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rafted debris (IRD), Ostracoda, planktic foraminifera Orbulina universa abundance, and organic geochemical
proxies to assess the bottom water characteristics under warmer-than-present day conditions. A significant in-
crease in IRD abundance between 5.3 and 4.9 Ma marks the Early Pliocene warm phase. The benthic forami-
niferal assemblages indicate shifts in bottom water conditions over time in the CSP region. Between 5.6 and 5.3
Ma, predominantly oxygenated bottom water with moderate organic matter flux prevailed. This shifted to
suboxic conditions with increased organic matter flux from 5.3 to 4.9 Ma. Subsequently, between 4.9 and 4.4 Ma,

bottom water conditions alternated frequently between oxic and suboxic states. Enhanced bottom water for-
mation and inflow of LCDW and AABW in the CSP during 4.4-4.0 Ma promoted oxygenated conditions,
accompanied by low organic export flux. However, sluggish bottom water circulation from 4.0 to 3.6 Ma reverted
to suboxic conditions, associated with increased carbon burial. Notably, productivity peaked intermittently
between 5.3 and 3.6 Ma, as indicated by the occurrence of suboxic species assemblages and increase in the
abundance of Orbulina universa, benthic microfauna (ostracods), and other paleoproductivity indicators.

1. Introduction

The Late Miocene to Pliocene period was a geologically recent in-
terval of Earth’s climate history when global climate was generally
warmer and atmospheric COy levels were, for the last time, either
similar to or higher than today’s (Steinthorsdottir et al., 2021). For
instance, during the Early Pliocene Warm Period, annual mean tem-
peratures were 2-3 °C higher than during the pre-industrial times (Pre-
scott et al., 2019). Earth’s climate history from the Late Miocene to
Middle Pleistocene was marked by several episodes of global climate re-
organizations, including changes in ice volume and ocean circulation
(Karas et al., 2011, 2019). The temporal evolution of the Southern
Ocean is tightly linked to the dynamics of the Antarctic Circumpolar
Current (ACC), which connects all the major ocean basins. The ACC also
plays a crucial role in the global Meridional Overturning Circulation
(MOC) through the upwelling and formation of new water masses, like
Antarctic Bottom Water (AABW), Circumpolar Deepwater (CDW), and
the Antarctic Intermediate Water (AAIW). Thus providing a direct hy-
drographic link to the vast deep ocean reservoir of dissolved inorganic
carbon (Kuhlbrodt et al., 2007; Lamy et al., 2019). Various studies have
suggested that variations in the bottom water current strength during
glacial-interglacial periods strongly influenced the paleoceanographic
and paleoclimatic changes, thus impacting the global climate (Mack-
ensen, 2004; Marshall and Speer, 2012; Wu et al., 2021). In addition, the
Southern Ocean is important for the utilization of biological nutrients
and the regulation of the preformed nutrient inventory for large parts of
the deep ocean (Sigman et al., 2010).

Benthic foraminifera assemblages are one of the most reliable bio-
logical proxies to assess deep water characteristics because of their great
sensitivity to ambient environmental parameters, such as temperature,
salinity, the amount of dissolved oxygen in seawater, organic matter
flux, and substrate (Gupta and Thomas, 2003; Singh and Gupta, 2010;
Verma et al., 2013; Das et al., 2018, 2021; Singh et al., 2021; Vats et al.,
2021; Thena et al., 2021). The quality and quantity of food and deep-sea
oxygenation, influence the distribution and abundance of benthic fora-
minifera (Jorissen et al., 1995; Oloriz et al., 2012; Singh et al., 2021).
The climatic and oceanographic changes associated with the opening
and closing of the ocean basins, which took place during the Pliocene,
were also assessed using benthic foraminiferal assemblages (McKay
etal., 2012; Karas et al., 2019). There are very limited studies of Central
South Pacific paleoceanography using benthic foraminiferal proxies
(Winckler et al., 2021). The productivity variability in the Southern
Ocean since the Pliocene is limited to Atlantic and Indian sectors of the
Southern Ocean (Pahnke and Zahn, 2005; Karas et al., 2011, 2019; Tapia
etal., 2021). However, recent publications based on International Ocean
Discovery Program (IODP) expeditions 379, 382 and 383 (Gohl et al.,
2021; Pérez et al., 2021; Winckler et al., 2021; Gille-Petzoldt et al.,
2022; Lamy et al.,, 2024) have provided new information about

paleoceanography and productivity changes in the Southern Ocean, but
not based on benthic foraminifera. Hence, this study aims to provide the
first benthic foraminiferal record covering the Late Miocene to Early
Pliocene from the CSP to assess deep water characteristics, with a
particular focus on paleoceanographic and productivity variations dur-
ing the Early Pliocene period.

2. Oceanographic setting and study area
2.1. Oceanographic setting

The Southern Ocean significantly impacts the global ocean circula-
tion and climate. The majority of the world’s abyssal and deep waters
are newly formed or significantly modified in the Southern Ocean,
which controls large parts of the global Meridional Overturning Circu-
lation (Kennett, 1977; Barker and Burrell, 1977; Marshall and Speer,
2012; Talley, 2013; Carter et al., 2022). The cold, dense water sinks to
abyssal depths around Antarctica’s margin before travelling northwards
via deep western boundary currents into the Atlantic, Indian, and Pacific
oceans (Stommel, 1958; Warren, 1981; Carter et al., 2008, 2022). These
extremely cold waters from the ocean’s depths are brought to the surface
by the process of slow upwelling (Carter et al., 2022) and contribute to
the warm surface circulation across all the ocean basins. The formation
of Subantarctic Mode Water (SAMW) is caused by the mixing of the
surface waters, north of the Subantarctic Front (Rintoul et al., 2001;
Sloyan and Rintoul, 2001; Herraiz-Borreguero and Rintoul, 2011).
Generally, SAMW is well-oxygenated and sinks to a depth of ~500 m
(Fig. 1b). AAIW reaches a maximum depth of ~1400 m beneath SAMW
(Fig. 1b). It is characterized by a salinity minimum (34.3-34.5) (Fig. 1b),
which distinguishes AAIW from other water masses at equivalent depths
(Rintoul et al., 2001). CDW dominates the Southern Ocean in terms of
volume, and it ranges from ~1400 to ~3600 m (Fig. 1b). The deep
Pacific basin is primarily fed by CDW. The CDW can be distinguished as
Lower Circumpolar Deep Water (LCDW) and Upper Circumpolar Deep
Water (UCDW) (Sloyan and Rintoul, 2001). Oxygen minimum and
elevated nutrient concentrations mark the presence of UCDW, and it has
a depth range of 1400-2500 m (Fig. 1b). LCDW is characterized by a
salinity maximum between 34.70 and 34.75, and it has a depth range of
2500-3600 m (Fig. 1b; Orsi et al., 1995; Carter et al., 2008; Toyos et al.,
2020). Intense turbulent mixing around topographic features in the deep
Southern Ocean increased the quantity of “carbon-rich” subsurface
water integrated into LCDW (from UCDW above and AABW below) and
exported northwards to the Atlantic and Indo-Pacific region (Orsi et al.,
1999; Kawabe and Fujio, 2010; Jiang et al., 2020). The Ross Sea and the
Weddell Sea are considered to be the most important source of AABW
(Orsi et al., 2002; Orsi and Wiederwohl, 2009; Kerr et al., 2018;) having
a density > 28.27 kg m~° and found at great depths (down to 6000 m)
because of their higher density (Orsi et al., 1999).
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2.2. Study area

