Article

Relatively warm deep-water formation
persisted in the Last Glacial Maximum

https://doi.org/10.1038/s41586-025-10012-2

Received: 18 August 2025

Accepted: 4 December 2025

Published online: 21 January 2026

Open access

M Check for updates

Jack H. Wharton, Emilia Kozikowska'?, Lloyd D. Keigwin®, Thomas M. Marchitto?,
Mark A. Maslin', Martin Ziegler® & David J. R. Thornalley'?

The Last Glacial Maximum (19-23 thousand years ago) was characterized by low
greenhouse gas concentrations and continental ice sheets that covered large parts
of North America and Europe'. Glacial climate was therefore very different, with
colder global mean temperatures and anincreased Equator-to-pole temperature
gradient, probably resulting in stronger westerlies®. However, the state of the deep
North Atlantic Ocean under these glacial climate forcings remains uncertain®,
particularly owing to the rarity of deep-ocean temperature and salinity constraints.
Here we show that the temperature of the glacial deep (>1.5 km) Northwest Atlantic
was approximately 0-2 °C (only 1.8 + 0.5 °C (2 s.e.) colder than today), and, after
accounting for the whole-ocean change, seawater §*0 was 0.3 + 0.1%o (2 s.e.) higher
and canbe traced back to the surface subtropics via the subpolar Northeast Atlantic

and Nordic Seas. Together, our hydrographic datareveal the thermal and isotopic
structure of the deep Northwest Atlantic and suggest sustained production of relatively
warm and probably salty North Atlantic Deep Water during the Last Glacial Maximum.
Furthermore, our results provide updated constraints for benchmarking Earth system
models used to project future climate change.

Atpresent, the deep North Atlantic Oceanis predominantly thermally
stratified, with relatively warm (2-4 °C) and salty (34.9 practical salin-
ity units (PSU)) North Atlantic Deep Water (NADW) occupying depths
between approximately 1kmand 4 km, and colder (0-1°C) and fresher
(34.7 PSU) Antarctic Bottom Water (AABW) below’ (Fig. 1). The hydro-
graphic properties (temperature and salinity) of both NADW and AABW
are determined by the processes that govern their formation. NADW
is formed from the cooling and densification of relatively warm and
salty surface Atlantic waters sourced from the western subtropics
and carried northeastwards via the North Atlantic Current (NAC).
By contrast, AABW is formed from fresher waters on the continental
shelves around Antarctica viaintense cooling and brine rejection from
sea-ice growth’.

It remains uncertain whether and how the hydrographic structure
ofthe deep North Atlantic changed during the Last Glacial Maximum
(LGM). Modelling results suggest that the glacial climate and ice sheets
would have driven stronger wind-driven gyre circulation, resultingin
increased northwards salt transport and oceanic heat loss over the sub-
polargyre, both of whichwould have favoured enhanced NADW produc-
tion'®, Conversely, increased glacial sea ice and calving glaciers would
have reduced oceanic heat loss, potentially supressing deep-water
formation'. Traditionally, palaeoceanographic nutrient proxies have
been used to infer a glacial shoaling of the boundary between glacial
NADW and AABW to around 2 km (ref. 3). However, recent modelling
studies using stable carbon and oxygen-isotope ratios (80 (*¥0/*°0)
and 6"C (®C/™C)), nutrient and carbonate-ion concentration proxies
(thatis, Cd/Caand B/Ca), and water-mass indicators (eNd (**Nd/**Nd);

albeit with uncertainties regarding non-conservative behaviour and
end-member non-stationarity) suggest this may be an overestimate*>,
Recent results have also revealed a deeper northern subtropical gyre
and associated subtropical mode waters (STMWs)™, and an abyssal
deep-water mass of northern origin below approximately 5 km (ref. 15).

The associated hydrographic properties of the deep North Atlantic
during the LGM are also uncertain—at present, palaeoceanographic
reconstructions of temperature and salinity are limited to asmall num-
ber of discrete sites. Among these, the most frequently cited are derived
from sedimentary pore waters, which suggest that the glacial equiva-
lents of NADW and AABW were both near freezing (-1.1°Cand -1.9 °C,
respectively), with variations in salinity—rather than temperature—
driving glacial stratification®. However, further investigations using
inverse modelling have queried the assumptions underpinning these
data(forexample, the use of the prior condition that temporal changes
inregional deep-ocean salinity scale with global benthic foraminiferal
50 and mean sea-level history), highlighting the need to attribute
larger uncertainties to these pore-water-based temperature and salinity
estimates'®”. Therefore, new palaeoceanographic proxy reconstruc-
tions are necessary to better constrain the hydrographic properties of
the deep North Atlantic during the LGM.

Here we present geochemical reconstructions of seawater temp-
erature and 60 (henceforth, §®0,,) from 13 marine sediment cores
collected at Cape Hatteras, Blake Outer Ridge, Bermuda Rise and Corner
Riseinthe Northwest Atlantic. These cores form a depth transect span-
ning water depths between approximately 1.5 km and 5 km, and are
complemented by 3 additional cores retrieved from south of Iceland
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Fig.1|Modern Atlantic temperature and salinity. a,b, Meridional sections
showing the thermal (a) and haline (b) structure of the Atlantic. Theinsetina
showsthe transect (red box) used to derive these sections. Hydrographic data
are from World Ocean Atlas 2023 (WOA23)"®and were plotted using Ocean Data
View**. Open circles show the locations of sediment cores from the Northwest
Atlantic used in this study. Modern deep-ocean water-mass geometry is well
resolvedinsalinity space (b). AAIW, Antarctic Intermediate Water.

inthe Northeast Atlantic (Fig.1, Extended Data Fig.1and Extended Data
Table1). Not only do these dataprovide insightsinto the hydrography
ofthe deep North Atlantic during the LGM but also they offer ameans
to constrain its vertical structure, given that both temperature and
50,, behave as conservative tracers.

At present, our Northwest Atlantic sites are predominantly bathed
by NADW, whichis composed of Labrador Sea Water (LSW)—formedin
the Irminger, Iceland and Labrador seas—and the downstream products
of Iceland-Scotland Overflow Water and Denmark Strait Overflow
Water, both formed in the Nordic Seas™. Our Northwest Atlantic core
sites thus encompass the main export pathway for deep waters formed
across the subpolar North Atlantic. In addition, sites from <2.5 km at
Blake Outer Ridge allow us to reconstruct the properties of the deep
subtropical gyre and associated STMWs, which extended to depths
of 2km to 2.5 km during the LGM™. Our Northeast Atlantic cores are
situated along the main flow path of Iceland-Scotland Overflow Water

asittransits through the Iceland Basin before combining with LSW and
Denmark Strait Overflow Water to form NADW.

Wereconstructed deep-oceantemperatures fromthe North Atlantic
during the mid-to-late Holocene (2-6 thousand years ago (ka) before
present (BP)) and the LGM by measuring trace-metal ratios (Mg/Ca
and Mg/Li) in multiple species of benthic foraminifera (Methods),
both of which are positively correlated with seawater temperature
during calcification. In particular, we focused on aragonitic species,
and for calcitic taxa, we focused on infaunal species, whose magnesium
(Mg) partitioning during calcification is thought to be less affected
by alow carbonate-ion saturation state (ACO,>"; Methods), as they
calcify under the influence of surrounding pore waters, which can be
buffered®. For the aragonitic species, Hoeglundina elegans, and the
deepinfaunal species, Globobulimina affinis, we converted Mg/Liand
Mg/Ca to temperature using published calibrations**?, respectively
(Fig. 2). For Melonis spp. and Cassidulina neoteretis, we developed a
single core-top calibration using data from previous calibration stud-
ies (Extended DataFig. 2), which show that numerous low-Mg, shallow
infaunal benthic foraminifera show similar temperature sensitivities
(approximately 0.1 mmol mol™°C™; Fig. 2 and Methods). The result-
anttemperature estimates from these different species are consistent
and directly comparable, indicating no significant inter-species bias.
We therefore averaged these multi-species data to derive mid-to-late
Holocene and LGM mean-temperature estimates for each core, reduc-
ing the overall uncertainty (Methods). As ACO;* may not be completely
buffered in sedimentary pore waters, we also generated additional
independent temperature estimates by measuring benthic foraminif-
eral clumped isotopes (A,;; Methods and Extended Data Fig. 3). Both
trace-metal-and A,,-based temperature estimates were then combined
with paired stable oxygen-isotope measurements™ to derive independ-
enttrace-metal-and A,,-based estimates of 50, (Methods), whichis
correlated with salinity in the modern ocean.

