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ARTICLE INFO ABSTRACT

Keywords: Recent studies have demonstrated that contourites from the Agulhas Plateau (AP) are unique archives for

Bottom currents reconstructing the global thermohaline circulation. Nonetheless, the strength of the current regime influencing

ggbll{lha_s plateau the AP and a significant proportion of reworked sediments may influence the interpretation of proxies and
iquity

sedimentation rates, among other factors. Recently, many studies have focused on shallow contouritic systems,
emphasising shallow carbonate drifts, for which the bulk composition of detrital components has been well
characterized. In contrast, research on deep contourites is less frequent and particularly sparse in the context of
deep carbonate contouritic deposits. To identify potential proxies for current intensity in deep carbonate con-
tourites, we conducted a high-resolution study based on bulk elemental geochemical and grain size data, as well
as cyclostratigraphy and statistical analysis. Here, we present an age model for the International Ocean Discovery
Program (IODP) Site U1475 (Indian Ocean - South Atlantic Ocean) on a precessional time scale spanning the
Miocene-Pliocene transition and identify the potential use of the In (Ca/Sr) ratio for reconstructing changes in
the vigor of near-bottom current at this site. The potential application of this geochemical ratio is based on the
unusual opposing trend between calcium and strontium, despite both being associated with carbonates. Intense
bottom currents likely enhance the winnowing of fine carbonates (Sr-enriched calcareous nannofossils),
concentrating relatively coarser carbonates (Ca-enriched foraminifera) in sediments. Spectral analyses reveal
that obliquity (41 kyr), with a prominent ~173 kyr amplitude modulation, is the primary orbital forcing driving
deep circulation from 6.1 to ~5.6 Myr, whereas short eccentricity (100 kyr) and modulation of obliquity (~173
kyr) show stronger influence it from ~5.6 Myr. At 5.45 Myr, the influence of short eccentricity is strong enough
to favor high flow speeds at Site U1475, which is coeval with the earliest Northern Hemisphere glaciation.
Moreover, these high current intensity occur in phase with maximum obliquity during the cold periods (e.g.,
TG14, TG12), while low current intensity occur concurrently with minimum obliquity. Based on the integrated
data utilized, we propose that In (Ca/Sr) serves as a reliable proxy for reconstructing near-bottom current speed
variability at specific depths within carbonate systems, such as the Agulhas Plateau.
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Miocene/pliocene transition
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1. Introduction

The Miocene-Pliocene transition marks a shift from a unipolar (Di
Nicola et al., 2012) to a bipolar Earth state (McClymont et al., 2023;
Bailey et al., 2013; Westerhold et al., 2020). This transition is accom-
panied by notable changes in tectonic configurations (Lunt et al., 2008),
COq levels (Guillermic et al., 2022; Herbert et al., 2016), global tem-
perature (Herbert et al., 2016), and deep ocean circulation (Van der
Schee et al., 2016; Brierley and Fedorov, 2016; De Schepper et al.,
2015). In this context, deep ocean circulation plays a crucial role in
regulating the global climate, particularly through shifts in the pro-
duction of Antarctic Bottom Water (AABW) and North Atlantic Deep
Water (NADW), and subsequent ventilation of all three major oceanic
basins: the Atlantic, Indian, and Pacific. This circulation controls the
distribution of heat, carbon, and nutrients within the water column over
various timescales (Talley, 2013; Adkins, 2013).

Evidence suggests that deep circulation during the late Miocene to
early Pliocene was markedly different from contemporary circulation
patterns (Billups, 2002; Matsuzaki, 2023; Naik et al., 2025). The ques-
tion of whether AABW and/or NADW were present in the Agulhas region
during this period remains contentious (Scher and Martin, 2008; Fischer
and Uenzelmann-Neben, 2018). Reconstructions based on data from the
sub-Antarctic South Atlantic (Site 1088) indicates the presence of a
nutrient-depleted water mass, likely of North Atlantic origin, reaching
this region during the late Miocene (~6.6 Ma). This finding suggests a
strong thermohaline circulation in the Atlantic prior to the early Plio-
cene, potentially linked to the emergence of the Central American
Seaway (Billups, 2002; Dausmann et al., 2017). Conversely, in-
terpretations based on the same site and additional locations in the
North and South Atlantic indicate that deep circulation was poorly
ventilated, suggesting a weakened Atlantic Meridional Overturning
(AMOC) (Hodell and Venz-Curtis, 2006).

Previous investigations have demonstrated that analysing the Agul-
has Plateau contourite system through seismic data interpretations is an
effective method for monitoring changes in deep circulation
(Uenzelmann-Neben, 2001). Contourites, by definition, are sediments
that are deposited by or significantly influenced by bottom (contour)
currents (Stow and Faugerés, 2008; Rebesco et al., 2014). Therefore, it is
crucial to develop reliable proxies for reconstructing the intensity of
these currents associated with climate change, particularly during the
challenging Miocene-Pliocene transition.

