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Abstract 
The objective of the work presented in this report was to evaluate the stability of the seven local 
Forsmark deformation zones ZFMA2, ZFMNW0017, ZFMNW1200, ZFMWNW0123, 
ZFMWNW0809A, ZFMENE0060A and ZFMENE0062A. These zones were considered since the 
reactivation of one of these zones may potentially have implications for the repository safety. The 
stability was evaluated for present-day conditions as well as for conditions that may arise at the 
beginning or at the end of a period with glacial loading. 

The zone stability was evaluated in terms of Coulomb Failure Stress (CFS) (CFS>0 means 
instability) while considering the updated Forsmark stress model and an expanded catalogue of 
Glacial Isostatic Adjustment (GIA) models. The uncertainty in the input was considered by assuming 
that the input parameters are random variables and the CFS calculations were performed by means of 
Monte-Carlo simulations. Based on the results from the calculations made for present-day conditions, 
the following could be concluded: 

• The steep zones ZFMNW0017, ZFMNW1200, ZFMWNW0123, ZFMWNW0809A, 
ZFMENE0060A and ZFMENE0062A have high stability. The probability that these zones would 
be unstable below 0.5 km depth is practically zero.  

• The shallow and gently dipping ZFMA2 has low stability over a significant part of its depth 
extent. The results indicate that the probability of CFS>0 is higher than 0.2 down to about 1 km 
depth. Below 1.5 km depth, there is zero probability of CFS>0.  

When the probability of CFS>0 was estimated for conditions that may arise at the beginning or at the 
end of a glacial period, it was implied that there actually is a glacial load that influences the stress 
conditions in Forsmark; the probability of having such load conditions was not considered. The 
following conclusions could be made: 

• In the forebulge, at the beginning of a glacial period, the stability tends to be reduced on the steep 
zones ZFMNW0017, ZFMNW1200, ZFMWNW0123, ZFMWNW0809A, ZFMENE0060A and 
ZFMENE0062A relative to what is found for present-day conditions. There is a non-zero 
probability of CFS>0 at all depths on the northwest striking zones ZFMNW0017, ZFMNW1200, 
ZFMWNW0123 and ZFMWNW0809A. The probability at depths below 0.5 km is in the range 
0.01 to 0.04. On the northeast striking zones ZFMENE0060A and ZFMENE0062A, the stability 
margins are high, with the probability of CFS>0 being practically zero at depths below 0.3 km. 

• Under endglacial conditions, at the end of a glacial period, the stability tends to be reduced on the 
gently dipping zone ZFMA2 relative to what is found for present-day conditions. The probability 
of CFS>0 exceeds 0.2 down to about 1.4 km depth. 

• Applying excess pore pressure assumptions that are judged to be low-probability bounding cases 
has a clear impact on the calculated zone stability. For ZFMA2, the two assumptions of endglacial 
excess pore pressure considered here, the probability of CFS>0 at 1.5 km depth increases from 0.1 
to 0.4 and 0.9, respectively. When applying the forebulge pore pressure assumption to the steep 
zones the probability of CFS>0 increases from low levels and stays in the range 0.02 to 0.09 at 
depths below 0.5 km (except for ZFMENE0060A and ZFMENE0062A). Due to the high stability 
margins on ZFMENE0060A and ZFMENE0062A the excess pore pressure is without practical 
importance for these zones. 

• Extending the ice residence time at maximum load from 25,000 years to 50,000 years gives only 
modest additions to the glacial stresses. This indicates that the base case GIA model catalogue, 
which includes the 25,000 years duration case, covers for situations where a large ice sheet 
remains stationary for times up to at least 50,000 years. 

To summarise, the gently dipping ZFMA2 has low stability under present-day conditions and will be 
further destabilised under endglacial conditions. All steep zones are stable under present-day 
conditions. Under forebulge conditions, it cannot be excluded that the northwest striking steep zones 
ZFMNW0017, ZFMNW1200, ZFMWNW0123 and ZFMWNW0809A may become unstable. 
Regardless of the load conditions, the probability of instability on the northeast striking steep zones 
ZFMENE0060A and ZFMENE0062A appears to be very low.  
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Sammanfattning 
Syftet med det arbete som presenteras i denna rapport var att utvärdera stabiliteten hos de sju lokala 
deformationszonerna i Forsmark: ZFMA2, ZFMNW0017, ZFMNW1200, ZFMWNW0123, 
ZFMWNW0809A, ZFMENE0060A och ZFMENE0062A. Stabiliteten hos dessa zoner studerades 
eftersom en reaktivering hos någon av dessa potentiellt kan ha implikationer för säkerheten hos 
förvaret. Stabiliteten utvärderades för nuvarande förhållanden samt för förhållanden som kan uppstå i 
början eller i slutet av en period med glacial last. 