Temperature and 6®0,, reconstructions

Mid-to-late Holocene multi-proxy temperature and §®0,,, estimates
from similar depths between 1 km and 4.5 km show good agreement,
generally showing temperatures and §'°0,, ranging from 2 °C to 4 °C
and from 0%. to 0.25%., respectively (Fig.3a,b). These dataalso agree
wellwith bothmodern observational data”® and ostracod-based Mg/Ca
temperature estimates?2* (Fig. 3a) from the mid-to-late Holocene. If
we calculate density using temperature and asingle 80, -salinity rela-
tionship, thisincorrectly resultsin a density inversion with depth, with
some ssites offset from modern observations® (Fig. 3c and Methods).
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(a; Methods, Extended DataFig. 2 and references therein), G. affinis* (b) and
H.elegans® (c). The shading and dashed lines represent 95% confidence (CI)
and 95% prediction (PI) intervals, respectively.
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Fig.3|Hydrographicstructure of the Northwest Atlantic during the mid-to-
late Holocene and LGM. a-f, Vertical temperature (a,d) and 80, (b,e)
profiles, and temperature versus salinity (T/S) cross-plots (c,f) for the mid-to-
late Holocene (MH; a-c) and the LGM (d-f).Inbandf, the use of grey versus
black axislabels denotes weaker (grey) versus more robust (black) proxy
reconstruction. The filled coloured symbolsina,b,dand erepresent the mean
value for each depth (individual and mean monospecific temperature data

and areshownin Extended DataFig.4), and associated errorsbarsare+2s.e.
(Methods). All 80, dataare reported relative to the Standard Mean Ocean
Water (SMOW) scale. The dashed black lines are locally weighted scatterplot
smoothinglines (smoothing span, 1) through all foraminiferal temperature
datafromthisstudy. Thegreylineand ribboninaandb, respectively, denote
the modern temperature from WOA23” and the §°0y, structure of the Northwest
Atlantic (inthe absence of modernin situ '*0,,, measurements, arange of §*0,,
was derived using salinity data from WOA23 (ref. 8) and modernsalinity-8"0y,,
relationships (NADW, North Atlantic (NATL) and LSW%)). The dotted best fit

Thisis because different 80, -salinity relationships are applicable to
the various subcomponents of NADW (for example, LSW versus over-
flow waters). To avoid this uncertain complexity, we do not make use of
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line ind shows the shift to warmer temperatures, most probably owing to
theinfluence of adeeper glacial subtropical gyre at Blake Outer Ridge™.
Ostracod temperature dataare derived from published benthic ostracod shell
Mg/Caratios?*?*. The glacial 60, estimate at approximately 4.5 km is derived
using published ostracod Mg/Ca temperature data and nearby published
benthic foraminiferal 5'*0 data***¢. Symbol coloursin cand fcorrespond to
corewater depthand associated errors are t1s.e. (Methods). Isopycnals of o,
were calculated using modern temperature and salinity measurements from
the Global Ocean Data Analysis Project (GLODAP, v2.2022)* and the Gibbs
seawater Oceanographic Toolbox (TEOS-10 standard)*®. North Atlantic
(20-60°N, 0-80° W) GLODAP (v2.2022) temperature and salinity measurements
arealso plotted as smaller coloured circles and coloured according to water
depthinc. Toaid comparison, cand fare offset by 1.1 PSU to account for the
LGM-Holocene whole-oceanssalinity difference, derived from the changein
globalsealevel.gNADW, glacial North Atlantic Deep Water; gNABW, glacial
North Atlantic Bottom Water.

adensity conversion to the mid-to-late Holocene data, norisit possible
toaccurately doso for the glacial data either. Overall, these dataimply
that amodern-like circulation was prevalent during the mid-to-late



Holocene, with relatively warm and salty NADW present down to at
least 4 km in the Northwest Atlantic. Given that our multi-proxy data
appear to be faithfully capturing in situ deep-ocean temperature and
50,,, we now apply them to the LGM.

Apart fromsite ODP-172-1055 (approximately 1.8 km), whichis sub-
stantially warmer (about 5 °C), glacial temperature and §'®0y, recon-
structions are relatively uniform, ranging from 0 °Cto 2 °C and from
1.25%0t01.75%., respectively (Fig. 3d,e). Similar to the mid-to-late Holo-
cene, thereis strong agreement—within the margin of error—between
ourMg/Ca-and A,,-based temperature and 80, estimates, as well as
with the few other independent data from the Northwest Atlantic? 2.
In particular, the relative warmth of site ODP-172-1055 (33° N) is con-
sistent with the influence of a deeper subtropical gyre extending down
tobelow approximately 2 km during the LGM* (Fig. 3d,f). Our deeper
dataare also consistent with previous work that suggests that the gla-
cial deep Northwest Atlantic was dominated by NADW>%, rather than
being occupied by distinct northern- and southern-source waters. If
we calculate glacial densities using the modern NADW 6'®0,,,-salinity
relationship, this again results in a density inversion (Fig. 3f), which
implies that the glacial North Atlantic was filled with multiple modes
of glacial NADW?, probably formed at different locations and charac-
terized by different 6'%0,,-salinity relationships. For example, our
data fromsites at 3-4 km hint at being colder and having lower 60y,
which may be consistent with a deep-water-formation region more
affected by sea-ice formation and brine-rejection processes, such as
proposed for the glacial Arctic Mediterranean®. Furthermore, our
abyssal (>5 km) constraintsindicate atemperature and 80y, similar
to our other deep North Atlantic data, which is consistent with the
inference from previous carbon-isotope (6*C and *C) evidence of a
northern-origin abyssal water mass in the Northwest Atlantic during
the LGMP®.

Warm and salty glacial North Atlantic

Notably, our reconstructed glacial temperatures from depths currently
bathed by NADW (1.5-4 km, excluding ODP-172-1055) in the Northwest
Atlantic, are onaverage less than 2 °C colder than modern temperatures
atequivalentdepths (ATygc, =—1.63 £ 0.44 °C; AT 447 =-2.02 £ 0.95°C;
Fig. 4a). In addition, glacial temperature constraints from south of
Iceland also suggest similarly modest cooling in the Northeast Atlantic
(AT\gca=-1.78 £0.56 °C; Fig. 4a). These data stand in contrast to gla-
cial estimates derived from sedimentary pore waters®, which suggest
near-freezing conditions at 2 sites (2.2 km and 4.6 km; Fig. 4a); thus,
our results instead indicate that the deep North Atlantic remained
relatively warm (approximately 0-2 °C) during the LGM.

In comparison, average-ice-volume-corrected glacial 80, here-
after §'®0,,,.,.. (Methods), is higher than equivalent modern §°0,, in
the Northwest Atlantic (A8" Oy, .ivc mg/ca) = 0.38 £ 0.14%0; AS®Oy.iyc(aa7) =
0.23 + 0.24%o; Fig. 4b) and Northeast Atlantic (A8"Oygy.iveqvg/ca) =
0.51+0.19%o). This suggests that previous glacial deep North Atlan-
tic 8®0,, estimates derived from sedimentary pore waters were too
low, probably owing to the greater methodological uncertainties
and assumptions now recognized with this method, when applied to
the North Atlantic'®". Therefore, although deriving reliable palaeo-
salinity estimates for the North Atlantic during the LGM s challenging—
owing to the spatial and temporal variability in the §®0,,-salinity
relationship*—higher glacial §®0,.,,. is probably due to a combina-
tion of variable §®0,,~salinity relationships and saltier NADW relative
to the Holocene.

