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A B S T R A C T   

Landslides triggered by degrading mountain permafrost pose an increasing risk to life and infrastructure in 
mountain regions due to current climate change trends. Because discontinous mountain permafrost is not directly 
detectable by remote sensing, permafrost molards offer a way of indirectly detecting its location and state. 
Permafrost molards are cones of loose debris that are associated with landslide deposits. They originate from ice- 
cemented blocks of sediment that are transported downslope with the landslide. These ice-cemented blocks are 
fragmented parts of the permafrost initially located in the landslide source area. Over time, these blocks degrade 
into conical mounds with diameters typically ranging from decimeters up to 40 m. They indicate the presence of 
an area of degrading permafrost at the level of the detachment zone. The physical processes that lead to the 
formation of molards from the ice-cemented blocks have not yet been studied in detail. Therefore, we perform an 
experimental study to recreate molards in a controlled laboratory environment and investigate the key formation 
processes. We downscale the molards to an initial cube side length of ~30 cm, and reduced the model's 
complexity by using two different types of gravel with a defined granulometry and lithology. We quantified the 
degradation phase by using a novel photogrammetric time-lapse system to detect changes in the digital elevation 
model between half-hourly time-steps. For the first time, we successfully recreated morphologies resembling 
molards under controlled laboratory conditions on a decimeter scale. We find the main processes to produce the 
final molard shape are cascades of grainfall for slightly cohesive sediment, and individual grainfall for non- 
cohesive sediment. Our experiments reveal three possible cross-section shapes (bell-shaped, triangular, trape
zoidal) that correspond to molards that can be found in the field. Along with these field observations, we suggest 
that it may be possible to identify the cohesion of a molard's sediment based on its morphology. Together with 
future field data and experiments investigating the granulometry, ice and clay contents of the initial ice- 
cemented block, we aim to use molards as a record to better understand the landslide dynamics and state of 
the mountain permafrost.   

1. Introduction 

Permafrost plays a crucial role in stabilizing mountain ranges in 
polar and high-mountain regions (e.g., Deline et al., 2015). Global 
warming trends since the end of the 20th century have resulted in an 
increasing degradation of permafrost (e.g., Haeberli et al., 1993; Zhao 
and Wu, 2019). This results in a destabilization of mountain faces 
especially in zones of discontinuous permafrost (e.g., Gruber and Hae
berli, 2007; Krautblatter et al., 2013; Patton et al., 2019; Deline et al., 
2021; Sæmundsson et al., 2022). These potential slope movements occur 

at high elevation and/or in remote regions among others in the Andes 
Mountain Range (e.g., Tapia Baldis and Trombotto Liaudat, 2019), 
Canada (e.g., Geertsema et al., 2006), the European alps (e.g., Haeberli 
et al., 2017), and the Himalayas (e.g., Gruber et al., 2017). Because they 
are extremely unpredictable in terms of dynamics and detachment 
zones, they pose a serious risk to life and infrastucture even in remote 
regions. At the same time, permafrost is also an important proxy and 
component of the global climate system with strong climate feedbacks 
(e.g., Mauro, 2004; Cheng et al., 2022). Although permafrost extent can 
be numerically modeled (e.g., Riseborough et al., 2008; Jafarov et al., 
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2012; Etzelmüller et al., 2020), in zones of discontinuous permafrost its 
spatial and temporal heterogeneity presents a major challenge for 
obtaining precise estimations. However, landforms called permafrost 
molards associated with landslide deposits can be used to indicate that 
discontinuous permafrost was present in the mountainside before its 
failure (Morino et al., 2019). For simplicity we will refer to permafrost 
molards as molards throughout the rest of this publication. 

Molards are cones of loose debris typically ranging from 0.3 to 12 m 
in height, and up to 40 m in diameter (Milana, 2016; Sæmundsson et al., 
2018; Morino et al., 2019; Fernández-Fernández et al., 2023). They 
originate from ice-cemented blocks of sediment that are transported 
downslope with the landslide. These often cuboid shaped blocks can 
survive impacts with surrounding landslide material, topography and 
vegetation during their transport and come to rest at lower altitudes. The 
displacement of the blocks to a warmer and more exposed setting (see 
Fig. 1a) results in ice melt, or sublimation under arid conditions. With 
time these initial blocks degrade into the conical mounds of loose debris 
(Fig. 1b) which are then referred to as molards (Goguel and Pachoud, 
1972). 

The typical molard flank angles are reported by Cassie et al. (1988) 
and Milana (2016) to correspond to the angle of repose for the respective 
material. Molards can be found in geographically and geologically 
diverse regions such as Alaska (Jacquemart et al., 2022), Argentina 
(Milana, 2016), Canada (Geertsema et al., 2006), Colorado (Allstadt 
et al., 2023), the European Alps (Goguel and Pachoud, 1972), Greenland 
(Svennevig et al., 2023) and Iceland (Morino et al., 2019). From field 
site to field site, the number of molards per landslide, their distribution, 
and their shape parameters are very variable. Some sites only have a few 
isolated molards where as other sites have large fields of molards. The 
shape parameters vary in terms of the cross-sectional shapes, symmetry, 
eccentricity, flank angles and basal slope angles (Milana, 2016; Morino 
et al., 2019). Furthermore, potential molard candidates have been found 
on other planetary bodys such as on Mars and Mercury (Wright et al., 
2020; Morino et al., 2023). 