Zonernas stabilitet utvärderades i termer av Coulomb Failure Stress (CFS) (CFS>0 indikerar 
instabilitet). I beräkningarna beaktades den uppdaterade spänningsmodellen för Forsmark samt en 
utökad katalog med modeller för Glacial Isostatisk Anpassning (GIA). Osäkerheten i indata 
beaktades genom att indataparametrarna antogs vara slumpmässiga variabler och CFS-beräkningarna 
utfördes med hjälp av Monte-Carlo-simuleringar. Baserat på resultaten från beräkningarna för dagens 
spänningsförhållanden kunde följande konstateras: 

• Den ytligt belägna och svagt stupande ZFMA2 har låg stabilitet över en betydande del av sin 
utsträckning i djupled. Resultaten indikerar att sannolikheten för CFS>0 är högre än 0,2 ner till 
cirka 1 km djup. På djup större än 1,5 km är sannolikheten noll för CFS>0. 

• De branta zonerna ZFMNW0017, ZFMNW1200, ZFMWNW0123, ZFMWNW0809A, 
ZFMENE0060A och ZFMENE0062A har hög stabilitet. Sannolikheten att dessa zoner skulle vara 
instabila på djup större än 0,5 km är praktiskt taget noll. 

När sannolikheten för CFS>0 utvärderades för förhållanden som kan uppstå i början eller i slutet av 
en period med glacial last, förutsattes det att där faktiskt finns en glacial last som påverkar 
spänningsförhållandena i Forsmark; sannolikheten för att sådana förhållanden uppstår beaktades inte. 
Följande kunde konstateras: 

• I början av en glacial period (”forebulge”), tenderar stabiliteten att reduceras relativt dagens 
förhållanden på de branta zonerna ZFMNW0017, ZFMNW1200, ZFMWNW0123, 
ZFMWNW0809A, ZFMENE0060A och ZFMENE0062A. Sannolikheten för CFS>0 är större än 
noll på alla djup för de nordväststrykande zonerna ZFMNW0017, ZFMNW1200, 
ZFMWNW0123 och ZFMWNW0809A. Sannolikheten för CFS>0 på djup större än 0,5 km ligger 
i intervallet 0,01 till 0,04. För de nordöststrykande zonerna ZFMENE0060A och ZFMENE0062A 
är stabilitetsmarginalerna höga, och sannolikheten för att CFS>0 är praktiskt taget noll på djup 
större än 0,3 km. 

• I slutet av en glacial period tenderar stabiliteten att reduceras relativt dagens förhållanden på den 
svagt stupande ZFMA2. Sannolikheten för CFS>0 är högre än 0,2 ner till cirka 1,4 km djup. 

• Att applicera antaganden om portrycksöverskott, vilka bedöms vara extrema och ha låg 
sannolikhet, har en tydlig påverkan på zonernas stabilitet. För de två antaganden om endglacialt 
portrycksöverskott som applicerades här ökar sannolikheten för CFS>0 på 1,5 km djup för 
ZFMA2 från 0,1 till 0,4 respektive 0,9. För antagandet om portrycksöverskott som gjordes för 
forebulgeförhållanden ökar sannolikheten för CFS>0 på de branta zonerna men håller sig inom 
intervallet 0,02 till 0,09 på djup större än 0,5 km (förutom ZFMENE0060A och ZFMENE0062A). 
På grund av de höga stabilitetsmarginalerna hos ZFMENE0060A och ZFMENE0062A är 
portrycksöverskottet utan praktisk betydelse för dessa zoner. 

• Att förlänga den istäckta periodens varaktighet vid maximal belastning från 25 000 år till 50 000 
år ger ett modest tillskott till de glaciala spänningarna. Detta indikerar att basscenariodelen av 
GIA-katalogen, vilken inkluderar fallet med 25 000 års förlängning, innefattar eventuella effekter 
av att en stor inlandsis förblir stationär i åtminstone 50 000 år. 

Sammanfattningsvis kan sägas att den svagt stupande ZFMA2 har låg stabilitet under nuvarande 
förhållanden och kommer att destabiliseras ytterligare under endglaciala förhållanden. Alla branta 
zoner är stabila under nuvarande förhållanden. Under forebulgeförhållanden kan det inte uteslutas att 
de nordväststrykande zonerna ZFMNW0017, ZFMNW1200, ZFMWNW0123 och ZFMWNW0809A 
kan bli instabila. Oavsett spänningsförhållanden, förefaller det högst osannolikt att de 
nordöststrykande zonerna ZFMENE0060A och ZFMENE0062A skulle bli instabila.  
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1 Introduction 
1.1 Background 
The concept for final disposal of high-level spent nuclear fuel developed by the Swedish Nuclear 
Fuel and Waste Management Co (SKB) is the KBS-3 system, in which the spent fuel is encapsulated 
in canisters consisting of a cast iron insert surrounded by a copper shell. The canisters are emplaced 
in vertical deposition holes in crystalline rock at a depth of approximately 500 m and surrounded by a 
bentonite clay buffer for isolation and protection (SKB 2011). SKB has chosen Forsmark, located in 
south-eastern Sweden, as the planned site for the spent fuel repository. 

