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Arctic drainage of Laurentide Ice Sheet meltwater
throughout the past 14,700 years
Finn Süfke 1✉, Marcus Gutjahr 2, Lloyd D. Keigwin3, Brendan Reilly4, Liviu Giosan3 & Jörg Lippold1

During the last deglaciation substantial volumes of meltwater from the decaying Laurentide

Ice Sheet were supplied to the Arctic, Gulf of Mexico and North Atlantic along different

drainage routes, sometimes as catastrophic flood events. These events are suggested to have

impacted global climate, for example initiating the Younger Dryas cold period. Here we

analyze the authigenic Pb isotopic composition of sediments in front of the Arctic Mackenzie

Delta, a sensitive tracer for elevated freshwater runoff of the retreating Laurentide Ice Sheet.

Our data reveal continuous meltwater supply to the Arctic along the Mackenzie River since

the onset of the Bølling–Allerød. The strongest Lake Agassiz outflow event is observed at the

end of the Bølling–Allerød close to the onset of the Younger Dryas. In context of deglacial

North American runoff records from the southern and eastern outlets, our findings provide a

detailed reconstruction of the deglacial drainage chronology of the disintegrating Laurentide

Ice Sheet.
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Continuing research efforts over the last decades allowed
the identification of major drainage routes for meltwater
from the decaying Laurentide Ice Sheet (LIS) (South:

Mississippi River; East: St. Lawrence River; North: Hudson Bay/
Strait¸ Northwest: Mackenzie River) (Literature review in Teller
(2013)1 and Fisher (2020)2). While consensus exists that the
drainage to the south via the Mississippi River was the major
meltwater drainage route for several millennia after the Last
Glacial Maximum (LGM)3,4, there has been active debate on the
dispersion of drainage routes following the onset of the warm
Bølling–Allerød1,2,5–15. Proglacial lakes formed and increased in
size with continuous deglaciation, with glacial Lake Agassiz as the
most prominent and voluminous lake, existing for more than
6000 years. The potential importance of its drainage history was
underlined by Broecker et al. (1989)16 who suggested that a major
freshwater outburst from Lake Agassiz via the St. Lawrence River
at the onset of the Younger Dryas may have disturbed the
Atlantic Meridional Overturning Circulation resulting in the last
major deglacial cooling stage. Since then, numerous studies aimed
to reconstruct the deglacial evolution of the LIS and the routing of
meltwater around the Younger Dryas6,7,10,11 (review in Teller,
20131). While one of the largest lake level drops of ~90 m of Lake
Agassiz could be tied to the onset of the Younger Dryas16–19,
suggesting rapid lake drainage at this time, it is still strongly
debated whether the routing along the St. Lawrence River was
possible during the Younger Dryas, since terrestrial landforms
like elevated unglaciated surfaces or moraines as well as blockage
by the LIS potentially prevented drainage of Lake Agassiz into the
Atlantic12,20,21. Additionally, terrestrial evidence of a southern or
northwestern outflow at the onset of the Younger Dryas do not
provide a uniform and coherent picture2. While identification
and dating of ancient strandlines and gravel beds represents a
major advance in understanding the lake level history, the spatial
and temporal evolution of the major drainage routes at the onset
and throughout the Younger Dryas remain enigmatic. More
recent studies argued that the northwestern outlet around the
Fort McMurray area and through the Mackenzie River was the
most likely drainage route of Lake Agassiz during that time2,6,7,11,
although the terrestrial evidence is either lacking or debated1,5.
Missing terrestrial evidence in the Fort McMurray area can be
ascribed to (1) erosion of terrestrial landforms by the severity of
the corresponding flood2,12, (2) slow re-growth of the vegetation
after the flood, due to the harsh climate of the Younger Dryas
resulting in a lack of radiocarbon-datable organic material1,22,23,
and (3) as yet undiscovered (missing) field evidence. Since ter-
restrial records hence provide insufficient hints for the recon-
struction of the deglacial evolution of Laurentide meltwater
discharge, marine records from the Gulf of Mexico3,4, Laurentian
Fan5,24,25 and Beaufort Sea6,26 have been investigated aiming to
provide the missing supportive evidence. Compared to terrestrial
archives marine proxies are less sensitive to even small changes in
freshwater runoff and weathering regime but often preserve
continuous and well dated information about the most extreme
events, which are often the most important triggers for climatic
perturbations.

As early as 1975 Kennett and Shackleton27 identified low δ18O
in planktonic foraminifera in the Gulf of Mexico as indicators of
deglacial freshwater input from the melting Laurentide Ice Sheet.
With the same method, a major freshwater event associated with
the Younger Dryas in front of the Mackenzie Delta was
identified6. However, planktonic δ18O records suffer from
important limitations: First, if the marginal environment becomes
too fresh the planktonic foraminifera population decreases or can
entirely disappear. Second, the δ18O signatures incorporated by
planktonic foraminifera may be less sensitive to record (fast)
changing environments as tens to hundreds of individuals are

needed for analysis. Moreover, a δ18O signal does not bear any
information about the source of the freshwater signal. In contrast,
the inorganic runoff signal preserved in the Pb isotopic compo-
sition of sedimentary authigenic Fe–Mn–oxyhydroxides has been
shown to be more sensitive than δ18O, while additionally pro-
viding information towards the source area of continental runoff
supplied to a marginal marine basin25.

In this light, Pb isotopes in the authigenic sedimentary phase
are a promising sensitive tracer for changes in the runoff signal,
especially on glacial/interglacial timescales28. The Pb isotopic
signature is controlled by two major processes: First, the detrital
signature of any sediment is typically defined by the isotopic
bedrock signature of the sediment source (i.e., its provenance),
and this isotopic source signature is often also incorporated in the
authigenic phase. Second, Pb isotopes are powerful tracers for
prevailing weathering conditions due to their variable enrichment
in accessory uranium- and thorium-enriched mineral phases,
which commonly yield more radiogenic (i.e. higher) Pb isotope
compositions than the bulk rock signature. These accessory
minerals have a different resistance and dissolution behavior with
respect to chemical weathering processes (temperature and
precipitation)29–31. As a result, the Pb isotopic signal released
during early chemical weathering can be incongruent, with con-
tinental runoff being either more radiogenic (in 206Pb/204Pb) or
less radiogenic (in 208Pb/204Pb) than the continental bulk Pb
isotope signature. Therefore, the bedrock signature as well as the
weathering intensity defines the isotopic signature that is trans-
ported to the oceans. In the oceans this isotopic signal can be
incorporated into authigenic sedimentary phases during the for-
mation of Fe–Mn–oxyhydroxides. The combined analysis of the
detrital and authigenic Pb isotopic signature can hence be used to
resolve sediment sourcing as well as the prevailing physico-
chemical weathering regime in the continental source area. Dif-
ferences in the detrital and authigenic phase of the same sediment
are a powerful indicator for pronounced incongruent weathering
or different sourcing of (i) the sediment (detrital material) and (ii)
runoff (archived in the authigenic phase). Employing this
method, the St. Lawrence River has previously been identified
as a major freshwater route during the late deglacial with a par-
ticularly strong multi-centennial increase of freshwater routing
into the northwestern Atlantic during and after the Younger
Dryas25, although a low δ18O meltwater pulse reflecting the
diversion of water from the Gulf of Mexico has never been clearly
identified24.

Here we analyzed the Pb isotopic composition recovered from
the authigenic and detrital phase of three locations that were
cored on cruise HLY1302 (JPC-9; JPC-15/27; JPC-19; Fig. 1) from
the Beaufort Sea margin and Amundsen Gulf. With these high-
resolution records covering the period from the late Heinrich
Stadial 1 to today, we are able to present a detailed reconstruction
of freshwater routing into the Arctic Ocean since the
Bølling–Allerød. These results provide updated key constraints
on freshwater routing from Lake Agassiz into the Arctic Ocean
shortly before the onset of the Younger Dryas which has been
postulated as one mechanism capable of causing the Younger
Dryas cooling6,13.

