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Deglacial floods in the Beaufort Sea preceded

Younger Dryas cooling

L. D. Keigwin'™, S. Klotsko? N. Zhao', B. Reilly3, L. Giosan' and N. W. Driscoll?

A period of cooling about 13,000 years ago interrupted about 2,000 years of deglacial warming. Known as the Younger Dryas
(YD), the event is thought to have resulted from a slowdown of the Atlantic meridional overturning circulation in response to
a sudden flood of Laurentide Ice Sheet meltwater that reached the Nordic Seas. Oxygen isotope evidence for a local source of
meltwater to the open western North Atlantic from the Gulf of St Lawrence has been lacking. Here we report that the eastern
Beaufort Sea contains the long-sought signal of ¥0-depleted water. Beginning at ~12.94 + 0.15 thousand years ago, oxygen iso-
topes in the planktonic foraminifera from two sediment cores as well as sediment and seismic data indicate a flood of meltwater,
ice and sediment to the Arctic via the Mackenzie River that lasted about 700 years. The minimum in the oxygen isotope ratios
lasted ~130 years. We suggest that the floodwater travelled north along the Canadian Archipelago and then through the Fram
Strait to the Nordic Seas, where freshening and freezing near sites of deep-water formation would have suppressed convection
and caused the YD cooling by reducing the meridional overturning.

t is known that conditions in the Arctic Ocean have a profound
effect on the North Atlantic Ocean, for example the Great Salinity
Anomaly (GSA) of the 1960s and 1970s' and that the export of
excess fresh water and ice through the Fram Strait was the ori-
gin of the GSA*’. During the transit of the GSA around convec-
tive regions of the Nordic Seas, the decreased sea surface salinities
and increased sea ice cover reduced the convective overturn and
contributed to very harsh winters. There is reason to expect that
similar and even larger climate events occurred in the past, espe-
cially during deglaciation when huge volumes of meltwater and ice
suddenly entered the Gulf of Mexico, the Arctic and the Nordic
Seas. For example, it was discovered several decades ago that an
abrupt decrease in the oxygen isotope ratio (8'O) in surface-
dwelling planktonic foraminifera midway through deglaciation in
the Gulf of Mexico was a signal of a freshwater flood*. The source
of this runoff must have been the decaying Laurentide Ice Sheet
(LIS) via the Mississippi River, but it ended abruptly at about 13
thousand years ago (ka) (ref. °). Kennett and Shackleton* pro-
posed that, as the southern margin of the LIS retreated northward,
meltwater was routed eastward to the Gulf of St Lawrence and the
western North Atlantic. The 8'®0 decrease in the Gulf of Mexico
was more than 2%o, so a signal of 1%o or more should stand out in
fresher, higher latitude waters. However, a low 8'%0 signal at about
13ka has not been detected in high-quality sediment cores from
the open western North Atlantic®™®, and yet it is believed that the
diversion of the flood from the Gulf of Mexico interrupted deep
ocean convection and caused the well-known Younger Dryas (YD)
cold episode (12.9-11.7ka) in the North Atlantic region’. Other
proposed explanations for the origin of the YD include melting of
the Fennoscandian ice sheet'’, changes in atmospheric circulation'
and a combination of ice-sheet melting, atmospheric flow patterns
and radiative forcing'’. However, these explanations beg the ques-
tion as to where the diverted meltwater went.
The YD was discovered near the beginning of the 20th century as
one of several appearances of the Arctic wildflower Dryas octopetala
in postglacial deposits in Scandinavia'>'* and eventually was

defined as a useful chronostratigraphic zone in the North Atlantic
region'. It was later proposed that meltwater-routing and drainage-
pattern changes could have caused the YD by lowering the surface
ocean salinity'®".

Recently, a glacial systems model showed that fresh water stored
in the glacial Lake Agassiz most probably travelled north to the
Beaufort Sea via the Mackenzie River at 13ka (ref. '*) and exten-
sive field work on the Mackenzie Delta identified clear evidence
of massive flood deposits that occurred at about the same time'.
Although the exact timing and magnitude of the conclusions of
Murton et al.”” have been questioned®, the application of a high-
resolution ocean circulation model* showed that the Lake Agassiz
flood could have caused the YD reduction of the Atlantic meridi-
onal overturning circulation (AMOC)* and consequent northern
hemisphere cooling only when it was released to the Arctic Ocean
(via the Mackenzie River).

