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Abstract. The Greenland ice sheet (GrIS) and its peripheral glaciers and ice caps (PGIC) have received a lot of attention with

where ice discharge contributes a
significant amount to ice mass loss. However, a similar fraction of the mass loss is caused by surface melt, leaving via-these

latterless-studied-margins—Relying-on-the ice predominately via the less studied terrestrial margins. Using existing ice masks
and a dataset-forfake-distribution-lake dataset we extract the actual land-terminating sections, making up 96:493.1 % of the

total GrlS (93470900 %-e£#61+54km) and PGIC (9%81 70590 74—6H—744r2§km) margin. The study prov1des a—sﬂﬁeﬂgewdence
for the ability of the Areti
ean-alse-show-thatice mask and ArcticDEM are-able-to capture margin morphologies across large-parts-of the-land-terminating
margin-correetly-in-approximately 84 % of eases—identifying-the land-terminating margin correctly, even able to identify very
«@WMZS 4% as near-vertical features over shallow terrain ;-eonfirming

es—and a further 13.4 % are-identified-as steep (~20-

45°>%¢&£MMWQWWM@MMW7 3% (MM@%W
identified as shallow ramps (<20°).
WWW%WIMMMW
lakes, bed topography or ice dynamics and past climate at and upstream of the margin can explain under which conditions the

1 Introduction

While a large part of the ice margin of the Greenland Ice Sheet (GrIS) and peripheral glaciers and ice caps (PGIC) is land-
terminating, this fraction has so far never been quantified and has received much less attention than the marine-terminating
margin. Most of the ice discharge in Greenland originates from marine-terminating outlet glaciers (Mankoff et al., 2021;
Mouginot et al., 2019; Shepherd et al., 2020), but approximately one half to-two-thirds-of the total mass loss can be attributed
to surface mass balance change, which predominantly leaves the ice as meltwater over the surface to proglacial rivers and

streams (van den Broeke et al., 2016; Lewis and Smith, 2009; Mankoff et al., 2021; Shepherd et al., 2020). GrIS margins
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have experienced widespread thinning in recent decades (Hanna et al., 2020; Kjeldsen et al., 2015; Shepherd et al., 2020
and marine-terminating tongues generally thin at higher rates than land-terminating ones (Sole et al., 2008) and have seer
widespread retreat (Goliber et al., 2022; Howat and Eddy, 2011). 75 % of land-terminating drainage contributes to surface ow
directly, while the rest drains into marginal lakes (Lewis and Smith, 2009).

Mouginot et al. (2019) provide an assessment of GrlS mass loss between 1972 and 2018, partitioning the ice sheet into 26C
basins and regions. 217 basins have a marine-terminating outlet and 43 are completely land-terminating, with no (or negligible)
mass loss due to dynamic discharge at the terminus. Mass loss and change of dynamics were found to be temporally variable
with periods of near-balance before the 1990s. Areas that are found to be stabletinWessouthwestGreenland, coincide

with parts of the GrlS where previously an advancing margin was identi ed (Knight et al., 2000; Weidick, 1991, 1994).
As marine-terminating glaciers retreat, a large part of their terminus becomes land-terminating, suggesting a potential future

increase of land-terminating drainage (Mouginot et al., 2019).

Several studies have previously focused on the Holocene uctuations of the land-terminating ice margin or on its hydrological
impacts (Carrivick et al., 2018; Davison et al., 2019; Koziol and Arnold, 2018; Lesnek and Briner, 2018; Sole et al., 2008;
Tedstone et al., 2015; Weidick, 1968). Some eld studies show stable or advancing ice margins of land-terminating glaciers
and ice caps in North Greenland throughout parts of tHe 86d 28 century (Abermann et al., 2020; Davies and Krinsley,

1962; Dawes and As, 2010; Farnsworth et al., 2018; Goldthwait, 1971). At the Nunatarssuaq Ice Cap, a net ice margin advance
on a centennial scale was postulated based on dated organic material (Goldthwait, 1961) and phases of advance, retreat ar
re-advance during the past six decades were recently quanti ed (Abermann et al., 2020), coinciding with the presence of
vertical ice cliffs. Stability (or even advance) was found to go in line with thinning of the ice margin. In West Greenland
similar advances have been observed but generally associated with a thickening due to presumed increased precipitation witl
increasing temperatures and moisture (Dawes and As, 2010; Tatenhove et al., 1995; Weidick, 1991).

