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Key Points

e Subglacial topography throughout Greenland’s interior inferred using Ice Flow Perturbation
Analysis can elucidate the island’s history

e Contiguous subglacial valleys are widespread in Greenland and are usually connected to
peripheral fjords

e The azimuths and junction angles of this subglacial valley network indicate it is modulated by
tectonic inheritance and groundwater flow

Abstract

Mapping subglacial topography along the margin of the Greenland Ice Sheet was
revolutionized by reconciling measurements of ice thickness and surface velocity using the
principle of mass conservation. Despite evidence that many subglacial valleys resolved by that
method extend upstream, it cannot be applied to the ice sheet’s slower-flowing interior, where ice
thickness observations are sparse. Here we apply Ice Flow Perturbation Analysis to surface
elevation and velocity observations, revealing a vast, island-wide network of subglacial valleys
connected to the peripheral valleys resolved by the mass conservation method. The morphology
of this valley network further implicates Greenland’s southern and eastern highlands as inception
points for the ice sheet and also suggests that this network is modulated by both groundwater
flow and Greenland’s tectonic inheritance.

Plain Language Summary

The ice-free periphery of Kalaallit Nunaat (Greenland) hosts myriad landscapes dissected by
valleys that typically trace back underneath its central ice sheet. A technique based on mass
conservation has enabled us to better resolve the subglacial valleys near the edge of the ice
sheet. However, inherent limitations to this technique still leave three quarters of the ice sheet
with poorly resolved bedrock topography pockmarked by scores of disconnected holes. In this
study, we use a method called Ice Flow Perturbation Analysis that takes advantage of
observations of subtle bumps and troughs in the ice surface, which are typically due to larger
variations in the underlying bedrock, to better reconstruct the bedrock topography beneath the ice
sheet. Now, Greenland’s bedrock topography includes many interconnected valleys that criss-
cross the island beneath the ice sheet. Many of these valleys appear to originate from the
southern and eastern highlands where the ice sheet is thought to have incepted. The regionally
similar directions of many of these valleys suggest that past tectonic deformation within Greenland
may have generated preferential pathways for them to form, and the pattern of angles at which
the valleys meet suggests that groundwater flow influenced valley formation.
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1. Introduction

Improving knowledge of subglacial topography beneath the Greenland and Antarctic ice
sheets is crucial to interpret their current flow patterns and to project their futures (e.g.,
Aschwanden et al., 2016, 2019). Measuring this topography with airborne radar sounding has
been a principal objective of many field campaigns (e.g., Holt et al., 2006; MacGregor et al., 2021;
Robin et al., 1969). However, despite the synthesis of several decades of observations and the
development of mass conservation (MC) techniques for more reliably infilling coastal regions by
leveraging observations of surface velocity (Morlighem et al., 2011, 2017, 2025), observations
remain sparse across the vast interiors of both ice sheets and substantial uncertainty in subglacial
topography persists. For example, for the 150-m-resolution BedMachine Greenland (BMG)
subglacial topography product, only 4.4% of its ice-sheet grid cells include a radar observation.

Presently, the subglacial topography of ice-sheet interiors or slower-flowing margins is
unrealistically smooth compared to the periphery, while pockmarked along survey lines by
sparsely sampled subglacial valleys. Accurately resolving these valleys is important, as ice flow
and subglacial water drainage tend to focus toward them (e.g., Felikson et al., 2021; Joughin et
al., 2013; MacKie et al., 2021; Morlighem et al., 2017). The planform morphology of these
subglacial valleys and their associated networks also inform studies of landscape evolution
beneath the ice sheet and its relation to long-term ice-sheet change (e.g., Jamieson et al., 2023;
Paxman et al., 2021). The cross-sectional morphology of Greenland’s subglacial valleys has been
studied extensively by analyzing valley-intersecting radar surveys, rather than gridded subglacial
topography products (e.g., Bamber et al., 2013; Paxman, 2023; Paxman et al., 2024). These
studies revealed the pattern of fluvial and glacial incision across the island and its relation to the
history of Greenland glaciation. However, because of the limitations in existing methods used to
interpolate subglacial topography across the interior, it has not been possible to reliably study the
island-wide planform morphology of Greenland’s subglacial valley network (Cooper et al., 2016).
Such analyses can clarify source regions and the climatic conditions under which they formed
(e.g., Seybold et al., 2017).

