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A B S T R A C T

Most of the high-resolution studies investigating the past variability of the deep North Atlantic circulation are
focused on recent timescales, but little is known for periods older than the last glacial period. Based on magnetic,
elemental and physical grain-size proxies of three pairs of sediment cores located South of Iceland, we recon-
structed the past changes in grain-size and basaltic-derived grain concentration over the last 400 ka (1 ka = 1000
years). The source and grain-size proxies exhibit highly similar variations between the three sites, suggesting
they are affected by the same regional process. Persistently lower concentrations and finer grain-sizes recorded in
the southernmost and deeper site compared to the northern sites indicate a North to South gradient that is
consistent with the southward transport of sediments from a northern basaltic source by a deep current.
Therefore, we interpret changes recorded by the ensemble of proxies at the three sites as past variations in the
ISOW intensity. These new results show persistent influence, over the entire 400 ka, of a southward deep-water
flow in the subpolar North Atlantic, from 1800 to 2800 m water depth. The “off mode” of deep Atlantic circu-
lation during Heinrich events suggested by many studies is therefore questioned. This study extends the previous
observations made for the 20–65 ka period over the last 400 ka. Our results also show that the three studied sites
are bathed by a deep-water mass formed in the Nordic Seas, during both glacial and interglacial periods, sug-
gesting that the present-day convection areas were still active during glacial periods. Our ISOW intensity records
are highly similar to those of deep-water ventilation. We propose that the strength of overflows in the North
Atlantic regulates the volume of North Atlantic Deep Water (NADW) and its southward transport in the Atlantic
basin. Therefore, the Southern source waters may only act as an opportunistic component of the deep Atlantic
circulation, invading or retreating depending on the NADW strength.

1. Introduction

Ocean circulation plays a crucial role in the climate system by
exchanging heat and moisture with the atmosphere and storing (or
releasing) greenhouse gases in (from) its deeper parts. In this context,
over the past few decades, many studies focused on reconstructing the
past variability of the Atlantic Meridional Overturning Circulation
(AMOC) in order to better understand climate-ocean interactions
(Broecker and Denton, 1990; McManus et al., 1999; Rahmstorf, 2002;
Thornalley et al., 2013; Henry et al., 2016). In the subpolar North
Atlantic, the sub-surface circulation is currently dominated at present by
the northeastward flow of the North Atlantic Current (NAC), trans-
porting warm and salty waters which become denser in the Nordic Seas,
sink and flow back into the North Atlantic as deep overflow waters (see

Daniault et al., 2016 and references therein). Any modification in the
formation and intensity of the deep waters affects the AMOC with a
strong impact on the northern hemisphere climate (e.g. Caesar et al.,
2018, 2021). It is therefore critical to understand well the mechanisms
leading to changes in the deep ocean intensity under various external (e.
g. Earth’s orbital variability) or internal (e.g. atmospheric CO2 concen-
tration, ice volume) climate forcings.

The sensitivity of ISOW both to orbital changes (Ellison et al., 2006;
Kissel et al., 2009, 2013; Thornalley et al., 2013) and to regional melting
events such as the 8.2 ka event (Kissel et al., 2013), was demonstrated
during the warm period of the Holocene, based on sedimentological
proxies (grain-size and magnetic properties). During the last glacial
period, based on the same proxies, the strength of overflow waters, in
particular the Iceland-Scotland OverflowWater (ISOW), has been shown
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to fluctuate on millennial timescales, in phase with the so-called Dans-
gaard-Oeschger (D-O) events (Dansgaard et al., 1993). The ISOW was
intense during Greenland interstadials and weak but not completely
absent during Greenland stadials (Rasmussen et al., 1996; Moros et al.,
1997; Kissel et al., 1999, 2008; Ballini et al., 2006; Dokken et al., 2013;
Wary et al., 2017). In a contradictory way, the records of another AMOC
strength proxy, the protactinium (231Pa) versus thorium (230Th) ratio,
suggest a complete collapse of AMOC at the Bermuda Rise (in the deep
western North Atlantic basin) during Heinrich events in response to
large iceberg discharges (McManus et al., 2004; Böhm et al., 2015;
Henry et al., 2016). These two conflicting interpretations have led many
studies to consider only the 231Pa/230Th ratio from the single Bermuda
Rise site as a “benchmark” of AMOC changes over the last glacial period,
ignoring the evidence of a still active deep Atlantic circulation during
the coldest glacial events obtained from multiple sites distributed along
the overflow paths (Kissel et al., 1999, 2008; Howe et al., 2016; Keigwin
and Swift, 2017).

For periods beyond the last glacial period, the North Atlantic deep
circulation changes are mainly documented by the geochemistry of the
water masses using the carbon isotopic composition (δ13C) of epibenthic
foraminifera as a water-mass ventilation proxy (e.g. Duplessy et al.,

1988; Curry and Oppo, 2005). The high-resolution reconstructions ob-
tained from nearby the mid-Atlantic ridge (IODP U1308; 3871 m depth;
Fig. 1; Hodell et al., 2008) and the Iberian margin (IODP U1385; 2587 m
depth; Fig. 1; Hodell et al., 2023) and covering the last million years,
show a well-defined glacial-interglacial variability of the ventilation of
deep North Atlantic water masses. While well-ventilated North Atlantic
Deep Water (NADW) dominated during interglacials (s.l.), the increased
contribution of Southern Sourced Water (SSW) is observed during
glacial periods. Over the same period, Grützner and Higgins (2010) used
the Potassium (K) and Titanium (Ti) elemental ratio to track the Ti-rich
volcanic-derived sediments transported by ISOW over the last 1.1 Ma.
They showed that ISOW transported more (less) basaltic-rich sediment
during interglacial (glacial) periods in phase with well (more poorly)
ventilated deep water masses in the North Atlantic. They suggest that
the reduction of volcanic-derived sediment could be the result of a SSW
invasion in the Iceland basin. They also demonstrate an enhanced
millennial-scale variability of the K/Ti record during glacial periods
after crossing threshold of ice-volume growth reflected by benthic δ18O
values of 4.15–4.65‰ VPDB (Grützner and Higgins, 2010).

In addition to the studies described above, changes in the strength of
North Atlantic bottom currents have been investigated in more detail

