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A B S T R A C T

We present a comprehensive multi-proxy analysis spanning 550,000 years from the outer Labrador Sea region at the Integrated Ocean Drilling Program (IODP) Sites 
U1302/1303. We combine new benthic foraminiferal stable oxygen (δ18O) and carbon (δ13C) isotope records, with sediment elemental composition and authigenic 
neodymium isotope measurements, to provide insights into deep-water mass sourcing and changes of the Deep Western Boundary Current (DWBC), which exports 
North Atlantic Deep Water (NADW) into the wider North Atlantic as part of the lower limb of the Atlantic Meridional Overturning Circulation.

We find that a prominent DWBC likely remained a persistent feature within the Labrador Sea region throughout the past 550 kyr. However, glacial peaks of marine 
isotope stage (MIS) 14 to MIS 2 were consistently characterized by a weaker or shallower DWBC, while all interglacial periods of MIS 13a to MIS 1, with the exception 
of MIS 7e, were marked by enhanced DWBC. Additionally, the dominant deep-water masses feeding into the DWBC during these glacial-interglacial periods varied 
from regional (K-rich sediment, unradiogenic εNd) to more distal sources from the Nordic Seas (Ti-rich sediment, radiogenic εNd). Yet, these changes in deep-water 
provenance did not consistently correlate with DWBC strength, suggesting that additional factors may have played a significant role in shaping the DWBC strength or 
core depth throughout the geological past.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) plays an 
essential role in our climate system by meridionally exchanging of heat 
and salinity within the Atlantic Ocean, and worldwide (IPCC, 2021). 
Within its northward upper limb, the Gulf Stream and its northern 
extension, the North Atlantic Current (NAC), transport warm and salty 
waters to the northeast Atlantic, reaching the Nordic Seas in surface and 
subsurface waters (Fig. 1; Foukal and Lozier, 2016; Lozier et al., 2019). 
During winter time cooling heat is lost from the ocean to the atmo
sphere, which promotes deep mixing and convection of the North 
Atlantic waters across the Nordic, Irminger, and Labrador Seas (Fig. 1; 
Burkholder and Lozier, 2014; Lozier et al., 2013; Marshall and Schott, 
1999). The newly formed North Atlantic Deep Water (NADW; see 

section 2 for more details) flows southward feeding the Deep Western 
Boundary Current (DWBC) (Fig. 1; Dickson and Brown, 1994; Molinari 
et al., 1998) and along isopycnals through interior cross-basin pathways, 
forming the lower limb of the AMOC (Bower et al., 2009; Foukal and 
Lozier, 2016; see section 2 for more details).

Because of its significance to Earth’s climate, recent changes in 
AMOC strength have prompted substantial, albeit controversial, dis
cussion about its future behaviour as a consequence of global climate 
change (e.g., Bryden et al., 2005; Caesar et al., 2021, 2018; Fu et al., 
2020; Kilbourne et al., 2022). Past AMOC changes, in turn, are consid
ered to have critically impacted the global ocean-atmosphere carbon 
dioxide (CO2) exchange on glacial to interglacial time scales (Hasenfratz 
et al., 2019). The AMOC-modulated drawdown of atmospheric CO2 
(pCO2) to the ocean and its re-release to the atmosphere have been 
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important for modulating the waning and waxing of large continental 
ice sheets during the Plio-Pleistocene (e.g., Chalk et al., 2017; Hasen
fratz et al., 2019; Hönisch et al., 2009). In addition, deep-water con
vection in regions such as the Labrador Sea also act as “trapdoors” 
through which the oxygen ventilation of much of the deep ocean is 
facilitated (Atamanchuk et al., 2020).

To understand past AMOC variability – and thus to allow for a better 
assessment of its current and future behaviour - secular changes in the 
southward flow of NADW have been studied intensively, especially for 
modern-like interglacial conditions (Bouttes et al., 2020; Curry and 
Oppo, 2005; Galaasen et al., 2020; Howe and Piotrowski, 2017; 
Lynch-Stieglitz et al., 2007; Pena and Goldstein, 2014; Piotrowski et al., 
2004; Yu et al., 2008). In contrast to its interglacial mode, the glacial 
AMOC was characterized by significant changes in the geometry of the 
North Atlantic surface and deep-water masses. During the Last Glacial 
Maximum (LGM; approx. 19–23 kyr), the ocean heat transport to the 
Nordic Seas was reduced (Rasmussen and Thomsen, 2004), likely 
affecting deep-water formation and resulting in the displacement of 
NADW to shallower depths (Gebbie, 2014; Oppo et al., 2018). In 

response, the underlying deep basins of the North Atlantic were filled 
with northward propagating southern sourced water masses (e.g., Böhm 
et al., 2015; Burckel et al., 2016; Curry and Oppo, 2005; Duplessy et al., 
1988; Lippold et al., 2016; Sarnthein et al., 1994; Vidal et al., 1997). 
This conventional view of glacial AMOC variability has been challenged 
as new lines of evidence strongly argue for a persistent northern-sourced 
glacial NADW-analogue flowing south during the LGM (Blaser et al., 
2020; Howe et al., 2016; Keigwin and Swift, 2017; Pöppelmeier et al., 
2020, 2021; Seidenkrantz et al., 2021; Stevenard et al., 2024). However, 
it is yet to be determined what water mass configuration inferred for the 
LGM, based on distinct proxies such as δ1³C, 14C and εNd—each with its 
own advantages and limitations—was prevalent during earlier glacial 
periods of the Pleistocene.

This study provides constrains on past NADW changes within the 
DWBC region during peak glacial and interglacial background condi
tions of the past five climatic cycles (ca. 550 kyr). For this purpose, we 
studied sediment cores from the Integrated Ocean Drilling Program 
(IODP) Sites U1302 and U1303 (~3500 m water depth), situated in the 
core region of the DWBC in the outer Labrador Sea (Fig. 1). For 

Fig. 1. Hydrography of the subpolar North Atlantic. (A) Schematic of dominant intermediate (bright blue arrows) and deep-water constituents (dark blue arrows) of 
the high-latitude North Atlantic deep-water regime. The location of Sites U1302/03 is marked by a yellow circle. NAC = North Atlantic Current; ISOW = Island- 
Scotland Overflow Water; DSOW = Denmark Strait Overflow Water; LSW = Labrador Sea Water; LDW = Lower Deep Water; NADW = North Atlantic Deep 
Water. Continental colours indicate their approximate bedrock neodymium isotope (εNd) compositions as estimated by Jeandel (2016). The grey-shaded bathymetric 
map was created with Ocean Data View (Schlitzer, 2002). Crossed circles approximately indicate regions of deep-water formation. Dotted black lines mark the 
position of the hydrographic profile from A to B shown in panel (B). The bold black line indicates flow velocity profile C to D shown in panel (C); (B) temperature (T) 
and salinity (Θ) profile across the western subpolar North Atlantic with added main water masses (Boyer et al., 2013; see section 2 for more details). SPMW =
Subpolar Mode Water; SAIW = Subarctic Intermediate Water; (C) Mean velocity field along the 53◦N profile C to D, computed from LADCP and mooring data 
(1997–2014) modified after Handmann et al. (2018). The mean velocity fields are superimposed by isotachs in m s− 1 (white) and σ2 and σ0 mean isopycnals. 
Additionally, the 0 isotach is marked in dotted black. Blue velocities are directed to the southeast and red velocities are directed to the northwest. DWBC = Deep 
Western Boundary Current.
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reconstruction of past NADW changes within the DWBC region, we 
utilized a suite of the commonly used proxies for deep-ocean circulation, 
including benthic foraminiferal stable oxygen (δ18O) and carbon (δ13C) 
isotopic records, authigenic neodymium (εNd) isotopes from bulk sedi
ment leachates as well as the elemental compositions of the sediment. 
Our findings from Sites U1302 and U1303, complemented by data from 
earlier studies of these cores (e.g., Channell et al., 2012), are then placed 
into a regional context of existing intermediate and deep-water proxy 
records from the subpolar North Atlantic to document NADW geometry 
changes within the North Atlantic under peak interglacial and glacial 
conditions during the past ~ 550 kyr.

