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Abstract. The last deglaciation featured abrupt climate shifts driven by interactions among Earth system components, notably
retreating ice sheets and meltwater input. While globally detected, the magnitude, timing, and sequence of North Atlantic
sotree-meltwater events remain uncertain. We present a Uranium-Thorium-dated stalagmite from northwestern Iberia spanning
24-12 ka BP, capturing both the impact of North Atlantic meltwater on surface ocean chemistry and regional air temperature
changes. Our record reveals primarily gradual meltwater inflow during the Last Glacial Maximum and early deglaciation
(about 20.8-18.2 ka BP), followed by abrupt increases during Heinrich Stadial 1. An-abrupt-cooling-tags-The first abrupt
cooling is decoupled from the first meltwater pulseby—ea—850-years;unlike-, appearing around 810 years later— unlike the
timing observed for later pulses. This evolving relationship between meltwater and cooling provides new constraints on the

changing sensitivity of deep Atlantic convection to meltwater input throughout the deglaciation.

1 Introduction

The last deglaciation started in the Northern Hemisphere (NH) around 19 thousand years before present (ka BP), and marks
the transition from the Last Glacial Maximum (LGM), lasting from approximately 23 to 18 ka before present (BP), into the
Holocene (Clark et al., 2012). During the LGM, the NH was covered by large ice sheet complexes (Fig. 1a) covering much
of North America and Eurasia (Stokes et al., 2012; Hughes et al., 2016). An increase in boreal summer insolation triggered
their retreat and during their subsequent deglaciation there were episodically large amounts of meltwater (MW) and icebergs
delivered into the North Atlantic (e.g., Toucanne et al. (2015); Hodell et al. (2017); Lin et al. (2021); Zhou and McManus
(2024)).

It is well established, both conceptually (Denton et al., 2010; Alvarez-Solas and Ramstein, 2011; Menviel et al., 2020) and by

, that MW contributions can cause an abrupt weakening of the Atlantic Meridional Overturing Circulation (AMOC) — the zonal

modeling studies

integral of the surface and deep currents in the Atlantic - if the Atlantic is conditioned for instability. Such weakening, in turn,



25

30

35

40

45

50

would lead to hemispheric-scale cooling (warming)-in the north{seuth);-, warming in the south and trigger atmospheric CO; rise
(Broecker et al., 2010). While there is evidence for several episodes of AMOC weakening and NH cooling during the deglacia-

tion Mcmanus et al., 2004; Shakun et al., 2012; Ng et al., 2018

, linking these
to specific melt discharge events remains challenging. Uncertainties in ice geometry, even at the scale of total volume and
global distribution (Stokes et al., 2015), propagate into the derived meltwater histories mostly used for transient deglacial
simulations (Bethke et al., 2012; Sherriff-Tadano et al., 2018; Kapsch et al., 2022; Snoll et al., 2024). Furthermore, direct
evidence for meltwater from palaeoclimatic records is sparse and retrieving accurate radiocarbon ages from marine cores on
such short centennial time scales is hindered by the increased stratification during weak AMOC states (Peck et al., 2006; Peck,
2017). Generally, time scales relevant for melt events range from a few years to a few centuries, a time range in which the
North Atlantic ocean and its adjoint ice sheets are not able to equilibrate (Wunsch and Heimbach (2008), Fig. 1c), empha-
sizing the need for more regional records to reconstruct their sequence and impact on the Earth system. Even more so, as
modulations of AMOC strength depend on background climate (Zhu et al., 2015), and can occur directly forced by freshwater
Zhu et al., 2017b; Snoll et al.,
2023) or delayed (Alvarez-Solas and Ramstein, 2011; Romé et al., 2024). This adds an additional layer of complexity to the

2024), spontaneously (Romé et al., 2022; Armstrong et al.,

synchronization of regional melt events with global records.

To move forward our understanding of the relationship between melt-induced freshening and AMOC strength, we are build-
ing upon a direct freshening mechanism by detecting the 8O-depleted MW in speleothem 8O proximal to the melt water
source regions, an effect previously documented in the Northwest Iberian Speleothem Archive (NISA) (Stoll et al., 2022)
and model simulations {Zhtet-at;264+7a)(Zhu et al., 2017b). Here, we provide a new decadally-resolved isotopic record from
NISA, 24-12 ka BP, to constrain the timing of MW addition and elucidate the relationship between melt-induced freshening,
North Atlantic temperature changes and AMOC strength throughout the entire last deglaciation. Given the coastal location
of our site and prevailing atmospheric conditions induced by Earth’s rotation, the direct effect of 8O-depleted MW on the
surface ocean is captured by 180 in the speleothem, allowing us to infer the history of NH MW at high temporal resolution.
In addition, we provide a coeval record of relative temperature from speleothem 3C, which we have corrected for in-cave
fractionation effects ( 13Cinit). Since both stable isotopes are measured on the exact same samples, this allows a direct and
high-resolution study of the temporal relationship between NH-MW-eecean-in-flux-—the influx of NH MW to the ocean and

temperature change in the North Atlantic realm.

