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Abstract: A weakening of the Atlantic Meridional Overturning Circulation (AMOC) is
predicted to occur under multiple scenarios of future warming. However, the effect of
meltwater from a decaying Greenland Ice Sheet (GrlS) on AMOC is uncertain. Using a basin-
wide network of North Atlantic sediment cores, we show that the largescale melting of the
GrlS during a previous interglacial (Marine Isotope Stage 11c (MIS11c); 397 — 427 ka) led to
a millennial-scale, 30+15% weakening of AMOC and an associated abrupt 2 — 7°C cooling
event over the subpolar North Atlantic. Furthermore, we reveal that this AMOC weakening
occurred due to a combination of an abrupt transient weakening of Iceland Scotland Overflow
Water and a preceding long-term decline in the strength of Denmark Straits Overflow Water,
as well as an earlier cooling of the western subpolar gyre. Paleoclimate datasets indicate that
this re-arrangement of ocean circulation had an impact on terrestrial ecosystems and
atmospheric/oceanic circulation across the northern hemisphere and the low latitudes. This
study suggests that modern oceanographic conditions are analogous to those prior to the
MIS1lc AMOC weakening event, with comparable modern rates of GrlS melt to those
modelled for MIS11c. Critically, these findings provide empirical evidence that suggests the
potential vulnerability of AMOC weakening to GrlS decay.
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Main text:
Introduction

Continued global warming will push components of the Earth system closer to tipping points
that, if crossed, may trigger abrupt change (1). One of the most widely discussed tipping points
is the potential weakening, or even collapse, of the Atlantic Meridional Overturning Circulation
(AMOC), caused by freshwater flux into the North Atlantic through increased precipitation
and/or and the melting of high latitude sea-ice and glaciers (1-3). Paleoclimate evidence and
modelling studies suggest that an AMOC collapse would have major climatic and
socioeconomic impacts (4)(5), including strong cooling over much of the Northern
Hemisphere, and shifts in rainfall patterns over west Africa and central Asia (6,7). Future
AMOC weakening is, thus, a key concern for global policymakers and stakeholders.
Researchers have largely focussed their attention on abrupt events during glacial stages (e.g,
Dansgaard-Oeschger events), which have been related to shifts in the mode of operation of
AMOC (8), but as we are presently in an interglacial stage these glacial events are less relevant
as analogues for constraining modern/future AMOC behaviour. Thus, it is imperative to also
investigate AMOC and its response to forcing during warm climates, such as previous
interglacials. In this study, we investigate the response of AMOC and its key components to a
period of increased freshwater flux derived from the melting of Greenland Ice Sheet (GrlS)
during Marine Isotope Stage 11c.

There is uncertainty regarding both the magnitude and timing of any future weakening or
collapse in AMOC (2,3,9,10). Recent studies have proposed that AMOC could collapse by the
middle of the 21st century (2,3), but this contrasts with Intergovernmental Panel on Climate
Change (IPCC) projections that do not forecast AMOC collapse under any scenario prior to
2100 (11), with medium confidence. These discrepancies may reflect the fact that climate
models summarised in the IPCC reports do not accurately represent key ocean features such as
overflows (12), and that they could be biased towards stability; thus, underestimating the
potential risk of abrupt AMOC change (13,14). Furthermore, models may not accurately
represent ice sheet processes, nor do they routinely account for meltwater runoff from the GrlS
(15-17), which has recently been found to be melting 20% faster than previously thought (18).
Our understanding of the impact of GrlS melt on AMOC also remains poorly constrained:
meltwater experiments produce a wide range of estimates for the rate of GrIS melt necessary
to impact AMOC strength (e.g. 0.005 — 0.1 Sv), further complicated by differing impacts
dependent on meltwater spreading pathways (19-22).

Analysis of empirical data derived from intervals of GrIS melt in the geological past can be
used to investigate the potential response of AMOC and its components to freshwater release
derived from this source. Evidence suggests that the modern GrIS extent was reached ~7000
years ago, with minimal changes between then and the industrial era (20" century) (23,24).
Contrastingly, there is evidence from sediment provenance and pollen data which indicate that
a major reduction in GrlS extent relative to today occurred during Marine Isotope Stage 11c
(MIS 11c: 397,000 — 427,000 years ago) (25,26), when global surface temperatures were ~1°C
warmer than the Holocene/present day but with concentrations of atmospheric CO2 similar to
the pre-industrial period (~280 ppmv) (27,28). This period also has the most convincing
evidence for an abrupt climate event in northern Europe (29,30) and the North Atlantic (31—
33) from any pre-Holocene interglacial. A recent tephra-based correlation between a European
varved lake (Marks Tey) and North Atlantic marine sediment core (ODP Site 980) (34) has
shown that an abrupt centennial-scale decline in air temperature over northwest Europe was
synchronous with a surface ocean cooling in the northeast Atlantic. Furthermore, records from
across western and central Europe
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Fig. 1. Core locations and data synthesis compared to key climate forcings: (Top) IODP Site U1302 (50.2°N, 45.6°W; 3250m depth) (this
study); IODP Site U1305 (57.5°N, 48.5°W; 3463m depth) (this study, (36); ODP Site 983 (60.4°N, 23.6°W; 1983m depth) (this study, (33);
ODP Site 984 (61.0°N, 24.0°W; 1650m depth) (this study); IODP Site U1304 (53.1°N, 33.5°W; 3024m depth) (this study); ODP Site 980
(55.5°N, 14.7°W; 2170m depth) (this study, (71); projected on a map of North Atlantic Sea Surface Temperatures (200m depth) using data
from WOA18 plotted using Ocean Data View. Study core sites are depicted as white circles with black outlines. Key comparison sites in this
study are depicted by black circles. Key surface (solid) and intermediate/deep (dashed) ocean currents are depicted. (A, C) Key climate
forcings (duplicated above each dataset) including greenhouse gas data (CO, and CH,4) from EPICA Dome C (28) and summer insolation
data at July 65°N (72). (B) % Neogloboquadrina pachyderma records compared with compiled normalised Ice Rafted Debris records from
study sites. (D) Mean sortable silt data compared with a compiled normalised Ice Rafted Debris record from study sites. Coloured bars: grey
at onset and end of MIS 11c = ice rafting intervals; light grey = broad mid-interglacial cooling; dark grey = abrupt mid-interglacial cooling.

show this cooling triggered transformative ecological shifts (30). Currently, it is unclear
whether this interglacial cold event was caused by AMOC weakening linked to GrIS melt, and
if so, how the surface and deep components of AMOC contributed to the event.

To investigate these questions, palaeoceanographic proxy records were reconstructed using
International Ocean Drilling Program (IODP) sites at key locations across the subpolar North
Atlantic (see Methods) (Fig. 1). All sites were placed on a common stratigraphic age model via
alignment of each site’s Relative Palaeolntensity and benthic foraminiferal oxygen isotope
record (see Sl). Quantitatively calibrated downcore proxy changes are reported relative to the
modern ocean by comparison to modern core top values.

Planktic foraminifera census counts were used to reconstruct upper ocean temperature changes
across the subpolar North Atlantic (Fig. 1C). All sites reveal a prominent abrupt cooling event
(of 2—7°C) centred at ~413 ka, with a longer duration and more severe cooling in the central
Labrador Sea, consistent with previous studies (31,33,35,36). This event was not
associated with ice rafted detritus, unlike an earlier cold event at ~422 ka, which was associated
with the latter stages of the glacial termination (Fig. 1B). It has been proposed that the surface
ocean temperature anomaly of the Subpolar Gyre (SPG) region can be used as proxy for AMOC
strength (37,38)— AMOC temperature fingerprint (see Methods). Accordingly, we combine our
surface ocean temperature records to generate a surface ocean temperature-based record of
AMOC strength (AMOCspc.T; Figure 2A). Our AMOCsps.T record reveals long-term
weakening of AMOC from 420 — 413 ka, with a more abrupt weakening centred at ~ 413 ka,
representing a 50+ 15% decline in AMOC strength from the strongest (+15% relative to
modern) to weakest (-35% relative to modern) state during MIS 11c (420 — 413 ka), of which
30% occurred in association with the abrupt weakening at 413 ka. An earlier smaller (~15%)
transient weakening also occurred at 417 ka.

Additional evidence for changes in AMOC during the mid-MIS11c cold event is gained by
employing the mean sortable silt (SS) grain size proxy to reconstruct deep water flow speeds
at our core sites (Fig. 1D). These sites are located under the pathway of the two major Nordic
Overflows, Iceland Scotland Overflow Waters (ISOW) and Denmark Strait Overflow Waters
(DSOW) and are used to produce a record of the overall strength of the combined Nordic
Overflows. Figure 2A shows that the abrupt weakening recorded by our AMOCsps.T proxy was
accompanied by a 40% weakening (reaching -20% relative to modern strength at its lowest) of
the Nordic Overflows from 414 — 413 ka (Fig. 2B). This was preceded by a multi-centennial
15+20% weakening of AMOCnso event at 417 ka, which occurred against a background of
strong Nordic Seas overflows (+40% relative to modern) which was also associated with a
weakening in AMOCspc.T. Weakening of AMOC is also suggested by reconstructed declines
in benthic 8*3C and CaCOs preservation in the deep Northwest Atlantic at sites typically bathed
by North Atlantic Deep Water (NADW) during interglacials, suggesting the weakening and/or
shoaling or NADW (39,40) (Fig. 2C). Therefore, there is evidence of a substantial AMOC
weakening during mid-MIS11c from both surface and deep ocean proxy records that persisted
for ~1000 years before recovering.
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Fig. 2. Compiled Nordic Seas overflow records compared to the AMOC index and potential forcing mechanisms during the main
interglacial period of MIS 11c: (A) Reconstructed AMOC index (AMOCspc.1) presented as (red) global sea surface temperature anomaly
with reference to modern and (black) percent change with reference to modern AMOC (~ 18 Sv) (see Methods for more details). (B) Combined
Nordic Seas overflow record (AMOCyso) across MIS 11c presented as percent change with reference to modern, assuming an equal
contribution of both DSOW and ISOW. ISOW is depicted as a purple dashed line. DSOW is depicted as a green dotted line. Error bars shown
for AMOwso (10 and 20) were generated using a Monte-carlo runs with a 1 cm s error attributed, in addition to random perturbations using
age tie point uncertainties from this study (see SI) (C) Proxy records (Benthic d*3C and % CaCO3) of changes in the Deep Western Boundary
Current (DWBC) from ODP Site 1063 (39,73). % CaCO; was calculated using equations from (74). (D) Record Sea surface temperature
indicator (% N.pachyderma) record from the northern Subpolar Gyre (IODP Site U1305), highlighting the saturation of % N.pachyderma at
417 ka, earlier than other sites (see Fig. 1B), suggesting sea ice formation and reduction in local convective activity. (E) Greenland ice sheet
dynamics derived from CaCOs-free silt flux (grey dotted polygon) (25) and pollen concentrations (green polygon) (26). Modelled GrlS
meltwater flux was derived from Robinson et al. (2017) (see SI) (grey solid line) and has been temporally adjusted within age model
uncertainties so that the highest rates of meltwater flux coincide with the smallest sGrlS extent. Note this has been inverted. Coloured bars:
light grey = broad mid-interglacial cooling; dark grey = abrupt mid-interglacial cooling.

Differing behaviour of Nordic Overflows

Before exploring how different individual AMOC components contributed to the minimum in
AMOC strength at ~ 413 ka, we first explore and explain the behaviour of each of the Nordic
Seas Overflows through MIS11c, and in doing so provide the context necessary for developing
a mechanistic understanding of the abrupt MIS11c event (Fig. 3).

Figure 3 presents our SS based constraints on the two Nordic Seas overflows, revealing that
they exhibited different behaviour during MIS11c, consistent with similar findings from the
late Holocene (41) and instrumental period (42). Our data reveal that ISOW was anomalously
strong (+ 150£15% relative to modern) during mid-MIS 11c (Fig 3A). Previous Holocene work
has shown that ISOW reached a maximum strength once remnant ice sheets had melted away
and insolation changes reduced Arctic sea-ice export to the Nordic Seas, thus allowing strong
Nordic Seas deep convection. Our new results show similar behaviour during MIS 11c with a
prominent maximum in ISOW strength occurring during the later MIS11 maximum in 65°N
summer insolation, when proxy data from the Nordic Seas indicate changes in the water column
that favour increased convection (43,44), thus promoting stronger ISOW production (Fig 3A,
and Methods/SI).