Here we present data that show two events of substantial sea
surface freshening during deglaciation in newly acquired large-
diameter (jumbo) piston cores (JPCs) from 690 m on the continen-
tal slope ~100km east of the Mackenzie River (JPC-15 and JCP-27
(Fig. 1)). These and other new cores underlie the Atlantic water
that enters the Arctic at the Fram Strait and the Barents Sea in the
depth range ~100 to 800m and circulates anticlockwise along the
continental slopes®. JPC-15 penetrated ~13 m of sediment and was
probably stopped by a coarse ice-rafted debris (IRD) layer that has
a high magnetic susceptibility, high Ca content (Fig. 2) and makes
a prominent reflector in the acoustic stratigraphy across the region
(Fig. 3). Later, reoccupying the same site, a longer (heavier) deploy-
ment (JPC-27) penetrated the deeper coarse layer. As these cores
have nearly identical lithology, we spliced them together to make a
composite JPC-15/27 (Supplementary Fig. 1).

Compared to the lower layer, the upper coarse layer at this site is
thicker, has multiple events and fewer IRD grains (Fig. 2), but each
layer also has finer sand and silt (Fig. 3). These data indicate that
each coarse layer provides a record of enhanced sediment transport
to the upper slope of the Beaufort Sea. The two main events must
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Fig. 1| Overview of core locations and stratigraphy in the eastern Beaufort Sea. a, Track of USCGC Healy cruise 1302 (ref. >*) with locations of JPC sites
(yellow) and other cores (red) discussed in this study. The inset (based on data from Jakobsson et al.>*) shows the study area with respect to the Arctic
Ocean. LR, Lomonosov Ridge; MR, Mendeleev Ridge; CB, Chukchi Borderland; BC, Barrow Canyon; MT, Mackenzie Trough; AG, Amundsen Gulf; MS,
M'Clure Strait; Bl, Banks Island; VI, Victoria Island. Based on low 880y, and seismic evidence, the YD flood deposit (sites in yellow with a cross) ranges
from JPC-09 in the west to JPC-22 in the east. The Coriolis force and lowered sea level mean that the flood would have travelled north and east.

b, Downcore magnetic susceptibility delineates the Holocene (yellow)-Deglacial (blue) boundary, and selected AMS “C dates are in calibrated ka.

be the same as those Scott et al.** noted in Canadian core PC-750  carbonate content, but also that the lowest carbonate delivery to the
(Fig. 1). X-ray fluorescence (XRF) counts of calcium (interpreted as  region occurred before the oldest event and was only a little higher
the detrital CaCO, content) show that our two events have a similar ~ between the events (Fig. 2). Sediment deeper than ~5m is faintly
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Fig. 2 | Proxy data from JPC-15/27 in the eastern Beaufort Sea.

a-d, Magnetic susceptibility (a), lithic particle abundance (b), Ca content
(proxy for CaCOs) (c), and 80, (d) all exhibit extreme values early in
the B/A warming at 14.6 ka (red line at 1,300 cm) and during the YD (11.7-
12.9ka) (red lines at ~380 and 510 cm). Dashed vertical lines correlate the
smaller features. The dashed horizontal line in d is an ~2.0%o reference for
8'80 features. Data that correspond to a large dropstone at 1,346-1,355cm
are excluded from c. e, The C. neoteretis (benthic) 8@0 is unremarkable
except that the clear minimum of ~450-500 cm occurs in the same
samples as the low §'®0y,,. f, Sedimentation rates are very high where
sediments are laminated, although ™C dates exaggerate the B/A maxima
(Supplementary Fig. 2). MSR, minimum sedimentation rate.

laminated at the centimetre scale, except for the massive appear-
ance of the first event (13.0-13.5m). Laminae are better developed
between 6 and 12 m, where about 300 were counted in the XRF data
(Supplementary Fig. 2).

Aswiththesedimentand geophysical data,3'*O onthe polar plank-
tonic foraminifer Neogloboquadrina pachyderma (Ehrenberg) left
coiling (Nps (s, sinistral)) in JPC-15/27 is marked by two prominent

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

Magnetic susceptibility (x107° Sl)
10 20 30

CHIRP profile
—200

Holocene

—400 4

YD

-600

—-800

Depth in core (cm)

-1,000

-1,200

-1,400

-1,600

PR SS SRS

Grain size (um)

o

1 2 3 4
% volume

Fig. 3 | Grain size variability down composite JPC-15/27. Magnetic
susceptibility data are superposed on the grain size and the seismic data,
assuming the pressure-wave velocity of the core logged at sea (1,333 ms™).
These properties all vary together. The seismic data show a diagnostic
reflector pattern with upper (-380-520 cm) and lower high (1,320 cm)
amplitude reflectors that bound a region of lower acoustic reflectivity. The
zone of lower reflectivity correlates with high sediment accumulation rates,
low magnetic susceptibility, low IRD and low Ca content (Fig. 2).

