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The growth and retreat of the Cordilleran Ice Sheet prior to the Last Glacial Maximum, during Marine Isotope
Stage 3 (MIS 3; 57 ka to 29 ka), is elusive. Yet ice sheet size impacts underlying topography through glacial
isostatic adjustment, which can modulate ice stream grounding zone dynamics. In this study, we explore bounds
on MIS 3 Cordilleran Ice Sheet volume, and predict how topographic change due to glacial isostatic adjustment
would shift the zones where grounding lines can persist for key Cordilleran ice streams. We identified three key
ice streams (Yakutat Sea Valley, Skeena Valley, Juan de Fuca Strait), two of which are located near sites with
sediment cores recording active ice dynamics across this time interval. We used the reconstructed bedrock
topography for these ice streams to assess how glacial isostatic adjustment would change the potential zones of
grounding line persistence, based on plausible end-member Cordilleran Ice Sheet histories. We found that glacial
isostatic adjustment shifts the locations of persistent grounding line zones differently, based on the location of the
Cordilleran ice stream with respect to the predicted spatial pattern of topographic change. Depending on the size
of the Cordilleran Ice Sheet in the period leading into the Last Glacial Maximum, glacial isostatic adjustment
could have acted to either stabilize or destabilize marine-terminating grounding lines across the Pacific shelf.
Future work refining the Cordilleran Ice Sheet history across the glacial build-up phase will disentangle the role
of solid Earth feedbacks on grounding line dynamics for individual ice streams, and provide insight into the
mechanisms causing abrupt climate events, ranging from rapid ice discharge to megafloods, documented in the
North Pacific across the last ice age.

1. Introduction record suggests an extensive ice margin near 55 ka, followed by an

unconstrained degree of ice sheet retreat before growing to MIS 2

The Cordilleran Ice Sheet spanned the Rocky Mountains and merged
with the Laurentide Ice Sheet during the Last Glacial Maximum (26 ka;
LGM; Marine Isotope Stage (MIS) 2; Clark et al., 2009). The history of
this former continental ice sheet is challenging to reconstruct due to
relatively sparse field observations within its mountainous terrain
(Clague and James, 2002; Booth et al., 2003; Clague et al., 2005; Stro-
even et al., 2010; Seguinot et al., 2016; Eyles et al., 2018). Prior to the
Last Glacial Maximum, records of Cordilleran Ice Sheet size and extent
are even more rare, as ice sheets destroy prior evidence of their margins
as they advance (Stokes et al., 2015). Indeed, land-based observational
constraints on Cordilleran ice extent across the glaciation phase during
MIS (Marine Isotope Stage) 3 (57 - 29 ka; Lisiecki and Raymo, 2005) are
limited (Batchelor et al., 2019; Dalton et al., 2022a,b). The terrestrial
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maximum extent (Clague et al., 1990; Clague et al., 2005; Ward et al.,
2007; Briner and Kaufman, 2008; Stroeven et al., 2010, 2014, p. 201;
Kaufman et al., 2011; McDonald et al., 2012; Lesemann et al., 2013;
Mathewes et al., 2015; Hebda et al., 2016). Complementing this
land-based evidence is the marine geologic record, which indicates
active ice dynamics along the Pacific sector of the Cordilleran Ice Sheet
across this interval (Hewitt et al., 1997; Cosma and Hendy, 2008; Hendy
and Cosma, 2008; Maier et al., 2018; Walczak, 2020a,b).

The behavior of marine terminating ice streams, whose dynamics can
be recorded in sedimentary cores, are highly sensitive to underlying
topography and bed slopes (Schoof, 2007, 2012; Robel et al., 2018).
Grounding lines spend long periods of time on topographic highs, where
reduced ice flow velocities slow ice margin retreat (Alley, 1993; Favier
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et al., 2016; Robel et al., 2022; McKenzie et al., 2023). Over the ice age,
the topography that underlies marine terminating ice streams is modu-
lated by glacial isostatic adjustment (GIA), or the solid Earth’s response
to the loading and unloading of ice sheets, and this process has been
shown to impact grounding line retreat rates (Gomez et al., 2010;
Adhikari et al., 2014; Kingslake et al., 2018). The size and duration of ice
loading impacts the magnitude of topographic change, which can shift
bedrock elevations and zones where grounding lines tend to persist. The
feedback between ice sheet size, glacial isostatic adjustment-induced
topography change, and grounding line migration is important for
characterizing the behavior of ice streams today in places like Antarctica
(Gomez et al., 2010; Adhikari et al., 2014; Barletta et al., 2018), and may
be useful for elucidating ice sheet behavior in the past (Kingslake et al.,
2018; Pico et al., 2019; Whitehouse et al., 2019; Kodama et al., 2025).
Here, we wish to explore the impact of Cordilleran Ice Sheet size on
zones of grounding line persistence during the build-up phase of the last
ice age.

