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Abstract As ice sheets load Earth's surface, they produce ice-marginal depressions which, when filled with
meltwater, become proglacial lakes. We include self-consistently evolving proglacial lakes in a glacial isostatic
adjustment (GIA) model and apply it to the Laurentide ice sheet over the last glacial cycle. We find that the
locations of modeled lakes and the timing of their disappearance is consistent with the geological record. Lake
loads can deflect topography by >10 m, and volumes collectively approach 30—45 cm global mean sea-level
equivalent. GIA increases deglaciation-phase lake volume up to five-fold and average along-ice-margin depth
<90 m compared to glaciation-phase ice volume analogs—differences driven by changes in the position and
size of the peripheral bulge. Since ice-marginal lake depth affects grounding-line outflow, GIA-modulated
proglacial lake depths could affect ice-sheet mass loss. Indeed, we find that Laurentide ice-margin retreat rate
sometimes correlates with proglacial lake presence, indicating that proglacial lakes aid glacial collapse.

Plain Language Summary The Laurentide ice sheet grew to its greatest extent during the last
glacial maximum, covering most of Canada and the northern part of the US. During its existence, lakes formed
adjacent to the ice sheet as seasonal melt water filled the topography around its edge. As the ice sheet grew and
melted it changed the topography of Earth's surface by warping the ground beneath the ice sheet and around

its edges. In this paper we investigate how this topographic change affected lakes around the ice sheet. We

find that it caused lakes to be much bigger during the deglaciation, when the ice sheet retreated and left lows in
the topography that took thousands of years after the retreat to fully rebound. We also find that these lakes were
deeper at the edge of the ice sheet as the ice sheet collapsed than as it grew, which might have caused faster ice
sheet collapse since ice sheets lose mass faster if they end in a lake rather than if they end on land. Our finding
shows that lakes might play an important role in how fast past ice sheets grew and collapsed.

1. Introduction

Proglacial lakes are freshwater bodies that form within topographic depressions at an ice sheet's terrestrial
margin. These depressions can preexist, or they can be established (or enhanced) by the presence of the ice
sheet through its ability to dam water directly and to generate isostatic depressions. Proglacial lakes formed at
the margins of both the Laurentide and Fennoscandian ice sheets during the Quaternary (Gorlach et al., 2017,
M. Lewis et al., 2021; Mangerud et al., 2004; Murton & Murton, 2012; Smith, 1994). While many proglacial
lakes were small and temporary, others spanned thousands of square kilometers and lasted thousands of years
(Carrivick & Tweed, 2013). At present, the paleo-shorelines of proglacial lakes are often not found at a constant
elevation because they have been deformed due to glacial isostatic adjustment (GIA), which is the response of the
Earth's topography, gravity field, and rotation axis to changes in ice and ocean loads (e.g., M. Lewis et al., 2021).
Shoreline deformation patterns of ice-proximal lakes can therefore be used to constrain past ice-sheet histories
(Austermann et al., 2020; Gowan et al., 2016; Lambeck et al., 2010, 2017). In turn, GIA may have influenced the
depth and extent of proglacial lakes over the ice age through crustal deformation and gravitational perturbations.

Large proglacial lakes can affect summer air temperatures, delay summer ice ablation, moderate the timing
and routing of ice melt, and potentially accelerate ice mass loss (Carrivick & Tweed, 2013). They can also
impact regional to global climate—for example, abrupt drainage of proglacial lake Agassiz—Ojibway at 8.2 ka
likely cooled the Northern Hemisphere by slowing Atlantic Ocean circulation (Barber et al., 1999; Wiersma &
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Renssen, 2006). Including proglacial lakes explicitly or as boundary conditions in ice-sheet models enhances ice
loss through localized mechanical instabilities (Hinck et al., 2022; Quiquet et al., 2021; Sutherland et al., 2020),
which Quiquet et al. (2021) termed “proglacial lake ice sheet instability”” (PLISI). Modeling the Laurentide ice
sheet, Quiquet et al. (2021) found that ice margins retreat faster when abutting proglacial lakes especially if the
bedrock dips toward the ice interior (often due to ice loading). This finding suggests that proglacial lakes influ-
ence ice-sheet stability. Hinck et al. (2022) achieved similar results when implementing an adaptive proglacial
lake boundary in the Parallel Ice Sheet Model. Since retreating ice sheets leave larger topographic depressions
than advancing ones, it has been postulated that proglacial lakes form more frequently during deglaciations
than glaciations, thereby contributing to the asymmetric shape—slow advances, rapid retreats—of Quaternary
sea-level change (Fowler et al., 2013; Pollard, 1982).