We also compared our 60, reconstructions with the limited
number of available isotope-enabled LGM simulations, which pro-
duce a relatively wide range of 6'°0,,.;,. values for NADW (approxi-
mately —0.2%o. to 0.5%.; Methods and references therein). Of these,
the iPOP2 (Parallel Ocean Program version 2) simulation” shows the
best agreement with our proxy data, simulating high near-surface
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Fig.4|Summary of deep-ocean temperature and §'°0,, changesin the
North Atlanticbetween the LGM and the modern ocean. a,b, Calculated
differencein deep-oceantemperatures (AT; a) and 6'°0, ;. (A8"®0g,.vc; b)
derived from benthic foraminiferal Mg/Ca-and A,,-based estimates (dark blue
andgreen, respectively) and published sedimentary pore-water §'*0-based
estimates (light blue®; Methods; potential temperature was converted toin
situtemperature using the Gibbs seawater Oceanographic Toolbox (TEOS-10
standard*®); 60, isreported relative to the SMOW scale). For the Northwest
Atlantic, we exclude data from the subtropically influenced site ODP-172-1055
and the abyssal site KNR-197-10-17GGC. Glacial Northeast Atlantic dataare from
sediment cores RAPiD-10-1P,RAPiD-17-5P and BOFS17K (Extended Data Table1).
Associated errorsbarsare +2s.e. (Methods). Moderntemperature datawere
taken from WOA23 (ref.7) (grey), and in the absence of equivalent §'*0,,,, we
assume amodern 60, 0f0.20 + 0.2%o. and 0.25 + 0.05%. for the Northwest
and Northeast Atlantic, respectively (for example, ref.47). AsinFig. 3,

glacial §'*0,, has been corrected by -1.0%. to account for changes in global ice
volume (Methods). We also calculated AT and A§*#0,.;, for the LGM and
mid-to-late Holocene using paired samples where available; the resulting
estimates show close agreement with our broader climatological comparison
(ATygica=—1.7£0.7 °C, A8"®0,y,iycmg/cay = 0.5 £ 0.2%0, 1 = 5; AT p47) = =2.2 £2.0°C,
A8"®04, iveasn = 0.4 £ 0.5%0, n = 3; Methods and Source Data).

50, values in the western subtropical North Atlantic (1%.), which
feed throughinto NADW at depth. However, neither STMW nor NADW
extend as deep in the simulations compared with proxy reconstruc-
tions**, probably owing to limitations in the ability of models to simu-
late deep-water-formation processes, in part linked to their spatial
resolution®,

Sustained glacial deep-water production

A comparison of our glacial deep-ocean 80, ;. data with equivalent
glacial data from sites along the modern pathway of NADW and its
near-surface source waters reveals that the high 80, .. signature of
glacial NADW canbe traced along that same route. Figure 5shows how
high 60, ,,.—recorded consistently by multiple planktic foraminiferal
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Fig.5|High 80, signature reconstructed at multiplesitesinthe North
Atlanticreveals the upstream pathway of glacial Northwest Atlantic deep
waters. a, Map showing the location of core sites used to reconstruct surface-
ocean (redfilled circles) and deep-ocean (blue filled circles) §'0,,.,,. from the
glacial North Atlantic (Methods, Extended Data Table 3 and references therein,
and Source Data). The numbered star (11) denotes the approximate position of
our Northwest Atlantic transect). Thered and blue arrows denote surface-and
deep-oceancurrents, respectively. White shaded areas denote the approximate

species that occupy and reflect the properties of the subsurface upper
ocean thatisthesource for NADW—is traceable from the western sub-
tropical Atlantic, northeastwards along the path of the Gulf Stream
and NAC into the likely deep-water-formation regions of the glacial
subpolar North Atlantic and Nordic Seas, then back south at depth
into the deep Northwest Atlantic. We therefore infer that there was
sustained deep-water formation in the subpolar North Atlantic (and
southernintermediate-depth Nordic Seas) during the LGM, which is
consistent with most glacial climate model simulations (for example,
ref.10). Furthermore, given that glacial Antarctic Intermediate Water
(Extended DataFig. 5a) and equatorial Atlantic surface waters®, both of
whichfeed the subtropical North Atlantic, were characterized by lower
880,11 (—0.4%0 t0 0.3%0 and 0.4%. to 0.5%o, respectively), we infer that
processes occurring in the subtropics contributed to the particularly
high §'®0y,... signature along the Gulf Stream-NAC-NADW pathway.

Subtropical hydroclimate forcing

As our reconstructed glacial §%0,,.;,. from the Northwest Atlantic is
approximately 0.5%. higher than the Holocene, its source waters must
have been subject to additional enrichment by hydrological fractiona-
tion processes such as negative precipitation minus evaporation (P E).
In the western subtropical Atlantic, the balance between precipita-
tion and evaporation is probably the predominant control on §#0,,
(ref.30), with negative P — E causing higher §'°0y,. Therefore, we infer
that the high glacial 80, .. reconstructed from the Gulf Stream region
of the western subtropical gyre (Fig. 5) indicates that the regional
P - E during the LGM was negative relative to the Holocene, owing to
decreased precipitation and/or increased evapotranspiration. Such
aglacial hydroclimatic regime is supported by terrestrial proxy data,
indicating reduced precipitation over North America and the Carib-
bean®*, and climate models also consistently simulate negative P— F
over the North Atlantic Subtropical Gyre during the LGM, primarily
owingtoincreased evaporation driven by stronger, cold and dry glacial
winds?*. Although there are complexities in relating §'°0,, to salinity?,
these model results suggesting lower P— E over the subtropical gyre
provide support for our inference that the high §®0,, surface- and
deep-water values are recording the higher glacial salinity of the NAC
and NADW, and that glacial deep-water production was sustained by
the continued supply of salty (and warm) upper-ocean waters to the
subpolar North Atlantic®",
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extentof the Laurentide Ice Sheet (LIS)** and Feno-Scandinavian Sheet (FIS)
and British-Irish Sheet (BIS)*° at 21.5 ka BP. GS, Gulf Stream. b, Simplified
schematic showing the potential upstream pathway of high §®0,,..,. NADW
(8"0,, isreportedrelative to the SMOW scale). The numbers along the arrow
correspond tothe numbered coresitesina. For consistency and where necessary,
both plankticand benthic Mg/Catemperature datawere recalibrated using new
and/or updated calibrations and foraminiferal calcite (§'*0.) was corrected
using species-specific corrections (Methods and Source Data).

Surface-deep-ocean decoupling

In light of these relatively warm temperature constraints, a logical
questionthatarisesis why the deep North Atlantic did not cool further,
given that much of the surface subpolar region was close to freezing
during winter?. Today, the deep Nordic Seas are near the freezing
point (-1°C to -1.5 °C) owing to deep open-ocean convection, and
thus have little potential for further cooling. Actually, reconstructed
glacial bottom-water temperatures from the intermediate and deep
Nordic and Arctic seas instead suggest temperatures of 0-2 °C (up
to 3 °C warmer than today®*; Extended Data Fig. 5c and references
therein)—a consequence of expanded glacial seaice limiting heat
lossto the atmosphere and thereby reducing open-ocean convection.
Previous work has shown that, despite theinferred reductionin Nordic
Seas convection, the overflow of dense waters from the Nordic Seas
into the subpolar North Atlantic persisted during the LGM®, probably
driven by processes such as brine rejection or supercooling under
glacialice shelves®. Although the overflow waters themselves were not
colder thantoday, the slightly lower temperatures of their downstream
products—asreconstructed in this study—probably reflect the entrain-
ment of colder upper and intermediate waters within the glacial sub-
polar North Atlantic®.

At present, most deep-water formation occurs south of the
Greenland-Scotland Ridge, in the subpolar North Atlantic, through
convection processes and entrainment’®, and palaeoceanographic
evidence indicates that this subpolar overturning was sustained and/
or strengthened during the LGM, with an overall southwards shiftin
thelocus of deep-water formation®. This overturning would have been
facilitated, in part, by the relatively high inferred salinity of the glacial
NAC, which would have promoted deep convection before surface
waters cooled to freezing point. In addition, simplified conceptual mod-
els have shown that as climate cools, it becomes increasingly difficult
toformvery cold NADW?., This is because the buoyancy flux associated
with surface cooling is reduced at lower temperatures, and the upper
water column becomes more haline stratified, which inhibits deep
convection. Consequently, deep-water formation shifts farther south
torelatively warmer regions, producing deep waters with temperatures
around 2-3 °C—broadly consistent with our glacial deep-ocean tem-
perature reconstructions. Amore extreme version of this processis the
cooling of water at the northern edge of the subtropical gyre, forming
deeper STMW?*, As STMW forms from warm subtropical waters, our



data showing STMW temperatures of approximately 5 °C imply sub-
stantial heat loss—highlighting the importance of this low-latitude
deep-water formation in glacial meridional heat transport.

