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Abstract 
 

Surface Crevasses on Svalbard: Spatial Distribution Analysis with Focus on the

Lomonosovfonna Ice Cap

Monika Hawrylak

 

Understanding the formation mechanics of glacial crevasses is crucial in a variety of glacial applications. 

Besides being a serious safety hazard during field campaigns, crevasses influence calving rates, mass 

balance, and the hydrological network of glaciers. Therefore, knowledge about their spatial distribution 

and potential development zones is highly beneficial.  

In this project, spatial distribution of surface crevasses on the Svalbard archipelago is investigated 

using a simple crevasse depth model, so called Nye’s zero-stress model, and a set of surface ice velocity 

data. The model is run for various ice temperatures as it is one of the parameters affecting crevasse 

development. The crevasse occurrences are also mapped and digitised manually using high resolution 

remote-sensed images. A special emphasis is put on the Lomonosovfonna ice cap, central Spitsbergen, 

where the crevasse distribution is studied in detail.   

The results indicate the greatest density of crevasses in regions of high ice surface velocity and 

concurrently high strain rates. These areas encompass mainly fast-flowing outlet valley glaciers, while 

the more stagnant ice caps and ice fields are characterised by little to no crevassing except for their 

margins. The modelled spatial distribution is concurrent with the observations, particularly for certain 

ice temperatures, highlighting the importance of accurate ice temperature measurements in modelling 

and a need of separation of the accumulation and ablation zones. Overall, the Nye’s zero-stress model 

yields accurate results and proves to be a suitable tool for the task. With room for fine-tuning, it is a 

promising tool that is easy to incorporate in other models.  
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Popular science summary 
 

Surface Crevasses on Svalbard: Spatial Distribution Analysis with Focus on 

the Lomonosovfonna Ice Cap

Monika Hawrylak

 

Crevasses are fractures on the surface of world’s glaciers that play an important role in many glacial 

processes. They may extend to the bottom of a glacier and isolate ice blocks from the main ice body in 

a process of calving, simultaneously negatively affecting the mass balance. The fractures can also 

capture and redirect surface meltwater, affecting the hydrology. They are also very dangerous for 

researchers working on a glacier. Therefore, knowledge about where crevasses already exist and where 

they could develop is highly beneficial in many ways. 

 This project focused on estimating the spatial distribution of the surface crevasses for the entire 

Svalbard archipelago and one the ice caps, Lomonosovfonna, was studied in detail. This goal was 

achieved by using a simple computer model, so called Nye’s zero-stress model, where surface ice 

velocity was an important input parameter. Together with manual observations of crevasses on high-

quality remote-sensed images these methods allowed a simple estimation of crevasses on Svalbard. 

Because opening of fractures is partly controlled by ice temperature, the model was tested for various 

values to determine a best fit to the observations.  

 The results show that the fractures open most readily in colder ice than warm ice and that they occur 

mostly in the areas of high surface ice velocity. These areas are typically the valley glaciers, while ice 

caps and ice fields are generally less fractured, except for their lower regions. The model results match 

observations, particularly for certain ice temperatures. Overall, the zero-stress model gives accurate 

results and proves to be a suitable tool for the task. With some adjustments, it is promising tool that 

should be easy to apply together with other models.  
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1. Introduction 

Crevasses are one of the most characteristic and spectacular glacial features that occur on every glacier, 

ice shelf and ice sheet in the world. Crevasses appear as complex webs of seemingly abysmal chasms 

piercing the surface of glaciers and have since long fascinated researchers and explorers (van der Veen 

1999). They are tensile fractures that form due to the tensile stresses overcoming the strength of the ice 

(van der Veen 2013a; Colgan et al. 2016). Although crevasses were neglected in the glacial studies for 

a long time, recently the interest in them increased (Mottram & Benn 2009) due to their connection to 

glacier mass balance as well as deformation and movement of glaciers (van der Veen 1999). The spatial 

and temporal distribution of the fractures infers the basal topography, surface ice velocity and surface 

strain rates (Mottram & Benn 2009; van der Veen 2013a).  

Crevasses are also a vital component of the glacial hydrological system as they can alter the route of 

the surface meltwater (Colgan et al. 2016) and in some cases supply it to the base. However, there is no 

consensus on the complex relation between the ice flow and enhanced basal lubrication (Zwally 2002; 

van de Wal et al. 2008; Sole et al. 2013; van Pelt et al. 2018). Research has shown no compelling 

relationship between enhanced basal lubrication and long-term glacier acceleration (Sole et al. 2013; 

van de Wal et al. 2015; van Pelt et al. 2018). However, in some cases summer ice velocities appear to 

be correlated with enhanced surface ablation (Sole et al. 2013; van Pelt et al. 2018).  

Additionally, drainage of the perennial firn aquifers (PFAs) could occur via crevasses, either 

continuously or in pulses, which could also in some cases supply meltwater to the base of a glacier 

(Christianson et al. 2015; Miège et al. 2016; Poinar et al. 2017). Heavy crevassing associated with glacial 

surges (e.g., Sobota et al. 2016; Haga et al. 2020) has been tested in modelling of surge dynamics (e.g., 

Trantow & Herzfeld 2018).  

The acceleration of glaciers is closely linked to mass losses through collapse of entire ice shelves 

(e.g., Glasser & Scambos 2008) and calving at the termini of tidewater glaciers (Benn et al. 2007b; 

Dunse et al. 2012; Tabone et al. 2018). Crevasses are a crucial component and a precondition of these 

calving events given that their downward or upward propagation can isolate ice blocks from the main 

ice body (Benn et al. 2007b). Understanding of the fracture mechanics is therefore essential in 

understanding the calving dynamics and its consequences, a burning issue in the light of the climate 

change (Benn et al. 2007a).  

Active crevasses pose a great safety hazard and thus the knowledge of their spatial distribution is 

crucial for planning field campaigns. Due to snow redistribution and accumulation, crevasses may 

become covered by a thin snow layer, so called snow bridges. Such cases are particularly dangerous, 

because they are more difficult to detect visually (Thompson et al. 2020).  

The glaciers on Svalbard are characteristically fast-flowing, even surging, and many have accelerated 

in recent years (Błaszczyk et al. 2009; Nuth et al. 2013; Farnsworth et al. 2016). As Svalbard experiences 
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the fastest warming rates in the entire Arctic (Descamps et al. 2017) the increased melting and 

increasingly negative mass balance (van Pelt et al. 2021) will affect the glacier dynamics (Østby et al. 

2017; Schuler et al. 2020).  

 

1.1 Purpose of the study 

The purpose of this project is to assess and give a generalised picture of the spatial distribution of surface 

crevasses on the Svalbard archipelago and its relation to the surface ice velocity. The main goal of the 

study is to assess whether a simple crevasse depth model is a suitable tool that could be incorporated in 

other types of glacier modelling, e.g., ice dynamics or hydrological models. A special attention is 

directed to the Lomonosovfonna ice cap on central Spitsbergen, a site of various research projects 

(Pohjola et al. 2002; Vega et al. 2016; Marchenko et al. 2017a, 2019, 2021) which include studying a 

perennial firn aquifer (R. Pettersson, personal communication, 2019). Knowledge about the spatial 

distribution of the crevasses in the area would benefit the researchers both in terms of their safety and 

their studies. For instance, since the crevasses are potential draining sites for the aquifer, their locations 

need to be obtained to accurately map its spatial extent.  

To attain the goal of the study, a combination of numerical modelling and manual mapping is 

adopted. The zero-stress crevasse depth model developed by John Nye (1952) is applied to estimate the 

spatial distribution of the fractures. Satellite and aerial imagery are used for manual mapping of 

individual crevasses and crevasse fields. Comparison of the manually determined and modelled 

distribution allows a simplified assessment of the model’s performance. The acquired spatial distribution 

is further compared with the calculated surface ice velocity field and the approximate extent of the firn 

aquifer on Lomonosovfonna. Heavy crevassing is anticipated in areas of high surface ice velocity which 

in turn is expected primarily in valley glaciers flowing out of ice fields and ice caps where velocity and 

crevassing should be low. The model and manual observations are expected to yield comparable results.  
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2. Background 

Understanding glaciers and their processes requires some interdisciplinary knowledge of e.g., physics, 

geology and crystallography (Cuffey & Paterson 2010). While discussing glacial crevasses, the 

fundamental subjects are ice deformation and the resulting ice movement. This chapter will provide 

some key information needed to gain elementary understanding of these concepts.   

Glacier ice can be described as a monomineralic rock (Colgan et al. 2016) and as such, it undergoes 

deformation in a similar manner to rocks in the Earth’s crust. Therefore, the concepts of stress and strain 

are essential for study of the ice rheology just as they are for rock rheology. In a deformable material, 

such as in the viscoplastic glacier ice, the stresses produce strains that lead to deformation and formation 

of various macro- and microscale structures (Hooke 2005; Cuffey & Paterson 2010). This chapter 

introduces some key concepts regarding the ice deformation. Information about the ice movement, a 

direct result of the deformation is provided next, followed by a more detailed information about the 

resulting structures i.e., surface crevasses. 

 

2.1 Stress and strain 

2.1.1 Stress 

Stress is defined as the force acting per unit area, given in units of pressure, Pascals (Pa) (van der Veen 

2013a). A glacier ice will deform under the stress induced by its own weight due to the force of gravity 

(Cuffey & Paterson 2010). Stress is a vector quantity, which means it has both magnitude and direction. 

There are two main types of stress, a normal stress perpendicular to the plane it acts on and a shear stress 

parallel to the plane it acts on (Hooke 2005; van der Veen 2013a). A tensile stress, also referred to as 

longitudinal stress, acts in the same direction as the local ice flow and is conventionally positive, while 

compressive stress is conventionally negative (Cuffey & Paterson 2010). Ice deforms under the stress, 

with two main modes of deformation being stretching and shearing (van der Veen 2013a).   

Stress can be divided into several components in space, depending on the plane it acts on and its 

direction (Hooke 2005). For a body to move in a steady motion, i.e., not-accelerate, the forces acting on 

it must be in balance. Imbalance in the forces leads to e.g., rotation of a body is some way or its 

acceleration (Hooke 2005).  

 

2.1.2 Strain 

Strain is defined as the change in a length of a line, relative to the original length of it (Hooke 2005). 

Applying this definition to glacier ice, the strain describes the extension, compression, and deformation 

of ice in all directions. The speed at which these changes occur is the strain rate, a quantity essential in 

studies of the glacier movement (Alley et al. 2018).  
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Although the glacial strain rates cannot be easily measured, estimates can be done using the surface 

velocity gradients (van der Veen 2013a). The spatial gradients in the flow velocity give an indication of 

the rate of deformation (Cuffey & Paterson 2010). The greater the velocity, the greater the strain and 

deformation (Alley et al. 2018). Likewise with stress, a positive strain describes extensional forces while 

negative strain indicates compressional forces (Cuffey & Paterson 2010) both of which lead to change 

in dimensions of a deformable body. Additionally, strain can also be divided into several spatial 

components, similarly to stress. In relation to the local flow direction, longitudinal strain is parallel to it 

while transverse strain is perpendicular to it (Alley et al. 2018).  