In contrast to ISOW, DSOW was anomalously strong (+130%=x30% relative to modern) during
early MIS11c (423 — 417 ka; Fig 3B). We propose that this was due to the effects of the remnant
Laurentide Ice Sheet (LIS) on (i) atmospheric circulation, and (ii) surface ocean density
gradients. Model simulations show that a remnant LIS can promote more northerly winds in
the western Nordic Seas (45), which have been linked to a stronger flow of water along the
Greenland margin that feeds directly into, and strengthens, DSOW (41). Equally, model
simulations have also shown that increased meltwater derived from the decaying LIS can
reduce the density of the upper ocean in the Labrador and Irminger Seas, thus increasing the
density gradient across the Denmark Strait and driving a stronger DSOW (46). The result of
these two factors would be a substantially strengthened DSOW during greater LIS extent which
gradually weakens to modern values as the LIS retreats, in agreement with the proxy data (Fig.
3B).
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Fig. 3. Records of Nordic Seas overflows compared to key forcings across MIS 11c: (75). (A-D) Compiled ISOW record
compared to forcing mechanisms. (A): Boreal summer insolation was obtained from (72). (B): Compiled ISOW record (purple)
derived from Sites 983 and 984 (C): Oxygen isotopes derived from planktic foraminifera N.pachyderma (black) and
T.quinqueloba (grey) (76). Highlighted in red are consistent (multi-datapoint) offsets of >0.4%o, indicating a thermal regime,
favouring increased convection and stronger ISOW. (D): Nitrate utilisation (**N) indicates reduced utilisation during the mid-
late interglacial, indicating increased mixed-layer depth, favouring convection (43); (E-H) Compiled DSOW record compared
to forcing mechanisms. (E): Boreal summer insolation was derived from (72). (F): Compiled DSOW record from Sites U1302
and U1305 (green); (G-H): Lead isotope data indicates the earliest (G) and latest (H) timing of the Laurentide Ice Sheet
retreating to the late Holocene extent (Canadian Archipelago) on the age model of this study (late Holocene levels = dashed
line). The larger Laurentide Ice Sheet coincides with strongest DSOW. All records are presented relative to their modern
values (WOCE SSTs and modern coretop mean sortable silt values). Error bars shown for DSOW and ISOW (/¢ and 2a) were
generated using a Monte-carlo runs with a 1 cm s™ error attributed, in addition to random perturbations using age tie point
uncertainties from this study (see SI). Coloured bars: light blue = broad mid-interglacial AMOC weakening; dark blue =
abrupt mid-interglacial AMOC weakening.

Contributions to AMOC weakening

Next, we explore the contribution of ISOW and DSOW to AMOC weakening during mid-MIS
11c (Figure 2A). Figure 3A shows that there were two transient ISOW weakening events at
417 — 415 and 414 — 412 ka (each of approximately 40%). In isolation, neither event was
sufficient to drastically weaken overall AMOC strength; rather, it is because these events
occurred in addition to a long term (418 — 412 ka) decrease of 150+15% in DSOW strength
(Fig. 3B), which culminated in the overall minimum (-20+30% compared to modern) in
combined Nordic Overflow strength during the latter ISOW event at 413 ka (Fig. 2B).

Another clear difference in the climate state between the two ISOW weakening events is the
spatial extent of surface ocean cooling. An abrupt, large (7+£1.5°C), and persistent cooling of
the north-western SPG (Labrador Sea; Fig 3D) occurred at 417 ka which, based on the high %
Nps values, was likely associated with increased sea-ice cover; but this was spatially restricted
to the western SPG region, as southern-SPG and central/eastern subpolar North Atlantic sites
maintained low abundance of the polar foraminifera Nps at this time. In contrast, cooling
extended across the whole of the subpolar North Atlantic from 414 — 412 ka (i.e., during the
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second interval of ISOW weakening). These spatial surface ocean temperature patterns closely
resemble those expected for, respectively, a collapse of subpolar convection (associated with
weakened formation of water in the subpolar North Atlantic, today termed Labrador Sea Water
(LSW)), versus the more extensive cooling simulated for a more severe AMOC weakening
caused by the reduction of the Nordic Seas overflows (47).

Consequently, the broader AMOC weakening interval from 417 ka to 412 ka can be subdivided
into: (i) an initial stage (417 — 415 ka) involving a transient weakening of ISOW and a collapse
of subpolar convection (and by inference LSW weakening), with cooling and expansion of sea-
ice extent limited to the Labrador Sea region; and (ii) a second stage (414 — 412 ka)
characterized by widespread cooling of the entire subpolar North Atlantic linked to a further,
more severe weakening of AMOC caused by the combined effect of a now much weaker
DSOW and a transient ISOW weakening.

Weakening of AMOC during enhanced GrlIS melt

In addition to revealing that there was a decline in both the Nordic Seas overflows and overall
AMOC strength at 414 — 412 ka (Fig. 3A and 3B), we are able to directly align our records of
this event on the same timescale as the proxy records that reconstruct southern GrlS melt and
retreat (Fig. 3E). Previous work has used pollen records from Atlantic marine cores to indicate
GrlS deglaciation through the rapid development of spruce forest in southern Greenland at this
time (26). This has been supported by silt provenance data from similar archives to reconstruct
shifts in erosion patterns and, consequently, to infer a retreat of the southern GrlS. Stratigraphic
alignment of the respective cores enables us to show that the reconstructed period for AMOC
weakening coincided with this inferred melting of the Southern GrlIS, and the subsequent rapid
expansion of woodland in the region.

The maximum modelled rate of GrlS meltwater flux during MIS 11c was ~ 0.008 — 0.01 Sv
(Fig. 3E), which is at the lower end of the estimated flux required to impact AMOC, according
to modelling studies investigating AMOC weakening (19-22). Furthermore the GrlS flux
estimates from MIS 11c are substantially lower than the rate of freshwater flux currently
occurring (0.04 Sv) (48). Previous work has suggested that a meltwater flux of 0.01 Sv is
sufficient to weaken Labrador Sea convection if it persisted over a sustained period (21), and
present day meltwater fluxes are exceeding this and have been argued to be impacting Labrador
Sea convection (49). What is less certain is the impact of GrIS melt on DSOW in the future as
this is not as routinely investigated by ocean models. This is critical as, during MIS 11c, the
weakening of DSOW appears to have been a key contributor to the occurrence of the severe
AMOC weakening at 413 Kka.

Despite model experiments suggesting that there would have been continued, prolonged
melting of the GrlS, our data show that AMOC did not remain in a weakened state for the rest
of the interglacial, but instead the weak AMOC event persisted for ~1000 years before
recovering to pre-event levels (and stronger for the Nordic Overflows; Fig 2B)). This AMOC
recovery is consistent with model results from abrupt CO; forcing scenarios where AMOC
recovers on multi-centennial to millennial timescales (50) as well as the transient nature of the
Holocene 8.2 kilo-year event (40).

Are we poised to experience an AMOC event similar to during MI1S11c? Through a comparison
of the downcore data to modern (core-top) conditions, our data reveal that conditions today
bear close resemblance to those that occurred prior to the weak AMOC event at 413 ka, namely:
(1) ISOW has weakened throughout the mid-late Holocene (51) and it is at a similar strength
now as at 414 - 412 ka; (ii) the relative abundance of polar planktic foraminifera in the
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northwest SPG (Labrador Sea) region (and the broader basin-wide spatial pattern of upper
ocean temperatures), today, is comparable to that recorded after the SPG shift at 417 ka and
prior to the AMOC weakening event at 413 ka (Fig. 3c); and (iii) the present-day GrIS surface
mass-balance anomaly is comparable to modelled meltwater flux rates during MIS11c, and are
increasing (18). The key difference between conditions prior to the abrupt mid-MIS 11c
AMOC event and today is that, to our knowledge, there is no evidence reporting a significant
long-term (i.e. beyond inter-annual to decadal) weakening of DSOW, which our data suggest
was a key component of the MIS11c AMOC weakening (see Sl). Of concern are observations
showing a recent short-term decline in the Deep Western Boundary Current transport along the
eastern flank of Greenland, by 26% from 2014 to 2020, due to thinning of the mixed layer and
weakening velocities (18,52). Based on evidence from MIS11c, it is important that we continue
to monitor the changing strength of DSOW.

Climatic impacts of AMOC weakening during MIS 11c

Modelling studies have demonstrated that any future weakening of the AMOC will have global
climate consequences (4)(5). Beyond its effect on North Atlantic conditions, simulations
predict that an AMOC slowdown would significantly impact temperatures and precipitation
patterns across Europe and West Africa and affect monsoon intensity in Asia (4). These shifts
would trigger substantial socioeconomic impacts, including changes in wildfire magnitude and
frequency, as well as agricultural productivity (4). As the scale of AMOC weakening identified
in this study during MIS 11c (30-50%) is comparable to that predicted under future warming
scenarios (12 — 54%) (53), the climate impacts of our MI1S11c AMOC weakening event should
be detectable in appropriate palaeoclimate archives elsewhere in the world.

A review of palaeoenvironmental archives that span MIS 11c indicate that evidence for climatic
instability coincident with our evidence for AMOC weakening is widespread across a range of
locations worldwide. This includes evidence for cooling and/or aridification in both northern
and southern Europe (Fig. 4A and 4C), reductions in SST from marine cores of the Atlantic
margins of southwest Europe and west Africa (Fig. 4E and 4F) and weakening of the strength
of the Asian monsoon (Fig. 4D). In many of these regions there is demonstratable evidence for
ecological disruption in association with this instability (35). The timing of our reconstruction
of the onset of broad AMOC weakening is also coincident with an abrupt short-lived increase
in atmospheric COz concentrations (a carbon dioxide jump, or CDJ) (Fig. 4H). It has been
postulated that the CDJ within MIS 11c is a result of large-scale disruption of AMOC during
this interglacial (28) and our findings would support this, though it is notable no such similar
increase occurred during maximum MIS 11c AMOC weakening. In summary, the weakening
of AMOC during MIS 11c is accompanied by widespread climate instability which is
consistent with the findings of studies that model the impact of future weakening/shutdown of
AMOC.
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Fig. 4. Global comparison of key MIS 11c records that show evidence for mid-interglacial instability associated with AMOC weakening:
(A) Temperature and key vegetational data from Marks Tey palaeolake, Northwestern Europe. Oxygen isotope data from authigenic calcite
laminations indicating changes in summer air temperature (29). Solid black line = 11.pt running mean; translucent grey line = raw data.
Erroris 1o = 0.09; compared with percentage change in grass pollen (29), with increasing percentages indicating an open landscape (note
reversed axis). Data from Marks Tey has been aligned to the study age model using the age of the tephra layer at ODP Site 980 (34). Note that
Marks Tey data is presented on depth as just the varved section (~ 12 — 16) has robust chronological control, whilst the rest of the sequence
does not have a known sedimentation rate. (B): Pollen-based temperature (red) and precipitation (blue) reconstructions from North-east
Siberia (77). WMT = Warmest month temperature; MAP = Mean annual precipitation. Error bars show highest and lowest values. (C)
Strontium Calcium ratios from Basuru Cave speleothem record, Northern Italy (78). Higher values (note reversed axis) indicate cooler, drier
conditions. (D) Oxygen isotope data from Yongxing Cave speleothem record from Eastern China. Higher values (note reversed axis) indicate
weaker Asian Summer Monsoon (79). Blue lines for both B and C are the suggested equivalent of the mid-MIS 11c severe AMOC weakening
and have been highlighted due to the high variability in these records (E) Alkenone (U;;) derived Sea Surface Temperature record of MIS
11c from Site MD01-2443 (37.9°N, 10.2°W; water depth 2925m), Iberian margin, on the age model of this study (44). (F) Faunal (Modern
Analogue Technique) Sea Surface Temperature record of MIS 11c from ODP Site 958 (24.0°N, 20.0°W; water depth 3728m), North-west
African margin, on the age model of this study (80). (G) AMOCspc.1 presented as a comparison to global records of MIS 11c. (H) Global
climate forcings including Carbon dioxide (red), methane (green) (28) and insolation (dashed black) (72). Light blue shading indicates broad
AMOC weakening, dark blue shading indicates abrupt AMOC weakening. Dashed blue line from top to bottom indicates the potential
equivalent stratigraphic positions of the onset of AMOC weakening at ~ 417 ka in this study, marked by the CDJ- event in panel F. Note that
the greenhouse gas concentrations are on AICC2023 (81), as is the data from this study.

MIS 11c AMOC weakening: a lesson for the future?

