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Abstract. Understanding the possible responses of Atlantic Meridional Overturning Circulation (AMOC) to climate warming
is one of the major challenges of modern oceanography. Today, the lower (deeper) southward flowing limb of AMOC consists
of the North Atlantic deep water (NADW), which is predominantly formed by deepwater convection in the ocean basins to the
north and south of Iceland. The southward transit of deep water formed in the northerly basins (Greenland-Iceland-Norwegian
Seas) is constrained by gateway geometry to two major flow pathways to the east and west of Iceland. To the south of Iceland
extensive deep-sea sediment archives, in the form of contourite drifts, are deposited by these currents and have provided critical
information about AMOC and NADW dynamics through the Pleistocene. Here we make use of recently recovered cores from
one of these sediment drifts (Gardar Drift, IODP Expedition 395, Site U1564,), that records the deep Iceland-Scotland

Overflow water (ISOW) dynamics back to the warm climates states of the late Miocene to Pliocene. By combining
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sedimentological and X-Ray fluorescence derived elemental proxy evidence, we reconstructed deep ocean current activity and
carbonate preservation between 5.0-6.2 million years ago (Ma). The record supports the periodic presence of deep currents
since the latest Miocene, as well as a distinct ISOW weakening that coincided with the global warming trend, and the severe
restriction on Mediterranean Outflow Water, just before the Miocene-Pliocene boundary. Low carbonate preservation hints to

the presence of corrosive water masses in the North Atlantic following the termination of the Messinian salinity crisis.

1 Introduction

Marine sediments recovered by scientific ocean drilling into the seafloor provide among the most continuous records of past
climatic fluctuations on the hundreds- to millions of years timescales. The physical and geochemical properties of lithogenic
grains and microfossils can be used as proxies that reflect changes in surface and deep-ocean temperature, phytoplankton
productivity, and ocean circulation dynamics. In recent decades, researchers have increasingly focused on past warm periods
to gather highly resolved evidence on the response of the marine system to increasing temperatures and CO; levels (e.g., Burke
etal., 2018; Foster et al., 2018; Loutre and Berger, 2003). The Pliocene (~5.33-2.58) represents a key period that demonstrates
similar-to-today CO, levels and significantly warmer than present ocean surface temperatures (e.g., Steinthorsdottir et al.,
2021; Tierney et al., 2020; Herbert et al., 2016; Fedorov et al., 2013; Ravelo et al., 2004). This overall warm period was
preceded by global cooling and aridification in the Miocene (hereafter referred to as LMC: late Miocene Cooling; Fig. 1),
which lasted between 7.2—-5.5 Ma and was terminated by an abrupt shift to a warming trend close to the Miocene—Pliocene
boundary (e.g., Holbourn et al., 2018; Herbert et al., 2016; Fig. 1). This late Miocene Warming (LMW; Fig. 1) led to major
climatic reorganizations, including a transition to a wetter climate in the Southern Hemisphere (Sniderman et al., 2016;
deAzevedo et al., 2023), as well as stronger Asian summer monsoon but drier conditions in Central Asia (Ao et al., 2021). In
the marine realm, high-latitude sea surface temperatures (SST) increased by up to 5 °C (e.g., compilation by Herbert et al.
2016; Fig. 1). While attention has been given to the more recent mid-Pliocene warm period (~3.3-3 Ma, e.g., Tindall &
Haywood 2020; Haywood et al., 2016; Raymo et al., 1996), the drivers and impact of the latest Miocene-early Pliocene
warming on major marine systems remain poorly constrained, partially due to fewer high-resolution records being available
for this period. In this study, we provide new insights on North Atlantic ocean circulation through this climatic transition from
the Miocene to the Pliocene (5.0-6.2 Ma) using sediments cored during International Ocean Discovery Program (IODP)

Expedition 395 (Fig. 2).
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Figure 1: Alkenone derived sea surface temperature (SST; in °C) relative to modern for the last 14 Ma. The records for the Northern
Hemisphere (NH) mid- (blue line) and high latitudes (purple line), and Southern Hemisphere (SH) mid-latitudes (red line) are shown, as
compiled by Herbert et al., 2016. The late Miocene cooling (LMC) trend is followed by the global increase in SSTs that occurred close to
the Miocene-Pliocene transition. The shaded area shows the interval investigated in this study. Blue arrow indicates the late Miocene cooling
and red arrow the late Miocene warming.

Among the systems that can shed light to paleoclimatic conditions during past warm intervals, the formation of deep-water
masses and the circulation of bottom ocean currents are important for regulating the CO; solubility pump (Volk and Hoffert
1985). In this regard, the North Atlantic is a crucial region, acting as a major CO, sink (Takahashi et al., 2009), an intersection
for important ocean circulation components (Olafsson et al., 2020), and an area of high primary production (Uitz et al., 2010;
Fig. 2). In the modern ocean, the North Atlantic current (NAC) moves saline surface water from tropical regions towards the
north, which subsequently cools in the Nordic and Labrador seas, sinks, and forms what is known as the North Atlantic deep
water (NADW; Fig. 2). The NADW powers strong south-flowing bottom currents and constitutes the lower limb of what is
known as the Atlantic Meridional Overturning Circulation (AMOC) and the global “conveyor belt” (Richardson, 2008). Two
of the main components that combine to produce NADW are the Denmark Strait overflow water (DSOW), and the Iceland-
Scotland overflow water (ISOW), which respectively, flow southwards through straits to the west and east of Iceland (Fig. 2).
Since deep-water formation is a key mechanism for removing CO> from the surface of the ocean, any weakening of this system
could reduce the efficiency of carbon uptake and storage, (e.g., Steinfeldt et al., 2009), possibly acting as positive feedback to
warming. In addition, there is strong evidence suggesting that such a slowdown can be a response to rising CO; levels and
increasing ocean stratification in the North Atlantic (Wang et al., 2014; Stocker and Schmittner, 1997). Understanding the
evolution and activity of these deep-water masses during past warm intervals can therefore provide insights into the role of the