SKB must show that the long-term safety of the repository complies with the regulations set up by 
the authorities. Since the fuel will be hazardous for a very long period of time, the time perspective of 
the safety assessment is up to one million years (SKB 2011). Hence, the assessment must consider 
the potential effects of low-probability intraplate earthquakes occurring at shallow depths under 
present-day stress conditions, as well as earthquakes induced by the effects of future glaciations. The 
long-term safety assessment is focused on the effects on the repository after closure, when all 
equipment used during construction and operation is removed and all tunnels and other openings are 
backfilled.  

Shaking alone is not considered to have the potential to jeopardize the integrity of the buffer-canister 
system, which is confined by the bedrock (SKB 2010a, 2011). The only risk to the repository 
associated with seismicity is that of canister damage caused by seismically induced fracture shear 
displacements across canister positions (Fälth et al. 2010). Such displacements may, at least 
theoretically, be induced by the combined dynamic and quasi-static stress effect generated by an 
earthquake rupture and the associated shear displacement on a fault plane near the repository.  

 

 
Figure 1-1. a) Deformation zone map at 470 m depth in Forsmark, and b) 3D view of the zones surrounding the 
repository volume (view from east) (from Fälth et al. 2016). Among the seven zones with trace lengths > 3 km close to 
the repository, only one (ZFMA2) is gently dipping. 

It has earlier been concluded (Fälth et al. 2010) that a deformation zone/fault, should it become 
unstable and act as a seismic source, needs to be longer than 3 km in strike direction to generate 
stress effects with the potential to jeopardize the safety of the repository. At the repository site in 
Forsmark, there are seven deformation zones close to the planned repository volume with trace 
lengths longer than 3 km (Figure 1-1). Hence, for the safety assessment it is of interest to assess the 
stability of these zones, for present-day stress conditions as well as for the stress conditions that may 
be the result of stress alterations caused by future glaciations. 
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The objective of the work that is presented here was to evaluate the stability of the seven large 
Forsmark deformation zones close to the projected repository volume. The stability of these zones 
has been examined in previous studies (see section 1.2). However, here a new Forsmark background 
stress model (Hakami et al. 2025) was applied. This was combined with data from a new catalogue of 
Glacial Isostatic Adjustment (GIA) model results (Schmidt and Lund 2025) that is more extensive 
than what previously has been available. As background to the work, a brief description of the 
previous stability assessments is given below. There is also a description of the theory of glacially 
induced faulting. 

1.2 Previous stability estimates 
The stability of Forsmark deformation zones has been evaluated in previous studies. Hökmark et al. 
(2019) made zone stability estimates while applying a background stress model in general accordance 
with that proposed by Martin (2007) down to about 1 km depth. At about 2.5 km depth, the model 
changed from reverse to strike-slip regime, in qualitative agreement with observations by e.g. Lund 
and Zoback (1999) and Slunga (1991). Hökmark et al. (2019) concluded that the gently dipping 
ZFMA2 zone is the one that has the lowest present-day stability out of the seven large deformation 
zones close to the repository volume in Forsmark. They concluded that the other zones, all steeply 
dipping, are clamped by the high horizontal stresses prevailing in the present-day reverse stress field 
and hence have considerable stability margins. Furthermore, Hökmark et al. (2019) noted that 
ZFMA2 is the only large Forsmark zone that would lose stability under endglacial conditions while 
the steep zones would be stabilized. For the forebulge situation, during ice advance, they concluded 
that the steep zones would lose stability but remain stable. 

Later, Fälth (2022) made further evaluations of the stability of the steep Forsmark deformation zones 
under forebulge conditions. Here, the background stress model was identical to the model of Martin 
(2007) down to 0.5 km depth, while the stress gradients applied at larger depths gave a strike-slip 
regime below 2 km depth and stress anisotropies in general agreement with observations by e.g. Lund 
and Zoback (1999) in the depth range 4 to 6 km. Fälth (2022) examined the effects on the stability of 
variations in the background stress magnitudes, background stress orientation as well as of variations 
in the deformation zone orientations. It was concluded that, given the nominal best estimate 
background stress magnitudes, none of the steep Forsmark deformation zones will become unstable 
during forebulge conditions for any assumption of the stress trend or for any of the zone strike and 
dip values that were considered. However, a reduction of the background minor horizontal principal 
stress gave a stability reduction due to the increased stress difference in the horizontal plane. One 
case was tested where the minor horizontal stress was reduced by 11 % at repository depth. This 
corresponds to a ratio between the two horizontal principal stress components of 2, which is the 
highest ratio that was expected. For this case, the zones ZFMNW0017 and ZFMNW1200 obtained 
instability down to about 0.5 km depth while the ZFMWNW0123 and ZFMWNW0809A zones 
obtained modest instability down to about 0.25 km depth. In another case, which was considered a 
hypothetical bounding case, the background minor horizontal stress was reduced such that strike-slip 
stress conditions were obtained at repository depth. In this case, all steep zones except 
ZFMENE0060A and ZFMENE0062A obtained considerable instability at the surface. The instability 
tapered off to become zero at about 1 km depth. 

