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Abstract
Understanding ice stream dynamics over decadal to millennial timescales is crucial

for improving numerical model projections of ice sheet behaviour and future ice

loss. In marine-terminating settings, ice shelves play a critical role in controlling

ice-stream grounding line stability and ice flux to the ocean, but few studies have

investigated the terrestrial lateral geomorphological imprint of ice shelves

during deglaciation. Here, we document the terrestrial deglacial landsystem of

Nioghalvfjerdsfjorden Glacier (79N) in northeast Greenland, following the Last

Glacial Maximum, and the margin’s lateral transition to a floating ice shelf. High-

elevation areas are influenced by local ice caps and display autochthonous to allo-

chthonous blockfields that mark the interaction of local ice caps with the ice stream

below. A thermal transition from cold- to warm-based ice is denoted by the

emplacement of erratics onto allochthonous blockfields. Below �600 m above sea

level (a.s.l.) glacially abraded bedrock surfaces and assemblages of lateral moraines,

‘hummocky’ moraine, fluted terrain, and ice-contact deltas record the former pres-

ence of warm-based ice and thinning of the grounded ice stream margin through

time. In the outer fjord a range of landforms such as ice shelf moraines, dead-ice

topography, and weakly developed ice marginal glaciofluvial outwash was produced

by an ice shelf during deglaciation. Along the mid- and inner-fjord areas this ice

shelf signal is absent, suggesting ice shelf disintegration prior to grounding line

retreat under tidewater conditions. However, below the marine limit, the geomor-

phological record along the fjord indicates the expansion of the 79N ice shelf during

the Neoglacial, which culminated in the Little Ice Age. This was followed by 20th

century recession, with the development of a suite of compressional ice shelf

moraines, ice-marginal fluvioglacial corridors, kame terraces, dead-ice terrain, and

crevasse infill ridges. These mark rapid ice shelf thinning and typify the present-day

ice shelf landsystem in a warming climate.

K E Y W O R D S
ice stream, ice shelf, geomorphology, Greenland, palaeoglaciology

1 | INTRODUCTION

Marine terminating ice streams and their ice shelves are critical com-

ponents of the global climate system, responding to climate forcings

(Goldberg et al., 2009; Gudmundsson, 2013; Reese et al., 2018). Ice

shelves buttress ice streams and modulate grounding line dynamics

(Scambos et al., 2004). The recent and potential future loss of ice

shelves in Greenland and Antarctica could lead to debuttressing of
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outlet glaciers and ice velocity increases, resulting in rapid ice flux to

the oceans and significant sea-level rise (Goldberg et al., 2009;

Gudmundsson, 2013; Reese et al., 2018).

Determining the factors that control ice stream and ice shelf sta-

bility is important for understanding ice dynamics and for improving

models of future ice sheet evolution. Satellite observations have facili-

tated estimation of grounding line dynamics and rates of ice shelf dis-

integration over the last 40 years (Hogg et al., 2016; Xie et al., 2018),

and sub-ice shelf sediment records from some parts of Antarctica

have constrained oscillations over the last 150 years (Smith

et al., 2017, 2019). Combined with modern observations, recent and

contemporary rates of ice shelf change and grounding line migration

are relatively well known. However, longer-term records of ice stream

and ice shelf dynamics are required to contextualize modern change.

The offshore geomorphological imprint of ice streams and long-

term grounding line retreat is relatively well established (Batchelor &

Dowdeswell, 2015; Dowdeswell et al., 2020; Ó Cofaigh et al., 2002),

but few studies have investigated the terrestrial geomorphological

imprint of topographically constrained ice stream thinning, grounding

line retreat and ice stream to ice shelf transition. Of the limited studies

executed to date, ice shelf advance and retreat history has been

assessed using geomorphologic signals (England et al., 1978, 2009,

2022; Roberts et al., 2008; Sugden & Clapperton, 1981) or epishelf

lake records (Antoniades et al., 2011; Bentley et al., 2005; Roberts

et al., 2008; Smith et al., 2006). In addition, several studies in

Antarctica have also attempted to constrain Holocene rates of ice

shelf thinning and retreat using surface exposure dating (e.g., Johnson

et al., 2014; Mackintosh et al., 2014).