AMOC is a crucial component of the climate system, but its response to ongoing and projected
GrlIS melting is uncertain. Our study has shown that a 30+15% mid-interglacial weakening of
AMOC occurred during MIS 11c, with associated shifts in the global climate system.
Moreover, our data reveal that this AMOC weakening event occurred during the most
substantial wastage of the GrlIS of the past 500,000 years. We propose that GrlS melt was
causally responsible for the AMOC weakening. There is wide debate about when or if GrlS
melting may cause AMOC weakening. Our study indicates that AMOC may respond to GrIS
wastage even when melt rates are relatively low (0.01 Sv or less). Furthermore, we find that
conditions today bear close resemblance to those prior to the mid-MIS 11c AMOC weakening.
In MIS 11c, a substantial weakening of DSOW was a key factor contributing to the weak
AMOC event, highlighting the need to correctly understand, monitor and model this AMOC
component. Based on the analogy of events during MIS11c as revealed by our study, if present
rates of GrIS melt continue, we should expect AMOC to weaken and for that weakening to
have far reaching impacts on the Earth system.
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Main text figure captions:

Fig. 1. Core locations and data synthesis compared to key climate forcings: (Top) IODP
Site U1302 (50.2°N, 45.6°W; 3250m depth) (this study); IODP Site U1305 (57.5°N, 48.5°W;
3463m depth) (this study, (36); ODP Site 983 (60.4°N, 23.6°W; 1983m depth) (this study, (33);
ODP Site 984 (61.0°N, 24.0°W; 1650m depth) (this study); IODP Site U1304 (53.1°N, 33.5°W;
3024m depth) (this study); ODP Site 980 (55.5°N, 14.7°W; 2170m depth) (this study, (71);
projected on a map of North Atlantic Sea Surface Temperatures (200m depth) using data from



560

562

564

566

568

570

572

574

576

578

580

582

584

586

588

590

592

594

596

598

600

602

604

606

This paper is a pre-print submitted to EarthArXiv. This has not been peer-reveiwed.

WOAI18 plotted using Ocean Data View. Study core sites are depicted as white circles with
black outlines. Key comparison sites in this study are depicted by black circles. Key surface
(solid) and intermediate/deep (dashed) ocean currents are depicted. (A, C) Key climate forcings
(duplicated above each dataset) including greenhouse gas data (CO2 and CH4) from EPICA
Dome C (28) and summer insolation data at July 65°N (72). (B) % Neogloboquadrina
pachyderma records compared with compiled normalised Ice Rafted Debris records from study
sites. (D) Mean sortable silt data compared with a compiled normalised Ice Rafted Debris
record from study sites. Coloured bars: grey at onset and end of MIS 11c = ice rafting intervals;
light grey = broad mid-interglacial cooling; dark grey = abrupt mid-interglacial cooling.

Fig. 2. Compiled Nordic Seas overflow records compared to the AMOC index and
potential forcing mechanisms during the main interglacial period of MIS 11c: (A)
Reconstructed AMOC index (AMOCspc.1) presented as (red) global sea surface temperature
anomaly with reference to modern and (black) percent change with reference to modern AMOC
(~ 18 Sv) (see Methods for more details). (B) Combined Nordic Seas overflow record
(AMOCnso) across MIS 11c presented as percent change with reference to modern, assuming
an equal contribution of both DSOW and ISOW. ISOW is depicted as a purple dashed line.
DSOW is depicted as a green dotted line. Error bars shown for AMOnso (1o and 26) were
generated using a Monte-carlo runs with a 1 cm s* error attributed, in addition to random
perturbations using age tie point uncertainties from this study (see SI) (C) Proxy records
(Benthic d*3C and % CaCO3) of changes in the Deep Western Boundary Current (DWBC) from
ODP Site 1063 (39,73). % CaCO3 was calculated using equations from (74). (D) Record Sea
surface temperature indicator (% N.pachyderma) record from the northern Subpolar Gyre
(1ODP Site U1305), highlighting the saturation of % N.pachyderma at 417 ka, earlier than other
sites (see Fig. 1B), suggesting sea ice formation and reduction in local convective activity. (E)
Greenland ice sheet dynamics derived from CaCOzs-free silt flux (grey dotted polygon) (25)
and pollen concentrations (green polygon) (26). Modelled GrlS meltwater flux was derived
from Robinson et al. (2017) (see SI) (grey solid line) and has been temporally adjusted within
age model uncertainties so that the highest rates of meltwater flux coincide with the smallest
sGrIS extent. Note this has been inverted. Coloured bars: light grey = broad mid-interglacial
cooling; dark grey = abrupt mid-interglacial cooling.

Fig. 3. Records of Nordic Seas overflows compared to key forcings across MIS 11c: (75).
(A-D) Compiled ISOW record compared to forcing mechanisms. (A): Boreal summer
insolation was obtained from (72). (B): Compiled ISOW record (purple) derived from Sites
983 and 984 (C): Oxygen isotopes derived from planktic foraminifera N.pachyderma (black)
and T.quinqueloba (grey) (76). Highlighted in red are consistent (multi-datapoint) offsets of
>0.4%o, indicating a thermal regime, favouring increased convection and stronger ISOW. (D):
Nitrate utilisation (**N) indicates reduced utilisation during the mid-late interglacial, indicating
increased mixed-layer depth, favouring convection (43); (E-H) Compiled DSOW record
compared to forcing mechanisms. (E): Boreal summer insolation was derived from (72). (F):
Compiled DSOW record from Sites U1302 and U1305 (green); (G-H): Lead isotope data
indicates the earliest (G) and latest (H) timing of the Laurentide Ice Sheet retreating to the late
Holocene extent (Canadian Archipelago) on the age model of this study (late Holocene levels
= dashed line). The larger Laurentide Ice Sheet coincides with strongest DSOW. All records
are presented relative to their modern values (WOCE SSTs and modern coretop mean sortable
silt values). Error bars shown for DSOW and ISOW (16 and 26) were generated using a Monte-
carlo runs with a 1 cm s error attributed, in addition to random perturbations using age tie
point uncertainties from this study (see Sl). Coloured bars: light blue = broad mid-interglacial
AMOC weakening; dark blue = abrupt mid-interglacial AMOC weakening.
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Fig. 4. Global comparison of key MIS 11c records that show evidence for mid-interglacial
instability associated with AMOC weakening: (A) Temperature and key vegetational data
from Marks Tey palaeolake, Northwestern Europe. Oxygen isotope data from authigenic
calcite laminations indicating changes in summer air temperature (29). Solid black line = 11.pt
running mean; translucent grey line = raw data. Error is 16 = 0.09; compared with percentage
change in grass pollen (29), with increasing percentages indicating an open landscape (note
reversed axis). Data from Marks Tey has been aligned to the study age model using the age of
the tephra layer at ODP Site 980 (34). Note that Marks Tey data is presented on depth as just
the varved section (~ 12 — 16) has robust chronological control, whilst the rest of the sequence
does not have a known sedimentation rate. (B): Pollen-based temperature (red) and
precipitation (blue) reconstructions from North-east Siberia (77). WMT = Warmest month
temperature; MAP = Mean annual precipitation. Error bars show highest and lowest values.
(C) Strontium Calcium ratios from Basuru Cave speleothem record, Northern Italy (78). Higher
values (note reversed axis) indicate cooler, drier conditions. (D) Oxygen isotope data from
Yongxing Cave speleothem record from Eastern China. Higher values (note reversed axis)
indicate weaker Asian Summer Monsoon (79). Blue lines for both B and C are the suggested
equivalent of the mid-MIS 11c severe AMOC weakening and have been highlighted due to the
high variability in these records (E) Alkenone (U%;7-) derived Sea Surface Temperature record
of MIS 11c from Site MD01-2443 (37.9°N, 10.2°W; water depth 2925m), Iberian margin, on
the age model of this study (44). (F) Faunal (Modern Analogue Technique) Sea Surface
Temperature record of MIS 11c from ODP Site 958 (24.0°N, 20.0°W; water depth 3728m),
North-west African margin, on the age model of this study (80). (G) AMOCspc.T presented as
a comparison to global records of MIS 11c. (H) Global climate forcings including Carbon
dioxide (red), methane (green) (28) and insolation (dashed black) (72). Light blue shading
indicates broad AMOC weakening, dark blue shading indicates abrupt AMOC weakening.
Dashed blue line from top to bottom indicates the potential equivalent stratigraphic positions
of the onset of AMOC weakening at ~ 417 ka in this study, marked by the CDJ- event in panel
F. Note that the greenhouse gas concentrations are on AICC2023 (81), as is the data from this
study.
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Materials and Methods:
Study site selection:

In the Labrador Sea, IODP Sites U1302 (50.2°N, 45.6°W; 3250m depth) and U1305 (57.5°N,
48.5°W; 3463m depth) are ideally situated to monitor changes in subpolar climate proximal to
Greenland. South of Iceland, ODP Sites 983 (60.4°N, 23.6°W; 1983m depth) and 984 (61.0°N,
24.0°W; 1650m depth) monitor changes in the Polar Front (PF) (1). Site U1304 (53.1°N,
33.5°W; 3024m depth) monitor changes in the Sub-Arctic Convergence (SAC) (2). Site 980
(55.5°N, 14.7°W; 2170m depth) contains the tephra layer which links SST changes to annually
laminated lake sediments in Britain (3). Together, these monitor the Sub-Polar Gyre (SPG), the
most sensitive region to AMOC weakening (4). Furthermore, Sites 983 and 984 monitor the
production of Iceland Scotland Overflow Water (ISOW), whilst Sites U1305 and U1302
monitor the production of Denmark Strait Overflow Water (DSOW). Combined, these form
the densest component of North Atlantic Deep Water (Lower NADW) constituting
approximately two-thirds of overall NADW production (5). The remaining third is Upper
NADW, formed in the open subpolar North Atlantic, also termed Labrador Seawater (LSW).

Sediment washing and preparation for faunal and sortable silt analysis:

Sediment samples for all sites were ordered from the IODP repository, Bremen, ready for
processing at UCL Geography Laboratory. These were weighed upon arrival, frozen, freeze-
dried, and weighed again. Dried samples were gently disaggregated on a rotating wheel
overnight before being wet sieved through a 63pum sieve with deionized water. The <63um
fraction underwent the SS process. Coarse samples were dried at < 40°C before weighing and
collecting in 5ml vials ready for foram-census and Ice-Rafted Debris counts using a low-
powered Leica stereo microscope.
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Sortable silt preparation and analysis:

The < 63um fraction was left until settled after washing. After settling, water was siphoned
off and the slurry of sediment was transferred to conical flasks using 2M acetic acid. Samples
were topped up to 150ml of acetic acid and gently swirled. Sediment was then left to settle
until at least the next day. Once settled, samples were siphoned again before adding another
100 — 150ml of acetic acid, then swirled to mix well. Samples were left to settle again until at
least the next day. Once settled, the acetic acid was siphoned off before filling with De-
lonized (DI) water. Samples were again left to settle until at least the next day. Once settled,
200ml of 2M sodium carbonate was added to each sample whilst swirling. Flasks were placed
in a water bath that had been set to 85°C for at least 5 hours, stirring at 2 and 4 hours. Once
removed, samples were given time to cool and settle before siphoning off sodium carbonate
and adding DI water. This process removes silicates and opal. Samples were left to settle at
least until the next day. Once settled, samples were siphoned before adding another fill of DI
to rinse. Samples were then left to settle for several days. Once settled, samples were
siphoned to remove DI before transferring into Nalgene bottles using 0.2% Calgon. At this
point samples were ready for analysis. Sortable silt values were measured using a Beckman
Coulter Multi-Sizer 4. Samples were placed for 24 hours on a rotating wheel, and then ultra-
sonicated for 3 minutes to disaggregate particles. Samples were well shaken for 10 seconds
with the lid on before removing the lid and shaking for a further 10 seconds. Aliquots were
pipetted into the Beckman Coulter Multi-Sizer 4 glass beaker, that has a nipple in the base to
induce turbulent flow in the fluid. At least 2 aliquots were used per measurement to reduce
pipetting errors. Particles were suspended in an electrolyte and drawn through a small
aperture where they displace their volume of electrolyte causing impedance changes, which
are sized and counted with a total 70,000 particles counted per run. Samples were run at least
twice; however, further measurements were taken if repeat runs were not within less than
0.8um of each other. All runs were averaged to provide a measure of mean Sortable Silt. The
Sortable Silt mean size was calculated in the normal sedimentological convention on log-
transformed weight (or volume) frequency size of the 10-63 pm range. ODP 980 was not
selected for sortable silt analysis due to: (i) the presence of a re-circulating gyre in Rockall
Trough; and (ii) ISOW is not the major control on flow speed at this location.

