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Last deglacial abrupt climate changes caused by
meltwater pulses in the Labrador Sea
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Freshwater perturbations are often thought to be associated with abrupt climate changes
during the last deglaciation, while many uncertainties remain regarding the exact timing,
pathway, mechanism, and influence of meltwater release. Here, we present very well-dated
and high-resolution records from the eastern Labrador Sea representing the last
19.000 years, which demonstrate abrupt changes in sea surface characteristics. Four
millennial-scale meltwater events have been identified between the last 14.000 and
8.200 years based on independent biomarker proxies and X-ray fluorescence scanning data.
These events are characterized by increased sea ice formation and decreased sea surface
temperatures which might have occurred within a few decades. We propose these abrupt
changes were triggered by meltwater pulsing into the Labrador Sea periodically, resulting
from collapse of the Laurentide-Greenland Ice Sheets caused by (sub-)surface ocean
warming in the Labrador Sea. Our findings provide more precise information about impact of
freshwater forcing on abrupt climate changes, which may help to improve simulations for
past and future changes in ocean circulation and climate.
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reenland ice cores preserve signals of atmospheric tem-

perature fluctuations and reveal millennial-scale abrupt

climate changes during the last glacial cycle!. These
abrupt changes (known as Dansgarrd-Oeschger, D-O cycles?3)
were pronounced during Marine Isotope Stage 3 and also
occurred during the last deglaciation!>*. Modelling results suggest
that these abrupt changes were related to intermediate or tran-
sitional climate states and closely associated with variations in the
Atlantic Meridional Overturning Circulation (AMOC)?. Previous
research has linked AMOC variations to direct external forcing
(i.e., astronomical influence)® as well as internal feedback from
the earth system, including changes in northern hemisphere ice
sheet height, freshwater perturbations, and CO, levels, which can
be related to variations in insolation caused by orbital
changes>”:8.

As an unstable transition characterized by abrupt climate
changes, the last deglaciation contains several outstanding stadial
stages such as Heinrich Stadial 1 (HS1), the Younger Dryas (YD)
cold event, and the 8.2 ka BP cold event!*. The occurrence of
these cold episodes was often implicated with iceberg/meltwater
discharge from the Laurentide Ice Sheet (LIS)?-12. As one of the
major outlets of the LIS ice streams!3, large numbers of iceberg/
meltwater were transported through the Hudson Strait into the
Labrador Sea during the last deglaciation!4. Furthermore, the
retreat of the Greenland Ice Sheet (GrIS) could also contribute to
meltwater discharge into the Labrador Sea!>~18. The freshwater
from melted icebergs and land ice could have led to surface

60°W

freshening not only in the Labrador Seal®?0 but may have
extended over the wider North Atlantic subpolar area, as indi-
cated from ice-rafted debris (IRD) records®?! (Fig. 1). This
freshening may have caused reduced deep-water formation and
limited ventilation in the North Atlantic/-*223, However, many
uncertainties remain regarding the exact timing, pathway,
mechanism, and influence of meltwater discharge during the last
deglaciation.

The Labrador Sea is an optimal area for reconstructing the
history of meltwater discharge due to its proximity to the LIS and
the GrIS. Furthermore, the sedimentation rates over Eirik Drift
(in the eastern Labrador Sea) are high (average over 30 cm/kyr)24
allowing high-resolution proxy-based reconstructions of melt-
water discharge, and sea ice cover, etc. Compared to upstream
areas under intense winnowing??, this area might also preserve a
continuous record of the strength of bottom currents, which
could be related to Denmark Strait Overflow Water (DSOW), the
deepest component of North Atlantic Deep Water?* (Supple-
mentary Fig. 1).

Here, we have investigated a very well-dated and high-
resolution sediment core from the Eirik Drift (Fig. 1), repre-
senting an interval from the last deglaciation to Holocene, i.e., the
last 19 ka. During the last deglaciation, four meltwater events
have been identified by abrupt changes in sea surface character-
istics, which are based on independent multiple biomarker
proxies (i.e., IP,5 and PpIP,s for sea ice cover26-27, specific sterols
and alkenones for open-water phytoplankton productivity20-28,
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Fig. 1 Core sites and regional context of the study area. Main map with core sites and modern ocean circulation pattern. Yellow star: Core MSM12/2-5-1;
red dots: other cores referred to; red arrows: warm surface currents; blue arrows: cold surface currents; white arrows: deep and intermediate currents. NAC
North Atlantic Current, IC Irminger Current; WGC West Greenland Current, EGC East Greenland Current, BC Baffin Current, LC Labrador Current, DSOW
Denmark Strait Overflow Water, ISOW Iceland-Scotland Strait Overflow Water, LSW Labrador Sea Water. Black stippled lines A to B and C to D show
location of hydrographic transects presented in Supplementary Fig. 1. Simplified bedrock geology based on ref. 87. Map was taken from ETOPO1 (source:
https://www.ngdc.noaa.gov/mgg/global/). Small overview map (right lower corner) with average sea ice extent of 1981-2010 March (image modified
from Google Earth, data source: https://nsidc.org/), IRD belt (dark grey shading)?!, distribution range of cores with IRD signal around the Labrador Sea

(light grey shading)®8, and the study area (red box).
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Fig. 2 Age model of Core MSM12/2-5-1. Bayesian age-depth model was
established based on 38 radiocarbon dates (see Supplementary Table 1)
using the Bacon program’>. The horizontal dashed lines indicate sediment
depths where sedimentation rates change significantly. Grey stippled lines
indicate 95% confidence intervals of calibration age. The red line shows
linear sedimentation rates (LSR) based on the calibrated age control points;
red arrows highlight the intervals of maximum LSR. The black triangles
mark the depth of a prominent tephra layer that probably represents the
Vedde Ash layer32,

the alkenone unsaturation index UY, for sea surface temperature
(SST)?8, the percentage of tetra-unsaturated alkenones (%Cs;.4)
and stable hydrogen isotope composition of palmitic acid (6Dpy)
for meltwater discharge?%-30, for details see Methods) and X-ray
fluorescence (XRF) scanning data. Furthermore, sortable silt
mean size has been used to reflect changes in bottom current
intensity. In overall, enhanced Atlantic Water inflow may induce
the (sub-)surface ocean warming and trigger collapse of the ice
sheets surrounding the Labrador Sea. The following meltwater
discharge potentially increased sea ice formation and promoted
stratification of the upper ocean column in the Labrador Sea/
subpolar area, preventing Atlantic Water inflow, and conse-
quently disrupting the climate.