Among the established approaches for reconstructing bottom current
strength, the mean grain size of the sortable silt fraction (SS, 10-63 pm)
is widely recognized as a robust hydrodynamic proxy, as it directly re-
flects current-induced sorting, with stronger flows producing coarser
mean grain sizes (McCave et al., 1995, 2017). This method has been
successfully applied across a range of time intervals, including re-
constructions of Pleistocene variability of the Antarctic Circumpolar
Current south of Africa (Starr et al., 2025) and Miocene deep circulation
changes (Hall et al., 2003). Despite its demonstrated value, the SS
approach requires sufficient terrigenous input and can be limited in
carbonate-dominated (from 75 to 90%) contourite settings such as the
Agulhas Plateau. In this context, complementary proxies are essential.

Elemental ratios such as zirconium/aluminium (Zr/Al) and zirco-
nium/rubidium (Zr/Rb), and calcium/iron (Ca/Fe) have been employed
to track changes in bottom current intensity from contourites deposits in
Gulf of Cadiz (Vandorpe et al., 2019; Bahr et al., 2014, Van der Schee
et al., 2016), Alboran Sea (Alonso et al., 2021; Vandorpe et al., 2019),
Mediterranean Sea (Alonso et al., 2021), Mozambique margin (Lopes
et al., 2023), and Pacific Southern Ocean (Wu et al., 2020; Lamy
et al., 2024). While the use of Zr/Al ratio as bottom current proxy has
been successful in different locations, it is not a viable proxy for bottom
water intensity on the Agulhas Plateau. In this carbonate-dominated
setting, the high Sr contents interfere with Zr because both have
similar ~X-ray lines, compromising even semi-quatification
(Jiménez-Espejo et al., 2017; Gallhofer and Lottermoser, 2018). The Sr
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emission lines (particularly Ko and Kp) have energies very close to those
of the Zr L lines, which can result in direct interference/overlaps in
detection. Consequently, Zr may appear artificially elevated in the data,
reflecting in fact the presence of Sr rather than true variations in Zr
concentration.

Thus, our objective is to investigate which elemental ratios can be
utilized to faithfully trace changes in the flow speed of bottom water on
the Agulhas Plateau, since it is a carbonate contourite and serves as a key
location to monitor the influence and intensity displacement of deep
circulation from the late Miocene to early Pliocene.

2. Study site

Site U1475 (Fig. 1A) was drilled on the southwestern flank of the
Agulhas Plateau in the Indian Ocean (41°25.61'S; 25°15.64'E, water
depth of 2669 m) during IODP Expedition 361. The Agulhas Plateau is
an oceanic Large Igneous Province (LIP, Uenzelmann-Neben et al., 1999;
Gohl and Uenzelmann-Neben, 2001), originated during the early stages
of the opening of the South Atlantic about 90 Myr (Uenzelmann-Neben,
2001). The Agulhas Plateau hosts a major carbonate contourite depo-
sitional system (carbonate CDS) shaped by persistent bottom-current
activity within the Agulhas region, rising up to 2500 m above the sur-
rounding seafloor (Uenzelmann-Neben, 2001). It is characterized by
various sedimentary structures, including submarine dunes, drifts,
channels, erosional unconformities, and the truncation of reflectors at
the seafloor, all shaped by bottom currents (Tucholke and Embley,
1984). It is likely the Agulhas Plateau contourite system began during
the early Oligocene (Wildeboer Schut and Uenzelmann-Neben, 2005).

At present, the western flank is influenced by the AABW, which has a
salinity range of 34.6 to 35.0 psp, flowing southwestward, while the
southern margin exhibits a northeasterly flow (Tucholke and Embley,
1984). Its potential temperature at various locations is about _0.88°C
(Johnson, 2008). Modern oceanographic observations indicate that
NADW (salinity range 34.9-35.0 psp) also impacts Site U1475 (Fig. 1B),
with NADW constituting ~40% of the total volume, whereas AABW
accounts for ~60%. Both end-members of NADW's components (Lower
NADW and Upper NADW) presents potential temperature of 1.3 °C and
3.32°C, respectively (Johnson, 2008).