In Greenland, the last ice shelves fronting the northeast Green-

land ice stream (NEGIS; Figures 1 and 2) have started to change dra-

matically with the disintegration of the Zachariae Isstrøm ice shelf

post 2000 CE and rapid thinning of the Nioghalvfjerdsfjorden Glacier

(79N) ice shelf due to increased sub-shelf inflow of warm ocean water

(Schaffer et al., 2020) and surface melt (Mayer et al., 2018). The Early

Holocene history of NEGIS also suggests the potential for ice shelf

disintegration and rapid grounding line retreat (Bennike &

Weidick, 2001; Bentley et al., 2022; Larsen et al., 2018; Smith

et al., 2022). However, the dynamics of this Holocene lateral transi-

tion remain poorly characterized and the geomorphology of ice stream

to ice shelf transitions remains largely unconstrained.

F I G U R E 1 Overview of
northeast Greenland, showing the
NEGIS drainage basin (black solid
line) and ice sheet velocity,
generated using auto-RIFT
(Gardner et al., 2018) and
provided by the NASA
MEaSUREs ITS_LIVE project
(Gardner et al., 2019). Overlain on
the ArcticDEM with IBCAO
bathymetry (Jakobsson et al.,
2020). Black dashed box shows
location of Figure 2.
Figure generated using
QGreenland (Moon et al., 2021).
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This article aims to investigate the terrestrial landsystem associ-

ated with a thinning and retreating ice stream-ice shelf system and

develop a geomorphological model for deglaciation, during the Early

Holocene, of the NEGIS and its biggest ice shelf (79N). It examines:

(i) the Last Glacial Maximum (LGM) ice stream configuration and inter-

action between local cold-based ice and the ice stream margin; (ii) the

geomorphological signal of ice stream marginal thinning, and

(iii) evidence for ice stream to ice shelf lateral transition during both

the Early and Late Holocene. Combining this evidence from northeast

Greenland, we present an integrated landsystem model for an ice

stream to ice shelf transition zone that can be used to identify such

transitional zones and the former presence of ice shelves in the geo-

logical record.

2 | PREVIOUS WORK

2.1 | Geomorphological records of ice streams and
ice shelves

The geomorphological imprint of Arctic and Antarctic ice streams and

ice shelves has been studied remotely and in the field for several

decades. Contemporary ice shelves remain critical, fringing 75% of the

Antarctic coastline (Rignot et al., 2013), whereas only a few large ice

shelves and ice tongues now remain in the Arctic (Dowdeswell &

Jeffries, 2017).

2.1.1 | Antarctic

Offshore geomorphology provides the clearest expression of former

ice stream expansion and retreat in Antarctica. Geomorphology

mapped from high-resolution swath bathymetry has formed the basis

of landsystem models used for identifying and interpreting previously

unconstrained ice stream and ice shelf dynamics (Andreassen

et al., 2014; Graham et al., 2009; Ó Cofaigh et al., 2008).

While investigations of onshore, terrestrial ice stream and ice

shelf geomorphology are limited, they have provided theoretical

models for understanding ice shelf dynamics. Grounded ice along the

margins of George VI Ice Shelf, abutting Alexander Island, created dis-

tinctive ice-cored moraines thought to have been formed by thrusting

and ablation of debris-rich ice (Sugden & Clapperton, 1981). These

landforms combine exotic, far-travelled sediments from the ice stream

and reworked local material from the ice margin and sub-ice shelf.

Hambrey et al. (2015) invoked ‘controlled’ moraine formation

(Evans, 2009) relating to the structural glaciology of George VI ice

shelf, with linear accumulations of ice cored sediment controlled by

longitudinal foliation. Subsequently, Davies et al. (2017) found close

vertical association of lateral moraines, ice shelf moraines and epishelf

lakes (a lake which is impounded in an ice free depression or embay-

ment by an ice shelf or glacier, and is connected to the marine envi-

ronment [cf. Gibson & Andersen, 2002]), linked with the transition

from an ice stream to the George VI Ice Shelf at some point following

the LGM. In contrast, on McMurdo Ice Shelf, ice shelf moraines were

formed supraglacially, through the release of accreted subglacial sedi-

ment entrained into the ice shelf via basal freeze-on of marine waters

(Glasser et al., 2006). Fresh water and tidal (epishelf) lakes are also

important components of the ice shelf landsystem and sediment

records from such lakes have been utilized to constrain reconstruc-

tions of ice shelf growth and decay through time (Roberts et al., 2008;

Smith et al., 2006, 2007).