This concept of continued glacial NADW formation aligns with a
recent multi-proxy synthesis that concludes that glacial NADW was
composed of multiple deep-water masses sourced from different
regions throughout the North Atlantic and Arctic oceans and formed
by a variety of mechanisms®. Here we show that the integrated down-
stream product of these different formation modesis hydrographically
homogeneous, characterized by temperatures of 0-2 °C and a §'0,,.;,
of 0.25-0.75%., the latter of which suggests that glacial NADW was
probably also relatively salty compared with the modern.

LGM and future oceanimplications

Our temperature and 8%0,, transects reveal sustained production of
relatively warm and probably salty NADW during the LGM. However,
as 80, serves only as an approximate indicator of salinity, it remains
unclear whether the glacial ocean was thermally—as it is today—or
haline stratified, as inferred from pore-water measurements®. In light
of recent estimates that the mean ocean temperature (MOT) during
the LGM was approximately 2.3 + 0.5 °C (10) colder than today*, our
data—showing that NADW was only 1.8 + 0.5 °C colder—imply that other
deep-water masses such as AABW or Pacific Deep Water must have
cooled by more than NADW to account for the overall MOT decrease.
Furthermore, given that the densest class of modern AABW found close
to Antarctica (Tyspw.ant = —0.5 °C (ref. 7)) is already near the freezing
point of seawater (approximately -2 °C), its capacity for further cool-
ing is limited; therefore, Pacific Deep Water (T;py = 1-1.5 °C) seems a
morelikely candidate for greater cooling. However, not all AABW, such
as that found in the South Atlantic, is as cold (T, xpw.sar. = 0-1°C), and
thus some portions probably had greater cooling potential. Alterna-
tively,and/orinaddition, anincreased relative volume of AABW glob-
ally, such as in the deep Pacific, could explain the glacial reductionin
MOT*°, despite the relatively modest cooling of NADW. Moreover, it
has been suggested that NADW supercooling was a trigger for glacial
inception (for example, ref. 41); however, the presence of relatively
warm NADW in the glacial North Atlanticimplies that other processes
inthe Southern Ocean may have had amoreimportant rolein thermally
isolating Antarctica.

Thisstudy demonstrates that, despite the colder climate state of the
LGM, there was sustained production of NADW that wasonly 1.8 + 0.5 °C
colder than today. This persistence was probably driven by contin-
ued buoyancy loss, enabled by sufficient cooling of a steady supply of
warm, salty water transported to mid-to-high latitudes viathe NAC, in
part maintained by the wind-driven gyre circulation'®. Oceanographic
observations of the twenty-first century*?, and modelling studies of
future climate scenarios*, suggest that NADW production can occur
atdifferentlocations than those that were typical during the twentieth
century. The ability to accurately predict the future of NADW thus
depends on climate models correctly simulating deep-water formation
processes across arange of climatic and geographic settings—an area
where our data can provide valuable test-bed constraints.
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Methods

Age models and core sampling

The Northwest Atlantic Ocean samples are the same as those used by
ref. 14; therefore, we adopt the same age models and same sampling
strategies (Extended Data Table 1). For our Northeast Atlantic cores, we
alsouse previously published age models®*2. Stratigraphicinformation
for each core, including multi-species benthic and planktic foraminif-
eral 50 and age constraints, is also shown alongside our multi-proxy
temperature estimates in Extended DataFig. 6.

Multi-species and multi-proxy approach

Asnosingle species of benthic foraminiferais present across all depths
between 1.5 kmand 5 km, we used a multi-species approach, measuring
trace-metal ratios in multiple different taxa. We also took a multi-proxy
approach, reconstructing deep-ocean temperatures using independ-
ent techniques: A,; and trace-metal ratios, thus providing additional
support for the individual proxy reconstructions.

Trace-metal analyses

Monospecific benthic foraminiferal samples consisting of between
5and 15 individuals (where possible) were picked from the >250-um
sediment size fraction (where foraminiferal abundances were low, we
also picked from the >212-um fraction). Foraminiferawere then gently
crushed between glass slides, after which approximately one-third
of the material was removed for isotopic analyses (these data were
previously reported™). The remaining material was then loaded into
500-pl Bio-Rad polypropylene microcentrifuge tubes that had been
pre-leached in hot 10% hydrochloric acid and used for trace-metal
analysis.

All samples underwent oxidative and reductive cleaning following
established methods®?, before each individual sample was analysed
for a suite of trace and minor elemental ratios on a Thermo Finnigan
Element2 magnetic sector inductively coupled plasma mass spec-
trometer at the University of Colorado, Boulder, as described in ref. 54.
Long-term+lgprecisionis 0.5% for Mg/Ca, 0.9% for Li/Caand 4.2% for
B/Ca.Mn/Ca, Al/Ca and Fe/Ca ratios were also measured to screen
for potential contamination from detrital material and/or second-
ary phases. For low-Mg species (for example, Melonis pompilioides),
samples with contaminant ratios >0.1 mmol mol™ were rejected. For
high-Mg species, for example, G. affinis, this threshold was scaled
accordingly®. However, in cases where contamination indicators were
only marginally above threshold and/or Mn/Ca values were elevated,
but Mg/Cawas in good agreement with multiple coeval samples with
low contaminantratios, these datawere retained (individual measure-
ments are provided in the Source Data).

We also omitted all trace-metal data from the shallow infaunal ben-
thic foraminifera Uvigerina peregrina, despite suggestions that it is
less affected by ACO,* (ref. 56). This is because the global calibration
poorly constrains the relationship between Mg/Ca and temperature
(R*=0.68)%, particularly at the cold end of the calibration (<5 °C),
which is most relevant to the deep ocean. The temperature sensitiv-
ity (approximately 0.07 mmol mol™°C™) is also substantially lower
thanthat of other shallow, low-Mg infaunal species and does not align
well with our common calibration dataset (Extended Data Fig. 2f). Asa
result, U. peregrinaMg/Cayielded implausibly warm glacial tempera-
ture estimates (>5 °C) at our core sites, which are not compatible with
our clumped isotope temperature estimates from this species.

Trace-metal temperature calibrations

Deep-ocean temperatures were reconstructed using benthic
foraminiferal Mg/Ca and species-specific calibrations taking the
form: Mg/Ca=sx T+ c, where Tis the calcification temperature in
°C, and s and c are the calibration slope (temperature sensitivity)
and intercept, respectively (Fig. 2a,b). One-sigma uncertainties on

individual monospecific temperature estimates were propagated,
incorporatinganalytical error (assumed as arelative percentageerroron
Mg/Ca (see ‘Trace-metal analyses’)) and uncertainties inboth the slope
and intercept (Extended DataFig. 4a,c,d).

Mid-to-late Holocene deep-ocean temperatures were also recon-
structed using benthic foraminiferal Mg/Li, which has been shown
to be less sensitive to carbonate-ion effects, especially in the arago-
nitic foraminifera, H. elegans®®. Mg/Li-based temperature estimates
were derived first by dividing Mg/Caby Li/Ca and using the H. elegans
temperature-Mg/Li calibration?, which takes the form: Mg/Li=aT> +
bT+c,where Tisthe calcification temperaturein°Cand a, band care
the quadratic, linear and intercept coefficients, respectively (Fig. 2c).
One-sigma uncertainties on individual H. elegans temperature esti-
mates were propagated using Monte Carlo analysis (10,000 iterations),
inwhich each Mg/Livalue was perturbed according to analytical uncer-
tainty, and each of the 3 calibration coefficients was randomly sampled
from a normal distribution defined by its respective 1o uncertainty.
The quadraticequationwassolved for each perturbed Mg/Li value and
coefficient set, yielding 10,000 plausible temperature estimates per
sample. The 1o standard deviation of these simulated temperatures
was taken as the uncertainty for that sample (Extended Data Fig. 4b).