Ice-sheet modeling studies that include proglacial lakes have provided critical insights into lake—ice-sheet inter-
actions over the deglaciation, but don't include the full glacial cycle and are limited in a few substantial ways
(Hinck et al., 2022; Quiquet et al., 2021; Sutherland et al., 2020). First, these models generally incorporate GIA
through the ELRA (elastic lithosphere—relaxed asthenosphere) approximation, which doesn't capture gravita-
tional effects and depth-varying mantle viscosity, and typically doesn't include ocean and lake loading. Second,
numerical limitations often require coarse gridding, whereas drainage rerouting is controlled by fine topographic
details (Wickert, 2016). Third, since observed ice-sheet margin locations are typically used to constrain but
not produce physics-based ice-sheet models, the resulting ice-sheet model may not necessarily precisely match
them. Lastly, lake-filling algorithms include some approximations—for example, requiring a certain fill rate to
maintain numerical stability (Hinck et al., 2022) or filling lakes up to sea level rather than the spillway (Quiquet
et al., 2021). In this study we address many of these limitations at the expense of not modeling ice-sheet physics.
We focus on investigating how GIA has modulated lake geometry, depth, and volume around the Laurentide ice
sheet over the last glacial cycle.

We extend the sea-level equation to include dynamically- and self-consistently-evolving proglacial lakes. Lakes
form at the ice margin and drain from the lowest point in the topography; their water load deforms the solid Earth
and alters its gravity field; and the overall ice-lake-ocean water budget is conserved over time. To model realistic
lake locations and depths, we combine published ice-sheet reconstructions with higher resolution data on the
margin of the Laurentide ice sheet. We compare predicted lake extents to paleolake shorelines to test the recon-
struction's reliability. We then use the model to examine lake volumes, geometries, and depths over the glaciation
versus the deglaciation in order to explore the role of GIA in shaping proglacial lakes and related implications
for ice sheet stability.

2. Methods

To quantity how GIA shapes proglacial lakes, we extend the classical sea-level theory to self-consistently include
proglacial lakes. We first describe the theory's extension to include lake water loads before detailing how progla-
cial lakes are calculated at each timestep. Lastly, we provide information on the inputs that this work uses.

2.1. Extension of the Sea Level Equation to Include Lake Loading

A generalized theory for calculating sea-level change due to ice-sheet change was first discussed by Farrell and
Clark (1976) and later formulated by Mitrovica and Milne (2003). Kendall et al. (2005) developed an iterative
algorithm to implement the sea-level equation through a gravitationally self-consistent formulation that accounts
for migration of Earth's shorelines and rotation axis. We extend the formalism in two ways: (a) Proglacial lake
changes are included in the load-change term, which affects Earth's gravity field, rotation axis, and regional
deformation; (b) the global water budget between ice, oceans, and proglacial lakes is conserved by calculating
ocean volume change as the difference between ice and proglacial-lake volume change. An overview of the algo-
rithm focusing on our proglacial lake extension is provided in Text S1 in Supporting Information S1.

While this study focuses on proglacial lakes, we highlight that this algorithm and theory are extensible. First, it
can be used to include any changes in terrestrial water storage (e.g., pluvial lakes or groundwater). Second, it can
be combined with other sea-level equation extensions, including sediment redistribution (Dalca et al., 2013), sedi-
ment compaction (Ferrier et al., 2017; Pico et al., 2016), dynamic topography (Austermann & Mitrovica, 2015),
or water flux across sills (Coulson et al., 2020).
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2.2. Proglacial Lake Calculation