The longitudinal strain rate is of greatest importance for this project, because development of surface 

crevasses largely depends on ice stretching in the direction of its movement (e.g. van der Veen 2013a). 

The equation describing the longitudinal strain rate 𝜀�̇�𝑥, after Hooke (2005): 

 

𝜀�̇�𝑥 = 
𝜕𝑢

𝜕𝑥
(1) 

 

describes the change in velocity magnitude u in a certain direction x.  

Analysis of the surface strain rates has several applications e.g., study of glacier surge dynamics 

(Burgess et al. 2012), predictions of terminus retreat and calving rates (Benn et al. 2007a) and 

predictions of crevasse formation and orientation (Vaughan 1993; van der Veen 1999).  

 

2.1.3 Glen’s flow law of ice 

The pioneering experiments investigating the ice movement mechanics conducted by John Glen (1955) 

resulted in establishing a relation between stress and strain in a glacier. It is currently a fundamental 

equation in glaciology, called Glen’s Law; as given by Cuffey & Paterson (2010): 

 

𝜀 = 𝐴𝜏𝑛 (2) 

 

where ε is shear strain rate, A is the creep parameter, τ is shear stress and n is the creep exponent with 

empirically derived most common value of 3 (Glen 1955). The creep parameter A is highly variable and 

highly dependent on chemical and physical properties of ice (Cuffey & Paterson 2010). The ice 

temperature and ice fabric are the most important and best understood variables.  

Further, lesser understood, properties include e.g., hydrostatic pressure, water content, ice density, 

grain size, and impurity content of the ice. The higher the value of A, the more rapid the ice deformation. 

To correctly predict deformation rates, precise ice temperature measurements for a certain glacier are 

needed (Cuffey & Paterson 2010). Glen’s Law highlights the unique characteristic of ice deformation, 

namely that it is non-linear, as indicated by the creep exponent n. 
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2.2 Ice flow and surface ice velocity 

2.2.1 Driving forces of the glacier flow 

Even though they may appear to be stationary, all glaciers and ice sheets are constantly moving. The 

glacier flow is a mechanism essential to the maintenance of the equilibrium state as it balances the mass 

gains in the accumulation zone and mass losses in the ablation zone (Cuffey & Paterson 2010; Chandler 

& Evans 2021). For example, increased ablation causes increased transfer of mass from the 

accumulation zone (which in turn requires increased accumulation) and hence increased glacier motion, 

a concept called balance velocity (Chandler & Evans 2021). Due to its importance for glacier dynamics, 

observations of ice flow gained more interest in recent years, as the effects of climate change become 

more and more pronounced (Cuffey & Paterson 2010). Ice motion measurements combined with several 

other parameters allow e.g., better understanding of how glacier mass losses contribute to sea level rise 

(Schellenberger et al. 2016).  

Flow of glaciers is usually a product of several factors at interplay. These factors include internal 

deformation of the ice, sliding bed and/or deformation of the subglacial sediments (Dunse et al. 2012; 

Schäfer et al. 2014). The movement of glacier ice can be described as a balance of driving and resisting 

forces (van der Veen 2013b). This flow is primarily driven by the force of gravity (van der Veen 2013a) 

acting vertically downward inducing the principally horizontal ice flow in the direction of the surface 

slope (Cuffey & Paterson 2010; van der Veen 2013b). The ice motion depends to a great extent on the 

slope angle of both the bed and the glacier surface. On a sloping bed, the driving stress will largely 

depend on the slope angle and thickness of the ice. On a horizontal bed, the motion will largely depend 

on the slope angle of the ice mass. Generally, gravity always forces the ice to flow in the direction of 

the maximum surface slope, regardless of the bed slopes (Cuffey & Paterson 2010).  

In other words, the bulk ice movement always occurs in the direction of the driving forces, from the 

inner, upper zone of a glacier toward the lower, outer zones. However, there are always local variations 

that depend on e.g., basal topography and conditions (e.g., Hedfors 2004; Dunse et al. 2012). Linked to 

that, there are some noteworthy conventions when considering the glacier flow in a three-dimensional 

Cartesian coordinate system. The x-axis and y-axis define the local horizontal plane, with x-axis pointing 

in the local direction of ice flow and y-axis pointing across it. The z-axis then points vertically upward 

(van der Veen 2013a).  

The resistive forces opposing the flow operate at the borders of the ice mass and act to maintain the 

static equilibrium (Cuffey & Paterson 2010; van der Veen 2013b). Different forces dominate at different 

parts of a glacier but overall, the most significant resistive force is the basal drag that acts at the ice-

bedrock interface (Cuffey & Paterson 2010). Other forces include the lateral drag that acts on the sides 

e.g., against valley walls or slower moving ice, and the longitudinal stress which includes compressive 

and tensile forces along the glacier (van der Veen 2013b).  
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2.2.2 Surface ice velocity 

While discussing the ice velocities, the velocity in question is typically the surface velocity, due to the 

simplicity of acquisition of its measurements (Cuffey & Paterson 2010). Ideally, the ice velocity needs 

to be considered both in the vertical and in the horizontal plane. However, the vertical velocity is very 

small in comparison with the horizontal, therefore only the horizontal velocity is usually considered in 

simplified glacier applications (van der Veen 2013a) such as this project.  

This horizontal velocity is a vector quantity, characterised both by its magnitude and direction. If the 

horizontal velocity vector is defined as �⃗�  = (u,v) where u and v define the velocities in x-axis and y-axis 

respectively, the magnitude �⃗�  and direction φ can be obtained trigonometrically, after van der Veen 

(2013a): 

|�⃗� | =  √𝑢2 + 𝑣2 (3.1) 

 

tan𝜑 =  
𝑣

𝑢
(3.2) 

 

The typical methods include GPS (e.g., Dunse et al. 2012) or repeated optical measurements of the 

spatial displacement of a network of stakes installed in the ice (Cuffey & Paterson 2010; van der Veen 

2013b). The advancement of the remote sensing methods (Joughin et al. 2010) such as feature/offset 

tracking and Interferometric Synthetic Aperture Radar (InSAR) has transformed the understanding and 

methodology of many aspects of glacier studies (Cuffey & Paterson 2010; Joughin et al. 2010). These 

methods are widely used nowadays for a variety of purposes (e.g., Strozzi et al. 2002, 2008, 2017; 

Pohjola et al. 2011; Schellenberger et al. 2016). 

The velocity of ice sheets and glaciers is typically very low, usually not exceeding tens of meters per 

day (van der Veen 2013a). A general, typical surface velocity pattern includes very low velocities in the 

central area of an ice cap or an ice field, with considerably higher velocities recorded on the outlet 

glaciers (e.g., Pohjola et al. 2011; Dunse et al. 2012; Schäfer et al. 2014).  

The velocity of glaciers classified as fast-flowing is far greater than what could be explained by the 

internal deformation of the ice (Schäfer et al. 2014). Schäfer et al. (2014) suggest that the rapid flow of 

glaciers is a combination of deformation of the bed sediments, ice deformation and sliding of the ice, all 

of which require temperate conditions at the ice-bedrock interface and thus presence of liquid water. 

Additionally, the lithology of the glacial basement is of great importance due to the properties of the 

rocks, such as their mineral composition that affects the geothermal heat flux, or erodibility (Dumais & 

Brönner 2020). Strain heating, friction heating and firn heating are other vital contributors to high ice 

velocities (Schäfer et al. 2014) as well as routing of the surface meltwater to the bed through e.g., 

crevasses (Gong et al. 2018).  
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2.3 Surface crevasses 

Crevasses are large scale secondary structures that cut the ice surface as a result of the tensile stresses 

overcoming the ductile flow of the ice (Cuffey & Paterson 2010; van der Veen 2013a). If a sufficient 

tensile stress acts on the ice, it causes failure and brittle deformation resulting in fracturing originating 

at the surface (van der Veen 2013a). Crevasses are transient features (Harper et al. 1998), which makes 

them both useful in e.g., feature tracking methods and particularly dangerous for field campaigns (e.g., 

Thompson et al. 2020).  

Crevasses and the dangers they pose have long been known to the glacier explorers. The earliest 

descriptions and theories date back to the 1700s (van der Veen 2013a). A comprehensive history of early 

crevasse research is reported in e.g., van der Veen (1999). Interest in researching crevasses has arisen 

in the recent decades, motivated by a quest to understand mass losses due to calving that could be 

amplified by the, at the time, “anticipated greenhouse warming in the near future” (van der Veen 1999). 

It has been observed that the climate warming does indeed affect the calving rates and other ablation 

mechanisms of the world’s glaciers and ice sheets (e.g., Burgess et al. 2005; Glasser & Scambos 2008; 

van den Broeke et al. 2009; Zwally et al. 2011; Silva et al. 2020). Because calving is a direct consequence 

of crevasse propagation (Benn et al. 2007b), the fracturing mechanism became an important topic in 

glaciology. 

Knowledge about the spatial distribution of the crevasses is relevant for a variety of studies in the 

field of glaciology. Crevasses provide a convenient albeit risky way to study the stratigraphy of a glacier 

or measure englacial temperature (Colgan et al. 2016). Sudden and extensive crevassing in accumulation 

zones often induces transition into surge conditions (e.g., Trantow & Herzfeld 2018; Haga et al. 2020). 

While analysis of a glacier’s velocity field and strain rates allows prediction of crevasse formation, 

spacing and orientation, the inverse is also true. The crevasses detected using remote sensed imagery 

give insight into the regional and local flow fields on different time scales (Harper et al. 1998), allowing 

e.g., identification of ice streams and surface velocity patterns (Vornberger & Whillans 1986).   

Due to their hazardous nature and implications for the glacier dynamics, many detection techniques, 

including real time and in-advance methods, have been developed and tested over the years. A very 

common and successful real-time detection method is the use of a ground penetrating radar (GPR), both 

airborne and ground-based (Thompson et al. 2020). This method has been widely employed in 

Antarctica (e.g., Delaney et al. 2004; Taurisano et al. 2006; Thompson et al. 2020) and on Greenland 

(Trautmann et al. 2009; Lever et al. 2013). Typically, the real-time detection is done manually, by a 

GPR operator member of the field party, whose task is to interpret the radar signal. This method has a 

few drawbacks, e.g., it requires great skill and swift communication between the driver and the GPR 

operator. Additionally, surveying becomes difficult in a complex terrain and heavily crevassed areas 

entail prolonged surveying (Lever et al. 2013). To address these problems, autonomous robots have been 

developed in recent years, so far with limited employment (Trautmann et al. 2009; Lever et al. 2013).  
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Other crevasse detection methods include remote sensed imagery such as satellite images, aerial 

photography (Bhardwaj et al. 2016; Florinsky & Bliakharskii 2019; Thompson et al. 2020) and LiDAR 

digital elevation models (Foroutan et al. 2019). The detection can be automatic or manual. The potential 

limit of the automatic remote sensing methods is data of sufficiently high spatial resolution. 