Results
The authigenic as well as the detrital Pb isotopic composition of
sediment core JPC-15/27 is marked by a first shift towards more
radiogenic (higher) values in 206Pb/204Pb and 208Pb/204Pb at
1330 cm core depth marking the onset of the Bølling–Allerød, the
first deglacial warm period around ~14.7 ka BP (Figs. 2 and 3).
The authigenic isotopic composition becomes slightly more
radiogenic towards the mid-Bølling–Allerød. Throughout the
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Bølling–Allerød the authigenic and detrital 206Pb/204Pb signals
are very similar. In the same interval, the detrital signature of
208Pb/204Pb traces the authigenic trend but with an offset to more
radiogenic values. The authigenic Pb isotopic composition
experienced its strongest radiogenic excursion just before the
transition into the Younger Dryas at 13.1 ka BP (530 cm core
depth). In the course of the Younger Dryas and the early Holo-
cene until 8.4 ka BP (150 cm core depth) the authigenic Pb iso-
topic signature recorded three more radiogenic excursions (Fig. 4)
with decreasing magnitude of change but increasing duration.
During this interval the detrital signature of 206Pb/204Pb diverges
from the authigenic one to less radiogenic values. For 208Pb/204Pb
the authigenic signature instead converges and become more
similar to the detrital signature. After 8.4 ka BP the authigenic
isotopic signature stabilizes at a 206Pb/204Pb ratio of 19.3 and
208Pb/204Pb ratio of 39.1, which are similar to values seen during
the early Bølling–Allerød. During this period, the detrital phases
of both isotope ratios diverge again from the authigenic signature
to more radiogenic values.

ARM30mT data of JPC-15/27 mirror the evolution of the
magnetic susceptibility data6, indicating both signals are pri-
marily driven by concentration of ferrimagnetic minerals (Figs. 3
and 4). Differences between the ARM30mT and magnetic sus-
ceptibility are driven by changes in the relative proportion of fine-
grained magnetic minerals, as also tracked by the coercivity ratio
ARM30mT/ARM0mT. The higher values of the coercivity ratio
below 1330 cm core depth (~14.7 ka BP) indicate a magnetically
fine mineral assemblage that transitions to a coarser assemblage
with less variability since the onset of the Bølling–Allerød. This
shift in magnetic coercivity is not accompanied by a persistent
shift to coarser physical particle size, but instead mirrors a shift in
geochemical provenance indicators (Supplementary Fig. S1).
Given that higher coercivity is associated with fine magnetic
particles (see the “Methods” section), these are further associated
with a less radiogenic source with high Ti/Ca and low Ca/Sr
(Fig. 3; Supplementary Fig. S1).

Discussion
Initiation of enhanced Arctic meltwater discharge. The most
remarkable characteristics of JPC-15/27 are the major shifts in the
Pb isotopic composition at the onset of the Bølling–Allerød as
well as during the transition into the Younger Dryas which have
also been recorded as low δ18O in planktonic foraminifera in the
same core5 (Fig. 3). Both δ18O excursions have been interpreted
as being controlled by major flood events from the retreating LIS.
At the onset of the Bølling–Allerød warm period coeval trends in
the authigenic and detrital Pb isotopic composition (Fig. 3)
support the suggested sharp change in sediment and continental
runoff sourcing6,26. Sediment deposited at Site JPC-15/27 before
the Bølling–Allerød consisted mainly of transported IRD pre-
dominantly from the Amundsen Gulf26,32. However, the detrital
Pb isotopic composition of JPC-15/27 is markedly different (e.g.
lower for 206Pb/204Pb) than detrital signatures found in coeval
pre-Bølling–Allerød-aged sediments in the Amundsen Gulf (JPC-
19; Supplementary Fig. S2). This isotopic difference suggests that
sediments deposited before the Bølling–Allerød at Site JPC-15/27
do not exclusively originate from the Amundsen Gulf. Sea ice,
icebergs and associated IRD from the Amundsen Gulf was
directed to the central Beaufort Sea before these became trans-
ported westward within the clockwise circulation of the Beaufort
Gyre33. Consequently, Site JPC-15/27 was only partially influ-
enced by material arriving from the Amundsen Gulf explaining
the different isotopic signatures of Site JPC-15/27 and JPC-19
sediments.

With the onset of the Bølling–Allerød the area between
Amundsen Gulf, Mackenzie Delta and the Great Bear Lake
became gradually deglaciated, thereby allowing unhindered
freshwater drainage into the Arctic Ocean through the Mackenzie
valley21 (Fig. 1). This substantial change in the hydrological
system was initiated by a first strong freshwater pulse that is
traceable by low planktonic foraminifera δ18O6 and a first shift to
more radiogenic Pb (Fig. 3). With the activation of this freshwater
route into the Arctic Ocean the amount of runoff substantially

Fig. 1 Overview map of North America and the study area. a Reconstructed ice margins are indicated for climatic key periods (LGM, onset of the
Bølling–Allerød warm period at 14.5 ka BP and onset of the Younger Dryas cold period at 13 ka BP)21. Blue shaded area indicates the present-day catchment
area of the Mackenzie River. The pale gray area depicts the area Lake Agassiz-Ojibway have occupied in the course of the late Deglacial and early Holocene
melting history19. The red frame highlights the area displayed at expanded scale in panel b. b Detailed map of the Mackenzie Delta region. Core sites
investigated in this study are displayed as red circles. Ice margins are the same as in panel a. The blue line indicates the Mackenzie River in its modern bed.
The flow direction and position of the Shelfbreak Current and Beaufort Gyre are indicated by arrows (light blue and brown, respectively) .

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00428-3 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |            (2022) 3:98 | https://doi.org/10.1038/s43247-022-00428-3 | www.nature.com/commsenv 3

www.nature.com/commsenv
www.nature.com/commsenv


increased and sediments from further inland of northern Canada
could now be transported to the Beaufort Sea resulting in an
increase in regional sedimentation rates6,26. Additionally, changes
in bulk sedimentary magnetic susceptibility, ARM30mT and
ARM30mT/ARM0mT as well as authigenic Ca/Sr trace this
provenance change of delivered sediment (Fig. 3). For example,
authigenic Ca/Sr is a qualitative indicator for detrital carbonate,
which is exposed in the northern Canadian section of the interior
platform that is built up of Devonian limestone34 and can now be
transported to the Arctic. Furthermore, the shift in ARM30mT/
ARM0mT is indicative for a change from a fine to relatively
coarser magnetic mineral assemblage at the lithologic transition
from the physically coarse lower IRD unit to a fine laminated unit
above6,26 (Supplementary Fig. S1) and, in the context of other
proxies, is therefore indicative for a provenance change (see the
“Methods” section). The opposite variability in physical particle
vs. magnetic grain sizes at this transition is consistent with the

provenance/source change from near coastal material to material
from further inland that is indicated by the detrital Pb isotopic
ratios and authigenic Ca/Sr. In contrast, the magnetic suscept-
ibility and ARM30mT data increase at the boundary between the
two lithologic units, coincident with an increase in >425 μm lithic
clasts and bulk physical particle size6,26, tracing a short increase
in particle size and IRD around the time of the δ18O defined
freshwater event. This first abrupt freshwater event at the onset of
the Bølling–Allerød, which was first observed by Keigwin et al.
(2018)6, equally marks this abrupt and persistent shift in
provenance.