The formation of AABW is a complex process (Foster and Carmack,
1976), sourced from various bottom water types produced and expor-
ted along the continental margins of Antarctica, including Weddell Sea
Bottom Water (WSBW), Ross Sea Bottom Water (RSBW), and Adélie
Land Bottom Water (ALBW) (Warren, 1981; Orsi et al., 1999; Schmidt
et al., 2023). These water masses contribute to AABW's defining char-
acteristic as the densest water in the major basins of the global ocean,
being cold and relatively fresh in comparison to NADW. The pathway of
AABW generally follows a northward trend, covering most of the deep
(>3000m) world ocean seafloor, with exceptions in the Arctic and
portions of the North Atlantic Ocean, where NADW fills the ocean bot-
tom (Mantyla and Reid, 1983; Orsi et al., 2001). NADW is formed from
the southward overflow of waters originating in the Greenland, Iceland,
and Norwegian Seas (Dickson and Brown, 1994), overlain and
augmented by a somewhat warmer and less dense water mass known as
Labrador Sea Water (Yashayaev et al., 2007). The amalgamation of
water types leads to the formation of NADW (Talley and McCartney,
1982), which is noticeably warmer, saltier, and less dense than AABW.
However, the distribution and properties of these deep and intermediate
water masses are not only the result of local water mass formation
processes, but are also strongly modulated by large-scale circulation
patterns. In the Southern Hemisphere, the Antarctic Circumpolar Cur-
rent (ACC) exerts a primary control on the ventilation and export
pathways of NADW and AABW, shaping the structure of the abyssal
circulation and the exchange between ocean basins (Starr et al., 2025).
The interaction of the ACC with bathymetric features, such as ridges and
fracture zones, further enhances mixing and influences the spread of
water masses into the Atlantic sector.
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The Agulhas system plays an important role in global climate. During
cold (warm) periods the westerlies shifts northward (southward),
pushing the front system into the same direction, which reduces
(expand) the Indian-Atlantic gateway, and consequently the input of
warm surface water into Atlantic Ocean (Peeters et al., 2004).
Geochemical data revealed throughout glacial periods within the
Pleistocene the southwestern flank of the Agulhas Plateau was bathed by
well-ventilated water mass a with an isotope signature similar to that of
present-day NADW (Molyneux et al., 2007). Similarly at 6.0 Ma the
relative proportion of the northern provenance watermass was similar to
today suggesting that in the Atlantic overturn circulation was relatively
strong (Billups, 2002).

3. Material and methods
3.1. Age model

A high-resolution age model was constructed for the IODP Site
U1475 across the Miocene to Pliocene transition (216-293 m, CCSF)
using integrated bio- and cyclostratigraphy (Fig. 2A) based on the In (Si/
K) (Fig. 2B), using calcareous nannofossils observations as biostrati-
graphic tie points (Table 1). The average sampling resolution for nan-
nofossil biostratigraphy was 1 per section or ~1.5m. To extend the
timescale beyond the oldest nannofossil datum, we estimated strati-
graphic control points utilizing the apparent short-term cycles observed
in In (Si/K).

The In (Si/K) record displays prominent short-term cycles, which
were aligned with orbital periodicities using the La2004 astronomical
solution (Laskar et al., 2004). Tuning was conducted iteratively by

Salinity

35.2 35 34.8 34.6 34.4 34.2

i = S amm

60°S
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matching statistically significant peaks in the In (Ca/Sr) and In (Si/K)
records to eccentricity- and precession-band cycles, always within the
envelope of biostratigraphic uncertainty. This approach allowed us to
refine sedimentation rates and extend the age control beyond the limits
of biostratigraphic datums. To extend the timescale beyond the oldest
nannofossil datum, we extrapolated the cyclostratigraphic tuning based
on the In (Si/K) ratio further downcore (Fig. 2B). The resulting age
model integrates absolute but low-resolution biostratigraphic markers
with higher-resolution orbital tuning, ensuring both chronological
robustness and astronomical consistency across the studied interval
(Fig. 2A).

3.2. Elemental geochemistry

The elemental intensities of Al, Si, K, Ca, Ti, Fe, Br, Sr, and Zr were
measured at high resolution (3 cm) using a third-generation Avaatech X-
ray Fluorescence (XRF) core scanner, which is equipped with a Canberra
X-PIPS SDD and Model SXD 15C-150-500 X-ray detector, located at the
IODP JRSO XRF Core Scanning Facility at Texas A&M University (USA).
Before measuring the surface sediments, the core halves were covered
with 4 pm-thick SPEXCerti Ultralene to ensure clean measurement sur-
faces. We set the XRF to collect over a 1 cm? area with a counting time of
9s for both voltages, under operating conditions of 9kV and 250 pA
with no filter (for Al to Fe detection), and 30 kV and 1250 pA with a Pd-
filter (for Rb, Sr, and Zr detection). To account for down-core variability
in sediment density, water content, and matrix effects that directly in-
fluence raw counts, we employed elemental ratios rather than absolute
counts. These ratios were subsequently transformed using the natural
logarithm (In), following a procedure widely used in XRF core scanning