Davison et al. (2019) and Koziol and Arnold (2018) note, that the understanding of ice dynamics on the terrestrial margin
(including land- and lake-terminating sections when looking at larger domains) is still confounded by an inadequate understandir
of feedbacks between runoff and ice dynamics, but predict a slowdown of the margin with increasing melt. This has previously
been observed, suggesting that the land-terminating margin is more resilient to dynamic impacts of enhanced melt (Tedstone
et al., 2015). Other studies on the ice margin in Central-West Greenland emphasize an important link between understanding
margin dynamics, lake evolution and sediment evacuation from the GrIS (Carrivick et al., 2018; Knight et al., 2000). Beyond the
interest in contemporary ice sheet health, the terrestrial margin in North Greenland has also received some attention in studies
investigating paleo-climate, with a link between margin characteristics and recent Holocene climatic change (Farnsworth et al.,
2018; Lesnek and Briner, 2018; Osterberg et al., 2015; MacGregor et al., 2020; Reeh et al., 1987, 2002).
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Studies speci cally describing the very steep land-terminating margin sections have been conducted in the Antarctic Dry
Valleys (Levy et al., 2013) and North Greenland (Abermann et al., 2020). Ice cliffs along the margin of glaciers and ice
sheets are a widespread but rarely investigated feature (Weidick, 1994), that could potentially shed some light on the role of
atmospheric drivers or ice dynamics along the margin. Goldthwait (1960) estimates that approximately 45 % of the ice sheet in
Northwest Greenland terminates as cliffs on land. A small number of studies in Antarctica have investigated land-terminating
ice cliffs on the glacier margin in the Dry Valleys (Fountain et al., 2004; Levy et al., 2013; Swanger et al., 2017). A recent
advance of the margin, with pronounced vertical cliffs has been associated to recent warming periods, with a corresponding
thinning of the ice mass. They can signi cantly contribute to ablation, where the cliff makes up only 2% of the ablation area,
but constitutes for up to 20% of total ablation (Lewis et al., 1999).

The most comprehensive analysis of land-terminating margin morphologies to date was accomplished in West Greenland
(Nobles, 1961; Weidick, 1963, 1968). Investigating ve localities along the Western coast between Thule in the North and
Iviangerquitit Tasiat in the South, Weidick (1963) nds ice cliffs (vertical or near vertical following Nobles (1961), who
investigated different types of ice margin in the Thule region), steep (steep ramps, 20 — 45°) and gently sloped margins (gentle
ramps, <5°). Steep ramps have been described as an intermediary stage between a decaying ice cliff into a gentle ramp (Nobles
1961), while the evolution of vertical faces was explained as the result from overriding of stagnant by active ice (Goldthwait,
1961; Rausch, 1958), solar radiation (Chamberlin, 1895) or wind erosion Bishop (1957). To date no universal explanation
exists for morphological developments of steep to vertical ice margins (Steiner et al., 2022). Following initial observations
(Weidick, 1963) a number of characteristics can be noted that seem to apply for many steep sections along the margin in
Greenland, sorted by order of prevalence across sites: (a) ice cliffs are generally 10 to 40 m high; (b) steep sections appeal
on the inland margin proper rather than on glacier lobes; (c) terrain adjacent to steep margin is de ned by presence of shear
moraines and undulating ground moraines with round boulders rather than marginal or terminal moraines; (d) this topography
may favor strong local winds contributing to morphology, potential erosional effect of snow; (e) limited recession during the
rst half of the 20" century, at times even advance; (f) steep ramps are occasionally bordered by melt water streams or lakes;
(9) ice cliffs potentially form at the maximum limit of glaciation in a speci c region; (h) mean ice temperatures are slightly

above mean annual air temperatures.

