Remarks: The chambers of the specimens found here are only slightly inflated, this differs
from Globocassidulina minuta (Cushman, 1933b) described from the Paumotu Islands in the
Southern Pacific Ocean in that the latter has more globular chambers. This species is recorded
by Nomura (1991) at Broken Ridge (Site 754) in the Eastern Indian Ocean and the Gulf of

Mexico (Poag, 2015).

Subfamily EHRENBERGININAE Cushman, 1927

Genus Ehrenbergina Reuss, 1850

Ehrenbergina carinata Eade, 1967

Figure 3.4, 4a-b

1967 Ehrenbergina carinata Eade: p. 448, pl. 9, figs. 1-4.

1991 Ehrenbergina carinata Eade; Nomura, p. 55, pl. 5, fig. 13.

2013 Ehrenbergina carinata Eade; Hayward et al., p. 442, pl. 6, figs. 12, 13.
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Figure 3. 4:

(Scale bar =100 um)
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1. Eubuliminella exilis, 1168A, 42X-3, 70-74cm: apertural side view.

2. Globocassidulina subglobosa, 752A, 4H-1, 70-75cm: apertural side view.

3a-b. Paracassidulina minuta, 1168A, 3a. 42X-3, 70-74cm: apertural side view. 3b. 37X-6, 75-

79.1cm: side view.

4a-b. Ehrenbergina carinata, 752A, 3H-1, 50-55cm: 4a. apertural side view; 4b. side view.

5a-b. Burseolina pacifica, 752A, 6H-1, 70-75cm: 5a. apertural side view; 5b. side view.

6. Burseolina cf. pacifica, 752A, 6H-1, 70-75cm: apertural side view.

7a-b. Pleurostomella acuminata, 7a. 752A, 7H-1, 63-68cm: apertural side view. 7b. 1168A,

22X-2, 45-49cm: lateral view.

8a-c. Orthomorphina perversa, 8a. 1139A, 14R-4, 65-69cm: side view. 8(b, c). 752A, 3H-1, 50-

55cm: 8b. side view; 8c. apertural view.

9a-b. Siphonodosaria lepidula, 752A, 9a. 7H-2, 73-78cm: side view. 9b. 8H-1, 100-105cm:

apertural view.

10a-d. Siphonodosaria subspinosa, 10a-b. 752A, 8H-6, 70-75cm: 103, side view; 10b, apertural

view. 10c. 1168A, 18X-5, 80-84cm: side view. 10d. 1168A, 15X-2, 76-80cm: apertural view.

11a-b. Stilostomella cf. S. annulifera, 1139A, 15R-4, 41-45cm: 11a, side view; 11b, apertural

view.

12a-c. Strictocostella matanzana, 12a-b. 752A, 3H-5, 62-67cm: 12a, side view; 12b, apertural

view. 12c. 1139A, 18R-1, 96-100cm: side view.
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Description: Test triangular in both dorsal view and cross-section. Early chambers are not
inflated, while the later chambers are slightly inflated. Well-developed peripheral keel and a
spine extending from each chamber. The dorsal view is compressed. The sutures are flush, but
towards the periphery become raised. The ventral view is characterised by the central keel.

Aperture is slit-like and curved, with a narrow lip on the ventral side.

Dimensions: The species length ranges from 150-725 um in the current study.

Stratigraphic range: The species range at 752 is late Miocene (Messinian) to early Zanclean.
At 1168 the species is very rare and only recorded in the early and late Miocene (Tortonian).

This species is not recorded at 1139.

Remarks: This species is well-preserved at 752 and reaches a very large size (up to 725 um) in
some intervals, especially in the late Miocene (Messinian). According to Eade (1967) the
current species is recorded in Kermadec Islands, Fiji, Norfolk Island, Tonga and northern New
Zealand. This species is also recorded by Nomura (1991) at Broken Ridge (Site 754) and New

Zealand (Hayward et al., 2013).

Genus Burseolina Seguenza, 1880

Burseolina pacifica (Cushman, 1925)

Figure 3.4, 5a-b

1925 Cassidulina pacifica Cushman: p.53, figs. 14-16.

1925 Globocassidulina pacifica (Cushman), pl.2, fig. 16.

1983a Burseolina pacifica (Cushman); Nomura, pl. 6, fig. 2, pl. 21, figs. 6-10.
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1983b Burseolina pacifica (Cushman); Nomura, pp. 57-60, pl. 5, figs. 1-4.

1991 Burseolina cf. pacifica (Cushman); Nomura, p. 53, pl. 5, figs. 14a-b.

Description: Enrolled biserial test with rounded periphery. Sutures are flush to the surface and
thus, almost indistinguishable. The apertural face is flattened and the aperture is elongate,

curved, with apertural flap in the lower apertural margin.

Dimensions: The species length ranges from 175-600 um in this study.

Stratigraphic range: The distribution of the species at 752 ranges from the late Oligocene
(Chattian), where it is rare, with later Miocene records from the Burdigalian to mid-Messinian.
The species is rare at 1168 in the Chattian, and only appears in the late Burdigalian in the

Miocene. This species is not recorded at 1139.

Remarks: According to Cushman (1925) this species is widely distributed in deep or cool
waters and it has been recorded in the Pacific Ocean. It has also been reported from sub-
tropical regions, along the Pacific coast of Japan (Nomura, 1983a) and in the Indian Ocean
(Nomura 1991). Notably, the specimens here are more spherical in outline than B. pacifica

reported by Nomura (1991). Burseolina is most abundant from the Miocene to the present.

Burseolina cf. pacifica (Cushman, 1925)
Figure 3.4, 6

cf. 1925 Cassidulina pacifica Cushman: p.53, figs. 14-16.

cf. 1925 Globocassidulina pacifica (Cushman), pl.2, fig. 16.

cf. 1983a Burseolina pacifica (Cushman); Nomura, pl. 6, fig. 2, pl. 21, figs. 6-10.
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cf. 1983b Burseolina pacifica (Cushman); Nomura, pp. 57-60, pl. 5, figs. 1-4.

cf. 1991 Burseolina pacifica (Cushman); Nomura, p. 53, pl. 5, figs. 4a-b.

Description: Biserial, sub-spherical test. The surface is smooth. Flush to slightly depressed

sutures. The aperture is elongated, curved, with apertural flap in the lower apertural margin.

Dimensions: The species length ranges from 100-425 um in this study.

Stratigraphic range: The range of the species at 752 is early Miocene (Aquitanian) to early
Pliocene (Zanclean). At 1139 it is very rare in the late Oligocene (Chattian) and also in the
Miocene, except for Serravallian where it has its greatest abundance. The distribution at 1168

is mid-Burdigalian to Zanclean.

Remarks: This species differs from Burseolina pacifica by having a relatively larger and wider
aperture and broader flap. The last chambers in this species are also usually separated from
the preceding chambers by clearly depressed sutures. This species has a limited geographic
distribution and is also observed in tropical to subtropical regions, along the Pacific coast of
Japan (Nomura, 1983a) and in the Indian Ocean on the Ninetyeast Ridge (Site 756) (Nomura,
1991).

Superfamily PLEUROSTOMELIACEA Reuss, 1860
Family PLEUROSTOMELLIDAE Reuss, 1860
Subfamily PLEUROSTOMELLINAE Reuss, 1860

Genus Pleurostomella Reuss, 1860
Pleurostomella acuminata Cushman, 1922

Figure 3.4, 7a-b
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1922 Pleurostomella acuminata Cushman: p. 50, pl. 19, fig. 6

1866 Pleurostomella alternans Schwager: p. 238, pl. 6, fig. 80

1934 Pleurostomella alternans var. telostoma Schubert; Cushman, pl. 16, fig. 6.

1978 Pleurostomella acuta Hantken; Boltovskoy, pl. 5, fig. 42.

1978 Pleurostomella dominicana Bermudez; Boltovskoy, pl. 6, figs. 2, 3.

2011 Pleurostomella acuminata (Cushman); Kuppusamy, p. 60, pl. 9, figs. 7, 8.

Description: Smooth elongate, biserial test, slightly depressed sutures. Chambers elongate,
oval. Wide terminal aperture, with projecting hood on one side and two triangular or bifid

teeth on the opposite side. Prolocular spine present.

Dimensions: The species length ranges from 150-725 pum in the current study.

Stratigraphic range: At 752 and 1168 it ranges from Chattian to early Zanclean, at 1139 from

Chattian to early Tortonian.

Remarks: A prolocular spine is present in most specimens, but in others, it is either broken or
missing. This species is cosmopolitan and recorded throughout the Indian Ocean (Hayward

(2002).

Superfamily STILOSTOMELLACEA Finlay, 1947
Family STILOSTOMELLIDAE Finlay, 1947

Genus Orthomorphina Stainforth, 1952

Orthomorphina perversa (Schwager, 1866)

99



Figure 3.4, 8a-c

1866 Nodosaria perversa Schwager: p. 212, pl. 5, fig. 29.

1872 Nodosaria pupoides Silvestri: p. 65, pl. 6, figs. 148—158.

1937 Nodogenerina challengeriana Thalmann : p. 341, pl. 64, figs. 25-27.

1949 Nodogenerina aminaensis Bermudez: p. 178, pl. 11, fig. 57.

1978 Orthomorphina challengeriana (Thalmann); Boltovskoy, pl. 5, figs. 16-17.

1978 Orthomorphina perversa (Schwager); Boltovskoy, pl. 5, figs. 23-24.

1992 Stilostomella sp. G. Kaiho: p. 307, pl. 5, fig. 23.

2002 Orthomorphina perversa (Schwager); Hayward, pl. 1, figs. 50-52.

Description: Test uniserial, rectilinear. Chambers are ovoid in outline and increase in height
towards the last chamber. The surface is striate with ribs perpendicularly arranged. The

sutures are straight and depressed. The aperture is rounded, terminal with rim.

Dimensions: The species length ranges from 200-975 pum in the current study.

Stratigraphic range: The species ranges from Chattian to early Zanclean at 752 and 1168 but

only extends into the mid-Serravallian (mid-Miocene) at 1139.

Remarks: The largest chamber is usually in the middle part of the test and the last chamber is
smaller than the penultimate one. Sometimes this difference is very pronounced. This species

is cosmopolitan (Hayward, 2002).
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Genus Siphonodosaria Silvestri, 1924

Siphonodosaria lepidula Schwager, 1866

Figure 3.4, 9a-b

1866 Nodosaria lepidula Schwager: p. 210, pl. 5, figs. 27, 28.

1978 Stilostomella ex.gr. lepidula (Schwager). Boltovskoy, pl. 7, fig. 33-36.

1980 Stilostomella lepidula (Schwager); Srinivasan and Sharma, p. 46, pl. 7, figs. 1-6.

1993 Stilostomella lepidula (Schwager); Gupta, 1993, text-fig. 2, 1-2.

1994 Nodogenerina lepidula (Schwager); Loeblich and Tappan, p. 133, pl. 261, figs. 18-20.

2002 Siphonodosaria lepidula f. lepidula (Schwager); Hayward, p. 305, pl. 3, figs. 25-32.

2012 Siphonodosaria lepidula (Schwager); Hayward et al., p. 174, pl. 18, figs. 6-20.

Description: Elongate, uniserial test, a slightly arcuate shape, with chambers gradually
increasing in size. Chambers are spherical (campanulate or pyriform) and typically become
more widely spaced later with pronounced depressed sutures. A ring of small spines, annularly
arranged, surrounds the base of each otherwise relatively smooth-walled chamber. Aperture
is terminal with a broad neck and phialine lip; there is small tooth in the middle of the aperture

giving a v- shape appearance to aperture.

Dimensions: The species length ranges from 200-1350 um in this study.

Stratigraphic range: The distribution at 752 and 1168 is Chattian to early Zanclean, and at

1139 is Chattian to early Tortonian.
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Remarks: This species is abundant, with a cosmopolitan distribution (Hayward et al., 2012;
Holbourn et al.,, 2013). It is also highly morphologically variable showing considerable
variation in ornamentation, chamber shape and the presence or absence of a prolocular spine,
and hence has been frequently recorded under a number of different names (Hayward et al.
(2012). After detailed population-level investigations, Hayward et al. (2012) group the
different morphotypes under S. lepidula is known from the Late Cretaceous to Pleistocene,

reports of recent occurrences are considered reworked (Hayward et al., 2012).

Siphonodosaria subspinosa (Cushman, 1943)

Figure 3.4, 10a-d

1934 Ellipsonodosaria sp. Cushman and Jarvis: pl. 10, figs. 4, 5.

1943 Ellipsonodosaria subspinosa Cushman: p. 92, pl. 16, figs. 6, 7b.

1983 Stilostomella subspinosa (Cushman); Tjalsma and Lohmann, p. 36, pl. 14, figs. 16, 17.

1998 Siphonodosaria subspinosa (Cushman); Robertson, p. 180, pl. 67, fig. 3.

2010 Siphonodosaria subspinosa (Cushman); Hayward et al., p. 129, pl. 14, figs. 20, 21.

Description: Test elongate, uniserial, straight to slightly arcuate shape, circular in cross-
section. Chambers are spherical, separated by strongly depressed sutures. Short spines cover
the surface. Chambers show a relatively rapid increase in size towards the aperture creating a

tapered test outline. The aperture is terminal with broad neck and phialine lip.

Dimensions: The species length ranges from 200-1125 um in the current study.
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Stratigraphic range: The distribution at 752 and 1168 is Chattian to early Zanclean, and at

1139 Chattian to early Tortonian.

Remarks: Specimens are very well preserved and abundant at Site 752. Holbourn et al. (2013)
comment that this species shows large variability in the size and ornamentation of the test,
with short spines commonly found on the test sometimes converging to form fine costae in
the lower portion of the test. This is consistent with the observations in this study. Distribution

is worldwide (Holbourn et al., 2013).

Genus Stilostomella Guppy, 1894

Stilostomella cf. S. annulifera Cushman and Bermudez, 1936

Figure 3.4, 11a-b

cf. 1936 Ellipsonodosaria annulifera Cushman and Bermudez: p. 28, pl. 5, figs. 8, 9.

1978 Stilostomella cf. S. annulifera Wright: p. 717, pl. 8, fig. 2.

cf. 1990 Stilostomella annulifera (Cushman and Bermudez); Thomas, 1990, p. 590, pl. 1, fig. 4.

cf. 1998 Siphonodosaria annulifera (Cushman and Bermudez); Robertson, p. 178, pl. 66, figs.

1, 2.

Description: Test elongate, rectilinear, arcuate in overall shape, with a smooth wall texture.
Chambers are inflated to sub-spherical. Sutures are limbate and shallow. Chambers become

bigger and more elongated towards the apertural end. Aperture is terminal with phialine lip.

Dimensions: The species length ranges from 225-1250 um in this study.
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Stratigraphic range: The distribution of the species at 1139 is Chattian to early Tortonian and

at 1168 and 752 from Chattian to early Zanclean.

Remarks: Specimens here largely lack the prolocular spine because of preservation (see Figure
3.4, 11a). This species is similar to Strictocostella scharbergana Neugeboren, 1856, but the last
chamber of S. annulifera is slightly bigger and more inflated with a shorter neck. Some
publications (e.g., Hayward et al.,, 2012) synonymise these two species and use S.
scharbergana. S. consobrina differs from this species by having sutures which are flusher to
the test, as shown in Holbourn et al (2013). It has also been observed that the chambers of
this species are particularly large in those specimens recorded in the Mediterranean Sea
(Wright, 1978). S. cf. S. annulifera has a cosmopolitan distribution (Holbourn et al., 2013)
including records in the Mediterranean Sea (Wright, 1978) and Antarctica (Thomas, 1990). S.
annulifera ranges from the early Eocene to middle Miocene (Holbourn et al., 2013), but S.
scharbergana is considered to range from the early Paleocene to mid-Pleistocene (Hayward

et al., 2012), more consistent with this extended younger occurrence.

Genus Strictocostella Patterson, 1987

Strictocostella matanzana (Palmer & Bermudez, 1936)

Figure 3.4, 12a-c

1936 Ellipsonodosaria? matanzana Palmer & Bermudez: p. 298, pl.18, fig.12.

1940 Ellipsonodosaria matanzana Palmer and Bermudez; Palmer, pl.15, fig.1.

1957 Siphononodosaria cf. matanzana (Palmer and Bermudez); Todd, pl.67, fig.7.
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1975 Stilostomella lepidula Saidova: p. 315, plate 87, figure 6.

1998 Siphonodosaria matanzana (Palmer and Bermudez); Robertson, pl.67, fig.2.

2007 Myllostomella matanzana (Palmer and Bermudez); O’Neill et al., p. 1085, pl. 1, figs. 22-

23.

2010 Strictocostella matanzana (Palmer and Bermudez); Hayward et al., p. 128, figs.14:27-28.

2012 Strictocostella matanzana (Palmer and Bermudez); Hayward et al., p. 190, pl. 22, figs.

10-20.

Description: Test elongate, uniserial, rectilinear. The base is composed of few small, spherical
chambers which become larger and more elongate towards the aperture. Sutures are straight
and depressed. There are small spines forming a ring towards the base of each chamber. The

aperture is terminal with a phialine lip and short, broad neck ornamented by pustular spines.

Dimensions: The species length ranges from 200-750 um in the current study.

Stratigraphic range: The species rarely occurs in the Chattian at Site 752, and it is not recorded
in Aquitanian-Langhian but appears again from early Serravallian to Zanclean. At 1139 the

distribution of the species is from Chattian to early Tortonian, it is not recorded at 1168.

Remarks: The wall of the neck is folded, giving an undulation to the phialine lip. S. matanzana
has a cosmopolitan distribution; sister species tend to be more prevalent in the Indian Ocean

(Hayward et al., 2012).

Strictocostella scharbergana (Neugeboren, 1856)
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Figure 3.5, 1a-b

1856 Dentalina scharbergana Neugeboren: p.87, pl. 4, fig. 1-4.

1856 Strictocostella scharbergana Neugeboren, p.87, pl. 4, fig. 1-4.

1866 Dentalina costai Schwager: p. 229, pl. 6, fig. 62.

1884 Nodosaria consobrina (d'Orbigny); Brady, pl. 62, figs. 23, 24.

1936 Ellipsonodosaria annulifera Cushman and Bermudez: p. 28, pl. 5, figs. 8, 9.

1960 Stilostomella consobrina (d'Orbigny); Barker, pl. 62, figs. 23, 24.

1977 Siphonodosaria consobrina (d'Orbigny); Nishimura et al. , pl. 4, fig. 16, 17.

1994 Stilostomella consobrina (d'Orbigny); Jones, 1994, pl. 62, figs. 23, 24.

2000 Stilostomella scharbergana (Neugeboren); Sztrakos, pl. 5, fig. 19.

2005 Myllostomella costai (Schwager); Hayward and Kawagata, pl. 1, figs. 17, 18.

2007 Strictocostella costai (Schwager); Hayward et al., fig. 2.

2010 Strictocostella scharbergana (Neugeboren); Hayward et al., p. 128, figs. 14: 28- 29.

2012 Strictocostella scharbergana (Neugeboren); Hayward et al., p. 192, pl. 23, figs. 8-19.

Description: Test arcuate, uniserial, slender. Proloculus spherical but chambers become more
ovate towards the aperture. Surface smooth. Sutures flush or slightly incised. Aperture is
terminal with a short neck and phialine lip; internal apertural rim consists of a long, simple

tooth and multiple long, fine denticles.

Dimensions: The species length ranges from 200-1400 um in the current study.
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Stratigraphic range: The species range at 752A is Chattian to early Zanclean. This species is

not recorded at 1168 and 1139.

Remarks: Wall smooth throughout, occasionally with one pustular spine near the base of the
proloculus. Hayward et al. (2012) consider S. scharbergana conspecific with Stilostomella
consobrina, and in many works is identified as S. scharbergana ( e.g., Jones, 1994).

Cosmopolitan distribution (Hayward et al., 2012).

Family UVIGERINIDAE Haeckel, 1894
Subfamily ANGULOGERININAE Galloway, 1933

Genus Trifarina Cushman, 1923

Trifarina angulosa (Williamson, 1858)

Figure 3.5, 2a-c

1858 Uvigerina angulosa Williamson: p. 67, pl. 5, fig. 140.

1960 Angulogerina angulosa (Williamson); Barker, pl. 74, figs. 15, 16.

1994 Trifarina angulosa (Williamson); Jones, p. 86, pl. 74, figs. 15, 16.

2013 Trifarina angulosa (Williamson); Holbourn et al., p. 559, figs. 1-4.

Description: The test is triserial in the early portion becoming uniserial later. Test cross-section
is triangular with acute periphery. The chambers are moderately inflated and increase in size
towards the apertural end. The sutures are curved and depressed. Wall ornamented by
discontinuous longitudinal costae. The aperture is terminal, with a rounded opening atop a

short neck, with lip and internal tooth plate.
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Dimensions: The species length ranges from 150-775 um in the current study.

Stratigraphic range: This species shows a staggered appearance; first appearing sporadically
at Site 752 in the Chattian then in the Aquitanian at 1168, followed by the mid-Langhian at

1139. The last appearance is in the Tortonian at 1139 and in the Zanclean at 1168 and 752.

Remarks: Specimens from 1168 usually have the typical triangular cross-section with acute
periphery but those from 1139 and particularly 752 often appear nearly rounded in cross-
section and lack the acute margin. This species is typically recorded from the mid-Miocene to
Recent (Jones, 1994). Thus, this study extends the species range back into the latest Oligocene.

The species is found worldwide (Holbourn et al. (2013).

Trifarina bradyi Cushman, 1923

Figure 3.5, 3a-c

1923 Trifarina bradyi Cushman: p. 99, pl. 22, figs. 3, 9.

1884 Rhabdogonium tricarinatum d’Orbigny; Brady, p. 525, pl. 67, figs. 1, 3.

1960 Trifarina bradyi Cushman; Barker, pl. 67, figs. 1, 3.

1987 Trifarina bradyi Cushman; Loeblich and Tappan, p. 526, pl. 574, figs. 10- 13.

2013 Trifarina bradyi Cushman; Holbourn et al., p. 560, figs. 1, 2.

Description: Test initially triserial becoming rectilinear and uniserial later. Test tapered at both
ends and relatively smooth later chambers. Distinctive triangular cross-section with an acute

peripheral keel. Chambers are moderately inflated and increase in size towards the aperture,
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separated by thick, strongly curved, depressed sutures. The aperture is terminal with short

neck, lip and tooth plate.

Dimensions: The species length ranges from 125-575 um in this study.

Stratigraphic range: At 1139 and 1168 the species is rare in the Chattian but is more
consistently present from the Aquitanian disappearing in the mid Serravallian at 1139 and
early Zanclean at 1169. The species at 752 is restricted to the Burdigalian through Serravallian

(mid-Miocene).

Remarks: Inter-site differences are observed within this species in the Indian Ocean.
Specimens from 752 and 1139 are quite similar, with the lower half of the test having
longitudinal striations, while at 1168 there are denticles or small nodes (see Figure 3.5, 3a and
b). Distribution is worldwide according to Holbourn et al. (2013) and it has previously been
recorded from the eastern Indian Ocean by Nomura (1991). As with T. angulosa a much
earlier, late Oligocene, occurrence for this species are found in the eastern Indian Ocean than

previously reported (Jones, 1994).

Subfamily UVIGERININAE Haeckel, 1894

Genus Siphouvigerina Parr, 1950

Siphouvigerina hispida (Schwager, 1866)

Figure 3.5, 4a-c

1866 Uvigerina hispida Schwager: p. 249, pl. 7, fig. 95.

1938 Uvigerina rustica Cushman and Edwards: p. 83, pl. 14, fig. 6.
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1980 Euuvigerina hispida (Schwager); Srinivasan and Sharma, pl. 7, figs. 14, 15.

2002 Neouvigerina hispida (Schwager); Hayward, p. 301, pl. 1, fig. 14.

2013 Siphouvigerina hispida (Schwager); Patarroyo and Martinez, p. 41.

2013 Uvigerina hispida Schwager; Holbourn et al. p. 592, fig. 1.

Description: Triserial, elongate, nearly fusiform-shaped test with a basal spine. Nearly circular
in cross-section. Chambers are inflated to sub-globular, gradually increasing in size towards
the aperture and separated by depressed sutures. The surface is densely ornamented by
acicular to coarse papillae/spines. The aperture is terminal, rounded, with a short neck, a

phialine lip and internal tooth plate.

Dimensions: The species length ranges from 175-875 um in the current study.

Stratigraphic range: The species distribution at 752 is from early Serravallian to late Tortonian.
At 1139 the species distribution is from Chattian to early Tortonian. At 1168, this species is

very rare in the Chattian, but it is consistently present from the Aquitanian to early Zanclean.

Remarks: This species is generally larger at Site 1139 than at the other study sites. This
species is cosmopolitan (Hayward (2002) and Holbourn et al. (2013)) and known from the
early Miocene (Aquitanian) to recent. However, it occurs earlier (latest Oligocene) here in

the eastern sector of the Indian Ocean.
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Figure 3. 5:
(Scale bar = 100 um)

la-b. Strictocostella scharbergana, 752A, 4H-1, 70-75cm: 1a. side view; 1b. aperural view.
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2a-c. Trifarina angulosa, 2a. 752A, 6H-1, 70-75cm: side view. 2(b, c). 1168A, 23X-3, 74-78cm:

2b. side view; 2c. apertural view.

3a-c. Trifarina bradyi, 3a. 752A, 8H-6, 70-75cm: side view. 3b. 1168A, 15X-2, 76-80cm: side

view. 3c. 1139A, 5R-1, 121-125cm: side view.

da-c. Siphouvigerina hispida, 4a-b. 1168A, 20X-3, 100-104cm: 4a. side view; 4b. apertural view.

4c. 1139A, 7R-1, 111-115cm: side view.

5a-d. Uvigerina auberiana, 752A, 5a. 10H-2, 60-65cm: side view. 5b. 3H-5, 62-67cm: side view.

5(c, d). 4H-2, 81-85cm: 5c. side view; 5d. apertural view.

6a-b. Uvigerina peregrina, 6a. 752A, 9H-5, 65-70cm: side view. 6b. 1168A, 22X-2, 45-49cm:

side view.

7a-b. Lenticulina cultrata, 752A, 10H-5, 77-81cm; 7a. side view; 7b. edge view.

Genus Uvigerina d'Orbigny, 1826

Uvigerina auberiana d'Orbigny, 1839a

Figure 3.5, 5a-d

1839 Uvigerina auberiana d’Orbigny: p. 106, pl. 2, figs. 23, 24.

1884 Uvigerina asperula Czjzek; Brady, p. 578, pl. 75, figs. 6, 8.

1884 Uvigerina asperula var. auberiana Brady, p. 579, pl. 75, fig. 9.

1978 Uvigerina auberiana (d’Orbigny): Wright, p. 717, pl. 8, fig. 10.

1984 Uvigerina auberiana (d’Orbigny): Lamb and Miller, p. 26, pl. 4, figs. 1-6.
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2011 Uvigerina auberiana (d’Orbigny): Kuppusamy, p. 69, pl. 13, fig. 9.

2013 Uvigerina auberiana (d’Orbigny): Holbourn et al. p. 584, figs. 1-3.

Description: Test elongate, triserial, fusiform shape. Circular in cross-section. Depressed
sutures, inflated chambers that gradually increase in size. Small spines usually cover the whole

test. Aperture is terminal, rounded, with tubular neck, phialine lip and internal tooth plate.

Dimensions: The species length ranges from 200-525 um in the current study.

Stratigraphic range: The species is only recorded at 752, from Aquitanian to early Zanclean.

Remarks: Some specimens are very densely covered in short spines, ranging all over the test
and extending to cover the neck as well. The specimens in this study are relatively elongate
(~2.5-3 times as long as broad) similar to the type material rather than the 2:1 ratio described

by Holbourn et al. (2013). Cosmopolitan distribution according to Holbourn et al. (2013).

Uvigerina peregrina Cushman, 1923

Figure 3.5, 6a-b

1923 Uvigerina peregrina Cushman: p. 166, pl. 42, figs 7-10.

1926 Uvigerina gardnerae Cushman and Applin: p. 175, pl. 8, figs. 16, 17.

1984 Uvigerina peregrina Cushman; Lamb and Miller, p. 36-37, pl. 8, figs. 1-3; pl. 9, figs. 1-5.

1991 Uvigerina peregrina Cushman; Nomura, p. 55, pl. 1, fig. 10.

2013 Uvigerina peregrina Cushman; Hayward et al., p.442, pl.6, fig. 20.
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Description: Test elongate, triserial. Chambers inflated, separated by depressed sutures. The
test is ornamented by parallel, longitudinal costae. Aperture terminal, with phialine lip and

short narrow neck.

Dimensions: The species length ranges from 175-700 um in the current study.

Stratigraphic range: The range at 752 and 1139 is Chattian to Tortonian while at 1168 it ranges

from Chattian to early Zanclean.

Remarks: The surface costae are usually non-continuous and parallel. The lower portion of
the test is covered in isolated spines, which are randomly oriented, this is also in specimens
shown in Lamb and Miller (1984) (ps. 34-37, pls. 8, 9). This species is cosmopolitan (Lamb and
Miller 1984) with records including the Indian Ocean (Nomura, 1991) and New Zealand

(Hayward et al., 2013).

Order LAGENIDA Lankester, 1885
Superfamily NODOSARIACEA Ehrenberg, 1838
Family VAGINULINIDAE Reuss, 1862
Subfamily LENTICULININAE Chapman, Parr, and Collins, 1934

Genus Lenticulina Lamarck, 1804

Lenticulina cultrata (Montfort, 1808)

Figure 3.5, 7a-b

1808 Robulus cultratus Montfort: p. 214.

1839 Robulina canariensis d'Orbigny: p. 127, pl. 3, figs. 3, 4.
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1846 Robulina similis d'Orbigny: pl. 4, figs. 14, 15.

2013 Lenticulina cultrata Montfort; Hewaidy et al., p. 132, pl. 1, figs. 3a, b.

2016 Lenticulina cultrata Montfort; Amakrane et al., p. 103, pl.6, fig. 27.

Description: Test planispiral, involute, with peripheral keel. Lenticular shaped smooth test,
circularin outline, biconvex in cross-section. Chambers are slightly inflated. Sutures are curved

and flush to the test. The primary aperture is radiate and terminal.

Dimensions: The species length ranges from 150-1000 pm in the current study.

Stratigraphic range: The species distribution at 752 is Chattian to late Messinian. The species

is only present in the early to mid-Burdigalian at 1139 and it is not recorded at all at 1168.

Remarks: This species is well-preserved and abundant at 752. It is known from the Indian
Ocean (current study) and was noted from the West Pacific (Hanagata & Nobuhara, 2015) so

could be considered to have a limited distribution.

Subfamily MARGINULININAE Wedekind, 1937

Genus Amphicoryna Schlumberger, in Milne-Edwards, 1881

Amphicoryna scalaris (Batsch, 1791)

Figure 3.6, 1a-b

1791 Nautilus (Orthoceras) scalaris Batsch: pp. 1, 4, pl. 2, fig 4a, b.

1826 Nodosaria longicauda d’ Orbigny: p. 254.

1860 Marginulina falx Jones and Parker: p. 302.
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1884 Nodosaria scalaris (Batsch); Brady, p. 510, pl. 63, figs. 28 —31.

1960 Amphicoryna scalaris (Batsch); Barker, p. 134, pl. 63, figs. 28 — 31.

2013 Amphicoryna scalaris (Batsch); Holbourn, p. 42, fig. 1.

Description: Test elongate, rectilinear, with a pronounced basal spine. Chambers are inflated,
gradually increasing in size and separated by straight, depressed sutures. The wall is
ornamented by long striations or fine ribs many of which are parallel and continuous in

appearance. Aperture is terminal, radiate with ring-like ridges around the neck.

Dimensions: The species length ranges from 200-750 um in this study.

Stratigraphic range: At 752 the species ranges from Chattian to Messinian. At 1139 and 1168
this species is very rare, occurring in the mid-Burdigalian at 1139, extending to the early

Zanclean at 1168.

Remarks: This species is very well-preserved and recorded in highest abundance at 752. This
species occurs worldwide according to Holbourn et al. (2013) and is commonly found in the

Indian Ocean.

Order ROTALIIDA Lankester, 1885
Superfamily ASTERIGERINACEA d'Orbigny, 1839a
Family EPISTOMARIIDAE Hofker, 1954
Subfamily NUTTALLIDINAE Saidova, 1981

Genus Nuttallides Finlay, 1939

Nuttallides umbonifera (Cushman, 1933a)
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Figure 3.6, 2a-d

1933a Pulvinulinella umbonifera Cushman: p. 90, pl. 9, fig. 9.

1884 Truncatulina pygmaea Hantken; Brady, p. 666, pl. 95, figs.9, 10.

1933a Pulvinulinella umbonifera Cushman: p. 90, pl. 9, fig. 9.

1960 Eponides bradyi Earland; Barker, pl. 95, figs. 9, 10.

1987 Nuttallides umbonifera (Cushman); Miller and Katz, p. 136, pl. 5, fig. 5.

1994 Osangulariella umbonifera (Cushman); Jones, p. 99, pl. 95, figs. 9, 10.

1995 Nuttallides umboniferus (Cushman); Nomura, p. 276, pl. 3, fig. 2.

Description: Lenticular, trochospiral form. Unequally biconvex test with a sub-acute
peripheral keel. About twelve crescentic chambers in the final whorl, separated by slightly
depressed, arcuate to sinuous sutures on the umbilical side and oblique sutures on the spiral
side. Aperture is an intero-marginal slit extending from the umbilical boss towards the

periphery.

Dimensions: The species length ranges from 100-750 um in the current study.

Stratigraphic range: The range of the species is Chattian to Tortonian at 1139 and 752. At 1168

it ranges from Chattian to early Zanclean.

Remarks: This species is characterised by an imperforate umbilical boss. Nuttallides
umbonifera (Cushman) is often employed as an indicator of Antarctic Bottom Water (AABW)
in the Pacific and Indian Oceans (Corliss, 1979b). This species is long-ranging and distributed

worldwide Mackensen et al. (1990) believed that the species is associated with carbonate
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corrosive bottom water masses in the Weddell Sea. Distribution worldwide according to
Holbourn et al. (2013) and found throughout the Indian and Southern Oceans (Mackensen,

1992).

Superfamily CHILOSTOMELLACEA Brady, 1881
Family GAVELINELLIDAE Hofker, 1956a
Subfamily GAVELINELLINAE Hofker, 1956a

Genus Gyroidinoides Brotzen, 1942

Gyroidinoides soldanii (d'Orbigny, 1826)

Figure 3.6, 3a-b

1826 Gyroidina soldanii d’ Orbigny: p. 278.

1846 Gyroidina soldanii d’ Orbigny; d’ Orbigny, pl. 8, figs. 10-12.

1978 Gyroidina soldanii d’ Orbigny; Wright, p. 715, pl. 5, figs. 7-9.

1992 Gyroidinoides soldanii d’ Orbigny; Mackensen, p. 668, pl. 5, figs. 9, 10.

1994 Gyroidinoides soldanii d’ Orbigny; Jones, p. 106, pl. 107, figs. 6, 7.

Description: Test trochospiral, planoconvex. The umbilical side is involute and convex, and the
spiral side is flat and evolute. It has a rounded periphery. Chambers are inflated, separated by
slightly depressed sutures that are straight on umbilical side but curved on spiral side. The
surface is smooth. The aperture is a narrow intero-marginal slit, extending from umbilicus to

the periphery. The umbilicus is open.

Dimensions: The species length ranges from 100-750 um in this study.
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Stratigraphic range: This species occurs in the Chattian at all three sites, ranging to the early

Zanclean at 752 and 1168, and the early Tortonian at 1139.

Remarks: Most of the specimens observed in this study have a planar or slightly convex spiral
side, and relatively small chambers in the last whorl on the spiral side. Distribution worldwide
according to Holbourn et al. (2013). This species is now considered a junior synonym of
Hansenisca soldanii (Hayward, et al., 2019b) in the World Register of Marine Species

(WORMS).

Gyroidinoides sp.1

Figure 3.6, 4a-b

Description: Test is trochospiral, plano-convex. The spiral side is flat and evolute, while the
umbilical side is convex and involute. Chambers are generally inflated separated by slightly
depressed sutures on both umbilical and spiral sides. The aperture is an interio-marginal slit

extending from umbilicus to periphery. The surface is smooth.

Dimensions: The species length ranges from 100-550 um in this study.

Stratigraphic range: The species is rare at 752 only occurring in the mid Serravallian and early
Zanclean. At 1139 the species ranges from Chattian to early Tortonian. At 1168 it is very rare

in the Chattian, with a more common range from early Burdigalian to early Zanclean.

Remarks: The chambers are more elongate and larger on the spiral side than in Gyrodinoides
soldanii and it lacks the open, narrow umbilicus of G. soldanii and G. sp 2. The distribution of
the species may be restricted to the current study (southern Indian Ocean). The stratigraphic

range overlaps with that of G. soldanii.
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Figure 3. 6:

(Scale bar =100 um)

la-b. Amphicoryna scalaris, 752A, 1a. 10H-5, 77-81cm: side view. 1b. 8H-1, 100-105cm:

apertural view.
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2a-d. Nuttalides umbonifera, 2a. 752A, 4H-5, 64-69cm: umbilical view. 2b. 752A, 9H-5, 65-
70cm: spiral view. 2c. 1168A, 13X-1, 40-44cm: spiral view. 2d. 1168A, 14X-4, 45-49cm:

umbilical view.

3a-b. Gyroidinoides soldanii, 1139A, 3R-4, 32-36cm: 3a. spiral view; 3b. umbilical view.

da-b. Gyroidinoides sp.1, 1139A, 4a. 19R-2, 60.5-64.5cm: umbilical view. 4b. 17R-3, 91-95cm:

spiral view.

5a-b. Gyroidinoides sp.2, 5a. 1168A, 32X-4, 80-84: umbilical view. 5b. 1139A, 15R-4, 41-45cm:

spiral view.

6a-c. Oridorsalis umbonatus, 6a-b. 1168A, 8H-1, 100-104cm: 6a. umbilical view; 6b. spiral

view. 6¢. 752A, 5H-1, 65-70cm: spiral view.

7a-b. Osangularia culter, 1168A, 28X-3, 75-79cm: 7a. umbilical view; 7b. spiral view.

Gyroidinoides sp.2

Figure 3.6, 5a-b

Description: The test is trochospiral, planoconvex. Sutures flush to slightly depressed on the
spiral side, while slightly depressed on the umbilical side. Aperture is slit-like extending from

umbilicus to periphery. The aperture has a long crescentic flap covering the umbilicus.

Dimensions: The species length ranges from 100-400 um in the current study.

Stratigraphic range: Species ranges from Chattian to mid- Serravallian at 1139 and Chattian

to early Zanclean at 1168. This species is not recorded at 752.
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Remarks: This species differs from Gyroidinoides soldanii, by having larger chambers on the
spiral side, which is also more convex. Gyroidinoides sp.1 has slightly more inflated chambers
on the spiral side and a shorter, more curved apertural slit than this species. This species may

be restricted to the current study area (southern Indian Ocean).

Family ORIDORSALIDAE Loeblich and Tappan, 1984

Genus Oridorsalis Andersen, 1961

Oridorsalis umbonatus (Reuss, 1851)

Figure 3.6, 6a-c

1851 Rotalina umbonata Reuss: p. 75, pl. 5, fig. 35.

1884 Pulvinulina umbonata (Reuss); Brady, p. 695, pl. 105, fig. 2.

1884 Truncatulina tenera Brady: p. 665, pl. 95, fig. 11.

1932 Eponides umbonata (Reuss); Nuttall, p. 26, pl. 6, figs. 4, 5.

1983 Oridorsalis umbonatus (Reuss); Tjalsma and Lohmann, p. 18, pl. 6, fig. 8.

1988 Oridorsalis umbonata (Reuss); Whittaker, p. 137, pl. 19, figs. 1-3.

2011 Oridorsalis umbonatus (Reuss); Kuppusamy, p. 59, pl. 8, figs. 23, 24.

Description: Test trochospiral, lenticular, unequally biconvex, and nearly circular in outline.
The convexity of the spiral side is greater than the umbilical side. Involute in umbilical and
evolute in spiral side. Six nearly inflated chambers in the last whorl. Sutures usually slightly
depressed, curved on umbilical side and radial on spiral side. The test is smooth. The aperture

is an interiomarginal slit, extending from periphery to umbilicus.
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Dimensions: The species length ranges from 100-750 um in this study.