Results

Lithology, chronology and sedimentation rates. During Expe-
dition MSM12/2 of R/V Maria S. Merian, a 15m long Core
MSM12/2-5-1 was recovered from the Eirik Drift at 57° 32.31' N,
48° 44.32' W in a water depth of 3491 m3!. Here, we concentrate
on the well-dated upper ~ 12 m of this core, representing the last
19 ka. The sediments are mainly composed of silty clay with
intercalated grain-size related laminated intervals between 1103
and 1070 cm (12.2-11.8 ka BP), 992 and 940 cm (11-10.7 ka BP),
914 and 820 cm (10.6 to 10.2 ka BP), and 590 and 507 cm (8.7 to
8.3 ka BP), respectively (Supplementary Fig. 2 and X-ray pho-
tographs in Supplementary Fig. 3). A prominent maxima of
tephra shards was found in the coarse fraction (>63 pum) in
1123 cm core depth (corresponding to 12.6 ka BP according to
our age model; Fig. 2) that may represent the Vedde Ash dated to
12.12 ka BP32, We have not used this date for the development of
our age model (see Methods for details).

Based on our age model, the mean sedimentation rate is
106.7 cm/kyr in the upper 1118 cm and 10 cm/kyr in the lower
60 cm. Three intervals with peak sedimentation rates occur at
12.4-12.1ka BP (181 cm/kyr), 10.7 to 10.1 ka BP (206 cm/kyr),
and 8.9-8.3ka BP (193 cm/kyr), respectively (Fig. 2). One other
interval with higher sedimentation rates occurs at 14.8 to 13.9 ka
BP (28 cm/kyr). This well-dated sedimentary sequence of Core
MSM12/2-5-1 allows a detailed proxy-based reconstruction of the

environmental evolution in the Labrador Sea and its significance
for (global) climate change during the last deglaciation.

Changes in sea ice, sea surface temperature, and productivity.
The results of biomarker-based reconstruction of sea ice, SSTs,
and primary productivity are shown in Fig. 3. Following
Mollenhauer et al33, radiocarbon age differences between
biomarker (alkenones) and planktic foraminifera in records
from the Gardar Drift (close to Eirik Drift) are negligible,
suggesting that marine organic matter has been deposited quiet
rapidly or only transported over very short lateral distance.
Therefore, we interpret our biomarker records to reflect
predominantly surrounding environmental conditions. Fur-
thermore, we base our argumentation on the similarity of the
alkenone-based SSTs with those derived from Mg/Ca ratios of
planktic foraminifera (more likely to be in situ) (Fig. 3c),
suggesting that the more-easily transported biomarker records
are not affected by long-distance allochthonous transport.
Finally, biomarker-based reconstructions from surface sedi-
ments in the Baffin Bay and the Labrador Sea mirror modern
surface water and sea ice conditions very well343°, therefore
supporting our interpretation.

Several abrupt changes in surface characteristics occur during
the last deglaciation. Around 18.4 ka BP, the sea ice extent
decreased rapidly as shown by decreased values of sea ice proxy
PpIP,s5, coinciding with the abrupt increase in SSTs. Tempera-
tures based on both alkenones and planktic foraminiferal Mg/Ca
show relatively high values (warmer than the modern annual
average) during the early HS1 (Fig. 3c) During the late HS1, the
PpIP,s values are around 0.5, indicating marginal ice zone
conditions (0.5 < PpIP,5 < 0.7). Simultaneously increased concen-
trations of IP,s and open-water phytoplankton biomarkers
(Fig. 3a, e, f) could be explained by polynya formation along
the GrIS margin, caused by strong offshore katabatic winds at the
edge of the extended ice sheets (cf., ref. 3°). The maximum
occurrence of HBI-IIT (Z) concentration may also support a
marginal ice zone situation (cf,, ref. 37). In addition to the late
HS1, four prominent meltwater events have been identified (for
details see below). These events are marked by abrupt increase in
PplIP,5 values, decrease in the concentrations and accumulation
rates of open-water phytoplankton indicators, decrease in SSTs,
and low planktic foraminifera abundance, reflecting abruptly
increased sea ice formation, reduced primary productivity, and
strong meltwater discharge (cf, Fig. 4c). According to Miiller
et al?’, low concentrations of both IP,; and open-water
phytoplankton biomarkers might point to permanent sea ice
cover, prohibiting the growth of ice algae and open-water
phytoplankton due to limited light and nutrient supply
(Supplementary Fig. 4). However, SST values well above 0 °C in
our record contradict this interpretation. Instead, oligotrophic
conditions due to massive meltwater input seem to be a more
realistic explanation of the reduced surface-water production in
this case (cf., Fig. 4c).

During the middle to late Holocene (i.e., the last about 8 ka),
the sea ice biomarker IP,5; and the ice-edge related biomarker
HBI-III (Z) are absent, but high contents of open-water
phytoplankton biomarkers dinosterol and Cs;; alkenones are
found, indicating an ice-free (PpIP,5 =0) and elevated surface-
water productivity environment. The complete absence of HBI-III
(Z) throughout this time interval characterized by the absence of
any sea ice, is supporting that HBI-III (Z) is somehow related to
sea ice (the marginal ice zone, see above) as proposed by Belt
et al.3”. The decreasing Holocene SST values reflected by both
alkenones and Mg/Ca records, are probably driven by reduced
summer insolation (Fig. 4a, e).
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Fig. 3 Proxy records for sea surface characteristics (Core MSM12/2-5-1). a Concentration (line) and accumulation rate (shading) of IP,s5; b PplP,5 based
on dinosterol. For the intervals characterized by zero or minimum concentrations of IP,5 and phytoplankton biomarkers, PplP,5 values cannot be calculated
(highlighted by question marks; cf., Miiller et al.27); for details see text and Supplementary Fig. 4; ¢ Sea surface temperature (SST) based on U§7 and

N. pachyderma (sin.) (Nps)-Mg/Ca values. Black and white bar represents the abundance of planktic foraminifera, with black bars indicating intervals of
absence or low abundance of planktic foraminifera (thus no Mg/Ca temperatures and AMS'4C could be determined), probably related to too low salinity
due to strong meltwater discharge (cf., Fig. 4c); d HBI-IIl (Z); e Alkenones; f Dinosterol. Light blue shadings highlight the intervals of strong meltwater
discharge. Vertical stippled lines mark the intervals: Heinrich Stadial 1 (HS1), the Younger Dryas (YD), and the Bglling/Allerad (B/A). Black triangles mark

available AMS™C dates.

