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Abstract The bedrock beneath the Antarctic Ice Sheet has experienced widespread viscoelastic
deformation as a response to ice-sheet changes from the Last Glacial Maximum (LGM) to present day. The
combined changes of the ice sheet and the bedrock most likely had impacted subglacial water routes. Using the
evolution of bedrock elevation simulated with two coupled ice-sheet and glacial isostatic adjustment (GIA)
models, we explore changes to the subglacial water routes from the LGM to the present day. We explore the
sensitivity of our results to bed roughness by repeating the calculations using 10 topographic realizations, and
estimate the relative impacts of changes in the bedrock elevation and the ice surface slope. Our results show that
bedrock elevation changes of up to ~400 m likely led to a large enough change in tilt of the bedrock, such that
subglacial water routing during the last deglacial phase likely differed significantly from patterns inferred at
present day. The impact of GIA on subglacial flow paths is thus non-negligible and should be accounted for in
reconstructions of ancient subglacial hydrology and studies of past sediment provenance.

Plain Language Summary The bedrock beneath the Antarctic Ice Sheet deforms in response to the
ice sheet growing and retreating, and this adjustment leads to changes in the hydrological system beneath the ice
sheet. We reconstruct how the bedrock elevation beneath the Antarctic Ice Sheet changed from the peak of the
last ice age cycle to the present day and investigate how this change alters the hydrological system beneath the
ice sheet. We also consider the sensitivity of the results to different ice histories and uncertainties in the bedrock
topography. We find that the bedrock elevation changes by up to ~400 m and that the hydrological system
beneath the ice sheet evolved significantly with this adjustment.

1. Introduction

It has been shown that subglacial hydrology is important for ice sheet dynamics, as it impacts ice flow, which, in
turn, modulates ice discharge across the grounding line (e.g., Bell, 2008; Dow, 2023). For instance, it has been
observed that the acceleration of ice velocity on a glacier in East Antarctica coincided with the discharge of a large
volume of subglacial water (Stearns et al., 2008). Previous studies have also shown that glacial isostatic
adjustment (GIA; the gravitational, rotational, and deformational response of the Earth in response to the
movement of mass between ice sheets and oceans) can impact ice sheets through the stabilizing effect of sea-level
fall around a melting ice sheet and the uplift due to the reduced load (e.g., Albrecht et al., 2024; Gomez
et al., 2024; Whitehouse et al., 2019). However, the direct impact of GIA on subglacial hydrology has not pre-
viously been explored, and this paper investigates these impacts.

The bedrock evolution in Antarctica due to GIA is uncertain. This is because reconstructions of the Antarctic Ice
Sheet (AIS) during the Last Glacial Maximum (LGM, ~26 ka; Clark et al., 2009) based on global models of the
GIA process and constrained to fit a broad suite of geophysical observables have inferred ice volumes in the range
of 7-30 m greater than at present day in units of equivalent global mean sea level (GMSL) (Argus et al., 2014;
Ivins & James, 2005; Lambeck et al., 2014; Nakada et al., 2000; Peltier, 2004). The higher end values in this range
have come, in large part, from GIA studies that have inferred ice volumes based on relative sea level constraints at
globally distributed sites including in the far-field of ancient ice cover (i.e., Barbados, Sunda Shelf, etc.; Lambeck
et al., 2014; Peltier, 2004). In contrast, estimates near the lower end of the range were obtained in studies
combining GIA modeling and local glaciological and geological constraints across Antarctica (9 = 1.5 m;
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Whitehouse et al., 2012) and coupled ice sheet-GIA sea level modeling (~6—8 m; Gomez et al., 2013, 2018).
These latter studies have significantly reduced estimates of the residual, present-day uplift rates due to GIA over
Antarctica and, consequently, led to lower estimates of recent ice mass flux from the region (Shepherd
et al., 2012). Thus, there is a high degree of uncertainty in the size of the AIS at the LGM. This uncertainty in
excess ice volume of the AIS at the LGM translates to an uncertainty in bedrock evolution from LGM to present
day. This has important implications for reconstructions of Antarctic bedrock elevation and its gradients. In
addition, significant topographic variability is unresolved in the present-day observations of the AIS bedrock
elevation. The widely used data set BedMachine Antarctica, for example, has uncertainties of up to a few hun-
dreds of meters (Morlighem et al., 2020). Both these uncertainties in bed topography could have significant
effects on calculations of subglacial hydrology.