The IODP Expedition 383, Site U1541 (54°12.756'S, 125°25.540'W)
was drilled at 3604 m water depth from the seafloor to basement, and
recovered a ~ 146 m thick sedimentary sequence extending back to the
Late Miocene (Winckler et al., 2021). At Site U1541 three holes were
drilled using the JOIDES Resolution advanced piston corer and recovery
was above 100% (Winckler et al., 2021). Site U1541 is located within
the path of the Subantarctic-Antarctic Circumpolar Current (SACC), 100
nmi north of the modern mean position of the Subantarctic Front (SAF).
The associated fronts in this ACC sector are strongly influenced by the
topography of the seafloor spreading systems (Udintsev and Eltanin-
Tharp Fracture Zone systems) as Site U1541 is located just 160 nmi
away from the western flank of East Pacific Rise (EPR) and north of the
Eltanin-Tharp Fracture Zone (Fig. 1a; Winckler et al., 2021). Seasonally,
sea-surface temperatures (SSTs) range from 3 (July-September) to 7 °C
(January-March). In the modern ocean, Site U1541 is bathed by the
LCDW (Fig. 1b) and is just above the boundary with AABW. Hence, this
site is sensitive to the variability of AABW through time (Winckler et al.,
2021).

3. Material and methods
3.1. Age model and sedimentation rate

We analyzed 97 sediment samples from Holes U1541B and U1541C,
between 85.2 and 105.9 m core composite depth below sea floor (CCSF).
These samples spanned between ~5.6 and 3.6 Ma, covering the Late
Miocene to Early Pliocene interval. The major lithofacies observed is
dominance of varying proportions of diatom bearing nannofossil oozes
interbedded with pure nannofossil oozes (Winckler et al., 2021). The age
model developed and improved by the shipboard science party through
orbital tuning of the Gamma-ray attenuation (GRA)-density record to
obliquity (Lamy et al., 2024) was utilized to interpolate the age of each
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analyzed sample. The average time resolution between samples is ~19
kyr based on interpolated ages.

3.2. Sample processing for benthic foraminiferal analysis

Samples were dried, and ~ 20 g of the dry sediment samples were
soaked in water for 8-12 h with 4-5 drops of H,0, and wet sieved over a
63 pm sieve using a gentle shower (Das et al., 2018). The >63 pm
fractions were dried in a vacuum oven at 45 °C before being transferred
into glass vials with proper labeling. Adequate measures were taken to
avoid any contamination. All the sieves were washed in an ultra-
sonicator for 15 min before each use, and methylene blue was applied to
the sieve net to identify potentially contaminated specimens if any. The
>63 pm fractions were dry-sieved over a 125 pm sieve, and approxi-
mately 300 benthic foraminifera specimens were picked and counted
from a suitable aliquot using a stereo zoom microscope. An Otto splitter
was used to get the suitable aliquot. Whole samples were analyzed if the
benthic foraminiferal abundance was fewer than 300 specimens. Addi-
tionally, the size fractions between 63 and 125 pm were scanned, and it
was observed that no notable infaunal, elongated, or smaller benthic
foraminiferal species were present. The benthic foraminifera were
identified down to genus level following Loeblich and Tappan (1988)
and to species level following (Scott et al., 2000; Holbourn et al., 2013;
Das et al., 2018, 2021). The species with an abundance of >7% in 7 or
more samples are considered dominant species (Fig. 2) and preservation
of benthic foraminifera is good except for a few selected intervals. The
bottom water oxygenation condition is inferred using dominant benthic
foraminifera species oxygenation preferences and benthic foraminifera
species are grouped into oxic, and suboxic assemblages (Fig. 2; Table 1).
Following previous approaches (e.g., Kaiho, 1994; Erdem et al., 2020;
Vats et al., 2021), we refer to conditions as dysoxic when the dissolved
oxygen (DO) level is between 0.1 and 0.3 ml l’l, as suboxic when the DO
level is between 0.3 and 1.5 ml 17!, and as oxic when the DO level is
>1.5ml1™
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Fig. 1. (a) Location map of Site U1541 in the Central South Pacific (CSP) generated using Bathymetry/Topography — ETOPO1 Bedrock Global Relief Model [Data
source: Asia Pacific Data Research Centre]. East Pacific Rise (EPR), Sub Antarctic Front (SAF), Polar Front (PF), and some fracture zones (FZ) are shown, (b) Vertical
profile of Dissolved Oxygen (DO) (Garcia et al., 2013), Sea Water Salinity contours (Zweng et al., 2019) at 54.12°S (the studied Site U1541) in the Central South
Pacific (CSP) are generated using Ocean Data View (ODV) software. Salinity (black lines) and oxygen (colors) distributions in the Central South Pacific are used to
visualize major water masses. The right-side color bar represents the DO in ml 1", [Data source: Asia Pacific Data Research Centre, DO levels (objectively analyzed
mean) taken from World Ocean Atlas 2013 at 1-degree resolution (Garcia et al., 2013), Seawater Salinity (objectively analyzed mean) is decadal average
(1955-2017) of annual data accessed from World Ocean Atlas 2018 at 1-degree resolution (Zweng et al., 2019)]. The main water masses are compiled from (Orsi
et al., 1995; Speer et al., 2000; Rintoul et al., 2001; Winckler et al., 2021; Carter et al., 2022). Water masses are SAMW, Subantarctic Mode Water; AAIW, Antarctic
Intermediate Water; UCDW, Upper Circumpolar Deep Water; LCDW, Lower Circumpolar Deep Water; AABW, Antarctic Bottom Water.
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Dominant Oxic benthic foraminifera

Dominant Suboxic benthic

Fig. 2. Photomicrographs of dominant oxic and suboxic species at Site U1541,
Central South Pacific. White bar indicates scale = 100 pm. The oxic species are:
1. Cibicidoides wuellerstorfi (umbilical view), 2. Cibicidoides wuellerstorfi (spiral
view), 3. Oridorsalis umbonatus (umbilical view), 4. Oridorsalis umbonatus (spiral
view), 5. Globocassidulina subglobosa (umbilical view), 6. Globocassidulina sub-
globosa (spiral view), 7. Pullenia bulloides (apertural view), 8. Pullenia bulloides
(side view), 9, 10. Laticarinina pauperata (side view), 11. Nuttallides umbonifera
(spiral view), 12. Nuttallides umbonifera (umbilical view), 13. Melonis affinis
(side view), 14. Eggerella bradyi (side view), 15. Gyroidina soldanii (spiral view),
16. Gyroidina soldanii (side view), 17. Epistominella exigua (umbilical view), 18.
Epistominella exigua (spiral view), 19. Uvigerina peregrina (side view), 20. Fis-
surina striolata (side view).

We also counted ice rafted debris (IRD), the planktic foraminifera
Orbulina universa, and the number of Ostracoda valves in >125 pm size
fractions from the same split that was used for benthic foraminifera
analysis. All abundance data are reported in per gram dry sediment.
Since Site U1541 is located far from any continents, transporting larger
grains (>125 pm) to its location is not conceivable, hence we have
interpreted lithic sediments as IRD.

