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ABSTRACT 

This report provides numerical estimations of the evolution of permafrost and 
perennially frozen ground at Olkiluoto on time-scales of 60,000 and 125,000 years 
using Olkiluoto’s site-specific information on time histories of ground level 
temperatures, ice sheet thickness, basal conditions, shoreline migration, soil and 
vegetation cover as well as heat generation from the spent fuel at a depth of 420 metres.  

When considering environmental conditions akin to the last glacial cycle for a 125,000 
years long period, the maximum permafrost depth over the repository area can exceed 
the depth of 300 m and the maximum depth of perennially frozen ground the depth of 
270 m. If Olkiluoto, after a 50,000 years long temperate phase of boreal climate, was 
subjected to a 10,000 years long periglacial period with air temperature decreased 
between 5 °C and 10 °C, the maximum permafrost depth would range between 60 
and 240 m and the maximum depth of perennially frozen ground between 50 and 
220 m. Furthermore, permafrost would reach the repository depth in 10,000 years, if the 
air temperature was lowered down to –15 °C and the ground surface had a very thin 
vegetation and snow cover. Alternatively, if Olkiluoto experienced a 125,000 years long 
glacial cycle with a very long periglacial periods of low air temperatures and thin 
vegetation and snow cover and without any ice sheet development, permafrost would 
reach the depth of 400 m in 98,000 years and perennially frozen ground in 101,000 
years. 

The areal distribution of permafrost and perennially frozen ground are broadly affected 
by the snow cover, lakes and the peat areas, especially when an extensive peat growth 
occurs. The lack of snow cover can enhance the evolution of the maximum depth of 
permafrost and perennially frozen ground by over 50 %. In addition, ground thermal 
conditions and the heat generation from the spent fuel modify the spatial and temporal 
development of permafrost and perennially frozen ground. A combination of the 
uncertainties regarding thermal diffusivity and geothermal heat flow can result in 5 % 
deeper permafrost depths and depths of perennially frozen ground, whereas the heat 
from the repository can reduce the depths of permafrost and perennially frozen ground 
by more than 8 % throughout the whole period of 125,000 years. 

Keywords: permafrost, perennially frozen ground, climate conditions, vegetation, snow 
cover, water bodies, nuclear spent fuel, glacial cycle. 
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Olkiluodon ikiroutasimulointeja 

TIIVISTELMÄ 

Tässä työssä estimoidaan numeerisesti ikiroudan (permafrost) ja pysyvästi jäätyneen 
maan (perennially frozen ground) kehittymistä Olkiluodossa 60 000 ja 125 000 vuoden 
aikana perustuen Olkiluodon paikkakohtaisiin ja ajallisiin tietoihin ilman lämpötilasta, 
jään paksuudesta ja pohjaolosuhteista, rantaviivan siirtymisestä, maa- ja 
kasvillisuuspeitteen tyypistä ja paksuudesta sekä käytetyn ydinpolttoaineen jälkilämmön 
kehittymisestä 420 metrin syvyydellä. 

Tutkimus osoittaa, mikäli Olkiluodossa vallitsee viimeisimmän jääkausisyklin kaltaiset 
olosuhteet 125 000 vuoden ajan, voi ikiroudan maksimi syvyys ylittää 300 m ja 
pysyvästi jäätyneen maan maksimisyvyys 270 m syvyyden. Jos Olkiluoto kokisi 50 000 
vuoden pituisen lauhkean jakson jälkeen 10 000 vuotta kestävän esiglasiaalisen jakson, 
jolloin ilman lämpötila laskisi 5 °C ja 10 °C välille, ikiroudan maksimi syvyys 
vaihtelisi 60 ja 240 m välillä ja pysyvästi jäätyneen maan maksimisyvyys 50 ja 220 m 
välillä. Ikirouta ulottuisi loppusijoitussyvyydelle, jos ilman lämpötila laskisi 15 °C ja 
maan pinnalla oleva lumi- ja kasvillisuuspeite olisivat hyvin ohuet. Toisaalta jos 
Olkiluodossa vallitsisi 125 000 vuoden pituinen jääkausisyklin kaltainen mutta hyvin 
kuiva ilmasto ilman jäätikön kehittymistä ja lumi- ja kasvillisuuspeitteen ollessa hyvin 
ohuet, ikirouta saavuttaisi 400 m syvyyden 98 000 vuoden kuluessa ja pysyvästi 
jäätynyt maa 101 000 vuoden kuluessa.   

Ikiroudan ja pysyvästi jäätyneen maan alueelliseen jakautumiseen vaikuttavat 
merkittävästi lumipeite, järvet ja turvealueet etenkin, jos turpeen kasvu on voimakasta. 
Lumipeitteen puuttuminen voi tehostaa ikiroudan ja pysyvästi jäätyneen maan 
kehittymistä jopa 50 %. Ikiroudan ja pysyvästi jäätyneen maan kehittymiseen 
vaikuttavat myös maaperän termiset olosuhteet ja käytetyn ydinpolttoaineen 
jälkilämmön kehittyminen. Maaperän termisiin olosuhteisiin liittyvät epävarmuudet 
voivat kasvattaa ikiroudan ja pysyvästi jäätyneen maan muodostumista 5 %, kun taas 
käytetyn ydinpolttoaineen jälkilämmön kehittyminen voi vähentää sitä 8 %. 

Avainsanat: Ikirouta, pysyvästi jäätynyt maa, ilmasto-olosuhteet, kasvillisuus, 
lumipeite, vesistöt, käytetty ydinpolttoaine, jääkausisykli. 
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1 INTRODUCTION 

A glacial cycle consists of periods with temperate climate, ice sheets and periods with 
climate conditions which may support development of permafrost and perennially 
frozen ground (e.g. French 2007). Climate model simulations (Pimenoff et. al 2011) 
have shown that similar situations can be anticipated to occur in Olkiluoto on a time-
scale of 120,000 years in the future. Hereafter, permafrost is defined as ground which 
remains at or below the 0 °C for two consecutive years or more and perennially frozen 
ground as ground that keeps frozen for two consecutive years or more. Moreover, 
ground which remains completely unfrozen at sub-zero temperatures is termed cryopeg. 

This study provides 1-D and 3-D numerical estimations for the evolution of permafrost 
and perennially frozen ground in Olkiluoto in a time frame of 125,000 years considering 
climate conditions based on the coldest climate scenario formulated in (Pimenoff et. al 
2011), and site-specific surface and subsurface conditions as well as heat from the spent 
fuel. The objective is to investigate and demonstrate how site features and climate 
factors affect the occurrence, development and distribution of permafrost and 
perennially frozen ground. The aim is to estimate the time of occurrence, extent, depth 
and duration of permafrost and perennially frozen ground at the Olkiluoto site.  Effects 
of surface conditions depending on climate and landscape, including water bodies and 
topography, variations in ground thermal conditions and heat generation from the spent 
fuel are investigated in detail. The study is a continuation of the 1-D modelling work 
(Hartikainen 2006), in which the occurrence and development of permafrost and 
perennially frozen ground were estimated numerically for two different climate 
scenarios – the 125,000 years long Weichselian-R scenario and the 200,000 years 
lasting Emissions-M scenario. When considering the Weichselian-R scenario the 
maximum permafrost depth over the repository was approximately 180 m and the 
maximum depth of perennially frozen ground around 150 m. The corresponding results 
for the Emissions-M scenario showed 80 m for permafrost and 70 m for perennially 
frozen ground. 

At present, approximately 25 % of the total continental land area of the Earth is 
occupied by permafrost in continuous, discontinuous and sporadic form. About one fifth 
of this permafrost is estimated to be subglacial in Antarctica and Greenland. Permafrost 
is abundant in Alaska, the northern parts of Canada and Russia, and in parts of China 
(French 2007). Along the coast of southern and south-western Greenland both 
continuous and discontinuous permafrost is found (Mai and Thomsen 1993). In the 
Lupin gold mine area in northern Canada, permafrost depth extends to approximately 
500 m which is assumed to have been developed during the last 5,000 years 
(Ruskeeniemi et al. 2002, 2004). The deepest known permafrost occurs in the central 
part of Siberia in Russia, where thicknesses of up to 1,500 m have been reported (Fotiev 
1997). The extensive region of continuous permafrost in central Siberia corresponds to 
areas that are believed not to have been covered by Quaternary ice sheets and that have 
experienced cold subaerial climate conditions for a very long time. In addition, 
permafrost can be found in mountainous terrain. For example, in the area of Tarfala in 
the Kebnekaise massif in northern Sweden, discontinuous permafrost has been reported 
to be 100 to 350 m thick at an altitude above 1,500 m.a.s.l. (King 1984, Isaksen et al. 
2001). In the Jotunheimen massif, southern Norway, the permafrost depth is between 
100 and 200 m at an altitude of 2,200 m.a.s.l. (Isaksen et al. 2001). In Finland, shallow, 
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sporadic permafrost can be found in Lapland where the snow cover is very thin or 
lacking (Luoto and Seppälä 2002). According to Pimenoff et al. (2011) Olkiluoto has 
experienced climate conditions which might have supported the development of 
permafrost more than 10,000 years ago. 