events at the same depths in the core (Fig. 2). At these levels, §'*0
of Nps (8'*Oy,,,) decreased at least 1.0%o below the ~2.0%o baseline
that extends >4 m down the core. Above a pronounced maximum
in 8"*0Oy,, at 2-3m, values decrease by ~2.0%o to the core top. We
find the upper 8'*Oy,, minimum to the west of JPC-15/27 at JPC-09
(Supplementary Information), but not at other cores farther west
(Fig. 1). Benthic foraminiferal (Cassidulina neoteretis Seidenkrantz)
8'%0 at JPC-15/27 yields a stratigraphy more typical of the world
ocean, with generally increasing values down the core, although
they are consistently low at about 5m in the same samples in which
8'* 0y, is low (Fig. 2e).

Chronology

The chronology in Arctic sediments is uncertain because, although
radiocarbon dating of foraminifera is the simplest method, at present
there is no way to know exactly the near surface reservoir correction
(AR)inthepast. Wemade 14accelerator massspectrometer (AMS) “C
measurements on Nps from core 15 (Supplementary Table 1). These
dates indicate maximum rates of sedimentation of at least 10m per
1,000 "C years between 6 and 12m in the mid-deglacial interval of
the core (Fig. 2f and Supplementary Fig. 3). Before and after that
mid-core extreme, rates are half that or less. We assume that Nps cal-
cified near the interface between fresher, near-surface water and the
underlying saltier water, as it does today™. In that environment, it
was salty enough to survive, but shallow enough to capture low 50
events. Six of the Nps dates were paired with dates on C. neoteretis.
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On average, benthics are only 120+220years older than plank-
tonics, which includes a result from 1,300m in the Chukchi Sea
(HLY0205 JPC-16 (Fig. 1))*. This small difference indicates that
the upper slope waters were relatively well ventilated.

For a calendar (calibrated) “C chronology, we need to choose a
AR. In the modern Arctic, the Pacific inflow through Bering Strait
is a source of old carbon that would have been absent prior to about
11ka when the strait was dry land***” (Supplementary Fig. 4 for fur-
ther discussion). Bondevik et al.*® showed that surface waters along
the Norwegian coast, which would have fed the Arctic, had a AR of
about Ovyears, like today, during the Belling-Allered (B/A) and of
about 100years early in the YD and about 200 years during the mid-
YD. Cao et al.” reached a similar conclusion based on U series dates
and "C measurements on a solitary coral from the southern Labrador
Sea, which would monitor intermediate-depth waters that leave the
Nordic Seas. Therefore, we developed an age model using a Bayesian
method and AR=04100years for the Holocene and the Allerad, and
200+ 100years for the YD (Supplementary Fig. 5). If the relatively
high AR during the YD was triggered by an event late in the Allered,
then the onset of that event should be calibrated with a AR of ~Oyears.

These estimates of only a modest AR (0-200 years) encompass
the pre-bomb estimate® based on C, tritium and 8O on sam-
ples collected decades ago when bomb-produced nuclides were
beginning to invade the deep Arctic. Ostlund et al.* inferred that
the pre-bomb “C activity of waters between 500 and 1,500 m was
about -55+5%o, to give a AR of ~40years (Fig. 4). Therefore,
although deep-water C circulation in the Arctic may have been
very different in the past®?, it appears that the *C ventilation of
upper waters (<1500 m) in the Canada Basin was similar to today.
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Fig. 4 | Radiocarbon basis for the age model in this paper. Ostlund et al.*®
synthesized A™C, 80 and tritium data collected from several Arctic

ice camps (LOREX, CESAR and AIWEX) between 1977 and 1985 and
concluded that the pre-bomb value of intermediate depth waters (500 to
1,500 m) was -55 + 5%o (vertical black line + 1o (dashed)), and pre-bomb
shelf water was —48 +3%o (triangle). The ice-camp results are considered
to be equivalent to Canada Basin water in that all are on the west side

of the Lomonosov Ridge. Our age model uses AR=0+100 (1) for the
Holocene and B/A, within uncertainty of the pre-bomb estimate®, but we
use a larger AR for the YD (200 +100) (Supplementary Fig. 5).