Based on the stability calculations and on numerical simulations, Fälth (2022) concluded that, given 
background stresses within the reported uncertainty margins, conditions for the initiation of an 
earthquake rupture on the steep Forsmark deformation zones do not exist under present-day 
conditions and will not exist under future forebulge conditions. 
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1.3 Glacially induced faulting 
A glacial cycle, with ice thicknesses of several kilometres covering parts of the Earth’s surface for 
long periods of time, has a significant impact on the stress field in the upper crust. The weight of the 
ice is causing the crust beneath the ice cover to bend down into the viscous mantle (Lund et al. 2009). 
The down-bending is accompanied by an uplift of the crust outside the ice margin, a phenomenon 
called “forebulge” (e.g. Benn and Evans 2010). The deformation of the crust induces changes to the 
prevailing background stress field that influence the stability of deformation zones (e.g. Fälth 2018, 
Hökmark et al. 2019, Lund et al. 2009). The magnitude and orientations of the glacially induced 
stress changes depend on the glacial evolution (thickness of the ice, its spatial extent and temporal 
evolution) as well as on the elastic and rheological properties of the crust and mantle (Hökmark and 
Fälth 2014, Lund et al. 2009).  

The glacial stress changes mean that deformation zones, which are stable and seismically quiet under 
present-day stress conditions, could potentially be reactivated and host earthquakes. The present-day 
stability on a deformation zone as well as the amount of glacially induced stability reduction, and 
hence the potential for reactivation, depend on the orientation of the zone, the orientation and 
magnitude of the background (present-day) stresses as well as on the orientation and magnitude of 
the glacially induced stress changes (e.g. Hökmark and Fälth 2014). Given the evidence for 
endglacial faulting in northern Fennoscandia (e.g. Lagerbäck and Sundh 2008) and stability estimates 
based on results from GIA simulations (Lund et al. 2009), there are two stages during a glacial cycle 
that are considered to be potentially critical for zone/fault stability (cf. Figure 1-2); (i) the beginning 
of a period with glacial load when a growing ice sheet, and the associated forebulge, approaches the 
actual site and (ii) the end of the glaciated period when the stabilising ice cover melts away. 

The uplift that is generated at the forebulge by the approaching ice reduces the horizontal stresses in 
the upper crust and leads to reduced confining stresses on steeply dipping zones. Depending on how 
the components of the glacial stresses are oriented relative to the background stress field, this may 
give reduced stability of such zones (Figure 1-2b), and could potentially lead to earthquake triggering 
(Steffen and Steffen 2021).  

At the end of a glaciation, the stress anisotropy in the crust is instead increased due to the melting of 
the stabilising ice sheet in combination with remaining horizontal excess stresses (Figure 1-2d). The 
excess stresses have been induced during glaciation by the down-warping of the crust beneath the ice 
(Lund et al. 2009). There may also be additional horizontal stress excess due to tectonic stresses that 
have been accumulated beneath the stabilizing ice cover. Increased horizontal stresses destabilise 
gently dipping fault zones and promote reverse-type faulting (Hökmark and Fälth 2014). This type of 
fault movement is in accordance with the endglacial faulting that took place in Fennoscandia at the 
end of the latest Weichselian glaciation. Even though the most prominent traces of endglacial faulting 
in Fennoscandia are found in the northern parts of the region (e.g. Lagerbäck and Sundh 2008, 
Munier et al. 2020), it cannot be excluded that significant events will take place further south in 
connection with future glaciated periods. 

  



    
   

 

TR-25-04 
 7 

 

 
Figure 1-2. Schematic view of stress evolution in the upper crust during a glaciated period. a) Present-day reverse 
stress field. High stability on steep deformation zones due to high horizontal stresses. b) Stress field at the forebulge 
outside the margin of a growing ice sheet. Reduction of horizontal stress (red) and reduced stability of steep zones 
c) Stress field under a stabilizing ice cover. Vertical stress increased by the weight of the ice and horizontal stress 
increased due to the direct elastic response to the vertical load (yellow). Tectonic strain accumulation and crustal 
flexure (red). d) Stress field in region below and outside the margin of a retreating ice. Stresses induced by possible 
tectonic strain accumulation and crustal flexure remain (red), giving increased stress anisotropy and possibly 
reactivation of gently dipping fractures and deformation zones. Note: The arrows are not to scale. 