Within the algorithm, we calculate proglacial lake extent at each timestep for a given topography and ice margin.
To do so, we first determine the current topography at 1 arcminute (approx. 1.8 km) resolution by deforming
present-day topography (GEBCO Bathymetric Compilation Group, 2021) using calculated changes in global
mean sea level (GMSL) and GIA. Such high resolution is necessary to adequately compute the shape and connec-
tivity of depressions in the landscape. We sum this topography with ice-sheet thickness provided by the ice model
in order to create a flow-routing surface (cf. Wickert, 2016). We then map landscape depressions (excluding
ocean basins) using the Matlab function imfill. We next use the Matlab function bwconncomp to label and save
only those depressions that intersect the ice sheet margin, removing depressions away from or on top of the ice
sheet. The remaining depressions are filled up to their lowest spill points. This calculation, performed at each
timestep, allows computing the change in lake load. We then downsample the load change to the resolution of
the GIA calculation and feed it back into the sea-level algorithm. Similar proglacial lake-filling schemes have
been developed and explored in the past (Berends & van de Wal, 2016; Hinck et al., 2020; Lambeck et al., 2017).

Our approach assumes three premises. First, ice melt or precipitation fills every ice-marginal depression with
water; this accords with observations of North America's proglacial lakes (e.g., Breckenridge, 2015; C. F. M.
Lewis et al., 2008). Second, we neglect geomorphological processes (i.e., erosion and deposition) that may
affect lake drainage over the glacial cycle. This is justified since, unlike in pluvial settings (Shroder et al., 2016),
geomorphic evolution is generally thought to be caused by spillway development rather than driving it (e.g.,
Curry et al., 2021; Fisher, 2020; Pico et al., 2022). Third, we neglect groundwater changes and its respective load,
which we expect to accompany both general climatic change and surface-water changes related to proglacial lake
evolution.

2.3. Input Ice Sheet Model and Viscosity Structure

Our calculations require as input (a) present-day topography (Amante, 2009), (b) an ice-sheet reconstruction, and
(c) elastic and viscous properties of the Earth's interior. For the deglaciation we combine an ice-sheet reconstruc-
tion of the Laurentide by Lambeck et al. (2017) with a reconstruction of the Fennoscandian ice sheet by Lambeck
et al. (2006); Lambeck et al. (2010), the British—Irish ice sheet by Lambeck (1995); Lambeck (1996); Lambeck
et al. (1996), and the remaining ice sheets by Peltier et al. (2015). This results in the most up-to-date combined
ice history by K. Lambeck and his colleagues, which we choose because they used proglacial lake shorelines
to constrain their Laurentide reconstruction. From MIS 5e to the Last Glacial Maximum (LGM)-henceforth
referred to as the glaciation unless noted otherwise—we adopt the ICE-PC GMSL history (Pico et al., 2016),
which has relatively low ice volume during MIS 3 and incorporates ice-volume constraints during MIS 5a-5d
from Creveling et al. (2017, Figure 1a). For each timestep of the glaciation, we then use the ice geometry from
the deglaciation that matches the glacial ice volume. We note that this is a simplification, given that ice growth
likely led to ice sheets that differed in shape from those developed during ice collapse (e.g., Kleman et al., 2002).

To accurately model proglacial lakes, we adjust the modeled margin of the Laurentide ice sheet to follow the
detailed (0.5-6.5 km resolution) reconstruction by Dalton et al. (2020) and note that the exact location of their ice
margin is resolved to varying degree. We first linearly interpolate the original ice reconstructions onto the times-
cale of Dalton et al. (2020), who recalibrated radiocarbon ages using IntCall3 (Reimer et al., 2013) and assumed
an error of approx. 10%. We then extend the ice sheet with a thickness of 500 m where the Dalton et al. (2020)
ice-sheet margin lies outside the margin of the original ice sheet model. This thickness is chosen to not allow
water ponding on the ice sheet (lakes are generally less than 500 m deep at the ice margin) while simultaneously
keeping mass changes to the ice reconstruction minimal given that these are constructed to fit GIA-related obser-
vations. If the ice margin by Dalton et al. (2020) shows that the ice sheet had a smaller extent, we remove ice lying
beyond their margin. This is done at 1-arcminute resolution to produce a high-resolution ice-sheet reconstruction
for the proglacial-lakes calculation, and alters total ice volume by less than 2%. During the glaciation, we use the
ice margin from the deglaciation time step that is closest to the ice volume during the glaciation.

