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ABSTRACT
The Pliocene climate was punctuated by many global glacial
events, which set the stage for the Quaternary glaciations. The
Late Pliocene witnessed two major glacial events, at 3.3 and
2.7 Ma. These events changed not only the dynamics of the
ice sheets and global climate but also the ocean circulation
patterns. The present work aims to reconstruct the variations
in the strength of the Agulhas Current (AC) during the Late
Pliocene on the basis of the planktic foraminiferal census and
stable oxygen isotope data from IODP Hole U1474A. The rela-
tive abundance of the Indian Ocean Group (IOG), the Southern
Ocean Group (SOG) and the productivity indicators (PI) show
significant variations, recording a change in the AC strength.
The stable oxygen isotope also corroborates the variation in
the Sea Surface Temperature (SST), in response to the AC
strength. The records indicate five episodes of weakening of
the AC during the Late Pliocene, which were in response to
the waxing Antarctic Ice Sheet leading to the northward mi-
gration of the polar fronts.
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1. INTRODUCTION

The Late Pliocene Epoch (3.6-2.6 My) witnessed
a significantly warm global climate. The period from
3.3 to 2.9 Ma, also known as the mid-Piacenzian
Warm Period (mPWP), saw the global average tem-
perature almost 3–4°C warmer than today (Fedorov
et al., 2013; Haywood et al., 2013; Jiménez-Moreno
et al., 2019). The Late Pliocene interval was not
only significantly warm but also witnessed episodes
of significant glaciations (De Schepper et al., 2014;
Jiménez-Moreno et al., 2019; McClymont et al.,
2023), which led to the initiation of the Quaternary
glaciations (Westerhold et al., 2020).

The Late Pliocene began with the onset of the
Northern Hemisphere Glaciation (NHG) at 3.6 Ma

∗Corresponding author. Email: vikram.singh@igntu.ac.in (VPS)

(Ravelo et al., 2004) evidences of which can be found
in the substantial waxing of North American Ice
Sheet at 3.5 Ma (Gao et al., 2012). Other than this,
two major glacial events have also been reported at
3.3 and 2.7 Ma (De Schepper et al., 2014).

The 3.3 Ma event, corresponding to MIS M2
(Lisiecki and Raymo, 2005; Tan et al., 2017), was
a global event, which caused a major decline in
the sea surface temperatures of the North Atlantic
(De Schepper et al., 2013) and led to glacial expan-
sion in the Northern Hemisphere (Jansen et al., 2000;
Kleiven et al., 2002) as well as a significant waxing of
the Antarctic Ice Sheet (AIS) (Brigham-Grette et al.,
2013).

The evidence for the 2.7 Ma glacial event has been
recorded in the abrupt increase in the ice-rafted

© CEHESH TRUST OF INDIA 103

https://orcid.org/0009-0003-3743-4056
https://orcid.org/0000-0001-7119-4613
https://orcid.org/0009-0008-7360-9585
https://orcid.org/0009-0007-0682-5301
https://doi.org/10.5281/zenodo.14279620
mailto:vikram.singh@igntu.ac.in


Journal of Geointerface, Vol. 3, No. 2, December 2024, pp. 103–112 e-ISSN: 2583-6900

debris (IRD) in the northern high latitudes (Beal
et al., 2011; Teschner et al., 2016). These records
also indicate the intensification of the NHG (iNHG)
during this period (McClymont et al., 2023). This
event is also recorded in the Southern Ocean, which
indicate a marked sea-ice expansion and progressive
waxing of the AIS during the latest Pliocene (Hillen-
brand and Ehrmann, 2005; Naish et al., 2009), lead-
ing to a bipolar expansion of the ice sheets.

These two glacial events were punctuated by the
mPWP (De Schepper et al., 2014; Haywood et al.,
2016; de la Vega et al., 2020; McClymont et al., 2023).
The mPWP caused a significant reduction in the po-
lar ice caps in both the hemispheres (Hill et al., 2007;
Dolan et al., 2011) and raised the global annual mean
temperatures (Haywood et al., 2009; Dowsett et al.,
2012; Lunt et al., 2012). It has been considered as
one of the best analogues to study the modern climate
and future climate projections (Haywood et al., 2016).