Fig. 1. Bathymetry and modern salinity section of the subpolar North Atlantic basin and location of the three pairs of cores studied here. A) Bathymetric
map with the main deep (blue arrows) and sub-surface (dark pink) currents, the three pairs of cores (yellow circles) and other sites used in this study for discussions
(red diamonds). B) Salinity section (as indicated in A by the shaded area) with the latitude and depth of each core represented on the map. [1] = MD03-2679-80Cq;
[2] = core SU90-33; [3] MD03-2685-84Cq; [4] ODP site 983; [5] IODP site U1314; [6] MD03-2673-74Cq; [7] IODP site U1308; [8] IODP site U1385; [9] ODP site
1063. DSOW = Denmark Strait Overflow Water; ISOW = Iceland-Scotland Overflow Water; DWBC = . Deep Western Boundary Current; LSW = Labrador Sea Water;
NAC = North Atlantic Current; NEADW = North East Atlantic Deep Water; CGFZ = Charlie-Gibbs Fracture Zone; NAC = North Atlantic Current.
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during specific time intervals. Using stable carbon isotopes of benthic
foraminifera and sortable silt mean grain-size (SS) at a site located on
the southern Gardar drift (IODP U1304; 3082 m water depth; Fig. 1),
Hodell et al. (2009) suggested a weak circulation and poorly ventilated
waters during the Termination II (T-II) and the first part of the last
interglacial, with highest flow speed reached around 124 ka, in agree-
ment with the establishment of well-ventilated deep-waters. Also based
on benthic foraminifera δ13C, grain-size as well as εNd from Bermuda
Rise (ODP 1063; 4584 m water depth) and Gardar drift (ODP-983; 1983
mwater depth) sites (Fig. 1), Deaney et al. (2017) show that the increase
in deep North Atlantic ventilation during T-II was followed by an in-
crease in bottom current intensity. On older timescales, Kleiven et al.
(2011) produced SS and benthic foraminifera δ13C records from MIS 18
to 22 at site ODP-983. They showed the continuous presence of
well-ventilated water masses at ODP site 983, both during glacial and
interglacial periods, with a strong orbital influence and abrupt increases
of ISOW intensity during deglaciations. Therefore, these results, most of
the time only focused on a short time interval and/or on a single site,
lead to different interpretations of the mechanisms controlling past
overflow intensity.

Additional and robust data would then help understanding in greater
detail the mechanisms controlling orbital and suborbital changes in the
intensity of overflow waters. The last four glacial-interglacial cycles
(~400 ka) display the largest changes in Earth’s insolation, atmospheric
greenhouse gas concentrations, temperature and sea-level of the last
million years (Tzedakis et al., 2009; Past Interglacials Working Group of
PAGES, 2016). They therefore constitute a favorable period to study
mechanisms and feedbacks of the deep North Atlantic circulation and its
interactions with other components of the climate system (e.g. ice-sheet,
sea-ice, atmosphere). However, some assumptions about the collapse (or
not) of the deep Atlantic circulation during extremely cold events must
be clarified before being able to examine the mechanisms of deep cir-
culation intensity variability.

In this study, we use a multi-proxy approach on three sites from the
subpolar North Atlantic, in order to evaluate the significance of “clas-
sical” ISOW intensity proxies used in this area, to document the glacial-
interglacial changes in ISOW intensity over the last 400 ka, and to
compare this new dataset with the current knowledge on the deep North
Atlantic circulation over this period of time.

2. Regional settings and sedimentary material

At present, the thermohaline circulation in the North Atlantic con-
sists of the warm and salty surface and intermediate (0–~1.5 km;
Daniault et al., 2016) waters flowing northeastward across the North
Atlantic basin, from the Gulf of Mexico to the Nordic Seas (Fig. 1). These
waters cool and sink in the Nordic Seas convection areas during winter
brine formation and then return southwestward into the deep Atlantic
basin, passing over the Greenland-Scotland basaltic sills (Aagaard et al.,
1985; Aagaard and Carmack, 1989; Mauritzen, 1996; Eldevik et al.,
2009). Two return pathways are distinguished with two overflow water
masses: the Denmark-Strait Overflow Water (DSOW) over the
Greenland-Iceland sill and the ISOW over the Iceland-Scotland sill
(Dickson and Brown, 1994; Saunders, 1994; Hansen andØsterhus, 2000;
Østerhus et al., 2008; Daniault et al., 2016). These two deep currents
form the modern lower limb of the North Atlantic Deep Water (NADW),
a major component of AMOC.

The three sites we investigate in this study were collected during the
P.I.C.A.S.S.O. (MD132/IMAGES XI) cruise onboard the R.V. Marion
Dufresne in 2003 (Laj, 2003). At each site, a giant piston (Calypso) core
was taken together with a CASQ core (labeled Cq) which better pre-
serves the upper meters of sediment. These three pairs of Calypso and
CASQ sediment cores are located on the pathway of the modern ISOW,
along the eastern flank of Reykjanes Ridge between 1800 and 2800 m
depth (Fig. 1). The two northernmost and shallowest pairs of cores were

collected on the Björn and Gardar drifts, which are both characterized
by fine contouritic facies formed by the persistent influence of ISOW
flow (McCave et al., 1980; Bianchi and McCave, 2000). The southern-
most and deepest pair of cores was taken further south on the Gardar
drift (Fig. 1).

Core MD03-2679 was collected from the Björn drift (Fig. 1;
61◦03.40′N; 24◦32.42′W; 1812 m depth; 35.37 m long) and is charac-
terized by olive-green, bioturbated and sometimes laminated clayey-
silts. A few sandy layers visible at ~28.7, ~34.4 and ~34.7 m may be
associated with tephra or turbidites. The CASQ core MD03-2680Cq
taken at the same location is 10.96 m long and covers the upper
15.11 m of the Calypso core MD03-2679 (Fig. S1).

The second core, MD03-2685, is located on the Gardar drift
(60◦24.08′N; 23◦38.39′W; 1977 m depth; 44.61 m long) (Fig. 1), close to
the ODP site 983 (Fig. 1). This core is composed of homogeneous grayish
to greenish clayey-silt to silty-clay. The sediment is sometimes bio-
turbated with isolated sand to gravel-sized clasts. It is coupled for its
upper 17.2 m with the 11.3 m long CASQ core MD03-2684Cq (Fig. S1).

Core MD03-2673 is located farther south on the Gardar drift (Fig. 1;
56◦21.91′N; 27◦48.86′W; 2786 m depth; 39.05 m long). It is made of
grey to brown silty-clays, frequently bioturbated with isolated sand to
gravel-sized clasts that could be Ice-Rafted Detritus (IRD). Two diatom-
rich layers are present at ~21.5 and ~36 m depth. Its upper 18 m are
covered by the 11.85 m long CASQ core MD03-2674Cq (Fig. S1).

To compare the new records obtained from these three sites to ice-
sheet volume and deep ocean ventilation changes, we selected two
IODP cores for which high-resolution benthic foraminifera δ18O and
δ13C records are available. These isotopic data are from the IODP site
U1308 (Hodell et al., 2008) located east of the mid-Atlantic ridge (Fig. 1;
49◦52.40′N; 24◦14.17′W; 3871 m depth) and the IODP site U1385
(Hodell et al., 2023) located on the Iberian margin (Fig. 1; 37◦34.17′N;
10◦07.34′W; 2587 m depth). Both sites are bathed by the modern North
East Atlantic Deep Water (NEADW).

3. Methods

We used a multi-proxy approach on the three studied cores,
including high resolution (every one to two cm) measurements of
elemental (X-Ray Fluorescence, XRF) and magnetic properties. In
addition, we analyzed the grain-size of cores MD03-2673 and MD03-
2679 at a lower resolution (every four to five cm), with a focus on MIS 7
and 9 (Stevenard et al., 2023).