AMOCnso Reconstruction

The Nordic Seas overflows directly provide ~ 30% of the volume transport of the lower limb
of the AMOC (5). By the time these overflows reach the study sites they have undergone
entrainment and doubled their volume to make up ~ 2/3 of AMOC strength. Consequently,
reconstructing changes in the strength of the Nordic Seas overflows at the study sites
provides a physical measure of a key AMOC component. This study reconstructs both
components of the Nordic Seas overflows, ISOW and DSOW. To examine changes in the
overall strength of Nordic Seas overflows, the individual mean sortable silt records for ISOW
(Sites 983 and 984) and DSOW (Sites U1302 and U1305) were converted into flowspeeds.
Once converted from mean sortable silt to flowspeed (Equation 1), each site record was
linearly interpolated onto a common time step (every 300 years between 400 and 425 ka) and
averaged to create records of ISOW and DSOW. To generate an overall record of changes in
Nordic Seas overflow strength, the ISOW and DSOW records were converted into percentage
change with reference to modern coretop flowspeeds, then the total strength of the overflow
was calculated by taking the average of the changes in each overflow relative to modern and
MIS 11c.

Flowspeeds were calculated using the Equation 1, which is derived from, and only marginally
differs from the ‘Main Line’ calibration of McCave et al. (2017) (Equation 2), with the minor
modification due to slightly different values obtained when running calibration samples at
UCL.
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Equation 1. Calculating flow speed (from Coulter Counter data). U = Velocity (flow speed) in cm/s and SS = mean
sortable silt grain size in mm.
U = 1.205 x SS — 20.12

Equation 2. Original flow speed calculation (for Coulter Counter data). U = Velocity (flow speed) in cm/s and SS = mean
sortable silt grain size in mm (McCave et al., 2017).

U =1.23x55-19.53
AMOCNnso errors were generated by running a series of Monte-Carlo simulations for
individual site records and propagating the errors to get a combined overflow error. A
flowspeed error of 1 cm s was attributed (McCave and Andrews, 2017), in addition to
random perturbations using age tie point uncertainties from this study in order to incorporate
both measured proxy and age model uncertainties.

AMOCspc-T Reconstruction

Changes in the surface ocean temperature of the SPG region has been suggested to be a proxy
for AMOC strength (4). This is based on a weakening AMOC reducing the advection of heat
to this region, such that the difference between the average of the surface ocean temperature
anomaly in SPG region and the global SST anomaly provides an estimate of AMOC strength
(Fig 4.5) (4,7). Caesar et al (2018) used November to May SST anomalies, which is
compatible with our use of planktic foraminiferal faunal ‘SSTs’ since these likely reflect
temperatures at ~ 75m depth (8), which are mainly set during the deeper mixing of winter-
spring. In Caesar et al. (2018), only sites in the central/western SPG region were included in
the AMOCspc.T index; however, other work has shown that sites in the northeast Atlantic
may also be sensitive to shifts in the AMOC, and longer timescales (multi-centennial) AMOC
changes have been associated with a broader North Atlantic warming pattern (9-12).
Consequently, all sites in this study have been included in the SPG index, noting that not all
sites contain data for the intervals 425 — 423 ka and 404 — 400 ka (see Appendix 2 for which
sites were used for each time interval). The main time interval (423 — 405 ka) for this study
includes data from all sites.

There has been criticism of this approach to reconstructing AMOC (13). The “warming hole”
in the SPG region has been attributed to AMOC slowdown by some (4), but others suggest
this overlooks the multitude of physical mechanisms that control North Atlantic surface
ocean temperatures. Over longer timescales, reconstructions of AMOC fingerprint have
compared well with proxy reconstructions of ocean circulation and the broader warming of
the subpolar North Atlantic during a strong AMOC is consistent with the bipolar seesaw
concept (11). Furthermore, we compare our AMOC fingerprint reconstruction to physical
records of deep ocean current strength.

For the calculation of the AMOC index, (AMOCspc-1), study site SSTs were generated using a
combination of Nps-inferred SSTs for records with %Nps values typically between 20 and 90
% abundance (Sites U1302 and U1305), and Modern Analogue Technique (MAT)-inferred
SSTs for sites where %Nps consistently exceed these values (Sites 980, 983, 984, and U1304).
The modern SST values were taken from WOCE datasets (MAT SSTs) and Kucera et al. (2005)
for Nps percentages.

Once individual records of SSTs were generated, each site record was linearly interpolated
onto a common time step (every 300 years between 400 and 425 ka), with the exception of
Sites 983 and 984 which were combined into a single record due to their proximity. To
generate an AMOCspc.1, €ach SST record was converted into percentage change relative to
modern. The interpolated records of each site were then averaged to obtain an average SST
anomaly for the subpolar North Atlantic relative to modern. The global temperature anomaly
(T) was generated by linearly interpolating the temperature record from Shakun et al. (2015),
onto the same timestep as the SST records. AMOCspc-1 Was then calculated by subtracting
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the Shakun et al. (2015) dataset from the generated combined SST anomaly (see Equation 3).
To examine changes in AMOC strength, the AMOCspc.1 values were multiplied by 2.3
following Rahmstorf et al. (2015) and compared to modern AMOC strength (~ 18 Sv) by
converting into percentage change.

AMOCspc.T errors were generated by running a series of Monte-Carlo simulations for
individual site records and propagating the errors to get a combined SST anomaly error. This
was also propagated through the global temperature anomaly error. An SST error of 1°C was
attributed, in addition to random perturbations using age tie point uncertainties from this

study in order to incorporate both measured proxy and age model uncertainties.

Equation 3: AMOC fingerprint following Caesar et al. (2018): lamoc = AMOC fingerprint. SST 4., = mean SST records
from ODP Sites 980 (MAT), 983/984 (MAT), IODP Sites U1304 (MAT), U1305 (Nps-SSTs), and U1302 (Nps-SSTs). MAT
has been used where % Nps was regularly below 20%. SST ¢, = Global SST Anomaly (Shakun et al., 2015).

Iimoc = SSTspe — SSTgi0pa1
Isotopic analysis of planktic and benthic foraminifera:
Stable isotope measurements on planktic foraminifera assemblages of Nps were targeted at
intervals of particularly low resolution in the updated age model, resulting in 34 new samples.
30 specimens per sample (~ 150 — 200ug) were hand-picked from the 150 - 250um size
fraction. These were run at the Godwin Laboratory, University of Cambridge. Foraminifera
are transferred into sample vials, crushed, and soaked in a solution of 3% Hydrogen Peroxide
for 30 minutes. Acetone (AR) is added and the sample ultrasonicated for 10 seconds and then
the liquid is carefully decanted off using a tissue. The samples are dried in an oven at 50°C
overnight. The vials are sealed with a septa and screw cap and the samples are analysed using
a Micromass Multicarb Sample Preparation System attached to a VG SIRA Mass
Spectrometer. Each run of 30 samples is accompanied by 10 reference carbonates and 2
control samples. The results are reported with reference to the international standard VPDB
and the precision is better than +/-0.08%o for 30/*°0.
Samples of Cibicidoides wuellerstorfi (C.wull) (IODP U1304), Cib.sp (ODP 984) were run at
the Godwin Laboratory, Cambridge. Foraminifera are transferred to sample vials, crushed
and then dried in an oven at 50°C. The vials are loaded on a carousel and analysed using a
Thermo Kiel device attached to a Thermo MAT253 Mass Spectrometer in dual inlet mode.
The preparation system operates automatically analysing samples in sequence. 104%
orthophosphoric acid is dropped onto the evacuated vial and reacts with the Calcium
Carbonate sample. The evolved Carbon Dioxide is cryogenically dried and then admitted to
the dual inlet mass spectrometer for isotopic analysis by comparison with a reference gas.
Each run of 30 samples is accompanied by 10 reference carbonates and 2 control samples.
The results are reported with reference to the international standard VPDB and the precision
is better than +/-0.08%. for 130/1°0.

Supplementary Text

1. Age model construction
A common age model for MIS 11c was produced for study sites in the North Atlantic region.
This was done by (1) choosing a tuning target (in this case, GLTsyn); (2) tuning the % Nps
record of ODP Site 980 to this; (3) tuning the remaining marine sediment core records (ODP
Sites 983 and 984, and IODP Sites U1304 and U1305) to Site 980 using stable oxygen
isotopes of benthic foraminifera, Relative Palaeolntensity, and major increases in Ice-Rafted
Debris; (4) tuning IODP Site U1302 to Site U1305 through planktic foraminifera stable
oxygen isotopes, Relative Palaeolntensity, and major increases in IRD. Additional stable
isotope data were generated to help facilitate this.
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Constructing a base age model using GLTsyn as a tuning target

This study utilises the Synthetic Greenland Temperature record (GLTsyn) on the AICC2023
chronology (1,14-16). Changes in Greenland air temperature are thought to correlate with
SST changes in the subpolar North East Atlantic (1). GLTsyn is derived from the Antarctic
temperature record from Jouzel et al. (2007). It is based on the thermal bipolar seesaw
millennial-scale relationship between Greenland and Antarctica (14,17). According to this
model, we should see an antiphase relationship between the rate of change of Antarctic
temperature and the Greenland temperature anomaly. This is complicated by uncertainties
associated with ice age-gas age offsets; however, it has reproduced much of the variability
seen in the physical Greenland temperature record (14).

Beyond the radiocarbon limit, it is difficult to independently align records due to large age
uncertainties associated with absolute dating methods; therefore, an alternative approach is
necessary. The mid-points of abrupt transitions, in addition to pronounced peaks and troughs,
associated with millennial-scale oscillations such as those observed in the Greenland ice core
record provide an ideal tuning target for marine proxy data beyond typical absolute dating
methods (18).

The AICC2023 chronology using GLTsyn (derived from the Antarctic ice core record) has
been chosen to permit comparisons of sites to atmospheric greenhouse gas changes. This
relies on the assumption that Nps variability in the tuned record (Site 980) reflects changes in
the synthetic Greenland air temperature however, the relationship appears reasonable (SI Fig.
1A). The LR04 age model has not been used in this study as it does not account for
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Sl Fig. 1. Study Age model on AICC23: (A) Base age model generated by producing Nps tie points from ODP 980 (red; this study, (60))
(red triangles) to GLTgn (black) on the AICC23 timescale (1,18); (B) Ice Rafted debris tie points at 422.5 ka for study sites. (C) Benthic
oxygen isotope tie points for Sites U1305, U1304, 983, and 984 to ODP 980. U1302 does not presently have a published benthic oxygen
isotope record. Sites 980, U1305, and U1304 have mid-weighted 3-point average solid lines with raw data as faded lines of the same
colour. (D) Relative Palaeolntensity tie points for Sites U1304, 984, 983, U1305, and U1302, to ODP 980. Sites are placed on a y axis
reflecting arbitrary RPI units which have been scaled logarithmically (log(10)). (E) Reconstructed sedimentation rates for all study sites
on the present age model in metres per kiloyear. Note that the highest sedimentation rate for Site U1302 is beyond the axis limit at 3.18
m/kyr. Coloured triangles indicate tie points to the base age model. These correspond to the colours used for each site. Colours: Red =
ODP 980; orange = IODP U1304; yellow = IODP U1305; green = IODP U1302; dark blue = ODP 983; light blue3 = ODP 984.

changes in sedimentation rate as a result of millennial-scale changes in climate and deep-sea
currents, instead assuming a relatively constant sedimentation rate within interglacials (19—
21). As this study is conducted across a single interglacial and is primarily focussed with
abrupt climate change it would be inappropriate to not account for this.
Following (1,14,18,22), the % Nps record of Site 980 has been tuned to mid points, peaks,
and troughs of millennial scale oscillations in GLTsyn on AICC2023 (Fig. 1A). Site 980 was
chosen for two reasons: (1) Site 980, of all the marine sediment cores used in this study, has
the most complete benthic isotope stratigraphy. Consequently, it provides a high-resolution
record to tune other sites to; and (2) Site 980 contains a tephra layer during the transition into
a cooling event indicated by % Nps changes, which is also present at Marks Tey during an
interval of isotopic decline (3). It was beyond the scope of this study to look for tephra at all
of the marine sites to confidently correlate them, especially because there is no guarantee that
this tephra layer would be present at every site, but this would be a useful target for future
work. Whilst it is an assumption that we are aligning the same events, it is the best available
method for marine sediment cores beyond the radiocarbon limit (18). The following sections
will detail how each site was aligned to Site 980 and thus aligned to the AICC2023 timescale.
1.1. Utilising benthic stable oxygen isotope records to tune to Sites to ODP Site 980

Stacks of benthic oxygen isotopes of foraminifera have long been used to correlate sediment
cores on glacial-interglacial timescales (20,23-26). This study does not tune each core to the
LRO04 global benthic oxygen isotope stack for several reasons. The LR04 stack has an age
error suggested to be +/- 4 kyr in older interglacials (20,27), which is not suitable for
examining the relative timing of millennial-scale events between cores. Whilst GLTsyn on
AICC2023 has a similar age uncertainty, GLTsyn contains distinct millennial features, so that
the resultant age uncertainties result from the duration of the feature chosen to tune to, which
are much smaller. Secondly, the LR04 stack does not account for changes in sedimentation
rate at sub-orbital timescales, which is likely to be the case during abrupt climate change
events. Thirdly, tuning records directly to Site 980 (on GLTsyn) tunes the records to the
Antarctic Ice Core chronology, which is associated with a better precision error than LR04
(28) and allows direct comparison to records of global greenhouse gas changes.
This study does use benthic oxygen isotopic change as tie points during the Terminations and
glacial inceptions, as these large magnitude features are likely to be concurrent across all sites
due to their relatively close geographic locations. For sub-orbital features, we primarily make
use of Relative Palaeolntensity (RPI).