2 Material and Methods
2.1 Cave site, sample, preparation, and sampling procedure

Modern precipitation at the cave site is dominated by cool season rainfall, but many drips remain active also during the
summer period of lower precipitation-evapotranspiration. Speleothem Glas has been selected for this detailed study because
of the absence of any signs for non-continuous growth and for featuring a homogenous trace element structure, also when

diverging from the main growth axis (SI Appendix, FigS+-S2. Al). We focus on the 4.2 cm interval of Glas bracketed by a
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growth discontinuity on the older part and signi cant decrease in growth rate on the younger boundary (Fig. 2). Due to the slow
growth rate and the presence of abrupt climate changes over the early last deglaciation, the sampling strategy for U/Th dating

stable isotopes on these individual samplegore combining the remaining powder of around 10 samples to retrieve one date.
This approach is superior when aiming for high temporal resolution in a slow-growing stalagmite because it eliminates possible

laser scanning microscopy. The new trench was aligned to an older 100 um trench for quality control and aligning trace element
measurements (S| Appendix, Fig. S7).

2.2 U-Th dating and age model

Despite small sample sizes (20-40 mg), good analytical errors of less than 100 years have been achieved in each sample. L
Th samples were analyzed with a ThermoFisher Neptune plus Multicollector Inductively Coupled Plasma Mass Spectrometer
(MC-ICP-MS) at Xi'an Jiaotong University, following the methodology and decay constants reported in Cheng et al. (2013),
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2.3 Stable isotope and trace element ratios measurements

Stable isotope ratios were measured at ETH Zurich with a Thermo-Finnegan Delta V Plus coupled to Gas Bench Il (Breitenbach
et al., 2015). Carbonate powder for trace element analysis were dissolved in 2% &iNlCanalyzed for trace element to

2.4 Correction for in-cave fractionation

Prior calcite precipitation (PCP) occurs when parts of the initial dripwater solution already supersaturate and precipitate due
to the exchange with cave air before reaching the stalagmite. PCP can altét@hsignature signi cantly, by preferentially
removing'2C from the remaining dripwater solution (Rudzka et al., 2011; FohImeister et al., 2020). To focus on the temperature
signal preserved in soil COand consequently'3C, the record was corrected for PCP by using the Mg/Ca ratio as a guide
line for the amount of degassing occurring, following the methodology of Stoll et al. (2023), with details being described in
Sl appendix. In contrast, in most instances, the actual bedfd€kis of minor relevance, as the system can be assumed to be

rather open and therefore the @ the soil overwhelms the rock signature (Lechleitner et al., 2021).

endpointyaluesin_eachrealization, For the author age model and eachposteriordraw.i, we. computedthe midpoin{ as
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2.6 Climate model experiments and NISA Melt Source Contribution Index

We reemploy an already published HadCM3 model simulation (Romé et al., 2022) to examine the progression of a freshwater
anomaly from different source origins and under different AMOC states to the NISA locéitiemodels-deseribedn
theAppendix. The original simulation includes 10,000 model years and captures a glacial climate state with an AMOC that
oscillates between a strong (relativelyvarm’ climate) and a weak (relativelycold' climate) state, with about 1,500 year
periodicity, triggered by a constant meltwater ux corresponding to a reconstructed ice sheet history at 17.8 ka BP (GLAC-1D,

To distinguish between a strong and a weak state AMOC within the simulation, we followed the methodology of Romé et al.
(2025), where the years that ful lled each condition were selected based on changes in the mixed layer depth (MLD) in key
convection sites (Irminger and GIN Seas). In these simulations, Irminger Sea MLD is in the range 17-25 m during the weak
AMOC state, deepening to 25-65 m during the strong AMOC state. GIN seas MLD is 27-40 m and 65-105 m, respectively.
From the full simulation, 2,367 years ful lled the 'weak' condition (average AMOC strength at 26.5°N: 8 Sv), and 1,488 years
ful lled the *“strong’ condition (16 Sv), coinedzonal' in Romé et al. (2022).

Segments of the simulation were re-run for our study, adding a set of passive ocean tracers tagging the different likely
meltwater source regions to assess the potential of each region to in uence the isotope signal at our study site. The results are

the consequencéhat lag times betweenmeltwaterinjection and AMOC declinecannot be assessetbr thesesimulations.
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3.1 Sensitivity of NISA to surface ocean freshening and cooling

At NISA cave locations (Fig. 1), precipitation is mainly controlled by westerly winds and the passage of Atlantic fronts

while the Cantabrian mountain ridge reduces the in uence of water vapor transport from the south (Moreno et al., 2021),

making rainfall from the proximal North Atlantic the dominant moisture source. Over the penultimate and the last deglaciation,

speleothem 80Oy sa closely tracks the long term trend iR®O of seawater (8Os, ) reconstructed from marine archives

from the eastern North Atlantic (Stoll et al., 2022). This strong response to the moisture source composition occurs because

in this setting, the temperature-dependent fractionation'¥D into calcite is of a similar magnitude but opposite sign to

the temperature dependence &tO in precipitation (McDermott et al., 2006; Stoll et al., 2015), which mitigates additional

speleothem 20 variability due to temperature changes. Additionally, due to the coastal cave location, effett®©atue to
17changes in altitude or prior rainout are minimized.