It is well-established from theory and observations of subglacial topography and ice-surface
elevation across both of Earth’s ice sheets that significant perturbations in the bed can induce
detectable variations on the surface (e.g., Chartrand et al., 2024; De Rydt et al., 2013; Ekholm et
al., 1998; Gudmundsson, 2003, 2008; MacGregor et al., 2024; Paxman et al., 2021; Sergienko,
2012). Widespread observations of surface elevation and velocity are much more easily acquired
than radar sounding data, motivating their use to indirectly constrain subglacial topography. To
generate a more realistic landscape beneath parts of the interior of the Antarctic Ice Sheet for
Bedmap3, Pritchard et al. (2025) guided interpolation of subglacial topography along radar-
observed subglacial valleys using surface ice-flow streamlines. However, this streamline
interpolation method cannot resolve the complex superposition of subglacial undulations (in either
topography or basal slipperiness) across a range of wavelengths and azimuths that may give rise
to a detectable surface expression (e.g., Ng et al., 2018; Ockenden et al., 2022; Sergienko, 2012),
nor can it improve representation of subglacial topography within unsurveyed regions.

Recently, Ockenden et al. (2023, 2026) developed Ice Flow Perturbation Analysis (IFPA), a
method that leverages bed-to-surface signal transfer theory from Gudmundsson (2003, 2008) and
fine-resolution maps of surface elevation and velocity to better resolve interior Antarctic subglacial
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topography. Here we improve and apply this method to the Greenland Ice Sheet (GrlS), validate
it against observations and compare it to the widely used BMG product. Focusing on newly
resolved subglacial valleys, we consider the implications of this improved map of Greenland’s
subglacial topography for interpretation of its glaciological and geological history.

2. Data and Methods
2.1. Ice Flow Perturbation Analysis

We use a modified version of the IFPA algorithm described by Ockenden et al. (2023, 2026).
IFPA uses linearized functions describing bed-to-surface transfer of ice-flow perturbations and
weighted least-squares matrix inversion to estimate subglacial properties from Fourier transforms
of ice surface elevation and velocity, which are IFPA’s two primary data inputs. For surface
elevation, we use the Making Earth System Data Records for Use in Research Environments
(MEaSUREs) Greenland Ice Mapping Project (GrIMP) version 2 (v2) digital elevation model
(DEM) (Howat et al., 2022) and then filter and resampile it following MacGregor et al. (2024) onto
the 150-m BMG grid. For surface velocity, we use the MEaSUREs Multi-year Greenland Ice Sheet
Velocity Mosaic (Joughin et al., 2016, 2018). As for the surface DEM, we filter and resample the
surface velocity to the BMG grid. Text S1 and Figures S1-S5 in Supporting Information S1
provide additional details on IFPA.

IFPA requires a fixed domain (ice mask) and an initial estimate of ice thickness for its
inversion, which we get from BMG v6 (Morlighem et al., 2025, 2026). We aim to improve
representation of subglacial topography in the GrIS interior, where existing products have
historically applied either ordinary kriging or streamline diffusion to interpolate between radar
observations (Morlighem et al., 2017, 2025). Hence, we also use BMG’s data source field, which
distinguishes the interpolation method used, to combine IFPA with BMG and generate a blended
subglacial topography.

We use ice-thickness data collected by the Center for Remote Sensing and Integrated
Systems (CReSIS) and its predecessors during NASA airborne campaigns between 1993-2019
to evaluate IFPA and BMG performance (CReSIS, 2025). For comparison with gridded results,
radar observations are binned onto the BMG grid and the median thickness is preserved. To
identify regions where disrupted basal ice appears to perturb the surface, rather than subglacial
relief (e.g., Cooper et al., 2019), we review the CReSIS radargrams and compare these results
to a previous mapping of disrupted basal ice (Leysinger Vieli et al., 2018).

