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Abstract  Ice-shelf rifts are precursors of glacier calving, and thus they serve as indicators of ice shelf instability, especially 

under oceanic and atmospheric warming conditions. Therefore, understanding the dynamic processes underlying rift propagation 

and the associated damage mechanisms is essential to evaluate ice-shelf instability and to predict glacier calving. In this study, 

we investigated the effect of marginal weakening on rift propagation on the ice shelf of the Petermann Glacier, among the largest 

in Greenland, during 2016–2022. First, we analyzed satellite optical images to monitor rift growth (length and width) by tracking 

the tip trajectory of three large rifts identified on the Petermann Ice Shelf. Then, we estimated rift depth using ArcticDEM and 

ICESat-2 data. Our results indicated consistent increases of the rift widths and depths over the study period, with mean values of 

133 m·a−1 and 0.3 m·a−1, respectively. We also combined remote-sensing observations with an ice-sheet numerical model to 

calculate the stress and damage fields on the Petermann Ice Shelf and to assess the ice shelf margin stability and strength. We 

determined that damage and lateral shear in the fracture zone degraded ice shelf integrity by decreasing the contact length with 

the fjord wall. In conclusion, marginal weakening effectively promoted rift propagation on the Petermann Ice Shelf, increasing 

the risk of future glacier calving. 
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1  Introduction 

Ice-shelf (or glacier) calving in Greenland triggers ice 
flow acceleration and glacier front retreat (Bondzio et al., 
2017). It has become a crucial factor affecting the stability 
of the Greenland Ice Sheet (Benn et al., 2017). Contribution 
of glacier calving to ice-sheet mass loss is a major source of 
uncertainty in sea-level rise projections (Stocker et al., 2013; 
Pörtner et al., 2019; Pattyn and Morlighem, 2020). 
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Therefore, characterization and accurate forecasting of the 
calving process is essential for both ice-sheet model 
development and sea-level projections (Benn and Åström, 
2018). In particular, occurrence of calving along rifts 
reduces buttressing on the grounded glacier and enhances 
discharge from the ice sheet interior into the ocean (Rignot 
and Kanagaratnam, 2006; Greene et al., 2022). Thus, rift 
propagation is an important dynamic process that must be 
considered in ice-shelf calving studies (Borstad et al., 2017; 
Larour,et al., 2021). 

Although previous research combining observations 
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and modeling suggested that tidewater glaciers are sensitive 
to atmospheric and oceanic forcing (Cowton et al., 2017), 
the physical mechanism process governing rift propagation 
and its response to glacier damage and marginal weakening 
is not fully understood (Zarrinderakht et al., 2022). Current 
calving models, such as the height-above-buoyancy criterion 
(Vieli et al., 2001), eigen-calving (Levermann et al., 2012), or 
von Mises stress (Morlighem et al., 2016), can replicate 
glacier advance and retreat, but they are not adapted to 
diagnose the stability of fractures and ice shelves. 

 Numerous observation and modeling results have 
established that marginal weakening damages ice-shelf 
integrity and promotes rift propagation (Vieli et al., 2007; 
Lipovsky, 2020; Humbert et al., 2023). In turn, rift 
propagation demonstrably plays a crucial role in 
complicated ice-shelf calving and collapsing processes 
(Banwell et al, 2013; Leeson et al., 2020). This was 
illustrated, for example, for the Larsen B Ice Shelf: ice 
rheology inversions determined considerable marginal 
weakening prior to its collapse (Khazendar et al., 2007). 
Glasser and Scambos (2008) further speculated that this 
marginal weakening immediately preceded rift propagation, 
triggering the subsequent calving of Larsen B that led to its 
complete collapse (Glasser and Scambos, 2008). Numerous 
observations and detailed model analysis confirmed that 
marginal weakening precedes ice rift propagation, notably 
in narrow configurations when the ice shelf margin is nearly 
parallel to the ice flow along a fjord wall (Lipovsky, 2020). 
Compared with the open geometry of extensive Antarctic 
ice shelves such as Larsen C Ice Shelf and Amery Ice Shelf, 
frictional drag and shear within narrow fjords in Greenland 
cause more serious damage and marginal weakening, 
intensifying crevasse development and rift propagation 
(Johnson et al., 2011; Åkesson et al., 2018). Specifically, 
evidence of the relationship between ice front retreat, rift 
growth, and marginal thinning was established for the 
Jakobshavn Glacier in Greenland (Joughin et al., 2008; 
MacGregor et al., 2012). Although surface rifts penetrate 
tens of meters into the ice, generating tensile stress on ice 
shelves and glaciers, their presence has little effect on 
glacier calving. Conversely, crevasse or rift advection 
accelerates glacier calving (Berg and Bassis, 2022). 

