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Abstract. Understanding the evolution of deep ocean circulation and chemistry over the last glacial cycle is key for
elucidating the ocean’s role in modulating atmospheric CO2 changes on millennial and orbital timescales. Marine Isotope
Stage (MIS) 4 is a key paleoclimatic interval of the last glacial inception for assessing the role of the deep-ocean carbon
storage in driving atmospheric CO: levels, because it is characterized by a large decrease of air temperature and a rapid
atmospheric COz drop of ~40 ppmv, likely linked to changes in ocean circulation, and includes several millennial climatic
events, for example Heinrich Stadial (HS) 6. Although previous proxy-based studies have suggested a weakened Atlantic
overturning during MIS 4, and particularly HS 6, basin wide changes in circulation remain poorly constrained. Here, we
present high-resolution deep-water hydrography reconstructions from the mid-depth Iberian Margin (core MDO01-2444,
~2.65 km water depth), based on benthic foraminiferal Mg/Ca-derived deep-water temperature (Taw), benthic 80, and
associated 8'®Oqw records, alongside SS- based flow-speed record. Our data reveal three distinct deep-water hydrographic
‘regimes’ at the Iberian Margin: 1) warm “interglacial-like” mode during MIS 5a (including Greenland stadials C19 and
C20); 2) a colder glacial circulation mode during early MIS 4 (pre- HS 6); and 3) a “Heinrich” circulation mode during HS
6. A stronger influence of colder southern-sourced waters is inferred at the Iberian Margin throughout MIS 4 and intensifies
during HS 6, whereas MIS 5a stadials are characterised by a pronounced subsurface warming. The warm stadials C19 and
C20 were likely driven by a southward displacement of convection sites in the North Atlantic and appear to be unique to
MIS 5a as they are not observed during MIS 3 Dansgaard-Oeschger events at this site. We also find evidence of “millennial-
type” variability and, similar to recent studies for MIS 2, a persistent contribution of northern sourced waters during MIS 4
(pre- HS 6). The contrasting impacts of similar millennial-scale DO-type variability on North Atlantic deep-water
hydrography and circulation strength during MIS 3, 4, and 5 highlight the strong dependence on the background climate

state.

1 Introduction

Ocean circulation played a key role in controlling and modulating climatic changes over the last glacial cycle through its

impacts on both heat transport and the carbon cycle. Thus, understanding the evolution of deep ocean circulation and
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chemistry over the last glacial cycle is important for elucidating the ocean’s role in driving atmospheric CO2 changes on
millennial and orbital timescales (e.g. Galbraith and Skinner, 2020; Sigman and Boyle, 2000). However, the spatial and
volumetric extent, and the transport rate of North Atlantic Deep Water (NADW) remain ambiguous in both proxies and

models, especially beyond the Last Glacial Maximum (LGM), leaving possible impacts on CO> changes elusive.

Ocean circulation during the LGM has been extensively studied. Using various proxies, such as benthic 8'*C, ¢éNd and
radiocarbon, it has been suggested that NADW shoaled and consequently the southern sourced waters (SSW) dominated the
Atlantic Ocean volume below ~2 km (e.g. Curry and Oppo, 2005; Lippold et al., 2016; Poppelmeier et al., 2023; Skinner et
al., 2017). However, recent studies have challenged these findings (Blaser et al., 2025; Howe et al., 2016; Poppelmeier et al.,
2020; Skinner et al., 2021; Wharton et al., 2026). The strength of Atlantic Meridional Ocean Circulation (AMOC) during the
LGM (i.e. transport rate) is also debated. Some *'Pa/?*°Th-based reconstructions imply a weaker glacial AMOC (Béhm et
al., 2015; Lippold et al., 2016; Mcmanus et al., 2004), whilst others have found a stronger LGM southward transport in the
mid-depth Northeast (NE) Atlantic and weaker in the Northwest (NW) Atlantic (Gherardi et al., 2005; Ng et al., 2018).
Paleoclimate Modelling Intercomparison Project (PMIP) numerical models under glacial boundary conditions of varying
generations show no agreement on either the geometry or the strength of the LGM AMOC (Kageyama et al., 2021; Muglia
and Schmittner, 2015; Otto-Bliesner et al., 2007), with the most recent PMIP 4 ensembles showing a strong LGM AMOC
(Kageyama et al., 2021) alongside other modelling studies (Galbraith and De Lavergne, 2019; Klockmann et al., 2016;
Sherriff-Tadano et al., 2018). However, many other modelling LGM simulations corroborate reduced NADW extent (and
transport strength) (e.g. Galbraith and De Lavergne, 2019; Menviel et al., 2017; Menviel et al., 2020).

Previous proxy studies have inferred, largely from sedimentary 2*'Pa/**°Th data, that Heinrich events, and especially HS 1,
are associated with a near cessation, or severe reduction of NADW leading to decreased bottom-water ventilation in the
North Atlantic (e.g. Bohm et al., 2015; Bradtmiller et al., 2014; Henry et al., 2016; Mcmanus et al., 2004; Ng et al., 2018),
although the robustness of this proxy to AMOC has been questioned (e.g. Leal et al., 2025; Lerner et al., 2020). Similarly,
numerical model freshwater hosing simulations of Heinrich events lead to “AMOC shutdown” (i.e. the weakening and
shoaling of NADW) under glacial and preindustrial boundary conditions (e.g. Ganopolski and Rahmstorf, 2001; Gottschalk
et al., 2019; Kageyama et al., 2013; Menviel et al., 2008), although the results of these models may be biased due to their
low spatial resolution impacting freshwater distribution and being forced with unrealistic freshwater volumes. More realistic
forcing yields much more muted changes (Ivanovic et al., 2018) more consistent with recent integrated proxy data-model

simulations (Péppelmeier et al., 2023).

During glacial MIS 4, proxy records of circulation and/ or hydrography are more scarce than for the LGM, and no modelling
experiments have been performed to date to assess the state of AMOC under MIS 4 boundary conditions, notwithstanding

broader climate model simulations of MIS 4 using intermediate complexity models (e.g. Brovkin et al., 2012; Timmermann
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et al., 2010). Yet, MIS 4 is a critical paleoclimatic interval of the last glacial inception, characterised by severe and sustained
cold conditions in both hemispheres (e.g. Jouzel et al., 2007) and a rapid atmospheric COz drop of ~40 ppmv (Bereiter et al.,
2012). Sea level was significantly lowered during MIS 4, albeit not as low as during the LGM (e.g. Gowan et al., 2021;
Rohling et al., 2017), implying that Laurentide Ice Sheet alongside other northern hemisphere ice sheets were most extensive
during the LGM (Batchelor et al., 2019; Gowan et al., 2021; Toucanne et al., 2023). However, globally more extensive
glaciers are thought to have been present during MIS 4 as compared to the LGM (Doughty et al., 2021; Hughes et al., 2013).
MIS 4 includes several millennial climatic events including HS 6 at the end of MIS 4, which was comparable in climatic

severity to HS 1 (e.g. Davtian and Bard, 2023; Hoogakker et al., 2015).

Several studies have suggested a change in AMOC during the MIS 5a/ 4 transition using: eNd records from the Indian and
South Atlantic Oceans (Piotrowski et al., 2009; Piotrowski et al., 2005); 23'Pa/**°Th records from the NW Atlantic (B6hm et
al., 2015) and NE Atlantic (Guihou et al., 2010); sortable silt records from the NW and NE Atlantic (Hall and Mccave, 2000;
Thornalley et al., 2013); benthic B/Ca records (Yu et al., 2016) and benthic 8'*C (Govin et al., 2009; Martrat et al., 2007;
Oliver et al., 2010; Piotrowski et al., 2005; Thornalley et al., 2013). Whilst all the available records agree that the transport
was likely reduced and NADW shoaled during HS 6, the circulation mode during early MIS 4 (pre-HS 6) is unclear, with
proxy records providing either muted, poorly resolved, or conflicting results. Other studies have used indirect proxy
evidence to infer a mode change in AMOC during MIS 5a/ 4 transition, implying a shift from NADW to southern-sourced
deep-water dominance (Barker and Diz, 2014; Bereiter et al., 2012; Hoogakker et al., 2015).