2. Modern physical circulation of the western north Atlantic

The NAC brings warm, salty waters into the northeast North Atlantic 
at surface and subsurface water levels (Fig. 1; Lozier et al., 2019). These 
waters circulate through the Norwegian and Greenland Seas, and gain 
density by heat loss to the atmosphere and winter deep mixing, forming 
Subpolar Mode Water (SPMW; Fig. 1). SPMW occupies the thermocline 
in an area bordered by Iceland in the north, the Reykjanes Ridge in the 
west, the Iceland-Faroe Ridge in the northeast, and the continental shelf 
of Great Britain in the east (Brambilla et al., 2008; Brambilla and Talley, 
2008). Subpolar mode water is carried northward along the NAC to the 
Faroe Bank Channel, where it bifurcates with one branch providing 
warm SPMW to the Norwegian Current, and the other turning 
north-westward, eventually forming the Irminger Current (Fig. 1). Most 
of the Irminger Current recirculates south of the Denmark Strait flowing 
southward along the southern Greenland margin where it enters the 
Labrador Sea as the West Greenland Current, ultimately becoming part 
of the Labrador Current (Fig. 1; Pacini and Pickart, 2022).

Within the Nordic Seas, the SPMW also entrains cold fresh polar 
surface waters and other, denser, Arctic Ocean waters, that enter this 
region via the East Greenland Current through the Denmark Strait 
(Fig. 1; García-Ibáñez et al., 2015). Within the western North Atlantic, 
north of the Subpolar Front, SPMW is subducted to form Subarctic In
termediate Water (SAIW; Fig. 1).

The SAIW and SPMW in the western North Atlantic are underlain by 
the Labrador Sea water (LSW; Fig. 1) which results from modified SPMW 
in the Labrador Sea (McCartney and Talley, 1982) and contributes to the 
formation of various source water masses of NADW (Kawase and Sar
miento, 1986; Lee and Ellet, 1967; McCartney, 1992). The LSW is 
formed by deep convection in the centre of the Labrador Sea (e.g., Kieke 
et al., 2007; Lozier, 2010; Lozier et al., 2019; Marshall and Schott, 1999; 
Pickart et al., 2003). Depending on the strength of the winter-time at
mospheric cooling over the Labrador Sea and local surface salinity/fresh 
water import, the convection region and depth of convection vary across 
time, with a thick and dense LSW layer forming in years of intense 
winter cooling (e.g., early to mid-1990s and around 2015/2016; up to 
2500 m mixed layer depth; Lozier et al., 2019) while weaker convection 
resulted in less dense LSW vintages (Sy et al., 1997). In addition to 
warmer winter temperatures the influx of freshwater from melting 
Greenland and Arctic sources has been argued as a mechanism for 
decreased LSW convection after the mid-1990s, emphasizing the sensi
tivity of LSW production to freshwater forcing (Yang et al., 2016).

The export of LSW towards the eastern North Atlantic is facilitated 
along three primary pathways: (i) towards the south via the DWBC, (ii) 
eastward beneath and parallel to eastward flowing NAC, and (iii) north- 
eastward into the central Irminger Basin (Frew et al., 2000; Lozier et al., 
2019). The eastward flowing LSW subsequently splits into a 
north-eastward component, entering the Iceland Basin and Rockall 
Trough (Fig. 1). However, the shallow sills of the Denmark Strait, 
Greenland-Scotland Ridge, and the Faroe Bank Channel prevent LSW 
from flowing directly into the Norwegian Sea. The speed of LSW, as it 
spreads across the North Atlantic, has been directly linked to its pro
duction rate as strong winter cooling is associated with a faster eastward 
spreading LSW (Sy et al., 1997). The LSW also interacts with two other 

water masses that constitute major parts of the NADW, i.e. the Iceland 
Scotland Overflow Water (ISOW) and the Denmark Strait Overflow 
Water (DSOW; Dickson and Brown, 1994; Tanhua et al., 2005). As the 
least dense of these three water masses, LSW feeds into upper NADW, 
underlain by the ISOW which provides central NADW, and the dense 
DSOW constitutes deep NADW (García-Ibáñez et al., 2015). Accord
ingly, the interaction of LSW is strongest with ISOW. However, intense 
mixing also occurs with DSOW as the latter contributes to the deepest 
waters in the Labrador Sea (Yashayaev et al., 2007).

3. Material and methods

3.1. IODP sites U1302 and U1303

IODP Site U1302 (50◦ 10 N, 45◦ 38 W, water depth: 3560 m) and Site 
U1303 (50◦ 12.4 N, 45◦41.2 W, water depth: 3520 m) were drilled 
during IODP Expedition 303. The two sites are located 5.7 km apart off 
the Newfoundland continental margin on the SE flank of the Orphan 
Knoll and are bathed in NADW (Fig. 1; see section 2 for more details). 
They are positioned on a rise between two canyons that help to funnel 
turbidites and debris flows away from the sites (Channell et al., 2006) 
and situated well below the high-velocity core of the DWBC (Fig. 1; 
Mertens et al., 2014)). The sedimentary sequences at these two sites 
were found to be remarkably similar and were designated as a single site 
and subsequently spliced using shipboard multi-sensor track data 
following the IODP guidelines (Channell et al., 2006). The samples 
analysed herein follow the composite record expressed in meter com
posite depth (mcd; Channell et al., 2006). The investigated depth in
terval ranges from 0 to 77.75 mcd. In this interval, no debris flows (e.g., 
turbidites) are recorded at either site (Channell et al., 2006). Building on 
previously planktic foraminifera stable oxygen isotope (δ18Op) and 
relative palaeointensity (RPI) based chronology (Hillaire-Marcel et al., 
2011; Channell et al., 2012; see section 4 for more details), samples were 
investigated for benthic foraminifera at ~1 kyr resolution for the last ~ 
550 kyr.

3.2. Stable oxygen (δ18O) and carbon (δ13C) isotope measurements

To assess the past deep-water changes in the stable oxygen and 
carbon isotope budget (reported as δ18Ob and δ13Cb, respectively) we 
selected 3–8 specimens of either epifaunal benthic foraminifer species 
Cibicidoides wuellerstorfi or the shallow infaunal species Hoeglundia ele
gans and Uvigerina peregrina from the >106 μm grain-size fraction. The 
alternating use of these three species was necessary as none of the spe
cies was consistently present throughout the studied sediment interval 
(see Supplementary Fig. S1).

Time-successive changes in C. wuellerstorfi abundance in the North 
Atlantic have been linked to changes in the mode and magnitude of food 
supply from the surface waters (see Supplementary Fig. S1; Nees and 
Struck, 1999). Its low abundances during glacial periods are interpreted 
as resulting from changes in productivity linked to sea ice-edge fluctu
ations in the northern North Atlantic. There is a diametric increase in the 
abundance of the shallow infaunal U. peregrina during glacial stages 
relative to C. wuellerstorfi, which has been attributed to sluggish AMOC 
and lower organic matter fluxes (Schönfeld and Altenbach, 2005). The 
aragonitic species H. elegans was exclusively found during interglacial 
periods. The predominant presence of dissolution-prone H. elegans 
during interglacials at Site U1302/03 has been linked to the deepening 
of the lysocline under strong AMOC conditions (Gonzales et al., 2017; 
Streeter and Lavery, 1982).