Permafrost molards are a useful geomorphological feature to quickly 
detect the recent or past history of permafrost degradation of a slope 
from field- or remote-sensing data. However, to date, molards have not 
been used to give detailed information about the ground ice content of 
the mobilized material, except in extremely rare cases where the initial 
frozen blocks were observed immediately after the failure (Brideau 
et al., 2009; Sæmundsson et al., 2018; Svennevig et al., 2022; Allstadt 
et al., 2023). With the exception of the study by Allstadt et al. (2023), 
the timescale the frozen block requires to degrade into a molard remains 
largely unconstrained. However, in order to explore these two open 
questions the processes that lead to molard formation need to be better 
understood. Therefore, the principal goal of this study is to determine if 
it is possible to recreate molards under controlled laboratory conditions 
and to then determine the key molard formation processes. By per
forming laboratory experiments we can study a large parameter space 
under controlled conditions and isolate processes, which would not be 
possible by remote sensing or fieldwork. We aim to investigate the 

temporal distribution of these processes and their contribution to the 
final molard shape for two different types of idealized sediment. We then 
qualitatively compare the cross-sections of the artificial molards to those 
of molards that can be found in two examples of landslides producing 
molards with contrasting shapes (Subsection 2). Also, we investigate 
how different height-to-width ratios of the initial ice-cemented block of 
sediment and the average thawing temperatures affect the molard for
mation processes and, therefore, its final shape. Finally, we put our re
sults in context of what has already been published and highlight the 
implications of our work on understanding the state of mountain 
permafrost by studying molards. 

2. Setting 

Móafellshyrna and Eyjafirði landslides (Figs. 1, 2) are two examples 
of landslides producing molards, located in central-north Iceland. Both 
landslides are located in regions of Tertiary Basalt Formation (Miocene- 
Lower Pliocene) (Jóhannesson, 2014). The Móafellshyrna landslide 
occurred on the 20th September 2012 on the west slope of the 
Móafellshyrna mountain on the Tröllaskagi peninsula (65◦55′4.42″N, 
18◦56′7.13″W). The mountain has an height of 1044 m.a.s.l. with a 
narrow, north-south divided alpine ridge in a zone with discontinuous 
permafrost (Etzelmüller et al., 2007). The source material detached from 
the main scarp at 875–825 m.a.s.l. and some material remained on a 
topographic bench at 790 m.a.s.l. It transported ~310,000 m3 of ma
terial (Morino et al., 2019), mobilizing tens of meter-scale frozen blocks 
of sediment (Fig. 12), with one very large block (Fig. 1) of ~11 m in 
width, degrading into molards over time. Intense precipitation occurred 
prior to the mass failure with permafrost degradation being the main 
triggering factor and seismic activity playing only a minor role in the 
release (Sæmundsson et al., 2018). The landslide is described in detail by 
Morino (2018). Eyjafirði landslide occurred on the 6th October 2020 on 
the east slope of the Hleiðargarðsfjall mountain (65◦24′10.46″N 
18◦15′54.38″W). This failure was released at ~880 m.a.s.l. and 
advanced ~1750 m down slope flowing around farms and a resulting 
mudslide blocking a regional road, as reported by the Icelandic National 
Broadcasting Service RUV (Óðinsson, 2020). Aerial pictures published 
by the news outlet indicate the mudslide might be a secondary event 
because it is only visible on later images. There was not any heavy 
rainfall prior to the mass failure, but individual rockfalls in the days 
leading up to the slope failure which indicate a potential precursory 
slope movement as reported by local farmer Birgir H. Árason in the 
Icelandic news outlet Morgunblaðið (Jónsson, 2020). 

For the two example landslides the frozen blocks of sediment were 
displaced <400 and 660 m in altitude for Móafellshyrna and Eyjafirði 
landslides respectively. With the saturated adiabatic lapse rate of − 6.5 
K km− 1 (Hodgkins et al., 2012) and the displacement of the blocks by 
600 m in altitude would result in an approx. 4.3 ◦C warmer climate. The 
positive air temperature forcing can vary by >15 ◦C depending on the 
seasonal timing of the slope failure (Sæmundsson et al., 2018). 

Fig. 1. Images of initially frozen block of sediment in Móafellshyrna landslide (Iceland) deposits, before (left) and after (right) degradation, taken 10 years apart. (a) 
The initial photograph (courtesy of G. Hansson) was taken one day after the slope failure occurred. (b) With a width of ~40 m, this is the currently largest confirmed 
molard in Iceland. Coordinates: 65◦ 55′4.42″N, 18◦ 56′7.13″W. 
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3. Material and methods 

The following experiments were carried out at the cold chamber 
facilities of the Continental and Coastal Morphodynamics Laboratory of 
the French National Centre for Scientific Research in Caen, France. The 
facility consists of two separate cooling chambers of which one is used 
for freezing the initial cubic blocks of sediment (Section 3.1) and the 
other is used for thawing these blocks under controlled conditions 
(Section 3.2). 