Climate parameters together with topography, vegetation, snow cover, soil 
characteristics and water bodies are crucial factors in determining the thermal and 
hydrologic regimes of ground. They control the heat exchange between the atmosphere 
and the ground surface including solar radiation, long-wave terrestrial and atmospheric 
radiation, sensible and terrestrial heat fluxes, and evaporation and condensation 
(Lockwood 1979, Washburn 1979, Lunardini 1981, Williams and Smith 1989, Yershov 
1998, French 2007). The main climate parameters are insolation, air temperature, wind, 
and precipitation.  

 Insolation is the driving force in the heat exchange between the atmosphere and 
the ground surface, and affects the other climate parameters.  

 Air temperature is used to describe the longwave atmospheric radiation, the 
turbulent heat exchange, evaporation and condensation. It is also applied to map 
permafrost distribution.   

 Wind in turn influences the sensible heat exchange, and also latent heat 
production and loss.  

 Precipitation together with evaporation and condensation determine the recharge 
of groundwater, and thereby control the terrestrial heat flux.  

Topography impacts climate conditions, e.g. air temperature decreases as altitude 
increases with an average lapse rate of 0.65 °C for every 100 metres increase in 
elevation (e.g. Danielson et al. 2003). Topography also affects vegetation and snow 
cover which moderate the air temperature by reducing the annual fluctuation. 
Vegetation acts as an insulating cover limiting the ground from cooling in winter and 
from warming in summer. It also affects the accumulation of snow which significantly 
covers ground from cooling in winter. In general, the insulating effect can smooth out 
the fluctuation of air temperature up to 9 °C (Williams and Smith 1989). Water bodies, 
e.g. sea, lakes and other watercourses act as heat and water sources for the thermal and 
hydrological regimes of ground. Depending on the prevailing climate conditions, water 
bodies deeper than 0.2 to 1.6 metres can keep their bottoms at positive temperatures in 
winter (Yershov 1998). On the other hand, lakes deeper than 2 to 3 metres are expected 
to have unfrozen bottoms all year in the Lupin gold mine area in northern Canada 
(Ruskeeniemi et al. 2002, 2004).  

The ground thermal regime is governed by heat transfer, geothermal heat production, 
the specific heat content and the amount latent heat related to the phase change 
processes of water. The heat transfer can occur through conduction, convection and 
radiation (Sundberg 1988). In general, conduction is the most important process to 
permafrost evolution. Convection is important when groundwater and gas fluxes are 
large, and radiation should be considered for unsaturated high-porosity ground with 
high temperatures. Heat conduction is mainly governed by the ambient temperature 
conditions, thermal conductivity and heat capacity of ground.  The thermal conductivity 
and heat capacity depend on a number of variables such as temperature, mineralogy, 
porosity and groundwater content. Typical of crystalline rocks as granite, the thermal 
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conductivity decreases and the heat capacity increases with increasing temperature. 
When the porosity is greater than 1 %, freezing of water and saturation state play a role 
in the heat transfer (Clauser and Huenges 1995). The heat flow from the Earth’s interior 
towards the ground surface varies from place to place (Näslund et al. 2005) combining 
effects of mantle heat flow and radioactive decay of elements in crustal rocks. Also, in 
the context of assessing the long-term safety of repositories for spent nuclear fuel, the 
spent nuclear fuel will generate heat with an exponentially decreasing rate. 
Consequently, the surrounding bedrock warms up leading to increased ground 
temperatures above and below the repository, which will affect the development of 
permafrost and perennially frozen ground for several thousands of years (Hartikainen et 
al. 2010).  

Significant changes take place in the thermal and hydrologic regimes of ground when 
climate gets sufficient cold and ground starts to freeze from the surface downwards (e.g. 
Williams and Smith 1989, Yershov 1998, French 2007). Due to the pressure and 
composition of groundwater, and adsorptive and capillary properties of the ground 
matter freezing takes place gradually over a temperature range bellow 0 °C, whereupon 
frozen ground encompasses a partially frozen zone of gradually decreasing amount of 
unfrozen water and progressively increasing amount of ice (Williams and Smith 1989). 
Thawing of ground also occurs gradually. Melting of water in ground, however, is not a 
reverse process of the freezing. Hysteresis behaviour can be seen in the unfrozen water 
content curve as a function of temperature during a cycle of freezing and thawing as the 
temperature is decreased first and then increased (Williams and Smith 1989). Freezing 
has various impacts on the thermal, hydraulic, mechanical, and chemical behaviour of 
ground. For example, freezing affects the heat transfer in ground by causing changes in 
the thermal properties with increasing the thermal conductivity, decreasing heat 
capacity, and releasing latent heat. Especially, the seasonal freezing and thawing of 
ground induces a thermal offset – a decrease – into the annual mean ground temperature 
profile (Goodrich 1978). The offset can be several degrees of Celsius depending on the 
amount of freezing water in ground. This effect can lead to the existence of frozen 
ground in locations where the annual mean air temperature is above 0 °C typical of 
peatlands. In addition, freezing alters the groundwater circulation by turning the frozen 
ground almost impermeable, and hence confining groundwater flow within. Freezing 
can also result in changes in the salinity of groundwater due to exclusion of salts when 
ice forms in the partially frozen zone. Modelling results show that the increase in 
salinity concentration of groundwater is clear in the frozen ground but only a small 
amount of it moves into the unfrozen ground due to the reduced transmissivity of the 
frozen ground (Hartikainen et al. 2010). In soils in particular freezing can generate a 
cryogenic suction inducing transport of water from the unfrozen ground to the partially 
frozen zone, and further consolidation of the unfrozen ground and heaving of the frozen 
ground. Palsas are typical periglacial landforms generated by this phenomenon. Further 
consequences of freezing are weathering and degradation of ground and formation of 
patterned ground when freezing occurs cyclically with thawing. 
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2 MATERIALS AND METHODS 

2.1 Input data description 

2.1.1 Climate conditions 

Pimenoff et al. (2011) have formulated three potential climate scenarios for Olkiluoto 
on a time-scale of 120,000 years. The most reliable and coldest one is a reconstruction 
of the climate conditions that plausibly prevailed in Olkiluoto during the last glacial 
cycle extending from 126,000 years before present until present. The output data of air 
temperature, precipitation, ice-sheet thickness, basal temperature and basal condition 
with a temporal resolution of 1000 years of the last glacial cycle simulations have been 
used to formulate the following climate cases for permafrost simulations. For the sake 
of generality, the climate cases are not fixed to any certain time. Thereby a climate case 
can be considered to occur in the future or represent a reconstruction of past conditions.  

The Last glacial cycle case describes a 125,000 years long situation in which climate 
conditions consist in the last glacial cycle simulations (Pimenoff et al. 2011).  The input 
temperature data for the permafrost simulations include monthly mean 2-m and 0-m air 
temperature when the ground surface is neither covered by an ice-sheet nor submerged, 
the annual mean basal temperature when the ground surface underlies an ice-sheet, and 
the prescribed annual mean seabed temperature of +4 C when the site is submerged. 
The illustration of the input temperatures in Figure 2-1 shows four periods of periglacial 
and glacial stages when climate conditions may lead to the formation of permafrost and 
perennially frozen ground. 

The Dry glacial cycle case describes a 125,000 years long situation in which Olkiluoto 
experiences the climate conditions of the last glacial cycle simulations (Pimenoff et al. 
2011) except for the glacial stages when dry periglacial environments are assumed to 
take the place of the ice-sheet formation. The climate data is revised accordingly.  First, 
the ice-sheet is removed and the annual mean air temperature on the top of the ice-sheet 
is adjusted to the ground surface level by using the lapse rate of 0.65 °C for every 100 
metres increase in the ice-sheet thickness (Danielson et al. 2003). Thereafter, a linear 
regression between the annual mean value and the monthly mean values during the non-
glacial stages of the climate simulations is used to generate the monthly mean 2-m air 
temperatures at the ground surface level. The evolution of the revised monthly mean 2-
m air temperatures shown in Figure 2-2 involves an over 60,000 years long period 
starting after 45,000 years when climate conditions are favourable for extensive 
formation of permafrost and perennially frozen ground. 

Based on the results of Pimenoff et al. (2011) the next glacial cycle may not start until 
after 50,000-60,000 years. Accordingly, the Periglacial case describes a 60,000 years 
long situation in which current-like temperate climate prevails for 47,000 years 
followed by a periglacial period of 13,000 years. The climate conditions for the 
periglacial period were assumed to follow the climate evolution of the last glacial cycle 
simulations during 70,000-76,000 years such that climate cools down to a prescribed 
degree in which it keeps until the end of simulation time. The Periglacial case include 
three sub-cases classified by the degree of cooling: Periglacial case 1 – climate cools 
down to –5 C, Periglacial case 2 – climate cools down to –7.5 C, Periglacial case 3 – 
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climate cools down to –10 C. The monthly mean 2-m air temperatures for these cases 
are illustrated in Figure 2-3.  