Prior to measurement, the selected foraminifer tests were carefully 
crushed, ultrasonicated in methanol to physically remove contamina
tions (e.g., clays and nannofossils) and subsequently dried at 50 ◦C. The 
stable isotope measurements were carried out on a MicroMass Isoprime 
at the Geotop (Université du Québec à Montréal, UQAM, Montreal, 
Canada). The precision of the measurements is ±0.05 ‰ (one standard 
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deviation) for δ13C and δ18O, respectively. The results were calibrated 
using the international standard NBS-19, and two in-house standards. 
Isotopic values are reported in standard delta notation (δ) relative to the 
Vienna Pee Dee Belemnite (VPDB).

Interspecies correction between the selected foraminifera follows 
Shackleton and Hall (1984) by applying a constant fractionation factor 
of +0.64 ‰ for δ18Ob of C. wuellerstorfi and +0.9 ‰ for the δ13Cb values 
of U. peregrina. H. elegans was corrected to equilibrium by applying a 
constant fractionation factor of − 0.4 ‰ and 1.5 ‰ for δ18Ob and δ13Cb, 
respectively (McCorkle et al., 1997). This was done to ensure compa
rability with existing deep and intermediate water δ13Cb and δ18Ob re
cords from various locations in the North Atlantic which have been 
corrected using the same fractionation factors (Lisiecki and Raymo, 
2005).

3.3. X-ray fluorescence scanning (XRF)

High-resolution (~1 cm interval) elemental composition data of 
sediments at Sites U1302/03 were obtained by non-destructive XRF core 
scanning at the University of Bremen using an Avaatech XRF core 
scanner. The instrumental settings for the XRF measurements are the 
same as those described by Hodell et al. (2008) and the resulting Ca/Sr 
and Si/Sr ratios were published previously by Channell et al. (2012). We 
normalized the raw total counts of a given element to the total counts of 
all processed elements, excluding silver (Ag) and rhodium (Rh) because 
these elements are biased by signal generation from the slit and X-ray 
tube, respectively. To eliminate non-linear matrix effects and 
constant-sum constraints we used log ratios following Weltje et al. 
(2015). For this study, we focused on two selected element ratios (K/Ti 
and Zr/Al) to gain insights into the spatiotemporal variability of the 
DWBC.

Firstly, we utilized the ln(K/Ti) ratio, which traces the contribution 
of Ti derived from the weathering of basaltic rocks found within the 
volcanic area including Iceland, the Faeroe Islands, and the eastern part 
of Greenland. K is predominantly derived from the weathering of the 
granite province of the Canadian Shield, Baffin Island, and western and 
southern Greenland (e.g., Ballini et al., 2006 and references therein). 
Within the broader region of the Labrador Sea and the Nordic Seas, the 
K/Ti ratio has been used as a tracer for deep-water mass provenance. 
Increased Ti concentrations within the Labrador Sea have been associ
ated with periods of active DSOW or ISOW contributions to the DWBC, 
reflecting enhanced deep-water convection in the Nordic Seas (Ballini 
et al., 2006; Davies et al., 2021; Fagel et al., 1999, 1997, 1996; Grützner 
and Higgins, 2010; Hodell et al., 2010; Rashid et al., 2019; Stevenard 
et al., 2024; Yang and Piper, 2021).

Secondly, to understand the spatiotemporal variability of the DWBC 
strength, we employed the ln(Zr/Al) ratio. This ratio is suggested to 
trace relative changes between the coarser, more weathering-resistant 
Zr and the fine-grained clay-related Al (Hoffmann et al., 2019; Rashid 
et al., 2019). Zr is a dominant trace element of the Canadian Precam
brian shield (Rashid et al., 2019), and is supplied to the Labrador Sea 
through riverine discharge. An increase in Zr relative to Al values in the 
ln(Zr/Al) ratio suggests sediment coarsening, and vice versa (Bahr et al., 
2014; Nichols et al., 2020). However, this proxy has not yet been applied 
to the wider region of the Labrador Sea. To verify its applicability as a 
measure of grain-size variability and potential current strength activity 
at Site U1302/03, we compared the ln(Zr/Al) ratio with available 
sortable silt mean size (SS) data (10–63 μm size fraction) from Site 
V23-18, located close to our study site in the outer Labrador Sea region, 
over the last ~20 kyr. (see Supplementary Information Fig. S2; Hoff
mann et al., 2019). SS is a well-established proxy for grain-size vari
ability in deep-water regimes (e.g., McCave et al., 2017, 1995; 
Praetorius et al., 2008; Thornalley et al., 2013).

The correlation (see section 3.5 for more details) between ln(Zr/Al) 
and SS is significantly positive (rSpearman = 0.40; p = 0.0075). We 

propose that ln(Zr/Al) at Site U1302/03 serves as a proxy for grain-size 
variability controlled by bottom-current velocity.

3.4. Neodymium (εNd) measurements

Over the past decades, neodymium (Nd) isotopes emerged as a 
promising geochemical tracer of water mass provenance (e.g., Böhm 
et al., 2015; Piotrowski et al., 2004; Pöppelmeier et al., 2022). Because 
its radiogenic isotope composition is independent of environmental 
fractionation and recorded in marine sediments (Frank, 2002), Nd iso
topes provide a valuable tool for assessing the origin of water masses and 
to reconstruct the physical state of the ocean in the past. However, along 
continental margins, isotopic exchange with glacially-derived sediment 
may impact original water-mass εNd-signatures (e.g., Böhm et al., 2015; 
Filippova et al., 2023; Lacan and Jeandel, 2005; Pöppelmeier et al., 
2019; Zhao et al., 2019). Interpretation of exchangeable Nd-isotope 
records thus requires comparison with similar measurements of the 
bulk sediment detrital fraction.

We extracted the εNd isotope composition from a total of 84 samples 
by weak acid-reductive leaching of bulk sediment following the method 
described by Blaser et al. (2016). Briefly, 250–300 mg of dried and 
ground sediment were washed for 30 min with ultra-pure deionised 
water. After centrifugation the water was decanted and discarded. The 
authigenic fraction and carbonates were then leached with 10 ml of an 
acid-reductive aqueous solution containing 3 mM Na-EDTA, 5 mM 
hydroxylamine-hydrochloride, and 1.5% trace metal clean acetic acid 
buffered to a pH of 4 using trace metal clean 25% ammonia solution. 
After ~60 min of agitation the samples were centrifuged and pipetted 
for further analysis. However, recent εNd results by Blaser et al. (2020)
have shown that detrital carbonate can affect the leaching efficiency of 
sediments from the Labrador Sea. Hence, for comparison a total of 48 
samples across the studied time frame were decarbonated before sub
jecting them to the same leaching procedure as stated above. For car
bonate removal, 10 ml of an acetic acid/sodium acetate buffer 
(NaAc/CaOH (ADA)) was applied to the dried and ground sediments for 
30 min. Afterwards the samples were washed and rinsed three times 
with ultra-pure deionised water before proceeding with the leaching 
protocol following Blaser et al. (2016). The dual approach of analyzing 
decarbonate and non-decarbonated samples side-by-side allows for a 
direct comparison and assessment of potential detrital carbonate in
fluences on the resulting εNd signals through time (see Fig. 4).

Subsequent to the leaching, the remaining sample solution was pu
rified with a two-step column chemistry protocol for the measurements 
of Nd isotopes on a Nu Instruments Plasma II MC-ICP-MS at Geotop 
(UQAM) and a Thermo Scientific Neptune Plus MC-ICP-MS at the GEO
MAR Helmholtz Centre for Ocean Research Kiel. Nd isotope data were 
corrected to 146Nd/144Nd of 0.7219 with an exponential law and 
normalized to JNdi-1 standards with 143Nd/144Nd = 0.512115 (Tanaka 
et al., 2000). Reproducibility was assessed by repeated measurements of 
respective in-house standard solutions and varied in εNd from 0.12 to 
0.63 (two standard deviations) between measurement sequences. The 
resulting uncertainty for εNd values is ~0.2 epsilon units (95% 
confidence).