Stratigraphic range: The stratigraphic distribution of the species is Chattian to early Zanclean

at 752 and 1168, Chattian to early Tortonian at 1139.

Remarks: This species generally has six chambers, some specimens possess seven chambers,
in the last whorl. This species is easily identifiable, long-ranging from the Paleocene to Recent,

and is common worldwide Holbourn et al. (2013).

Genus Osangularia Brotzen, 1940

Osangularia culter (Parker & Jones, 1865)

Figure 3.6, 7a-b

1865 Planorbulina farcta var. ungeriana subvar. culter Parker and Jones: pp. 382, 421, pl. 19,

fig. 1.

1866 Anomalina bengalensis Schwager, p. 259, pl. 7, fig. 111.

1884 Truncatulina culter (Parker and Jones); Brady, p. 668, pl. 96, fig. 3.

1953 Osangularia culter (Parker and Jones); Phleger et al., p. 42, pl. 9, figs. 11— 16.

1960 Osangularia bengalensis (Schwager); Barker, pl. 96, fig. 3.

1994 Osangularia bengalensis (Schwager); Jones, p. 100, pl. 96, fig. 3.

Description: Test is trochospiral, lenticular, unequally biconvex, the umbilical side is more
convex than spiral side. The umbilical side is involute, while the spiral side is evolute. Acute

periphery with a serrated keel. The slightly inflated nearly ten chambers, separated by slightly

123



elevated, curved sutures on the spiral side, and straight with slightly depressed sutures on
umbilical side. The test is smooth with some perforation in the chambers on spiral side.

Aperture is slit-like interiomarginal, extending from umbilicus to periphery.

Dimensions: The species length ranges from 125-1000 um in the current study.

Stratigraphic range: The range of the species is Chattian to early Zanclean at 752, Chattian to
early Tortonian at 1139. At 1168 it ranges from Aquitanian to Langhian, and then mid

Tortonian to early Zanclean.

Remarks: Osangularia culter is one of several species dominating intermediate water
assemblages in the Miocene (Woodruff, 1985). Distribution cosmopolitan (Holbourn et al.

(2013).

Superfamily DISCORBACEA Ehrenberg, 1838

Family ROSALINIDAE Reiss, 1963

Genus Gavelinopsis Hofker, 1951a

Gavelinopsis lobatulus (Parr, 1950)

Figure 3.7, 1

1913 Discorbina praegeri (Heron-Allen and Earland): p. 122, pl. 10, figs. 8-10.

1950 Discorbis lobatulus Parr: p. 354, pl.13, figs. 23-25.

1960 Gavelinopsis lobatulus (Parr); Barker, p. 182, pl. 88, figs. 1a-c.

2011 Gavelinopsis lobatulus (Parr); Kuppusamy et al., p. 52, pl. 5, figs 2, 3.
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Description: Test trochoid. The periphery is thickened, keeled. Five slightly inflated chambers
in the last whorl. Nearly flush sutures on the spiral side, with slightly depressed sutures on
umbilical side. The aperture is an interiomarginal slit extending from umbilicus to periphery,

having a narrow lip.

Dimensions: The species length ranges from 125-375 um in the current study.

Stratigraphic range: The stratigraphic distribution is early Langhian to early Zanclean at 752

and mid-Burdigalian to Mid-Serravallian at 1139. This species is not recorded at 1168.

Remarks: Most of the specimens of this species are characterised by an umbilical plug and
sharp periphery. Recorded from the Indian and Southern oceans including the Kerguelen
Plateau (Mackensen, 1992) and eastern Indian Ocean (Nomura, 1991). This species is
considered a subjective junior synonymy of Gavelinopsis praegeri (Hayward et al., (2019c) in

WORMS).

Family SPHAEROIDINIDAE Cushman, 1927

Genus Sphaeroidina d'Orbigny, 1826

Sphaeroidina bulloides d'Orbigny, 1828 in Deshayes, 1828

Figure 3.7, 2a-c

1828 Sphaeroidina bulloides d’ Orbigny in Deshayes: p. 267.

1846 Sphaeroidina austriaca d’ Orbigny: p. 284, pl. 20, figs. 19 — 21.

1848 Sexloculina haueri Czjzek: p. 149, pl. 13, figs. 35 — 38.

1884 Sphaeroidina bulloides d’ Orbigny; Brady, p. 620, pl. 84, figs. 1, 2.
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1949 Sphaeroidina ciperana Cushman and Todd: p. 67, pl. 12, fig. 14.

1949 Sphaeroidina compacta Cushman and Todd: p. 19, pl. 4, fig. 14.

1949 Sphaeroidina compressa Cushman and Todd: p. 20, pl. 4, figs. 15, 16.

1949 Sphaeroidina nitida Cushman and Todd: p. 20, pl. 4, fig. 13.

1953 Sphaeroidina japonica Asano: p. 19, pl. 2, figs. 43 — 44.

1985 Sphaeroidina bulloides d’ Orbigny; Papp and Schmid, p. 96, pl. 90, figs. 7 — 12.

2013 Sphaeroidina bulloides d’ Orbigny; Holbourn et al., p. 520, figs. 1- 3.

Description: Test is subglobular, usually three chambers in the final whorl. The test is variably
coiled. Chambers are globular to hemispherical, separated by slightly depressed sutures. The
wall is calcareous, imperforate and smooth. The aperture is a crescentic opening, bordered by

a lip, occurring where the three last chambers meet.

Dimensions: The species length ranges from 125-725 pum in the current study.

Stratigraphic range: The stratigraphic distribution is Chattian to Zanclean at 752 and 1168,

and Chattian to Serravallian at 1139.

Remarks: The larger specimens in the current study have a thick and opaque wall, smaller
specimens are thinner-walled and appear translucent. Worldwide distribution according to
Holbourn et al. (2013), including previous reports from the eastern Indian Ocean (Nomura,

1991).
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Superfamily DISCORBINELLACEA Sigal in Piveteau, 1952

Family DISCORBINELLIDAE Sigal in Piveteau, 1952
Subfamily DISCORBINELLINAE Sigal in Piveteau, 1952

Genus Laticarinina Galloway and Wissler, 1927

Laticarinina pauperata (Parker & Jones, 1865)

Figure 3.7, 3a-b

1865 Pulvinulina repanda Fichtell and Moll var. menardii d’ Orbigny, subvar. pauperata

Parker and Jones: p. 395, pl. 16, figs. 50 — 51.
1884 Pulvinulina pauperata (Parker and Jones); Brady, p. 696, pl. 104, figs. 3-11.

1942 Laticarinina bulbrooki Cushman and Todd: p. 19, pl. 4, figs. 8, 9.
1942 Laticarinina crassicarinata Cushman and Todd: p. 18, pl. 4, figs. 11, 12.

1949 Laticarinina pauperata (Parker and Jones); Bermudez, p. 309, pl. 23, figs. 43-45.

1953 Laticarinina pauperata (Parker and Jones); Phleger et al., p. 49, pl. 11, figs. 5, 6.

1991 Laticarinina pauperata (Parker and Jones); Nomura, p.55, pl. 1, fig. 6.

1992 Laticarinina pauperata (Parker and Jones); Mackensen, p. 668, pl. 2, figs. 1, 2.

2011 Laticarinina pauperata (Parker and Jones); Kuppusamy et al., p. 57, pl. 7, fig. 8.

Description: Test planoconvex, slightly trochoid. The spiral side is flat, the umbilical side is
slightly convex. Chambers are inflated but becoming progressively more loosely coiled with a
modest rate of enlargement. Chambers are cuneiform on the umbilical side and reniform on

the spiral side and are separated by radial and slightly depressed sutures. Chambers on the
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ventral side are radial, while in the dorsal side is much separated. Large, transparent
peripheral keel around whole test, projecting in front of final chamber. Aperture is on the

inner margin of last formed chamber.

Dimensions: The species length ranges from 175-1300 um in the current study.

Stratigraphic range: The range of the species at 752 is Chattian to early Burdigalian and then
again late Langhian to early Zanclean. At 1139 the species appears in the Chattian and later
from the mid-Aquitanian to mid-Serravallian. At 1168, it is recorded from the mid- Aquitanian
to mid-Messinian.

Remarks: Most specimens are easily distinguished by the presence of a very broad,
transparent keel on the periphery.

Biogeography: This species has previously been reported from the eastern Indian Ocean
(Nomura, 1991) and Kerguelen Plateau (Mackensen, 1992) but can be found worldwide

(Holbourn et al. (2013).

Family PSEUDOPARRELLIDAE Voloshinova, 1952
Subfamily PSEUDOPARRELLINAE Voloshinova, 1952

Genus Epistominella Husezima and Maruhasi, 1944

Epistominella exigua (Brady, 1884)

Figure 3.7, 4a-b

1884 Pulvinulina exigua Brady: p. 696, pl. 103, figs. 13 — 14.

1951 Pseudoparrella exigua (Brady); Phleger and Parker, p. 28, pl. 15, fig. 6.
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1994 Pseudoparrella exigua (Brady); Loeblich and Tappan, p. 146, pl. 307, figs. 1-7.
1951a Pulvinulinella exigua (Brady); Hofker, p. 322, text figs. 219-221.

1960 Epistominella exigua (Brady); Barker, pl. 103, figs. 13, 14.

1992 Epistominella exigua (Brady); Mackensen, p. 668, pl. 4, figs. 5, 6.

1994 Alabaminoides exiguus (Brady); Jones, p. 103, pl. 103, figs. 13, 14.

2011 Epistominella exigua (Brady); Kuppusamy et al., p. 50, pl. 4, figs 11, 12.

2013 Epistominella exigua (Brady); Holbourn et al., p. 240, figs. 1- 6.

Description: Test trochoid, unequally biconvex. Slightly convex spiral side, convex umbilical
side. The periphery is acute. Five to six moderately inflated chambers in the last whorl,
separated by curved, flush sutures on the spiral side and curved, depressed sutures on
umbilical side. Aperture is an interiomarginal slit on the umbilical side extending to the face

of the final and largest chamber.

Dimensions: The species length ranges from 100-275 pum in the current study.

Stratigraphic range: The species is rare at 752 ranging from early Langhian to early Zanclean.

The range is Chattian to early Tortonian at 1139 and to early Zanclean at 1168.

Remarks The abundance of this species is employed as a proxy for constraining the flux of
pulsed organic matter (Holbourn et al., 2013). This species is found worldwide including local
to this study in the Timor Sea (Loeblich and Tappan, 1994), Kerguelen Plateau (Mackensen,

1992) and the Weddell Sea, Antarctic (Thomas, 1990).
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Figure 3. 7:
(Scale bar =100 pm)

1. Gavelinopsis lobatulus, 752A, 3H-5, 62-67cm: umbilical view.
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2a-c. Sphaeroidina bulloides, 2a. 752A, 8H-1, 100-105cm: side view. 2b. 1139A, 8R-1, 45-49cm:
apertural side view. 2c. 1168A, 26X-2, 73-77cm: apertural side view.

3a-b. Laticarinina pauperata, 3a. 752A, 7H-2, 73-78cm: umbilical view. 3b. 1139A, 18R-1, 96-
100cm: umbilical view.

4a-b. Epistominella exigua, 1168A, 36X-6, 62.5-66.5cm: 4a. spiral view; 4b. umbilical view.
5a-b. Astrononion umbilicatulum, 1139A, 5a. 19R-2, 60.5-64.5cm: side view. 5b. 17R-3, 91-
95cm: edge view.

6a-b. Melonis barleeanus, 1139A, 6a. 4R-2, 105-109cm: side view. 6b. 19R-2, 60.5-64.5cm:
edge view.

7a-b. Pullenia bulloides, 7a. 752A, 9H-5, 65-70cm: edge view. 7b. 1139A, 16R-2, 55-59cm: edge
view.

8a-b. Pullenia quinqueloba, 1168A, 35X-1, 65-69cm: 8a. edge view; 8b. side view.

Superfamily NONIONACEA Schultze, 1854
Family NONIONIDAE Schultze, 1854
Subfamily ASTRONONIONINAE Saidova, 1981

Genus Astrononion Cushman & Edwards, 1937

Astrononion umbilicatulum Uchio, 1952

Figure 3.7, 5a-b

1952 Astrononion umbilicatulum Uchio: p. 36, pl. 32, fig. 1.

1978 Astrononion umbilicatulum Uchio; Wright, p.710, pl. 1, fig. 12.

2011 Astrononion umbilicatulum Uchio; Kuppusamy et al., p. 44, pl. 1, figs 7-9.
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Description: Planispiral involute test. Periphery rounded, elliptical in lateral view. Chambers
large and increasing gradually in size. Approximately seven to eight chambers in the last whorl,
separated by curved, thickened radial sutures. Aperture is a narrow interiomarginal,

crescentic slit, extending across the periphery to the umbilicus.

Dimensions: The species length ranges from 100-350 um in the current study.

Stratigraphic range: The distribution of the species at 752 is early Aquitanian to early Zanclean

and Chattian to early Zanclean at 1168. The range is Chattian to early Tortonian at 1139.

Remarks: The flaps that partially cover the sutures in the last whorl leave a small cavity
beneath, which look like secondary chamberlets. This species was originally described from
the lower Pleistocene of Japan (Uchio, 1952) but has not been widely reported from
elsewhere. It is known from the Indian Ocean (current study), ODP Site 757 (Singh and Gupta,
2004), North West Atlantic Ocean (Kuppusamy et al., 2011) and the Mediterranean (Wright,

1978).

Subfamily PULLENIINAE Schwager, 1877

Genus Melonis de Montfort, 1808

Melonis barleeanus (Williamson, 1858)

Figure 3.7, 6a-b

1858 Noniona barleeana Williamson: p. 32, pl. 3, figs. 68, 69.

1930 Nonion barleeanum (Williamson); Cushman, p. 11, pl. 4, fig. 5.

1953 Nonion barleeanum (Williamson); Phleger et al., p. 30, Plate 6, Fig. 4.
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1979 Melonis barleeanum (Williamson); Corliss, p. 10, pl. 5, fig. 78.

1987 Melonis barleeanum (Williamson); Loeblich and Tappan, pl. 696, figs. 5, 6.

1992 Melonis barleeanus (Williamson); Mackensen, p.668, pl. 5, fig. 2.

1997 Melonis barleeanus Williamson, 1858; Bergamin et al., p. 38, pl. 2, figs. 1-9.

Description: Test planispiral, bi-umbilicate, involute, compressed test. The umbilicus is open.
The test is elliptical, elongated in lateral view, rounded periphery. Ten to eleven flattened
chambers, separated by broad, flush sutures. The test is smooth and perforated. The aperture

is an interiomarginal slit extending to the umbilicus, possessing an apertural lip.

Dimensions: The species length ranges from 150-600 um in this study.

Stratigraphic range: The stratigraphic distribution of the species at 752 is split into two phases,
early Langhian to mid-Serravalian and then again late Messenian to Zanclean. At 1139 it ranges

from Chattian to mid-Tortonian while at 1168 it ranges from Chattian to Zanclean.

Remarks: Forms identified here have a prominent apertural lip distinguishing them from
morphologically similar Melonis affinis separated out by some authors (see details in Holbourn
et al., 2013). However, we consider the morphologically similar Melonis affinis synonymous

with M. barleeanus following molecular analyses by Schweizer (2006).

Biogeography: The species is found worldwide, but Holbourn et al. (2013) suggest that it is
not present at very high latitudes. The highest southern-recorded occurrence is on the
Kerguelen Plateau by Mackensen (1992), which is supported by the current study

observations.
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Geuns Pullenia Parker & Jones, 1862 in Carpenter et al., 1862

Pullenia bulloides (d'Orbigny, 1846)

Figure 3.7, 7a-b

1826 Nonionina bulloides d'Orbigny: p. 293.

1884 Pullenia sphaeroides (d'Orbigny); Brady, p. 615, pl. 84, figs. 12, 13.

1945 Pullenia bulloides (d'Orbigny); Cushman and Todd, p. 64, PI. 11, Fig. 5.

1949 Pullenia bulloides (d'Orbigny); Bermiidez, p. 276, Plate 21, Figs. 28-29.

1978 Pullenia bulloides (d'Orbigny); Wright, p. 716, pl. 7, fig. 7.

2011 Pullenia bulloides (d'Orbigny); Kuppusamy et al., p. 62, pl. 9, figs 18, 19.

Description: Test planispiral, involute, globular, sub-circular in outline. Four to five inflated
chambers in the last whorl, separated by flush to slightly depressed sutures. Very compact
test. Aperture is a narrow interiomarginal, crescentic slit, extending from the periphery to

umbilicus.

Dimensions: The species length ranges from 125-425 pum in this study.

Stratigraphic range: The stratigraphic distribution of the species at 752 and 1168 is Chattian

to Zanclean. At 1139 the species ranges from Chattian to mid-Tortonian.

Remarks: This species usually has a broad periphery and a smooth surface. Up to five
chambers are present in the final whorl compared to four or five in the holotype and topotype
specimens. Distribution is worldwide (Holbourn et al., 2013) including previous reports from

the Indian Ocean by Nomura (1991) and (Singh and Gupta, 2004).
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Pullenia quinqueloba (Reuss, 1851)

Figure 3.7, 8a-b

1851 Nonionina quinqueloba Reuss: p. 71, pl. 5, fi g. 31a, b.

1960 Pullenia subcarinata (d’Orbigny); Barker, pl. 84, figs. 14, 15.

1949 Pullenia quinqueloba (Reuss); Bermudez, p. 276, PI. 21, figs. 32, 33.

1983 Pullenia quinqueloba (Reuss); Tjalsma and Lohmann, p. 36, PI. 16, fig. 2.

1987 Pullenia quinqueloba (Reuss); Miller and Katz, p. 138, PI. 4, figs. 2a-b.

Description: Test planispiral, involute. Sub-globular, slightly compressed test, rounded
periphery. Chambers are triangular, inflated. Five chambers present in the final whorl,
separated by depressed and radial sutures. Aperture is a narrow crescentic, interiomarginal

slit, extending from periphery to umbilicus.

Dimensions: The species length ranges from 125-500 um in the current study.

Stratigraphic range: The range of the species at 752 is Chattian to Zanclean at 1139 Chattian

to mid- Serravallian and at 1168 early Aquitanian to Zanclean.

Remarks: This species is distinguished from five chambered forms of P. bulloides by the more
open coiling and less circular outline. This species is recorded worldwide (Holbourn et al.,
2013) but is common in the continental shelf sediments of the Yellow Sea and the East China

Sea (Lei and Li, 2016) and the Indian Ocean (Nomura, 1991; (Singh and Gupta, 2004).
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Superfamily PLANORBULINACEA Schwager, 1877

Family CIBICIDIDAE Cushman, 1927
Subfamily CIBICIDINAE Cushman, 1927

Genus Cibicidoides Saidova, 1975

Cibicidoides bradyi (Trauth, 1918)

Figure 3.8, 1a-b

1918 Truncatulina bradyi Trauth, p. 235.

1884 Truncatulina dutemplei (d'Orbigny); Brady, p. 665, pl. 95, fig. 5.

1976 Cibicidoides bradyi (Trauth); Pflum and Frerichs, pl. 3, figs. 6, 7.

1994 Gyroidina bradyi (Trauth); Jones, p. 99, pl. 95, fig. 5.

2013 Cibicidoides bradyi (Trauth); Holbourn et al., p. 162, figs. 1- 6.

Description: Test trochospiral, unequally biconvex. The umbilical side is involute, and the
spiral side is evolute, more convex. Nine inflated chambers in the last whorl, separated by
radial curved sutures in the umbilical side, and oblique sutures in the spiral side. The aperture

is a slit-like opening with lip extending from periphery to spiral side.

Dimensions: The species length ranges from 100-450 um in this study.

Stratigraphic range: The species first appears in the Chattian and ranges to the Zanclean at

752 and 1168, at 1139 it ranges from Chattian to early Tortonian.

Remarks: Distinguished from Cibicidoides robertsonianus (Brady, 1881), with which it can be

confused (Holbourn et al. (2013), by having fewer chambers (typically <10) in the last whorl,
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smaller test and a more rounded periphery. Recorded worldwide (Holbourn et al., 2013),
including from the central Indian Ocean by Boersma (1990). While this species is perhaps most
commonly referred to as C. bradyi in the literature (e.g., Holbourn et al., 2013), accepted
alternate names include Parrelloides bradyi and Heterolepa bradyi (Hayward et al., (2019d) in

WoRMS database).

Cibicidoides mundulus (Brady, Parker & Jones, 1888)

Figure 3.8, 2a-c

1888 Truncatulina mundula Brady, Parker and Jones: p. 228, pl. 45, fig. 25a-c.

1953 Cibicides kullenbergi Parker in Phleger et al.: p. 49, pl. 11, figs. 7, 8.

1955 Cibicidoides mundulus (Brady, Parker and Jones); Loeblich and Tappan, p. 25, fig. 4a-c.

1960 Cibicidoides mundulus (Brady, Parker and Jones); Barker, pl. 95, fig. 6.

1992 Cibicidoides mundulus (Brady, Parker and Jones); Mackensen, p. 668, pl. 3, figs. 5-7.

Description: Unequally biconvex test, trochospiral. The umbilical side is more convex than the
spiral side. Chambers are low, inflated, ten to twelve chambers in the last whorl, separated by
curved sutures. The primary aperture is a long, narrow interiomarginal slit, extending from
periphery to spiral side. The test is smooth on the umbilical side and highly perforated on the

spiral side.

Dimensions: The species length ranges from 125-800 um in this study.

Stratigraphic range: The stratigraphic distribution of the species at 752 and 1168 is Chattian

to Zanclean. At 1139A it ranges from the Chattian to early Tortonian.

137



Remarks: The specimens here all show a pronounced umbilical boss, as also illustrated by
Holbourn et al. (2013, p. 196, pl. 1-8), and Setoyama and Kaminski (2015, p. 14, fig. 5, pls. 4(a-
c)). Common species found worldwide (Holbourn et al., 2013), including in the eastern Indian

Ocean (Nomura, 1991) and Kerguelen Plateau (Mackensen, 1992).

Cibicidoides wuellerstorfi (Schwager, 1866)

Figure 3.8, 3a-c

1866 Anomalina wuellerstorfi Schwager: p. 258, pl. 7, figs. 105, 107.

1884 Truncatulina wuellerstorfi (Schwager); Brady, pp. 627, 662, pl. 93, figs. 8, 9.

1960 Planulina wuellerstorfi (Schwager); Barker, pl. 93, fig. 9.

1976 Cibicides wuellerstorfi (Schwager); Pflum and Frerichs, p. 116, pl. 4, figs. 2-4.

1994 Cibicidoides wuellerstorfi (Schwager); Jones, p. 98, pl. 93, figs. 8, 9.

2015 Cibicidoides wuellerstorfi (Schwager); Setoyama and Kaminski, p.14, fig.5, pls. 10a-c.

Description: Planispiral, to low trochospiral and plano-convex test. Up to twelve elongated
and curved chambers in the last whorl; increasing rapidly in size. Peripheral keel so acute
periphery. The sutures are depressed and strongly curved. The wall is coarsely perforate on
the spiral side. The aperture is a narrow slit, having a narrow lip extending from the periphery

to the spiral side.

Dimensions: The species length ranges from 125-1000 um in the current study.
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Stratigraphic range: The stratigraphic distribution of the coarse type at 752 is early Aquitanian
to Tortonian and mid-Aquitanian to Zanclean at 1168. At 1139 it ranges from mid-Burdigalian
to mid- Serravallian. The smooth type ranges from early Tortonian to Zanclean at 752. At 1139

it ranges from Burdigalian to Serravallian, while at 1168 it ranges from Aquitanian to Zanclean.

Remarks: This species has two different styles of test ornamentation as noted by Nomura
(1991) in the eastern Indian Ocean (ODP Hole 754A) — a ‘smooth’ and a ‘coarse’ type. The
smooth type (Figure 3.8, 4(a-c)) has a smooth umbilical side and is relatively inflated in the
side view compared with the ‘coarse’ type which is highly adorned with nodes on the umbilical
side and is more compressed in the side view. The smooth type is recorded at all three
localities in the current study. The coarse type Cibicidoides wuellerstorfi has previously been
assigned to three different genera: Fontobia (Schwager), Planulina Revets (1996) and
Cibicidoides. Following the molecular phylogenetic studies of Schweizer (2006) and Schweizer
et al. (2009, 2011) the latter genus has now been accepted and applied in the literature
(Setoyama and Kaminski (2015). Worldwide distribution (Holbourn et al., 2013), widely

reported in the Indian Ocean (e.g. Boersma, 1990; Nomura, 1991).

Family PLANULINIDAE Bermudez, 1952
Genus Planulina d'Orbigny, 1826

Planulina costata (Hantken, 1875)

Figure 3.8, 5a-c

1875 Truncatulina costata Hantken: p. 73, pl. 9, figs. 2a-c.

1932 Planulina wuellerstorfi Schwager; Nuttall, p. 31, pl. 4, figs. 14, 15.
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1979 Planulina wuellerstorfi Schwager; Sztrakos, p. 86, pl. 26, fig. 4.
1934 Planulina marialana Hadley: p. 27, pl. 4, figs. 4-7.

1941 Planulina palmerae van Bellen: in van Bellen et al., 1941, p. 1144, figs. 7-9.

1986 Planulina costata (Hantken); van Morkhoven et al., p. 212, pl. 72.

1991 Planulina costata (Hantken); Nomura, p. 55, pl. 4, figs. 5a-c.

Description: Low trochoid test. The spiral side is evolute and flattened. While the umbilical
side is involute, slightly convex. Chambers number ten to twelve, with a low inflated shape,
separated by slightly too highly curved sutures. The test is smooth on the umbilical side and
highly perforated with small pores on the spiral side. Aperture is slit-like, peripheral, with a

small lip extending towards the umbilicus.

Dimensions: The species length ranges from 150-1150 um in the current study.

Stratigraphic range: This species only occurs at 752 where it ranges from early Aquitanian to
early Serravallian.

Remarks: Van Morkhoven et al. (1986) considered that this species may have evolved from
Planulina cocoaensis and that P. costata and Planulina renzi may have evolved separately
through the Oligocene and early Miocene. The current species is similar to the ‘smooth’ form
of C. wuellerstorfi in overall test shape and by having a smooth umbilical surface, but differs
by having a smaller apertural opening, more compressed test and more irregular periphery.
Itis similar to Planulina karsteni (Petters and Sarmiento, 1956), but the spiral side of P. karsteni
is slightly convex, while in Planulina costata it is plano-convex. Species is widely distributed
(van Morkhoven et al., 1986) and has previously been recorded from the eastern Indian Ocean

(Nomura, 1991).
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Figure 3. 8:
(Scale bar =100 um)

la-b. Cibicidoides bradyi, 1139A, 1a. 9R-4, 105-110cm: umbilical view. 1b. 8R-1, 45-49cm:

spiral view.
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2a-c. Cibicidoides mundulus, 752A, 3H-1, 50-55cm: 2a. umbilical view; 2b. edge view; 2c. spiral
view.

3a-c. Cibicidoides wuellerstorfi, (coarse) 752A, 7H-2, 73-78cm: 3a. umbilical view; 3b. edge
view; 3c. spiral view.

4a-c. Cibicidoides wuellerstorfi, (smooth) 752A, 5H-1, 65-70cm: 4a. umbilical view; 4b. edge
view; 4c. spiral view.

5a-c. Planulina costata, 7H-2, 73-78cm: 5a. spiral view; 5b. edge view; 5c. umbilical view.
6a-b. Eggerella bradyi, 1168A, 6a. 42X-3, 70-74cm: side view. 6b. 10H-2, 80-84cm: apertural

view.

Order TEXTULARIIDA Lankester, 1885
Superfamily TEXTULARIACEA Ehrenberg, 1838
Family EGGERELLIDAE Cushman, 1937b
Subfamily EGGERELLINAE Cushman, 1937b

Genus Eggerella Cushman, 1933a

Eggerella bradyi (Cushman, 1911)

Figure 3.8, 6a-b

1911 Verneuilina bradyi Cushman: p. 54, fig. 87.

1937b Eggerella bradyi (Cushman); Cushman, p. 52, pl. 5, fig. 19.

1951 Eggerella bradyi (Cushman); Phleger and Parker, p. 6, pl. 3, figs. 1, 2.

1960 Eggerella bradyi (Cushman); Barker, pl. 47, figs. 4-7.
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1987 Eggerella bradyi (Cushman); Loeblich and Tappan, p. 170, pl. 189, figs. 1, 2.

1991 Eggerella bradyi (Cushman); Nomura, p. 55, pl. 1, figs. 12(a,b).

Description: The test is trochoid in the initial portion, subsequently changing to a triserial
arrangement. The test is nearly conical. Chambers are highly inflated, separated by depressed
sutures. The wall is agglutinated, with calcareous cement. The aperture is a semi-circular slit,

with narrow lip, located at the base of the last biggest chamber.

Dimensions: The species length ranges from 125-550 um in the current study.
Stratigraphic range: The species ranges from the Chattian to Zanclean at 752 and 1168. At

1139 it ranges from Chattian to early Tortonian.

Remarks: This species is considered cosmopolitan (Kender et al. (2008) and has previously
been recorded in the Miocene of the East Indian Ocean by Nomura (1991) and on the

Kerguelen Plateau (Mackensen, 1992).

3.5 Summary

Benthic foraminiferal assemblages from ODP Sites 752, 1139 and 1168 were identified from
the >63 um fraction for the late Oligocene through Pliocene. Assemblages are highly diverse
comprising more than 200 species at each individual site. Hole 752A yielded 268 species, of
which 143 do not occur at the other two sites, at 1139A 224 species were recorded, 92 of

which only at that site and at 1168A, 331 species with 189 taxa not present at the two other
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sites. The 52 most-abundant species, chosen as they represent at least 1% of the total fauna
encountered in this study, are described, and illustrated here providing a useful reference

work for the southern Indian Ocean.
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Chapter Four
Foraminifera: Results and Discussion

4.1 Introduction:

Different parameters are used (Cluster analysis, Diversity, Benthic Foraminifera Accumulation
Rate (BFAR) and Rarefaction curves) to examine deep-sea benthic foraminifera at the different
ODP Sites of Indian Ocean (752A, 1168A and 1139A). Results of these parameters combined
with abundance of dominant benthic foraminifera and high productivity taxa (Bolivina,
Bulimina, Uvigerina and Melonis species). The above-mentioned parameters used to reveal
significant palaeoceanographic changes in Indian Ocean during the late Oligocene, Miocene,

and the early Pliocene.

Characteristic species of each clusters at the three studied sites are indicative of different
nutrient and oxygen levels. For instance, the characteristic species of cluster A at 752A is
Ehrenbergina carinata; this species is more indicative of high nutrient, low oxygenated
environments, and high temperatures (Gupta and Satapathy, 2000). Both Cibicidoides
wuellerstorfi (coarse type) and Nuttalides umbonifera in clusters C and D (752A) are

associating with AABW (Antarctic Bottom Water) (Corliss, 1979a, Corliss, 1983).

The highest peak of Trifarina angulosa is recorded during the late Miocene at 1168A. Trifarina

angulosa is species that indicate colder periods, and it has bloomed during the intensification
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of bottom currents (Mackensen, 1992). Oridorsalis umbonatus (cluster A) (1139A) is indicative

of well-oxygenated water, and it peaks during low organic conditions (Mackensen et al., 1985).

4.2 Results:

4.2.1 ODP Site 752 Hole A:

4.2.1.1 Cluster analysis:

The first sample 2H-4 (4.14 Ma) has the least similarity index of less than 0.2 (Figure 4.1), while
cluster A has the highest similarity. Cluster (A) (See Appendix D) represents samples 3H-1 and
3H-2, both have an average diversity of 59. Cluster (B) is representing samples 3H-5- 5H-2 (six
samples). Sample 3H-4 (6.62 Ma) is not making a direct cluster with clusters A & B while it is a
part of a larger cluster that includes clusters A, B & C. Samples of cluster B have average

diversity of 53.

Sample 5H-3 (10.23 Ma) does not make a direct cluster with adjacent clusters (B &C), while it
is a part of the larger cluster including clusters A, B & C. Cluster C is represented by samples
5H-4- 6H-5 having average diversity of 66 benthic foraminifera species. Sample 6H-6 (12.83
Ma) forms one larger cluster at nearly 0.3 with clusters A, B & C and clusters D, E and F are
grouped at around 0.3 as well. These two larger clusters are separated at around 12.83 Ma
before they group to form one larger cluster at about 0.2. Sample 7H-6 (15.21 Ma) has not
directly clustered with clusters D & E. Cluster D is composed of three samples (7H-1, 7H-2 &

7H-4), the diversity of these samples is 69, 94 and 67 species, respectively.
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Cluster E is composed of four samples (8H-1- 9H-2) having an average diversity of 70 species
per sample. Cluster F is composed of five samples (9H-4-10H-5). The average species diversity

for this cluster (F) is 73 benthic species.
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Figure 4. 1: Constrained cluster diagram of samples in the late Oligocene and Neogene
(Miocene & early Pliocene) at the Site 752 Hole A, exhibiting the presence of six major cluster
groups.
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The above dendrogram (Figure 4.1) was mainly grouped into two major clusters, the first
cluster group (A-C) which has higher similarity index than the second cluster group (D-F). These
two groups were separated at 12.83 Ma (Serravalian). By comparing the diversity of two
groups, the first group (Cluster A, B & C) have slightly declined in diversity which showing in
species richness (Taxa_S) and the Shannon diversity curve. The drop is apparent especially in
Cluster A and B until it starts to increase in Cluster A. However, the second Group (Cluster D,
E & F) showing nearly the same inclination of diversity and higher trend than the first group

(Cluster A, B & C) (Figure 4.2).

There are some species that each cluster is characterised with such as, Bolivinellina cf. B.
translucens and Ehrenbergina carinata in cluster A, Strictocostella scharbergana and Trifarina
angulosa in cluster B, Bolivina viennensis, Cibicidoides wuellerstorfi (coarse type) and
Burseolina pacifica in cluster C, Nuttalides umbonifera, Bolivina reticulata and Trifarina bradyi
in cluster D, Lenticulina cultrata and Planulina costata in cluster E and Bolivina huneri and

Nuttalides umbonifera in cluster F.

The separation of cluster group (A-C) which has higher similarity index than the second cluster
group (D-F) is shown by the differences between two assemblages (Figure 4.2) for example,
the shifting from high Shannon-index assemblages (characterised by Siphonodosaria,
Nuttalides and Trifarina bradyi) to lower Shannon-index assemblages (characterised by C.

wuellerstorfi and Trifarina angulosa) at about 13 Ma (Figure 4.5).
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4.2.1.2 Diversity:

Diversity indices curves were plotted versus age (See Appendix E). Shannon diversity index is
used in the current study and compared with other parameters. Shannon diversity accounts
both number of individuals and number of taxa. The species richness (Taxa_S) only represents
the number of taxa counted in the studied samples. Dominance is ranged between 0 to 1
which 1 represent only 1 taxon dominated the community completely. The details of diversity

indices can be found in Harper (1999).

Shannon index was high during the early Miocene and the early-mid Miocene until dropped
suddenly at around 15.21 Ma. The highest peak of diversity has recorded in 13.56 Ma, and it
started to decline gradually with fluctuations in the late Miocene until about 6.62 Ma. The

diversity values slightly recovered and increased at 5.61 Ma (Figure 4.2).

The species dominance recorded the highest peak at around 10-8 Ma (Figure 4.2) coincided
with the time when all diversity and evenness values decreased and, in some intervals, it

reaches the lowest values.

4.2.1.3 Benthic Foraminifera Accumulation Rate (BFAR):

In the current study, the first peak of BFAR (See Appendix F) was in the late Oligocene (23.48
Ma) and it declined until it peaks again during the early Miocene at 19.16 Ma (Figure 4.3). The
curve dropped again towards late early Miocene (15.98 Ma). From mid- Miocene towards late

Miocene, the peak shows many fluctuations. Despite these fluctuations, the peak has an
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increasing trend, starts from 13.56 Ma until 8.25 Ma. Three highest peaks had recorded from
the mid- Miocene until the latest Miocene. The first peak was at 12.83 Ma, the second peak

was at 10.23 Ma, and the last peak was at 6.62 Ma.

Dominance_D Shannon_H Taxa_S Evenness_e"H/S
00 01 02 03 2 3 4 0 50 100 0.0 0.5 1.0
4 r 7 1 J L 1 J L 1 J L 1 ]
v ad Cluster A 1 W
6 4

23.48

24

Figure 4. 2: Diversity indices, dominance, species richness and evenness at the Site 752 Hole
A, the shaded area are six clusters formed from samples with similar composition, separated
from each other in the places where diversity changed.
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High productivity taxa calculated by adding the percentages of high productivity benthic taxa
such as Bolivina, Bulimina, Uvigerina and Melonis species (See Appendix A). The first peak
recorded at the latest Oligocene, while the highest peak during the early Miocene was around
19 Ma then the peakis dropped suddenly. The values started to increase during the early mid-
Miocene with high fluctuations. The highest peak has recorded during the late Miocene

starting from ~ 10 Ma and continued until around 5.6 Ma (Figure 4.3).

4.2.1.4 Rarefaction curves:

The reason for having the rarefaction curve is to examine samples completeness by comparing
the relative composition of two or more samples. Rarefaction is used for comparing the
diversity of two or more different sized samples (Hammer et al., 2001). One or more columns
of counted individuals of different species are required, and samples must be taxonomically
similar and from similar habitats (Hammer et al., 2001). Prothero (2013) supposed that
rarefaction analysis used for comparing two different sized samples and make sure that the

differences are real and not caused by the sampling process.

As shown in the plot below the diversity increased rapidly at the beginning until it becomes
more flattened when fewer new taxa added. From the curves below (Figure 4.4) it is shown
that the diversity of most of the samples shows the range between ~45-70 taxa except for a
few samples, at 13.56 and 22.31 Ma. Most of the curves become more flattened around 400-
600 specimens; it shows that this range of counting may apply for most of the samples at the

current study.
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Figure 4. 3: Benthic Foraminifera Accumulation Rate (BFAR) and High productivity taxa relative
abundance versus age at Hole 752A. The red arrow points to an increasing trend of BFAR
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Figure 4. 4: Rarefaction curve of the thirty samples at the Site 752 Hole A. The numbers on

each curve represent the Age (Ma). The vertical axis is species diversity, and the horizontal
axis is the number of collected specimens.

4.2.1.5 Faunal composition:

The relative abundance of thirteen most abundant species are plotted and compared with
both BFAR and diversity (Shannon_H) (Figure 4.5). These relative species abundances have
increased and decreased during Latest Oligocene, Miocene, and early Pliocene. Some species
have peaked during late Oligocene-early Miocene, such as Globocassidulina subglobosa and
Strictocostella scharbergana. In the early Miocene species like Nuttalides umbonifera,
Astrononion umbilicatulum and Globocassidulina subglobosa are peaked then rapidly declined
at 19.16 Ma at the same time BFAR slightly recorded higher value, and the diversity dropped

suddenly.

153



After 19.16 Ma species like Siphonodosria subspinosa, Trifarina bradyi and Globocassidulina
subglobosa started to peak. At the time when the maximum value of diversity recorded (13.56
Ma) the first peak of Cibicidoides wuellerstorfi (coarse type) and Trifarina angulosa are
recorded, and the highest peak of Astrononion umbilicatulum is also recorded. Most of the
species abundance decreased and dropped suddenly at around 12.83 Ma except some species

such as Bulimina truncana and Astrononion umbilicatulum.

The diversity started to decline again after it shows the highest value at 13.56 Ma. At the same
time, BFAR started to increase also species such as Bolivina cf. B. reticulata, Bulimina truncana,
B. striata, Cibicidoides wuellerstorfi, Trifarina angulosa become most popular species during
late- middle Miocene to late Miocene. While Burseolina pacifica, Globocassidulina
subglobosa, Strictocostella scharbergana, Siphonodosaria subspinosa started to peak again.
Cibicidoides wuellerstorfi (coarse type) has substituted by smooth type (red peak) C.
wuellerstorfi at around 10 Ma. In the late Miocene and early Pliocene species such as

Gavelinopsis lobatulus increase rapidly and shows the highest peak.