Bathymetry (m)
-2000 0 2000 4000

-6000 -4000

g
s
!
8

50°S 40°S

Fig. 1. Map of study area: A) Broad view of study site U1475 (white circle), surrounding area, and the cross section (vertical red line). B) Geomorphologic and
oceanographic features near IODP Site U1475 modified after Gruetzner et al. (2019). Arrows indicate bottom water currents carrying North Atlantic Deep Water
(NADW) and Antarctic Bottom Water (AABW). AP = Agulhas Plateau; AB = Agulhas Basin; TB = Transkei Basin. C) Salinity cross section from ~75°S to 43°S was
constructed based on World Ocean Database (WOD) and exhibits the main modern salinity of Antarctic Bottom Water and North Atlantic Deep Water.
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Fig. 2. Age model of site U1475 with sample spacing of 3 cm (0.4 kyr resolution): A) Spectral analysis carried out on untuned In (Si/K) ratio data showing the most
expressive cycles (14.28 - 2.38 m) above 95% of confidence level. B) Untuned raw data of In (Si/K) from site U1475. C) Filtered 2.38 m from In (Si/K). D) Summer
Insolation at 65°N and eccentricity. E) Tuned In (Si/K) ratio spanning from ~4.95 to ~6.12 Myr. Orange vertical dashed lines represent the biostratigraphic datum of
the following index taxa: Ceratolithus armatus, Ceratolithus rugosus, Discoaster quinqueramus, and Globorotalia margaritae.

Table 1

Tie points used to construct the age model of Site U1475. T = top or terminal occurrence, B = base occurrence.

Sample Code (Site-Hole-Core- Depth (CFS-A, Depth (CCFS-A, Tie point Type Astronomically calibrated Reference

Section) m) m) age

U1475B-22H-4W 201.65 219.94 T - Ceratolithus armatus Bioevent 5.04 Ma Blair et al. (2017)

U1475B-23H-2W 208.15 228.33 B - Ceratolithus rugosus Bioevent  5.12 Ma

U1475B-26H-4W 239.65 261.54 T — Discoaster Bioevent  5.59 Ma Backman et al.
quinqueramus (2012)

U1475E-29H-4W 263.2 284.20 B - G. margaritae Bioevent  6.08 Ma GTS scaling 2012

studies, as it reduces matrix effects and enhances comparability of
elemental data (Weltje and Tjallingii, 2008).

3.3. Grain size analysis

The granulometric analysis (n=161) was conducted at Niigata
University (Japan) using a Mastersizer 3000 laser diffraction particle
size analyzer (Malvern Instruments Ltd.) equipped with a Hydro LV unit.
No chemical pretreatment was performed, therefore, the carbonate
content was not removed. All particles were dispersed via ultrasonic
treatment for 1 min in a solution containing 0.2 wt% sodium hexame-
taphosphate (SHMP, Nag [(PO3)¢]-

The refractive index and the absorption index were set to 1.580 and

0.100 for the red laser, and 2.000 and 0.100 for the blue laser. Mea-
surement time was 5 s/per sample for both lasers, with five repetitions.
The optimal obscuration for the measurements ranged between 8 and
12%. Due methodological limitations of the grain-size analyzer, sortable
silt is herein represented by the 10-59 pm fraction rather than the
standard 1063 pm range of McCave et al. (1995).

3.4. Spectral analysis, cyclostratigraphy, and sedimentation rates

We conducted spectral analysis using the software Acycle (Li et al.,
2018) on the untuned In (Si/K) ratio from Site U1475 sediments, as
well as on the tuned In (Ca/Sr) ratio to unravel the predominant orbital
forcing that influenced these elemental ratios. Prior to conducting
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spectral analysis on the untuned data, we interpolated it and detrended
by removing long-term variability through window length correspond-
ing to 35% of the total series length. On the tuned data, we interpolated
and detrended the data by 0.4 m and 35.98% (415 kyr), respectively.
During the detrend, we removed the long-term trend (Cleveland, 1979)
through a rLoess smooth curve. The dominant cycles (peaks above 95%
of confidence level) and statistical significance test were observed
through the multitaper method (MTM) power spectral analysis
(Thomson, 1982) and robust red noise modeling procedure (Mann and
Lees, 1996), respectively. Those peaks were compared to astronomical
frequencies from La2004 solution (Laskar et al., 2004), and by applying
Fast Fourier transform (FFT) (Kodama and Hinnov, 2015), we unraveled
the evolution of dominant Milankovitch cycle imprint on our data
through geologic time.

3.5. Principal Component Analysis and pearson correlation coefficient

In the sediments from Site U1475 we performed Principal Compo-
nent Analysis (PCA) on major elements, including Al, Si, K, Ca, Ti, Fe, Br,
Sr, and Zr, using the Paleontological Statistics - PAST software (Hammer
etal., 2001). The objective was to understand and evaluate the behavior
of these elements as potential proxies for bottom water intensity in the
Agulhas region. We carried out data pretreatment, which included
normalisation by subtracting the mean values and dividing by the
standard deviation. (Davis, 1986). The PCA results were analized under
the broken stick-method (Jackson, 1993) and the values above of the
null expectation of variance distribution were considered representa-
tive. Pearson correlation coefficients were calculated to identify mean-
ingful relationships among PCs and elements.