1.4 Scope and objectives 
The deformation zone stability assessments cited in section 1.2 were based on the following 
prerequisites: 

• The background stress field in the depth range 0 to 1 km was based on the Forsmark site stress 
model developed by Martin (2007) (see also Glamheden et al. 2007). 

• The glacial stress additions were obtained from a GIA simulation using the University of Maine 
Ice Sheet Model (UMISM) reconstruction of the Weichselian ice sheet (see e.g. Lund et al. 2009).  

Since these stability calculations were performed, a new stress model for the Forsmark site has been 
developed (Hakami et al. 2025) mainly relying on the recent ranking results of the reliability 
assessment of overcoring stress measurements at Forsmark (Sjöberg et al. 2025). According to this 
model, the present-day horizontal stresses at repository depth are more than 30 % higher than those 
given by the model of Martin (2007). This should have a significant impact on any stability 
calculations made for Forsmark.  

At stability
limit Stable

a) Present day

b) Forebulge

c) Glaciation

d) Endglacial

Stabilized
Destabilized

Stable Stable

Unstable Stable
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In addition, a set of new GIA simulation results valid for the Forsmark site has been made available 
(Schmidt and Lund 2025). The set comprises results from simulations where five glaciation models 
have been combined with five Earth models, resulting in 25 glacial stress evolutions. Some of the 
combinations have also been used for sensitivity analyses, summing up to a total of 43 GIA models. 
The GIA results catalogue contains a range of glacial stress evolutions and thus gives a significantly 
wider case coverage than what has been previously available. The new background stress model and 
the GIA results catalogue were used as input to the deformation zone stability calculations presented 
in this report.  

The objective of the work presented in this report was to 

• Make updated deformation zone stability calculations for the seven Forsmark deformation zones 
ZFMA2, ZFMNW0017, ZFMNW1200, ZFMWNW0123, ZFMWNW0809A, ZFMENE0060A 
and ZFMENE0062A close to the projected repository volume using the latest available Forsmark 
background stress model and the new set of GIA simulation results. The stability was evaluated 
for present-day conditions as well as for conditions that may arise at the beginning or at the end of 
a period with glacial loading. 

• Account for the uncertainties in the input assumptions by evaluating the stability by means of 
Monte Carlo simulations where the input parameters are assumed to be random variables with 
probability distributions rather than being parameters with discrete values.  

The calculations were carried out using MATLAB (R2019a) (MathWorks 2020). 
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2 Input data 
To evaluate the stability of a deformation zone, basically three types of input data are needed: zone 
orientation and location, zone properties and stress field. These are described in this chapter. 

The orientations and frictional properties of the deformation zones were based on data from the site 
investigation in Forsmark (see section 2.1 and 2.2). This also applies for the background stress 
model. For glacially induced stresses there are no observations. Hence, this data was obtained from 
GIA simulations of the stress evolution in the crust during glacial cycles. 

2.1 Deformation zone orientation 
The orientations of the deformation zones were set according to the Forsmark deformation zone 
model (Petersson et al. 2024). In reality, deformation zones are not perfectly planar but may show 
spatial variations in both dip and strike. In addition, there will inevitably be uncertainties in the 
determination of the orientation of a deformation zone. In the zone stability calculations carried out 
here, the values of zone strike and dip angles (Table 2-1) were assumed to be normally distributed 
with the most likely values given by the Forsmark site deformation zone model (Petersson et al. 
2024). No values of the uncertainty in strike and dip are given in Petersson et al. (2024). The 
uncertainty ranges given in Table 2-1 were set according to Stephens and Simeonov (2015) and were 
assumed to represent 95 % confidence intervals. Examples of distributions of strike and dip are 
shown in Figure 7-1 in Appendix 1. 

Note that the uncertainty in dip means that dip values δ larger than 90° are included in the distributed 
data set for the steep deformation zones (Table 2-1). A dip larger than 90° implies that strike θ would 
be 180° off the nominal value and that δ := 180° - δ. However, this is without importance here. For 
instance, in the calculations presented below, dip and strike values of δ = 85° and θ = 100°, 
respectively, would yield the same stability value as [δ = 95°, θ = 100°], [δ = 95°, θ = 280°] and as 
[δ = 85°, θ = 280°]. 

 

Table 2-1. Deformation zone data (Petersson et al. 2024) 
Zone Strike θ (°)* Dip δ (°)* Trace length (m) 

ZFMA2 82±15 24±10 4000 

ZFMNW0017 137±5 85±10 7900 

ZFMWNW0123 119±5 82±10 5100 

ZFMNW1200 140±5  85±10 3300 

ZFMWNW0809A 118±5 90±10 3300 

ZFMENE0060A 241±5 85±10 3100 

ZFMENE0062A 60±5 85±10 3400 
*The uncertainty ranges were set according to Stephens and Simeonov (2015). 