In this paper, we investigate how GIA and topographic uncertainty influence the pattern of subglacial drainage in
Antarctica since the LGM. We begin by reconstructing LGM bedrock topography using two published GIA
models calculated from coupled ice sheet-GIA models to account for the uncertainty in AIS size. These models
are characterized by excess ice volumes at the LGM ranging from ~6 to 15 m in units of equivalent GMSL
change. We use these GIA model results to compute the evolution of subglacial flow paths since the LGM. We
then consider the sensitivity of our results to unresolved topographic variability by repeating the calculations
using 10 different topographic realizations that capture the uncertainty in our knowledge of the subglacial
landscape and its features at a range of scales.

2. Methods
2.1. Reconstructions of Paleo Sea Level

One of the two sea level calculations discussed here is taken from Gomez et al. (2018). Their calculation was
based on a 3-D Antarctic ice sheet model coupled to a 3-D GIA model. The ice sheet model is described in detail
in Pollard and DeConto (2012). This model adopts a combination of the shallow ice approximation and the
shallow shelf approximation, along with a parametrization of flux across the grounding line from Schoof (2007)
(limitations of this parameterization are discussed in Sergienko (2022) and Sergienko and Wingham (2024)). In
this model, basal sliding is represented by a power-law sliding law that uses a prescribed basal sliding coefficient.
The ice history outside of the Antarctic region was adopted from the ICE-5G ice model (Peltier, 2004). The 3-D
Earth model was taken from Hay et al. (2017), which was based on a multi-step scaling of seismic velocity
anomalies (An et al., 2015; Heeszel et al., 2016) to density variations, temperature variations, and ultimately to a
3-D viscosity field. The spherically averaged structure of the model is characterized by a lithospheric thickness of
96 km, and upper and lower mantle viscosities of 5 x 10?° Pasand 5 x 10?! Pas, respectively. Figures la and 1b
shows maps of the lithospheric thickness variation in the model and lateral variations in mean viscosity from the
base of the lithosphere to a depth of 400 km. The average lithospheric thickness within West Antarctica is 65
km, and 200 km in East Antarctica. The viscosity beneath West Antarctica in the model has a minimum value of
~10"8 Pa s, reflecting the tectonic rift setting of the region. In contrast, the shallow mantle region beneath East
Antarctica is generally of significantly higher viscosity than the background average of 5 x 10% Pa s, consistent
with the cratonic setting of the region (though there are isolated zones close to the Wilkes, Aurora, and Recovery
Basins, where the mantle viscosity is approximately one order of magnitude lower than the spherical background
average of 5 X 102 Pa s). The GIA calculations within the coupled model of Gomez et al. (2018) (henceforth
G18) were performed using the finite volume GIA software SeaKon described in Latychev et al. (2005).