global conveyor belt in warm climate states, and its role in climate feedback mechanisms.
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The sparsity of studies investigating North Atlantic deep-water formation and circulation across the latest Miocene warming
is due to the poor availability of contourite drift records from before the Late Pliocene (e.g., Parnell-Turner et al., 2025; 2015).
These rapidly accumulating sedimentary drift sequences can record deep-water formation and associated bottom current
activity, with sufficient sedimentation rates to generate high-resolution paleoceanographic timeseries (e.g., Rebesco et al.,
2014; Wold, 1994). Drilling through these thick drift deposits is particularly challenging, especially close to the deep-water
source areas and pathways, where sedimentation rates are very high. Therefore, most previous reconstructions of early-
Pliocene conveyor belt dynamics, NADW formation and North Atlantic paleoclimate focused on lower latitude sites (e.g.,
Karas et al., 2017; Bell et al., 2015; Billups et al., 1998; Haug and Tiedemann, 1998) or relied on seismic profile interpretation
and synthesis to infer drift deposition (e.g., Miiller-Michaelis et al., 2013, 2014). One of the few high-latitude North Atlantic
sites to recover this interval and provide high-resolution proxy data, Ocean Drilling Program (ODP) Site 982 on the Rockall
Plateau (Hodell et al., 2001; Drury et al., 2018, and references therein), records the stepwise transition to a warmer state near
the onset of the Pliocene (Herbert et al., 2016). However, it is located on a bathymetric high (~1100 m below sea level) and is

therefore a much less sensitive recorder of intermediate-to-deep bottom current activity.

Sediment core availability in this critical region significantly improved in the summers of 2021 and 2023 when IODP
Expeditions 395C and 395 successfully drilled a series of sites located across a North-Atlantic high-latitude transect (~60°N;
Parnell-Turner et al., 2025). The base of two of the main North Atlantic drift deposits (Bjorn, Gardar) was recovered at three
sites, which all contain sedimentary records spanning the late Miocene—Pliocene. Site U1564 on the Garder Drift (Fig. 2)
appears to have continuous sedimentation since the late Miocene (Parnell-Turner et al., 2025; Sinnesael et al., 2025) and was
therefore our chosen location to apply a series of proxy reconstructions. Specifically, we present new records of lithological
changes, sedimentation rate estimates, as well as X-ray fluorescence (XRF)-derived elemental ratios. A newly constructed
astrochronology informed by a bio-magneto chronostratigraphic framework enables comparison of IODP Site U1564 with
ODP Site 982, where pelagic CaCOs content fluxes, possibly linked to marine paleoproductivity, have been reported (e.g.,
Diester-Haass et al., 2005). This comparison allows for an integrated reconstruction of shallow-to-intermediate (ODP Site 982;
~1134m water depth) versus deeper water mass activity (Site U1564; ~2208m water depth) and CaCOs preservation in the
area. The results are interpreted here within the context of sea surface and deep ocean temperature changes in the North Atlantic
region as well as major tectonic events that occurred during this period, such as the Messinian Salinity Crisis (MSC: 5.96-5.3
Ma; Krijsgman et al., 1999) and the opening of the Bering Strait (5.5—4.8 Ma; Gladenkov et al., 2002, and references therein).

Finally, we assess the stability of deep-water formation in these warmer climate states.



https://doi.org/10.5194/egusphere-2026-3764
Preprint. Discussion started: 7 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

30°w

Y -40-30-20-10 0 10 20 30 40 50 Y
| |

{500k Latitude
s »
34 35 36

Salinity

120  Figure 2: Atlantic Meridional Overturning Circulation pathway and main Atlantic Ocean water masses. a) North Atlantic Ocean map
including main ocean circulation pathways and discussed drilling sites. White circles: Expedition 395 Site U1564 (Parnell-Turner et al.,
2025) and ODP Leg 162 Site 982 (Jansen et al., 1996). DSOW = Denmark Strait Overflow Water; ISOW = Iceland—Scotland Overflow
Water; LSW: Labrador Sea Water; NAC = North Atlantic Current; Salinity profiles for line b) Y-Y” and c) line X-X’ showing the major
water masses present in the North Atlantic today. Components of DSOW, ISOW and LSW meet south of Greenland and flow southwards

125 as NADW. Neutral density contours are placed at 27.10, 27.90, and 28.10 kg m™ for line Y-Y and 27.10, 27.70, 28, and 28.15 kg m* for
line X-X’ (based on Liu & Tanhua, 2021). Profiles were made using GLODAPv2.2023 (Lauvset et al., 2023; 2022; Olsen et al., 2020; 2019;
2016; Key et al., 2015) and ETOPO1 Global Relief Model (NOAA National Geophysical Data Center. 2009: ETOPO1 1 Arc-Minute Global
Relief Model. NOAA National Centers for Environmental Information. Accessed [December 3, 2025]; Amante et al., 2009)
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2 Material and Methods
2.1 Study area, Site U1564

