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Abstract During the last deglaciation (21-7 kaBP), the gradual retreat of Northern Hemisphere ice
sheet margins produced large proglacial lakes. While the climatic impacts of these lakes have been widely
acknowledged, their role on ice sheet grounding line dynamics has received very little attention so far.
Here, we show that proglacial lakes had dramatic implications for the North American ice sheet dynamics
through a self-sustained mechanical instability which has similarities with the known marine ice sheet
instability consequently providing fast retreat of large portions of the ice sheet over the continent. This
instability mechanism is likely important in contributing to deglaciation of terrestrial glaciers and ice
sheets with proglacial lakes at their margins as it can substantially accelerate the mass loss. Echoing our
knowledge of Antarctic ice sheet dynamics, proglacial lakes are another manifestation of the importance
of grounding line dynamics for ice sheet evolution.

Plain Language Summary The last deglaciation provides a unique opportunity to
understand the mechanisms behind large-scale ice sheet collapses. However, the mass loss accelerations
that occurred during the deglaciation remain only partially explained despite recent improvements of ice
sheet models which now better represent ice dynamics than they used to. Here we use such a model to
quantify for the first time the importance of proglacial lakes on the dynamics of the North American ice
sheet during the last deglaciation. We show that these lakes could be responsible for large-scale ice sheet
collapses due to a floatation instability. The proglacial lake ice sheet instability could be an additional
mechanism explaining the rapid ice sheet retreat during the deglaciation.

1. Introduction

Proglacial lakes have formed, evolved and drained in response to ice sheet changes throughout the Pleisto-
cene (Teller, 1995). These lakes form at an ice margin dammed by ice, bedrock and/or moraine in depressed
basins. During the last deglaciation (21-7 kaBP), these lakes were a common feature of the Northern Hem-
isphere landscape, spanning a range of sizes reaching up several thousands of square kilometres in extent
(Carrivick & Tweed, 2013). These lakes can be short-lived or last for several thousand years and may expe-
rience abrupt changes in water level (Teller & Leverington, 2004). These abrupt water level variations have
sometimes resulted in large lake outbursts that probably had important consequences on the global climate
owing to the large resulting freshwater flux to the oceans (Teller & Leverington, 2004). It is widely acknowl-
edged, for example, that the abrupt drainage of Lake Agassiz-Ojibway at 8.2 kaBP, the largest known glacial
lake on Earth, which existed for thousands of years, induced a widespread cooling of the Northern Hemi-
sphere via a slowdown of the Atlantic circulation (Barber et al., 1999; Wiersma & Renssen, 2006). Proglacial
lakes have also had an impact at the regional scale, in particular for ice sheet surface mass balance, reducing
summer ablation and favoring ice growth (Hostetler et al., 2000; Krinner et al., 2004). As the climatic im-
portance of these lakes is well established, it is surprising perhaps that their role in ice sheet mechanics has
received very little attention so far, although their importance at the glacier scale has been demonstrated
(Carrivick et al., 2020; Sutherland et al., 2020). Using conceptual models for ice ages, some authors have
hypothesized that these lakes could be responsible for Pleistocene ice volume oscillations, favoring calving
and thus enhancing rapid ice retreat (Fowler et al., 2013; Pollard, 1982). This hypothesis has hitherto been
tested with comprehensive physically based numerical ice sheet models.
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Sea-level archives suggest that the deglacial rate of sea level rise has been far from linear, with episodic
rapid accelerations (Lambeck et al., 2014). These accelerations, referred to as melt-water pulses (MWPs;
Abdul et al., 2016; Deschamps et al., 2012), suggest large-scale ice sheet collapses. So far, our understand-
ing of the underlying processes leading to such events is limited. Several mechanisms could explain these
large scale ice sheet collapses: (i) ice stream surges due to internal thermo-mechanical oscillations (Calov
et al., 2002; MacAyeal, 1993); (ii) grounding line migration for marine ice sheets (DeConto & Pollard, 2016);
or iii) strongly negative surface mass balance due to the surface elevation feedbacks (Abe-Ouchi et al., 2013;
Gregoire et al., 2012). To date, only this last process has been used in modeling studies to successfully re-
produce the largest deglacial abrupt sea level rise, the MWP-1A (14.65-14.31 kaBP), with a so-called saddle
collapse mechanism (Gregoire et al., 2012, 2016) affecting the North American ice sheet (NAIS).