3.1. Preparation of initial ice-cemented block 

We have followed the generally accepted methods (Harris et al., 
2008; Rivière et al., 2019; Costard et al., 2021, 2024) to build an initial 
block of frozen sediment resembling the permafrost blocks observed in 
the field (Fig. 1). We prepared this block at room temperature outside of 
the cooling chamber. We used a wooden cuboidal mold made with an 
inner dimension of 30x30x32 cm (w x d x h). We selected a cuboid mold 
shape for practical experimental reasons and because the initial frozen 
blocks of deposits often have cuboid like shapes e.g. Fig. 1 (Morino et al., 
2019). For easier retrieval of the ice-cemented block after freezing, the 
walls are dismountable and are made out of waxed screen printing 
plates. The walls were screwed together and the gaps were filled with 
silicone sealant. After the silicone has dried out, we filled the mold with 
one of two types of gravel (see Subsection 3.4) and fully filled the pore 
space (Table 1) with water to the top of the sediment. For practical 
experimental reasons we kept the ice content constant for each of the 
two sediments, which is determined by the material's pore space 
(Table 1). From field photographs of the initial frozen blocks at Moa
fellshyrna landslide (Fig. 1) we determined full saturation as a valid 
starting point for our experiments. The filled up mold was transported 
into the freezing chamber on a roller board where it was set to freeze at 
− 20.0 ◦C. The actual temperature of the cooling chamber periodically 
cycles with ±1.0 ◦C around the set point. After a minimum of 50 h the 
block was retrieved from the freezing chamber and the surrounding 
mold was dismounted. This freezing duration was determined by initial 
experiments with wireless temperature sensors (Subsection 3.3) posi
tioned in the sediment block. The temperature sensor with the maximum 
temperature reached a constant temperature of approx. − 19.5 ◦C after 
40–48 h depending on the sediment. Due to the phase change related 
volume expansion of water, there was a pressure build up in the mold 
resulting in an ice hump forming either at the top or bottom of the block. 
The strong temperature forcing hereby reduces ice segregation. This 
hump was mechanically removed by a hammer as far as possible, to 
obtain a cuboid shape. However, this inter-experimental variability is a 
potential source of uncertainty. The now created initial block of frozen 
sediment was transported to the thawing chamber. The dismounting and 
transport procedure takes sufficiently little time (< 10 min) for the 
block's surface not to thaw. 

3.2. Degradation phase 

The initial ice-cemented blocks were placed in the thawing chamber 
to study their degradation. The chamber's size allowed us to run two 
experiments in parallel. Therefore two initial ice-cemented blocks were 
placed each in the center of a 100 × 90 cm wooden board (Fig. 5A, F). 
These two boards were connected to each other by steel rods and were 
equipped with horizontal and vertical markers to provide a single 
reference frame for photogrammetry. The marker positions were 

Fig. 2. ASTER false color images of Móafellshyrna landslide site, (a) before (ID: 
706121303091305309002), and (b) after (ID: 1506251310191506269003) the 
slope failure, as well as Eyjafirði landslide site (c) before (ID: 
1905141251171905159002), and (d) after (ID: 2207231250372207249001) 
the slope failure. 

Table 1 
Table of pore-space for and under 
different initial conditions. 
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manually measured with a tape measure with a accuracy of ±1 mm. The 
aim is to keep the forcing for air temperature, humidity, air pressure and 
radiative forcing as constant as possible. The chamber's air temperature 
could be modified by the chambers cooling system as well as by an 
electric heater. The air stream of either was deflected away from the 
experiments. The heating or cooling is started once the frozen blocks of 
sediment are placed on the experimental boards. Because the heater is 
less powerful it reaches its set temperature of 40 ◦C after 10 h whereas 
the cooling system reaches the set temperature of 4 ◦C after 2.5 h. The 
experiments at room temperature therefore show the most constant 
temperature and humidity values. However, inserting the frozen blocks 
into the chamber slightly reduces the air temperature locally by 2–3 ◦C, 
because the weather station is positioned ~50 cm away from the 
degrading block. To keep humidity levels as constant as possible during 
thawing the wooden boards were placed in a sandpit to absorb the run- 
off water. Otherwise there was no active humidity and air pressure 
control available. 

3.3. Instrumentation 

During the freezing phase of the test run, we placed a wireless 
temperature sensor (iButton) in the center of the sediment to determine 
when the frozen block was in a thermally steady state. These devices 
with model number DS1921G have a temperature range from − 40 to 
+85 ◦C with a precision of ±1 ◦C. To protect the sensors during freezing 
they are encapsulated in a cylinder shaped plastic housing with a height 
of 2.7 cm and diameter 2.5 cm. Because of the large size of the housing 
relative to the average sediment diameter, the sensors were only used 
during the test run to determine the required freezing temperature, 
because otherwise they would alter the final morphology. At the 
beginning and end of each experimental run we manually obtained a 
minimum of 40 photographs from different perspectives with a DSLR 
(Canon EOS 600D, Canon EF 17-40 mm F/4.0 L) to perform structure 
from motion (SfM) photogrammetry (Ullman, 1979; Westoby et al., 
2012). Additionally we implemented a timelapse photogrammetry setup 
to continuously monitor the block morphology during the degradation 
phase at a 30-min interval. The setup consisted of 18 individual rasp
berry PI camera modules mounted on rods approximately 2 m above the 
boards pointing inward towards the two degrading blocks. A main 
raspberry PI unit controlled the slave PI cameras and read out the image 
data via an Ethernet connection. The setup was first presented by Phil
ippe et al. (2021). The processing of these images is discussed in Sub
section 3.5. This setup allows us to track mass transport processes 
between each 30-min time-step. A mobile weather station was used to 
monitor air temperature, humidity, and air pressure to validate a rela
tively constant atmospheric forcing. 

3.4. Sediment characterization 

For the initial experiments, two idealized sediment types were 
selected based on scaling of field observations to an initial block size of 
~30 cm and under consideration of local availability during the COVID- 
19 pandemic. We used 2–3 mm (Hawaiian quartz) with a low 
sphericity, angular shape, as well as 4–8 mm (Carrara 
marble) with an elongated subangular shape (Wentworth, 1922; Arculus 
et al., 2015). The detailed granulometry is displayed in Fig. B.3 in the 
appendix. Field studies by Morino et al. (2019) show the natural vari
ability of molard sediment with diverse shape parameters, gran
ulometries and clay contents. The simplified sediment cannot account 
for this wide range of parameters but should provide reduced 
complexity results. 