2.1.2 | Arctic

Many studies have used glacial geomorphology to reconstruct palaeo-

ice streams in Canada, Greenland, and Fennoscandia (e.g., Freire

et al., 2015; Lane et al., 2014; Newton et al., 2017; Ó Cofaigh

F I G U R E 2 Map of the NEGIS region (a) localities mentioned in the text overlain on Sentinel-2 imagery (courtesy of the US Geological
Survey). The location of marine core PS100-270VC (red circle), surface exposure ages (yellow circles, from Larsen et al., 2018), and radiocarbon
ages (white circle, from Smith et al., 2022) are shown. X–X’ are the location of the profile in Figure 13. (b) Digital elevation model of the region,
with terrain above 900 m a.s.l. and 600–900 m a.s.l. shaded. These areas are broadly coincident with autochthonous and allochthonous
blockfields respectively (Figure 3).

LANE ET AL. 3
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et al., 2013; Roberts et al., 2010, 2013; Stokes & Clark, 2003), and

there are limited observations of streamlined bedforms evolving

beneath contemporary ice streams (Jakobshavn Isbrae: Jezek

et al., 2011, NEGIS: Franke et al., 2020). However, due to the current

paucity of Northern Hemisphere ice shelves, few studies have exam-

ined Arctic ice stream–ice shelf landsystems (Furze et al., 2018).

Marine evidence suggests that ice streams terminating in floating

ice shelves preferentially produce grounding-zone wedges, whereas

tidewater margins result in moraine formation (Batchelor &

Dowdeswell, 2015; Dowdeswell & Fugelli, 2012). On Ellesmere Island,

in the Canadian High Arctic, an abrupt transition of lateral moraines

and conical kames to horizontal moraines has been used as evidence

of past grounding line position and former presence of an ice shelf

(England et al., 1978). The moraines were associated with large, fossil-

iferous pro-glacial terraces composed of till, ice-rafted debris, and out-

wash sands, representing a period of ice shelf retreat. Hodgson and

Vincent (1984) also reported ice shelf moraines and associated tills

deposited up to the marine limit around Viscount Melville Sound in

the Canadian High Arctic. Till deposition by the ice shelf was associ-

ated with striae and ice marginal fluvial landforms. In the same area,

England et al. (2009) noted glaciotectonism of epishelf lake sediments

associated with the ice shelf, indicative of marginal glaciofluvial activ-

ity. In north Norway, Evans et al. (2002) reported multiple bouldery

ice shelf moraines in fjords that contained outlet glaciers during the

late glacial, linked to ice shelf migration. In Baffin Bay, offshore swath

bathymetry and seismic data revealed large lateral iceshelf moraines,

providing evidence for a 500 m thick ice shelf in northern Baffin Bay

during the LGM (Couette et al., 2022).

In north Greenland, Larsen et al. (2010) and Möller et al. (2010)

described geomorphological evidence for a large, regional ice shelf

that flowed east from the Nares Strait along the north Greenland

coast. This ice shelf was grounded onshore, depositing a sub-ice shelf

till and impounding ice marginal lakes against its southern margin.

Glaciolacustrine and glaciofluvial kame sediments deposited above

the marine limit record ice shelf presence, prior to deglaciation and

the deposition of marine sediments across lower elevations. Preserved

dead-ice terrain also suggests burial of the ice shelf margin by mar-

ginal glaciofluvial activity during deglaciation. Raised marine deltas at

valley mouths up to 40–45 m above sea level (a.s.l.) reflect a marine

transgression at 10.1 ka following deglaciation (Larsen et al., 2010).