We improve the IFPA algorithm in three main ways. The first is our use of a thickness-
dependent patch size, which substantially reduces IFPA differences from observations, better
resolves small-scale variability in subglacial topography, and permits application near the GrIS
margin where ice is thinner and where MC was not applied in BMG. Our second improvement
concerns the mean slipperiness parameter (C) across the GrlS. Although we mostly use a
constant value C = 50, following Ockenden et al. (2026), we adjust it to be significantly higher
(~1000) both near the ice-sheet edge and within the fast-flowing Northeast Greenland Ice Stream
(NEGIS) using results from Sergienko et al. (2014).

Our third improvement involves the blending of IFPA-inferred subglacial topography with
BMG. In contrast to Antarctica, there are no known megadune fields in Greenland to complicate
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interpretation of IFPA (Ockenden et al., 2026), and persistent features associated with surface
processes (e.g., supraglacial lakes) are associated with the effects of basal conditions on ice flow
(Sergienko, 2013). Further, because MC is predominantly used where GrlS surface mass balance
is negative and crevasse fields are present (Figure S3), the blended topography is not
significantly affected by potential complications in interpretation in those regions (Chudley et al.,
2021; Fettweis, 2022). However, across four different region types, IFPA output is disfavored and
BMG is preferred, so we weight them to generate a blended topography. We favor BMG over
IFPA where: 1. MC is used by BMG, i.e., around faster-flowing outlet glaciers; 2. Disrupted basal
ice is indicated by radargram inspection and oblong surface perturbations in the GrIMP flow-
aware hillshade, which indicates flow-related perturbations in the ice surface (MacGregor et al.,

2024); 3. Magnitudes of surface shear strain rates are high (210 yr"), indicating a change in

basal slipperiness; and 4. The abrupt change in surface-velocity azimuth across some sharper
ice divides causes IFPA to malfunction. Finally, we correct for the residuals between the blended
IFPA bed and radar observations following Ockenden et al. (2026).

2.2. Manual and automated feature mapping

We apply two separate methods to map features in the blended subglacial topography. First,
we manually trace the centerline of subglacial valleys in the IFPA subglacial topography at a scale
of 1:750,000, focusing on those that are 210 km long and =1 km wide, i.e., the same criteria as
MacGregor et al. (2024). We record where these valleys are also apparent in BMG and if they

connect to peripheral valleys. Second, to independently evaluate the dominant azimuths of major

features in the IFPA subglacial topography, whether they are subglacial valleys or not, we use
Hough transforms. We divide the GrlIS into 75-km squares; for each square, we generate 12
distinct unidirectional hillshades at 15° illumination-azimuth intervals. For each hillshade, we use
Canny edge detection to identify dominant features and record the 100 most prominent
azimuth/offset peaks in the Hough transform of the resulting binary image. Text S2 in Supporting
Information S1 provides additional details.

2.3. Valley network morphology

We analyze Greenland’s valley network morphology using the blended topography after
correcting for its total isostatic response to unloading of the GrIS (Paxman et al., 2022, 2026).
This choice assumes implicitly that the planform structure of this valley network is due primarily
to glaciofluvial erosion either prior to or during the inception of the GrlS, rather than subsequent
subglacial erosion during the Pleistocene. We use TopoToolbox to map the rebounded valley
network automatically (Schwangart & Scherler, 2014). Branching angles of stream networks —
distinct from their azimuths — provide information about the climate in which the networks formed.
We modify TopoToolbox to measure the branching angle of all network intersections following
Seybold et al. (2017). For this analysis and all maps shown, we use the NSIDC Sea Ice Polar
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Stereographic North projection (EPSG:3413), which is conformable and hence angle-preserving.
Text S3 in Supporting Information S1 provides additional details.