The climatic variations and changing extent of
the polar ice sheets would have profound impact on
the ocean circulation in the mid-latitudes. The AIS
has a large impact on the position of the Antarctic
Polar Fronts (APF), causing them to migrate north-
ward during the glacial events (Kemp et al., 2010;
Taylor-Silva and Riesselman, 2018). The northward
migration of the APF allows the incursion of the cold
Southern Ocean waters to the sub-tropical latitudes,
thereby influencing the surface ocean currents at the
mid-latitudes (Singh et al., 2023). The Agulhas Cur-
rent (AC), which is the largest western boundary cur-
rent (Simon et al., 2013), is one such current which
has been impacted a lot by the migrating APF.

The AC, carrying ~70 Sverdrup (Sv) of water (Si-
mon et al., 2013), is a major source of warm water to
the southern Atlantic Ocean, and also feeds the re-
turning arm of the global ocean conveyor belt (Beal
et al., 2011). The strength of the AC was impacted
several times during the Quaternary by the migration
of the APF, mainly the subtropical front (STF) (Bard
and Rickaby, 2009; Beal et al., 2011; Caley et al.,
2014; Nirmal et al., 2023; Singh et al., 2023). Consid-
ering the principle of uniformitarianism, we presume
that the AC would also have been impacted during
the Late Pliocene glacial events which caused the mi-
gration of the APF.

In the present study, we have reconstructed the
paleoceanography of the AC during the Late Pliocene

using the planktic foraminiferal census and stable
isotopic records. The planktic foraminifera, owing
to latitudinal provincialism (Bé, 1977), are excellent
proxies for reconstructing past circulation patterns.
Their stable isotope composition has been largely
used as a tool for deciphering the changing SST. The
reduction in the AC will be marked by the increase in
the abundance of cold water forms due to incursion
of cold Southern Ocean water.

The present study focuses on identifying the
events of variations in the AC during the Late
Pliocene using the relative abundance of plank-
tic foraminifera and stable oxygen isotopic ratio.
The AC, being a warm current, will be dominated
by the tropical–subtropical planktic foraminiferal
species when it is stronger. Any event of reduced
strength would be represented by an increase in the
relative abundance of cold water species. In the
present study, we present the census and stable oxy-
gen isotope records of relevant planktic foraminiferal
species recovered from the deep sea sediments from
the IODP Hole U1474A from the SW Indian Ocean.
The tropical–subtropical species are indicative of the
warmer AC, while the temperate and subpolar species
indicate the incursion of cold Southern Ocean sourced
waters. We have compared the census records with
the stable oxygen isotope records from the IODP Hole
U1474A as well as the LR04 benthic stack (Lisiecki
and Raymo, 2005).

2. STUDY AREA

The IODP Hole U1474A, located in the path of
the AC (31o13.00’S; 31o32.71’E; Fig. 1) (Hall et al.,
2017), is an ideal site for studying the variability of
this current. The pelagic sediments from the deep sea
core recovered from this site consist of well-preserved
planktic foraminiferal assemblage characterized by a
mixture of tropical–subtropical, temperate, and sub-
polar species.

The AC transports 70 Sv of water, which is de-
rived from the Madagascar Current, Mozambique
Current and the recirculated part of the Agulhas Re-
turn Current (Fig. 1) (Lutjeharms, 2006). This warm
current exerts a significant impact on the global ther-
mohaline circulation by feeding the returning arm of
the conveyor belt in the South Atlantic through the
Agulhas Leakage (AL) (Zahn et al., 2010).
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Fig. 1. Modern ocean circulation of the SW Indian Ocean and the location of the study area. The study area is marked by a
solid circle. The position of the various Antarctic Polar Fronts is marked after Orsi et al. (1995). Abbreviations: AC - Agulhas
Current; AL - Agulhas Leakage; ARC - Agulhas Return Current; MC - Mozambique Current; SEC - South Equatorial Current;
STF - Sub Tropical Front, SAF- Sub Antarctic Front, APF- Antarctic Polar Front, SACCF- Southern ACC Front, SBF- Southern
Boundary Front. The SST map is compiled from World Ocean Atlas 18 (Locarini et al., 2018) and drawn using Ocean Data View
software version 5.6.3 in the orthographic equatorial projection (Schlitzer, 2022).