Existing reconstructions of Cordilleran Ice Sheet size (thickness and
extent) prior to the LGM are based on climate-forced dynamic ice sheet
modeling and global ice sheet histories constructed using estimates of
ice margins combined with equilibrium ice sheet profiles. Seguinot et al.
(2016) performed numerical ice sheet simulations forced with paleo-
temperature records from ice core sites in Greenland and Antarctica, and
compared their predictions to the sparse set of observables for the
Cordilleran Ice Sheet prior to the LGM. Regardless of climate forcing
choice, these simulations predicted a large ice sheet between 60 and 55
ka (early MIS 3), similar in size to MIS 2, and a retracted ice sheet be-
tween 50 and 40 ka during mid-MIS 3. Another recent reconstruction is
based on fitting an equilibrium ice sheet profile to geologic evidence for
ice margins, and iteratively adjusting the ice sheet reconstruction to fit a
collection of relative sea level data globally (PALEOMIST; Gowan et al.,
2021). The PALEOMIST reconstruction includes an extensive Cordil-
leran Ice Sheet at 55 ka and a near nonexistent ice sheet, constricted to
mountain regions, from 47.5 to 35 ka. The PALEOMIST Cordilleran ice
history is based on fitting maximum ice margins to mapped moraines

o) N %)
NS Ne N

Quaternary Science Reviews 363 (2025) 109427

dated to ~55 ka (Clague et al., 1990; Ward et al., 2007; Briner and
Kaufman, 2008; Stroeven et al., 2010, 2014, p. 201; McDonald et al.,
2012; Lesemann et al., 2013; Mathewes et al., 2015), and assuming
extensive retreat in the following time period when there is evidence for
high global sea levels (Hebda et al., 2016; Pico et al., 2016; Gowan et al.,
2021; Dalton et al., 2022a,b; de Gelder et al., 2022; Farmer et al., 2022;
Pico, 2022).

The marine sedimentary record provides an alternate window into
Cordilleran Ice Sheet dynamics across the glaciation phase that com-
plements terrestrial glacial and non-glacial deposits constraints on
possible ice margins across MIS 3 (Batchelor et al., 2019; Dalton et al.,
2019, 2022a,b; Dalton et al., 2022a,b). Ice rafted debris events are
recorded in sediment cores in southeastern Alaska margin (termed Siku
events; at 41 and 30 ka near Yakutat Sea Valley; Walczak, 2020a,b
U1419; YSV; Fig. 1) as well as the British Columbia margin (at 48 ka, 40
ka and 30 ka near Juan de Fuca Strait; Cosma and Hendy, 2008;
MDO02-2496; JDF; Fig. 1), and the timing of these events across MIS 3
correspond to Heinrich events in the North Atlantic (Hewitt et al., 1997;
Hendy and Cosma, 2008; Walczak, 2020a,b). These events suggest
active marine terminating ice streams, with ice discharge that carried ice
rafted debris. There is also evidence for meltwater events during Hein-
rich events based on salinity reconstructions in the Gulf of Alaska (Maier
et al., 2018).

The cause of these dynamic ice discharge events is unclear. Climate
forcings, such as ocean or atmospheric warming, could potentially
trigger abrupt ice stream retreat, with ice discharge carrying ice rafted
debris (Taylor et al., 2014; Robel and Tziperman, 2016; Bassis et al.,
2017; Walczak, 2020a,b). Nevertheless, other mechanisms could play a
role in ice dynamics, and in this study we consider the role of changing
bedrock topography due to glacial isostatic adjustment on grounding
line migration (Gomez et al., 2012; Bassis et al., 2017; Pico et al., 2019;
Kodama et al., 2025). Although the size of the Cordilleran Ice Sheet
across MIS 3 is largely uncertain, it is possible that the loading history of
this ice sheet can exert a feedback on the ice sheet’s retreat rate. The
Cordilleran Ice Sheet’s potential influence on the grounding line
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Fig. 1. A. Inset map. B. Present day topography. Red circles show location of sediment cores. Transects of ice streams in magenta for (C) Yakutat Sea Valley (YSV),
(D) Skeena Valley (SV), (E) Juan de Fuca Strait (JDF). Teal crosshatches represent Alaska Native Allotments, American Indian Reservations, Indian Reserves, and
Yukon First Nations Settlement Lands political boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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dynamics of its marine terminating ice streams through ice sheet
loading, and subsequent glacial isostatic adjustment-induced topo-
graphic change, has not yet been investigated.

We explore constraints on Cordilleran Ice Sheet volume across MIS 3,
and predict how glacial isostatic adjustment would change the topog-
raphy that underlies key ice streams. We identified three key ice streams,
including two near locations that record active ice dynamics across this
time interval (Yakutat Sea Valley; YSV, and Juan de Fuca Strait; JDF;
Fig. 1). We used reconstructed bedrock topography for these ice streams
to assess how glacial isostatic adjustment would shift the locations
where grounding lines persist based on the range of plausible Cordil-
leran Ice Sheet histories. While we cannot provide a better constrained
MIS 3 Cordilleran Ice Sheet reconstruction, exploration of the possible
magnitudes of glacial isostatic adjustment informs our understanding of
the role of topographic change on ice stream dynamics. Ultimately, we
aim to discover whether glacial isostatic adjustment exerts an important
control on the ice dynamics documented in sedimentary records of the
North Pacific.
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2. Methods
2.1. Glacial isostatic adjustment

The growth and decay of ice sheets over glacial cycles drove a
complex spatio-temporal pattern of sea-level change, and equivalently
topographic change, due to deformational, gravitational and rotational
effects of glacial isostatic adjustment (GIA). Our simulations are based
on the sea-level theory and pseudo-spectral algorithm described by
Kendall et al. (2005) at a spherical harmonic truncation of degree and
order 256. This treatment includes the impact of load-induced Earth
rotation changes on sea level (Milne and Mitrovica, 1996), evolving
shorelines and the migration of grounded, marine-based ice (Johnston,
1993; Milne et., 1999; Lambeck et al., 2003; Kendall et al., 2005). These
predictions require models for Earth’s viscoelastic structure and the
spatio-temporal history of ice cover. For the Earth structure model, we
adopt a mantle viscosity profile based on previous reconstructions for
lithospheric thickness and upper mantle viscosity for the Pacific Coast of
North America (Clague and James, 2002; James et al., 2009; Yousefi
et al., 2018; Clark et al., 2019; Marsman et al., 2021). Specifically, our
adopted Earth model is characterized by a lithospheric thickness of 50
km, a low-viscosity zone in the first 200 km of the upper mantle with a
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Fig. 2. A. Global mean sea level history for both the minimum and maximum ice sheet scenario. Ice sheet thickness, held constant from 60 to 30 ka in the (B)