Changes in meltwater discharge. We used the percentage of
tetra-unsaturated alkenones (%Cs.4) as proxy for low temperature
and/or low salinity conditions (i.e., meltwater input) (e.g., ref. 29).
According to Prahl and Wakeham?8, Cj,., is synthesized by Emi-
liania huxleyi (a dominant coccolithophorid species in seawater) at
low temperatures but also other alkenone producers adapted to low
salinity water2®3839, More recently, Lochte et al.# and Wang
et al.#! have proposed that %Cs;, might be an index for sea ice
cover. Based on culture experiments?!, this alkenones can also be
produced by a newly found lineage of coccolithophorids living in
sea ice, reaching %Cj;;.4 values around 80%. However, Cs;.4 is not

the dominant alkenones in our record (ie., <12%) (Fig. 4c), sug-
gesting that open-water algae production influenced by meltwater
is probably the primary source of alkenones here. In order to
further support our argumentation that %Cs,.4 is related to melt-
water discharge, stable hydrogen isotope compositions of palmitic
acid (8Dps) have been measured in selected samples. Although
palmitic acid is produced by most marine and terrestrial organ-
isms, Sachs et al.30 presented multiple lines of evidence that sup-
port marine phytoplankton being its primary source to Arctic
Ocean sediments. In their study of surface sediments along
transects representing large salinity gradients from 11 to 32, these

4 COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:81 | https://doi.org/10.1038/s43247-023-00743-3 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00743-3

ARTICLE

Deglaciation

Late Pleistocene
‘YD BIA ! HS1

i Northen Hemisphere
Se,
.

Allig-Late B E‘arly
; b

500 1 .30
-60

-90

ice sheet volume
(10%km?®)

NGRIP-5'80
(%o)

extended to
??? permanent

222

PyIP,s
o
s

3 A ]
M : f\f/w '
64 [ marginal
RS-y
041 ] g : IF:
h h less
021 ] :
0 B 5 K : ice free
i [y [y [y YN D
10 1 f |
8 8
& 6
2
,(7, 4
» 2 g
0 GeoB18530-1 12 A
southern Labrador Sea *
8 é_'
[ ®
T4 3
e
27
9
o 18
Q
N 9
0 r :
| @ southwestern
—~ 50 » GrlS exposure age
X
< 40 T |, MD99-2236 : T16
o Labrador Shelf | MD99-2227
g \ Eirik Drift
o A T1.2
o ] L
5 \
o : 0.8
1 80 120
: 240
I Vedde Ash? 60 T16
tepgwra 160 40 12
(n/g) r 8
E T80 20
>63 um (%) : L 4
0 0 0
€
2
|fl)
%]

2 4 6 8

10 12 14 16 18
Age (ka BP)

authors demonstrate the correlation between the 6Dp, values and
surface water salinity, with low (high) 8Dp, values indicating low
(high) salinity sea surface environments. Thus, the good correla-
tion between %Cs;.4 and 8Dp, values supports our interpretation
as meltwater signal (Fig. 5a).

%Cs;.4 values are highly variable during the last deglaciation.
Following the late HS1 interval with %C;;.4 values that gradually
increased, four meltwater events have been identified that display
abrupt and rapid increase in %Cs;, values (i.e., meltwater
discharge) within a few decades. We name these events MW1 to
MW4, with MW3 comprising two phases (a and b) that maybe
occur around 150 years apart (MW1: 14.08-12.93 ka based on
median age, 14.62-12.67ka (95% confidence interval); MW2:
12.23-11.87ka, 12.52-11.45ka (95%); MW3a: 11.07-10.78 ka,

Fig. 4 Proxy records of climate trends and abrupt climate changes during
the last deglaciation. a Changes in North Hemisphere ice sheet volumes89,
global sea level’2, and July insolation at 57.5° N°O; b Greenland NGRIP-
8'804. The age of ice core was calculated from GICCO5 age to cal. ka BP;
(c-e) Proxies for abrupt changes from Core MSM12/2-5-1: ¢ Percentage of
Cs7.4 as proxy for meltwater discharge; black and white bar represents the
abundance of planktic foraminifera, with black bars indicating intervals of
absence or low abundance of planktic foraminifera; d PplP»s based on IP,5
and dinosterol as proxy for sea ice extent (cf., Fig. 3b and Supplementary
Fig. 4 for further explanation); red arrows indicate the intervals
corresponding approximately to the cold phases in the ice core record
during the early Holocene; e SST reconstruction based on U§7. Black arrow
shows a decreasing trend following the decreasing insolation; f Subsurface
temperature record based on Nps-Mg/Ca ratios from Core GeoB18530-1°5;
g Si/Sr ratios as proxy for detrital silicate input, linear sedimentation rates
(LSR; grey shading), and dolomite content from Core MSM12/2-5-1.

h Exposure ages based on '0Be indicating the decay of the GrIS'>16; detrital
carbonate content from Core MD99-2236'4; Ti record corrected against Ca
from Core MD99-2227 indicating the runoff from the GrIS'8; i Coarse
fraction (>63 pm) content, IRD abundance, and tephra abundance from the
Core MSM12/2-5-1; j Sortable silt mean size (SS) record as proxy for flow
speed of bottom currents from Core MSM12/2-5-1; black line shows 3
points running average of SS values. Age models of Core GeoB18530-1 and
MD99-2236 have been recalculated based on Bacon program using
“/AR=0%£200" and “/AR =50 %50", respectively. Light blue shadings
highlight the intervals of strong meltwater discharge. Vertical stippled lines
mark the intervals: Heinrich Stadial 1 (HS1), the Younger Dryas (YD), and
the Balling/Allerad (B/A). Black triangles mark available AMS4C dates.