Additionally, these methods give best results when the crevasses are open (Bhardwaj et al. 2016) 

however, snow-bridged crevasses are also possible to detect, if they are of sufficient width (Florinsky 

& Bliakharskii 2019). With high enough resolution that is usually acquired from the aerial surveys, 

essentially a single crevasse can be detected.  

 

2.3.1 Fracture opening and propagation mechanics 

For a fracture to grow and develop into a crevasse, the tensile stress acting on a pre-existing macroscopic 

defect needs to exceed the tensile strength of the ice (van der Veen 1999; Benn et al. 2007b; Cuffey & 

Paterson 2010). When the hydrostatic pressure at the surface is low, the tensile strength needed for 

crevasses to open must be quite similar to the plastic yield strength for the creep of ice (Cuffey & 

Paterson 2010). It is presumed that crevasses typically open perpendicularly to the maximum principal 

tensile strain rate (Cuffey & Paterson 2010; van der Veen 2013a).  

Although crevasses are surface features, it is not entirely obvious that they initiate at the surface (van 

der Veen 1999). Evidence suggests that the pre-existing defects that develop into crevasses begin 

opening approximately 15 – 30 m below the surface, before propagating both upwards and downwards 

(van der Veen 1999; Colgan et al. 2016). It is presumed that in the accumulation zone, the uppermost 

glacier layer of low-density firn is too weak to support stresses of fracture-opening magnitude and thus 

it is the considerably stronger glacier ice beneath that controls the deformation (van der Veen 1999). 

Additionally, it appears that the strike of a newly formed crevasse is not affected by the pre-existing 

fracture that the new one cuts across, implying initiation at depths below the old fracture. Furthermore, 

field workers testified about loud noises (van der Veen 1999), indicative of ice fracturing beneath them, 

but without any visible fracture manifestation on the surface. These clues suggest that it is the stresses 

at depth rather than surface that control development of crevasses. However, currently there is no valid 

evidence that could support any of these speculations (van der Veen 1999; Colgan et al. 2016).  

What is known, is that a fracture can develop through one or a mix of the three modes of failure: 

Mode I – opening, Mode II – sliding and Mode III – tearing (Fig. 1) (Colgan et al. 2016). The main 

mode of fracture is Mode I (van der Veen 2013a), when fracture walls are pulled apart by tension and a 

crack develops in the direction normal to the maximum tensile stress (Benn et al. 2007b).  
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Figure 1. Modes of failure, a) Mode I - opening, b) Mode II - sliding, c) Mode III - tearing. Figure based on 

Benn et al. (2007b). 

 

Air-filled crevasses are typically up to 45 m deep, while the width is usually about 30 m (Colgan et al. 

2016). However, in sufficient conditions crevasses can extend all the way to the base of a glacier (e.g., 

Benn et al. 2007a). Depth to which a crevasse can propagate is of great importance and several models 

have been developed for this purpose. A comprehensive review of the different methods can be found 

in e.g., Colgan et al. (2016). Here, a focus lies on the oldest model, a so-called zero-stress model, 

developed by John Nye (1952) and presented here in its basic form, after Cuffey & Paterson (2010):  

 

𝑑 =  
2

𝜌𝑖𝑔
 [
𝜀𝑥𝑥

𝐴
]

1
𝑛

(4) 

 

where d is crevasse depth, ρi is ice density, g is gravitational acceleration, εxx is the longitudinal strain 

rate, A and n are the ice creep parameters. Nye assumed that a fracture can propagate downward to a 

depth where ice overburden pressure is the same as the tensile stress (Colgan et al. 2016) or in other 

words, where the stress transforms from tensile to compressive (Cuffey & Paterson 2010). The Eq. 4 

infers that deepest fractures should occur in cold ice in polar regions (Vaughan 1993) due to the low 

temperatures meaning increase in the creep parameter A, as well as in zones of rapid deformation.  

Other parameters that affect crevasse propagation depth are e.g., fracture spacing and presence of 

water. Water-filled crevasses can propagate deeper due to the water pressure acting to counter the 

cryostatic pressure (Benn et al. 2007b). Spacing of the fractures affects the stress concentration at the 

tip of a crack (van der Veen 2013a) and observations infer that closely spaced fractures tend to be 

shallower (Vaughan 1993) due to stress shadows in ice slabs between the cracks (Colgan et al. 2016).  

The model from Eq. 4 can be further enhanced to accommodate other parameters. A modification by 

Benn et al. (2007a) allows incorporation of the effect of the water pressure on the crevasse depth:  
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𝑑 =  
2

𝜌𝑖𝑔
[(

𝜀𝑥𝑥

𝐴
)]

1
𝑛

+ (𝜌𝑤𝑔𝑑𝑤) (5) 

 

where ρw is water density at 0°C and dw is the water depth filling a crevasse.  

A further modification to the above equation, also proposed by Benn et al. (2007a), considers both 

the yield strain rate that is needed for crevasse opening and the effect of water pressure:  

 

𝑑 =  
2

𝜌𝑖𝑔
 [
𝜀𝑦

𝐴
]

1
𝑛

+ (𝜌𝑤𝑔𝑑𝑤) (6) 

 

where the εy is the longitudinal strain rate minus a certain yield strain rate. However, the accurate value 

of the yield strain rate is very difficult to obtain (Benn et al. 2007a) and thus is often assumed to be 0, 

simplifying the model. 

 

2.3.2 Spatial occurrences  

Crevasses are a manifestation of active ice deformation (Cuffey & Paterson 2010) and thus can open 

essentially anywhere on a glacier, given sufficient stress. Ice acceleration favours crevasse opening 

while deceleration favours closing (Cuffey & Paterson 2010). The highest concentration of crevasses is 

thus expected in areas of high flow (e.g., Vornberger & Whillans 1986; Trantow & Herzfeld 2018) such 

as entire outlet glaciers (e.g., Pohjola et al. 2011), tidewater termini (Benn et al. 2007b; Gong et al. 

2018) or at boundaries between ice streams and stagnant ice (Vornberger & Whillans 1986). The bed 

topography may also cause deformation (Colgan et al. 2016). On the contrary, limited crevassing is 

generally expected in the central parts of ice caps due to low velocities (e.g., Pohjola et al. 2011).  

Figure 2 illustrates the typical spatial occurrence of various types of crevasses, based on classification 

in (Colgan et al. 2016). The crevasse pattern is inferred by the orientation of the principal compressive 

and tensile stresses. In an outlet valley glacier, the shear stresses are highest at the ice margins due to 

lateral drag while at the centerline the shear stress is zero, but the velocity is highest (Cuffey & Paterson 

2010). Transverse crevasses are typically oriented perpendicularly to the direction of the highest tensile 

stress and are associated with extensional flow (dip slip faulting), while splaying crevasses are (close 

to) perpendicular to the flow and are usually associated with compressional flow (thrust faulting) 

(Colgan et al. 2016).  
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Figure 2. The typical spatial occurrences of crevasses: 1) bergschrund, close to a headwall, 2) icefall, a 

chaotically fractured area, 3) en échelon crevasses at margins, 4) transverse crevasses, associated with 

extensional flow, characteristically perpendicular to the flow direction, 5) splaying crevasses associated with 

compressional flow, 6) rift, propagating through the entire ice thickness, 7) basal crevasses at the underside of 

a glacier. Background orthophoto © Norwegian Polar Institute. 

 

2.3.4 Importance for the glacial hydrology 

Presence of surface crevasses affects water routing in a glacier system (Colgan et al. 2011) as surface 

meltwater can enter the englacial and subglacial hydrological network through the fractures 

(Christianson et al. 2015; Poinar et al. 2017). Typically, surface meltwater can enter the englacial and 

subglacial hydrological network both through moulins and crevasses. While moulins collect meltwater 

from extensive areas and allow drainage of vast water quantities through one point, crevasses capture 

meltwater from smaller areas and allow routing through a more extensive and distributed network of 

conduits (Colgan et al. 2011). An increase in crevasse occurrences can cause acceleration of the cryo-

hydrologic warming, i.e. warming of the ice due to the presence of liquid water (Phillips et al. 2010; 

Colgan et al. 2011). Additionally, heavily fractured regions of ice sheets have been shown to absorb 

more than double the amount of solar radiation compared to unfractured regions (Pfeffer & Bretherton 

1987), enhancing surface ablation and thus meltwater production (Colgan et al. 2011).  

The consequences may in some cases include changes in basal lubrication and thus acceleration of 

basal sliding and mass loss (e.g., Zwally 2002; Joughin et al. 2008; van de Wal et al. 2008; Colgan et 

al. 2011; Gong et al. 2018) however currently there is no consensus on the relation between enhanced 

basal lubrication and glacier acceleration (Sole et al. 2013; van de Wal et al. 2015; van Pelt et al. 2018). 
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Perennial firn aquifers that store liquid water provide a temporal buffer to sea level rise from the 

increasing surface runoff (Harper et al. 2012; Koenig et al. 2014). However, presence of crevasses in 

the vicinity of a PFA or downstream from one potentially allows drainage of such aquifer and thus 

accelerated delivery of water to the ice-bedrock interface (e.g., Koenig et al. 2014; Miège et al. 2016; 

Poinar et al. 2017). Therefore, according to Poinar et al. (2017), further PFA studies should treat 

crevasses and aquifers as a system. Knowledge about crevasse occurrence is therefore essential for 

accurate assessments of PFAs extents.  
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3. Study area  

This study focuses on the Svalbard archipelago, located between 74° N and 81° N and 10° E and 35° E 

(Fig. 3). It is estimated that glaciers occupy about 57% (33,775 km2) of the total area of Svalbard (Nuth 

et al. 2013) and their volume is estimated to be about 6,200 km3 (Fürst et al. 2018). The majority of 

Svalbard glaciers (60%,) are on the main island of Spitsbergen (Fig. 3) where mainly cirque and valley 

(marine- and land-terminating) glaciers are found due to the dominating alpine topography (Błaszczyk 

et al. 2009; Nuth et al. 2013). The remaining 40% of glaciers are distributed over the islands 

Nordaustlandet, Edgeøya, Barentsøya and Kvitøya (Fig. 3) where due to the flat topography ice caps 

and ice fields dominate (Nuth et al. 2013). About 68% of the total area covered by glaciers is drained 

through fast-flowing calving tidewater glaciers (Nuth et al. 2013; Schellenberger et al. 2016). A large 

number of these glaciers are of the surge type (Błaszczyk et al. 2009; Farnsworth et al. 2016) and display 

a variety of thermal regimes, the most common being polythermal (Nuth et al. 2013).  