Finally, the ice-sheet model is downsampled to a Gauss Legendre grid with maximum degree 256 for the GIA
calculation, which corresponds to a spatial resolution of approx. 78 km (half wavelength). This forms our default
ice history, which we call LAM-PC when referring to the whole glacial cycle and LAM when referring to the
deglaciation.
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Figure 1. Volume of Laurentide ice sheet and characteristics of its proglacial lakes. (a) Global mean sea level (GMSL)-equivalent lake volume changes in the LAM-PC
simulation. Top shows results comparing a simulation with (black) and without (gray) glacial isostatic adjustment. Bottom shows the GMSL-equivalent ice-volume
change of the Laurentide ice sheet with lake volume changes shown as colored markers. One meter of GMSL equals ~3.6 X 10° km? of meltwater. Vertical bands
denote periods of the glaciation (red) and deglaciation (gray) used in panels (b—d). Blue vertical lines show time slices used in Figure 2. (b) GMSL-equivalent lake
volume as a function of ice volume for the glaciation (red dashed line) and deglaciation (black dashed line). Colored markers denote the GMSL-equivalent lake volume
(same as x-axis). (c) Mean proglacial lake depth at the ice margin for the glaciation (red) and deglaciation (black). (d) Length of ice margin that borders proglacial lakes
for the glaciation (red) and deglaciation (black).

We perform several sensitivity tests. First, we explore how GIA affects the lakes by running a simulation without
GIA, which means the topography does not deform over time. Second, we run a simulation without lake-loading
to isolate its effect. Third, we explore how our results change if we assume a different ice geometry. To do so
we use the ice model ICE-7G (Roy & Peltier, 2018) for the deglaciation and then proceed as described for our
LAM-PC run (i.e., we adjust the ice margin following Dalton et al. (2020) and construct a glaciation phase
following ICE-PC Pico et al. (2016)). Lastly, four additional sensitivity tests that explore variations in viscosity,
resolution, and the glacial GMSL history are described in Text S2 in Supporting Information S1.

For the viscosity we use a radially symmetric structure with a lithospheric thickness of 96 km, an upper mantle
viscosity of 5 X 10%° Pa s and a lower mantle viscosity of 15 x 102! Pa s. This is close to the best-fitting param-
eters from Lambeck et al. (2017). When calculating relative sea level with ICE-7G, we use the VM5a viscosity
structure (Peltier et al., 2015). For the elastic structure we assume PREM (Dziewonski & Anderson, 1981).

3. Results and Discussion

Our simulations produce proglacial lakes around the Laurentide ice sheet with a GMSL-equivalent volume
of up to 30 cm when applying the LAM ice model (Figure 1a, Movie S1) and up to 45 cm when applying
ICE-7G (Figure Sla in Supporting Information S1). Lake volumes are generally highest during the rapid degla-
ciation (ca. 14-11 ka), corresponding to times when major proglacial lakes extended along the northern (Lake
McConnell: Smith, 1994), mid-latitude (Lake Agassiz: e.g., Breckenridge, 2015; Lepper et al., 2013; Teller &
Leverington, 2004), and southern Laurentide ice sheet borders (Lakes Duluth/Superior: Breckenridge, 2013;
Algonquin: Larsen, 1987; Iroquois—Ontario and Ojibway: Breckenridge et al., 2012; Muller & Calkin, 1993;
Muller & Prest, 1985) (see Figure 2c for the location of some of these lakes). Our simulation produces proglacial
lakes that generally fit observations of past lake extent (Figure S2 in Supporting Information S1). Lake volumes
vary less and peak at lower values when GIA is not accounted for (gray curve in Figure 1a).
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Figure 3. Deformation due to lake loading at 10.9 ka. Difference in topography at 10.9 ka between a simulation that includes
lake loading and one that does not. Ice margins (cyan), lake margins (blue), and coastlines (black) at 10.9 ka are shown.