3.1. Magnetic properties

For the analysis of magnetic properties, we have sampled all studied
cores using u-channels taken in the center of the working half core for
each section (Weeks et al., 1993). All magnetic properties were analyzed
following the laboratory procedure described in detail in the Supple-
mental Material. The natural (NRM), anhysteretic (ARM) and isothermal
(IRM) remanent magnetizations were measured on u-channels using
755R DC-SQUIDS cryogenic magnetometers from 2G Enterprise, placed
within the μ-metal shielded room of the LSCE (Laboratoire des Sciences
du Climat et de l’Environnement, Gif sur Yvette, France). The mea-
surements were made every 2 cm with a pick-up coil resolution of 5.8
cm. The volume low field magnetic susceptibility (κlf) was also measured
on u-channels every 2 cm with the same spatial resolution as for the
remanent magnetization.

3.2. Grain-size analyses

For grain-size data analyses of cores MD03-2673 and MD03-2679, 2
cm3 of sediment were taken from u-channels every 4–5 cm on MIS 7 and
9. This represents a total of 318 samples for core MD03-2673 and 265
samples for core MD03-2679. Grain size data were obtained from the
detrital part of the sediment after removal of all biogenic content
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(Supplemental Material) using the laser diffractometers Malvern Mas-
tersizer 3000 and 2000 at LPG-BIAF (University of Angers, France) and
GEOPS (University of Paris-Saclay, France) for cores MD03-2673 and
MD03-2679, respectively. Grain-size distributions were corrected from
IRD influence with the method developed by Stevenard et al. (2023)
using End-Member Analyses (EMA) with the AnalySize GUI Matlab
(Paterson and Heslop, 2015). The mean size of “sortable silt” (SS) (mean
size of the non-cohesive silt in the 10–63 μm range) was calculated
following McCave and Andrews (2019) taking into account the
IRD-corrected grain-size distributions to produce SS IRD_free, a proxy of
deep current intensity (Stevenard et al., 2023). In addition, the geo-
metric mean grain-size (X IRD_free) was calculated on the basis of the IRD
corrected grain-size distribution, in order to also consider the grain-size
variability of the finer grain-size fraction.

3.3. X-Ray Fluorescence measurements

The elemental composition of cores MD03-2673, MD03-2685 and
MD03-2679 was analyzed using the 4th generation Avaatech core
scanner available at the LSCE, on the “archive” half section of each core,
with a 1 cm resolution and downcore and cross-core slits of 1.0 and 1.2
cm, respectively (Stevenard et al., 2023; details in Supplemental Mate-
rial). To remove specimen effects (e.g. water content, matrix effect,
burrows) which can impact the absorption of X-rays (Weltje and Tjal-
lingii, 2008), we applied a Multivariate Log-ratio Calibration (Weltje
et al., 2015). For this purpose, we analyzed 96, 85 and 90 discrete
samples for cores MD03-2679, MD03-2673 and MD03-2685, respec-
tively. These samples were selected (see details in Supplemental Mate-
rial), and measured with the PANalytical Epsilon 3XLE Energy Dispersive
XRF spectrometer available at the LSCE. The Multivariate Log-Ratio
Calibration of the three cores were realized using the GUI Matlab Xel-
erate (Weltje et al., 2015). As suggested by many studies, most of XRF
data are expressed in log-ratios in this study (Aitchison, 1990; Weltje
and Tjallingii, 2008; Weltje et al., 2015).

3.4. Age models

The chronologies of the three studied pairs of cores are produced in
five steps (Figs. S1, S4-5). As a first step (1), we convert the CASQ depth
scales to their respective Calypso depths. These conversions were done
by aligning the ln(Ca/Ti) variations of the Calypso (from this study) and
the CASQ (from T. Richter, personal communication) cores and the κlf
for the deepest part of the CASQ cores, where no XRF data were avail-
able (Fig. S1). All alignments were made using the AnalySeries software
(Paillard et al., 1996).

For the second step (2), we used Accelerator Mass Spectrometry
(AMS) radiocarbon dates obtained on the planktic foraminifera species
G. bulloides and N. pachyderma from the CASQ cores MD03-2680Cq and
MD03-2674Cq. The 4 dates previously reported by Kissel et al. (2009)
for these two cores are completed by unpublished dates obtained at the
same time, as well as 5 new radiocarbon dates (Table 1), all obtained on
the same two foraminifera species. All dates were converted into cal-
endar age before present (BP) using the Marine20 calibration curve
(Heaton et al., 2020), with a ΔR = 0. The CASQs depths of the dated
horizons were transferred to the Calypso depths. The radiocarbon dates
cover the last 36 ka in core MD03-2680Cq and the last 10 ka in core
MD03-2674Cq (Table 1). The age model of cores MD03-2679-80Cq was
therefore constructed by linear interpolation between calibrated radio-
carbon dates. It is constrained for core MD03-2673-74Cq both by
radiocarbon dates for the last 10 ka, and below, down to 36 ka, by the
alignment of ln(Ca/Fe) and κlf variations of this core to those of cores
MD03-2679-80Cq. The age model of the last 36 ka of cores
MD03-2685-84Cq is only based on the alignment with cores
MD03-2679-80Cq using ln(Ca/Fe) and κlf variations.

As a third step (3), beyond 36 ka, we used the intensity of the Earth’s
magnetic field to correlate the three pairs of cores. Indeed, the pre-
requisites for a reliable sedimentary recording of the geomagnetic field
changes (uniform magnetic mineralogy and grain-sizes) are fulfilled in
the three pairs of cores (see section 4.1. and Figs. S2–S3). Thus, we used
the ratio NRM/ARM as the record of relative paleointensity (RPI,
Fig. S2). The Laschamp excursion dated at 41.1 ± 0.35 ka (Lascu et al.,
2016) is clearly identified by marked lows in the RPI records. It was used
as the first tie-point for this period in all three pairs of cores.

The fourth step (4) concerns the chronology of the pair of cores
MD03-2685-84Cq, beyond 41 ka. We aligned the RPI and κlf variations
of these cores to those of ODP-983 (Channell et al., 1997, 2013), in turn
reported on the so-called “ice-core” chronology established by (Barker
et al., 2015). This chronology is based on the alignment of oceanic
surface changes (IRD counts, N. pachyderma%, coarse fraction%) to the
millennial-scale variability of the Greenland synthetic temperature
curve GLT_syn (Barker et al., 2011) reported on AICC2012 ice core
chronology (Bazin et al., 2013; Veres et al., 2013). This allowed us to
transfer the AICC2012 chronology to cores MD03-2685-84Cq. We pro-
duced a Bayesian age model using the “Undatable” GUI Matlab software
(Lougheed and Obrochta, 2019) including a constant age uncertainty of
1000 years for tie-points older than 41 ka. The resulting age model of
core MD03-2685-84Cq is thus based on the transfer of radiocarbon dates
from cores MD03-2679-80Cq (0–36 ka), the Laschamp excursion as a
first tie-point around 41 ka, and the transfer of the Barker et al. (2015)
chronology from ODP site 983 (>41–405 ka).

Table 1
AMS radiocarbon dates of cores MD03-2679-80Q and MD03-2673-74Q.