maximum ice sheet scenario, and (C) minimum ice sheet scenario. Relative sea

level (RSL) at 30 ka for (D) maximum ice sheet scenario and (E) minimum ice sheet

scenario (blue; relative sea level lower or topography uplifted relative to today; red; relative sea level higher or topography subsided relative to today). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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viscosity of 1 x 10'° Pas, a viscosity of 2 x 10%° Pa s for the remainder of
the upper mantle, and 3 x 102! Pa s for the lower mantle. Inferences of
Earth structure are based on fitting GIA constraints in southeast Alaska
(Marsman et al., 2021), southern British Columbia (Clague and James,
2002; James et al., 2009; Yousefi et al., 2018) or global or regional
seismic tomography models (Clark et al., 2019; Pan et al., 2022), and
these studies suggest a thin effective lithospheric thickness (30-70 km)
and a low-viscosity asthenosphere representing between 140 and 380
km of the upper mantle, with viscosities ranging from 1 x 10°Pasto 1
x 10%° Pa s. We perform sensitivity tests by varying the values for
lithospheric thickness, upper mantle viscosity, and lower mantle vis-
cosity, and discuss the sensitivity of our results to our Earth model se-
lection in Supplementary Material (Supplementary Figs. 1-5).
Paleotopography is calculated by subtracting the computed spatial field
of sea-level change from modern day topography.

2.2. Ice sheet history reconstruction

We constructed two end-members of idealized global ice sheet his-
tory that explore the uncertainty of plausible Cordilleran Ice Sheet size
prior to the Last Glacial Maximum (spanning MIS 3, from 60 to 30 ka).
The maximum scenario Cordilleran Ice Sheet end-member (Fig. 2A)
contains an ice sheet volume of 7.5 equivalent global mean sea level
(GMSL) from 60 to 30 ka (close to the estimated Last Glacial Maximum
volume of 8-9 m GMSL; Seguinot et al., 2016) while the minimum
scenario end-member contains an ice sheet volume of 2.5 m GMSL. The
minimum scenario still meets the requirement for marine terminating
ice near Yakutat Sea Valley, however it does not contain marine ter-
minating ice near Juan de Fuca (Fig. 2B). These ice sheet histories are
input to our glacial isostatic adjustment simulations predicting sea level
change over the last glacial cycle (from 120 ka to 0 ka).

To construct these ice sheet histories, we modified the global ice
sheet reconstruction ICE-PC. The ICE-PC ice history uses the deglacial
ICE-6G (Peltier and Fairbanks, 2006) ice geometries to populate the
global mean sea level curve in Pico et al. (2017), and makes the standard
assumption that the ice sheet grows in the same geometry in which it
melts. We modify the base ICE-PC ice sheet history to include more
recent reconstructions of ice sheet geometries for the MIS 3 Cordilleran
Ice Sheet. We adopt ice sheet thicknesses from the dynamic ice sheet
model simulations performed in Seguinot et al. (2016) using the GRIP
climate forcing, and identify the most extensive modeled Cordilleran Ice
Sheet at 57 ka. We use this ice thickness reconstruction (GRIP in
Seguinot et al., 2016) at 57 ka as our “maximum scenario”. Because the
domain of the dynamic ice sheet simulations did not include the Aleu-
tian Islands sector of the Cordilleran Ice Sheet, we patch the Seguinot
et al. (2016) ice thickness into the maximum Cordilleran Ice Sheet
scenario reconstructed into the global base ICE-PC ice history at 62 ka.
This ice sheet represents the maximum scenario in our idealized
reconstruction, and is held constant from 60 to 30 ka (Fig. 2C).

We adopt the predicted ice thickness from the GRIP simulation in
Seguinot et al. (2016) at 46 ka for the minimum Cordilleran scenario
(also held constant from 60 to 30 ka); this simulated ice sheet represents
the smallest scenario within the set of ice sheet simulations that is
characterized by marine terminating ice near Yakutat Sea Valley (where
a nearby sediment core contains evidence for ice rafted debris across this
interval; U1419; Fig. 1). Although there is also evidence for ice rafted
debris near the Juan de Fuca Strait, time steps of the GRIP simulation
from Seguinot et al. (2016) that produce marine terminating ice near the
Juan de Fuca Strait contain an ice volume very similar to the maximum
scenario. Therefore, we chose an ice sheet distribution for the minimum
scenario that only has marine terminating ice near Yakutat Sea Valley. In
our results, we consider the role of GIA on the Juan de Fuca ice stream
for the minimum scenario, even though the minimum scenario does not
contain ice in the Juan de Fuca region. Nonetheless, we make this
comparison to understand the impact of longer-term ice loading on the
Juan de Fuca ice stream, as there may have been brief time intervals (<5
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ky) when ice flowed through the Juan de Fuca ice stream within a longer
time duration of minimal or no ice loading.

We also explore a “variable” ice history that uses the minimum
scenario as a base, with cycles of ice sheet growth and decay (expanding
and contracting between the minimum and maximum scenarios), that
correspond to the timing of ice rafted debris events near both Juan de
Fuca Strait and Yakutat Sea Valley at 48 ka, 40 ka, and 30 ka (yellow;
Fig. 2A; Supplementary Fig. 6), thus satisfying the geologic record). We
show that our results with this “variable” ice history, which vacillates
between the minimum and maximum scenario during growth and melt
cycles at the times of ice rafted debris events, are very similar to our
results using the base minimum ice sheet scenario (Supplementary
Fig. 7).