1.2. Utilising Relative Palaeolntensity records to tune to Sites to ODP Site 980

RPI is a measure of the strength of the Earth’s magnetic field, which was first measured by
Gauss in 1835. Consequently, fluctuations should record global scale changes at each site.
This can be measured continuously across sediment cores, providing high-resolution records
for correlation. A number of Palaeolntensity stacks e.g. PISO-1500 (29); Sint-800 (30); Sint-
2000 (31); NAPIS-75 (32) have been generated across a variety of timescales and spatial
extents.
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The RPI proxy can be generated in a number of ways but usually uses the Natural Remanence
Magnetization (NRM) of sediment. This takes into account magnetic field strength, magnetic
concentration, lithology, and environmental changes. For RPI to work, it is necessary to
remove the lithological component and ideally have a record solely of magnetic field
strength. To remove the lithological component, NRM is normalised using one of: Isothermal
Remanent Magnetization (IRM), Anhysteretic Remanent Magnetization (ARM), and
Susceptibility (33—36). Susceptibility is not commonly used as it is sensitive to large
multidomain magnetite grains, often part of IRD, as well as small grains (37). In ideal
conditions, each normaliser will produce the same record.
There are several caveats when using RPI to tune sediment records to each other. The first is
which normaliser to use, as previously mentioned. Of critical importance, one must also
consider the difference in age between particles settling through the water column and when
it is locked into position in the sediment (the ‘Lock-In Depth”). This has been difficult to
quantify; however, any age error associated with this will decrease with higher sedimentation
rates (38,39). As such, it is preferable to work with sedimentation rates >6cm/kyr, to record
millennial-scale changes in RPI and avoid considerable errors due to Lock-In Depth of
magnetised particles. All sites in this study have average sedimentation rates higher than this.
As with benthic isotope work, we have chosen not to tune our record to a specific global or
broader regional stack. Instead, we choose to tune our records to Site 980 on for the reasons
detailed previously.

1.3. Utilising planktic oxygen isotope records for age model tuning

For most of the sites used in this study, benthic oxygen isotopes from foraminifera and RPI
measurements were sufficient to construct a common chronology. For Site U1302 there is a
lack of published benthic isotope data due to poor benthic foraminifera preservation and/or
abundance at this location; however, there is a detailed planktic isotope record of Nps (40).
The comparison between surface planktic isotopes of Nps at Site U1302 (40) and Site U1305
(41) reveals a striking resemblance between the two throughout the MIS 11c. Consequently,
once Site U1305 had been tied to Site 980, Site U1302 was tied to Site U1305 using a
combination of RPI and planktic isotopes. It became apparent that the record for Site
U1302’s much lower temporal resolution (Site U1302 = 111, U1305 = 374 for the MIS 11
interval) prohibited a complete set of robust age model tie points. As a result, 34 further
isotope data points were generated during intervals of particularly low resolution.
Nps is common during MIS 11c at Site U1302, allowing for consistent measurements across
samples. This species can inhabit a large range of depths; however, it normally occurs in the
mesopelagic layer below the pycnocline (42—-44). Whilst it is true that planktic isotope
records, particularly at high latitudes, can be strongly influenced by ice-surges, meltwater
events, and brine rejection (45), the surface water mass in the Labrador sea appears to be
broadly consistent across both sites. Furthermore, the use of RPI to improve stratigraphic
correlation helps overcome this issue (46).

1.4. Age model presentation and discussion of age uncertainty

The tuning tie points are shown for each site, in addition to the resultant sedimentation rates
(Site 980 — Sl Fig 2; Site 983 — Sl Fig 3; Site 984 — Sl Fig 4; Site U1304 — Sl Fig 5; Site
U1305 - Sl Fig 6; Site U1302 - SI Fig 7). Estimation of the relative age uncertainty
associated with the tuning tie points was based on the duration of the feature used as a tuning
target (e.g., the timespan of a climate transition or a pronounced peak) with the total event
duration deemed to be approximately equivalent to + 2 (47). Age uncertainties were first
calculated for Site 980, which is based on tuning to GLTsyn on AICC2023. Age estimates for
the other cores were then calculated by combining the age uncertainty associated with the
selection of the tuning target in the chosen core with the (linearly interpolated) Site 980 age
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uncertainty for the equivalent feature. This age uncertainty estimates the relative error
assuming the records have been tuned correctly. To then calculate the uncertainty in the
absolute age, these tuning age uncertainties are combined with the published AICC2023 age
uncertainties (15).

Tie points and age uncertainties (tuning based, and absolute) are summarised for each study
site in Sl Tables 1-3. The 2c age uncertainty for Site 980 ranges from + 0.10 — 0.59 kyr. The
propagated age uncertainty for the remaining sites ranges from: £ 0.07 — 0.52 kyr (Site 983);
+0.09 — 0.29 kyr (Site 984); + 0.07 — 0.29 kyr (Site U1304); + 0.06 — 0.31 kyr (Site U1305);
and + 0.08 — 0.31 kyr (Site U1302). Average 2c age uncertainties for 380 — 440 ka for each
site are: + 0.24 kyr (Site 980); + 0.36 kyr (Site 983); + 0.36 kyr (Site 984); + 0.32 kyr (Site
U1304); £ 0.28 kyr (Site U1305); £+ 0.38 kyr (Site U1302). Assuming these have been tuned
correctly, these are all sufficient to make assessments about millennial-scale changes in
climate as is the focus of this study. Absolute age uncertainties are much larger (26 of 2 -5
kyr), dominated by the age uncertainty in the AICC2023 chronology. These much larger
absolute age uncertainty estimates are relevant when comparing the results from this study to
records that have age-scales that have been constructed independent of the AICC2023
chronology but are not relevant when comparing with records that have also been aligned to
the AICC2023 chronology.

For each of the study sites, benthic 520 ties were used primarily to define the onset of the
interglacial, as this is an easily definable feature, and then RPI was used to refine millennial-
scale change within the interglacial. With the exception of Site U1302, the onset and end of
MIS 11c do not differ substantially from published age models.

The original age model (LR04) produced a good visual comparison between oxygen isotope
records of Nps between U1302 and U1305; however, new % Nps data generated in this study,
seemingly contradicts this original age model. The relative abundance of Nps on the original
age model produces a scenario where interglacial SSTs occurred at Site U1302 during MIS 12.
Given there is no other site in the North Atlantic that repeats this trend, the age model warranted
re-investigation. Firstly, the records of Sites U1302 and U1305 were aligned based solely on
sharp changes in % Nps, which produced an excellent visual match but produces exceptionally
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Sl Figure 2: ODP Site 980 Age model on AICC23: (A) GLTsyn on the AICC23 timescale ((1,18)); (B) Ice rafted debris (this study, (60))
(C) Percent Neogloboquadrina pachyderma (this study, (60)); (D) Reconstructed sedimentation rates for Site 980. Dashed black lines
indicate the tie points between Site 980 Neogloboquadrina pachyderma percentages and changes in GLTsyn.
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Sl Figure 3: ODP Site 983 Age model on AICC23: (A) Benthic oxygen isotope records of ODP Site 980 (red; this study, (60)) and ODP
Site 983 (dark blue; this study, (14)); (B) Reconstructed sedimentation rates for Site 983; (C) RPI records for Site 980 (red; (61)) and Site
983 (dark blue; (62)); (D) Key site 983 proxy records on AICC2023: (top-bottom) IRD (this study; (1)), Nps (this study; (1)), mean SS
(this study). Vertical dashed black lines indicate tie points between Sites 980 and 983. The yellow star indicates the timing of the terminal
IRD event identified at most sites in our chronology.
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Sl Figure 4: ODP Site 984 Age model on AICC23: (A) Benthic oxygen isotope records of ODP Site 980 (red; this study, (63)) and ODP
Site 984 (light blue; this study, (14)); (B) Reconstructed sedimentation rates for Site 984; (C) RPI records for Site 980 (red; (61)) and Site
984 (light blue; (64)); (D) Key site 984 proxy records on AICC2023: (top-bottom) IRD (this study), Nps (this study), mean SS (this study).
Note that the Site 983 IRD record (this study, (1)) is superimposed in a yellow faded non-filled line for comparison. Vertical dashed black
lines indicate tie points between Sites 980 and 984. The yellow star indicates the timing of the terminal IRD event identified at most sites
in our chronology.
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Sl Figure 5: 10DP Site U1304 Age model on AICC23: (A) Benthic oxygen isotope records of ODP Site 980 (red; this study, (63)) and
IODP Site U1304 (orange; this study, (15)); (B) Reconstructed sedimentation rates for Site U1304; (C) RPI records for Site 980 (red;
(61)) and Site U1304 (orange; (15)); (D) Key Site U1304 proxy records on AICC2023: (top-bottom) IRD (this study), Nps (this study),
mean SS (this study). Note that the Site 983 IRD record (this study, (1)) is superimposed in a yellow faded non-filled line for comparison.
Vertical dashed black lines indicate tie points between Sites 980 and U1304. The yellow star indicates the timing of the terminal IRD

event identified at most sites in our chronology.
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Sl Figure 6: 10DP Site U1305 Age model on AICC23: (A) Benthic oxygen isotope records of ODP Site 980 (red; this study, (63)) and
IODP Site U1305 (gold; (55)); (B) Reconstructed sedimentation rates for Site U1305; (C) RPI records for Site 980 (red; (61)) and Site
U1305 (gold; (65)); (D) Key Site U1305 proxy records on AICC2023: (top-bottom) IRD (this study), Nps (this study, (43), mean SS (this
study). Note that the Site 983 IRD record (this study, (1)) is superimposed in a yellow faded non-filled line for comparison. Vertical dashed
black lines indicate tie points between Sites 980 and U1305. The yellow star indicates the timing of the terminal IRD event identified at
most sites in our chronology.
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Sl Figure 7: 10DP Site U1302 Age model on AICC23: (A) Planktic oxygen isotope records of IODP Site U1305 (gold; (43)) and IODP
Site U1302 (green; this study, (47)); (B) Reconstructed sedimentation rates for Site U1302; (C) RPI records for Site U1305 (orange; (65))
and Site U1302 (green; (48)); (D) Key Site U1305 and U1302 proxy records on AICC2023: (top-bottom, Site U1302) IRD (this study),
Nps (this study), mean SS (this study). Note that the Site 983 IRD record (this study, (1)) is superimposed in a yellow faded non-filled line
for comparison. Vertical dashed black lines indicate tie points between Sites U1302 and U1305. The yellow stars indicate the timing of
the terminal IRD event identified at most sites in our chronology, of which multiple tie points were generated to constrain what we believe
to be a massive influx in a brief interval.

high sedimentation rates during the earliest part of the interglacial. Furthermore, SST alone
cannot validate this as a new age model as local variations in SST can occur. It is important to
note that whilst % Nps was used to identify issues with the original age model, it has not been
used to generate tie points.

To resolve this discrepancy, it was necessary to look for sedimentological evidence for a
substantial change in sedimentation rate. Indeed, there are two substantial shifts in dry bulk
density values at 62.25 — 60.64 MCD at Site U1302, the latter of which corresponds with a
shift in a* and IRD (46). The abrupt shifts in density values indicate an increased supply of
material to Site U1302 during these intervals; the IRD peak suggests iceberg activity, and the
increase in a* values during the second density peak suggest material is derived from the
Hudson Bay region (48). It appears likely that a substantial amount of iceberg-derived material
is deposited at Site U1302 between 62.25 — 60.64 MCD in a relatively brief period of time. The
increase in a* and IRD values and lack of subsequent IRD deposition at Site U1305 following
this IRD peak suggests that these two final IRD spikes at Site U1302 and Site U1305 are
concurrent; consequently, tie points were generated for this. Red layers such as these have been
identified as part of the 8.2 ka event and Heinrich events during the transition to MIS 5e in the
Labrador sea and are thought to be related to terminal ice rafting events sourced from the
Laurentide Ice Sheet (48). In summary, it appears reasonable to expect exceptionally high
sedimentation rates during these events.