In the course of the Bølling–Allerød the deglaciated area
increased exposing larger parts of today’s catchment area of the
Mackenzie parts of which were subsequently covered by
proglacial lakes35,36. These lakes continuously supplied freshwater
via the Mackenzie valley to the Arctic Ocean alongside the
delivery of sediment from the same region as evidenced by the
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quasi invariant behavior of all sedimentary proxies in the course
of the Bølling–Allerød for JPC-15/27 (Fig. 3). Only the Pb
isotopic signatures (authigenic and detrital) became successively
more radiogenic towards the mid-Bølling–Allerød (1000–800 cm
core depth). This gradual change could have been caused by
intensifying incipient chemical weathering of proglacial sedi-
ments and bedrock releasing predominantly a radiogenic
signature recorded in the authigenic phase30,33. However, the
associated trend to more radiogenic 208Pb/204Pb of the detrital
and authigenic phases argue against increasing incongruent
weathering leading to this more radiogenic Pb isotopic signal

and rather supports a change of sediment provenance. The
gradual Pb isotopic shifts are accompanied by a slight trend in
ARM30mT/ARM0mT to lower values during the Bølling–Allerød
(~0.05 difference; Supplementary Fig. S3), although the amplitude
of this variation is much smaller and not as obvious as the
previous provenance shift described above.

The Bølling–Allerød-aged sediments from the Amundsen Gulf
(JPC-19) are dominated by a distinct radiogenic excursion in the
detrital and strong radiogenic excursion in the authigenic phase
lasting for at least one kyr, which in the following will be referred
to as Amundsen Gulf event (Fig. 2; Supplementary Fig. S2; first
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500 cm). The retreating Amundsen ice stream likely made the
Amundsen Gulf a major outflow route of freshwater (in form of
icebergs and meltwater) during the Bølling–Allerød32,37,38. As
discussed above, sediment and freshwater transport from the
Amundsen Gulf was generally directed to the central Beaufort Sea
leaving site JPC-15/27 mainly unaffected. However, the extremely
distinct Amundsen Gulf event, observed during the
Bølling–Allerød (Fig. 2, Supplementary Fig. S2), has also been
identified as a sedimentary unit outside the Amundsen Gulf
proximal to site JPC-15/27 (site JPC-2526) by magnetic suscept-
ibility and seismic data. Although this event was not recorded in
magnetic susceptibility and seismic data at Site JPC-15/27, the Pb
isotopic signatures during the mid-Bølling–Allerød potentially
trace this Amundsen Gulf (freshwater-)event influencing the
whole region (Fig. 2a, b). If causally related, this would show that
Pb isotopic compositions in the detrital and authigenic phases are
more sensitive to even minor sedimentary (provenance-) changes
which are not recognizable in classical bulk sedimentary proxies
at Site JPC-15/27. This sensitivity for shifts in sediment sourcing
is due to the diverse geology in crustal sections bordering the
Mackenzie delta and Amundsen Gulf34,39. The influence of
Amundsen Gulf sediments on JPC-15/27 decreased again towards
the end of the Bølling–Allerød marked by slightly less radiogenic
values.

Younger Dryas freshwater pulses and their sources. The end of
the Bølling–Allerød warm period is marked by the most radio-
genic authigenic 206Pb/204Pb as well as 208Pb/204Pb excursions in
JPC-15/27 associated with strong excursions in the magnetic
susceptibility, ARM30mT records (Figs. 3 and 4), and physical
particle size (Supplementary Fig. S1)6,26. It is tempting to inter-
pret this proxy behavior as a major change in the depositional
regime and sedimentary source. However, the detrital Pb isotopic
signatures do not change alongside the authigenic signal in 206Pb/
204Pb and only partially in 208Pb/204Pb throughout the late
Bølling–Allerød and the early Younger Dryas. In other words, a
clear provenance change as seen at the onset of the
Bølling–Allerød equally affecting the authigenic and detrital sig-
nature is not observed here. Taken together these lines of evi-
dence argue against a considerable sediment provenance change
and are likely driven by the increased sedimentary particle sizes6,
which do not have to affect the detrital Pb isotope signature, if the
delivered sediment is from the same source. Given these con-
straints, the more radiogenic authigenic Pb isotope excursions
which are decoupled from the detrital Pb isotope trends rather
represent a runoff signal from another origin than glacial Lakes
Mackenzie and McConnell located within the deglaciated
Mackenzie catchment. Earlier reconstructions of the LIS sug-
gested the Fort McMurray area as an important spillway for
glacial Lake Agassiz to the Arctic7,8,22,40. However, due to the lack
of terrestrial evidence it is still debated if this drainage route was
opened at the onset of the Younger Dryas or not2,7. In this
context, the authigenic Pb isotopic excursion in core JPC-15/27
very likely represents the first direct evidence for Lake Agassiz
outflow through the Mackenzie valley via the Athabasca spillway
in the Fort McMurray area at the transition from the
Bølling–Allerød into the Younger Dryas. Interestingly, this out-
flow event, which defines the most prominent authigenic Pb
isotopic excursion seen in the whole deglacial record of the
Mackenzie area, predates the Younger Dryas (Fig. 4) and would
therefore agree with the hypothesis of an Arctic Ocean freshening
as a plausible cause for the Younger Dryas cooling6,10,11,13.
Strikingly, our authigenic Pb isotope peak also predates the δ18O
excursions of JPC-15/276, which was interpreted as an indicator
for the same freshwater event. This circumstance reflects the

sensitivity of authigenic Pb isotopes to runoff (weathering rate
and freshwater supply) changes. The high sensitivity of our Pb
isotopic proxy for variable freshwater supply in this geographic
setting is further underlined by recurring smaller isotopic
excursions during the Younger Dryas and early Holocene until
8.5 ka BP (Fig. 4). While δ18O does not suggest any further
freshening events after the early Younger Dryas, the authigenic
Pb isotopic signatures recorded at least two more distinct
radiogenic excursions around 12, 11.2 ka BP and a potential
minor one starting at 9.7 ka BP (Fig. 4). The two excursions
around 12 and 11.2 ka BP are in good temporal accordance with
findings from gravel bed deposits in the Mackenzie Delta11. As
continuous freshwater outflow persisted from northern glacial
lakes (e.g. Lake Mackenzie and Lake McConnell), the radiogenic
Pb isotope excursions at 12 and 11.2 ka BP might also be linked to
overflow events of Lake Agassiz through the Athabasca
spillway11. Discussions about the opening of this spillway and
potential ice re-advances in this area, which have blocked this
drainage routes from time to time modulating flood like events,
are ongoing2,7,8,11,22. Furthermore, the source of the last overflow
event at 9.7 ka BP is rather unclear and difficult to determine.
There are suggestions that overflow of Lake Agassiz was exclu-
sively to the east after 10.6 ka BP19 while other authors favor
minor overflows of Lake Agassiz to the north6,11. However, iso-
static and geomorphological reconstructions of Lake Agassiz
during the deglacial period strongly suggests that it was impos-
sible for Lake Agassiz to drain to the Northwest and only the
eastern outlet was active after 10.6 ka BP19. Consequently, the
excursions observed at 9.7 ka BP was most likely be caused by
overflow of smaller proglacial lakes (e.g., glacial lakes Meadow,
McMurray, and McConnell) north of Lake Agassiz and the
Athabasca spillway7. Irrespective of the freshwater source, such
extensive runoff fluxes into the Arctic Ocean could not only have
triggered the Younger Dryas but may have also been involved in
mechanisms triggering the Preboreal oscillation, a period of cli-
matically unstable conditions18,26,41.