The second GIA model that we consider is from Albrecht et al. (2024), which is also from a 3-D ice sheet model
(PISM; Bueler & Brown, 2009; Winkelmann et al., 2011) coupled to a 3-D GIA model (VILMA; Bagge
etal., 2021). We will refer to this model as A24. The PISM ice model also adopts a combination of the shallow ice
approximation and the shallow shelf approximation, but the grounding line position is computed based on the
simulated ice-flow and thickness distribution and the flotation condition. The production of subglacial water is
simulated via an energy conservation scheme, and the basal friction is controlled by a saturated and pressurized
subglacial till. The 3-D Earth structure is taken from Bagge et al. (2021), and is characterized by a lower bound of
1 x 10" Pas. It was created based on the SL2013SV seismic tomography model (Schaeffer & Lebedev, 2013)
for depths up to 200 km, and the 2010 update of Grand (2002) for depths below 200 km. At depths below 870 km,
lateral variations are omitted. The radial viscosity profile features a substantial viscosity increase with depth at
410 km, and the lithospheric thickness is defined as the minimum depth with viscosity greater than 102> Pas. In
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Figure 1. 3-D Viscoelastic Earth Models in G18 and A24. (a) Lithospheric thickness (km) and (b) logarithm of the viscosity
(averaged from the base of the lithosphere to a 400 km depth) of the Earth model adopted in the coupled ice sheet—GIA
simulations of Gomez et al. (2018). (c) and (d) as in (a) and (b), but for the Earth model adopted in the coupled ice
sheet—GIA simulations in Albrecht et al. (2024).

West Antarctica, the lithospheric thickness ranges from 10 to 20 km, while it peaks at 125 km in East Antarctica
(Figure 1c). The minimum average viscosity in the upper mantle in West Antarctica is ~10'* Pa s, while the
upper mantle viscosity in East Antarctica is higher, ~ 10! Pa s (Figure 1d). As in the G18 model, the thinner
lithosphere and lower viscosity upper mantle in West Antarctica is reflective of the tectonic rift setting, while the
thicker lithosphere and more viscous upper mantle in East Antarctica is reflective of the cratonic setting.

The differences between the two models include their spatial resolution (20 km in G18 vs. 16 km in A24),
different treatments of basal sliding, different treatments of the ice flux across the grounding line, and different
Earth models. When considered together, these model differences translate into very different representations of
the bed elevation.

We note that both GIA calculations considered in this study have been derived from coupled ice-sheet/GIA
models. The feedbacks between the bedrock deformation and the ice-sheet evolution simulated by these coupled
models are critical for reconstructions of subglacial flow paths because the gradient of the hydraulic potential that
drives flow of subglacial water is more sensitive to the ice surface slopes than to the bed slope (Shreve, 1972).

PAN ET AL. 3of 12

35US01 SUOWILLIOD GBI 3| (dde au) Aq paueA0b a1 SSPILE YO 8N J0S3INJ 10} ARIGIT BUIIUO AB1IA UO (SUO1IPUOO-PUR-SLLLIBIWIODAB |1 ALRd]1jou 1 UO//SIL) SUONIPUOD PU SWLS L 8L 39S *[9202/80/7T] Uo AReiq118u1IuO AB]1M ‘Z8680040G20Z/620T OT/10p/LI0" A | AReIqpuljuo'sandnBie//sdny WwoJ) papeojumod ‘G ‘9202 ‘TT06691Z



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2025JF008982

Other GIA models were specifically developed to fit relative sea level data (e.g., Peltier et al., 2015), and do not
necessarily reconstruct realistic ice sheets. These GIA models typically simulate a distribution of ice thickness as
opposed to a bed elevation and ice surface elevation (e.g., Ivins & James, 2005). Thus any roughness in the chosen
bed topography would map into roughness at the ice surface. Furthermore, for models that do include a bed
topography, the resulting ice surface is typically unrealistic, with unphysical artifacts (e.g., Peltier et al., 2015).