On a centennial time scale, a freshwater anomaly originating from a certain ice sheet sector will not spread evenly across
latitudes and depths. This may amplify or attenuate the impact of a given meltwater ux on the proxy archive. To test the
dependency of source origin and AMOC background state, the distribution of meltwater from different NH ice sheet sectors
has been tracked by adding conservative dye tracers to the simulations of Romé et al. (2022). We compute the relative intensity
of the tracer in the proximal sector of the modern NISA moisture source region (Fig. 1b). The sensitivity of the tracer to the
source region and AMOC state is expressed as the NISA Melt S@gresitivityContributionindex (Methods, SI Appendix).

ice sheet meltwater reaching the NISA sites is higher when AMOC is in a weak state than in a strong state, regardless of
the melt source region. This is because a stronger AMOC more rapidly redistributes meltwater throughout the global ocean.
Furthermore, we can identify that under the weak AMOC state, the tracked NISA source region more strongly accumulates
meltwaterof Eurasianorigin delivered to the GINseas{ef-Eurasianerigin)Seasand the EasternNorth Atlantic, whereas

meltwater discharged by the Laurentide ice sheet to the western North Atlantic more strongly accumulates in the tracked
region under strong AMOC conditions (Fig.1b). For both, weak and strong AMOC, meltwater anomalies originating from the
Arctic will already largely propagate to the subsurface waters and have limited impact on the surface North Afl@atic




Figure 1. Overview of sites referenced in this study, the expected meltwater signal originating from different ocean bassins, and the expected
environmental changes related to an AMOC decline. (a.) A Map including the study site NISA (red-rimmed white star) and other sediment
cores used in this study for proxy comparison (red circles), namely MD95-2002 (Toucanne et al., 2015), U1308 (Hodell et al., 2017),

(grey, blue border) is illustrated for the main northern ice sheet sectors: Laurentide (LIS), Greenland (GIS) and the European Ice sheet (EIS)
sectors: Svalbard-Barents-Kara (SBKIS), Scandinavian (SIS) and British-Isles (BIIS). Ocean colouring illustrates the simulated mean annual
sea surface salinity anomaly expected for Heinrich Stadial 1 (Ilvanovic et al., 2018) due to meltwater input and associated AMOC decline. (b.)
A Map showing the oceanic moisture source areas from a Hysplit analysis on precipitation monitoring data at NISA cave sites (red-rimmed
white star) from 2015-2016 (Gonzélez, 2019). The colored regions denote three composite Northern hemisphere ice sheet's meltwater source

Based on a simulation simulating regional meltwater discharge at 17.8 ka, re-employed from Romé et al. (2022), the expected difference

at our NISA study site (averaged over the red rectangular region) between different AMOC states for (c.) surface air temperature and (d.)

Appendix, Methods); a relative mean contribution estimate of how much meltwater reaches the NISA location from each of the three regions
after 200-300 years of continuous injection during a weak (blue) and strong (red) AMOC state, based on a simulation using meltwater input
at 17.8 ka BP (Romé et al., 2022).
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rermainssimilaracrosssuchtransitions(Fig—Le)+na-In our record, 13Ci,it provides a qualitative measure of regional surface

air temperature. This is because tHéC of cave dripwater is initially set by the exchange of in ltrating water with £0
in the soil and epikarst. In moisture-replete regions such as NW Iberia, warmer temperatures stimulate higher heterotrophic
and autotrophic respiration rates and raise soibGRomero-Mujalli et al., 2019). Because respired £© much lower in

13C than atmospheric C§) warm periods of high soil C®lead to a more negative-*C signature in cave dripwater. While
in-cave processes of degassing and prior calcite precipitation (PCP) can in some cases subsequently mddifgitiveture
in cave dripwater (Muhlinghaus et al., 2007; Mickler et al., 2019), recent approaches using Mg/Ca as an independent PCP
indicator allow calculation of the initial*3C;;; de ned by the soil and vegetation processes from the measd?& (Stoll

etal., 2023; Lechleitner et al., 2021e thusapplythistechniquee derivethe temperaturasensitive(parametergregivenin
ix)-is likely to be,

AMOC statein the early deglaciationdrives surfaceair temperaturechangesof up.to -5° C in NW Iberia for all seasongn

within_the regionremainssimilar acrosssuchtransitions(Fig. 1d). Over the entire last deglaciationother processepesides

3.2 The deglacial North Atlantic climate record of Glas

The stalagmite named “Glas' originates from the NISA cave "La Vallina' (4:808743:4100 N), located 4 km from the

modern coastline. Twenty- ve new U/Th dates, with analytical errors of less than 100 years, constrain the chronology of Glas
between 24 and 12 ka; and potential variations in growth rates are assessed through comparison with Sr/Mg measurement
(Fig. 2, Methods, SI Appendix, Tab. S1, Fig. S1). Annual growth rate averages 4 um, but drops to 1 pm around 13 ka. By using
combined aliquots of the same sample powder for Uranium-Thorium dating as have been used for high-resolution stable isotope
analysis, a fully consistent age model with minimized depth uncertainties is attained for the sequence of isotopic events despite

improved age model, Glas supersedes the prior NISA stack for the last deglaciation, but the main features of Glas have beer
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3.3 North Atlantic surface ocean freshening history