Whether or not the decreasing amplitudes of the Pb isotopic
excursions are driven by decreasing outflow intensities or rather
reflect different water mass sourcing for each event cannot be
answered with the available data. The formation of the runoff Pb
isotopic signal is a complex process, which is mainly controlled by
the bedrock signature and weathering/erosion rates (intensity/
time). Lake Agassiz was located mainly on granitic bedrock of the
Superior Province, which is one of the most radiogenic cratons
regarding its Pb isotopic composition in North America42

(Supplementary Fig. S4). It could therefore easily generate the
observed highly radiogenic Pb isotope signatures seen in the
authigenic phase of JPC-15/27 at the onset of the Younger Dryas
even under congruent release of crustal Pb during early chemical
weathering in the catchment area. However, the weathering of
these granitic sequences fails to explain the observed pattern of
decreasing radiogenic compositions for each further event unless
freshwater additions from other catchments modified the ambient
Lake Agassiz Pb isotope signature or the net volume of freshwater
runoff became successively smaller with each drainage event. The
first outflow event of Lake Agassiz to the Arctic likely was the
most voluminous as witnessed in the strongest lake level drop of
Lake Agassiz during its whole evolution2,18,19. Each subsequent
drainage event of Lake Agassiz towards the Arctic Ocean has to
be considered as a unique event with distinct environmental and
geographical boundary conditions. The catchment area of Lake
Agassiz changed continuously with the retreating LIS19,43,44

during which different lithologies were exposed to the atmo-
sphere and therefore to weathering. Furthermore, the exposure
time of sedimentary substrate (e.g. glacial flour) to weathering
and subglacial supply of meltwater has to be taken into account.
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As a consequence, the Pb isotopic composition of Lake Agassiz
lake water must have been modified continuously in the course of
the deglaciation but have to be confirmed in future analysis of
Lake Agassiz sedimentary sequences. Last but not least, the
isotopic signature of each water drainage event from Lake Agassiz
is expected to be modified differently during transport toward the
Arctic depending on the above mentioned conditions as well as
the time and distance of transport.

In contrast to the Pb isotopic signatures of the authigenic
phase, the detrital phase shows a different trend in the course of
the Lake Agassiz drainage period (13.1–8.5 ka; Fig. 4). Klotsko
et al. (2019)26 assumed that the sedimentary unit deposited
during the Younger Dryas originated from Lake Agassiz.
However, sediment from Lake Agassiz itself should be more
radiogenic due to its location within the Superior Province
(Supplementary Fig. S4), but such radiogenic detrital isotope
compositions are not observed here. Patterns observed during the
Bølling–Allerød with very similar authigenic and detrital 206Pb/
204Pb signatures and a more radiogenic detrital than authigenic
208Pb/204Pb are in line with findings of identical detrital and
authigenic Pb isotopic compositions in post-glacial lake sedi-
ments/deposits that were supplied from a common source45. Yet
the different 206Pb/204Pb and 208Pb/204Pb evolution of the
authigenic and detrital signatures during the main drainage
period starting at 13.1 ka BP point to independent controls of the
respective signatures during transport. The modern Mackenzie
catchment mainly includes lithologies of the Interior Platform34

(Supplementary Fig. S4) and large amounts of sediments derived
from the Canadian Shield could therefore only be transported
along the Mackenzie Valley to the Arctic Ocean by strong flood
events originating from, for example, Lake Agassiz. However,
while freshwater can flow nearly unhindered from the source to
the oceans, Lake Agassiz sediments are much less effectively
transported towards the Arctic Ocean. Sediment that was
potentially transported northward from Lake Agassiz was
reported to be deposited in glacial lakes such as glacial Lake
Mackenzie, effectively acting as a sediment trap hindering these
sediments from reaching the Arctic Ocean46. Therefore, relative
source contributions of freshwater (recorded in the authigenic
signal) and terrigenous sediment (detrital signature) reaching the
Arctic Ocean during this period have to be considered
individually. Additionally, the invariant ARM30mT/ARM0mT ratio
argues for a generally unchanged sediment composition during
this period with respect to the magnetic mineral assemblage.
Furthermore, high magnetic susceptibility values and ARM30mT

data during the Younger Dryas rather represent the strong
variation/increase in particle size6,26 caused by the higher
transport energy of Lake Agassiz outflow waters as equally seen
at the onset of the Bølling–Allerød.

The trends in detrital Pb isotopic signatures during the
Younger Dryas and early Holocene is at foremost tracing
continuous geographic changes in sediment sourcing. The
progressing deglaciation increased the catchment of the Mack-
enzie drainage route towards today’s Mackenzie catchment area
(Fig. 1; Supplementary Fig. S4). The reason for the switch back to
more radiogenic detrital Pb isotope compositions (most obvious
in 206Pb/204Pb) around 8.5 ka BP cannot ultimately be resolved in
this study. It is obvious that the timing coincides with the
postulated final and total drainage of Lake Agassiz into the
Hudson Bay47. However, as discussed above, a connection
between Lake Agassiz and the Arctic Ocean was rather unlikely
at this time. One possible explanation could be a teleconnection
between Lake Agassiz and the Mackenzie area due to the
instability of the LIS. The abrupt end of Lake Agassiz can be
linked to the collapse of the Hudson Bay Ice Saddle and the final

outflow of Lake Agassiz releasing some 163,000 km3 of
freshwater17 into the Hudson Bay47 that was previously stored
along the southern margin of the LIS. The collapse of the Hudson
Bay Ice Saddle and the drainage of Lake Agassiz might have
caused further instabilities and breakup of the LIS that have
caused re-routing of meltwater from northern glacial Lakes,
which was previously directed to the Arctic Ocean, now to the
former Lake Agassiz area and the Hudson Bay. Such a sequence
of events would have the capability of terminating extensive
freshwater supply from the southern Mackenzie catchment into
the Arctic Ocean. As a result, the early Holocene Mackenzie
drainage area was established and sediment supply similar to
today towards the Arctic Ocean was manifested within this area.
The same event at 8.5 ka BP was also recorded in the authigenic
isotopic signature, at this point resulting in a return to
remarkably invariant Holocene unradiogenic values and a shift
in the ARM30mT/ARM0mT ratio. The change towards less
radiogenic authigenic Pb isotope compositions not only marks
the onset of uniform sedimentation detached from glacial
processes inland after 8.5 ka BP, but the more radiogenic Pb
isotope compositions before that time bear evidence for the very
dynamic runoff environment with an occasionally more or less
pronounced contribution from glacial lakes.

Analogously to JPC-15/27, sediment core JPC-9 to the west of
the Mackenzie Delta witnessed a similar deglacial trend (from the
Younger Dryas until today; Fig. 2; Supplementary Fig. S2). At this
site the detrital phase recorded a nearly constant Pb isotope signal
pointing to regional steady sediment sourcing while the
authigenic phase yielded most radiogenic values during the
Younger Dryas and early Holocene, likely equally influenced by
freshwater from Mackenzie outflow. The amplitude of these
radiogenic excursions at site JPC-9 are less intense as observed at
site JPC-15/27, suggesting preferential freshwater transport to the
east and central Beaufort Sea by the eastward directed shelfbreak
current given that JPC-9 and JPC-15/27 are located in a similar
distance to the Mackenzie Delta (Fig. 1).

Deglacial drainage chronology of the LIS since the
Bølling–Allerød. Reconstructing the major Younger Dryas
drainage route(s) (e.g., to the Arctic Ocean) was previously shown
to be difficult, in particular with regards to its timing1,2,23,48.
Consequently, it is even more challenging to provide a complete
and consistent drainage chronology of the melting LIS for the
entire deglacial period. With our constraints from the northern
drainage route we compiled marine records from the Gulf of
Mexico (planktonic δ18O from core EN32-PC63,4), Laurentian
Fan (authigenic Pb isotopes and planktonic δ18O from composite
core 26GGC/14GGC24,25), Hudson Strait (planktonic δ18O from
core MSM45-19-247) and Beaufort Sea margin (planktonic δ18O
of core JPC-15/276 as well as authigenic and detrital Pb isotopes
from this study) to provide an updated overview of the major
meltwater routing events/periods from the decaying LIS from the
onset of the Bølling–Allerød (Fig. 5).