3.4.1. Pore space 
To determine the pore space of the two sediment types we used a 

scale and Archimedes's principal. We measure the sediment's mass m 
(σm = 0.02 kg) in a container of determined volume V (σV = 2%). Then 

we filled the pore space with water (σρ(H20) = 0.05%) and obtained the 
combined mass of sediment and water mw. We then calculated the pore- 
space s as follows: 

s =
m − mw

ρw⋅V
(1) 

This measurement was performed with initially dry as well as with 
initially wet sediment because the pore space expands for wet sediment. 
The wet sediment was obtained by fully saturating the pore space and 
then draining the excess water not bound to the sediment. This hygro
scopic, membrane and capillary water increases the mass of the 
decompacted sediment by 10.1 % and 9.4 % for and 

, respectively. The third measurement was made with initially 
wet sediment but after transport to the chamber. Due to the vibrations 
from the transport with the trolley over the tiles the sediment compacts. 
The results are displayed in Table 1. 

Based on error propagation from Eq. 1 we calculate an uncertainty of 

±1 % on the estimated pore space values. We used the water density at 
0 ◦C of 999.9 kg m− 3 and the ice density at − 20 ◦C of 919.4 kg m− 3 to 
calculate the ice content within the block of sediment (Vedamuthu et al., 
1994; Harvey, 2019). Therefore the volume increased by ~8.8 %, 
resulting in an ice quantity of the final blocks of initially dry 
and of 38 % and 48 %, respectively. 

3.4.2. Angle of repose 
Because field observations by Brideau et al. (2009); Milana (2016) 

and Morino et al. (2019) imply that the sediments angle of repose (AOR) 
is a critical parameter for the final shape of the molard, we estimated this 
value for both sediment types. We applied two different methods 
adapting from Al-Hashemi and Al-Amoudi (2018): 

3.4.2.1. Slope angle variation. A tray was filled with each sediment 
individually and the angle of the tray was slowly raised with a scissor 
jack until a slope failure occurs. The tray surface was equipped with a 
grid of smaller metal trays (3 cm high, 11 cm wide) to prevent basal 
sliding and was dimensioned in a way that the layer height dominates 
over the individual grain size. We used a digital inclinometer with a 
precision of ±0.2◦ to determine the static and dynamic AOR of each 
sediment (Fig. 3). For the static angle of repose the angle of the tray was 
measured. For the dynamic angle of repose after the slope failure the 
slope angle was measured at a minimum of 6 representative locations on 
the slope and averaged to account for variability in the slope. The 
effective uncertainty of the measurement was larger than the precision 
of the inclination as placing the inclinometer can slightly disturb the 
slope additionally to the variability within the slope. 

Fig. 3. Static and dynamic AOR estimation via slope angle increase of a metal 
tray with a scissor jack. Extra sediment is placed in-front of the tray to form a 
flat run-out surface. Several smaller 3 cm high metal trays are mounted on the 
surface of the big metal tray to prevent basal sliding. 
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3.4.2.2. Box lifting. We placed the wooden mold which was used to 
create the initial frozen blocks with the bottom element removed on the 
experimental platform and fill it with sediment. Then we slowly (approx. 
2 cm s− 1) lifted the mold resulting in the individual grains being 
dynamically released and thus we obtained the dynamic AOR from the 
displaced sediment (Fig. 4). 

We performed duplicates of these experiments for dry and wet sed
iments. For the wet sediment we filled the sediment pore space with 
water and let the excess water drain. We used the same digital incli
nometer as in the previous method and average over a minimum of 6 
representative locations on the slope. Additionally, we manually took 
pictures from different perspectives to process a digital elevation model 
as described in Subsection 3.5. The results are displayed in Table 2. 

3.5. Data processing 

We used Agisoft Metashape Version 1.7.6 to process the photographs 
into a digital elevation models (DEMs) by using structure from motion 
(SfM) photogrammetry (Ullman, 1979; Westoby et al., 2012). We pro
cessed the models for the time-steps of each experimental run in batch 
and derived the maximum block height, its volume and rotationally 
averaged cross-sections from the DEMs. For the individual processing 
steps and tools refer to Appendix A.1. 

4. Results 

In total we degraded 18 blocks of ice-cemented sediment with one 
experimental run requiring a minimum of each two days for freezing and 
thawing the block. Thawing the initially frozen blocks of sediment re
sults in conical mounds of loose debris resembling molard shapes that 
can be observed in the field. 

4.1. Dominant processes 

We divided the thawing period of the initial frozen block of sediment 
in to the following four phases. The timing of each phase varies by 
sediment type, size and temperature forcing. 

4.1.1. Surface and excess ice melt 
The smooth surface layer of ice on the sides of the block (Fig. 5A, F) 

melts until the sediment is exposed. The initial block's imperfections, 
such as ice humps at the block's base, result in parts of the initial block 
not being in contact to the wooden platform. These air gaps between the 
initial block and the platform diminish as the base of the block melts 
away. This can result in a sudden non-mass-wasting-related volume and 
height change in the DEM. 

4.1.2. Center column degradation phase 
Mass movements start at the corners of the block, then at the edges 

and later on the faces of the block (Fig. 5B, G). Sediment detaches either 
as grain avalanches or individual grains depending on the sediment (see 
Subsection 4.2). A ring of sediment forms around the block, which, over 
time, creates a conical shape from the ground up (Fig. 5C, H). The center 
column then slowly transforms from a cuboid to square frustum with 
rounded edges. The maximum height only lowers very slowly during 
this phase. 

4.1.3. Transition phase 
For initial blocks with a certain height-to-width ratio (see Subsection 

4.5) the center column transforms into a cone merging into the sur
rounding cone of sediment (between Fig. 5D-E and H-I). The maximum 
height of the block drastically drops during this phase. Based on visual 
inspection of the timelapse images we identify that for the sediment to 
fully degrade the remaining undegraded sections have to dry up first as 
the sediment is only cohesive while wet. 