Both correlation coefficient and significant values are calculated between the relative
abundance of each species in Figure 4.5 and diversity values (Shannon_H) (See Appendix K).
Correlation coefficient (R-value) has either negative or positive values. The best correlation
represented by highest positive values (0.43) which recorded between Trifarina bradyi and
diversity. The significant value (P-value) is represented by statistically significant value when
the value is small and < 0.05 while the value will be non-statistically significant when P>0.05.

the more stratigraphically significant value is 0.02 between Trifarina bradyi and diversity.
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Figure 4. 5: Species relative abundance, diversity (Shannon_H) and Benthic Foraminifera
accumulation Rate (BFAR) versus age at Site 752 Hole A.
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4.2.2 ODP Site, 1168 Hole A:

4.2.2.1 Cluster analysis:

The dendrogram divided into six main clusters. Most clusters have a similarity index of nearly
0.5, except cluster F, which has less similarity around 0.36. Cluster A (See Appendix D)
represented by samples 8H-1- 15X-2 (eight samples) with an average diversity of 64 benthic

foraminifera species (Figure 4.6).

Cluster B is represented by samples 16X-2- 25X-2 (ten samples) with the average diversity of
62 benthic foraminifera species. Cluster C is represented by samples 25X-5- 30X- 3 (seven
samples) having an average diversity of 54 benthic foraminifera species. Cluster D is
represented by samples 31X-5- 37X- 6 (seven samples) having an average diversity of 59
benthic foraminifera species. Cluster E is represented by samples 38X-3- 42X-3 (five samples)
with an average diversity of 54 benthic foraminifera species. Cluster F is represented by
samples 45X-6- 52X-4 (five samples) having an average diversity of 45 benthic foraminifera

species.

There are some characteristic species in each cluster such as Melonis barleeanus and
Siphouvigerina hispida in cluster A, Nuttalides umbonifera and Bolivina sp.3 in cluster B,
Nuttalides umbonifera and Sphaeriodina bulloides in cluster C, Cibicidoides mundulus, Bolivina
sp.3 and Bulimina truncana in cluster D, Bulimina cf. B. elongata, Bolivina dilatata and

Cibicidoides mundulus in cluster E and Bolivina dilatata and Melonis barleeanus in cluster F.
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Figure 4. 6: Constrained Cluster diagram of samples in the late Oligocene and Neogene
(Miocene and early Pliocene) at the Site 1168 Hole A, exhibiting the presence of six major
cluster groups.

157



4.2.2.2 Diversity:

Commonly the diversity values (Figure 4.7) have not changed a lot, while in some intervals
records high values (See Appendix G). In the late Oligocene and earliest Miocene, the values
increased then dropped suddenly at 21.84 Ma, and after that, the values have not changed a

lot until it decreased rapidly to record the lowest value at 18.53 Ma.

In 18.11 Ma the diversity records the highest value and remains high until it drops suddenly in
14.01 Ma. The range between 14.01 and 11.83 Ma shows low diversity values except for the
intervals between 12.97 and 13.62 Ma, which have a slightly higher peak. The peak of the
diversity rapidly dropped down at 9.62 Ma and another lower value also recorded at 6.46 Ma.

Commonly the range between 10.44 to 7.27 Ma has low diversity values.

Evenness values have the same pattern of increasing and decreasing with diversity indices

while dominance peak almost opposite to the diversity and evenness peaks.

4.2.2.3 Benthic Foraminifera Accumulation Rate:

The lowest value of the BFAR (See Appendix H) was in late Oligocene (23.87 Ma), and it has
gradually increased until it reaches the highest value in the earliest Miocene (22.75 Ma)
(Figure 4.8). The value dropped again in 20.9 Ma. The values remain relatively similar and low
until it peaks again in 14.01 Ma. High values also recorded at around 10 and 8 Ma. In The

current Site (1168A) the BFAR values increase maybe during the periods of cooling.
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The high productivity taxa calculated from the sum of Bolivina, Bulimina, Uvigerina and
Melonis species (See Appendix B). The highest peak recorded during the latest Oligocene and
early Miocene and continued until about 21 Ma. The values are gradually decreased until
recording the lowest value at 13.62 Ma. The values gradually increase during the mid-Miocene

and continued until about 10 Ma (Figure 4.8).

4.2.2 .4 Rarefaction curves:

At the beginning of the rarefaction curve, diversity increased rapidly until it becomes more
flattened when fewer new taxa added (Figure 4.9). The diversity of the most samples has a
range between ~40 to 70 species except few samples, especially at 7.27, 18.11 and 10.44 Ma
which record slightly higher values. Most of the curves become more flattened around 200-
350 specimens. The range of 200- 350 specimens may represent the best range of specimens

counting at the current study.

4.2.2.5 Faunal composition:

Thirteen most abundance species have been plotted and compared with both diversity
(Shannon_H) and Benthic Foraminifera Accumulation Rate (BFAR) (Figure 4.10). Some species
peaked during the latest Oligocene to the early Miocene such as Astrononion umbilicatulum,
Siphonodosaria subspinosa and Epistominella exigua. Species such as Globocassidulina
subglobosa, Trifarina bradyi, Cibicidoides wuellerstorfi (both types), Bulimina truncana and

Sphaeroidina bulloides peaked during the early Miocene.
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Figure 4. 7: Diversity indices, dominance, species richness and evenness at the Site 1168
Hole A, the shaded area are six clusters formed from samples with similar composition.
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Figure 4. 8: Benthic Foraminifera Accumulation Rate (BFAR) and High productivity taxa
versus age at the Hole 1168A. The x-axis of BFAR is a logarithmic scale.
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The highest peak of Bolivina dilatata occurred at around 21.84 Ma. Sphaeroidina bulloides
dominated during the early Miocene to the late mid- Miocene. Abdetodentrix peudothalmanni
is less dominated and has low abundance during the latest Oligocene and the early Miocene,

while it starts to peak again during the late mid-Miocene and continued until the early

Taxa S

Pliocene.
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Figure 4. 9: Rarefaction curve of the forty-two samples at the Site 1168 Hole A. The numbers
on each curve represent the Age (Ma). The vertical axis is species diversity, and the horizontal

axis is the number of collected specimens.

Astrononion umbilicatulum increase in abundance during mid and the late Miocene and

dropped in the early Pliocene. The highest peak of Stilostomella cf. S. annulifera was at 8.45

Ma and dropped suddenly in the latest Miocene. Both Siphonodosaria subspinosa and

Trifarina angulosa has a highest peaked during the late Miocene, while the Siphonodosaria

subspinosa peak drop earlier at around 8 Ma. Species such as Globocassidulina subglobosa,

Nuttalides umbonifera Cibicidoides wuellerstorfi (coarse type), Bulimina truncana and
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Sphaeroidina bulloides peaked again during the mid- Miocene. The highest peak of both
Nuttalides umbonifera and Sphaeroidina bulloides recorded in the mid-Miocene which

coincided with the East Antarctic Ice Sheet expansion.

The peaks of relative abundance, diversity and BFAR highly fluctuate during ~ 10.5 to 10 Ma.
During the early late Miocene, Trifarina bradyi peaked again and declined in the latest

Miocene when the peak of Trifarina angulosa remains high.

Both correlation coefficient (R-value) and significant values (P-value) are calculated by using
the relative abundance of the species shown in the Figure 4.10 and diversity values
(Shannon_H) (See Appendix K). The highest correlation coefficient is 0.3 between the relative
abundance of Stilostomella cf. S. annulifera and diversity which also record statistically

significant value (0.04).

4.2.3 ODP Site, 1139 Hole A:

4.2.3.1 Cluster analysis:

The dendrogram has divided into five main clusters. The similarity, of all clusters around 0.4
to 0.5. Cluster A (See Appendix D) is composed of two samples (3R-1 & 3R-2) with an average
diversity of 43 benthic foraminifera species. Cluster B is represented by samples 4R-1, 4R-2,
and 4R-4 it has an average diversity of 44 benthic foraminifera species. Sample 3R-4 (12.77
Ma) is not clustered directly with cluster A and B. Cluster C represents samples 6R-1 and 7R-1
and has a species diversity of 39 and 68, respectively. Sample 5R-1 ( 17.98 Ma) is not clustered

directly with cluster C (Figure 4.11).
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Figure 4. 10: Species relative abundance, diversity (Shannon_H) and Benthic Foraminifera
accumulation Rate (BFAR) versus age at Site 1168 Hole A. The red curve is Cibicidoides
wuellerstorfi (smooth type).
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Cluster D represented by samples 8R-1- 14R-4 (19.42-2.10 Ma) and it has an average diversity
of 51 species. Sample 15R-2 (22.39 Ma) is not clustered directly with cluster D or E. Cluster E

is represented by samples 15R-4 — 19R-2. The average diversity of this cluster (E) is 55 species.

There are some characteristic species at 1139A such as, Oridorsalis umbonatus and Trifarina
angulosa in cluster A, Strictocostella matanzana, Bulimina truncana and Cibicidoides
wuellerstorfi (smooth and coarse types) in cluster B, Bulimina cf. B. elongata, Bulimina striata
and Laticarinina pauperata in cluster C, Sphaeroidina bulloides, Uvigerina peregrina and
Bulimina gibba in cluster D and Stilostomella cf. S. annulifera, Pullenia quinqueloba and

Eggerella bradyi in cluster E.

4.2.3.2 Diversity:

Commonly the Shannon index values are not changing much except for some intervals (See
Appendix I). The diversity values are high during the late Oligocene and decline rapidly in the
latest Oligocene (23.18 Ma) (Figure 4.12). The diversity curve declined then records the
highest peak in the early Miocene (22.1 Ma). The values do not record high changes while
dropped suddenly at 21.14 Ma and the second-highest decrease was at 18.61 Ma. During the
late early Miocene, the diversity records the highest value at around 18 Ma and the second-
highest value was around 12.77 Ma then it declined rapidly in the late mid-Miocene. The
evenness peak has a similar inclination with the diversity curve, especially in the early to mid-
Miocene. While dominance is relatively low during the latest Oligocene and has the highest

peak at around 18.61 Ma. The dominance peaked again at 14.49 Ma then dropped rapidly.
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4.2.3.3 Benthic Foraminifera Accumulation Rate (BFAR):

The highest BFAR value recorded in the late Oligocene during 23.6 — 23.18 Ma (Figure 4.13).

The values of BFAR decreased in the early Miocene except at 22.39 Ma until it increased again
at 21.34 Ma. The value remains relatively high until peaks again at around 19.14 Ma and the
second peak is at 14.49 Ma. The value decreased sharply at about 12.77 Ma when the high

value of diversity recorded. While increased at 11.99 Ma (See Appendix J).

The High productivity taxa calculated from the sum of Bolivina, Bulimina, Uvigerina and
Melonis species (See Appendix C). The high productivity values are high during the latest
Oligocene and early Miocene and decrease suddenly after about 22.7 Ma. The values remain
low then increase again at about 21 Ma. Another dropping happens after that then another
peak records at around 19 Ma. After that, the values continuously decrease until around 14.4
Ma. During the late mid-Miocene, the values are slightly increase and drop again at around

11.2 Ma (Figure 4.13).

4.2.3.4 Rarefaction curves:

From the rarefaction curves, the diversity values increase rapidly at the beginning until it

becomes more flattened when fewer new taxa added (Figure 4.14).

The range of the diversity of the current study samples is around ~40-60 taxa for most of the

samples except few of them, especially samples at 16.3 and 17.98 Ma. Most of the curves
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become more flattened around 300-500 specimens; it shows that this range of counting may

apply for most of the samples at the current study.
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Figure 4. 11: Cluster diagram of samples in the late Oligocene and Miocene (early & early late
Miocene) at the Site 1139 Hole A, exhibiting the presence of five major cluster groups.
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Figure 4. 14: Rarefaction curve of the twenty-five samples at the Site 1139 Hole A. The

numbers on each curve represent the Age (Ma). The vertical axis is species diversity
(richness), and the horizontal axis is the number of collected specimens.

4.2.3.5 Faunal composition:

The relative abundance of thirteen most abundance species are plotted and compared with
both diversity (Shannon_H) and Benthic Foraminifera Accumulation Rate (BFAR) (Figure 4.15).
Peaks of all selected species have fluctuated differently during the late Oligocene to the
Neogene (Miocene and early Pliocene). Species like Globocassidulina subglobosa, Astrononion
umbilicatulum, Stilostomella cf. S. annulifera, Siphonodosaria subspinosa and Bulimina striata
have peaked during the late Oligocene and the earliest Miocene. The Astrononion
umbilicatulum highest peak was at 23.43 Ma at the time where the BFAR has high value during

the late Oligocene. The highest peak of Stilostomella cf. S. annulifera at 22.5 Ma coincided
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with the first peak of both Siphonodosaria subspinosa and Bulimina truncana. The first peak
of Globocassidulina subglobosa at 22.10 Ma coincided with the first highest peak of diversity

and the lowest value of BFAR.

The first highest peak of Bulimina striata was at 21.76 Ma at the time when the value of BFAR
is still low, and the diversity value remains high. The peak of Bulimina truncana more or less
dropped and increased, contrary to BFAR values. In the current study Epistominella exigua

responding to any changes to BFAR values (Figure 4.15).

Sphaeroidina bulloides recorded high values during the late Oligocene and the early Miocene
and dropped rapidly at 17.98 Ma at the same time Abdetodentrix peudothalmanni bloomed.
Abdetodentrix peudothalmanni dropped suddenly at 19.14 Ma. Some species recorded high
values during the late early Miocene and the mid- Miocene such as Trifarina bradyi and

Cibicidoides wuellerstorfi.

The highest peak of species such as Globocassidulina subglobosa, Cibicidoides wuellerstorfi
(the coarse type), Trifarina bradyi and Epistominella exigua were at 16.13 Ma during mid-
Miocene Climatic Optimum (MMCO). During the mid- Miocene, the peak of Trifarina bradyi
declined suddenly at the time Trifarina angulosa recorded the highest peak at 15.22 Ma. The
highest peak of both Nuttalides umbonifera and Cibicidoides wuellerstorfi (the smooth type)

were recorded at 12.77 Ma which coincided with East Antarctic Ice Sheet expansion.
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Both correlation coefficient (R-value) and significant values (P-value) are calculated by using
the relative abundance of the species shown in the Figure 4.15 and diversity values
(Shannon_H) (See Appendix K). The highest correlation coefficient is 0.4 between the relative
abundance of Cibicidoides wuellerstorfi (smooth) and diversity which also record statistically

significant value (0.05).

4.3 Discussion:

4.3.1 ODP Site 752 Hole A:

4.3.1.1 Cluster analysis:

The characteristic species of cluster A is Ehrenbergina carinata; this species is more indicative
of high nutrient, low oxygenated environments and high temperatures (Gupta and Satapathy,
2000). Inthe central Indian Ocean, E. carinata is a good indicator of intermediate to high input
of organic matter and low oxygen condition (Gupta et al., 2006). Trifarina angulosa in cluster
B is indicative species of colder periods, and it peaks during bottom currents intensification
(Mackensen, 1992). Both Cibicidoides wuellerstorfi (coarse type) and Nuttalides umbonifera in
clusters C and D are associating with AABW (Antarctic Bottom Water) (Corliss, 1979a, Corliss,
1983). Singh and Gupta (2004) suggested that the blooming of Nuttalides umbonifera in the
south-eastern Indian Ocean coincided with time were growing of other species could not be
maximal. According to Corliss (1979a) in the modern southeastern Indian Ocean, the species
such as Globocassidulina subglobosa and Nuttalides umbonifera have coexisted with AABW
(Antarctic Bottom Water), Globocassidulina subglobosa is dominated in warmer AABW (0.6-

0.8 C°), while Nuttalides umbonifera had dominated in coolest AABW (-0.2-0.4 C°).

173



Lenticulina cultrata (cluster E) is one of the most common species during the early Miocene
until the late mid- Miocene at 752A (see appendix A). At the Site 754, Lenticulina spp. were
abundant in the early Miocene but, it dropped from the mid- Miocene and upward (Nomura,
1991). Nuttalides umbonifera is the most common species in cluster F and shows the highest
peak during the early Miocene. At the current Site (752A) the first peak of BFAR was in the
late Oligocene (23.48 Ma) it may be due to deep glacial maximum within Oligocene/ Miocene
boundary (Zachos et al., 2001) and it has declined until it peaks again during the early Miocene

at 19.16 Ma (Figure 4.3).

The separation of two larger clusters at ~ 13 Ma may have controlled by a climactic event such
as faunal change due to Antarctic ice sheet expansion (Woodruff and Savin, 1989). According
to Nomura (1991), the development of the benthic foraminifera assemblages has recorded
from Eastern Indian Ocean at sites 754 and 756 at around 13.8 Ma which supposed to be
related to decreasing in water temperature of the intermediate oceanic waters due to

Antarctic ice sheet expansion (Badger et al., 2013, Holbourn et al., 2005).

4.3.1.2 Diversity:

Singh et al. (2012) studied the diversity of deep-sea benthic foraminifera at the Hole 752A.
They have noted that all diversity parameters values declined from 25 to 23 Ma and then
increased with a peak value recorded at ~13.5 Ma. According to Singh et al. (2012), the interval

between Late Oligocene to Earliest Miocene at Hole 752A showed highly unstable conditions.
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This interval was an interval of low organic carbon, high energy (carbonate corrosive), and
well-oxygenated conditions. The peak of diversity parameters coincided with the early Middle
Miocene climatic optimum (Singh et al., 2012). The trend of all diversity parameters declined
from 13.5 to 4.5 Ma, which believed to cooccurred with major Antarctic ice sheets build up
(Singh et al., 2012). In the current study the interval between 13.56 to 6.62 Ma shows gradual

declining of diversity.

According to Holbourn et al. (2005), the Antarctic Ice Sheet expansion (14.7 to 12.7 Ma) and
global cooling over Antarctica coexisted with decreasing atmospheric carbon dioxide levels
from the northwest and southeast subtropical Pacific Ocean. While according to Holbourn et
al. (2013), a continuous deep-water cooling and glaciation episodes happened from ~ 13 Ma

until ~ 9 Ma.

4.3.1.3 Benthic Foraminifera Accumulation Rate (BFAR):

Three highest peaks for BFAR recorded from the mid- Miocene until the latest Miocene. The
first peak was at 12.83 Ma which may have been triggered by global productivity increase in
oceans at ~13 Ma. High values recorded around 10- 8 Ma this may be due to Antarctic
glaciation (Gupta et al., 2004, Singh et al., 2012, Woodruff, 1985). In the current study,
productivity also records very high values during around 10- 8 Ma (Figure 4.3). The second
peak was at 10.23 Ma; this is possibly due to high productivity as well (Smart et al., 2007).

Increasing organic carbon, low oxygen zone intensification and deep ocean dissolution
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triggered and changed benthic foraminifera abundance and depth distribution during late

Miocene, between 8 to 10 Ma (Nomura, 1991).

Increase abundance of Bolivina species during the late-mid Miocene to the late Miocene at
the current Site (752A) are indicative for low oxygen level (Oxygen Minimum Zone (OMZ)),
higher organic matter input (Boersma and Mikkelsen, 1990, Poag and Low, 1984). Smart et al.
(2007) believed that the relation between BFAR and high productivity taxa is not considerable
at any of the studied sites in the western equatorial Indian Ocean. They believe that the overall
productivity increase is coincided with very high values of BFAR especially during the high-
productivity time (8-10 Ma) at the two shallower sites (237 and 707). The last peak of BFAR
was at 6.62 Ma which may be due to the expansion of the West Antarctic Ice Sheet (Zachos et
al., 2001). In the current study productivity increase coincided mostly with high values of
BEAR, this has been reported clearly in the late mid- Miocene to the late Miocene, also in the

latest Oligocene (Figure 4.3).

Wollenburg and Kuhnt (2000) believed that there is a negative correlation between BFAR and
carbon flux in the Arctic Ocean. They believed that the highest value of BFAR would be at the
area of the permanent ice sheet, while at the area of seasonality ice-free the BFAR value will

be lowest.
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4.3.1.4 Faunal composition:

In the early Miocene Nuttalides umbonifera, Astrononion umbilicatulum and Globocassidulina
subglobosa are peaked then rapidly declined at 19.16 Ma. Singh and Gupta (2004) suggested
that blooming of Nuttalides umbonifera in the south-eastern Indian Ocean was during the time
when other taxa could not grow optimally. According to Corliss (1979a) in the modern
southeastern Indian Ocean, the species such as Globocassidulina subglobosa and Nuttalides
umbonifera coexisted with AABW (Antarctic Bottom Water) Globocassidulina subglobosa is
dominated in warmer AABW (0.6-0.8 C°), while Nuttalides umbonifera had dominated in

coolest AABW (-0.2-0.4 C°).

In the current Site (752A) Bolivina cf. B. reticulata was most popular species during the late-
middle Miocene to the late Miocene. Increase abundance of Bolivina species are indicative for
low oxygen level (Oxygen Minimum Zone (OMZ)), higher organic matter input (Boersma and

Mikkelsen, 1990, Poag and Low, 1984).

4.3.2 ODP Site 1168 Hole A:

4.3.2.1 Cluster analysis:

Trifarina angulosa has a highest peaked during the late Miocene. According to Mackensen

(1992), Trifarina angulosa is species that indicate colder periods, and it has bloomed during

the intensification of bottom currents. In the Tasman Plateau the early Neogene dominated

by Melonis barleeanus (Shipboard Scientific Party, 2001c). In the current study (1168A) this
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species is dominated during the early Miocene and the late Miocene. Nuttalides umbonifera
is a characteristic species of cluster B and C. Singh and Gupta (2004) believed that N.
umbonifera bloomed in very high oligotrophic condition and insufficient organic supply.
Cibicidoides mundulus (see Figure 4.17) is a characteristic species of cluster D and E; this
species is a common species of the early Miocene (Nomura, 1991), however, its peak recorded
during the late mid- Miocene to the late Miocene at 754 (Nomura, 1991). Bolivina dilatata is
a characteristic smooth-walled species of cluster E and F. According to Ramsay et al. (1998),
smooth-walled species are a typical species of intermediate and deep-water Sites (237 and

709).

Depending on isotopic composition, apertural morphology and sedimentation rate small
biserial foraminifera in the eastern Atlantic and western Indian Oceans which previously
assigned to genus Bolivina were planktic (genus Streptochilus) (Smart and Thomas, 2006).
Smart and Thomas (2007) identified three different species of Streptochilus in the eastern

Atlantic and western Indian Oceans which previously assigned to genus Bolivina.

4.3.2.2 Diversity:

In the late Oligocene and earliest Miocene, the diversity values increased until dropped

suddenly at 21.84 Ma. In 18.11 Ma the diversity records the highest value and remains high

then dropped suddenly at 14.01 Ma. Smart et al. (2007) supposed that the world exhibited

another global warming and reached a maximum in the late early Miocene (17-15 Ma), which
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represent the warmest interval in the Miocene. Banerjee et al. (2017) also reported a global
warming during the late early Miocene at about 17-14 Ma. Commonly the range between
10.44 to 7.27 Ma has low diversity values. Gupta et al. (2004) supposed that the event of high
oceanic productivity (10-8 Ma) might have triggered by increase Antarctic ice sheet volume

and global cooling.

4.3.2.3 Benthic Foraminifera Accumulation Rate (BFAR):

The highest value of the BFAR was in the earliest Miocene (22.75 Ma) (Figure 4.8). The current
configuration of the oceanic basin had started in the earliest Miocene (~22 Ma), which
coexisted with the formation of the separate Antarctic continent (Ramstein et al., 1997). In
the current study, the highest record of the productivity is during the late Oligocene and early

Miocene which coincided with the greatest value of the BFAR.

According to Smart et al. (2007), the surface productivity increase started at around 13 Ma
and intensified at about 11 Ma, the similar situation has also observed in the current study
through observing the peak of the high productivity taxa during around 11.8 Ma. During the
high productivity event (10- 8 Ma) the high productivity values at the current study show the
continuous increase and continued until around 5 Ma, while BFAR does not record the highest

values but remains relatively high (Figure 4.8).

According to Smart et al. (2007), BFAR is a useful proxy for food flux estimation, and they

believe that the amount of organic flux to the ocean floor depends on the water depth. At a
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depth of greater than 1000 m, only a few amounts of organic matter will deposit in the oceanic
floor which only represents a few percentages of organic production in the euphotic zone

(0.01- 1 %) (Murray et al., 1996).

4.3.2.4 Faunal composition:

Some species peaked during the latest Oligocene to the early Miocene such as Astrononion
umbilicatulum, Siphonodosaria subspinosa and Epistominella exigua. Astrononion is a good
indicator of high organic flux, blooms particularly during cool periods where the supply of
organic flux to the sediment increases (Gooday, 1994). Nuttalides umbonifera and
Sphaeroidina bulloides recorded highest peak in the mid-Miocene which coincided with the
East Antarctic Ice Sheet expansion. According to Badger et al. (2013), the development of the
East Antarctica Ice Sheet happened at about 14 Ma. In the late Miocene Trifarina angulosa
recorded high peaks. According to Mackensen (1992), Trifarina angulosa is species that

indicate colder periods, and bloomed during the intensification of bottom currents.

4.3.3 ODP Site 1139 Hole A:

4.3.3.1 Cluster analysis:

Oridorsalis umbonatus (cluster A) is indicative of well-oxygenated water, and it peaks during

low organic conditions (Mackensen et al., 1985). Cibicidoides wuellerstorfi (cluster B) is a

species which bloom in a high energy environment (Lutze and Thiel, 1989). This species

dominated around 5-15 Ma at ODP Site 757 (Singh and Gupta, 2004). The most sensitive
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species and responding to any change to BFAR values in the current study is Epistominella
exigua (characteristic species of cluster B) (Figure 4.15). Deepwater assemblage’s abundance
increase which dominated by Epistominella exigua When 60 increased from 14.5 to 14.1 Ma
(early Mid-Miocene) during significant growth of EAIS and deep-water cooling, (Kurihara and

Kennett, 1992).

Bulimina cf. B. elongata, Bulimina striata are characteristic species of cluster C. Most of the
elongated species, especially biserial and triserial forms have high abundances in low
oxygenated conditions ( Corliss, 1991, Corliss and Fois, 1990). According to Johnson et al.
(2011) the environmental changes that associated with the mid-Miocene global cooling did

not affect the elongated group.

Cluster D mainly characterised by infaunal species such as Uvigerina peregrina and Bulimina
gibba. According to Thomas (1990), infaunal species has dominated at Maud Rise; this may
refer to high productivity and low oxygenated bottom water. Uvigerina species are dominant
in the Southern Indian Ocean at Sites 747, 748 and 751 (Kerguelen Plateau) during the early

Miocene, the high abundance of Uvigerina indicate productivity area (Woodruff, 1985) highly.

According to Nomura (1991), Sphaeroidina bulloides (cluster D) is a common species during
early Miocene at 754 (Broken Ridge), and its peak also found during late mid- Miocene to late
Miocene. Uvigerina and Eggerella bradyi (characteristic species of cluster E) highly linked to
IDW (Indian Deep Water) (Nomura, 1991, Peterson, 1984). The dominance of Uvigerina in the

southern Indian Ocean is indicative of Circumpolar Deep Water (Corliss, 1983, Nomura, 1991).
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4.3.3.2 Diversity:

During the late early Miocene, the diversity records the highest value at around 18 Ma and
the second-highest value was around 12.77 Ma after that it declined rapidly in the late mid-
Miocene. In the north-eastern Indian Ocean, the diversity recorded lower values at the
shallow Site 214, medium values at the intermediate Site 216, while it recorded higher values

at the deeper Site 758 (Gupta et al., 2001a).

Recording different diversity values may be related to environmental turbulence in
intermediate water and highly stratification of Indian Ocean during the Miocene, which may
be coincided with a cooling of deeper water at the time when the tropical surface water
temperature did not change a lot (Gupta et al., 2001a). Gupta et al. (2001a) supposed that low

fluctuation of diversity means high stable conditions.

4.3.3.3 Benthic Foraminifera Accumulation Rate (BFAR):

The highest BFAR value recorded in the late Oligocene during 23.6 — 23.18 Ma, also the
diversity value decreased at about 23.18 Ma. Zachos et al. (2001) stated that one of the most
famous aberrations which limit the boundary of Oligocene-Miocene is around ~23 Ma, which
represents the deep glacial maximum. The high productivity values increase during the late
Oligocene are coincided with the highest values of the BFAR and remains high during the early
Miocene. The high productivity curve shows nearly similar inclination with the BFAR at the

current study especially during the late Oligocene and the early Miocene (Figure 4.13).
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The sharp drop of both BFAR and high productivity values have recorded during around 17-15
Ma during the late early Miocene global warming (Banerjee et al., 2017) at all studied sites, at

the time when the sedimentation rates also record low values (See Appendices F, H & J).

4.3.3.4 Faunal composition:

Astrononion umbilicatulum recorded highest peak at 23.43 Ma. According to Gooday, 1994
Astrononion is a good indicator of high organic flux, blooms particularly during cool periods
where the supply of organic flux to the sediment increases. Deepwater assemblage’s
abundance increase which dominated by Epistominella exigua when 8§80 increased from 14.5
to 14.1 Ma (early Mid-Miocene) during significant growth of EAIS and deep-water cooling,
(Kurihara and Kennett, 1992). Trifarina angulosa recorded the highest peak at 15.22 Ma and
remains high then dropped suddenly at 12.77 Ma. Mackensen (1992) supposed that Trifarina
angulosa is an indicator species for colder periods, and it dominated during the intensification

of bottom currents.

4.3.4 Species diversity and abundance comparison:

4.3.4.1 Species diversity comparison at three studied Sites (752A, 1168A and 1139A):

The diversity values have similar peaks during the latest Oligocene in all three sites (Figure
4.16) with an abrupt decrease at about ~23 Ma at the sites 752A and 1139A, which coincided

with the early Miocene glaciation (Mi 1). This aberration is short but deep followed by small
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sporadic glaciations (Zachos et al., 2001). The low diversity value recorded during the latest

Oligocene at 23.87 Ma at 1168A.

After around 22 Ma in all sites, the diversity values dropped down continuously then recorded
the lowest value during early Miocene at about 19.16 Ma at 752A. In comparison, at 1168A

and 1139A, it recorded the lowest value slightly later at around 18.5 Ma.

Singh and Gupta (2004) recorded short time peaks of intermediate organic flux and low
oxygen around ~19 and ~18 Ma at the Site 757, which indicates a short time disturbance in
the deep sea. This event is nearly similar to the late early Miocene Climatic Optimum (Singh
and Gupta, 2004). The diversity values increase in all sites at around 18 Ma and record the
highest value in deeper sites (1168A and 1139A). Singh et al. (2012), during their study at
752A, observed that the sharp increase in 6§20 value of Cibicidoides sp. at 19.5 is indicative of
deep-sea cooling and causing in sea level lowering. This event coincided with the NH1 hiatus
of Keller and Barron (1983) (20-18 Ma), and it is indicated by decreasing diversity parameters

and number of species while dominated by C. wuellerstorfi.

Singh et al. (2012) noted that the diversity E (Equitability), H (Information Function), S (Species
Diversity) and Sander's values were reduced from 25 to 23 Ma and stayed low until 20.5 Ma,
however, increased afterwards up to ~13.5 Ma. The gradual decrease of the previously
mentioned parameters recorded from ~13.5 to 4.5 Ma, which co-occurred with major ice
sheet intensification in the Antarctic region (Kennett, 1990, Singh et al., 2012). Short period

increasing of the E, H, S and Sander's values have been recorded from ~4.5 to 3 Ma followed
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by a sudden decrease in later times, co-occurred with North Hemisphere major Glaciation

(NHG) (Singh et al., 2012).

The diversity values and peaks are quite similar to the diversity values recorded by Singh et
al. (2012) at 752A, and the highest diversity value at the current study is recorded at 13.56
Ma, which has also been recorded at ~ 13.5 Ma by Singh et al. (2012). The diversity values

show high correspondence with isotope values (Singh et al., 2012).

According to Woodruff and Savin (1991), the high §'3C values at an interval between 17 to
13.5 Ma was contemporaneous with periodic fluctuations of 63C. Both carbon and oxygen
values increased during that time, which coincided with a cooling period. The 680 values
decreased and reached a minimum between 16.7 to 14.9 Ma and this followed by 2 million
years increasing of 60 values by 1.5 per mil. During around 13.8 Ma the bottom water
temperature decreased by ~ 2 °Cin the eastern equatorial Pacific Sites (Sites U1338 and 1146),

this decrease coincided with the increasing of 8804 by 0.9-1.0 %0 (Kochhann et al., 2017).

Seven events for both carbon and oxygen isotopes have been recorded in a different part of
the world by Woodruff and Savin (1991) and the periods of high §3C have referred to as a
carbon excursion ( Holbourn et al., 2007). Banerjee et al. (2017) reported the global warmth
period at ~17-14 Ma which coincided to increase of organic carbon deposition (Monterey
excursion). The diversity values show a gradual increase during the Mid-Miocene Climatic

Optimum (MMCO) and dropped down suddenly at around 15- 14 Ma in all studied sites (752A,
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1168A and 1139A). The diversity values peaked again with fluctuations between ~14- 12 Ma,

which may coincide with East Antarctic ice sheet expansion (EAIS) (Flower and Kennett, 1993).

Because of the erosion in early late Miocene at 1139A, the data was not enough to see the
diversity fluctuations during the late Miocene and early Pliocene. The diversity values for both
Sites (752A and 1168A) are increased during the late mid- Miocene, while decreased rapidly
at ~10.3 Ma. The interval between ~10.5- 8 Ma shows low diversity values in both Sites (752A
and 1168A). According to Zachos et al. (2001), the renovation of the major Antarctic ice sheet
started again at around 10 Ma, and through the late Miocene, the mean value of %0
increased slowly until early Pliocene ~6 Ma which coincided with a small expansion of West
Antarctic Ice Sheet (WAIS). In the current study in both Sites (752A and 1168A) the diversity
shows low value at ~6.5 Ma. This may have coincided with small ice sheet expansion (WAIS)
(Zachos et al., 2001). The diversity values at both Sites (752A and 1168A) start to increase in
the latest Miocene and the early Pliocene which may be coincided with a short warm interval
of Pliocene which continued until ~3.2 Ma (Zachos et al., 2001). As mentioned before that the
E, H, S and Sander's values also increased from ~4.5 to 3 Ma at 752A (Singh et al., 2012) which

may have coincided with Pliocene short warm interval.

4.3.4.2 Most abundant taxa comparison between the studied Sites (752A, 1168A and 1139A)
and other Miocene localities around the world:

Eight most abundant and environmentally important species have used in the studied Sites
(752A, 1168A and 1139A) and these are compared to their global occurrence. In the current

study, Abdetodentrix peudothalmanni peak is started from the early-mid Miocene at 752A and
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the late mid- Miocene at 1168A, while it bloomed in the early Miocene during ~ 22-19 Ma at
1139A and peaked again at around 16 Ma (Figure 4.17). Abdetodentrix is closely related to
Bolivina existing in a productive area, having the same infaunal niche and blooms in lower

dissolved oxygen conditions (Thomas and Gooday, 1996, Hayward et al., 2002).

The peak of this species is similar at 1168A with Bolivina dilata (smooth-walled Bolivinids) (see
Figure 4.10), while the latter records the highest peak at around 21.84 Ma (early Miocene).
Smart and Ramsay (1995) believed that the smooth-walled bolivinids high abundances
between 19.5 and 16.5Ma in the Indian Ocean coincided with their high abundances in the
Atlantic Ocean. This been related to the oxygen reduction within Northern Component Water
(NCW). Small biserial foraminifera in the eastern Atlantic and western Indian Oceans which
previously assigned to genus Bolivina were planktic (genus Streptochilus) (Smart and Thomas,

2006, 2007).

According to Hayward et al. (2002), Abdetodentrix peudothalmanni was considered as bathyal
species; its distribution is parallel to the Antarctic Intermediate Water (AAIW) distribution.
This water mass is located directly under the surface water and occupies the depth between
600-1450 m, and it is considered as a significant northward spreading water mass (Hayward

et al., 2002).
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Figure 4. 16: Diversity versus age of studied Sites 752A, 1168A and 1139A. The red arrows
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cooling and warming events.
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The first peak of Astrononion umbilicatulum was around 23-22 Ma at 1168A and 1139A, and
its first peak was about 20 Ma at 752A (Figure 4.17). This species peaks again in the mid-
Miocene at 752A and the middle to late Miocene at 1168A, while it started to peak back at

around 12 Ma at 1139A.

Astrononion umbilicatulum peaks generally coincided with cooling events during the earliest
Miocene (23-22 Ma) and the mid and Late Miocene during the expansion of the Antarctic Ice
sheets (EAIS & WAIS) (Figure 4.17). Gooday (1994) believed that Uvigerina, Melonis (M.
barleeanum) and Astrononion are high organic flux indicators. They are bloomed during

increasing organic flux and cooling periods.

The peak of Globocassidulina subglobosa at all studied Sites (752A, 1168A and 1139A) was
high during the latest Oligocene and early Miocene until around ~20 Ma (Figure 4.17). The
peak dropped after ~ 20 Ma gradually at all sites. The peak started again at around ~ 18 Ma
and second highest peak recorded in the mid- Miocene at all sites. The peak drops suddenly
at ~ 12 Ma at the study sites. The relative abundance was high during the late Miocene at
1168A while the peak at 752A was relatively lower during the late Miocene except ~ 9 Ma
which recorded the highest peak. Globocassidulina subglobosa is considered to be
cosmopolitan species living in a different bathymetry and linked to different water masses

(Gooday, 1994).

Corliss (1979a) noted the association of this species in the south-eastern Indian Ocean with

AABW (Antarctic Bottom Water). The blooming of this species in the southeast Indian Ocean
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is indicative of highly oxygenated (oligotrophic) and strongly pulsed food supply (Singh and
Gupta, 2004). According to Singh et al. (2012), this species was dominant during the early and

mid- Miocene and decreased continuously until ~ 2 Ma at 752A.

The peak of Cibicidoides mundulus was in the early and late Miocene while the peak highly
depleted in the mid- Miocene at 752A (Figure 4.17). The peak of this species at the Site 1168A
was during the early Miocene and dropped from ~ 21- 18 Ma and then peaked again with
gradually decreasing until the late Miocene. The relative abundance of C. mundulus was high
during the early Miocene, and the peak highly fluctuated during mid- Miocene at 1139A.
According to Nomura (1991), C. mundulus was a common species of the early Miocene at 754
(Broken Ridge), and its relative abundance increased again in the late mid- Miocene and the
late Miocene. C. mundulus was a dominant species of late Oligocene and earliest Miocene at
the Site 756 (Ninetyeast ridge) (Nomura, 1991). C. mundulus was a characteristic species of
the late Miocene at the shallow Site 748 (1288 mbsf) (Southern Kerguelen Plateau)

(Mackensen, 1992).

Epistominella exigua was a common species in the early Miocene at 1168A while at 752A only
appear in few intervals during the mid and the late Miocene (Figure 4.18). Epistominella
exigua peak was recorded during the mid- Miocene at 1139A. Kurihara and Kennett (1992)
observed that species such as G. subglobosa and E. exigua were dominant during the early
Miocene in the South Western Pacific Ocean at the deep Site 206, these species existed when
relatively low 60 values recorded. The relative abundance of E. exigua increase during the

early-mid Miocene at the shallower Sites (588, 590 and 591) in the South-Western Pacific
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Ocean at ~ 15 Ma, this had been interpreted by shallowing of water masses which
characterised by E. exigua during ~ 15 Ma (Kurihara and Kennett, 1992). This species is a high
productivity species associated with increased upwelling near the Antarctic convergence
(Schroder-Adams, 1991). A large population of phytodetritus species such as E. exigua build
up during the seasonal arrival of phytodetritus. This was observed in oligotrophic condition
when pulsed inputs of food in form of phytodetritus arrived and make this opportunistic

species (E. exigua) increase in abundance notably (Smart et al., 2007).

Nuttalides umbonifera is a dominant early Miocene species at 752A,; its relative abundance
was lower at ~ 14 Ma until it abruptly decreases and disappears in the late Miocene (Figure
4.18). This species dominated during mid- Miocene at both deeper Sites 1168A and 1139A,
while the relative abundance peak continued at 1168A during the late Miocene. According to
Badger et al. (2013), the development of the East Antarctica Ice Sheet happened at about 14
Ma which is the time when Nuttalides umbonifera started to dominate at the Sites 1139A and

1168A.