3. MATERIALS AND METHODS

3.1. Planktic foraminiferal census count data

We processed 130 deep sea samples using wet-
sieving method to extract >150 µm fraction of plank-
tic foraminifera. The taxonomic identification was
done up to species level following the taxonomy by
Kennett and Srinivasan (1983), Schiebel and Hem-

leben (2017) and Lam and Leckie (2020). The census
count data in percentage was generated and relative
abundance curves for the key species were plotted.

3.2. Stable Isotope Analysis

Stable oxygen isotope analysis was conducted on
the surface dweller Globigerinoides quadrilobatus. We
picked 4 to 5 ultrasonically cleaned specimens of this
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Fig. 2. Age–depth plot of the IODP Hole U1474A. Paleomagnetic stratigraphy after Hall et al. (2017) and revised ages after Ogg
(2020).

species from the samples. Globigerinoides quadrilo-
batus is a mixed layer dweller (Chaisson and Ravelo,
1997) and can be used for isotopic analysis of the sur-
face water, as it records the isotopic ratio of ambient
shallow water. The stable isotopic analysis was car-
ried out using Kiel IV Carbonate device and Thermo
MAT 253 Plus isotopic ratio mass spectrometer de-
vice at IISER Kolkata. The oxygen isotope data is
reported in δ notation relative to VPDB, with a stan-
dard deviation of ±0.02 ‰.

3.3. Age Model

The age model for the studied core was derived
on the basis of the detailed magnetostratigraphy of
IODP Hole U1474A (Hall et al., 2017). The absolute
ages for palaeomagnetic events and reversal bound-
aries were taken from Ogg (2020). We calculated the
rate of sedimentation by assuming a uniform rate of
sedimentation between recorded paleomagnetic rever-
sal events. It was then interpolated to calculate the
ages for each sample (Fig. 2). Thereafter, we selected

the samples spanning 2.6 to 3.6 Ma for the present
study.

3.4. Planktic Foraminiferal Species Groups for Pale-
oceanographic Reconstruction

We encountered a total of 60 planktic
foraminiferal species, comprising a mixture of
tropical, subtropical and temperate forms. Although
the planktic foraminiferal assemblage is dominated
by the warm water species, it also shows a consider-
able rise in the population of the cold water forms
as well as species preferring eutrophic conditions,
indicating a remarkable degree of fluctuation in
the relative abundances of the climatically sensitive
species.

Considering the ecological preferences and the
biogeographical distribution of planktic foraminiferal
species (Bé, 1977) and a relative abundance of 5% in
at least 10 samples, three main groups of the plank-
tic foraminifera were formed, the Indian Ocean Group
(IOG), the Southern Ocean Group (SOG) and Pro-
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Fig. 3. Planktic foraminiferal groups formulated for the reconstruction of the AC. Indian Ocean Group comprises of: a. Globigeri-
noides ruber, b. Trilobatus sacculifer, c. Globoturborotalita rubescens¸ d. Neogloboquadrina acostaensis, e. Menardella menardii;
Southern Ocean Group comprising of: f. Globoconella inflata, g. Neogloboquadrina incompta, h. Globoconella puncticulata;
Productivity Indicators consisting of: i. Globigerina bulloides, j. Globigerinita glutinata, k. Neoglboquadrina dutertrei. The SEM
images are of planktic foraminiferal species from IODP Hole U1474a. The scale bar represents a scale of 100 µm. The taxonomic
identification is after Kennett and Srinivasan (1983), Schiebel and Hemleben (2017) and Lam and Leckie (2020). The SEM was
conducted at Ravenshaw University using Zeiss Gemini 300 Scanning Electron Microscope.

ductivity Indicators (PI) (Fig. 3). The IOG com-
prises the tropical–subtropical water-dwelling species
Globigerinoides ruber, Trilobatus sacculifer, Globo-
turoborotalita rubescens, Neogloboquadrina acostaen-
sis, and Menardella menardii. The SOG comprises
cold temperate, subpolar species Globoconella inflata,
Globoconella puncticulata, and Neogloboquadrina in-
compta, and the PI includes Globigerinita glutinata,
Globigerina bulloides and Neogloboquadrina dutertrei.