Additionally, MIS 5a stadials C19 and C20 may represent a circulation state distinct from that of MIS 4 and HS 6 (e.g.
Bohm et al., 2015; Thornalley et al., 2013). These millennial-scale climatic events occur under relatively “interglacial”
background conditions of MIS 5a, yet are characterised by extremely cold conditions in Greenland as inferred from
Greenland ice core records (Ngrip Project Members, 2004). In particular, C19 appears to have been as cold as glacial
conditions of MIS 4 and the LGM. In contrast, North Atlantic % N. pachyderma -based sea surface temperature records
indicate that substantial cooling did not occur until the MIS 5a/ 4 transition with only muted, if any, increase in N.
pachyderma during C19 and C20 stadial events (e.g. Barker et al., 2015; Bauch et al.,, 2012; Mcmanus et al., 1994;
Thornalley et al., 2013; Voelker and De Abreu, 2011; Zeng et al., 2025; Zeng et al., 2023), thereby supporting the
persistence of relatively “interglacial” climatic state. High resolution reconstructions of North Atlantic circulation are

therefore needed to assess changes before, during, and after the MIS 4 glacial interval.

One way to assess changes in deep-water hydrography, and by extension circulation, is by reconstructing deep-water
temperature (Taw) and local associated §'*0qw change (e.g. Mawbey et al., 2026; Roberts et al., 2016; Skinner et al., 2007;
Skinner and Elderfield, 2007; Skinner et al., 2003; Wharton et al., 2026). However, existing benthic Mg/Ca-based Taw
records spanning part or all of the ~55-85 ka interval (El Bani Altuna et al., 2021; Elderfield et al., 2012; Ezat et al., 2014;
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Marcott et al., 2011; Thomas et al., 2025) lack the temporal resolution necessary to resolve the key millennial- and/ or

orbital-scale events that occurred during this period.

Here we present ~55-85 ka interval high-resolution benthic foraminiferal Mg/Ca- based Taw reconstructions, benthic 3'%0,
and associated 8'® 0w records from the mid-depth Northeast Atlantic (Iberian Margin) sediment core MDO01-2444 (~2.65 km
water depth) to investigate changes in deep-water hydrography, alongside sortable silt (SS)- based flow speed record. Whilst
this site is influenced by Northeast Atlantic Deep Water (ENADW) today, numerous studies have shown that during past
glacial climatic stages, contribution of southern-sourced water was likely more significant in the mid-depth Northeast
Atlantic, and at the location of site MD01-2444 (e.g. Hodell et al., 2023; Martrat et al., 2007; Skinner et al., 2007; Skinner et
al., 2003). Thus, this site is well suited to investigate changes in past NADW and AMOC dynamics.

2 Study Area

Today, study site MDO01-2444 (37°33.88” N, 10°08.34” W, 2656 m) is bathed primarily by Northeast Atlantic Deep Water
(ENADW) (Hodell et al., 2023; Hodell et al., 2014; Van Aken, 2000), a water mass characterised by low temperature and
salinity (with respect to surface water masses) and high oxygen content (Liu and Tanhua, 2021), occupying ~1.5-4 km water
depths. ENADW is in turn made up of several water masses: the eastern branch of (Classical) Labrador Sea Water (LSW)
(also known as Upper North Atlantic Deep Water, UNADW) found at depths ~1.5-2.2 km with the main core located at ~1.8
km, Iceland-Scotland Overflow Water (ISOW) occupying depths ~2.2-4 km (Garcia-Ibanez et al., 2015; Liu and Tanhua,
2021; Van Aken, 2000) and Lower Deep Water (LDW) (Van Aken, 2000). ENADW at the Iberian Margin is primarily made
up of ~45% LSW (Jenkins et al., 2015; Thomas et al., 2022), ~10% ISOW (Garcia-Ibanez et al., 2015; Thomas et al., 2022)
and ~45% LDW (Van Aken, 2000).

At abyssal depths, >4km, LDW is found, characterised by low salinity (with respect to surface water masses), temperature,
and dissolved oxygen concentration, and high nutrient content (particularly silica) (Garcia-Ibanez et al., 2015; Liu and
Tanhua, 2021; Van Aken, 2000). Meanwhile, intermediate depths at the Iberian Margin, overlaying ENADW, are dominated
by Mediterranean Outflow Water (MOW), characterised by warm temperatures, high salinity and low oxygen concentration
(Guo et al., 2020; Van Aken, 2000). Shipboard CTD measurements from Iberian Margin cruise JC089 show that MOW has
no influence below 2 km depth and that its core is located between ~500-1500 m (Hodell et al., 2014).
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3 Methods
3.1 Chronologies

Several age models have been previously published for site MDO01-2444. However, most either do not span MIS 4 (e.g.
Margari et al., 2020; Vautravers and Shackleton, 2006) or are not detailed enough, whereby some of the millennial events
are misaligned during MIS 4 (Hodell et al., 2013; Hodell et al., 2023). Thus, we created a new age model for site MDO1-
2444, reported in Radionovskaya and Skinner (in review). Briefly, MD01-2444 planktic (G. bulloides) 5'30 record was
stratigraphically aligned to the abrupt millennial events in the NGRIP 8'30 ice core record (Ngrip Project Members, 2004),
following previous studies (Margari et al., 2020; Shackleton et al., 2000; Vautravers and Shackleton, 2006). Tie-points were
selected at the mid-points of each rapid millennial transition. Assuming uniform age uncertainties of 300 years for each
stratigraphic alignment tie point date (assumed to reflect two standard deviations; the dating uncertainties in the ice core
chronologies and the correlation uncertainties), a Bayesian age model was created using the Bchron statistical software
package (Haslett and Parnell, 2008; Parnell et al., 2008) and running the MCMC algorithm for 10,000 iterations. The
resulting mean (absolute) age uncertainty is ~1000+400 years, although these uncertainties are likely overestimates as
Bchron arguably provides a maximal estimate of uncertainty (Trachsel and Telford, 2017). All records are reported on
GICCO05 (Rasmussen et al., 2006) and GICCO5modelext timescales (Seierstad et al., 2014; Wolff et al., 2010), unless stated
otherwise. New tie points for site MDO01-2444 are shown in Fig. 1¢ versus NGRIP §'%0 and G. bulloides 5'%0.

The SS record from site MDO01-2444 (this study) is compared to the published SS records of Thornalley et al. (2013) from
Northwest Atlantic sites ODP-1055 and ODP-1057. The age models of these sites were updated to allow comparison
between the two records, because the original age models were aligned to the GICCOS5 timescale for 0-60ka interval only and
a speleothem-tuned age model was provided prior to 60ka. Using previously published planktic §'0 (G. ruber) from site
ODP-1055 (Thornalley et al., 2013) and ODP-1057 (Evans et al., 2007), revised GICC05-based stratigraphic tie points were
established for MIS 5a, consistent with tie points used for site MD01-2444 (table 1, Fig. 1a,b). The original age model from
Thornalley et al. (2013) was used for depths <12.86 cm and <10.76 cm for sites ODP-1055 and ODP-1057, respectively.
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150  Figure 1. Age models for sediment cores (a) ODP-1057, (b) ODP-1055 and (c) MD01-2444, with new tie points shown using black
triangles. MD01-2444 planktic (G. bulloides) 8'%0 (blue, this study) is shown versus: a) ODP-1057 planktic (G. ruber) 8'%0 (red,
(Evans et al., 2007; Thornalley et al., 2013)); (b) ODP-1055 planktic (G. ruber) 8'%0 (orange, (Thornalley et al., 2013); (¢) NGRIP
8180 (grey, (Ngrip Project Members, 2004).

Table 1: New updated age-depth tie points for site ODP-1055 and ODP-1057.