If less attention has been put on mechanical instabilities this is because although a fair amount of ice
sheet simulations of Northern Hemisphere deglaciation are available in the literature, they were performed
with a former generation of ice sheet models (Abe-Ouchi et al., 2013; Charbit et al., 2005; Heinemann
et al., 2014; Ganopolski & Brovkin, 2017; Gregoire et al., 2012). In recent years, considerable improvements
of the numerical representation of the grounding line dynamics in ice sheet models have been made. They
now either use a very high spatial resolution at the ice margin to explicitly solve grounding line dynamics
(Larour et al., 2012), in some cases with some sub-grid parametrisations (Winkelmann et al., 2011), or they
impose an ice flux crossing the grounding line using analytically derived formulations (Schoof, 2007; Tsai
et al., 2015). These newer models have a grounding line migration that is much more sensitive to changes
in boundary conditions (mass balance and sea level (Pattyn et al., 2013)) with respect to the previous gen-
eration, in particular because they explicitly represent the marine ice sheet instability (MISI, Schoof, 2007;
Weertman, 1974). The MISI lies in the fact that a grounding line located on a retrograde bed slope can only
present an unstable equilibrium for which any initial retreat of the grounding line induces a further retreat
until the proximal prograde slope. Only the lateral drag and the buttressing force exerted by the ice shelves
can favor stability. Large portion of the present-day Antarctic ice sheet presents a grounding line in this
configuration and basin-scale instabilities could have been already triggered (Favier et al., 2014).

During glacial periods, glacioisostatic depression produced overdeepened basins below the NAIS in which
the proglacial lakes formed. The southern margin of the ice sheet was thus configured in a setting where
MISI could likely have occurred, with a reverse gradient bedrock below sea level sloping toward the ice
sheet interior. It is thus possible that grounding line instabilities could have occurred during the deglacia-
tion at the continental margin of the NAIS. While the impact of proglacial lakes for glacier dynamics have
been acknowledged (Carrivick et al., 2020; Sutherland et al., 2020), it is surprising that their role during the
deglaciation of the NAIS has not been quantified with comprehensive models so far. In this study, we use a
set of numerical experiments with an ice sheet model able to produce grounding line instabilities to study
the impact of large proglacial lakes on ice sheet dynamics and to quantify their potential contribution to sea
level rise accelerations during the last deglaciation.

2. Methods

In this work, we use the GRISLI ice sheet model (Quiquet, Dumas, et al., 2018) to simulate the evolution of
the Northern Hemisphere ice sheets for the last 26 kyrs. We showed previously that the model was able to
correctly reproduce the grounding line migration for the Antarctic ice sheet across the last four glacial-inter-
glacial cycles (Quiquet, Dumas, et al., 2018). The model has been included in international intercomparison
exercises for shorter time scales for both the Greenland and the Antarctic ice sheets (Goelzer et al., 2020;
Levermann et al., 2020; Quiquet & Dumas, 2021a, 2021b; Seroussi et al., 2020; Sun et al., 2020) in which
the model exhibits a response to changes in the forcings comparable to the other participating models.
The ice flux at the sub-grid position of the grounding line (Tsai et al., 2015) is extrapolated to the nearest
velocity grid points (Quiquet, Dumas, et al., 2018). Calving is based on a simple cut-off thickness threshold
of 250 m below which ice is calved, since most present-day ice shelves have a thickness greater than this
value. The model accounts for glacial isostasy with an elastic lithosphere - relaxed asthenosphere model. In
the reference model set-up, any topographic depression below the contemporaneous eustatic sea level is as-
sumed to be flooded with a water surface elevation at the eustatic sea level value. For model calibration, we
perform an ensemble of 300 members, sampled with a latin hypercube methodology as in Quiquet, Dumas,
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Figure 1. Temporal evolution. Simulated total ice volume (a) and rate of (Beckmann & Goosse, 2003) and extrapolated to the ice sheet model grid,

ice loss (expressed as ice volume contributing to sea level rise per century) independently from marine- or lake-terminating margins. We use an ac-