The best-documented Laurentide proglacial lake shoreline is the Upper Campbell shoreline of Lake Agassiz
(Figure 2c), which dates to 10.5 + 0.3 ka (see Breckenridge, 2015, and references therein). Ice-sheet margins are
constrained at 10.9 and 10.3 ka (Dalton et al., 2020). Our LAM simulation only produces a lake matching the
shoreline geometry at 10.9 ka, which indicates at least one of three things: (a) the lake ages are on the older end of
the range constrained by the optically stimulated luminescence chronology (Lepper et al., 2013), (b) the age of the
ice margin is actually younger (note that the age of the 10.9 ka ice margin has an uncertainty of approx. 0.5 kyr,
Dalton et al., 2020), and/or (c) retreat occurred nearer to 10.3 than to 10.9 ka. Using ICE-7G produces a lake that
is too small during either time, perhaps due to a steeper peripheral bulge or a lower spill point. GIA has deformed
the shorelines of Lake Agassiz, and our predictions of the tilt at 10.9 ka resemble the observed ones when using
the LAM ice model (Figure S3 in Supporting Information S1).

Another time of large lake volume in both the LAM and the ICE-7G ice model is 8.7 ka, after which lake volume
drops to near zero. This is a result of ice retreat into Hudson Bay, which creates space for a sizable proglacial lake
before the ice bridge collapses (see Movie S1). This behavior aligns with the abrupt drainage of proglacial Lake
Agassiz-Ojibway at 8.2 ka, which slowed Atlantic circulation (Barber et al., 1999; Wiersma & Renssen, 2006).
The modeled lake drains at 8.5 ka (instead of 8.2 ka) due to the prescribed ice bridge collapse at this time (Dalton
et al., 2020).

The water load of proglacial lakes not only contributes to the ice—ocean—terrestrial-water budget, but also deforms
the solid Earth and gravity field. Deformation caused by lake loading (e.g., at 10.9 ka, as shown in Figure 2c)
deflects topography by up to 15 m in the center of the former lake and 2—-8 m at its periphery (Figure 3, Figure
S3 in Supporting Information S1). Due to viscoelastic delay in the GIA response, deformation due to lake load-
ing is not confined to locations of contemporaneous lakes, but also reflects former lakes that have since drained
(Figure 3).

3.1. Comparing Lakes Between the Glaciation and Deglaciation

The volume and shape of proglacial lakes is affected by broad-scale ice load-driven topographic deformation
and by shorter wavelength local topography, which together determine the extent of basins and height of sills
along with their evolution through time. To assess the role of GIA on proglacial lake volume and shape, we
compare times when the Laurentide ice sheet size and margins are similar but glacial history varies. Since the
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GIA signal depends on the history of loading, differences in prior loading will produce differences in topography
(and proglacial lakes) during ice growth versus ice retreat.

Figure 2 shows the deformation caused by GIA and the resulting lake distribution and depth at three times
with almost identical ice sheets in our LAM-PC simulation: 72, 44, and 10.9 ka. At the earliest time (72 ka),
the ice sheet was growing, which means that the peripheral bulge was migrating outwards as the ice margin
expanded. As a result, the peripheral bulge remained close to the Laurentide ice sheet; little GIA-driven depres-
sion existed around the ice margin; and only small proglacial lakes formed (Figures 2a, 2d, 2g, and 2j). In fact,
the position of the peripheral bulge even hindered the formation of proglacial lakes in the early part of the glacial
cycle (Figure 1a). Lakes at 72 ka held a total GMSL-equivalent volume of 5 cm. The ice sheet continued to
grow through MIS 4 (~60 ka) before retreating to an MIS 3 minimum extent (~44 ka). This retreat caused the
peripheral bulge to be further outward of the ice sheet, leaving a modest depression, which produced proglacial
lakes with a GMSL-equivalent volume of 15 cm (Figures 2b, 2e, 2h, and 2k). After MIS 3, the Laurentide ice
sheet grew to its MIS 2 maximum extent (achieved 26—19.5 ka, Clark et al., 2009) before it retreated during the
deglaciation. This rapid retreat separated the ice margin and peripheral bulge (Figures 2c, 2f, 2i, and 21), thereby
accommodating a larger GMSL-equivalent lake volume of 26 cm.