Depth ODP-1055 | Age (ka) on GICCO5 | Depth ODP-1057 (MCD) | Age (ka) on GICCO05
(MCD) extended timescale extended timescale

12.84 70.8 10.78 70.9

13.59 72.36 11.03 72

13.92 74.16 11.23 74.37

14.49 76.58 11.38 76.7

14.58 77.78

14.93 85 11.88 85.36




155

160

165

170

175

180

185

https://doi.org/10.5194/egusphere-2026-3334
Preprint. Discussion started: 22 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

3.2 Samples and materials

Core MDO01-2444 (37°33.88’ N, 10°08.34’ W, 2656 m) was retrieved from the southwestern Iberian Margin during the 2001
R/V Marion Dufrense II Geosciences Cruise at a water depth of 2656 m using a Calypso giant piston corer (e.g. Hodell et al.,
2013; Vautravers and Shackleton, 2006). Core MD01-2444 is ~27 m long and spans the last ~194 ka to MIS 7 with a mean
sedimentation rate of 14 cm ka™! (Hodell et al., 2013).

3.3 Stable Isotopes

Between ~7-50 specimens of deep infaunal G. affinis were picked from the >212 um size fraction at 3 cm intervals between
depths 1384-1647 cm. The samples were gently crushed between two glass plates to open all the chambers, homogenised
and split into two aliquots. The smaller batch was used for stable isotope analysis, whilst the remainder was used for trace
metal analysis (section 3.4), where sufficient G. affinis material was available. The weight used for stable isotope analysis

was ~100-200 ug.

Stable isotope measurements were performed on a Micromass Multicarb Sample Preparation System attached to VG SIRA
Mass Spectrometer, at the Godwin Laboratory for Paleoclimate Research, Department of Earth Sciences, University of
Cambridge, following previously described methods (Hodell et al., 2015). All stable isotope measurements were calibrated
to VPDB (Vienna Pee Dee Belemnite) international standard via international standards NBS19 and IAEA-6603 and internal
Carrrara marble and Atlantic II standards. Long-term instrument analytical precision was better than =0.08%o for 5'%0 and

+0.06%o for 8'3C. Cibicidoides wuellerstrorfi 8'*0 and 8'*C have been previously reported by Hodell et al. (2023).

3.4 Trace metal analysis

G. affinis picked samples were divided into aliquots for stable isotope and trace metal analysis (section 3.3). The starting

weight used for trace metal analysis was between ~150-700 pg, with most samples >300 ug.

All samples were subjected to the same standard foraminiferal chemical cleaning protocol following Barker et al. (2003).
Briefly, the cleaning protocol involved: 1) clay removal using Milli-Q de-ionised water, methanol and seven to ten
ultrasonication repetitions (note, that 7-10 ultrasonication repetitions were performed opposed to the five repetitions
suggested by Barker et al. (2003)); 2) oxidative cleaning to remove organic matter adding 0.1M NaOH buffered 1% H20x,
heating up to ~90-100°C for 10 minutes with subsequent rinsing, repeated twice; 3) mechanical removal of coarse-grained
silicates (and any other visible discoloured particles and unopened foraminiferal chambers) using a fine brush, subsequently
transferring each sample into a clean micro-centrifuge tube; 4) a dilute acid leach by adding 250 ul of 0.001M HNO;3 to each

sample, followed by ultrasonification and rinsing.
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All cleaned samples were dissolved in 0.1M nitric acid, diluted and analysed on an Agilent 5100 ICP-OES at the Department
of Earth Sciences, University of Cambridge, to establish [Ca] following De Villiers et al. (2002) and using the standards
from Greaves et al. (2005). All samples were subsequently re-diluted to 100ppm [Ca] and the trace element concentrations
were analysed on an Agilent 5100 ICP-OES. The short-term instrument precision for Mg/Ca measurements, analysed using
in-house solution R4 consistency standard (Mg/Ca within “standard” foraminiferal range) yielded analytical uncertainty of

+0.041 mmol/mol and precision of 0.79% r.s.d. for all runs.

3.5 Trace metal data contamination assessment

Contamination of the foraminiferal Mg/Ca signal may arise from two sources. First, clay contamination by alumno-silicate
minerals, which contain 1-10% Mg by weight (Barker et al., 2003). An incomplete removal of clay from foraminiferal
samples during cleaning (i.e. inefficient cleaning) will bias the final Mg/Ca ratios obtained. Second, the presence of
authigenic (post-depositional) ferromanganese (Mn carbonate or Fe-Mn oxyhydroxide) carbonate coating, which contains a
high amount of Fe and Mn (and some Mg) will bias the Mg/Ca signal, if present (Barker et al., 2003). The addition of
reductive cleaning step using hydrous hydrazine into the foraminiferal sample cleaning protocol may be used to remove the
authigenic coating (Boyle and Keigwin, 1985). However, such a step also leads to preferential dissolution of Mg-rich
foraminifer calcite leading to lower Mg/Ca which does not necessarily stem from contaminant loss (Barker et al., 2003;

Hasenfratz et al., 2017) and therefore was not applied in this study.

Fe/Ca and Mn/Ca ratios were used to assess sample contamination, whereby if contamination was a factor, it would be
indicated by a covariance and a positive correlation between Mg/Ca and Fe/Ca and/or Mn/Ca (Barker et al., 2003). Figure
2a,b show downcore Mg/Ca results compared to Fe/Ca and Mn/Ca from the same samples for site MDO01-2444 G. affinis
analyses. There is no clear covariance of downcore records or significant correlation between Mg/Ca and Fe/Ca or Mn/Ca
(Fig. 2). Al/Ca was below the limit of detection for most samples or very low. We thus consider diagenetic and clay

contamination to have negligible effects on our Mg/Ca data, and all the samples were used in the final dataset.
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Figure 2. Contamination assessment of G. affinis Mg/Ca. (a, b) downcore records of Mg/Ca (grey), Mn/Ca (blue) and Fe/Ca (red);
(c) cross plot of Mg/Ca (x-axis) versus Fe/Ca (red) and Mn/Ca (blue).

3.6 Taw reconstructions
3.6.1 Calibration

Two calibrations exist to reconstruct Taw from G. affinis Mg/Ca ratios. Here we use the core-top-based calibration of
Weldeab et al. (2016a). Whilst this calibration is for reductively cleaned G. affinis, as opposed to oxidatively cleaned
samples presented here, we refrain from applying additional “correction” factors to account for differences in cleaning
protocols because the correction factors for G. affinis are not known, consistent with recent studies (Skinner et al., 2020;
Thomas et al., 2025). The other available calibration of Skinner and Elderfield (2007) is a “pseudo calibration” based on a
limited dataset of modern and past conditions G. affinis Mg/Ca measurements versus deep-water temperature constraints or
temperatures being set to freezing limit during the LGM. The sensitivities of these two calibration options are very similar,
implying that whilst the absolute temperature values might differ depending on the calibration chosen, the range of inferred
Taw variability (for the Mg/Ca range considered here) will only differ by 2%. In this study we place a greater emphasis on the
observed trends of Taw variability and the magnitude of change rather than on absolute temperature values obtained, which

should be interpreted with caution (see sections 3.6.3 and 3.6.2).

3.6.2 Carbonate ion effects

Some studies have suggested that seawater carbonate ion, [CO37], and/or calcite saturation state may act as a secondary

parameter controlling benthic foraminiferal Mg/Ca with lower Mg/Ca when the carbonate ion saturation state is low (e.g.
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Elderfield et al., 2010; Elderfield et al., 2006; Sadekov et al., 2014; Yu and Elderfield, 2008). However, this effect is
particularly strong in epifaunal foraminifera such as C. wuellerstorfi, C. mundulus (e.g. Elderfield et al., 2006; Yu and
Elderfield, 2008), or Pyrgo spp. (Sadekov et al., 2014). On the other hand, infaunal benthic foraminifera such as Uvigerina
spp. and G. affinis are typically assumed to be less affected by bottom water [COZ~], because pore waters may quickly come
to equilibration with respect to carbonate and thus the saturation state remains close to ~0 (Elderfield et al., 2010; Elderfield
et al., 2006; Mawbey et al., 2020; Mawbey et al., 2026; Skinner et al., 2020; Skinner and Elderfield, 2007). However, a
recent study showed that although A[CO3~] of pore water is significantly lower than bottom water A[C0Z%~], there can be a
positive correlation between them, reflecting insufficient carbonate dissolution in the surface sediments (Weldeab et al.,

2016a).