4. Results and discussion
4.1. Astronomical tuning and age model

A preliminary shipboard age model was constructed based on
biostratigraphy and magnetostratigraphy to the IODP Site U1475 with a
good resolution from 0 to 100 m, a very low from 100 to 250 m, and
moderate from 250 to ~292m. All these depths are referred in core
omposite depth below sea floor (CCSF-C, Gruetzner et al., 2019). The
depth interval 216 m - 292.2 m (CCFS-A) spanned from 4.92 Ma to 6.6
Ma (Gruetzner et al., 2019). Here we increased the resolution through
biostratigraphy and cyclostratigraphy. Thus, the age model (Table 2)
constructed for Site U1475 features a precessional scale resolution and
spans from 6.12 to 4.95 Ma (73.13 m thick). This encompasses depths
ranging from shallow (216 m) to the deepest point (292.2 m) in the
U1475 splice (CCFS-A), which includes the following holes: U1475B,
U1475C, and U1475E. The age model was informed by
astronomically-calibrated biostratigraphic datums, following the meth-
odologies of Backman et al. (2012) and Lourens et al. (2004).

The index species present in the Site U1475 is Ceratolithus rugosus,
which evolved from Ceratolithus acutus (Gartner and Bukry, 1975). It is
noteworthy that the current designation for Ceratolithus acutus is now
Ceratolithus armatus (Blair et al., 2017). The bioevents marking the top
occurrence of C. acutus and the base of C. rugosus are well-documented in
the early Pliocene (Martini, 1971; Bukry, 1973). In our study we
assigned an age of 5.12 Myr to the base of C. rugosus following Blair et al.
(2017). The top occurrence of the nannofossil Ceratholithus armatus is
chronologically constrained between 5.345 and 5.04 Ma (Raffi et al.,
2006), with its presence documented in various sections of the Trop-
ical Atlantic Ocean (Backman and Raffi, 1997). In our records, we used
the 5.04 Myr as the age of this bioevent and they were identified at
depths of 219.95 m and 228.33 m (Table 1), respectively. The Top
occurrence of Discoaster quinqueramus was recorded at 261.54 m
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Table 2

Age Model for IODP Site U1475 for Late Miocene (6.1 Myr) to Early Pliocene
(4.95 Myr) based on In (Si/K) ratio depths tuned to Northern Hemisphere
summer insolation, and constrained by previous astronomically dated
biostratigraphic records.

Sample Code (Site-Hole-Core-Section) Depth Age (Myr)
CSF-A (m) CCSF-A (m)
1475B-22H-4 200.96 217.05 4.953
1475B-22H-5 202.49 218.58 4.975
1475C-23H-3 203.32 219.94 5.04
1475C-23H-4 204.91 221.533 5.024
1475C-23H-5 205.48 222.103 5.044
1475C-23H-6 207.04 223.663 5.067
1475E-23H-5 208.05 225.974 5.087
1475 E-23H-6 209.55 227.474 5.113
1475C-24H-2 211.26 228.08 5.128
1475C-24H-3 211.8 228.62 5.136
1475C-24H-4 213.24 230.06 5.158
1475C-24H-4 214.11 230.93 5.181
1475C-24H-5 215.85 232.67 5.202
1475C-24H-6 216.45 233.27 5.236
1475 E-24H-4 216.35 235.67 5.254
1475C-25H-2 220.88 238.73 5.274
1475C-25H-3 222.08 239.93 5.292
1475C-25H-4 223.55 241.4 5.311
1475C-25H-5 224.87 242.72 5.331
1475 E-25H-3 224.11 244.11 5.353
1475 E-25H-4 224.89 244.89 5.372
1475 E-25H-5 226.72 246.72 5.403
1475C-26H-3 230.62 248.54 5.424
1475C-26H-3 231.58 249.5 5.446
1475C-26H-4 233.35 251.27 5.468
1475C-26H-5 234.79 252.71 5.495
1475 B-26H-1 235.15 253.85 5.518
1475 B-26H-2 236.98 255.68 5.538
1475B-26H-4 239.26 257.96 5.559
1475 B-26H-5 241.66 260.36 5.58
1475 B-26H-6 242.8 261.5 5.59
1475 E-27H-3 242.6 262.31 5.613
1475E-27H-3 243.38 263.09 5.633
1475E-27H-4 243.92 263.63 5.652
1475 E-27H-4 244.88 264.59 5.667
1475E-27H-5 246.11 265.82 5.687
1475C-28H-2 249.32 268.02 5.71
1475C-28H-3 250.76 269.46 5.731
U1475C-28H-4A 251.3 270.78 5.75
1475 E-28H-2A 250.75 273.25 5.761
1475 E-28H-2A 251.47 273.97 5.78
1475 E-28H-4A 254.08 276.58 5.801
1475 E-28H-4A 254.13 278.63 5.822
U1475C-29H-2A 258.88 279.684 5.844
1475C_29H_ 3 A 259.9 280.704 5.875
1475C_29H_ 3 A 260.2 281.004 5.895
1475C-29H-4A 261.04 281.844 5.916
1475C-29H-4A 261.52 282.324 5.936
1475C-29H-5A 262.36 283.164 5.962
1475C-29H-5A 262.69 283.494 5.976
1475C-29H-5A 262.96 283.764 5.991
1475C-29H-5A 263.44 284.244 6
1475C-29H-6A 263.89 284.694 6.012
1475C-29H-6A 264.58 285.384 6.031
1475 E-29H-3A 262.08 286.587 6.049
1475 E-29H-4A 263.25 287.757 6.065
1475 E-29H-6A 265.92 290.427 6.088
1475 E-29H-6A 266.64 291.147 6.107
1475 E-29H-7A 267.72 292.227 6.129