Lab code Core Depth CASQ (cm) Depth Calypso (cm) Material 14C age BP Error Age cal BP Marine20 2 σ 1 σ

Poz-10855 MD03-2679-80Q 0 60 G. bulloides 760a 30 215 331 152
Poz-10775 MD03-2679-80Q 83 243 G. bulloides 4860b 35 4943 379 194
Poz-10857 MD03-2679-80Q 171 441 G. bulloides 7800a 40 8081 311 151
SacA-68752 MD03-2679-80Q 215 528 G. bulloides 12855 40 14477 604 335
Poz-10858 MD03-2679-80Q 247 580 G. bulloides 17100b 90 19737 628 318
SacA-68753 MD03-2679-80Q 373 746 N. pachyderma sinistral 24430 110 27717 608 262
SacA-68754 MD03-2679-80Q 439 825 N. pachyderma sinistral 29010 180 30460 1165 656
SacA-68755 MD03-2679-80Q 502 899 N. pachyderma sinistral 32070 260 35691 1059 557
SacA-68756 MD03-2679-80Q 530 929 G. bulloides 32870 280 36523 1288 625
Poz-10769 MD03-2673-74Q 0 3 G. bulloides 1120a 30 548 215 112
Poz-10770 MD03-2673-74Q 122 304 G. bulloides 3910b 40 3713 360 183
Poz-10849 MD03-2673-74Q 146 359 G. bulloides 5690b 60 5890 422 207
Poz-10771 MD03-2673-74Q 202 566 G. bulloides 7520b 40 7797 292 158
Poz-10773 MD03-2673-74Q 345 790 G. bulloides 9440a 50 10112 389 188

The dates labeled Poz-# and SacA-# were obtained at the Poznan Radiocarbon Laboratory in Poland and at the national French accelerator ARTEMIS (UMS 2572,
LMC14).
a Data from Kissel et al. (2009).
b Unpublished data.
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As a fifth step (5), we used this newly produced MD03-2685-84Cq
chronology as the reference for the two other pairs of cores. We trans-
ferred it to cores MD03-2679-80Cq and MD03-2673-74Cq by aligning
their variations in RPI, κlf and ln(Ca/Fe) with those of core MD03-2685.
Finally, we applied, for each pair of cores, Bayesian age models with
“Undatable” (Lougheed and Obrochta, 2019), including radiocarbon
dates, Laschamp excursion and age-depth tie points with the same
1000-year age uncertainties.

As a result, the sedimentation rates vary between 5 and 25 cm.ka− 1,
with higher sediment accumulation during interglacial periods (Sup-
plemental Material, Fig. S6). They reach 15–20 cm.ka− 1 for warm pe-
riods and drop to between 5 and 10 cm.ka− 1 during glacial periods.
Therefore, the temporal resolution of high-resolution (1 cm) elemental
records varies between 50 and 70 to 100–200 years. The temporal res-
olution of grain-size analysis (every 4–5 cm) varies between 200-350
and 400–1000 years.

To increase the quality of the comparison of our new data to previ-
ously published benthic δ13C data, we revised the 0 to 400 ka age models
of IODP sites U1385 (Hodell et al., 2023) and U1308 (Hodell et al.,
2008). As the planktic δ18O record from site U1385 is highly
anti-correlated to Iberian margin sea surface temperatures (SST; Martrat
et al., 2007), it is considered as a proxy of SST changes in North Atlantic.
In this area, large-scale SST variations are synchronous with Greenland
surface air-temperature changes recorded in ice cores (Davtian and
Bard, 2023) and the correlation between the two records is commonly
used to define age models (Hodell et al., 2015; 2023). Therefore, we
aligned the variations of the planktic foraminifera (G. bulloides) δ18O
record of U1385 (Hodell et al., 2023) to GLT_syn on the AICC2012
chronology (Barker et al., 2011). Once this age model of U1385 was
produced, we aligned the variations of benthic foraminifera
(C. wuellerstorfi and C. kullenbergi) δ18O from U1308 (Hodell et al., 2008)
to those from U1385 with our revised age-model (Figs. S8 and S9).
Downcore benthic δ13C changes are compared to cross-check the revised
age model of site U1308 (Fig. S9).

We have then produced coherent age-models for our three studied P.
I.C.A.S.S.O. pairs of cores (Fig. S7) and for the two IODP sites in North
Atlantic (see Supplemental Material), all based on AICC2012 ice core
chronology (Bazin et al., 2013; Veres et al., 2013).

4. Results

4.1. Magnetic mineralogy

Uniformmagnetic mineralogy andmagnetic grain-size are part of the
prerequisites for the sediment to be a reliable recorder of the Earth’s
magnetic field. The characteristic remanent magnetization (ChRM)
calculated after stepwise demagnetization of NRM indicates that the
mean inclination obtained in each core is the one expected at these

latitudes on the basis of a Geocentric Axial Dipole (GAD; Figs. S2 and S3)
(MD03-2679 = 73.8◦ ± 8.6◦, GAD = 74.5◦; MD03-2673 = 67.6◦ ± 7.0◦,
GAD = 71.6◦; MD03-2685 = 69.5◦ ± 8.3◦, GAD = 74.1◦). In addition,
the three normalizations of NRM by κlf, ARM and IRMwhich account for
the variations in magnetic concentration, yield similar changes indi-
cating that all three ratios illustrate the variations in RPI (Fig. S2). We
therefore considered the NRM/ARM ratio to construct the age model
(see section 3.4).

S-ratio values ranging between 0.9 and 1 (with a mean of 0.95 for the
three cores) indicate that the magnetic fraction is dominated by low
coercivity minerals. The thermomagnetic curves (Fig. S10) confirm that
this low coercivity mineral is magnetite, as already established on the
Gardar Drift for the Holocene (Kissel et al., 2009) and the last glacial
period (Kissel et al., 1999). The diagrams plotting ARM versus IRM
(Fig. 2a–c) indicate significant changes in concentration, with smaller
ones in magnetite grain size.

4.2. Downcore variability of magnetic concentration and grain-size

In this study, the tracers used to track the magnetic concentration
changes, related to particles from the Iceland-Scotland basaltic province,
are the κlf (corrected for the dilution by biogenic carbonates; see Sup-
plemental Material) and the ARM (Kissel et al., 1999, 2008, 2009, 2013;
Ballini et al., 2006). The magnetic grain-size changes are small but
meaningful and we use the ARM/IRM ratio to illustrate them. The
suggestion that magnetite grains are in aggregates and that their size is
not a reliable proxy for bottom current strength (McCave, 2007) has
been contradicted several times, in particular by Kissel et al. (2009).
These authors showed, also on Gardar Drift sediments, that similar
magnetic properties are obtained from the bulk sediments and on the
magnetic fraction extracted without the use of ultrasounds, indicating
that magnetites are interstitial within the sediment. The experiment has
been repeated here and the same conclusion was reached that magne-
tites behave as free particles.

The magnetic concentrations and grain-sizes of the two northern
sites MD03-2685-84Cq and MD03-2679-80Cq exhibit very similar range
of values (Fig. 3) although discrete peaks observed in both magnetic
concentration and grain-size in the MD03-2679-80Cq are not recorded
in the cores MD03-2685-84Cq. In contrast, the magnetic concentration
and grain-size in cores MD03-2673-74Cq are lower than in the two
northern pairs of cores (Fig. 3).