(b) through the deglaciation (26-5 kaBP) for the North American ice
sheet (NAIS). Dark blue depicts the simulated NAIS using the GRISLI-

celeration of 10 for the forcings (greenhouse gas mixing ratio and orbital

{LOVECLIM set-up while the light blue envelop depicts the spread within configuration) in order to reduce the time required to perform the experi-

the GRISLI stand-alone experiments (Methods). The ice sheet volume ments. The acceleration prevents us from considering the freshwater flux
and rate of volume change of GLAC-1D (Tarasov et al., 2012) and ICE-6G to the ocean resulting from ice sheet melting. The second series of exper-
(Peltier et al., 2015; Stuhne & Peltier, 2017) are shown in orange and red, iments consist of a suite of ice sheet stand-alone experiments forced by

respectively. The Bolling-Allerod warm period and the Younger Dryas cold
period are shown by the pink vertical shading. The two melt-water pulses
(MWPs) discussed in the text are in brown and the presence of the Lake

an ensemble of synthetic climate histories that are elaborated from gen-
eral circulation model (GCM) outputs and a proxy for temperature var-

Agassiz is shown by the horizontal green bar. iability deduced from a Greenland ice core record (Charbit et al., 2007).

In this case, the GCM last glacial maximum anomalies with respect to

the pre-industrial from the PMIP3 database (Abe-Ouchi et al., 2015) are

added to reanalysis data (Dee et al., 2011). Surface mass balance is here
computed with a positive degree day model (Reeh, 1991). Climate changes at the southern margin of the
NAIS and over Greenland were probably not synchronous and probably did not exhibit the same amplitude
(e.g., Ivanovic et al., 2017). As such, these stand-alone experiments use an idealized climate forcing over the
NAIS and they also may lack consistency between ice sheet and climate changes. They nonetheless provide
an ensemble of alternative ice sheet evolutions during the deglaciation. More details on the modeling setup
is given in the supporting information S1.

3. Results

Both sets of experiments produce deglacial NAIS volume losses in general agreement with the geologically
constrained reconstructions (Figure 1a). However, in detail they do present some important differences.
On the one hand, the stand-alone experiments show a pronounced millenial scale variability in ice volume,
which is a direct consequence of the imposed atmospheric variability recorded in Greenland ice cores. In
particular, the simulated NAIS loses ice up to a rate of 5 mSLE (meters of sea level equivalent) per century
(Figure 1b) in response to the abrupt Belling warming at 14.6 kaBP. That rate is comparable to the mag-
nitude of the MWP-1A recorded in sea-level archives (Deschamps et al., 2012). These experiments show a
second maximum in rate of volume loss toward the end of the Younger Dryas circa 11.5 kaBP, in agreement
with the GLAC-1D reconstruction (Tarasov et al., 2012). On the other hand, in the coupled experiment,
the gradual change in forcings (orbital and greenhouse gases) leads to a smoother simulated ice volume
reduction. While ice volume between 26 and 17 kaBP is relatively stable, after this date, the ice loss rates
are overestimated with respect to the geomorphological reconstructions, leading to a smaller simulated ice
sheet extent (Figure S1 and S2). This faster ice sheet volume reduction in the coupled experiment is in part
due to the fact that we do not account for the impact of meltwater flux to the ocean which are expected
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Figure 2. Ice sheet geometry at the time of the instability. Vertically integrated velocity in the coupled experiment for
two snapshots, before (a) and after (b) the maximum in rate of ice loss for the North American ice sheet (NAIS). The
two snapshots are separated by one thousand years. For this 3-D perspective plot, the velocity is draped on top of the ice
sheet topography. The dashed line depicts the cross-section discussed in the main text. The major simulated ice streams
are the Amundsen Gulf (AG), Lancaster Sound (LS) and Hudson Strait (HS) ice streams.

to weaken the North Atlantic overturning circulation and, as a result, to delay the Northern Hemisphere
warming. Since the coupled model does not internally produce the Belling warming, contrary to the stand-
alone experiments in which such warming is imposed, it presents only one peak in rates of volume loss circa
13 kaBP of about 2 mSLE per century. It is interesting to notice that for the smallest value of the millenial
scale variability in the stand-alone experiments, the volume loss rates show similarities with the coupled
experiment since it shows only one maximum toward the end of the deglaciation (circa 10 kaBP using MPI-
ESM-P, Figure S12 and supporting information S6). In the following, we show that the latest acceleration
in ice loss, for the coupled and the stand-alone experiments, is due to the large proglacial lake that forms at
the southern edge of the NAIS.