 

a)  

b)  

Figure 2-1.  Evolution of monthly mean air temperatures a) 2-m b) 0-m, annual mean 
basal and seabed temperatures in the Last glacial cycle case. The annual mean air 
temperature corresponding to the monthly mean temperatures is shown in black line. 
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Figure 2-2.  Evolution of monthly mean 2-m air temperatures in the Dry glacial cycle 
case. The annual mean 2-m air temperature corresponding to the monthly mean 
temperatures is shown in black line. 
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a)  

b)  

c)  

Figure 2-3 a)-c).  Evolution of monthly mean 2-m air temperatures in the a) Periglacial 
case 1, b) Periglacial case 2, c) Periglacial case 3. The annual mean 2-m air 
temperature corresponding to the monthly mean temperatures is shown in black line.  
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2.1.2 Vegetation and snow cover 

Climate and land surface conditions are major factors determining the type and 
distribution of vegetation. The presence of vegetation in relation to different climate 
conditions has been described by Breckle (2002) and the regional response of vegetation 
types to climate have been investigated by Eugster et al. (2000). One of the most widely 
used systems of classifying vegetation corresponds to temperature zoning of climate 
(Lohmann et al. 1993). Based on the annual mean air temperature three climate zones 
are determined for the permafrost simulations. The climate zone is termed Boreal when 
the annual mean air temperature is above 0 C, Subarctic when it is within the range 
from –6 to 0 C, and Arctic when it takes values below –6 C. 

The Topographical Wetness Index (TWI) (Beven and Kirkby 1979), which combines 
the local upslope contributing area and slope, can be used to identify moisture 
conditions on the land surface and further, dominant vegetation types within the climate 
zones (Hartikainen et al. 2010). The TWI values for Olkiluoto to be used as input data 
for permafrost modelling were produced by Karvonen and Löfman (2012) for a 50-ka 
long time period 2000-52000 AD with the temporal resolution of 500 years. High TWI 
indicating wet land surface conditions occur in places with high flow accumulation 
values and flat slopes, whereas low TWI corresponding to dry land surface conditions 
exists in locations which are more exposed and have steep slopes. The categorization 
presented in Hartikainen et al. (2010) is used for the permafrost simulations. 
Accordingly, wet, fresh-moist and dry surface conditions prevail in locations where 
TWI values are greater than 13.2, within the range 10.9–13.2 and less than 10.9, 
respectively. The temporal variation of vegetation in different locations is accounted for 
the climate zones. Applying the description of vegetation in relation to climate 
conditions by Breckle (2002) and the classification of land surface moisture conditions 
by Hartikainen et al. (2010), the dominance of trees, shrub, tundra grassland and barrens 
in different locations and climate zones can be described as a matrix presented in Table 
2-1. The matrix illustrates that, e.g. for the locations associated with TWI values 
between 10.9 and 13.2 the dominant vegetation type changes from shrubs to grassland 
as the climate type changes from subarctic to arctic. The vegetation type termed peat is 
associated with locations where peat growth takes place. The TWI is also used to 
estimate thickness of winter snow cover. It is assumed that snow moves away with the 
wind from locations with low TWI while accumulating in locations with high TWI such 
that in the winter mean snow thickness can vary from few centimetres to over 30 
centimetres.  

Table 2-1. TWI values to locate dominant vegetation types within different climate 
zones. 

Climate zone Trees Shrubs Grassland Barren Peat 

Boreal > 0      > 13.2 

Subarctic > 13.2 10.9–13.2 < 10.9  > 13.2 

Arctic  > 13.2 10.9–13.2 < 10.9 > 13.2 
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2.1.3 Soil cover and peat layer 

The properties and thickness distribution of the soil cover affect the heat transfer at the 
ground surface. Especially,  porosity and water content of the soil are important 
influencing the seasonal fluctuation of ground temperature and the seasonally freezing 
and thawing ground, and hence the thermal offset. On the other hand, the soil cover 
affects the slope of ground temperature, since the thermal conductivity of the soil cover 
is lower than that of the underlying bedrock. Peat areas are considered wetlands. 
Information about soil thickness, type and properties as well as location and growth of 
peat is provided by Löfman and Karvonen (2012) along with TWI values.  

2.1.4 Water bodies 

Water bodies, i.e. sea, lakes, and watercourses, have a considerable influence on the 
formation and distribution of permafrost and perennially frozen ground due to high 
specific heat content of water. Taliks can exist beneath water bodies that do not freeze 
to their bottom in winter.  

Information on the development of surface water bodies, i.e. location and water depth, 
has been reported by Karvonen and Löfman (2012). Accordingly, two lakes will 
influence the formation of permafrost and perennially frozen ground at the site for a 
long time. In addition, the periods when the site is submerged after the glacial stages are 
determined by Pimenoff et al. (2011). 

2.1.5 Bedrock 

The bedrock is assumed to be completely saturated and the information on thermal, 
hydrological and geochemical properties and conditions extending to the depth of 1 km 
is based on the site specific data of Olkiluoto (Kukkonen 1989, 2000, Lindberg and 
Paananen 1991, 1992, Julkunen et al. 2004a, b, Ikonen 2003, Posiva 2005, Posiva 
2009). The relevant parameters are presented in Table 2-2. 

Most hydro-mechanical and hydro-chemical data obtained during the Olkiluoto site 
investigations are available only down to 400 metres in depth and seldom to 1000 
metres. The hydro-mechanical and hydro-chemical properties and conditions outside the 
range of site investigations are assumed to be constant or linearly dependent of depth. 
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Table 2-2. Site-specific physical properties and conditions of rock mass and 
groundwater at Olkiluoto. 

Rock mass 

Thermal properties by temperature 

Parameter Unit 25 C 60 C 100 C Rock type 

Thermal conductivity  W/(m·K) 2.91 2.82 2.64 Mica gneiss 

Specific heat capacity J/(kg·K) 712 764 885 Mica gneiss 

Present-day thermal conditions by depth 

Parameter  Unit 0 m 500 m 1000 m 10 000 m 

Geothermal heat flow  mW/m2 32.9 38.2 42.3 35.8 

Radiogenic heat production W/m3 2.65 2.52 2.40 0.97 

Temperature C 5.4 12.0 19.4 168.4 

Temperature gradient C/km 12.4 14.0 15.6 15.3 

Glaciation-cycle mean thermal conditions by depth 

Parameter  Unit 0 m 500 m 1000 m 10 000 m 

Geothermal heat flow  mW/m2 52.5 51.2 50.0 35.8 

Radiogenic heat production W/m3 2.65 2.52 2.40 0.97 

Temperature C 0 9.4 18.7 168.4 

Temperature gradient C/km 19.7 18.7 18.4 15.3 

Hydro-mechanical properties by depth 

Parameter Unit 25 m 75 m 150 m 300 m 400 m 10 000 m 

Bulk density kg/m3 2749 2749 2749 2749 2749 2749 

Young’s modulus GPa 62.6 62.6 62.6 62.6 62.6 62.6 

Poisson’s ratio - 0.25 0.25 0.25 0.25 0.25 0.25 

Total porosity - 0.0128 0.0082 0.0061 0.0046 0.0041 0.0011 

Hydraulic conductivity m/s 1.0·10-7 1.0·10-8 3.0·10-9 1.0·10-9 3.0·10-10 3.0·10-10 

Present-day hydro-mechanical conditions by depth  

Parameter  Unit 0 m 500 m 1000 m 10 000 m 

Pore water pressure MPa 0 4.96 10.0 98.3 

Vertical stress MPa 0 12 24 240 

Groundwater 

Present-day hydro-chemical conditions by depth 

Parameter Unit 10 m 100 m 300 m 500 m 910 - 10 000 m 

Total dissolved solids  kg/m3 3.0 3.3 6.4 17.9 82.5 

Total molar fraction - 0.0012 0.0015 0.0031 0.0089 0.0403 
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2.1.6 Repository and heat production from the spent fuel 

The repository will be located 420 metres below ground level. For the purpose of this 
study, the heat from the spent fuel is distributed evenly over a repository area of                    
1 500 000 square metres. The evolution of the decay heat from spent fuel with time has 
been calculated by Raiko (2005) and is shown in Figure 2-4. 

 

Figure 2-4. Evolution of decay heat power from the spent fuel. The total heat 
generation increases to the maximum value during the first 100 years when the fuel will 
be deposited. 

 

2.2 Model description 

2.2.1 Model domain 

The 1-D model domain encompasses a 10 000-metre thick bedrock layer covered by a 
fine textured sandy till layer 2 to 4-metre thick. The 3-D model domain is 48 km2 in 
area and approximately 10 km in depth consisting of bedrock and soil layers. The 
surface area of the model domain is shown in Figure 2-5.  
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Figure 2-5.  Surface area of the 3-D model domain. Present sea level is shown in blue.  

2.2.2 Governing equations 

The mathematical model for freezing and thawing of ground that is used for the 
permafrost modelling is based on the theory of mixtures and basic principles of 
continuum mechanics and thermodynamics considering the ground as saline water 
saturated porous medium. The model consists of the mixture energy balance equation of 
ground and a combination of the component mass balance equations of water, ice and 
dissolved salts as well as the generalized Clausius-Clapeyron equation for the phase 
change between water and ice, the Darcy equation for groundwater flow and the non-
Fickian equation for salt diffusion. The model is capable of describing the heat and 
mass transfer in freezing and thawing ground, the phase change of groundwater being 
affected by groundwater pressure and salt concentration, the exclusion of salt during 
freezing, and the density dependent groundwater flow in unfrozen and partially frozen 
ground. Anisotropies of material properties such as permeability and thermal 
conductivity are allowed. Since ice-sheet development is excluded in the present study, 
deformations of ground are not considered. A detailed description of the model and its 
validation have been presented in Hartikainen et al. (2010). 