IODP Site U1564 (59°51.0366'N, 23°15.9858'W) is located in the NE Atlantic Ocean, east of the Reykjanes Ridge, within the
Gardar Drift depositional system (Fig. 2; ~2208m). During Expeditions 395 and 395C, six holes were drilled at this site. The
deepest drillhole, U1564F, reached the basaltic basement at ~997 m core depth below seafloor (method A; CSF-A), with basal
sediments dating back to the earliest Oligocene, ~32 Ma (Parnell-Turner et al., 2025). A composite splice extending from
present to the late Miocene (based on shipboard stratigraphy; Parnell-Turner et al., 2025) was generated by correlating the core
magnetic susceptibility from three holes (U1564C, D, and E). This study focuses on core sections between ~650-549 m CCSF
(core composite depth below seafloor), which correspond to the latest Miocene to earliest Pliocene (6.2-5.0 Ma). The
investigated interval falls entirely within Lithological Unit II, which consists of alternating layers of nannofossil chalk with
silty clay and silty claystone with nannofossils (Parnell-Turner et al., 2025). Under the modern ocean circulation regime, the
area is influenced by the activity of the North Atlantic Current (NAC; Fig. 2) in the upper layers of the water column, and the
ISOW-related currents at its deeper parts (e.g., Bianchi and McCave, 2000; Orvik and Niiler, 2002). More specifically, Site
U1564 sits at the modern depth range of North Atlantic ISOW related deposition within the Gardar Drift system, as reported
by Bianchi and McCave (2000).

2.2 X-ray fluorescence and CaCOs content

Elemental ratios are derived from X-ray fluorescence (XRF) elemental intensity measurements made on archive core-section
halves at the IODP Gulf Coast Repository in College Station, Texas, USA. This non-destructive method uses the fluorescence
emitted by elements, after an X-Ray beam with variable electrical potential (excitation voltage) hits the surface of the sediment.
In this case, three energies (10, 30, and 50 keV) were measured using a 3rd generation Avaatech XRF scanner (XRF1). This
instrument is equipped with a water-cooled, 100 W rhodium side-window x-ray tube and allows for the addition of various
filters (detailed below). Measurements were made at discrete points close to the center line and within a preset grid of 5 cm
steps. When necessary, adjustments were made to the grid based on the state of the sediment surface (disturbance, voids). The
instrument set up included a tube current of 0.16 mA and no filters for the 10 keV measurements, a tube current of 1.25 mA
and a Pd filter for the 30 keV measurements, and a tube current of 0.75 mA and a Cu filter for the 50 keV measurement. All
sample rows with positive Argon values were removed, since such values are possible indicators of reduced contact between

the XRF sensor and the surface of the sediment (air returns positive and high Argon values).

A suite of elements was counted, including Ca, K, Ti, Rb, and Zr, which are considered here. Specifically, we discuss the
Ca/Ti, Zr/Rb and Ti/K ratios. In open marine settings, a ratio between the contents in Ca and an element linked to an eroded
terrigenous component (Ti, Fe, Al) can be used as an indicator of the relative contribution of carbonate biogenic sediment

(compared to lithogenic), sourced from calcifying organisms such as coccolithophores and foraminifera (e.g., Drury et al.,
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2021). Here, we use the natural logarithm of the elemental ratio of Ca/Ti (measured at 10 keV), in combination with the low-
resolution shipboard CaCO3 (wt%) measurements (Parnell-Turner et al., 2025), to generate a high-resolution calibrated CaCO;
content record (time steps of 500 years—1.500 kyrs). When the stratigraphic position of the samples with shipboard CaCOs3
(Wt%) measurements did not correspond with the stratigraphic position of the XRF core scanning measurements, the
corresponding elemental ratio was estimated by linear interpolation between the nearest XRF measurements, below and above
the CaCO; measurement, respectively (interpolated In (Ca/Ti); Fig. 3). The interval for this comparison was between ~491m
CCSF and the end of the splice (~673 m CCSF), in order to include as many data points as possible (Fig. S1). Measurements
above ~491m CCSF were not used, due to the significant change in depositional regime that occurred during the Late Pliocene
at approximately this level (Sinnesael et al., 2025). The high-resolution calibrated CaCOs concentration record was derived
from the XRF elemental ratios using the linear relationship shown in Figure 3. The approach of calibrating an XRF-derived
biogenic/terrigenous elemental ratio towards a CaCO; concentration record has been previously applied to other sites,
including South Atlantic ODP Site 1264 (e.g., Ca/Fe; Drury et al., 2021; Liebrand et al., 2016), and allows the detailed

investigation of CaCOj dissolution and calcifying plankton-related paleoproductivity.

Two more elemental ratios, Zr/Rb and Ti/K, were used as proxies for bottom current strength and provenance, respectively. A
higher Zr/Rb ratio can be used as an indicator of higher zircon content in coarser grained sediments deposited under stronger
current regimes, based on previous interpretations established in current-sorted sediments such as drift and glaciomarine
deposits (e.g., Wu et al., 2020; Lamy et al., 2015). A higher Ti/K ratio indicates a larger content of basaltic, Iceland-derived
grains (e.g., Kaboth-Bahr et al., 2025; Mirzaloo et al., 2019). Recently, both proxies were applied at Site U1564 to infer the
onset of consistently strong ISOW activity after 3.6 Ma (record spanning 2.0-5.0 Ma; Sinnesael et al., 2025). Here, we extend

this record to investigate earlier fluctuations in deep water activity (5.0-6.2 Ma).
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Figure 3: Calibration of CaCOs content at Site U1564. Shipboard-measured CaCO; content (wt%; Parnell-Turner et al., 2025) and XRF-
derived In(Ca/Ti) for the depths where shipboard measurements were made. A correlation coefficient R? = 0.8815 indicates the strong
relationship between the two records and the estimated linear fit that was used to generate the high resolution CaCOs content record discussed
in this study.
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2.3 Chronostratigraphic framework and Astrochronology