The high relative abundance of Nuttalides umbonifera has been linked to the corrosive bottom
water or AABW (Antarctic Bottom Water) (Bremer and Lohmann, 1982). Loubere and
Fariduddin (1999) believed that this species might be a good indicator of low productivity.
Mackensen et al. (1990) recorded this species as a characteristic species of the mid- Miocene

in the southern Kerguelen Plateau and Maud Rise.
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Figure 4. 17: Comparing between four most abundant species at the study sites 752A, 1168A
and 1139A plotted versus age. The shaded areas with the red arrows point to global climatic
events.
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Nuttalides umbonifera recorded as dominant during 22- 19.5 Ma and again during 15- 14 Ma
at 752A (south-eastern Indian Ocean) (Singh et al., 2012). According to Ramsay et al. (1998)
Nuttalides umbonifera dominated simultaneously at ~ 13 Ma at both Indian Ocean Sites 237

and 710. This may be affected by EAIS (East Antarctic Ice Sheet) expansion.

Siphonodosaria lepidula is a common species during the early Miocene at the present Sites
(752A, 1168A and 1139A) (Figure 4.18). The abundance of this species has relatively increased
during the mid- Miocene with lower peaks at 752A and 1168A. The peak of this species was

observed again during the late Miocene at 1168A.

Stilostomella lepidula lives in highly organic carbon sediments with relatively low oxygen
(Boersma, 1990). Singh and Gupta (2010) believed that Stilostomella lepidula is a
cosmopolitan species it has observed in a complex ecological system, and it does not have a
clear distribution. This species widely distributed in the Central Indian Ocean, it is an index
fauna of the late Oligocene - early Miocene at Sites 714 and 238 and index early Miocene
species at Sites 214, 219 and 715 (Boersma, 1990). This species was a common mid- Miocene
species at Sites 714 and 709, and it is considered as an index species at 219 (1764 mbsf) during

the late Miocene (Central Indian Ocean) (Boersma, 1990).

Boersma (1990), used a group of benthic foraminifera species (index species) for

paleoenvironmental interpretations, these species are occurred under specific environmental

conditions, different water depths and water masses.
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Stilostomella lepidula was a common species during the early and the mid- Miocene at Hole
757B (South-eastern Indian Ocean), while it decreased in abundance in the early late Miocene
during ~12-10 Ma, coinciding with major decrease of Oridorsalis umbonatus abundance (Singh
and Gupta, 2010). The lowering of relative abundance of Stilosomella lepidula at around 12-
11 Ma at 757B also coincided with a gradual increase in the relative abundance of Nuttalides

umbonifera (Singh and Gupta, 2010).

Trifarina angulosa was a common late Miocene species at the current Sites 752A and 1168A
and dominant mid- Miocene species (~ 15Ma) at 1139A. This species was only seen in very

low abundance during the early Miocene at 1168A.

According to Mackensen (1992), Trifarina angulosa was a common species when Antarctic
Circumpolar Current (ACC) strengthen during the Pliocene and Pleistocene in the southern
Indian Ocean (Kerguelen Plateau) at the Sites 747, 748 and 751. This species bloomed during
the period of global cooling during the late Pliocene and Pleistocene in the southern Indian

Ocean (Kerguelen Plateau) (Mackensen, 1992).
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Chapter Five

Test sizes, Carbonate crash and Biogenic blooms

5.1 Test sizes:

5.1.1 Introduction:

The size of five different benthic foraminifera species (Abdetodentrix pseudothalmani,
Globocassidulina subglobosa, Cibicidoides mundulus, Nuttalides umbonifera and Sphaeroidina
bulloides) are testified and compared with their relative abundance form all studied Sites
(752A, 1168A and 1139A). Most of the species size values (mean size, smallest and largest size)
show rapid change at around 12- 13 Ma in all sites. This drop followed by a rapid shift in sizes

at the time where most of the species show increasing in size.

The maximum size of the biserial form such as Abdetodentrix pseudothalmani increased
significantly after MMCO, the same increase has recorded for all other species maximum and
mean sizes, this has coincided with primary productivity increase at the studied sites especially
at the Sites 752A and 1168A (Figures 4.3 and 4.8). Kaiho (1999) believed that variations in
oceanic primary productivity, organic carbon flux and dissolved-oxygen levels in the water

column has significant effect in controlling of benthic foraminiferal test size.

During the testing of a maximum size of ten genera over a past 120 Ma, Kaiho (1999) noted
that the test size increased in general. This long-term increase of the test size coincided with

increasing 880 of deep-water benthic foraminifera. According to Kaiho (1999), the test size
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minima coexists with low oxygen dissolution and warming periods. The warming period
caused slow circulation and coincided with high CO; levels (Kaiho, 1999). In contrast, the test
size maxima during the late Oligocene- early Miocene and the late Miocene- early Pliocene

co-occurred with high oxygen dissolution conditions and cooling events (Kaiho, 1999).

5.1.2 Results:

In each figure, the size (mean, largest test, smallest test, and standard deviation) and relative
abundance for each site are plotted side by side to show the variations of each of them during
different times. The peaks of maximum sizes of all species highly show fluctuation; however,
size values become higher from the mid- Miocene towards the late Miocene except the
interval between ~20 to 18 Ma. In this interval most of the species maximum and mean size
shows higher peaks if compared with the earlier Miocene except some species where these
(maximum size and mean) values started to increase earlier. For instance, the high peaks of
species such as Cibicidoides mundulus at both 1139A and 1168A recorded around 21- 22 Ma

also Abdetodentrix pseudothalmani maximum size was relatively high during this time.

The maximum size of the Globocassidulina subglobosa recorded higher values at around 22
Ma at 1168A (Figure 5.2). The general trend of a mean and maximum size of all species at all

studied sites show a drop at about 17 Ma; this may have coincided with MMCO.

The average size curve of Abdetodentrix pseudothalmani (Figure 5.1) shows peak before the

Mid Miocene Climatic Optimum and also during East Antarctic Ice Sheet expansion (EAIS) at
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the Sites 752A and 1139A, while at the Site 1168A the peak starting from the late mid-Miocene

(during EAIS expansion) and upward.
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Figure 5. 1: Size and relative abundance of Abdetodentrix pseudothalmani at the studied Sites
versus age. The solid line in the size graph is the mean size, and the empty circles are
representing the smallest and largest test. The horizontal lines in size graphs are standard
deviation (STDV).

The relative abundance and maximum size of Abdetodentrix pseudothalmani increase
gradually from the early mid-Miocene to late Miocene at 752A and from the late mid-Miocene
to the early Pliocene at the Site 1168A. While the relative abundance and maximum size of
this species were high at 1139A during early Miocene until around ~19 Ma, this has also

happened at 752A. The relative abundance and maximum size of this species at 1139A
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increase again until it dropped suddenly in the Mid Miocene during MMCO and increased

again at the end of EAIS expansion.
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Figure 5. 2: Size and relative abundance of Globocassidulina subglobosa at the studied Sites
versus age. The solid line in the size graph is the mean size, and the empty circles are
representing the smallest and largest test. The horizontal lines in size graphs are standard
deviation (STDV).

Due to the unconformity at 1139A, there is not enough data to see what happened during the

late Miocene and the early Pliocene.

The mean and maximum size of Cibicidoides mundulus, Nuttalides umbonifera and

Sphaeroidina bulloides (Figures 5.3- 5.5) at all studied Sites (752A, 1139A and 1168A) increase
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gradually followed by sharp drop at around 6-5 Ma of both Cibicidoides mundulus and
Sphaeroidina bulloides. This dropping has also been observed in Globocassidulina subglobosa

curves.

The correlation coefficient calculated between the maximum size and the relative abundance
of each species. Correlation coefficient for Abdetodentrix pseudothalmani is highest at 1168
(0.83). The value for Globocassidulina subglobosa is 0.49 at 1139A (highest value). Cibicidoides
mundulus records highest value (0.62) at 1139A (highest value). The value for Nuttalides
umbonifera is highest (0.8) at 1168A. Sphaeroidina bulloides records highest correlation

coefficient (0.43) at 1139A (See Appendix K).
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Figure 5. 3: Size and relative abundance of Cibicidoides mundulus at the studied Sites versus
age. The solid line in the size graph is the mean size, and the empty circles are representing
the smallest and largest test. The horizontal lines in size graphs are standard deviation (STDV).
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5.1.3 Discussion:

Increasing of Abdetodentrix pseudothalmani (Figure 5.1) size coincided with cooling events,

for an instant the increasing of the maximum size at around 19 Ma as well. This time is

indicative of deep-sea cooling which associated with sea level lowering. This cooling event

coincided with the NH1 hiatus of Keller and Barron (1983) (20-18 Ma). The general trend of a

mean and maximum size of all species at all studied sites dropped at about 17 Ma; this may

have coincided with MMCO.
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Figure 5. 4: Size and relative abundance of Nuttalides umbonifera at the studied Sites versus
age. The solid line in the size graph is the mean size, and the empty circles are representing
the smallest and largest test. The horizontal lines in size graphs are standard deviation (STDV).
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The composition and different water masses during geologic times may have triggered the
abundance and size variability of the deep-sea benthic foraminifera. It has been observed that
the development of water mass similar to modern North Atlantic Deep Water (NADW) had
started between 14.5 and 8 Ma (Woodruff and Savin, 1989), this water mass supposedly co-
existed with highly oxygenated, cooler deep water (Smart and Ramsay, 1995). Kaiho (1994)
presumed that slow horizontal and vertical circulation due to increasing temperature

(warming periods) led to oxygen lowering and low oxygen index values.

Slow vertical and horizontal deep-water circulations during global warming cause the high
oxygen consumptions, high CO; levels and precipitation of dissolved nutrients (Kaiho, 1999),
this, in turn, decrease the test calcifications and test size of trochospiral benthic foraminifera
(Peypouquet et al., 1988). According to Greenop et al. (2014) two intervals of Antarctic ice
sheet regression reported during the Mid Miocene Climatic Optimum. This retreating

coincided with recording high CO2 and orbital obliquity variability.

Most of the species size values show a rapid drop at around 12- 13 Ma in all sites. This drop

followed by a rapid shift in sizes and most of the species show increasing in size.

In the current study sharp drop of both Cibicidoides mundulus and Sphaeroidina bulloides at
around 6-5 Ma (Figures 5.3, 5.5) may have been affected by an early Pliocene warming event
(Zachos et al., 2001), this also been observed in Globocassidulina subglobosa curves (Figure

5.2).
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Figure 5. 5: Size and relative abundance of Sphaeroidina bulloides at the studied Sites versus
age. The solid line in the size graph is the mean size, and the empty circles are representing
the smallest and largest test. The horizontal lines in size graphs are standard deviation (STDV).

The characteristic benthic species of oxic environments has a thick wall and large tests (>350
um) which live in high oxygen bottom water and are absent in low oxygen conditions, such as
biconvex trochospiral and rounded forms (Cibicidoides, Nuttallides, Stensioina, Gavelinella,

and Globocassidulina) (Kaiho, 1994).

The nutrient and oxygen levels change along the deep-water circulation direction had affected
the MDLS (Maximum Diameter of Largest specimens) values and make it variable not just
stratigraphically, but also geographically (Kaiho, 1999). That is what have been noted when

each species records slightly different maximum size values at all studied sites.
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5.2 Carbonate crash and Biogenic blooms:

5.2.1 Introduction:

Previous studies recorded a change in a deposition with sediments of high calcium carbonate
content to an interval of carbonate content fluctuations and increased intervals of silica-rich
sediments at about 9.1- 10,1 Ma (Mayer et al., 1985, Mayer et al., 1986). The abrupt rise of
carbonate compensation depth (CCD) at ~ 10 Ma which lasted 2 to 3 million years was called

carbonate crash which reported in the tropical eastern Pacific Ocean (Lyle et al., 1995).

Many possibilities have been explained in Lubbers et al. (2019) regarding carbonate crash
among them: 1) increasing primary production of siliceous and organic-walled phytoplankton
in the equatorial Pacific which may cause the decreasing of organic carbon (Corg), 2) the
releasing of Corg Which may have caused by high latitude cooling and Antarctic ice sheet
expansion. 3) EAIS expansion during the mid to late Miocene which followed by expansion of
south-sourced intermediate and deep water massed. 4) Indonesian seaway closure which may

have triggered the oceanic circulations and affected the equatorial productivity.

Biogenic bloom is related to primary production (Dickens & Owen, 1999). During the late
Miocene-early Pliocene, primary productivity substantially increased at Indo-Pacific upwelling
zones in the north and the western Indian Ocean, this increase has been reported between 9
to 3 Ma (Dickens & Owen, 1999). Gupta et al. (2004) recorded high productivity increase with
a declination of benthic foraminiferal diversity in the eastern equatorial Indian Ocean between

10 and 8 Ma.
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Increase in biogenic accumulations and sedimentation rates towards the Equator following
the carbonate crash is called “biogenic bloom” was recognised at Site U1443 around 8.7 Ma

(Lubber et al., 2019).

In the current study benthic foraminifera stable isotopes (680 and §'3C) (discussed in detail
in chapter 6), benthic foraminifera abundance and diversity, and carbonate accumulations
(carbonate content (%) and carbonate mass accumulation rates (MAR carbonate)) integrated to
reconstruct changes in carbonate depositions and climate evolution over the interval 13.5 to
8.2 Ma. Lubbers et al. (2019) reported the range between 13.5 to 8.2 Ma as an interval of
declination of carbonate percentages and carbonate accumulation rates at International
Ocean Discovery Program Site U1443 (Ninetyeast Ridge, Indian Ocean). The current study at
all Sites (752A, 1168A and 1139A) attempted to observe the carbonate accumulations and

biogenic blooms during the mid and the late Miocene.

5.2.2 Results:
5.2.2.1 ODP Site 752 Hole A:

Carbonate content (%), carbonate mass accumulation rates (MAR carbonate) (See Appendix F)
are plotted (Figure 5.6) with parameters mentioned above (abundance, diversity, etc.) to show

the carbonate declination interval and biogenic blooms.

The first dropping of the MAR carbonate has seen after about 13.28 Ma and continued to record
the lowest value during the early late Miocene (~ 9 Ma). In contrast, the carbonate content

remains high, and it does not show a high declination during the mid to the late Miocene
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despite the interval between ~ 9 to 7 Ma, which records lower values. MAR carbonate dropping
coincided with lowering of diversity and carbon isotope (6'3C) and increasing of both benthic
foraminiferal abundance and oxygen isotope (6*20). MAR carbonate improvement recorded at

about 8 Ma and suddenly dropped at the latest Miocene.
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Figure 5. 6: Carbonate content (%), carbonate mass accumulation rates (MAR carbonate), benthic
foraminiferal abundance, diversity and isotope values plotted versus age at the studied Site
752 Hole A.

5.2.2.2 ODP Site 1168 Hole A:

The values of carbonate content (%) (See Appendix H) gradually increase during the Miocene
with fluctuation and it records the highest value at 13.26 Ma (Figure 5.7). The carbonate

content gradually decreased until it records ~ 68% at around 11 Ma. MAR carbonate Values are
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picked during the early Miocene and early late Miocene at about 10 Ma at the same time the
carbonate content values increased gradually.

During the peak of MAR carbonate, both carbon (8*3C) and oxygen isotopes (6*%0) gradually
increased, while diversity values sharply decreased with slightly depleting of benthic
foraminiferal abundance. At about 8 Ma MAR carbonate rapidly dropped, this has coincided with
a rapid dropping of both carbon (63C) and oxygen isotopes (6§'80) and both abundance and

diversity are peaked.
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Figure 5. 7: Carbonate content (%), carbonate mass accumulation rates (MAR carbonate), benthic
foraminiferal abundance, diversity and isotope values plotted versus age at the studied Site
1168 Hole A.

5.2.2.3 ODP Site 1139 Hole A:

Carbonate content (%) and MAR carbonate (See Appendix J) have low values during the latest

Oligocene and early Miocene this has coincided with dropping of benthic foraminiferal
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abundance and carbon (63C) isotope, while oxygen isotope (6'80) remain slightly high (Figure
5.8). Both isotope records with abundance values are increased gradually at around 18 Ma
which coincided with the increasing of carbonate content (%). During around 19 Ma MAR
carbonate recorded the lowest value and it remains low until the early late Miocene, while the

diversity does not show a big change.
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Figure 5. 8: Carbonate content (%), carbonate mass accumulation rates (MAR carbonate), benthic
foraminiferal abundance, diversity and isotope values plotted versus age at the studied Site
1139 Hole A.

5.2.3 Discussion:

5.2.3.1 ODP Site 752 Hole A:

The declination of MAR carbonate in the current Site continued from around 13 Ma to around 8
Ma coincides with the middle to late Miocene carbonate crash (Lubbers et al., 2019). Reduced
carbonate deposition in all major tropical ocean basins coincided with intense carbonate

impoverishment at Site U1443 (~11.5 to ~10 Ma) (Lubbers et al., 2019). The continuous
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increase of high productivity during around 10.5 to 8 Ma (Figure 4.3) may have coincided with
the global onset of the biogenic bloom this has also coincided with diversity and carbon (6§3C)
isotope decrease in the current Site. Gupta et al. (2004) also recorded high productivity
increase with a decreasing of benthic foraminiferal diversity in the eastern equatorial Indian

Ocean between 10 and 8 Ma.

5.2.3.2 ODP Site 1168 Hole A:

The declination of the carbonate content at around 13 Ma is gradual until recorded a low value
at around 11 Ma at the time when carbon (63C) isotope record low values as well. At the Site
U1443 the intense carbonate crash phase has reported during around 12.2 Ma and continued
until it records lowest MAR carbonate at about 11.5 to 10 Ma (Lubbers et al., 2019). While at the
current study the carbonate content and MAR carbonate records high values coincided with the
high rate of the sedimentation during the interval between 10.32 to 9.62 Ma. The surface
productivity started at around 13 Ma and intensified at about 11 Ma (Smart et al., 2007), while
in the current study the high productivity taxa recorded during around 11.8 Ma and another

high value recorded at around 5 Ma (Figure 4.8).

5.2.3.3 ODP Site 1139 Hole A:

The erosion of the upper part of the current Site does not give the opportunity to see the late
Miocene succession. The mid- Miocene is poorly interpreted because of the low data
availability. The values of the carbonate content and MAR carbonate are missing because of the
erosion of the upper succession, for that there is no evidence about the carbonate crash and

biogenic blooms.
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Chapter Six

Stable Isotopes

6.1 Introduction

6.1.1 Background

Oxygen and Carbon isotope records of benthic foraminifera from deep-sea ocean cores in the
different part of the world provide useful information about the oceanic temperature and
organic productivity (Cramer et al., 2009). Benthic foraminiferal oxygen isotope (5'20)
fluctuations show the different properties of deep marine water and changes in ice sheet
volume during different times while, changes in carbon isotope (6'3C) values reflect the

carbon transportation between sediments, atmosphere and ocean (Cramer et al., 2009).

Global deep-sea nutrient and density differences (temperature and salinity) have been
revealed from measuring oxygen and carbon isotopes (Cramer et al., 2009). The modern ocean
deep water masses formed in the North Atlantic (North Atlantic Deep Water (NADW)) and in
the Southern Ocean close to Antarctica (Antarctic Bottom Water (AABW)) both have different
density and nutrients (Cramer et al., 2009). The bipolar water masses, which made a
framework for palaeoceanographic reconstruction of deep-water source regions were
Northern Component Water (NCW) and Southern Component Water (SCW) (Cramer et al.,

2009).

According to Woodruff and Savin (1989), the development of Miocene thermohaline

circulation was during the early, mid and the late Miocene. Stepwise climatic change during
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the Miocene was observed. This started from the late Oligocene and continued until a climatic
optimum during the late early Miocene, then mid- Miocene rapid cooling (Flower and Kennett,
1994, Shackleton and Kennett, 1975). The significant climatic evolution was recorded during
the mid- Miocene (Flower and Kennett, 1994). Another important period during the late
Neogene was global cooling and Northern hemisphere ice sheet initiation (Flower and

Kennett, 1994).

The modern ocean circulation is dissimilar qualitatively with the Miocene ocean circulation
before 11 Ma (Woodruff and Savin, 1989). During the early Miocene continuous decreasing of
dissolved oxygen and carbon values observed because of oxidation of organic matter and

water transported further away at the ocean surfaces (Woodruff and Savin, 1989).

Woodruff and Savin (1989) considered that the early Miocene global circulation of
temperature and salinity of the oceans might have strongly impacted by flowing of saline
warm Tethyan Indian Saline Water (TISW). From the global isotopic and faunal records it has
been suggested that the flux of TISW had terminated at around 14 Ma at the same time where
the formation of North Atlantic Deep Water has not evidenced except in short intervals during

the early Miocene (Woodruff and Savin, 1989).

The average values of §'3C during ~ 17 — 13.5 Ma have largely increased (Monterey Carbon
Excursion) globally; this positive excursion has several §3C maxima which represent huge
variations in organic flux (Flower and Kennett, 1994, Woodruff and Savin, 1991). During the

mid- Miocene, a high organic carbon deposition coincided with partial and continuous
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depleting of atmospheric CO, (Flower and Kennett, 1994). Tectonic movements have another
impact on oceanographic development during the mid-Miocene, such as eastern Tethys
closure (Flower and Kennett, 1994) and Indonesian Seaway restriction (Kennett et al., 1985).
A significant increase of 680 from 1.0 to 1.3%o was observed during ~ 16 to 12.5 Ma which
coincided with EAIS (East Antarctic Ice Sheet) expansion and bottom water cooling (Shackleton

and Kennett, 1975, Woodruff and Savin, 1989).

Another establishment of the Antarctic Ice Sheet has been reported at around 10 Ma during
recording a high mean value of §'80; then the values continued to increase slowly until about

6 Ma which indicates the expansion of the West Antarctic Ice Sheet (Zachos et al., 2001).

6.1.2 Aim of study

The oxygen and carbon isotope values are determined for three sites at the Southern Indian
Ocean (752A, 1168A and 1139A). The current study aimed to understand and observe the
changes and shifting of isotope values during the early, middle and the late Miocene at the

current studied sites and compare the present study curves with the global curves.

6.2 Methodology

For the stable-isotope analysis of foraminiferal carbonate in this study, approximately 80-150
pg of benthic foraminifera were placed into 4 ml glass vials then sealed by a lid and pierceable
septum. The number of specimens required varied depending on the weight of individual taxa.
A total of 136 specimens are used and their sizes ranged between 125um to >355um. The vials

were placed in a heated sample rack (30°C) where the vial headspace was replaced by pure
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helium via an automated needle system as part of an Isoprime Multiflow preparation system.
Samples were then manually injected with approximately 50 pl of phosphoric acid and left to
react for at least 4 hours before the headspace gas was sampled by automated needle and
introduced into a continuous-flow Isoprime mass-spectrometer. Duplicate samples were
extracted from each vial and a mean value obtained for both §'3C and 5%0. Samples were
calibrated using IAEA standards NBS-18 and NBS-19 and reported as %o on the VPDB scale. An
external precision of better than 0.10%. was typically achieved for 63C and better than 0.15%o

for 880 (lan Boomer, pers. comm., 2019).

Both oxygen and carbon isotope data have been calculated by using three different species at
752A, Cibicidoides mundulus, C. wuellerstorfi and Planulina costata (See Appendix Q). The
values have been corrected to Cibicidoides mundulus by calculating the difference between
this species and C. wuellerstorfi and Planulina costata for those samples in which they co-
occur. Ideally, the stable-isotope analysis will be for just one species, but the same species
wasn't always present throughout any core, and it is clear that there are fractionation
differences in the oxygen and carbon isotopes of benthic foraminifera between taxa due to
biological (vital) effects and also environmental factors (Grossman, 1987). The mean
calculated difference is shown in the appendix Q for each species (the bold numbers at the
bottom of the table) with C. mundulus and then corrected values are calculated from
subtracting the original isotope values of each species (C. wuellerstorfi and Planulina costata)
added to mean difference value. Finally, a composite mean isotope record is determined for

the carbon and oxygen isotopes in each core.
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The oxygen and carbon isotope at 1168A have been calculated from eight different species
such as Cibicidoides mundulus, Oridorsalis umbonatus, Globocasssidulina subglobosa,
Gyrodinoides soldanii, Epistominella exigua, C. wuellerstorfi, Nuttalides umbonifera,
Cibicidoides sp. and Cibicidoides sp.11. The distribution of Cibicidoides mundulus throughout
the whole succession is not good enough to be the only species used to determine the isotope

values.

Isotope data from species other than Cibicidoides mundulus are corrected to that species to
provide a standardised benthic foraminifera isotope record, as outlined above. Some species
such as Cibicidoides sp. and Cibicidoides sp.11 are not corrected to C. mundulus because they
do not co-exist with C. mundulus in samples 11H-5 and 41X-5. The mean difference between
the species as mentioned above is calculated by subtracting the mean of each species with
the mean of Cibicidoides mundulus, and then the corrected mean of each species calculated.
Finally, the composite mean (standardised benthic foraminifera) of oxygen and carbon is

derived from the mean of all selected species (See Appendices R & S).

The oxygen and carbon isotopes data at 1139A calculated from three different species such
as Cibicidoides mundulus, Epistominella exigua and Sphaeroidina bulloides (See Appendix T).
The mean values of Epistominella exigua are corrected depending on the mean values of C.
mundulus while the oxygen and carbon isotope values of Sphaeroidina bulloides directly used
because it is the only species that has good preservation and abundance at the samples 13R-

5, 14R-4 and 15R-2.
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The mean difference between Cibicidoides mundulus and Epistominella exigua has been
calculated for two samples (4R-1 and 4R-2, 1139A) and mean difference is used to derive the
mean corrected value of Epistominella exigua which is 0.54 for carbon and -0.18 for oxygen.
Finally, the composite mean values are calculated for carbon and oxygen isotopes which

represent the standardised benthic foraminifera isotope values (See Appendix T).

6.3 Results:

6.3.1 Site 752 Hole A

The mean value of the oxygen isotope was lower during the Oligocene, and the early Miocene
(Figure 6.1). The highest peak occurs at around 19.16 Ma. The 8§80 value decreases rapidly at
15.74 Ma; and after 14.41 Ma, the 60 values show rapid increase. The values increase
continuously with fluctuations until the early Pliocene. The highest value of oxygen isotope

has recorded at 6.62 Ma

The &'3C values recorded the first peak at around 21.78 Ma then decrease rapidly until it
records a slightly high value at 19.16 Ma. The carbon isotope values increase rapidly from

16.84- 13.56 Ma.

The increasing productivity at ~ 13 Ma may have coexisted with EAIS expansion and shows its

highest peak during 10- 8 Ma. The maximum carbon excursion followed by rapid and gradual

decreasing of §'3C at 752A from late mid- Miocene to early Pliocene (Figure 6.1).
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6.3.2 Site 1168 Hole A

The oxygen values decreased before 23 Ma and slowly increased until peaks around 20 Ma.
The values decrease rapidly at ~ 15.5 Ma. The significant shifting of oxygen isotope values at
1168A (6.2 (A)) was after 13.26 Ma which was higher by ~ 0.3 %o with the late mid- Miocene
values. The oxygen values started to increase continuously after 13.26 Ma until it shows
another shift during about 10- 8 Ma. This may be related to global cooling and Antarctic ice

sheet expansion. After 6.45 Ma, the oxygen isotope values increase again.

The carbon values (6™C) were high during the late Oligocene- early Miocene (Figure 6.2 (B))
then these values decreased and had very low values (~ 20- 22 Ma) in the current study. The
8'3C values started to increase and record the highest values at 1168A during MMCO (~ 17- 15
Ma). The 6™C values at 1168A decrease gradually after ~ 15 Ma and peak again around 10- 8

Ma and then decreased rapidly towards the latest Miocene and early Pliocene.

6.3.3 Site 1139 Hole A

The oxygen isotope values fluctuated (Figure 6.3) during the early Miocene at 1139A. The
highest value is recorded at 21.76 Ma and dropped down at 20.64 Ma. The oxygen isotope
values become relatively high at about 20- 18 Ma until dropped suddenly at 17.98 Ma.
Significant shifting of oxygen isotope values happened towards the heavier values during
around 14.5- 12 Ma. The erosion at 1139A made most of the late Miocene successions

disappear. At 11.25 Ma oxygen isotope recorded higher value than the preceding times.
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There is a high carbon excursion (Figure 6.3) during the latest Oligocene and the earliest
Miocene at 1139A. The carbon values gradually decrease and remain low during the early
Miocene at 1139A; these values increase until records the highest excursion at around 16 Ma.
This excursion continued until about 12 Ma; then the carbon values depleted rapidly towards

the late Miocene.
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Figure 6. 1: Oxygen (6'®0) and carbon (6™C) stable isotope records for the ODP Holes 752A
and 754A. The isotope values corrected to Cibicidoides mundulus for 752A while, the values
at 754A conducted on Cibicidoides sp. Oxygen and carbon data of 754A provided by Rea et al.
(1991).
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6.4 Discussion:

6.4.1 Site 752 Hole A

The highest peak of 6§20 occurs at around 19.16 Ma. Singh and Gupta (2012) supposed that
the abrupt increase in the 680 values of Cibicidoides sp. at 19.5 Ma (752A) indicates deep-sea
cooling causing sea level lowering. This event coincides with the hiatus NH1 of Keller and
Barron (1983). The rapid decreasing of 630 value at 15.74 Ma may be coincided with MMCO
(Mid Miocene Climatic Optimum) (Zachos et al., 2001). Banerjee et al. (2017) also recorded
the interval between 17 to 14 Ma as an interval of Miocene global warming (MMCO). After
14.41 Ma, the &80 values increase rapidly this coincided with EAIS expansion (14- 12 Ma)
(Badger et al., 2013, Zachos et al., 2001). The highest value of oxygen isotope has recorded at
6.62 Ma. This may have coincided with West Antarctic Ice Sheet Expansion (Zachos et al.,

2001).

The rapid increase of carbon isotope values from 16.84- 13.56 Ma coincided with the early to
the mid-Miocene carbon isotope excursion (Monterey Carbon Isotopic Excursion from 17.0 to
13.5 Ma) (Flower and Kennett, 1993, Holbourn et al., 2007). Large storage of organic carbon
in the Monterey formation of California have been attributed by maximum carbon excursion
during around 17.0 to 13.5 Ma. This large storage contributed significantly to the global
cooling and lowering the atmospheric CO2 during the mid- Miocene (Flower and Kennett,
1993).The increasing productivity at ~ 13 Ma might cause the Oxygen Minimum Zone (OMZ)

expansion and biogenic bloom (Gupta et al., 2004, Singh et al., 2012).
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In the Indian Ocean, the coincidence of OMZ expansion, productivity increase and trade wind
increase during the late Miocene in the intermediate depths may have triggered the low

values of 6'3C (Gupta et al., 2004, Gupta and Thomas, 1999, Singh et al., 2012).
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Figure 6. 2: Oxygen (6'0) and carbon (6™C) stable isotope records for the ODP Holes 1168A
and 1170A. Most of the isotope values corrected to Cibicidoides mundulus for 1168A while the
values at 1170A are for Cibicidoides mundulus (A). The oxygen and carbon curves from the
interval between ~ 20.5 to ~24 Ma at 1168A (B) provided by Pfuhl et al. (2004), and the age is
after Cande and Kent (1992, 1995).
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Figure 6. 3: Oxygen (6'®0) and carbon (6'C) stable isotope records for the ODP Holes 1139A
and 747A. Most of the isotope values corrected to Cibicidoides mundulus for 1139A while the
values at 747A are for Cibicidoides spp. The green line represents Sphaeroidina bulloides at
1139A.

The isotope results of 752A compared with 754A, and the latter located near the crest of the
Broken Ridge (1063.6 mbsf) with latitude 30°56.44° and longitude 93°33.99" (Shipboard
Scientific Party, 1989b). The age of the Site 754A is determined based on the first and last
occurrence of nine nannofossil species which provided by Shipboard Scientific Party (1989b)
and revised by ATNTS2012 in GTS2012 (Hilgen et al., 2012) (see appendix U). Oxygen and

carbon data of 754A are provided by Rea et al. (1991) and the data conducted on Cibicidoides
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sp. (see appendix U). The oxygen isotope values of 754A were low during the late Oligocene
and early Miocene these values rapidly changed after 14.41 Ma (Figure 6.1). The interval
between 14.41 and 13.26 shows the increasing by 0.8 %o.. After 13.26 the oxygen values

continuously increase with fluctuations up to early Pliocene (Figure 6.1).

The oxygen isotope peak is similar to the current Site 752A with an offset between the two
curves. This offset may only represent the temperature differences between both sites. There
is no significant offset between carbon isotope curves between 752A and 754A while the
carbon excursion at 754A started at nearly the same time (16.83 Ma) and ended earlier at 14.
86 Ma. The carbon values at 754A rapidly decreased with some fluctuation from mid- Miocene

to the early Pliocene.

The Southern Component Deep Water has influenced the site 752 Hole A during the whole
Neogene (Peirce et al., 1989). According to Singh et al. (2012), the Site 752A have been
impacted by Antarctic Intermediate Water (AAIW) in the present day as this water mass flows
in the Indian Ocean at 1200 m. According to Rea et al. (1991), the oxygen isotope values of
Cibicidoides at 752A represent the heaviest values among other Sites (754,756 and 757) in the
Eastern Indian Ocean. The increasing of 680 values by 0.8 to 1.0 per mil in the Ninetyeast
Ridge and Broken Ridge during 14.4 to 13 Ma may represent the cooling event (EAIS
expansion) (Holbourn et al., 2005, Rea et al., 1991). Rea et al. (1991) observed the increase of
813C values by 0.8 to 0.9 %o during around 17- 15 Ma. This may be produced by removing light

organic carbon from the ocean.
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6.4.2 Site 1168 Hole A

The isotope results of 1168A are compared with the results at 1170A (see appendix V). Site
1170 Hole A located at latitude 470°9.0’S and longitude 146°02.0’E at the South Tasmanian
Rise (STR) on the western slope, having a water depth of 2704 mbsf (Ennyu and Arthur,
2004b). The chronozones and nannofossil ages are provided by (Stickley et al., 2004) and

revised by ATNTS2012 in GTS2012 (Hilgen et al., 2012).

The isotope values are supplied by Ennyu and Arthur (2004a). For the current study, the data

of C. mundulus are selected to compare with current Hole (1168A) (See Appendix V).

The oxygen values during the late Oligocene to the early Miocene were high at 1168A, which
considered as a heavier §'®0 during that time as shown in Figure 6.2 (B). The isotope values of
the Figure 6.2 (B) were provided by Pfuhl et al. (2004). Pfuhl et al. (2004) recorded high oxygen
isotope values during the late Oligocene and the early Miocene at 1170A. This heavy record
of oxygen isotope values (positive oxygen excursion) coincided with the period of short and

deep glacial maximum which represented by Mi-1 event (Zachos et al., 2001).

The oxygen values decreased before 23 Ma and it peaks again at around 20 Ma; this have been
coincided with the lowering of the eustatic sea level and NH1 hiatus of Keller and Barron
(1983). The values decrease rapidly at ~ 15.5 Ma in both Sites (1168A and 1170) as shown in
Figure 6.2 (A). The decrease was also similar to the early-mid Miocene decrease (15.74 Ma) at

752A (Figure 6.1) which may have also been affected by MMCO (Banerjee et al., 2017). The
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oxygen values increased gradually and continuously towards the late mid- Miocene at 1168A

and 1170A and showed relatively higher values than the late early Miocene.

The increase in oxygen isotope values after ~ 15.6 Ma and recording high values during around
13.8 Ma in the South-West Pacific may reflect increase Southern Component Water (SCW)
sources and coincided with EAIS expansion (Badger et al. 2013, Flower and Kennett, 1995).
The termination of TISW and disappearing of meridional heat transportation to high southern
latitudes led to increasing production of SCW during around 15.6 Ma (Flower and Kennett,
1995). The oxygen values started to increase continuously after 13.26 Ma until it shows
another shift during about 10- 8 Ma. This may be related to global cooling and Antarctic ice
sheet expansion which increased the wind intensity in the Indian Ocean (Gupta et al., 2004).
After 6.45 Ma, the oxygen isotope values increase again. This may have been affected by West

Antarctic Ice Sheet Expansion (Zachos et al., 2001).

The carbon values (8™C) were high during the late Oligocene- early Miocene (Figure 6.2 (B))
then these values decreased and had very low values (~ 20- 22 Ma) in the current study and
the previous study (Pfuhl et al., 2004) (Figure 6.2 (A & B)). This negative carbon excursion has
been interpreted by the location of the Hole 1168A near the land and transporting a high

organic matter from the land (Pfuhl et al., 2004).

The 8C values started to increase and record the highest values at 1168A and 1170A during
MMCO (~ 17- 15 Ma), and this event is within a range of Monterey Carbon Isotopic Excursion

event (Flower and Kennett, 1993, Holbourn et al., 2007).
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Benthic foraminifera oxygen isotopes have been measured near the Tasmanian Gateway for
four ODP sites 1168A, 1170, 1171 and 1172 (Pfuhl et al., 2004). The oxygen values during the
late Oligocene and the early Miocene increased and remained high until ~ 22.6 Ma, especially
at the Sites 1170, 1171 and 1172 (Pfuhl et al., 2004). The Hole 1168A situated to the north of
the ACC (Antarctic Circumpolar Current) is under the effect of Leeuwin current (Shipboard

ScientificParty, 2001a).

According to Pfuhl et al. (2004), 680 and 6%3C records of benthic foraminifera have a low
resolution in 1168 and have similar records with the Sites 1170, 1171 and 1172. The low
isotope values at restricted Site 1168 are similar to the lowest values at the Site 1090 on
Agulhas Ridge (abyssal depth). These low values represent warmer temperatures and high
organic oxidation (Pfuhl et al., 2004). It has been suggested that the proximity of the Site 1168
to land sources organic impute may have been affected and decreased the 63C values during
the early Miocene which recorded the lowest value (-0.8 %o) at around 21 Ma (Pfuhl et al.,
2004). According to Pfuhl et al. (2004), the 8'3C values from similar paleolatitudes and
paleodepths sites (1170 and 747 (Central Kerguelen Plateau)) have no offsets during the early
Miocene. The fluvial bicarbonate increases, and higher rates of organic carbon may have been
attributed to the positive carbon excursion in the benthic foraminifera records during Mi- 1

event (24-22.5 Ma) and mid-Miocene shifting events (Vincent and Berger, 1985).

According to Ennyu and Arthur (2004b) the oxygen isotope values of Cibicidoides mundulus at
the Site 1172 recorded the highest values if compared with the Sites 1170, 289 and 747

throughout the Miocene. This may suggest the impact of cold SCW on the Site 1172. The

224



oxygen isotope values of the site 1170 were quite similar with those at the Sites 289 and 747
especially during the early and the early-mid- Miocene. Oxygen isotope recorded higher values
at 1170 during and after expansion of the EAIS (East Antarctic Ice Sheet) this may prove the
diminishing of TISW (Tethyan Indian Saline Water) after ~ 14.5 Ma (Ennyu and Arthur, 2004b).
At around 14 Ma deep waters temperatures decreased by 1.5 to 3.0°C at the Site 1171

(Shevenell et al., 2008, Majewski and Bohaty, 2010).

6.4.3 Site 1139 Hole A

The isotope values of the Site 1139A are compared to the Site 747 Hole A. The Site 747 Hole
A'is located at the centre of Kerguelen Plateau (54°48.68'S, 76°47.64'E) at the south of 1139A
with the water depth of 1695 mbsf, it is situated south of the recent polar front under the

influence of ACC (Antarctic Circumpolar Current) (Wright and Miller, 1992).

The isotope values and chronozones of the Site 747 Hole A were provided by Wright and Miller
(1992), and the Chronozone C6cn2 provided by Berggren (1992). The isotope values for 747A
were measured on Cibicidoides spp. (Wright and Miller, 1992) and the age is revised by

ATNTS2012 in GTS2012 (Hilgen et al., 2012) (see appendix W).