3.3. Benthic foraminiferal accumulation rates and paleoproductivity

Benthic Foraminiferal Accumulation Rate (BFAR, g cm 2 kyr’l) was
calculated by multiplying the number of benthic foraminifera per gram
of dry sediment by the Linear Sedimentation Rate (LSR, cm kyr ') and
the dry bulk density (DBD, g cm™2) (Herguera and Berger, 1991; Gas-
taldello et al., 2023, Eq. (1)). The age model utilized a straightforward
linear sedimentation rate (LSR) computation between age-depth control
points. The DBD was interpolated from measurements of moisture and
density (MAD) samples taken during Expedition 383 (Winckler et al.,
2021).

Palaeogeography, Palaeoclimatology, Palaeoecology 647 (2024) 112252

Table 1

Classification of bottom-water dissolved oxygen ([O»lpw) thresholds using
benthic foraminifera oxygenation preferences in general. Environmental pref-
erences of dominant species, which present >7% in 7 or more samples at Site
U1541 are discussed. These species are grouped as oxic, and suboxic assem-
blages based on their environmental preferences.

Environmental References

preferences

Species Microhabitat

Oxic Species, (>1.5 ml 171), Kaiho (1994); Erdem et al. (2020); Vats et al. (2021)
Cibicidoides spp. Epifaunal Strong bottom currents ~ Mackensen et al.,
and low flux of organic 1995; Pérez-
carbon, associated with Asensio et al.,
NADW and AABW 2017; Vats et al.,
2021; Singh
et al., 2021

Globocassidulina Cosmopolitan species, Gupta et al.,
subglobosa prefers 2004; Verma
well-oxygenated deep et al., 2013; de
waters with Aratjo et al.,
intermediate to strong 2018; Vats et al.,
food supply, associated ~ 2021; Singh
with the NADW and et al., 2021
AABW
Laticarinina Indicator of deep Bhaumik et al.,
pauperata southern source water 2007; Singh
like AABW, found in et al.,, 2012, 2021
cold, well-oxygenated
deep water with a
fluctuating flux of
organic materials
Nuttallides Prefers cold, corrosive, Singh and Gupta,
umbonifera oligotrophic, high 2004; Singh
oxygen levels, et al., 2012, 2021
indicative of AABW
Oridorsalis Epifaunal to Cosmopolitan species Takata et al.,
umbonatus shallow can survive food- 2019; Vats et al.,
infaunal limited conditions, 2021
well-oxygenated, low-
organic carbon flux
Pullenia spp. Intermediate flux of Singh and Gupta,

organic matter in
well-oxygenated deep

2004; Verma
et al., 2013

waters of AABW

Suboxic Species, (0.3-1.5 ml 1Y), Kaiho (1994); Erdem et al. (2020); Vats et al.
(2021)

Eggerella bradyi Bhaumik et al.,
2007; De and
Gupta, 2010;
Thena et al., 2021
Morigi, 2009;
Das et al., 2017

Preferences is not well
constrained; it may
withstand low oxygen
conditions

Indicative of low
oxygen conditions and
restricted phytodetritus
input

Shallow to
deep Infaunal

Fissurina spp.

Melonis spp. Associated with Thena et al.,
degraded refractory 2021; Vats et al.,
organic matter with 2021
varied oxygenation
conditions

Uvigerina spp. Oxygen-depleted Gallagher et al.,
environments, high 2018; Das et al.,
sustained flux of 2018, 2021
organic matter

Epistominella Epifaunal Opportunistic species Jorissen et al.,

exigua exhibits seasonal 2007; De and

phytodetritus input Gupta, 2010;
Kaithwar et al.,
2020

Gupta et al.,
2006; De and
Gupta, 2010; Das
etal, 2017;
Thena et al., 2021

Low oxygen conditions,
moderate organic flux

Gyroidina spp.

Dysoxic species, (0.1-0.3 ml 11, Kaiho (1994); Erdem et al. (2020); Vats et al.
(2021).
This study did not find any distinct dysoxic species that are dominant at this site.



S.K. Das et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 647 (2024) 112252

BFAR = no.of benthic foraminifera (g7') x LSR (cm kyr ') x DBD (gcm™®) [gem 2 kyr '] (1)

Herguera (2000) obtains a simple equation that links “paleo” pri-
mary productivity (PP, gC cm~2 kyr 1) to BFAR (Eq. (2)).

PP = 0.4 X Zy X (BFAR)*® 2)

where Z is water depth in kilometers.
The flux of organic matter (Js, gC em~2 kyr 1) to the sea-floor is
calculated as (Eq. (3); Herguera, 2000),

Jg = 6.5 x (BFAR)*%* 3)

Particle export efficiency (PE.¢) measures the percentage of primary
production exported from the surface ocean to 100 m depth (Henson
et al., 2012). The proportion of exported organic matter from 100 m
level to the deep ocean (~ 2000 m) is known as transfer efficiency (Tegf)
(Henson et al., 2012). Herguera (2000) shows that benthic organic
carbon flux and BFAR from core top sediments from the equatorial Pa-
cific and Atlantic are well-correlated. The organic matter flux on the
ocean floor (Jy) is then reconstructed using BFAR. The schematic dia-
gram of productivity and organic flux through the ocean water column
at Site U1541 is shown in Fig. 3.

3.4. Coarse fraction accumulation rates

The coarse fraction accumulation rate (CFAR) was calculated by
multiplying the size fraction >63 pm wt (%) with LSR and DBD. The
CFAR is frequently used as a proxy for current strength and as a rough
estimate of planktonic foraminiferal accumulation rates (Diester-Haass,
1995; Gastaldello et al., 2023). In our data, the coarse fraction mostly
consists of the planktic foraminifera.

CFAR = |
> 63 yum wt (%) ] x LSR (cmkyr ') x DBD (g cm™®) [g em™ kyr ']
4

3.5. Spectrophotometry

During Expedition 383, the core color reflectance was measured
using Section Half Multisensor Logger (SHMSL; Winckler et al., 2021).

CO,
Om *
(1) [Net primary productivity(PP in gC cm™ kyr") in the photic zone
Photic layer

(2) [Higher PE_(Particle export efficiency) in the Southern Ocean
fueled by diatoms and iron dust flux
(Toyos et al., 2022; Henson et al., 2012)
100 m
(3)| Lower T, (Transfer efficiency) in the Southern Ocean which

causes low Total Organic Carbon (TOC) content

Pt Only 5-10% of organic carbon exported from the photic zone

survives to a depth of 2000 m (Henson et al., 2012)
2000 m
(4)| Arrival of organic carbon on the seafloor (J,;in gC em™ kyr™")
P Only 1% of the TOC produced in the water column gets

preserved in the sediments (Berger et al., 1989)
« Site U1541 at 3604 mbsl
(meters below sea level)

P Lower TOC (%) at the studied site
4000 m

Fig. 3. Schematic diagram of productivity and organic flux through the ocean
water column (not to scale, modified after Diester-Haass and Faul, 2019).