2.2. Constructions of the Bed Roughness

Subglacial water routes estimated from the bed elevation and the ice surface slope can be highly sensitive to
uncertainties related to the topographic variability (MacKie et al., 2021; Zuo et al., 2020), which is unresolved in
the present-day observations of the AIS bedrock elevation and is not included in areas where bed topography is
interpolated between measurements. As such, relying solely on existing bed digital elevation models (DEM)
would produce a biased estimate of changes in the hydrological paths over time. To assess the sensitivity of the
evolution of subglacial flow paths to the bed roughness, we compute 10 realizations of each bed DEM, in which
random correlated noise was added to the present day, G18, and A24 LGM bed topographies, while preserving the
ice surface height (i.e., ice thickness is calculated as ice surface height minus (bed height + noise); see Figure S1
in Supporting Information S1). This creates a ten-member ensemble of each of the three topographies (present
day, G18, A24) for assessing the sensitivity of the evolution of subglacial flow to uncertainties in the bed
elevations.

Each random noise perturbation is added such that its characteristics are statistically appropriate to the radar-
derived bed topography. The added noise is derived from random Gaussian fields constructed by computing
the residual between radar measurements of topography and BedMachine (Miiller et al., 2022). The statistics of
the residual topography are then used to generate random Gaussian noise. This yields an ensemble of realistic
roughness fields.

The radar bed measurements are acquired from Frémand et al. (2023) and gridded to a 1 km resolution. To capture
arange of possible bed topographies, the residuals between the constructed bed DEMs and the bedrock elevation
inferred from the radar measurements are computed at the Thwaites and Pine Island glaciers in West Antarctica,
and at the Denman Glacier in East Antarctica. These sites were chosen to capture a range of geographic settings.
The spatial variability of the residuals is then analyzed (MacKie et al., 2023; Milicke, 2022; Matheron, 1963) to
approximate the residual roughness between BedMachine Antarctica and bed elevation measurements (see Text
S1 in Supporting Information S1 for greater detail). Each of the 10 fields of roughness generated is added to the
respective bed topographies (BedMachine at present day, and the reconstructed topographies from the two
coupled models at the LGM), to therefore produce 10 topographic realizations for each of the 3 bed elevation
models (present day, and the two LGM reconstructions). We note that the GIA models provide a change in
topography relative to the present day bedrock elevation, and thus the Gaussian noise fields carry over to its LGM
reconstructions.

2.3. Reconstructions of Subglacial Flow Paths

Subglacial flow paths are calculated based on the present-day ice sheet bed topography data set BedMachine
Antarctica (Morlighem et al., 2020) and the two LGM reconstructions of bed topography computed using the G18
and A24 GIA simulations for sea-level change from LGM to present day. In each case, we compute the hydraulic
potential gradient, ¢ (Shreve, 1972):

V¢ =p,8Vh+pgVH 1)

where p,, and p; are the density of water and ice respectively, g is the surface gravitational acceleration, & is the
bed elevation, and H is ice thickness. We note that, in this formulation, the water pressure is assumed to be equal
to the ice overburden pressure. The present-day and LGM subglacial hydropotential gradients (Equation 1) are
then used in Antarctic Mapping Tools (Greene et al., 2017) and TopoToolbox (Schwanghart & Scherler, 2014) to
calculate the number of upstream cells based on flow direction, thus obtaining subglacial water flow paths.