11.51-10.48ka (95%); MW3b: 10.64-10.15ka, 10.96-9.81ka
(95%); MW4: 8.74-8.33ka, 9.05-8.01ka (95%)) (Fig. 4c). The
absence or low abundance of planktic foraminifera during
meltwater events may also support low salinity in the upper ocean
due to strong meltwater discharge (Figs. 3¢, 4c). During the middle
to late Holocene, i.e., the last about 8 ka, there is nearly no Cs;4
(meltwater input) due to the complete decay (absence) of the LIS.
The absence of meltwater may explain the dominantly ice-free
conditions in the eastern Labrador Sea during this time interval. At
around 2 ka BP, a slight increase in %Cj;,, values are probably
associated with the Neoglacial expansion of the GrIS*2 which might
have triggered some release of meltwater into the Labrador Sea.

There are probably two major sources of meltwater. One is from
melted icebergs, which is characterized by increased ice-rafted
debris (IRD) abundance. The other is meltwater plumes triggered
by disintegration of ice sheets and characterised by high loading of
fine-grained suspended matter*3#4, as shown by increased %Cs.4
values, low percentage of coarse fraction (>63 um/%), and low IRD
abundance. During MW1, high %C;;., values and increased IRD
abundance indicate increased iceberg discharge into the eastern
Labrador Sea, a situation similar to the HS1. However, during
MW2, MW3, and MW4, increased %Cs,.4 values coinciding with
extremely low coarse fraction content suggest freshwater/meltwater
is released by meltwater plumes (Figs. 4i and 5¢). The dominance of
laminated silty clay/clayey silt deposits and the absence of coarse-
grained IRD during MW2 to MW4 (see X-ray photographs in
Supplementary Fig. 3; “plumites”) further demonstrate the
importance of suspension-rich meltwater plumes controlling
sedimentation at these times. Such pulses of suspended fine-
grained detrital sediment input most likely contributed to high
concentrations of the non-biogenic fraction and elevated sedimen-
tation rates (Figs. 2, 4g). Increased silicon (Si) to strontium (Sr)
ratios (an index for detrital silicate-rich minerals input?®) and some
dolomite deposition (Fig. 4g) suggest that these meltwater plumes
are related to the LIS with transport via Hudson Strait, probably
superimposed by input from the GrIS (Fig. 1).
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Fig. 5 Proxy records of MW4 versus the 8.2 ka BP cold event. a-c Proxy
records for abrupt change during MW4 from Core MSM12/2-5-1. @ %Cs37.4
and stable hydrogen isotope composition of palmitic acid (8Dpp) as proxies
for meltwater discharge (with higher Cs;.4 and lower 8Dpa representing
lower salinity). Vertical error bars represent the standard deviation of the
8Dpa measurements (3%o); b PplP,5 as proxy for sea ice extent; ¢ XRF-Zr/
Rb ratios indicating coarse versus fine-grained matter; percentage of coarse
fraction (>63 um); (d, e) Proxy records for abrupt change around 8.5 ka BP
from Core MSM45-19-212: d §'80 of benthic foraminifera Islandiella helenae;
e Bottom water temperature estimates based on Mg/Ca ratios of I. helenae.
f Greenland NGRIP-8'804. The age of ice core record was calculated to cal.
ka BP from GICCOS5 age. The purple star indicates the age for Lake Agassiz
drainage event: 8.47 ka BP with 16 uncertainties (purple line, 8.16-8.74 ka
BP)68. Light blue shading shows MW4, whereas grey shading indicates the
8.2 ka BP cold event shown in the Greenland Ice Core. Black triangles mark
available AMSMC dates.

Changes in the strength of bottom currents. In addition to the
surface water characteristics, some reconstruction of bottom
currents has been conducted. Flow speed analysis was investi-
gated via sortable silt mean size (SS), a direct grain size proxy for
the strength of bottom currents®. SS values greatly decrease
during the HS1 in agreement with increased meltwater discharge

(Fig. 4c, j). During the Bolling warm period, SS values abruptly
increase, accompanied by a peak in sedimentation rate (Fig. 4g)
probably caused by increased advective supply, i.e., an increase in
flow speed, which might reflect a strong DSOW. However, based
on the increased accumulation rates (Fig. 3; Supplementary
Fig. 2), the velocity is clearly not high enough for net winnowing
since 14 ka BP.

Our SS values show a high-amplitude variability during the
meltwater events that is difficult to interpret (Fig. 4j), possibly due
to the very high detrital suspended matter supply and deposition
related to meltwater plumes. However, SS from nearby Core
21GGC exhibits minimum values around 8.5 ka BP, corresponding
to low Zr/Rb ratios (proxy for coarse versus fine-grained matter’)
(Fig. 5¢; Supplementary Fig. 5), which suggests probably weakened
bottom currents in the Eirik Drift area. SS values show a low-
amplitude variability since the last about 8 ka indicate that the
strength of bottom currents has been stable and vigorous.

Discussion

The last deglaciation was characterized by abrupt shifts between
cold and warm states in the context of gradually increasing
insolation and the decay of the Northern Hemisphere ice sheets,
especially the LIS (Fig. 4a). These abrupt events (MW1-MW4)
were marked by strong meltwater discharge, rapidly increased sea
ice concentration, decreased SSTs, reduced open-water pro-
ductivity, and probably sluggish bottom currents. During the
intervals without strong meltwater discharge, there was no or less
sea ice cover, higher SSTs, increased open-water productivity, and
stable bottom current intensity. Since the middle Holocene, more
stable interglacial conditions characterized by the absence of sea
ice, gradually decreasing SSTs, high open-water productivity, and
stable and strong bottom currents, were predominant (Figs. 3, 4).