G. affinis has a relatively high temperature sensitivity implying that if present, any carbonate ion effects are secondary to Taw
changes (Weldeab et al., 2016a). We briefly consider the potential for A[C0O2~] influences on Taw reconstructions at site
MDO01-2444. Weldeab et al. (2016a) report Mg/Ca sensitivity of 0.009+0.044 mmol/mol per umol/kg change in A[COZ™] for
G. affinis. Although A[C0Z%™] has not been reconstructed at the site of MD01-2444, a recent study used C. wuellerstorfi B/Ca
measurements to reconstruct A[C0Z~] at nearby Iberian Margin site MD95-2039 (~3.4 km depth) (Yu et al., 2023). Yu et al.
(2023) report a decrease in [C03™] of ~25 umol kg™ at the MIS 5a/ 4 transition. This could have produced ~0.23 mmol/mol
bias in Mg/Ca of G. affinis, equivalent to ~0.6°C decrease in Taw, using the calibration of Weldeab et al. (2016a), as
compared to the observed change in Taw at the MIS 5a/4 transition of ~3°C. This implies a dominant temperature control on

G. affinis Mg/Ca during this time interval.

The largest changes in Mg/Ca (and Taw) at site MDO01-2444 occur during MIS 5a Dansgaard-Oeschger (DO) stadial-
interstadial changes, with reconstructed Taw increases of 3-5°C during stadial events. Yu et al. (2023) report limited
variability in [C0O2~] during these abrupt events, implying that the Mg/Ca signal is likely primarily temperature driven. Even
under a worst-case scenario, assuming ~ 30 umol kg™ changes in A[C0%~] during stadials, as observed in the South Atlantic

(Gottschalk et al., 2015; Lacerra et al., 2017), the resulting bias would amount to ~0.7°C.

3.6.3 Taw Uncertainty Modelling

The uncertainty modelling approach used here is similar to that reported by Mawbey et al. (2026), making use of Monte
Carlo (MC) modelling approach to probabilistically evaluate and quantify the uncertainty associated with the Taw
reconstruction. The +2c (i.e. 2 standard errors) of the Taw dataset is 0.09 mmol/mol Mg/Ca, equivalent to ~0.3°C which is
assumed to incorporate analytical error, proxy parameters uncertainties such as sampling uncertainties and random noise in

the proxy signal. This was used as the tolerance for 10,000 MC iterations of Taw, subsequently taking +£2c standard deviation
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of the 10,000 simulations as uncertainty for each sample (Fig. 3a). The mean overall uncertainty using this MC approach is

260 +0.3°C, which is smaller than the magnitude of any significant climatic variability reported in this study.

The uncertainty of the Weldeab et al. (2016a) calibration is £1.6°C. Accordingly, we propagated the +2c uncertainty (i.e. 2
standard errors) of the dataset described above with the calibration uncertainty, to obtain +1.7°C uncertainty tolerance which
was fed into the MC model (10,000 iterations). The resulting +1c (standard deviation) mean is £1°C (Fig. 3b).
265

Given the high calibration uncertainty, some of the variability in Taw record falls within the error range of the MC analysis
(Fig. 3b,c). This highlights the need for a cautious approach when interpreting absolute temperature values derived using the
available reconstructions. In subsequent sections, calibration uncertainty is not propagated for the Taw record; instead, error
bars represent +2¢ standard deviation from MC modelling, based solely on +2c of the dataset (2 standard errors) tolerance.

270 The G. affinis Mg/Ca record is retained on the Taw “scale” to aid interpretation of the data.
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Figure 3. Uncertainty modelling of the deep-water temperature record. All panels show Tgaw record (black lines) with different
uncertainty modelling approaches (see text): (a) grey shading illustrates 10,000 MC simulations using +2c (2 standard errors)
tolerance for the MC model excluding calibration uncertainty, error bars show +2¢ (standard deviation) of the MC simulations;
(b) as for (a) but using propagated 2o (s.e.) and calibration uncertainty for MC model tolerance, error bars showing +1c (standard
deviation) of 10,000 MC simulations ; (c) the error intervals for the two different uncertainty modelling approaches illustrated in
(a) and (b) with dark blue interval denoting +2c (standard deviation) of 10,000 MC simulations using +2c (2 standard errors)
tolerance and excluding calibration uncertainty, whilst light blue confidence interval shows +1c (standard deviation) of 10,000 MC
simulations using propagated +2c (2 standard errors) and calibration errors.

3.6.4 8'80qw and 8'® Qaw,anom reconstructions

Here we combine G. affinis 8'80 (this study) with previously published C. wuellerstorfi 5'30 (Hodell et al., 2023). C.
wuellerstorfi 330 was corrected by 0.64%o, and G. affinis 5'30 by -0.3%., following Shackleton et al., (2000) and consistent
with recent studies (e.g. Hodell et al., 2023; Thomas et al., 2025; Wharton et al., 2026) to correct for offsets from isotopic

equilibrium (i.e. 80 of Uvigerina spp.).

To reconstruct 8'¥Qdcep-water, 8'¥Qaw, paired 8'®Ocarcite and G. affinis Mg/Ca-based temperature measurements were used, by
solving the paleotemperature equation of Shackleton (1974) (Fig. 4c). A VPDB to VSMOW correction of 0.27%. was
applied. The combined benthic 8'%0 record is generally of higher resolution than the G. affinis Mg/Ca, though interpolation

was performed when 8'%0 measurements were not available for an existing Taw value (13 samples).

We apply two methods to isolate local hydrographic effects on 8'%QOaw , €.g. as distinct from glacioeustatic effects arising
from ice volume change (i.e. mean ocean 8'®0aw). The first involves subtracting an appropriately scaled relative sea level
(RSL) component from the 8'*0 records, which we denote 8'®Odw.local. This was achieved by assuming a benthic 8'*0 change
of ~1%o for every 120m of sea level change (e.g. Shackleton, 2000; Shackleton et al., 2023; Waelbroeck et al., 2002) and
using the RSL reconstruction of Rohling et al. (2008) (Fig. 4a,b). This approach incorporates uncertainties in RSL estimates
and yields a record of anomalies relative to the global average signal. However, these anomalies may still partially reflect
ice volume changes (Skinner and Shackleton, 2005), because meltwater requires time to be mixed into the global ocean.
Consequently, the ‘RSL related’ component of any given 8'%0 record will have a local expression that differs from the

global mean, which in turn will lag ice volume change.

The second approach aims to isolate short term (millennial) variability by “subtracting” the long-term mean, which we
denote 8'"*Odw,anom. Here, a 6-ka moving mean window was used, following Cheng et al. (2017) and Siddall et al. (2010).
Least-squares linear regression was carried out on 6ka windows centred on each data point, which allowed for a residual

8'%0 to be calculated (Fig. 4a,b).
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Figure 4a,b shows that both methods produce similar results, though we adopt the 6ka long-term mean method because it
avoids the additional uncertainties associated with RSL reconstructions. Although the resulting time series is interpreted to
primarily reflect local deep-water (hydrographic) variability, it should be noted that it may yet include the influence of
unresolved millennial-scale meltwater inputs. Such variability has been proposed for MIS 3 based on sea-level
310 reconstructions (e.g. Chappell, 2002; Siddall et al., 2003) but is not resolved in Rohling et al. (2008) RSL reconstruction or
removed by using the 6-ka long-term mean method. No attempt is made to derive salinity estimates from 8'%Qdw,anom Or
8"80udw.local due to the uncertainties involved, including in the 8"*Oaw.local -salinity relationship (Holloway et al., 2016; Rohling

and Bigg, 1998).
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315 Figure 4. 8804y and 8'®Ogyw,anomiocal reconstruction methods. (a) 8'®Ogw,anom reconstructed using 6 ka moving average subtracted
from 8'%Qgy (orange) and 3-point mean (brown) and 8'%Qgy jocat Subtracting RSL (Rohling et al., 2008) equivalent §'%0 from §'®Qg,,
by assuming changes of ~1%o for every 120 m of sea level (green); (b) as for (a) but detrending benthic 580 resulting in 8'®Qanom
(red) and 8'®Oj,ca (green); (c¢) derived 8'®Qgy by solving the paleotemperature equation of Shackleton (1974) using combined
benthic 8'%0 and G. affinis Mg/Ca-based temperatures (blue); planktic (G. bulloides) 'O (grey).
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3.7 Sortable silt