The lagged peripheral-bulge response to ice-margin change causes proglacial lake depths and volumes to be
consistently higher during rapid ice-sheet retreat (16—11 ka) than during ice advance (44-29 ka, Figure 1b). Ice
volumes and margins at 28 and 12.1 ka were nearly identical, but the proglacial lakes during ice retreat held over
twice as much water: 32 cm GMSL-equivalent at 12.1 ka versus 14 cm at 28 ka. This excess volume is caused
by GIA (Figure 1a). The mean depth of proglacial lakes at the ice margin is consistently larger during the degla-
ciation (Figure 1c, black markers) than during the glaciation (Figure 1c, red markers). The same, but to a lesser
degree, holds for the length of ice margin that borders proglacial lakes (Figure 1d). The difference in lake depth
is largest for smaller ice volumes (20-30 m of GMSL-equivalent ice volume), where the average lake depth along
the ice margin increases by 50 m (at a GMSL-equivalent ice volume of 28 m). Differences are smaller but still
notable at higher ice volumes.

The ICE-7G ice history produces even more pronounced lake volume differences between the glaciation and
deglaciation (Figure S1 in Supporting Information S1). This difference might be caused by a generally larger
Laurentide ice sheet compared to LAM. At a GMSL-equivalent ice volume of 35 m, the lake volume is three
times larger during the deglaciation than the glaciation and proglacial lakes are on average twice as deep along the
ice margin. The difference in average lake depth along the margin for the same GMSL-equivalent ice volume is
consistently on the order of 50 m when comparing the glaciation and deglaciation phases (Figure S1c in Support-
ing Information S1). Varying the glaciation phase indicates that a history of (intermittent) ice retreat during the
glaciation, rather than the pacing of ice advance, most impacts the lake volume by creating an expansive topo-
graphic depression around the ice sheet (Figure S4 and Text S2 in Supporting Information S1).

Deeper water during the deglaciation may produce a positive feedback that further speeds ice retreat and deepens
proglacial lakes. However, this feedback can break down quickly if the ice sheet opens up a lower spill point for
the lake. For marine-based ice sheets, the ice flux at the grounding line is nonlinearly proportional to water depth
(Schoof, 2007). If lakes drive ice loss through similar processes, the 50 m depth difference between proglacial
lakes during the deglaciation (~135 m) versus the glaciation (~85 m), at a GMSL-equivalent ice volume of
28 m, would drive a significantly increased ice flux. For example, if the Schoof (2007) grounding-line param-
eterization is assumed, which predicts that ice flux is proportional to water depth to the power of 4.75 (Robel
et al., 2018), the outflux across the ice margin during the deglaciation would increase by a factor of 9. When the
bedrock slopes toward the ice-sheet interior (Figures 2d-2f), as is exacerbated by GIA during the deglaciation,
the ice margin may be even more susceptible to retreat, especially when lakes have already reached a significant
depth (Quiquet et al., 2021).

Numerical ice sheet models that don't fill proglacial lakes up to the respective sill or don't account for lake loading
will predict shallower lake depths at the ice margin and hence underestimate the influence of proglacial lakes on
Laurentide ice mass change. Future ice sheet modeling efforts should therefore include self-consistent progla-
cial lakes and the algorithm derived here provides a means to do so, especially if the ice sheet model is already
coupled to GIA (e.g., Gomez et al., 2013).

AUSTERMANN ET AL.

7of11

858017 SUOWWIOD 3AII1D 8|qedt [dde au Ag peuseAob e Sa[o1e YO ‘88N JO S3INJ 0} A%eiq18UIIUO /8|1 UO (SUORIPLIOD-PUR-SWIRYLIO B 1M ARIq 1 BU1|UO//:SdNL) SUORIPLOD PUe SWe | 38U} 88S *[£202/T0/€0] Uo A%iqiauljuo A8 (1M ‘TETTOT 192202/620T 0T/I0p/wiod e Ar.qijpuluosqndnfie//sdny wouy papeojumod ‘v ‘220z ‘L0087v6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL101191

a 1 [
250 + Ice margin with a lake
+ Ice margin without a lake
S 2001 [
=<
S
=
o 150
Y
©
2 100F
©
x
50 l l | |
% 19 18 17 16 15 14 13 12 11 10 9

Time (ka)

Figure 4. Ice retreat at margins with and without proglacial lakes. (a) Retreat rate of the ice margin as a function of time. Black markers and lines show the retreat
rate for ice margins that do not have bordering proglacial lakes, the marker shows the 50th percentile and the line shows the range from the 25th to the 75th percentile.
Blue markers show the same for ice margins that have bordering proglacial lakes. Blue markers are slightly offset for visual purposes. (b) Location of the ice margin at
different times during the deglaciation, colors correspond to the time slices highlighted in panel (a). Present-day topography is shown for reference. See Figure S6 in
Supporting Information S1 for a version that includes retreat rates in marine-based sectors.