The temperature dependency of thermal conductivity s and the specific heat capacity cs 
of the rock mass as shown in Table 2-2 are expressed for the energy balance equation 
through the following formulae 
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where s,20  2.95 W/(m·K) is the thermal conductivity at the reference temperature T20  
 20 °C and cs,20  690 J/(kg·K) is the specific heat capacity of the rock mass at the 
same temperature. In addition, T0  273.15 °C, b  0.00230 and cs  46.5 J/(kg·K). The 
crustal radiogenic heat production, A, is assumed to be constant with time and decrease 
exponentially with depth, z, as 

)exp()( 0 DzAzA  ,       (2-2) 

where A0 = 2.65 W/m3 is the ground-level crustal radiogenic heat production D = 
10 000 m the characteristic crustal depth of the geothermal model (Balling 1995). 

Experimental findings on typical soils (e.g. Williams and Smith 1989) are used to model 
the unfrozen groundwater content function, , for soils and rock in this study. Figure 2-
6 shows the calculated unfrozen groundwater content with respect to the temperature for 
the geological materials of this study in the case with zero salinity and reference water 
pressure, and in the case with constant salinity concentration of 1 mass-% and water 
pressure of 0.5 MPa.  

  

Figure 2-6.  Unfrozen volumetric groundwater content versus temperature in different 
geological materials for zero salinity and zero water pressure (solid lines), and for 
constant salinity concentration of 1 mass-% and water pressure of 0.5 MPa (dashed 
lines). 
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The reduction of permeability tensor, k, due to freezing (Burt and Williams 1976) for 
the groundwater flow equation is described by means of the unfrozen groundwater 
content as 

,0
nkk         (2-3) 

where the exponent n is defined to fix the frozen permeability to the value about 1.83 · 
10-20 m2, i.e. for the hydraulic conductivity of  10-13 ms-1, when the unfrozen water 
content is  = 0.01. The symbol k0 indicates the unfrozen state permeability. 

2.2.3 Initial conditions 

The initial thermal conditions are based on site investigations for the depths of 500-
1000 m. The data from site investigations are used in the model as average conditions of 
a glacial cycle for higher depths as follows. The geothermal heat flow, q, considering 
stationary heat transfer is determined by the equation 

 )exp()exp()()( 0 DhDzDAhqzq  ,   (2-4) 

where, q(h) = 50 mW/m2 is the geothermal heat flow at the depth h  1000 metres. The 
ground temperature, T, is then calculated as follows 
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where T(0)  0 °C is the presumed mean surface temperature of a glaciation cycle,  is 
the total porosity, and w  0.56 W/(m·K) is the thermal conductivity of groundwater.  

The present day groundwater pressure is determined as hydrostatic pressure based on 
the initial conditions of ground temperature and groundwater salinity as well as the 
hydrostatic pressure at the bottom of Baltic Sea on the ground surface.  

2.2.4 Boundary conditions 

Information on surface conditions including air temperature, ice-sheet thickness, basal 
temperature, shoreline migration, and vegetation are given as time varying boundary 
conditions like in Hartikainen et al. (2010).  

The effects of vegetation and snow cover and other climate and landscape factors on the 
permafrost development are thoroughly investigated (Washburn 1979, Williams and 
Smith 1989, Yershov 1998, French 2007). In general, annual mean air temperatures 
ranging between –9 and –1 °C are required to ensue subzero ground temperatures and 
thereby permafrost development for a majority of surface covers. In the permafrost 
model statistical relations between the 2-m air temperature and ground surface 
temperature used to construct the temperature boundary condition on the ground surface 
in the vegetated or barren locations. The correlation is expressed in terms of the freezing 
n-factors, nfr, and thawing n-factors, nth, (Lunardini 1978) which are defined as  
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where Ts is the inter-annual surface temperature and Ta the 2-m air temperature, and 
time intervals ts, ta , ts+ and ta+ denote the periods of a year, tyear, when the 
corresponding temperature is below (–) or above (+) the freezing point such that tyear = 
ts + ts+ = ta + ta+. Obviously, the n-factors can be combined to represent the 
annual mean surface temperature as 
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In addition, the n-factors are used to approximate the interannual ground surface 
temperature as  
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The n-factors for the Olkiluoto site are determined as average values of n-factors for 
different biophysiographic units in North America (Klene et al. 2001, Karunaratne and 
Burn 2003, 2004, Kade et al. 2006, Hinkel et al. 2008, Karunaratne et al. 2008, Klene 
2008) corresponding to Olkiluoto’s climate and ground surface moisture conditions. 
The freezing n-factors are presented in Table 2-3 and the thawing n-factors in Table 2-4. 
In general, low n-factors represent humid conditions with thick vegetation and winter 
snow cover while high n-factors are related to dry conditions with thin vegetation and 
snow cover. 

When the site is submerged by the sea or other water bodies, the ground surface 
temperature is set to +4 C for water depths greater than 6 metres. For shallower depths 
the temperature is interpolated between the value of +4 C and the ground surface 
temperature of the surrounding dry land. Moreover, when the site is covered with ice, 
the surface temperature equals the basal temperature. The modelled present annual 
mean ground surface temperature for the annual mean air temperature of 4.6 °C is 
shown in Figure 2-7. It can be seen that the ground surface temperature ranges between 
4 °C below the seabed and just over 7 °C on dry land. 

On the ground surface groundwater pressure equals to the hydrostatic pressure 
following the water depth of sea or other water bodies, and is zero on dry land. In 
addition, groundwater salinity concentration is set to zero. At the bottom of the model 
domain the heat flow equals the geothermal heat flow which can be calculated by 
Equation (2-4). The bottom of the model domain is also impermeable. All vertical sides 
of the model domain are adiabatic and impermeable. 
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Table 2-3. Freezing n-factors for Olkiluoto. 

Climate zone Dry 
(< 10.9) 

Fresh-moist 
(10.9 - 13.2) 

Wet 
(> 13.2) 

Peatland 
(> 13.2) 

Boreal 0.2  0.1 0.2  0.1 0.2  0.1 0.1 

Subarctic 0.5  0.4 0.4  0.4 0.2  0.4 0.1  0.3 

Arctic 0.7  0.3 0.4  0.4 0.3  0.3 0.2  0.3  

 

Table 2-4. Thawing n-factors for Olkiluoto. 

Climate zone Dry 
(< 10.9) 

Fresh-moist 
(10.9 - 13.2) 

Wet 
(> 13.2) 

Peatland 
(> 13.2) 

Boreal 1.1  0.3 1.1  0.3 1.1  0.3 1.0 

Subarctic 0.8  0.2 0.7  0.1 0.6  0.2 1.0  0.2 

Arctic 1.0  0.2 0.5  0.3 0.4  0.3 0.6  0.3  

 

 

  

Figure 2-7.  Modelled present annual mean ground surface temperature. Present 
shoreline is shown in black line.  

2.2.5 Numerical method 

The mathematical model has been implemented into a finite element research code, 
which is based on the methodologies described in (Kouhia 1999, Mikkola and 
Hartikainen 2001, Mikkola and Hartikainen 2002). The space-time discretisation is 
based on the finite element method and an implicit adaptive time integration scheme. 
The coupled nonlinear equations are linearized by making use of the Newton-Raphson 
method and discontinuities due to phase changes are dealt with a consistent 
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regularisation technique (Mikkola and Hartikainen 2002). The system of linearized 
equations is solved by using a preconditioned stabilized bi-conjugate gradient algorithm 
(Vorst 1992).  

The numerical simulations were carried out using an unstructured finite element mesh 
of linear line elements or trilinear hexahedral elements. The mean grid spacing in depth 
varied from less than one metre close to the ground surface to several hundred metres at 
the bottom of the model domain depending on the model dimension. The maximum 
time step for the adaptive time integration scheme was limited to 100 years.  

2.2.6 Model usage and verification 

The model development and verification can be found in Hartikainen et al. (2010), 
where the model has been used to investigate and demonstrate effects of lateral 
variations in  surface and subsurface conditions on the occurrence, development and 
distribution of permafrost and perennially frozen ground in a 2-D vertical cross-section 
including features of climate conditions, water bodies and topography, lateral variations 
in physical properties and heat generation from the spent fuel as well as effects of the 
phase change of saline water, groundwater flow and salt transport. The former versions 
of the model have been applied to model the development of permafrost and perennially 
frozen ground (Hartikainen 2004, 2006, Chan et al. 2005, SKB 2006), and to soil 
freezing problems (Hartikainen and Mikkola 1997, 2006, Mikkola and Hartikainen 
2001, 2002). 
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3 LAST GLACIAL CYCLE SIMULATIONS 

3.1 Simulations for deep groundwater flow modelling 

The FEFTRA-model (Löfman and Karvonen 2012) was used to model deep 
groundwater flow and evolution of salinity in periglacial situations when freezing of 
ground occurs extensively. When ground freezes, formation of ice fills the pore space of 
ground and the permeability is reduced considerably. The reduction of permeability can 
be described in terms of the unfrozen groundwater content, whereupon modelling 
results concerning the evolution of unfrozen groundwater content from 1-D and 3-D 
simulations and Equation (2-3) were employed to provide the FEFTRA-model with 
information on how hydraulic conditions alter when ground freezes.  

3.1.1 Simulations description 

The simulations for the Last glacial cycle case were realised using the 0-m monthly 
mean air temperature for the 1-D simulations and the 2-m monthly mean air temperature 
for the 3-D simulations. Considering the freezing and thawing n-factors the value one 
was set for both factors in the 1-D simulations indicating that ground surface 
temperature equals to 0-m air temperature, whereas average values of Table 2-3 and 
Table 2-4 were used in the 3-D simulations. Seasonal freezing and thawing of ground 
surface were included in the 1-D simulations and omitted in the 3-D simulations in 
which the evolution of peat was considered until 50 ka. In addition, average thermal 
conditions of the ground and heat production of the spent fuel from the repository were 
considered.  