(Table 1), and is astronomically-dated to 5.54 - 5.59 Ma (Backman et al.,
2012; Lourens et al., 2004). The short-term cycles recorded in the In
(Si/K) ratio between the following coupled index of the top of Cera-
tholithus armatus and the base of C. rugosus, as well as between the top
Discoaster quinqueramus and the base of G. margaritae, align closely with
an average cycle length of ~22,000 years. Based on these preliminary
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age estimations, we can conclude the short-term cycles (~2.38 m)
correspond to orbital precession. Thus, the studied interval at Site
U1475 represents a unique continuous sedimentary succession spanning
from late Miocene (6.12 Ma) to the early Pliocene (~4.95 Ma) (Fig. 2E),
characterized by sedimentation rates varying from ~0.2 to 32 cm/kyr.

4.2. Ca and Sr based proxies interpretation

In marine sediments, Ca and Sr exhibit similar loading directions in
PCA (de Castro et al., 2021; Bahr et al., 2014), with bulk carbonates
generally concentrated in Ca, Sr, Mg, and Br (Veizer, 1983). Indeed,
studies often utilize ratios of these elements as paleoceanographic
proxies; for instance, Sr/Ca ratios have been instrumental in elucidating
past ocean chemistry and geochemical cycling (Averyt et al., 2003; Stoll
and Bains, 2003; Stoll et al., 2002a, 2002b).

The PCA analysis of major elements from Site U1475 sediments
identifies two representative (variance >10 %) principal components
(PC), that collectively account for 71.7 % of the variance in the XRF
records (Table 3). PC1 alone explains 55.9% of the total variance and
demonstrates high loadings for elements such as Al, Si, K, Ti, Fe
(representative of aluminosilicates), while Ca is primarily related to
carbonate content, alongside lesser contributions from Br and, surpris-
ingly as we will explain later, Sr (Fig. 3A). The positive loading of these
elements is indicative of terrigenous material, whereas the opposite
loading of Ca (Fig. 3A) is consistent with its contribution as a marine
carbonate end-member in a closed-sum mixing system (Fig. 3A) (see
Table 4).

The PC2 accounts for 18.2% of the total variance and exhibits high
positive loadings for Sr and Zr, contrasted by negative loadings for Al, Si,
and Ca (Fig. 3B). The high variance associated with Zr in PC2 aligns with
the findings from other records where strong currents promote the
efficient winnowing of fine-grained particles (Bahr et al., 2014). PC3
(Fig. 3C) explains a modest 7.6% of the total variance and may indicate a
variation primarily associated with terrigenous input versus carbonate
enrichment. Positive loadings of Br, Ti, Fe, and Si suggest a contribution
from detrital or siliclastic material, whereas negative loadings of Sr and
Zr correspond to carbonate-dominated samples. This pattern indicates
that PC3 may reflect subtle differences in detrital input or sorting among
the samples.

Sr and Ca are commonly associated with carbonates, sharing PCA
loadings, even in carbonate contourites (Alonso-Garcia et al., 2024).
Nevertheless at the studied site Sr and Ca are separate at PC1, PC2 and
even PC3 (Fig. 3A-C). This distribution suggests the presence of two
distinct carbonate types: a Ca-rich carbonate and a Sr-enriched car-
bonate. Normally carbonates grain size is primarily defined by the

Table 3
Principal Components of Site U1475 From 216 to 292 m.
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biology of the system and is strongly bimodal facing nanno versus micro
fossil assemblages (Lyu et al., 2023). High Sr aragonite-rich carbonates
are also associated with neritic settings and tropical carbonate platforms
(Schlager et al., 1988), but Site U1475 pelagic location prevent such
kind of neritic input. Additionally, studied site depth appears to be not
deep enough to be affected by deep corrosive water masses such as
Antarctic waters (Ballegeer et al., 2022) and no corrosive intermediate
waters have been described to date. Therefore, based in our statistical
analysis (Pearson correlation and PCA) previously described, we pro-
pose the use of In (Ca/Sr) ratio as a potential proxy for bottom currents
in deep carbonate drifts. Higher values of In (Ca/Sr) may correlate with
increased bottom current intensities and an enrichment in planktonic
foraminifers, whereas lower values may indicate weaker current in-
tensity and higher concentration of fine carbonate nannofossils rich in Sr
(Hermoso et al., 2017; Elderfield et al, 2000). In summary,
Sr-enrichment in our samples likely reflects depositional processes such
as winnowing or sorting, as observed in other marine settings (de Castro
et al., 2021).