Our age model gives interpolated calendar ages in JPC-15/27
of 12.94+0.15ka for the onset of the upper 6'*0 minimum (con-
strained by dates of 13.06ka at 520cm and 12.66ka at 500cm
(Supplementary Table 1), and ~14.6ka for the peak of the older one
(Fig. 5). The age of the older event and its associated IRD is consis-
tent with the ages (15.2-14.1ka) reported for the initial withdrawal
ofice streams from Amundsen Gulf and M’Clure Strait™. The age for
the onset of the later freshening in the Beaufort Sea (12.94+0.15ka)
is virtually the same as the beginning of the YD at 12.85+0.14ka in
Greenland ice cores™, and identical to the end of freshening in the
Gulf of Mexico (12.94+0.17ka) (Fig. 5). Minimum 8"0 in JPC-
15/27 first occurred at 12.59 +0.14 ka, within the uncertainty of the
equivalent event at JPC-09 (12.7 +0.10ka). The coincidence of the
end of flooding in the Gulf of Mexico and the onset of flooding in
the eastern Beaufort Sea is strongly suggestive that the routing of
meltwaters” switched from the Gulf of Mexico to the Beaufort Sea
at about 13ka.

Ocean and climate change in the Beaufort Sea

Our composite sequence from the continental slope east of the
Mackenzie River began around 15-16ka with modest ice raft-
ing from local sources, such as ice streams in M’Clure Strait and
Amundsen Gulf. Icebergs would have travelled clockwise around
the Canada Basin via the Beaufort Gyre, and the anticlockwise
shelf-break current’® would have been weakened with the sea
level below the depth of the Bering Strait. Mackenzie River may
not have supplied substantial detrital carbonate because the
extensive Devonian carbonate terrain south of Great Slave Lake
and north of Fort McMurray* was probably ice covered, but it
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Fig. 5 | Comparison of deglacial §®0 between Orca Basin in the Gulf of
Mexico and Beaufort Sea. Arctic data are based on Nps (blue squares, core
15/27; red line, JPC-09) and Orca Basin data are based on the planktonic
foraminifer Globigerinoides ruber (data from Williams et al.® (green line)

and Leventer et al.>* (black squares) (Supplementary Information gives
chronology details of the latter core)). The eastern Beaufort Sea freshened
at about 12.9 ka, coincident with the end of the Gulf of Mexico freshening
and consistent with the hypothesis that meltwater was diverted from the
Gulf to a more northern outlet as deglaciation progressed*. HS-1, Heinrich
Stadial 1; LGM, last glacial maximum.
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may have been a source of runoff and sediment at least since
~18 ka based on the background low 80 (Fig. 5). This was a time
when the secular change in the ocean due to increased ice vol-
ume was about +1%o, which indicates that the sea surface was less
saline than today by at least one practical salinity unit, assuming
the modern 8'8O-salinity relationship®. This setting prevailed
until ~14.6ka, when ice rafting dramatically increased from the
Amundsen Gulf and M’Clure Strait, and 8Oy, decreased by
>1%o. The five samples that define this minimum were probably
deposited within decades.

At the end of the 14.6ka event, the Amundsen Gulf probably
remained a source of sediment to the continental slope in the east-
ern Beaufort Sea until the ice stream had fully retreated. Mackenzie
River may have always been a large source of sediment, but as more
of its watershed north of Fort McMurray was deglaciated, the more
important it must have become. The laminated sediments, high sed-
imentation rate and general lack of coarse particle ice rafting sug-
gest a large sediment input from the Mackenzie River between 13.5
and ~14.4ka (6-12m in the core). The high sedimentation rates
along the slope may be explained by discharge over bottom fast ice
on the shelf, which could efficiently transport sediment farther sea-
ward (for example, Macdonald and Yu™). Based on the diagnostic
acoustic signature of the rapidly emplaced B/A section (Fig. 3), the
western extent of the deposit pinches out between JPC-09 and JPC-
06 (Fig. 1 and Supplementary Fig. 8). Counts of ~300 layers within
the ~900 year interval during which sedimentation rates were high-
est show that the layers were probably not annual (Supplementary
Fig. 2). The interval between the two 8Oy, minima represents
most of the B/A climate warming, when the AMOC was almost as
strong as today”’, but evidently the lowered salinity in the Beaufort
Gyre had little direct influence on North Atlantic overturning. This
may indicate that the gyre was in a mostly anticyclonic state, which
today stores ice and fresh water*.