The Arctic is well-known to be warming rapidly in comparison to the rest of the planet and the 

Svalbard archipelago is located where the temperature increase and sea ice losses are the fastest 

(Descamps et al. 2017). The location of the archipelago between the Arctic Ocean covered by sea ice 

and the relatively warm waters of the North Atlantic causes sea forcing to be a vital factor controlling 

the local climate (Day et al. 2012; Killie et al. 2021). The climate of Svalbard is generally milder and 

wetter than what is otherwise typical for that latitude (Hanssen-Bauer et al. 2019) which is largely due 

to the heat carried by the West Spitsbergen Current that affects the conditions the most during the winter 

(Walczowski & Piechura 2011). The mean annual temperatures vary from -4°C to -15°C, with north-

eastern part of the archipelago being generally colder and south-western part being generally warmer 

(Hanssen-Bauer et al. 2019; van Pelt et al. 2019).  

The air temperatures on Svalbard have been rising since several decades (van Pelt et al. 2016, 2019). 

Observations show a warming of 3 – 5 °C during the period 1971 – 2017 with the greatest temperature 

increase in winter (Hanssen-Bauer et al. 2019). The warming was caused by the progressive shrinking 

of sea ice in the Arctic (Day et al. 2012). A consequence of this warming is that the glaciers shrunk by 

approximately 80 km2 a-1 in recent decades (Nuth et al. 2013). The future prognosis for the area includes 

progressively earlier onset of melt period (Killie et al. 2021) and progressively shorter snow season, 

increased air temperatures and increased precipitation as well as increased frequency of extreme weather 

events and mass wasting, and the glacier mass balance will become progressively negative (Hanssen-

Bauer et al. 2019; van Pelt et al. 2021).  
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Figure 3. Overview of the Svalbard archipelago. The star indicates the location of the Lomonosovfonna ice 

cap. Map data © Norwegian Polar Institute. 

 

3.1 Lomonosovfonna ice cap 

Lomonosovfonna is a major ice cap in central Spitsbergen (Fig. 4) that covers an area of about 600 km2 

and with its highest point at 1,250 m a.s.l. is considered one of the highest glaciated areas on the Svalbard 

archipelago (Pohjola et al. 2002; Vega et al. 2016). Figure 4 shows the approximate extent of 

Lomonosovfonna together with contours of its outlet glaciers: Nordenskiöldbreen, Tunabreen, 

Negribreen, Mittag-Lefflerbreen and Hinlopenbreen. The Lomonosovfonna contour was estimated by 

the author trying to constrain it to the upper zones of the outlets. Negribreen, Tunabreen and 

Hinlopenbreen are known surging glaciers (Błaszczyk et al. 2009; Vallot et al. 2019; Haga et al. 2020). 

Nordenskiöldbreen is a fairly fast glacier (Błaszczyk et al. 2009; den Ouden et al. 2010; van Pelt et al. 

2018) while Mittag-Lefflerbreen was classified as very slow or stagnant (Błaszczyk et al. 2009).   
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The ice cap is a site of extensive research involving climate reconstructions (e.g., Pohjola et al. 2002; 

Vega et al. 2016), firn properties (Marchenko et al. 2017a, 2019, 2021) and recently also a firn aquifer 

(R. Pettersson, personal communication, 2019).  

 

 
Figure 4. The approximate extent of the Lomonosovfonna ice cap (black dotted line) and contours of its outlet 

glaciers. Map data © Norwegian Polar Institute. 
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4. Method 

4.1 Modelling of the spatial distribution 

The modelling was done using MathWorks MATLAB software and two different sets of surface ice 

velocity data. The main dataset was the surface ice velocity data generated using auto-RIFT method 

(Gardner et al. 2018) and provided by the NASA MEaSUREs ITS_LIVE project (Gardner et al., 2019).  

 Gardner et al. (2018) used newly developed feature tracking method auto-RIFT, autonomous Repeat 

Image Feature Tracking, that they first applied to an extensive collection of Landsat images over 

Antarctica. The auto-RIFT method was then applied to all major iced regions and the temporal coverage 

is from 1985 to present (NASA MEaSUREs ITS_LIVE project n.d.). At the time of data collecting for 

this project the surface ice velocity for Svalbard was available until 2018. The velocity data is publicly 

available to download in a form of raster files either as weighted average composite of all available 

years (120 m spatial resolution) or yearly rasters (240 m spatial resolution).  

In this project both the composite and yearly rasters were used. To investigate changes in surface ice 

velocity over several years, data from years 2013 – 2018 was used as these datasets were most complete. 

However, the composite raster was the primary dataset used in the crevasse distribution analysis as it 

gave the most generalised picture.  

Another dataset was offset-tracked inSAR surface ice velocity data collected during a few days in 

the autumn 2019 and provided by Dr. Tazio Strozzi (Gamma Remote Sensing AG) through the thesis 

supervisor Rickard Pettersson. The methods used for acquisition of this dataset are described in Strozzi 

et al. (2017b). The data was provided in a form of points with coordinates and velocities in three 

directions for each point. The data was converted to a raster before being used in the calculations. 

Because this dataset did not encompass entire Svalbard and it provides only a glimpse into surface ice 

velocity under autumn 2019, it was primarily used to compare the resulting velocities with the auto-

RIFT data.  

Only the horizontal velocity components were considered for the calculations since the vertical ice 

velocity is negligible in comparison to the horizontal (van der Veen 2013a). Thus, first the velocity 

magnitude vector was calculated using the ice velocity in x-direction and y-direction, considering 

Cartesian coordinate system: 

𝑉𝑚 = √𝑉𝑥
2 + 𝑉𝑦

2 (7) 

 

where Vm is the calculated ice velocity magnitude, Vx is the ice velocity in x-direction and Vy is the ice 

velocity in y-direction.   

Next, the velocity vector bearing was calculated to determine the direction of the ice movement in 

each raster cell. The acquired velocity magnitude (Eq. 7) and velocity direction allowed calculation of 

the longitudinal strain rate in each raster cell, according to: 
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𝐸𝑥𝑥 = 
𝜕𝑉𝑚
𝜕𝑉𝑠

(8) 

 

where Exx is the longitudinal strain rate, ∂Vm is the velocity magnitude gradient between a cell and the 

cell into which the ice flows, ∂Vs is the distance to the neighbouring cell. Assuming a 3x3 cell array, 

there are eight possible ice movement directions equal to four cardinal and four ordinal directions of ice 

flow from the central cell. The ice flow direction was determined by the velocity vector bearing and was 

a number between 0° and 360° which then was attributed to one of the eight directions that were 

separated at 22.5° intervals. Only the longitudinal strain rate was considered as this parameter directly 

affects crevasse development and is very simple to acquire.  

The calculated strain rates for the entire raster were used in the Nye’s zero stress model (Eq. 4) for 

crevasse depth as prediction of depth simultaneously provides the spatial location of the crevasses. One 

version of the model was the unchanged Eq. 4, while the other version was an attempt to incorporate the 

yield strain rate: 

𝑑 =  
2

𝜌𝑖𝑔
 [
𝜀𝑦

𝐴
]

1
𝑛

(9) 

 

where the 𝜀𝑦 is the longitudinal strain rate minus a certain yield strain rate. The used yield strain value 

was determined experimentally by Mottram & Benn (2009) for Breiðamerkurjökull on Iceland, by 

adjusting the yield strain value to the fit between their observed and modelled crevasse depths. Because 

its relevance for the Lomonosovfonna ice cap is hard to ascertain, much less for the entire Svalbard, the 

results obtained using Eq. 9 were not used in detailed analysis.  

Several values of the flow-law factor A were used in different model iterations in a generalised 

attempt to account for different possible ice temperatures as many of Svalbard’s glaciers are polythermal 

and the ice temperature varies during a year. The variables used in the various iterations of the model 

are provided in Table 1 along with their exact values. 

 

Table 1. A list of the input parameters used in the various crevasse depths models. The values used are either 

constants or were adapted from literature. The strain rate values used were calculated by the author (see above). 

Input variable Value Reference 

Strain rate - Calculated 

Ice density 917 kg m-3 Hooke 2005 

Water density 999.84 kg m-3 Hooke 2005 

Gravitational acceleration 9.81 m s-2 Constant 

Flow-law exponent n 3 Glen 1955 

Flow-law factor A 2.4 × 10-24 s-1 Pa-1 (0°C) Cuffey & Paterson 2010 

 1.7 × 10-24 s-1 Pa-1 (-2°C) Cuffey & Paterson 2010 

 9.3 × 10-25 s-1 Pa-1 (-5°C) Cuffey & Paterson 2010 

 3.5 × 10-25 s-1 Pa-1 (-10°C) Cuffey & Paterson 2010 

Yield strain rate 7.53 × 10-25 a-1 Mottram & Benn 2009 
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4.2 Manual mapping of the spatial distribution 

The manual mapping of the crevasse spatial distribution was done using the ESRI ArcMap software. 

The crevasses were detected manually and digitised using a range of satellite and aerial imagery (Tab. 

2). On Lomonosovfonna, crevasse zones were identified using the coarse resolution imagery from 

Project SPIRIT SPOT 5 (Korona et al. 2009) and Sentinel-2 satellites and a digital elevation model 

Arctic DEM. Using these areas as guidelines, single crevasses were digitised using the high-resolution 

aerial photographs. On the entire Svalbard, general areas of fracturing were identified using satellite 

imagery.  

The high resolution of the used imagery allowed identification of single crevasses, both fully open 

and some snow bridged as well as crevasse traces. However, no distinction was made between them 

during the mapping process. Because of the uncertainty of the observations on the low resolution images, 

features wider than 30 m were disregarded due to crevasse width very rarely exceeding this threshold 

(Colgan et al. 2016). Due to extremely high concentration of fractures in some places and occasionally 

very complicated deformation patterns, not every single observed fracture was digitised. However, an 

attempt was made to digitise most crevasses in these places to show the prevailing pattern and direction.  

 

Table 2. Overview of the satellite and aerial imagery data used to manually map and digitise crevasses.  

Dataset Data acquisition date Spatial resolution Reference 

ArcticDEM 2018 2 m University of Minnesota 

Project SPIRIT SPOT 5  2007 5 m Korona et al. (2009) 

Orthophoto 2008 – 2012 0.16 – 1.3 m Norwegian Polar 

Institute 

Copernicus Sentinel Data Unknown Unknown Norwegian Polar 

Institute 

 

5. Results  

5.1 Svalbard – surface ice velocity and surface strain rates 

The calculated surface ice velocity based on the composite raster displays a sharp variation between 

valley glaciers and ice fields (Fig. 5). For the majority of Svalbard, the velocities are consistently very 

low, near 0 m a-1. Considerably higher velocities are observed at the land- and marine terminating valley 

glaciers draining from the ice fields. There the velocities vary between 500 and 1,500 m a-1. The highest 

velocities, up to 3,000 m a-1, are observed at the Basin 3 glacier, Austfonna ice cap, Nordaustlandet. A 

general pattern emerges, where high velocity characterises the outlet glaciers while the central areas of 

the various ice caps are defined by slowly moving ice.  