This instrument measures the reflectance of sediment surface under a
standard illumination condition, and then can automatically convert
and project the reflectance data into the L* and a* color space (Billmeyer
and Saltzman, 1981). It has been found that color parameters L* and a*
can be correlated with certain components in the sediments from a range
of geological settings. For example, in sediments from oceans, the L*
parameter is often proportional to the percentage of calcium carbonate
(Balsam et al., 1999; Giosan et al., 2002; Liu et al., 2004; Liibbers et al.,
2019); while the a* value sometimes can be related to the content of
biogenic productivity (Wellner et al., 2021). In this study, we are
comparing a* and L* values to support the productivity and carbonate
preservation at Site U1541. The colors redness (+) and greenness (—)
were provided by color reflectance a*. Greenness (—) in sediments is an
indicative of more biogenic content, which may indicate better pro-
ductivity in open ocean conditions (Wellner et al., 2021).

3.6. Total organic carbon, inorganic carbon, and calcium carbonate
analysis

For total carbon (TC) and total organic carbon (TOC) analyses, we
followed the method described in Das et al. (2021). Sediment samples
weighing 60-65 mg were crushed and homogenized. Homogenized
30-35 mg of the dry sample was packed in tin foil for TC analysis using a
TOC analyzer (Elementar Vario TOC Select) at the School of Earth,
Ocean, and Climate Sciences, IIT Bhubaneswar. The remaining 30-35
mg of the homogenized sample was weighed in a silver boat, and a few
drops of concentrated HCl were added to remove inorganic carbon. The
acidified samples were dried in an oven at 105 °C for 5-6 h. The inor-
ganic carbon-free dry sample was wrapped in tin foil along with the
silver boat and analyzed for TOC. The analytical error of the instrument
is within 4%. TOC was subtracted from TC to calculate total inorganic
carbon (Eq. (5), TIC or Cinorg)-

Cinorg (Wto/O) =TC (Wt%) —TOC (Wt%) (5)

Cinorg Was multiplied by 8.33 to get the total weight (%) of CaCO3 in
the sample (Eq. (6)).

CaCO3 (Wt%) = Cinorg X 8.33 (Wt%) (6)
3.7. Carbonate mass accumulation rates

Carbonate mass accumulation rates (MAR arbonate; cm ™2 kyr’l) are
calculated by multiplying carbonate contents (%) and MARpylk sediment
(g cm 2 kyr’l). MARpulk sediment (8 cm ™2 kyr’l) was calculated by
multiplying the LSR (cm kyr’l), and DBD (g em™3). For determining
MAR_arbonate, the following equation was used following Liibbers et al.
(2019):

MARcarbonate (g Cm72 kyril) = (CaCO3%/100) X MARbulk sediment (7)

3.8. Statistical analysis

The Principal Component Analysis (PCA) and Pearson Correlation
analysis were carried out by using the FactoMiner and Factoextra
package in RStudio (Le et al., 2008) for dominant benthic foraminiferal
species (Table 1; Fig. 2), TOC, CaCOs, and associated productivity pa-
rameters like BFAR, PP, and Jg (Table 2).
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Table 2

Pearson correlation matrix of the major species (>7% in 7 or more sample), Cs: Cibicidoides spp., Eb: Eggerella bradyi, Ee: Epistominella exigua, Fs: Fissurina spp., Gs: Globocassidulina subglobosa, Gys: Gyroidina spp., Lp:

Laticarinina pauperata, Ms.: Melonis spp., Nu: Nuttallides umbonifera, Ou: Oridorsalis umbonatus, Ps: Pullenia spp., Us: Uvigerina spp., productivity parameter like benthic foraminifera accumulation rate (BFAR), paleo-

productivity (PP), organic flux to the sea floor (Jg), total organic carbon (TOC, %) and CaCO3 (%). Significant correlation coefficients are bold.
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4. Results

4.1. Benthic foraminifera, Ice-rafted debris, Orbulina universa, and
Ostracoda abundance per gram sediment

The benthic foraminifera specimens of >125 pm size counts per g of
dry sediment ranges between 6 and 75, with an increasing trend be-
tween 5.5 and 5.0 Ma, 4.7 and 4.4 Ma, and 4.0 and 3.7 Ma (Fig. 4a). Ice-
rafted debris (IRD)/detrital of >125 pm size has maximum abundance
per g dry sediment between 5.5 and 4.6 Ma and has merely present at the
other intervals (Fig. 4b). Planktic foraminifera Orbulina universa (>125
pm size) counts per g dry sediment is high between 5.5 and 4.6 Ma, and
between 4.0 and 3.7 Ma (Fig. 4c). Ostracoda valves of >125 pm size
counts in per g dry sediment peak at times when benthic foraminifera
have maximum abundance between 5.6 and 4.9 Ma and between 3.9 and
3.6 Ma (Fig. 4d). Ostracoda, IRD, and Orbulina universa, had negligible
abundances between 4.5 and 4.1 Ma.

4.2. Distribution of dominant benthic foraminiferal species in the Central
South Pacific

The Site U1541 samples have 64 species of benthic foraminifera
belonging to 45 genera. Out of 64 species identified, 12 species with an
abundance of >7% in 7 or more samples are considered dominant spe-
cies (Table 1; Fig. 2). The paleoecological significance of the identified
dominant species are used to assess the paleoecological variability at the
CSP. Further, based on their oxygenation preferences, these species are
grouped into oxic, and suboxic assemblages and individual species/
genus preferred microhabitats and environmental conditions are listed
in Table 1.

4.2.1. Oxic species abundance

Dominant oxic benthic foraminiferal species are Oridorsalis umbo-
natus, Cibicidoides spp. (includes Cibicidoides mundulus and Cibicidoides
wuellerstorfi), Pullenia spp. (represented by P. bulloides, P. quadriloba, and
P. quinqueloba), Laticarinina pauperata, Nuttallides umbonifera, and Glo-
bocassidulina subglobosa (Figs. 2, 5). Some of the oxic species i.e. spp. are
grouped together because of their similar ecological and environmental
preferences.

The abundance of Cibicidoides spp. was relatively low between 5.6
and 4.4 Ma, except for a few scattered peaks, after 4.4 Ma it increased
(Fig. 5a). Oridorsalis umbonatus has a low abundance between 5.6 and
4.4 Ma, except for a few isolated peaks, and increased thereafter
(Fig. 5b). Globocassidulina subglobosa abundance trend is similar to
O. umbonatus and Cibicidoides spp. (Fig. 5c¢). Pullenia spp. shows an
increasing trend from 5.4 to 4.5 Ma, followed by a decline, and subse-
quently, an upward trend from 3.8 Ma and onward (Fig. 5d). Laticarinina
pauperata is abundant between 5.5 and 5.1 Ma, and remains consistently
present between 5.1 and 4.1 Ma and declines thereafter (Fig. 5e). Nut-
tallides umbonifera abundance has an increasing trend between 5.2 and
4.7 Ma and a declining trend between 4.7 and 4.4 Ma and has periodic
fluctuation thereafter (Fig. 5f).

4.2.2. Suboxic species abundance

Melonis spp. (M. affinis and M. pompilioides), Gyroidina spp. (mostly
comprising of G. soldanii, G. cibaoensis, and G. nitida), Epistominella exi-
gua, Eggerella bradyi, Uvigerina spp. (including mostly U. peregrina, and U.
proboscidea), and Fissurina spp. (F. laevigata, F. striolata, F. formosa,
F. alveolata, F. foliformis, and F. fimbriata) are the major suboxic species
(Figs. 2, 6). Certain suboxic species, referred to as spp. are grouped
together because of their similar ecological and environmental
preferences.