3. Results

We test our improvements to IFPA at the onset of Ryder Glacier in northern Greenland
(Figures 1A, S2). Adjusting the patch size based on the mean ice thickness significantly
decreases the root mean square error (RMSE) between IFPA and radar observations from 93 to
65 m. Because of these smaller patch sizes and because most of the GrIS is land-terminating,
we can apply IFPA toward the edge of most of the ice sheet, including where MC is not applied
(Fiqure 2B). Separately, while optimizing C for each patch yields the lowest RMSE (56 m), the
resulting topography is less geomorphologically coherent relative to when a uniform C is used.
Our choice of a uniform C value (50) produces perturbations consistent with radar observations
and yields an acceptable RMSE (65 m) that is close to that of BMG (55 m).
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Figure 1.

GrIMP flow-aware hillshade for four 250-km-square regions across the GrlS (MacGregor et al.,
2024). (A) and (B) show 200-km portions of two existing survey lines (20080716_02,
20120503 _03), whereas (C) and (D) show two synthetic cross-sections that have not been
surveyed. Profiles on right show radar-observed subglacial topography, BMG, raw IFPA
(uncorrected), blended and radar-corrected IFPA, and crossovers from intersecting radar
surveys. The radar correction to IFPA is generally small (18 £ 27 m). Crossovers with differences
greater than the standard deviation of the detrended profile are considered outliers and not

included in crossover RMSEs.
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The surface DEM used by BMG (GrIMP v1; Howat et al., 2017) contains more artifacts than
GrIMP v2, which we use for the IFPA inversion. However, we use a plane-fit of GrIMP v1 for each
patch to re-dimensionalize IFPA outputs, which enables direct comparison of IFPA and BMG. We
compare the RMSE of BMG and IFPA ice thicknesses with CReSIS radar data where those data
are the primary source of observations. For those parts of the GrlS, the blended, radar-corrected
topography performs significantly better (84 m) than both the raw IFPA-inferred topography (110
m) and BMG (90 m). Notably, the highest RMSE values for both BMG (125 m) and raw IFPA (156
m) are found where the blended topography uses BMG exclusively (Fiqure 2B). Those
problematic regions are also where the standard deviations of IFPA for overlapping patches are
typically the highest and where we expect its underlying assumptions to break down (Ockenden
et al., 2026). In the MC regions where IFPA and BMG are weighted together, RMSE increases
slightly (from 63 m to 66 m), although the blending in these regions reduces some MC artifacts.
The blended topography significantly improves accuracy everywhere else, especially where it
exclusively uses IFPA (from 73 to 61 m). Figures S6-S9 in Supporting Information S1 compare
IFPA and BMG and their error estimates. All following discussion of IFPA refers to the radar-
corrected, blended topography.

Application of IFPA to Greenland reveals detailed subglacial topography at scales of ~2—-30
km that is consistent with BMG in densely surveyed regions but diverges in sparsely surveyed
regions (Figure 1), especially in terms of the density and continuity of major subglacial valleys
(>2 km wide). IFPA reproduces the variability in both the subglacial topography along survey lines
and at available crossovers along synthetic cross-sections. Crucially, both IFPA and BMG
subglacial topography align with relief visible in the flow-aware hillshade along existing survey
lines, but only IFPA reproduces similar relief elsewhere. Particularly along the synthetic cross-
section in southern Greenland (Fiqure 1D), crossover errors are larger, indicating steep and
rough terrain that is more fully captured by IFPA.
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Figure 2.

(A) Colorized hillshade of blended (IFPA + BMG) subglacial topography for Greenland, with
illumination from the southeast (135°) at 45° elevation. White line is GrlS terminus. (B) Same as
(A) but for BMG. Highlighted regions are where BMG is used primarily or exclusively. Key
locations mentioned in text are labeled.