The calculated strain rates based on the composite raster (Fig. 5) are very low for majority of 

Svalbard, close to 0 a-1, which is concurrent with the surface velocity patterns. For visualisation 

purposes, the limit of the strain colour map was set to 2 a-1 however, highest strain rates reach over 15 

a-1 in certain places (Fig. 6). As illustrated by representative examples in Fig. 6, highest strain rates occur 
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not only where surface velocity is greatest, but in more specific areas of high velocity such as valleys. 

Surface strain rates over 4 a-1 are often observed at the central flow paths of ice and immediately at the 

ice margins of valley walls.  

 

 

Figure 5. The calculated 

a) surface ice velocity 

magnitude in m a-1 and 

b) the strain rates a-1, 

composite raster. 

Velocity data © 

NASA/JPL-Caltech 

MEaSUREs project. 
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Figure 6. Examples of high strain rates occurrences (a-1): a) Basin 3, Austfonna, Nordaustlandet; b) Rijpbreen, 

Vestfonna, Nordaustlandet; c) Kronebreen and Kongsbreen, northwestern Spitsbergen; d) Moršnevbreen and 

Strongbreen, southern Spitsbergen. The lowest strain rates (0-0.12 a-1) are transparent in the figure. Background 

map data © Norwegian Polar Institute.  

 

The calculated surface velocities were further compared across several years (Fig. 7). For the majority 

of Svalbard, the velocities are consistently very low, nearly 0 m a-1 throughout the years 2013 – 2018. 

An increasing velocity trend can be observed mainly at outlet/valley glaciers across the entire 

archipelago. In some places, the surface velocities were overall greater in 2013, even in the central areas 

of the ice caps, especially on Nordaustlandet. Since then, a general decrease can be observed, 

acceleration occurring mainly in outlets and valley glaciers. For a full-size resolution of individual 

graphs in Fig. 7, see Appendix A.  
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Figure 7. The calculated surface ice velocity magnitude (m a-1) over several years. The white spots indicate 

missing data. Velocity data © NASA/JPL-Caltech MEaSUREs project. 

 

Some of the glaciers that consistently show high surface velocity and/or accelerated in the last decade 

are presented in Fig. 8 (next page). The most noticeable are Kronebreen and Kongsbreen (western 

Spitsbergen), Penckbreen (southern Spitsbergen), Moršnevbreen/Strongbreen (southern Spitsbergen), 

Tunabreen and Negribreen (central Spitsbergen). All these glaciers accelerated from about 500 m a-1 in 

2013 to over 1,000 m a-1 in 2018.  
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Figure 8. Surface ice velocity (m a-1) of some of the fastest glaciers on Svalbard. Surface ice velocity calculated 

using the composite raster. 1: Basin 3, 2: Leighbreen, 3: Schweigaardbreen, 4: Franklinbreen, 5: Idunbreen, 6: 

Frazerbreen, 7: Bodleybreen, 8: Monacobreen, 9: Lilliehöökbreen, 10: Kongsbreen, 11: Kronebreen, 12: Vestre 

Osbornebreen, 13: Wahlenbergbreen, 14: Sveabreen, 15: Tunabreen, 16: Negribreen, 17: Stonebreen, 18: 

Moršnevbreen/Strongbreen, 19: Nathorstbreen Glacier System, 20: Penckbreen, 21: Austre Torellbreen, 22: 

Paierlbreen, 23: Mühlbacherbreen, 24: Hornbreen, 25: Olsokbreen. The lowest velocity (0-65.44 m a-1) is 

transparent in the figure. Background map data © Norwegian Polar Institute.  
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Furthermore, the surface ice velocity was calculated using data provided by Dr. T. Strozzi (Fig. 9). The 

analysis of the surface ice velocity field once again reveals a clear pattern. The central parts of the ice 

caps are characterised by low velocity, not exceeding 500 m a-1, while the valley tidewater glaciers are 

fast-flowing. There, the velocity often exceeds 2,500 m a-1, particularly at the termini. Because the data 

encompasses only part of the Svalbard archipelago and covers only a few days in 2019, it was 

unattainable to attempt an accurate comparison with the NASA MEaSUREs ITS_LIVE project data. 

For this reason, it was neither used in further modelling. However, it allowed a general accuracy 

assessment of the NASA data as the results from both datasets are similar in velocity scale. For a full-

size resolution of Fig. 9, see Appendix A. 

 

 
Figure 9. The calculated surface ice velocity (m a-1) in the autumn 2019. Data provided by Dr. T. Strozzi. 
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5.2 Svalbard – Spatial distribution of the crevasses 

The Nye’s zero-stress model applied in its basic form (Eq. 4) to the composite surface ice velocity raster 

shows variations in spacing, depth and quantity of crevasses in accordance with the assumed ice 

temperature (Fig. 10). According to the model, crevassing would be least extensive at 0°C and would 

increase with decreasing temperature. For visualisation purposes, the limit of the colour map was set to 

50 m depth. However, the modelled depth appears to be temperature dependent. The model indicates 

crevasses up to 200 m deep at -10°C, 160 m at -5°C, 140 m at -2°C and about 120 m at 0°C. In a 

generalised attempt to account for the critical strain rate, only areas where depth was greater than 15 m 

were considered as crevasses.  

 
Figure 10. Modelled spatial distribution of the crevasses and its variation with the ice temperature, based on 

the composite raster. The colour scale shows crevasse depths. The calculation was based on Eq. 4 and does not 

account for the critical strain rate (εxx = 0).  

 

The crevasse spatial distribution was further compared with the calculated surface ice velocity field (Fig. 

11). The results infer a strong correlation between increased surface ice velocity and crevasse 

occurrences. Additionally, the greatest velocities and greatest strain rates (Fig. 5) coincide with the 

greatest depths (Fig. 10) and greatest quantity of modelled crevasses, regardless of assumed ice 

temperature. 
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Figure 11. Comparison of the calculated surface ice velocity (m a-1) and the model-predicted spatial distribution 

of crevasses on Svalbard. The lowest velocity (0-65.44 m a-1) is transparent in the figure. Background map data 

© Norwegian Polar Institute. 

 

The model was also applied to the composite surface ice velocity raster while incorporating the yield 

strain rate (Eq. 9). However, due to the uncertainty of the used yield strain rate value, these results were 

not used in further analysis and comparison with observations. Additionally, the model was applied to 

ice velocity data for years 2013 – 2018 but the data was not analysed in further detail. See Appendix B 

for these additional results.  

The modelled spatial distribution of crevasses across Svalbard was compared with manual 

observations (Fig. 12). Due to the time constraints and tediousness of the task, only broad crevasse zones 

were outlined where noticeable extensive crevassing was easily observed. Manual observations show 

crevasses predominantly in valley glaciers and at glacier termini as well as in zones directly upstream 

of the valleys. The greatest concentration of crevasses has been observed in the lower parts of the 

glaciers, i.e., the ablation zones.  
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Figure 12. Modelled spatial distribution of the crevasses (blue) and observed crevasse zones (red). Background 

map data © Norwegian Polar Institute.  

 

5.3 Lomonosovfonna  

5.3.1 Spatial distribution of the crevasses 

The manual observations indicate that the Lomonosovfonna ice cap is rather heavily crevassed (Fig. 

13). Most of the fractures are observed towards the margins of the ice cap, i.e., the highest parts of the 

glaciers draining from the ice field. There are several distinct areas where the crevasse density is the 

greatest, i.e., the western/southwestern margin of the ice field. These are the upper parts of the Mittag-

Lefflerbreen, Nordenskiöldbreen and Tunabreen. Slightly lower density is observed on Negribreen. The 

lowest density is observed on the northernmost Hinlopenbreen. Very few crevasses were observed at 

the ice divides between the glaciers, except for the ice divide between Mittag-Lefflerbreen and 

Hinlopenbreen. The central part of the ice cap is characterised by very low density to zero fractures. The 

observations indicate that the vast majority of the crevasses occur in densely populated fields in several 
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distinct areas such as valleys and around nunataks. Single fractures occur sporadically and tend to be 

located near the central parts of the ice cap.  

As aforementioned, the Lomonosovfonna contour in the following figures is an attempt to constrain 

the ice cap itself and thus the observations did not extent towards the lower elevations of the outlet 

glaciers. Although a valuable and interesting, full analysis of crevasses on each of Lomonosovfonna’s 

outlets was impossible for this project due to how time-consuming such task is and the time constraints 

for this project.  

 

 
Figure 13. The spatial distribution of the manually mapped crevasses on the Lomonosovfonna ice field. The 

red lines (left) show single crevasses. The right map shows density distribution of the crevasses in meters per 

square metre. The dotted black line is the approximate contour of Lomonosovfonna. Background orthophoto © 

Norwegian Polar Institute.  

 

Additionally, every crevasse type mentioned in Fig. 2, naturally except for rift and basal crevasses, was 

observed on Lomonosovfonna: icefall (chaotic heavily crevassed field), transverse, bergschrund, en 

échelon crevasses and splaying crevasses (Fig 14).  
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Figure 14. Types of observed crevasses on the Lomonosovfonna ice field: a) icefall, b) bergschrund, c) 

transverse, d) en échelon e) splaying. Orthophoto © Norwegian Polar Institute. 

 

The spatial distribution of the modelled crevasses on Lomonosovfonna varies with the ice temperature 

(Fig. 15). The crevassing is least extensive at 0°C and increases with decreasing temperature. At -10°C, 

the model predicts heavy fracturing essentially throughout the entire ice field. Overall, the fracturing is 

concentrated in the valleys of the outlet glaciers, particularly in several distinct valleys on Mittag-

Lefflerbreen, Nordenskiöldbreen and Negribreen. Depending on the assumed ice temperature, the model 

predicts heavy fracturing even in the central part of the ice cap.  

 

 



  

29 

 

 
Figure 15. The spatial distribution of the modelled crevasses on Lomonosovfonna based on the composite raster 

and Eq. 4 for different ice temperatures. The dotted black line is the approximate contour of Lomonosovfonna. 

Background orthophoto © Norwegian Polar Institute. 

 

The comparison between the observed and modelled crevasses (Fig. 16) shows that overall, the spatial 

distribution of the crevasse clusters coincides well between the two datasets. The greatest similarities 

between observed and modelled crevasses appear to be at the ice temperatures -2°C and -5°C, especially 

towards the ice cap margins and in the valleys, seemingly overestimating the number of crevasses in the 

centre. The model seemingly underestimates and overestimates crevasse occurrences at 0°C and -10°C, 

respectively. Regardless of the ice temperature, the greatest concentration of crevasses occurs 

approximately in the same areas such as in valleys, both according to the model and manual 

observations.  