An astronomically-tuned age model for the study interval (5.0-6.2 Ma) at Site U1564 was constructed by building upon the
shipboard magnetostratigraphic age-depth points (Parnell-Turner et al., 2025). The availability of a complete spliced
sedimentary record provided an excellent basis for a cyclostratigraphic approach and was made more robust through leveraging
previously established astronomical tuning frameworks in the region (Table 1). For example, Sinnesael et al. (2025) correlated
the Site U1564 magnetic susceptibility (MS) record between 2.0-5.0 Ma to the LR04 benthic 5'#0 stack (Lisiecki and Raymo,
2005; interval 1.9-2.7Ma) and the obliquity astronomical solution (interval 2.7-5.0Ma), based on a well-documented
relationship of MS to glacial—-interglacial cycles (Jansen et al., 1996; Table 1). In another study, Hodell et al. (2001) generated
an astronomically tuned age model for Rockall Plateau ODP Site 982 (Fig. 2), by correlating benthic foraminifera 6'*0 to the
obliquity astronomical solution, and sediment gamma ray attenuation (GRA) bulk density to summer insolation (65°N).
Finally, Drury et al. (2018) recently revisited the ODP Site 982 age model and generated an astronomically tuned age model
based on the correlation between benthic foraminifera 6'30 records and an eccentricity, tilt, anti-phased precession (ET-P)
astronomical solution (La2004; Laskar et al., 2004). Since benthic foraminifera isotopic records are not yet available for Site

U1564, MS is a useful alternative cyclostratigraphic proxy for age model construction.

Table 1: Summary of phase relationship assumptions and tuning strategy for previously published astronomically tuned age models in the
North Atlantic area.

Orbital Target & Relative Study Site/Interval Oxygen CaCoOs Magnetic GRA
Climate Isotopes content Susceptibility density
Jansen et al.,1996; LR04 ODP 983 Low/High Low/High
Obliquity 0-5.3 Ma
(High/Low) Hodell et al., 2001 ODP 982 Low/High
4.6-7.5Ma
Warmer/Colder Sinnesael et al., 2025/I0DP U1564 | IODP U1564 High/Low Low/High
1.7-5 Ma
Summer Insolation 65°N Hodell et al., 2001 ODP 982 High/Low High/Low
(High/Low) 4.6-7.5Ma
Precession
(Low/High)
Warmer/Colder
ET-P Drury et al., 2018 ODP982 Low/High
(High/Low) 4.5-8 Ma
Warmer/Colder This study 10DP U1564 High/Low Low/High
5-6.2 Ma
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A comparison of Site U1564 MS and calibrated CaCOj; content shows that the two records are strongly anti-correlated (Fig.
4), although CaCOj; content has higher relative amplitude variations and more resolved cyclic changes compared to the MS
signal (Fig. 4). For this reason, we decided to use the CaCO; content record for cyclostratigraphy. Based on the combination
of previously established phase relationships between North Atlantic records and orbital solutions (see Table 1), CaCOj; content
(Wt%) maxima (minima) were correlated to ET-P maxima (minima) using the open-source software package QAnalyseries
(Kotov and Pilike, 2018). The astrochronology, encompassing 54 age-depth ties, which include the original
magnetostratigraphic tie points, are presented in Figure 5 and Supplementary Table 1. Following that, we linearly interpolated
the XRF data points between the new age-depth points to generate a highly resolved XRF time series using the tune function
of R-package astrochron (Meyers, 2014). The astronomically-tuned age model was subsequently also used to calculate mass

accumulation rates of CaCOs, in g cm2 kyr!, given by the Eq. (1):
CaCO3 fluxes = Calibrated CaCO3 content X LSR s, X DBD

where Calibrated CaCOs3 content refers to the coulometry-calibrated high-resolution XRF record generated in this study (in
wt%/100), LSRaswo refers to the linear sedimentation rates (cm/kyr) estimated between the age-depth points of the
astrochronology, and DBD refers to the sediment dry bulk density. For the latter, we used the shipboard dry density (g/cm?)
measurements (Parnell-Turner et al., 2025). Specifically, two averages were calculated, each for a distinct phase of dry density
(g/cm?) in the studied interval. The transition point for these two segments was visually placed at 600 m CCSF (see Data Table

4).

The ODP Site 982 CaCOs flux record was generated using the available CaCO3 content record (Diester-Haass et al., 2005),
updated LSR estimates using the Drury et al. (2018) age model, and calculated dry density values for the CaCO3 content
sample depth. For the latter, we interpolated between available dry density measurements from ODP Hole 982B (Jansen et al.,
2005). Finally, the updated ODP Site 982 CaCOs flux time series were compared to changes observed at Site U1564 across
the late Miocene and early Pliocene. For the comparison of CaCOj; fluxes between the two sites, the Site U1564 flux record

was resampled to the specific age of the updated ODP Site 982 CaCOj; flux record.
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3 Results
3.1 Chronostratigraphic framework and Astrochronology