To simplify comparison across these reconstructions, we assigned
each ice history the same global mean sea level history. This global mean
sea level history is identical to ICE-PC (Pico, Creveling and Mitrovica,
2017) except for the time interval from 60 ka to 30 ka, where global
mean sea level is held constant at —70 m (Fig. 2A). To keep global mean
sea level consistent across all ice sheet reconstructions, we calculate the
difference in ice volume between the maximum scenario and the mini-
mum and variable scenario, and assign the excess ice volume to the
Antarctic Ice Sheet, sufficiently far that this does not impact our GIA
predictions near the Cordilleran Ice Sheet (Supplementary Material).
While global mean sea level was almost certainly not constant across
MIS 3 (Siddall et al., 2008), maintaining global mean sea level the same
across all of our ice sheet reconstructions allows us to compare the
impact of Cordilleran Ice Sheet loads on predicted GIA patterns, and
ultimately isolate the effect of GIA on our predicted grounding line
persistence zones. Our approach targets the longer-wavelength scale of
continental ice sheet loading, rather than transient smaller-scale GIA
patterns in response to local loading changes as ice streams advance or
retreat (Gomez et al., 2010). Given uncertainty on Cordilleran Ice Sheet
size, which could range between our maximum and minimum scenario,
a simplified end-member set of ice sheet reconstructions permits us to
capture a range of possible GIA magnitudes and patterns.

2.3. Reconstructing ice stream paleotopography

We identified 3 major marine terminating ice streams that drained
the Cordilleran Ice Sheet into the Pacific Ocean (magenta; Fig. 1). To
reconstruct the paleo-elevation profiles beneath these ice streams across
MIS 3, we first corrected modern topography (GEBCO; 15 arc seconds)
for GIA at every time step. We then extracted the paleo-elevations un-
derlying these ice streams by following submarine troughs, which align
with documented flow pathways (Eyles et al., 2018; magenta; Fig. 1).
Sedimentation and erosion likely changed the topography underlying
these ice streams since MIS 3, with evidence suggesting that some of
these ice streams are located in extremely high sedimentation environ-
ments (Gulick et al., 2015; Cowan et al., 2020). Although such high
sedimentation rates (~1 m/ky since the LGM; Cosma and Hendy, 2008;
Walczak, 2020a,b) would likely substantially change topography, we
ignore topographic change due to sediment accumulation or erosion,
focusing only on the impact of glacial isostatic adjustment. While in-
formation exists about sedimentation rates over this time period, it is
challenging to reconstruct the paleoelevation of ice stream transects
with confidence, given unknowns on the local history of glacial erosion
and deposition for each ice stream. Therefore, sedimentation changes
represent an uncertainty difficult to constrain in our topographic re-
constructions and interpreted grounding line persistence zones.

2.4. Identifying potential grounding line persistence zones

We predict potential zones of grounding line persistence for each ice
stream by extracting its topographic profile (modern and 30 ka paleo-
topography) and test for linear stability at 1 km-spaced nodes with a
simple model representing a migration of the grounding line of a marine-
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terminating ice stream (Equation (1); Robel et al., 2018) for 100
different combinations of surface mass balance (0.1-0.3 }%) and basal
friction (1.620e6-6.620e6 Pa-T) values at each node (Skeena Valley
~425 nodes, Yakutat Sea Valley ~275, Juan de Fuca Strait ~425
nodes):

i
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Where P is the upstream averaged surface mass balance (0.1-0.3 %), Lis

the distance downstream from the ice divide, h, is ice thickness at the
grounding line, h is elevation at the grounding line, C is a basal friction
coefficient (1.620e6-6.620e6 Pa-). We do not include ice shelf but-
tressing as an ice shelf is considered unlikely to have formed (Taylor
et al., 2014). A node is considered to be a potential location of persis-
tence if the ice flux into the node is equal to ice flux out (i.e., the location
represents a fixed point (time derivative is zero) of Equation (1)) and the
derivative of Equation (1) with respect to L is negative (i.e., the linear
stability of the fixed point is negative)
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This linear stability analysis of locations along the ice stream topo-
graphic profile assesses whether perturbations to the grounding line
position return the grounding line to its original position. Since all other
parameter are kept constant in space for simplicity, this linear stability
analysis effectively determines where the bed topography is sufficiently
prograde (deepening towards the ocean) to prevent runaway grounding
line retreat. Values for parameters used in Equations (1)-(3) are found in
Table 1.

For each ice stream topography profile, our analysis of the ensemble
predicts a distribution of potential grounding line positions for different
combinations of surface mass balance, and basal friction (Table 1),
which we can compare between the maximum and minimum ice sheet
histories, isolating the role of GIA in grounding line persistence. The
simplicity of this model enables such a formal linear stability analysis
over a wide range of different parameters. In reality, grounding line
stability and migration are complex functions of many different glaci-
ological and climatological processes which vary in time and space.
Using a more complex glacier model would be necessary to access

Table 1
Parameters and values used for simulating grounding line persistence zones.
Parameter Description Value
L Distance downstream from ice divide -
P Upstream average surface mass balance (m/yr) 0.01-0.3
hy Ice thickness at the grounding line (m) -
h Topographic elevation at the grounding line (m) -
A - 1 2 x 10724
Nye-Glen law coefficient (Pa - m™n-s™1)
m Weertman friction law exponent 1/3
n Nye-Glen law exponent 3
C Basal friction coefficient (Pa - mon. sUn 1.62:6.62 x 10°
Pi Ice density (kg/m>) 917
Pw Sea water density (kg/m>) 1028

Gravitational acceleration (m/s?) 9.81
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transient grounding line behavior, but such an analysis would be
computationally challenging over the wide range of parametric uncer-
tainty inherent in paleoglaciological settings. Thus, we opt for this more
idealized analysis to understand broad trends in potential grounding line
behavior over MIS 3.