The pattern of our modeled NAIS retreat in the coupled experiment is illustrated in Figure 2 with two
selected snapshots; one before and one after the timing of maximum rate of ice loss for the coupled
experiment. The simulated ice sheet reproduces the major ice streams inferred by geomorphological
observations (Hudson Strait, Lancaster Sound, Amundsen Gulf (Margold et al., 2018) on Figure 2).
These ice streams are predominantly controlled by bedrock features (valleys, Figure S3) and terminate
in the Atlantic and Arctic oceans. On the contrary, the continental southern margin does not show any
well-identified ice stream. However, retreat of the ice sheet on its southern margin produced a large
proglacial lake. This lake is a direct consequence of glacial isostasy since the glacial ice load in the model
produced a largely depressed basin below the ice sheet. This simulated lake shows similarities with the
proglacial lake Agassiz-Ojibway (Teller, 2003) for which we have evidence from about 13.4 kaBP before
its drainage at 8.4 kaBP (Teller & Leverington, 2004). However, 13.8 kaBP is too early in the deglaciation
to have a large lake as in Figure 2a. This mismatch in terms of timing is a direct consequence of the bias
in the coupled experiment that presents a deglaciation that is too rapid (Figure S2). The stand-alone ice
sheet experiments provide alternative ice sheet chronologies since various climate forcings can be used.
While some of them also deglaciate too fast, others display a good agreement with ice sheet extent recon-
structions (Figure S4).

The two selected snapshots of the coupled experiment (13.8 kaBP in Figures 2a and 12.8 kaB in Figure 2b)
show a dramatic acceleration of the southern part of the ice sheet, associated with substantial grounding
line retreat. Velocities of grounded ice shift from below 500 m yr™" to about 2,000 m yr~" in the vicinity of the
grounding line. In the stand-alone experiments this rapid acceleration in ice sheet velocity is systematically
reproduced independently from the climatic forcing, but it occurs later, from 12.2 to 9.6 kaBP (Figure S5).
The timing of such event is weakly constrained as it is strongly linked with the deglacial geometry evolu-
tion. However, it is a robust feature of the deglaciation as it systematically occurs.

In Figure 3 we show a cross-section of the NAIS for the same temporal snapshots of Figure 2. At that time,
the bedrock under the ice sheet is depressed with respect to its present-day value due to the glacial ice load
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Figure 3. Bedrock profile. Cross-section of the North American ice sheet (NAIS) (dashed line on Figure 2) in the
coupled experiment for two snapshots, before (a) and after (b) the maximum in rate of ice loss. The bedrock is depicted
in brown color, the horizontal black line represents the contemporaneous eustatic sea level and the vertically averaged
velocity is shown with the color palette. The vertical gray lines represent the position of the grounding line.

(Figure 3a). The southern margin of the ice sheet is thus resting on a reverse gradient bedrock slope. In the
course of the deglaciation, the progressive thinning due to surface mass balance decrease leads eventually
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Figure 4. Importance of the lake level for the ice loss. Rate of ice loss
toward the maximum of the continental grounding line instability event
(red dots) and their contemporaneous values when we discard the impact
of the proglacial lake on ice dynamics (blue dots) for the coupled model
and different stand-alone experiments forced by PMIP3 models (Methods).
The percentages indicate the loss rate increase induced by the proglacial
lake. Light red dots represent the experiments in which we assume a lake
level higher than the eustatic sea level (prescribed at +50 m above present-
day sea level). Since the timing of the maximum in rate of ice loss differs
for the different lake levels (earlier for higher lake level, indicated below
the experiment label), the light blue dots (proglacial lake impact discarded)
are not synchronous with the reference blue dots. The stand-alone
experiments here use a weighing factor for the fast variability of 0.25.

to floating terminus in the proglacial lake that formed at the southern
ice sheet margin. Within one thousand years, the grounding line retreats
by more than 700 km in the region of the simulated lake (Figure 3b).
If surface mass balance explains most of the ice thickness change be-
fore 13.8 kaBP in the coupled experiment, the dynamical contribution
becomes largely predominant once the instability is triggered (Figure S6).
The ice sheet retreat switches to be mostly mechanically driven (support-
ing information S3). Interestingly, while another lake is simulated at the
south-western margin of the NAIS (Figure 2), no rapid ice sheet destabi-
lization is triggered there. This is due to the gentle bedrock slope there
which only a produces a small grounding ice flux (Figure S7) and a more
gradual retreat.