3.2. Proglacial Lakes and Ice-Sheet Retreat

We explore whether ice-margin segments that border proglacial lakes retreat faster than those that do not. In
this analysis we only consider lakes that are at least 20 m deep at the ice margin. We calculate each ice-margin
segment's retreat rate as the average between the retreat prior to and following the current timestep (note that we
do not propagate uncertainties in the ice margin age). We group ice margins with and without proglacial lakes,
then extract the 25th, 50th, and 75th percentile of each timestep's retreat rate (Figure 4). Retreat rates, slow at the
deglaciation's onset, accelerate starting ~16.5 ka. No significant difference occurs between ice margins with and
without proglacial lakes prior to 16.5 ka (blue vs. black markers in Figure 4a). From 14.2 until ~11.5 ka, however,
ice-margin retreat is significantly faster at margins that border proglacial lakes. During this time, the ice margin
retreats across the flat interior of northern North America, which allows large proglacial lakes to form (Figures 2c
and 4b). During the Holocene, the ice margin continues to retreat rapidly regardless of the presence of proglacial
lakes. The percentage of continent interior-facing ice margin that is bordered by a proglacial lake increases from
18 to around 16 ka, then remains high (around 60%). The lakes' average depth at the ice margin decreases in the
early Holocene (from around 150 to 90 m between 11 and 10.3 ka). Our results are qualitatively unchanged when
the ICE-7G ice model is considered (Figure S5 in Supporting Information S1).

This analysis demonstrates that there are periods when proglacial lake existence correlates with faster ice margin
retreat, which aligns with results from ice sheet modeling (Quiquet et al., 2021). This finding suggests a positive
ice-retreat feedback where lakes drive faster retreat, which in turn produces more accommodation space for larger
lakes to form. However, this mechanism is geographically limited to relatively flat regions with overall reverse
bed slopes where GIA-associated deformation is comparable to the topographic relief.

4. Conclusion

The conceptual role of GIA in proglacial lake formation has long been recognized. Here we quantify how GIA
modulates Laurentide ice sheet-proximal lake geometry, depth, and volume over the last glacial cycle. We adapt
higher resolution ice-margin data (Dalton et al., 2020) and a GIA model to capture proglacial-lake evolution
between MIS5e and today. We find that Laurentide-proximal lakes have volumes up to 45 cm GMSL-equivalent
sea level and deform topography by up to tens of meters. These estimates might further increase if the model
included proglacial lake-driven groundwater changes.

We find that the location of the Laurentide's peripheral bulge strongly influences the geometry of North Amer-
ican proglacial lakes during the onset of glaciation and the deglaciation. Proglacial lake volumes during the
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deglaciation can be 5 times larger than corresponding glacial volumes with equivalent ice sheet size because the
deglaciation is associated with a more-extensive peripheral bulge with a larger depression around the ice sheet.
Average ice-marginal lake depths during deglacial phases are typically 20-50 m deeper, and up to 90 m deeper,
than those from ice-advance phases with similar ice margins and volumes. GIA most strongly influences progla-
cial lake geometry in low-relief landscapes with reverse bed slopes, and the presence of these GIA-enlarged lakes
at 14.2-11.5 ka correlates with faster ice-margin retreat. Our results support the idea that coupled lake growth
and ice-margin retreat through PLISI likely contributed to rapid collapse of the Laurentide ice sheet (Hinck
et al., 2022; Quiquet et al., 2021) and the asymmetric shape of ice age sea level variability (Fowler et al., 2013;
Pollard, 1982).

Data Availability Statement

The code used to produce the modeling is available on github (jaustermann/SLcode/tree/master/GRL_2022_
proglacial_lakes). The data used to constrain the ice margin is from Dalton et al. (2020). Input ice reconstructions
and topography as well as output sea level and lake geometries can be found on Zenodo (https://doi.org/10.5281/
zenodo.7378941).
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