While a number of topics relating to the land-terminating ice margin in Greenland are of interest to understand past, present
and future changes of the GrlS itself, there is yet no comprehensive assessment of the margin's location and morphology tha
would allow for a discussion of Weidick's observations on a larger scale. As Weidick (1963) notes, morphologies vary between
locations and therefore suggests to analyse larger parts of the margin. With recent delineations of the complete margin (Citterio
and Ahlstrgm, 2013; Rastner et al., 2012) as well as high resolution data of elevation (Morlighem et al., 2017; Porter et al.,
2023) such an investigation becomes now possible. Therefore, this study uses existing ice masks in Greenland to identify
where steep and gentler sections of the land-terminating margin are located (Figure 1), to provide a baseline for future studies

to further investigate the characteristics of the margin as described in Weidick (1963).
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Figure 1. (A) Transition from a steep ramp to a vertical ice cliff back to a steep ramp (what we de ne as 20 to 45°) within a few 100s of
meters at the Nunatarssuaq Ice Cap. The surrounding terrain is generally at. Photo: Authors, 2017. (B) The ice margin at Russel Glacier,
typical for an outlet glacier with reworked periglacial terrain, with predominately shallow to steep ramp margin features. Photo: Authors,
2019.

2 Data

A number of large spatial datasets have become available for Greenland in recent years that allow for an analysis of the ice

margin, following openly available resources.

Ice masks for the GrlIS include a product from the 1980s (Citterio and Ahlstram, 2013), a product for the PGIC (Rastner
etal., 2012), which also produced a mask for the ice sheet, corresponding to the year 2000 (1999-2002), and a mask for the yea
2022 (Luetzenburg et al., 2026). Visual inspection of these products suggest similar quality across Greenland. We rely on the

than a decade earlier than the topographic data we rely on, is expected to capture most of the actual margin morphology within
the mask, considering both ice sheet and peripheral glaciers are predominately receding in Greenland. The ice masks wher
manually corrected where obvious artifacts existed or where the mask for GrIS and PGIC overlapped. For ease of processing
and analysis, the margin is separated into the basins of the GrIS (Mouginot et al., 2019). An overview over these basins and
the regions they are associated to is provided in Figure S13. To distinguish between marine- and land-terminating margin
we relied on the BedMachine Greenland version 5 (Morlighem et al., 2017). To identify ice margin potentially in contact

with lakes we intersected with the existing lake inventory (How et al., 2021), which was manually corrected to align with the

2000 time stamp. All input data reprocessed for this study is available in the corresponding data repository (Steiner et al., 2025).
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ArcticDEM provided surface elevation data, speci cally the Mosaics version 4.1, which are available at 2 m resolution
(Porter et al., 2023). Mosaics are produced from image composites between 2012 and 2022, implying a potential mismatch
with margin products and imagery. As it is not feasible to produce new margin outlines corresponding to the DEM time
stamps, nor are DEMs available around the year 2000, we overcome this challenge by working with a 100 m buffer within
the margins (see Methods). Sections where the margin outline does not correspond to the actual margin are agged and no
used to extract margin morphologies. A total of 448 ArcticDEM tiles (see Figure S1) are used and converted into slope maps
using the terra::terrain() function (Hijmans, 2025) in R with 8 neighbor cells. Slope values below 5° are ignored for identifying

the eventual margin morphology to avoid including too much at terrain adjacent to the actual margin, either on land or ice.

respectively, were provided by the Pléiades Glacier Observatory initiative of the French Space Agency (CNES, Berthier et al.
(2024)).

3 Methods

The process to delineate the ice margin and extract the slope from the terrestrial margin is visualized in Figure 2. The margin is
separated into 260 basins, of which 40 have no or negligible margin that was merged into other subbasins, 204 are connecte
to the GrlIS, while the remaining 16 are associated to PGIC (step A, Figure 2). A buffer of 100 m is placed on the inside of
the mask to avoid including off-glacier terrain (step B). Instances where the margin mask is smaller than the actual ice extent
are found to be rare upon visual inspection. Python scripts to obtain the buffer are documented in the Supplementary Material.
During this step, the margin is intersected with polygons of lakes, ocean and any directly adjacent ice bodies, like PGICs
connected to the GrIS. To determine the actual terrestrial margin, the BedMachine DEM (Morlighem et al., 2017) is used at its
resolution (150 m). Any part of the margin located above 10 m a.s.l. is considered terrestrial, and the rest marine-terminating
(step C). This margin allows for a conservative estimate of the terrestrial margin, rather than overestimating it, in cases where
the ice mask is not accurately placed. The product is compared manually against the Landsat orthomosaic for validation, and
any erroneous classi cation was manually corrected in the vicinity of marine outlets. This introduces a level of subjectivity and
no reproducible methodology to correct for errors in the transition from land- to marine-terminating margins exist. However,
we do identify margin sections where from visual inspection their position (whether over land or over water) seems unclear
and do not extract morphologies in these locations.