We next compare hillshades of IFPA and BMG subglacial topography (Fiqure 2). For the
synthetic cross-sections, IFPA predicts greater subglacial relief than BMG across the ice-sheet
interior, whereas BMG is smoother except along survey lines. The relief in IFPA more closely
aligns with both that within ice-free regions and the flow-aware hillshade on-ice. IFPA shows that
many of the subglacial valleys resolved by MC along the ice-sheet periphery extend much farther
into the interior — sometimes hundreds of kilometers more than in BMG. We manually map 1943
subglacial valleys beneath the GrlS, of which 34% are identified by IFPA and are not present in
BMG (Figure 3A), and 52% of those visible in BMG are extended farther by IFPA. Subglacial

valleys confine the flow of nearly all of the GrIS’s 239 largest outlet glaciers (terminus 21.5 km
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wide; Joughin et al., 2021), and most (~70%) of these are extended farther upstream in our

blended subglacial topography; most that are not extended are in the SE drainage basin and are
relatively small (discharge <1 Gt yr"). Our improved mapping of subglacial valleys is most
apparent in the CW, NO and CE drainage basins. Based on mapped valley presence in a 10-km
grid, the areal extent of this valley network is nearly doubled in the blended subglacial topography
(74% of the GrlS) as compared to BMG (39%). This extent is limited primarily by where the
blended subglacial topography does not use IFPA, mostly due to disrupted basal units within the
northern GrIS (Figure 2B).
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A: Manually mapped subglacial valleys B: Dominant azimuths by basin C: Dominant azimuths by geologic province
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Figure 3.

(A) Manually mapped subglacial valleys across the GrlS. (B) Dominant azimuth of major
subglacial topographic lineations within 75-km squares; polar histograms show the azimuthal
distribution of lineations within each ice-drainage basin (Mouginot et al., 2019). (C) Same as (B)
but for major geologic provinces (MacGregor et al., 2024). (D) Automatically mapped valley
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network in rebounded topography; network segments are colored by Strahler stream order.
Grayed-out regions in northern Greenland are where disrupted basal units prevented application
of IFPA and are ignored in this analysis. (E, F) Branching angles between intersecting
automatically mapped valleys.

Our azimuthal analysis reveals distinct patterns in valley orientation (Figure 3B), with a
typically bimodal distribution of azimuths by drainage basin, with southwest—northeast being most
common (CW, NW, NE, and CE drainage basins) and southeast—northwest next most common
(SW, NO, and SE). These patterns confirm and accentuate those inferred from the flow-aware
hillshade by MacGregor et al. (2024), and they are also qualitatively consistent with our manually
mapped subglacial valleys but bear no clear relation to modern ice-flow azimuths (Figure S10B).
The same azimuthal analysis of BMG yields only weakly bimodal distributions within the NW and
NO basins (Figure S10C). Finally, we also identify distinct azimuthal distributions between
apparent subglacial geologic provinces (Fiqure 3C), especially between the Nagssugtoqidian
Orogen and the southern Rae Craton, and between the Rinkian Orogen and the northwestern
Rae Craton. These distinctions further support their delineations by MacGregor et al. (2024).

Automatic mapping of the valley network in the rebounded topography produces a similar
network to that which we mapped manually, but which is more extensive and interconnected as
the algorithm follows more subtle topographic gradients than we can map visually (Fiqure 3A, D).
Several (22) larger (>10,000 km?) dendritic basins are outlined, although the limitations of our
blended topography are also apparent, as many basins in northern Greenland — particularly those
connected to the Petermann Megacanyon (Paxman et al., 2021) — terminate prematurely near ice
divides or disrupted basal units. In southern Greenland (<68°N), these basins coalesce around
Greenland’s southern highlands, whereas most basins farther north coalesce toward the eastern
highlands, including one of the two largest basins that terminates at Sermeq Kujalleq (Jakobshavn
Isbrae) in central western Greenland. Our stream network contrasts with that of Cooper et al.
(2016), as we find that the southern highlands are not also a source region for Sermeq Kujalleq,
but instead for Akuliarutsip Sermia, ~100 km to its southwest.

Previous studies of subaerial river networks analyzed the mean branching angle from each
individual basin to determine their climatic relationships. However, here we report on and analyze
3031 branching angles for the GrlS subglacial valley network as a whole because of the above-
mentioned limitations in basin delineation and the smaller total area we consider, i.e., the GrlS is
only 21% the size of the contiguous United States investigated by Seybold et al. (2017). These
branching angles do not evince any obvious spatial pattern, either across Greenland or within
individual basins, but their distribution peaks between ~50-65° (Figqure 3E,F). This low-to-
intermediate peak range is diagnostic of climates where groundwater flow or soil erosion are non-
negligible but smaller contributors to channel incision than precipitation or surface runoff (Seybold
et al., 2017, 2018).