2.2 Coefficient of friction 
In the deformation zone stability estimate presented in Hökmark et al. (2019), the coefficient of 
friction on the zones was assumed to be 0.65 while Fälth (2022) assumed the value to be 0.7. Both 
these assumptions are in accordance with the friction coefficient values approximately in the range 
0.58 to 0.75 (friction angles in the range 30° to 37°) reported to be valid for open fractures and 
deformation zones in Forsmark (Glamheden et al. 2007). All these values agree with values reported 
by Byerlee (1978) for a range of rock types. According to Byerlee (1978), the friction coefficient of 
rock is typically in the range 0.6 to 0.85.  

In the Monte Carlo simulation performed here, the friction coefficient was assumed to have a normal 
probability distribution (Figure 7-2 in Appendix 1) with the most likely value set to 0.7 (friction 
angle 35°) and the 95 % confidence interval assumed to be [0.6  0.8] (friction angles [31° 39°]) 
(Table 2-2). This implies an assumed standard deviation of 0.05. The standard deviation reported for 
friction coefficients of open fractures in Forsmark is approximately in the range 0.02 to 0.06 
(1.3 to 3.3°) (Glamheden et al. 2007). 
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2.3 Stress field 
When the stability during a glacial cycle was evaluated, the stress field was assumed to be the sum of 
the background (present-day) stress field and glacially induced stress additions. These are described 
in the following two subsections. 

As noted in section 0, the possibility cannot be excluded that tectonic strain accumulation beneath a 
stabilizing ice cover will contribute to increased excess in horizontal stress during the endglacial 
stage. However, since the determination of the tectonic strain rate is associated with large 
uncertainties, there is a considerable uncertainty regarding the potential for accumulation of tectonic 
strain. Current GPS measurements indicate that the tectonic strain rates are lower than the 
uncertainties in the GPS based strain estimates, at approximately 10-9/year (Scherneck et al. 2010). 
Muir Wood (1995), however, suggested a tectonic strain rate in the Baltic Shield of the order of 10-

11/year while Slunga (1991) suggested a rate as high as 1.5∙10-9/year. Thus, the strain rate estimates 
differ by about two orders of magnitude. The potential effects of tectonic strain accumulation are 
omitted in this work. The possible implications of this are discussed in Chapter 4. 

2.3.1 Background (present-day) stress field 
According to the background stress model applied here (Hakami et al. 2025) there is a reverse faulting 
stress regime at depths down to about 2 km in Forsmark (Figure 2-1). The notion of a reverse stress 
regime at shallow depths is in agreement with conclusions made by Stephansson et al. (1991) 
regarding stresses in the Fennoscandian shield. At larger depths, the uncertainties regarding both stress 
regime and stress magnitudes are larger. However, there are observations that give some indications. 
Measurements made in the Siljan region (Lund and Zoback 1999), as well as earthquake source 
mechanisms analysed by Slunga (1991), indicate that a strike-slip stress regime dominates at depth in 
the Baltic Shield. Furthermore, the results of Lund and Zoback (1999) agree with the notion that the 
crust is in frictional equilibrium on optimally oriented faults (see Zoback & Townend (2001)).  

The horizontal principal stress components σH,b and σh,b were modelled using a bi-linear depth 
dependence (the subscript “b” denotes “background”). This means that strike-slip stress conditions 
are assumed to prevail at larger depths, in accordance with the observations noted above. The bi-
linear relation was set such that σh,b is equal to the vertical stress σv,b at about 2 km depth and that 
σh,b<σv,b at depths below 2 km. The magnitudes of the principal stress components of the most likely 
background stress field in Forsmark are defined by (Hakami et al. 2025) 

𝜎𝜎𝐻𝐻,𝑏𝑏 = �6 − 100𝑧𝑧            − 0.5 ≤ 𝑧𝑧 ≤ 0
41 − 30𝑧𝑧                      𝑧𝑧 ≤ −0.5 

 
𝜎𝜎ℎ,𝑏𝑏 = � 1 − 60𝑧𝑧                   − 0.5 ≤ 𝑧𝑧 ≤ 0

23.5 − 15𝑧𝑧                           𝑧𝑧 ≤ −0.5 
 
𝜎𝜎𝑣𝑣,𝑏𝑏 = −26.5𝑧𝑧 

(2-1) 

where σH,b, σh,b and σv,b are the major horizontal, the minor horizontal and the vertical stress 
components, respectively, in MPa and z is elevation above sea level (a.s.l.) in kilometres (negative 
downwards). Note that compressive stresses are here defined as positive. 