3.5. Multivariate statistic

To assess the similarities between two different signals, the correla
tion coefficient and its significance using a bootstrap (Monte Carlo) 
procedure for serially correlated data were estimated using the ‘surro
gateCor’ function as implemented in the astrochron package of R 
(Meyers, 2014). The correlation method was set to Spearman. For the 
simulation, 10,000 phase-randomized surrogate series were generated, 
and the significances of the correlation coefficients were tested at the 95 
percentile. Utilized records were detrended prior to analysis as 
time-dependent trends suggest the expected value of the signal under 
study is non-stationary. However, stationarity is a fundamental 
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assumption for most of the data analysis algorithms such as 
cross-correlation (Box et al., 2015).

4. Chronology

The age model was established by visually correlating the composite 
δ18Ob record of Site U1302/03 to the global benthic δ18O compilation 
LR04 (Lisiecki and Raymo, 2005) assuming an in-phase behaviour of 
both signals. This approach is feasible as LR04 represents a globally 
averaged deep-water signal (Lisiecki and Raymo, 2005), and can thus be 
correlated to the deep-water signal recorded at Site U1302/03. The 

resulting δ18Ob tuning is shown in Fig. 2 and the applied tie points are 
listed in Table 1. The assignment of Marine Isotope Stages (MIS) follows 
the chronology suggested by Lisiecki and Raymo (2005).

To test the robustness of our δ18Ob tuning approach, we compared 
our tuning result to the previously established age model for Site 
U1302/03 (Channell et al., 2012) constructed by tandem fitting of δ18Op 
and relative paleointensity (RPI) to the LR04 benthic δ18O stack (Lisiecki 
and Raymo, 2005) and the PISO-1500 RPI stack (Channell et al., 2009), 
respectively.

Interestingly, this comparison highlights distinct time-offsets 
ranging from 4 up to 10 kyr during the climate terminations TI-TIII, 

Fig. 2. Chronostratigraphy of Site U1302/03. Assignment of Marine Isotope stages (MIS), their individual substages and terminations (T) follows Lisiecki and Raymo 
(2005); (A) composite benthic stable oxygen isotope (δ18Ob) record of Site U1302/03 in the depth domain (meter composite depth; mcd; red line); (B) reference 
global benthic δ18O compilation LR04 used as tuning target in the time domain (black line; Lisiecki and Raymo, 2005) for the last ~ 550 kyrs (black line). Age-depth 
tie points utilized for the tuning are indicated by grey arrows and are listed in Table 1; (C) comparison of the temporal fit between the tuned composite benthic stable 
oxygen isotope (δ18O) record of Site U1302/03 (red line) and the reference global benthic δ18O compilation LR04 record (black line) in the time domain; (D) 
Resulting Sedimentation rate (SR) in cm/kyr during the past ~550 kyr, and (E) Comparison of the composite benthic stable oxygen isotope (δ18Ob) record of Site 
U1302/03 based on the tuning proposed in this study (red line; see section 4 for more details) and the Site U1302/03 age model proposed by Channell et al. (2012)
(blue line) based on the tandem alignment relative palaeointensity (RPI) record with a calibrated RPI template (Channell et al., 2014) and the planktic stable oxygen 
isotope (δ18Op) record from Site U1302/03 (Hillaire-Marcel et al., 2011) to the LR04 reference signal (Lippold et al., 2019).
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-TIIIa between at 204–236 kyr (MIS7d/c) and TV (Fig. 2). Thus, to 
investigate the origin of these temporal offsets, we directly compared 
the planktic and benthic δ18O signal in the depth-domain for termina
tions TI-TVI alongside the ln(Ca/Sr) ratio indicating ice-rafted debris 
(IRD) rich in detrital carbonate (Fig. 3). Utilizing the proposed 3.5 ‰ 
threshold in δ18Ob as a visual cut-off value for the mid-point of the 
climate transitions (McManus et al., 1999), we find that the decrease in 
the δ18Op precedes the decrease in δ18Ob particularly during TI-III, most 
profoundly at TIIIa and TV. TIV and TVI cannot be properly assessed due 
the low sample resolution in both planktic and benthic δ18O signals 
(TIV) as well as the fact that the δ18Ob data does not reach the 3.5 ‰ 
threshold (TVI), respectively.

The earlier onset of decrease in the planktic δ18O, relative to the 
δ18Ob signal, along transitions TI-III, TV and at TIIIa generally aligns 
with increased IRD riched in detrital carbonate as marked by high ln(Ca/ 
Sr) ratios (Fig. 3). This relationship indicates that the temporal offsets 
between benthic and planktic δ18O stems from freshwater influx, as 
increased IRD concentrations are generally thought to coincide with 
freshwater release from melting icebergs. In this scenario, freshwater 
with low δ18O mixed with surface water but did not penetrate to the 
bottom water regime at Site U1302/03. This would have caused a 
decrease in the δ18Op signal relative to the freshwater-unaffected deep- 
water δ18Ob signal. Previous tandem (equal weight) correlations for 
δ18Op and relative palaeointensity (RPI) also implied meltwater influ
ence during terminations at Site U1302/03 (Channell et al., 2012) and at 
Site U1306 on the Eirik Drift (Channell et al., 2014). Freshwater pulses 
coinciding with TI-IIIb and TIIIa have been documented in the central 
Arctic Ocean (Spielhagen, 2004) and northern Fram Strait (Knies et al., 
1998; Vogt and Knies, 2008). The latter constitutes today an important 
source region for freshwater entering the Labrador Sea via the East 

Greenland Current (Yang et al., 2016). It is also possible that regional 
freshwater input from southern Greenland, the Hudson Bay and the 
Canadian Arctic Archipelago occurred during these transitions which 
contributed to δ18Op decreases relative to the deep-water signal at Site 
U1302/03. However, freshwater pulses from these regions throughout 
the last ~550 kyr are not well recorded. Thus, direct insights into po
tential freshwater pulses along the older terminations are hampered.

Our age model results in sedimentation rates ranging between 5 and 
25 cm/kyr (Fig. 2). The sedimentation rates are generally higher during 
interglacial stages (e.g., MIS 5e) than glacial periods, with the exception 
of MIS 8. The median sedimentation rate is ~10 cm/kyr.

5. Results

5.1. Benthic stable oxygen and carbon isotopes at site U1302/03

The composite δ18Ob values range from 2.7 ‰ to 5.3 ‰ throughout 
the last ~550 kyr (Fig. 4). The lowest values were observed in MIS 1, 5e, 
7a, 7c, 7e, 9e, 11c and 13a with a range between 2.7 ‰ (MIS 11c) and 
3.7 ‰ (MIS 1). In contrast, increases in δ18O occurred during MIS 2, 4, 6, 
8, 10, 12 and 14, ranging from 3.6 ‰ (MIS 6e) to 5.3‰ (MIS 2).

The composite δ13Cb values range from − 0.4 ‰ to 1.6 ‰ throughout 
the last ~550 kyr (Fig. 4). The lowest δ13Cb values (0 to − 0.4‰) align 
with MIS 6, 8, 10, and 12. In contrast, the highest δ13Cb values coincide 
with MIS 1, 5e, 7a, 7c, 7e, 9a, 9c, 11c and 13a ranging from 1.65 ‰ (MIS 
13a) to 0.4 ‰ (MIS 7a).

5.2. ln(K/Ti) ratio and ln(Zr/Al) ratio

The ln(K/Ti) ratio varies between 0.63 and − 0.41 throughout the last 
~550 kyrs (Fig. 4). Increased ln(K/Ti) values are associated with MIS 5 
(particularly MIS 5e), 6c-6e, 10 and 13 but also transitional periods such 
as MIS 12/11, 10/9 and 6/7. In contrast, decreased ln(K/Ti) values are 
associated with MIS 2–4, 6a to c, 8a, 11c, and 12.