4.1.4. Settling phase 
In the last phase, single grains slowly settle without macroscopic 

mass movements as remaining pore ice melts, and the sediment reduces 
its pore space by settling (between Fig. 5 I-J). This is enhanced as the 
sediment dries up and loses its cohesion and therefore pore space 
(Section 3.4). 

4.2. Influence of granulometry 

The two selected sediments produce different results in terms of their 
final morphology, dominant mass wasting processes and timing. For the 

the dominant process during phase II of the molard forma
tion is by grain avalanches. This is displayed in Fig. 6 by difference maps 
between two hourly time-steps of DEMs. The source and sink areas are 
clearly locally defined. These grain avalanches are temporally variable 
and vary in terms of mass transported per release event (Fig. 7c). The 
block of frozen in contrast degrades by individual grain-fall. 
Fig. 7c shows the volume transport by time and therefore indicates that 
for the the degradation is more continuous whereas the grain 
avalanches of the result in more variability between time- 
steps. 

In general the takes longer to degrade, however, the key 

Fig. 4. Dynamic AOR estimation by slowly lifting a wooden mold filled with 
sediment. The same 30 × 30 cm mold was used as for creating the initial frozen 
blocks of sediment but with a removed bottom plate. The mold was lifted at 
roughly 2 cm per second. 

Table 2 
Table of static and dynamic angle (◦) of repose (AOR) for 
and by measurement method. 
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difference in terms of its shape is the transition between the center 
column degradation phase (IIa) and the merging phase (IIb) (Fig. 5D, 
Fig. 7). The center column remains stable for longer and then rapidly 
degrades as the sediment dries out. This results in a sudden drop in 
height in contrast to the where the height lowers continu
ously in the merging phase (IIa) (Fig. 7A). For both sediments the vol
ume initially decreases as air gaps between the board and the frozen 
block melt away (Fig. 7B). For the this trend continues, 
however for the the volume expands during the center col
umn degradation phase. 

4.3. Molard slope angle vs. angle of repose 

We compare the rotationally averaged cross-sections of the degraded 
blocks of initially frozen sediment resembling molards with the rota
tionally averaged cross-sections of the released sediment from the lifting 
box experiment (Section 3.4.2). In the box lifting experiment when the 
grains exit the box they build up a rim from inside out around the box. 
The released sediment forms a slope for the subsequent sediment to flow 
down when exiting the box. For the experiment where we degrade an 
initially frozen block of ice cemented sediment individual grains detach 
from the block as the ice melts or grain avalanches occur. Individual 
grains that detach from the ice-cemented block of sediment are trans
ported the furthest away the higher and closer to the edges they were 
initially located in the frozen block. This results in several grains being 
displaced far enough to not be in contact with the final molard after its 

final degradation. Grain avalanches that detach from the ice-cemented 
block of sediment also form a rim around the initial block that 
thickens and transitions into a cone over time. For both methods the 

produces constant slope angles over most of the cross-section 
area whereas the produces a more a bell-shaped cross-sec
tion. Wet sediment shows a larger spatial variability than dry sediment 
as displayed in Fig. 8 by the larger standard-deviation (shadowed area). 
The wet decompacts during the release process resulting in 
an volume increase. The flank angle of the degraded blocks of initially 
frozen sediment resembling a molard is steeper for both sediments then 
their wet and dry dynamic angle of repose. For the the 
molard flank is about 8◦ steeper than the material's dry and wet angle of 
repose. The wet AOR maximum value reaches up to the 
slope angle for a molard made of the same material. However, of average 
the molard flank is steeper than the material's wet angle of repose. 

4.4. Average temperature variation 

To investigate how the average thawing temperature impacts the 
molard formation processes and its final shape, we perform experiments 
at each 4 ◦C, 17 ◦C, and 35 ◦C average temperature. The temperature and 
humidity timeseries for each experiment are displayed in the appendix 
in Fig. B.2. Independent of the thawing temperature, the rotationally 
averaged cross-sections (Fig. 9) show indistinguishable results within 
experimental variability which corresponds to variations in the height of 
the initial block. 

Fig. 5. Degradation of initial frozen block of sediment (EXP6) at different time-steps for both the and . We obtain a final conical mound of loose 
sediment. For time-lapse video see the video supplement. 

Fig. 6. Two examples of DEMs of difference between hourly time-steps for the (EXP6b). Dark orange colors correspond to zones of mass loss (source) and 
blue colors correspond to zones of mass gain (sink). 
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Even though the time the frozen ice-cemented blocks require for 
degrading reduces for increasing average temperatures, the types of 
processes and phases remain comparable for the respective sediment 
type. The volume transport curves (Fig. 10) show a comparable enough 
behavior to distinguish between the respective sediment types. The 
curve of the is steeper and higher, whereas the curve for the 

is wider and shallower. The characteristic fluctuating curve 
cannot be observed in this figure for the , because due to the 
resampling the time-steps duration is much longer than the time be
tween the processes. Time-lapse videos of the blocks degrading under all 

three temperature forcings are displayed in the video supplementary 
material. 

4.5. Aspect-ratio variation 

We investigate the influence of the initial block aspect ratio by 
varying its height for a constant square surface area. For the 
with an initial block higher than the block width, we obtained triangular 
cross-sections (Fig. 11). For lower aspect ratios the triangular cross- 
section transition a trapezoidal cross-section, while keeping a constant 
slope angle within the experimental variability. For the we 
find a bell-shaped like cross-section for all aspect ratios with the peak 
flatting for lower aspect ratios. The final height of the degraded block is 
directly correlated with original height of the block. For large height-to- 
width ratios (yellow, orange, red graphs in Fig. 11) the height decreases 
more than for low ratios (purple and blue graphs in Fig. 11) where the 
original block height hardly changes. 