The observations made by Lund and Zoback (1999) in the Siljan Ring area provide the possibility to 
check the relevance of the stress magnitudes at depth. At 5 km depth, Lund and Zoback (1999) noted 
that the minor horizontal stress is approximately two-thirds of the vertical stress. Given the vertical 
stress σv,b according to Eq. (2-1), this would correspond to 88 MPa. The minor horizontal stress σh,b 
applied at 5 km depth in the calculations here is 98.5 MPa (Eq. (2-1)), i.e., about 12 % higher. Hence, 
the horizontal stress levels at the largest depth considered here appear to be slightly higher but in 
general agreement with those observed by Lund and Zoback (1999).  

The stress anisotropy of the stress field defined by Eq. (2-1) corresponds to frictional equilibrium on 
optimally oriented fault planes (cf. Jaeger and Cook 1979) with a friction coefficient of µ = 0.46 at 
2.25 km depth, µ = 0.55 at 5 km depth and µ = 0.59 at 7.5 km depth (cf. most likely values in Figure 
2-2). The assumption of a stress anisotropy corresponding to a friction coefficient in the range 0.5 to 
0.6 at 4-6 km depth is in agreement with the observations made by Lund and Zoback (1999).  
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In the stability calculations presented below, the magnitudes of the horizontal principal stress 
components were handled in a statistical manner by assuming that the magnitudes follow a normal 
distribution around their most likely values from Eq. (2-1). The reported uncertainty in the horizontal 
stress values are ±6 MPa for σH,b and ±5 MPa for σh,b (Hakami et al. 2025). When determining the 
distributions these uncertainty ranges were assumed to correspond to 95 % confidence intervals 
(Table 2-2). The distributions of stress magnitudes around their most likely values are indicated in 
Figure 2-1. No distribution was applied for the vertical stress σv,b. It was always set according to Eq. 
(2-1). It can be noted that, close to the surface, where stress levels are low, these constant uncertainty 
values may result in negative horizontal stresses, i.e., tensional. In the calculations here, no 
background stress was allowed to be lower than zero.  

The observations made by Lund and Zoback (1999) can also be used to check the relevance of the ±6 
MPa and ±5 MPa uncertainty ranges of σH,b and σh,b used to define the distributions of stress 
magnitudes. The upper and lower limits of these ranges applied on the stresses at 4 km depth (Eq. 
(2-1)) correspond to friction coefficients in the range [0.44  0.63] on optimally oriented planes. The 
corresponding range of friction coefficients obtained for 5 km depth is [0.47  0.64]. Noting that the 
observed stress anisotropy at these depths corresponds to a friction coefficient in the range [0.5  0.6] 
(Lund and Zoback 1999), it appears that the stress uncertainty ranges used here can be considered 
wide rather than narrow. A wider range should tend to give a larger spread in the output from the 
stability calculation and correspondingly more pessimistic results. 

The most likely trend of σH,b was assumed to be N145°E, in accordance with the Forsmark site stress 
model (Hakami et al. 2025) and other data from south-central Sweden (Heidbach et al. 2016, Lund and 
Zoback 1999, Slunga 1991) indicating that the direction of the maximum horizontal stress is in 
agreement with the push from the Mid-Atlantic Ridge, i.e., in the range N120°E to N150°E. As for the 
horizontal stress magnitudes, the trend was assumed to have a normal distribution. The 95 % confidence 
interval of the distribution was set to [N125°E  N165°E] (cf. Hakami et al. 2025), which corresponds to 
a standard deviation of 10°. The interval is in accord with the uncertainty range of the previous 
Forsmark stress model (Glamheden et al. 2007, Martin 2007) and was also used in the previous zone 
stability assessment by Fälth (2022). However, this uncertainty may be considered small compared to 
the uncertainty in stress orientations indicated by the measurements in southern Sweden included in the 
World Stress Map catalogue (Heidbach et al. 2016). These have been classified to have standard 
deviations in the range 15° to 25° (see also Gregersen et al. 2021). The majority of these data are based 
on earthquake focal mechanisms at several kilometres depth. This may lead to larger uncertainties 
compared to the uncertainties associated with the measurements at smaller depths that were used to 
develop the Forsmark stress model applied here. However, the possibility cannot be excluded that the 
uncertainty in stress orientation assumed here is underestimated. 

To illustrate the distributions of the stress model parameters, histograms of σH,b and σh,b at 0.5 km 
depth as well as the σH,b trend are presented in Figure 7-3 in Appendix 1.  
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Figure 2-1. Principal components of the background (present-day) stress field. The colour scale indicates normalised 
probability density of the horizontal stresses, which were assumed to be normally distributed around their most likely 
values with the parameter ranges in Table 2-2 corresponding to a 95 % confidence interval. The lines indicate the 
most likely stress values extracted from the distributions, cf. Eq. (2-1). 

 

  
Figure 2-2. Histograms of friction coefficient values corresponding to frictional equilibrium on optimally oriented 
planes at 2.25 km and 5 km depth. The values were calculated from the distributions of σH,b and σh,b at respective 
depth (cf. Figure 2-1). 