This article is organized as follows: in this section, we 
have explained the importance of ice shelf instability and 
glacier calving and summarized previous research on the 
relationship between glacier marginal weakening, damage 
mechanisms, and rift propagation. Next, we describe the 
study site, the analysis data and tools (remote sensing 
images and ice flow model), and the methodology in 
Section 2. In Section 3, we present the results on rift 
propagation (advection distance and width, depth, and area 
of the rifts), ice flow speed, and comprehensive stress and 
damage distributions. We discuss the relationship between 
marginal weakening and rift propagation in Section 4. 
Finally, we conclude (Section 5) that marginal damage of 
the Petermann Ice Shelf in northwestern Greenland 

promoted rift propagation and will induce future calving. 

2  Location, data and method 

2.1  Study site 

The Petermann Glacier, located in northern Greenland 
(Figure 1), is approximately 70 km in length and includes a 
floating ice tongue with a width of 15 km and a thickness 
ranging from 600 m at its grounding line to approximately 
30–80 m at the ice front (Rignot and Steffen, 2008). It is the 
second-largest floating ice shelf in Greenland and 
discharges approximately 4% of the Greenland Ice Sheet 
into the ocean (Münchow et al., 2014). Approximately 80% 
of the mass flux across the Petermann Ice Shelf is produced 
by basal melting (Rignot and Steffen, 2008); the remainder 
(approximately 20%) is attributed to sporadic calving events 
and to surface meltwater runoff and drainage in summer 
(Washam et al., 2019). Currently, the majority of mass loss, 
including ice front collapse and grounding line retreat (Ciracì 
et al., 2023), is caused by increases in the oceanic heat flux 
and in the calving rate on the Petermann Ice Shelf (Holland et 
al., 2008; Straneo and Heimbach, 2013). 

 
Figure 1  Petermann Glacier and ice shelf, with its location in 
northwestern Greenland (inset, red box). The center of the ice flow 
(longitudinal dot-dashed red line, flow center line) and consecutive 
positions of the ice front (solid lines) and rifts (dot-dashed lines), 
color-coded from 2016 to 2022, are superimposed on a Landsat-8 
satellite image acquired in 2022. 

The Petermann Ice Shelf lost approximately 40% of its 
tongue during two massive calving events in 2010 and 2012 
(Nick et al., 2012). A smaller calving event occurred on 26 
July 2017 along a preexisting rift (Li et al., 2021). 
Furthermore, new rifts have recently developed between the 
center of the ice shelf and its eastern margin, indicating a 
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probable forthcoming calving event (Rückamp et al., 2019; 
Åkesson et al., 2022; Millan et al., 2022). The incessant 
collapse events of the Petermann Ice Shelf intensified the 
ice front to retreat, by severing the connection with the 
eastern fjord wall and decreasing the drag and buttressing 
on the upstream glacier (Hill et al., 2018). 

2.2  Satellite optical images and laser altimetry 
data 

In this study, we first delineated rift positions and 
derived ice velocity on the Petermann Glacier during 
2016–2022. For this purpose, we used optical images from 
the identical Sentinel-2A and Sentinel-2B satellites 
launched in June 2015 and March 2017, respectively, by the 
European Space Agency within the framework of its 
Copernicus Programme (Drusch et al., 2012). We selected 
Sentinel-2A/B images with a cloud cover of 10% or less 
acquired in the near-infrared band during the summer 
months (June–August) during 2016–2022, retrieved from 
the European Space Agency Copernicus Open Access Hub 
(https://scihub.copernicus.eu/dhus/#/home). Then, from 
visual interpretation, we identified the distribution and 
geometry of rifts on the Petermann Ice Shelf and calculated 
their width, length, and area. 