4. Discussion

4.1. IFPA methodology
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A key advantage of IFPA over the streamline diffusion method presently used by BMG for the
GrlS interior is that IFPA produces an estimate of the variability in subglacial topography that is
constrained by fine-resolution surface observations and bed-to-surface transfer theory. IFPA-
inferred subglacial topography in Greenland better reflects ice-surface variability where radar
observations are not available, and the radar correction and blending improves accuracy relative
to BMG and ensures that IFPA output is not preserved where we expect it to be unreliable a priori.
Hence, IFPA is part of a growing suite of methods for inferring subglacial topography with greater
fidelity to other relevant ancillary remote-sensing observations while maintaining fidelity to radar
observations, with the overall goal of generating more credible maps of subglacial topography
(e.g., Cheng et al., 2024; Maffezzoli et al., 2025). Given the limitations of IFPA in resolving
subglacial topography beneath some parts of the GrIS, particularly beneath disrupted basal units,
we highlight these regions as potential foci for future airborne radar surveys or other methods
(Figure 2B).

IFPA requires an estimate of slipperiness to infer subglacial topography. Like Ockenden et al.
(2026), we use a uniform slipperiness value for most of the ice sheet, which is unlikely to be an
accurate representation of the subglacial conditions. However, an advantage of IFPA is that when
using a uniform slipperiness value, varying this value only changes the amplitude of the
perturbations, so we are confident in the locations of inferred subglacial valleys if not their absolute
relief (Fiqure S2; Ockenden et al., 2023). Most of the large valleys we identified are coincident
with prominent surface lineations traced in the GrIMP flow-aware hillshade by MacGregor et al.
(2024) (Figure 3A), increasing confidence in their previous interpretation that those lineations are
subglacial valleys.

4.2. Subglacial geology and geomorphology

Patterns in the texture and dominant azimuth of subglacial topography revealed by IFPA
provide new context for interpretations of the geologic and geomorphic history of Greenland. Our
analyses are consistent with the hypothesis that alpine-style subglacial geomorphology
dominates the region southeast of NEGIS and adjacent to the Greenland eastern highlands and
has likely been preserved since at least the Pliocene (Bierman et al., 2016; MacGregor et al.,
2024; Paxman et al., 2024). Where BMG only hints at substantial topographic relief, IFPA reveals
a subglacial mountain range with an interconnected valley network similar to that inferred by
Paxman et al. (2024) both along and between radar surveys, with increasingly greater relief to
the east (Figure 2). This valley network spans the transition from a likely frozen bed to the south
and a likely thawed bed to the north, closer to NEGIS (MacGregor et al., 2022). IFPA also better
resolves several deeply incised subglacial valleys that slope approximately radially inland from
this region, suggesting preferential pathways for past subglacial or glaciofluvial erosion beneath
what is now slow-moving and likely cold-based ice with little erosive potential.

Based on their subaerial exposures, distinct geologic provinces beneath the GrlS may be
partly distinguishable by their subglacial topography (MacGregor et al., 2024). The clearest
example thereof is in far southern Greenland, another region hypothesized to have remained ice-
covered or minimally eroded since the late Pliocene (Paxman et al., 2024), where IFPA also
generates rough subglacial topography, and which is an apparent source region for several valley
networks (Figure 3D). There, ice is presumed to be warmer and firn aquifers are more common,
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limiting the success of radar sounding and resulting in an unnaturally smooth BMG, in contrast
with the steep mountains that fringe the southernmost GrlS. With IFPA, these subglacial southern
highlands are revealed to possess similar relief to coastal regions, and this relief extends north
into a subglacial valley network that is less clearly visible in either the surface or BMG (Figures
1D, 2). Notably, part of the subglacial valley network we identify as draining those southern
highlands is nearly coincident with the northern boundary of the North Atlantic Craton inferred by
MacGregor et al. (2024), although the azimuthal distribution in the North Atlantic Craton is similar
to that in the Nagssugtoqidian Orogen to the north (Figure 3C). We also identify a valley network
along the northwestern subglacial boundary of the Nagssugtoqgidian Orogen, suggesting a
difference between the erosivity of that orogen and the Rae Craton farther north, and consistent
with their apparent difference in azimuthal distribution.