5. Discussion 

Our experiments are the first to observe the molard key formation 
processes under quantifiable laboratory conditions on a decimeter scale. 
In the following section, we evaluate our results with respect to molard 
field observations and relevant publications. We identify individual 
grain fall and grain avalanches to be the main processes forming the 
final molard morphology with the following phases: I. surface and excess 
ice melt, II. main degradation phase, and a III. settling phase. The two 
different tested sediment types and produce bell- 
shaped or triangular/trapezoidal cross-section types respectively. 

5.1. Air temperature 

To cover the range of possible air temperature forcings we degraded 
the ice-cemented blocks at different average air temperatures (4 ◦C, 
17 ◦C, 35 ◦C). The time the initial blocks require to degrade increases 
with decreasing average air temperature. However, the temperature 
forcing did not modify the final shape of the molard, because the average 
thawing temperature only affects the timing but not the degradation 
processes (Fig. 10). Therefore, studying the formation processes result
ing in the degradation of the initial ice-cemented blocks at room tem
perature is a valid approach. Degrading the ice cemented blocks at room 

Fig. 7. Timelines of absolute sediment volume (top), maximum vertical sedi
ment height (center), and sediment volume transport (bottom) for EXP6 
(see Table B.1). 

Fig. 8. Rotationally averaged cross-sections of degraded initially frozen block 
of sediment (molards, EXP6) and lifted box filled with dry or wet sediment for 

(top) (bottom). The shadow represents the standard 
deviation for the rotationally averaged region. The slope angles are indicated 
for selected sections marked in purple. The degraded ice-cemented blocks show 
steeper slope angles in comparison to the corresponding angle of repose. Small 
images of molards indicate respective sediment type of the plot. 
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temperature (17 ◦C) is advantageous for experimental reasons because it 
reduces the experimental duration by half in comparison to the 4 ◦C 
forcing. 

5.2. Molard slope angle vs. angle of repose 

Cassie et al. (1988) and Brideau et al. (2009) observed molards' 
flanks to rest at the angle of repose. We therefore compared the final 
molard shape with experimentally determined values of AOR for the 
respective sediments (Subsection 3.4.2). Both the box lifting and molard 
type experiments result in conical mounds of sediment. However, 
molards in our experiments had an up to 10◦ steeper slope angle 
compared to the dynamic angle of repose for the respective sediment 
(Fig. 8). The mass wasting processes during these two experiments is 
different, because for the box lifting experiment the cone builds up from 
the bottom to the top with a continuous granular flow forming the final 
morphology. For the molard type experiment the blocks degrade from 
the top corners to the bottom by individual grain fall and/or grain av
alanches. The higher the position from where the grains detach from the 
block the more potential energy is available and transformed to kinetic 

energy. Therefore, for individual grain fall the first grains to be detached 
are transported the furthest away from the initial block and remain as an 
annulus of individual grains around the molard after the block has fully 
degraded. This does not happen for the box lifting experiment, resulting 
in a sharp transition between sediment flank and the experimental 
board. The box lifting and molard like experiment produce the same 
general cross-section type (bell-shaped, triangular) for the respective 
sediment. The cross-section type therefore seems to be related to the 
sediment type and is not very sensitive to the specific grain release 
caused by the thawing for molards. However further experiments with 
more sediment types will be necessary to confirm this hypothesis. 

5.3. Comparison to molards in the field 

The three cross-section types obtained in the lab experiments (bell- 
shaped, triangular, trapezoidal) can also be observed in the field. 
However, field molards show a larger diversity in shapes than the ex
periments (e.g., Brideau et al., 2009; Milana, 2016; Morino et al., 2019) 
and can consist of individual molards superimposed into each other. 
Bell-shaped cross-section can be found in the Móafellshyrna landslide 

Fig. 9. Vertical before and after cross-section profile comparison for different average degradation temperatures (4 ◦C, 17 ◦C, 35 ◦C) for left and 
right. For the “before” graphs two orthogonal cross-section have been obtained crossing through the block center, parallel to the block faces. For the “after” graphs a 
rotationally averaged cross-section is displayed. The displayed “after” cross-sections are obtained after different time durations depending on the temperature forcing 
indicated by the corresponding line color. Data from the experimental runs EXP6, EXP8 and EXP9 have been used to create this figure. Small images of molards 
indicate respective sediment type of the plot. 

Fig. 10. Volume transport per normalized intervals for very (left) and (right) during blocks degradation phase for different air temperature 
forcings. The data from the 4 ◦C and 17 ◦C runs have respectively been temporally re-sampled by a factor 1/12 and 1/3 for and by 1/8 and 1/2 for 

to match the 35 ◦C curves as far as possible. The data was re-sampled by summing over n time steps, where n corresponds to the denominator in the 
scaling factor. Data from the experimental runs EXP6, EXP8 and EXP9 have been used to create this figure. Small images of molards indicate respective sediment type 
of the plot. 
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(Fig. 12a) and triangular/trapezoidal cross-section can be found in 
Eyjafirði landslide (Fig. 12b/c). 

The bell shaped molards in the Móafellshyrna landslide have a sharp 
slope transition between the molard flank and surrounding terrain 
whereas the laboratory experiments show a gradual flank. The annulus 
that can be observed under laboratory conditions originates from the 
first grains with the highest potential energy bouncing further away on 
the wooden board. In the field the soil or landslide material is rougher 
and less elastic, therefore absorbing the energy and reducing bouncing 
of the individual grains. Hence, we think this difference can be attrib
uted to the different substrates underneath the experimental and field 
molards. 