Parts of the margin that intersect with a lake are considered lake-terminating. Due to the later time stamp of the lake inventory
(2017, How et al., 2021), all marginal ice contact lakes were checked with the imagery, missing lakes added (n=302) and
lakes not present in 2000 removed (n=1151). The updated lake inventory is available with the data repository (see Section

. and data availability). Note that we did not remap the margin and hence, due to their ephemeral nature, changing
rapidly sometimes even within one year, the absolute lengths of marine- and lake-terminating margins provided here should be

interpreted with caution. Margin outlines were only corrected where erroneous outlines appeared on ice (obvious processing
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errors rather than misclassi cations), and margins that were duplicated between the GrIS and PGIC mask (predominately in
East Greenland) were removed from one of the two. Lengths of terminus types are calculated for each subbasin (step D).
We include margins along nunataks (i.e. closed polygons within the respective margin), but report statistics with, and without
considering these sections for the GrlBSor the nal step of slope extraction, only terrestrial margin buffers are retained, along
which 1 km grid cells are placed (step E). Slope maps are produced for each ArcticDEM tile and used to then extract slope
values for the buffer within each grid cell (step F), stored as individual text les.

Because the ice margin is not derived from the ArcticDEM, three issues need clari cation to allow validity of the presented
method of investigating the ice margin morphology. The rst question is whether the existing margin masks represent the actual
margin. This issue poses a general challenge in glacier ice delineation, faced by any larger dataset covering more than a fev
individual glaciers, and can not be comprehensively assessed here. However, visual inspection of the margin on the mosaic
produced from Landsat images from around the year 2000, indicates that the GrIS land-terminating margin is captured well in
most cases, and only diverges visibly in regions with very winding margin sections or for cases where the shallow margin is
loaded with debris. This being generally regions with very shallow slopes, we believe that it does not signi cantly impact our
results. The margins of PGICs are of poorer quality, with more misclassi cations of (perennial) snow elds as ice. To avoid
the inclusion of snow elds and very small glaciers, where margin morphology is arguably of no more interest to understand
glacier dynamics, we have removed all separate ice bodies with an area smaller tigmBkmnting to a total of 12429 Km
or, 3.5% of the total area of all PGICs. Furthermore, any grid cell that contained margins that was visually obviously misplaced,
either due to misclassi cation or a consistent offset between margin outline and actual ice margin was marked manually and

morphology was not considered in these cases.

The second question is whether a 100 m buffer inside the margin is suf cient for slope detection analysis. As the DEM is
obtained from imagery after 2000, with a horizontal accuracy of 4 m and with a predominately retreating margin, setting such a
wide buffer inside the margin allows us to capture the margin also in the DEM. Since, however, we are predominately interested
in the slope of the very front of ice sheet or glaciers, it is important applying a buffer size reducing the number of pixels of
at ice surfaces. Visual inspection across the GrlS suggests that ice masks rarely intersect the actual ice, hence excluding any
area outside the margin is warranted and further reduces misclassifying pixels. The time stamp of the ArcticDEM, produced
from imagery between 2008 and 2022, differs by more than a decade from the time stamp of the margin. Margin recession
rates of 4 to 13m yt within this period would hence be still covered within a 100 m buffer, which seems reasonable given
approximate rates of ca. 10 - 30 mtyrin very active regions (Mernild et al., 2012). Especially around the termini of peripheral
glacier tongues, frontal change rates have increased in recent decades, exceeding 18ftary2010 (Larocca et al., 2023),
suggesting that our product may be more prone to error in these regions.

Finally, we need to ascertain that the quality of the ArcticDEM suf ces to capture steep margin sections. For two sites

in Greenland, the Nunatarssuaq area (Abermann et al., 2020) and the Mittivakkat Glacier, high resolution Pléiades imagery