Nevertheless, each of the three magnetic proxies exhibit the same
type of variability in all three pairs of cores, and vary in phase, both on
glacial-interglacial and millennial timescales (Fig. 3). The only excep-
tions concern two horizons in core MD03-2673-74Cq, which correspond
to diatom ooze layers at terminations T-II and T-IV. High ARM/IRM
values at these horizons most likely result from fine magnetic particles
trapped in diatom shells. These two events obviously do not reflect

Fig. 2. ARM versus IRM plots of the three studied pairs of cores. ARM versus IRM plots showing magnetic concentration and grain-size dispersion of cores (a)
MD03-2685-84Cq, (b) MD03-2679-80Cq and (c) MD03-2673-74Cq.
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hydrodynamical changes. In parallel, a clear glacial-interglacial vari-
ability is visible at the three sites, with higher magnetic concentration
and coarser magnetic grain-size during interglacials (s.l) compared to
glacial periods (Fig. 3). In addition, both interglacial and glacial periods
are marked by millennial-scale variability of magnetic grain-size and
concentration changes (Fig. 3). A fast increase in magnetic

concentration and grain-size, marking the transition between glacial and
interglacial deep North Atlantic circulation patterns, is observed at the
end of each deglaciation (Fig. 3). The transitions from interglacial to
glacial periods at 70, 190, 280 and 367 ka are marked by strong de-
creases in magnetic grain-size and concentration (Fig. 3a–c).

Fig. 3. Downcore magnetic and elemental proxy variability of the three pairs of cores over the last 400 ka. (a) The low field volume magnetic susceptibility
corrected for biogenic carbonates, (b) the anhysteretic remanent magnetization (ARM), (c) the grain-size proxy ARM/IRM (coarser to lower values), (d) the Ti content
(ppm) corrected for biogenic carbonates, (e) The Fe content (ppm) corrected for biogenic carbonates, (f) the grain-size ratio ln(Zr/Rb) and (g) the source ratio ln(Ti/
K). Red =MD03-2679-80Cq; blue =MD03-2685-84Cq; brown =MD03-2673-74Cq. Red =MD03-2679-80Cq; blue =MD03-2685-84Cq; brown =MD03-2673-74Cq.
The MIS boundaries are defined after Lisiecki and Raymo (2005) and the light yellow and blue vertical bars indicate respectively the terminations and glacial in-
ceptions. Vertical dashed lines indicate peaks only detected in cores MD03-2679-80Cq.
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4.3. Downcore variability of elemental tracers

The elemental tracers used in this study to track the concentration
related to basaltic-derived grains from the Iceland-Scotland basaltic
province are the titanium (Ti) and iron (Fe) concentrations, which have
been corrected for the dilution by biogenic carbonates (see Supple-
mental Material), as well as the ln(Ti/K) ratio, already used for the same
purpose by Ballini et al. (2006) and Grützner and Higgins (2010). In
contrast, the Zirconium (Zr) versus Rubidium (Rb) ratio is interpreted as
a sedimentary grain-size proxy (Toyos et al., 2020; Wu et al., 2020;
Toucanne et al., 2021; Stevenard et al., 2023; Lamy et al., 2024).

As already observed for magnetic tracers, all elemental proxies from
the northern cores MD03-2679-80Cq and MD03-2685-84Cq show the
same range of basaltic-derived grain concentration and grain-size values
over the last 400 ka (Fig. 3). Some peaks detected in all elemental tracers
in cores MD03-2679-80Cq are not visible in MD03-2685-84Cq records
(Fig. 3, discussed in section 5.1), and they are in phase with the mag-
netic peaks described above. The Fe and Ti concentrations of basaltic-
derived sediments exhibit systematically lower values in the southern
cores MD03-2673-74Cq than in the two other northern pairs of cores
(Fig. 3). The detrital grains are also finer in cores MD03-2673-74Cq than
in the two northern sites during interglacial periods. These grain-size
differences (ln(Zr/Rb) ratios) between the northern and southern sites
are reduced or negligible during glacial periods (MIS 2, 6 or 10; Fig. 3).
Compared to the other elemental proxies, this ratio is the only one
showing this dampened North to South gradient. This point is discussed
in section 5.1.

Elemental concentration and grain-size proxies vary in phase in the
three sites (Fig. 3). This variability is defined by strong glacial-interglacial
changes, with higher basaltic-derived grain concentration and grain-size
during interglacials (s.l.) compared to during glacial periods (Fig. 3).
Both periods are also marked by millennial scale events, in grain-size and
basaltic-derived grain concentration (Fig. 3). The transitions between our

glacial and interglacial conditions are marked by a strong increase of both
concentration and grain-size, at the end of each deglaciation (Fig. 3).
Transitions between interglacial and glacial values occur at 69, 191, 280
and 367 ka and are less abrupt than for deglaciations (Fig. 3). These
transitions are sometimes punctuated by millennial scale events as
observed during the MIS 7 to MIS 6 boundary (Fig. 3).

4.4. Downcore variability of the sortable fraction

The mean sortable silt free of IRD influence has been obtained from
cores MD03-2679 and MD03-2673, with a focus on MIS 7 and MIS 9
(Stevenard et al., 2023).

Detrital grains are always finer in core MD03-2673 than in core
MD03-2679 (Fig. 4). The glacial-interglacial variability is also well
defined in the two cores, with finer grains during MIS 10, 8 and 6, and
coarser ones during interglacials (s.l.). However, core MD03-2679 ex-
hibits some peaks of coarser grain-size (as also recorded bymagnetic and
elemental proxies) that are not recorded in the other cores. These peaks
tend to visually dampen the long-term variability in MD03-2679 grain-
size records, even though glacial-interglacial changes remain present
throughout the core. The records show strong decreases at around 200,
225, 280 and 295 ka, almost reaching the full glacial grain-size values
(Fig. 4). The transitions between glacial to interglacial occur at the end
of deglaciations, with sharp and strong increases in grain-size (Fig. 4).

5. Discussion

5.1. Robust tracers of the strength of the southward flowing ISOW

The robustness of a multi-proxy approach to track past ISOW in-
tensity in this area was demonstrated by Ballini et al. (2006) over the last
glacial period. Most of the proxies used in this study indicate a high
coefficient of correlation between them (Table 2), except for the SS and

Fig. 4. Downcore grain-size proxy variability of the cores MD03–2679 and MD03–2673 during MIS 7 and 9. (a) The mean-size of sortable silt fraction (μm), (b)
the percentage of sortable silt fraction and (c) the mean grain-size. The three tracers were calculated from the IRD-corrected grain-size distributions from Stevenard
et al. (2023). Red = MD03-2679; brown = MD03-2673. The MIS boundaries are defined after Lisiecki and Raymo (2005) and the light yellow vertical bars indicate
the terminations. Note that the y-scales on the right for core MD03-2673 and on the left for core MD03-2679.
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ARM that show significant differences with the other tracers. As the
sediment is composed by more abundant fine particles (<10 μm) than
coarse ones (>10 μm), the correlation coefficient between ARM/IRM
and ln(Zr/Rb) is higher with the mean grain-size than with SS. This
result also confirms that the magnetic grain-size varies in the micro-
metric range as demonstrated by Kissel et al. (2009) for the Holocene.
The high correlation coefficients between most grain-size and concen-
tration proxies suggest that they all well record the variability of ISOW
strength. This result extends over the last 400 ka the robustness of the
multi-proxy approach initially established for the Holocene (Kissel et al.,
2009, 2013) and the last glacial period (Kissel et al., 1999, 2008; Ballini
et al., 2006).