The oxygen isotope values at 747A remain relatively constant during the early Miocene but
have a declining trend towards the early-mid Miocene; this shift is also observed at 1139A.
The low data availability at 1139A makes the shift during the late- early Miocene less obvious
than the one at 747A. Significant shifting of oxygen isotope values happened towards the

heavier values during around 14.5- 12 Ma in both Sites (1139A and 747A); this may have been
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affected by EAIS expansion (Zachos et al., 2001, Holbourn et al., 2005). An overall increase of
benthic foraminifera oxygen isotope values recorded at 747A during ~15.0 to 12.2 Ma through
the interval which spans the Middle Miocene Climate Transition (MMCT) (Majewski and
Bohaty, 2010). During ~14 Ma, sea surface temperatures (SSTs) were decreased by ~6—-7°C in

the Southern Ocean (747A) (Verducci et al., 2007).

There is a high carbon excursion (Figure 6.3) during the latest Oligocene and the earliest
Miocene at 1139A, which have also observed at 747A and 1168A. The high carbon excursion
in the benthic foraminifera records during Mi- 1 event (24-22.5 Ma) may have triggered by the
fluvial bicarbonate increase, and higher rates of organic carbon (Vincent and Berger, 1985).
The carbon values gradually decrease and remain low during the early Miocene at 1139A and
747A; these values increase until records the highest excursion at around 16 Ma at Sites 1139A
and 747A (Holbourn et al., 2007). This excursion continued until about 12 Ma; then the carbon

values depleted rapidly towards the late Miocene.

6.4.4 Stable isotope comparison

Oxygen and carbon isotope values have been calculated for three localities (752A (Broken
Ridge), 1168A (Western Tasmania margin) and 1139A (Kerguelen Plateau)). Most of the

isotope values at all Sites have been corrected to Cibicidoides mundulus.

The current sites oxygen and carbon isotopes are compared with each other, then compared
with global isotope records (Cramer et al., 2009). The provided age model of Cramer et al.

(2009) are modified to the GTS2012 time scale (Gradstein, 2012) as presented in Edgar et al.
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(2017). The oxygen values at 1168A are higher if compared with other sites. This Site is
situated at higher latitudes and have a water depth of 2463 mbsf. The main pattern of the
isotope curves, during the whole Miocene, are similar to the global curve (Cramer et al., 2009)

at all studied sites.

The lower resolution values in the mid- Miocene for the site 1139A, was because of the few
data availability during this interval. Important events for the current sites are shown in Figure

6.4. Most of these bio-events have coincided to the global climatic events (Figure 6.4).

The oxygen isotope of 1168A are compared with a sea surface temperature (SST) during the
Miocene by using alkenones as SST biomarkers (Figure 6.5). The temperature values provided
by Knee-Robinson (2018) (see appendix X). The sea surface temperature has nearly a similar
pattern with the oxygen curve; this shows the similarity of the temperature gradient between

the surface and deep-water masses during the Miocene. The alkenones show an overall
cooling of about 6 Cc SST from 24 to 4 Ma with a distinct cooling at about 15 Ma (and possibly,

8.5 Ma). The former of these is also indicated in the benthic foraminifera §*0. The
foraminifera oxygen isotopes also suggest an overall cooling trend during this period. Gradual
decrease of alkenones and continuous increase in benthic foraminifera 680 values were

reported after about 14 Ma. This were continued until the early Pliocene.

The sea surface temperature in the North Atlantic Ocean from about 23.03 to 14.5 Ma was ~

15°C higher than modern temperature. During MMCT (14,5- 12,5 Ma) ~6 °C decrease of SST
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reported, this lowering coincided with a pCO2 decrease from an average of ~430 ppm in

MMCO to ~305 ppm after the MMCT (Super et al., 2018).
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Figure 6. 4: Oxygen (6'0) and carbon (6™C) stable isotope records for the ODP Holes 752A,
1168A and 1139A compared with global isotopic records (Cramer et al., 2009). Both Climatic
and bio- events have shown. The ranges of the important species at all sites have shown in
the right.
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Figure 6. 5: Sea surface temperature and oxygen isotope at 1168A. The temperature (SST)
data are provided by Knee-Robinson (2018).
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Chapter Seven
Summary and Conclusions

Overall Faunal Summary

Ninety-seven samples from the latest Oligocene, Miocene and early Pliocene have been
analysed from three ODP Sites (752A, 1168A and 1139A). More than 200 species of benthic
foraminifera were recorded at each site, and fifty-two (52) of the most abundant species are
illustrated (these represent ~78 % of the whole benthic foraminifera record by abundance).
The high diversity includes a large number in the smaller size fraction (>63 um). Benthic
foraminiferal assemblages are well-preserved and similar at all sites with mostly complete
specimens. There was little faunal turnover in the most abundant taxa during the
palaeoclimatic shifts of the Miocene. The described species are assigned to 33 different genera
and were subdivided into four orders, 15 superfamilies, 20 families and 16 subfamilies. Four
species were recorded with open nomenclature, two each from Bolivina and Gyroidinoides.
All the described taxa are calcareous hyaline forms, apart from one agglutinated species
(Eggerella bradyi). The Buliminida (31 species) are the major constituents of those records, at
all studied sites. The next most important components of the benthic foraminifer assemblages

are species of the Rotaliida.

Some species are distributed in different intervals across the three cores, for instance, Bolivina
huneri is recorded in the early Miocene of Hole 752A, and the mid- to late Miocene of Hole
1168A, while it is not reported at Hole 1139A. Smooth-walled bolivinids are typical species of

intermediate and deep water sites. Bolivina dilatata has been recorded as a common smooth-
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walled bolivinid at 1168A and appears in a short interval at 1139A but is not recorded at all at

752A.

High BFAR values recorded, in the latest Oligocene- early Miocene in all studied sites.

One of the climatic events (Mi-1) (deep glacial maximum) which marks the boundary of
Oligocene-Miocene is around ~23 Ma. Small and discontinuous glaciations followed this event.
It has been observed that the BFAR peaks generally coincided with Antarctic glaciations at all

studied sites.

The highest peak of high productivity taxa at 752A was recorded during the late Miocene
starting from ~ 10 Ma and continued until around 5.6 Ma. At 1168A the highest peak recorded
during the latest Oligocene and early Miocene and continued until about 21 Ma. The values
gradually increase during the mid-Miocene and continued until about 10 Ma. The high
productivity values at 1139A recorded high values during the latest Oligocene and early
Miocene and decreased suddenly after about 22.7 Ma. During the late mid-Miocene, the

values are slightly increase and drop again at around 11.2 Ma

Age Depth Models

New age-depth models have been established for each site based on revised timescales, and
up to date studies of planktonic and geomagnetic polarity datums. This allowed the timing of
events to be considered with best possible accuracy. The average sedimentation rate at 752A
in the Neogene and late Oligocene is 0.44 cm ka™. Changes in the rate of sedimentation at

752A arerecorded at around 5.61 Ma and 13.56 Ma, with a lower rate of sedimentation during
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early Miocene and a higher rate of sedimentation during the mid- Miocene to the late

Miocene. This may have been related to expansion of Antarctic ice sheets.

The average rate of sedimentation for Hole 1168A is 1.82 cm ka. The highest rate of
sedimentation is recorded in two different intervals, first at around 9.6-10.3 Ma (5.67 cm ka~
1). This increase may indicate higher oceanic productivity associated with expansion of the
Antarctic Ice volume, and the second-highest rate is at around 21.84-23.03 (6.68 cm ka™). This

may coincide with a large and short glacial maximum recorded at 22.95 and 21.1 Ma.

The lowest rate of sedimentation is recorded (0.30 cm ka) at 1139A from 16.13 to 11.25 Ma,
and from 22.79 to 18.61 Ma the rate of sedimentation increases very rapidly (2.32 cm ka™),
while the highest rate of sedimentation (7.06 cm ka™) is recorded from 23.6 to 23.18 Ma. The
high pelagic input and the derivation of terrigenous clastic deposits from the exposed volcanic

edifice at Skiff Bank affected the high sedimentation rates at 1139A.

Cluster Analysis
Quantitative techniques (cluster analysis) were used at all studied sites, to investigate the

foraminifera assemblages at each site further.

752A
At 752A, there are two main clusters separated at ~13 Ma coincided with the shifting from
high Shannon-index assemblages (characterised by Siphonodosaria, Nuttalides and Trifarina

bradyi) to lower Shannon-index assemblages (characterised by C. wuellerstorfi and Trifarina
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angulosa) at about 13 Ma. This distinction may have been controlled by climatic events

associated with Antarctic ice sheet expansion.

1168A

Six clusters were identified at 1168A. There are characteristic species for each cluster. Bolivina
dilatata is an essential component during the late Oligocene- earliest Miocene. It is believed
that such smooth-walled species are typical of intermediate and deep-water sites. The high
abundance of this species was recorded when the BFAR was also high. Nuttalides umbonifera
and Sphaeriodina bulloides are species indicative of the late early Miocene and mid- Miocene.
N. umbonifera is thought to increase in abundance in very high oligotrophic conditions and
insufficient organic supply. Cibicidoides mundulus is a characteristic species of cluster D and E
which represent common species of early Miocene at this site. This species was also common
during the early Miocene at the sites 752A and 1139A. The Shannon diversity index recorded

a drop at about 14 Ma which may be due to EAIS expansion during the mid- Miocene.

Abdetodentrix pseudothalmani and Trifarina angulosa dominate the mid-late Miocene at Sites
752A, and 1168A. Abdetodentrix is similar to Bolivinag, indicative of a productive area, blooms
in lower dissolved oxygen conditions with the same infaunal niche. In the southern Indian
Ocean (Kerguelen Plateau), Trifarina angulosa has a high abundance during global cooling in

the late Pliocene and Pleistocene.
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1139A

There are characteristic species recorded at 1139A during the Miocene. Oridorsalis
umbonatus (11.99-11.25 Ma) low organic condition species indicative of well-oxygenated
water. Cibicidoides wuellerstorfi (mid-Miocene) is a species which has a high abundance in a

higher energy environment.

The Shannon diversity index at 1139A recorded a significant drop in the values during about
14.5 Ma which may be due to EAIS expansion during the mid- Miocene. This event has the
most marked effect on deep-sea benthic foraminifera in this region, and it appears to be

synchronous for all studied sites.

The characteristic species of the late- early Miocene are Bulimina cf. B. elongata and Bulimina
striata. Most of the biserial and triserial species occur in high abundances in low oxygenated
conditions. The Early Miocene of 1139A is characterised by a high abundance of Sphaeroidina
bulloides and Uvigerina spp, which indicate a high productivity area. Uvigerina and Eggerella
bradyi (latest Oligocene- early Miocene) are highly linked to IDW (Indian Deep Water). It is
believed that the dominance of Uvigerina in the southern Indian Ocean is indicative of

Circumpolar Deep Water.

Changing test size through time
Five species (Abdetodentrix pseudothalmani, Cibicidoides mundulus, Globocassidulina
subglobosa, Nuttalides umbonifera and Sphaeroidina bulloides) were examined to study

changing test size during the late Oligocene and the Neogene at all three sites. Most of the
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species size values (mean size, smallest and largest size) show a rapid reduction in size at
around 12- 13 Ma in all sites. A rapid increase follows this reduction in size. According to Kaiho

(1999), test size minima coincides with warming periods and low dissolved oxygen.

Most of the species mentioned above increase in size notably during the glaciation periods in
the late Oligocene-early Miocene and the late Miocene-early Pliocene, and a significant shift
(becoming larger) is observed after the MMCO event and during about 13 Ma and later which
may have been triggered by Antarctic ice sheet expansion. This size-shift is particularly well
marked in Abdetodentrix pseudothalmani, Cibicidoides mundulus and Nuttalides umbonifera.
This increase in size has coincided with primary productivity increase and biogenic blooms at
the studied sites especially at the Sites 752A and 1168A. It is suggested that variations in
oceanic primary productivity, organic carbon flux and dissolved-oxygen levels in the water

column has significant effect in controlling of benthic foraminiferal test size.

Carbonate crash and Biogenic blooms

752A

The first decreasing of the MAR carbonate recorded after about 13.28 Ma and continued to record
the lowest value during the early late Miocene (~ 9 Ma). In contrast, the carbonate content
remains high, and it does not show a high declination during the mid to the late Miocene
despite the interval between ~ 9 to 7 Ma. The high productivity continuously increases during

around 10.5 to 8 Ma. This may have coincided with the global onset of the biogenic bloom.
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1168A

Gradual declination of carbonate content was at around 13 Ma and it recorded a low value at
around 11 Ma at the time when carbon (6'3C) isotope record low values as well. At the current
study, the carbonate content and MAR carbonate records high values during the interval between
10.32t09.62 Ma. This coincided with the high rate of the sedimentation. The high productivity
taxa recorded high values during around 11.8 Ma and another high value recorded at around

5 Ma.

1139A

The upper part of the current Site is eroded, and it does not give opportunity to see the late
Miocene successions. Because of the low data availability, the mid- Miocene is poorly
interpreted. The values of the carbonate content and MAR carbonate are missing because of the
erosion of the upper succession, for that the carbonate crash and biogenic blooms are not

recorded.

Stable isotopes

Oxygen and carbon isotope values have been calculated from the benthic foraminifera for all
Sites (752A, 1168A and 1139A). Most of the isotope values have been corrected to Cibicidoides
mundulus so that data from different species can be incorporated into a single composite
record. The shifts, and the main pattern of the isotope curves at all sites during the Miocene,
are similar to those seen in the global curve of Cramer et al. (2009). Oxygen isotope values
decrease rapidly at around 15 Ma in all studied Sites; this coincides with MMCO (Mid Miocene

Climatic Optimum). At about 14 Ma, the oxygen isotope values increase rapidly at all Sites;
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this coincides with EAIS expansion (14- 12 Ma). High oxygen isotope values at 752A and 1168A

at about ~ 6 Ma, coincided with West Antarctic Ice Sheet Expansion (Zachos et al., 2001).

The high carbon isotope values in the benthic foraminifera at 1168A and 1139A records during
the Mi-1 event (24-22.5 Ma) may have been triggered by the fluvial bicarbonate increase and
higher rates of organic carbon; similar high values were recorded at 752A around ~22 Ma.
Lower trends in the carbon isotope values have been recorded at 1168A in the current study
at ~ 22-20 Ma. This is interpreted as representing enhanced transportation of high organic
matter from the land. The carbon isotope values increase rapidly from the late- early Miocene
to mid- Miocene in all studied sites. This increase coincided with the early to the mid-Miocene

carbon isotope excursion (Monterey Carbon Isotopic Excursion from 17.0 to 13.5 Ma).

Sea surface temperatures at 1168A, established through organic biomarkers, has nearly the
same pattern as the oxygen isotope curve. This shows the similarity of the temperature

gradient between the surface and deep-water masses during the Miocene at 1168A.

Recommendation and Future work

More samples are needed to test the oxygen and carbon isotope at the 1139A, especially in
the upper succession (late-mid Miocene and early late Miocene). Only a few samples tested
for the isotope from the upper successions at 1139A and need more samples to show more

details. For nearly ~7 Ma from the late early Miocene (18.61 Ma) until early late Miocene
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(11.25 Ma), only seven samples were tested which represent only ~ 30 m sediments

(thickness).

The low resolution of geomagnetic polarity datums at 1139A need to be fixed by providing
and updating geomagnetic polarity datums. The geomagnetic polarity updating will improve

the age model and this, in turn, provides a more adequate age model.

More study is needed to understand the palaeoceanographic changes at the Southern Ocean,
especially deep-sea benthic foraminifera by testing the smaller sizes > 63 um. By testing
smaller sizes, the diversity of the benthic foraminifera will increase which provides and adds
significant tools for palaeoceanographic changes because some small-sized species are a good

indicator for climatic changes.
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Appendices

Appendix A: Benthic foraminifera species checklist at ODP Site 752 Hole A.
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Appendix A (continued)

gds sapiiqn

v'ds sap1iqr

g'ds sap1aiqn

T'ds sap1iqm

Tds sap1aiqi)

¢'ds puinpissn)

pa1f1ond *33 puljoasing

11

38

84
56

paif1ond puijoasing

11/ 3|5
251321

sisuawpdxn} puiwiing

1141414

213]25]1

21311

211623
214]18

715135

11
23

6'ds puiwiing

9'ds puiwiing

1

g'ds pulwiing

¢'ds purwiing

p3DLIIS bUIWING

12

56

bupaunuj puiwiing

42

19

blpDaINJb pbulwWiing

91°ds busnjog

¢1°ds puinijog

01°ds busaijog

6°ds puinijog

11

162

g'ds puinijog

Z'ds puinijog

18

9'ds puinijog

1T°ds oujnjjog

€ds puinijog

¢ ds puinijog

SIsuauualA puinijog

62

34
81

33
33
37

36

22

11

13

17
12

suaan(supuj ‘g *yd> puljjauinijog

150| 23

51

9
1
6
1
6
1

1

1

34110

3
2
7

1526

9

2

7

1
1
4
3
2

pIN3pIIIS DUIAIjOG

Depth
(mbsf)

13.32
18.30

19.85| 1 [136]23

22.78
24.42

28.00 | 1
29.61

33.94
37.45
38.95

40.30

41.99
47.10

50.16

53.03
54.33

56.73
58.33
61.30

64.13

66.80
69.80
74.00

77.94
80.71

82.05
87.10

88.95
91.77
93.03

257



Appendix A (continued)

6°ds puipiuag

g'ds puipiuag

Lds puipiuag

9'ds puipiuag

g'ds puipiuag

t°ds puipiuag

g'ds puipiuag

0T ‘ds puipiluag

siunwwo)d buljpjuag

(9s4e02) 1f403513]]anM sapIopIdIqID

17
40

22
36

30
20

(yroows) rfuo3siajjanm sapiopiaiqid

51
36

33
45

28

11
25

14

sT'ds sapiop1aiqrd

v1'ds saprop1iqid

Z1°ds sapiopiaigd

T1°ds sapiopioiqi)

oT'ds sapiop1aq1)

g'ds sapiop1aiq1d

9'ds sapiop1aiq1d

5'ds saplopi2iq1d

€'ds sapiop121q1d

z'ds sapiop1aiqn

T'ds sapiop1aiq

DUDIUOS113q0. S3PIoPIAIGID

pwiapAyond sapiopiaiqid

sninpunw sapiop121q1d

27

22

10
24

19
44
13

12

16
18
24

15

aps1noj sapIopIAIqId

3

23132

1613quajiny sapiop11q1d

41850

2

1App.q sapiopidiqi)

1

1

1

20

2

1(3]6]9

9'ds sap1aiq1d

1

5

Depth
(mbsf)

13.32

18.30
19.85
22.78

24.42

28.00
29.61

33.94
37.45
38.95

40.30

41.99

47.10

50.16

53.03
54.33

56.73

58.33
61.30

64.13

66.80
69.80
74.00
77.94

80.71

82.05
87.10

88.95
91.77

93.03

258



Appendix A (continued)

LT'ds pupinssiy

é9T°ds puLInssiy

91°ds pulinssi4

GT'ds puLinssi{

py1°ds purinssiy

Zr°ds puLinssiy

TT°ds puLinssi{

0T°ds pulinssiy

6°ds purinssi4

g'ds purinssi4

£'ds purinssiq

9'ds purinssi4

gds purinssi4

p°ds purinssi4

¢'ds purnssi4

1°ds purinssi4

pIpUIBIDW DULINSSI]

pnbixa pjjauiwiosidy

1°ds puibiaquaiyz

pIOULIDI DUIDA aquaiyj

70
24

24

1App.q pjj212663

1°ds pbuiwnsdanbng

sInaiq piyjoioq

¢Tds sappiqiolg

91°ds puipIUag

v1°ds puipiuag

€1°ds pulpiuag

¢t ds buijpbjuag

1

2

1

1
2
2
2

11°ds puipiuag

1

1

1

1

Depth
(mbsf)

13.32
18.30
19.85
22.78
24.42
28.00

29.61

33.94
37.45
38.95
40.30

41.99
47.10

50.16

53.03
54.33

56.73

58.33
61.30

64.13

66.80
69.80
74.00
77.94

80.71

82.05
87.10

88.95
91.77

93.03

259



Appendix A (continued)

DIDIIIS T §O DU3bDT

plpDIsol13|D pbuaboy

¢’ ds pjjatiariny|

1-ds pjjatiariny|

1App.1q pj[3143.44D)]

*ds pjuajpuoiaH

11

sapiouijnuinjnd pua|jpuoIaH

aDS1IND| DIDMDZUDH

11uppjos sapiouipioifo

10

13
13

11
13

10

10

10
10

10

£°ds sapiouipo.ifo

é1°ds saprouipo.fAo

1°ds saprouipo.fo

SNUDIYIIDWD| SIPIOUIPOIAD

bjpAo buijnno

badpliysnp buijn}ino

v'ds ouyngojo

£'ds puyngojo

z'ds ouyngoro

1'ds ouyngojo

1

0qqy6 puiinqo|o

psoqojbqns buinpisspI0Gojo

56
46

33

48

16

25

22

27

14
41

42

26

16

52

63

13

DINUIW DUINPISSDIOGO[D

16131 2

25143| 1

9174] 2

2122|1

1(18] 2
1]124]1

8 [64] 2

6 41| 1

*ds pujwingoqo|o

snjnjoqoj sisdouijanno

35

28

34

*ds puifipnoo

piopiwpiAd puiAipnoo

SNIDAD|I Snj1ioj{

1

4

6t°ds pulnssiy

5

81°ds purinssiy

1

Depth
(mbsf)

13.32

18.30
19.85
22.78

24.42

28.00
29.61

33.94
37.45

38.95

40.30

41.99
47.10

50.16

53.03
54.33

56.73

58.33

61.30
64.13

66.80
69.80
74.00
77.94

80.71

82.05
87.10

88.95

91.77
93.03
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Appendix A (continued)

L ds puinanuai

9°ds pbuinanual

g-ds puinanuai

p°ds puinanual

€-ds puinanuai

1

Z°ds punninual

2

1-ds puinanuai

2

5

pqqib bulNI1IUIT

1

D3p4IINI DUIINIIUIT

14

suabianuod buinanual

3(8|4]2

7122]1

p3n.4adnod puluLiplIIO]

10

813]|9]5][2

2110] 4
61926

716]18[3]3

7117114

6116|1764 (6

wnpjiwnj} uojuououiwny

3[7]13[{17]1

9

1
2
1
1

Dp3D14IS bU3bDT

1(2]13[1

1

0z'ds puabni

2

6T°ds puaboy

3

g1°ds puabni

L1'ds puabny

Gq1°ds puabny

€1°ds puabny

Z1°ds puabny

11°ds puabny

0o1°ds puabny

g'ds puaboi

L'ds puaboi

6 "ds pbuaboi

G *ds puaboi

t *ds buabnq

¢'ds puaboy

2

1

1

1'ds puaboi

1

1

1

1

1
1

1

1

Depth
(mbsf)

13.32

1830 | 5

19.85
22.78
24.42

28.00 | 2
29.61

33.94

37.45 [ 2
38.95

40.30

41.99

47.10 | 2

50.16

53.03
54.33

56.73

58.33

61.30
64.13

66.80
69.80

74.00

77.94
80.71

82.05

87.10

88.95 [ 5
91.77
93.03
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Appendix A (continued)

10)Yas3pal puydiowoyiio

pbnbiquip puiydiowoyiio

snjouoquin sipsioplio

20
11

13122

21

18

14

15
10

21

18
14

15

éT°ds sypsiopio

1(18/ 314

psownnbs puijoQ

¢ ds puijoo

1°ds puijoo

puoboxay pulnao4

pJ3fiuoquin sapipIINN

23

28
50
63

12

ds pjjauoruopn

11

Dap1iI DJ|aUOCIUON

81°ds blLipsopon

1(24|16]37

p1°ds prpsopon

6

€1°ds prpsopon

6°ds pripsopop

g'ds plripsopon

¢é L°ds prosopop

9'ds plripsopoN

g'ds plripbsopoN

¢°ds pripsopon

¢ ds pripsoponN

1°ds pripsopon

SNuPaajing SsIUoJIN

D.IqDIS D[|31330UIIDIA

13|21

SiuNwwiod bj[31330uiIDA

' ds pjjauosipiy

1'ds pjjauosippy

2

1

1

sn[nioqoj snjnpqo7

1

2
1
1
1

g'ds puinanuai

Depth
(mbsf)

13.32
18.30
19.85
22.78
24.42
28.00

29.61

33.94
37.45
38.95
40.30

41.99

47.10] 2

50.16 | 1
53.03

54.33

56.73

58.33

61.30
64.13

66.80
69.80
74.00
77.94

80.71

82.05

87.10

88.95

91.77
93.03
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Appendix A (continued)

¢'ds puinaojanbuinp

¢’ ds puinaojanbuinp

puyinw obiA4

bjpulipaogns piuajind

10

¢'ds piuajng

1

1°ds puajng

pqgojanbuinb pruajingd

sapiojjnq bjuajind

5

1110

S1j19046 buabp|043304d

31112

4 (12| 1

1]17( 3
4 (22| 3

311314
31141 4

1]13(3

3121182

1]21]12

9°ds pjjawo03s0.na|d

1

5

t°ds pjjawojsoinajd

¢ ds pjjawolsoinald

SU323. D[|aW0350.N3|d

SUDUJ3}[D DJ|3WO03S0IN3|d

plpbuIWNILDL|2WO0IS04IN3|d

13

11

29

psopouqns bjjawo3soina|d

suo.f bjjawio03so0.inajd

SINa.q D||aW03504N3|d

*ds puinuojd

1zuai pbuijhub|d

D1DIS0I bullnub|d

25

13

15

*ds prpnun|d

¢'ds pjjaiv.qojboun|d

1°ds pjjaip.iqojboun|d

ds purinssifoiond

bjnuiw buljnpissbaIbibd

6

11

12

*ds pripjnbupso

133jn2 pLIBINBUDSO

1
1
1

4

3

1
1
5
3

3
9
2

7
3
2
5

1
15

1
5
2

psianiad pbuiyd.iowoylio

4
1
5

7

3
6

7
7

1
1
3
4
3

1

2
5

5
1

Depth
(mbsf)

13.32

18.30 (11] 3
19.85
22.78
24.42

2800 |9 4
29.61

33.94 | 8
37.45
38.95
40.30

41.99

47.10

50.16

53.03
54.33

56.73

58.33

61.30
64.13

66.80
69.80
74.00
77.94

80.71

82.05

87.10 | 8

88.95

91.77
93.03
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Appendix A (continued)

t°ds prpbNIXa L

€ds pupnIxay

DUDBI3GIDYIS DI[31SOI0IINIIS

11

64

104

21

13

70

23

20
29
21

13
10

bupbzupipbw p[|23503012141§

4|24

7120]1

psouldsqns plipsopouoydis

1

18{10]| 18

18

221 3]11| 3

16( 1 (25

86

16

12{16{ 15

1
25
59
18
52
38
58
24

10

g'ds pjjawoisojis

L'ds pjjawojsonis

g°ds njjawoisojiis

¢'ds pjjawojsojnis

1°ds pjjawoisojiis

D3IS3apoW b||aWI03SO[IIS

DI3fINUUD °S *}D D||3WOISO[1IS

1App.q pj]awWolsoj11s

poupjdwod piyliofuinis

pssaidap puinaojo.ids

sapioj|nq pbuipioiapnyds

14

DIPUIINI DIIDINIXI |

p[npidaj bripsopouoydis

27

14

18

24

31{ 8| 6
20
36

27
59
21

12Uuayds pblipbUAINIPS

1[{49(3 |5

D3IBNIID PLIDUIIDIDS

1

1[(2]42]1

SUO04f13|D DIIDUIIDIDS

2

D3DLIS DULI3BIANYIAY

5

9
4
12
8

2

pwido pIPISOII}NW PULISBIANIIAY

1

1

2

1
2

1

pIsnuan pbuijnaojanbuind

1

1

1

1

1

1

1

Depth
(mbsf)

13.32
18.30
19.85
22.78
24.42
28.00
29.61
33.94
37.45

38.95

40.30

41.99
47.10

50.16

53.03
54.33

56.73
58.33

6130 | 4
64.13

66.80
69.80

74.00

77.94
80.71

82.05| 2

87.10

88.95 | 3
91.77
93.03
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Appendix A (continued)

psouids puiinnjop

pjnipouuad puiinajop

vy1°ds pburiabinn

€1°ds pburiabinn

T ds puriabinn

ot°ds puriabinn

6°ds puriabinn

L'ds puriabinn

g'ds puriabinn

p'ds puiiabinn

1°ds puriabinn

opidsiy buliabianoydis

puribaiad puiiabinn

pip3sodopidsiy pbulidabinfn

pupLIagND PULIABINN

12

17

37

11

16

13
23

2 113(5

T°ds umouyjun

1°ds (paiouiinibbo) pauifapun

Z'ds (paiouinibbo) pauifapun

¢&ds puiwwnoyso.y

27

1°ds purinfiiy

1App.q pulipfiiy

35

17
25

psojnbup pulipfiif

34

88
115

23
68
21

15

17

1winjo} pLIBINIX3 |

2

1

3

6

14
2
6
2
1
3

3
1
1

g'ds pripNIxay

Depth
(mbsf)

13.32

18.30 | 4
19.85
22.78
24.42
28.00
29.61
33.94
37.45

38.95

40.30

41.99
47.10

50.16

53.03
54.33

56.73

58.33

61.30
64.13

66.80
69.80

74.00

77.94
80.71

82.05

87.10

88.95

91.77
93.03
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Appendix B: Benthic foraminifera species checklist at ODP Site 1168 Hole A.

<
S| . g
SIS1elal El2lgnlalels]ale]a|s| |53
N MHEEEEEEHEAEEEE
11684 (ore, A HEHEEEE R EHEE
section, Interval | Age (Ma) (mbsf) g8 3 § 3 _g .g ‘g .g _g .g _g .g .g .g 2 _g :
(cm)) SNHEEEEEE NI RN
£ 5525|555/ 5|5|5/8/5/5|5|8|¢8|¢
HHHNHEHEEHUEHEHEEE
3l< < <
<
8H-1, 100-104 Early 65.30 |39 1 6
9H-3, 51-55 Pliocene 77.31 |66 11 4
10H-2 , 80-84 85.60 |32 1 5
11H-5, 90-94 99.70 |19 1 6
12H-1, 75-79 103.05 |17 5
13X-1, 40-44 112.20 |28 3 1 2
14%-4 , 45-49 123.45 |21 2 2
15X-2 , 76-80 Late 130.36 |28 3 (10 7
16X-2, 100-104 . 140.20 | 19 2
17x3, 100-108 | Miecene = 16 1 2 1 6
18X-5 , 80-84 163.70 | 43 2 2
19%-4 , 70-74 171.70 |26 1 3
20X-3, 100-104 180.10 |10 9
21X-1, 100-104 186.70 | 7 5 2 11
22X-2, 45-49 197.35 | 19 1 7
23X-3, 74-78 208.74 |12 2
24X-6, 57-61 222,67 24| 1 1 1 7
25X-2, 41-45 226.11 | 3 4
25X-5, 44-48 . 230.64 6
26X-2, 73-77 !V"d' 236.03 | 2 2|6
26%.6, 7579 | Miocene I 05 1
27X-4, 73-77 248.63 1 2 1 8
28X-3, 75-79 256.67 | 2 2 10
29X-2, 96-100 265.06 | 1 1
30X-3, 85.5-89.5 276.06 201 4
31X-5, 86-90 288.66 1)1 3
32X-4, 80-84 296.70 [ 5| 1
33X-3, 90-94 304.60 | 4 2 2
34X-1, 95-99 310.95
35X-1, 65-69 320.25 1)1 1 7
36X-6, 62.5-66.5 337.33 | 2 1|2 2
Early
37%6,7579 |\ o | 347.05 | 2 1[1
38X-3, 60-64 352.00 | 3 4 1
39X-4, 105-109 363.55 | 7 1
40X-2 , 89-93 369.99 | 3 4 1 1
41X-5, 67-71 383.97 | 8 3
42X-3, 70-74 390.60 | 2 | 2 1 3
45X-6, 52-56 42372 | 1 6
47X-6, 45-49 442.85 2
49X-3, 52-56 457.62 | 4 5
50X5, 52-56 late 022 |1
Oligocene
52X-4, 70-74 488.10 | 2 4
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Appendix B (continued)

9z'ds ouinijog

Gz ds puinijog

€z'ds puinijog

Tz ds puinijog

Tz ds puinijog

0z'ds puinijog

61°ds puinijog

LT'ds puinjjog

ST'ds puinijog

p1-ds oumijog

€1°ds buinijog

6°ds puinijog

g'ds puinijog

¢€'ds puinjjog

g'ds puinijog

14

16
18
18

48

¢'ds puinijog

éT°ds ouinjjog

DIN}DLI}S DUIAIjOG

31

DID[N21334 DUIAIjO]

uauny puinijog

D1D}D[IP DUIAIjOG

21

20

31

33

10

17
10
20
40
67

24
21

30

blpssniap obuinijog

plODdWoO pUIAIjog

20

14

1SS0430q|D DUIN][Og

13

qa-ds uoydisAying

a‘ds uoluouoszsy

J'ds uoluouoisy

7

1

1
1

1
7

8

3
3

g'ds uojuououisy

1

8
2

1

3

2

4
1

2

1

1

Depth
(mbsf)

65.30
77.31

85.60
99.70
103.05

112.20

123.45

130.36

140.20

151.30

163.70

171.70

180.10

186.70

197.35

208.74

222.67

226.11

230.64

236.03

242.05

248.63

256.67

265.06

276.06

288.66

296.70

304.60

310.95

320.25

337.33

347.05

352.00

363.55

369.99

383.97

390.60

423.72

442.85

457.62

470.22

488.10
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Appendix B (continued)

1Appiq sapiopidiqid

10

12

13

31

13
10
17
29

17
12

T1°ds s3pp1q1D

£+ds sapiiqd

18
18

11

s'ds sapiiq

vds sappiq

T'ds sapiiq

1App.q sapiouinpissn)

p'ds pulnpissn)y

v'ds suoun)

paf1dDd P pUIj0ISINgG

paifiond pbuijoasing

6°ds puiwing

g'ds purwing

L'ds puiwiing

g'ds purwing

p'ds puiwing

éds pujwing

p3IDLI3S bUIWIING

6

ploulbipw pulwiing

1

1

1

sIsuauod(of buwiing

pipbuoja‘g ‘P puwing

29

14
12

pupdunJ) pujwing

10183
13(12] 1

sisuaqno sisdouinijog

2/2]10|5

11|59

69|20

pniplUundopnasd puljjauinijog

o

10

16

ze'ds pumijog

1€'ds pumijog

og'ds pusijog

8z'ds puiijog

1

2

LT ds pujnjjog

Depth
(mbsf)

65.30
77.31

85.60
99.70

103.05

112.20

123.45

130.36

140.20

151.30

163.70

171.70

180.10

186.70

197.35

208.74

222.67

226.11

230.64

236.03

242.05

248.63

256.67

265.06

276.06

288.66

296.70

304.60 | 3
310.95

320.25

337.33

347.05

352.00

363.55

369.99

383.97

390.60

423.72

442.85

457.62| 1

470.22

488.10

268



Appendix B (continued)

€1°ds puypluag

1°ds puipiuag

siwofijif puipruag

9z'ds sapioppiqid

sz'ds sapropiqi

vzds sapropniqn

gz-ds saploppiIq

zeds sapiopiqn

12

10

Tz'ds saploppiqr

0z'ds sapiopiiqi)

61°ds sapioppiqid

41191

20

81°ds saplopiiqi)

LT'ds sapioppiqid

91°ds saplopiiqid

€1'ds sapiopiiqi)

12

6'ds sapioppiqId

L'ds sapiopniqiH

9'ds sapioppiqid

€'ds saplopiiq

1'ds sapiopiiqid

(yroows) 1fu03s43jjanm sapiopidiqid

—

éHf101s13)janm sapioppIqId

(9s4e02) Huo3siajanm sapiopidiqld

—

19

11

10

DUDIUOS}I2GO. SAPIOPIdIGI)

pupridbunopnasd sapiopiqr)

pwapAyond sapiopiqid

11

snjnpunw sapiop1q1d

4
6

7

10

4
7

3

6
19
6

13
21

10

£SNU3pI03 saplopiIqI)

1
1

3

15qqa43 sapiopiIqL)

Depth
(mbsf)

65.30
77.31

85.60
99.70

103.05| 2
112.20

123.45

13036 1

140.20

151.30| 1
163.70

171.70

180.10

186.70

19735] 1

208.74

222671

226.11

230.64

236.03

242.05

248.63

256.67

265.06

276.06

288.66 | 1

296.70| 1

304.60

310.95

320.25

33733 1

347.05| 4
352.00

363.55

369.99

383.97| 3

390.60

423.72

442.85

457.62

470.22

488.10

269



Appendix B (continued)

¢€T°ds purinssi4

€1°ds puunssiy

2T°ds puunssi4

g'ds punnssi4

g'ds pupnssi4

{°ds pupnssiy

ée'ds puunssiy

¢1°ds punnssi4

1°ds puunssi4

2

p3oUIBIDW DULINSSI]

1

p30BIN3D] DULINSSI

1
2

1
1
1

1
1

1

puobpxay puijnno4

Sljixa pjjaulwiingny

42

82

19

31

pnbixa pjjauiwolsidy

20 (10
29
14
41

10

20 |15

30 (12

12120
13 (64
32148
12 144
13 (20

18(17] 1
12 |67

26 |47

16 |28

37
43

30
110

43

97

49

13
12
14
40

50
10
20
26

24
18

*ds wnipiydi3

1110|174

311024

1]15])19
411414

sapiosdijja puipiosdyjj3

1

¢'ds puibiaquaiy3

1°ds puibiaquaiy3

pIDULIDI DUIBIIqUIIYT

1Appiq p|242663

SIna4q p1yloiog

v'ds siqioasig

éds pjjauiqioosiag

p10Ifap pj|aulqi0dsid

0z'ds puypjuag

61'ds buyplUag

g1°ds puipluag

LT'ds puipluag

1

1

gT'ds pulpluag

Depth
(mbsf)

65.30
77.31

85.60
99.70
103.05

112.20

123.45

130.36

140.20

151.30

163.70

171.70

180.10

186.70

197351

208.74

222.67

226.11

230.64

236.03

242.05

248.63

256.67

265.06

276.06

288.66

296.70

304.60

310.95

320.25

337.33

347.05

352.00

363.55

369.99

383.97

390.60

423.72

442.85

457.62

470.22

488.10
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Appendix B (continued)

¢S°ds punnssi4 —

0S°ds punnssi4 —

6t°ds punnssi4 —

wv.nw bulinssi4 |||~ — — —

Ly'ds punnssi4 —

ot'ds purinssi4 — -

Gg°ds punnssi4 — —

vy'ds pburinssi4 ~ - —

€trds puunssiy — || -

I°ds punnssi4 - |

6€°ds punnssi4 ~

9g°ds punnssi4 —

gg'ds punnssiy — —

e ds puLinssi4 -

€g°ds punnssi4 -

¢€°ds punnssi4 —

1€°ds punnssi4 —

og'ds punnssi4 ~

6¢°ds punnssi4 —

gz'ds puninssi4 — —

Lz'ds pulinssiy — —

9z'ds puunssi4 —

gz'ds puunssi4 ~

pyz'ds pbunnssi4 — —

g¢'ds punnssiy — —

zeds pulinssiy — — —

1z'ds punssi4 —

0z'ds pupinssi4 —

61'ds pupinssi4 —
£% 2l=[8[RI8|R|S|RIRIBIRIRISIR|NIX|5|D|3|8|8|8|5|8|8|8|R|3| 5| 8|7 8|85 &% 3| R|B|S|]| S
Wb BN d| M |YN| X N|V|o/V|NIR VN V|RV|S(O|OININ|N[Mm oMo O
o £ S I ] K] RS o) oy ) I e ) ey et S I N B B DS D P B PN S S R R RS R B E ) R R R R e S e e
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Appendix B (continued)