The observations indicate rather sparse occurrence of crevasses on the eastern/southeastern margin 

of the ice cap (Hinlopenbreen, Negribreen) in relation to the western/southwestern margin (Mittag-
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Lefflerbreen, Nordenskiöldbreen, Tunabreen). Conversely, the model predicts much greater 

concentration of fractures in both areas. Additionally, while the observed crevasses are mostly clustered 

at the ice cap margins with rather few fractures in the central part, the model predicts considerably more 

crevasses even in the central area for all tested ice temperatures.  

 

 
Figure 16. Comparison of the observed and model-predicted crevasse occurrences on Lomonosovfonna, based 

on the composite raster and various ice temperatures. The dotted black line is the approximate contour of 

Lomonosovfonna. Background orthophoto © Norwegian Polar Institute. 
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The observed and modelled crevasse distributions were compared with the calculated strain rates and 

surface ice velocity (Fig. 17 – 18). The strain rates and velocity on Lomonosovfonna are in general 

rather low. The strain rates are in the 0.009 – 0.032 a-1 range for most of the ice cap. These values are 

exceeded in several places such as valleys and reach up to 0.42 a-1. The surface ice velocity is also rather 

low, exceeding 100 m a-1 only in a few distinct valleys on Mittag-Lefflerbreen Nordenskiöldbreen and 

Negribreen.  

The observed crevasses occur in greater concentration in areas where the surface ice velocity exceeds 

18 m a-1 and concurrently, mostly where the strain rates are 0.032 a-1 and higher (Fig. 17). The model-

predicted crevasses are closely connected to higher surface ice velocity and strain rates, with the greatest 

concentrations where the ice velocity exceeds 18 m a-1.  

 
Figure 17. Observed crevasses (red), velocity (m a-1) and strain (a-1) on Lomonosovfonna, based on the 

composite raster. The dotted black line is the approximate contour of Lomonosovfonna. The lowest strain and 

velocity values are transparent. Background orthophoto © Norwegian Polar Institute. 
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Figure 18. Comparison of the model-predicted crevasse distribution compared to the velocity field (m a-1) on 

Lomonosovfonna. The dotted black line is the approximate contour of Lomonosovfonna. The lowest velocity 

(0.01-7.31 m a-1) is transparent in the figure. Background orthophoto © Norwegian Polar Institute. 

 

The orientation of the observed crevasses was compared with the calculated surface ice velocity 

direction (and thus strain rate direction) and the examples are presented in Fig. 19. In many places, the 

crevasses are perpendicular or close to perpendicular to the flow direction. This usually occurs where 

the local bulk flow direction is uniform. Otherwise, the crevasses strike parallel or at an acute angle to 

the flow direction.  
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Figure 19. Examples of the observed crevasses and surface ice velocity direction on Lomonosovfonna. The 

arrow sizes represent greater or lower velocity. Background orthophoto © Norwegian Polar Institute. 
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5.3.2 Surface crevasses and the perennial firn aquifer 

The spatial distribution of the observed and modelled crevasses was compared with the approximate 

known extent of the firn aquifer on Lomonosovfonna (Fig. 20). According to the current knowledge, the 

aquifer lies in the highest parts of the accumulation zones of Nordenskiöldbreen and Negribreen. 

Regardless of the assumed ice temperature, both the modelling and observations indicate that the 

crevasses are present within the aquifer area. However, there are very few observed crevasses, primarily 

in the southwestern part of the aquifer, on Nordenskiöldbreen. The model predicts more extensive 

crevassing within the area.  

 

 
Figure 20. The modelled and observed crevasses compared to the currently known aquifer extent (black 

polygon). The dotted black line is the approximate contour of Lomonosovfonna. Background orthophoto © 

Norwegian Polar Institute. 
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6. Discussion 

6.1 Surface ice velocity and surface strain rates 

Analysis of the ice velocity of the Svalbard glaciers reveals a regular pattern of slow ice movement at 

the ice caps and ice fields while outlet glaciers and valley glaciers are characterised by higher velocities, 

the highest being at the termini (Fig. 5 and Fig. 8). This pattern is consistent with findings of e.g., Pohjola 

et al. (2011), Schellenberger et al. (2016) or Błaszczyk et al. (2009). Most of the archipelago is 

characterised by very low ice velocities, considerably under 500 m a-1.  

During the last decade, many glaciers have accelerated, as inferred by Fig. 7. The majority of these 

glaciers are well-known to be surging (Farnsworth et al. 2016). The most notable is Basin 3, Austfonna 

ice cap, Nordaustlandet. The recorded ice velocities exceed 3,000 m a-1 every year during the last decade 

and according to Gong et al. (2018) Basin 3 has been accelerating since 1990s. The entire area of Basin 

3 is heavily crevassed (Fig. 11), implying a relation between velocity and fracturing. The surface ice 

velocity records infer that majority of ice cover on Nordaustlandet was characterised by relatively fast 

flow in 2013 (Fig. 7). However, it appears that in the following years the high velocity was mainly 

limited to the outlet glaciers of Austfonna and Vestfonna ice caps. Gong et al. (2018) as well as Dunse 

et al. (2015) suggest that supply of surface meltwater through surface crevasses could have an impact 

on the sliding rate of the polythermal Basin 3. Pettersson et al. (2011) suggest that the increased 

velocities of the outlet glaciers of the polythermal Vestfonna could be attributed to basal sliding and are 

governed by wet conditions at the base.  

Several of the glaciers highlighted in Fig. 4 are also known for their fast flow or surges, e.g., the 

Nathorstbreen Glacier System (Sund et al. 2014), Kronebreen (Vallot et al. 2017), Tunabreen (Flink et 

al. 2015; Vallot et al. 2019), Monacobreen (e.g., Schellenberger et al. 2016) or Franklinbreen (Pohjola 

et al. 2011).  

On Lomonosovfonna, the fastest-flowing glaciers are Tunabreen and Negribreen, both of which are 

known surging glaciers (Flink et al. 2015; Vallot et al. 2019; Haga et al. 2020). The documented surge 

of Negribreen starting in 2016 (Haga et al. 2020) is clearly visible in Fig. 7; it has initiated at the glacier 

front and later the increased velocity could have been observed upglacier. An increase in velocity at the 

terminus can be observed in 2016, followed by velocities reaching up to 2,500 m a-1 in 2017 and 2018 

(Fig. A4 – A6 in Appendix A). Additionally, a considerable advancement of Negribreen’s front can be 

observed from 2017, which is another sign of a surge (Haga et al. 2020). Extensive crevassing, 

propagating upstream, has also been observed on Negribreen (Haga et al. 2020). A similar situation is 

true for Tunabreen, the recent surge starting in 2016 (Vallot et al. 2019). Alike Negribreen, Tunabreen’s 

acceleration initiated at the front and with time propagated upstream.  

Concurrent with surface ice velocity patterns, the strain rates are overall low, except for the valley 

and outlet glaciers (Fig. 5 and Fig. 6). This is fully expected, considering that these two parameters are 

directly related (Eq. 8). As anticipated, the highest strain rates are observed mainly in the valley glaciers, 
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both at the glacier/valley wall interface and in the central flow paths. The lateral drag exerted on fast 

moving ice by a valley wall is a resistive force that will cause greater strain.  

 

6.2 Surface crevasses on Svalbard 

The modelled results indicate that number of crevasses as well as their depth are largely dependent on 

the ice temperature, among other, here untested parameters. Warmer glacier ice e.g., about 0°C, is much 

softer than cold ice (Cuffey & Paterson 2010) and thus it should be more prone to plastic deformation 

rather than brittle. Plastic deformation induces closing of eventual fractures as well. Considering that, 

warmer ice will be able to withstand more deformation caused by the tensile stresses resulting from the 

ice movement before it fails and fractures form. Crevasses are a result of brittle deformation, tearing 

apart the ice due to tensional stress, a process much easier achieved in brittle, cold ice. The model 

predicts the most extensive crevassing for lower ice temperatures (Fig. 11) which is consistent with the 

fact that cold ice is more brittle and fractures easier (Vaughan 1993; Cuffey & Paterson 2010). This 

implies that the model performs correctly for a given ice temperature. 

As anticipated, the model does not predict extensive crevassing in areas of low flow velocities (under 

500-1,000 m a-1). Here, it is important to remember that the modelled crevasses are a direct result of the 

surface ice velocity data. In real conditions, crevasses would presumably form even in areas of relatively 

slow flow, as their formation is a complex process. For instance, cold ice will still deform much easier 

in a brittle way even if the ice movement is relatively slow. Additionally, many factors beyond the ice 

temperature are at play when it comes to crevasse formation. Other vital parameters are e.g., basal 

topography. Because great parts of Svalbard are characterised by alpine topography (Nuth et al. 2013), 

the ice/bedrock interface could be rather rough, affecting the ice flow. In right conditions, the 

deformation of ice over a protruding part of the bedrock could cause fracturing on the surface. Moreover, 

numerous nunataks obstruct the ice flow, affecting the local strain field. This allows development of 

e.g., en échelon or bergschrund types of crevasses (Fig. 14).   

Occurrence of crevasses has been shown to be correlated with increased surface velocity (e.g., Strozzi 

et al. 2017a; Haga et al. 2020) and the model-predicted results seem to agree with that as the results 

show the greatest concentration of crevasses at glacier termini and in the valley glaciers. These places 

correspond to the highest ice flow velocities and greatest longitudinal strain (Fig. 5 and Fig. 11). Fast-

flowing ice is linked to greater stresses, particularly a greater tensile stress responsible for opening 

fractures. Nowadays, the glaciers on Svalbard are some of the fastest flowing and many of them are 

known to be surging (Flink et al. 2015; Farnsworth et al. 2016; Haga et al. 2020). Considering that, both 

the great concentration of crevasses as well as their depth in these places appear to be rather reasonable.  

Svalbard is known for its high concentration of surging glaciers (Błaszczyk et al. 2009; Nuth et al. 

2013; Haga et al. 2020). Some are in the active phase, such as Negribreen (Haga et al. 2020), Tunabreen 

(Vallot et al. 2019) or Basin 3 (Gong et al. 2018), others are currently in the quiescent phase, but surges 
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have been recorded in the past (Jiskoot et al. 2000; Błaszczyk et al. 2009). Surging is directly connected 

to heavy ice deformation crevassing due to the extreme velocities during a short time (Sobota et al. 2016; 

Haga et al. 2020). After a surge, there is a period of stagnation, the quiescent phase. This infers that the 

crevasses formed during a surge may remain open for a certain time, even if currently the ice velocity 

is too low to initiate fracturing. Additionally, a surge of tidewater glaciers initiates in the lower zones 

(Flink et al. 2015; Sevestre et al. 2018; Haga et al. 2020) and propagates upstream together with intensive 

crevassing (Flink et al. 2015). This can explain occurrence of fractures close to the accumulation zone 

of e.g., Negribreen or Tunabreen.  