The most visible downcore differences between cores relate to the
peaks observed in all magnetic, elemental and sortable silt records
mainly during glacial or inception periods, at the site of cores MD03-
2679-80Cq (Figs. 3 and 4). This pair of cores was collected from the
Björn drift, closer to the Iceland slope than the two other sites located on
the Gardar drift (Fig. 1). Due to its proximity to the Iceland ice-sheet
during glacial times, this site may be affected by gravity flow pro-
cesses associated with Iceland glacier’s surges (Lacasse et al., 1998). As
ISOW acts as a contour current East of the Reykjanes Ridge, it may
transport this turbiditic material from Iceland downstream to the most
proximal of our sites (MD03-2679-80Cq), locally increasing both mag-
netic and basaltic-derived grain concentration, as well as the detrital
mean grain-size, over short periods of time. Therefore, the peaks
recorded in cores MD03-2679-80Cq only may reflect changes in sedi-
mentary processes off Iceland rather than in deep current intensity. On
millennial timescales, small differences may be observed between the
various proxies (Figs. 3 and 4) depending on local processes. However,
glacial-interglacial changes are always visible, which suggests that the
three sites, bathed by the same bottom current, are affected by the same

environmental processes.
Previous studies demonstrated the presence of a North to South

gradient of magnetic concentration and grain-size, deposited under the
influence of the southward flow of ISOW, during the Holocene (Kissel
et al., 2009, 2013; Thornalley et al., 2013) and the last glacial period
(Kissel et al., 1999, 2008). All proxy records show very similar variations
in both the southern site of cores MD03-2673-74Cq and the two north-
ern sites, despite a systematically lower basaltic-derived grain concen-
tration and finer grains in the southernmost cores (compared to the
northern ones). Interestingly, this North to South gradient, expressed in
the ARM/IRM ratio and physical grain-size proxies, is less important or
absent in the ln(Zr/Rb) records during glacial periods (Fig. 3c & 4). The
interpretation of ln(Zr/Rb) in terms of grain-size proxy is based on the
fact that the Zr-rich grains are more mainly in the 8–62 μm fraction,
while the Rb-rich grains are more represented by sediment finer than 8
μm (Wu et al., 2020). The mean detrital grain-size drastically decreases
to 5–6 μm and 3 μm in cores MD03-2679-80Cq and MD03-2673-74Cq,
respectively, during glacial periods (Fig. 4). Therefore, the observed
glacial loss of North-South gradient in the ln(Zr/Rb) ratio may be linked
to a decreased amount of “coarse” Zr-rich grains transported along the
Reykjanes Ridge during glacial times, both North and South of the study
area. In this context of low content of Zr-rich grains, the absolute values
of ln(Zr/Rb) may be biased and so is the gradient between our northern
and southern records. Therefore, these gradient differences in the ln
(Zr/Rb) ratios during glacial periods are more related to the way this
ratio records grain-size changes than to spatial changes in the deep
current affecting the area. In any case, the ARM/IRM ratio and
IRD-corrected mean grain-size, do not show this decrease of the North to
South gradient. Nevertheless, the observation of a North to South
gradient in all proxies used, except the glacial ln(Zr/Rb) for the reasons
explained above, extends over the last 400 ka the observations of Kissel

Table 2
Matrices of correlation between the different proxies used in this study for each pair of cores. The upper right corner indicates the Pearson correlation, while the
lower left corner indicates the p-value. Bold values represent correlations that are not statistically significant (p-value > 0.01).

MD03-2673-74Cq

Fe ​ 0.93 0.75 0.77 0.51 0.76 − 0.62 − 0.05 0.28 0.40
Ti 0.00 ​ 0.86 0.76 0.46 0.85 − 0.70 0.06 0.35 0.43
ln(Ti/K) 0.00 0.00 0.61 0.23 0.96 − 0.60 0.14 0.47 0.50
κlf 0.00 0.00 0.00 0.75 0.66 − 0.47 0.03 0.26 0.28
ARM 0.00 0.00 0.00 0.00 ​ 0.26 − 0.28 − 0.08 0.09 0.11
ln(Zr/Rb) 0.00 0.00 0.00 0.00 0.00 ​ − 0.60 0.09 0.40 0.44
ARM/IRM 0.00 0.00 0.00 0.00 0.00 0.00 ​ − 0.30 − 0.54 − 0.59
SS (μm) 0.33 0.25 0.01 0.62 0.16 0.12 0.00 ​ 0.79 0.54
SS (%) 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 ​ 0.92
Mean (μm) 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 ​

MD03-2679-80Cq

Fe ​ 0.90 0.88 0.50 0.20 0.76 − 0.67 0.30 0.47 0.45
Ti 0.00 ​ 0.96 0.43 0.05 0.89 − 0.76 0.44 0.58 0.56
ln(Ti/K) 0.00 0.00 ​ 0.50 0.10 0.97 − 0.79 0.46 0.60 0.56
κlf 0.00 0.00 0.00 0.76 0.45 − 0.41 0.02 0.20 0.17
ARM 0.00 0.05 0.00 0.00 0.00 0.02 − 0.18 − 0.04 − 0.03
ln(Zr/Rb) 0.00 0.00 0.00 0.00 0.99 ​ − 0.79 0.49 0.59 0.55
ARM/IRM 0.00 0.00 0.00 0.00 0.47 0.00 ​ − 0.59 − 0.65 − 0.61
SS (μm) 0.00 0.00 0.00 0.75 0.00 0.00 0.00 ​ 0.93 0.91
SS (%) 0.00 0.00 0.00 0.00 0.55 0.00 0.00 0.00 ​ 0.98
Mean (μm) 0.00 0.00 0.00 0.00 0.62 0.00 0.00 0.00 0.00 ​

MD03-2685-84Cq

Fe ​ 0.93 0.88 0.58 0.15 0.75 − 0.60 ​ ​ ​
Ti 0.00 ​ 0.96 0.59 0.05 0.89 − 0.71 ​ ​ ​
ln(Ti/K) 0.00 0.00 ​ 0.60 0.06 0.96 − 0.80 ​ ​ ​
κlf 0.00 0.00 0.00 0.71 0.49 − 0.49 ​ ​ ​
ARM 0.00 0.03 0.01 0.00 − 0.16 0.06 ​ ​ ​
ln(Zr/Rb) 0.00 0.00 0.00 0.00 0.00 ​ − 0.80 ​ ​ ​
ARM/IRM 0.00 0.00 0.00 0.00 0.01 0.00 ​ ​ ​ ​
SS (μm) ​ ​ ​ ​ ​ ​ ​ ​
SS (%) ​ ​ ​ ​ ​ ​ ​ ​
Mean (μm) ​ ​ ​ ​ ​ ​ ​ ​
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et al. (1999, 2008, 2009, 2013) for the last 60 ka, indicating a southward
flow with the basaltic sill as the major source of basaltic-derived
sediment.

The final point of this section, based on the previous observations
discussed above, is that the proxies used in this study can be used as
robust tracers of the past intensity of a deep current, flowing southward
and transporting basaltic-derived grains originating from a northern
source (i.e. the sill), by a deep current flowing southward and bathing
the three studied sites. By analogy to the present deep North Atlantic
circulation, we associate this deep current to ISOW in the following
sections.