Following this, fifteen tie points (12 RPI, 1 d*®0,, 2 IRD) were generated, which provide
records of % Nps, SS, and IRD that are coherent between Sites U1302 and U1305. It also
generates high sedimentation rates that are associated and compatible with intervals of higher
sediment bulk density. However, this revised age model results in a seemingly anomalous
planktic isotope data in Site U1302 from 422 — 427 ka (Sl Fig. 7A). It is considered plausible
that the high sedimentation rates (up to 3.18m/kyr) and high IRD flux (>20,000 grains/g)
during this final interval of ice rafting (SI Figure 7B/D) likely contained substantial amounts
of reworked glacial material. Given the low planktic abundance and low % Nps, it is possible
that the Nps specimens selected for isotope analysis were reworked glacial foraminifera,
resulting in the anomalously heavy oxygen isotope values. The revised age model also
produces low sedimentation rates between 422 and 414 ka, likely caused by the cessation of
the input of deglacial meltwater and sediment input after ~ 422 ka. Because the sedimentation
rate is low, the effects of bioturbation are greater; therefore, the pattern of progressively
declining IRD and smoothed but heavier oxygen isotope values, which can be seen in Sl Fig.
TA, is interpreted to be a result of bioturbation of material from the very high IRD interval
below ~ 422 ka, to upwards to shallower core depths. This also would produce a smoother
RPI signal as lower sedimentation rates are unable to capture high-resolution changes in
magnetic field strength due to a greater lock-in depth, as is observed. Together, this produces
a reasonable explanation for the discrepancy between the planktic isotope records at Sites
U1302 and U1305. We note that benthic isotope data has recently been published from this
site (49) which produces a change in benthic oxygen isotope values at the same depth as the
planktic oxygen isotope values; however, we remain convinced by our argument that this is
likely reworked glacial material for the aforementioned reasons. Regardless, the differences
between the two age models pertain predominantly to the older than 422 ka interval, which is
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not the focus of this study. Furthermore, the records used to construct our age model for the
interval of interest (400 — 422 ka) is constructed using higher resolution proxy data (RPI and
new planktic oxygen isotope datapoints). It is also important to note that the severity and
apparent geographical spread of this event suggests that regardless of its exact timing
between age models, this was likely synchronous. We also do not examine phasing of this
abrupt event beyond across proxy records from the same site.
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Table 1: Calculated uncertainties for Site 980: Site 980 was tuned to GLTs,, on the AICC23 chronology (15). Here, both internal (this study — AICC23) and absolute (beyond AICC23) age uncertainties have been
1082 calculated. Internal uncertainty has been attributed to half range of the tie point (~ 20; (47)), This has been propagated through the absolute age uncertainty of AICC12 for the interval of MIS 11c (absolute uncertainties
per Site 980 age tie point generated through linear interpolation of the AICC23 absolute age uncertainty).

980 Depth Age tie point GLTsyn Tie point Description Range (ka) Quarter Range (1 AICC12 uncertainty Propogated error
AICC2023 (ka) sigma) (ka) (interpol) (1sigma) (+ absolute age (980-

ka) AICC23) (1 sigma) (+ ka)

47.315 365.63 GLTsyn Rise 0.80 0.20 1.59 1.60
47.565 367.75 GLTsyn Peak 0.34 0.08 1.59 1.59
48.085 370.08 GLTsyn Peak 0.28 0.07 1.55 1.56
48.515 374.07 @ GLTsynRise 0.44 0.11 1.40 1.41
48.665 375.80 GLTsyn Rise 0.64 0.16 1.31 1.32
48.715 377.71 GLTsyn Fall 0.57 0.14 1.21 1.22
49.615 384.88 GLTsyn Rise 0.33 0.08 1.11 1.12
50.735 391.96 @ GLTsyn shoulder 1.19 0.30 1.49 1.52
51.56 400.40 GLTSyn trough 0.48 0.12 2.12 2.12
51.71 401.75 = GLTSyn trough 0.20 0.05 2.21 2.21
52.11 404.38 GLTSyn trough 0.20 0.05 2.35 2.35
54.61 413.75 = GLTSyn trough 0.33 0.08 2.27 2.27
56.29 419.88 GLTSyn trough 0.32 0.08 1.79 1.80
56.59 422.51 GLTSyn trough 0.45 0.11 1.55 1.56
56.835 423.92 GLTsyn Rise 0.45 0.11 1.42 1.43
57.475 426.08 = GLTSyn trough 0.53 0.13 1.25 1.26
57.78 427.63 GLTsyn Peak 0.66 0.16 1.16 1.17
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1086 Table 2: Calculated uncertainties for Sites 983, 984, U1304, and U1305: Sites 983, 984, U1304, and U1305 were tuned to Site 980 on the AICC23 chronology (15). Here, both internal (this study — AICC23) and absolute
(beyond AICC23) age uncertainties have been calculated. Internal uncertainty has been attributed to half range of the tie (~ 20, (47)), propagated with the equivalent Site 980 error per age tie point (Site 980 uncertainties

1088 per Site age tie point generated through linear interpolation of 1o Site 980 uncertainties). This has then further been propagated through the absolute age uncertainty of AICC23 for the interval of MIS 11c¢ (absolute
uncertainties per Site age tie point generated through linear interpolation of the AICC23 absolute age uncertainty).

Site Depth (MCD) Age tie Tie point 980 Tie point Quarter Propogated AICC23 Propogated error
points Description Uncertainty range (ka) range (1 error (Site - 980) uncertainty absolute age
(Site - (interpol) (ka) sigma) (ka) (1 sigma) (x ka) (interpol) (Site-980-
980) (ka) (1sigma) (* ka) AlICC23)
(1sigma) (+ ka)
983 39.31 362.94 0.20 0.23 0.05 0.21 1.56 1.58
983 43.37 386.13 b180 trough 0.09 2.06 0.53 0.52 1.15 1.26
983 43.92 391.09 RPItrough 0.20 0.44 0.11 0.23 1.43 1.44
983 44.35 397.62 RPItrough 0.22 0.29 0.07 0.23 1.92 1.93
983 44.78 404.63 RPItrough 0.05 0.19 0.05 0.07 2.36 2.36
983 46.14 409.13  RPIpeak 0.06 0.15 0.04 0.07 2.43 2.43
983 48.33 413.24 RPIslope 0.07 0.25 0.07 0.10 2.30 2.30
983 48.86 419.31 RPIslope 0.08 0.18 0.05 0.09 1.85 1.85
983 49.59 422.51 IRD 0.10 0.27 0.08 0.12 1.55 1.56
983 50.52 426.43  Isotope slope 0.13 0.43 0.12 0.17 1.23 1.24
983 51.42 427.89 RPI 0.16 0.26 0.07 0.17 1.15 1.16
983 52.43 437.38  RPI 0.17 0.32 0.09 0.19 0.97 0.99
984 57.03 362.94 RPItrough 0.20 0.34 0.09 0.21 1.56 1.58
984 57.56 369.52 RPItrough 0.08 1.12 0.28 0.29 1.57 1.59
984 60.52 391.96 RPIslope 0.23 0.45 0.11 0.26 1.49 1.51
984 61.23 397.65 RPITrough 0.22 0.51 0.13 0.26 1.92 1.94
984 61.58 404.04 RPITrough 0.05 0.39 0.10 0.11 2.33 2.33
984 62.86 409.65 RPITrough 0.06 0.26 0.07 0.09 242 242
984 64.79 413.93 RPIshoulder 0.08 0.17 0.04 0.09 2.26 2.26
984 65.22 422.51 IRD peak 0.10 0.52 0.13 0.16 1.55 1.56

984 65.83 426.25 |sotope shoulder 0.13 0.07 0.02 0.13 1.24 1.25
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984 65.98 427.80 RPIpeak 0.16 0.19 0.05 0.17 1.15 1.16

984 68.26 435.59 RPItrough 0.17 0.39 0.10 0.19 0.96 0.98

984 68.36 437.32  RPlpeak 0.17 0.31 0.08 0.19 0.97 0.99
1304 59.27 384.00 RPIpeak 0.11 0.62 0.16 0.19 1.10 1.12
1304 59.69 391.21 Isotope peak 0.21 0.64 0.16 0.26 1.43 1.46
1304 60.33 393.75 RPItrough 0.28 0.30 0.07 0.29 1.63 1.65
1304 60.62 397.16 = RPIpeak 0.23 0.29 0.07 0.24 1.88 1.90
1304 61.14 403.00 RPIpeak 0.10 0.26 0.07 0.12 2.28 2.28
1304 62.21 405.42 RPIlpeak 0.05 0.31 0.08 0.09 2.38 2.38
1304 63.97 409.10 RPI peak 0.06 0.11 0.03 0.07 2.43 2.43
1304 64.95 410.80 | Isotope peak 0.07 0.19 0.05 0.08 2.40 2.40
1304 69.01 413.82 RPItrough 0.08 0.18 0.05 0.09 2.27 2.27
1304 69.26 416.68 | Isotope trough 0.08 0.73 0.18 0.20 2.07 2.08
1304 69.57 419.29 RPItrough 0.08 0.32 0.08 0.11 1.85 1.85
1304 69.90 422.51 | IRD peak 0.10 0.89 0.22 0.24 1.55 1.57
1304 72.16 426.60 Isotope slope 0.13 0.25 0.06 0.15 1.22 1.23
1304 72.93 427.89 ' RPIpeak 0.16 0.19 0.05 0.17 1.15 1.16
1305 64.87 385.20 Isotope peak 0.10 0.65 0.16 0.19 1.12 1.14
1305 65.27 394.51 Isotope slope 0.29 0.42 0.10 0.31 1.69 1.71
1305 66.57 401.65 Isotope slope 0.14 0.68 0.17 0.22 2.20 2.21
1305 67.31 405.18 ' RPIpeak 0.05 0.11 0.03 0.06 2.37 2.38
1305 68.94 407.48 RPIslope 0.05 0.15 0.04 0.07 2.42 2.42
1305 69.90 410.55 RPIpeak 0.06 0.19 0.05 0.08 2.40 241
1305 70.93 412.11 RPIslope 0.07 0.16 0.04 0.08 2.35 2.36
1305 71.35 413.51 RPItrough 0.08 0.28 0.07 0.10 2.29 2.29
1305 71.50 414.71 RPItrough 0.08 0.09 0.02 0.08 2.21 2.21
1305 71.80 415.96 RPI peak 0.08 0.19 0.05 0.09 2.13 2.13
1305 72.39 419.61 RPIslope 0.08 0.18 0.05 0.09 1.82 1.82

1305 73.64 422.51 IRD peak 0.10 0.15 0.04 0.11 1.55 1.56
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SI Table 3: Calculated uncertainties for Site U1302: Site U1302 was tuned to Site U1305 (after tuning Site U1305 to Site 980) on the AICC23 chronology (15). Here, both internal (this study — AICC23) and absolute
1112 (beyond AICC23) age uncertainties have been calculated. Internal uncertainty has been attributed to half range of the tie point (~ 2o; (47)), propagated with the equivalent Site U1305 and Site U1305 error per age tie

point (Site 980 and Site U305 uncertainties per Site U1302 age tie point generated through linear interpolation of 1 Site U1305 and Site 980 uncertainties). This has then further been propagated through the absolute
1114 age uncertainty of AICC23 for the interval of MIS 11c (absolute uncertainties per Site U1302 age tie point generated through linear interpolation of the AICC23 absolute age uncertainty).