Gyroidina spp. has increasing trend between 5.3 and 5.0 Ma and
between 4.2 and 3.9 Ma (Fig. 6a). Eggerella bradyi has increasing trend
between 5.1 and 4.8 Ma and shows a gentle increase between 4.3 and
4.0 Ma (Fig. 6b). Epistominella exigua shows overall continuous
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increasing trends between 5.6 and 4.4 Ma, and then decreasing up core
(Fig. 6¢). Fissurina spp. are distributed evenly throughout the studied
interval with some peaked glacial — interglacial variations (Fig. 6d).
Uvigerina spp. sharply peaks between 5.2 and 5.0 Ma, 4.4 Ma, and 3.8
and 3.6 Ma (Fig. 6e). Melonis spp. increase continuously between 5.6 and
4.2 Ma, and decrease up core thereafter (Fig. 6f).

4.3. Temporal variations in carbonate preservation, total organic carbon
and other productivity parameters in the CSP

The CFAR is used as a proxy for estimating planktonic foraminiferal
accumulation rates (Diester-Haass, 1995; Gastaldello et al., 2023),
which ranges between 0.74 and 13.4 g cm~2 kyr ™! (Fig. 7a). The color
reflectance parameter a* is used as a productivity proxy and shows a
similar trend with CFAR (Fig. 7b). The other color reflectance parameter
L* is used as a proxy for carbonate preservation (Fig. 7c), and reflects a
trend similar to CaCO3 (%) and MARcarbonate (Fig. 7h). The benthic
foraminiferal accumulation rate is one of the major productivity in-
dicators in the deep oceans (Herguera and Berger, 1991; Herguera,
2000; Diester-Haass and Faul, 2019; Thena et al., 2021). At the Site
U1541 BFAR shows high fluctuations and ranges between 3 and 71
(Fig. 7d). High BFARs are observed at ~5.2-4.9 Ma, 4.8-4.7 Ma,
4.6-4.3 Ma, 4.2-4.0 Ma and 3.9-3.6 Ma (Fig. 7d). The total organic
carbon (TOC) is high during periods of high BFAR, and it ranges between
0.02 and 0.39% (Fig. 7g). The molybdenum record (U1541 XRF splice
data, Winckler et al., 2021) is well matched with our TOC (%) data,
which supports the interpretation of relatively higher organic carbon
preservation in the sediments (Fig. 7g). CaCOs ranges from 23.19 to
84.14% (Fig. 7h) and is higher between 5.5 and 5.3 Ma, 5.1 and 4.9 Ma,
4.6 and 4.3 Ma, and 4.1 and 3.7 Ma, while MAR arbonate ranges between
0.1 and 1.1 g cm™2 kyr_1 (Fig. 7h). The increase in CaCOs3 (%) and
MAR arbonate reflects better carbonate preservation conditions, while the
decrease suggests the presence of corrosive bottom water.

4.4. Principal component analysis (PCA) and correlation analysis of
major parameters

The PCA analysis shows four principal components that explain
~60% of the data variance (Table S1). The first two principal compo-
nents biplot (PC1 and PC2 explain 40% of variance) together with K-
means clustering suggest three important cluster groups, which explains
three different paleoceanographic conditions associated with faunal
changes, oxygenation conditions, variability in organic carbon flux, and
paleoproductivity. The productivity parameters BFAR, PP, and J are
positively associated with each other and with G. subglobosa (Fig. 8;
Table 2). The correlation analysis also suggests that G. subglobosa has a
positive correlation with the productivity parameters, and CaCOs pres-
ervation (Table 2). The other species associated with this group is
Cibicidoides spp., O. umbonatus, Pullenia spp., Melonis spp., and Uvigerina
spp., along with TOC (%). This group suggest oxic to suboxic conditions
with low to moderate productivity (Fig. 8). The contributions of Uvi-
gerina spp. and TOC (%) are not significant within the oxic to suboxic
group, however, they have a positive correlation with the productivity
parameters (Table 2). The other two oxic species L. pauperata and
N. umbonifera have a negative correlation with the productivity pa-
rameters and CaCOs (%), thus suggesting oxic corrosive bottom water
conditions (Fig. 8; Table 2). The suboxic species E. exigua, E. bradyi,
Gyroidina spp., and Fissurina spp. suggest suboxic high productivity as
these species have a positive correlation with the productivity parame-
ters and CaCOs (%) (Fig. 8; Table 2).

5. Discussion
5.1. Paleo-ecological significance of Central South Pacific

The planktic foraminifera Orbulina universa prefers to live in 25-100
m water depths (Hemleben et al., 1989) between ~60°N and ~ 50°S
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(Singh et al., 2021). This species is tolerant to temperature ranges be-
tween 9 and 30 °C and a wide range of salinity (Schiebel and Hemleben,
2017). Hence, the abundance of Orbulina universa in the >125 pm size
fraction suggests warmer surface water at the CSP between 5.2 and 4.9
Ma, and relatively warm between 4.0 and 3.8 Ma (Fig. 4c). The rarity of
Ostracoda is reported from the deep Southern Ocean (Majoran and
Dingle, 2002; Yasuhara et al., 2009). Higher abundance of Ostracoda
between 5.2 and 4.9 Ma, and between 3.9 and 3.7 Ma, during times of
higher surface water productivity and warm surface water temperature
suggest less corrosivity at the CSP (Fig. 4d; Alvarez Zarikian, 2015). The
presence of IRD is not very common north of the 50°S in the CSP. The
presence of IRD suggests the movement of large ice-bergs to the CSP and
deposition of IRD took place during the period of warmer surface water
due to the melting of large ice-bergs. Hence, this study has considered
the abundance of IRD between 5.3 and 5.1 Ma, and between 4.9 and 4.5
Ma as the initiation of warm conditions at the CSP (Fig. 4b). The benthic
foraminiferal species are suggesting variability between oxic and

suboxic conditions at the CSP.

5.1.1. Dominant oxic benthic foraminifera ecology and interpreted
conditions at CSP

Cibicidoides spp. can survive strong bottom currents and low flux of
organic carbon (Linke and Lutze, 1993). Loubere and Fariduddin (1999)
believed it indicated a significant seasonal food supply under oligotro-
phic settings. In the Indian Ocean, Cibicidoides spp. are associated with
AABW (Corliss, 1979; Bremer and Lohmann, 1982), but in the Atlantic
and Southern Ocean, they are associated with young, well-oxygenated
water masses like NADW (Mackensen et al., 1995; Schmiedl and
Mackensen, 1997; Gooday, 2003). Oridorsalis umbonatus is a cosmo-
politan species capable of surviving in food-limited conditions. Most
studies suggest that O. umbonatus prefers a well-oxygenated condition
and low-organic carbon seafloor (Mackensen et al., 1995; Takata et al.,
2019; Singh et al., 2021). Globocassidulina subglobosa is another
cosmopolitan species that prefers well-oxygenated deep waters with
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intermediate to strong food supply and is associated with the North
Atlantic Deep Water (NADW) and AABW (Corliss, 1979; Das et al., 2021;
Gupta et al., 2004; Singh et al., 2021). However, at CSP this species
suggests higher productivity and better carbonate preservation and
hence it also has a positive correlation with the suboxic assemblage
along with Pullenia spp. (Fig. 8; Table 2).