To assess the importance of this lake-induced grounding line instability
in shaping the deglaciation, we prevent its occurrence in a set of sensi-
tivity experiments. To do so, we assume that the southern margin of the
NAIS is perpetually grounded until 8 kaBP. Excluding the lake impact
on ice floatation results in maximal rates of ice loss halved with respect
to the experiments in which its effect is accounted for (Figure 4 and Fig-
ure S9). In particular, magnitude of local ice fluxes are an order of mag-
nitude lower in the area of present-day Hudson Bay (Figure S10). The
grounding line instability induced by the proglacial lake is thus a crucial
process for the NAIS dynamics and explains the late deglacial accelera-
tion of the ice sheet volume loss.

Since the lake induces a grounding line instability, the lake water
depth plays a crucial role as it directly defines the floatation criteria.
Our ice sheet model does not simulate explicitly proglacial lakes and
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the lake surface elevation is assumed to follow the eustatic sea level. This is a conservative estimate
since at high latitudes the water inputs to the lake exceed the evaporation and the water level is thus
controlled by the elevation of the outlet. It is believed that large proglacial lakes at the southern margin
of the NAIS presented probably a surface level about 100 m or more above the contemporaneous eu-
static sea level (Clarke et al., 2004; Lambeck et al., 2017). For this reason, we performed additional
experiments for which we assume a constant lake surface elevation at +50 m above present-day sea
level in the NAIS southern margin area (about +120 m above eustatic sea level at 13 kaBP). In this case,
the grounding line instability is enhanced and it often doubles the maximum ice loss rate compared to
the simulations where the mechanism is inhibited (Figure 4 and Figure S10). While these additional
experiments with a higher lake surface elevation lead to substantial difference in ice loss rates, we
made additional computations that suggest that the elevation could be higher than +150 m above
present-day sea-level in the course of the deglaciation (supporting information S4). This implies that
if more realistic varying lake surface elevations were considered in our experiments, the grounding
line instability induced by the lake would have been reinforced. As such, the implementation of an
interactive depression-filling algorithm to infer the lake-water depth (e.g., Berends & van de Wal, 2016;
Hinck, Gowan, & Lohmann, 2020) could be important to implement in ice sheet models to simulate
the last deglaciation.

4. Discussion

The grounded line instability induced by the proglacial lake discussed in this study presents similarities
with the MISI even though it also shows important differences. In the following we will refer to this in-
stability as the proglacial lake ice sheet instability (PLISI). The first fundamental difference of the PLISI
with respect to the MISI is that it occurs in a freshwater body. Present-day freshwater glaciers show calv-
ing and basal melting rates smaller than their tidewater analogs (Benn et al., 2007; Triissel et al., 2013).
It is thus possible that, in the proglacial lakes that existed at the ice sheet margin, such as Agassiz-Ojib-
way, the sub-shelf melt rate was small, or even that a certain amount of freezing of lake-water could
occur below the ice shelves. In our experiments we do not apply any correcting factor to account for
such differences with respect to salty waters. However, we perform a series of sensitivity experiments
with varying sub-shelf melting and calving rates (supporting information S5 and Figure S11). We show
that the PLISI is weakly sensitive to calving and sub-shelf melting rates because of the strongly negative
surface mass balance at the southern margin of the NAIS during the deglaciation, however this might
not always be the case for other time periods and/or ice sheets. Related to this, the predominance of
surface mass balance with respect to the sub-shelf melt is another important difference with the MISI
affecting the Antarctic ice sheet, where the oceanic forcing is there the main driver for grounding line
instabilities.