After the LGM, in the course of Heinrich Stadial 1 the majority
of meltwater from the LIS was transported southward via the
Mississippi to the Gulf of Mexico. In the ongoing deglaciation
before the Bølling–Allerød, proglacial lakes had formed around
the LIS and new drainage routes became active. Due to the
establishment of multiple drainage routes from the beginning
Bølling–Allerød, we distinguished five phases defined by the
major drainage route activity (Fig. 5). During the early
Bølling–Allerød (14.7–13.8 ka BP; first phase) the freshwater flux
into the Gulf of Mexico increased3,4,49, sourced from Lake
Agassiz as well as glacial lakes in the region of today’s Great
Lakes9,19,49. At the same time a first strong freshwater signal was
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traceable in the Arctic6,50 (this study), sourced from retreating
LIS sequences in the northern Mackenzie and Amundsen Gulf
area36 and the drainage of northern glacial lakes26. In the course
of the Bølling-Allerød the freshwater flux into the Arctic Ocean
increased due to the collapse of the Amundsen Gulf Ice Stream
(see discussion above). The second half of the Bølling–Allerød
(13.8–13.1) can be regarded as the second phase of deglacial
freshwater routing. The southward outflow from Lake Agassiz
increased dramatically resulting in very high runoff rates
sustained over several hundred years into the Gulf of Mexico3,4.
At the same time a first resolvable runoff signal was recorded in
Laurentian Fan sediments25. It is unclear if this meltwater is from
a rather local source of accelerated ice margin retreat25 or has

been potentially supplied by an overflow of Lake Agassiz into the
Great Lake area and further into the North Atlantic9. These
enhanced meltwater fluxes during the Bølling–Allerød are the
result of accelerated melting of the LIS, a contemporaneously
growing volume of Lake Agassiz overflow19 as well as glacial lakes
in the Great Lakes area and finally an ice margin retreat opening
new drainage and freshwater routes (at this time the eastern
additionally to the southern outlet). The latest Bølling–Allerød
marks the beginning of the third deglacial drainage phase that
extends well into the Younger Dryas (13.1–12.4 ka BP). The
retreating ice margin of the LIS opened the Athabasca Spillway in
the Fort McMurray area and allowed major drainage to the Arctic
(see discussion above). Marine records of the Gulf of Mexico4 and
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Fig. 5 Chronology of active drainage routes of meltwater from the Laurentide Ice Sheet during the Deglaciation and early Holocene. a Pb isotope
(206Pb/204Pb) data of this study are compared to δ18O6 of the same core (JPC-15/27) as well as 206Pb/204Pb25 data planktonic δ18O24 from the
Laurentian Fan (composite core: 26GGC/14GGC), δ18O from the Gulf of Mexico (EN32-PC6; brown3, black4), δ18O from the Labrador Sea as an indicator
for Hudson Strait freshwaters (MSM45-19-247) and NGRIP δ18O69. b Colored arrows mark the main drainage routes. Numbers displayed in white arrows
correspond to phases of different drainage route activation independent from prominent climate periods. The pale gray area depicts the area Lake Agassiz-
Ojibway have occupied in the course of the Deglacial and early Holocene melting history. Wavy areas correspond to the main areas of Lake Agassiz and
Lake Ojibway during the Bølling-Allerød and Younger Dryas before merging19. c Chart displays the major active drainage routes and their potential
freshwater source. Northern glacial lakes (NGL) are Lake Mackenzie and Lake McConnell; Southeastern Glacial Lakes (SEGL) represent former glacial lakes
in the Great Lakes area as well as glacial Lake Ojibway.
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the Laurentian Fan25 witnessed a substantial decrease in fresh-
water input to these sites. With this first overflow of Lake Agassiz
into the Arctic the southern drainage to the Gulf of Mexico
became minuscule and was not a major outlet for the remainder
of the deglaciation2. The role of the eastern drainage route along
the St. Lawrence valley during the earliest Younger Dryas is still
enigmatic. There is evidence of some freshening with a potential
Lake Agassiz source5,40 but also strong evidences of only limited
freshwater routing6,12,25,51. In light of the findings of our study, it
is most plausible that in the transition to the Younger Dryas Lake
Agassiz almost exclusively drained to the Arctic Ocean and that
freshwater directed along the St. Lawrence valley originated from
the Great Lakes. In the course of the Younger Dryas the drainage
route to the Laurentian Fan was gradually reactivated25 and
initiated the fourth deglacial drainage phase (12.4–8.6 ka BP).
During this phase, meltwater from the LIS was routed nearly
exclusively along the St. Lawrence valley into the North Atlantic
as well as along the Mackenzie River into the Arctic Ocean. While
Lake Agassiz continuously supplied freshwater through the St.
Lawrence valley into the NW Atlantic, two potential overflow
events into the Arctic Ocean took place at 12.0 and 11. 2 ka BP.

With further retreat of the LIS to the North and continuous
melting, the second largest glacial lake of North America, Lake
Ojibway, formed east of Lake Agassiz during the early Holocene,
which later merged with Lake Agassiz to form the largest existing
glacial lake during the complete melting history of the LIS2,9,19.
The last drainage phase (8.6–8.2 ka BP) of meltwater from the LIS
is characterized by the last and most voluminous freshwater
outburst of Lake Agassiz-Ojibway. Due to the collapse of the
Hudson Bay Ice Saddle Lake Agassiz-Ojibway drained completely
into the Hudson Bay between 8.5 and 8.2 ka BP47,52 and further
into the Labrador Sea causing the 8.2 ka cooling event53,54.
However, evidence was recently presented for large volumes of
freshwater reaching the Hudson Bay before the collapse of the ice
saddle through subglacial flows41,55. In either case, meltwater
drainage to the other outlets of Lake Agassiz-Ojibway was
immediately terminated after the collapse of the Hudson Bay Ice
Saddle around 8.5 ka BP. After this event, most North American
rivers and catchments attained their recent configuration like the
Mackenzie River, witnessed by the invariant Pb isotopic signature
at site JPC-15/27 (Figs. 3 and 4).

Overall, the Mackenzie Pb isotope record of JPC-15/27
documents continuous northward directed meltwater routing
into the Arctic Ocean from the northern side of the LIS since the
onset of the Bølling–Allerød, lasting almost until the final
disintegration stages of the Laurentide Ice Sheet around 8.5 ka BP.
Our data solve the long-standing conundrum surrounding the
activity of a northwestern drainage route of Lake Agassiz into the
Arctic Ocean at the onset of the Younger Dryas. The authigenic
Pb isotope records present direct evidence of freshwater routing
from Lake Agassiz along the Mackenzie valley at the very end of
the Bølling–Allerød and therefore support the hypothesis of a
freshening Arctic Ocean as a potential trigger for the Younger
Dryas cooling. Our northwestern drainage chronology of Lake
Agassiz since the Younger Dryas provides insights into the
melting chronology of the LIS and its runoff along the southern
and eastern drainage routes. In this context, the role of the eastern
drainage route along the St. Lawrence valley as well as into the
Labrador Sea should be investigated in greater detail to better
constrain its importance as outlet routes of Lake Agassiz
freshwater during the Younger Dryas.