Pullenia spp. encompasses shallow infaunal species associated with
intermediate flux of organic matter in well-oxygenated deep waters of
AABW origin (Bhaumik et al., 2007; Singh and Gupta, 2004; Verma
et al., 2013). The occurrences of this species, have been linked to the
occurrence of AABW (Bremer and Lohmann, 1982; Singh et al., 2012;
Vats et al., 2021). It may withstand low organic carbon levels, strong
bottom currents, and a strongly pulsed food supply (Linke and Lutze,
1993; Gupta, 1997). Laticarinina pauperata is an epifaunal species indi-
cating deep southern source water like AABW (Gupta et al., 2006) and is
found in cold, well-oxygenated deep waters in the Indian Ocean with a
fluctuating flux of organic matter (Gupta and Thomas, 2003; Verma

etal., 2013). L. pauperata does not have any correlation with oxic species
assemblages but the negative correlation with suboxic species assem-
blages and carbonate preservation suggests periods of enhanced AABW
influence at the CSP. Nuttallides umbonifera exhibits a stronger relation
with carbonate corrosivity and is found to be associated with cold,
corrosive, oligotrophic, oxygenated deep water from the Pacific Ocean
(Singh and Gupta, 2010; Singh et al., 2012). The species has been
inferred to be an indicator of AABW (Mackensen et al., 1995; Singh and
Gupta, 2004), whilst others have interpreted it as an indicator of low
productivity and corrosive bottom water (Gooday, 1994; Loubere and
Fariduddin, 1999; Singh et al., 2012, 2021).

The oxic species assemblage (Figs. 2, 5, 8, 9b) suggests well-oxy-
genated, strong bottom current conditions (LCDW with periodic strong
pulses of AABW) with low to moderate organic carbon flux at CSP be-
tween 5.6 and 5.3 Ma, 4.9 and 4.6 Ma, and between 4.4 and 4.0 Ma
(Fig. 9). The 5180 of C. wuellerstorfi in the South Atlantic has decreasing
trend during 4.9-4.6 Ma and 4.3 and 4.0 Ma, which suggest an influence
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of stronger AABW (Fig. 9a; Karas et al., 2019). spp. (Rathburn and Corliss, 1994), while Gupta and Thomas (2003)

found that the environment in which Gyroidina spp. thrived had an in-
5.1.2. Dominant suboxic benthic foraminifera ecology and interpreted termediate organic flux and intermediate to high seasonality. This spe-
conditions at CSP cies can be found in low-oxygen environments with variable food

Epifaunal to shallow infaunal microhabitat is preferred by Gyroidina availability (De and Gupta, 2010). Gyroidina spp. can withstand low

10
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Eggerella bradyi, Us: Uvigerina spp., Fs: Fissurina spp.), and CaCO3 (%) content.

oxygen conditions and shows a positive association with the produc-
tivity parameters in the CSP (Figs. 2, 6a). Eggerella bradyi environmental
preference is not well constrained, however, it may indicate high
organic flux with moderate degraded organic matter and low seasonality
(Gupta et al., 2006; Bhaumik et al., 2007; De and Gupta, 2010). Epis-
tominella exigua is a cosmopolitan species that exhibits opportunistic
feeding behavior by consuming phytodetritus that is seasonally depos-
ited on the sea floor (Gooday, 1993, 1994; Mackensen et al., 1995;
Schmiedl et al., 1997; Das et al., 2021). E. exigua may be substantially
more tolerant of low oxygen concentrations of 0.3 ml17! (Jorissen et al.,
2007; Erdem and Schonfeld, 2017). The higher abundance of this species
is indicative of a higher input of phytodetritus to the sea floor and is
linked to the suboxic high productivity group within the CSP (Fig. 6).

Fissurina spp. suggesting restricted phytodetritus input and indica-
tive of low oxygen conditions (Mazumder and Nigam, 2014; Das et al.,
2017) and its abundance suggest better carbonate preservation condi-
tions at CSP (Figs. 6d, 8; Table 2). Uvigerina spp. are the shallow infaunal
species, thrives in oxygen-depleted environments suggesting higher
productivity with high sustained flux of organic matter (Figs. 6, 8;
Table 2; Gupta et al., 2008; Gallagher et al., 2018; Das et al., 2018, 2021;
Vats et al., 2021). Melonis is an infaunal genus found in suboxic envi-
ronments, and frequently associated with degraded refractory organic
matter (Schmiedl et al., 2000; Fontanier et al., 2002; Vats et al., 2021).
This species has a positive correlation with the oxic to suboxic condi-
tions with moderate flux of organic matter, suggesting its preferences for
higher oxygenation conditions within the suboxic environment (Fig. 8;
Table 2). This species abundance suggests higher productivity and better
preservation conditions at CSP. These species association is abundant
between 5.3 and 4.9 Ma, 4.6 and 4.4 Ma, and 4.0 and 3.6 Ma (Figs. 8, 9),
suggesting seasonally enhanced flux of phytodetritus and degraded
organic matter in suboxic conditions.
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5.2. Paleoproductivity and organic carbon burial at the CSP

Several regional studies have shown that benthic foraminiferal
population increase with carbon input to the sea floor (Herguera and
Berger, 1991; Schmiedl and Mackensen, 1997; Diester-Haass and Faul,
2019). The flux of carbon from the ocean surface to the ocean floor
determines the quantity of organic carbon (Corg) available for seques-
tration from the atmosphere-ocean system into sediments (Henson et al.,
2012; Zhang et al., 2018). Surface water net primary productivity is the
rate of Corg generation by photoautotrophs minus the rate of organic
carbon loss (Henson et al., 2012) due to respiration. The total sedi-
mentation rate controls the proportion of organic matter preservation
and carbon burial in the marine sediment (Miiller and Suess, 1979). The
higher carbon burial rates are indicated by higher sedimentation rates
and carbon flux to the seafloor. However, there are complexities in the
vertical transport of organic matter from the ocean’s surface to its
depths, which changes not only with location but also in age (Boyd and
Trull, 2007; Henson et al., 2012; Arndt et al., 2013). Since bacterial
activity and grazing lead to remineralization of organic matter in the
water column, biological pumping to sediments may be poor in regions
with substantial vertical mixing despite high primary production and
export productivity. Hence, PEc is high, and Teg is low at high latitudes
and the same is observed at the CSP (Fig. 3; Henson et al., 2012). While
30% of primary productivity is exported in the present Southern Ocean
due to a high ratio of diatoms to total phytoplankton, only 5-10% of
organic carbon exported from the photic zone survives to a depth of
2000 m (Henson et al., 2012) and this cause low TOC content at the
studied site (Fig. 7g). In general, carbon burial rate is high when ocean
productivity is high (Skinner et al., 2010). Molybdenum is another sea-
water redox proxy with a long residence time (Herrmann et al., 2012;
Phillips and Xu, 2021) and its concentration well-matches with the TOC
and BFAR records of Site U1541 (Fig. 7d, g), which further support
periods of higher productivity in the CSP. However, BFAR shows a
decreasing trend and low values during 4.7 to 4.5 Ma, which is incon-
sistent with the interpreted high productivity conditions as shown by the
higher TOC (%). It might be due to the dominance of suboxic assem-
blages at the CSP, which is not reflected by the BFAR (Fig. 9; Naidu and
Malmgren, 1995). The dominance of suboxic foraminiferal assemblage
indicates a continuous and high food supply to the seafloor and oxygen
deficiency during this interval (Fig. 9). These conditions were probably
associated with a decrease in current strength, supported by the
decrease in oxic assemblage and CFAR during this interval (Figs. 7a, 9).
The foraminifera species G. subglobosa and Uvigerina spp. also show
higher abundance during the period of high productivity (Figs. 5c, 6e)
and are associated with productivity parameters (Figs. 7, 9). Thus, the
combined higher productivity indicator proxies like Mo concentration,
TOC content, BFAR, organic flux to the sea floor (Jsf), paleoproductivity
estimation and sedimentation rate in the CSP suggest periods of higher
productivity during the ~5.2-4.9 Ma, 4.6-4.3 Ma, 4.1 Ma, and 3.9-3.6
Ma (Figs. 7, 9).