The ln(Zr/Al) ratio varies between 0.93 and − 1.14 throughout the 
last ~550 kyrs (Fig. 4). Increased ln(Zr/Al) values are predominantly 
observed during MIS 2, 6, 8, 10, and 12 but also are concurrent during 
MIS 7e. Decreased ln(Zr/Al) values are associated with MIS1, (including 
5e), 9 (including 9e), 11 (including 11c) and 13 (including 13a).

5.3. εNd results

The median analytical error for "weak leach" (n = 73) and "weak 
leach + pre-decarbonization" samples (n = 32) is ±0.2 εNd, respec
tively. Furthermore, the median precision based on replicates (n = 6) is 
±0.5 εNd for both approaches, and the median standard deviation be
tween "weak leach" and "weak leach + pre-decarbonization" samples for 
the same time interval (double measurements within ~300-year time 
windows; n = 23) is 1.6 εNd.

The average εNd value across the past ~550 kyr (Fig. 4) is − 19 and 
ranges between − 29 (at ~94 ka) and − 11 (at ~54 ka). Very unradio
genic Nd isotope compositions (low εNd) can be observed during MIS4 
(− 24 ± 4), peak MIS 10 (− 20 ± 1), peak MIS 14 (− 20 ± 2) as well as 
MIS 5 (− 21 ± 2), MIS 7a-c (− 20 ± 5), MIS 9e (− 21 ± 3) and MIS 13a 
(− 20 ± 6). In contrast, more radiogenic Nd isotope compositions (high 
εNd) prevailed during MIS 1 (− 16 ± 2), MIS 2 (− 17 ± 2), peak MIS 6 
(− 16 ± 3), peak MIS 8 (− 15 ± 0.5), MIS 11c (− 16 ± 1) and peak MIS 12 
(− 17 ± 1).

6. Discussion

6.1. Late Pleistocene (past ca. 140,000 years) deep-water variability in 
the outer Labrador Sea

The most striking aspect of our εNd record spanning the past ~140 
kyr is its distinct two-phased behavior (Fig. 5). We observe a progressive 

Table 1 
Age-depth tie points derived from the visual cor
relation of the composite benthic stable oxygen 
isotope (δ18Ob) record of Site U1302/03 to the 
global benthic δ18O compilation LR04 (Fig. 2; see 
section 4 for more details; Lisiecki and Raymo, 
2005). mcd = meter composite depth.

Depth (mcd) Age (ka)

0 0
1.6 7
2.21 10
2.48 13
3.2 18
9.73 55
11.38 72
13.01 81
14.81 90
22 124
23.65 135
29.01 183
30.01 191
30.81 197
31.31 200
33.5 223
39.09 252
39.39 257
39.69 260
44.75 283
46.36 295
48.5 320
51.8 341
58.15 400
59.6 404
62.76 433
70.74 491
73.79 513
74.4 524
77 549
78.8 561
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shift from a strongly unradiogenic background state during MIS 5 (me
dian: − 22 εNd) to more radiogenic values during MIS 3 to 1 (median: 
− 17 εNd), following a rapid increase of ~5 εNd at the end of MIS 4 (~70 
kyr). For comparison, modern Labrador Sea εNd values range from 
− 16.8 to − 14.9 (±2) at the surface, becoming more radiogenic at the 
bottom, ranging from − 11 to − 14 (±1.7), reflecting mixing of DSOW 
with NEADW (Filippova et al., 2017; Blaser et al., 2020). Within this 

context, εNd values from Site U1302/03 during MIS 3 to 1 align, within 
analytical uncertainty, with modern NADW signatures, while MIS 5 
values suggest a distinctly more unradiogenic source during that inter
val. This long-term εNd evolution also appears unaffected by the applied 
neodymium leaching protocol, as samples processed using both the 
"weak leach" and "weak leach + pre-decarbonization" methods show the 
same trend (Fig. 5). Additionally, the observed background shift cannot 

Fig. 3. Comparison between planktic (red line) and benthic stable oxygen isotope (δ18O) (blue line) in the depth domain (meter composite depth, mcd; this study) for 
climate transitions (A-G) during the past ~550 kyr at Site U1302/03. In addition, the ln(Ca/Sr) ratio is shown as a grey-shaded area tracing ice-rafted debris (IRD) 
influx (Channell et al., 2009). Assignment of climate terminations (TI-VI) follows Lisiecki and Raymo (2005) while the assignment of TIIIa follows Hodell et al. 
(2023). The proposed 3.5 ‰ threshold in benthic δ18O, as a visual cut-off value for the mid-point of the climate transitions (McManus et al., 1999), is indicated as a 
grey line. The intercepts with the planktic and benthic δ18O records with the 3.5 ‰ threshold are indicated by vertical red (planktic = p) and blue (benthic = b) 
vertical lines.
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be attributed to analytical uncertainty (see section 5.3 for more details).
Recent studies by Blaser et al. (2020) and Filippova et al., 2017

suggest that the bottom water εNd signal at our study site can be heavily 
overprinted by ice-rafted debris (IRD) input as shown during the Early 
Holocene, as well as during Heinrich Events (H) H1 and H2 (Blaser et al., 
2020; Filippova et al., 2023). In general, IRD-hosts highly unradiogenic 
neodymium isotope signatures which are then released into the pore 
water and subsequently incorporated into the authigenic phases, shift
ing the εNd patterns towards substantially less radiogenic detrital sig
natures (Fig. 1; Blaser et al., 2020; Haley et al., 2017; Pöppelmeier et al., 
2019, 2022). Thus, the strong millennial-scale unradiogenic excursions 
(~− 20 to − 28 εNd) we find associated with and H6 to H3 (Fig. 5) are in 
line with these earlier findings from H1 and H2. However, this raises the 
question of whether the long-term εNd shift might also be biased by this 
process.

To assess if this long-term εNd trend from unradiogenic MIS 5 sedi
ments towards substantially more radiogenic MIS 3 to 1 values also re
lates to long-term IRD input, we utilized the XRF scanning-based Ca/Sr 
and Si/Sr ratios from our study site, which have been argued to trace 
carbonate and silicate IRD input, respectively (Fig. 5; Channell et al., 
2012). We find that the Ca/Sr and Si/Sr levels between MIS 5 and MIS3 

to 1 were, for the most part, comparable, after excluding Heinrich Events 
(Fig. 5). This suggests that no discernible long-term trend in IRD back
ground supply accompanied our observed εNd trend from MIS 5 to MIS3 
to 1. This disconnect is further supported by our Monte Carlo-based 
correlation results, which highlight only a weak correlation between 
Ca/Sr and Si/Sr in relation to εNd (see Supplementary Information 
Fig. S3). Hence, the discrepancy between the more radiogenic εNd 
signature of MIS 3 to 1 relative to the more unradiogenic signatures 
during MIS 5 should not predominantly relate to background changes in 
carbonate or silicate IRD input to our study site.

However, several studies have shown that an elevated benthic neo
dymium flux still occurs at our location unrelated to IRD events (Blaser 
et al., 2020; Pöppelmeier et al., 2022) and is instead driven by (i) 
weathering input variability linked to continental ice sheet geometry 
changes on glacial-interglacial time scales; and/or, (ii) reversed scav
enging (Howe et al., 2016; Pöppelmeier et al., 2022). In terms of 
weathering input variability, a recent study of 206Pb/204Pb isotopes from 
our study site (Parker et al., 2022) found similar features during the past 
ca.140 kyr as observed in our εNd record (Fig. 5). The authors identified 
a shift from a predominantly radiogenic lead background state during 
MIS 5 to a less radiogenic background level from MIS 3 to 1. This was 

Fig. 4. Overview of the geochemical study results from Site U1302/03. (A) composite benthic stable oxygen isotope (δ18Ob) record; (B) composite benthic stable 
carbon isotope (δ13C) record; (C) detrended ln(K/Ti) ratio; (D) detrended ln(Zr/Al) ratio, and (E) composite εNd isotope record. All data is placed on the stable 
oxygen isotope (δ18O) tuning applied in this study (Fig. 2; see section 4 for more details). Assignment of Marine Isotope stages (MIS) follows Lisiecki and 
Raymo (2005).
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related to a mixture of (i) weathering input changes due to ice sheet 
dynamics on the adjacent continents, and (ii) changes in the vigour of 
the prevailing deep-water circulation (Parker et al., 2022).