Site Depth = Agetie points = Tie point Description U1305 980 Range  Quarter Propogated AICC12 Propogated
(MCD) (1305/1302) Uncertainty Uncertainty (ka) range (1  error (U1302- uncertainty error absolute

(ka) (interpol) (1 (interpol) (1 sigma)  U1305-980)(1 (interpol) age (U1302-

sigma) (ka) sigma) (ka) (ka) sigma) (+ ka) (1sigma) (+ 980-U1305-

ka) AICC23)(1

sigma) (+ ka)

U1302 54.79 383.05 RPIslope 0.16 0.12 0.17 0.04 0.21 1.10 1.12
U1302 56.16 391.24 | RPIslope 0.14 0.21 0.71 0.18 0.31 1.44 1.47
U1302 57.37 394.70 = RPIslope 0.12 0.29 0.11 0.03 0.31 1.70 1.73
U1302 58.22 398.35 ' RPIslope 0.12 0.21 0.10 0.03 0.24 1.97 1.98
U1302 58.46 400.49 RPIslope 0.14 0.16 0.17 0.04 0.22 2.12 2.14
U1302 58.81 403.32  RPlhump 0.17 0.08 0.19 0.05 0.19 2.30 2.31
U1302 59.42 408.89 RPItrough 0.03 0.06 0.19 0.05 0.08 2.43 2.43
U1302 59.8 411.37 RPltrough 0.04 0.07 0.21 0.05 0.10 2.38 2.38
U1302 60.5 413.84 Isotope step-change 0.04 0.08 0.17 0.04 0.10 2.27 2.27
U1302 61.1 422.34 IRDend 0.04 0.10 0.09 0.02 0.11 1.57 1.57
U1302 62.47 422.78 IRD start 0.04 0.10 0.22 0.05 0.12 1.53 1.53
U1302 63.2 423.57 IRD peak 0.04 0.11 0.21 0.05 0.13 1.45 1.46
U1302 64.2 425.78 RPIltrough 0.10 0.12 0.09 0.02 0.16 1.27 1.28
U1302 64.81 426.66 RPIltrough 0.12 0.13 0.12 0.03 0.18 1.22 1.23
U1302 65.39 432.21 RPIltrough 0.18 0.17 0.16 0.04 0.25 1.01 1.04
U1302 65.86 433.79 RPltrough 0.19 0.17 0.17 0.04 0.26 0.98 1.01

U1302 66.55 437.23  RPITrough 0.20 0.17 0.19 0.05 0.26 0.97 1.00
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1116
1.5. Additional age models used for comparison sites
1118 The age models for comparison sites presented in the main text of this study are presented in Sl
Figure 8. These include: (A) ODP Site 1063 (33.69, -57.62; 4584m water depth); (B) ODP Site
1120 646 (58.21, -48.37; 3460m water depth); (C) ODP Site 958 (3.25, -30.00; 3795m water depth);
(D) Site MD992227 (58.21, -48.37; 3460m water depth); (E) Site MD2443 (37.89, -10.72; 292m
1122 water depth). These were generated using a series of tie points to either ODP Site 980 or to

another site that had previously been tied to Site 980 on AICC2023.
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Sl Figure 8: Age models for comparison sites presented in this study: (A): Age model tie points for ODP Site 1063. (top — bottom):
Benthic oxygen isotope record for Sites 980 (red;, (60) and 1063 (black,(66)); reconstructed sedimentation rates for Site 1063; RPI
records for Site 980 (red; (61)) and 1063 (black,(67)); (B): Age model tie points for ODP Site 646. Note this has been tied to Site MD99-
2227, which was tied to AICC2023 via Sites U1305 and 980; (top — bottom); Planktic oxygen isotope records for Sites MD99-2227 (blue;
(52)) and 646 (black,(68)); reconstructed sedimentation rates. Note that due to the lower resolution of this site it has been placed on a
wider (350-450 kyr) time window. (C): Age model tie points for ODP Site 958; (top — bottom); Benthic oxygen isotope record for Sites
980 (red; (60) and 958 (black, (69)); reconstructed sedimentation rates for Site 958. (D): Age model tie points for ODP Site MD99-
2227; (top — bottom); RPI records for Sites 980 (red; (61) and MD99-2227 (black, (52)); reconstructed sedimentation rates for Site
MD99-2227. Note that the gold stars indicate tie points of turbidite layers between Sites U1305 and MD99-2227 (52); (E): Age model
tie points for Site MD01-2443; (top — bottom); Benthic oxygen isotope record for Sites 980 (red; (60) and MD01-2443 (black,(70));
reconstructed sedimentation rates for Site MD01-2443. Tie points are indicated by vertical dashed black lines.

1124 In the case of Site MD992227, this was primarily tied to IODP Site U1305 using the depths of co-
occurring turbidite layers on Eirik Drift (50). The remaining age model tie points for study sites
1126 presented solely in the supplementary information can be found in the supplementary datasheets.

49



1128

Dry bulk
density (g/cc)

Number of

L*

Dry bulk
density (g/cc)

Number of

L*

forams
(Planktics/gram)

forams
(Planktics/gram)

Submitted Manuscript: Confidential
Template revised November 2023

68 70

Depth (MCD)
72

74
1

YP 7P

_ A S NN
O NOO-=N

o
.

—
o=
oo =

1000
10000
1e+05

30
404
50

A) Turbidite identification

I

T1 T2T3

2.0

68 70

PUSBNESSNISY W N

Depth (MCD
4

72
1

TC)
76

7
1 1

1.9
1.8
1.7
16-
15-
1e+05

10000
1000
100+
10

30
40+

50

L

B) Turbidite removed sediment data

o

50

100

- 1000

800
600
400
200

(spun |S)
Annandsosng

(spun |S)
Aungndsosng

onaubep

SS

(%) adl

onaubey

SS

(%) adl



1130

1132

1134

Submitted Manuscript: Confidential
Template revised November 2023

Sl Figure 9: Turbidite identification on Eirik Drift: (A) Sediment proxy data for Dry bulk Density, Magnetic Susceptibility (71),
Planktics per gram, Sortable Silt (this study), L* (71), and IRD % (this study, (43)). Turbidites are numbered according to SI Table 4
and are highlighted in grey bars. Turbidite 5 is the least certain; however, this amounts to just 15cm of sediment. Consequently, removing
this as a cautious approach does not affect the overall interpretation. (B) The same sediment proxy data as in panel A but following the
removal of material associated with turbidites. This is consequently plotted as Metres Composite Depth Turbidite Corrected (M CDrc).

Sl Table 4 Summary of possible turbidite layers identified in IODP U1305. MCD = Metres Composite Depth; H = High; L =
Low; PG = Planktics/g; SS = Sortable Silt; BD = Bulk Density; MS = Magnetic Susceptibility; DC = Detrital Carbonate; IRD =

Ice Rafted Debris.

TURBIDITE TOP DEPTH BOTTOM DEPTH PROXY REFERENCE

CODE (OLD MCD) (OLD MCD) FEATURES

T1 68.59 68.84 LPG; LSS; LBD; LMS; This study
LDC

T2 69.24 69.54 LPG; LSS; HBD; HMS; (50)
LDC; HIRD

T3 69.79 69.89 LPG; LBD This study

T4 72 72.38 LPG; LSS; HBD; HMS; (50)
LDC

T5 73.54 73.69 LSS; LBD; LDC This study

T6 74.89 75.39 LPG; LSS; HBD; HMS; (50)
LDC; HIRD

T7 78.03 78.18 HBD; HDC (50)
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2. Validating Nordic Seas overflow flowspeeds through the use of mean Sortable Silt
The presence of IRD can impact the reliability of the SS reconstruction. For most sites, IRD
input is negligible and consistently below the 50% level suggested as likely to start impacting
sortable silt (51), with the exception of the spike at ~422 ka in Sites U1304, U1305, and 984. At
no point during the main interglacial period does IRD/g at ODP Site 983 exceed 50%. This
suggests that there is no a prior reason to expect a significant impact of IRD on the sortable silt
records for these sites (51), although detailed %SS vs SS for Sites 983, 984, and 1305 are
available in SI Fig.8. Overall, downcore correlation of %SS vs SS for each of these sites is > 0.5
(983 =0.95, 984 = 0.64, U1305 = 0.66). At no point do the 5-, 7-, and 9- point running
correlations all drop below 0.5 for Sites 983 and 984. The same is true for site U1305 with the
exception of the first 1 ka of the interglacial (425 — 424 ka).

1 — _ 1 —
A m 08 | B
| 2 06 =
05 0.4 -
2 02

0 4

Site U1305 Running
correlation
o

Site 984 Running Correlation

05 -04
-0.6
-0.8 4
L e B s — 1
400 405 410 415 420 425 400 405 410 415 420 425
Age (ka) Age (ka)
1 = ﬂ Sl Figure 10: Validation of the sortable silt proxy for 3 study
C ! sites: Following (51), the running correlation for 5 p.t (Dark
0.5 Grey), 7 p.t (Light Grey), and 9 p.t (Black) averages between

the mean and % sortable silt for Sites 984 (A), U1305 (B), and
983 (C). Data that is of poor quality and suited for Sortable Silt
analysis is consistently below 0.5 (grey dashed line). As shown
here, only brief intervals (e.g., at 422.5 ka) does the running
0.5 correlation drop below 0.5. This indicates the data can be used
to reconstruct deep ocean flowspeeds at these sites.

Site 983 Running Correlation

400 405 410 415 420 425
Age (ka)

For Site U1302 there is consistent, relatively low-level IRD input throughout most of the
interglacial, but exceptionally high levels (> 20,000 grains/g) in the early stages of MIS 11c.
Several samples exceed 50% IRD abundance intermittently between 417 — 434 ka, often
reaching > 95%. Consequently, samples from this site were run on the Malvern to obtain
downcore % SS. Sl Figure 11 shows that, for most of the record, there is no reason to believe the
IRD is significantly impacting the SS. Overall correlation between SS and % SS is high (R
=0.83) whilst correlation between SS and IRD % is lower (R =0.6), which suggests that the SS
record at Site U1302 is likely dominated by changes in the DWBC flow strength throughout MIS
11c (51).

Downcore correlation at 5-, 7-, and 9-point running correlations for SS vs % SS at Site U1302
do not drop below R = 0.5 with the exception of an interval from ~ 404 ka to 394 ka, and ~ 422
ka (Sl Fig. 11A). For the former, values of SS are relatively low and stable at this point (average
=19.6 um, ¢ = 0.76), so minor shifts in % SS (average = 32.6, ¢ = 2.64) could cause reduced
correlation at this time without impeding the reliability of the record. For the latter, this coincides
with the most extreme input of IRD at Site U1302. Consequently, data from this interval has
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Sl Figure 11: Validation of the sortable silt proxy for Site U1302: Site U1302 contains substantially higher Ice Rafted Debris (IRD)
input that other sites throughout the interglacial, but particularly between 425 and 420 ka. Whilst other sites have a maximum IRD of ~
7000 grains per gram (e.g., Site 984), Site U1302 exceeds 20,000 grains per gram. It is therefore particularly important to assess the
quality of the sortable silt record at Site U1302. (A): Running correlations between the mean sortable silt and percentage sortable silt.
Good quality data should be above 0.5 (see grey dashed line) following (51), which is the case for much of the record. (B): Overall
downcore relationship between mean sortable silt and percentage sortable silt, which shows an excellent correlation. (C): The raw
mean sortable silt record for Site U1302. (D): The correlation between sortable silt and mean sortable silt and IRD percentage,
showing little change until close to ~ 70% IRD. Overall, this suggests the U1302 sortable silt record generally reflects changes in
flowspeed.

been removed from SS reconstructions for Site U1302. In summary, the overall SS record can be
treated as recording changes in the DWBC.
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3. Further oceanographic evidence for mid-MI1S11c AMOC weakening

Previous work has used benthic §!3C to infer past changes in interglacial NADW stability. In this
study we rely on physically-based AMOC proxies, as opposed to geochemical proxy evidence that
potentially may also be controlled by productivity and remineralisation (52). Nevertheless, when
placed on our age model, we find supporting deep ocean geochemical evidence for AMOC
weakening (SI Fig. 12). Both CaCOs and benthic § 3C (> 3.4 km) in the deep North Atlantic
decline during this event (Sl Fig. 2), indicative of a reduced influence of North Atlantic Deep
Water. Benthic & $3C at Site U1305, which records multiple low isotopic events throughout the
interglacial has been attributed to AMOC instability (53). Whilst this would support our argument,
we suggest this site may not always be a reliable indicator of water mass changes due to the
seasonal productivity at this site and high abundance of diatoms that may artificially lower benthic
513C (54-56). The extremely low §*3C intervals at Site U1305 may possibly indicate phases of
enhanced productivity caused by nutrient-rich melt from the GrlS and/or local water column
stratification. Reconstruction of past seawater neodymium isotope ratios is a geochemical water
mass proxy that is not affected by biological processes. Only low-resolution data exist for MIS11c,
although an excursion indicating reduced NADW is recorded during mid MIS11c in the deep
Northwest Atlantic (Jaume-Segui et al 20; Link 2022 PhD thesis).