The MS and CaCOs (wt%) records are characterised by thick cycles before ~566 m CCSF (Fig. 4), which then become thinner.
These thicker cycles correspond to an interval of higher accumulation rates at the site, which are then reduced, as also evidenced
by the decrease in the distance between subsequent age-depth astronomical ties (Fig. 5). In Figure 6, the tuned calibrated
CaCOs (Wt%) time series between 3.60—6.20 Ma was compared to the ET-P solution in two sections/intervals (Fig. 6) using
the astronomical tuning from Sinnesael et al., 2025 for the interval 3.60-5.00 Ma (Fig. 6a) and the astronomical tuning from
this study for the interval 5.00-6.20 Ma (Fig. 5; Fig. 6b). Although different records and tuning targets were used between
3.60-5.00 Ma, the CaCO; (wt%) and the ET-P solution exhibit consistent phase and amplitude alignment in both intervals,
supporting the validity of our approach and the robustness of the astronomical tuning (Fig. 6). Additionally, the CaCOs (wt%)
record was compared to the benthic foraminifera 830 record from ODP Site 982 (Fig. 7a), which was independently tuned by
Drury et al. (2018). Overall, this comparison also supports a good phase coherence and clear correspondence in major record
shifts between the two sites and the proxies used. Specifically, we observe stepwise changes at ~5.55 Ma occurring at both
records, and good alignment between distinct lows in the Site U1564 calibrated CaCO; (wt%) record (Fig. 7a) and the
prominent isotopic excursions TG10/12 between 5.50-5.60 Ma and TG20/22 between 5.70-5.80 Ma (Drury et al., 2018;
Shackleton et al., 1995). The consistent patterns between carbonate and isotopic records between these two North Atlantic
sites further support the reliability of the tuning and the effect of common paleoclimatic mechanisms controlling deposition in
the shallower and deeper parts of the region. Minor misalignments between the two records (offset of peaks of ~10-25 kyr)
do occur in some intervals and likely reflect minimal errors in astronomical tuning at either location (precessional cycles) or
minor hiatuses related to stronger bottom current activity at the deeper site. Nonetheless, the overall alignment for most of the
record confirms the robustness of the new chronostratigraphic framework. Combined, the work from this study and Sinnesael
et al. (2025), provides an astronomically tuned record for Site U1564 spanning the late Miocene to early Pleistocene. Together
with ODP Site 983 (e.g, Channell et al., 2002 and references therein), the Gardar Drift is now astronomically tuned for the

past ~6 Myrs.
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Figure 6: Calibrated CaCOs content (Wt%) record against the ET-P solution (Laskar et al., 2004). The record is presented in the time
domain using the astronomically tuned age model from Sinnesael et al. (2025) for the interval between 3.6—5.0 Ma, and this study for the
interval between 5.0-6.2 Ma.

3.2 Sedimentation rates, XRF ratios and CaCOs3 content

We identify three distinct intervals between 6.20-5.00 Ma, based on a visual identification/classification of the major trends
among the different records (Fig. 7), namely Interval I: 6.20-5.55 Ma, Interval 1I: 5.55-5.23 Ma, and Interval III: 5.23-5.00
Ma (Fig. 7). For the progressive increasing trend of carbonate content/decreasing trend of XRF proxies, which is observed
roughly between 5.60-5.50 Ma (e.g., Fig. 7a,c,d), the middle point of the trend was used (5.55 Ma) to define the boundary
between two intervals. Below, we describe the overall variability of the records, as well as the main changes observed across

each interval transition.

Sedimentation rates average ~10 cm/kyr throughout the entire study period (6.20-5.00 Ma), with notably higher values during
Interval I (~12 cm/kyr) (Fig. 7b). Following this, sedimentation rates dropped to an average of ~5 cm/kyr and remain low until

5.00 Ma (Interval II and III). Occasional sharp increases in sedimentation rates appear across Interval I, likely artificially
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resulting from fine-tuning between two adjacent depth points (e.g., one paleomagnetic and one cyclostratigraphic tie).
However, even if these peaks are excluded from the calculation of average sedimentation rates, an overall sustained shift in
depositional regime seems to have occurred at 5.55 Ma (Fig. 7b) and is potentially linked to environmental or oceanographic

changes.

The calibrated CaCO; (wt%) content was slightly elevated and less variable during Interval II (5.55-5.30 Ma) compared to
Interval I, suggesting more stable carbonate preservation conditions or higher export production. Meanwhile CaCO3 fluxes
were overall higher between 6.20—-6.10 Ma and 5.90-5.55 Ma and demonstrate a sustained reduction only during Interval III
(Fig. 7c).

Following the patterns in sedimentation rates, the XRF elemental ratios of Zr/Rb and Ti/K show higher amplitude variability
and elevated mean values during Interval I, indicating large fluctuations between stronger/weaker bottom current activity and
enhanced/reduced input of Iceland-sourced terrigenous material (Fig. 7d). During Interval II, both proxies exhibit an interval
of low amplitude and absolute values, reflecting a period of reduced current strength and/or sediment supply. During Interval
111, three distinct peaks occurred, matching the lows in CaCOs content. These peaks correspond to transient increases in detrital
input (Fig. 7d). However, they are not linked to any major perturbations in sedimentation rates, which remained low during

this time.

Based on these observations, we summarize that: Interval I (6.20-5.55 Ma) was characterized by overall high and variable
sedimentation rates and XRF ratios (Zr/Rb, Ti/K), as well as strong fluctuations in calibrated CaCOj; content (wt%) content;
Interval II (5.55-5.23 Ma) was characterized by the reduction in sedimentation rates and lower CaCOj3 fluxes compared to
Interval I, muted amplitude of XRF proxies, and improved preservation of CaCOs; Interval III (5.23-5.00 Ma) had distinct
isolated minima of low CaCOj; content and high terrigenous XRF ratios and, overall, had the lowest sedimentation rates and

the lowest recorded CaCOj; fluxes.