Specifically, Parker et al. (2022) suggested that during MIS 5 a 
vigorous Labrador Current supplied more radiogenic 206Pb/204Pb iso
topes from the inner Labrador Sea to the Orphan Knoll region. The 
continued re-supply of radiogenic 206Pb/204Pb from the Labra
dor/Quebec Superior province during MIS 5, in turn, was facilitated by 
renewed glacial erosion and chemical weathering during the incipient 
MIS 5 glaciations (MIS 5d and 5b), with subsequent outwash into the 

interior Labrador Sea during the following interstadial phases (MIS 5c 
and 5a). The observed rapid isotopic shift during MIS 4/3 transitions 
towards less distinctive NW Atlantic unradiogenic 206Pb/204Pb isotope 
values, which continued onwards between MIS 3 and 1, was subse
quently related to an interplay of several factors, including (i) reduced 
weathering input due to Laurentide Ice Sheet advances across the 
Hudson Bay and Superior province regions; (ii) a less vigorous Labrador 
Current associated with a reduced detrital transport from the inner to 
the outer Labrador Sea; and, (iii) an increased input of unradiogenic 
206Pb/204Pb of southern Greenland Provenance that might have 

Fig. 5. Deep-water changes at Site U1302/03 during the past ~140 kyr. (A) composite neodymium isotope (εNd) isotope record of Site U1302/03 based on this study 
and data published in Blaser et al. (2020) for the time interval (0–35 kyr). Yellow stars denote modern εNd of the North Atlantic Deep Water (NADW; Blaser et al., 
2020) as well as εNd signature of a cold water coral Desmophyllum dianthus (yellow dots) from Orphan Knoll for MIS 1 and MIS 5c (Maccali et al., 2020); (B) 
detrended and linearly resampled (~1 kyr step size) ln(Ca/Sr) and ln(Si/Sr) ratio at Site U1302/03 (Channell et al., 2012); (C) Published 204/206Pb isotope data from 
Sites U1302/03 (grey diamonds = Crocket et al., 2012; grey dots = Parker et al., 2022). Original age models of both data sets were adjusted to the tuning presented 
herein (see section 4 for more details); (D) detrended and linearly resampled (~1 kyr step size) ln(K/Ti) ratio at Site U1302/03 (this study); (E) composite benthic 
stable carbon isotope (δ13Cb) record at Site U1302/03 (this study); (F) detrended and linearly resampled (~1 kyr step size) ln(Zr/Al) ratio at Site U1302/03 (this 
study); (G) Pa/Th record of ODP 1063 (Bermuda Rise; 33◦N 41.11’; 57◦W 36.53’; 4500 m water depth; Böhm et al., 2015). Assignment of Marine Isotope stages (MIS) 
follows Lisiecki and Raymo (2005).
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experienced temporal ice-free conditions allowing for chemical weath
ering and detrital supply to the Labrador Sea especially during MIS 3 
(Parker et al., 2022).

Thus, as a next step, we tested these 206Pb/204Pb isotope-based sce
narios against our εNd and K/Ti signals. Firstly, we focus on MIS 5. 
Detrital material from the inner Labrador Sea carries a distinct unra
diogenic εNd signal, as the material is predominantly sourced from old 
cratonic provenances surrounding the Labrador Sea, which exhibit 
strong unradiogenic signatures ranging from − 47 εNd (Nain Prove
nance) to − 28 εNd (Superior Provenance). Therefore, a stronger supply 
of detrital material into the inner Labrador Sea and/or an increased 
export of detrital material from the inner Labrador Sea to our study site 
via the Labrador Current during MIS 5 relative to MIS 3 to 1 would align 
with the observed εNd differences. This scenario is also supported by the 
observed high K/Ti ratio values during MIS 5 relative to the period MIS 3 
to 1 (Fig. 5; see section 3.3 for more details). Previous studies have 
shown that physical erosion and/or moderate chemical weathering of 
the Canadian Shield, Baffin Island, as well as western and southern 
Greenland produces a mineralogy characterized by K-rich illite and 
chlorite (Ballini et al., 2006; Biscaye, 1965; Fagel et al., 1996, 1997, 
1999, 2001; Griffin et al., 1968). Hence, the high K/Ti values during MIS 
5 support a dominant Hudson Bay-Superior Provenance terrane region 
for the detrital material deposited at our study site at that time.

In the previously proposed MIS 3 scenario, the reduction of unra
diogenic εNd detrital input into the inner Labrador Sea due to ice sheet 
advances and/or the reduction of transport of unradiogenic detrital 
material from the inner to the outer Labrador Sea (Parker et al., 2022) 
could both facilitate a shift in εNd towards less radiogenic values, 
aligning with our data. Similarly, the proposed shift towards a South 
Greenland Margin Provenance with more radiogenic εNd signature 
(Fig. 1; median value: − 18 εNd; Blaser et al., 2020) than the strong 
unradiogenic Nain-Superior provenances (Parker et al., 2022) could also 
have led to more radiogenic εNd values as shown in our data. However, 
our low K/Ti ratios between MIS 3 to 1 relative to MIS 5 might point 
towards a different scenario altogether. Neither of the aforementioned 
provenances nor the Orphan Knoll region itself is a prominent source for 
Ti (Ballini et al., 2006; Biscaye, 1965; Fagel et al., 1996, 1997, 1999, 
2001; Griffin et al., 1968; Zimmermann, 1982). Hence, a reduction in 
the supply of K-rich detrital material from the inner Labrador Sea and/or 
a shift from the K-rich inner Labrador Sea detritus to the K-rich southern 
Greenland margin detritus would not necessarily explain increased Ti 
contributions.

Thus, we argue that the shift in K/Ti indicates increased supply of Ti- 
rich detrital material to our study site. Ti-rich weathering products have 
been distinctly linked to the volcanic areas comprising Iceland, the 
Faeroe Islands, and the eastern part of Greenland (Paleogene Volcanic 
Provenance). These regions are all dominated by Tertiary and Quater
nary basaltic rocks that are rich in magnetite (Grousset et al., 1982; 
Kissel et al., 1999; Lackschewitz et al., 1994; Lavrov et al., 1971; Parra 
et al., 1986; Watkins and Maher, 2003). The physical and chemical 
weathering of magnetite results in Ti-rich smectites (Ballini et al., 2006; 
Biscaye, 1965; Fagel et al., 2001) that reach maximum concentrations in 
the submarine regions surrounding Iceland and the Faeroe-Shetland 
islands (Grousset et al., 1982; Parra et al., 1986). Hence, the shift in 
K/Ti from MIS 5 to MIS 3 to 1 likely indicates an increased supply of 
Ti-rich smectites which were transported from the subpolar North 
Atlantic via resuspension by the DSOW and ISOW onwards via the Eirik 
Drift into the Labrador Sea (Ballini et al., 2006; Davies et al., 2021; Fagel 
et al., 1997, 1996; Grützner and Higgins, 2010; Stevenard et al., 2024). 
A greater contribution of DSOW and ISOW to the DWBC during MIS 3 to 
1 relative to MIS 5 could also explain the observed shifts in εNd and 
206Pb/204Pb isotope values, respectively. Modern and glacial DSOW and 
ISOW derivatives have been shown to carry more radiogenic εNd sig
natures (− 8 to − 12 εNd; Fig. 1; Blaser et al., 2020; Struve et al., 2019). A 
greater import of these radiogenic waters into the DWBC would cause an 
εNd shift towards more radiogenic values at our study site. Additionally, 

the 206Pb/204Pb isotope signature of Paleogene Volcanic Provenance of 
the eastern flanks of Greenland are similarly unradiogenic as its south
ern margin counterparts. Hence, instead of increased input of unradio
genic 206Pb/204Pb from the southern Greenland provenance as 
previously proposed, perhaps temporal ice-free conditions during MIS 3 
and 2 along Greenland’s eastern flank allowed for chemical weathering 
in that region and increased supply of unradiogenic 206Pb/204Pb, 
radiogenic εNd and high-Ti detritus to the Labrador Sea via DSOW and 
ISOW.