We also assess the sensitivity of reconstructed subglacial water flow paths to unresolved topographic roughness
by repeating each calculation of subglacial flow paths 10 times, in each case with a different topographic real-
ization computed by adding a field of noise to their respective topographies (see Figure S1 in Supporting
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Figure 2. Present-Day Antarctic Ice Sheet and Bedrock Characteristics. (a) Ice surface elevation (m), (b) the magnitude of ice
surface gradient (m m™Y), (c) bedrock elevation (m), and (d) inferred subglacial water flow paths across Antarctica. The box
in (d) shows the area considered in Figures 4 and 7. Ice thickness, surface slope and bedrock topography are taken from
BedMachine Antarctica (Morlighem et al., 2020). The black contour in panels (a)—(c) and orange contour in (d) correspond to
the present day grounding line. The gray contour in panel (a) shows the edge of floating ice. Routing paths are computed as
described in the text.
Information S1 for a visual representation of the steps taken). Specifically, the simulations are prescribed an
arbitrary but consistent threshold value of water flow accumulation that defines whether or not a subglacial
drainage pathway would be present at a given location, resulting in a field of 0 and 1 s. These fields (10 of them for
10 topographic realizations) are then added together to form a heat map in order to assess levels of consistency in
the computed flow paths such that, in the result, values represent the frequency of flow path occurrence across the
ensemble.
3. Results
3.1. Changes in Subglacial Flow Paths From LGM to Present Day
Figure 2 shows maps of present-day ice height, surface slope, bed topography, as well as subglacial drainage
pathways computed following the procedure discussed above. While subglacial hydrology is significantly more
sensitive to surface slope than the bed slope (Shreve, 1972), the magnitude of the former is significantly smaller
(except for at the ice margins) relative to the magnitude and scale of variability in the latter (Figure 2b). The
routing calculation yields major outflow into the Ross, Ronne and Amundsen Sea sectors of West Antarctica, as
well as ocean-ward of the Wilkes and Aurora Subglacial Basins and Prydz Bay (Figure 2d).
The simulated topography changes from LGM to present day based on the G18 model is shown in Figure 3a. This
map highlights the variation in bedrock topography associated with the local GIA process. The reconstructed
PAN ET AL. 5of 12
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Figure 3. Change in the bed elevation (m) from LGM to Present-Day. (a) Change in topography (present day minus LGM
topography) calculated from the G18 model (Gomez et al., 2018). (b) As in (a), but computed with the A24 model (Albrecht
et al., 2024). Black contours show the extent of the ice sheet at the LGM for each model, while gray contours show the
present-day grounding line.

bedrock elevation is characterized by three local peaks of post-glacial uplift in West Antarctica: ~115 m near the
grounding line of the Ross Ice Shelf, ~93 m landward of the Filchner-Ronne Ice Shelf, and ~50 m along the
Amundsen Sea coastline. In the interior of West Antarctica, a peak subsidence of ~130 m is predicted within
Marie Byrd Land, at the periphery of the three zones of uplift. Thus, as an example, an up-toward-the-coast tilt of
magnitude ~250 m is predicted over a distance of ~900 km from Marie Byrd Land to the Ross Sea coastline since
the LGM due to GIA. More subdued tilting of bedrock is predicted over East Antarctica.

The bedrock elevation reconstructed with the A24 model (Figure 3b) is broadly similar to the results of the G18
model (Figure 3a). The A24 results are characterized by uplift in the same areas as those evident in the G18 model
results: the Ross Ice Shelf, the grounding line of the Filchner-Ronne Ice Shelf, the Bellingshausen Sea, and the
Amundsen coast. However, the magnitude of uplift obtained with the A24 model is much larger. Over the Ross
Ice Shelf and the Bellingshausen Sea, the uplift peaks at ~400 m, and over the present-day grounding line of the
Filchner-Ronne Ice Shelf the peak is ~350 m. The subsidence outside the West Antarctic Ice Sheet and in Marie
Byrd Land reaches ~200 and ~150 m, respectively. Thus, the results for the A24 GIA model are characterized by
a greater magnitude of topographic deflection than the G18 model, and therefore a greater regional tilt.

Figure 4 shows reconstructions of subglacial flow paths in the boxed area in Figure 2d in West Antarctica at
present day, and the two cases mentioned above that are based on reconstructions of topography at the LGM. As

Present day

AR

4

LGM: G18 LGM: A24
TN 3

X

Figure 4. Subglacial Flow Paths in West Antarctica. (a) Present-day subglacial flow paths as shown in Figure 2d, but focused
on the West Antarctic region. (b) Reconstructed LGM subglacial flow paths in West Antarctica computed from the G18
model (Gomez et al., 2018). (c) As in (b), but computed with the A24 model (Albrecht et al., 2024). The black contours in
frames (b) and (c) correspond to the location of the grounding line at the LGM for the associated model, while the orange
contour in all three frames shows the present day grounding line. Pink and purple boxes highlight areas where LGM paths
differ from present day paths.
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Figure 5. Bedrock elevation (m) at (a) present day, (b) the LGM using the G18 model (Gomez et al., 2018), and (c) the LGM
using the A24 model (Albrecht et al., 2024). The black contours correspond to the location the grounding line. Note that the
colors are saturated.