Although the model used in this project is based on several simplified assumptions, the predicted 

spatial distribution of crevasses appears to be reasonable. Naturally, the ice temperature will not be 

uniform for the entire Svalbard or even for a specific glacier or an ice cap/field. It is thus impossible to 

assess which modelled ice temperature would best reflect the real conditions on Svalbard as a whole.  

A long-term mean deep firn/ice temperature analysis by van Pelt et al. (2019) reveals a pattern of 

temperate conditions in the accumulation zones and cold conditions (ranging approximately from -4°C 

to -12°C, Fig. 7c in van Pelt et al. (2019)) in the ablation zones for all of Svalbard’s glaciers. Such ice 

temperature pattern will have consequences for development of crevasses in various areas on a glacier. 

The temperate conditions in the accumulation zones will prevent extensive formation of fractures due 

to more plastic ice deformation. Because ice velocity in the accumulation zones is typically low, 

formation of crevasses in these regions may be more driven by the bedrock topography. Conversely, the 

cold ice in the ablation zones together with typically higher ice velocity will promote crevasse opening.  

Based on van Pelt et al. (2019), it is thus proposed that the 0°C crevasse model best reflects the spatial 

distribution of crevasses in the accumulation zones, while the -5°C and -10°C models could represent 

the ablation zones. Such suggestion is supported by the satellite/orthophoto observations – considerably 

more crevasses were observed in the lower-altitude outlet glaciers than in their upper parts and centres 

of ice caps/fields. This ice temperature pattern in accumulation and ablation zones could be considered 

in future crevasse studies by separately modelling the spatial distribution in accumulation and ablation 

zones. Together with precise ice temperature measurements and attuned values of the creep parameter 

A (Eq. 4) to match that temperature, such approach should yield results that are a close representation 

of reality. These nuances and a multitude of factors that need be considered highlight how challenging 

it is to attempt to confine such complex phenomena as development of crevasses, particularly over very 

large areas, to one simple model. Additionally, simulations of the ice temperature by van Pelt et al. 

(2021) show that the areas nowadays characterised by temperate firn/ice conditions will diminish in the 

future and so the spatial distribution and number of surface crevasses will change.  

The manual observations and modelled distribution are concurrent, particularly for temperatures -

2°C and -5°C, while predictions based on 0°C and -10°C seem to be underestimated or overestimated, 

respectively. Furthermore, due to lack of available high-resolution data, manual observations were not 

possible in certain areas. Areas such as Nordenskiöld Land, Dickson Land, Andrée Land, or western 



  

38 

 

part of Edgeøya (Fig. 3) are also snow- and ice free in the summer months – when crevasses are most 

visible.  

The modelled results are broadly concurrent with crevasse observations e.g., on Austfonna Basin 3 

by Gong et al. (2018) and Dunse et al. (2015), on Negribreen by Haga et al. (2020), on 

Nordenskiöldbreen by den Ouden et al. (2010), on Aavatsmarkbreen by Sobota et al. (2016), on 

Kronebreen by Vallot et al. (2017) and (Vallot et al. 2018), or on Nathorstbreen Glacier System by Sund 

et al. (2014).  

 

6.3 Lomonosovfonna case study 

6.3.1 Spatial distribution  

The Lomonosovfonna ice cap is roughly delimited by the mountains that surround a great hollow in the 

bedrock where ice could accumulate and from which it can flow out. Due to its nature, an ice cap is 

thickest and rather stagnant at its centre and thins out towards the outlet glaciers, where the surface slope 

and surface ice velocity increase.  

The spatial distribution of crevasses on Lomonosovfonna follows the general pattern observed above, 

i.e., few fractures were observed where the ice flow is slow and more where the velocity is greater (Fig. 

17 and Fig. 18). The manual observations indicate greatest concentration of crevasses in the outlet 

valleys and towards the ice cap margins i.e., the upper parts of the glaciers draining from it. The central 

area of the ice cap is characterised by sparse crevasses. Heavy crevassing can be observed where a valley 

presumably begins, in the upper parts of the glaciers. It could be a result of change in the bedrock slope 

and thus glacier slope, both of which are driving forces for ice flow. The ice flow accelerates in these 

places (Fig. 17 and Fig. 18). As stated before, increased velocity coupled with lateral drag exerted by 

the valley walls that is linked to higher strain rates, conduces development of fractures, which was 

observed on Lomonosovfonna. Additionally, irregular bedrock topography under the ice cap may induce 

crevasse opening as the ice flows over these obstacles.  

Only the orientation of the manually mapped crevasses could have been analysed with regards to the 

ice flow direction (Fig. 19) because of the high resolution of the data that allowed identification of single 

crevasses. Very often the fracture orientation agrees with the flow direction, i.e., the crevasses formed 

perpendicularly to the prevailing ice flow direction, an indication of prevailing shear and extensional 

stress (Cuffey & Paterson 2010). Simultaneously, many crevasses strike parallel or at an acute angle to 

the bulk ice flow direction. At some heavily deformed areas the crevasses are oriented in more than one 

direction, none that is particularly concurrent with the direction of the ice movement. These cases can 

be indicative of chaotic surge-related deformation or simply that new crevasses cut across old ones. 

Another possibility is that these places reflect mixed-mode (Fig. 1) opening of these fractures (Colgan 

et al. 2016), which is plausible considering that crevasse opening is typically a very complex process. 

Crevasses may also be rotated with the ice flow. Furthermore, the orthophoto used for manual mapping 
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and the composite velocity raster used to model crevasses are not from the same time frame, likely 

introducing errors. Crevasses that developed in areas of generally low surface velocities can be 

preserved even for decades in an unaltered pattern (Colgan et al. 2016).  

The spatial distribution predicted by the Nye’s model indicates development of crevasses mainly in 

the same areas where they were observed, i.e., margins of the ice cap, valleys. However, according to 

the model, there is considerably greater concentration of crevasses (for all ice temperatures) on the 

eastern/southeastern edge (Hinlopenbreen, Negribreen), compared to what was observed. This 

difference is artificial, as the orthophoto used for the manual mapping is a mosaic of photos from various 

years and seasons. This part of Lomonosovfonna appears to be from the winter season and thus many 

crevasses were snow-covered and impossible to observe with the naked eye. Another apparent difference 

between modelled and observed fracture distribution is the observed absence of fractures in the central 

Lomonosovfonna, with exception of some occasional single crevasses. The model predicts more 

crevasses in the centre in every tested scenario. This could again be explained by the orthophoto and the 

potential crevasses being impossible to spot. A similar situation occurs at the ice divide between 

Nordenskiöldbreen and Mittag-Lefflerbreen. Here, very few fractures were observed, while the model 

suggests substantial fracturing. Nonetheless, sparse rather than extensive fracturing on the ice divides is 

more plausible, given very low surface velocities and the fact that the ice divides are highest points of 

the glaciers and thus there is no ice mass over them than could drive increased deformation (R. 

Pettersson, personal communication, 2021).  

Nevertheless, the results from manual mapping and Nye’s model are comparable particularly for 

some assumed ice temperatures. The spatial distribution of modelled and observed crevasses overlaps 

in many places and many of the differences could be explained by the temporal and spatial discrepancies 

between the datasets. The coarse resolution of the velocity data means that the obtained results should 

be regarded only as the general areas where crevasses could develop. With better resolution of ice 

velocity data, a more nuanced picture could have been obtained.  

Depending on the assumed ice temperature, the results infer that the model under- or overestimates 

the spatial distribution of fractures. However, it is rather the manual mapping that underestimates the 

crevasse occurrences due to the subjective nature of the method and quality of the available data. 

Moreover, lack of exact ice temperature measurements on the site makes it challenging to assess which 

of the modelled temperatures fits best the real conditions.  

Ice core studies on Lomonosovfonna by van de Wal et al. (2002) show ice temperatures that are 

weakly negative (about -2°C) in 1997. However, since then the ice temperature rose and the conditions 

are currently predominantly temperate throughout the year, as shown by van Pelt et al. (2019) and 

Marchenko et al. (2017a; b, 2019, 2021). Another, indirect evidence for temperate conditions is the 

presence of a perennial firn aquifer (R. Pettersson, personal communication, 2019) on Lomonosovfonna. 

Temperate ice conditions are crucial for storage of liquid meltwater withing the firn. On the assumption 

that such temperatures could indeed be representative for the underlying glacier ice, where crevasses 
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presumably initiate (van der Veen 1999; Colgan et al. 2016), it is thus proposed that the Nye’s model 

for the ice temperature of 0°C is plausibly the best representation for crevasse distribution on the 

Lomonosovfonna ice cap.  

Both methods used in this project have their strengths and weaknesses. The manual mapping done 

on high resolution orthophotos, preferably recent and from the summer season, can give a very detailed 

picture of the crevasse distribution. Even a single small fracture can be observed in detail. However, the 

result is highly subjective and depends on the photo quality and acquisition time. Accumulation of new 

snow during the winter renders any orthophotos taken during that time unusable for this purpose as most 

of the crevasses will be fully snow-covered. This can result in false representation of the spatial 

distribution, where some areas are seemingly more crevassed than others. Lack of observed crevasses 

infers in such case only that the features cannot be observed by the naked eye, not that they are not 

present. The velocity measurements are thus of advantage. Another flaw is that even with high resolution 

it can be difficult to assess extent of the fractures and to detect snow-covered fractures. 

The Nye’s zero-stress model, although fairly accurate in its simplicity, is still a very simplified 

approach to a complex issue and the obtained results should be regarded only as an indication of the 

spatial distribution. Because the formation of crevasses is a very complex process, a model that considers 

additional parameters would give more accurate results. The results are also dependent on the quality of 

the ice velocity data and its spatial resolution. Nonetheless, as shown through this project, the model is 

fairly accurate, even while using very few inputs.  

 

6.3.2 Perennial firn aquifer on Lomonosovfonna 

The obtained spatial distribution of crevasses was compared with the approximate extent of the perennial 

firn aquifer located in the central Lomonosovfonna. Although the real extent of the PFA is not currently 

known, attempts have been made to assess it (R. Pettersson, personal communication, 2020). The extent 

used in this analysis was based on previous work (Hawrylak & Nilsson 2019) and is confirmed by radar 

soundings. A major challenge in correct PFA extent assessment is the lack of knowledge about the 

potential drainage areas, such as crevasse fields. Therefore, the obtained results were used to determine 

whether any crevasses occur in the potential PFA area.  