3. Results

3.1. Predicted glacial isostatic adjustment and ice stream paleo
topography

We predicted relative sea-level change due to GIA using the two end-
member ice sheet histories that represent the maximum and minimum
Cordilleran Ice Sheet scenario from 60 to 30 ka (Fig. 2A-C). For the
minimum scenario, at 30 ka (the end of MIS 3 and timing of Siku event
#3), relative sea level across the marine terminating northern and
central sectors of the Cordilleran Ice Sheet is at most 100 m higher
(subsided relative to today; light pink; Fig. 2E), whereas the marine
terminating southern sector is at most 50 m lower (uplifted relative to
today; light blue; Fig. 2E). This broad pattern of sea level rise across most
of the marine sector is caused by regional subsidence near the minimum
scenario Cordilleran Ice Sheet. In contrast, in the maximum scenario, the
marine sectors are dominated by sea level fall (uplifted relative to today)
by up to 150 m (blue; Fig. 2D). Because Cordilleran Ice Sheet thickness is
greater in the maximum scenario, the peripheral bulge along the Pacific
coast of Canada and Alaska is more uplifted. In addition, the maximum
scenario ice sheet spans the Aleutian Islands, and the loading in this
region causes additional uplift to the south. The conjunction of these
uplifted peripheral bulge regions, surrounding ice loading in the
maximum scenario, causes sea level to fall (topography uplifted relative
to today) along the marine terminating sectors of the Cordilleran Ice
Sheet.

Relative sea level change from 60 to 30 ka across the transect of each
ice stream is shown in Fig. 3. At the Yakutat Sea Valley terminus, relative
sea level falls (topography uplifts) in the maximum scenario by < 50 m
from 60 to 30 ka (Fig. 3A), whereas in the minimum scenario, relative
sea level rises (topography subsides) by 50 m over this time (Fig. 3B).
For the Skeena Valley ice stream terminus, relative sea level falls
(topography uplifts) by < 50 m from 60 to 30 ka for the maximum
scenario (Fig. 3C) and rises (topography subsides) by 50 m for the
minimum scenario (Fig. 3D), while the upstream regions experience a
relative sea level rise (topography subsided) by > 300 m for both sce-
narios (Fig. 3C/D). For the Juan de Fuca ice stream terminus, in the
minimum scenario, relative sea level rises (topography subsides) by 50
m from 60 to 30 ka, whereas in the maximum scenario relative sea level
falls (topography uplifts) by < 50 m in the downstream reaches and rises
(topography subsides) by 200 m in the upstream reaches over this time
(Fig. 3E/F).

The Yakutat Sea Valley ice stream maximum scenario paleotopog-
raphy is uplifted by 50-100 m throughout the entire transect relative to
the minimum scenario paleotopography (YSV; Fig. 4B; Fig. 5A). At 30
ka, the Skeena Valley ice stream maximum scenario paleotopography is
uplifted by ~20 m in the downstream regions, and subsided by ~100 m
in the upstream regions relative to the minimum scenario paleotopog-
raphy (Fig. 4C; Fig. 5B). The Juan de Fuca ice stream maximum scenario
paleotopography is uplifted by ~40 m in the downstream regions and
>300 m in the upstream regions relative to the minimum scenario
paleotopography (Fig. 4D; Fig. 5C).

3.2. Predicted grounding line persistence zones

We identified the grounding line persistence zones using the recon-
structed paleotopography profiles corrected for GIA by performing a
suite of 100 linear stability analyses at each node, which span a range of
glaciological conditions (surface mass balance values and basal friction
coefficient; Table 1). We consider the possible locations of grounding
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Fig. 3. Change in relative sea level from 60 to 30 ka (RSL3g ka — RSLeoka) at each ice stream for the maximum ice sheet scenario (left) and the minimum ice sheet
scenario (right) for (A/B) Yakutat Sea Valley (YSV), (C/D) Skeena Valley (SV), and (E/F) Juan de Fuca (JDF).

line persistence for each ice history at 30 ka. Fig. 5 shows the predicted
grounding line persistence positions for paleotopography profiles cor-
rected for GIA using the maximum scenario (red) and the minimum
scenario (blue). For the minimum scenario paleotopography, multiple
grounding line persistence zones span the ice stream transect for all
three ice streams (Fig. 5). In contrast, for the maximum scenario pale-
otopography, the grounding line persistence zones are mostly restricted
to either the shelf break or the steep slope at the modern coastline
(Fig. 5). For all three ice streams, there is a higher likelihood for
persistent grounding line zones along the mid-shelf region (or the cen-
tral sectors of the Salish Sea, in the case of Juan de Fuca) in the minimum
scenario. Although these three ice streams experience similar trends, the
cause for grounding line persistence zone migration is different in each
case, as each ice stream experiences a distinct pattern of GIA-induced
topographic change. For the Skeena Valley ice stream (central Cordil-
leran), the maximum ice sheet scenario results in a GIA-corrected MIS 3
paleotopography where grounding line persistence zones are restricted
to the shelf break and the modern coastline. In the maximum scenario,
uplift of the Cordilleran Ice Sheet peripheral bulge in the downstream
reaches (blue; Fig. 2E; purple; Fig. 4D) slightly increases the likelihood
of persistent grounding lines downstream near the shelf break, whereas

subsidence due to ice loading in the central marine sector north of Haida
Gwaii (red; Fig. 2E; green; Fig. 4D) decreases the likelihood of persistent
grounding lines in the central sector of the shelf (100-300 km down-
stream; Fig. 5B). The maximum ice sheet scenario increases potential for
steady-state grounding line positions near the shelf break for Skeena
Valley by shallowing this section and reducing ice flux through the
grounding line, whereas subsidence in the central sector of the shelf
decreases stability by increasing ice flux and causing a negative mass
balance. In the minimum ice sheet scenario, the higher elevation of the
paleotopography, relative to the maximum scenario paleotopography,
decreases ice flux through the grounding line at Skeena Valley, which
permits more persistent grounding line zones in the central sector of the
shelf (100-300 km downstream; Fig. 5B).