Methods
Sediment cores and age models. Piston cores JPC-9, JPC-15, JPC-19, and JPC-27
were obtained during the USCGC Healy cruise 1302 along the Canadian Arctic
continental margin in the Beaufort Sea as well as the Amundsen Gulf. Core JPC-9

(70.58°N, 142.42°W, 394 m water depth; Fig. 1) is located at the westernmost
location of the investigated area and reaches back at least until 13 ka BP6. This core
was previously dated with three 14C dates (Keigwin et al., 2018). We obtained two
additional radiocarbon ages on planktonic foraminifera N. pachyderma s. (800 cm
core depth: 10.15 ka cal BP; 1000 cm core depth: 11.32 ka cal BP). The new 14C
dates were measured at the LARA laboratory at the University of Bern56 and tied to
the Marine20 calibration curve using the CALIB 8.2 online tool57 assigning the
identical ΔR-values as presented in Keigwin et al. (2018)6 that vary within 0 and
200 conventional radiocarbon years for the deglacial interval and Holocene. Cores
JPC-15 and JPC-27 are located at the same position and water depth (71.10°N,
135.13°W, 687 m water depth). During coring, JPC-27 over-penetrated by 205 cm
below the sediment surface into the sediment but recovered a longer sediment
sequence than JPC-15. Therefore, both cores were aligned by magnetic suscept-
ibility and a composite core was formed6 (JPC-15/27). This composite core was
dated with 14 radiocarbon ages and dates back at least until 15 ka BP6. Core JPC-19
(71.29°N, 126.28°W, 442 m water depth) is located in the central Amundsen Gulf
and represents the easternmost site of the study area. This core was dated with four
new radiocarbon ages on mixed samples of planktonic and benthic foraminifera
due to the scarcity of abundant foraminifera in the sediments. These 14C dates were
also measured at the LARA laboratory at the University of Bern56 and calibrated
using the Calib 8.2 online tool57 with ΔR-values of Keigwin et al. (2018)6 (Fig. 2;
Supplementary Figs. S2 and S5). A detailed lithological description of all investi-
gated cores can be found in Keigwin et al. (2018)6 and Klotsko et al. (2019)26.

Isotope and elemental analyses. Lead isotopic compositions were analyzed in the
authigenic Fe–Mn–oxyhydroxide fraction as well as in the detrital phase. The
authigenic phase was extracted from ~0.5 g weighed out sediments with a weak
reductive leaching solution58 (0.005M hydroxylamine hydrochloride, 1.5% acetic
acid, 0.003 M Na-EDTA solution buffered to pH 4 with 25% ammonia solution),
yet exposing the sediment only ~30 s to the reductive leaching solution on a vortex
mixer as applied for Southern Ocean sediments59. Before digestion of the detrital
sediment the remaining authigenic Fe–Mn–oxyhydroxides were removed with a
tenfold more concentrated reductive solution60 (0.05 M hydroxylamine hydro-
chloride, 15% acetic acid, 0.03 M Na-EDTA solution buffered to pH 4 with 25%
ammonia solution) applied for at least 12 h. Afterwards sediments were ground and
homogenized before a sub-sample of ~50 mg was weighed out prior to dissolution
in a microwave system in a mixture of concentrated HNO3 an HBF4. The Al/Pb
ratios of the detrital and extracted authigenic phase was monitored to assess any
detrital contribution to the authigenic signal that should result in elevated Al/Pb
(»100)60 (Supplementary Fig. S5). After leaching and/or dissolution, aliquots were
taken for elemental analyses while Pb was separated by ion chromatography
exchange resin AG1-X861. Purified samples were analyzed for their Pb isotopic
composition using a Thermo Scientific Neptune Plus MC-ICP-MS at GEOMAR
Helmholtz Centre for Ocean Research Kiel, Germany. Mass bias correction was
performed by Tl-doping62,63 aiming for a Pb/Tl ratio of ~4. The secondary stan-
dard USGS NOD-A-1 were reproduced with an accuracy of 0.0055 for 206Pb/204Pb
and 0.015 for 208Pb/204Pb (n= 25). The total procedure blanks were on the order
of 500 pg which represents less than 0.1% of the sample signal and are therefore
negligible. Detailed information about the measurement procedure can be found in
Süfke et al. (2019)45 and Huang et al. (2021)59.

Finally, elemental concentrations of major elements (Li, Al, P, Ca, Ti, Mn, Fe,
Sr, Ce, Nd, Pb, Th and U) were measured for the extracted authigenic phase and
the digested detrital samples with an Agilent Series 7500 ICP-MS at GEOMAR
Kiel. The relative reproducibility of element measurements is better than 2% (2SD)
based on repeated determination of the elemental composition of the secondary
standard USGS NOD-A-1.

ARM analyses. Anhysteretic remanent magnetization (ARM) data were generated
for u-channel samples from sediment core JPC-15/27. ARMs were applied using a
100 mT peak alternating field (AF) with 0.05 mT bias field on a 2 G EnterprisesTM

model 755-1.65UC superconducting rock magnetometer (SRM) with inline AF
coils optimized for u-channel samples. The magnetizations were measured for
sediments before (ARM0mT) and after treatment with a 30 mT peak AF
(ARM30mT). Variation in both ARM and magnetic susceptibility data primarily
reflect the concentration of magnetic minerals, however, ARM is particularly
sensitive to the concentration of fine grained magnetite while magnetic suscept-
ibility can be more sensitive to coarser grained magnetite64,65. The ratio ARM30mT/
ARM0mT track the bulk magnetic coercivity. In the case of constant magnetic
mineralogy, this ratio is proportional to the grain size of magnetic particles with
higher values indicating a higher proportion of finer magnetite particles66. How-
ever, magnetic coercivity can often be decoupled from the physical particle grain
size of the sediments and reflect sediment provenance changes controlled by
magnetic mineral assemblage changes and to magnetic particles existing as
inclusions in larger silicate minerals67. Thus sediment magnetic mineral con-
centration and coercivity can reflect sediment provenance, transport, and/or
diagenesis67,68, which in turn can be a function of changes in sediment source,
erosion/weathering and hydrological regimes. Therefore, the combined con-
sideration of ARM0mT, ARM30mT, Magnetic Susceptibility and the ARM30mT/
ARM0mT ratio can provide additional insights to disentangling the effects of
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changing particle size or sediment source along with sedimentological and
geochemical data.

Data availability
Data of this study can be accessed through the Pangaea data repository (https://doi.org/
10.1594/PANGAEA.932646).

Received: 26 August 2021; Accepted: 25 March 2022;

References
1. Teller, J. T. Lake Agassiz during the Younger Dryas. Quat. Res. 80, 361–369

(2013).
2. Fisher, T. G. Megaflooding associated with glacial Lake Agassiz. Earth-Sci. Rev.

201, 102974 (2020).
3. Leventer, A., Williams, D. F. & Kennett, J. P. Dynamics of the Laurentide ice

sheet during the last deglaciation: evidence from the Gulf of Mexico. Earth
Planet. Sci. Lett. 59, 11–17 (1982).

4. Flower, B. P., Hastings, D. W., Hill, H. W. & Quinn, T. M. Phasing of deglacial
warming and Laurentide Ice Sheet meltwater in the Gulf of Mexico. Geology
32, 597–600 (2004).

5. Carlson, A. E. et al. Geochemical proxies of North American freshwater
routing during the Younger Dryas cold event. Proc. Natl Acad. Sci. USA 104,
6556–6561 (2007).

6. Keigwin, L. D. et al. Deglacial floods in the Beaufort Sea preceded Younger
Dryas cooling. Nat. Geosci. 11, 599–604 (2018).

7. Fisher, T. G., Waterson, N., Lowell, T. V. & Hajdas, I. Deglaciation ages and
meltwater routing in the Fort McMurray region, northeastern Alberta and
northwestern Saskatchewan, Canada. Quat. Sci. Rev. 28, 1608–1624 (2009).

8. Teller, J. T., Boyd, M., Yang, Z., Kor, P. S. G. & Fard, A. M. Alternative routing
of Lake Agassiz overflow during the Younger Dryas: new dates,
paleotopography, and a re-evaluation. Quat. Sci. Rev. 24, 1890–1905 (2005).