Mean mid-to-late Holocene and LGM trace-metal-based tempera-
ture estimates for each core were derived by first averaging data from
the same species within each core. The uncertainty on this mean was
expressed asatotal +2 standard error (2 s.e.), combining the +1 standard
error ofthemean (s.e.m.), calculated as the variability among replicate
samples (n >1), with the average 1o propagated temperature measure-
ment uncertainty (Extended Data Fig. 4e-g). Wheren=1, the 2 s.e.
approximates to the 2o propagated temperature measurement uncer-
tainty (we note that this n = 1uncertainty estimate does not account for
variability among replicate measurements and thus probably under-
estimates the true uncertainty). When multiple different species were
presentinacore, we calculated amulti-species mean by averaging the
species-specific means. The associated uncertainty was determined
by propagating the individual species-specific uncertainties to the
multi-species mean, treating temperature estimates derived from
different foraminiferal species asindependent estimates. We also com-
bined data from cores at similar water depths (for example, 1057 and
15JPC;1059 and 10JPC;1060 and 6GGC) by averaging their mean values
and propagating uncertainties using the same approach (Fig. 3a,d).

Common Mg/Ca temperature calibration

Previous calibration studies have shown that Melonis spp.*’, Bulimina
spp.%°, Cibicides lobatulus®, Nonionella labradorica®* and C. neoter-
etis®> show similar Mg/Ca temperature sensitivities (approximately
0.1 mmol mol™°C™; Extended DataFig. 2), suggesting ashared under-
lying mechanism governing Mg incorporation during calcification.
Therefore, rather than selecting species-specific calibrations for
different low-Mg, shallow infaunal species, we developed a common
calibration for these five species using published core-top calibra-
tion data (Fig. 2a). To do this, we first corrected any non-reductively
cleaned data®, then converted each dataset to Mg/Ca and temperature
anomalies (AMg/Caand AT) to place themonacommonscale. We then
performed simple linear regression on the combined dataset, revealing
atemperature sensitivity of 0.1 mmol mol™ °C™ (R?= 0.88). Finally, we
calculated the average intercept for each species, assuming a com-
mon temperature sensitivity of 0.1 mmol mol™ °C™. Species-specific
intercepts are shown in Extended Data Table 2.

Clumped isotope analyses (A,,)

Toprovideindependent support for our trace-metal-based temperature
reconstructions, we generated additional temperature estimates by
measuring benthic foraminiferal clumpedisotopes (A,;). These analyses
were possible because of the high abundances of G. affinis, U. peregrina,
C.neoteretis, Cibicidoides pachyderma and H. elegansin several of our
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cores. As this technique also yields foraminiferal 80 (§'0,) data, we
werealso able toindependently estimate paired 8°0,, with these same
samples. The benthic foraminifera were clean and showed no sign of
post-depositional alteration from authigenic carbonate precipitation
and/or diagenetic overgrowths or contamination from nannofossils and
organic material (scanning electron microscope images of representa-
tive benthic foraminifera are provided as Supplementary Information);
therefore, they were not cleaned or crushed before analysis.

Atotal of 575 stable and clumped isotope analyses were performed
across 30 runs at Utrecht University. Samples weighing approxi-
mately 95 pg and 135 pg were prepared for analysis using a Thermo
Scientific Kiel IV carbonate preparation device coupled to a Thermo
Scientific MAT 253 mass spectrometer (conventional dual inlet
method), and a Thermo Scientific 253 Plus mass spectrometer using
the long-integration dual-inlet method, respectively. Each of the
30 analytical runs consisted of 46 samples, including 24 carbonate
standards—ETH-1, ETH-2 and ETH-3—in a Ll:1:5 ratio. These ETH stand-
ards differ in their 6°C, 6'®0 and A,, composition and were used to
calibrate the sample measurements, correct for §*C and §'*0 drift, and
calculate empirical transfer functions. A,, values were reported on the
Inter-Carbon Dioxide Equilibrium Scale (I-CDES90)%. Additional car-
bonate standards, MERCK and IAEA-C2, were measured alongside the
samples to monitor the long-term reproducibility of the Kiel-253 Plus
system, which showed a post-correction reproducibility of 0.033%o.
To account for potential temporal drift, each run included both
mid-to-late Holocene and LGM samples, alternating between the two
where possible. This approach minimized drift-related bias and focused
onreconstructing ATbetween the two time periods, thereby reducing
reliance on the accuracy of any single A,,~temperature calibration.

In the Kiel IV, each sample was dissolved in phosphoric acid (104%
H,;P0,) at 70 °C, converting carbonate to carbon dioxide (CO,). The
evolved gas was cooled to =196 °C using two liquid-nitrogen traps
to concentrate the CO, and remove excess water. It was then further
purified at—-40 °C using a PoraPakQ trap to eliminate possible organic
contaminants. Negative pressure base lines were corrected for as
described in refs. 66,67. Pressure base lines were recorded at various
m/z 44 intensities (0V,5V,10V,15V, 20V, 25 V) before each analytical
run. The relationship between background signal and intensity was
used to correct for nonlinearities in isotopologues measurements.
Samples with extreme initial intensities (<11,000 V or >20,000 V) or
high A,, standard deviations were excluded. Standardized A,, values
were calculated using an empirical transfer function based on the off-
set between measured and accepted ETH values. To correct for sub-
tle nonlinearity, an initial offset correction was applied using ETH-3
standards within a +1,000 V range. For the MAT 253 Plus, most runs
used ETH-3 data from two preceding and following runs to ensure at
least ten standards in the target range.

580, values were normalized to Vienna PeeDee Belemnite using 15
ETH-3 standards preceding and following each sample. Species-specific
offsets fromisotopic equilibrium, were corrected for using published
species-specific offsets™, and we also excluded any outliers based on
corrected 5'%0.. We omitted data from samples with %0, < 4.00%o
and 80, > 5.00%0 and 80, < 2.15%0 and 80, > 3.15%. for the LGM and
mid-to-late Holocene, respectively. Raw A,; values for each core and
time period were averaged and converted to temperature using the
calibration equation of ref. 68: A,, = (0.0397 + 0.0011) x 10%/7*+ 0.1518
+0.0128, where Tistemperature in °C. Associated errors are reported
as+2s.e., withstandard error calculated as o/vn, where gis the standard
deviation of A, values and n is the number of measurements for each
coreforeachtime period. For sites represented by two cores from simi-
lar water depths (for example, 1057/15)PC and 1059/10JPC), A, values
fromboth cores were averaged before temperature conversion. This cal-
ibration of ref. 68 was selected because (1) it yields mid-to-late Holocene
temperature estimates that provide the best statistical match with mod-
erninsitu deep-ocean observations, whereas alternative calibrations

yield poorer statistical agreement and/or implausible temperature
estimates (Extended Data Fig. 3b,c), and (2) it is based exclusively on
foraminifera and was produced in clumped isotope laboratories that
use analytical procedures identical to those applied in this study
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Mid-to-late Holocene and glacial 5'0,, were calculated for each core
using multi-proxy mean-temperature data (Fig. 2a,d), paired with ben-
thic foraminiferal 80, and the following linear equation: (5, - 8, +
0.27) =-0.224 + 0.002 x T+ 3.53 £ 0.02, where T is the calcification
temperaturein°C, 8, is 80, on the Standard Mean Ocean Water scale,
and 8.is 8®0_on the PeeDee Belemnite scale®. Multi-species mean Mg/
Ca-and Mg/Li-derived temperatures were combined with previously
published paired 60, data, whereas §'°0,, derived from A,, tempera-
tures used 6'®*0, measurements from clumped isotope analyses. 80,
frombenthic foraminiferal species knownto calcify indisequilibrium
with seawater (for example, G. affinis) was corrected using empirically
derived, species-specific offsets™. For each core, the £2 s.e. uncertainty
oneach 8§®0,, estimate was calculated by propagating and combining
uncertainties in quadrature, which included contributions from the
+2s.e.uncertainty on the mean §®0_, the mean multi-proxy tempera-
ture estimate, and the slope and intercept of the §®0,,,~temperature
equation. When combining data from cores at similar water depths
(for example, 1057 and 15JPC), we first averaged the species-specific
880, estimates and then calculated the +2 s.e. using the same error
propagation approach as used for our temperature estimates.