The Yakutat Sea Valley ice stream similarly has grounding line
persistence zones shift away from the central section of the shelf with the
maximum scenario (Fig. 4A), albeit due to a different GIA pattern. In this
case, for the maximum ice sheet scenario, the entire marine sector of the
ice stream is uplifted (blue; Fig. 3A; purple; Fig. 4B), shallowing the
transect sufficiently to reduce flux through the grounding line, resulting
in a positive mass balance over the entire transect, up until the shelf
break where there are zones of potential grounding line persistence. The
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minimum scenario for the Yakutat Sea Valley produces a smaller pe-
ripheral bulge, which causes a smaller sea level fall (smaller topographic
uplift; Fig. 3B), resulting in a larger flux through the grounding line
compared to the maximum scenario, and therefore more persistent
grounding line zones along the central section of the shelf (100-300 km
downstream; Fig. 5A).

For the Juan de Fuca ice stream, the GIA-corrected paleoelevation is
similar in the downstream reaches between the two end-member ice
sheet scenarios (Fig. 5C). However, the central sector (Salish Sea) is
subsided in the maximum scenario relative to the minimum scenario
(green; Fig. 4D), resulting in less persistent grounding line zones along
the central sector for the maximum scenario (250-400 km downstream;
Fig. 5C). In the minimum ice sheet scenario, the higher elevation of the
paleotopography, relative to the maximum scenario paleotopography,
decreases ice flux through the grounding line, which permits more
persistent grounding line zones in the central sector of the Juan de Fuca
ice stream in the Salish Sea (250-400 km downstream; Fig. 5C).

The contemporary coastline can be considered a potential zone of
grounding line persistence, since the ice stream would become land
terminating when it reaches this point. For all of these ice streams, the
MIS 3 coastline is further inland than the modern coastline, as relative
sea level is predicted to be higher at 30 ka along the modern coastline for
both of the minimum and maximum scenario (pink and red; Fig. 2D/E).
Therefore, the region beyond the MIS 3 coastline (higher than the ele-
vations considered in Fig. 5) will be a zone of grounding line persistence.

4. Discussion
4.1. Impact of GIA on sensitivity to climate forcing

We found that, for the three ice streams considered here, glacial
isostatic adjustment shifts the potential locations of persistent grounding
lines away from the central sector of the shelf when the Cordilleran Ice
Sheet is large across MIS 3 (maximum scenario; Fig. 5). Nevertheless, the
influence of glacial isostatic adjustment on potential grounding line
persistence zones will depend the ice stream path with respect to the
predicted spatial pattern of topographic change.

Our results suggest that the loading history of the Cordilleran Ice
Sheet during MIS 3 can determine the potential locations of persistent
grounding lines within the ice sheet’s marine sector. Through glacial
isostatic adjustment, the history of the Cordilleran Ice Sheet can
modulate how far an ice stream retreats, if triggered by an external
forcing. For example, if the Cordilleran Ice Sheet were large across MIS
3, the Yakutat Sea Valley and Skeena Valley ice streams would respond
differently to the same external forcing. The Skeena Valley is isostati-
cally depressed when the Cordilleran Ice Sheet is large, which increases
grounding line flux at any given location along the ice stream and cre-
ates a retrograde topography, exacerbating the potential for the marine
ice sheet instability to occur (Fig. 5B). A small external forcing would be
more likely to lead to a large retreat in grounding line location (Fig. 6).
In contrast, GIA uplifts the Yakutat Sea Valley when the Cordilleran Ice
Sheet is large, which decreases flux through the grounding line, leading
to a positive mass balance. As a result, this marine-terminating ice
stream will be less sensitive to external perturbations that cause
grounding line retreat due to GIA shoaling grounding line depths when
the Cordilleran Ice Sheet is large. Thus, a larger external perturbation
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would be required for the Yakutat Sea Valley to retreat as far as the

Skeena Valley would retreat under the same forcing (Fig. 6). Therefore,

GIA can play a role in an ice stream’s sensitivity to external forcings.
To explore how GIA modulates ice stream sensitivity to external
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climate forcings, we consider the range of accumulation rates allowed
for grounding line zones to be persistent. For the Skeena Valley ice
stream, persistent grounding line positions located near the edge of the
continental shelf exist over a similar range of average upstream surface
mass balance values for both ice sheet scenarios (minimum scenario:
0.19-0.3 m/yr; maximum scenario: 0.21-0.3 m/yr; Supplementary
Fig. 8B). Therefore, grounding line retreat from the edge of the conti-
nental shelf in both scenarios would likely result from climate forcings
equivalent to decreasing average upstream surface mass balance to
below 0.19 m/yr. However, the central sector of the continental shelf
(~200 km downstream; Fig. 5B) is ~140 m more subsided in the
maximum ice sheet scenario compared to the minimum ice sheet sce-
nario (green; Fig. 4C). This subsidence results in no potential grounding
line steady-states ~200 km downstream in the maximum scenario
(Fig. 5B), but steady-state grounding line positions for the minimum ice
sheet scenario for the entire range of average upstream surface mass
balance values (0.1-0.3 m/yr; Supplementary Fig. 8B). Therefore, in the
minimum ice sheet scenario, if a climate forcing caused retreat of the
Skeena Valley ice stream from the edge of the continental shelf, the ice
stream might persist within the middle of the continental shelf, while, in
the maximum ice sheet scenario, it would retreat further until the
modern coastline.