Sample preparation was carried out following established protocols (Mccave et al., 1995; Mccave and Hall, 2006;
Thornalley et al., 2018). Briefly, 150ml of 2M acetic acid was added to the entire dried fine fraction samples <63 um (dried
at <40°C post sieving to prevent over-drying and sample degradation) and left to settle prior to excess acid being siphoned
off. This step was repeated twice; subsequently rinsing with DI water and allowed to settle overnight. 200ml of freshly made
2M sodium carbonate was then added to remove organic matter, especially biosiliceous debris, and placed in a water bath at
85°C for 5 hours (stirring every 2 hours), subsequently siphoned off and replaced with DI water which was left to settle. This
DO rinse was repeated. Finally, DI water was replaced with 0.2% Calgon solution (sodium hexametaphosphate) to prevent
aggregation. SS analyses were conducted on Coulter Counter Multisizer 3 at the Department of Geography, University

College London. At least two separate aliquots were analysed for each sample.

Some samples (at a lower resolution than the SS record) were analysed for %SS using a Malvern Mastersizer 3000 laser
diffraction particle size analyser at the Department of Geography, University College London. This was done to rule out
contamination of the SS record by unsorted glacial silt (i.e. IRD) and make sure the fine sediments analysed have been
sufficiently well current-sorted to provide a reliable flow history, following Mccave and Andrews (2019a); Mccave and
Andrews (2019b), which was particularly important for this record because it spans HS 6. Figure 5b demonstrates a very
strong correlation between %SS and SS, with a running corelation mean of r =0.95 (Fig. 5a). This value is well above the
threshold (r>0.5) proposed by Mccave and Andrews (2019b) to indicate well current-sorted sediment (Fig. 5a). It is therefore
inferred that poor sorting, or ‘contamination’ by IRD (i.e. change in the sediment source signature, rather than sorting) is not
the primary control on the SS record. A small number of samples around ~65 ka exhibited lower r values, although these
remained above the r>0.5 threshold. Consequently, some caution should be exercised when interpreting the SS data within
this interval. Importantly, no major changes are identified or interpreted in this study for this time period.
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Figure 5. Sortable silt methods. (a) Running correlation between %SS and SS obtained from the Malvern particle size analyser
(blue) and r = 0.5 correlation threshold (black dashed line); (b) comparison of %SS obtained from the Malvern particle size
analyser (black) and SS obtained from the Coulter Counter(grey) (grey; arithmetic mean) records from site MD01-2444.

SS samples from Site ODP-1057 were originally reported by Evans et al. (2007) and re-analysed here using updated

analytical procedures following e.g. Thornalley et al. (2018), on Coulter Counter Multisizer 3 at University College London.

4 Results

Based on the Taw, 8'*Oanom, 8'*Odw.anom and SS records from site MD01-2444, three distinct deep-water hydrographic regimes

are observed during the ~55-85 ka interval (Fig. 6).

1)

2)

3)

An “interglacial”, or warm circulation state during MIS 5a. Overall, a warmer baseline Taw temperature persists
throughout MIS 5a, punctuated by strong millennial perturbations. Very warm Taw is observed during Greenland
stadials C19 and C20 (Fig. 6¢), accompanied by fast flow (Fig. 6f), low benthic 8'®Oanom (Fig. 6¢) and elevated
8'80dw,anom (possibly indicative of saltier deep water). Meanwhile, the interstadials of MIS 5a were only marginally
warmer than MIS 4 and/ or HS 6 glacial regimes, and potentially colder than the Holocene (with the caveat of
relying on the temperature calibration).

The glacial “cold” circulation state during MIS 4 interval prior to HS6. This regime is characterised by generally
cold T¢w in conjunction with relatively fast flow speed (Fig. 6e,f). Taw appears to be colder than during the
Holocene (again, given the calibration caveats), and colder than mean conditions during MIS 5a. On the MIS 5a/ 4
transition, there is a ~3°C decrease in Taw from peak warmth during Greenland Stadial C19. Three millennial pulses
are detected during early MIS 4 (green highlighting on Fig. 6). These are characterised by colder Taw, lower benthic
8'80unom and 83O dw,anom.

A “Heinrich” mode during HS 6, characterised by cold Taw. The observed variability during HS 6 can be split into
two stages, whereby the observed Tiw, 8"Ounom, 8'®Odwanom and flow speeds decrease in the later stage

(accompanied by increased benthic 8'%0), whilst benthic §'3C is low only in the earlier stage (Fig. 6).
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Figure 6. Deep-water hydrography reconstructions at North Atlantic site MD01-2444 (~2.65 km depth). (a) benthic §'*C of C.
wuellerstorfi (pink); (b) combined benthic §'%0 record of C. wuellerstorfi and G. affinis (green); (c) benthic 8'%0,pom (detrended
combined benthic 8'®0 record by subtracting 6 ka moving average method) (red) and 3-point mean (brown); (d) benthic
8804w anom (detrended combined benthic 8'%0 by subtracting out 6 ka moving average with temperature component removed
using Mg/Ca-based Taw reconstructions) (orange) and 3-point mean (brown); (e) G. affinis Mg/Ca and Tgaw reconstructions using
the calibration of Weldeab et al. (2016a) (light blue) and 3-point mean (dark blue), +2c (standard deviation) uncertainty intervals
(blue shading) are derived using MC modelling with +2c (2 standard errors) tolerance and excluding calibration uncertainty (see
section 3.6.3), black dashed line is 3°C showing modern and/or Holocene Tq, values (Hodell et al., 2014); (f) SS from NE Atlantic
site MDO01-2444 (orange) and SS from NW Atlantic sites ODP-1055 (light green) and ODP-1057 (purple) (Thornalley et al., 2013),
note the reversed y-axis in this panel where stronger flow is at the bottom of the panel; (g) planktic (G. bulloides) §'®0 (black) and
NGRIP 830 (grey) (Ngrip Project Members, 2004). Grey shading is used to highlight Greenland stadials during MIS 5a and MIS
3; green shading highlights colder episodes during early MIS 4; and blue shading represents HS 6, where the first part of the event
is in light blue and the second part is dark blue. All records are presented on GICCOS timescale.

5 Discussion

In general, two mechanisms may have altered Taw at site MD01-2444:

1) Under modern conditions, the site lies just above the boundary of southern-sourced water (LDW) and northern-
sourced ENADW. Modern SSW is characterised by colder temperatures, and lower benthic 5804w and 8'*C, than ENADW
(e.g. Birner et al., 2016; Locarnini et al., 2024; Thomas et al., 2025). Thus, changes in water mass mixing and/ or the
migration of LDW/ ENADW boundary in the past could potentially explain the hydrographic conditions recorded at site
MDO01-2444 (e.g. Skinner et al., 2007; Skinner et al., 2003).

In the modern Atlantic Ocean, NADW has higher 3'%0 than Antarctic Bottom Water (AABW) because 5'%0 is increased by
evaporation but not by brine rejection. Today, modern datasets such as GLODAP and WOCE imply NADW temperatures of
around 3°C in the Northeast Atlantic at ~2.6 km depth (Garcia et al., 2019; Garcia-Ibanez et al., 2015; Jenkins et al., 2015;
Liu and Tanhua, 2021). While modern AABW temperature is estimated to be ~ -1 to 0°C (Johnson, 2008; Liu and Tanhua,
2021; Orsi et al., 1999; Rintoul et al., 2001), its modified derivative LDW (Liu and Tanhua, 2021) exhibits a temperature of
~2.5°C on the Iberian Margin (Hodell et al., 2014), in agreement with regional estimates ~2°C (Garcia-Ibanez et al., 2015;
Liu and Tanhua, 2021; Van Aken, 2000).