The southern part of the NAIS has long been thought to retreat due to surface mass balance decrease in the
course of the deglaciation. Here we have confirmed the conceptual idea first postulated by (Pollard, 1982)
and advanced by (Fowler et al., 2013), and show that the PLISI provides an additional mechanism to facil-
itate the ice sheet retreat. In our simulations, the PLISI results in an acceleration of the deglaciation of the
NAIS in its final stage, with rates of volume change of about 2 mSLE per century. The timing of the event
is strongly linked to the chronology of the deglacial ice sheet geometries since it is a direct consequence
of the floatation criteria, that is the local ice thickness. To avoid biasing the ice sheet response, we did not
impose any external constraints on these geometries which can sometimes display substantial differences
with geologically constrained reconstructions. Thus, we simulate a PLISI that happens as early as 13.8
kaBP for the coupled experiment that deglaciates too fast and between 12.2 and 9.6 kaBP for the stand-
alone experiments. If these timings are very different they nonetheless represent a time when the simulated
NALIS is largely retreated in its southern margin, reaching the region of the present-day Hudson Bay. In
the reconstructed ice sheet extent data, this corresponds to about 11.5-9 kaBP where fan-like ice streams
start emerging in the geological record (Margold et al., 2018). This coincides with the MWP-1B recorded at
Barbados (Abdul et al., 2016) that could have occurred between 11.45 and 11.1 kaBP. The PLISI could have
contributed to this event even though it should be confirmed with numerical experiments that show a better
agreement with the geological record.
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5. Conclusion and Perspectives

With a set of model simulations, we have shown that proglacial lakes can greatly influence ice sheet dy-
namics by providing a rapid grounding line retreat. The magnitude and the timing of this rapid grounding
line retreat likely depends on the evolution of the ice sheet geometry, however, the instability systematically
occurs during the course of the deglaciation as a result of glacioisostatic depression. Differing from the
MIS], the grounding line instability discussed in this study is only weakly sensitive to calving and lake sub-
shelf melting rates because of the strongly negative surface mass balance at the NAIS southern margin. The
lake induces an ice sheet retreat that is almost entirely mechanically driven although initially triggered by a
decrease in surface mass balance. As such, it is a self-sustained instability that can maintain large ice sheet
volume loss regardless of later climate change. In our simulations, the PLISI induces maximum rates of
volume change of about 2 mSLE per century.

This mechanism raises a number of scientific questions as we have no contemporaneous analogs, although
a large number of outlet glaciers, notably in Patagonia, Greenland and Antarctica, terminate in proglacial
lakes (Carrivick & Tweed, 2013). These glaciers do not allow for large floating ice shelves. Instead, at the
ice sheet scale, the PLISI could have generated large and thick ice shelves floating over freshwater cavities.

If the PLISI mechanism is crucial to understand the deglaciation of the NAIS, it will be as important for the
Eurasian ice sheet. Large proglacial lakes were also present at the southern flank of the Eurasian ice sheet,
in the vicinity of the Baltic and White seas (Patton et al., 2017). The PLISI could be a mechanism that ex-
plains the observed cyclicity in abrupt discharge events recorded in the Black sea (Soulet et al., 2013). More
generally, the PLISI could be crucial to understand deglacial Pleistocene eustatic sea level.

This highlights the need for a better representation of the proglacial lakes in continental ice sheet models,
which is becoming an active field of research in the community. At the glacier scale, fine-scale interactions
are now becoming explicitly represented in numerical models (Carrivick et al., 2020) and the effect of lakes
on valley glacier retreat has been quantified (Sutherland et al., 2020). At the ice sheet scale, algorithms to
compute interactively the lake-water depth for a changing ice sheet geometry are becoming more common
(Berends & van de Wal, 2016; Hinck, Gowan, & Lohmann, 2020) and bi-directional coupled lake model and
ice sheet model have recently emerged (Hinck, Gowan, Zhang, & Lohmann, 2020).

While grounding line dynamics is a well-established process to account for the Antarctic ice sheet evolu-
tion, the PLISI mechanism is another manifestation of its importance to trigger large acceleration of conti-
nental ice sheet retreat. These results highlight the need for a good understanding of grounding line physics
and its representation in numerical models in order to reduce the uncertainties on sea level projections for
the ongoing deglaciation.

Data Availability Statement

Source data of the figures presented in the main text of the manuscript are available on the Zenodo reposi-
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