3.1.2 Simulated evolution of permafrost, perennially frozen ground and 
unfrozen groundwater content 

The 1-D modelling results for the evolution of permafrost depth, depth of perennially 
frozen ground and unfrozen groundwater content are shown in Figure 3-1. The figure 
also shows the advancing and reducing rates of permafrost development and perennially 
frozen ground. The FEFTRA-model (Löfman and Karvonen 2012) was provided with 
the information about the evolution of unfrozen groundwater content for two separate 
periods with distinct permafrost development. The period of 30,000-40,000 years 
represents a situation of shallow permafrost development in which permafrost extended 
the depth of 90 m and the perennially frozen ground the depth of 80 m. During the 
period of 73,000-80,000 years of deep permafrost development permafrost reached the 
depth of 310 m and the perennially frozen ground the depth of 290 m. 

The 3-D modelling results are presented for the period of shallow permafrost 
development at times of 32,000 years and 33,000 years, and for the period of deep 
permafrost development at times of 74,000 years, 75,000 years and 76,000 years 
representing different situations regarding climate zone and the evolution of shoreline, 
in relation to which one shallow and one deep lake remain within the model domain 
after the sea has withdrawn from the area. The computed depth of permafrost and 
perennially frozen ground are shown in Figure 3-2. The corresponding results for the 
unfrozen groundwater content represented on the west-east vertical cross-section at 
6792000 and on the south-north vertical cross-section at 1522300 are depicted in Figure 
3-3 and Figure 3-4, respectively. The results show quite similar distributions for the 
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permafrost and perennially frozen ground, the perennially frozen ground being some 
metres shallower than the permafrost. It can be seen that permafrost and perennially 
frozen ground are distributed discontinuously when sub-arctic climate is prevailing and 
continuously when arctic climate prevails and the annual mean air temperature has 
decreased below 7 °C whereupon the ground temperature decreases below 0 °C also in 
the peat areas. The two lakes, however, remain unfrozen signifying open taliks beneath 
them. 

The freezing of groundwater advances with decreasing temperature. On the other hand, 
pressure and salinity of the groundwater reduce the freezing. The extent of freezing can 
be represented in terms of the volumetric unfrozen groundwater content.   Freezing 
strongly reduces permeability of ground and thereby affects the groundwater flow 
considerably. When the unfrozen groundwater content decreases below 10 %, the 
ground turns nearly impermeable and the rate of groundwater flow gets very slow 
(Löfman and Karvonen 2012). The modelling results for the unfrozen groundwater 
content exhibit a rather narrow zone within the bottom of perennially frozen ground in 
which groundwater flow can occur. Frozen ground surface is effectively impermeable. 

 

  

Figure 3-1.  Evolution of permafrost depth and depth of perennially frozen ground, and 
unfrozen groundwater content (bottom) as well as the evolution the development rate of 
permafrost and perennially frozen ground (top) at Olkiluoto computed for the Last 
glacial cycle case using a 1-D model. 
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              Permafrost Perennially frozen ground 

a) 
 

              Permafrost Perennially frozen ground 

b) 
 

              Permafrost Perennially frozen ground 

Figure 3-2 a),b).  Computed depth of base of permafrost and perennially frozen ground 
for the Last glacial cycle case at a) 32 ka and b) 33 ka. White areas indicate locations 
free from permafrost and perennially frozen ground. Present shoreline is shown in 
black line and magenta lines indicate locations of the west-east vertical cross-section at 
6792000 and the south-north vertical cross-section at 1522300.  
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              Permafrost Perennially frozen ground 

c) 
 

               Permafrost Perennially frozen ground 

d) 
 

              Permafrost Perennially frozen ground 

e) 
 

Figure 3-2 c)-e).  Computed depth of base of permafrost and perennially frozen ground 
for the Last glacial cycle case at c) 74 ka, d) 75 ka and e) 76 ka. White areas indicate 
locations free from permafrost and perennially frozen ground. Present shoreline is shown 
in black line and magenta lines indicate locations of the west-east vertical cross-section 
at 6792000 and the south-north vertical cross-section at 1522300.  
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a)  

b)  

Figure 3-3a),b).  Computed unfrozen groundwater content for the Last glacial cycle 
case on west-east vertical cross-section at 6792000 at a) 32 ka and b) 33 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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c)  

d)  

e)  

Figure 3-3 c)-e).  Computed unfrozen groundwater content for the Last glacial cycle 
case on west-east vertical cross-section at 6792000 at c) 74 ka, d) 75 ka and e) 76 ka. 
0 °C-isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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a)  

b)  

Figure 3-4 a),b).  Computed unfrozen groundwater content for the Last glacial cycle 
case on south-north vertical cross-section at 1522300 at a) 32 ka and b) 33 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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c)  

d)  

e)  

Figure 3-4 c)-e).  Computed unfrozen groundwater content for the Last glacial cycle 
case on south-north vertical cross-section at 1522300 at c) 74 ka, d) 75 ka and e) 76 ka. 
0 °C-isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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3.1.3 Simulated evolution of ground temperature 

The 1-D modelling results for the vertical profiles of ground temperature are illustrated 
in Figure 3-5. These temperature profiles are shown at the following time instants:  

 0 years - initial state 
 100 years - temperature obtains maximum at ground surface level 
 400 years  - temperature obtains maximum at repository level 
 75,000 years - permafrost is developing  
 77,000 years - temperature obtains minimum at the ground surface  
 78,200 years - the temperature gets minimum at repository level  
 79,000 years - permafrost is degrading 
 125,000 years  - final state 

 

  

Figure 3-5.  Ground temperature along a vertical profile located in the middle of the 
intended repository position at Olkiluoto calculated for the Last glacial cycle case using 
a 1-D model. The white envelope represents the range of temperature fluctuation over 
the time period of 0 to 125 ka. 

 

The 3-D modelling results for the annual mean ground surface temperatures at the times 
of 32,000 years and 33,000 years as well as at the times of 74,000 years, 75,000 years 
and 76 are shown in Figure 3-6. The corresponding results for the ground temperature 
represented on the west-east vertical cross-section at 6792000 and on the south-north 
vertical cross-section at 1522300 are depicted in Figure 3-7 and Figure 3-8, 
respectively.  At 32,000 years, 33,000 years and 74,000 years the subarctic climate is 
prevailing with the corresponding annual mean air temperature of 2.9 °C, 4.3 °C and 
4.9 °C. The ground surface temperature obtains the highest value of 4 °C below a deep 
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lake bottom and the lowest values from 0.5 °C to 1.5 °C in locations of the driest 
surface conditions. Below the shallow lake the ground surface temperature is 
approximately 2 °C. At 75,000 years and 76,000 years the arctic climate is prevailing 
with the annual mean air temperature of 6.3 and 7.5 °C. The highest annual mean 
ground surface temperature of 4 °C can be still found below the deep lake bottom and 
the lowest values of 3.7 °C and 4.5 °C in locations of the driest surface conditions as 
well. The peat areas can be seen as warm ground surface temperatures, which is the 
consequence of deep insulating snow cover. Thinning snow covers associated with peat 
plateaus and palsas are omitted in the study.    

a)  

b)  

Figure 3-6 a),b).  Modelled annual mean ground surface temperature for the Last 
glacial cycle case at a) 32 ka and c) 33 ka. Present shoreline is shown in black line.  
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c)  

d)  

e)  

Figure 3-6 c)-e).  Modelled annual mean ground surface temperature for the Last 
glacial cycle case at c) at 74 ka, d) 75 ka and e) 76 ka. Present shoreline is shown in 
black line.  
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a)  

b)  

Figure 3-7 a),b).  Computed ground temperature for the Last glacial cycle case on 
west-east vertical cross-section at 6792000 at a) 32 ka and b) 33 ka. 0 °C-isotherm 
(base of permafrost) is shown in solid magenta line and the base of perennially frozen 
ground in solid black line.  
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c)  

d)  

e)  

Figure 3-7 c)-e).  Computed ground temperature for the Last glacial cycle case on 
west-east vertical cross-section at 6792000 at c) 74 ka, d) 75 ka and e) 76 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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a)  

b)  

Figure 3-8 a),b).  Computed ground temperature for the Last glacial cycle case on 
south-north vertical cross-section at 1522300 at a) 32 ka and b) 33 ka. 0 °C-isotherm 
(base of permafrost) is shown in solid magenta line and the base of perennially frozen 
ground in solid black line.  
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c)  

d)  

e)  

Figure 3-8 c)-e).  Computed ground temperature for the Last glacial cycle case on 
south-north vertical cross-section at 1522300 at c) 74 ka, d) 75 ka and e) 76 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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3.2 Sensitivity studies on ground thermal conditions and heat from the 
repository 

The objectives are to investigate the consequences of a combination of uncertainties in 
thermal conditions of the ground enhancing the permafrost development most, and the 
influence of heat generation in the repository on the evolution of permafrost and 
perennially frozen ground. The studies were performed in the 1-D case using a model 
domain in which a 2-m thick till layer was assumed to overly the bedrock. The 
simulations were carried out for the Last glacial cycle case with the 2-m monthly mean 
air temperatures considering the freezing and thawing n-factors corresponding to fresh-
moist surface moisture conditions. 