2) Alternatively, changes in Taw at the location of MDO01-2444 may reflect changes in the temperature of the
contributing endmembers. Previous work has suggested that past glacial-interglacial and stadial-interstadial changes were
associated with shifts in the mode of operation of deep-water formation in the North Atlantic (e.g. Blaser et al., 2025;
Repschlaeger et al., 2021; Stobbe et al., 2025; Wharton et al., 2026). At present, Nordic Seas overflow waters originate with
temperatures <0°C, before being modified through entrainment to ~2-3°C (Dickson et al., 2002; Jochumsen et al., 2015),
whereas LSW is substantially warmer, with characteristic temperatures of ~4-5°C (Yashayaev and Loder, 2016). Therefore,

past changes in the source temperature of NADW endmembers and/ or shifts in the location(s) of deep-water formation/
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convection could have propagated into the deep Northeastern Atlantic basin and contributed to the observed variability in

Taw.

5.1 Interglacial MIS Sa

High Taw and 8'30dw,anom during MIS 5a stadials point to an incursion of a warm and saline deep-water mass during these
events. Taw was 3-5°C warmer during C19 and 20 (Fig. 6e) than MIS 5a interstadials. Carbonate ion concentration changes
have been shown to be negligible during these millennial events at nearby site MD95-2039 (Yu et al., 2023) thus could not
have had much impact on G. affinis Mg/Ca. Nor can diagenetic or silicate contamination explain these changes, whereby
neither Mn nor Fe (indicative of contamination) were elevated during these stadial events (Fig. 2). The Taw changes observed
are also much larger than our calculated 2c uncertainty of £0.3°C (excluding calibration uncertainty) or 1o uncertainty of

+1°C (including the calibration uncertainty).

Subsurface warming at intermediate depths in the Atlantic has previously been reported during stadials (especially Heinrich
stadials) from other proxy records (El Bani Altuna et al., 2021; Ezat et al., 2014; Marcott et al., 2011; Rasmussen et al.,
2003; Sessford et al., 2019; Sessford et al., 2018; Weldeab et al., 2016b), and is apparent in ‘hosing’ modelling experiments
(i.e. the subsurface warming is “a symptom” of AMOC weakening) (e.g. Alvarez-Solas et al., 2011; Clark et al., 2007,
Galbraith et al., 2016; Knorr et al., 2021; Liu et al., 2009; Marcott et al., 2011; Pedro et al., 2018; Riithlemann et al., 2004;
Vettoretti and Peltier, 2015; Zhang et al., 2017). However, all the proxy records which report the subsurface warming are
derived from sites located at water depths shallower than 1.5 km in: the Nordic Seas (El Bani Altuna et al., 2021; Ezat et al.,
2014; Rasmussen et al., 2003; Sessford et al., 2019; Sessford et al., 2018), Northwest Atlantic (Marcott et al., 2011) and the
equatorial Atlantic (Weldeab et al., 2016b). Furthermore, the depth to which the subsurface warming penetrates in model
simulations is model specific. Whilst some models indicate a subsurface warming above 2 km water depth (Brady and Otto-
Bliesner, 2011; Clark et al., 2007; He et al., 2020; Knorr et al., 2021; Mignot et al., 2007; Riihlemann et al., 2004; Skinner et
al., 2007) others show that the subsurface warming may extend deeper into the water column, particularly in the Northeast
Atlantic reaching 2.5-3 km water depth, depending on model boundary conditions and parameterisations (Galbraith et al.,
2016; Knorr et al., 2021; Liu et al., 2009; Marcott et al., 2011; Pedro et al., 2018; Vettoretti and Peltier, 2015). Given the
evidence presented in these studies, an observed subsurface warming of the ocean interior reaching site MD01-2444 during

MIS 5a stadials may be indicative of a weaker AMOC.

However, previous work suggests that typically, during glacial stadials, at site MD01-2444 there is an increase in SSW and
an associated cooling of Taw (Skinner and Elderfield, 2007). This is supported by other work reporting reduced Taw during
HS 1 from slightly deeper sites in the Northeast Atlantic (Repschldger et al., 2015; Skinner et al., 2003) likely due to the

influence of SSW. Therefore, given that during MIS 5a stadials we observe a warming and no clear evidence of lower

18



440

445

450

455

460

465

https://doi.org/10.5194/egusphere-2026-3334
Preprint. Discussion started: 22 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

benthic §'3C (Fig. 6) to indicate increased influence of SSW, we propose that different dynamics were at play during MIS 5a
stadials compared to glacial stadials of MIS 3.

In support of this concept, numerical modelling simulations by Knorr et al. (2021) illustrate that subsurface warming during
AMOC weakening (‘hosing’) experiments reaches ~2.5 km water depth at ~40°N under interglacial boundary conditions, but
only to ~2 km depth at the same latitude under LGM boundary conditions due to a shallower NADW cell under glacial
boundary conditions. Thus, the character of Tq4w changes at the site of MD01-2444, associated with AMOC perturbations, is

expected to depend on the background climate regime.

However, the observed warmings during MIS 5a stadials may not reflect a standard ‘stagnation warming’ effect arising from
a ‘collapsed” AMOC (or more specifically NADW weakening). This is because the MD01-2444 flow speed SS record, as
well as reconstructions of the strength of the upper 3 km of DWBC in the western North Atlantic (Thornalley et al., 2013),
both suggest significantly stronger flow during MIS 5a stadials, in parallel with elevated Taw (Fig. 6f), which is difficult to

reconcile with a reduction in deep water formation to these depths that would be necessary to cause a subsurface warming.

The tight coupling observed between the SS records from MD01-2444 and sites ODP-1055 (~1.8 km depth) and ODP-1057
(~2.6 km depth) in the Northwest Atlantic (Fig. 6f) (Thornalley et al., 2013) suggests synchronous changes in circulation
strength occurred simultaneously in the Northwest and Northeast Atlantic, at least at the location of these three sites. The
NW Atlantic sites are too shallow to have experienced significant influence from SSW, even during glacial conditions (e.g.
Blaser et al., 2020; Blaser et al., 2025; Howe et al., 2016; Poppelmeier et al., 2020; Poppelmeier et al., 2018; Thornalley et
al., 2013; Wharton et al., 2026). Additionally, no reductions in benthic 5'*C — an indicator of increased SSW influence - are
observed at these sites during MIS 5a stadials (Evans et al., 2007; Thornalley et al., 2013). Therefore, the flow changes they
record are considered most likely of northern origin. The covariation between records from the NW Atlantic sites and site
MDO01-2444 suggests that MIS 5a changes observed in the NE Atlantic at ~2.65 km were linked to variability in the
properties and dynamics of NADW.

One mechanism that may explain the warmer, more saline deep water and stronger flow during MIS 5a stadials at the Iberian
Margin is a southward shift in North Atlantic convection sites. Today, deep water masses form in the subpolar North
Atlantic by open ocean convection and entrainment (Petit et al., 2020). Convection occurs in the Nordic Seas, south of
Greenland-Scotland Ridge in the Irminger and Icelandic Basins, and to a lesser extent in the Labrador Sea (Petit et al., 2020).
During Greenland stadials, atmospheric cooling (Ngrip Project Members, 2004) likely promoted an expansion of sea ice at
high northern latitudes (El Bani Altuna et al., 2024; Hoff et al., 2016; Sadatzki et al., 2019) that may have inhibited open
ocean convection and displaced convection sites southward. This may have produced warmer and more saline NSW source

waters, generating a distinct mode of NADW that was subsequently advected into the mid-depth, midlatitude North Atlantic.
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Notably, although Greenland appears cold during C19 and C20, relatively warm surface ocean conditions persisted across
both the midlatitude North Atlantic (e.g. Voelker and De Abreu, 2011; Zeng et al., 2023) and the subpolar North Atlantic
between ~50-60°N (Barker et al., 2015; Bauch et al., 2012; Mcmanus et al., 1994; Thornalley et al., 2013; Zeng et al., 2025)
until the onset of MIS 4 (~72 ka), as reflected by the delayed increase of % N. pachyderma. These low abundances further
suggest that sea ice did not extend sufficiently far south to supress convection throughout the subpolar North Atlantic,

potentially allowing continued NADW formation at more southerly sites during these stadials.