We propose that abrupt changes in sea surface characteristics
during the last deglaciation can be attributed to meltwater pulses
into the eastern Labrador Sea. During the meltwater events, the
peaks in %Cj;.4 (i.e., meltwater discharge) correlated with abrupt
changes in sea ice cover and SSTs, i.e., low-salinity and low-
temperature surface water promoted sea ice formation and
decreased SSTs (Fig. 4c-e). These meltwater events exhibited
millennial-scale climate fluctuations. Spectral analysis of %Cs;.4
record showed high power on a 1560-year cycle (Supplementary
Fig. 6), which was similar to 1500-year cycles in Holocene North-
Atlantic records (cf,, refs. 4%4°) and prominent D-O cycles (every
1-2 kyr) during MIS 33. All these cycles showed alternating cold
and warm intervals with the cold intervals being related to huge
freshwater discharge (this study; ref. 34849). However, D-O cycles
were characterized by rapid warming followed by gradual
cooling!~3 and were probably related to a rapid reduction in sea
ice in the Nordic Seas®, whereas our four meltwater events were
marked by abrupt cooling due to abrupt meltwater injection. The
beginning and end of these events, i.e., the change from minima
to maxima and vice versa, respectively, occurred within a 1-3 cm
thick core section. Taken the high sedimentation rate of
100-200 cm/kyr (Fig. 2), this may suggest that the abrupt changes
of these millennial-scale events may have occurred within a few
decades or even less.

The meltwater pulses into the eastern Labrador Sea were
controlled by meltwater discharge from mixed sources. The LIS
discharge superimposed by the GrIS (more proximal to the Eirik
Drift) was the main source of meltwater discharge. In addition,
freshwater/meltwater from the Arctic Ocean might have also
contributed to the surface freshening. High dolomite content and
increased IRD abundance during MW1 suggest large volumes of
meltwater coming from the LIS via iceberg discharge. High det-
rital carbonate input was also found in the southern Baffin Bay
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Fig. 6 Schematic illustration of intervals without/with strong meltwater discharge in the Labrador Sea during the last deglaciation. a Intervals without
strong meltwater discharge preceding the meltwater events: enhanced warm North Atlantic Current (NAC)/Irminger Current (IC) inflow; surface
freshening in the Baffin Bay and the northwestern Labrador Sea; b Intervals with strong meltwater discharge: weakened NAC/IC inflow; surface freshening
in extensive subpolar regions, probably resulting in increased sea ice extent and limited heat release from the ocean. Blue arrows show meltwater
discharge: melting of the LIS and the GrlS and possible input from the Arctic Ocean (a); calving and meltwater plumes from the LIS and the GrlS and
possible input from the Arctic Ocean (b). ¢ Principal cartoon showing interactions among ice sheet (the LIS and the GrIS) dynamics/meltwater plumes, sea
ice formation, and sedimentation of fine-grained suspension during the meltwater events. Yellow star: Core MSM12/2-5-1; black dots: other

reference cores.

(Cores SL170 and SL174)°1, supporting the statement that the LIS
prominently collapsed around 14 ka BP. Additionally, increased
detrital silicate input (high Si/Sr ratios) meanwhile indicates the
GrIS may be also a major contributor to meltwater discharge
during this time interval (see bedrock distribution in Fig. 1).
During MW2, MW3, and MW4, high detrital silicate and some
dolomite input corresponded to detrital carbonate peaks on the
Labrador Shelf (Core MD99-2236)!4, suggesting that such melt-
water events were influenced by calving and meltwater plumes
from the LIS, superimposed by the GrIS (Fig. 6b, c). No IRD
deposition during these time intervals implies that the main route
of icebergs transported into the Labrador Sea was probably south
of our core location. Furthermore, based on increased continental
titanium input between 14 to 10 ka BP from Core MD99-222718
and exposure ages of the southern/southwestern/southeastern
GrIS'>16 (Fig. 4h), the GrIS retreated significantly during the last
deglaciation, resulting in increased local meltwater discharge
towards Eirik Drift during MW1, MW2, and MW3. According to
the drainage route and timing, the outburst of Lake Agassiz into
the Labrador Sea contributed substantially to the development of
MW4, whereas it may be not associated with the other three
events223,

The four meltwater events MW1 to MW4 can be related
approximately to cold episodes documented in the Greenland Ice
Core record (Fig. 4b-d), suggesting that changes in sea surface

characteristics in the Labrador Sea/subpolar regions may affect
wider fluctuations in atmospheric temperature and closely relate
to the classical cold events (e.g., YD, and 8.2 ka cold event). In
general, and compared to extremely cold intervals (i.e., HS1 and
YD), the Bolling/Allered interval is a relatively warm period
shown in NGRIP record*>. However, the Allerad period is a
relatively cold interval in contrast to the Bolling warm period®4,
including two major meltwater-related cold phases (the Older
Dryas stadial and Intra-Allered Cold period)®. MW1 correlates
with lighter 8'80 during the Allerod period in the NGRIP record
(Fig. 4b), decreased (sub-)surface temperatures in the Labrador
Sea (this study; ref. ) and the northeastern Atlantic>®°7, surface
freshening and reduced ventilation in the North Atlantic®%8
(Fig. 4e, f; Supplementary Fig. 7). These correlations/similarities
indicate that meltwater discharge into the Labrador Sea/subpolar
regions might have caused/contributed to the cooling in the high-
latitude North Atlantic during the Allerod period. Surface
freshening/sea ice expansion in the subpolar regions and fol-
lowing weakened ocean circulation®® (i.e., limited subpolar
gyre and Atlantic Water inflow) could have restricted ocean-
atmosphere heat exchange and heat transport northward,
resulting in a decline in atmospheric temperatures>0-60,
which may also be applied to the other meltwater events
(Fig. 6b). Recent work on the comparison between ice core
record and sea ice changes in the Baffin Bay and the Labrador
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Sea (Core GS16-204-23CC) during the D-O events provides
further evidence that sea ice expansion can greatly affect atmo-
spheric temperatures®!.

MW?2 happened during the late YD, coinciding with the
“Heinrich Event 0” (HO) marked by high detrital carbonate input
on the Labrador shelf!4 and other North Atlantic areas®2. Abrupt
changes in (sub-)surface temperatures and reduced ocean venti-
lation in the North Atlantic support that MW2 might have a
widespread impact on the subpolar regions (Supplementary
Fig. 7). Furthermore, the timing of MW2 was in line with the
second distinct weakening of the AMOC during the late YD,
suggesting that the disintegration of the LIS and the GrIS might
have caused/maintained the cold episode during the late YD,
whereas the flooding event in the Arctic Ocean!-04 might have
induced the first phase of AMOC weakening. Therefore, the
occurrence of MW2 (HO event) may explain why the catastrophic
outburst of Lake Agassiz during the early YD lasted a few hun-
dred years!1:%4 but resulted in a thousand-year cold episode. That
means direct freshwater discharge from Lake Agassiz into the
Arctic Ocean probably merely triggered the abrupt change during
the early YD.