5.4. Aspect-ratio 

Morino et al. (2019) proposed that the initial width B of the initial 
block can be estimated by B = 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
L2 − h2

√
where L denotes the cone's 

slant height and h the height of the cone. Our experiments suggest such a 
simplified approximation is not valid, because the final height h de
creases non-linearly with the initial height and forms plateaus for low 
height-width ratios. Because this property is sediment dependent, we 
can only determine a minimum height for the initial block, which has to 
be at least as high as the molard. So molard heights can be used to es
timate the minimum thickness of the initially frozen layer in the source 

area of the landslide. 

5.5. Sediment types 

During the main degradation phase (II) the two sediment types 
and show different key formation processes. For 

the the individual grains melt out of the block and fall to the 
surface one at a time. The individual grains detach at a relatively con
stant rate and over time and form a molard with a bell-shaped cross- 
section. For the , grains detach and fall from the block as a 
grain avalanche forming a triangular to trapezoidal molard shape 
depending on the initial block's width to height ratio (Fig. 5a). These 
grain avalanches are temporally variable in terms of mass quantity 
transported per release event resulting in a curve with greater fluctua
tions(Fig. 7 (bottom)). However, the takes longer to degrade 
than the block with the . This is because the retains 
moisture longer in its pore space than the due to the liquid 
bridges between the grains, making the sediment more cohesive (Chen 
et al., 2018). Estimating the capillarity in bulk sediment is challenging 
due to its irregularities in void space and contact points therefore 
creating variable water contents held by these interstices. For the 
assumption of two spherical grains bonded together by capillary 
bonding, the pressure difference between the two grains decreases 
proportional to 1/radius according to Young-Laplace equation (Laplace, 

Fig. 11. Vertical before and after cross-section profile comparison for different height-to-width ratios for (left) and (right). The base area is kept 
constant at 30x30cm and only the height is varied. Two orthogonal cross-section have been obtained through the center of the degraded sediment, parallel to the 
initial block faces. Scales on “after” graph indicate the relative height reduction between the initial height and the degraded block (color coded to the corresponding 
block). The experimental data from runs EXP2–7 have been used to create this figure. Small images of molards indicate respective sediment type of plot. 

Fig. 12. Images of three individual molards with corresponding idealized cross-sections located in deposits of a) Móafellshyrna landslide, Iceland; b) and c) Eyjafirði 
landslide, Iceland (see Subsection 2). 
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1806; Young, 1832). Therefore based on the average sediment diameter 
of 2.3 and 5.5 cm for the and respectively the 

has more than two times stronger capillary bondings. 

5.6. Cohesion 

On the small laboratory scale the capillary forces act as a cohesive 
force as long as the sediment is wet. Because the capillary force de
creases with increasing grain radius this force is less relevant for molards 
of field size. However, the molard sediments in the field can contain 
clays, providing additional cohesion (Ikari and Kopf, 2011) and there
fore strengthens the blocks. From visual inspection of the surface and a 
small pit in the molards of the Eyjafirði landslide, we observe high 
quantities of fine sediment filling up the space between the larger cob
bles. The Móafellshyrna molards in comparison did not have any fines 
visible at the surface. This results in voids between the superficial cobble 
material, indicating overall lower quantities of initial fine materials. The 
molards with no superficial fines visible produced bell shape cross- 
sections, whereas the molards with fines visible produced triangular/ 
trapezoidal cross-sections. In the light of our experiments this indicates 
the possibility of inferring the molard material cohesion based on its 
cross-section shape. 

5.7. Limitations 

The properties of clays do not scale, which produces scaling issues for 
physical modelling of initial blocks with high clay quantities. Also, the 
impact of liquid precipitation on the degradation of the frozen blocks 
and its impact on washing out clays has not yet been experimentally 
studied. Preliminary tests with sediment with high clay contents show 
that these do not degrade into molards and precipitation is required to 
mobilize this clay rich sediment into a molard (Fig. B.4). The pressure 
build-up during the ice formation phase and potential ice segregation 
have a neglectable effect on the degradation of the blocks, especially 
when individual grain fall is the dominant process. When grain ava
lanches are the dominant process anisotropies in the ice structure can 
affect the distribution of individual grain slide events, but these are not 
expected to have an influence beyond the experimental variability. The 
large parameter-space, such as varying clay and ice contents, is not yet 
accurately represented in our experiments and will be subject to future 
experiments. Also experiments at different scales will be necessary to 
confirm the applicability of lab results to the field. These findings will be 
crucial, because molards still hold a large future potential in deter
mining the state of mountain permafrost, as permafrost molards can 
even be found in regions where permafrost was not previously expected 
(Morino et al., 2019). 

5.8. Application to other landforms 

The findings from our experiments can give insights into the degra
dation processes of other landforms where both:  

• Ice locally stabilizes otherwise loose material in slopes steeper than 
the material's angle of repose.  

• Slope failures result in new ice-cemented material being exposed to 
the surface. 

This can be the case for steep rock glacier fronts (e.g., Delaloye et al., 
2010), debris-covered glaciers flowing over steep topographies (e.g., 
Westoby et al., 2020), exposed permafrost slopes, especially after active 
layer failures or frost heave steepened loose material (e.g., Rist and 
Phillips, 2005; Gruber and Haeberli, 2007; Niu et al., 2016) during 
annual freeze-thaw cycles. Analog to the experiments, 
melting out of individual rocks results in individual rockfall as the key 
process for decimeter and larger scale debris. However, the hydrologic 
processes in these systems cannot be accounted for explicitly in our 

experiments. Applying the findings from our experiments to landforms 
with an icy core such as dirt cones or ice-cored moraines is more limited. 
Dirt cones – even though they result in a comparable final morphology – 
are a self-regulating system where the superficial debris creeps and thins 
while the cone grows until it reaches a steady state (e.g., Drewry, 1972; 
Hénot et al., 2023) therefore remaining at or below the material's angle 
of repose. Ice-cored moraines show a large heterogeneity of the debris 
and ice distribution and can contain complex drainage systems trans
porting latent heat within the moraine (e.g., Johnson, 1971; Krüger and 
Kjær, 2000; Ewertowski and Tomczyk, 2015). These hydrological pro
cesses and potential damming of glacier lakes are not modeled in our 
experiments. 

