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Periglacial response to late Cenozoic cooling

For an element in the 
frost cracking window, 
the contribution to the 
frost cracking intensity is 
calculated by:
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In fine-grained sediments ice segregation can create 
ice lenses that lift the ground surface perpendicular to 
the slope (frost heave). During thaw events the surface 
settles parallel with the direction of gravity. A freeze-
thaw event will thus cause downhill movement of 
sediment. We quantify the frost-induced transport as:

where β is the strain parameter and sh is the surface 
gradient.

�Q = −β z dz∇h

W = porosity ⇥ waterfraction⇥ dz
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Landscape evolution models are useful tools for understanding the long-term effect of 
individual erosion and sediment transport mechanisms. In this study, we focus on the 
periglacial domain in order to address the following questions:

•	 In what range of air temperatures are periglacial processes efficient?
•	What is the effect of a sediment cover?
•	What are the rates of landscape evolution associated with periglacial processes?
•	 Did Cenozoic cooling enhance periglacial processes leading to increased 

denudation and sediment flux to the sea?

The work presented here provides some first insights from a modeling study on frost cracking 
and frost heave in a mountain environment.

The ice segregation theory predicts water to flow towards sites of ice-formation in sediment and rock 
due to suction induced by the temperature gradient. This can lead to fracturing of the bedrock, which 
we here refer to as frost cracking. In order to quantify the intensity of frost cracking across a range of 
mean annual air temperatures and as a function of sediment thickness, we have designed a numerical 
model that attempts to capture the main features of the ice segregation process.

Conclusions
•	The effect of a sediment cover on frost cracking rates depends on the temperature regime.
•	An offset between frost cracking and frost creep has been detected in the simulations. This implies that a 

more variable climate will lead to more erosion in the periglacial regime.
•	If frost cracking is more efficient than frost creep, erosion rates will depend on the local slope.
•	If frost cracking is very slow the mean annual air temperature at a site is dominating the erosion pattern.

Next steps:
•	 Constraining the model using geochronological and geospatial data.
•	 Combining surface processes in the model: periglacial, glacial and fluvial.
•	Using realistic climate scenarios for the Cenozoic.

Model setup
We solve the heat equation 
for a 10 m section of the 
subsurface using a finite 
element method.
The surface temperature 
is modeled as an annual 
sinusoidal temperature 
oscillation with 
superimposed daily 
oscillations. For each time 
step the frost cracking 
contribution from each 
element in the model is 
calculated (fig. 1)

An element contributes to frost cracking only if the following conditions are fulfilled:
•	The element is bedrock.
•	The temperature of the element has to fall within the frost cracking window (-8 to -3 degrees).
•	There has to be water available in some part of the profile (positive temperatures).
•	 In order to maintain the suction force, the temperature has to be steadily increasing from the 

element in the frost cracking window to the elements containing water.

The overall frost cracking intensity (FCI) is quantified by integrating the contribution from all 
elements during an annual cycle.

The water available for frost cracking (Vw) is found 
by summing the water-contribution from all elements 

along a steadily increasing temperature-
gradient. 

The water-content in each element 
is found by:

The water-contribution from each 
element is:

The accumulated flow resistance (Γ) is 
the product of flow resistance and element-thickness 
for all elements from the frost cracking element to the 
water-containing element. The flow resistance restricts 
water movement through cold bedrock.
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The results of the frost cracking and frost creep simulations are collected into two data matrices 
with variable mean annual air temperature (MAAT) and sediment thicknesses. 
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At positive 
mean annual air 
temperatures the 
frost cracking 
intensity peaks with 
no sediments.

Frost 
cracking is 
very limited for 
temperatures just 
below 0 degrees.

Frost creep 
is most efficient 
for mean annual 
temperatures close 
to zero degrees 
(note the offset 
compared to frost 

cracking).

The frost creep 
rate increases with 
sediment thickness, 
until the sediment 
thickness matches the 
penetration depth of 
the freezing front.

At negative 
mean annual air 
temperatures, a sediment 
cover enhances the frost 
cracking intensity.

Frost cracking in 
very cold environments is 
conditioned by large daily 
temperature oscillations 
that can melt water on 

warm days in summer.

Collecting samples for cosmogenic nuclide analysis

?
Frost cracking and frost creep are 
integrated into a surface process 
model (SPM) by interpolation from 
the data matrices (fig. 4).

Frost Cracking Intensity

Frost Creep

The result is used to update the 
bedrock elevation and sediment 
thickness in the cells of the SPM.

Modelled erosion by frost cracking for an 
alpine landscape (Tjørnholstind in Southern 
Norway).

For areas with inefficient frost cracking, 
temperature conditions dominate the 
erosion pattern (erosion-limited).

In areas with efficient frost cracking, 
continued erosion is dependent on swift 
removal of sediment. In these areas the 
local slope determines the erosion pattern 
(transport-limited).
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