9. Breckenridge, A., Lowell, T. V., Stroup, J. S. & Evans, G. A review and analysis
of varve thickness records from glacial Lake Ojibway (Ontario and Quebec,
Canada). Quat. Int. 260, 43–54 (2012).

10. Tarasov, L. & Peltier, W. R. Arctic freshwater forcing of the Younger Dryas
cold reversal. Nature 435, 662–665 (2005).

11. Murton, J. B., Bateman, M. D., Dallimore, S. R., Teller, J. T. & Yang, Z.
Identification of Younger Dryas outburst flood path from Lake Agassiz to the
Arctic Ocean. Nature 464, 740–743 (2010).

12. Breckenridge, A. The Tintah-Campbell gap and implications for glacial Lake
Agassiz drainage during the Younger Dryas cold interval. Quat. Sci. Rev. 117,
124–134 (2015).

13. Condron, A. & Winsor, P. Meltwater routing and the Younger Dryas. Proc.
Natl. Acad. Sci. USA 109, 19928–19933 (2012).

14. Clark, P. U. et al. Freshwater forcing of abrupt climate change during the last
glaciation. Science 293, 283–287 (2001).

15. Clark, P. U. et al. Global climate evolution during the last deglaciation. Proc.
Natl Acad. Sci. USA 109, 1134–1142 (2012).

16. Broecker, W. S. et al. Routing of meltwater from the Laurentide Ice. Nature
341, 318–321 (1989).

17. Leverington, D. W., Mann, J. D. & Teller, J. T. Changes in the bathymetry and
volume of glacial Lake Agassiz between 11,000 and 9300 14C yr B.P. Quat.
Res. 54, 174–181 (2000).

18. Teller, J. T., Leverington, D. W. & Mann, J. D. Freshwater outbursts to the
oceans from glacial Lake Agassiz and their role in climate change during the
last deglaciation. Quat. Sci. Rev. 21, 879–887 (2002).

19. Teller, J. T. & Leverington, D. W. Glacial Lake Agassiz: a 5000 yr history of
change and its relationship to the δ18O record of Greenland. Bull. Geol. Soc.
Am. 116, 729–742 (2004).

20. Lowell, T. V. et al. Radiocarbon deglaciation chronology of the Thunder Bay,
Ontario area and implications for ice sheet retreat patterns. Quat. Sci. Rev. 28,
1597–1607 (2009).

21. Dalton, A. S. et al. An updated radiocarbon-based ice margin chronology for
the last deglaciation of the North American Ice Sheet Complex. Quat. Sci. Rev.
234, 106223 (2020).

22. Teller, J. T. & Boyd, M. Two possible routings for overflow from Lake Agassiz
during the Younger Dryas. A Reply to Comment by T. Fisher, T. Lowell, H.
Loope on ‘Alternative routing of Lake Agassiz overflow during the Younger
Dryas: new dates, paleotopography, a re-evaluation’. Quat. Sci. Rev. 25,
1142–1145 (2006).

23. Teller, J. T. & Owen, L. A. Age of Gimli beach of Lake Agassiz based on new
OSL dating. J. Quat. Sci. 36, 56–65 (2021).

24. Keigwin, L. D., Sachs, J. P., Rosenthal, Y. & Boyle, E. A. The 8200 year B.P.
event in the slope water system, western subpolar North Atlantic.
Paleoceanography 20, 1–14 (2005).

25. Kurzweil, F., Gutjahr, M., Vance, D. & Keigwin, L. Authigenic Pb isotopes
from the Laurentian Fan: changes in chemical weathering and patterns of
North American freshwater runoff during the last deglaciation. Earth Planet.
Sci. Lett. 299, 458–465 (2010).

26. Klotsko, S., Driscoll, N. & Keigwin, L. Multiple meltwater discharge and ice
rafting events recorded in the deglacial sediments along the Beaufort Margin,
Arctic Ocean. Quat. Sci. Rev. 203, 185–208 (2019).

27. Kennett, J. P. & Shackleton, N. J. Laurentide ice sheet meltwater recorded in
gulf of Mexico deep-sea cores. Science 188, 147–150 (1975).

28. Gutjahr, M., Frank, M., Halliday, A. N. & Keigwin, L. D. Retreat of the
Laurentide ice sheet tracked by the isotopic composition of Pb in western
North Atlantic seawater during termination 1. Earth Planet. Sci. Lett. 286,
546–555 (2009).

29. Harlavan, Y. & Erel, Y. The release of Pb and REE from granitoids by the
dissolution of accessory phases. Geochim. Cosmochim. Acta 66, 837–848
(2002).

30. Dausmann, V., Gutjahr, M., Frank, M., Kouzmanov, K. & Schaltegger, U.
Experimental evidence for mineral-controlled release of radiogenic Nd, Hf
and Pb isotopes from granitic rocks during progressive chemical weathering.
Chem. Geol. 507, 64–84 (2019).

31. Blanckenburg, F. & Nägler, T. Weathering versus circulation controlled
changes in radiogenic isotope tracer composition of the Labrador Sea and
North Atlantic Deep Water. Paleoceanography 16, 424–434 (2001).

32. Lakeman, T. R. et al. Collapse of a marine-based ice stream during the early
Younger Dryas chronozone, western Canadian Arctic. Geology 46, 211–214
(2018).

33. Darby, D. A., Bischof, J. F., Spielhagen, R. F., Marshall, S. A. & Herman, S. W.
Arctic ice export events and their potential impact on global climate during
the late Pleistocene. Paleoceanography 17, 15-1–15–17 (2002).

34. Wheeler, J. O. et al. Geological map of Canada/Carte géologique du Canada.
Geological Survey of Canada, Map 1860A https://doi.org/10.4095/208175
(1996).

35. Lemmen, D. S., Duk-Rodkin, A. & Bednarski, J. M. Late glacial drainage
systems along the northwestern margin of the Laurentide Ice Sheet. Quat. Sci.
Rev. 13, 805–828 (1994).

36. Duk-Rodkin, A. & Lemmen, D. S. Glacial history of the Mackenzie
region. Bull. Geol. Surv. Canada 11–20 https://doi.org/10.4095/211903
(2001).

37. Stokes, C. R., Clark, C. D. & Storrar, R. Major changes in ice stream dynamics
during deglaciation of the north-western margin of the Laurentide Ice Sheet.
Quat. Sci. Rev. 28, 721–738 (2009).

38. Pico, T., Robel, A., Powell, E., Mix, A. C. & Mitrovica, J. X. Leveraging the
rapid retreat of the Amundsen Gulf Ice Stream 13,000 years ago to reveal
insight into North American Deglaciation. Geophys. Res. Lett. 46,
12101–12107 (2019).

39. Gamboa, A., Montero-Serrano, J. C., St-Onge, G., Rochon, A. & Desiage, P.-A.
Mineralogical, geochemical, and magnetic signatures of surface sediments
from the Canadian Beaufort Shelf and Amundsen Gulf (Canadian Arctic).
Geochem. Geophys. Geosyst. 18, 488–512 (2017).

40. Leydet, D. J. et al. Opening of glacial Lake Agassiz’s eastern outlets by the start
of the Younger Dryas cold period. Geology 46, 155–158 (2018).

41. Fisher, T. G., Smith, D. G. & Andrews, J. T. Preboreal oscillation caused by a
glacial Lake Agassiz flood. Quat. Sci. Rev. 21, 873–878 (2002).

42. Fagel, N., Innocent, C., Gariepy, C. & Hillaire-Marcel, C. Sources of Labrador
Sea sediments since the last glacial maximum inferred from Nd-Pb isotopes.
Geochim. Cosmochim. Acta 66, 2569–2581 (2002).

43. Teller, J. T. Volume and routing of late-glacial runoff from the southern
Laurentide Ice Sheet. Quat. Res. 34, 12–23 (1990).