MW3 corresponded to relatively modest changes in the NRGIP
record compared to other cold phases (Fig. 4b-d). On the one
hand, this might be related to less volumes of meltwater discharge
or limited distribution pattern. Thus, prominent changes in
surface characteristics were most likely restricted to the proximal
Labrador Sea as reflected in distinct decrease in (sub-)surface
temperatures in the eastern and southern Labrador Sea (Fig. 4e, f)
whereas only modest changes occurred in the more distal
northeastern Atlantic (Supplementary Fig. 7). More high-
resolution and well-dated records are needed to constrain the
distribution pattern. On the other hand, the impact of MW3 on
climate may be influenced by the background climate condition.
MW?3 happened during the late transition phase towards a stable
interglacial mode, accompanied by highest insolation and a gra-
dual warming trend, which partially masked the short-term
cooling trend caused by inferred meltwater discharge. In com-
parison to the unstable deglaciation, a larger magnitude and
duration of freshwater influx may be required to generate a
comparable impact under a relatively stable mode>®. Alter-
natively, lower sea ice concentration in the Nordic Seas during the
early Holocene® may have contributed to heat release from the
ocean and modest changes in the ice core record.

MW4 that occurred between about 8.74 and 8.33 ka BP, was
closely linked to the 8.2 ka BP cold event (Fig. 5). Unfortunately,
the exact timing of the peak meltwater discharge cannot be
determined in our record due to the limited number of AMS 4C
dates in this time interval. Nevertheless, surface freshening
occurred in the Labrador Sea around 8.5 ka BP, consistent with
the record from the Labrador Shelf'267 and probably caused by
the final Lake Agassiz outburst flood®”-%8 and collapse of the
Hudson Bay Saddle!2. Based on the correlation between the 8Dpy
values and surface water salinity obtained from Arctic Ocean
surface sediments3?, the 8Dp, minimum shown in Fig. 5a may
represent a salinity anomaly of about -4 for MW4, a tentative
statement that has to be approved by further more detailed bio-
marker and isotope analyses. The onset of meltwater discharge
during MW4 was prior to the widespread atmospheric cooling at
the 8.2 ka BP cold event, which started about 200 years after the
end of MW4. This time difference might be interpreted by the
response time between changes in ocean circulation and
climate?3, e.g., such freshening might have perturbed the AMOC
about 145-320 yr. and resulted in the 8.2 ka BP cold event!2. If the
Marine 20 calibration curve is used instead of the Marine 13
calibration curve, the 8.2 ka BP cold event occurred during the
final stage of MW4 (see Methods and Supplementary Fig. 8). The

abrupt changes in surface characteristics during MW4 (Fig. 5a, b)
coincided with distinct minima in the Zr/Rb ratios and the coarse
fraction of our Core MSM12/2-5-1 (Fig. 5¢) and was consistent
with an abrupt decrease in SS values from nearby Core 21GGC,
suggesting weakened strength of bottom currents which may
reflect a weak DSOW in the Eirik Drift®® (Supplementary Fig. 5).
However, our SS record does not show a clear trend of bottom
current variation during the MW4 as well as the other three
meltwater events, despite some lowest SS values presence. To
further understand bottom current variations and their correla-
tions with changes in sea surface characteristics, a wider range of
high-resolution bottom current records over the North Atlantic is
needed.

The occurrence of meltwater events was triggered by (sub-)
surface ocean warming in the Labrador Sea. Higher SSTs were
found in the eastern Labrador Sea preceding high meltwater
discharge (i.e., four meltwater events and late HS1) (Fig. 4c, e).
Neogloboquadrina pachyderma (sin.) is calcifying at the base of
the surface mixed layer (50 m depth) in the Eirik Drift region”?,
and our reconstructed temperatures based on Nps-Mg/Ca ratios
are quite similar to the Uj,-based SST values (Fig. 3c). This
suggests that the whole upper ocean (surface and subsurface
water) was warmer during these periods, possibly caused by
enhanced advection of the warm Irminger Current (cf., ref. 71)
(Fig. 6a). Recent research from the southern Labrador Sea>®
shows highly comparable temperature estimates with our SST
record and demonstrates that the subsurface warming preceded
Heinrich events. Additionally, ocean warming/enhanced Irminger
Current has also been proven to be the trigger for surface
freshening around 8.5 ka BP in the Labrador Sea (Core MSM45-
19-12)12 (Fig. 5d, e). Our high-resolution records provide new
evidence that millennial-scale meltwater events caused by
extensive calving of the surrounding LIS and the GrIS were
triggered by (sub-)surface ocean warming in the Labrador Sea.
Furthermore, rapid sea level rise during the Belling warm
period’? might also have contributed to basal melting/collapse of
ice sheets during the last deglaciation.

In conclusion, our study provides very well-dated and high-
resolution proxy records from the eastern Labrador Sea, which
could improve our understanding of the impact of meltwater
injection into subpolar regions on abrupt climate changes
during the last deglaciation. Our new data supports modelling
results that higher frequency and amplitude of abrupt changes
may occur during the transition states from background
climates®. We found that meltwater pulses following the col-
lapse of the LIS and GrIS might have triggered millennial-scale
abrupt changes in surface freshening and sea ice extent in the
Labrador Sea, as well as cooling atmospheric temperatures.
These abrupt changes might have occurred within a few dec-
ades, which need to be noted in the context of modern accel-
erating melting of the GrIS and Arctic sea ice due to
anthropogenic climate change. Our findings may help to
improve model simulations of abrupt changes and predictions
of the impact of meltwater discharge on future ocean circulation
and climate change.