3.3.1 LGM evolution

Our new record from Glas captures the end of Heinrich Stadial 2 (HS2) with a trend to more saline conditions in the North

associated enhanced MW ux to the ocean ended around 23.5 ka, aligning with the Southern European Ice sheet (EIS) event:
found in sediment cores (Toucanne et al., 2015). The ice sheet model GLAC-1D (Ivanovic et al., 2016), which has been used

to force transient deglacial climate simulations in a number of studies previously (Snoll et al., 2024), suggests a slightly later



Figure 2. Age model of NISA Stalagmite Glas. Main panel from left to right: scan of the slab used for analysis (grey shading); the

corresponding Confocal laser scanning microscopy image (green shading); and the constructed BChron age model (green line) used ir
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timing of peak meltwater delivery from the Southern Laurentide ice sheet (LIS) via the LabradeG8éaeutietsandthe

mass loss maps in S| Appendix, Fig. S5). Thus, the new Glas record suggests that either the GLAC-1D model shows these
elevated melt events around 500 years too late, or despite a persistently high meltwater discharge, AMOC has restrengthene
and successfully dissipated the surfat®0 anomaly from a LIS meltwater pulse postdating HS2.

A subsequent episode of melting from 22.5 to 21.5 ka is suggested by a small, gradual decr&@ein0.3 %o, which
returns to previous levels between 21.5 and 20.5 ka. Sustained freshening begins around 20.5 ka, marked by a gradual decrea
of 0:5% 80 over 2 ky (Fig.3). This progressive freshening con rms the presence of MW in the eastern North Atlantic
for which a sourcecouldbe melt from the Scandinavian ice-sheet (SIS) as previously suggested by Nd isotope provenance of

An abrupt freshening (-0.58 %0180 in 382'33%years)startsat 18:04 5 —kaBP, 313505 years,event17:8ks in Tab, 1)

ample, there is evidence of elevated freshwater drainage from the Southern Laurentide to the Gulf of Mexico (Wickert et al.,
2023), and reconstructions of EIS evolution (Hughes et al., 2016; Clark et al., 2022) suggest a strong likelihood that SIS and
BIIS separated by 18 kB&P. The river-routed GLAC-1D ice model time series suggests discharge mainly into the Arctic, but

since our dye tracking indicates that freshwater discharged into the Arctic produces only a weak signal in our speleothem

sources and sinks of a MW-inducet#O anomaly were in balance over the next 1500 years. A negati@ value from a
freshwater pulse can be subsequently sustained despite lowered meltwater delivery if AMOC is weak, especially if the MW

values in a weak AMOC state could potentially also mask limited ice sheet regrowth, as suggested in Wickert et al. (2023).
Alternatively, marine records from the Hudson Strait indicate elevated meltwater delivery to the Atlantic (Rashid et al., 2012;

11



Denton et al., 2021), which could provide an additional source to sustain the ¥@sanomaly provided that the AMOC

270remains relatively vigorous.
3.3.3 Transient freshening from 16.5 ka through the Bglling-Allerad

A rst smaller Han&emeveaaﬂmhﬂasetat&e—'a%kaexcursronwrth amidpointat.16.4 ka BP and a change of - 0:5%.

180, is followed by two larger even

22 0:20 . 44059 kawith transitionmidpointsat 16.1and

15.3ka BP with a shift around -O0: 79%0180 each (Tab.1). All events are short-lived and dissipate from the subtropical

275 North Atlantic in a few hundred years. The latter two events coincide with the radiocarbon age estimates for two distinct
central North Atlantic ice rafted debris (IRD) peaks (Fig. 3c), which have been interpreted as two episodes of enhanced iceberg
calving from the Laurentide Ice Sheet related to Heinrich Event 1 (Hodell et al., 2017). Such a twin-peak structure has also been
achieved with simulations considering dynamic meltwater re-routing, which produces a second wave of enhanced Laurentide
iceberg calving around 1,000 years after the rst episode (Ziemen et al., 2019). In addition, all events feature an abrupt onset

280 of the negative 20 anomaly but a gradual dissipation of the anomaly, which is consistent with a binge-purge mechanism

suggested for Heinrich events (MacAyeaI 1993). Alternatively, the timing of theﬁéﬂ%ka#eehwateﬂS.S ka BP

By&%kHHeAt theonsetof theBgalling-Allerad (BA), in ourrecordcenteredat 14; 68501313 ka(Tab.1),thesubpolamMNorth

285 Atlantic 80 JaaeIreiaaeeellaaekreIaxesbackqurckly to values characterrzrng the plateaﬁHS}b%eweveHhetQI_lowmg the

290 at that point, we proposethat the continuedice sheet shrinkaggFig.. 3a) causes a greater vulnerablllty to cllmate change

creating more reactive ice sheets, and that together with a stronger AMOC (compared to the earlier degthésagiqridins

the observed higher variability in*0. Surprisingly, the rapi(}iarge&%%m)seaievekrisetem%edmeiwaterpuﬁeand
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Figure 3. Speleothem record Glas and its relationship to last deglaciation ice sheet history and AMOC strength. (a) Snapshots of GLAC-1D
ice sheet history at key intervals (Ilvanovic et al., 2016). (b) River-routed MW delivered to the three key ocean regions identi ed in Fig.