€'ds puabni

é'ds puaboy

sijpJids puaboi

D1IDLIIS 7 '} bUIBDT

1ApDpiq DJ|311344D)]

g'ds piuajpuoiay

sapiouljnuinjnd p1u3||puoIaH

p3DINBUJ DIUSJ|DUOIIH

a'ds niompzubH

J'ds piompzupH

q-ds niompzuph

v'ds piompzubH

g'ds saprouiploifo

p'ds sapiouipoifo

z'ds sapiouipoifn

10

11

1°ds sapiouipoifo

10

13

11ubpj|OS saplouIp1oIfD

85|12

15(14

714125

14

10

badblisnb buiiniano

1]113(4 )11

1112(3

1

sap104pyd pijdsowofn

qqi6 pulNgo[o

1

z'ds puynpisspzoqo|o

psoqojbqns bulnpIssp30qo[o

13
18
22
21

24

48

42

18
29
16
26
23
29
33
10
27
24
16
28
16
59
39
43

27

15
24
37
37
50
20
25

25

28
19

13

DINUIW DUIINPISSDIOGO[D

1831

6 (18] 1

7126|1
13|25
16|25

p1LBIND3| PUIINPUD|D

D1DINIX3) bUloyuUasing

9
14

27

15

3°ds pujoyuasind

a'ds puroyuasing

g-ds pujoyuasing

1

1°ds puisaiol4

Depth
(mbsf)

65.30
77.31

85.60
99.70
103.05

112.20| 1
123.45

130.36

140.20

151.30

163.70

171.70

180.10

186.70

197.35

208.74

222.67

226.11

230.64

236.03

242.05

248.63

256.67

265.06

276.06

288.66

296.70

304.60

310.95

320.25

337.33

347.05

352.00

363.55

369.99

383.97

390.60

423.72

442.85

457.62

470.22

488.10
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Appendix B (continued)

¢z’ ds pupsopon

T ds pbLpsopon

L1'ds pLpsopoN

91'ds bLISOpPON

11

TT'ds pbLpsopoN

01'ds pLpsopon

g'ds prpsopon

£'ds pLpsopon

évds pupsopon

Djupif blADSOpoN

é'ds siuojainy

¢'ds siuojan

SNuDaajing sIuojaAl

15
10

11

DIqDIS DJ|330UILIDIAI

snsoquii| buinNI13u37

pqqib buIN213U3T

suabianuod pulnInNual

1D2[D3 DUI[N2UIT

pipn4adnod puiuLipIND]

winpiwn} uojuououiwoy

9z'ds puabpni

gz'ds puabpy

¢ ds buaboy

€z'ds puabny

¢z ds buaboy

1z ds puaboy

€1°ds pbuaboy

11°ds pbuaboi

5
4
1

3

3

2
1

1
2
1
3

1

1

1

2
1
1
1

t'ds puaboy

Depth
(mbsf)

65.30
77.31

85.60
99.70

103.05| 1

112.20| 1
123.45

130.36

140.20| 1

151.30

163.70

171.70

180.10

186.70

197.35

208.74

222.67

226.11

230.64| 1
236.03

242.05

248.63| 1

256.67| 1

265.06

276.06

288.66

296.70

304.60

310.95( 1

320.25

337.33

347.05

352.00

363.55

369.99

383.97

390.60

423.72

442.85

457.62

470.22

488.10| 1
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Appendix B (continued)

*ds puynuo|d

1ZuaJ puinuo|d

SI|p433D| PULINSSfDIDd

133nd plIDINBUDSO

10)Yasypal purydiowoyrio

psianiad purydiowoyiio

pnbiqup pulydiowoyio

snjpbuoquin sj|jpsiopliQ

41

20

12
27
17
19

16

10

15

11

15

19

17

12
13

t°ds sipsioprio

¢'ds syosiopLo

t'ds puijoo

¢éz'ds oujjoo

pa3fiuoquin saplpINN

46

80

11

32
10
26

15
46

28

25

13

15

14

£'ds pjjauoiuon

9'ds pjjauoiuon

g'ds pjjauoiuon

t°ds pjjauoiuon

¢z ds pjjauojuon

t°ds uoluon

¢'ds uoruon

é1°ds uoluon

pp16.1n} bjjaUOIUON

DI2IW UOIUON

unwwod uoluon

0€'ds pupsopon

62'ds pLpsopoN

gz ds pLpbsopoN

Lz ds plpsopon

1

1

1

9z'ds pLpsopoN

Depth
(mbsf)

65.30
77.31

85.60
99.70

103.05

112.20

123.45

130.36

140.20

151.30

163.70

171.70

180.10

186.70

197.35

208.74

222.67

226.11

230.64

236.03

242.05

248.63

256.67

265.06

276.06

288.66

296.70

304.60

310.95

320.25

337.33

347.05

352.00

363.55

369.99

383.97

390.60| 1

423.72

442.85

457.62

470.22

488.10
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Appendix B (continued)

*ds puinaojanbuinp

p30bBIAD3| DUIYdioWLIPODND

€'ds obuhd

¢ ds obuhd

1°ds obuAd

puiysinw obihd

pIDULIDIGNS DIUB|ING

16

¢ bqojanbuinb piuajind

pnqojanbuinb ‘4 *y p1uajnd

pngojanbuinb piuajind

10

sapiojjnq pjuajjnd

11

wnwij[1ap1b uol3duoulDAH

g'ds puiydiowdjod

v'ds purydiowAjod

S1]19046 buabp[04330id

plnulw pbulfnpissbIpIbd

24

10

17

11°ds pjjawo3soinald

otr'd pjjawoisoinald

6'd pjjawoisoinald

g'd pjjawojsoinajd

£'ds pjjawoisoinald

g'ds pjjawoisoina|d

1°ds pjjawoisoinajd

SIN31q D[[aWi031s04N3|d

SaplouInljoq b|jaw03s0iNa|d

1

SUDUJ3}|D DJ|aW03S0INI|d

bloulWNID bjjowW031s0ina|d

2

2

213]6]2

2
3
3

4

3

2

psopouqns bj|awo03soinajd

1

1

1
4
1
1

1]10|1

1

1
2

SNADIU0IIq sapiouljnub|d

1

Depth
(mbsf)

65.30
77.31

85.60
99.70

103.05

112.20

123.45

130.36

140.20

151.30

163.70

171.70

180.10

186.70| 1
197.35

208.74

222.67

22611 1

230.64

236.03

242.05

248.63| 1

256.67

265.06

276.06

288.66| 1

296.70

304.60

310.95

320.25

337.33

347.05

352.00| 1
363.55

369.99

383.97

390.60

423.72

442.85

457.62

470.22

488.10
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Appendix B (continued)

DlbU3IDI PLIDINIXI |

pnsouidsqns plipsopouoydis

10

12

LT°ds pjjawoisojnis

91°ds pjjawo3sojis

vy1°ds pjjawoisojns

€1°ds pjjawolsojns

6°'ds pjjawoisojns

g'ds pjjawojisojnis

£'ds pjjawojsojns

évds pjjawojsoins

{'ds pjjawojsojns

D}SapowW D||aW0ISo[NIS

DJ3fijnuUUD °S *§> DJ|aW0}SO[1IS

18
22
22
32

10

14

wniossAgo pj|awo3sofiIs

DPADIUOI DIYLIOfUIDIS

¢ ds puindojoaids

6

1°ds puiniojoaids

pssaidap pbuiniojo.iids

sapioj|nq pbuiproiaoyds

10

opidsiy buliabinnoydis

p|npida| pripsopouoydis

127

14125] 2

4 124|1

1(12]3

19

2(2]2

21

pIDULIDINUAY biUuoYd]S

1

1abiaquinjyss sisdojiowbis

q-ds puipsoy

12

v'ds puipsoy

DIDLIYS DULIABINNYIBY

pwido p3p3sodNW PULI3BIANIIAY

4

DISNU3A puijndojanbuind

2
18
10
14

6

1
11

1
1
5

1
4
3

1
1

2
1

1

2
2

1

ée'ds puiniojanbuinp

Depth
(mbsf)

65.30
77.31

85.60
99.70

103.05

112.20] 1
123.45

130.36

140.20

151.30

163.70

171.70

180.10

186.70

197.35

208.74

222.67

226.11

230.64

236.03

242.05

248.63

256.67

265.06

276.06

288.66

296.70

304.60

310.95

320.25

337.33

347.05

352.00

363.55

369.99

383.97

390.60

423.72

442.85

457.62

470.22

488.10
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Appendix B (continued)

v'ds praulnn|pp

psoulds pbuijnajbp

ST°ds purabinn

¢1T'ds punabinn

1T°ds puLabinn

g'ds puuabinn

10

9'ds pbuuabinn

¢'ds pbunabinn

*ds punabinn

p3pISod1ulds pulIabInN

pulibaiad burLiabinn

31

29
23
15
74
26
34
19

22
25

16
11
13

14
12

SInan| bulIabIAM

11403

D1DPI03ISDG DULIABIAN

€'ds umouyjun

(pa3eunn|83e) “ds pauyapun

€'ds puinaojiy

z'ds puinoojiy

1'ds puinaojLL

1App.q puLIbfli]

pbsojnbup pulipfii]

11

12

w3} pLIDINIX3 |

t'ds pLpbINIXa L

€'ds pupinixaj

1

1
1

1°ds pupInIxay

Depth
(mbsf)

65.30
77.31

85.60
99.70
103.05

112.20

123.45

130.36

140.20| 1

151.30

163.70

171.70| 1
180.10

186.70

197.35

208.74

222.67

226.11

230.64

236.03

242.05

248.63

256.67

265.06

276.06

288.66

296.70| 1

304.60

310.95

320.25

337.33

347.05

352.00

363.55

369.99

383.97

390.60

423.72

442.85

457.62

470.22

488.10
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Appendix C: Benthic foraminifera species checklist at ODP Site 1139 Hole A.

g
E vl lelglwm|]lw] v 5
HEH R R
1139A (core, '§ 8% |3 § § sl d : S|c|g 5 3 -§ &
L Depth | 8 | 8| 8 (=SS (ZS(Z8|5|8|E|L8|S|T|8|%]|s
section, interval | Age (Ma) bsf) g s |3|8|28|8|8|8|=|5|35|slzals 5| sl s
(cm)) ("'S-§§.8‘§§g§§§§.§§-§'§-§-§%
e | ~ s (= |S|2|=5|a
5 <
3R-1,30-34 |L. Moicene| 19.30 | 6 8 2
3R-2, 100-104 21.50 | 12 1 9 1 2
3R-4, 32-36 Mid- 23.82 2 8 1 15 9
4R-1, 40-44 Miocene | 28.90 | 13 1 6 2
4R-2,105-109 31.05 | 17 8 12
4R-4, 75-79 33.75 5 5
5R-1, 121-125 39.21 9 1 4 1 67| 1 2 4
6R-1, 71-75 48.21 6
7R-1, 111-115 58.11 3 1 5
7R-3, 45-49 60.45 3 1 5 3
8R-1, 45-49 66.95 | 17 1 7 4
9R-4, 105-109 80.39 2 11 ] 1 2
10R-2, 45-49 Early 87.45 9 1 2 1
11R-1, 35-39 Miocene 95.45 2 16| 1
12R-2, 71-75 106.91 | 16 141 1
12R-5, 90-94 111.60 | 17 1 3
13R-5, 80-84 121.20 | 13 25
14R-4 , 65-69 129.15 | 1 3 1 9 3
15R-2, 95-99 135.95 4 3 1 1
15R-4, 41-45 138.41 | 2 1 6 3 1
16R-2, 55-59 14525 | 1 2 24| 2 1
17R-3, 91-95 156.71 | 1 4 1 15
18R-1, 96-100 Late 16346 | 1 6 8 2
19R-2, 60.5-64.5 | Oligocene | 174.21 | 13 1 1 1|69 14 3
20R-4, 40-44 186.60 | 2 1 1 1 8 18| 2
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Appendix C (continued)

SNS021430313 SapIOPIdIqID

1App.q saplop1d1q1>

12

21

r°ds sapia1q1>

6'ds sappiqid

gds sap1o1q1d

1App.q sapioulnpisso)

z'ds puinpissny

pINUIW PUIINPISSDIDIDG

DI1f190d "33 bUIj03SINg

15

SISt d;

1} bujwiing

6'ds pujwiing

47

g8'ds pujwiing

L°ds punwing

Z°'ds punwing

2

T°ds punwing

pupdUNJ] pUIWIING

18

DIPLIIS PUIWIING

23(71

6

4

12| 14

21

14
12

plpUIBIDW DUIWIING

pqqIb pujwiing

1

24

4
56
29
31

13

82

pipbuo|a g -fo puiwing

82|12

11]19

1419

13

35]26

43

PUDIIX3W "IDA SISUILIDUIDGNS DUIIDZIIG

D1DID DPUIDZIIG

16

pidwod sisdouinijog

€ ds buinjjog

€€°ds bujnjjog

62'ds pulajjog

81'ds pulajjog

¢°ds puinijog

2
6

1

2

€'ds puinijog

5
1
3

6

3

3
1

3
1
1

1
1
4

1

1

Depth
(mbsf)

19.30
21.50

23.82

28.90
31.05

33.75

39.21

48.21

58.11

60.45
66.95
80.39

87.45
95.45
106.91

111.60

121.20

129.15

135.95

138.41

145.25

156.71

163.46 | 4

174.21

186.60 | 6
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Appendix C (continued)

£°ds purinssiq

9'ds purinssi4

gds pupnssi4

¢ ds purinssi4

T°ds purinssi4

pnbixa pjjaujwolsidy

41

16
19

11

17

sapjiosdij|a bujpiosdi||3

1°ds puibiaquaiyy

1Appiq p|1213663

15

11

s1na.q piyjoiod

pD|fap P||UIqI0ISIq

gT'ds puipiuag

€1°ds puipluag

Z1°ds puipiuag

¢ 'ds puipiuag

1°ds puipiluag

280

-ds puipiuag

1

(yroows) tfuo3siajjanm sapiopi2i1q1d

19

72

(9sae02) 1fuo3siajjanm sapiopiaiqrd

14 | 57

v°ds saplopid1q1d

€'ds saprop1o1q1D

1

¢ "ds sapjopi21q1D

T-ds sapiopioiqd

2

PUDIUOS]13GOJ S3PIOPIIIGID

5

puwiapAyood sapiopiaiqid

snjnpunw sapiopi1q1>

32

16

5118

28

22
16
11
18

11
15
15
29

& 2Ds14ND| S3pPIoPIAIqID

apspino| sapiop131q1>

2

1

15qq3.2 s3pIopI1qId

7

9

Depth
(mbsf)

19.30
21.50
23.82
28.90
31.05
33.75

39.21

48.21

58.11

60.45

66.95

80.39

87.45

95.45
106.91

11160 | 5
121.20

129.15

135.95

138.41

145.25

156.71

163.46

174.21

186.60




Appendix C (continued)

1HuUDp|OS S3pIoUIPIoIAD

36

11

12

14

2z ds sapjiouipoifo

23

T°ds sapiouipoifo

11

b3oANO DUIINIIND

DIDIIISND DUINIIND

saplo.ipys piidsowolo

0qq16 pulNqgols

psoqo|bqns pujINpPIssPI0qo[D

12

28

21

43

21

14

1°ds pujnpissproqo|o

11

DpINUIW DUINPISSDI0GO[D

16

é-ds puinpuoio

snynipqoj sisdouijanpo

2°ds puroxuasing

g-ds puroyuasing

v'ds puloxuasing

DIPINIX3] PUIOYUISINS

pipup|dwiod puIoUISINS

*ds pupnIpuocIy

15°ds purinssi4

6v°ds putinssiy

Zi°ds putinssiy

Tv'ds purinssiy

°ds purinssi4

6€°ds purinssiq

g€ ds purinssiy

L€ds putinssi4

ZT°ds purinssi4

é6°ds purinssi4

1

g8'ds purinssi4

1

Depth
(mbsf)

19.30
21.50

23.82

28.90
31.05

33.75

39.21

48.21

58.11

60.45

66.95

80.39

87.45

95.45
106.91

111.60

121.20

129.15

135.95

138.41

145.25

156.71

163.46

174.21

186.60
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Appendix C (continued)

€'ds swoja

z'ds swojay

16

1°ds swoja

snuD33|Ipq SIUOIIN

ds pjjazousrion

DIGDIS D[3I0UIIIDIAI

S|UNWWo? pf|330UlIDIAI

v'ds puynanual

€ds puinanual

z°ds pbuinanuag

1°ds puynanual

DIDIINI DUINIIIUDT

pqqIb pbuIN21UaT

suab1anuod puiNIUI7

p3DJI3dNnod PUIULIDIIIDT

winpiwin} uoluououIwp7

¢e ds buaboy

91°ds puaboy

y1°ds puaboy

éetr ds puaboi

T1°ds puaboi

6°ds buaboi

9'ds puaboy

{'ds puaboy

D1D]S0313|D PUIBDT

p4129q1b puaboi

1App.1q pj|3143.410)]

wnuwii|[1204b6 uolijauoulipAH

1

1
2
1
1

2
2

1
9
4
2
7
1
6

v'ds pIu3|[pUCIIH

1

1
1

1

Depth
(mbsf)

19.30
21.50
23.82
28.90
31.05

33.75

39.21

48.21

58.11

60.45
66.95

80.39

87.45

95.45
106.91

111.60

121.20

129.15

135.95

138.41

145.25

156.71
163.46

174.21

186.60
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Appendix C (continued)

t°ds purjoo

€ds purjoo

pJ3fluoquin sapipIINN

61

z'ds pjjauojuon

€'ds pjjauouon

1°ds pjjauoiuon

Dpgo|IsDq DJ|2UOCIUON

pbp16in] D[|aUOCIUON

€°ds uoropn

é1°ds uoluon

1T°ds uomopn

D421W UOIUON

LT ds pripsoponN

Gz'ds pripsopon

v¢'ds prLpsopoN

€z'ds prupsopon

12°ds pripsopopn

Z'ds pripsopopN

61°ds prLIDSOpoN

L1'ds pripsoponN

sT'ds pripsopon

tv1°ds prLbsopoN

€1°ds pripsopon

¢1°ds pripsopon

8'ds pripsopop

°ds pripsopopn

éz'ds prpsopon

1°ds pbripsopopn

1

3

v'ds siuojay

Depth
(mbsf)

19.30
21.50

23.82
28.90

31.05
33.75

39.21

48.21

58.11

60.45

66.95

80.39

87.45
95.45
106.91

111.60

12120 2
129.15

135.95

13841

145.25

156.71

163.46

174.21

186.60
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Appendix C (continued)

é'ds saproniniay

puwiido pIPISOd13NW PULIBBIANIIY

21

D3SNU3A puifniojanbuind

¢éT°ds puinaojanbuinp

1°ds puinaojanbuinp

é'ds puinaojanbuinp

p3PBIND3| PUIYdIOWIIPOND

nuispuiof obiAd

pqojanbuinb piuajind

sapjojjnq p1u3jind

28

SISUauappq suiofixoid

v'ds puiydiowAjod

€'ds pjjawo3soinald

SINU3} DJ|aW01S0.IN3|d

D1DSSDIIU] DJ]2WO0IS0IN3|d

SIN3.q D|3W03s0N3|d

SUDUI}ID DJ|aW0ISOIN3|d

DIDUIWINID D[[3WO01S0IN3|d

16

13

psopouqns pj|awo01s0.na|d

1zuaJ puinuo|d

& 1u33s4py| pUINUD|d

133N DLIDINBUDSO

16 | 33

11

42

14
11

*ds puiydiowoyrio

10)Y3s31p3f pulydiowoylrio

psianiad puiydiowoylrio

pnbiquip purydiowoyirio

snipuoquin sipsiopLIO

21

32
12

24

25

z'ds sypsioplio

1

1'ds sypsioprio

Depth
(mbsf)

19.30
21.50
23.82
28.90
31.05
33.75

39.21

48.21

58.11

60.45
66.95

80.39

87.45
95.45

106.91

111.60

121.20

129.15

135.95

138.41

145.25

156.71| 16
163.46

174.21

186.60

284



Appendix C (continued)

-ds priauinapp

DIIUIOfI|DI DIIBUIINAIDA

91°ds puriabinn

€°ds puriabinn

23

2°ds putiabinn

puribaiad pu1iabinn

19

26

13

11

63

86

15

29

D1DPIOdISDG PULISBINN

(p21eunn|8se) °ds umouyun

€'ds umouxun

z'ds umouxun

11

T°ds puinsojiiy

1Appiq puLIDf1i]

13

DSONBUD PULIDfII]

15
22

1wiNIo} DIIDINIX3L

2'ds pLpbNIxa)

T°ds pLpbINIX3 )

pbUDPzZUDIDW D[[2]1S02012141S

11

17

64

38

26

31

18

13
25

28

qns . (o ydis

13

22

zrds pjjawoisojis

TT°ds pjjowo3sojis

1°ds pjjawoisolis

9'ds pjjawoisojs

2'ds pjjawoisos

£D1Sapow p[|aW01so[IIS

1

1
1

1

D1S3pOW PJ|2WOISO[1IS

pnpid3a| pripsopouoydis

39

24

DIBfIINUUD * S *3D DJ|3WOISO[1IS

1216

11/13(3
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Appendix D: The most abundance species of each clusters at the studied Sites 752A, 1168A

and 1139A.

£ ODP Holes

i

8 752A 1168A 1139A
Bolivina cf. reticulata, Abdetodentrix Abdetodentrix
Globocassidulina subglobosa, | peudothalmanni, Astrononion | peudothalmanni,
Bolivinellina cf. B. translucens, | umbilicatulum, Bolivina Astrononion
Oridorsalis umbonatus, dilatata, Epistominella exigua, | umbilicatulum,
Cibicidoides wuellerstorfi Globocassidulina subglobosa, Epistominella exigua,

A (smooth) and Ehrenbergina Oridorsalis umbonatus, Globocassidulina
carinata. Uvigerina peregrina, Melonis subglobosa, Oridorsalis

barleeanus, Siphouvigerina umbonatus, Stilostomella
hispida, Stilostomella cf. S. cf. S. annulifera and
annulifera and Eubuliminella Trifarina angulosa.
exilis
Bolivina cf. reticulata, Abdetodentrix Abdetodentrix
Globocassidulina subglobosa, | peudothalmanni, Astrononion | peudothalmanni,
Strictocostella scharbergana, umbilicatulum, Bolivina Astrononion
Siphonodosaria subspinosa, dilatata, Epistominella exigua, | umbilicatulum,
Bolivina viennensis, Globocassidulina subglobosa, Epistominella exigua,
Cibicidoides mundulus, Nuttalides umbonifera, Globocassidulina
Oridorsalis umbonatus, Oridorsalis umbonatus, subglobosa, Cibicidoides
Abdetodentrix Uvigerina peregrina, Bolivina mundulus, Stilostomella cf.

B peudothalmanni, Trifarina sp.3, Stilostomella cf. S. S. annulifera,
angulosa, Cibicidoides annulifera and Eubuliminella Strictocostella matanzana,
wuellerstorfi (smooth) and exilis. Osangularia culter,
Uvigerina auberiana. Bulimina truncana,

Cibicidoides wuellerstorfi
(smooth and coarse types),
Gavelinopsis lobatulus,
Bolivina reticulata and
Trifarina angulosa.
Bolivina cf. B. reticulata, Astrononion umbilicatulum, Astrononion
Globocassidulina subglobosa, | Epistominella exigua, umbilicatulum, Bulimina cf.
Strictocostella scharbergana, Globocassidulina subglobosa, B. elongata, Bulimina
Siphonodosaria subspinosa, Nuttalides umbonifera, striata, Cibicidoides bradyi,
Bolivina viennensis, Oridorsalis umbonatus, Cibicidoides mundulus,
Cibicidoides mundulus, Uvigerina peregrina and Gyrodinoides soldanii,
Burseolina cf. pacifica, Eubuliminella exilis. Oridorsalis umbonatus,
Abdetodentrix Sphaeroidina bulloides,

C peudothalmanni, Trifarina Siphouvigerina hispida,
angulosa, Pullenia bulloides, Stilostomella cf. S.
Cibicidoides wuellerstorfi annulifera, Siphonodosaria
(coarse), Uvigerina auberiana, lepidula, Siphonodosaria
and Burseolina pacifica. subspinosa, Strictocostella

matanzana, Uvigerina
peregrina, Bulimina gibba
and Laticarinina
pauperata.
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Appendix D (continued)

peudothalmanni, Nuttalides
umbonifera, Bolivina huneri,
Pullenia bulloides, Lenticulina
cultrata, and Planulina
costata.

Clust ODP Holes

usters 752A 1168A 1139A
Bolivina cf. reticulata, Bolivina dilatata, Epistominella | Abdetodentrix
Globocassidulina subglobosa, exigua, Globocassidulina peudothalmanni,
Strictocostella scharbergana, subglobosa, Uvigerina Astrononion
Siphonodosaria subspinosa, peregrina, Cibicidoides umbilicatulum,
Bolivina viennensis, mundulus, Bolivina sp.3, Epistominella exigua,
Siphonodosaria lepidula, Cibicidoides bradyi, and Globocassidulina
Cibicidoides mundulus, Bulimina truncana. subglobosa, Oridorsalis
Burseolina cf. pacifica, umbonatus, Stilostomella
Abdetodentrix cf. S. annulifera,
peudothalmanni, Pullenia Siphonodosaria lepidula,

D bulloides, Cibicidoides Cibicidoides mundulus,
wuellerstorfi (coarse), Gyrodinoides soldanii,
Nuttalides umbonifera, Gyrodinoides sp.1,
Uvigerina auberiana, Bolivina Pleurostomella acuminata,
reticulata, Trifarina bradyi, Sphaeroidina bulloides,
Pleurostomella acuminata Strictocostella matanzana,
and Planulina costata. Uvigerina peregrina,

Bulimina gibba,
Orthomorphina perversa,
Osangularia culter, and
Bulimina truncana.
Globocassidulina subglobosa, | Bolivina dilatata, Bulimina cf. Astrononion
Strictocostella scharbergana, B. elongata, Epistominella umbilicatulum, Bulimina
Siphonodosaria subspinosa, exigua, Globocassidulina striata, Cibicidoides
Bolivina viennensis, subglobosa, Oridorsalis mundulus, Epistominella
Siphonodosaria lepidula, umbonatus, Cibicidoides exigua, Globocassidulina
Cibicidoides mundulus, mundulus, Cibicidoides bradyi, | subglobosa, Oridorsalis
Burseolina cf. pacifica, and Bulimina truncana. umbonatus, Stilostomella
Abdetodentrix cf. S. annulifera,
E peudothalmanni, Nuttalides Siphonodosaria lepidula,
umbonifera, Uvigerina Gyrodinoides soldanii,
auberiana, Bolivina reticulata, Gyrodinoides sp.1, Pullenia
Trifarina bradyi, Lenticulina quinqueloba,
cultrata, Pleurostomella Strictocostella matanzana,
acuminata and Planulina Uvigerina peregrina,
costata. Bulimina gibba, Eggerella
bradyi, and Osangularia
culter.

Globocassidulina subglobosa, Bolivina dilatata, Bulimina cf.

Strictocostella scharbergana, B. elongata, Epistominella

Siphonodosaria lepidula, exigua, Globocassidulina

Cibicidoides mundulus, subglobosa, and Melonis

Burseolina cf. pacifica, barleeanus.

F Abdetodentrix
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Appendix E: Diversity indices and age (Ma) of thirty samples at the Hole 752A. Diversities are
calculated by past software (PAST 3.25) (Hammer et al., 2001).

752A Age (Ma)
Core, | Dominance D | Shannon_H | Taxa_s | Ve"MeS5-€" | ArNTs2012in
section sl GTS 2012
2H-4 0.10 3.05 42 0.50 4.14
3H-1 0.10 3.01 59 0.34 5.30
3H-2 0.11 2.86 58 0.30 5.61
3H-4 0.14 2.44 30 0.38 6.62
3H-5 0.19 2.60 51 0.26 7.19
4H-1 0.09 3.05 63 0.34 7.96
4H-2 0.17 2.51 55 0.22 8.25
4H-5 0.20 2.45 48 0.24 9.06
5H-1 0.14 2.66 49 0.29 9.71
5H-2 0.16 2.77 52 0.31 9.98
5H-3 0.19 2.29 29 0.34 10.23
5H-4 0.09 3.14 63 0.37 10.55
6H-1 0.07 3.25 71 0.36 11.49
6H-3 0.09 3.18 64 0.37 12.06
6H-5 0.05 3.52 67 0.51 12.59
6H-6 0.11 2.77 36 0.44 12.83
7H-1 0.04 3.68 69 0.57 13.28
7H-2 0.03 3.92 94 0.54 13.56
7H-4 0.06 3.44 67 0.47 14.41
7H-6 0.08 2.90 32 0.57 15.21
8H-1 0.04 3.64 73 0.52 15.98
8H-3 0.04 3.57 70 0.51 16.84
8H-6 0.05 3.48 64 0.51 18.04
9H-2 0.11 3.14 71 0.32 19.16
9H-4 0.09 3.22 64 0.39 19.96
9H-5 0.06 3.39 70 0.42 20.34
10H-2 0.05 3.65 71 0.54 21.78
10H-3 0.04 3.71 90 0.45 2231
10H-5 0.13 2.99 71 0.28 23.12
10H-6 0.09 3.10 46 0.48 23.48
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Appendix F: The data used for calculating Benthic Foraminifera Accumulation Rate (BFAR) and

MAR carbonate at the Site 752 Hole A, the Dry Bulk Density and CaCO3 % data derived from the
Initial Report (Shipboard Scientific Party, 1989a).

c o &= =

= | 4 @ ‘s | ~

B € 9 3 E | € | > ® | & N
752A 2 3 ] o0 Lo Q| B~ X S lE & o
S S c It = EC 2¢ o = 3] 2
Core, = - s - a | 5 go| O o * = N
. < w 2 = = 2 gl oy ¢ o 5 < »n
section o Q@ ° > s w5 &8 - o | =5
(7] - © 3 (o) — - = < o c O

() B : (a] - (] > E &a E

o 3 (a2] p =

= s | B < | &

= <
2H-4 13.32 132 | 1/64 | 5.96 | 1417 | 0.43 | 1.08 | 94.60 | 0.44 | 658 | 4.14
3H-1 18.30 | 617 | 1/8 | 11.55| 427 | 0.50 | 0.99 | 97.40 | 0.48 | 212 | 5.30
3H-2 19.85 | 517 |1/32| 9.56 | 1731 | 0.29 | 0.90 | 97.00 | 0.25 | 452 | 5.61

3H-4 22.78 240 | 1/64 | 2.52 | 6095 | 0.29 | 091 |95.90 | 0.25 | 1609 | 6.62
3H-5 24.42 697 | 1/16 | 8.97 | 1243 | 0.46 | 0.95 | 91.60 | 0.40 | 540 7.19
4H-1 28.00 | 591 1/8 | 7.72 | 612 | 0.54 | 0.96 | 96.50 | 0.50 | 317 7.96
4H-2 29.61 775 | 1/16 | 8.46 | 1466 | 0.54 | 0.94 | 96.00 | 0.49 | 744 8.25
4H-5 33.94 | 516 |1/16 | 5.99 | 1378 | 0.54 | 0.90 | 90.80 | 0.44 | 674 9.06
5H-1 37.45 734 | 1/8 | 15.66 | 375 | 0.54 | 0.90 | 96.00 | 0.47 | 185 9.71
5H-2 3895 | 447 | 1/16 | 7.55 | 947 | 0.54 | 0.87 | 97.00 | 0.46 | 445 9.98
5H-3 40.30 148 | 1/64 | 3.47 | 2730 | 0.54 | 0.92 | 94.80 | 0.47 | 1349 | 10.23
5H-4 41.99 505 1/8 | 5.85 | 691 | 0.54 | 0.90 | 97.00 | 0.47 | 336 | 10.55
6H-1 47.10 | 636 | 1/8 | 11.09 | 459 | 0.54 | 1.04 | 96.80 | 0.54 | 258 | 11.49
6H-3 50.16 | 423 |1/16| 8.90 | 760 | 0.54 | 1.07 | 96.00 | 0.55 | 437 | 12.06
6H-5 53.03 387 | 1/8 | 6.66 | 465 | 0.54 | 1.05 |96.00 | 0.54 | 264 | 12.59
6H-6 54.33 164 | 1/32 | 2.35 | 2233 | 0.54 | 1.03 | 96.90 | 0.54 | 1242 | 12.83
7H-1 56.73 | 412 1/8 | 6.40 | 515 | 0.57 | 1.03 | 96.90 | 0.57 | 302 | 13.28
7H-2 58.33 808 | 1/8 |12.38 | 522 | 0.35 | 1.01 | 96.10 | 0.34 | 185 | 13.56
7H-4 61.30 | 457 | 1/16| 8.20 | 892 | 0.35 | 0.85 | 95.10 | 0.28 | 265 | 14.41
7H-6 64.13 132 | 1/32| 2.27 | 1861 | 0.35 | 1.09 | 96.00 | 0.37 | 707 | 15.21
8H-1 66.80 | 599 1/8 | 1391 | 345 | 0.35 | 1.32 | 96.00 | 0.44 | 159 | 15.98
8H-3 69.80 | 407 |1/16| 9.41 | 692 | 0.35 | 1.13 | 96.60 | 0.38 | 274 | 16.84
8H-6 74.00 | 502 |1/16| 9.19 | 874 | 0.35 | 1.08 |94.70 | 0.36 | 330 | 13.04
9H-2 77.94 | 537 |1/16| 7.60 | 1131 | 0.35 | 1.16 | 95.90 | 0.39 | 459 | 19.16
9H-4 80.71 366 | 1/16 | 8.25 | 710 | 0.35 | 1.14 | 96.00 | 0.38 | 283 | 19.96
9H-5 82.05 | 489 |1/16 | 13.44| 582 | 0.35 | 1.19 | 96.50 | 0.40 | 241 | 20.34
10H-2 87.10 | 310 |1/16| 5.54 | 895 | 0.35 | 1.21 | 95.90 | 0.41 | 378 | 21.78
10H-3 88.95 | 473 |1/16| 9.51 | 796 | 0.35 | 1.19 |91.60 | 0.38 | 330 | 22.31
10H-5 91.77 550 | 1/32 | 14.34 | 1227 | 0.35 | 1.13 | 95.40 | 0.38 | 483 | 23.12
10H-6 93.03 164 | 1/64 | 3.72 | 2822 | 0.40 | 0.99 | 89.90 | 0.36 | 1112 | 23.48
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Appendix G: Diversity indices and age (Ma) of forty-two samples at the Hole 1168A.
Diversities have calculated by past software (PAST 3.25) (Hammer et al., 2001).

1168A Age (Ma) GTS
core, | Taxa_S | Shannon_H | Dominance_D | Evenness_e"H/S 2012 in
section ATNTS2012
8H-1 69 3.53 0.05 0.50 4.23
9H-3 66 3.48 0.05 0.49 5.01
10H-2 56 3.42 0.05 0.55 5.55
11H-5 51 3.31 0.06 0.54 6.46
12H-1 66 3.44 0.06 0.47 6.68
13X-1 82 3.73 0.04 0.51 7.27
14X-4 58 3.34 0.06 0.48 8.00
15X-2 65 3.56 0.05 0.54 8.45
16X-2 53 3.04 0.10 0.39 9.62
17X-3 60 3.30 0.07 0.45 9.82
18X-5 62 3.14 0.08 0.37 10.03
19X-4 61 3.55 0.04 0.57 10.18
20X-3 65 3.25 0.10 0.40 10.32
21X-1 79 3.61 0.05 0.47 10.44
22X-2 65 3.60 0.04 0.56 11.08
23X-3 57 3.16 0.09 0.41 11.83
24X-6 56 3.17 0.09 0.42 12.74
25X-2 63 3.31 0.07 0.43 12.97
25X-5 47 3.37 0.05 0.62 13.26
26X-2 54 3.25 0.07 0.48 13.62
26X-6 34 2.93 0.09 0.55 14.01
27X-4 58 3.29 0.07 0.46 14.44
28X-3 65 3.50 0.05 0.51 14.97
29X-2 61 341 0.06 0.50 15.52
30X-3 58 3.64 0.04 0.66 16.24
31X-5 54 3.35 0.06 0.53 17.07
32X-4 58 3.29 0.06 0.46 17.60
33X-3 76 3.83 0.03 0.60 18.11
34X-1 54 2.89 0.15 0.33 18.53
35X-1 55 3.37 0.06 0.53 19.14
36X-6 65 3.06 0.13 0.33 20.26
37X-6 52 3.02 0.09 0.39 20.90
38X-3 60 3.31 0.07 0.45 21.22
39X4 46 2.95 0.10 0.41 21.84
40X-2 46 3.27 0.05 0.57 21.94
41X-5 58 3.37 0.06 0.50 22.15
42X-3 58 3.34 0.06 0.49 22.25
45X-6 53 3.43 0.05 0.58 22.75
47X-6 44 3.25 0.06 0.58 23.03
49X-3 56 3.51 0.05 0.60 23.25
50X5 35 2.99 0.08 0.57 23.87
52X-4 38 3.16 0.06 0.62 25.20
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Appendix H: The data used for calculating Benthic Foraminifera Accumulation Rate (BFAR) and

MAR carbonate at the Site 1168 Hole A. The Dry Bulk Density and CaCO3 % data derived from
the Initial Report (Shipboard Scientific Party, 2001a).