We subsequently applied a feature tracking algorithm 
(Leprince et al., 2008) to the Sentinel-2A/B images to derive 
annual mean ice flow speed as follows: (1) the ice velocity 
field was first determined with the COSI-Corr software 
(Leprince et al., 2008; Mouginot et al., 2012); (2) the Rosenau 
filter algorithm was then applied, consisting of image 
segmentation into smooth growth regions, median 
calculation, and application of directional constraints to 
remove speed outliers from the initial speed field (Lüttig et 
al., 2017); (3) finally, an inverse-distance weighing 
algorithm (Bartier and Keller, 1996) was used to interpolate 
the velocity field. 

In a second step, we calculated rift depths in 2021 by 
comparing ice shelf elevation from satellite remote-sensing 
data and bottom elevation from a digital elevation model 
(DEM). Ice shelf elevation was measured by the second 
ICESat-2 (the NASA Ice, Cloud, and land Elevation 
Satellite-2), and launched in September 2018. The single 
instrument carried by ICESat-2, a laser altimeter with high 
spatial and temporal resolution, provides detailed 
observation of the dense ice shelf rift topography in 
Greenland (Markus et al., 2017). For this analysis, we 
extracted ice shelf elevation from ICESat-2 Level 3A data 
version ATL06, released in 2019 (Brunt et al., 2019). 
Bottom elevation was derived from ArcticDEM data, a 
timestamped DEM collection with high spatial resolution 
(2 m and 10 m) covering the period 2009–2017, thus with a 
high potential for monitoring ice surface height, structural 
morphology evolution (Porter et al., 2022). ArcticDEM data 
are stored in the Google Earth Engine cloud computing 
platform, together with JavaScript and Python coding tools 
that provide opportunities for rapid analysis. Here, we 

extracted bottom elevation from the ArcticDEM v3 mosaic 
data. Then, we calculated rift depths by subtracting the 
ArcticDEM bottom elevation from the ICESat-2 ice shelf 
surface elevation (Herzfeld et al., 2021; Marsh et al., 2021). 

2.3  Numeral modeling of the ice flow 

 We applied the Ice-sheet and Sea-level System Model 
to calculate the spatiotemporal distribution of stress and 
damage (Borstad et al., 2016; Larour et al., 2021) on the 
Petermann Ice Shelf. Ice flow was modeled with the 
two-dimensional Shelfy-Stream Approximation (MacAyeal, 
1989). We assumed constant rheology, depending only on 
the ice steady-state temperature, and combined it with the 
observed ice velocity to calculate the floating-ice stress 
field using Glen’s flow law (Cuffey and Paterson, 2010). 
The analytical solution of the forward model yielded 
estimates for the effective deviatoric stress and for scalar 
damage, allowing to quantify and diagnose the instability of 
the ice shelf and rifts. We derived simplified expressions for 
the effective stress and scalar damage (Cuffey and Paterson, 
2010; De Rydt et al., 2018) from the ice constitutive 
equations: 
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In Equation (1), e , xx , xy , and yy  represent 
the effective, transverse, shear, and longitudinal stress, 
respectively. Equation (2) expresses the deviatoric stress 
tensor   , depending on xx , xy , and yy , as a function 
of u, the effective ice viscosity, defined from the 
generalized version of Glen’s flow law (Glen, 1955) by 
considering ice as a non-Newtonian fluid, and of  , the 
strain rate tensor, derived from the ice velocity field. The 
effective viscosity u is defined in Equation (3), where n is 
Glen’s flow law exponent, generally assumed equal to 3; B 
is the ice rigidity, calculated from the ice temperature (set to 
−5 °C in this study) using Cuffey’s flow law (Rückamp et 
al., 2019); and e  is the effective strain rate. Finally, scalar 
damage D is defined in Equation (4), with xx  the 
transverse strain rate;   the contribution term for the shear 
and lateral strain rates;   the ice density; g the 
gravitational acceleration; and H the ice thickness. 