818()sw-ivc

To facilitate comparison with modern and mid-to-late Holocene 60,
we calculated ice-volume-corrected 80y, (6'%0,,.,c) for the LGM by
subtracting1.0%. to account for the global-ice-volume effect. This cor-
rectionisbased onaglobal mean change in 80, 0f 1.0 + 0.1%. (ref. 69),
derived from sedimentary pore-water measurements, including
non-Atlantic sites, which are considered more appropriate for esti-
mating global mean glacial 6'°0,, (ref. 16). Notably, this value also
agrees well with other independent estimates (0.94 + 0.18%o. (ref. 70)
and1.05 £ 0.2%. (ref. 71), based on simple numerical models of ice-sheet
growth and benthic §'%0 change at polar sites, respectively). To fur-
ther evaluate this correction, we also estimated the global mean 60,
change using the LRO4 benthic foraminiferal stack’?and the most recent
estimate of glacial MOT®. Assuming a MOT change of 2.3 + 0.5 °Cand
temperature sensitivity of 0.224%. °C™ (ref. 45), a glacial-to-modern
benthic foraminiferal §'0 shift of 1.65%., yields a global mean 0,
shift of 1.13 £ 0.11%. (10). This estimate is consistent, within uncertainty,
with published values, supporting our use of the canonical 1.0%. cor-
rection to derive 6'®0,,;,. for the LGM.

Temperature-salinity plots

Multi-proxy temperature and %0y, data were averaged to produce
individual estimates for each core during the mid-to-late Holocene and
LGM, withassociated uncertainties expressed as +1 s.e. after combining
theerrorassociated with each proxy (for example, Mg/Ca, Mg/Li, A,,).
For the mid-to-late Holocene, where A, estimates were not available
for allcombined core pairs (for example, 1057/15JPC), multi-proxy data
for both cores were averaged, and where multiple estimates from the
same proxy were present (for example, Mg/Ca), their uncertainties
were combined as described previously.

For the mid-to-late Holocene, §®0, and its associated uncertainty
were then converted to salinity using a single empirically derived
580, ~salinity relationship®, taking the form S = (§'%0,, + ¢)/s, where
Sis salinity in PSU, and s and c are the calibration slope and inter-
cept, respectively. For the LGM, 60,, was first corrected for the
global-ice-volume effect, then converted to salinity using the same
8%0,,-salinity relationship, before aglobal +1.1 PSU offset was applied
to account for the higher mean salinity of the glacial ocean, enabling



direct comparison withmodernsalinity data. Whereas previous work
has shown that different §'°0,-salinity relationships apply at differ-
ent depths in the Northwest Atlantic', probably reflecting distinct
deep-water masses sourced from different regions across the subpolar
North Atlantic, for simplicity, we apply the NADW-specific relationship
(s=0.51,c=17.75), as it is the most appropriate for the majority of our
coressites, that is, using this relationship yields the best agreement
betweenour reconstructions and modern observations (Fig.3c). There-
fore, weare cautious not to over-interpret the derived salinity and den-
sity values, and instead focus primarily on the underlying §'0,, signal.
Furthermore, owingto the large and regionally variable uncertainties
in converting 80, to salinity”, we do not propagate uncertainty using
the errorsassociated with the slope and intercept of the §'0,,,~salinity
relationship; instead, we convert §'°0,, uncertainties directly into
salinity using a fixed slope and intercept.

Extended DataFigure 5alsoincludes published Atlantic glacial tem-
perature and 60, estimates®®’* %, However, given the uncertainty
surrounding the glacial 5'%0,-salinity relationships associated with
the water masses bathing these sites, we do not convert these 80,
data to salinity. The salinity axis and isopycnals are shown to enable
visualization for the Northwest Atlantic transect data originally shown
inFig. 2c,f.

ATand A8"0,,

Because we do not have a complete set of both mid-to-late Holocene
and glacial temperature estimates for all our cores—in general, there
are more mid-to-late Holocene data from shallower sites and glacial
datafrom deeper sites—simply averaging all data fromeach time period
wouldintroduce anartificial cold bias. To avoid this, we calculated the
mean LGM-modern deep-ocean temperature difference (AT) based
on the individual AT values for each core site. This was done by first
determiningthe AT for each core from between1.5 kmand 4 km depth
(excluding subtropically influenced site ODP-172-1055), using the clos-
est World Ocean Atlas 2023 (WOA23) data point to eachssite (itis noted
that each WOA23 data point represents the annual average based on
all valid data from 1955 to 2022)”. These per-core AT values were then
averaged to derive regional AT estimates from Mg/Ca-derived tem-
perature data for the Northwest Atlantic and Northeast Atlantic. The
associated uncertainty (+2 s.e.) was determined by combining the
uncertainty associated witheach core’s ATinquadrature. For A, ATwas
calculated asaweighted average, with the number of individual meas-
urements per core used as weights. We note that the mean AT £ 2s.e.
(0.94 °C) is almost identical to the mean 2 s.e. associated with the
mean ofall A,; glacial temperature estimates (0.96 °C, n = 284). We fol-
lowed the same procedures to derive LGM-modern A§'®0,,; however, in
the absence of modern in situ 6'*0,,, measurements, §'®0, for each
core was estimated using salinity datafrom WOA23 (ref. 8) and modern
salinity-6"0,, relationships for NADW, North Atlantic (NATL) and
LSW?, These three estimates were then averaged to produce amodern
880, value for each core. To check for a potential proxy—-climatology
bias, wealso calculated ATand A8'0,,, using paired LGM and mid-to-late
Holocene datawhere available for both trace-metal-derived (n = 5) and
A,~derived (n=3) reconstructions. To do this, we followed the same
procedure outlined above; however, for mid-to-late Holocene sites with
both Mg/Ca-and Mg/Li-based temperatures, we used their combined
mean values. For 6GGC, where only Holocene data are available, we
compared these with LGM estimates from the nearby site 1060, which
isalso located at approximately 3.5 km water depth.

Carbonate-ion effects

Previous work suggests that tthe bottom-water carbonate-ion (ACO,*)
concentration affects the partitioning of Mg during calcificationin epi-
faunal benthic foraminifera, with lower Mg/Cawhere the carbonate-ion
saturation state (ACO,>, defined as ACO;* = CO,% ;. ciu — CO5% saruration)
islow or undersaturated (<0 pmol kg)**%!, Although infaunal benthic

foraminiferal Mg/Ca are generally considered to be less susceptible to
undersaturation, pore-water ACO,* is spatially and temporally variable,
such thatinfaunal species may also be affected by ACO,* (refs. 20,82).
To assess the potential impact of low ACO,* on our infaunal benthic
foraminiferal Mg/Caratios, we also reconstructed bottom-water ACO;>
using B/Ca ratios measured on Cibicidoides wuellerstorfi (where pre-
sent) applying the calibration®: B/Ca=1.14 + 0.048 x ACO,* +177.1+
1.41, where ACO,* is the carbonate-ion saturation state of seawater in
pmol kg™. One-sigma uncertainties were propagated, incorporating
analytical error (see ‘Trace-metal analyses’) and uncertainties in both
theslopeandintercept (Extended DataFig.7). Modern Northwest Atlan-
tic ACO,* was calculated using temperature, salinity, total alkalinity
and total dissolved inorganic carbon data from nearby Global Ocean
Data Analysis Project (GLODAP, v2022) stations* with PyCO2sys®,
Overall, reconstructed ACO,* is generally >0 pmol kg™, suggest-
ing that the glacial deep Northwest Atlantic was oversaturated with
respect to ACO,’ (Extended DataFig. 7b). Although thisimplies that any
ACO,”-effect-related suppression of Mg incorporation in our infaunal
benthic foraminiferawas probably minimal, ACO,* atabyssal site KNR-
197-10-17GGCis much lower (=37 + 4 pmol kg™, n=2), anditis also pos-
sible that pore waters may be more undersaturated than the overlying
bottomwaters?°. However, given that undersaturated conditions supress
the Mgincorporation during calcification, any ACO,> effect would bias
Mg/Ca-derived temperatures towards colder values. Therefore, our
reconstructed glacial deep-ocean temperatures may represent a con-
servative (cold) estimate and attempting to correct forany ACO,”" effect
at this abyssal site would produce slightly warmer glacial temperatures.