Methods

Chronology. The age model of Core MSM12/2-5-1 was constrained by 38 Accel-
erator Mass Spectrometry (AMS) radiocarbon dates of planktic foraminifera
Neogloboquadrina pachyderma (sinistral). All the AMS 14C dates were calibrated to
calendar years (cal. ka BP) based on the Marine 13 calibration curve’3, with a
global mean reservoir age (/AR = 0+200) (see Supplementary Table 1 for details).
We used the Marine 13 curve to keep consistency with other published records. We
also tested the calibration with the Marine 20 curve’4, and the results are similar
(i.e., the whole records become around 200 years younger) and do not influence
our interpretations (Fig. 5; Supplementary Fig. 8). The age-depth model was
established on the Bayesian age-modelling (Bacon) approach’>. The tephra peak
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found in 1123 cm core depth and dated to around 12.6 ka BP (based on our current
age model) might represent the Vedde Ash layer dated to 12.12 ka BP32 (Figs. 2, 4i).
However, without further geochemical analyses and possible impact from ice-rafted
tephra, this tephra layer cannot be attributed to the Vedde Ash layer unambigu-
ously. Furthermore, if this tephra layer is the Vedde Ash layer for sure, this would
imply a local reservoir age correction of about 450 years (/\R = 450) (cf., ref. 7).
However, we cannot determine for which time interval this local reservoir age

correction has to be considered. Thus, we have not used the Vedde Ash layer as an
extra age control point to establish age model, but marked it in Figs. 2 and 4.

Bulk parameters. For the measurement of bulk parameters, freeze-dried and
homogenized sediments were used. Total organic carbon (TOC) contents were
measured by Carbon-Sulfur Analyser (CS-125, Leco) after removing carbonate
with hydrochloric acid. Total carbon (TC) contents were determined by Carbon-
Nitrogen-Sulfur Analyser (Elementar III, Vario).

Biomarker analyses. For biomarker analysis, 5 g of freeze-dried and homogenized
sediments were used for extraction by ultrasonication with dichloromethane/
methanol (DCM/MeOH, 2:1 v/v). The internal standards 7-hexylnonadecane (7-
HND, 0.076 pg), 9-octylheptadec-8-ene (9-OHD, 0.1 pg), 5a-androstan-3p-ol
(androstanol, 10.8 pg), and squalane (3.2 ug) were added prior to the extraction.
The extracts were concentrated and separated into hydrocarbon and sterol fraction
by open silica gel column chromatography using 5 ml n-hexane and 9 ml ethyla-
cetate/n-hexane, respectively. Furthermore, the sterol fraction was derivatized with
200 pl bis-trimethylsilyl-trifluoracet-amid (BSTFA) (60°C, 2h). Hydrocarbons were
analysed by gas chromatography/mass spectrometry (GC/MS) (Agilent 7890GC-
Agilent 5977 A). Sterols were analyses by GC/MS (Agilent 6850GC-Agilent 5975
A). Compound identification was based on comparison of GC retention times with
reference compounds and published mass spectra for highly branched isoprenoids
(HBIs) and sterols. HBIs were quantified based on their molecular ions (m/z 350
for 1IP,5, m/z 348 for HBI-II, and m/z 346 for HBI-III (Z)) in relation to the
fragment ion m/z 266 (7-HND). Brassicasterol (24-methylcholesta-5,22E-dien-3p-
ol), campesterol (24-methylcholest-5-en-3p-ol), sitosterol (24-ethylcholest-5-en-
3B-ol), and dinosterol (4a-23,24-trimethyl-5a-cholest-22E-en-3p-ol) were quanti-
fied as trimethylsilyl ethers. Their molecular ions m/z 470, m/z 472, m/z 486, and
m/z 500 were used in relation to the molecular ion m/z 348 of the internal standard
androstanol. External calibration curves and specific response factors were applied
for balancing the different responses of molecular ions of the analytes and the
molecular/fragment ions of the internal standards. Biomarker concentrations were
normalized based on TOC content of each sample. For analytical details and
further references see ref. 77.

Sea ice variations is indicated by the PIP,s value (Eq. 1), a semi-quantitative
index for sea ice reconstruction?”3”. It is derived from the seasonal sea ice
biomarker (IP,s) and open-water phytoplankton biomarker (e.g., dinosterol,
brassicasterol, and HBI-III (Z)). In addition, the Cs; alkenones were also used as
phytoplankton marker for PIP,s calculation.

PIP,; = [IP,5] / ([IP,5] + [Phytoplankton biomarker] x c) 1)

The balance factor ¢ corresponds to the ratio of mean concentration of IP,5 and
phytoplankton biomarker. In our study, all four PIP,5 proxies based on dinosterol,
brassicasterol, HBI-III (Z) and the Cs; alkenones show very similar trends (see data
online). Thus, we only used the IP,s-dinosterol-based PpIP,s5 to reflect sea ice
variations here (Fig. 3b).

As cleaning step for analysing alkenones were necessary, saponification was
applied to sterol fraction (see above) using 1 ml 0.1 mol/L KOH (50°C, 12h) before
determination of alkenones. Additionally, open silica gel column chromatography
was performed using DCM. Internal standard n-hexatriacontane (Csg, 2.1435 pg)
was added to each sample for quantification. Alkenones were analysed by GC
(Agilent 6890 A) and identified by their retention times and the comparison with
an external standard.

The SST reconstruction is based on long-chain Cs; alkenones synthetized by
haptophyte algae, using the alkenone unsaturation index (U%;)2878:

U§7 = (C37:2 - C37:4)/(C37:2 + C37:3 + C37:4) (2)

For calibration of the UY, index to SST values we followed the most recent
review study carried out by Filippova et al.3* for North Atlantic surface sediments,
using

U, = 0.021T +0.243 (3)

Despite UY, not only being affected by SSTs, the regional U, values still show a
high positive correlation with SSTs in the North Atlantic?®. Furthermore, SST
calibration based on U§7 (i.e., excluding Cs;.,4 in the Eq. (2)) exhibits a significant
warm bias and more unrealistic SSTs for the North Atlantic3>4!. The often used
SST-alkenones reconstruction based on the global calibration of Miiller et al.”® also
displays a larger warm bias at cold temperatures/sea ice cover conditions. A
comparison of SST values based on UY, and U§7 indices as well as different
calibration equations (Rosell-Mele et al.8; Miiller et al.”% Filippova et al.3) are
presented in online dataset®!. In the low-temperature range <<10 °C, the
calibration equation becomes less precise3>. Thus, the absolute SST values of the

meltwater events should be interpreted more cautiously, and we focus more on the
abrupt changes per se.