The manual observations show only very sparse crevassing in the southwestern part of the known 

PFA, in the upper zone of Nordenskiöldbreen (Fig. 20). This result is supported by GPR surveys 

conducted in the area (R. Pettersson, personal communication, 2020) and previous work based on them 

(Hawrylak & Nilsson 2019). However, it is plausible there are several more fracture zones, which were 

not discovered due to the mentioned inconsistencies in the used orthophoto and where no field 

measurements were made. Simultaneously, lack of extensive fracturing is one of the factors that allow 

accumulation of liquid water and thus the very existence of the aquifer.  

On the contrary, the Nye’s model predicts several more fracture zones within the PFA, regardless of 

the assumed ice temperature (Fig 20). According to the model (for -2°C and -5°C), the greatest density 
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of crevasses occurs in the northwestern part of the presumed PFA while the lowest appears to be in the 

central part. The flow of water in the aquifer has been estimated to be northwest – southeast and the 

water accumulates primarily in the southeast (Hawrylak & Nilsson 2019). The modelled crevasse 

distribution both supports meltwater accumulation in these areas and indentifies potential drainage sites.  

Presence of a crevasse field downstream from a PFA is likely to allow some fraction of the water to 

drain through the fractures, enter the englacial hydrological network and theoretically reach the bed. 

Previous works on PFAs on Greenland (e.g., Koenig et al. 2014; Miège et al. 2016; Poinar et al. 2017) 

suggest that such scenario is indeed plausible. In some cases, hydrofracturing of water-filled crevasses 

may allow fracture propagation to the bed, potentially affecting ice velocity. The model-predicted results 

infer that drainage of the Lomonosovfonna PFA could indeed occasionally occur through crevasses. 

This idea is supported by the sudden disappearance of the bright reflector of the water table on 

radargrams from surveys in the area (R. Pettersson, personal communication, 2020; Hawrylak & Nilsson 

2019) an event observed in other works as well (e.g., Miège et al. 2016) and attributed to water entering 

the crevasses.  

Depending on the real extent of the PFA, its drainage through crevasses could be supplying meltwater 

to the Lomonosovfonna’s outlet glaciers, in consequence affecting their speed. To assess how legitimate 

such idea is, further studies in the region are needed. Poinar et al. (2017) suggest further studies to treat 

surface crevasses and aquifers as a coupled system, a statement which this project supports.  

 

6.4 Uncertainties and future improvements 

Although the results obtained during this project are deemed to be reasonable, there are several 

uncertainties in the datasets and the methods used. The main limiting factor is the overall quality and 

spatial resolution of the various datasets used. The great discrepancy in both spatial and temporal 

resolution between the modelled and observed crevasses allows only a broad comparison of the results 

from both methods. The rather coarse (120 m) resolution of the surface ice velocity used in the model 

means that the obtained results are coarse as well and represent only broadly potential crevasse zones. 

Nevertheless, the model provided an acceptable estimate of the spatial distribution. A surface ice 

velocity raster of higher resolution would yield more intricate results.  

Secondly, the orthophoto used for manual mapping is of very high resolution (up to a few 

centimetres), allowing identification of single crevasses. However, the orthophoto is a mosaic consisting 

of individual tiles from various sources, years, and seasons. This causes false discrepancies in crevasse 

distribution e.g., purely because of a combination of tiles from summer and winter in the same area. The 

crevasses are excellently visible on summertime imagery, while the new snow cover under winter makes 

them almost invisible. Another factor affecting accuracy of the manual mapping is its natural lack of 

objectivity. The only features mapped are the features that could have been observed with the naked eye 

and features were deemed as crevasses based exclusively on personal assessment and limited experience. 

It is thus plausible that some features were simply omitted.  
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Furthermore, the orthophoto is about a decade old. Even with rather slow ice movement, the observed 

crevasses are plausibly not present at the exact locations anymore due to ice advection. However, these 

locations are presumably still crevassed, conceivably even more due to the general glacier acceleration 

in recent years. Additionally, the surface ice velocities on Lomonosovfonna are rather low and thus the 

difference may not be excessive. Nonetheless, the acquired results are deemed reasonable, considering 

that modelled and observed fracture occurrences coincide well. The fact that the model predicts more 

fractures and predicts them in areas where they were not observed could be accounted to the speed up 

of the glaciers in the recent years and the mentioned temporal and spatial discrepancies between datasets.  

Another vital remark is that the modelled crevasses occur precisely in the areas of higher surface ice 

velocity and high strain rates, because all these parameters stem from each other. The ice velocity was 

used to calculate strain rate, which is a major input in the zero-stress model. Therefore, any errors in the 

velocity data probably propagate through the results. However, the results are deemed fully reasonable.  

As mentioned in chapter 6.2, the ice temperature on Svalbard is not uniform and there is a distinct 

pattern of temperate ice in the accumulation zones with colder ice in the ablation zones. These ice 

temperature differences should be considered in future attempts at modelling crevasse distributions, 

particularly over larger areas.  

The mechanics responsible for formation of crevasses are very sophisticated and this project only 

considered simplified assumptions, e.g., only the longitudinal strain rates and stresses when modelling. 

Crevasses could for also due to compressive stresses (thrusting), however these were not included in the 

modelling. A more detailed modelling, which would consider more parameters, should yield even better 

results than the already accurate simplified zero-stress model.  

7. Conclusions 

This project provided a first-order assessment of spatial distribution of surface crevasses on the Svalbard 

archipelago. Using both modelling and manual observations, it was determined that crevasses develop 

principally in regions of increased surface ice velocity and, concurrently, where surface strain rates are 

increased. The project demonstrated that crevasses develop more readily in cold brittle ice and that 

correct ice temperature data is vital for accurate and reliable modelling results. Additionally, to obtain 

more accurate results, the model should be applied to accumulation and ablation zones separately.  

A special focus was directed to the Lomonosovfonna ice field, where the model’s performance was 

validated against detailed manual observations of crevasse occurrences. The results showed that even 

though the greatest concentration of crevasses occurs in valley glaciers and in direct proximity to 

nunataks, central regions of ice caps can too be fractured in less obvious places, highlighting the 

importance of crevasse mapping. Additionally, the Lomonosovfonna case study proved existence of 

crevasses within the presumed area of a perennial firn aquifer, raising questions regarding the aquifer’s 

extent and potential draining sites.  
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Although the zero-stress model was formulated by John Frederick Nye in the 1950s, it appears to 

still be a very good tool in crevasse modelling. It works well in its basic form and allows adjustments to 

be made, such as accounting for yield strain or water-filled crevasses. The model requires easily 

obtainable inputs and thus provides a simple tool that gives first order estimates of spatial distribution 

of crevasses even over vast areas. Due to the ease of use, the Nye’s zero-stress model is therefore deemed 

as a potentially convenient tool that could be incorporated in diverse modelling. Coupled with radar 

soundings, satellite, and aerial imagery, it could provide reliable results when trying to map the crevasse 

occurrences. Such method could prove useful for researchers planning expeditions in more remote and 

unexplored areas.  
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Appendix A: Full size figures 
 

For clarity of the main text some figures were kept quite small. Here, their bigger and clearer versions 

are presented. 

 

 
Figure A1. The calculated surface ice velocity magnitude over Svalbard (m a-1) in 2013.  
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Figure A2. The calculated surface ice velocity magnitude over Svalbard (m a-1) in 2014.  
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Figure A3. The calculated surface ice velocity magnitude over Svalbard (m a-1) in 2015.  
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Figure A4. The calculated surface ice velocity magnitude over Svalbard (m a-1) in 2016.  
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Figure A5. The calculated surface ice velocity magnitude over Svalbard (m a-1) in 2017.  
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Figure A6. The calculated surface ice velocity magnitude over Svalbard (m a-1) in 2018.  
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Figure A7. The calculated surface ice velocity magnitude over Svalbard (m a-1) in autumn 2019.  

 



  

60 

 

 
Figure A8. The calculated surface ice velocity magnitude over Svalbard (m a-1) in autumn 2019.  
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Figure A9. The calculated surface ice velocity magnitude over Svalbard (m a-1) in autumn 2019.  
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Appendix B: Additional results 
 

The additional modelling results that were not used in further analysis are presented here. 

 

 
Figure B1. Modelled spatial distribution of the crevasses for assumed ice temperature of 0°C, based on the 

composite raster. The calculation was based on Eq. 9.  
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Figure B2. Modelled spatial distribution of the crevasses for assumed ice temperature of -2°C, based on the 

composite raster. The calculation was based on Eq. 9. 
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Figure B3. Modelled spatial distribution of the crevasses for assumed ice temperature of -5°C, based on the 

composite raster. The calculation was based on Eq. 9.  
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Figure B4. Modelled spatial distribution of the crevasses for assumed ice temperature of -10°C, based on the 

composite raster. The calculation was based on Eq. 9. 
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Figure B5. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of 0°C, 

based on the 

composite raster for 

years 2013 and 

2014. The 

calculation was 

based on Eq. 4. 
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Figure B6. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of 0°C, 

based on the 

composite raster for 

years 2015 and 

2016. The 

calculation was 

based on Eq. 4. 
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Figure B7. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of 0°C, 

based on the 

composite raster for 

years 2017 and 

2018. The 

calculation was 

based on Eq. 4. 
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Figure B8. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of -

2°C, based on the 

composite raster 

for years 2013 and 

2014. The 

calculation was 

based on Eq. 4. 
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Figure B9. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of -

2°C, based on the 

composite raster for 

years 2015 and 

2016. The 

calculation was 

based on Eq. 4. 
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Figure B10. Modelled 

spatial distribution of 

the crevasses for 

assumed ice 

temperature of -2°C, 

based on the 

composite raster for 

years 2017 and 2018. 

The calculation was 

based on Eq. 4. 
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Figure B11. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of -5°C, 

based on the 

composite raster for 

years 2013 and 2014. 

The calculation was 

based on Eq. 4. 
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Figure B12. Modelled 

spatial distribution of 

the crevasses for 

assumed ice 

temperature of -5°C, 

based on the 

composite raster for 

years 2015 and 2016. 

The calculation was 

based on Eq. 4. 
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Figure B13. Modelled 

spatial distribution of 

the crevasses for 

assumed ice 

temperature of -5°C, 

based on the 

composite raster for 

years 2017 and 2018. 

The calculation was 

based on Eq. 4. 
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Figure B14. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of -

10°C, based on the 

composite raster for 

years 2013 and 2014. 

The calculation was 

based on Eq. 4. 
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Figure B15. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of -

10°C, based on the 

composite raster for 

years 2015 and 

2016. The 

calculation was 

based on Eq. 4. 
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Figure B16. 

Modelled spatial 

distribution of the 

crevasses for 

assumed ice 

temperature of -

10°C, based on the 

composite raster 

for years 2017 and 

2018. The 

calculation was 

based on Eq. 4. 
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