4 Discussion
4.1 North Atlantic bottom current activity across the latest Miocene warming

Sedimentation at Gardar Drift has been commonly linked to the activity of ISOW-related bottom currents (e.g., Langehaug et
al., 2016; Hodell et al., 2009; Bianchi and McCave, 1999). Recently, it was shown that strong and persistent ISOW current
activity was established in the area after 3.6 Ma, influencing Bjorn and Gardar Drift sites (Sinnesael et al., 2025). This transition
was characterized by a ~four-fold increase (from ~4.20 before 3.6 Ma to 17 cm/kyr after) in sedimentation rates at Site U1564.
By extending the record to 6.20 Ma, we show that average sedimentation rates between 6.20—-5.00 Ma lie intermediate between

the sedimentation rates from 5.00-3.60 Ma, when ISOW activity was not yet strengthened and 3.60-2.70 Ma, when sediment
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supply and current strength in Gardar Drift were consistently high (Sinnesael et al., 2025). The above observations provide
evidence that strong bottom currents were operating in the area as early as 6.20 Ma. However, the latest Miocene—carly
Pliocene activity was notably different from that observed after 3.60 Ma, since it was characterized by strong periodic
fluctuations in Zr/Rb, Ti/K, and CaCOj; content, as opposed to consistently high elemental ratios and a minimal contribution

of the carbonate fraction between 3.60-2.70 Ma (Sinnesael et al., 2025).

We propose that the changes in relative contribution of terrigenous versus pelagic (biogenic) sediment reflect the periodic
influence of distinct bottom currents and/or water masses, which acted to preferentially dilute and/or dissolve the carbonate
fraction during the latest Miocene and early Pliocene. We link each interval to its corresponding dominant circulation
component by using the previously established interpretations for sedimentation rates, Zr/Rb, and Ti/K at North Atlantic
contourite deposition sites (e.g., Mirzaloo et al., 2019; Griitzner and Higgins 2010; Toucanne et al., 2021; see also Methods).
Given high Ti/K ratios and high sedimentation rates we suggest an overall stronger presence of ISOW-related bottom currents
during Interval 1. This presence was characterized by pulses of stronger activity and corresponds to the latest stages of the
LMC (Fig. 7e). ISOW presence was then significantly reduced during Intervals II and III (Fig. 7). Specifically, during these
intervals, sedimentation rates were similar to those between 5.00—3.60 Ma, a period with overall weaker ISOW-related bottom
current activity (Fig. S2; Sinnesael et al., 2025). We now show that this period of weak ISOW already began at 5.55 Ma, as
also evidenced by the reduced amplitude of the XRF ratios (Fig 7d). Interestingly, this timing falls very close to the end of the
LMC (5.50 Ma; e.g., Holbourn et al., 2018; Herbert et al., 2016; Ao et al., 2021; Wen et al., 2023) and corresponds to the onset
of the LMW, which is characterised by lighter oxygen isotopic values in the North Atlantic (ODP Site 982; Drury et al., 2018)
and globally warmer SSTs (Herbert et al., 2016; Fig. 7e).

The LMW may have driven weaker overturning circulation and resulting deep-current activity through the establishment of
weaker meridional (north-south) temperature gradients, which resembled the ones that persisted during the early Pliocene
(Brierley and Fedorov, 2010). ISOW weakening could have also been linked to reduced deep-water convection due to
freshening of the water column. This freshening can occur in the subpolar North Atlantic when ice-melt is introduced to the
water column (e.g., Boning et al., 2016). The presence of substantial glaciations in south Greenland since ~7 Ma (Larsen et
al., 1994) might further support that such mechanism could have been possible even before the onset and intensification of
extensive Northern Hemisphere glaciations at ~3.60 and ~2.70 Ma (McClymont et al., 2023). The importance of late Miocene-
Pliocene ISOW weakening as a climatic feedback mechanism should also be considered in future studies. Subpolar and polar
deep-water formation in the North Atlantic makes this region one of the most efficient in CO, transfer from the atmosphere to
the deep ocean (Takahashi et al., 2009). Slowing the rate of this deep-water formation, as inferred from ISOW weakening,
would also have an impact on this air-sea gas exchange, with the potential for reduced oceanic CO; uptake on short timescales.
However, there is substantial evidence that, on geological timescales, weaker Atlantic overturning circulation is associated

with lower, not higher, atmospheric CO,, primarily due to the build-up and dominance of less-ventilated southern-sourced
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deep waters, that trap more respired carbon at depth and reduce CO, outgassing from the Southern Ocean (e.g., Sigman and
Boyle, 2000; Toggweiler et al., 2006; Freeman et al., 2016). It becomes evident that more highly resolved proxy records (e.g.,
SST, CO,, water mass tracers) will be needed to establish lead and lag relationships within the context of larger-scale climatic
change. Furthermore, paleoclimate modelling using the newly available records will help us elucidate if the proposed

mechanisms could have been physically feasible.

Regarding the overall increase in CaCO; content during Interval II (Fig. 7a), this could either reflect the reduced terrigenous
component transported by bottom currents, an increase in the production of biogenic carbonate, or reduced dissolution within
the water column through the influence of a less corrosive water mass. The CaCO3; fluxes at ODP Site 982 have, on average,
similar values to the one from U1564 (Diester-Haas et al., 2005; this study; Fig. 7c), supporting that no major, sustained change
occurred in paleoproductivity or selective preservation at the deeper site during Interval II. This observation, in turn, suggests
that higher CaCOs content at Site U1564 reflects less terrigenous input through a weakening of ISOW-related bottom currents,

strengthening the proposed changes across this transition.