Figures 4a—4c show, flow paths at the LGM across the two ice models as well as between these reconstructions
and the present-day flow paths are different. For example, the results based on ice history G18 show a signifi-
cantly less dense path structure than the analogous results for A24. This is likely due to the lower resolution of
both the bed topography and the G18 model. Moreover, a detailed inspection shows that the reconstructed flow
paths in Figures 4b and 4c have less sinuosity when compared to the present day flow paths. This is most likely
due to the smoothness of the bed topography and ice surface in the LGM reconstructions (Figures 5 and 6), an
aspect that we will explore in more detail in the following section. The differences between flow paths calculated
with G18 and A24 demonstrate that reconstructions of subglacial flow paths are highly dependent on the
reconstruction of both bed topography and ice sheet surfaces.

At the LGM, the hydrological systems under the Pine Island and Thwaites glaciers differ from the present day
hydrological systems in both the G18 and A24 models. In G18, one of the paths that flows toward the Thwaites
glacier at present day instead flows toward the Pine Island glacier at the LGM (Figures 4a and 4b, pink boxes). In
the A24 model, the flow paths that converge on the Thwaites glacier at present split off into two outlets at the
present-day grounding line, and only converge further out toward the ocean at the LGM (Figures 4a and 4c, purple
boxes). Another difference can be seen at the Siple Coast ice streams, where the overall direction of the flow paths
has shifted in the A24 reconstruction, relative to the present day flow paths.

3.2. The Relative Importance of Ice Surface Slope and Bed Topography

We then assess the sensitivity of modeled subglacial flow paths to uncertainties in bed topography. Figure 7
shows the combined subglacial flow paths computed with 10 topographic realizations at present day and at the
LGM. A comparison of the three panels shows that the reconstructed LGM flow paths are more sensitive to
topographic roughness than the present-day calculations. This is likely due to a combination of the smoother
LGM bedrock topographies in the reconstructions, which is in part controlled by the resolution of the coupled ice
sheet and GIA model, as well as the smoother ice surface at the LGM (see Figure 6). The A24 model has both a
smoother ice surface (Figure 6) and a rougher bed topography (Figure 5) when compared to G18, but since the
A24 ice is thicker, it is overall less sensitive to topographic roughness.

We also note that for the LGM reconstructions, and especially the A24 model, drainage exits at the grounding line
can vary significantly due to topographic uncertainty. This is possibly due to the larger ice thickness in the A24
model, when compared to G18, which translates to a steeper ice surface slope at the ice margins (Figure 6d). Due
to the steeper ice surface slope, water that has been diverted by topographic noise would then follow a route more
dictated by the ice surface. This is in comparison to G18, where the ice surface slope may be less dominant and
therefore topographic noise would only lead to smaller diversions.

In order to evaluate the impacts on subglacial hydrology of changes in ice surface slope and changes in bedrock
topography separately, we calculated flow paths at the LGM using present day ice surface elevation but LGM bed
topography reconstructed using the G18 and A24 models (Figure 8). The reconstructed flow paths with LGM
topography (Figures 8b and 8c) are visually much more similar to the present-day subglacial flow paths than the
equivalent shown in Figures 4b and 4c. This visual comparison is confirmed by the calculation of correlation
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Figure 6. Magnitude of ice surface gradients (m m™"). (a) Present day. (b) At LGM from the G18 model (Gomez et al., 2018).
(c) As in (b), but taken from the A24 model (Albrecht et al., 2024). (d) Difference between panels (b) and (c). (e) Difference
between panels (b) and (a). (f) Difference between panels (c) and (a).
coefficients. After defining each location as having flow or not, as was done for Figures 7 and 9, we compute the
correlation coefficient between the LGM and present day flow paths. In Figure 4, when LGM flow paths are
computed with LGM ice reconstructions, the correlation coefficient between present day (Figure 4a) and the G18
flow paths (Figure 4b) is 0.149, and the correlation coefficient between present day (Figure 4a) and the A24 flow
paths (Figure 4c) is 0.204. When the LGM flow paths are instead calculated with the same ice surface as present
day flow paths (Figure 8), the correlation coefficient between present day (Figure 8a) and the G18 flow paths
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Present day