5.3. Accumulation and preservation of carbonate

The lithofacies of the studied interval (from 85.2 to 105.9 m CCSF)
mostly comprises of diatom-bearing calcareous/nannofossil ooze at Site
U1541 (Winckler et al., 2021). CaCO3 accumulation rates provide a
measure of primary productivity originating from these calcareous pri-
mary producers (Diester-Haass et al., 2011) only if dissolution is negli-
gible. The modern carbonate compensation depth (CCD) at CSP is
located at ~4700 m water depth (Berger et al., 1976; Lyle, 2003), which
is below the depths of the studied core (3604 m). Thus, we do not
anticipate that foraminiferal carbonate was severely impacted by CCD.
However, the presence of corrosive bottom water indicator species
N. umbonifera (Mackensen et al., 1995; Smart et al., 2007; Singh and
Gupta, 2010; Singh et al., 2021) in the sediment record reflects the in-
fluence of corrosive AABW at the studied site (Fig. 5h). The
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corrosiveness of the bottom waters (maximum in waters like AABW)
may influence the distribution of the cosmopolitan taxa N. umbonifera,
especially where strongly oligotrophic conditions prevail (Mackensen
etal., 1995; Schmiedl et al., 1997). This species is found to be associated
with L. pauperata and both have a negative correlation with the CaCO3
(%) (Fig. 7; Table 2). However, the CFAR (g cm 2 kyr’l), color reflec-
tance L*, MAR arbonate (8 cm™2 kyr’l), and CaCOs (%) suggest that the
dissolution of calcium carbonate is not significant as reflected in our
foraminifera data except for a period between 5.3 and 5.2 Ma, 4.9 and
4.6 Ma, and 4.3 and 4.2 Ma (Fig. 7). Higher abundance of G. subglobosa,
E. exigua, and Fissurina spp. also suggests better carbonate preservation
at CSP (Figs. 5, 6, 7; Table 2).
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5.4. Paleoceanographic history of the Central South Pacific

The Late Miocene to Early Pliocene paleoceanographic evolution of
the Central South Pacific is closely related to changes in the AABW and
CDW circulation. The distribution of benthic foraminiferal species sug-
gests significant changes in the LCDW circulation.

5.4.1. Late Messinian to Early Zanclean (5.6 to 4.9 Ma)

During the Late Messinian, CSP was well-ventilated and oxic in na-
ture, marked by the presence of oxic species assemblage dominated by
Cibicidoides spp., O. umbonatus, and L. pauperata. The bottom water was
more corrosive marked by the occurrences of N. umbonifera and
L. pauperata (Fig. Se, f). The AABW influence was strongly marked by the
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dominance of AABW indicator species like Pullenia spp., Cibicidoides
spp., O. umbonatus, and L. pauperata. As indicated by the CFAR, L* value,
MARcarbonates @and CaCOs (%), carbonate preservation at CSP was
extremely low between 5.6 and 5.3 Ma (Fig. 7). This is further supported
by a negative correlation between CaCO3 (%) and the corrosive bottom
water indicator species (Fig. 8; Table 2). The Southern Ocean was
moving towards warming conditions at ~5.3 Ma marked by the abun-
dance of IRD (Fig. 4b) and planktic foraminifera Orbulina universa
(Fig. 4c).

During the Early Zanclean period between 5.3 and 4.9 Ma, CSP was
warmer compared to the pre-industrial revolution and highly productive
at regular intervals, and had higher benthic foraminifera abundance
(Fig. 4a). A rise in carbonate content was also observed during this
period, as indicated by higher CFAR, L* value, CaCO3 (%), and MAR-
carbonate (Fig. 7). A significant increase in Orbulina universa (Fig. 4c) and
decrease in 8'%0 of C. wuellerstorfi is observed in the South Atlantic,
which also suggests warming during this interval (Fig. 9; Karas et al.,
2019). The high productivity caused bottom water suboxic (Das et al.,
2021), marked by the presence of Uvigerina spp., Fissurina spp., and
other suboxic species (Fig. 6; Table 1). This period of high productivity is
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contemporaneous with Late Miocene-Early Pliocene biogenic bloom
inferred in all ocean basins (Dickens and Owen, 1999; Singh et al., 2012;
Pillot et al., 2023). CDW production was sluggish during this period but
had pulses of improved ventilation. Overall, this period was indicative of
suboxic bottom water conditions with moderate to high organic flux,
increased BFAR, and paleoproductivity (Figs. 9, 10a).

5.4.2. Early to Middle Zanclean (4.9 to 4.4 Ma)

Bottom water ventilation further improved between 4.9 and 4.6 Ma,
marked by the presence of oxic species assemblage (Figs. 5, 9),
decreasing trend of benthic foraminifera abundance per gram (Fig. 4a),
maximum abundance of IRD (Fig. 4b), and declining trend in 5180 of
C. wuellerstorfi in the South Atlantic (Fig. 9; Karas et al., 2019). The
BFAR, Jg, paleoproductivity, TOC, CFAR, L* value, CaCOs (%), and
MAR arbonate Were low during this interval. The overall bottom water
current was strong and corrosive suggesting the influence of AABW
marked by increasing abundance of N. umbonifera during 4.9 and 4.6 Ma
(Fig. 5f). However, between 4.6 and 4.4 Ma, all the productivity proxies
suggest higher productivity, increasing carbonate content and benthic
foraminiferal assemblages suggest suboxic bottom water conditions
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(Figs. 7, 9). In general, this period was characterized by switch between
oxic and suboxic bottom water conditions, modest to high organic flux,
low BFAR, and paleoproductivity, with certain intermittent peak
abundance (Figs. 9, 10b).

5.4.3. Middle Zanclean (4.4 to 4.0 Ma)

The CDW/AABW production was at its maximum between 4.4 and
4.0 Ma marked by oxic species assemblages (Figs. 5, 9). The CSP bottom
water had low to moderate organic flux, well-oxygenated strong bottom
water currents and dominance of CDW/AABW indicator species like
Pullenia spp., G. subglobosa, L. pauperata and Cibicidoides spp. (Verma
et al., 2013; Singh et al., 2012, 2021). Occasionally, bottom water was
corrosive in nature marked by isolated peaks of N. umbonifera. The
corrosive bottom water declines the CaCO3 accumulation at CSP (Fig. 7).
All the productivity proxies show declining trends during this interval,
suggesting low productivity. In particular, this period had oxic bottom
water conditions with a low to moderate organic flux, decreased BFAR,
and low paleoproductivity (Figs. 9, 10c).