44. Licciardi, J. M., Teller, J. T. & Clark, P. U. Freshwater routing by the
Laurentide Ice Sheet during the last deglaciation. In Mechanisms of
Global Climate Change at Millennial Time Scales, Geophys. Monogr. Ser.,
vol. 112 (eds Clark, P. U., Webb, R. S. & Keigwin, L. D.) pp. 177–202
(AGU, Washington, D. C., 1999).

45. Süfke, F. et al. Early stage weathering systematics of Pb and Nd isotopes
derived from a high-Alpine Holocene lake sediment record. Chem. Geol. 507,
42–53 (2019).

46. Couch, A. G. & Eyles, N. Sedimentary record of glacial Lake Mackenzie,
Northwest Territories, Canada: implications for Arctic freshwater forcing.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 268, 26–38 (2008).

47. Lochte, A. A. et al. Labrador Sea freshening at 8.5 ka BP caused by Hudson
Bay Ice Saddle collapse. Nat. Commun. 10, 1–9 (2019).

48. Young, J. M., Reyes, A. V. & Froese, D. G. Assessing the ages of the Moorhead
and Emerson phases of glacial Lake Agassiz and their temporal connection to
the Younger Dryas cold reversal. Quat. Sci. Rev. 251, 106714 (2021).

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00428-3

10 COMMUNICATIONS EARTH & ENVIRONMENT |            (2022) 3:98 | https://doi.org/10.1038/s43247-022-00428-3 | www.nature.com/commsenv

https://doi.org/10.1594/PANGAEA.932646
https://doi.org/10.1594/PANGAEA.932646
https://doi.org/10.4095/208175
https://doi.org/10.4095/211903
www.nature.com/commsenv


49. Teller, J. T. Proglacial lakes and the southern margin of the Laurentide Ice
Sheet. In North America and Adjacent Oceans During the Last Deglaciation
39–69 (The Geological Society of America, 1987).

50. Not, C. & Hillaire-Marcel, C. Enhanced sea-ice export from the Arctic during
the Younger Dryas. Nat. Commun. 3, 647 (2012).

51. De Vernal, A., Hillaire-Marcel, C. & Bilodeau, G. Reduced meltwater outflow
from the Laurentide ice margin during the Younger Dryas. Nature 381,
774–777 (1996).

52. Barber, D. C. et al. Forcing of the cold event of 8,200 years ago by catastrophic
drainage of Laurentide lakes. Nature 400, 344–348 (1999).

53. Hoffman, J. S. et al. Linking the 8.2 ka event and its freshwater forcing in the
Labrador Sea. Geophys. Res. Lett. 39, 2005–2009 (2012).

54. Matero, I. S. O., Gregoire, L. J., Ivanovic, R. F., Tindall, J. C. & Haywood, A. M.
The 8.2 ka cooling event caused by Laurentide ice saddle collapse. Earth
Planet. Sci. Lett. 473, 205–214 (2017).

55. Gauthier, M. S., Kelley, S. E. & Hodder, T. J. Lake Agassiz drainage bracketed
Holocene Hudson Bay Ice Saddle collapse. Earth Planet. Sci. Lett. 544, 116372
(2020).

56. Gottschalk, J. et al. Radiocarbon measurements of small-size foraminiferal
samples with the mini carbon dating system (MICADAS) at the University of
bern: implications for paleoclimate reconstructions. Radiocarbon 60, 469–491
(2018).

57. Stuvier, M., Reimer, P. J. & Reimer, R. W. CALIB 8.2 (2020) (accessed 2
November 2020) WWW program at http://calib.org.

58. Blaser, P. et al. Extracting foraminiferal seawater Nd isotope signatures from bulk
deep sea sediment by chemical leaching. Chem. Geol. 439, 189–204 (2016).

59. Huang, H., Gutjahr, M., Kuhn, G., Hathorne, E. C. & Eisenhauer, A. Efficient
extraction of past seawater Pb and Nd isotope signatures from Southern
Ocean sediments. Geochem. Geophys. Geosyst. 22, 1–22 (2021).

60. Gutjahr, M. et al. Reliable extraction of a deepwater trace metal isotope signal
from Fe–Mn oxyhydroxide coatings of marine sediments. Chem. Geol. 242,
351–370 (2007).

61. Lugmair, G. W. & Galer, S. J. G. Age and isotopic relationships among the
angrites Lewis Cliff 86010 and Angra dos Reis. Geochim. Cosmochim. Acta 56,
1673–1694 (1992).

62. Walder, A. J. & Furuta, N. High-precision lead isotope ratio measurement by
inductively coupled plasma multiple collector mass spectrometry. Anal. Sci. 9,
675–680 (1993).

63. Belshaw, N., Freedman, P., O’Nions, R., Frank, M. & Guo, Y. A new variable
dispersion double-focusing plasma mass spectrometer with performance
illustrated for Pb isotopes. Int. J. Mass Spectrom. 181, 51–58 (1998).

64. Banerjee, S. K., King, J. & Marvin, J. A rapid method for magnetic
granulometry with applications to environmental studies. Geophys. Res. Lett.
8, 333–336 (1981).

65. Maher, B. A. Magnetic properties of some synthetic sub‐micron magnetites.
Geophys. J. 94, 83–96 (1988).

66. Stoner, J. S. & St-Onge, G. Chapter three magnetic stratigraphy in
paleoceanography: reversals, excursions, paleointensity, and secular variation.
Dev. Mar. Geol. 1, 99–138 (2007).

67. Hatfield, R. G. et al. Grain size dependent magnetic discrimination of Iceland
and South Greenland terrestrial sediments in the northern North Atlantic
sediment record. Earth Planet. Sci. Lett. 474, 474–489 (2017).

68. Liu, Q. et al. Environmental magnetism: principles and applications. Rev.
Geophys. 50, 1–50 (2012).

69. Andersen, K. K. et al. High-resolution record of Northern Hemisphere climate
extending into the last interglacial period. Nature 431, 147–151 (2004).

Acknowledgements
We like to thank Ellen Roosen from the Woods Hole Oceanographic Institution who
approved sampling of the sediment cores and for the excellent guidance and support
during sampling. Further, we acknowledge the support of Joseph Stoner and the Oregon
State University Paleo and Environmental Magnetism Laboratory. We thank Ana
Kolevica for technical support. This project was carried out in the framework of the
Emmy-Noether-Programm of the German Research Foundation (DFG) Grant Li1815/4.
This manuscript benefited from constructive criticism provided by two anonymous
reviewers as well as James Teller.

Author contributions
M.G. conceived the study and initiated this project in cooperation with F.S. F.S., and L.K.
sampled the cores and L.K. provided geochemical data. F.S. and J.L. carried out the
geochemical analytical work for isotope analysis which were performed by M.G. B.R.
carried out the ARM analysis. F.S., M.G., L.K., B.R., J.L., and L.G. were involved in the
discussion of the data and contributed to the final version.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43247-022-00428-3.

Correspondence and requests for materials should be addressed to Finn Süfke.

Peer review information Communications Earth & Environment thanks James Teller
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Primary handling editors: Ola Kwiecien, Joe Aslin and Heike Langenberg.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00428-3 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |            (2022) 3:98 | https://doi.org/10.1038/s43247-022-00428-3 | www.nature.com/commsenv 11

http://calib.org
https://doi.org/10.1038/s43247-022-00428-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv
www.nature.com/commsenv

	Arctic drainage of Laurentide Ice Sheet meltwater throughout the past 14,700 years
	Results
	Discussion
	Initiation of enhanced Arctic meltwater discharge
	Younger Dryas freshwater pulses and their sources
	Deglacial drainage chronology of the LIS since the Bølling&#x02013;nobreakAllerød

	Methods
	Sediment cores and age models
	Isotope and elemental analyses
	ARM analyses

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