We compared the proposed proxy (bottom current intensity - InCa/
Sr) with sortable silt (SS) data, and there is a noticeable relationship
between lower values of In (Ca/Sr) and sortable silt. Despite the good
relationship between both proxies, one may comprehend there may be
some bias associated with the size of the calcareous nanofossil analyzed,
since within the scope of SS (10-63 pm, McCave et al., 1995) are found
all large specimens of calcareous nanofossils (15-30 pm) and the most of
the tiny specimens are neglected (3-15pm, Armstrong and Brasier,
2005).

4.3. Reconstruction of bottom current intensity from Agulhas Plateau
contourite

The reconstructed near-bottom current intensity based on contourite
deposits from Site U1475, covering the late Miocene (6.12 Myr) to early
Pliocene (4.95 Myr), exhibited significant variability as inferred from
the In (Ca/Sr), which fluctuated between 3 and 3.25 (Fig. 4). This record
was predominately influenced by cycles of ~173 kyr and 100 kyr,
associated with modulation of obliquity and short eccentricity pacing,
respectively (Laskar et al., 2004). Obliquity (~41 kyr) paced the records
from 6.1 to ~5.8 Myr. The presence of the 173 kyr cycle in In (Ca/Sr)
suggests its variability was amplified through nonlinear feedbacks be-
tween orbital forcing, internal climate dynamics, and sedimentary pro-
cesses (Martinez and Dera, 2015; Storm et al., 2020). This 173 kyr (s3-s¢)
metronome is relatively stable (Laskar, 2020), suitable for calibrating
stratigraphic sequences (Boulila et al., 2018; Charbonnier et al., 2018),
and is generally associated with long-term Asian monsoon variations
during different time intervals (e.g. Xu and Chen, 2024; Zhang et al.,
2022). Under such forcing, intensified precipitation is usually
observed during the obliquity maxima, resulting in increased conti-
nental runoff and fluvial input (Li et al., 2016), which enhances nutrient

PC Eigenvalue % variance levels and boosts productivity (Huang et al., 2021). In this context,
1 5.0364 55.936 multiple events of glacial events associated with the expansion of the
g 3)'225732;5 1‘;'2231 Antarctic Ice Sheet (AIC) in this same time interval (Davies et al., 2012)
: : contributed to changes in the climate system. The northward movement
Table 4
Pearson correlation coefficient from Site U1475 based on geochemical elements.
Al Si K Ca Ti Fe Br Sr Zr
Al 0 2.6466E-310 0 5.68E-283 4.40E-244 6.00E-24 3.31E-06 8.85E-93
Si 0.87015 6.45E-288 0 8.89E-245 1.83E-198 0.0073712 3.82E-11 1.31E-89
K 0.67491 0.65645 0 0 0 2.25E-18 1.28E-32 1.44E-201
Ca -0.81618 —0.85386 —0.88073 0 0 2.41E-14 3.28E-44 2.88E-204
Ti 0.65218 0.61674 0.74603 —0.76343 7.04E-296 5.18E-13 9.43E-09 7.60E-122
Fe 0.61605 0.56666 0.74003 —0.81209 0.66317 1.66E-14 4.40E-13 2.23E-117
Br -0.2067 —0.05544 0.17957 —0.15694 0.14867 0.15791 3.97E-84 5.41E-13
Sr —0.096066 —0.13624 0.24258 —0.28286 0.11845 0.14913 0.38664 9.68E-34
Zr 0.4048 0.39828 0.57031 —0.57344 0.45869 0.45102 0.14855 0.2468
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Fig. 3. Loadings values of three major principal components of U1475 sedi-
ments: A) PC 1B) PC, and C) PC3 showing consistent opposite behavior be-
tween Ca and Sr.

of ocean fronts likely decreased the abundance of foraminifera and
consequently increased the calcareous nannofossils. Concomitantly, the
deep ocean circulation was weak as well as the intensity of bottom
current, as shown by most of the In (Ca/Sr) values being below their
mean (with few pulses of strength) in the Agulhas Plateau, which
favored the accumulation of calcareous nannofossils. The low contri-
bution of the Northern Component Water (NCW) to the Southern Ocean
from 6.1 to 5.8 Ma (Wright et al., 1991) reinforces the mechanism of a
weakened deep circulation and is in agreement with our findings. Be-
sides that, a lowering of ~10 m in relative sea level was recorded in the
South Pacific Ocean (Atoll ofNiue, Aharon et al., 1993), corroborating
all the findings. Thus, the expression of modulation of obliquity (~173
kyr) in our In (Ca/Sr) record likely reflects an integrated climatic
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response involving both high-latitude cryospheric processes and deep
circulation in low latitude.