3.2.1 Combined uncertainties in ground thermal conditions  

Based on the sensitivity studies in Hartikainen et al. (2010) the combination of the 
maximum thermal diffusivity and minimum geothermal heat flow results in the deepest 
permafrost development as regards ground thermal conditions. Based on the site 
investigations (Kukkonen 2000, Posiva 2005) the mean thermal diffusivity of 
1.51 mm2/s at 25 °C is increased by 16 % and the mean geothermal heat flow of 
35.8 mW/m2 at the depth of 10 km is decreased by 28 %. Furthermore, heat production 
of the spent fuel in the repository was included. 

Figure 3-9 shows the 1-D modelling results for the evolution of base of permafrost and 
base of perennially frozen ground at Olkiluoto considering a combination of ground 
thermal conditions favourable for permafrost development in comparison with the mean 
thermal conditions. The change in the depth of permafrost and perennially frozen 
ground increases with deepening permafrost and perennially frozen ground as shown in 
Figure 3-10.  The maximum increase in depth exceeds 15 m. The negative values in the 
change in depth indicate that formation of permafrost and perennially frozen ground 
initiates earlier in the case with mean thermal properties.  This anomalous feature is a 
consequence of the seasonal freezing and thawing of ground surface due to interannual 
variations in air temperature. The seasonal freezing decreases the annual mean ground 
temperature in shallow depths, because the unfrozen ground has higher temperature 
slope of than the frozen ground due to greater thermal conductivity. The decrease is the 
greater the lower is the bulk thermal conductivity of ground.  
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Figure 3-9.  Evolution of base of permafrost and base of perennially frozen ground at 
Olkiluoto for the Last glacial cycle case using 1-D model and considering combined 
uncertainty in thermal conditions favourable for permafrost development. 

 

  

Figure 3-10.  Computed change in depth of permafrost and perennially frozen ground 
at Olkiluoto for the Last glacial cycle case considering combined uncertainty in 
thermal conditions favourable for permafrost development. 1-D model. 
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3.2.2 Influence of heat from the repository  

The effect of heat generated by the spent fuel on the evolution of permafrost and 
perennially frozen ground is studied by cases with heat and without heat from the 
repository. 

The 1-D modelling results for evolution of base of permafrost and base of perennially 
frozen ground are shown in Figure 3-11. The change in depth with respect to the depth 
of permafrost and perennially frozen ground is illustrated in Figure 3-12.  For advancing 
permafrost and perennially frozen ground the change in depth reaches the maximum 
value of 40 m in the early stages of the evolution around 10,000 years, when the heat 
generation from the repository has moderately decayed, whereas for reducing 
permafrost and perennially frozen ground the change obtains maximum of 50 m until at 
80,000 years when the permafrost and perennially frozen ground degrade at the highest 
rate of their evolution. 

The modelling results for the vertical profiles of ground temperature considering no heat 
from the repository are illustrated in Figure 3-13. The figure also depicts the present 
observed temperatures for the depths from 100 m to 550 m (Kukkonen et.al. 2011a). A 
comparison of the results shows deviation of one degree of Celsius between the 
modelled temperature and the observed one. The difference may be due to that the 
associated drill hole goes under a wetland which has lower surface temperature than the 
fresh-moist surface condition case used in this study. The discrepancy in their slopes, 
however, is small. 

 

 

Figure 3-11.  Evolution of base of permafrost and base of perennially frozen ground at 
Olkiluoto for the Last glacial cycle case with and without heat production in the 
repository. 1-D model. 
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Figure 3-12.  Computed change in depth of base of permafrost and base of perennially 
frozen ground at Olkiluoto for the Last glacial cycle case when heat production in the 
repository is included and excluded. 1-D model. 

 

 

Figure 3-13.  Ground temperature along a vertical profile located in the middle of the 
intended repository position at Olkiluoto calculated for the Last glacial cycle case when 
heat production in the repository is excluded. The white envelope represents the range 
of temperature fluctuation over the time period of 0 to 125 ka. 1-D model. 
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4 DRY GLACIAL CYCLE SIMULATIONS 

The objective of this case is to discover the conditions which would be required for 
permafrost and perennially frozen ground to develop to depths of more than 400 m. 
Modelling results for the Last glacial cycle case demonstrated that the depth of 300 m 
can be exceeded when the ground surface temperature decreases down to –15 C for a 
thousand of years. Obviously, lower temperatures or longer periods with higher 
temperatures are needed to extend permafrost to 400-m depth.  

4.1.1 Simulations description 

For the purpose of this study the Dry glacial cycle case with the 2-m monthly mean air 
temperatures is applied. The simulations were accomplished in the 1-D case for a model 
domain which is composed of bedrock and a 2-m thick till layer. The freezing and 
thawing n-factors were considered to correspond to a dry variant of the fresh-moist 
surface moisture conditions, i.e. dry surface moisture conditions with thin vegetation 
and snow cover. Accordingly, the highest values of Table 2-3 and Table 2-4 are utilised. 
In addition, seasonal freezing and thawing of ground surface as well as heat production 
and no heat production of the spent fuel in the repository were considered. 

4.1.2 Simulated evolution of permafrost, perennially frozen ground, unfrozen 
groundwater content and ground temperature 

The modelling results for the evolution of permafrost depth, depth of perennially frozen 
ground and unfrozen groundwater content considering heat from the repository are 
shown in Figure 4-1. Figure also shows the advancing and reducing rates of developing 
permafrost and perennially frozen ground. The modelling results for the vertical profiles 
of ground temperature of the same case are illustrated in Figure 4-2. These temperature 
profiles are shown at the following time instants  

 0 years - initial state 
 100 years - temperature obtains maximum at ground surface level 
 400 years  - temperature obtains maximum at repository level 
 75,000 years - permafrost is developing  
 79,000 years - permafrost is degrading 
 102,000 years - temperature obtains minimum at the ground surface  
 103,300 years - the temperature gets minimum at repository level  
 125,000 years - final state 

According to the results permafrost reaches the 400-m depth after 98,000 years and 
perennially frozen ground after 101,000 years. The maximum permafrost depth exceeds 
the depth of 470 m and perennially frozen ground the depth of 410 m. The results also 
illustrate a rather thick cryopeg, i.e. a super-cooled unfrozen zone, and partially frozen 
zone in which groundwater flow is able to take place within the permafrost. These zones 
are mainly a result of groundwater salinity. The ground temperature decreases down to 
–12.5 C at the surface and below –1 C at the depth of 420 m. 

The modelling results for the vertical profiles of ground temperature considering no heat 
from the repository are illustrated in Figure 4-3. Figure also depicts the present 
observed temperatures for the depths from 100 m to 550 m (Kukkonen et.al. 2011a). A 
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comparison of the results shows a large discrepancy between the modelled temperature 
and observed one as well as in their slopes. 

 

 

Figure 4-1.  Evolution of permafrost depth and depth of perennially frozen ground and 
unfrozen groundwater content (bottom) as well as the evolution the development rate 
of permafrost and perennially frozen ground (top) at Olkiluoto calculated for the Dry 
glacial cycle case using a 1-D model. 
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Figure 4-2.  Ground temperature along a vertical profile located in the middle of the 
intended repository position at Olkiluoto calculated for the Dry glacial cycle case with 
heat from the repository using 1-D model. The white envelope represents the range of 
temperature fluctuation over the time period of 0 to 125 ka. 

 

  

Figure 4-3.  Ground temperature along a vertical profile located in the middle of the 
intended repository position at Olkiluoto calculated for the Dry glacial cycle case 
without heat from the repository using 1-D model. The white envelope represents the 
range of temperature fluctuation over the time period of 0 to 125 ka. 
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5 PERIGLACIAL CASE SIMULATIONS 

The objective is to investigate the development of permafrost and perennially frozen 
ground after an almost 50,000 years long period of current-like climate conditions in 
various situations regarding climate and surface conditions using 1-D and 3-D 
modelling. 

5.1 Simulations for the reference case  

5.1.1 Simulations description 

The simulations were carried out for the Periglacial case 2 in which the annual mean air 
temperature is decreased at 7.5 °C. The 2-m monthly mean air temperature is used.. 
The freezing and thawing n-factors were assumed to have the average values of Table 2-
3 and Table 2-4 with peat growth until 10,000 years in the 3-D case, whereas the 1-D 
cases considered combinations of bare rock with dry surface, a 2-m tick till layer with 
fresh-moist surface and a 5-m thick clay layer with wet surface. Moreover, seasonal 
freezing and thawing of ground surface, average ground thermal conditions and heat 
production of the spent fuel from the repository were considered.  

5.1.2 Simulated evolution of permafrost, perennially frozen ground and 
unfrozen groundwater content 

The 3-D modelling results are presented at times of 50,000 years, 51,000 years, 52,000 
years, 53,000 years, 55,000 years and 60,000 years representing different occasions 
during the evolution of permafrost and perennially frozen ground. The computed depth 
of permafrost and perennially frozen ground are shown in Figure 5-1. The associated 
results for the unfrozen groundwater content on the west-east vertical cross-section at 
6792000 and on the south-north vertical cross-section at 1522300 are shown in Figure 
5-2 and Figure 5-3, respectively. In addition, the evolution maximum permafrost depth 
and maximum depth of perennially frozen ground above the repository area and in the 
whole model domain are illustrated in Figure 5-4.  