2.2 | NEGIS and Nioghalvfjerdsfjorden Glacier

NEGIS is the largest ice stream in Greenland, draining �12% of the ice

sheet (Figure 1; Fahnestock et al., 1993, Joughin et al., 2010). The ice

stream branches into three outlet glaciers: Nioghalvfjerdsfjorden Gla-

cier (79N), Zachariae Isstrøm (ZI) and Storstrommen. 79N is the only

ice stream with a contemporary buttressing ice shelf. The ZI ice shelf

disintegrated after 2010 to leave a grounded tidewater margin. The

retreat and disintegration of the ZI ice shelf has been linked to both

increased air temperatures and sea ice loss (Khan et al., 2014), and

increased submarine melt following the ingress of warm Atlantic

water (Mouginot et al., 2015; Schaffer et al., 2020). It is thought that

ZI will be highly unstable over the coming decades due to sustained

high submarine melt rates and a proximal bed over-deepening (Choi

et al., 2017). In contrast, 79N is currently predicted to remain

relatively stable for the rest of the century, due to the stabilizing

effect of ice rises and bedrock island (Choi et al., 2017). The present

79N ice stream and ice shelf are confined to Nioghalvfjerdsfjorden

between Kronprins Christian Land to the north and Lambert Land to

the south. Higher-elevation terrain is covered in places by local pla-

teau ice caps, mostly on Hovgaard Øer and Lambert Land (Figure 2).

The geomorphology within Westwind and Norske Troughs

(Figure 1) have been used to reconstruct the former offshore extent

of the palaeo-ice stream. Ice stream subglacial landforms such as

mega-scale glacial lineations, lateral shear moraines, grounding zone

wedges, and De Geer moraines show that the palaeo-ice stream

reached the continental shelf break, most likely at the LGM although

these landforms are undated (Arndt et al., 2015, 2017; Batchelor &

Dowdeswell, 2016; Evans et al., 2009; Winkelmann et al., 2010).

Timing of the initial retreat across the NEGIS outer continental shelf

remains uncertain, but occurred between 13.4–12.5 ka BP, driven by

an influx of Atlantic Water (Davies et al., 2022). The ice shelf margin

then remained close to the inner continental shelf until 11.2–10.8 ka

BP, before retreating westwards (Arndt et al., 2017; Davies

et al., 2022). Concomitant rates and patterns of ice thinning across

the coastal mountains during early deglaciation are unconstrained,

despite their importance for numerical model validation. The ice ter-

minus reached the outer coast by �11.5 ka and retreated to the inner

coast by �10.0–9.0 ka, (Figure 2; Larsen et al., 2018) This accords

with marine biomarker evidence for ice shelf disintegration and NEGIS

grounding line retreat to just east of Hovgaard Øer by c. 10.0 ka (west

of core site PS100-270VC; Figure 2; Syring et al., 2020). Evidence for

further retreat is constrained by exposure ages of 9.2–7.9 ka west of

Blåsø and 9.1–9.0 ka on the south coast of Lambert Land (Figure 2;

Larsen et al., 2018). Radiocarbon dates from Blåsø suggest that the

ice shelf retreated between 8.5 and 4.4 ka BP (Smith et al., 2022). This

is supported by radiocarbon ages on driftwood and whalebones from

palaeo-shorelines which imply open water marine conditions within

79N fjord and Blåsø between 7.0–5.4 cal ka BP (Bennike &

Weidick, 2001). This was during the Holocene climatic optimum, an

unusually warm period across much of the Arctic from roughly 8.0 to

5.0 ka (Kaufman et al., 2004), which led to extensive ice sheet thin-

ning and retreat (Nielsen et al., 2018).

The location of the NEGIS grounding line between 7.8–1.2 ka is

poorly constrained, but Larsen et al. (2018) estimate it was c. 20–

70 km inland of its present position. The ice shelf is thought to have

regrown after 4.4 cal ka BP, coincident with decreasing atmospheric

temperatures, and an increase in Polar Water dominance (Smith

et al., 2022), reaching its maximum extent during the Little Ice Age

(LIA) (Bennike & Weidick, 2001).