= = o~
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¢ | g | ® | 5| 85 28|52 §| F /s 2L
S B v | 8| 7 |BES|82| @ | S 55| ®2
< 8 | 3 || 58 |*¢ ag| S| & S| 2 <
g z = s | &g = 2| o £
= a kS 8 a -
- n = | <
8H-1 65.30 | 12.85 | 1/8 207 1.54 1.23 | 9290 | 1.76 | 392 4.23
9H-3 77.31 | 12.73 | 1/8 299 1.54 1.23 91.50 | 1.73 565 5.01
10H-2 | 85.60 | 13.67 | 1/16 321 1.54 1.16 | 89.70 | 1.60 | 573 5.55
11H-5 | 99.70 | 14.35 | 1/8 144 1.54 1.25 | 86.10 | 1.66 | 277 6.46
12H-1 | 103.05 | 16.74 | 1/8 178 1.54 1.22 | 88.80| 1.67 | 335 6.68
13X-1 | 112.20 | 13.31 | 1/16 557 1.54 1.17 | 88.00 | 1.59 | 1003 7.27
14X-4 | 123.45 | 12.67 | 1/16 428 1.54 1.12 | 9340|161 | 738 8.00
15X-2 | 130.36 | 14.75 | 1/8 191 0.84 1.11 93.50 | 0.87 178 8.45
16X-2 | 140.20 | 14.00 | 1/8 139 5.67 1.20 | 96.10 | 6.54 | 949 9.62
17X-3 | 151.30 | 14.68 | 1/8 141 5.67 1.14 | 95.20 | 6.15 | 908 9.82
18X-5 | 163.70 | 14.27 | 1/4 110 5.67 1.15 93.90 | 6.12 716 10.03
19X-4 | 171.70 | 13.46 | 1/8 157 5.67 1.11 | 89.30 | 5.62 | 983 10.18
20X-3 | 180.10 | 14.65 | 1/8 146 5.67 1.08 |94.10 | 5.76 | 896 10.32
21X-1 | 186.70 | 15.22 | 1/8 180 1.67 1.14 90.50 | 1.72 342 10.44
22X-2 | 197.35 | 1296 | 1/8 183 1.52 1.14 | 6840 | 1.19 | 318 11.08
23X-3 | 208.74 | 12.59 | 1/8 180 1.52 1.09 |91.70 | 1.52 | 298 11.83
24X-6 | 222.67 | 12.79 | 1/8 201 1.52 1.11 91.30 | 1.54 | 337 12.74
25X-2 | 226.11 | 12.73 | 1/8 175 1.52 1.13 85.70 | 1.47 300 12.97
25X-5 | 230.64 | 4.14 1/2 80 1.52 1.12 | 98.00 | 1.67 | 136 13.26
26X-2 | 236.03 | 9.48 1/8 207 1.52 1.28 92.50 | 1.80 | 402 13.62
26X-6 | 242.05 | 2.12 1/8 464 1.52 1.19 | 66.60| 1.20 | 840 14.01
27X-4 | 248.63 | 7.62 1/4 149 1.52 1.33 | 90.60 | 1.83 | 300 14.44
28X-3 | 256.67 | 16.92 | 1/8 134 1.52 1.36 80.60 | 1.67 277 14.97
29X-2 | 265.06 | 9.41 1/4 104 1.52 1.31 | 4290 | 0.85| 206 15.52
30X-3 | 276.06 | 10.38 | 1/8 175 1.52 1.28 | 70.10 | 1.36 | 340 16.24
31X-5 | 288.66 | 9.81 1/8 210 1.52 1.36 64.70 | 1.34 | 433 17.07
32X-4 | 296.70 | 18.49 | 1/4 60 1.52 1.38 |59.10| 1.24 | 125 17.60
33X-3 | 304.60 | 8.73 1/4 146 1.52 1.38 | 38.80| 0.81 | 305 18.11
34X-1 | 310.95 | 10.35 | 1/4 118 1.52 1.38 53.40 | 1.12 247 18.53
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Appendix H (continued)
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35X-1 | 320.25 | 10.84 1/2 49 1.52 1.44 44.60 | 0.98 107 19.14
36X-6 | 337.33 | 10.50 1/8 219 1.52 1.47 27.10 | 0.61 489 20.26
37X-6 | 347.05 | 14.13 1/2 39 1.52 1.50 41.60 | 0.95 89 20.90
38X-3 | 352.00 | 9.74 1/8 209 1.86 1.57 48.80 | 1.43 609 21.22
39X-4 | 363.55 | 9.85 1/4 118 6.68 1.53 32.10 | 3.28 | 1204 21.84
40X-2 | 369.99 | 10.57 1/4 97 6.68 1.56 49.40 | 5.15 | 1010 21.94
41X-5 | 383.97 9.60 1/4 115 6.68 1.40 47.60 | 4.45 | 1079 22.15
42X-3 | 390.60 | 14.44 1/8 167 6.68 1.49 42.30 | 4.21 | 1665 22.25
45X-6 | 423.72 2.56 1/8 600 6.68 1.38 2590 | 2.39 | 5511 22.75
47X-6 | 442.85 4.23 1/8 253 6.68 1.43 2470 | 2.36 | 2412 23.03
49X-3 | 457.62 2.17 1/2 138 2.05 1.44 25.30 | 0.75 408 23.25
50X5 | 470.22 3.92 1/1 29 1.34 1.35 13.70 | 0.25 51 23.87
52X-4 | 488.10 2.24 1/4 229 1.34 1.41 2890 | 0.55 432 25.20
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Appendix |: Diversity indices and age (Ma) of twenty-five samples at the Hole 1139A.
Diversities calculated by past software (PAST 3.25) (Hammer et al., 2001).

o
Cor_e, Dominance_D | Shannon_H | Taxa_S | Evenness_e"H/S 2012
section (11394)
3R-1 0.07 3.26 46 0.57 11.25
3R-2 0.05 3.32 40 0.69 11.99
3R-4 0.05 3.48 69 0.47 12.77
4R-1 0.09 3.06 43 0.49 14.49
4R-2 0.04 3.45 55 0.57 15.22
4R-4 0.06 3.14 35 0.66 16.13
5R-1 0.04 3.68 88 0.45 17.98
6R-1 0.15 2.47 39 0.30 18.61
7R-1 0.07 3.34 68 0.41 19.03
7R-3 0.06 3.27 43 0.61 19.14
8R-1 0.06 3.32 58 0.48 19.42
9R-4 0.05 341 54 0.56 20.00
10R-2 0.08 3.17 50 0.48 20.30
11R-1 0.06 3.19 52 0.46 20.64
12R-2 0.13 2.67 37 0.39 21.14
12R-5 0.05 3.35 42 0.68 21.34
13R-5 0.06 3.29 50 0.54 21.76
14R-4 0.04 3.58 63 0.57 22.10
15R-2 0.06 3.31 41 0.67 22.39
15R-4 0.11 3.10 55 0.40 22.50
16R-2 0.07 3.22 51 0.49 22.79
17R-3 0.09 3.09 57 0.38 23.18
18R-1 0.05 3.36 48 0.60 23.28
19R-2 0.05 3.54 63 0.55 23.43
20R-4 0.07 3.23 50 0.50 23.60
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Appendix J: The data used for calculating Benthic Foraminifera Accumulation Rate (BFAR) and

MAR carbonate at the Site 1139 Hole A. The Dry Bulk Density and CaCO3 % data derived from
the Initial Report (Shipboard Scientific Party, 2000).
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3R-1 19.30 | 3.66 | 1/32 | 157 | 1373 | 0.30 | 1.03| 73.61 | 0.23 416 | 11.25
3R-2 2150 | 2.33 |1/32 | 136 | 1868 | 0.30 | 1.03 - - 567 | 11.99
3R-4 23.82 | 13.20 | 1/8 | 487 | 294 0.30 0.97 - - 84 12.77
4R-1 28.90 | 194 |1/32| 195 | 3216 | 0.30 |1.01| 83.34 | 0.26 962 | 14.49
4R-2 31.05 | 12.90 | 1/16 | 283 | 351 0.30 1.03 - - 107 15.22
4R-4 33,75 | 2.06 | 1/32 | 139 | 2159 | 0.30 | 1.01 - - 646 | 16.13

5R-1 39.21 | 6.72 | 1/4 | 947 | 564 143 |0.92 | 76.32 | 0.22 743 | 17.98
6R-1 48.21 | 7.83 | 1/8 | 292 | 298 232 | 0.80 | 60.65 | 0.18 553 | 18.61
7R-1 58.11 | 7.01 | 1/4 | 550 | 314 232 | 0.79 | 51.33 | 0.16 575 | 19.03
7R-3 60.45 | 2.86 | 1/16 | 131 | 733 2.32 | 0.82 - - 1393 | 19.14
8R-1 66.95 | 6.31 | 1/4 | 376 | 238 232 | 091 | 72.89 | 0.22 503 | 19.42
9R-4 80.39 | 5.50 | 1/4 | 298 | 217 232 | 0.76 | 32.78 | 043 382 | 20.00
10R-2 | 87.45 |10.20 | 1/8 | 280 | 219 232 | 082 | 2494 | 0.46 417 | 20.30
11R-1 | 95.45 | 6.84 | 1/4 | 425 | 249 232 |(0.88 | 62.13 | 1.14 507 | 20.64
12R-2 | 106.91 | 10.40 | 1/8 | 282 | 217 2.32 | 0.89 | 28.08 | 0.53 448 | 21.14
12R-5 | 11160 | 3.33 | 1/8 | 138 | 332 232 | 0.79| 7.46 0.16 607 | 21.34
13R-5 | 121.20 | 5.38 | 1/2 | 237 | 88 2.32 | 0.69 | 21.19 | 0.37 141 | 21.76
14R-4 | 129.15 | 1150 | 1/2 | 305 | 53 2.32 [ 0.84| 1992 | 0.38 103 | 22.10
15R-2 | 13595 | 1.77 | 1/4 | 124 | 280 232 [0.84| 1992 | 041 546 | 22.39
15R-4 | 138.41 | 4.33 | 1/2 | 279 | 129 2.32 [ 0.78 | 31.99 | 0.66 233 | 22.50
16R-2 | 145.25 | 8.00 | 1/2 | 243 | 61 295 [0.79 | 3199 | 0.59 142 | 22.79
17R-3 | 156.71 | 6.68 | 1/2 | 349 | 104 7.06 |0.80 | 32.61 | 0.52 590 | 23.18
18R-1 | 163.46 | 10.30 | 1/16 | 297 | 460 7.06 |[0.79 | 5851 | 1.14 | 2567 | 23.28
19R-2 | 174.21 | 862 | 1/8 | 466 | 432 7.06 | 1.09 | 58.22 | 1.13 | 3330 | 23.43
20R-4 | 186.60 | 3.49 | 1/32 | 200 | 1834 | 7.06 | 0.93 | 52.78 | 0.96 | 11982 | 23.60
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Appendix K: 1) Correlation coefficient (R-value) and Statistically significant value (P-value)
calculated from 13 species in each Hole (752A, 1168A & 1139A) and diversity (Shannon_H).

2) Correlation coefficient for 5 species at the study Holes (752A, 1168A & 1139A) calculated
from maximum size values and relative abundance of each species.

1)
ODP Holes Hole 752A Hole 1168A Hole 1139A
Correlation coefficient & Statistical significant | R-value P-value R-value P-value R-value P-value
Bolivina cf. reticulata -0.74 2.70E-06
Astrononion umbilicatulum 0.32 0.09 0.22 0.11 0.24 0.24
Burseolina pacifica 0.18 0.35
Globocassidulina subglobosa 0.14 0.46 -0.14 0.51 0.04 0.86
Strictocostella scharbergana 0.17 0.37
Siphonodosaria subspinosa 0.27 0.14 0.05 0.68 0.17 0.42
Gavelinopsis lobatulus -0.15 0.44
Trifarina angulosa -0.22 0.25 0.18 0.38 0.03 0.91
Trifarina bradyi 0.43 0.02 0.13 0.37 0.27 0.2
Nuttalides umbonifera 0.22 0.24 -0.07 0.73 0.23 0.28
Cibicidoides wuellerstorfi (smooth) -0.39 0.03 0.03 0.83 0.4 0.05
Cibicidoides wuellerstorfi (coarse) 0.35 0.06 0.16 0.26 -0.02 0.93
Bulimina striata -0.27 0.15 0.06 0.78
Bulimina truncana -0.01 0.95 0.15 0.32 0.31 0.13
Abditodentrix pseudothalmanni 0.22 0.25 0.02 0.91
Bolivina dilatata -0.16 0.33
Stilostomella cf. S. annulifera 0.3 0.04 -0.1 0.65
Epistominella exigua -0.41 0.01 -0.13 0.45
Sphaeroidina bulloides -0.15 0.37 -0.16 0.44
2)
Benthic foraminifera Correlation coefficient (R- value)
752A 1168A 1139A
Abditodentrix pseudothalmanni -0.09 0.83 0.51
Globocassidulina subglobosa -0.05 -0.19 0.49
Cibicidoides mundulus 0.32 0.29 0.62
Nuttalides umbonifera 0.02 0.80 0.63
Sphaeroidina bulloides 0.08 0.42 0.43
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Appendix L: The size (um) and the number of specimens of Abditodentrix pseudothalmanni at
ODP Sites 752, 1139 &1168. The mean values and standard deviations have calculated for
different sizes at each sample.

752A (core Abditodentrix pseudothalmanni (752A)
section, interval
(em)) smallest | largest
Size |Number| Size |Number| Size |Number| Size |[Number| Size |Number| Sum | Mean | STDV test test
2H-4, 65-70 0
3H-1, 50-55 175 2 250 1 375 3 6 288 | 100 175 375
3H-2 ,60-65 250 6 375 1 7 268 47 250 375
3H-4 ,40-45 175 16 200 23 250 10 49 202 27 175 250
3H-5,70-75 175 8 250 16 375 6 30 255 69 175 375
4H-1,70-75 175 3 200 2 275 1 6 200 39 175 275
4H-2,85-90 0
4H-5,70-75 175 13 200 10 250 1 300 1 25 193 28 175 300
5H-1,70-75 175 7 200 17 250 6 350 1 31 209 36 175 350
5H-2,70-75 175 21 200 11 250 3 35 189 22 175 250
5H-3,90-95 125 32 175 12 250 1 45 141 28 125 250
5H-4 ,70-75 175 5 200 8 250 4 17 204 28 175 250
6H-1,70-75 150 2 175 8 200 10 250 2 300 1 23 196 33 150 300
6H-3,75-80 175 1 200 7 225 2 275 1 11 209 26 175 275
6H-5,70-75 150 3 175 5 200 18 225 21 300 1 48 207 26 150 300
6H-6 ,20-25 125 10 150 12 175 4 200 15 250 1 42 167 33 125 250
7H-1,65-70 200 6 250 4 10 220 26 200 250
7H-2 ,80-85 250 2 2 250 0 250 250
7H-4 ,70-75 175 1 200 8 225 1 10 200 12 175 225
7H-6,100-105 150 5 175 5 200 7 250 2 275 1 20 190 36 150 275
8H-1,100-105 200 4 4 200 0 200 200
8H-3,100-105 200 3 250 5 300 1 9 239 33 200 300
8H-6,70-75 200 9 225 1 10 203 8 200 225
9H-2,100-105 150 1 175 1 200 3 5 185 22 150 200
9H-4,80-85 175 1 200 1 250 2 4 219 38 175 250
9H-5,65-70 175 4 200 3 275 1 8 197 34 175 275
10H-2 ,60-65 175 3 200 5 275 1 9 200 31 175 275
10H-3,100-105 150 2 175 2 225 3 250 4 11 211 41 150 250
10H-5,80-85 0
10H-6,110-115 150 2 175 1 200 2 5 175 25 150 200
11394 (core, section, Abditodentrix pseudothalmanni (1139A)
interval (cm)) | g;,¢ | No. | size | No. | size | No. | size | No. | size | No. | Size | No. [ size | No. | sum | Mean| stpy |Smalest | largest
test test
3R-1,30-34 100 1 |150| 1 [175| 2 |[225| 1 |275| 1 6 183 61 100 275
3R-2,100-104 125 2 |150| 4 |175| 3 |200| 1 |250( 1 (300 1 12 177 52 125 300
3R-4,32-36 225| 1 |275| 1 2 250 35 225 275
4R-1, 40-44 100| 2 |125| 3 [175| 4 [200| 1 |225| 1 |250| 1 |275(| 1 13 171 56 100 275
4R-2,105-109 175| 1 |200| 3 |225| 1 [275| 3 |300| 8 |375| 1 17 271 52 175 375
4R-4,75-79 150 1 |175| 1 |200| 2 (250| 1 5 195 37 150 250
5R-1,121-125 250| 5 |275| 3 (300 1 9 264 18 250 300
6R-1,71-75 0
7R-1,111-115 175| 1 |250| 1 |275| 1 3 233 52 175 275
7R-3, 45-49 125 1 |200| 1 [225| 1 3 183 52 125 225
8R-1,45-49 125| 1 (150 2 |175| 2 [200| 4 |225| 2 |250| 6 17 207 41 125 250
9R-4,105-109 150 1 |200| 5 |225| 7 |250| 6 (325 1 20 228 34 150 325
10R-2, 45-49 150 2 |175| 2 |200| 3 |225| 1 (275 1 9 194 39 150 275
11R-1, 35-39 175 5 |200| 7 |225| 4 |250| 3 (325 1 20 213 37 175 325
12R-2,71-75 150| 5 |[175| 3 [200| 2 |[225| 3 |250]| 3 16 194 39 150 250
12R-5, 90-94 125| 5 [150| 5 |175| 1 [200| 1 |225| 3 |[250| 1 |325| 1 17 176 57 125 325
13R-5, 80-84 150| 1 [175| 4 |200| 2 [225| 3 |275| 2 |300| 1 13 213 46 150 300
14R-4 , 65-69 175 1 1 175 175 175
15R-2, 95-99 0
15R-4, 41-45 200| 2 2 200 0 200 200
16R-2, 55-59 250 1 1 250 250 250
17R-3,91-95 250 1 1 250 250 250
18R-1, 96-100 275 1 1 275 275 275
19R-2, 60.5-64.5 225| 4 |250| 4 (275| 2 (300 1 [325| 1 |375| 1 13 265 45 225 375
20R-4, 40-44 200| 2 2 200 0 200 200
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Appendix L (continued)

1168A (core, Abditodentrix fothall i (1168A)
section, Interval
(em)) Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size| No. | S M STD smallest | - largest
ize 0. 1ze 0. ize 0. 1ze 0. ize 0. ize 0. 1ze 0. ize 0. um ean test test
8H-1,100-104 [125| 3 [150| 3 |200| 12 [225| 8 |300| 4 |350| 7 [375| 1 |425| 1 | 39 243 79 125 425
9H-3, 51-55 150| 6 [175| 25 |200| 8 |250| 10 [300| 7 |375| 7 |400| 3 66 232 78 150 400
10H-2 , 80-84 150 3 [175| 10 |225| 9 |250| 2 |300| 2 |325| 4 |375| 2 32 230 67 150 375
11H-5,90-94 125| 1 [150| 5 |175| 6 |250| 3 [300| 3 [375| 1 19 208 70 125 375
12H-1, 75-79 175| 7 [200| 2 |250| 4 |275| 4 17 219 44 175 275
13X-1, 40-44 125| 1 [150| 4 |175| 2 |200| 8 |225| 3 |250| 8 |350| 2 28 216 53 125 350
14X-4 , 45-49 125| 2 [150| 2 |175| 5 |200| 4 |250| 4 |300| 3 |350| 1 21 213 63 125 350
15X-2 , 76-80 175| 3 [200| 7 |250| 6 |300| 4 [350| 4 [375| 3 |400| 1 28 270 73 175 400
16X-2,100-104 [150| 1 [175| 3 |200| 3 [250| 3 [275| 6 |350| 3 19 249 62 150 350
17X-3,100-104 |175| 2 |200| 1 [225| 2 |250] 1 6 208 30 175 250
18X-5, 80-84 175| 13 [200| 7 |250| 13 |325| 4 [375| 6 43 244 70 175 375
19X-4,70-74 175| 8 [200| 5 |250| 6 |300| 4 [350| 3 26 237 61 175 350
20X-3,100-104 [125| 1 |150| 1 [200| 4 [250| 2 |275| 1 [350] 1 10 220 64 125 350
21X-1,100-104 [175| 2 |200| 2 [250| 2 300 1 7 221 47 175 300
22X-2 , 45-49 150| 5 [200| 7 |250| 3 |275| 2 (300 2 19 213 52 150 300
23X-3,74-78 175| 5 [250| 3 |325| 2 |350| 1 [400| 1 12 252 81 175 400
24X%-6,57-61 150| 3 [175| 5 |200| 7 [250| 3 |325| 4 |400| 2 24 232 77 150 400
25X-2 , 41-45 125| 1 [225] 1 |300| 1 3 217 88 125 300
25X-5, 44-48 0
26X-2 ,73-77 275| 1 |300| 1 2 288 18 275 300
26X-6, 75-79 0
27X%-4,73-77 0
28X-3, 75-79 175| 1 [225] 1 2 200 35 175 225
29%-2,96-100 |200| 1 1 200 200 200
30X-3, 85.5-89.5 0
31X-5, 86-90 0
32X-4 , 80-84 125| 2 [150| 2 |200| 1 5 150 31 125 200
33X-3,90-94 200 4 4 200 0 200 200
34X-1,95-99 0
35X-1, 65-69 0
36X-6,62.5-66.5 [150| 1 |175| 1 2 163 18 150 175
37%-6, 75-79 200 2 2 200 0 200 200
38X-3, 60-64 150 1 [175| 1 |200| 1 3 175 25 150 200
39%-4,105-109 |150| 7 7 150 0 150 150
40X-2 , 89-93 150 1 [175] 2 3 167 14 150 175
41X5W,67-71 [125| 1 [150| 4 |200| 1 |225| 2 8 172 39 125 225
42X-3,70-74 175| 2 2 175 0 175 175
45X-6, 52-56 175| 1 1 175 175 175
47X-6, 45-49 0
49X-3, 52-56 150 1 [175] 1 |225| 2 4 194 38 150 225
50X5, 52-56 150| 1 1 150 150 150
52X-4, 70-74 150 1 [175] 1 2 163 18 150 175
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Appendix M: The size (um) and the number of specimens of Globocassidulina subglobosa at
ODP Sites 752, 1139 &1168. The mean values and standard deviations have calculated for
different sizes at each sample.

752A (core Globocassidulina subglobosa (752A)
section, interval
{eml) smallest | largest
Size | No. | Size | No. |Size | No. | Size | No. | Size | No. | Size | No. |Size | No. |Size | No. [Size | No. |Size | No.| Sum Mean STDV test test
2H-4, 65-70 125| 3 |175| 3 |475] 2 8 231 152 125 475
3H-1, 50-55 150( 30 [175( 12 |200| 6 |250| 8 56 175 35 150 250
3H-2,60-65 125| 10 {150( 16 |175| 3 |200| 6 |225| 5 |250| 4 |(275| 1 (300 1 46 176 47 125 300
3H-4,40-45 125| 3 |175] 1 4 138 25 125 175
3H-5,70-75 150( 16 [250( 13 [450| 1 |675| 3 33 246 152 150 675
4H-1,70-75 175| 13 [200( 7 [250| 7 |300| 4 31 214 45 175 300
4H-2 ,85-90 150| 6 |200| 8 [250| 20 (375| 7 |500| 2 43 259 86 150 500
4H-5,70-75 125| 6 [175| 37 |250| 17 |300]| 14 74 212 56 125 300
5H-1,70-75 150 6 [175| 16 |250| 5 |300| 8 |375| 7 |550| 6 48 277 129 150 550
5H-2,70-75 100| 1 |125| 9 |175| 4 |250| 2 16 152 45 100 250
5H-3,90-95 125( 8 8 125 0 125 125
5H-4,70-75 125 7 [150( 4 |200| 2 |250| 2 |275| 3 |350| 4 22 209 87 125 350
6H-1,70-75 125| 8 |150| 3 [200| 3 [300| 3 |375| 1 18 185 80 125 375
6H-3,75-80 125 2 [175| 8 |200| 6 |250| 3 |300| 3 |350| 2 24 217 63 125 350
6H-5,70-75 100 1 [125| 6 |175| 6 |200| 8 |275| 1 |375| 1 |525| 2 25 208 111 100 525
6H-6 ,20-25 100 3 (200 1 4 125 50 100 200
7H-1,65-70 150( 5 [200| 2 |250| 6 |300| 2 |325| 4 |650| 2 (675| 1 22 297 160 150 675
7H-2,80-85 125 2 [175| 3 |200| 3 |250| 3 |300| 10 |375| 4 |450| 9 |500( 20 [550( 1 [575| 9 64 413 132 125 575
7H-4 ,70-75 125| 7 [175| 5 |200| 6 |250| 3 |275| 1 |300| 2 (325| 2 (450 1 27 210 80 125 450
7H-6,100-105 |100| 1 |125| 6 |150| 2 |175| 2 (275 2 [500| 1 14 182 106 100 500
8H-1,100-105 |175| 11 (200 4 [225| 10 [250| 5 |300| 1 |325| 1 |375| 3 |450| 2 |500( 3 [625| 1 41 268 115 175 625
8H-3,100-105 |100( 3 (125 3 [150| 8 [200| 12 |250| 10 |275| 2 |325| 4 42 205 63 100 325
8H-6,70-75 125 1 [150( 6 |175| 5 |[200| 2 |225| 4 |250| 5 (300| 2 (425| 1 26 211 65 125 425
9H-2,100-105 |125| 1 [150( 1 (175 5 [200| 5 |250| 2 |625| 1 |925| 1 16 263 210 125 925
9H-4 ,80-85 125 1 (175 1 [200| 1 |250| 4 7 214 50 125 250
9H-5,65-70 125 1 (175 1 [200| 2 |250| 3 7 207 47 125 250
10H-2,60-65 |125| 10 |150| 20 (200 9 (250 2 41 160 33 125 250
10H-3,100-105 |125| 2 |150| 5 |175| 16 |200| 20 |250| 7 |300| 1 (400| 1 52 197 44 125 400
10H-5,80-85 |125| 2 |150| 5 (200 43 (250 9 [300( 3 (325| 1 63 208 38 125 325
10H-6,110-115 |125] 1 |175] 1 |200| 1 |275] 10 13 250 50 125 275
1139A (core, Globocassidulina subglobosa (1139A)
section, interval
(em)) Size No. Size No. Size No. Size No. Size No. Size No. Sum | Mean | STDV smallest | largest
test test
3R-1,30-34 100 2 125 4 150 2 175 2 200 1 250 1 12 150 44 100 250
3R-2,100-104 100 1 125 3 150 1 5 125 18 100 150
3R-4,32-36 175 1 200 2 225 1 300 1 5 220 48 175 300
4R-1, 40-44 100 2 125 19 150 3 175 3 500 1 28 145 72 100 500
4R-2,105-109 200 2 225 2 4 213 14 200 225
4R-4,75-79 100 3 125 14 150 2 175 2 21 129 20 100 175
5R-1,121-125 125 9 150 6 175 2 200 18 250 6 300 2 43 188 48 125 300
6R-1,71-75 100 2 200 1 3 133 58 100 200
7R-1,111-115 175 1 200 1 2 188 18 175 200
7R-3, 45-49 0
8R-1, 45-49 150 1 1 150 150
9R-4, 105-109 125 2 150 1 3 133 14 125 150
10R-2, 45-49 0
11R-1, 35-39 125 1 1 125 125
12R-2,71-75 0
12R-5, 90-94 125 1 150 1 2 138 18 125 150
13R-5, 80-84 150 1 1 150 150
14R-4, 65-69 100 5 125 6 150 6 175 2 200 2 21 138 31 100 200
15R-2, 95-99 100 4 4 100 0 100 100
15R-4, 41-45 125 1 175 1 2 150 35 125 175
16R-2, 55-59 0
17R-3,91-95 100 1 125 3 150 2 175 3 9 144 27 100 175
18R-1, 96-100 125 3 150 4 175 2 200 1 10 153 25 125 200
19R-2, 60.5-64.5 100 1 150 4 175 7 200 2 14 166 25 100 200
20R-4, 40-44 100 3 125 3 175 1 7 121 27 100 175
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Appendix M (continued)

Globocassidulina subglobosa (1168A)

1168A (core,
section, Interval
(cm)) Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Sum |Mean | STDV smt:IsI:.st Ia:eg:tst

8H-1, 100-104 125| 5 |150| 1 |[175| 2 |200| 1 (250 1 |375| 1 |500| 1 |650| 1 13 238 | 168 125 650
9H-3, 51-55 100| 6 |125| 7 |150| 2 |175| 3 18 128 27 100 175
10H-2, 80-84 100| 5 |125| 10 [175| 4 |250| 1 |400| 2 22 159 86 100 400
11H-5, 90-94 100 9 |125| 7 |150| 4 |375| 1 21 131 59 100 375
12H-1, 75-79 100| 6 |125| 13 [200| 2 |300| 1 |500| 2 24 164 | 113 100 500
13X-1, 40-44 100 9 |125| 6 |[150| 8 |175| 2 (200| 1 |250| 2 (300 1 |[500| 1 |575| 1 31 170 | 110 100 575
14X-4, 45-49 100| 19 |125| 13 |150| 3 |175| 1 [200| 6 |225| 3 |250| 3 48 141 49 100 250
15X-2,76-80 100 2 |125| 13 |150| 19 |175| 4 |200| 4 42 147 25 100 200
16X-2,100-104 |125| 4 |150| 6 |[200| 1 |250| 1 |300| 3 |350( 1 |500| 2 18 228 | 123 125 500
17X-3,100-104 125| 11 |150| 8 |[200| 2 |225| 2 (250 2 |325| 1 |350| 1 |550| 2 29 197 | 115 125 550
18X-5, 80-84 100| 1 |150| 3 |[200| 4 |250| 2 (300 2 |350| 1 |500| 2 |575| 1 16 273 | 141 100 575
19X-4,70-74 100 9 |125| 8 |[150| 4 |175| 3 [200| 2 26 132 32 100 200
20X-3,100-104 |125| 6 |150| 10 [200| 4 |250| 2 (350| 1 23 170 54 125 350
21X-1, 100-104 100| 10 |125| 7 |150| 3 |175| 2 (300 1 |325| 1 |[400| 3 |575| 2 29 195 | 143 100 575
22X-2, 45-49 100| 4 |125| 12 |150| 4 |175| 5 [200| 1 |250( 1 |275| 1 |350| 1 |425| 4 33 186 | 104 100 425
23X-3,74-78 125 3 |150| 3 |175| 2 |225| 1 |250| 1 10 165 43 125 250
24X-6,57-61 100| 4 |125| 8 |150| 4 |175| 3 [250| 4 |300| 2 |425| 2 27 184 92 100 425
25X-2, 41-45 100 5 |125| 9 |150| 3 |175| 3 [200| 2 |350( 1 |600| 1 24 165 | 107 100 600
25X-5, 44-48 125| 3 |150| 3 |175| 2 |200| 1 [250| 3 |450| 2 |550| 1 |750| 1 16 270 | 183 125 750
26X-2,73-77 100| 5 |125| 7 |150| 2 |175]| 14 28 147 31 100 175
26X-6, 75-79 100 6 |125| 5 |[150| 3 |175| 1 [225| 1 16 130 34 100 225
27X-4,73-77 100 | 10 |125| 21 [150| 20 |175| 5 [250| 3 59 140 34 100 250
28X-3, 75-79 100| 3 |125| 6 |150| 17 |175| 2 (200| 1 |225| 4 |275| 1 |450| 1 |500| 1 |550| 2 |600| 1 39 204 | 133 100 600
29X-2, 96-100 100| 10 |125| 12 |150| 9 |175| 10 |200| 2 43 140 30 100 200
30%-3,85.5-89.5 |100| 2 [125| 5 |150| 7 |175| 1 |200| 1 |250| 1 |300| 1 18 156 50 100 300
31X-5, 86-90 100| 4 |125| 14 |150| 4 |175| 5 27 134 24 100 175
32X-4, 80-84 100| 6 |125| 6 [150| 7 |175| 3 |200| 3 |300| 1 26 147 45 100 300
33X-3,90-94 100| 3 |125| 5 |[150| 7 |175| 5 |200| 4 |425| 1 25 163 63 100 425
34X-1,95-99 100| 3 |125| 4 |150| 5 |175| 7 [375| 3 |450( 1 |500| 2 25 214 | 129 100 500
35X-1, 65-69 100| 4 |125| 3 |[175| 3 |200| 3 [250| 2 15 160 53 100 250
36X-6,62.5-66.5 |100| 4 |125| 6 |150| 8 |175| 2 |200| 1 |250| 3 24 152 45 100 250
37X-6, 75-79 100 2 |125| 11 |150| 23 |175| 1 37 141 16 100 175
38X-3, 60-64 100| 8 |125| 11 [150| 14 |375| 1 |425| 1 |500| 2 37 164 | 104 100 500
39X-4, 105-109 100 | 12 |125| 34 |150| 2 |175| 1 |600| 1 50 131 69 100 600
40X-2, 89-93 100| 6 |125| 10 [150| 3 |200| 1 20 125 24 100 200
41X-5W, 67-71 100| 7 |125| 10 |150| 8 25 126 20 100 150
42X-3,70-74 100| 2 |125| 12 |150| 7 |175| 4 25 138 22 100 175
45X-6, 52-56 100| 12 |125| 8 |150| 4 |175| 4 28 125 27 100 175
47X-6, 45-49 100| 5 |125| 12 [150| 2 19 121 15 100 150
49X-3, 52-56 100| 3 |125| 1 [400| 1 5 165 | 132 100 400
50X5, 52-56 100 2 |125| 1 |[200| 1 |300| 2 6 188 95 100 300
52X-4,70-74 100| 1 |125| 6 |[150| 2 |175] 4 13 142 26 100 175
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Appendix N: The size (um) and the number of specimens of Cibicidoides mundulus at ODP Sites
752, 1139 &1168. The mean values and standard deviations have calculated for different sizes
at each sample.

Cibicidoides mundulus (752A)
752A (core section,
interval (cm))
Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. Sum Mean |STDV s"l:':“ Ia:f;St
2H-4, 65-70 425 1 |525| 1 2 475 71 425 525
3H-1, 50-55 250 1 |375| 8 |350| 5 [(500| 8 |600| 3 |675| 2 27 450 112 250 675
3H-2,60-65 200 2 |250| 3 5 230 27 200 250
3H-4,40-45 175 1 175 175 175
3H-5,70-75 400 1 |550| 1 2 475 106 400 550
4H-1,70-75 250 1 |550| 1 2 400 212 250 550
4H-2,85-90 1750 1 |200| 1 |225| 2 |250| 2 |300| 1 (325| 3 |375| 3 [425| 4 |450 3 500 2 22 353 99 175 500
4H-5,70-75 1750 1 |200| 1 |225| 1 |250| 1 |300| 2 [425| 2 |450| 1 |500| 1 10 325 116 175 500
5H-1,70-75 300| 3 |325| 3 [375| 6 [450| 5 |500| 5 |550| 2 24 416 81 300 550
5H-2,70-75 175| 1 |250| 1 |500| 2 4 356 169 175 500
5H-3,90-95 150 1 |175| 1 |350| 1 |425| 1 4 275 134 150 425
5H-4,70-75 225| 2 |250| 3 [275| 1 [350| 4 |425| 4 |450| 5 19 359 87 225 450
6H-1,70-75 175| 4 |225| 3 |250| 10 |{300| 6 [375| 7 |425| 5 |450| 8 (500 1 44 330 97 175 500
6H-3,75-80 175| 1 |225| 1 |250| 1 [300| 1 |350| 2 |375| 1 [425| 2 |450| 2 |500 2 13 367 105 175 500
6H-5,70-75 0
6H-6,20-25 150 | 1 1 150 150 150
7H-1,65-70 150 1 |175| 1 |250| 1 |325| 1 |375| 2 |425| 3 |450| 2 |500| 1 12 360 113 150 500
7H-2,80-85 250 1 |275| 1 |375| 1 |450| 2 5 360 95 250 450
7H-4,70-75 150 1 |375| 1 |425| 1 |500| 2 5 390 144 150 500
7H-6,100-105 1750 1 |200| 1 |300| 1 |375| 3 |400| 1 [425| 1 |500| 1 0
8H-1,100-105 275| 1 |450| 1 |500| 1 9 347 105 175 500
8H-3,100-105 3 408 118 275 500
8H-6,70-75 175| 2 |200| 2 |250| 3 [300| 3 [350| 2 |375| 3 |400| 1 16 289 77 175 400
9H-2,100-105 200 1 |225| 1 |250| 2 (300| 1 (350| 3 |375| 4 |[400| 1 |425| 2 |450 2 550 1 18 360 89 200 550
9H-4,80-85 175| 2 |200| 2 |225| 3 [250| 2 |300| 4 |375| 2 [400| 4 |450| 1 |425 2 525 2 24 326 107 175 525
9H-5,65-70 175 3 |200| 4 |225| 4 |250| 10 |325| 7 (350 10 |375| 5 [425| 4 |500 3 50 312 87 175 500
10H-2,60-65 150 2 |175| 1 |400| 1 4 219 121 150 400
10H-3,100-105 |175| 5 |250| 1 |300| 4 [350| 2 [400| 3 15 282 89 175 400
10H-5,80-85 175| 2 |200| 10 |250| 4 |300| 7 |325| 5 [375| 2 |400| 1 |600| 1 32 276 87 175 600
10H-6,110-115 [200| 2 |250| 2 [300| 4 [400| 1 9 278 62 200 400
1139A (core, Cibicidoides mundulus (1139A)
section, interval
(cm))
. . . . . . . . smallest | largest
Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Sum | Mean | STDV test test
3R-1,30-34 150 | 1 |250| 1 (300 1 (375| 1 |500| 1 5 315 132 150 500
3R-2,100-104 150 | 1 1 150 150 150
3R-4,32-36 175 1 | 250| 4 |[300( 10 (375| 5 |[425| 8 |500| 4 32 358 86 175 500
4R-1, 40-44 150 | 1 1 150 150 150
4R-2, 105-109 150 1 [175] 1 | 250 3 300 2 [325| 4 |375| 1 |425]| 3 500 1 16 320 95 150 500
4R-4,75-79 0
5R-1,121-125 200 2 | 225| 4 |250| 20 |300| 15 | 375 | 10 51 285 52 200 375
6R-1,71-75 200 1 |225| 1 |300| 4 |400| 1 |450| 1 8 309 82 200 450
7R-1,111-115 150 1 [175| 2 |200| 4 |250| 8 |325| 8 |450| 3 |500| 2 28 295 99 150 500
7R-3, 45-49 150 1 |[375] 1 2 263 159 150 375
8R-1, 45-49 150 | 5 |200| 3 |[250( 4 [375| 5 |[400| 3 |500| 2 22 292 117 150 500
9R-4, 105-109 150 2 [175] 2 |200| 2 250 2 |325| 6 |375| 1 |400| 1 16 267 83 150 400
10R-2, 45-49 175 2 |200| 1 |[250| 1 [300| 5 |325| 2 11 268 58 175 325
11R-1,35-39 175 2 |200| 2 [250| 6 [325| 6 |375| 2 18 275 64 175 375
12R-2,71-75 150 | 2 [300]| 2 4 225 87 150 300
12R-5, 90-94 150 1 (200 1 |[300]| 1 3 217 76 150 300
13R-5, 80-84 125 1 200 2 250 1 300 3 425 2 625 1 10 315 144 125 625
14R-4, 65-69 175 1 |225| 2 [300| 2 [375| 2 |400| 2 9 308 85 175 400
15R-2, 95-99 150 1 [375] 1 2 263 159 150 375
15R-4, 41-45 150 1 250 | 1 [375] 3 5 305 102 150 375
16R-2, 55-59 175 1 [200| 1 |225| 1 |250( 2 |300| 1 |375| 1 |400]| 2 525 2 11 330 124 175 525
17R-3,91-95 175 1 | 225| 2 |[250| 4 |[300| 1 [375| 3 |450| 4 15 323 98 175 450
18R-1, 96-100 150 | 3 [225| 1 | 250 4 325 3 |[375| 1 |425| 1 |500]| 2 15 297 115 150 500
19R-2,60.5-64.5 | 200 | 5 |225| 3 |250| 7 |275| 3 |325| 4 |[375| 7 29 282 65 200 375
20R-4, 40-44 175 1 [250 ] 3 [325| 1 |550| 1 6 300 131 175 550
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Appendix N (continued)

1168A (core,
section, Interval

Cibicidoides mundulus (1168A)

(cm))
Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Sum | Mean| STDV smallest | largest
test test
8H-1, 100-104 450 1 1 450 450 450
9H-3, 51-55 200 1 1 200 200 200
10H-2, 80-84 125 1 250 1 575 1 3 317 | 232 125 575
11H-5, 90-94 0
12H-1,75-79 300 2 325 1 375 1 4 325 35 300 375
13X-1, 40-44 150 2 175 1 225 1 250 1 400 1 6 225 95 150 400
14X-4 , 45-49 0
15X-2, 76-80 0
16X-2,100-104 0
17X-3, 100-104 175 1 1 175 175 175
18X-5, 80-84 175 1 325 1 350 2 425 1 550 2 7 389 | 133 175 550
19X-4,70-74 125 4 150 4 225 1 525 1 10 185 | 123 125 525
20X-3,100-104 525 1 1 525 525 525
21X-1,100-104 125 1 475 2 550 1 4 406 | 191 125 550
22X-2,45-49 150 1 225 1 400 3 425 1 475 1 7 354 | 119 150 475
23X-3,74-78 0
24X-6,57-61 250 1 300 1 2 275 35 250 300
25X-2,41-45 325 2 2 325 0 325 325
25X-5, 44-48 125 2 150 1 175 2 375 1 600 2 8 291 | 207 125 600
26X-2,73-77 400 1 450 1 500 1 3 450 50 400 500
26X-6, 75-79 150 2 2 150 0 150 150
27X-4,73-77 125 2 425 1 500 2 5 335 | 194 125 500
28X-3,75-79 125 1 300 3 350 2 375 2 650 1 9 347 | 137 125 650
29X-2,96-100 150 1 250 1 550 1 3 317 | 208 150 550
30X-3, 85.5-89.5 125 2 150 1 325 1 425 1 5 230 | 137 125 425
31X-5, 86-90 125 1 250 1 300 2 325 2 6 271 77 125 325
32X-4,80-84 125 3 150 2 175 7 325 1 425 1 600 1 700 1 800 3 19 334 | 262 125 800
33X-3,90-94 125 1 150 4 375 1 6 183 94 125 375
34X-1,95-99 125 1 200 1 225 2 4 194 47 125 225
35X-1, 65-69 0
36X-6, 62.5-66.5 150 1 175 3 4 169 13 150 175
37X-6,75-79 300 1 325 2 400 2 450 1 675 2 8 444 | 151 300 675
38X-3, 60-64 225 2 375 3 5 315 82 225 375
39X-4,105-109 125 7 375 5 475 1 13 248 | 141 125 475
40X-2,89-93 125 3 150 2 175 6 225 1 250 2 350 1 375 3 450 3 21 251 | 118 125 450
41X-5W, 67-71 0
42X-3,70-74 150 2 2 150 0 150 150
45X-6, 52-56 125 2 150 2 175 4 200 2 10 165 27 125 200
47X-6, 45-49 125 7 150 1 8 128 9 125 150
49X-3, 52-56 0
50X5, 52-56 125 1 1 125 125 125
52X-4, 70-74 0
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Appendix O: The size (um) and the number of specimens of Nuttalides umbonifera at ODP Sites
752, 1139 &1168. The mean values and standard deviations have calculated for different sizes
at each sample.