5.4.4. Late Zanclean (4.0 to 3.6 Ma)

The Southern Ocean was warm and more productive between 4.0
and 3.6 Ma marked by increased Orbulina universa abundances (Fig. 4c).
Bottom water became suboxic, as indicated by the decreasing trend of
oxic species and the increasing trend of suboxic species (Fig. 9). The CSP
bottom water was overall suboxic during 4.0 to 3.6 Ma except for some
transient moderate productivity events (Fig. 10d). Increases in a*, BFAR,
TOC (%), CFAR, L* value, CaCO3 (%), and MAR arbonate SUggeSt an in-
crease in carbonate content and productivity over this period (Fig. 7).
The bottom water production was moderate and kept influencing the
subtropical Indian and Atlantic Oceans (Karas et al., 2019; Singh et al.,
2021) marked by a significantly declining trend in §'80 of C. wuellerstorfi
in the South Atlantic (Fig. 9; Karas et al., 2019). A moderate to high
organic flux, increased BFAR, high bottom water current strength, and
higher paleoproductivity characterized this interval (Figs. 9, 10d).

5.5. Relation between paleoceanographic changes in the Southern Ocean
and West Antarctic ice-sheet (WAIS) growth

During the Early Zanclean (5.3-4.9 Ma), conditions were generally
warm throughout the world, and meridional temperature differences
were quite modest (Pound et al., 2011; Herbert et al., 2016). The global
gradual cooling trend was observed from ~4.4 Ma onwards due to the
constriction of the Central American Seaway (CAS) and Indonesian
throughflow. The closure of CAS strengthens the Atlantic Meridional
Overturning Circulation (AMOC) and transports warm water towards
the northern high latitude, which fosters the relatively cooling and
strengthening of Southern Ocean deep water circulation (Karas et al.,
2017, 2019). The benthic foraminiferal proxy suggests a stronger and
more corrosive bottom water at CSP between 4.4 and 4.0 Ma (Figs. 5, 6,
7). The global overturning circulation, the Ross Sea gyre and the Wed-
dell Sea gyre are primary sources of cold ocean bottom water (Fahrbach
et al., 1995; Orsi et al., 1999, 2002; Orsi and Wiederwohl, 2009; Kerr
et al., 2018). Supercooling and brine rejection of various water masses
beneath floating ice shelves, particularly from the Ross Sea and the
Weddell Sea, generates around 60-80% of LCDW and AABW (Nicholls
et al., 2009; Orsi and Wiederwohl, 2009; Kerr et al., 2018). The north-
ward migration of deep water from the source of LCDW and AABW has
long been recognized as an important factor in ocean circulation and
climate (Nowlin and Klinck, 1986; Duplessy et al., 1988). McKay et al.
(2012) suggested that enhanced bottom and deep-water production in-
tensifies the deep Southern Ocean ventilation. The significant increase
in oxic species assemblage between 4.4 and 4.0 Ma suggests improved
CSP ventilation due to stronger AABW and CDW influence (Fig. 5). The
extension of the West Antarctic Ice Sheet (WAIS) from ~4.4 Ma onwards
is supported by a stronger AABW formation, better Southern Ocean
ventilation, and a colder deep ocean (Yin, 2013). The higher
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oxygenation, lower bottom water temperature, and fluctuating carbon-
ate dissolution rates in deep thermohaline circulation have been
attributed to a major expansion of the Antarctic ice sheet and the related
cooling in the Southern Ocean (Miller and Katz, 1987; Kurihara and
Kennett, 1992; Yin, 2013), as well as a greatly diminished influx of warm
saline deep water to the world ocean. Our data support enhanced deep
water formation and deep ocean ventilation since 4.4 Ma, which may be
linked with the strengthening of AMOC.

6. Conclusions

The distribution of benthic foraminifera at Site U1541 suggests that
the organic matter flux and oxygenation in the CSP played an important
controlling factor in productivity and deep-water circulation. During the
Late Messinian to Early Zanclean (5.6 to 4.9 Ma), the deep CSP was well-
ventilated and oxic in nature, marked by the presence of oxic species
assemblages, which slowly progressed towards suboxic environment at
~5.3 Ma due to increased productivity during the Early Pliocene warm
interval. CSP was warmer and highly productive at regular intervals and
had higher benthic foraminifera abundance. The Early Pliocene warm-
ing period in the CSP was characterized by higher abundances of IRD
and Orbulina universa between 5.3 and 4.9 Ma. The CSP fluctuate be-
tween oxic and suboxic environment between 4.9 and 4.4 Ma with
varied strength of bottom water. A rise in the proportion of oxic species
assemblages in the CSP between 4.4 and 4.0 Ma suggests an enhance-
ment in bottom water circulation (CDW or AABW), whose influence may
have been observed in the subtropical Indian and Atlantic Oceans. The
closure of the Central American Seaway may have triggered the same.
The Southern Ocean again becomes warm and productive between 4.0
and 3.6 Ma.

CRediT authorship contribution statement

Sunil K. Das: Formal analysis, Data generation, Methodology,
Writing — original draft, Writing — review & editing. N. Mahanta:
Formal analysis, Writing — review & editing. B. Sahoo: Formal analysis,
Writing — review & editing. Raj K. Singh: Conceptualization, Funding
acquisition, Methodology, Supervision, Writing — original draft, Writing
- review & editing. Carlos A. Alvarez Zarikian: Formal analysis,
Writing — review & editing, Data curation. Manish Tiwari: Formal
analysis, Writing — review & editing. Nishant Vats: Formal analysis.
Nihal: Formal analysis. Frank Lamy: Formal analysis, Data curation.
Gisela Winckler: Formal analysis. Jennifer L. Middleton: Data cura-
tion. Helge W. Arz: Data curation. Julia Gottschalk: Data curation.
Chandranath Basak: Data curation. Anieke Brombacher: Data cura-
tion. Oliver M. Esper: Data curation. Jesse R. Farmer: Data curation.
Lisa C. Herbert: Data curation. Shinya Iwasaki: Data curation. Lester
Lembke-Jene: Data curation. Vera J. Lawson: Data curation. Li Lo:
Data curation. Elisa Malinverno: Data curation. Elisabeth Michel:
Data curation. Simone Moretti: Data curation. Christopher M. Moy:
Data curation. Ana Christina Ravelo: Data curation. Christina R.
Riesselman: Data curation. Mariem Saavedra-Pellitero: Data cura-
tion. Inah Seo: Data curation. Rebecca A. Smith: Data curation.
Alexandre L. Souza: Data curation. Joseph S. Stoner: Data curation.
Igor Venancio M.P. de Oliveira: Data curation. Sui Wan: Data cura-
tion. Xiangyu Zhao: Data curation.

Declaration of competing interest
The authors declare no competing financial interests.
Data availability
Data on the major benthic foraminiferal percentage abundance from

Site U1541 were generated for this study covering Late Miocene to Early
Pliocene epoch. Data regarding dominant benthic foraminiferal



S.K. Das et al.
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