We next consider the difference in surface mass balance values that
result in persistent grounding line positions between the Yakutat Sea
Valley and the Skeena Valley ice streams for the maximum ice scenario.
Although both ice streams have persistent grounding line zones limited
to the continental shelf edge and the modern coastline for the maximum
ice scenario, the surface mass balance values associated with these
persistent grounding line zones vary. Yakutat Sea Valley has persistent
grounding line positions at the edge of the continental shelf for all values
of average upstream surface mass balance (0.1-0.3 m/yr; Fig. 6; Sup-
plementary Fig. 8A), while Skeena Valley has persistent grounding line
positions for only larger average upstream surface mass balance values
(0.21-0.3 m/yr; Fig. 6; Supplementary Fig. 8B). Therefore, a climate
forcing equivalent to decreasing upstream average surface mass to
below 0.2 m/yr would cause a negative mass balance which could lead
the Skeena Valley grounding line position to substantially retreat to the
modern coastline, due to its isostatically depressed, retrograde profile,
while the Yakutat Sea Valley ice stream would remain at the continental
shelf edge (Fig. 6).

4.2. Uncertainties on reconstructed paleotopography

Another important control on our predicted persistent grounding
line zones is the antecedent topography, which determines the locations
of topographic highs that serve as pinning points. Sedimentation and
erosion have likely changed topography in this region since MIS 3,
especially in sites like the Yakutat Sea Valley and Juan de Fuca, where
there is evidence for extremely high sedimentation rates (~1 m/ky over
the last deglaciation; Cosma and Hendy, 2008; Walczak, 2020a,b).
Furthermore, over multiple glacial cycles, ice streams would have
carved the valleys that serve as our transects. The history of sedimen-
tation is an important uncertainty in our predictions, and our results
may be different for topography associated with early glacial cycles,
characterized by shallower valleys, not yet carved by glaciers.

Because the size of the Cordilleran Ice Sheet is not well constrained
over most of MIS 3, we cannot determine which of the scenarios tested in
this study is more likely. The end-member ice sheet scenarios we tested
provide a plausible range of GIA magnitudes, and our linear stability
analysis shows how these would impact the potential zones where
grounding lines persist. To consider how GIA would change with a dy-
namic ice sheet that fluctuated between the maximum and minimum
scenario, we created an additional “variable” ice history modifying the
minimum scenario, where the ice sheet grows and melts suddenly at
times when ice rafted debris events are recorded at 48 ka, 40 ka, and 30
ka. We found that this “variable” ice history produced potential
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grounding line persistence zones similar to those predicted using the ice
history with the minimum scenario (Supplementary Fig. 7).

We next explored the impact of our choice of Earth model on our
predicted persistent grounding line zones. We predicted persistent
grounding line zones between the two end-member ice histories using a
set of alternate Earth models that vary lithospheric thickness and upper
and lower mantle viscosity (Supplementary Material; Supplementary
Figs. 1-5). We found that our results are sensitive to our choice of
lithospheric thickness. In particular, predictions with a greater effective
lithospheric thickness (96 km compared with 50 km in the main text),
change our results showing that grounding line persistence zones shift
from the continental shelf break and the modern coastline to the central
sector of the ice stream, for both the Yakutat Sea Valley and Skeena
Valley ice streams. For the Juan de Fuca ice stream, results are similar to
the main text. In the case with an Earth model characterized with a
greater effective lithospheric thickness (96 km), we predict similar
persistent grounding line positions for the Yakutat Sea Valley ice stream
in both the maximum and minimum scenario, whereas for Skeena Valley
persistent grounding line zones are limited to only the modern coastline
in the maximum scenario (Supplementary Fig. 1; Supplementary Fig. 4).
The uplifted region of the peripheral bulge is further offshore in glacial
isostatic adjustment predictions with a greater lithospheric thickness,
causing smaller differences between the maximum and minimum sce-
nario along the Skeena and Yakutat Sea Valley ice stream transects
(Supplementary Fig. 1). Nevertheless, it is unlikely that an Earth model
with a greater lithospheric thickness is realistic for this region. In-
ferences of lithospheric thickness and mantle viscosity suggests that this
region is characterized by a relatively thin effective lithosphere (30-70
km) (Yousefi et al., 2018; Clark et al., 2019; Marsman et al., 2021; Pan
et al., 2022). This region is located in a complex tectonic setting,
dominated by the Cascadia subduction zone, and such settings are
associated with a thinner effective lithospheric thickness (James et al.,
2009). Therefore, while our results are sensitive to our choice of litho-
spheric thickness, we consider predictions with a thinner effective lith-
osphere more realistic and representative of topographic changes due to
glacial isostatic adjustment for the Cordilleran Ice Sheet. Accurate pre-
dictions of topographic change due to glacial isostatic adjustment at
each of these ice streams will require improved knowledge of both ice
sheet history and 3D Earth structure, as incorporating lateral variations
in lithospheric thickness and mantle viscosity across the Pacific coast
can influence relative sea level (Clark et al., 2019; Marsman et al., 2021;
Thompson et al., 2023).