During Interval I1I, CaCOs fluxes between the two sites were progressively decoupled, driven by a decrease at Site U1564 and
an increase at ODP Site 982 (Fig. 7c). This can be explained by the combined effect of high carbonate export production and
burial related to a period of globally high paleoproductivity (known as the late Miocene to Pliocene biogenic bloom; Diester
Haass et al., 2005) at the shallower site, and the presence of a more corrosive water mass at the deeper parts of the basin. The
latter could occur when, in the absence of persistently strong ISOW bottom current activity, less ventilated and more corrosive
southerly sourced waters were reaching the deeper parts of the North Atlantic, as suggested for glacial periods of the
Pleistocene (e.g., deMenocal et al., 1997). The overall reduction of CaCOs preservation at Site U1564 could equally offer an
explanation for why overall sedimentation rates remained low, despite the periodic resumption of terrigenous sediment input
during Interval III. The latter short-lived pulses of stronger bottom current activity had slightly smaller amplitude than those
during Interval I and did not impact the total sedimentation rates (Fig. 7b). Overall, all records during Interval III resemble the
early Pliocene circulation regime between 5.00-3.60 Ma (Sinnesael et al., 2025; Fig. S2), where strong lithological variations
co-exist with lower sedimentation rates. This possibly indicates that during the Early Pliocene, bottom current activity was

present but wasn’t strong enough to generate a consistent drift-like sedimentation regime.

In general, direct and continuous sedimentary evidence from high latitude sites under the influence of deep currents are scarce
for the study period. For that reason, most of the previously described processes either come from lower latitude sites, sites
outside depositional systems of drifts, or the interpretation of seismic data. Additionally, many of the interpretations in this
study (including our XRF data), come from the knowledge we have acquired regarding drift deposition during the Pleistocene
and the Holocene, when the climatic system was in a very different state. With these limitations in mind, we therefore discuss

some studies which have inferred deep-water formation and related bottom current strength for the Miocene and early Pliocene.
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Dausmann et al. (2017) generated radiogenic Nd records at South Atlantic ODP Site 1088, to trace the presence of North
Component Water (NCW; name for the precursor of the NADW) south of the equator. Based on their analysis, NCW was
being exported towards the Southern Ocean between 6.00—3.00 Ma. In another study, Miiller-Michaelis and Uenzelmann-
Neben (2014), synthesized detailed seismic profile observations from the Eirik drift system, which they tied to the age model
from ODP Site 646 (Miiller-Michaelis et al., 2013; Arthur et al., 1989). Based on the interpretation of seismic units, they
proposed reduced DSOW-related sediment deposition during the latest Miocene cooling (7.50-5.60 Ma), and subsequent
reinvigoration during the warming phases of the latest Miocene and early Pliocene (Miiller-Michaelis and Uenzelmann-Neben,
2014 and references therein). This finding comes in contrast to the evolution of the Gardar Drift system proposed here.
However, it is important to note that recently published sedimentation rates and XRF proxies from sites to the west of the
Reykjanes Ridge demonstrate a very different depositional history compared to the sites on the east (e.g., Morris et al., in
review; Sinnesael et al., 2025). This asymmetry could be explained by a decoupled history of the Eirik and Gardar Drifts,
through differentiated DSOW and ISOW pathways during the late Miocene, similar to what has been shown for the deep-water
masses to the east and west of the Reykjanes Ridge during some Holocene intervals (Hoogakker et al., 2011). Therefore, the
integration of seismic data and the new sedimentological evidence is crucial to understand the evolution of both the Gardar
and Eirik Drifts during the Mio-Pliocene. Such a coupled approach will reveal if what we interpret here as a late Miocene
reduction in ISOW activity can be partially explained or attributed to a lateral migration of drift depocenters, short-lived
changes in bottom current flow paths, or even localized weakening of an ISOW segment. Comparison with shallower and
deeper sites, including the ones drilled at Bjorn Drift, as well as analysis of sediment provenance, will be necessary to complete

the picture.

4.2 Tectonic drivers of change in deep water formation

Tectonic processes are commonly used to explain long-term paleoclimatic and paleoceanographic changes. Reconciling
tectonic drivers with rapid and/or transient climatic changes remains difficult due to the differences in timescales. However,
threshold behavior, or the interplay between a tectonic and a climatic process (e.g., the closure of a gateway and sea level
fluctuations), can lead to sustained changes in atmospheric systems and ocean circulation dynamics. The tectonic events that
could have impacted ocean circulation in the Atlantic Ocean during the late Miocene-early Pliocene are: the uplift and
subsidence of the Greenland-Scotland Ridge (GSR; Poore et al., 2006), the opening of the Bering Strait (Hu et al., 2015), and
the restriction of the Mediterranean with the resulting Messinian salinity crisis (MSC; Ivanovic et al., 2014). These tectonic
changes have been linked to several climatic feedback mechanisms and have been proposed as direct or indirect drivers of

AMOC strength and NADW (or NCW) formation.

A reduced gradient in deep ocean '3C between North and South Atlantic sites has been used to infer stronger NCW production
and has been linked to subsidence at the Greenland-Scotland gateway (Parnell-Turner et al., 2015; Poore et al., 2006; Wright
and Miller, 1996). Poore et al. (2006) showed that a rapid increase of NCW occurred around 6 Ma, in good agreement with
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the first high amplitude peaks at Site U1564 Zr/Rb and Ti/K (Fig. 7d). However, the 3'*C-derived interval of overall stronger
overturning circulation spanned 6.00 to 2.50 Ma, without resolving higher frequency fluctuations in 100-kyr timescales (e.g.,
Parnell-Turner et al., 2015). Based on a similar approach of §'*C gradients, Hodell and Venz-Curtis (2006) inferred a modern-

like Atlantic Ocean circulation between 6.6—3.6 Ma, that most closely resembled the interglacial periods of the Holocene.

Another relevant tectonic reorganization is the opening of the Bering Strait, which could have affected AMOC by introducing
fresher Pacific water into the Arctic Ocean and subsequently the Nordic Seas, with the later one being the area where ISOW
deep water forms. Specifically, modelling studies suggest that an open Bering Strait is linked to weaker NADW (Shaffer and
Bentsen, 1994) through a freshwater balance mechanism and that, vice versa, a strengthening of the AMOC follows the closure
of the strait (e.g., Brierley and Fedorov, 2016; Hu et al., 2015). Interestingly, this opening has been suggested to enter a key
phase between 5.6-5.4 Ma (Hall et al., 2023; Gladenkov et al., 2002), and was further confirmed by the presence of Pacific
molluscs within the Iceland basin by 5.2 Ma (Hall et al., 2023). Its timing is therefore coeval with the overall weakening in

bottom current activity observed during Interval II.