Close to 13 ka, the rapid increase in magnetic susceptibility and
decreased 8'*Oy,, in JPC-15/27 heralded the beginning of the YD.
Although the two 8"®Oy,, minima in this core are similar in size,
the YD event was more likely to have been a flood of fresh water
with a high suspended load" because 6'*O of C. neoteretis, living
at the seafloor, decreased in exactly the same samples as Nps dur-
ing the ~13ka event, but not the earlier event. This, we propose,
may record a hyperpycnal flow that brought low salinity to the sea-
floor and that would be more likely from a river flood. The major
sediment depocentre in this model must be farther seaward because
sedimentation rates drop during this time interval at 690 m water
depth (Fig. 2). The YD flood can be traced to the west as far as core
JPC-09 using 5'"*Oy,,, but the signal is not clear west of that at JPC-
06, and neither the 'O minima nor the maximum in magnetic
susceptibility are evident as far west as JPC-02 near Barrow, Alaska
(Supplementary Fig. 7).

About 200vyears after the onset of the YD flood, all four sedi-
ment and isotope proxies were briefly aligned in the first (labelled @
in Fig. 2) of several subevents (Fig. 2a—d). The low 5'*Oy,, episode
is mostly centred between the subpeaks @ and ‘b’ of the magnetic
susceptibility (12.8 to 12.3 ka), but the last of the spikes in IRD and
carbonate deposition ended with an increased 8'*Oy,, at the end
of the flooding. The maximum §'*Oy, at ~12.2ka probably marks
an interval of relatively high salinity in the near-surface Beaufort
Sea*!, followed by more typical decreasing 88O trends in benthic
and planktonic foraminifera as the ice volume decreased and cli-
mate warmed during the Holocene. The lingering high magnetic
susceptibility late in the YD may indicate evolving sources of sedi-
ment from the Mackenzie River, and it might also relate to evidence
of a second flood ~11Xka (ref. ¥).

Knowing the duration of the YD flood is important to cal-
culate the fresh-water transport and evaluate its effect on the
AMOC. If we take the main flood interval of the YD as that part
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during which 8%y, was less than the 2%o baseline, then it lasted
~660years. If the lowest §'*Oy,, indicates the peak discharge, then
most of the fresh-water transport could have occurred in about
130years (Supplementary Table 3). However, it must be kept in
mind that if the Mackenzie River choke point at Fort McMurray
was breached suddenly at the beginning of the YD, and this is
contentious”, then the outburst of Glacial Lake Agassiz water
would have probably produced initial salinities over our core
site that were too low for Nps to grow. Furthermore, estimates
of very high fresh-water transport during the flood are based on
the assumption that it occurred on the timescale of a year”, yet
if the main flood was that brief then it is unlikely that enough
planktonic foraminifera could have recorded the low §'%0 to leave
a signal in the geological record.

Most probably, the initial Mackenzie discharge at 12.9ka was a
combination of both a routing change from the Gulf of Mexico and
an outburst flood from the glacial Lake Agassiz. This potent combi-
nation of two sources of fresh water was probably effective in reduc-
ing the AMOC?, especially given that it was an Arctic source’.
However, even if the combined routing plus glacial lake release to
the Mackenzie River itself was too modest to trigger a collapse of
the AMOC, many large rivers empty into the Arctic’, and the Lena
River, one of the largest, also flooded about 13ka (ref. **). Finally, in
addition to fresh-water floods in the Arctic around the beginning of
the YD, it is reported that an enhanced sea-ice export through the
Fram Strait at that time also had a Beaufort Sea source®.

By the onset of the YD, the AMOC may have already been close
to a tipping point after ~1,500years of low salinity leakage from
the Beaufort Sea and transport to the nearshore convective regions
of the Nordic seas***. Increased freshening has also been noted at
other coastal locations in the North Atlantic, including the proposed
eastern outlet (St Lawrence River system) using various proxies*’,
the Baltic Sea'*”" and off eastern Greenland, where 8'*O,, minima
of YD age are thought to reflect local melting® but could also be
evidence of the Mackenzie flood. The coincidence of decreased 6'*O
in the Beaufort Sea and increased 6'*0 in the Gulf of Mexico near
the beginning of the YD is a good test of the meltwater-diversion
hypothesis of Kennett and Shackleton* (Fig. 5). Given all the other
observations, which include the climatic background suggested by
alternative hypotheses'’"'* that may have helped sustained the event,
and the lack of a large YD minimum in "0 anywhere in the open
North Atlantic Ocean, the ~12.9ka flood of the Mackenzie River
was most probably the trigger for the reduction of the AMOC and
YD cooling.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0169-6.
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