Initial model parameter values (ice thickness, ice 
topography, and boundary conditions) were extracted from 
the BedMachine v3 Greenland geometry dataset 
(Morlighem et al., 2017). Observed velocity was prescribed 
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at the ice boundary (Hill et al., 2018; Rückamp et al., 2019). 
Model calculations were performed on an adaptive 
finite-element grid covering the full Petermann Glacier 
basin and comprising 110676 elements. Model mesh grid 
resolution was 2000 m in slow-moving regions, 50 m in 
fast-flowing regions, and refined to 20 m in the rift region 
(Figure S1). 

3  Results 

3.1  Rift advection and propagation 

 First, taking advantage of the observation geometry 
differences between Sentinel-2A and Sentinel-2B, we 
visually examined the fracture zone on the Petermann Ice 
Shelf and manually delineated the observed rift positions on 
pairs of images (one image per Sentinel-2 satellite) acquired 
every year during 2016–2022 (Figure 2). From the 
Sentinel-2A/B images, the ICESat-2 altimetry data, and the 
ArcticDEM dataset, we evaluated rift length, width, area, 
and estimated their depth from ice shelf surface to rift 
bottom. We identified three distinct rifts: two large ones 
extending from the center to the right side of the ice flow 
(hereafter upstream and downstream rifts), and one on the 
left of the ice flow centerline (hereafter middle rift). Their 
estimated annual mean positions during the 2016–2022 
study period are illustrated in Figure 2, superimposed on 
ArcticDEM data for 2017. Temporal evolution of the rift 
geometric properties (advection distance, width, and area) is 
plotted in Figure 3. The length and width of the three rifts 
increased nearly continuously over the study period. In 
2016, two rifts were visible, both on the right side of the 
glacier, a moderate-length upstream rift and a longer one 
further downstream. The middle rift appeared in 2017, 
developed from the center to the left side of the ice flow, 
and connected with the lengthening downstream rift in 2020 
(Figure 2). Concurrently with the ice flow, rifts were 
advected downstream during the study period. 

From Sentinel-2 images, we estimated that the length 
of the rift increased from its initial value of 3 km to 
approximately 5 km over the study period (Figure 2). The 
width of the upstream rift, calculated from the differences 
in position between two images of a pair, increased from 
100 m to 900 m between 2016 and 2022 (Figure 3). 
Concurrently, the total fracture zone area increased from 
1 km2 to 5 km2 as the upstream and downstream rifts 
widened and were advected toward the ice front (Figure 3). 
Additionally, we calculated propagation rates as the 
interannual distance difference between two consecutive 
upstream and downstream points. Propagation rate was 
largest (approximately 110 m·a−1) when the rift activated, 
then rapid expansion occurred separately for each rift after 
2019. The rifts continued to expand, by approximately 
100 m·a−1, during the intermediate propagation stage. 

 
Figure 2  Position and temporal evolution of the Petermann Ice 
Shelf rifts, color-coded by year (bottom-right color bar) during 
2016–2022 and overlaid on a color map for 2017 (bottom-left 
color bar) extracted from a digital elevation model (ArcticDEM). 
The background image (gray) was acquired by Sentinel-2, also in 
2017. Three major rifts were identified, one appearing near the 
center of the ice shelf (middle rift), two developing from the east 
margin of the ice shelf toward the center, the upstream (green 
triangles) and downstream (red rectangles) rifts. 

Between 2015 and 2017, rift bottom elevation 
extracted from the ArcticDEM dataset decreased from 
18.84 m to 16.90 m (Figure 4). From ICESat-2 altimetry 
measurements, we extracted topographic information across 
the rift (calculated depth also shown in Figure 4) to analyze 
the temporal evolution of elevation along the rift 
cross-section (surface elevation on the southern and 
northern edges and bottom elevation). Two consecutive 
ICESat-2 measurements in July 2021 yielded similar 
elevation values for ice mélange filling the rift (14.65 m and 
14.55 m), indicating that the downstream rift had gradually 
deepened (by 0.35 m·a−1) from 2015 to 2021. 