Another gateway-related mechanism that could have influenced bottom current activity in the North Atlantic is the isolation
and re-connection of the Mediterranean Sea during the MSC. A reduction in the Mediterranean overflow water (MOW) could
have ceased the salt injection into the North Atlantic, which has been proposed to affect and enhance overturning circulation
in the Atlantic (see Khélifi et al., 2009, and references therein). Additionally, the MSC could have contributed to the overall
late Miocene cooling of the North Atlantic Ocean, through the removal of the contribution of warm and saline MOW from the
Atlantic Ocean budget (Ng et al., 2021, and references therein). Roveri and others (2025) summarizes the well-established
stages of the MSC. These stages include: a complete MOW shutdown between 5.62—5.55 Ma, and a complete isolation of the
Mediterranean from the Atlantic between 5.55-5.33 Ma, before the MSC ended and connectivity was re-established. These
stages of halted MOW, which have been shown to result from eustatic changes during glacial stages TG14/TG12 (Roveri et
al., 2014, Hilgen et al., 2007; Fig. 7a) fall close to (and slightly predate) the onset of weaker ISOW during Interval II (5.55
Ma). Additionally, the end of the MSC at 5.33 Ma falls close to the resumption of the periodical pulses of deep current activity
at Site U1564, which are observed during Interval III (5.25 Ma), suggesting a possible MOW effect on overturning circulation.
However, although various evidence, such as drift deposition and benthic foraminifera assemblage changes at the Iberian
margin support an active Mediterranean-Atlantic exchange and deep-current activity right after the MSC (Garcia-Gallardo et
al., 2017; Hernandez-Molina et al., 2016), a regular presence of MOW was not established in the North Atlantic before 4.5 Ma

(e.g., Hernandez-Molina et al., 2014 and references therein).

Taken together, the ISOW weakening during Interval II could have been tectonically driven or enhanced through a combined
effect of the Bering Strait restriction of the Mediterranean, while the resumption of deep current activity during Interval I11

could have been assisted by the resumption of MOW. Regardless of MOW activity, carbonate dissolution in the deeper parts
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of the basin suggests that southerly sourced water masses were being entrained in the North Atlantic during this interval. The
above mechanisms will need to be supported by isotopic and micropaleontological proxy evidence used in past water mass

455 tracing, as well as assessed through paleoclimatic ocean circulation modelling.
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Figure 7: Bottom current activity, paleoclimatic conditions and tectonic reconfigurations across the latest Miocene and early
Pliocene. a) Astronomically tuned and calibrated CaCO3 content (wt%) record (black line) at Site U1564 (this study), plotted together with
460 the 8'*0 record from Drury et al., 2018 (grey line). Good overall alignment across main record features supports the robustness of the
astronomically tuned age model. Also indicated are major positive isotopic excursions (isotopic stages TG20/TG22 and TG12/TG14). b)
Sedimentation rates at U1564 derived from age-depth points of the astronomically tuned age model. ¢) CaCOs3 fluxes (g cm™ kyr™') at Site
U1564 (dark green line) and at ODP Site 982 (light green line; Diester-Haass et al., 2005). For the latter, ages are updated to the Drury et
al., (2018) age model. Horizontal dashed lines indicate the average CaCO3 fluxes at U1564 during Intervals I-1II. d) XRF derived Zr/Rb
465 (orange) and Ti/K (blue) time series at Site U1564, presented in the astronomically tuned age model. ) Compiled globally averaged Sea
Surface Temperature (SST) anomaly relative to today (Data Table 6; initial data from Herbert et al., 2016). Orange star with arrow: The
beginning of stronger NCW as suggested by Wright and Miller 1996 (1) and Poore et al., 2006 (2); Blue bars: Restriction of the Mediterranean
as summarized in Roveri et al., 2025 (3); Gray bar: Bering Strait opening as proposed by Hall et al., 2023 (4) and Gladenkov et al., 2002 (5).
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5 Conclusions

The combination of astronomically tuned sedimentological, XRF and CaCOj; content records at Site U1564 allows us to extend
the reconstruction of bottom current activity and CaCOjs preservation at Gardar Drift back to 6.2 Ma. Based on the combination
of proxies, three main intervals were identified (Intervals I-III). During Interval I (6.20-5.55 Ma), ISOW activity was more
pronounced and demonstrated stronger fluctuations. This interval corresponds to the last stages of the LMC. Interval II (5.55—
5.23 Ma) was characterized by muted amplitude of XRF elemental ratios and lower sedimentation rates, as well as higher
carbonate content. It corresponds to the LMW, as well as the final stages of the MSC and the opening of Bering Strait,
suggesting that a combination of globally warmer conditions and tectonic reorganizations around the Atlantic Ocean gateways
possibly drove the observed patterns. Finally, during Interval III (5.23—5.00 Ma), after the warm Pliocene conditions were
established, periodic changes in lithology resumed and sedimentation rates and style of depositions remained stable until the
onset of strong ISOW at 3.6 Ma. During this interval, there are indications that corrosive, southerly sourced waters were
reaching the deeper parts of the basin. More data, including upper ocean and bottom ocean stable isotopes, SST reconstructions
and assemblage studies from the species contributing to the carbonate production will be needed to further substantiate the

proposed oceanic regime changes.
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