4. RESULTS

The studied time interval (3.6 to 2.6 Ma) has been
divided into three main events: i. pre-mPWP (3.6 to
3.3 Ma), ii. mPWP (3.3 to 2.9 Ma), and iii. Post-
mPWP (2.9 to 2.6 Ma). The entire Late Pliocene
interval at Hole U1474A saw significant variations in
the planktic foraminiferal relative abundance (Fig. 4).
The correlation of the relative abundance of IOG,
SOG and PI, and the stable oxygen isotope ratio indi-
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Fig. 4. The relative abundances of the planktic foraminifera from IODP Hole U1474A: a. Indian Ocean Group (IOG); b. Southern
Ocean Group (SOG); c. Productivity Indicators (PI), correlated with d. δ18O of Globigerinoides quadrilobatus from U1474A. The
shaded portions indicate the intervals of decline in IOG which indicate reduction in the strength of the AC.
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cates the shifting of the ecotones, thereby indicating
the variation in the strength of the AC.

The IOG showed significant variations during the
Late Pliocene, marking six events of marked decline
in the relative abundance. The pre-mPWP interval
(3.6 to 3.3 Ma) started with a high abundance of IOG,
which showed a decline from 60% to 35% between 3.5
to 3.4 Ma (Fig. 4a). These events are corroborated by
an 8–10% rise in the relative abundance of the SOG
when it reached >14% (Fig. 4b) of the total faunal
composition. The PI showed an increase to comprise
almost 20% (Fig. 4c), along with a positive excursion
in δ18O values (Fig. 4d). The IOG then gradually in-
creased after 3.4 Ma to reach 60% at 3.34 Ma. During
this interval, the SOG declined severely to less than
5%. The average abundance of IOG declined signifi-
cantly between 3.3–3.28 Ma (by 25%) while the SOG
increased to ~15% and the PI also showed higher
abundance. The δ18O during this interval showed
positive excursion, to reach the highest value. The
interval between 3.27 to 2.9 Ma showed constantly
higher abundance of IOG, and substantial decline in
SOG. Although there were two pulses of rise in SOG,
these seem to be in response to the local hydrographic
changes. These two events at 3.14–3.05 Ma and 2.97–
2.95 Ma saw a rise of ~15% in SOG, slight rise in PI
and positive excursion in δ18O. Post the mPWP inter-
val, the SOG showed the highest abundance to reach
20% of the total faunal population between 2.88–2.8
Ma, while the IOG declined by almost 10% during
this interval. There was slight positive excursion in
the δ18O values. Another event of decline in IOG was
observed at 2.68 Ma, where the abundance decreased
by almost 20%. Interestingly, this event didn’t show
significant rise in the SOG, but the PI rose to 30% of
the total faunal population indicating enhanced pro-
ductivity. This event also saw a positive excursion in
the δ18O from 2.75 to 2.68 Ma.

The intervals showing a decline in the relative
abundance of IOG, and corresponding higher abun-
dance of SOG are associated by a positive excur-
sion in the δ18O values from Hole U1474A, indicating
lower SST, marking an incursion of the cold, South-
ern Ocean-sourced waters to the IODP Hole U1474A.

5. DISCUSSION

Although the Pliocene Epoch was a period of
significantly warm climate, it witnessed significant
glaciations in both hemispheres prior to the Qua-

ternary Period (De Schepper et al., 2014). The ge-
ological records provide detailed evidence of glob-
ally recognised glacial events during the Pliocene
(De Schepper et al., 2014).

The planktic foraminiferal records from Hole
U1474A also indicate the variations in the AC un-
der the impact of these events during the Pliocene.
The interval from 3.6 to 2.6 Ma showed a consis-
tently high abundance of the IOG, but there were
six events of rise in SOG observed during this period,
which were also corroborated by an increase in the PI
as well as positive excursion in δ18O. We believe that
these events occurred due to a weakening of the AC
in response to northward migration of the APF, that
caused the influx of cold Southern Ocean waters.