Future experiments could be easily adapted to a more complex 
parameter space with variable ice quantities and structures, lithologies, 
and grain sizes. This would allow a deeper insight into the degradation 
processes of the landforms described above. 

6. Conclusion 

From this study the following conclusions can be drawn:  

• Hypothesis validation of molards originating from displaced blocks 
of ice-cemented sediment by recreation decimeter scale molard 
morphologies in a controlled laboratory environment.  

• Sediment types impact molard cross-sections types with bell-shaped 
or triangular/trapezoidal cross-sections for and 

respectively.  
• The average thawing temperature only affects the timing but not the 

process type of the degradation process.  
• The molard flank angles are up to 10◦ steeper than the investigated 

material's dynamic angle of repose.  
• Grain avalanches and individual grainfall are the main processes 

producing the molard morphology for and 
respectively.  

• Capillary forces play a crucial role in stabilizing the sediment even 
after all ice has melted.  

• No simplified approximation to determine the initial block's height 
from the degraded molards shape parameters can be identified. 

Permafrost molard formation timelapse for RUNS 6,8,9 with 
different air temperature forcings can be found online at https://doi. 
org/10.1016/j.geomorph.2024.109317. 

CRediT authorship contribution statement 

Calvin Beck: Writing – review & editing, Writing – original draft, 
Visualization, Formal analysis, Data curation. Marianne Font: Writing – 
review & editing, Supervision, Funding acquisition, Conceptualization. 
Susan J. Conway: Writing – review & editing, Supervision, Project 
administration, Funding acquisition, Conceptualization. Meven Phil
ippe: Writing – review & editing, Resources, Data curation. Jérémiah 
Clément: Data curation. Costanza Morino: Writing – review & editing, 
Project administration, Funding acquisition, Data curation. 

Declaration of competing interest 

The authors declare that they have no conflict of interest. 

Data availability 

Data will be made available on request. 

Acknowledgements 

CB, SJC, MF, MP and CM are funded by the Agence Nationale de la 
Recherche in the framework of the project ANR-19-CE01-0010 

C. Beck et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.geomorph.2024.109317
https://doi.org/10.1016/j.geomorph.2024.109317


Geomorphology 461 (2024) 109317

11

PERMOLARDS. CM is funded by the RETURN Extended Partnership, 
European Union Next-GenerationEU (National Recovery and Resilience 
Plan – NRRP, Mission 4, Component 2, Investment 1.3 – D.D. 1243 2/8/ 
2022, PE0000005). We would like to thank Christophe Marie and Emilie 

Lagniel from the Continental and Coastal Morphodynamics Laboratory 
in Caen (Normandy, France) for their technical support and carpentry 
work. The authors wish to thank F. Costard for fruitful discussions.  

Appendix A. Lab manual 

A.1. Appendix A.1. Data processing steps 

This section has been moved to the appendix from the methods. We used Agisoft Metashape Version 1.7.6 to process the photographs into a digital 
elevation models (DEMs) by using structure from motion (SfM) photogrammetry (Ullman, 1979; Westoby et al., 2012). We use the software's graphical 
user interface (GUI) for individual models as well as an automatized python script to process a large number of models in a batch. The processing steps 
are: (0) importing camera images, (1) aligning the images, (2) automatically detecting markers, (3) adding undetected markers, (4) adding positions 
and scale distances for markers, (5) re-aligning images, (6) aligning chunks for same reference frame, (7) creating a high-resolution dense-cloud, (8) 
creating a mesh, (9) calculating a DEM based on the mesh, (10) exporting the final DEM. For the automatic processing manually adding undetected 
markers was not possible and as a substitute, estimated camera positions were imported after step (0). For the automatically generated DEMs with a 
0.6 mm/pix resolution we obtained a horizontal marker error of 1 mm and a vertical marker error of 3 mm. To analyze the DEM-timeseries we created 
and applied a python script to perform the following analysis steps. To import the single DEM GeoTiff files and to convert them to a 2D array we use the 
packages xarray (Hoyer and Hamman, 2017) which again uses the package rasterio (Gillies, 2019). By summing up the values of the 2D array we 
calculated volumes and by summing up the difference between 2D arrays of two different time steps we calculated the volume change. To calculate the 
degrading block's maximum height, we calculate the average value of the 20 highest values with in the 2D array to better reduce the impact of scatter. 
We used the python package scipy (Virtanen et al., 2020) to interpolate the 2D array to create a re-sampled cross-section. The data was re-sampled 
along a rotating straight line with the origin at the calculated center of the initial block and radius R rotating a full 360◦ in 10◦ intervals to then 
calculate rotation-averaged cross-sections. 

Appendix B. Additional tables and figures  

Table B.1 
Overview table of experiments. 
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Fig. B.1. iButton temperature timeseries during freezing phase to a minimum temperature of − 20◦ C air temperature (EXP1).  

Fig. B.2. Temperature and relative humidity time-series for experimental runs EXP6 to EXP9. Gaps in the graph are due to data gaps.  

Fig. B.3. Granulometry of  

and  

. The granulometry was obtained by separating and grouping the sample particle size with a sieve shaker and by weighing the sediment contained in each sieve.  
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Fig. B.4. Photographs of block of initially ice-cemented sediment (left) after 48 h after degradation and (right) after 60 s of simulated precipitation by a watering 
can. The sediment was obtained from field molard material from the Árnesfjall landslide (Morino et al., 2019). 
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