The results demonstrate that for the given climate evolution permafrost and perennially 
frozen ground are distributed discontinuously almost for the first two thousand years of 
their evolution when the sub-arctic climate is prevailing and turn continuous by the time 
of 52,000 years when climate has changed to arctic zone. The maximum permafrost 
depth exceeds the depth of 150 m over the repository area and 180 m in the whole 
model domain while the perennially frozen ground reaches approximately 10 m 
shallower depths than those values.  The peat areas and their influence on permafrost 
development are much smaller in comparison to the modelling results for the Last 
glacial cycle simulations.  The two lakes remain unfrozen having open taliks beneath 
them. 

The results for the unfrozen groundwater content illustrate how the permafrost has 
started to penetrate under the shallow lake at the north-west location of the model 
domain.  
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             Permafrost Perennially frozen ground 

a) 
 

             Permafrost Perennially frozen ground 

b) 
 

             Permafrost Perennially frozen ground 

c) 
 

Figure 5-1 a)-c).  Computed depth of base of permafrost and perennially frozen ground 
for the Periglacial case at a) 50 ka, b) 51 ka and c) 52 ka. White areas indicate 
locations free from permafrost and perennially frozen ground. Present shoreline is 
shown in black line and magenta lines indicate locations of the west-east vertical cross-
section at 6792000 and the south-north vertical cross-section at 1522300.  
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             Permafrost Perennially frozen ground 

d) 
 

             Permafrost Perennially frozen ground 

e) 
 

             Permafrost Perennially frozen ground 

f) 
 

Figure 5-1 d)-f).  Computed depth of base of permafrost and perennially frozen ground 
for the Periglacial case at a) 53 ka, b) 55 ka and c) 60 ka. White areas indicate locations 
free from permafrost and perennially frozen ground. Present shoreline is shown in black 
line and magenta lines indicate locations of the west-east vertical cross-section at 
6792000 and the south-north vertical cross-section at 1522300.  
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a)  

b)  

c)  

Figure 5-2 a)-c).  Computed unfrozen groundwater content for the Periglacial case on 
west-east vertical cross-section at 6792000 at a) 50 ka, b) 51 ka and c) 52 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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d)  

e)  

f)  

Figure 5-2 d)-f).  Computed unfrozen groundwater content for the Periglacial case on 
west-east vertical cross-section at 6792000 at a) 53 ka, b) 55 ka and c) 60 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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a)  

b)  

c)  

Figure 5-3 a)-c).  Computed unfrozen groundwater content for the Periglacial case on 
south-north vertical cross-section at 1522300 at a) 50 ka, b) 51 ka and c) 52 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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d)  

e)  

f)  

Figure 5-3 d)-f).  Computed unfrozen groundwater content for the Periglacial case on 
south-north vertical cross-section at 1522300 at a) 53 ka, b) 55 ka and c) 60 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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Figure 5-4.  3-D modelling results for the evolution of maximum permafrost depth and 
maximum depth of perennially frozen ground over the repository area and in the whole 
model domain calculated for the Periglacial case with the annual mean air temperature 
of –7.5 °C considering mean surface conditions. 

 

5.1.3 Simulated evolution of ground temperature 

The 3-D modelling results for the annual mean ground surface temperatures at times of 
0 years, 10,000 years, 50,000 years, 51,000 years, 52,000 years and 60,000 years are 
shown in Figure 5-5. The computed results for the ground temperature on the west-east 
vertical cross-section at 6792000 and on the south-north vertical cross-section at 
1522300 at 50,000 years, 52,000 years and 60,000 years are shown in Figure 5-6 and 
Figure 5-7, respectively.   

The ground surface temperature obtains the highest value of 4 °C below a deep lake 
bottom and the lowest values below 4 °C in locations of the driest surface conditions. 
Below the shallow lake the ground surface temperature is approximately 1 °C. The peat 
areas, even considerably smaller than in the Last glacial cycle case, can be seen as 
warm ground surface temperatures as a consequence of insulating snow cover.    
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a)  

b)  

c)  

Figure 5-5 a)-c).  Modelled annual mean ground surface temperature for the 
Periglacial case at a) at 0 ka, b) 10 ka and c) 50 ka. Present shoreline is shown in black 
line.  
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d)  

e)  

f)  

Figure 5-5 d)-f).  Modelled annual mean ground surface temperature for the 
Periglacial case at a) at 51 ka, b) 52 ka and c) 60 ka. Present shoreline is shown in 
black line.  
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a)  

b)  

c)  

Figure 5-6 a)-c).  Computed ground temperature for the Periglacial case on west-east 
vertical cross-section at 6792000 at a) 50 ka, b) 52 ka and c) 60 ka. 0 °C-isotherm 
(base of permafrost) is shown in solid magenta line and the base of perennially frozen 
ground in solid black line.  

 



 

 

58

a)  

b)  

c)  

Figure 5-7 a)-c).  Computed ground temperature for the Periglacial case on south-
north vertical cross-section at 1522300 at a) 50 ka, b) 52 ka and c) 60 ka. 0 °C-
isotherm (base of permafrost) is shown in solid magenta line and the base of 
perennially frozen ground in solid black line.  
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5.1.4 Comparison of 1-D and 3-D modelling results 

A comparison of the modelling results concerning the evolution permafrost depth and 
depth of perennially frozen ground above the repository area between the three 1-D 
cases and the 3-D case is depicted in Figure 5-8. The results show that in comparison to 
the 3-D modelling with the mean surface conditions considering average values of 
Table 2-3 and Table 2-4, the 1-D modelling considering the wet and fresh-moist surface 
conditions underestimate clearly the maximum permafrost depth and depth of 
perennially frozen over the repository area, whereas with the dry surface condition the 
overestimation of the depths is slight. A reason for this could be that the surface 
condition type over the repository area is mainly either dry or fresh-moist. The 
discrepancy in the evolution for the first two-three thousands of years, when the 3-D 
modelling gives greater depths than the 1-D modelling, could be caused by variations in 
topography. 

 

Figure 5-8.  1-D and 3-D modelling results for the evolution of maximum permafrost 
depth (solid lines) and maximum depth of perennially frozen ground (dashed lines) over 
the repository area calculated for the Periglacial case with the annual mean air 
temperature of –7.5 °C considering mean surface conditions. 

 

5.2 Sensitivity studies on ground surface conditions 

The objective is to investigate sensitivity of ground surface conditions on the 
development of permafrost by considering a dry variant of the surface conditions. For 
the purpose of the study a comparable simulation with 3-D reference case but using the 
maximum values for the freezing and thawing n-factors was made.  

The 3-D modelling results for the annual mean ground surface temperatures at times of 
0 years, 10,000 years, 50,000 years, 51,000 years, 52,000 years and 60,000 years are 
shown in Figure 5-9. It can be seen that ground surface temperatures are approximately 
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3 °C lower in the dry case than in the reference case except under the lake bottoms 
where the change is smaller.   

The 3-D modelling results for the depth of permafrost at times of 50,000 years, 51,000 
years, 52,000 years 53,000 years, 55,000 years and 60,000 years are shown in Figure 5-
10. Furthermore, the evolution of maximum permafrost depth and maximum depth of 
perennially frozen ground above the repository area and in the whole model domain are 
shown in Figure 5-11. The results show that both the permafrost and perennially frozen 
ground develop 80 m deeper in the dry case in comparison to the reference case. In 
addition, permafrost penetrates under the shallow lake closing the talik underneath it 
while the bottom of the deeper lake remains unfrozen, though with reduced area. 
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             Reference case Dry case 

a) 
 

             Reference case Dry case 

b) 
 

             Reference case Dry case 

c) 
 

Figure 5-9 a)-c).  Modelled annual mean ground surface temperature for the 
Periglacial case considering the reference case (left) and dry case (right) of the surface 
moisture conditions at a) at 0 ka, b) 10 ka and c) 50 ka. Present shoreline is shown in 
black line.  
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             Reference case Dry case 

d) 
 

             Reference case Dry case 

e) 
 

             Reference case Dry case 

f) 
 

Figure 5-9 d)-f).  Modelled annual mean ground surface temperature for the Periglacial 
case considering the reference case (left) and dry case (right) of the surface moisture 
conditions at c) at 51 ka, d) 52 ka and e) 60 ka. Present shoreline is shown in black line.  
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             Reference case Dry case 

a) 
 

             Reference case Dry case 

b) 
 

             Reference case Dry case 

c) 
 

Figure 5-10 a)-c).  Comparison of computed depth of base of permafrost for the 
Periglacial case with the reference annual mean air temperature of  –7.5 °C and 
reference surface conditions (left) and dry surface conditions (right) at a) 50 ka, b) 51
ka and c) 52 ka. White areas indicate locations free from permafrost. Present shoreline 
is shown in black line.  
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             Reference case Dry case 

d) 
 

             Reference case Dry case 

e) 
 

             Reference case Dry case 

f) 
 

Figure 5-10 d)-f).  Comparison of computed depth of base of permafrost for the 
Periglacial case with the reference annual mean air temperature of  –7.5 °C and 
reference surface conditions (left) and dry surface conditions (right) at d) 53 ka, e) 55 ka 
and f) 60 ka. White areas indicate locations free from permafrost. Present shoreline is 
shown in black line.  
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  Over the repository area In the whole domain 

Figure 5-11.  3-D modelling results for the evolution of maximum permafrost depth 
(solid lines) and maximum depth of perennially frozen ground (dashed lines) over the 
repository area (left) and in the whole domain (right) calculated for the Periglacial 
case with the annual mean air temperature of –7.5 °C considering mean and dry 
surface conditions. 