Based on the observed close relationship between εNd and K/Ti 
across the past 140 kyr, it becomes clear that our εNd likely carries a 
distinct signal driven by both sediment and deep-water provenance 
changes. This argument is supported by the comparison of our εNd 
leachates to available cold-water coral-based εNd originating directly 
from the Orphan Knoll (Fig. 5). These εNd results are derived from 
solitary stony coral Desmophyllum dianthus at ca. 1700 m water depth 
(Hillaire-Marcel et al., 2022; Maccali et al., 2020). The available coral 
data cover two distinct time periods, dating to the middle to late Ho
locene (ca. 1–6 kyr) and MIS 5c (ca. 102–109 kyr; Fig. 5; Maccali et al., 
2020). These hardground coral εNd data are considered a robust 
recorder of the bottom water signature at the time (e.g., Struve et al., 
2017). The coral-based median εNd values for the Holocene (εNd: − 13.9 
± 1.1) and MIS 5c (εNd: − 22.3 ± 1.7) (Hillaire-Marcel et al., 2022), 
agree with our leachate median values for the same periods (Fig. 5; 
midde to late Holocene εNd: − 15.7 ± 1.7; MIS 5c εNd: − 20.5 ± 0.4). 
This further supports the notion that the observed long-term shift in εNd 
reflects at least to some extent a direct bottom water neodymium isotope 
signature of the DWBC over the past ca. 140 kyrs. This finding is in 
agreement with previous research results by Blaser et al. (2020), arguing 
that the εNd signal ’outside’ of distinct IRD events reflects bottom water 
conditions at our study site.

Based on the discussion presented above, our findings provide 
valuable insights into the dynamics of deep-water circulation within the 
Labrador Sea over the past 140 kyr. Specifically, during MIS 5, we 
propose a close association between deep-water circulation in the outer 
Labrador Sea and Labrador Current activity, consistent with the asser
tions of Parker et al. (2022). This linkage suggests a regional deep-water 
formation process driving Labrador Current activity. Given a suppres
sion of LSW during MIS 5 (Hillaire-Marcel et al., 2001), we hypothesize 
that increased overflow of relatively dense waters from Baffin Bay 
through the Davis Strait may have contributed to the Labrador Current’s 
intensification during this period, potentially influencing deep-water 
circulation patterns in the region. The Baffin Bay region would also be 
expected to yield very unradiogenic Nd isotope signatures (Stordal and 
Wasserburg, 1986). Additionally, we posit that during MIS 5, overflow 
water masses originating from distal sources, such as Paleogene Volca
nic Province, appear to have had minimal influence on the deep-water 
circulation dynamics of the outer Labrador Sea and/or that their 
signal was overprinted by regional sources. However, during MIS 4 and 
transition MIS4/3, a notable and rapid transition occurred in the 
deep-water regime of the Labrador Sea, resulting in a circulation pattern 
predominantly influenced by distally-sourced deep-water production, 
including DSOW and/or ISOW - a pattern that has persisted into the 
modern era. This shift in deep-water production may have been driven 
by increased brine export from the Nordic Seas, as Thornalley et al. 
(2010) suggested.

However, this raises the question of whether these provenance 
changes in deep-water sourcing also translated into DWBC current 
strength changes and, by extension, variability in bottom-water venti
lation in the western North Atlantic. To gain insights into DWBC 
strength changes, we utilize the Zr/Al proxy (Fig. 5; see section 3.3 for 
more details). Site U1302/03 is presently located well below the high- 
velocity core of the DWBC (Fig. 1), allowing fine sediments winnowed 
upslope by the current to accumulate preferentially at the site (Mertens 
et al., 2014). This is reflected in the low modern Zr/Al values observed at 
our site (Fig. 5), indicating fine sediment deposition beneath the DWBC. 
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Similar patterns of fine-grained sediment accumulation beneath the 
DWBC’s path have been documented at the Eirik Drift off southern 
Greenland (Hunter et al., 2007). We thus argue that a shift to coarser 
sediment at Site U1302/03 indicates (i) a larger vertical distance of the 
study site from the DWBC flow core, leading to reduced fine-sediment 
resupply as the DWBC migrates to shallower depths. Therefore, we 
posit that the fining and coarsening of sediments at U1302/03 could 
serve as indicators of DWBC position and associated strength changes.

Such a scenario is supported by the significant correlation between 
Zr/Al and the Pa/Th ratio of ODP Site 1063 providing a record for 
AMOC strength variability in the western North Atlantic over the past 
140 kyr (Fig. 5; Böhm et al., 2015; see Supplementary Fig. S3). We find 
that stronger AMOC phases are associated with finer sediment supply to 
Sites U1302/03 (MIS 5 and 1), while weaker AMOC phases are associ
ated with coarser sediment deposition (MIS 4-2), possibly indicating 
phases of shallowed or weakened DWBC position during glacial stages 
(Fig. 5). A weaker DWBC during glacial stages has been argued to be a 
persistent feature since the Miocene (Müller-Michaelis and 
Uenzelmann-Neben, 2014). At Sites U1302/03, we also observe that 
Zr/Al, in contrast to its correlation with Pa/Th, is only loosely connected 
with our εNd values and K/Ti ratio, which track deep-water provenance 
(Fig. 5). The different εNd and K/Ti fingerprints during the strong AMOC 
interval of MIS 5 and MIS 1 (Fig. 5), suggests that (i) changes in 
deep-water provenance alone did not determine the position or strength 
of the DWBC with additional processes such as LSW production and 
advection likely playing significant roles, and (ii) proxies of the physical 
position of the DWBC in the water column, such as Zr/Al ratios, might 
provide reliable insights into past changes in the AMOC.

6.2. Deep-water variability in the outer Labrador Sea during the past 
550,000 years

Utilizing the insights from the data encompassing the past ca. 140 
kyr, we now extend the interpretation of our proxy records to encompass 
the past ca. 550 kyr (Fig. 6). Consistent with the last climatic cycle, we 
observe a tight linkage between εNd and K/Ti variability across the past 
550 kyr. However, this linkage does not conform to a systematic glacial- 
interglacial pattern.