Figure 7. Sensitivity of computed subglacial flow paths to realistic topographic roughness. Each panel is computed by
stacking computed subglacial flow paths calculated from 10 different topographic realizations. The darkest blue corresponds
to locations where 6 or more of the 10 models have flow. (a) Sensitivity of computed present-day flow paths to topographic
noise, computed from present-day topography and ice thickness from BedMachine Antarctica (Morlighem et al., 2020).
(b—c) Sensitivity of reconstructed subglacial flow paths to topographic noise, computed at the LGM using (b) the G18 model
(Gomez et al., 2018), and (c) the A24 model (Albrecht et al., 2024). The orange contour in all frames corresponds to the
location of the present day grounding line, while the black contour in (b) and (c) correspond to the grounding line of the
associated LGM reconstruction.

(Figure 8b) is 0.296, and the correlation coefficient between present day (Figure 8a) and the A24 flow paths
(Figure 8c) is 0.241.

This increased similarity between LGM and present day flow paths when the ice surface is constant suggests that,
as expected, ice surface slope exerts a strong influence on subglacial flow paths, and the less sinuous flow paths in
Figures 4b and 4c are largely a consequence of the smoother modeled LGM ice surfaces (Figure 6). From this, we
can infer that the increased sensitivity of LGM flow paths to topographic noise at the bed is also a result of the
smoother ice surface (Figure 9).

There are, however, significant differences in Figures 8b and 8c compared to Figure 8a, highlighted in the yellow
and red boxes in Figure 8. First, flow paths around the Siple Coast ice streams suggest a reorganization with LGM
topography relative to present day topography, with some changes in flow path length and directions (red boxes).
Second, upstream of the Filchner-Ronne ice shelf, a subglacial flow path that connects to the flow paths coin-
cident with the Thwaites glacier at present day, connects instead to a flow path that exits at the Filchner-Ronne ice
shelf in the LGM reconstructions (yellow boxes). These changes in subglacial flow paths even with an un-
changing ice surface demonstrate that the changes in subglacial flow paths from LGM to present day seen in

Present day

', . -

G18 bed, present ice surface A24 bed, present ice surface

¥, Ao, .

Figure 8. Calculated Subglacial Flow Paths with present-day ice surface. (a) Present-day flow paths computed from present-
day bedrock topography and ice surface slope from BedMachine Antarctica (Morlighem et al., 2020)—reproduced from
Figure 4a. (b) Flow paths calculated using present day ice surface from BedMachine Antarctica and LGM bedrock
topography from the G18 model (Gomez et al., 2018). (c) As in (b), but with LGM bedrock topography from the A24 model
(Albrecht et al., 2024). Red and yellow boxes in both panels highlight two areas where subglacial flow paths in (b) and

(c) have changed relative to (a).
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Present day G18 bed, present ice surface

A24 bed, present ice surface
i ! - A
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Figure 9. Sensitivity of flow paths to topographic noise with unchanged ice surface. (a) Sensitivity of computed present-day
flow paths to topographic noise, computed from present-day topography and ice thickness from BedMachine (Morlighem
et al., 2020). Reproduced from Figure 7a. (b) Sensitivity of computed flow paths to topographic noise, computed from
present day ice surface and G18 bed topography at the LGM (Gomez et al., 2018). (c) As in (b), but bed topography is from
the A24 model (Albrecht et al., 2024).