5.2. Persistent influence of ISOW over the last 400 ka

In the previous section, we interpret the concentration and grain-size
proxies as faithfully recorders of past changes in ISOW relative vigour.
Previous works demonstrated a persistent influence of the deep subpolar
North Atlantic circulation over the last glacial period (Kissel et al., 1999,
2008). Indeed, the pattern of variations in basaltic-derived material
content from one site to another along the ISOW, DSOW and the Deep
Western Boundary Current (DWBC; Fig. 1) pathways is the same during
Greenland warm (interstadials) and cold (stadials) events, with lower
values during the latter illustrating a damping rather than an off-mode
of the bottom circulation dynamics. Our records over the last 400 ka
also indicate a well-preserved North-South glacial gradient from
northern sites to the southern site. This North-South gradient suggests
that the circulation was not entirely turned off during glacial periods.

Magnetic data are affected by the smoothing effect of the pick-up coil
resolution (5.8 cm) of the high-resolution magnetometers and of the
susceptibility meter adapted for u-channels, particularly during glacial
periods characterized by low sedimentation rates (5–10 cm.ka− 1;
Fig. S6). Elemental data from XRF analyses, which have a centimetric
resolution with no smoothing, indicate globally similar changes
(although slightly more abrupt) compared to magnetic data, in partic-
ular during Heinrich events. No “off mode” is thus smoothed out of the
magnetic data because of the pick-up coil resolution. This result is
confirmed by high sedimentation rates cores from the subpolar North
Atlantic, which indicate a reduced (but not absent) overflow during
millennial-scale events of the last glacial period (Kissel et al., 1999,
2008). Moreover, the “glacial” carbonate-free κlf values of the two
northern sites vary between 10 and 20.10− 4 SI, in agreement with those
obtained by (Kissel et al., 1999; Kissel, 2005) from core SU90-33 from
the Iceland basin. The southern and deeper site also show κlf values
(between 5 and 11.10− 4 SI) in the range of a sedimentation controlled by
ISOW during glacial periods (Kissel et al., 1999; Kissel, 2005). As a
comparison, the κlf values in core SU90-08 located in the Ruddiman belt
show κlf values does not exceeding 3.10− 4 SI during glacial periods,
besides the Heinrich peaks (Kissel, 2005). Corrected for the carbonate
content, these values increase up to about 5.10− 4 SI at the maximum,
significantly weaker in the cores bathed by ISOW. Therefore, along the
ISOW path, the signal is strongly reduced during glacial periods but still
present along the Reykjanes Ridge between 1800 and 2800 water depth,
suggesting a continuously active deep-water flow over the last 400 ka.

This new interpretation is not consistent with the common idea
emerged for a few decades of an “off mode” of the AMOC occurring
during Heinrich events or stadials. This hypothesis was first described by
(Rahmstorf, 2002) and heavily supported by the 231Pa/230Th ratio re-
cords from Bermuda Rise (4500 m), considered for years as a reference
data set of AMOC changes. However, recent studies showed that the
AMOC collapse during HS1, as recorded by the 231Pa/230Th ratio at this
Bermuda Rise site where the production ratio is attained (McManus
et al., 2004), is not consistent with data from other North Atlantic sites,
in particular from different water-depths (Gherardi et al., 2009; Bradt-
miller et al., 2014; Ng et al., 2018; Süfke et al., 2019). More recently,
using the intermediate complexity climate model Bern 3D, Pöppelmeier
et al. (2023) showed that the 231Pa/230Th values of Bermuda Rise during

HS1 can be reproduced with an AMOC reduction of 30% from the Last
Glacial Maximum (LGM), without any collapse of the AMOC. Conse-
quently, the “off mode” of the AMOC as suggested by the Bermuda Rise
231Pa/230Th records may simply reflect local spatial changes of one
deepest branch of the NADW during the HS1 AMOC slowdown. The
recent effort to understand the changes in the Bermuda Rise 231Pa/230Th
records and our new data provide robust arguments to disprove a
complete collapse of AMOC, during Heinrich events or any other pe-
riods, and reinforce the interpretation that over the last 400 ka, North
Atlantic deep waters are continuously active with an intensity varying in
time, depending on the climatic periods.

Another working hypothesis concerns the formation of Glacial North
Atlantic Intermediate Water (GNAIW) South of Iceland, which would be
formed during glacial times by a southward migration of the convection
areas (Duplessy et al., 1988; Lynch-Stieglitz et al., 2007; Lynch-Stieglitz,
2017). This modified water mass is supposed to replace NADW and to
flow at shallower depths during glacial periods. Again, the previous
studies of Kissel et al. (1999, 2008) showed highly similar glacial
millennial-scale changes in deep-current intensity records from sites
located to the North and South of the Iceland-Scotland basaltic sill. This
result implies that the same water mass actively passed over the sills,
and therefore that the convection persistently occurred to the North of
the sills during the last glacial period. More recently, Howe et al. (2016)
on the basis of a εNd synthesis during the LGM, proposed the glacial
presence of two water masses in the Atlantic basin. The first one is
GNAIW, originating from a convection area South of Iceland and
affecting the intermediate circulation. The second one is the Glacial
North Atlantic Deep Water (GNADW), which corresponds to a slower
NADW with a decreased influence towards the South. In-phase varia-
tions of our new records from intermediate (1800–2000 m) and deep
(2800 m) sites over the last 400 ka suggest that the three sites are
affected by the same water mass. The question remains to identify this
water mass. In a scenario where only GNAIW (formed to the South of
Iceland) affects our sites, Iceland would be the major contributor of
basaltic sediments, mostly via gravity flow events (Lacasse et al., 1998;
Sigmarsson et al., 2008). This fine turbiditic material would be winn-
owed downstream by bottom deep-currents as suspended load (Lacasse
et al., 1998). In that case, the detrital mean grain-sizes would increase
due to the proximity of the source compared to the Iceland-Scotland sill.
However, all our grain-size proxies always exhibit finer grain-sizes
during glacial periods compared to interglacials (s.l). The only excep-
tions concern the peaks detected in the pair of cores MD03-2679-80Cq,
interpreted as turbiditic events delivering basaltic material resulting
from “pulses” of Iceland’s glaciers. These cores are the closest to the
Iceland and show drastic increases in grain-size and basaltic-derived
concentration in response to these specific events. Nevertheless, the
systematic decrease in the mean grain-size during glacial periods
compared to interglacials suggests that the Iceland-Scotland sill might
be the major source of basaltic sediments throughout the last 400 ka. To
verify this hypothesis, a record of bottom-current intensity from a
location to the North of the sill would be needed. Unfortunately, such
records in the Nordic Seas are not yet available over the last 400 ka.
However, Kissel et al. (1999, 2008) showed that during the most recent
glacial period (25–65 ka), their study sites recorded the same and
in-phase deep-current intensity to the North and South of the sill.
Therefore, we favor the interpretation that GNADW (here, ISOW) was
formed in the Nordic Seas and persistently affected the deep subpolar
North Atlantic basin with various intensities over the last 400 ka.