1, computed in (Romé et al., 2022) from the GLAC-1D ice sheet reconstruction. (c) Simpli ed history of proposed MW discharge events
from different Northern Hemisphere ice sheet sectors in sedimentary archives, broadly: the Northern Laurentide (Denton et al., 2021; Rashid
et al., 2012), Southern Laurentide (Wickert et al., 2023), Channel River discharge (Toucanne et al., 2015), and distally transported iceberg
rafted debris (IRD) concentration at site U1308 (Hodell et al., 2017); simpli ed (S| Appendix, Fig. S4). The new data of Glas (this study) is

used as a proxy for surface air temperature above the €aegrianglesin bothGlastime seriesmarkthelocationof the midpointsof abrupt

grey dots the individual composite data points.

13
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3.4 Iberian temperatures and relationship to freshening
3.4.1 AMOC insensitive to gradual freshening during the LGM

The new C;y; record from Glas provides a direct speleothem chronology for a relative regional temperature evolution in the
North Atlantic region (Fig. 3f). The Glas record highlights the warmer temperatures of the early LGM, followed by a signi cant
cooling 21.5-20.5 ka BP to values sustained through the late LGM. This cooling is likely a global cooling, as it follows closely

the timing of the LGM sea level lowstar@)-whereaghe AMOC-doesnetshowsighi-cant-variationseverthistime-based

intervals, the stable temperatures indicated ¥\Ci,: suggests that AMOC is too stable and/or the MW forcing is too gradual

31@and insuf cient to disrupt convection at this time.
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3.4.2 Delayed AMOC response to HS1 freshening

The rather sustained temperatures over the late LGM in northern Iberia are followed by a rapid decline to coldest temperatures
during the earliest part of HSThi ' ithi : _

AMOC duringHS1 (Fig.39),with-butdistalchangesn surfaceproductivityandboundaryscavengingrenow hypothesizedo

signi cantly cooled onlyareund850810%5%. years laterwith-anonsetat17:1 705 kaBP-around17.0ka BP (event] 7:0kr ,

Tab.1). Because both isotope records derive from the same powders, this re ects a genumeskagpnseimebetweerthe

within the European realm and at NISA cave locations is a key characteristic of a transition into a weak AMOC state (see Fig.
1c). We, accordingly, interpret the Glas record such that, even though subtropical North Atlantic surface fresheningtpeaked

declineafter 19 ka BP, the most effective AMOC weakening did occareundl7-17kaBPandtheceldestater,at 17:037%
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a positive subsurface salinity anomaly or/and a requireg @&®el to cross an AMOC threshold and trigger its weakening.

The required delay is expected to depend on the meltwater forcing properties, internal ocean structure and ice sheet geometr
(Kapsch et al., 2022; Romé et al., 2025). Additionally, already before the rapid decfi@,;; shows early signs of a prior

slight weakening, which would be consistent with a mechanism involving the build-up of subsurface anomalies (Alvarez-Solas

and Ramstein, 2011). The period of most extreme cooling was brief and recovered back to near late-LGM levels without any

The sequence of the Glas record and its comparison to radiocarbon dated IRD events (Hodell et al., 2017) both suggest tha

cooling has preceeded the large discharge of icebergs into the North Atlantic associated with Heinrich Event 1 by a bit more

a very short-lived cooling, for which the precise duration and magnitude cannot be well constrained due to very slow growth

rates. Notably, a similarly short-lived cooling also accompanied the largest freshwater pulse of the Penultimate Deglaciation

suggests that the anomaly in the eastern North Atlantic was diminishing already befabedpmnsetofthe Balling-Allerad
(BA) warming, which is recorded in Glast14.77-14-47aBP- 3Ciy; at 14:62054' ka BP.(14:6kr, Tab, 1), a timing

15
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indistinguishable from that in NGRIP (North Greenland Ice Core Project members, ¢8624}), seeFig. ??. The abrupt

crossing of a AMOC sensitivity threshold related to the evolving climate and ocean boundary conditions or located within the
Southern Hemisphere cryosphere.

Within BA, the 3Cj,; record indicates two warm phases separated by a cooling initiating atdémati ka BP, potentially
consistent with the onset of the Older Dryas (e.g., as seen in NGRIP (North Greenland Ice Core Project members, 2004))
Hewevey while theice coreresolvesheremoredetail (

We evaluate the relationship of North Atlantic abrupt freshening and temperature change events to other aspects of the globa
climate system recorded in archives posessing an absolute layer counted ice core or speleothem U-Th cheatmidgy (

, dueto the respectivecavesystemsthe 180 signalis likely to be affectednot only by the meltwatersignal (asrecorded
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ice core NGRIP (Fig. ??a)-the-indicatediresheningeventsEr{Elfreshening:18.04—17.65kaBP,ashasbeenshownby
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425 speleothenPR-LA-1 (Fig. ?7g),with areportedonsetat approximatelyl 7.5ka BP (Warken et al., 2020).