 

5.3 Sensitivity studies on air temperature 

The objective is to study the sensitivity of air temperature on the development of 
permafrost. The aim is to determine climate conditions, which are required that 
permafrost extends to the depth of 400 m. The conditions are described in terms of 
annual mean air temperature. The 3-D simulations were carried out considering +2.5 °C 
and 2.5 °C changes in the reference 2-m annual mean air temperature of 7.5 °C. The 
1-D simulations were accomplished considering dry rock surface and decreases of 5 °C, 
7.5 °C and 10 °C in the mean air temperature of 7.5 °C. 

The 3-D modelling results for the annual mean ground surface temperatures at times of 
52,000 years, 53,000 years and 60,000 years are shown in Figure 5-12. The results 
illustrate that ground surface temperatures get approximately 2 °C lower or 2 °C higher 
when the air temperature is lowered by 2.5 °C or raised by 2.5 °C, respectively.  
Changes under the lake bottoms are smaller.   

The 3-D modelling results for the depth of permafrost at times of 50,000 years, 51,000 
years, 52,000 years 53,000 years, 55,000 years and 60,000 years are shown in Figure 5-
13, and for the evolution of maximum permafrost depth and maximum depth of 
perennially frozen ground above the repository area and in the whole model domain in 
Figure 5-14. The results indicate that a lowering of 2.5 °C in the air temperature results 
in more than 40-m deeper permafrost depths and a raise of 2.5 °C in the air temperature 
gives almost 90 m shallower permafrost depths. The larger change in permafrost depths 
when the air temperature is raised in comparison to that when it is lowered by the same 
amount can be explained by the change in surface conditions as climate changes from 
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the arctic zone to subarctic zone. Moreover, permafrost distribution stays discontinuous 
for raised air temperature. When the air temperature is lowered the talik under the 
shallow lake remains open – quite contrary to the dry surface conditions case in the 
previous section. 

The 1-D modelling results for the evolution of permafrost depth and depth of 
perennially frozen ground over the repository for the Periglacial case considering the 
annual mean air temperature of  7.5 °C decreased further by 5 °C, 7.5 °C and 10 °C are 
shown in Figure 5-15. The results indicate that lowering of air temperature by 5 °C, 7.5 
°C and 10 °C extends permafrost to the 400-m depth in 17,000 years, 10,000 years and 
8,000 years, respectively. For perennially frozen ground the same thing requires a few 
thousands of years more. 
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             Warm Cold 

a) 
 

             Warm Cold 

b) 
 

             Warm Cold 

c) 
 

Figure 5-12 a)-c).  Comparison of modelled annual mean ground surface temperature 
for the Periglacial case with the reference annual mean air temperature of –7.5 °C
increased by 2.5 °C (left) and decreased by 2.5 °C (right) at a) at 52 ka, b) 53 ka and c) 
60 ka. Present shoreline is shown in black line.  
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             Warm Cold 

a) 
 

             Warm Cold 

b) 
 

             Warm Cold 

c) 
 

Figure 5-13 a)-c). Comparison of computed depth of base of permafrost for the 
Periglacial case with the reference annual mean air temperature of –7.5 °C increased 
by 2.5 °C (left) and decreased by 2.5 °C (right) at a) 52 ka, b) 53 ka and c) 60 ka. White 
areas indicate locations free from permafrost. Present shoreline is shown in black line. 
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  Over the repository area In the whole domain 

Figure 5-14. 3-D modelling results for the evolution of maximum permafrost depth 
(solid lines) and maximum depth of perennially frozen ground (dashed lines) over the 
repository (left) and the whole site (right) calculated for the Periglacial case 
considering mean surface conditions and the annual mean air temperature of –7.5 °C
changed by +2.5 °C, 0 °C and -2.5 °C. 

 

  

Figure 5-15. Evolution of permafrost depth (solid lines) and depth of perennially frozen 
ground (dashed lines) calculated for the Periglacial case with the annual mean air 
temperature of  –7.5 °C decreased by 0 °C, 5 °C, 7.5 °C, 10 °C, and considering dry rock 
surface conditions. 1-D model. 
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6 DISCUSSION AND CONCLUSIONS 

This study supplements and revises the information presented in Hartikainen (2006). As 
had been inferred in previous studies (Hartikainen 2006, SKB 2006, Hartikainen et al. 
2010), climate has proved to be the major force to drive the development of permafrost 
and perennially frozen ground. Furthermore, ground surface conditions can be seen as 
the primary factors and ground thermal conditions and the heat from the spent fuel as 
secondary factors in controlling the process. Given the climate evolution as described in 
(Pimenof et al. 2011), this study, including a full range of sensitivity analyses of 
relevant ground thermal conditions, surface conditions, and air temperature variations, 
demonstrates how the site-specific spatial and temporal development of permafrost and 
perennially frozen ground would take place at the Olkiluoto site. 

For the Last glacial cycle case depending on the surface and ground thermal conditions, 
the simulated maximum permafrost (the 0 °C isotherm) depth over the repository area 
exceeded the depth of 300 m and the maximum depth of perennially frozen ground the 
depth of 270 m. The areal distribution of permafrost and perennially frozen ground were 
broadly affected by the lakes and the peat areas, especially when it was considered peat 
growth for 50,000 years. Delayed and reduced development of permafrost and 
perennially frozen ground in the peat areas were a consequence of a snow cover which 
effectively insulated the ground surface from cooling down. Features characteristic of 
peat plateaus and palsas leading to an early development of permafrost and perennially 
frozen ground in the discontinuous permafrost zone (Zoltai, 1972; Seppälä 1988) were 
beyond the scope of this study and will be further investigated in the research period 
2013-2015. Ground thermal conditions, such as thermal diffusivity and geothermal heat, 
modify the spatial and temporal development of permafrost and perennially frozen 
ground. It was demonstrated that a combination of the uncertainties regarding thermal 
diffusivity and geothermal heat flow can result in 5 % deeper permafrost depths and 
depths of perennially frozen ground. It was also illustrated that the heat from the 
repository reduces considerably, more than 8 %, the depths of permafrost and 
perennially frozen ground throughout the whole period of 125,000 years. It is 
noteworthy that the effect is greater for degrading than aggregating permafrost and 
perennially frozen ground. 

The Dry glacial cycle case, lasting 125,000 years with very long periglacial periods of 
low air temperatures and thin vegetation and snow cover and without any ice sheet 
development was constructed to represent how deviating conditions in comparison with 
the plausible conditions formulated by Pimenof et al. (2011) would be required to result 
in deep development of permafrost and perennially frozen ground.  The 1-D modelling 
results considering mean ground thermal conditions and heat from the repository 
showed that permafrost would reach the depth of 400 m in 98,000 years and perennially 
frozen ground in 101,000 years over the repository area. 

The Last glacial cycle case without heat generation in the repository can be used to 
reconstruct the evolution of permafrost and perennially frozen ground during the last 
glacial cycle. The modelling result for the ground temperature slope at the end of 
simulation time is in line with the observation (Kukkonen et al. 2011a). Alternatively, 
the Dry glacial cycle case without heat generation in the repository can be considered a 
variation of the reconstruction. The modelling result for the ground temperature slope at 
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the end of simulation time, however, deviates significantly from the observed one 
(Kukkonen et al. 2011a). This would not support the assumption that climate conditions 
similar to those of the Dry glacial cycle case could have occurred in the past. Moreover, 
results from the geothermal investigations for the Forsmark site using Last glacial cycle 
case-like climate conditions by Sundberg et al. (2009) and for Outokumpu by Kukkonen 
et al. (2011b) are more consistent with the results of the Last glacial cycle case than of 
the Dry glacial cycle case. Further investigations to confirm this are planned for the 
next research period 2013-2015.   

For the Periglacial case, assuming a 10,000 years long periglacial period after a 50,000 
years long temperate phase of boreal climate, mean ground thermal conditions and heat 
from the repository, the maximum permafrost depth ranged between 60 m and 240 m 
over the repository area and between 90 m and 270 m in the whole domain depending 
on the surface conditions and air temperature. The corresponding depths for perennially 
frozen ground were 10 m to 20 m smaller. The sensitivity studies on ground surface 
conditions showed that vegetation cover and particularly snow cover play an important 
role concerning the depth and areal distribution of permafrost and perennially frozen 
ground. The lack of snow cover can enhance the evolution of the maximum depth of 
permafrost and perennially frozen ground by over 50 %. Moreover, the snow cover 
affects significantly the evolution of permafrost and perennially frozen ground 
surrounding water bodies. The modelling results illustrate that permafrost and 
perennially frozen ground are able to penetrate under the shallow lake in the model 
domain under arctic climate conditions, i.e. the annual mean air temperature gets below 
–6 °C, and when the snow cover is thin. It was further shown that if the annual mean air 
temperature cooled down to –15 °C, i.e. 7.5 °C lower than any air temperature predicted 
by Pimenof et al. (2011), together with thin vegetation and snow cover, these conditions 
would be able to force permafrost to develop to the 400-m depth in 10,000 years, and 
that an annual mean air temperature of –17.5 °C would be required to do the same thing 
for the perennially frozen ground.  
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