3.2  Glacier velocity field and stress distribution in 
the fracture zone 

The mean ice speed field on the Petermann Glacier 
was calculated (Section 2.2) during 2016–2022 during the 
melt season and is shown in Figure 5. As expected, 
calculated downstream ice flow speed were clearly higher 
than upstream ice shelf speed, which were reduced by the 
presence of rifts. Speed along the flow centerline (Figure 1) 
exhibited a globally increasing trend, with maximum 
downstream speed of approximately 1800 m·a−1 reached 
during 2019–2020. This strong increase in the center speed 
likely indicates a past disintegration event. 



224 Li D A, et al. Adv Polar Sci Septemper (2023) Vol. 34 No. 3 

 

 

 
Figure 3  Temporal evolution in the fracture zone of the Petermann Ice Shelf during 2016–2022 of the advection distance on the lower 
(blue) and upper (red) sides of the downstream rift (a), the downstream (red squares) and upstream (green triangles) rift widths (b), and the 
total rift area (c). 

 
Figure 4  Bottom elevation and calculated depth of the downstream rift on the Petermann Ice Shelf from ArcticDEM (2015, 2017) and 
ICESat-2 (2021) data. 

 Subsequently, to analyze dynamic mechanisms 
influencing rift distribution, we calculated the transverse, 
longitudinal and shear stress fields using ice rheology and 
strain rates derived from the velocity field. In this study, 
stress calculation errors were caused mainly by 
uncertainties on the velocity field and on glacier rigidity 
(Equations (2) and (3), Section 2.3). The observed velocity 
results derived from optical images with the feature tracking 
algorithm were reliable and glacier rigidity was spatially 
consistent, ensuring a stress accuracy evaluation by error 
propagation sufficiently reliable for qualitative discussions. 
Our calculations indicated an unusual tensile stress burden 
in the fracture zone. As the rifts were advected and 
propagated downstream, stress gradually increased and the 
high-stress region spread, notably along the rifts and ice 
flow margins. 

Figure 6 illustrates the annual mean transverse stress 
distribution, stretching across the east side of the ice flow 
and onto the ice shelf where it formed a transverse 
extension zone with large rifts, especially in 2019, 
explaining the preferential east–west orientation of rift 
propagation. 

Figure 7 indicates that high annual-mean longitudinal 
stress values were concentrated in an ice divergence zone 
where rifts expanded. In particular, considerable 
longitudinal stress occurred along the transverse rift 
(west–east orientation) in 2021 (Figure 7e). Furthermore, 
marked velocity discontinuities were observed in the rift 
region (Figure 5), in good correspondence with the high 
stress regions of Figures 6–7. Longitudinal tensile stress 
should play a key role in future calving events on the 
Petermann Ice Shelf. 
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Figure 5  Spatial distribution and temporal evolution during 2016–2022 of ice velocities calculated from Sentinel-2A/B images during the 
melt season on the Petermann Ice Shelf. Mean velocity field for each year (a–g). The color bar (bottom left) shows the velocity range. h, 
time series of the mean speeds along the ice flow centerline (Figure 1). The red dots represent mean values calculated for each year. The 
green dashed line is a polynomial fit to the mean values. 

Figure 8 indicates high shear stress regions where the 
ice shelf connected with the fjord wall (ice shelf eastern 
margin) during 2017–2022. The downstream rift rotated 
anticlockwise under the influence of unbalanced forces 
from different directions, resulting in the eastern margin 
region with degraded stability (Figure 8). Owing to its 
intrinsic characteristics, shear stress acted as a 
preconditioning factor that weakened the integrity and 
rigidity of the ice shelf margin. Splashing rifts created a 

strong shearing zone adjacent to the eastern fjord wall 
(Figure 8). Local high-shear stress regions promoted rift 
opening and propagation near the shear margin, causing 
damage in the convergence zone. Rift propagation in the 
horizontal plane is normally parallel to the principal axes of 
least tensile stress and perpendicular to the principal axes of 
highest tensile strain rate. Shear stress, mainly affecting 
glacier margins, also initiated rift propagation toward the 
center of the ice shelf. Thus, the downstream part of the  
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Figure 6  Spatial distribution during 2017–2022 of the mean transverse stress field calculated every year in July from 2017 (a) to 2022 (f) 
on the Petermann Ice Shelf. 