3 | METHODS

In this study we focussed on the terrain to the north of the 79N outlet

(Kronprins Christian Land and Hovgaard Øer; Figure 2), and the large

island to the south (Lambert Land; Figure 2). The locations were cho-

sen for the well-preserved geomorphology, evident from satellite

images, and accessibility. The study area was mapped using field and

remote mapping. Initial reconnaissance prior to fieldwork was con-

ducted in Google Earth Pro to identify landforms and areas of interest.

Where accessible in the field, these areas were targeted for detailed

4 LANE ET AL.
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field mapping in 2017, which covered significant regions along the

northern side of Nioghalvesfjerdfjorden between Blåsø and Hovgaard

Øer. Remote and field mapping were combined to create a

geomorphological map.

Landforms were mapped following Chandler et al. (2018), and the

terrestrial landform map was produced using the QGreenland package

(Moon et al., 2021) in QGIS 3.22. We identified landforms from Goo-

gle Earth imagery (dominantly 2017-20 Maxar Technologies) and

Landsat satellite imagery – overlain on SRTM and ArcticDEM (vertical

accuracy of 2 m and horizontal resolution of 3.8 m). This allowed

detailed mapping, and measurement of landform elevations, which are

ellipsoidal heights from the ArcticDEM (roughly 30 m above geoidal

heights). Ice shelf geomorphology mapping was undertaken separately

in Esri ArcMap using ArcticDEM and Google Earth Pro. Ice surface

velocity data was obtained from the MEaSUREs Greenland Ice Sheet

Velocity Map and sub-shelf bathymetry and subglacial topography

was taken from BedMachine version 3 (Morlighem et al., 2017). Ice

surface reconstructions were plotted using a 1� surface slope in line

with the current ice sheet surface in this region.

4 | RESULTS

4.1 | Local glaciation

Local ice occurs at higher elevations to the west of the study area

(> 800 m a.s.l.) and lower elevations closer to the coast in the east

(> 500 m a.s.l.). Some plateau ice cap outlet glaciers extend down to

sea level. The geomorphological imprint of local ice masses at higher

elevations is limited, as past expansion has caused little erosion or

deposition and evidence of meltwater drainage forming ice marginal

channels is rare. Where outlets reached lower elevations

(e.g., Hovgaard Øer) they formed arcuate, latero-terminal moraines,

distinguishable from landforms formed by the ice shelf margin based

on their orientation and morphology.

4.2 | Blockfields

Autochthonous blockfields are common at elevations above

�900 m a.s.l. On Hovgaard Øer they extend continuously over hun-

dreds of vertical metres and consist of clast-supported, angular to

very angular blocks of local quartzite bedrock with no erratics

(Figure 3a,b). Most boulders are less than 1 m (a-axis), with some

larger exceptions reaching up to 3 m (a-axis). The autochthonous

blockfields transition downslope to matrix-supported allochthonous

blockfields between 900 and 600 m a.s.l. and contain both local

quartzite and far-travelled erratics (sandstone, limestone, conglomer-

ate: Figure 3c,d). The allochthonous blockfields can be traced away

from plateau summits, draping the landscape downslope with signs of

movement via gelifluction. Indeed, evidence for periglacial processes

is widespread in the form of patterned ground, debris stripes and

gelifluction lobes. These high-elevation, autochthonous blockfields

above �900 m a.s.l. are interpreted as in situ regolith, indicating little

or no glacial erosion over extended time periods (10s–100s ka; Rea

et al., 1996, Ballantyne, 2018).

Between �600–0 m a.s.l. along the northern margins of 79N

fjord, the terrain continues to be dominated by allochthonous

F I G U R E 3 Blockfields on
Hovgaard Øer. (a, b)
Autochthonous blockfield at
�1000 m a.s.l. (c, d) lower
elevation (�650 m a.s.l.)
allochthonous blockfield with
common orange-brown
sandstone erratics. Black box in
(c) shows the location of (a) and
(b). (e) Local ice mass on
Hovgaard Øer with clear arcuate
latero-terminal moraines.
(f) Oblique aerial photograph of
the allochthonous blockfield east
of Blåsø, showing clear debris
stripes and evidence for
gelifluction.
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