5.3. Glacial - interglacial variability of ISOW intensity

Glacial - interglacial changes in ISOW strength were previously
studied by Grützner and Higgins (2010). The authors conclude that
during interglacials, the amount of basaltic-derived sediments trans-
ported from the sill to the Iceland basin is higher than during glacial
periods, where the sedimentationmay be affected by another deep water
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mass, as the “Lower Deep Water” from the southern hemisphere. Their
hypothesis is mainly based on the benthic δ13C record from IODP site
U1308 (Hodell et al., 2008) that is located deeper and further South
compared to their study site IODP U1314. The presence of SSW at the
IODP site U1314 (which is also the same location as cores
MD03-2673-74Cq) would therefore indicate that this site is affected by
another water mass than the two northern sites, which are bathed by
well-ventilated deep-water as indicated by the benthic δ13C record from
ODP site 983 (Raymo et al., 2004). However, our results show a North to
South sediment flux and in phase variations between our three study
sites, regardless of the water-depth and location, indicating that our

three sites are bathed by the same water mass. Therefore, the hypothesis
proposed by Grützner and Higgins (2010) seems to be incompatible with
our results and we suggest that the deep southern Gardar drift down to
2800 m water-depth is only affected by ISOW over the last 400 ka.

Our results also show fast ISOW strength changes that occur during
periods of fast ice-sheet growth or melt, as indicated by the benthic
foraminifera δ18O records from IODP sites U1385 and U1308 (Fig. 5;
Hodell et al., 2008, 2023). This is consistent with the results from
Grützner and Higgins (2010) and confirms the importance of ice-volume
changes in the glacial - interglacial deep ocean circulation. Grützner and
Higgins (2010), on the basis of only a single elemental ratio from a single

Fig. 5. Comparison of normalized ISOW intensity tracers (see Supplemental Material) with the ice-sheet volume and deep water mass ventilation proxies
from the IODP sites U1308 (Hodell et al., 2008) and U1385 (Hodell et al., 2023). (a) Benthic δ18O, (b) benthic δ13C, (c) the normalized source ratio ln(Ti/K), (d)
the normalized grain-size ratio ln(Zr/Rb), (e) the normalized magnetic grain-size ratio ARM/IRM and (f) the normalized volume low field magnetic susceptibility free
of biogenic carbonate influence. MIS boundaries are defined after Lisiecki and Raymo (2005). Light-yellow vertical bars and blue vertical bars indicate terminations
and transitions between interglacial to glacial ISOW states, respectively.
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site, suggest a “threshold” in ice-volume which would enhance the
millennial-scale variability of ISOW during glacial periods. Our data,
based on a multi-proxy approach (with more sensitive XRF analytical
measurements and calibration; see section 3.3.) and multi-sites, con-
firms this millennial-scale variability during glacial periods, but also
shows its existence during interglacial periods (s.l).

We have compared our data of ISOW strength with deep-water
ventilation from IODP sites U1308 (Hodell et al., 2008) and U1385
(Hodell et al., 2023, Fig. 1), all on the same chronological scale. Both
sites exhibit a very similar pattern of deep ventilation changes, most of
the time varying in phase with our sedimentary records of ISOW vigour
(Fig. 5). When the ISOW strength is strong during interglacials (s.l.), the
deep North Atlantic basin is well ventilated, and vice versa during glacial
periods. The low sedimentation rates observed during glacial periods
(Fig. S6) also suggest a reduced advective transport. Superimposed on
these long-term changes, millennial-scale changes of ISOW vigour are
accompanied by in-phase deep ventilation changes (Fig. 5). The more
vigorous the ISOW, the better ventilated the deep North Atlantic. Three
exceptions concern MIS 3, 8 and the end of MIS 10, where the ISOW is
slow and the deep North Atlantic well-ventilated, whereas
millennial-scale changes in deep-current intensity and deep-water
ventilation remain in phase. This high degree of similarity between
ISOW strength and deep-water ventilation changes suggests a closely
link between overflow vigor and the southern extent of (G)NADW in the
Atlantic basin over the last 400 ka. This relationship was already pro-
posed by Kleiven et al. (2011) for older periods (MIS 18 to 22). We
propose that overflows which form the lower limb of NADW may
modulate the southern extent of this water mass into the Atlantic basin.
When overflows are more vigorous, the volume of Northern Source
Water (NSW) entering in the deep North Atlantic basin is more impor-
tant and this water mass “pushes” further south or deeper the SSW. In a
reverse scenario, when overflows slow down, the volume of NSW in the
North Atlantic basin decreases and SSW passively invades the deep
North Atlantic basin. In this proposed mechanism, SSW acts as a passive
opportunistic component of the deep Atlantic circulation, by only being
modulated by changes in the NSW vigor. The situation may be slightly
different during the particular cases of MIS 3 and the end of MIS 8 and
10, where the deep-water masses are well ventilated and ISOW is weak,
while millennial-scale variability is preserved. During these three spe-
cific periods, a low intensity of ISOW would lead to an increase of SSW
influence in the deep North Atlantic basin. Two hypotheses could
explain this situation. First, SSW may not be a passive component of
ocean circulation and strengthens when NSW slows down (and vice
versa), except during MIS 3 and the end of 8 and 10 where both water
masses are slow for an unknown reason. The second hypothesis concerns
the other components of NSW, such as DSOW or Labrador Deep Water
(LDW), which could be more vigorous than ISOW during MIS 3, 8 and 10
and contribute more to a southward extent of NSW. However, records of
the DSOW strength variability are conflicting, indicating a strong DSOW
during interglacial (Mazaud et al., 2012) or glacial (J. Channell, 2006)
periods depending on the core’s water-depth. Therefore, the lack of
robust, continuous and long-term deep vigour records of LSW, DSOW or
SSW does not allow us to disentangle these hypotheses. More deep-water
strength reconstructions would be needed to better understand the
causal relationship between the vigour of the deep North Atlantic cir-
culation and the deep-water ventilation.

6. Conclusion

We report here a reconstruction of the past ISOW strength over the
last 400 ka using multi-proxy (magnetic, elemental and sortable silt)
analysis of the detrital fraction of three sedimentary marine pairs of
cores. The results highlight the following points.

• All our proxies, whatever their nature or meaning (elemental, mag-
netic and microgranulometry), consistently record the same vari-
ability of the past vigour of ISOW.

• The southernmost site is characterized by a lower basaltic-derived
grain concentration and finer grain-size compared to the two
northern sites, which show very similar variations and values for
each proxy.

• Our results indicate a deep-current continuously flowing southward
over the last 400 ka, suggesting no “off-mode” of AMOC in this area,
always bathed by the (Glacial) North Atlantic Deep Water.

• The Iceland-Scotland basaltic sill acts as the major sediment supply
during the last 400 ka, supporting the idea that convection areas in
the Nordic Seas are always active.

• The ISOW strength is marked by a well-defined glacial - interglacial
variability, superimposed by millennial-scale variability, during
glacial and interglacial periods.

• The observed variations of ISOW vigour are in phase with deep-water
ventilation changes further South in the North Atlantic basin on both
orbital and millennial timescales.

Finally, our results bring new information about the deep circulation
along the Gardar Drift, raise a number of questions and show that more
data are needed with a good geographical distribution (e.g. along DSOW
and to the North of the sills) to better decipher deep oceanic changes and
mechanisms over the last 400 ka.
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