 
Figure 7  Same representation as in Figure 6, but for the mean longitudinal stress field. 

glacier contrarotated along the downstream rift located 
within the ice flow, generating strong shear stress, negative 
at the eastern ice shelf margin and positive at the western 
margin (Karunamoorthy, 2019). 

Figure 9 illustrates the clear, continuously increasing 
trend on the effective stress at the ice margin between 2017 
and 2022. Structural ice-shelf weakness was mainly 
distributed in the fracture zone where the effective stress 
field exhibited consistently high values, within 300– 

600 kPa in the shear zone. The rheology of an ice margin 
might become unstable under an increasing effective stress 
burden, while the effective stress itself, in turn, is sensitive 
to the plastic rheology of a rift. Moreover, the direct effect 
of effective stress field variations was to instantaneously 
destabilize the ice shelf margin and rift rheology. In 
summary, effective stress acted as a preconditioning factor, 
causing fracture instability in damaged shear zones of the 
Petermann Ice Shelf. 
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Figure 8  Same representation as in Figure 6, but for the mean shear stress field. 

 
Figure 9  Same representation as in Figure 6, but for the mean effective stress field. 

3.3  Scalar damage variations in the rift and 
marginal regions 

 Using Equations (1) and (4), we applied the analytical 
scalar damage solutions during each melt season during 
2017–2022 to derive scalar damage fields (Figure 10), 
evaluate fracture stability, assess the ice-shelf marginal 
strength, and quantify the influence of ice-shelf stress on 
fracture stability. Damage and weakening phenomena were 
located in the wrinkle region, the frontal and marginal shear 
zones of the Petermann Ice Shelf. Initially, in 2017, damage 

was restricted to Petermann Ice Shelf regions exhibiting 
only minor damage indications of rifts (Figure 10a) except 
in the frontal calving region (Li et al., 2021). Then, the 
damage zone gradually extended toward the middle of the 
ice shelf (Figure 10b). Concurrently with rift propagation, 
scalar damage gradually increased, with largest values (0.5 
or more) reached in the damage zone surrounding wider 
rifts, especially from 2019 to 2022 (Figures 10c–10f). 
Conversely, shearing and wrinkling along the fjord wall 
generated friction with the upstream glacier flow, 
weakening the margin structure and the glacier rheology. In  
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Figure 10  Same representation as in Figure 6, but for the mean scalar damage distribution. 

this shear and wrinkle zone, scalar damage remained 
consistently high during 2017–2022, with highest values 
exceeding 0.8 at the tip and in the middle of the rift, through 
the gradually increasing effective stress burden. The eastern 
glacier margin started losing viscosity and buttressing failed. 
Although some slant wrinkles and seams had already 
developed in 2017, their formation accelerated after the 
downstream and middle rifts widened and lengthened (and 
subsequently connected) in 2019. 

Figure 10 also indicates that, since 2017, the ice shelf 
margin weakened and its integrity degraded, consistently 
with increasing scalar damage that finally exceeded the 
buttressing effect at the ice front and shear zone. In 2018, a 
severe damage region clearly appeared in the vicinity of 
downstream and middle rifts, with scalar values exceeding 
the 0.5 threshold, ultimately reaching a “completely 
damaged” state (value of 1). The existence of a severely 
damaged area implied that the rifts could not sustain the 
interior stress burden, triggering subsequent rift propagation. 
When rifts connect with a damaged shear zone, the ice front, 
structurally weakened, is no longer stable and causes large 
calving events. In this study, the high effective stress and 
scalar damage in the frontal region demonstrated the 
underlying vulnerable condition of the Petermann Glacier 
ice flow, representative of an instability level generally 
observed before strong calving events. 