Isotope-enabled models

To provide additional context for our proxy reconstructions, we com-
pared our 80, ., estimates with available isotope-enabled simula-
tions of the glacial Atlantic?%* %, These models generally simulate a
slightly shallower glacial Atlantic Meridional Overturning Circulation,
with NADW temperatures ranging from approximately 1°C to -2 °C
(refs.27,88) and 8'%0,,,,. between —0.2%o and 0.5%. (refs. 27,84-88).
Although this is broadly consistent with the traditional view—based
on palaeoceanographic nutrient proxies®—that the Atlantic Meridi-
onal Overturning Circulation shoaled during the LGM, and with pore-
water-based estimates suggesting that glacial NADW was much colder®,
these simulations are not consistent with more recent work® and our
temperature and 8®0,, constraints from the North Atlantic. How-
ever, the iPOP2 model does reproduce comparably high 80, values,
although these are restricted to the upper approximately 2 km of the
North Atlantic?.

Published data

Glacial deep-ocean temperature and 80, data and associated uncer-
tainties were calculated following the same procedures used for our
Northwest Atlantic data (Extended Data Table 3 and Source Data).
Where appropriate, we used our common calibration to derive tem-
perature, applying a10% correction to any non-reductively cleaned
trace-metal data (for example, Mg/Ca,q,.. = (Mg/Ca)/1.1) and appro-
priate 80, offsets to benthic foraminiferal 5'®0, from species that
calcify in disequilibrium with the surrounding seawater. Consistent
with our previous approach, U. peregrina-based temperature and 80y,
estimates were omitted from this compilation owing to concerns with
the Mg/Catemperature calibration of U. peregrina.

Glacial surface-ocean temperature and 60, estimates and associ-
ated uncertainties were also calculated from published Mg/Caand §'°0,
datausing species-specific Mg/Catemperature calibrations (Extended
Data Table 3), appropriate vital-effect corrections®*!, and the updated
580-temperature relationship based on inorganic calcite precipita-
tion experiments® (Source Data). Although recent Mg/Ca temperature
calibrations for planktic foraminiferainclude non-thermalinfluences
such as whole-ocean salinity and pH, they do not account for spatial
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variations in local salinity®. For species with a known salinity effect
on Mg/Ca (that is, Globigerinoides ruber and Globigerina bulloides),
we iteratively solved for a salinity value that is self-consistent with
the North Atlantic §®0,,-salinity relationship (s = 0.55, c = 18.98)%.
For both G. ruber and G. bulloides, we assume a glacial pH of 8.2+ 0.2
(refs. 92,93), recognizing that this conservative uncertainty is the
primary contributor to the relativley large errors on the final tempera-
ture and 80, estimates (Source Data).

Data availability

The proxy data that support these findings are publicly available
through the data repository Pangaea at https://doi.org/10.1594/PAN-
GAEA.988210°*°, GLODAP Bottle Data (version2.2022)* and World
Ocean Atlas data” were downloaded from https://glodap.info/index.
php/merged-and-adjusted-data-product-v2-2022/ and https://www.
ncei.noaa.gov/products/world-ocean-atlas, respectively. Figure 1was
generated using Ocean Data View software**. Source dataare provided
with this paper.

Code availability

Python code used to perform statistical analyses as part of this study are
freely available on Zenodo at https://doi.org/10.5281/zenodo.17733604
(ref. 96).
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Extended DataFig.2|Species-specificbenthic foraminiferal Mg/Ca-
temperature calibration datasets used to develop our common calibration.
Published core-top Mg/Ca (mmol/mol) vs bottom water temperature (°C)
areshown for six low-Mg, shallow infaunal benthic foraminifera: (a) Melonis
spp.”, (b) Bulimina spp.**®, (¢) C. lobatulus®, (d) N. labradorica®*®’, (e) C.
neoteretis®*'°°, and (f) U. peregrina®®~%7¢1°"1%2 | inear regressions were
performed for each species using core-top data, often compiled from multiple
studies. Theresulting Mg/Ca-temperature relationships and associated R?
values are shown. All species exhibit atemperature sensitivity of approximately
0.1mmol/mol/°C, except U. peregrina, which shows a lower sensitivity

(0.7 mmol/mol/°C).Inclusion of an outlier slightly increases the sensitivity

Temperature (°C)

Temperature (°C)

(~0.01 mmol/mol/°C,) however, it remains lower than the other five species
associated temperature sensitives. For C. neoteretis, we excluded calibration
datafromref.99 due to the absence of asignificant trend (R*=<0.6).
Furthermore,including these dataresultsin alower temperature sensitivity
(approximately 0.06 mmol/mol/°C), whichyields implausibly cold
temperature estimates for relatively high Mg/Caratios. In comparison, using
dataonly fromrefs. 63,100, produces ahigher temperature sensitivity more
consistent with other shallow infaunal benthic foraminifera. Given the size of
the Melonis spp. calibration dataset, we focused on data from the subtropical
and subpolar North Atlantic (n = 82), most relevant to our study location.
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Extended DataFig. 3 |See next page for caption.




Extended DataFig.3 | Comparison of §'°0 generated as part of this study
withequivalent published dataand A,;-based temperature estimates
derived using different A,,-temperature calibrations. a. Kernel density
estimate plots showing the distribution of §'*0 obtained from two independent
analyses of benthic foraminifera from the same sediment samples for the mid-
to-late Holocene and LGM (A, this study, blue; stable isotope analysis as per
ref.14, teal). p-values from Welch’s t-tests indicate no significant difference
betweenthe two datasets (inboth cases p > 0.05), confirming that the analyses
yield indistinguishable §'°0. Close agreement between the published dataand
published §'®0 data from around the Northwest Atlantic suggests that the §'°0

measured in this study were unaffected by contamination, e.g., fromclays.

b and c. Comparison of mid-to-late temperature estimates derived using
different published A,,-temperature calibrations: M21 (equation (1))*3, DG23
(equation (5))'°%, A21 (equation (1))'°*, and DV24 (equation (28))'°. Dashed lines
inbindicate the approximate modernin-situ temperature at each coresite,
based on GLODAP 2022 data*’. The M21 calibration was selected for its strong
statistical agreement with modern deep ocean temperatures and methodological
consistency, despite being derived, in part, from planktic foraminiferal A,, data.
This calibration was therefore applied to glacial samples as well.
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Extended DataFig. 5| Comparison of Northwest Atlantic transect, Northeast
Atlantic, and published Atlantic and Arctic Seas temperature and 60,
data. a. Temperature-salinity cross plotasin Fig. 2f with additional published
estimates of Atlantic glacial temperature and 80, including associated
t1s.e.(Methods). Datainclude coreslocated along the main pathway of modern
NADW (open grey symbols; NS”’, 1B, IB and RP (this study), GB™®), as well as
coresinlocationsinfluenced by other,non-NADW water masses (open white
symbols; NEADW/LDW”’, STMW/AAIW?°, AAIW (FS)”, AAIW (DR)’¢, AAIW
(BM)”, and LCDW?°). The former align closely with of our Northwest Atlantic
data, consistent with our upstream tracing of NADW during the LGM. In
comparison, the non-NADW cores are generally characterised by lower §°0,.
Thissuggests that (1) these sites were influenced by different glacial water
masses, and (2) glacial NADW likely had higher §%0,,, than these other glacial
water masses. One exception is Gulf of Guinea core MD03-2707 (open white
square)®’, which exhibits relatively high §'0,,. This is expected, given the
site’smoderninfluence froma mix of AAIW and STMWs today, with the latter
contributing torelatively high §'®0,. Notably, this core also lieson an
approximate mixingline between AAIW and ODP-172-1055, which was bathed