Figure 4 are not purely a result of changes in ice surface slope, but that changes in bedrock topography due to GIA
also contribute to establishing flow paths.

4. Discussion

Our analysis indicates that areas in which subglacial paths are rerouted in our results tend to be adjacent to areas of
large uplift in the GIA models (Figure 3), and consequently coincide with large changes in the basal slope. For
instance, in Figure 4, large changes in flow paths occur in the Pine Island and Thwaites glaciers catchments, as
well as the catchment areas of the Siple Coast ice streams. These results suggest that a number of processes impact
the ice discharge through the fast-flowing ice streams into the oceans, such as changes in the bed elevation,
subglacial hydrology and their interactions with the ice flow.

Our models suggest that, assuming sediment is being transported along the subglacial drainage pathways, GIA-
driven changes in these flow paths may therefore also be reflected in sediment records. Thus it may be worthwhile
to investigate whether our modeled hydrological shifts can be correlated to changes in sediment provenance
during post-LGM retreat, as reflected in offshore cores (e.g., Kirshner et al., 2012). For instance, we found that the
modeled hydrological systems under the Pine Island and Thwaites glaciers differ from the present day hydro-
logical systems in both the G18 and A24 models. This finding is consistent with marine sediment core data from
Pine Island Bay which suggests that the meltwater conditions and sediments provenance shifted during the late
Holocene (Kirshner et al., 2012; Witus et al., 2014).

A more detailed investigation into Pine Island Bay, and other regions with sediment provenance studies, could
provide more insight into how the subglacial hydrological system evolved and how this may be reflected in the
geological record. Future work on this topic should also investigate whether reconstructed flow channels
correspond with any existing offshore paleo channels (e.g., Napoleoni et al., 2020).

Comparing the modeling results to sediment provenance studies and offshore paleo channels would provide a test
of the ability of geophysical modeling to capture important aspects of the evolving hydrological system and
provide further insight into the impact of the ongoing GIA process on bed topography, the associated subglacial
hydrological system, and, most importantly, the feedback of this intimately coupled system on the future evo-
lution of the AIS.

5. Conclusions

In this study, ice sheet models (Albrecht et al., 2024; Gomez et al., 2018) were used to reconstruct ancient
Antarctic bed topography, and estimate the hydraulic potential at the LGM. As shown in Pan et al. (2021), the low
viscosity and thin lithosphere beneath the West Antarctic Ice Sheet contribute to particularly rapid postglacial
rebound, and thus changes to bedrock topography occur quickly and are of large amplitude. The reconstructions
of bedrock topography were used to calculate the degree to which the GIA process may have impacted subglacial
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hydrological flow paths from the LGM to present day. The sensitivity of our results to uncertainties in bedrock
topography was explored by repeating our calculations with 10 different topographic realizations generated by
adding roughness of spatial scale and amplitude consistent with estimates from the radar measurements across
the AIS.

Our results show that the reconstructed flow paths at the LGM are relatively sensitive to topographic roughness at
the bed of the ice sheet due to the smoother ice surface and bedrock topography in the LGM reconstructions. We
also find that the impact of GIA on subglacial flow paths is non-negligible, but highly dependent on the
reconstruction of both bed topography and ice sheet surface slopes. Both these conclusions highlight the necessity
of properly accounting for topographic uncertainties in reconstructions of subglacial hydrology. Overall, it is
important for GIA to be accounted for in reconstructions of ancient subglacial hydrology as subglacial water may
influence the evolution of the overlying ice sheet. If models of past ice behavior are to be used to understand
modern and future behavior, then it is important to understand the history of ice loading and water drainage, and
recognize the sensitivity to adopted surface and bedrock slopes.
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