Beginning with the glacial conditions, we find that except for the 
peak of MIS 10, all other glacial peaks of MIS 6, 8, and 12) follow the 
LGM (MIS 2) pattern characterized by relatively radiogenic εNd signa
tures (median: − 17 ± 2) and enriched Ti-rich detrital deposition 
(Fig. 6). In contrast, the signature of the MIS 10 peak more closely re
sembles that of MIS 5 with median εNd values of − 20 ± 2 and higher K- 
concentrations. This suggests that during the LGM, along with most 
glacial peak conditions of the past ca. 550 kyr, Ti-rich detritus was 
transported to the study site by an active DWBC receiving contributions 
from Nordic Sea overflow water. This finding corroborates earlier 
studies indicating the existence of an active DWBC fed by Nordic Sea 
overflow water during the past 400 kyr (Blaser et al., 2020; Fagel et al., 
1996, 1997, 1999; Fagel and Hillaire-Marcel, 2006; Stevenard et al., 
2024). The continuous flux of Ti-rich detritus to our study site via the 
DWBC suggests persistent erosion and washout cycles from regions 
containing source rocks the Paleogene Volcanic Province. These cycles 
likely coincide with the waxing and waning of regional ice sheets. The 
less radiogenic εNd signatures alongside the increased K/Ti values 
observed during the peak of MIS 10, compared to other peaks of glacial 
stages, could be attributed to smaller ice sheet coverage across the 
Hudson Bay-Superior Provenance terrane region during this period. This 

Fig. 6. Evolution of Deep Western Boundary Current (DWBC) during the past ~550 kyr. (A) Sea level in meters with respect to present-day (m.s.l.e) following Stap 
et al. (2016); (B) composite benthic stable carbon isotope (δ13Cb) record of Site U1302/03; (C) detrended and linearly resampled (~1 kyr step size) ln(K/Ti) ratio 
with the superimposed composite εNd isotope record (grey dots) of Site U1302/03 (this study); (D) detrended and linearly resampled (~1 kyr step size) ln(Zr/Al) 
ratio of Site U1302/03 (this study). Assignment of Marine Isotope stages (MIS) and terminations (T) follows Lisiecki and Raymo (2005).
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scenario might have led to a higher detrital material supply into and 
from the inner Labrador Sea to our study site, potentially augmented by 
enhanced Labrador Current strength. Model simulations of Laurentide 
Ice Sheet extent across the past ca. 800 kyr suggest that MIS 10 peak 
conditions had the lowest LIS extent compared to MIS 2, 6, 8, and 12 
(Batchelor et al., 2019). The only other colder climatic phases compa
rable in terms of ice sheet extent to MIS 10 might have been MIS 4 and 
most likely MIS 14 (Batchelor et al., 2019), as also highlighted by similar 
εNd values (median: − 20 ± 2) and K-enriched deposition (Fig. 6). In 
terms of DWBC strength, we find that all peak glacial periods are char
acterized by a coarsening of the sediment, implying a shallowing of the 
DWBC regardless of the prevailing deep-water mass provenance.

Moving on to interglacial stages, MIS 11, including 11c, exhibits the 
most similar characteristics to MIS 1 in its εNd and K/Ti imprint (Fig. 6), 
thus resembling modern conditions with where overflow water from the 
Nordic Seas significantly contributing to the DWBC. In contrast, MIS 7, 
9, and 13, including 9e and 13a, follow the εNd and K/Ti pattern of MIS 
5, including 5e. This suggests increased contributions of Labrador Sea- 
based detritus to our study site, likely driven by a combination of fac
tors (i) increased weathering intensities delivering circum-Labrador Sea 
detritus to the inner Labrador Sea in association with (ii) an enhanced 
Labrador Current detritus, and/or (iii) reduced overflow water mass 
contributions to the DWBC. In terms of DWBC strength, during the 
interglacial periods of MIS 1, 5e, 9e, 11c and 13a a fining of the sediment 
in line with a strong DWBC can be observed, while Zr/A data from MIS 
7e signals weakened DWBC strength. These findings from our Zr/Al data 
actually corroborate previous arguments about interglacial AMOC 
variability during the past 550 kyr, which that highlight that in partic
ular MIS 7 was characterized by a reduced AMOC strength (Bouttes 
et al., 2020).

Lastly, we compared our Zr/Al, K/Ti, and εNd data with our δ13Cb 
record across the past ca. 550 kyr (Fig. 6). The δ13Cb ratio is often used as 
an indicator of ocean circulation patterns, as ocean circulation (i.e., 
stratification) is a key factor determining oceanic δ13Cb distribution 
(Duplessy et al., 1988). Generally, phases of decreased bottom-water 
δ13C in the deep North Atlantic correlate with weakened AMOC pha
ses, and vice versa. We observe that phases of increased fine sediment 
deposition correspond to increased δ13Cb values at our site, while 
coarser sediment phases correspond to decreased δ13Cb values (Fig. 6). 
However, δ13Cb values across similar phases of finer sediment deposition 
can vary by up to 0.8 ‰ (e.g., MIS 1 δ13Cb = 1.2 ‰ vs. MIS 5e δ13Cb = 0.4 
‰; Fig. 6), while coarser grain sediment intervals exhibit δ13Cb signa
tures ranging between 0.6 ‰ (LGM) and − 0.2 ‰ (peak MIS 12; Fig. 6). 
This complexity may be attributed to various factors, including the 
utilization of multi-benthic foraminifera species for reconstruction of 
δ13Cb as it is the case here. Specifically, U. peregrina has been argued to 
record δ13C of an infaunal habitat that is offset from δ13C of the over
lying bottom water (Gottschalk et al., 2016). However, comparing our 
δ13Cb record with the predominately-C. wuellerstorfi derived δ13Cb re
cord of Site U1308 (see Supplementary Fig. S4; Hodell et al., 2008; 
Hodell and Channell, 2016) reveals a close correlation (r = 0.6; p <
0.001), suggesting that the potential bias introduced by including 
shallow infaunal U. peregrina in our analyses is minimal. Hence, the 
discrepancies observed between δ13Cb, Zr/Al, and εNd (see Supple
mentary Fig. S3) imply diverse and independent driving mechanisms for 
each of these proxies. In the case of δ13Cb, it has been suggested that 
variability in the mid-latitudinal North Atlantic was strongly influenced 
by the remineralization of organic matter and/or changes in air-sea 
carbon exchange (Bouttes et al., 2020; Broecker and Maier-Reimer, 
1992; Lynch-Stieglitz et al., 2007; Pöppelmeier et al., 2021, 2022).

To summarize, based on these findings, we argue that an active 
DWBC was likely a persistent feature within the Labrador Sea region 
throughout the past 550 kyr (Fig. 6). Our study demonstrates that the 
glacial/interglacial pattern in DWBC strength reported in earlier studies 
prevailed throughout this whole interval. Glacial stages were charac
terized by a shallower DWBC, while interglacial stages, with the 

exception of MIS 7e, all suggest an enhanced DWBC.
Additionally, the dominant deep-water masses feeding into the 

DWBC during glacial-interglacial periods varied frequently from 
regional (K-rich, unradiogenic εNd) to more distal sources in the Nordic 
Seas (Ti-rich, radiogenic εNd).

7. Conclusions

In conclusion, our study aimed to investigate changes in the deep- 
water regime of the outer Labrador Sea region over the past 550 kyr, 
focusing on deep-water provenance and circulation strength during 
glacial-interglacial cycles. Utilizing a combination of geochemical 
proxies, including benthic foraminiferal stable isotopes, neodymium 
isotopes, and XRF-scanning-based elemental ratios from IODP Sites 
U1302/03, we have gained new insights into the dynamics of deep- 
water circulation in this area.

Our findings suggest that an active DWBC persistently influenced the 
outer Labrador Sea region throughout the past 550 kyr. While peak 
glacial periods exhibited a weakened or shoaled DWBC, most intergla
cial periods indicated a deeper and strengthened DWBC. Interestingly, 
the dominant deep-water masses feeding into the DWBC during glacial 
and interglacial periods varied from regional (K-rich, unradiogenic εNd) 
to more distal sources in the Nordic Seas (Ti-rich, radiogenic εNd). 
However, these changes in deep-water provenance did not consistently 
correlate with DWBC strength, suggesting that additional factors may 
have played a significant role in shaping the DWBC.

Our results also highlight potential limitations in commonly used 
proxies for deep-water mass and circulation strength, underscoring the 
necessity for further multi-proxy studies in complex deep-water settings 
such as the outer Labrador Sea. By gaining a better understanding of the 
sensitive interplay between deep-water mass source changes and 
Atlantic Meridional Overturning Circulation strength on geological 
timescales, we can enhance our insights into the mechanisms driving 
climate variability in the North Atlantic region.
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