by STMWs during the LGM™. Iberian Margin core MD99-2234 (open white
diamond)”® and combined data from the Brazilian Margin (open white plus
symbol)” also show relatively high §%0,, likely reflecting the influence of
Northeast Atlantic Deep Water in the Northeast Atlantic and southward
flowing NADW and/or STMWs in the South Atlantic, respectively. b. Map
showing thelocations of cores corresponding to the published and Northwest
Atlantic transect data presentedina (white shaded areas denote the approximate
extent of the Laurentide Ice Sheet (LIS)* and Feno-Scandinavian Sheet (FIS)
and British-Irish Sheet (BIS)*° at 21.5ka BP). c. Holocene and LGM deep ocean
temperaturereconstructions from the Nordic and Arctic Seas (black and grey
edged symbols, respectively) derived from ostracod Mg/Ca* and benthic
foraminiferal Mg/Ca’"'°*'°” and benthic foraminiferal A,, (ref. 108; since data
fromthestrict definition of the LGMis sparce, we alsoinclude ostracod data
fromlastglacial period, i.e., Marine Isotope Stage 3 (MIS3)). Together, these
records highlight that deep watersinthe Nordic and Arctic Seas were warmer
during thelast glacial period than during the Holocene (Source Data).
Associatederrorbarsare+2s.e.
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Extended DataFig. 6 |Stratigraphic overview of cores used in this study.
To highlight the relative downcore position of our new temperature constraints
withrespecttothe mid-to-late Holocene and LGM, temperature proxy dataare
presented alongside downcore multi-species benthic or planktic foraminiferal
880 data, as well aseach cores’ corresponding age constraints. Most multi-
species 8'®0 data were obtained from published sources, including cores
49JPC,48JPC,15JPC,and 10JPC*;1055,1057,1059, and 66GGC°%;17GGC';
RAPiD-10-1P and RAPiD-17-5P%'. However, benthic and planktic foraminiferal
80 datafrom 6GGC,2GGC,1063, BOFS17K were generated as part of this
study following the methods described in ref. 14 (Source Data). In the absence
of downcore foraminiferal '*0 data from core 1060, new glacial 80 (grey
crosses) show that our A,; analyses were performed on samples corresponding

spp. foraminiferal §'*0 data have been corrected for vital effects, apart from

U. peregrina datafrom cores1055,66GGC,1057,and 1060, and (2) both benthic
and planktic foraminiferal 80 data were unavailable for cores 1055 and 1057;
therefore, we use datafrom nearby cores KNR-140-2-51GGC and KNR-140-2-
43GGC'?, which had been previously stratigraphically aligned™. Age constraints
aretaken from published age models (Extended Data Table1) and comprise
radiocarbon ages (filled black triangles) and stratigraphically aligned manual
tie points (filled black circles). For each panel, grey shaded areas denote the
approximate downcore position of the mid-to-late Holocene (left) and LGM
(right). The thick black bars denote the depth range of samples used to
generate A,; based temperature estimates, as well as the corresponding
temperature estimate (for measurements where cores were combined, e.g.,
1057/15)PC, thetemperature shown for both cores represents the combined
estimate).
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Extended Data Table 1| Details of cores used in this study

Core Lat. Long. Depth  Time slice MH temperature LGM temperature  Age model
(N) W) (km) proxies proxies

KNR-178-1-49JPC 35.76 74.44 1.515 MH/LGM Mg/Ca Mg/Ca Ref. #
ODP-172-1055 32.78 76.28 1.798 MH/LGM Mg/Li Mg/Ca Ref.
KNR-178-1-48JPC 35.76 74.44 2.009 MH/LGM Mg/Ca; Mg/Li; Ay Mg/Ca Ref.
KNR-140-2-66GGC 32.50 76.29 2.155 MH/LGM Mg/Li Mg/Ca Ref. 1
ODP-172-1057 32.03 76.05 2.584 MH/LGM Mg/Li Mg/Ca; Ay Ref. 14
KNR-178-1-15JPC 35.93 74.11 2.626 MH/LHM Mg/Ca; Mg/Li; Ay Mg/Ca; Ay Ref. 14
ODP-172-1059 31.68 75.42 2.985 MH/LGM Mg/Ca; Mg/Li Ay Ref.
KNR-178-1-10JPC 35.84 73.89 3.015 MH/LGM Mg/Ca; Mg/Li; Ay Mg/Ca; A4y Ref.
ODP-172-1060 30.77 74.47 3.481 MH/LGM Mg/Ca Ay Ref. '1°
KNR-178-1-6GGC 35.82 73.59 3.485 MH Mg/Ca; Mg/Li; Ay Ref. 4
KNR-178-1-2GGC 36.12 72.29 3.927 MH/LGM Mg/Ca As7 Ref. °

ODP-172-1063 33.68 57.62 4.585 MH Mg/Ca Ref. 111112
KNR-197-10-17GGC 36.42 48.54 5.011 LGM Mg/Ca Ref. °
BOFS-17K 58.00 16.51 1.150 LGM Mg/Ca Ref. 2
RAPiD-10-1P 62.98 17.59 1.237 LGM Mg/Ca Ref. !
RAPiD-17-5P 61.47 19.53 2.303 LGM Mg/Ca Ref. %!

The following references are cited in this table: refs. 14,15,51,52,109-112.



Extended Data Table 2 | Species-specific common calibration
intercepts, assuming a Mg/Ca-temperature sensitivity of
0.10£0.003mmol/mol/°C

Species Intercept (£SE)
Melonis spp. 0.82 +0.02
Bulimina spp. 1.03 +£0.03

C. lobatulus 1.27 +0.03
N. labradorica 1.32+0.03

C. neoteretis 0.82 +0.05
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Extended Data Table 3 | Details of cores and Mg/Ca-temperature calibrations used to derive estimates of glacial 8°0,, ;..

showninFig.5

Core Location* Lat. Long.  Depth Foraminifera Mg/Ca and Mg/Ca-T Calibration
N) W) (km) 880, data calibration reference
reference
KNR-140- Blake Outer 32.78 76.28 1.79 G. ruber Ref, 113 Mg/Ca=exp(0.036 Ref.
51GGC Ridge (1) *(S-35)+0.064*T-
0.87*(pH-8)-0.03)
KNR-140- Blake Outer 31.67 75.32 2.98 G. ruber Ref, 114 Mg/Ca=exp(0.036 Ref. %2
39GGC Ridge (1) “G-a9)H0.0645 1
0.87*(pH-8)-0.03)
OCE-326- Bermuda Rise 33.70 57.58 4.55 G. inflata Ref, 113 Mg/Ca=0.299*exp Ref. 13
0.009*(T-
GGC5 ) Eml*Dg] !
MDO1- Porcupine 51.75 12.92 1.15 G. bulloides Ref. 115 Mg/Ca=exp(0.036 Ref.
2461 Seabight (3) *(8-35)+0.064*T-
0.88*(pH-8)+0.15)
ODP-162- Feni Drift (4) 55.48 14.65 2.18 N. pachyderma Ref, 116 Mg/Ca=0.52* Ref. 17
980 exp[T*0.10]
RAPiD-4P South Iceland 62.30 17.13 1.24 N. pachyderma Ref. 5! Mg/Ca=0.52* Ref. 117
Rise (5) exp[T*0.10]
JM11-F1- Nordic Seas (6; 62.82 3.87 1.18 N. pachyderma Mg/Ca”’; Mg/Ca=0.52* Ref. 177
19JPC surface) 380,18 exp[T*0.10]
JM11-F1- Nordic Seas (6; 62.82 3.87 1.18 M. Ref. 7’ Common This study
19JPC deep) barleeanum/C. calibration
neoteretis
RAPiD-10- South Iceland 62.98 -17.59 1.24 M. barleeanum This study Common This study
1P Rise (7) calibration
RAPiD-17- South Iceland 61.47 -19.53 2.30 M. barleeanum This study Common This study
5P Rise (8) calibration
BOFS17K  Rockall Plateau 58.00 -16.51 1.15 M. barleeanum This study Common This study
)] calibration
EW9302- Grand Banks 48.80 -45.09 1.25 M. Ref. 78 Common This study
2JPC (10) barleeanum/C. calibration
lobtaulus

*Numbers in parentheses correspond to the site number shown in Fig. 5. Site 1is an average of both Blake Outer Ridge sites.

'D represents the core water depth in km and is included to account for potential dissolution effects. Data from refs. 51,77,78,92,113-118.
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