3.5.2 Monsoon and the Westerly Jet over Asia

Isotope-enabled models suggest that millennial scale positive anomalies if®@en rainfall and speleothems from the
East Asian summer monsoon domain (EASM) re ect reduced intensity of convection and rainfall over the Indian summer
monsoon and southward-shifted westerly jet enhancing southern EASM rainfall and reducing northern EASM rainfall (He

430 etal., 2021a)Acrossthel8-04kaevent(ELf)intheThe EASM record from Hulu Cave (Fig.??gjeatures a positive shift in

435 and the separation of SIS and Big1ughes et al., 2016might havebeenaffecting the atmospheric circulatiafreagyprier

440 Centerecaround16.1ka BP, thefresheningsignalandcoolingrecordedn Glasis concurrentyith the abrupt positive'80O

445

our prior hypothesi®asedon the NISA melt sourcecontributionindex that the surface freshening anomaly originates from a

source that makes it well visible in Glas, but less effective in further disrupting AMOC, such as meltwater from the Gulf of

Mexico (Fig. Iee), consistent with the most likely timing of CIS-LIS breakup (Norris et al., 2022). In addition, any further

effect of freshwater on the Westerly Jet may have been compensated for by the atmospheric effects of changes in LIS height
450 (Ullman et al., 2014). At the onset of the BA event, the rapidthwarehorthwardshift of the Westerly Jet is synchronous with

the abrupt warming, con rming previous interpretations of a coherent global response to AMOC reinvigoration (P6ppelmeier
et al., 2023). Overall, our ndings imply that while millennial scale variations in tH&® from speleothems in the EASM do
share many features with the North Atlantic realm, it is not an exact copy of its ocean dynamics and caution is needed when

tuning the centennial to millennial scale features of North Atlantic records directly to an EASM signal.

18
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3.5.3 Links between AMOC and atmospheric CQ rise

has been dif cult to evaluate since the NGRIP ice core does not mark well the HS1 cooling. The results from Glas indicate that
the rst centuries of rapid C@rise, like the shift in the EASM, began with, or slightly after the freshebistigeforetheonset

the plateau may re ect a balance between ocean @Mission and uptake of COby regrowth of the terrestrial biosphere

(Marcott et al., 2014), which may be consistent with continued reduction of the NH ice sheet area evidenced by persistent MW
pulses. Alternatively, the COcontent of waters ventilating in the Southern Ocean may be stabilizing through this later part of
HS1 (Yu et al., 2022).

4 Conclusions

The new Northern Iberian stalagmite record from Glas resolves the timing of North Atlantic surface freshening anomalies from
melting NH ice sheets during the last deglaciation (24 -1BRa After the LGM, a gradual freshening is followed by a series

of transient freshening events witiisetsat 18-04(E 1), 16:22(E2)and15-44kaBP(E3)midpointsat 17:8450%55 , 16:44799° |

16:07% , and15;2771% kaBP. Many of these freshening pulses are present in river-routed time series of the GLAC-1D ice
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Because th|s record also resolves regional temperature changes resulting from changes in AMOC strength, the record elu
cidates the evolution of AMOC sensitivity to local meltwater perturbations over the critical period of the last deglaciation.

mostabruptcooling, with the latter emergingaround17:035% ka BP, thisjs 81057 yearslater,In contrastthefreshenln
p g, ginga 0:03 375 Y 9

Yet, the S|m|Iar timing of early meltwater pulses and GLAC-1D suggests that model dif culties S|mulat|ng AMOC weaken-

ings with GLAC-1D freshwater forcing may re ect challenges in simulating evolving AMOC sensitivity to freshening rather

than erroneous timing of the meltwater forcing. Taken together, these results suggest non-linear dynamics within the coupled

ice-ocean-climate system which inviteadvanced transient AMOC sensitivity studies and need to be further evaluated with
51precise model-data comparisons.

Code and data availability. Details of the new U-Th data presented in this study is reported in S| Appendix, Table S1. All meta, geochemical

and age data for speleothem Glas is further available in SISALv3 submission format (Kaushal et al., 2024) in the ETH Research collection
(https://doi.org/10.3929/ethz-b-000726747), and will be added to the SISAL database with their next release. The underlying model simula-
tion data is available from the NERC Centre for Environmental Data Analysis repository (Rome et al., 2022). The analysis script to compute

the transition midpoints is available at https://github.com/Irndrs/midpoints_EnsembleComputation.git (last access: 3.3.2026)
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Appendix A: Supplementary Materials
Al The Glas sample and its connection to the NISA speleothem archive

Stalagmite Glas originates from the cdea Vallina' in Northwest Iberia, which is one of the key caves in the Northwest
Iberian Speleothem Archive (NISA) (Stoll et al., 2022). Glas is a very compact and translucent sample (Fig. Al). Glas has
been selected for this detailed study because of the absence of any signs for non-contiunuous growth and for featuring a
homogenous trace element structure, also when diverging from the main growth axis. Other NISA speleothems were revisited
in the scope of this study, namely Candela and Laura (Fig. A4). Laura con rms the presence of a double-peak freshening
structure before Bglling-Allergd warming occurs (data from Stoll et al. (2022)). A set of new dates on Candela using the
procedure outlined in this study, con rms the presence of a shift around 18.04 ka BP, but has also indicated condensed/cease

5259rowth from 17.8 ka to 15.6 ka BP (Tab. Al).