7524 (core section, Nuttalides umbonifera (752A)
interval (cm))
Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Sum | Mean | STDV s";:':“ largest test
2H-4, 65-70 0
3H-1, 50-55 0
3H-2,60-65 0
3H-4,40-45 0
3H-5,70-75 0
4H-1,70-75 0
4H-2,85-90 0
4H-5,70-75 150 1 175 1 300 1 325 2 5 255 86 150 325
5H-1,70-75 300 1 1 300 300 300
5H-2,70-75 0
5H-3,90-95 200 1 250 1 2 225 35 200 250
5H-4,70-75 250 1 1 250 250 250
6H-1,70-75 200 1 250 1 2 225 35 200 250
6H-3,75-80 0
6H-5,70-75 0
6H-6,20-25 100 1 125 2 175 1 4 131 31 100 175
7H-1,65-70 150 1 250 2 275 1 4 231 55 150 275
7H-2,80-85 150 1 200 6 225 9 250 9 275 7 300 3 325 2 37 246 38 150 325
7H-4,70-75 150 1 175 5 200 8 225 4 250 4 325 1 23 211 38 150 325
7H-6,100-105 0
8H-1,100-105 225 5 250 1 275 1 300 1 8 244 29 225 300
8H-3,100-105 200 1 250 1 300 2 4 263 48 200 300
8H-6,70-75 225 1 250 3 400 1 5 275 71 225 400
9H-2,100-105 200 10 225 15 250 3 28 219 16 200 250
9H-4,80-85 175 7 200 19 225 14 250 7 275 3 50 215 27 175 275
9H-5,65-70 175 6 200 20 225 19 250 18 63 219 24 175 250
10H-2 ,60-65 175 1 1 175 175 175
10H-3,100-105 200 1 1 200 200 200
10H-5,80-85 150 1 175 3 200 2 225 2 8 191 27 150 225
10H-6,110-115 175 4 200 4 225 3 250 1 12 202 25 175 250
Nuttalides umbonifera (1139A)
1139A (core, section,
interval (cm))
Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Sum | Mean | STDV smt:'slte“ 'atreg:t
3R-1,30-34 125 1 1 125 125 125
3R-2,100-104 200 1 1 200 200 200
3R-4,32-36 175 2 250 7 275 1 300 | 21 | 350 | 12 | 375 2 400 8 425 8 61 332 63 175 425
4R-1, 40-44 150 1 225 1 2 188 53 150 225
4R-2,105-109 150 1 175 1 200 1 250 2 5 205 45 150 250
4R-4,75-79 150 1 [225] 1 2 188 53 150 225
5R-1,121-125 175 2 200 3 250 4 9 217 33 175 250
6R-1,71-75 175 1 1 175 175 175
7R-1,111-115 125 1 150 1 175 2 200 1 225 1 250 1 7 186 43 125 250
7R-3, 45-49 125 1 1 125 125 125
8R-1, 45-49 175 1 200 1 2 188 18 175 200
9R-4, 105-109 175 1 1 175 175 175
10R-2, 45-49 125 1 1 125 125 125
11R-1, 35-39 175 1 |400| 1 2 288 | 159 175 400
12R-2,71-75 125 1 1 125 125 125
12R-5, 90-94 0
13R-5, 80-84 0
14R-4, 65-69 125 1 175 3 4 163 25 125 175
15R-2, 95-99 125 2 2 125 0 125 125
15R-4, 41-45 125 | 2 2 125 0 125 125
16R-2, 55-59 0
17R-3,91-95 0
18R-1, 96-100 125 1 150 1 2 138 18 125 150
19R-2, 60.5-64.5 0
20R-4, 40-44 125 1 150 1 2 138 18 125 150
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Appendix O (continued)

1168A (core, Nuttalides umbonifera (1168A)
section, Interval
(em)) Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Sum [Mean |STDV s"::':“ latr:::t
8H-1,100-104 0
9H-3,51-55 150 2 |175| 2 |200| 1 5 [170 | 21 150 200
10H-2, 80-84 0
11H-5, 90-94 0
12H-1,75-79 0
13X-1, 40-44 125| 4 |150| 9 |175| 9 |200| 14 |250| 10 46 | 190 | 40 125 250
14X-4 , 45-49 150| 2 |175| 3 |200| 2 7 175 | 20 150 200
15X-2, 76-80 125| 1 |150( 4 |200| 1 |250| 1 7 168 | 43 125 250
16X-2,100-104 |[175| 1 [375| 1 2 275 | 141 175 375
17X-3,100-104 |125| 1 |250| 3 4 219 | 63 125 250
18X-5, 80-84 100 2 |175| 2 |200| 3 |250| 15 |300| 7 |325| 20 (375| 15 (400| 7 |500| 6 |550| 2 |750| 1 80 | 335 | 102 100 750
19X-4,70-74 125| 3 |150| 1 |200| 2 |300| 2 |375| 2 |400| 1 11 | 243 | 110 125 400
20X-3,100-104 |150| 1 |175| 2 |200| 2 5 180 | 21 150 200
21X-1,100-104 |150| 1 |175| 1 |225| 3 |250| 10 |325| 5 |375| 8 |400| 1 |450| 2 |525| 1 32 [ 311 | 86 150 525
22X-2,45-49 100| 3 |125| 2 |150| 2 |250| 1 |375| 2 10 | 185 | 109 100 375
23X-3,74-78 150| 3 |175| 10 (200 4 |250| 2 |300| 1 |325| 1 |500| 2 |575| 2 |600| 1 26 | 264 | 149 150 600
24X-6,57-61 0
25X-2,41-45 125| 2 |150| 1 |325| 1 4 181 | 97 125 325
25X-5, 44-48 250 5 |275| 2 |325| 1 [350| 1 [375| 4 |450| 2 15 | 325 | 73 250 450
26X-2,73-77 125| 2 |150( 3 |175| 8 |200| 3 |250| 23 (300| 2 |350| 3 |500| 1 |550| 1 46 | 242 | 81 125 550
26X-6, 75-79 125| 8 |150( 2 |175| 1 |200| 4 |225| 3 |250| 5 |300| 1 |350| 1 |450| 1 |500| 2 28 | 225 | 109 125 500
27X-4,73-77 125| 2 |150| 3 |175| 3 8 153 | 21 125 175
28X%-3,75-79 150 1 |175| 3 |200| 2 |225| 2 |250| 3 |275| 1 |300| 9 |375| 2 |425| 2 25 274 | 75 150 425
29X-2,96-100 |175| 3 |200| 1 |275| 1 5 [ 200 | 43 175 275
30X-3,85.5-89.5 [150| 2 |175| 2 [200| 2 |225| 1 |250| 2 |300| 3 [375| 1 13 | 235 | 69 150 375
31X-5, 86-90 125 1 |150| 2 [175| 1 4 150 | 20 125 175
32X-4,80-84 |125| 1 1 1125 125 125
33X-3,90-94 |100| 2 |125| 3 [150| 1 |175| 2 |200| 4 [225| 3 15 | 170 | 46 100 225
34X-1,95-99 125 2 |200| 2 |225| 1 5 | 175 | 47 125 225
35X-1, 65-69 150 1 (225 1 2 | 188 | 53 150 225
36X-6,62.5-66.5 [125| 1 1 ]125 125 125
37X-6, 75-79 125( 1 1 ]125 125 125
38X-3, 60-64 0
39X-4,105-109 0
40X-2, 89-93 125 3 |150| 6 |175| 5 14 | 154 | 19 125 175
41X-5W,67-71 |150( 1 |200| 1 2 175 | 35 150 200
42X-3,70-74 125| 2 |150| 5 |175| 2 9 150 | 18 125 175
45X-6, 52-56 0
47X-6, 45-49 0
49X-3, 52-56 0
50X5, 52-56 150 1 |250| 2 3 217 | 58 150 250
52X-4,70-74 125| 3 |250| 1 4 156 | 63 125 250
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Appendix P: The size (um) and the number of specimens of Sphaeroidina bulloides at ODP
Sites 752, 1139 &1168. The mean values and standard deviations have calculated for different
sizes at each sample.

752A (core Sphaeroidina bulloides (752A)
section, interval —
(cm)) Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | sum | Mean |sTOV (> ® 'at'f::t
2H-4, 65-70 0
3H-1, 50-55 300 1 1 300 300 300
3H-2,60-65 225 1 1 225 225 225
3H-4,40-45 500 1 1 500 500 500
3H-5,70-75 0
4H-1,70-75 0
4H-2 ,85-90 250 1 1 250 250 250
4H-5,70-75 0
5H-1,70-75 0
5H-2,70-75 0
5H-3,90-95 0
5H-4,70-75 450 1 1 450 450 450
6H-1,70-75 0
6H-3,75-80 625 1 1 625 625 625
6H-5,70-75 375 1 1 375 375
6H-6,20-25 525 1 1 525 525 525
7H-1,65-70 375 1 450 1 2 413 53 375 450
7H-2,80-85 400 1 425 1 450 1 475 1 600 1 5 470 78 400 600
7H-4,70-75 0
7H-6,100-105 0
8H-1,100-105 175 1 225 1 250 4 6 233 30 175 250
8H-3,100-105 325 1 400 1 2 363 53 325 400
8H-6,70-75 575 1 1 575 575 575
9H-2,100-105 200 1 250 1 450 1 600 1 4 375 185 200 600
9H-4,80-85 175 1 200 1 275 1 325 1 4 244 69 175 325
9H-5,65-70 0
10H-2,60-65 250 1 375 1 2 313 88 250 375
10H-3,100-105 | 250 1 1 250 250 250
10H-5,80-85 200 1 225 1 250 | 4 275 1 300 2 325 2 350 1 375 1 450 1 14 295 67 200 450
10H-6,110-115 | 425 1 1 425 425 425
1139A (core, Sphaeroidina bulloides (1139A)
section, interval
(cm)) Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Sum [Mean|STDV ST::IS:S Iatr:setst
3R-1,30-34 0
3R-2,100-104 0
3R-4,32-36 250 1 1 | 250 250 250
4R-1, 40-44 0
4R-2,105-109 | 200 | 1 1 | 200 200 200
4R-4,75-79 250 1 |300( 1 2 | 275 ] 35 250 300
5R-1,121-125 |175| 1 |225| 1 |275| 1 |325| 1 |400| 1 |500| 2 |700]| 2 9 | 422|193 175 700
6R-1,71-75 1751 1 |200| 1 |225| 1 [250| 1 [375| 3 |500| 8 15 | 398 | 127 175 500
7R-1,111-115 |125| 1 [175| 1 |200| 1 |[225| 1 |250| 1 |275| 2 |350| 2 |375| 3 [425| 1 13 | 290 | 92 125 425
7R-3,45-49 175 1 |525| 1 2 | 350 | 247 175 525
8R-1, 45-49 150 3 |225| 4 |250| 8 |300| 6 |325| 4 |375| 3 |425| 6 |500| 4 |525| 4 [575| 2 44 | 349 | 121 150 575
9R-4,105-109 |150| 1 |225| 1 |250| 2 |350| 2 |375| 3 |450| 2 11 | 327 | 9% 150 450
10R-2,45-49 |150| 2 |175| 1 |200| 1 |225| 1 |250| 4 |275| 1 |300| 1 |375| 1 12 | 238 | 64 150 375
11R-1,35-39 175| 2 |200| 4 |225| 2 |[250| 1 [300| 2 [350| 3 |400| 3 |475| 3 |500| 2 22 | 324 | 116 175 500
12R-2,71-75 |125| 2 |150| 2 |275| 1 |300| 2 7 | 204 | 83 125 300
12R-5,90-94 |125| 1 |[150| 1 |250| 1 |325| 1 4 1213 | 92 125 325
13R-5,80-84 |125| 1 |150| 1 |[200| 3 |225| 2 |400| 4 11 | 266 | 110 125 400
14R-4,65-69 |175| 1 |200| 4 |[250| 1 |275| 1 [375]| 1 |500| 2 10 | 288 | 126 175 500
15R-2, 95-99 |200| 1 1 | 200 200 200
15R-4,41-45 |175| 1 |400| 1 |550| 2 4 | 419 | 177 175 550
16R-2,55-59 |200| 1 |225| 1 [250| 2 |[375| 2 6 | 279 | 77 200 375
17R-3,91-95 |225| 1 1 |225 225 225
18R-1,96-100 |175| 2 |200| 1 |250| 3 |300| 1 [375| 1 8 | 247 | 67 175 375
19R-2,60.5-64.5 | 225| 1 |250| 1 |425 3 | 300 | 109 225 425
20R-4, 40-44 |125| 2 |225| 1 |250| 1 [450] 1 5 | 235133 125 450

304



Appendix P (continued)

1168A (core, section,
Interval (cm))

Sphaeroidina bulloides (1168A)

Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Size | No. | Sum | Mean | STDV smallest largest
test test
8H-1, 100-104 525 1 1 525 525 525
9H-3,51-55 125 1 175 1 2 150 35 125 175
10H-2 , 80-84 125 1 1 125 125 125
11H-5,90-94 125 2 250 1 3 167 72 125 250
12H-1,75-79 0
13X-1, 40-44 150 2 2 150 0 150 150
14X-4 , 45-49 250 1 600 1 725 1 3 525 246 250 725
15X-2,76-80 0
16X-2,100-104 300 1 1 300 300 300
17X-3, 100-104 125 1 175 1 2 150 35 125 175
18X-5, 80-84 275 1 1 275 275 275
19X-4,70-74 0
20X-3, 100-104 125 1 375 1 2 250 177 125 375
21X-1, 100-104 0
22X-2,45-49 0
23X-3,74-78 0
24X-6,57-61 0
25X-2 ,41-45 0
25X-5, 44-48 0
26X-2,73-77 250 3 300 1 425 1 500 2 625 2 700 1 10 443 174 250 700
26X-6, 75-79 0
27X-4,73-77 250 1 1 250 250 250
28X-3,75-79 0
29X-2,96-100 0
30X-3, 85.5-89.5 375 1 450 1 600 1 3 475 115 375 600
31X-5, 86-90 125 1 175 1 2 150 35 125 175
32X-4,80-84 125 1 1 125 125 125
33X-3,90-94 125 1 250 1 375 1 3 250 125 125 375
34X-1,95-99 125 2 2 125 0 125 125
35X-1, 65-69 0
36X-6 , 62.5-66.5 125 2 150 1 175 1 200 1 5 155 33 125 200
37X-6,75-79 125 2 250 1 3 167 72 125 250
38X-3, 60-64 125 3 150 2 5 135 14 125 150
39X-4 ,105-109 225 1 275 1 325 1 3 275 50 225 325
40X-2 , 89-93 0
41X-5 W, 67-71 0
42X-3,70-74 175 2 2 175 0 175 175
45X-6, 52-56 0
47X-6, 45-49 125 1 1 125 125 125
49X-3, 52-56 200 1 1 200 200 200
50X5, 52-56 0 0
52X-4,70-74 150 1 175 1 2 163 18 150 175
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Appendix Q: Carbon and Oxygen Isotope data for benthic foraminifera species standardised to
Cibicidoides mundulus at 752A. The bold values at the bottom are the mean difference (offset)
between C. mundulus and both C. wuellerstorfi and Planulina costata.

= _— — | £ W = | § -
g 992 |[=8s |9 98 =8 _
752A | E | 50| 50| E_|S5| E|5h| 60| E~| 2C| =
.0l o= | 0o | 20| 52| s0|lo=|o=| 20| 52| 2
Cores, | 22 | cZ | 3| B8 27 22 35| 35| B5 2% 9
section | § = gg §§ 8- |8 5= 28|28/ |2¢% 2

s S| %< |§ |5/ E |5/ 24) 5 | Fk

O o o o
2H-4 | 0.72 0.72 2.74 2.74 4.14
3H-1 0.88 0.76 0.82 0.09 | 294 2.73 2.84 0.15 5.30
3H-2 0.84 0.71 0.77 0.09 | 241 2.94 2.67 0.37 5.61
3H-4 0.85 0.85 3.01 3.01 6.62
3H-5 1.08 0.83 0.96 0.18 | 2.39 2.60 2.49 0.14 7.19
4H-1 1.02 1.02 2.39 2.39 7.96
4H-2 1.27 1.37 1.32 0.07 | 2.76 2.55 2.66 0.15 8.25
4H-5 1.23 0.99 1.11 0.17 | 2.73 2.47 2.60 0.19 9.06
5H-1 0.96 1.18 1.07 0.15 | 2.42 2.51 2.46 0.07 9.71
5H-2 1.34 1.27 1.30 0.05 | 2.22 2.69 2.45 0.33 9.98
5H-3 1.18 1.34 1.26 0.11 | 2.20 2.34 2.27 0.10 10.2
5H-4 1.49 1.43 1.46 0.04 | 2.21 2.63 2.42 0.30 10.5
6H-1 1.55 1.63 1.59 0.05 | 2.51 2.54 2.53 0.02 114
6H-3 1.49 1.44 1.46 0.03 | 2.42 1.88 2.15 0.38 12.0
6H-5 1.60 1.60 2.26 2.26 12.5
6H-6 1.32 1.65 1.49 0.23 | 2.18 2.13 2.16 0.03 12.8
7H-1 1.75 1.78 1.76 1.76 0.02 | 2.02 1.83 2.34 2.06 0.26 13.2
7H-2 2.14 2.18 1.88 2.07 0.16 | 2.22 1.85 1.90 1.99 0.20 13.5
7H-4 1.60 200 | 1.80 | 028 |1.71 191 [1.81 |0.14 |14.4
8H-1 1.66 1.77 1.71 0.08 | 1.35 1.28 1.32 0.05 159
8H-3 1.73 1.73 1.73 0.01 | 1.77 1.74 1.75 0.02 16.8
8H-6 1.25 1.39 1.32 0.10 | 1.63 1.73 1.68 0.07 18.0
9H-2 1.62 1.62 2.00 2.00 19.1
9H-4 1.42 1.41 1.41 0.01 | 1.87 1.68 1.77 0.14 19.9
9H-5 1.54 1.27 1.40 0.19 | 194 1.80 1.87 0.10 20.3
10H-2 1.88 1.67 1.78 0.15 | 1.91 1.86 1.88 0.03 21.7
10H-3 1.61 1.70 1.65 0.06 | 1.63 1.82 1.73 0.14 22.3
10H-5 1.45 1.45 1.72 1.72 23.1
10H-6 1.23 1.23 1.55 1.55 23.4

Mean Diff. -0.21 -0.07 0.03 0.22
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Appendix R: Carbon Isotope data for benthic foraminifera species (standardised benthic
foraminifera Isotope) at 1168A. The bold values at the bottom are the mean difference
(offset) between C. mundulus and six different species.
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section 5 9_ A = - . g R ] = o o0
o - = E S o = S o 3 G <
© |5 [§ |8 |2 |2 |8 |8 |8 | |3
O < = c 2 = £ >
c s = & o © 2 2 o a
®© ] [T} o Q (5]
[} 2 E E E .
s b S b
8H-1 -0.02 | -0.02 -0.02 0.00 4.23
9H-3 0.43 0.43 5.01
10H-2 0.21 0.21 5.55
11H-5 0.78 0.35 0.57 0.31 6.46
12H-1 0.47 0.47 6.68
13X-1 0.59 0.59 0.59 0.00 7.27
14X-4 0.84 0.84 8.00
15X-2 1.70 1.70 8.45
16X-2 1.46 1.46 9.62
17X-3 0.95 0.95 9.82
18X-5 0.66 0.66 10.03
19X-4 0.56 0.56 10.18
21X-1 1.76 0.88 1.32 0.62 | 10.44
22X-2 0.91 0.91 0.91 0.00 | 11.08
23X-3 0.57 0.57 11.83
24X-6 1.15 1.15 12.74
25X-2 1.51 1.51 12.97
25X-5 0.53 0.53 13.26
26X-2 0.81 0.81 13.62
26X-6 0.86 0.86 14.01
27X-4 0.92 0.92 14.44
28X-3 2.49 2.49 14.97
29X-2 1.16 1.16 15.52
30X-3 1.30 1.30 16.24
31X-5 0.80 0.80 17.07
32X-4 0.15 0.15 0.15 0.00 | 17.60
34X-1 0.55 0.55 0.55 0.00 | 18.53
36X-6 -1.35 -1.35 20.26
37X-6 -0.10 -0.10 20.90
38X-3 -0.51 -0.51 21.22
39X-4 0.06 0.06 21.84
40X-2 -1.05 -1.05 21.94
41X-5 0.45 0.15 0.30 0.21 | 22.15
42X-3 0.30 0.30 0.30 0.00 | 22.25
47X-6 0.69 0.69 23.03
Mean Diff. 0.90 0.76 1.22 0.97 | -0.31 | -0.08
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Appendix S: Oxygen Isotope data for benthic foraminifera species (standardised benthic
foraminifera Isotope) at 1168A. The bold values at the bottom are the mean difference
(offset) between C. mundulus and six different species.

2 |9 9 |5 |5 |8 |~ —~ |3
L | © ) g ) 5 Q —_ o =
oy = = = =3 = o o) = ©
= g S = — — - - g ol .:
168a | S [ 3 |3 | & | & 3 S |2 |2 |5 |¢g |3
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w0 = o o o o 5 3 3 o &
S © bt c £ s S S £ >
c = & P ] © 2 2 ol a
s O ] s S % Q G O -
= |2 |2 2
8H-1 3.40 3.40 3.40 0.0 4.23
9H-3 3.09 3.09 5.01
10H-2 3.40 3.40 5.55
11H-5 2.43 2.88 2.66 0.3 6.46
12H-1 3.07 3.07 6.68
13X-1 3.34 3.34 3.34 0.0 7.27
14X-4 3.13 3.13 8.00
15X-2 4.98 4.98 8.45
16X-2 2.73 2.73 9.62
17X-3 3.30 3.30 9.82
18X-5 3.11 3.11 10.03
19X-4 2.55 2.55 10.18
21X-1 3.58 2.96 3.27 0.4 10.44
22X-2 2.72 2.72 2.72 0.0 11.08
23X-3 3.01 3.01 11.83
24X-6 2.95 2.95 12.74
25X-2 4.24 4.24 12.97
25X-5 2.26 2.26 13.26
26X-2 2.43 2.43 13.62
26X-6 1.94 1.94 14.01
27x%-4 2.37 2.37 14.44
28x-3 | 4.48 4.48 14.97
29X-2 1.54 1.54 15.52
30X-3 2.07 2.07 16.24
31X-5 2.15 2.15 17.07
32X-4 1.94 1.94 1.94 0.0 17.60
34X-1 1.88 1.88 1.88 0.0 18.53
36X-6 2.75 2.75 20.26
37X-6 2.21 2.21 20.90
38X-3 1.59 1.59 21.22
39X-4 2.25 2.25 21.84
40X-2 | 1.49 1.49 21.94
41X-5 1.35 255 | 195 | 08 |22.15
42X-3 1.78 1.78 1.78 0.0 22.25
47X-6 1.16 1.16 23.03
Mean Diff. 0.90 0.76 1.22 0.97 | -0.31 | -0.08
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Appendix T: Carbon and Oxygen Isotope data for benthic foraminifera species (standardised
benthic foraminifera Isotope) at 1139A. The bold values at the bottom are the mean
difference (offset) between C. mundulus and Epistominella exigua.
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3R-1 0.93 0.93 2.47 2.47 11.25
3R-2 1.41 1.41 2.52 2.52 11.99
3R-4 1.44 1.44 1.52 1.52 12.77
4R-1 1.56 | 1.47 1.52 | 0.06 | 1.70 | 1.48 159 | 0.1 14.49
4R-2 1.56 | 1.64 1.60 | 0.06 | 1.62 | 1.84 1.73 | 0.1 15.22
4R-4 1.69 1.69 1.44 1.44 16.13
5R-1 1.33 1.33 0.85 0.85 17.98
6R-1 0.88 0.88 1.50 1.50 18.61
7R-1 0.62 0.62 1.56 1.56 19.03
7R-3 0.82 0.82 1.77 1.77 19.14
8R-1 0.75 0.75 1.73 1.73 19.42
9R-4 0.47 0.47 1.57 1.57 20.00
10R-2 0.69 0.69 1.54 1.54 20.30
11R-1 0.74 0.74 1.32 1.32 20.64
12R-2 0.85 0.85 1.84 1.84 21.14
12R-5 0.61 0.61 1.52 1.52 21.34
13R-5 0.69 | 0.69 2.14 2.14 21.76
14R-4 0.28 | 0.28 1.45 1.45 22.10
15R-2 0.42 | 0.42 1.55 1.55 22.39
16R-2 0.75 0.75 1.52 1.52 22.79
17R-3 0.88 0.88 1.30 1.30 23.18
18R-1 1.05 1.05 1.17 1.17 23.28
19R-2 1.42 1.42 1.81 1.81 23.43
20R-4 1.25 1.25 1.34 1.34 23.60
Mean Diff. 0.54 -0.18
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Appendix U: Age and isotope values of Site 754A. The age is determined based on the first
and last occurrence of nine nannofossil species (Appx U (1)) which provided by Shipboard
Scientific Party (1989b) and revised by ATNTS2012 in GTS2012 (Hilgen et al., 2012) (Appx
U(3)). Oxygen and carbon data of 754A provided by Rea et al. (1991) and the data conducted
on Cibicidoides sp. (Appx U (2)).

1) ole 754A Depth (mbsf) Age Age
(initial | (ATNTS2012 in
(Events) bottom top average | errors report) GT52012)
LO Discoaster brouweri 6.60 6.10 6.35 0.25 1.90 1.93
LO Discoaster pentaradiatus 8.10 6.60 7.35 0.75 2.20 2.39
LO Discoaster tamalis 11.10 9.60 10.35 0.75 2.60 2.80
LO Reticulofenestra pseudoumbilica 16.20 15.70 15.95 0.25 3.50 3.70
FO Ceratolithus acutus 22.70 25.30 24.00 -1.30 5.00 5.35
FO Amaurolithus primus 31.80 34.90 33.35 -1.55 6.50 7.42
LO Sphenolithus heteromorphus 77.00 73.50 75.25 1.75 14.40 13.53
FO Sphenolithus heteromorphus 86.70 89.70 88.20 -1.50 17.10 17.71
FO Sphenolithus belemnos 89.70 92.90 91.30 -1.60 21.50 19.03
LO Reticulofenestra bisecta 108.60 107.10 107.85 0.75 23.70 23.13
Age Age
2) D (ATNTS2012 in 8'%*0 8"3C (d e:t:l) (ATNTS2012in| &'*0 8C
(mbsf) 1 ™ Grs2012) ™1 6Ts2012)
17.98 4.14 2.03 0.70 64.58 11.97 1.54 1.63
19.48 4.48 1.77 1.00 66.08 12.19 1.92 1.75
20.98 4.83 1.79 0.70 67.58 12.41 1.69 1.74
22.48 517 2.07 0.75 69.08 12.63 1.68 1.81
73.08 552 221 083 |_70.58 12.85 167 | 1.69
26.08 6.00 2.06 0.87 72.08 13.07 1.58 1.74
27.58 6.35 1.93 0.79 73.58 13.28 1.60 1.83
29.08 6.69 2.07 1.03 74.28 13.39 1.23 1.84
30.58 7.04 175 0.87 75.78 13.98 1.24 1.95
32.08 738 1.84 111 77.28 14.42 0.80 2.00
3358 245 181 124 78.78 14.86 0.99 2.26
35.63 776 198 134 80.28 15.30 0.87 1.91
3718 798 181 137 81.78 15.74 1.29 2.41
38.68 3.20 04 113 83.98 16.39 0.82 1.58
85.48 16.83 1.23 1.51
40.18 8.42 174 1.48 86.98 17.27 0.91 0.93
41.68 8.63 179 133 88.48 17.71 1.16 1.43
43.18 8.85 178 | 145 I"g998 18.15 102 | 135
45.28 2.16 2.10 117 19148 18.59 096 | 150
46.78 9.38 2.06 082 I g368 19.24 125 | 127
48.28 9.60 1.86 116 | 9518 19.68 123 | 149
49.78 9.81 1.57 110 96.68 20.12 111 | 1.38
51.28 10.03 1.82 1.16 98.2 20.56 1.28 1.45
52.78 10.25 1.85 1.44 99.68 21.00 0.88 1.40
54.88 10.56 1.56 1.34 101.18 21.44 0.97 1.50
56.38 10.78 1.65 1.08 103.38 22.08 1.29 1.69
57.88 11.00 1.77 1.55 104.88 22.53 1.20 1.79
59.38 11.21 1.74 1.48 106.38 22.97 1.24 1.40
60.88 11.43 1.87 1.96 107.88 23.41 0.67 1.24
62.38 11.65 1.62 1.51 109.38 23.85 0.79 1.26
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3) calculated age by using trendline equations as shown in the graph

Depth (mbsf)
0 20 40 60 80 100 120
0 1 1 1 1 1 J
5 -
y=0.2302x
= 10 -
2
g’n y=0.1458x+2.5568
< 15 A
20 A
y=0.2937x-8.2781
25 -

Appendix V: The age model and isotope values of 1170A. Chronozones and nannofossil ages
have provided by (Stickley et al., 2004) (Appx V (1)) and revised by ATNTS2012 in GTS2012
(Hilgen et al., 2012) (Appx V (3)). The isotope values have supplied by Ennyu and Arthur
(2004a) (Appx V (2)).

1) E Age (Ma) in Mean Depth Calculated

vents ATNTS2012 (mbsf) Age
FO Emiliania huxleyi 0.29 0.82 0.04
LO Pseudoemiliania lacunosa 0.44 6.66 0.35
LO Calcidiscus macintyrei 1.60 34.24 1.81
LO Reticulofenestra pseudoumbilica 3.70 53.64 2.84
LO Ceratolithus acutus 5.04 110.85 5.86
FO Ceratolithus acutus 5.35 110.85 5.86
M Termination C5AAn 13.03 240.00 12.70
LO Cyclicargolithus floridanus 12.12 245.04 12.96
LO Helicosphaera ampliaperta 14.90 264.83 14.01
M Onset C5AAn 13.18 268.50 14.20
M Termination C5ABn 13.36 273.00 14.44
M Termination C5ACn 13.74 278.00 14.71
M Onset C5ACn 14.07 283.00 14.97
M Termination C5ADn 14.16 286.00 15.13
M Onset C5ADn 14.61 292.00 15.45
M Onset C5Bn.1n 14.87 296.00 15.66
M Termination C5Cn.1n 15.97 308.00 16.29
M Onset C5Cn.1n 16.27 310.00 16.40
M Termination C5Cn.2n 16.30 311.00 16.45
M Onset C5Cn.2n 16.47 312.00 16.50
M Onset C5Dn 17.53 323.00 17.09
M Onset C5En 18.52 338.00 17.88
M Termination Cén 18.75 341.00 18.04
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2)

Age (Ma) Cibicidoides mundulus (1170) Age (Ma) Cibicidoides mundulus (1170)
ATNTS2012 in ATNTS2012 in
GTS2012 (6¢) (6™20) GTS2012 (6¢) (60)
11.93 0.98 2.42 11.93 0.98 2.42
12.46 1.13 2.38 12.46 1.13 2.38
12.85 1.01 2.44 12.85 1.01 2.44
13.46 1.38 2.60 13.46 1.38 2.60
13.63 0.57 2.20 13.63 0.57 2.20
13.71 1.46 3.01 13.71 1.46 3.01
14.23 0.91 2.31 14.23 0.91 2.31
14.51 1.13 2.51 14.51 1.13 2.51
14.76 1.41 2.06 14.76 1.41 2.06
14.96 1.30 2.23 14.96 1.30 2.23
15.04 1.60 2.01 15.04 1.60 2.01
15.21 1.48 1.89 15.21 1.48 1.89
15.29 2.05 2.33 15.29 2.05 2.33
15.37 1.97 2.18 15.37 1.97 2.18
15.45 1.56 2.01 15.45 1.56 2.01
15.49 1.25 1.32 15.49 1.25 1.32
15.57 1.34 1.57 15.57 1.34 1.57
15.65 1.71 1.89 15.65 1.71 1.89
15.73 1.47 1.92 15.73 1.47 1.92
15.82 1.34 1.54 15.82 1.34 1.54

3) calculated age by using trendline equations as shown in the graph
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Appendix W: The isotope values and chronozones of the Site 747 Hole A have provided by
Wright and Miller (1992), and the Chronozone Cécn2 has provided by Berggren (1992). The
age has revised by ATNTS2012 in GTS2012 (Hilgen et al., 2012) (Appx W (1,2)). The isotope
values for 747A measured for Cibicidoides spp. (Wright and Miller, 1992) (Appx W (3)).

1) Events Depth (mbsf) Ag.e LADIEAY
in GTS2012)

base C4n 37.40 8.11

C5n 46.60 11.06

C5r 56.04 11.66

C5An 63.50 12.47

C5Dn 94.10 17.53

Cén 117.50 19.72

Cécn2 127.90 23.03

2) calculated age by using trendline equations as shown in the graph
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3)

Depth Age Depth Age Depth Age
(mbsf) (60) |(6™C) | (ATNTS2012 (mbsf) (6'®0) |(8™C) | (ATNTS2012 (mbsf) (60) | (6C) | (ATNTS2012
in GTS2012) in GTS2012) in GTS2012)

33.50 | 2.30 | 1.03 8.11 69.40 1.74 1.50 13.70 101.51 | 1.39 | 0.88 18.22
33.50 2.70 0.65 8.11 70.00 1.73 1.73 13.80 102.90 | 1.64 0.83 18.35
35.00 2.43 1.34 8.35 70.00 1.79 1.83 13.80 103.01 | 1.37 0.78 18.36
35.00 | 2.53 | 1.24 8.35 70.90 1.50 1.23 13.94 103.60 | 1.33 | 0.82 18.42
36.50 | 2.44 | 1.02 8.58 71.50 1.40 1.12 14.03 103.90 | 1.43 | 0.96 18.44
37.10 2.33 1.18 8.67 71.50 1.55 1.16 14.03 104.40 | 1.45 0.95 18.49
37.40 | 2.51 | 1.28 8.72 73.00 1.47 1.50 14.26 105.00 | 1.20 | 0.84 18.55
37.40 | 245 | 130 8.72 73.00 1.69 1.50 14.26 105.90 | 1.48 | 0.92 18.63
40.90 2.51 1.04 9.27 73.90 1.48 1.59 14.40 106.50 | 1.50 0.98 18.69
41.55 2.21 0.96 9.37 74.50 1.29 1.62 14.50 107.40 | 1.49 1.10 18.77
42.40 2.51 1.11 9.50 75.12 1.17 1.38 14.59 108.00 | 1.54 1.02 18.83
43.05 2.36 0.89 9.60 75.90 1.18 1.58 14.72 108.90 | 1.38 0.89 18.91
43.90 2.40 1.00 9.73 76.50 1.11 1.48 14.81 109.50 | 1.39 0.87 18.97
4455 | 2.37 | 0.87 9.83 77.40 1.13 1.57 14.95 109.50 | 1.34 1.04 18.97
45.40 2.53 1.06 9.97 78.00 1.03 1.52 15.04 110.40 | 1.67 1.11 19.05
46.05 2.41 1.07 10.07 78.90 0.93 1.36 15.18 111.00 | 1.63 1.30 19.11
46.60 | 2.42 | 1.06 10.15 79.51 1.30 1.70 15.28 111.00 | 1.57 | 0.93 19.11
46.90 2.08 1.03 10.20 79.51 1.44 1.71 15.28 11190 | 1.60 1.29 19.19
46.90 2.22 1.06 10.20 80.40 1.12 1.48 15.42 11250 | 1.61 0.92 19.25
47.40 2.31 1.08 10.28 81.00 0.85 1.10 15.51 112.50 | 1.61 0.93 19.25
48.05 | 2.20 | 0.91 10.38 81.90 1.02 1.50 15.65 113.10 | 1.42 1.29 19.31
48.90 2.34 1.09 10.51 82.48 1.20 1.67 15.74 113.10 | 1.56 0.97 19.31
49.55 2.19 0.99 10.61 83.40 1.26 1.89 15.88 113.40 | 1.51 1.11 19.33
50.40 | 2.21 | 0.83 10.74 84.00 1.48 1.81 15.98 113.90 | 1.64 1.15 19.38
51.05 2.21 1.00 10.85 84.00 1.35 1.66 15.98 11451 | 1.35 0.77 19.44
51.90 2.21 0.91 10.98 84.60 1.12 1.65 16.07 11540 | 141 0.77 19.52
52.55 | 1.99 | 0.54 11.08 84.60 1.15 1.32 16.07 116.01 | 1.55 | 0.86 19.58
52.55 2.15 0.68 11.08 84.75 1.06 1.63 16.09 116.90 | 1.53 0.89 19.66
53.40 2.25 0.75 11.21 84.90 1.46 1.80 16.12 11751 | 1.64 0.69 19.73
54.05 2.08 1.15 11.31 84.90 1.39 1.71 16.12 118.40 | 1.74 1.11 20.01
54.90 2.36 1.47 11.45 85.40 1.05 1.52 16.19 119.01 | 1.52 0.83 20.21
55.55 2.18 1.38 11.55 86.00 0.97 1.34 16.29 119.01 | 1.47 0.85 20.21
56.10 2.14 1.13 11.63 86.90 1.11 1.32 16.43 119.90 | 1.77 1.02 20.49
56.40 | 2.21 | 0.99 11.68 87.50 1.10 1.49 16.52 120.50 | 1.52 1.03 20.68
56.90 2.55 1.44 11.76 88.40 1.16 1.27 16.66 120.50 | 1.52 0.89 20.68
57.52 2.04 1.45 11.85 89.00 1.12 1.41 16.75 121.40 | 1.42 0.81 20.97
58.40 | 2.30 | 1.33 11.99 89.90 1.13 1.22 16.90 122.00 | 1.38 | 0.79 21.16
59.04 2.49 1.45 12.09 90.50 1.09 1.30 16.99 122.60 | 1.29 0.73 21.35
59.90 2.45 1.40 12.22 92.00 1.59 1.31 17.22 12290 | 1.58 0.83 21.44
60.50 | 2.11 | 1.20 12.32 92.90 1.60 1.34 17.36 123.40 | 1.63 1.19 21.60
61.40 2.23 1.09 12.46 93.50 1.36 1.42 17.46 124.02 | 1.64 1.38 21.80
62.01 2.06 0.94 12.55 93.50 1.52 1.33 17.46 12490 | 1.74 1.19 22.08
62.90 2.20 1.14 12.69 94.10 1.71 1.38 17.55 125.52 | 1.64 1.20 22.28
63.50 | 2.14 | 0.93 12.78 94.40 1.44 1.33 17.56 126.40 | 1.84 1.09 22.56
64.40 2.35 0.95 12.92 94.90 1.26 1.03 17.60 127.02 | 1.83 1.00 22.75
65.00 1.96 0.84 13.02 95.50 1.58 1.19 17.66 127.02 | 1.48 1.04 22.75
65.60 | 2.08 | 1.29 13.11 96.40 1.65 1.10 17.74 127.90 | 1.88 1.43 23.03
65.60 2.00 1.13 13.11 97.02 1.32 0.89 17.80 128.52 | 1.45 1.18 23.23
65.90 2.22 1.04 13.16 97.90 1.43 1.04 17.88 128.52 | 1.56 1.19 23.23
66.40 | 1.93 | 1.08 13.24 98.50 1.46 0.85 17.94 129.40 | 1.69 1.06 23.51
67.00 1.62 1.01 13.33 99.40 1.43 0.92 18.02 130.01 | 1.51 1.18 23.70
67.90 1.73 1.20 13.47 100.00 1.32 0.80 18.08 130.01 | 1.53 1.25 23.70
68.50 | 1.73 | 1.26 13.56 100.90 | 1.39 0.80 18.16
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Appendix X: The sea surface temperature (SST) of the Miocene at 1168A by using alkenones
as SST biomarkers. The temperature values have provided by Knee-Robinson (2018).

Age Conte
(Ma) SST
4.23 17.54
5.01 18.97
6.46 19.18
6.68 18.25
7.27 23.23
8.00 20.76
8.45 23.52
9.62 21.80
9.82 24.22
10.03 20.72
10.18 24.03
10.32 21.89
10.44 23.65
11.08 22.59
12.97 25.94
13.62 26.23
14.44 19.47
14.97 17.69
15.52 23.04
16.24 22.60
17.07 24.51
17.60 27.41
18.12 27.19
20.26 25.78
20.90 24.95
21.22 25.84
21.84 26.21
21.94 23.08
22.15 25.58
22.25 19.61
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