Age (ka)

400 405 410 415 420 425
100 PRI BT S U NN N U U N RN RN RN AN A A

A) 1063 % Caclium Carponate

CaCO® %

20 - B) Northern endmember

0- E) MD07-3077 -1 5

Sl Figure 12: Other key Atlantic Ocean records of MIS 11c: (A) AMOCspc.t (this study). (B) AMOCyso (this study). (C) Foram-based
carbon isotope reconstructions across MIS 11c: Northern endmember calculated by averaging planktic carbon isotope data derived from
N.incompta and G.inflata. Values were adjusted to G.inflata to account for species offsets. 0.4%o was added to account changes relative
to modern (69,72,73). Errors generated using a monte-carlo simulation. Benthic carbon isotope data for IODP U1304 with a 16 = 0.1%o
error (15). Benthic carbon isotope data for MDO7-3077 with a 1o = 0.1%o error (74). Southern Atlantic carbon isotope endmember
(ODP 1089) with a 16 = 0.1%o error (75).
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Sl Figure captions

SI Fig. 1. Study Age model on AICC23: (A) Base age model generated by producing Nps tie
points from ODP 980 (red; this study, (57)) (red triangles) to GLTsn (black) on the AICC23
timescale (1,15); (B) Ice Rafted debris tie points at 422.5 ka for study sites. (C) Benthic oxygen
isotope tie points for Sites U1305, U1304, 983, and 984 to ODP 980. U1302 does not presently
have a published benthic oxygen isotope record. Sites 980, U1305, and U1304 have mid-weighted
3-point average solid lines with raw data as faded lines of the same colour. (D) Relative
Palaeolntensity tie points for Sites U1304, 984, 983, U1305, and U1302, to ODP 980. Sites are
placed on ay axis reflecting arbitrary RPI units which have been scaled logarithmically (log(10)).
(E) Reconstructed sedimentation rates for all study sites on the present age model in metres per
kiloyear. Note that the highest sedimentation rate for Site U1302 is beyond the axis limit at 3.18
m/kyr. Coloured triangles indicate tie points to the base age model. These correspond to the colours
used for each site. Colours: Red = ODP 980; orange = IODP U1304; yellow = IODP U1305; green
= |ODP U1302; dark blue = ODP 983; light blue3 = ODP 984.

SI Figure 2: ODP Site 980 Age model on AICC23: (A) GLTsyn on the AICC23 timescale
((1,15)); (B) Ice rafted debris (this study, (57)) (C) Percent Neogloboquadrina pachyderma (this
study, (57)); (D) Reconstructed sedimentation rates for Site 980. Dashed black lines indicate the
tie points between Site 980 Neogloboquadrina pachyderma percentages and changes in GLTsyn.

Sl Figure 3: ODP Site 983 Age model on AICC23: (A) Benthic oxygen isotope records of ODP
Site 980 (red; this study, (57)) and ODP Site 983 (dark blue; this study, (20)); (B) Reconstructed
sedimentation rates for Site 983; (C) RPI records for Site 980 (red; (58)) and Site 983 (dark blue;
(59)); (D) Key site 983 proxy records on AICC2023: (top-bottom) IRD (this study; (1)), Nps (this
study; (1)), mean SS (this study). Vertical dashed black lines indicate tie points between Sites 980
and 983. The yellow star indicates the timing of the terminal IRD event identified at most sites in
our chronology.

Sl Figure 4: ODP Site 984 Age model on AICC23: (A) Benthic oxygen isotope records of ODP
Site 980 (red; this study, (60)) and ODP Site 984 (light blue; this study, (20)); (B) Reconstructed
sedimentation rates for Site 984; (C) RPI records for Site 980 (red; (58)) and Site 984 (light blue;
(61)); (D) Key site 984 proxy records on AICC2023: (top-bottom) IRD (this study), Nps (this
study), mean SS (this study). Note that the Site 983 IRD record (this study, (1)) is superimposed
in a yellow faded non-filled line for comparison. Vertical dashed black lines indicate tie points
between Sites 980 and 984. The yellow star indicates the timing of the terminal IRD event
identified at most sites in our chronology.

SI Figure 5: IODP Site U1304 Age model on AICC23: (A) Benthic oxygen isotope records of
ODP Site 980 (red; this study, (60)) and IODP Site U1304 (orange; this study, (62)); (B)
Reconstructed sedimentation rates for Site U1304; (C) RPI records for Site 980 (red; (58)) and
Site U1304 (orange; (62)); (D) Key Site U1304 proxy records on AICC2023: (top-bottom) IRD
(this study), Nps (this study), mean SS (this study). Note that the Site 983 IRD record (this study,
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(1)) is superimposed in a yellow faded non-filled line for comparison. Vertical dashed black lines
indicate tie points between Sites 980 and U1304. The yellow star indicates the timing of the
terminal IRD event identified at most sites in our chronology.

SI Figure 6: IODP Site U1305 Age model on AICC23: (A) Benthic oxygen isotope records of
ODP Site 980 (red; this study, (60)) and IODP Site U1305 (gold; (53)); (B) Reconstructed
sedimentation rates for Site U1305; (C) RPI records for Site 980 (red; (58)) and Site U1305 (gold;
(63)); (D) Key Site U1305 proxy records on AICC2023: (top-bottom) IRD (this study), Nps (this
study, (41), mean SS (this study). Note that the Site 983 IRD record (this study, (1)) is
superimposed in a yellow faded non-filled line for comparison. Vertical dashed black lines indicate
tie points between Sites 980 and U1305. The yellow star indicates the timing of the terminal IRD
event identified at most sites in our chronology.

SI Figure 7: 10DP Site U1302 Age model on AICC23: (A) Planktic oxygen isotope records of
IODP Site U1305 (gold; (41)) and IODP Site U1302 (green; this study, (45)); (B) Reconstructed
sedimentation rates for Site U1302; (C) RPI records for Site U1305 (orange; (63)) and Site U1302
(green; (46)); (D) Key Site U1305 and U1302 proxy records on AICC2023: (top-bottom, Site
U1302) IRD (this study), Nps (this study), mean SS (this study). Note that the Site 983 IRD record
(this study, (1)) is superimposed in a yellow faded non-filled line for comparison. Vertical dashed
black lines indicate tie points between Sites U1302 and U1305. The yellow stars indicate the timing
of the terminal IRD event identified at most sites in our chronology, of which multiple tie points
were generated to constrain what we believe to be a massive influx in a brief interval.

SI Figure 8: Age models for comparison sites presented in this study: (A): Age model tie
points for ODP Site 1063. (top — bottom): Benthic oxygen isotope record for Sites 980 (red;, (57)
and 1063 (black,(64)); reconstructed sedimentation rates for Site 1063; RPI records for Site 980
(red; (58)) and 1063 (black,(65)); (B): Age model tie points for ODP Site 646. Note this has been
tied to Site MD99-2227, which was tied to AICC2023 via Sites U1305 and 980; (top — bottom);
Planktic oxygen isotope records for Sites MD99-2227 (blue; (50)) and 646 (black,(66));
reconstructed sedimentation rates. Note that due to the lower resolution of this site it has been
placed on a wider (350-450 kyr) time window. (C): Age model tie points for ODP Site 958; (top
— bottom); Benthic oxygen isotope record for Sites 980 (red; (57) and 958 (black, (67));
reconstructed sedimentation rates for Site 958. (D): Age model tie points for ODP Site MD99-
2227; (top — bottom); RPI records for Sites 980 (red; (58) and MD99-2227 (black, (50));
reconstructed sedimentation rates for Site MD99-2227. Note that the gold stars indicate tie points
of turbidite layers between Sites U1305 and MD99-2227 (50); (E): Age model tie points for Site
MDO01-2443; (top — bottom); Benthic oxygen isotope record for Sites 980 (red; (57) and MDO1-
2443 (black,(68)); reconstructed sedimentation rates for Site MDO01-2443. Tie points are indicated
by vertical dashed black lines.

SI Figure 9: Turbidite identification on Eirik Drift: (A) Sediment proxy data for Dry bulk
Density, Magnetic Susceptibility (69), Planktics per gram, Sortable Silt (this study), L* (69), and
IRD % (this study, (41)). Turbidites are numbered according to SI Table 4 and are highlighted in
grey bars. Turbidite 5 is the least certain; however, this amounts to just 15cm of sediment.
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Consequently, removing this as a cautious approach does not affect the overall interpretation. (B)
The same sediment proxy data as in panel A but following the removal of material associated with
turbidites. This is consequently plotted as Metres Composite Depth Turbidite Corrected (MCD+c).

Sl Figure 10: Validation of the sortable silt proxy for 3 study sites: Following (51), the
running correlation for 5 p.t (Dark Grey), 7 p.t (Light Grey), and 9 p.t (Black) averages between
the mean and % sortable silt for Sites 984 (A), U1305 (B), and 983 (C). Data that is of poor
quality and suited for Sortable Silt analysis is consistently below 0.5 (grey dashed line). As
shown here, only brief intervals (e.g., at 422.5 ka) does the running correlation drop below 0.5.
This indicates the data can be used to reconstruct deep ocean flowspeeds at these sites.

SI Figure 11: Validation of the sortable silt proxy for Site U1302: Site U1302 contains
substantially higher Ice Rafted Debris (IRD) input that other sites throughout the interglacial, but
particularly between 425 and 420 ka. Whilst other sites have a maximum IRD of ~ 7000 grains
per gram (e.g., Site 984), Site U1302 exceeds 20,000 grains per gram. It is therefore particularly
important to assess the quality of the sortable silt record at Site U1302. (A): Running correlations
between the mean sortable silt and percentage sortable silt. Good quality data should be above
0.5 (see grey dashed line) following (51), which is the case for much of the record. (B): Overall
downcore relationship between mean sortable silt and percentage sortable silt, which shows an
excellent correlation. (C): The raw mean sortable silt record for Site U1302. (D): The correlation
between sortable silt and mean sortable silt and IRD percentage, showing little change until close
to ~ 70% IRD. Overall, this suggests the U1302 sortable silt record generally reflects changes in
flowspeed.

SI Figure 12: Other key Atlantic Ocean records of MIS 11c: (A) AMOCspc-T (this study). (B)
AMOCnso (this study). (C) Foram-based carbon isotope reconstructions across MIS 11c: Northern
endmember calculated by averaging planktic carbon isotope data derived from N.incompta and
G.inflata. Values were adjusted to G.inflata to account for species offsets. 0.4%0 was added to
account changes relative to modern (67,70,71). Errors generated using a monte-carlo simulation.
Benthic carbon isotope data for IODP U1304 with a 16 = 0.1%o. error (62). Benthic carbon isotope
data for MDO07-3077 with a 16 = 0.1%o. error (72). Southern Atlantic carbon isotope endmember
(ODP 1089) with a 16 = 0.1%o error (73).

SI Table 1: Calculated uncertainties for Site 980: Site 980 was tuned to GLTsy, on the AICC23
chronology (75). Here, both internal (this study — AICC23) and absolute (beyond AICC23) age
uncertainties have been calculated. Internal uncertainty has been attributed to half range of the tie
point (~ 20; (47)), This has been propagated through the absolute age uncertainty of AICC12 for
the interval of MIS 11c (absolute uncertainties per Site 980 age tie point generated through linear
interpolation of the AICC23 absolute age uncertainty).

SI Table 2: Calculated uncertainties for Sites 983, 984, U1304, and U1305: Sites 983, 984,
U1304, and U1305 were tuned to Site 980 on the AICC23 chronology (75). Here, both internal
(this study — AICC23) and absolute (beyond AICC23) age uncertainties have been calculated.
Internal uncertainty has been attributed to half range of the tie (~ 2c; (47)), propagated with the
equivalent Site 980 error per age tie point (Site 980 uncertainties per Site age tie point generated
through linear interpolation of 1c Site 980 uncertainties). This has then further been propagated
through the absolute age uncertainty of AICC23 for the interval of MIS 11c (absolute uncertainties
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per Site age tie point generated through linear interpolation of the AICC23 absolute age
uncertainty).

SI Table 3: Calculated uncertainties for Site U1302: Site U1302 was tuned to Site U1305 (after
tuning Site U1305 to Site 980) on the AICC23 chronology (75). Here, both internal (this study —
AICC23) and absolute (beyond AICC23) age uncertainties have been calculated. Internal
uncertainty has been attributed to half range of the tie point (~ 20; (47)), propagated with the
equivalent Site U1305 and Site U1305 error per age tie point (Site 980 and Site U1305
uncertainties per Site U1302 age tie point generated through linear interpolation of 1o Site U1305
and Site 980 uncertainties). This has then further been propagated through the absolute age
uncertainty of AICC23 for the interval of MIS 11c (absolute uncertainties per Site U1302 age tie
point generated through linear interpolation of the AICC23 absolute age uncertainty).

Sl Table 4: Summary of possible turbidite layers identified in IODP U1305: MCD = Metres
Composite Depth; H = High; L = Low; PG = Planktics/g; SS = Sortable Silt; BD = Bulk Density;
MS = Magnetic Susceptibility; DC = Detrital Carbonate; IRD = Ice Rafted Debris.
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