530

535

540

545

A2 Simulated Temperaure and Precipitation response to a change isimulated AMOC state

A number of studies have previously simulated the effect of changes in AMOC on global climate (e.g., Jackson et al. (2015);
Van Westen et al. (2024)) and the most dominant features such as cooling of the Northern hemisphere and large-scale precipi
tation changes, such as a weakening of Asian summer monsoon, are robust across models and form the theoretical backgrour
to interpret global archives in the context of AMOC strength. In this study, a quasi-idealised simulation is re-employed from
Romé et al. (2022) featuring a glacial climate state with an oscillating AMOC strength (period ca. 1500 years, see methods
main manuscript), which is triggered by a constant meltwater (MW) ux of 0.084 Sv corresponding to the GLAC-1D ice sheet
history at 17.8 ka BP. From the two strong states de ned in Romé et al. (2022), here we selected the more stable zonal mode a:
the strong mode. When comparing periods of strong and a weak state, the simulation does show the expected global climatic
patterns for a AMOC slowdown, with a temperature reduction of up to 10 K the North Atlantic realm in winter, a southward
shift of the ITCZ and signi cant changes in winter rainfall patterns (Fig. A5).

A3 Meltwater time series from sediment cores

In main text Fig. 3, previously published MW time series are presented as simpli ed blocks for a better visual overview. For
completeness, the underlying time series are presented here in Fig. A6. Note that the event classi cation in both, Toucanne et al

prominent negative*®0O shifts (shading in Fig. A6).
A4  Extended comparison with ice sheet reconstruction GLAC-1D and the derived discharge time series

The GLAC-1D ice sheet model (Ilvanovic et al., 2016) was used to derive river-routed regional MW time series for three
key regions (Fig.A7a), which were introduced previously (Romé et al. (2022), see the supplementary information for the
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methodology). The three regions are 1.) the GIN Seas (pink shading in Fig. A7a), 2.) Arctic Ocean (green shading), and 3.)
Labrador Sea+Gulf of Mexico (GoM) (purple shading). Comparison between the discharge time series derived from GLAC-
1D, sediment cores and from the Glas record show signi cant differences in timing and location of expected discharge, as
featured in Fig. 3 in the main text. These differences likely expose the still existing uncertainties in reconstructing the MW

550 discharge.

560

565

570

For GLAC-1D, the estimated source ice sheet sector for MW pulses ending up in the three regions used in this study
(Fig. A7a), is exposed by plotting ice sheet mass loss maps over short time snippets (Fig. A7b-c). However, although this is
informative, the timings have to be taken with caution since GLAC-1D is a model, not an ice sheet reconstruction. For example,
the calculation of river-routed MW crucially depends on the ice sheet height and global distribution expected at LGM, which

5%8s0 remains challenging to constrain from data.

Yet, by considering the difference maps in Fig. A7c, for end of Heinrich-Stadial 2 (HS2), strong Southern LIS melt has
driven the peak visible in the Laurentide+GoM region and some of Northern LIS/CIS melt also discharges into the Arctic
region. Further, some MW that could be visible in Glas maybe also originates from the Southern edge of BIIS. This aligns with
Southern BIIS discharge also being registered by Toucanne et al. (2015), as outlined in the main text Fig.3. In Early-LGM, MW
discharges into GIN seas, related to thinning of the ice sheet border between BIIS and SIS, according to GLAC-1D. This slight
freshening, close to the Glas site, is consistent and visible as a small excursion in our record. The gradual increase in Late-
LGM is re ected in stalagmite Glas, sediment cores and GLAC-1D. For GLAC-1D, most of the discharge seems to originate
from southern BIIS, SIS and also Southern part of Laurentide ice sheet. Over this period, proximal MW into Bay of Biscay
seems plausible but also some of the signal could originate from the Southern Laurentide melt. Conversly, the MW sediment
cores do not show evidence of MW over this time into the GoM (Wickert et al., 2023). From 18.5-18 ka, GLAC-1D models a
rapid melt of Svalbard-Barents-Kara ice sheet (SBKIS), which is dumped into Arctic, which we believed might have at least
partially discharged into GIN Seas, or routed to the channel river. In addition, the collapse of Hudson strait, often seen to be
connected to enhanced ice berg discharge (HE1), seems to occur from 17.4 k-16.9 ka, re ected in the peak in the purple region
Labrador+GoM. Nothing changes during this time in Glas, and sediment cores, so it might be plausible that this peak could
be shifted, i.e. either collapse was later, or melt discharge delayed. The interval 16.4-16 ka shows here mostly the collapse of
SBKIS, and is also the only time with ice sheet mass loss in Greenland. This exposes a certain contrast to the general idec
to have HE1 then, supposedly sourced from LIS. GLAC-1D 15.4-15 ka shows a peak in GIN seas, originating from SIS and
potentially related to Glas 15.4 K&P. With the beginning of BA, GLAC-1D shows a large retreat of all NH ice sheets, to
accustom for sea level changes, and associated with MWP1a. Interestingly, neither Glas nor any of the discharge proxy time