Several mechanisms have been proposed to explain glacial NADW formation during stadials, likely associated with
southward-shifted convection sites (Blaser et al., 2025; Sherriff-Tadano et al., 2018; Wharton et al., 2026). Low 5'®Oanom
values (i.e. benthic foraminifera 530 “corrected” for global ice volume effect), such as those observed at MD01-2444 during
C19 and C20 (Fig. 6¢), may result either from reduced 8'®Qaw linked to isotopically light meltwater and/ or changes in
salinity, or from elevated deep-water temperatures. Earlier studies largely favoured the former mechanism, whereby
enhanced sea-ice formation led to brine rejection, increasing surface salinity and promoting deep water convection from
isotopically light meltwater (e.g. Dokken and Jansen, 1999; Farmer et al., 2023; Thornalley et al., 2010). Under this

scenario, Taw would likely have remained stable or decreased.

In contrast, the observed low 8'®Qanom values at site MDO01-2444 appear to be associated with elevated temperature (Fig. 6¢).
However, the origin of this warming remains debated. One possibility is that warming occurred alongside relatively low
8804w waters influenced by freshwater input and meltwater incorporation, as proposed by e.g. Zhang et al. (2017).
Alternatively, and more consistent with the observations presented here, elevated temperatures coincide with high §'¥Oaw,
anom values (Fig. 6d), implying relatively saline source waters. This interpretation supports mechanisms invoking warm,
saline deep-water formation south of the expanded sea-ice margin, potentially involving enhanced mixing with

the subtropical Atlantic (Blaser et al., 2025), the Mediterranean (Repschlaeger et al., 2021) and/or more salty glacial North
Atlantic Current (NAC) (Sherriff-Tadano et al., 2018; Wharton et al., 2026). A higher salinity would imply less cooling was
required for deep convection, facilitating continued NADW formation at more southerly convection locations. Consistent
with this interpretation, a recent numerical modelling simulation forced with boundary conditions broadly similar to MIS 5a,
albeit with lower atmospheric CO2 (CO2 <180ppm, low obliquity and pre-industrial ice sheet configuration), yielded an
unusually warm and salty NADW, resulting from a southward shift in convection sites linked to an expansion of sea ice

(Galbraith and De Lavergne, 2019).
Although the pulses of warm, salty, fast-flowing deep water observed during MIS 5a stadials might be interpreted to indicate
an increased influence of MOW at site MD01-2444 - consistent with evidence for a deeper and stronger MOW core across

the MIS 5a/4 transition (Chen et al., 2025; Nichols et al., 2020) and during the LGM (Rogerson et al., 2005) — this
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interpretation is inconsistent with the absence of elevated benthic 3'3C (>1%o) during MIS 5a stadials (Repschlaeger et al.,

2021; Schonfeld and Zahn, 2000; Voelker et al., 2006; Zahn et al., 1987) (Fig. 6a).

We therefore infer that the subsurface warmings observed at the Iberian Margin during MIS 5a stadials most likely reflect
changes in deep water source regions in the subpolar in North Atlantic. This would imply that ocean circulation and AMOC
responses differed during MIS 5a stadials and glacial stadials of MIS 3, and that the nature of AMOC variability is strongly
dependent on background climate conditions. In particular, the data support continuous vigorous circulation of the northern
sourced waters within the upper ~3 km of the North Atlantic during C19 and C20, consistent with findings of Thornalley et
al. (2013).

5.2 Glacial MIS 4

The glacial (pre-HS 6) MIS 4 Taw was generally cold, and likely colder than Holocene and MIS 5a; Fig. 6). The mean MIS 4
(~63.5-72 ka) Taw is 1.9+0.3°C, which is comparable to 1.9+0.5°C temperature observed in the northwest Atlantic during the
LGM based on G. affinis Mg/Ca (Wharton et al., 2026). Although these absolute Taw values should be interpreted with
caution (see above), these two values are comparable because they make use of Mg/Ca derived Taw from the same species
and calibration, albeit slight differences in the cleaning protocols. This would suggest a similar deep-water temperature
during the LGM and MIS 4, supporting previous studies that have suggested similar hydrography (Adkins, 2013; Barker and
Diz, 2014; Martrat et al., 2007; Piotrowski et al., 2005; Stobbe et al., 2025; Thornalley et al., 2013; Yu et al., 2023).

Recalibrated G. affinis Mg/Ca from nearby Iberian Margin site MD99-2334K (~3.2 km) of Skinner et al. (2003) and
(Skinner et al., 2007) (using the calibration of Weldeab et al. (2016a)) yield an LGM Taw mean of 0.9°C (~20-24 ka). This
estimate is ~1°C colder than Taw observed during MIS 4, possibly due to a greater influence of SSW at this site and in the NE
Atlantic during the LGM than at the site of MD01-2444 during MIS 4 (Chalk et al., 2019; Skinner et al., 2021; Stobbe et al.,
2025). However, Wharton et al. (2026) report that the observed LGM deep-water temperature in the northwest Atlantic can
be explained solely by changes in northern-sourced waters, without requiring additional influence from SSW. Other studies
have also argued for continuous production and influence of NSW in the NW Atlantic at the LGM (e.g. Blaser et al., 2020;
Blaser et al., 2025; Poppelmeier et al., 2021; Stobbe et al., 2025; Wharton et al., 2026). At present, it remains unclear to what
extent NSW and SSW have influenced the Iberian Margin during MIS4, and if this was different to the LGM.

In addition to cold Taw during MIS 4, faster flow is seen at site MD01-2444 during early MIS 4, as well as NW Atlantic site
ODP-1055 (Fig. 6f). The fast flow at site ODP-1055 has previously been interpreted to reflect the shoaled Deep Western
Boundary Current/ NADW, whereby the SS record from a deeper NW Atlantic site ODP-1059 (~3 km depth) showed a
distinct weakening of circulation at the MIS 5a/ 4 transition (Thornalley et al., 2013). The transport rate of MIS 4 AMOC is

poorly constrained; therefore, we consider transport changes during the LGM, assuming broadly similar glacial circulation
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states. Modelling studies disagree on the strength (and spatial extent) of the LGM AMOC/ NADW under glacial boundary
conditions, with some models showing a strong LGM AMOC. This may reflect stronger cooling under glacial boundary
conditions, which enhances convection, and/ or higher glacial topography of the Laurentide Ice Sheet (LIS), which could
have strengthened North Atlantic westerlies through atmospheric circulation steering (e.g. Galbraith and De Lavergne, 2019;
Kageyama et al., 2021; Klockmann et al., 2016; Sherriff-Tadano et al., 2018). These simulations further show that stronger
glacial winds lead to increased convection in the Labrador Sea, Icelandic and Irminger Basins (Klockmann et al., 2016;
Sherriff-Tadano et al., 2018), or alternatively stronger convection in the Labrador Sea while reducing convection in parts of
the Icelandic and Irminger Basins (Galbraith and De Lavergne, 2019). Additionally, modelling experiments by (Menviel et
al., 2020) suggest that under LGM boundary conditions, even a weaker overall AMOC may be associated with stronger flow
on the eastern side of the Mid-Atlantic Ridge.