4.3. MIS 3 Cordilleran Ice Sheet and global ice volumes

The timing of ice rafted debris events in the Pacific implies a dynamic
Cordilleran Ice Sheet during MIS 3, which, in addition to being forced by
climate changes in the ocean or the atmosphere, may be influenced by
glacial isostatic adjustment-induced topographic change. Improved
constraints on the extent and thickness of the Cordilleran Ice Sheet
across the buildup phase will elucidate the extent to which glacial
isostatic adjustment contributed to controlling the location of grounding
lines. Moreover, the existence of ice rafted debris records is evidence of
marine terminating ice streams that produce icebergs during MIS 3, and
not all Cordilleran Ice Sheet reconstructions across MIS 3 incorporate
marine sectors at the times of ice rafted debris events. This simple
observation could improve ice sheet reconstructions by requiring marine
terminating ice at least during ice rafted debris events.

Geologic data on land and in ocean sedimentary records may help
determine which of our end-member ice sheet scenarios is most likely
over the majority of MIS 3. Dating of bones within a cave setting in
Southeastern Alaska from 45 ka to 20 ka show that at least part of the
central coastal sector of the Cordilleran Ice Sheet (near Skeena Valley)
was ice free over this interval, precluding the Cordilleran Ice Sheet from
reaching maximum extent in this region over this time (Lesnek et al.,
2018). Similarly, non-glacial deposits dated to ~45 to 30 ka (the
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Olympia Interstadial) in both the Salish Sea and off the coast of Van-
couver Island are evidence that the Juan de Fuca ice stream did not exist
over this time (Hebda et al., 2016). Evidence for warm sea surface
temperatures (5 °C) across the Last Glacial Maximum, along with in-
ferences of a wet-based Cordilleran Ice Sheet (Clague and James, 2002),
has been used to argue that Cordilleran ice streams only reached their
marine limit during punctuated episodes of expansion (Taylor et al.,
2014).

The size of the MIS 3 Cordilleran Ice Sheet ties into broader debates
around global ice volume prior to the LGM (Batchelor et al., 2019;
Dalton et al., 2022a,b; Farmer et al., 2022; Pico, 2022). Estimates of
minimum global ice volume during mid MIS 3 range from 10 to 60 m
below modern global mean sea level (—10 to —60 m GMSL; (Batchelor
et al., 2019), and the contribution of the Cordilleran Ice Sheet to MIS 3
global ice volumes is unclear. At the LGM, the Cordilleran Ice Sheet is
thought to contain 8-9 m of equivalent GMSL (Seguinot et al., 2016).
Reconstructions based on Seguinot et al. (2016) predict a Cordilleran Ice
Sheet equivalent to 3.7-8.7 m GMSL in early MIS 3 at ~60 to 55 ka, and
1.5-2.8 m GMSL in mid-MIS 3 at ~45 to 40 ka. The smallest Cordilleran
Ice Sheet reconstruction (PALEOMIST) is restricted to mountain regions,
and contains only 0.06 m GMSL (Gowan et al., 2021). Our end-member
ice sheet scenarios incorporate a 7.5 m GMSL ice sheet for the maximum
scenario and a 2.5 m GMSL ice sheet for the minimum scenario. Esti-
mates of Scandinavian Ice Sheet size during mid MIS 3 range from 0.8 m
GMSL (Gowan et al., 2021) to 10 m GMSL (Lambeck et al., 2006), with
evidence for ice free conditions (Helmens and Engels, 2010; Wohlfarth,
2010) and even recent work suggesting the Eurasian ice sheet was fully
deglaciated during mid-MIS 3 (Mangerud et al., 2023). Recent estimates
of a smaller Laurentide Ice Sheet during MIS 3, with global mean sea
level near —40 m, hold between 10 m GMSL (Gowan et al., 2021) and 16
m GMSL (Pico et al., 2017, 2018). Antarctic ice thickness during MIS 3 is
not well constrained, although unglaciated coastlines in Prydz Bay (East
Antarctica) have been used to argue for similar ice extent to today (Berg
et al., 2010, 2016), while high relative sea level, close to modern, in the
same Prydz Bay region has been used to argue for greater local ice
loading at MIS 3, equivalent to 0.5 m GMSL (Berkman et al., 1998;
Hodgson et al., 2009; Gao et al., 2020; Ishiwa et al., 2021). Furthermore,
MIS 3 global ice volumes and Cordilleran Ice Sheet size has implications
for the flooding history of the Bering Strait (Pico et., 2020; Farmer et al.,
2022), which can modulate climate by connecting the Pacific and Arctic
oceans (Hu et al., 2012; Praetorius et al., 2020, 2023). Improving esti-
mates of Cordilleran Ice Sheet size, for example, by finding nearby
relative sea level records sensitive to this ice loading, will be important
for quantifying the total contribution of individual ice sheets to global
sea level across MIS 3.

5. Conclusion

Our study highlights the potential role of glacial isostatic adjustment
in modulating where grounding lines may persist over the ice age.
Depending on the size of the Cordilleran Ice Sheet in the period leading
into the LGM, glacial isostatic adjustment could have acted to stabilize
or destabilize marine-terminating grounding lines across the Pacific
shelf. Glacial isostatic adjustment plays an important role in deter-
mining where grounding lines can persist, and changes the sensitivity of
ice streams to climate forcing. Nevertheless, the extent to which glacial
isostatic adjustment modulates persistent grounding line zones depends
on the location of the ice stream with respect to sea level change pat-
terns, in addition to the underlying bedrock topography. Refining the
Cordilleran Ice Sheet history across the glacial buildup phase will allow
us to disentangle the role of solid Earth feedbacks on grounding line
dynamics for individual ice streams. Quantifying the role of glacial
isostatic adjustment on marine ice sheet dynamics, in addition to un-
derstanding how the ice sheet would have responded to climate forcing,
can elucidate the mechanisms causing the abrupt events, ranging from
rapid ice discharge to megafloods, documented in the Pacific across the
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