The Late Pliocene (3.6 My onwards) began with a
higher IOG, marking a stronger AC due to the south-
wardly positioned APF under the impact of reduced
AIS. The AIS was severely reduced and the SST of the
Southern Ocean was significantly warmed between
3.6 and 3.4 Ma (Naish et al., 2009; McKay et al.,
2012; Levy et al., 2012). The AC would have been
significantly stronger during this interval, although
there were pulses of rise in SOG indicating reduced
flow.

The Early Pliocene warmth was terminated by
a glacial event at 3.3 Ma (MIS M2) (Lisiecki and
Raymo, 2005; De Schepper et al., 2014). The oxygen
isotope values from U1474A also exhibit a sharp pos-
itive excursion, indicating the influence of this glacial
event on the AC. The 3.3 Ma event, which was a ma-
jor global glaciation (McKay et al., 2012; Brigham-
Grette et al., 2013; Andreev et al., 2013), would have
caused the waxing of the AIS, leading to a northward
migration of the APF. The IOG declined significantly
from 3.3 Ma and reached to the minimum abundance
at 3.28 Ma. The 3.3 Ma glacial event caused a marked
reduction in the AC.

The 3.3 Ma glacial event was followed by the
mPWP, when the Antarctic and Greenland ice sheets
became smaller than the present (Hill et al., 2010;
Dolan et al., 2011). The impact of the mPWP sub-
stantially reduced the AIS, which would have re-
stricted the APF to the southern latitudes, thereby
strengthening the AC from 3.3 to 3 Ma. Although
there are two events of increased SOG, indicating
a reduction in AC for a short interval, we believe
that these events warrant further analysis to ascer-
tain their causes, as at the present moment we are
unable to explain their cause. The census data of
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the IOG and the oxygen isotope values corroborate
the warmer conditions and stronger AC during the
mPWP interval.

Post mPWP, the glacial conditions that initiated
at 2.8 Ma (MIS G10) (Martinez-Boti et al., 2015), led
to a high latitude cooling during the Late Pliocene
(McClymont et al., 2016), which caused the continu-
ous expansion of the ice sheets (De Schepper et al.,
2014). The IOG showed a major decline of ~20%
during this interval, while there was a slight increase
rise in SOG and a significant rise in PI. Probably
the reduced AC allowed the fertile cold waters from
the Southern Ocean to reach the study area. Be-
fore the onset of Quaternary, a major glaciation oc-
curred at 2.7 Ma (MIS G6/G4) (De Schepper et al.,
2014), which led to the intensification of the NHG
(McClymont et al., 2016). It was a global event, more
pronounced in the NH (Bartoli et al., 2006; Darby,
2008; Knies et al., 2009). The ice core records from
Antarctica indicate an extensive cooling during the
latest Pliocene in the SH (Naish et al., 2009). These
records indicate the vast extent of the 2.7 Ma cool-
ing event. At U1474A, the IOG significantly reduced
between 2.7–2.65 Ma, indicating a reduced AC. The
SOF during this event increased by 10%, while the
oxygen isotope shows a positive excursion, indicat-
ing the lowering of the SST. This event also showed
enhanced productivity.

6. CONCLUSIONS

The paleoceanographic reconstruction of the AC
on the basis of the planktic foraminiferal census data
and stable oxygen isotope revealed significant vari-
ations in the strength of the Agulhas Current dur-
ing the Pliocene Epoch. The data reveals five events
of significant decline in the strength of the Agulhas
Current during the Late Pliocene, at 3.48–3.4 Ma,
3.3–3.2 Ma, 3.1 Ma, 2.9–2.8 Ma and 2.7–2.65 Ma.
These events were in response to the glaciations that
severed the warm Pliocene climate. The glaciation
enhanced the Antarctic Ice Sheet, causing a north-
ward migration of the Antarctic polar fronts which
caused significant reduction in the Agulhas Current
and incursion of cold Southern Ocean sourced water
at the IODP Hole U1474A.
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