NW site ODP-1055 is directly under the influence of LSW, whilst NE Atlantic site MDO01-2444 is under the influence of
ENADW, made up of ~45% of LSW (Jenkins et al., 2015; Thomas et al., 2022). Thus, we propose that both sites record
changes in LSW strength that have been propagated to the mid-depth midlatitude North Atlantic in the western and eastern
basins. The stronger convection in the Labrador Sea, and south of Greenland-Scotland ridge (i.e. Irminger and Icelandic
Basins) and/ or a glacial southward shift of convection sites may have increased LSW strength without necessarily changing
the mean transport of NADW/ AMOC, which instead might have even been weaker overall due to decreased convection in
the Nordic Seas for example, linked to expanded glacial sea ice. This would imply a continued influence of NSW at site

MDO01-2444 during early MIS 4.

Meanwhile, the observed millennial pulses during MIS 4, characterised by colder Taw, lower benthic 8'30anom and 8'8Odw,anom
(implying reduced salinity), may reflect either increased SSW incursions at the site (Skinner and Elderfield, 2007), or
changes in the type and amount of different modes of NSW (Blaser et al., 2025). However, the former mechanism is
favoured, as the MIS 4 millennial variability closely resembles that identified by Skinner and Elderfield (2007) during MIS 3
at the same core site, both in terms of the magnitude of temperature change (~1-1.5°C for non-Heinrich Stadials), and the
sense of change (i.e. colder and less saline during intervals of SSW incursions). Although these pulses are not clearly
expressed in the benthic 8'°C record (Fig. 6a), this likely reflects the relatively low resolution of 8'3C record. It is also
unlikely that the observed variability is an artefact as it is replicated by multiple proxy records, including the Taw, 8'"*Oanom
and 3"®Odw,anom records, whereby Taw and 8'8Ounom are independent proxies. To our knowledge, this type of millennial
variability has not been previously detected during MIS 4 in Greenland or Antarctic ice core isotope records, nor in
atmospheric COa2. Nevertheless, these “cold” pulses tentatively coincide with intervals of expanded Southern Ocean sea ice

and elevated Antarctic ice core §'*Ccoz (Menking et al., 2022; Wolff et al., 2006).
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In summary, the Northeast Atlantic (Iberian Margin) mid-depth circulation during early (pre-HS 6) MIS 4 differed from both
the interglacial conditions of MIS 5a and the more extreme conditions of HS 6 but was broadly similar to the LGM. Both

southern- and northern-sourced waters may have influenced site MD01-2444 during this time interval.

5.3 Heinrich Stadial 6 (HS 6)

The third hydrographic/ circulation regime is observed during HS 6, which represents a major change in deep North Atlantic
circulation, as inferred from reduced Taw, very low benthic 8'3C, §'®QOanom, and §'®Quaw,anom, and reduced flow speed. Together,
these changes point to the influence of SSW. A number of proxy records have been used to suggest a much weaker
circulation in the Atlantic and a clear influence of SSW below ~2 km during HS 6 (Bohm et al., 2015; Hall and Mccave,
2000; Piotrowski et al., 2005; Thornalley et al., 2013; Yu et al., 2016), similar to HS 1 (e.g. Bohm et al., 2015; Hoogakker et
al., 2015; Mcmanus et al., 2004; Ng et al., 2018; Skinner et al., 2021; Skinner et al., 2003). Some recent studies have
emphasised that active deep-water formation persisted in the North Atlantic during HS 1, transporting “Heinrich-modified”
NADW to depths (e.g. Blaser et al., 2025; Repschlaeger et al., 2021). Yet, the very low 8'*C and low Taw observed at the
Iberian Magin in this study for HS 6, and HS 1 (Skinner et al., 2003), HS 4 and 5 (Skinner et al., 2007; Skinner and
Elderfield, 2007), alongside reduced deep-water oxygen concentration (Hoogakker et al., 2015) and higher radiocarbon
ventilation ages (Skinner et al., 2021) have been interpreted as evidence for SSW incursions below ~2 km at the Iberian

Margin during Heinrich Stadials.

The “two-stage” HS 6 variability observed in this study (Fig. 6) is characterised by low Taw, 6'*QOanom, and 8'3Qdw,anom and
flow speed in the later part; whilst benthic 8'3C appears low only in the first half of the stadial. The stadial is marked by a
brief, yet significant, Taw increase approximately mid-way between the two phases. The concept of multiple phases during a
single Heinrich Stadial has been previously reported by proxy studies (e.g. Bard et al., 2000; Broecker and Putnam, 2012;
Campos et al., 2025a; Campos et al., 2025b; Crivellari et al., 2018; Gherardi et al., 2005; Hodell et al., 2017; Huang et al.,
2014; Jena et al., 2026; Margari et al., 2020; Peck et al., 2007; Robinson et al., 2005; Singh et al., 2023; Skinner and
Elderfield, 2007; Thornalley et al., 2011; Tzedakis et al., 2018; Wendt et al., 2019; Yu et al., 2023; Zhang et al., 2014) and
modelling studies (Ziemen et al., 2019). Especially noteworthy is the Taw variability observed by Skinner and Elderfield
(2007) at site MD01-2444 during HS 4 and HS 5, which is consistent with the mid-stadial temperature increase observed
during HS 6. It remains difficult to disentangle the drivers of these changes in deep-water temperature. Previous studies have
suggested centennial-scale variability in AMOC during Heinrich Stadials (Campos et al., 2025b; Jena et al., 2026; Skinner
and Elderfield, 2007; Thornalley et al., 2015; Thornalley et al., 2011; Tzedakis et al., 2018), which may account for the
variability observed during HS 6. Thus, observations presented here support for possibility of sub-millennial variability

during Heinrich Stadials, highlighting the complexity of deep-water circulation dynamics.
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6 Conclusions

Three distinct deep-water hydrographic ‘regimes’ are identified at the Iberian Margin site MD01-2444 (~2.65 km) over the
~55-85 ka interval: 1) an “interglacial”, or warm circulation mode during MIS 5a; 2) the glacial “cold” circulation mode
during pre-HS 6 MIS 4; and 3) a more severe “Heinrich” mode during HS 6. These are broadly analogous to the circulation
configurations proposed for the Holocene, the LGM and HS 1, respectively, thus mirroring patterns observed during the

deglaciation (Lynch-Stieglitz, 2017; Rahmstorf, 2002), albeit in the absence of a glacial “Termination’.

We suggest that local oscillations in North Atlantic Taw are governed by a combination of changing SSW contribution, and
changing temperature in deep-water formation source regions in the high-latitude North Atlantic. Regime one (interglacial
MIS 5a) is characterised by millennial-scale intervals of warm Taw, saline waters and fast flow, occurring during Greenland
stadials C19 and C20. We attribute these conditions to a southward displacement of convection sites in the North Atlantic
(e.g. south of Iceland). Subsurface warming during these stadials may extend to at least ~2.65 km depth in the North
Atlantic, albeit via different processes than posited previously for AMOC collapse (e.g. Alvarez-Solas et al., 2011; El Bani
Altuna et al., 2021; Knorr et al., 2021; Marcott et al., 2011; Winton and Sarachik, 1993). Our results suggest that the mode
and magnitude of subsurface heat budget variability in the North Atlantic, and associated AMOC responses, strongly

depends on the background climate state.

Regime two (pre-HS 6 MIS 4), exhibits millennial variability, likely reflecting intermittent to SSW influence at the Iberian
Margin, potentially driven by changes in Southern Ocean sea-ice against a backdrop of strengthened LSW and a persistent
influence of NSW throughout MIS 4. During regime three (“Heinrich mode” during HS 6), colder Taw and a pronounced
SSW signal dominate the record. This interval appears to be expressed as a two-stage event, consistent in some respects with

the structure of other Heinrich events (Bard et al., 2000; Hodell et al., 2017; Skinner and Elderfield, 2007).

Overall, our findings emphasize similarities between the MIS4/3 and MIS1/2 transitions, despite their very different
implications for global ice volume. However, we also show that the same mode of millennial DO-type variability may be
associated with very different impacts on deep-water hydrography and circulation strength in the North Atlantic, depending
on the background state, with clear differences between the expression of millennial events in the deep ocean between MIS

3,4, and 5.
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