As a proxy for low temperature and low salinity water, we have used the
percentage values of tetra-unsaturated alkenones (%Csj;.4) to indicate meltwater
input (cf., ref. 2%) following equation:

%Cs7.4 = Cs7./(Cyzz + Ciz3 + Ci74) x 100 4

For the analysis of the stable hydrogen isotope composition of palmitic acid
(8Dpy), 6g of freeze-dried and homogenized sediments were extracted by
ultrasonication with dichloromethane/methanol (DCM/MeOH, 9:1 v/v). The
internal standard C19:0 fatty acid (50.5 ug) was added prior to the extraction. The
extracts were saponified using 0.1 M KOH in MeOH (50 °C, 12h), yielding neutral
and acid fractions after hexane extraction and after acidification, respectively. The
acid fractions were methylated with MeOH of known isotopic composition (50°C,
12h), yielding the corresponding fatty acid methyl esters (FAMEs). The FAME
fractions were cleaned by open pipet columns (4 cm silica gel with 0.5 cm Na,SO,)
using DCM. 8Dp, analyses were carried out on a Thermo Fisher Scientific MAT
253 Isotope Ratio Mass Spectrometer coupled via a GC IsoLink operated at 1420 °C
to a Thermo Fisher Scientific TRACE GC equipped with a Rxi-5ms column
(30 m x 0.25 mm X 0.5 pm). Isotope values were measured against calibrated H, gas
and 8D values are reported in permil against VSMOW. Measurement accuracy was
controlled by n-alkane standards of known isotopic composition every six
measurements. Long-term mean absolute deviation based on the external n-alkane
standard mixture was 3.0%o. Daily determination of the HTsfactor using H, as
reference gas gave 5.6-5.7, while the precision of the internal standard was 2%o.
ODp, values were corrected for the methyl group added during methylation. For
analytical details and further reference see ref. 3082,

Accumulation rates. Accumulation rates of bulk parameters and biomarkers were
calculated according to the following equations:

BAR = SRx <(WBD — 1.026x PO,100) (5)

MAR = BAR x BM(or TOC/100) (6)

BAR: bulk sediment accumulation rate (g cm~2 kyr~—1); SR: sedimentation rate
(cm kyr—1); WBD: wet bulk density (g cm—3); PO: porosity (%); MAR: mass
accumulation rate (g cm~2 kyr~! or ug cm~2 kyr~1); BM: biomarker concentration

(ug g 'Sed).

Mg/Ca analysis. 80 to 200 individuals of N. pachyderma (sin.) were picked from
the size fraction 150-212 pm for Mg/Ca analysis. Samples were cleaned prior to the
measurement. The majority of the Mg/Ca determinations were analysed on the
ICP-MS at Cardiff University with an analytical precision for Mg/Ca of +2%
relative standard deviation (RSD) and the remaining samples on the ICP-OES at
the Bjerknes Centre for Climate Research with an analytical precision of +1.4%
RSD. The precision for Mg/Ca standard measurements are similar on both the
ICP-MS and ICP-OES (<0.9% RSD for long term precision), thus the data from
both instruments are interchangeable.

Temperatures were calculated using species-specific N. pachyderma (sin.)
calibration equation®3:

Mg/Ca = 0.5 exp(0.1T) 7)

The analytical error of +2% is equivalent to +0.2 °C using the calibration
employed in this study. For analytical details and further references see ref. 84.

Core MSCL logging and XRF scanning. During Expedition MSM12/2, hole-core
physical property measurements were carried out in the ship laboratory and
included non-destructive, continuous determinations of core geometry (diameter),
wet bulk density (WBD), P-wave velocity (Vp), and loop sensor magnetic sus-
ceptibility (MS) at 10 mm intervals. A standard Multi Sensor Core Logger (MSCL)-
S track (GEOTEK Ltd., UK, Ser. No. 25) was used to measure temperature, core
diameter, P-wave travel time, gamma-ray attenuation, and MS. The principle of
logging cores is described in more detail in the GEOTEK manual “Multi-Sensor
Core Logging”, which can be downloaded from the web (http://www.geotek.co.uk).
The orientation of the P-wave and gamma sensors was horizontal. For further
details we refer to the Cruise Report3!,

The AWT Avaatech XRF (X-Ray Fluorescence) Core Scanner was used for rapid
and non-destructive determination of the chemical composition of sediment
sections of Core MSM12/2-5-1. Split core surfaces were scanned during a 10 kV, 30
kV, and 50 kV run, in order to obtain reliable intensities (counts per second) of
specific major elements. Here we present data of K, Rb, Si, Sr, Ti, and Zr, plotted
and interpreted as elemental ratios K/Ti, Si/Sr, and Zr/Rb. For documentation and
analytical details, we refer to Avaatech Manual (https://epic.awi.de/id/eprint/
37355/4/XRFCore-Scanner_user-manualV2.pdf).

Grainsize analysis: sortable silt. We analysed the mean size of the non-cohesive
sortable silt (SS) fraction (10-63 um) of 118 samples as a proxy for the strength of
bottom water currents®8°. Particle sizes <10 um are predominantly cohesive clay
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material deposited as aggregates and thus excluded, as they do not reflect hydro-
dynamic processes. The method of McCave et al.*68 for sortable silt preparation of
raw sediments was followed. Approximately 2-4 g of sediments were treated with
250 ml of 2 M acetic acid for carbonate removal and heated at 85 °C for 5h in
150 ml 2 M sodium carbonate for biogenic silica removal so as to remove biogenic
influences on grain size. Samples were then suspended in 0.2% Calgon solution and
placed on a rotating wheel for sediment disaggregation followed by 1-min ultra-
sonic treatment just prior to analysis. Sample size was measured using a Beckman
Coulter Multisizer IIT with a 200 um aperture. SS mean size measurement errors
are +2% at sortable silt concentrations >5%5°.

Data availability
All relevant data in this paper is available at PANGAEA Data Publisher (https://doi.org/
10.1594/PANGAEA.952329)81,
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