575eries in this study show a big MW signal there.
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Vallina, indicative of a strong orographic enhancement. Therefore, beside OST2 also showing a shift towards more negative
180 likely associated to a changed isotopic signature of the surface ocean moisture source around 18 and 16.1 ka, also the
cold air temperature is described to cause negative shift$i of the stalagmite, an effect superimposed on the changes in

years)predategoth the estimatesof the warmingin Glas(14:6kr , with_the midpointat 14:62%5 ka BP)

andthe onsetin Greenlandce cores(startat 14.64 0:19 ka BP;Rasmussen et al. (2014jig. ??a). In contrast, in mediter-

ranean caves, such as Meravelles cave (MAZYR), the onset of HS1 is synchronous with a shift to more positi#®, which

in this setting has been interpreted to indicate a decrease in rainfall and resulting de cit in moisture balance consistent with
regional downscaled models of precipitation for the region during weakened AMOC. Additionally, stalagmite MAAT shows
also an abrupt decrease in temperature, visibléig (Pérez-Mejias et al., 2021).

Appendix B: Methods
B1 Alignment of the old and new trench

Due to the slow growth rate and the presence of abrupt climate changes over the early last deglaciation the sampling strategy fo
U/Th dating has been optimised by continuously micro-milling the sample with a 50 um trench along growth layers, measure
stable isotopes on these individual samples before combining the remaining powder of about 10 samples to one date. Trace
elements and stable isotopes were also measured on a parallel trench and results from the two trenches were aligned usin
QAnalySeries (Kotov and Palike, 2018). The two trenches are plotted on top of each ofhgr A®. In all other gures

oxygen isotope results are plotted from the same trench as U/Th dates'®ah@ are plotted using**C from the U/Th

trench corrected with trace elements from the parallel trench.

B2 Details about ¥ Cj,; correction

Through the correction of thé3C ratio for in-cave process of Prior calcite precipitation (PCPC;; becomes an improved
gualitative indicator for temperature above the cave. We follow the procedure of Stoll et al. (2023): the initial Mg/Ca is
assumed to be the minimum Mg/Ca ratio over the entire dataset and is used to compute the remaining calcite fraction (fCa)
over time. Speci cally, the equation to calculate the remaining calcite fraction is fCa(ggt ). Based on previous
sensitivity experiments for a glacial Northwest Iberian climate and the La Vallina cave setting (Lechleitner et al., 2021; Stoll
et al., 2023), the degassing slope f&g. is set to -8 %o, the bedrock scaling factor B to 1, and the attenuation factor AF
also to 1 for the entire last deglaciation. The resulting equation to calculate the PCP-corfé@gg is SCiyt (t) =
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B3 Details aboutthe model simulation

The underlying simulation is the experimeftfgbj', previously published and made publicly availble in Rome et al. (2022).

The simulation was completed using the HadCM3 atmosphere-ocean general circulation model in the BRIDGE (Bristol Re-

search Initiative for the Dynamic Global Environment group) version (Valdes et al., 2017). The model consists of 19 atmosphere
layers (2.5°x3.75°) (Pope et al., 2000), coupled to an ocean model with 20 layers (1.25° x 1.25°) (Gordon et al., 2001), and
includes the Moses 2.1 land model and TRIFFID dynamic vegetation model (Cox, 2001). The passive advective tracers were

added and run for 500 years in two selected periods, in which the AMOC was strong or weak, respectively.
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Table Al. (Table previous page.) New Uranium and thorium isotopic compositions and 230Th ages for Glas (GLA) and Candela

(CAN) samples analyzed by ICP-MS. U decay constants: 1238 = 1.55125x10-10 (Jaffey et al., 1971) and 1234 = 2.82206x10-6 (Cheng
et al., 2013). Th decay constant: 1230 = 9.1705x10-6 (Cheng et al., 2013). *d234U = ([234U/238U]activity — 1)x1000. ** d234Uinitial was
calculated based on 230Th age (T), i.e., d234Uinitial = d234Umeasured x el234xT. Corrected 230Th ages assume the initial 230Th/232Th
atomic ratio of 4.4 2.2 x10-6. Those are the values for a material at secular equilibrium, with the bulk earth 232Th/238U value of 3.8. The

errors are arbitrarily assumed to be 50%. ***B.P. stands for “Before Present” where the “Present” is de ned as the year 1950 A.D. The depth
noted in the last column is the mid-depth of all isotope sample trenches combined for the U-Th dating.

26



Figure Al. Scan of Stalagmite Glas before cutting a slab for the new trench.
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Figure A4. Comparison with NISA stalagmites covering segments of the same period: Laura (LAU) and Candela (CAN). Ages of Laura
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