4  Discussion 

 Stress burden in the fracture zone causes glacier 
instability and creates lateral drag from the fjord wall, 
triggering rift growth at the ice shelf margin. Unbalanced 
stress, applying to the marginal shear zone, weakens glacier 
rigidity and causes structural damage to the floating region 

of an ice shelf (Borstad et al., 2016). Additionally, degraded 
glacier rheology reduces buttressing of floating tributary 
glaciers along the side wall of the fjord. Creep velocity of 
the Petermann Ice Shelf, generated by drive stress from the 
upstream glacier, induced rift advection, thereby decreasing 
the contact length between the ice shelf and the fjord wall 
(Berg and Bassis, 2022). Ice shelf rifts subsequently became 
unstable following marginal weakening or retreated 
upstream, deep into the embayment. This explains the 
increased ice flow velocity calculated in our analysis and 
the separation between the floating ice tongue and fjord 
walls on both sides, illustrated in Figure 5.  

 Weakened ice rheology caused a failure of the bonding 
force created by glacier contact and viscosity, contributing 
to glacier stretching and rift development induced by the 
imbalance between upstream drive stress and lateral drag 
decrease. In particular, a retreat of the Petermann Glacier 
front was observed on its eastern side, disrupting the stress 
balance and causing the 2017 calving event (Li et al., 2021). 
Moreover, three distinct blocks developed in the Petermann 
Glacier directly because of the negative effect of ocean 
warming on rift and ice shelf stability (Millan et al., 2022). 

Furthermore, the Petermann Ice Shelf is vulnerable to 
meltwater-driven fracture rifts reaching the waterline, 
presumably causing hydrofracturing and full rift penetration 
(Alley et al., 2018; Robel and Banwell, 2019). Rifts 
penetrate deep into the glacier where the largest effective 
stress component becomes negligible. Under oceanic and 
atmospheric warming conditions, basal melting thus 
induced ice shelf instability (Åkesson et al., 2021, 2022). In 
this study, reduced marginal strength subsequently 
enhanced rift propagation when shear stress was applied to 
the ice shelf margin, especially rift advection out of the 
embayment (Lipovsky, 2020; Larour et al., 2021). Therefore, 
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stress imbalance and lateral drag from the fjord walls 
induced substantial rift growth. In summary, our results 
indicate that marginal weakening is a precursor of rift 
propagation and, eventually, of a future collapse of the 
Petermann Glacier. 

5  Conclusion 

In this study, we analyzed the effect of marginal 
weakening on rift propagation on the Petermann Ice Shelf, 
in northwestern Greenland, from 2016 to 2022. By 
analyzing multiple satellite remote-sensing datasets, we 
calculated ice flow speeds and rift properties (width, area, 
and depth) and characterized the rift propagation and 
advection processes. Additionally, by determining the stress 
and damage distributions at the surface of the floating ice 
tongue with a numerical ice-flow model, we established 
their effect on marginal weakening of the Petermann 
Glacier. We concluded that stress imbalance, shear, and 
lateral drag from the fjord walls induced rift growth at the 
ice shelf margin, weakening the margin and destabilizing 
the frontal shear zone. 

By combining remote-sensing observations with a 
numerical ice-flow model, we proposed an innovative 
framework to characterize and assess the marginal strength, 
generalizing to other ice shelf with completely different 
geometries. Our results are important to better understand 
rift propagation mechanisms and to predict future calving 
events on the Petermann Glacier. 
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Supplementary Figure 

 
Figure S1  The model mesh. The finite element grids presented the fast-flowing, slow-moving, and the fracture of floating ice, which 
were performed on an adaptive finite element grid, with a high resolution of 50 m in fast-flowing regions and a coarser resolution of 2000 m 
in the slow-moving region. For the fracture of floating ice, the region was refined with a mesh resolution of 20 m. In total, the mesh was 
made up of about 110676 elements. 

 
 