From 5.8 to 5.4 Ma our In (Ca/Sr) record (Fig. 5) shows a transition
phase in which the modulation of obliquity (~173 kyr) and low short
eccentricity (100 kyr) paced them (Fig. 5C). The deep circulation shows
signs of reestablishing its strength as more NCW were recorded in the
Southern Ocean after 5.8 Ma (Wright et al., 1991). Moreover, the shift in
the values from benthic §'80 (2.8 - 1.7 %o) in the North Atlantic (Site
982) also reinforces this reorganization in the deep circulation strength
(Hodell and Venz-Curtis, 2006; De Vleeschouwer et al., 2017). The
earliest Northern Hemisphere glaciation, evidenced by few ice rafted
debris in the Norwegian Sea (Jansen et al., 1990), also may have
intensified the ocean circulation during the deglaciation at the TG12
-TG11 transition (Vautravers, 2014). As the highest intensities of deep
circulation took place during cold periods coevally with TG14 and TG12,
one may understand that this region is likely bathed by a bottom current
from Southern Ocean instead of Deep Western Boundary Current.

The modulation of obliquity (~173 kyr) and short eccentricity (100
kyr) drove the more intense deep circulation from 5.4 to ~5Ma in the
Agulhas Plateau, as shown by the highest In (Ca/Sr) values being above
the mean, as exhibited in Fig. 4A. Thus, in this time interval of high short
eccentricity, the climate response to obliquity tends to be stronger, i.e.
greater amplitude and coherence (Berger and Loutre, 1991; Laskar et al.,
2004; Huybers, 2007), which leads to a more vigorous deep circulation
evidenced by intense winnowing of calcareous nannofossils, i.e., low
values of In (Ca/Sr). From 5.05 to 4.95 Myr, short eccentricity played a
significant role in bottom current intensity (Fig. 5C and D) during in a
bipolar ice sheet world, likely due to changes in tectonics and ice sheets.
Modeling data have suggested strengthening in the Atlantic Meridional
Overturning Circulation associated with the closure of the Central
American Seaway (Karas et al., 2017), while carbon isotopes from
Tropical Atlantic Ocean pointed to a decreased bottom water ventilation
likely related to, among other factors, to weak bottom currents
(Shackleton et al., 1997). In general, our data presented a long-term
increasing trend where the bottom current intensity increased
smoothly such as observed in the Mantele Basin (Southeastern Indian
Ocean, Tagliaro et al., 2022) during the same time interval as ours (from
6.1 to 4.9 Ma).

5. Conclusion

We provided a new high-resolution reconstruction of deep-water
circulation variability on the Agulhas Plateau during the late Miocene-
—early Pliocene, based on a refined cyclostratigraphic age model for
IODP Site U1475 and a multi-proxy geochemical approach. Our results
demonstrate that, in addition to surface ocean changes, deep circulation
in the Agulhas region experienced substantial variability over orbital to
million-year timescales, highlighting the tight coupling between surface
climate processes and deep ocean circulation. Statistical relationships
between Ca and Sr reveal contrasting carbonate sources and deposi-
tional process, which allowed proposing the use of In (Ca/Sr) ratio as a
novel proxy for bottom current intensity in deep carbonate contourite
systems. We interpret higher In (Ca/Sr) values as reflecting enhanced
bottom current strength associated with the preferential winnowing of
fine (Sr-rich calcareous nannofossils) and the relative enrichment of
coarser (Ca-rich foraminiferal carbonates). Such interpretation is sup-
ported by its consistency with sortable silt data and by the sedimento-
logical context of the Agulhas Plateau contourite system. From 6.1 to 4.9
Ma, deep current intensity at Site Ul475 exhibited a long-term
strengthening trend, superimposed by pronounced orbital-scale vari-
ability. Spectral analyses indicated an obliquity pacing (~41 kyr cycle)
modulated by ~173 kyr cycles on deep circulation variability, with
periods of intensified bottom currents occurring in phase with obliquity
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frequency in 5.8 Ma, 5.45 Ma, and ~5.05 Ma. E) Lithological profile of U1475 (Hall et al., 2017). F) Sedimentation rates with remarkable increase from 5.1 to 5 Ma.

maxima. Short eccentricity further modulated deep current intensity
during specific intervals, pointing to a complex, nonlinear response of
deep circulation to orbital forcing during the Miocene-Pliocene transi-
tion. Thus, our findings highlight the Agulhas Plateau as a sensitive
recorder of past deep-ocean circulation changes and demonstrate the
potential of carbonate-based elemental ratios to track bottom current
variability in settings where traditional terrigenous proxies are limited.
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