The dominant southwest—northeast azimuth of the subglacial valley network, which is most
apparent in the CW, NW, NE and CE drainage basins (Figure 3B), is striking and indicates an
underlying geologic influence, based on studies of valley networks in deglaciated terrain (Mudd
et al., 2022). This particular azimuth is reminiscent of the left-lateral shear pattern proposed by
Beh (1975). They hypothesized that the Greenland plate deformed between the Late Cretaceous
and Middle Eocene to accommodate sea-floor spreading in Baffin Bay and the Labrador Sea.
This shearing was hypothesized to be accompanied by strike—slip motion along the so-called
“Wegener Fault” in Nares Strait between Ellesmere Island and Greenland. This two-part
hypothesis was soon discarded once sufficient geological and structural observations
convincingly precluded the existence of the Wegener Fault (Rasmussen & Dawes, 2011;
Srivastava & Falconer, 1982). However, it remains possible that parts of Greenland’s plate
experienced post-Late Cretaceous shear, and that this tectonic inheritance has been
subsequently exploited during valley incision (MacGregor et al., 2024). Critically, GNSS stations
across Greenland record differences in horizontal plate motion directions that are presently
unresolved (Berg et al., 2025), potentially indicating that the Greenland plate is subtly shearing
presently, albeit in a roughly orthogonal direction (northwest—southeast) to that proposed by Beh
(1975). The combination of these modern observations and the azimuthal bias of the vast valley
network we resolve suggests that the hypothesis of a rigid Greenland plate, which is predominant
in reconstructions of past plate tectonics (e.g., Merdith et al., 2021), should be reconsidered.

Our analysis of GrlS subglacial valley branching angles is the first to infer Greenlandic
paleoclimatic conditions in this manner, so our interpretation proceeds cautiously. At least two
regions that were formerly more extensively glaciated have been investigated (Alaska and Mars;
Seybold et al., 2018), yielding contrasting but nevertheless informative results (high and low mean
branching angles and aridity indices, respectively). A modal branching angle between 50-65°
beneath the GrlS suggests that an aridity index (ratio of precipitation to potential
evapotranspiration) of ~0.1-1 was predominant during valley incision. This implies that the
process of landscape channelization there includes greater contributions from overland flow than
the combination of diffusive groundwater flow and soil erosion, but also that the latter combination
is non-negligible (Seybold et al., 2018). The influence of groundwater flow appears consistent
with recent Greenland subglacial groundwater observations and modeling, some of which indicate
the acute sensitivity of this system to changing ice-sheet loading (e.g., Bessette et al., 2021;
Liljedahl et al., 2021; Robel et al., 2023). While not directly indicative of the modern presence of
a widespread and dynamic groundwater system beneath the GrlS, our branching analysis
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suggests that such a system has had a long-term influence on the geomorphic evolution of
Greenland.

5. Conclusions

With an improved algorithmic implementation, application of IFPA to the GrlIS reveals striking
new detail in its subglacial topography. As for earlier implementations of IFPA in Antarctica, we
generate a subglacial topography with greater physical consistency with subaerial observations
than BMG while improving fidelity to radar surveys. IFPA connects hundreds of subglacial valleys
across the GrlS interior that were previously either discontinuous or absent in BMG, provides
additional support for recent interpretations of the geologic history of Greenland, and offers new
insight into the controls on the geomorphic evolution of the island. Our blended map expands the
regions where the subglacial topography is based on an interpolation that is more consistent with
the physics of ice flow — from just the MC regions along the ice-sheet periphery in BMG to now
most of the GrlS. This new map resolves finer details in subglacial topography that will ultimately
improve our ability to model the evolution of the GrlS.

Open Research

All new datasets generated by this study and associated code are openly archived (Chartrand
et al., 2026; Chartrand, 2026).
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