 

Table 2-2. Parameter values for background stress and deformation zones 
Parameter Symbol Most likely value Range corresponding to 

95 % confidence interval 

Background major horizontal stress σH,b See Eq. (2-1) ±6 MPa 

Background minor horizontal stress σh,b See Eq. (2-1) ±5 MPa 

Background major horizontal stress 
trend 

 N145°E [N125°E  N165°E] 

Zone dip δ See Table 2-1 See Table 2-1 

Zone strike θ See Table 2-1 See Table 2-1 

Coefficient of friction µ 0.7 [0.6  0.8] 
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2.3.2 Glacial stress additions 
As reference when determining the glacial stress input, results from a set of GIA simulations were 
used (Schmidt and Lund 2025). In these simulations, the evolution of glacial stress additions in 
Forsmark was estimated for several combinations of Earth models and glacial models. The GIA 
simulations were carried out using flat-earth models with layers representing the lithosphere and the 
underlaying mantle. There are five Earth models with different thickness of the lithosphere and 
different elastic and visco-elastic properties of the lithosphere and the mantle. The Earth models are 
combined with five ice sheet models. A detailed description of the modelling methodology and the 
models is given in Schmidt and Lund (2025). 

By combining the five Earth models with the five glacial evolutions, 25 stress evolution scenarios 
were created. In addition, nine of these Earth/ice combinations (three ice models × three Earth 
models) were selected for additional analysis. In these additional cases, it was assumed that the 
residence time of the ice coverage was extended at the glacial maximum ice configuration. Two 
extensions were tested: 25,000 years (+25k) and 50,000 years (+50k). Hence, including these 
additional cases, in total 25+9+9 = 43 stress evolution scenarios were included in the GIA data set. 
Here, the +25k case was considered pessimistic, but to be within the frame of the potential variability 
of future glacial loads (Jens-Ove Näslund 2024-11-22, personal communication). Hence, the +25k 
case was here included in the base case scenario catalogue. The +50k case was not considered a 
realistic possibility but was used here as an illustrative case. The ice models and Earth models 
included in the model catalogue are summarised in Table 2-3. 

Two of the ice models are reconstructions of previous glaciations. The UMISM ice model (SKB 
2010b) is a reconstruction of the last (Weichselian) glaciation while NH40 (Colleoni and Liakka 
2020) is a reconstruction of the Saalian ice sheet that was considerably larger and thicker than the 
Weichselian ice. Then, there are three ice models (RCPxxx) (Thölix et al. 2019) that are projections 
of future glaciations based on different assumptions of the future evolution of CO2 in the atmosphere, 
i.e., on different CO2 emission scenarios or Representative Concentration Pathways (RCPs).  

The evolutions of the ice sheets are shown in Figure 2-3 and Figure 2-4. As seen in the figures, the 
NH40 ice has the largest ice volume and also the largest thickness over Forsmark. Its residence time 
at Forsmark is shorter than that of the Weichselian ice, though. Among the future projection models, 
RCP45 is the largest with an ice-covered area and ice thickness on par with those of the Weichselian 
ice sheet. The RCP45e and RCP85 ices are much smaller. In the RCP45e model, the ice boundary 
just reaches the Forsmark site, and the ice gives only minor vertical load for a short period of time. In 
the RCP85 model, the ice cover never reaches the site. The shortest distance between the margin of 
the RCP85 ice and Forsmark is about 200 km. Hence, for the RCP45e and the RCP85 models, 
Forsmark lies in the forebulge. 

 

Table 2-3. Summary of GIA models 
Base case catalogue Illustrative case catalogue 

Original models 25 kyrs extended ice 50 kyrs extended ice 

Ice models Earth models Ice models Earth models Ice models Earth models 

UMISM 
NH40 
RCP45 
RCP45e 
RCP85 

M14 
M118 
L2017 
VM5a 
L11 

UMISM+25k 
NH40+25k 
RCP45e+25k 

M14 
VM5a 
L11 

UMISM+50k 
NH40+50k 
RCP45e+50k 

M14 
VM5a 
L11 
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Figure 2-3. Temporal evolution of the NH40 Saalian and UMISM Weichselian ice sheets (Figure 3-3 in Schmidt and 
Lund 2025)  

 
Figure 2-4. Temporal evolution of the RCP-based ice sheets and the UMISM Weichselian ice sheet (Figure 3-4 in 
Schmidt and Lund 2025). 

As examples, temporal evolutions of the principal components of the glacial stresses at 1.5 km depth 
are shown in Figure 2-5 for the Weichselian glacial scenario and in Figure 2-6 for the corresponding 
scenario with 25,000 years extended ice residence time. There are two stress components which are 
close to horizontal at most times, σH,g and σh,g. The third component, σv,g, is close to vertical at most 
times. The subscript “g” means “glacial”. The σH,g trend is taken with respect to North rotating 
eastwards. The σv,g plunge means the angle of σv,g with respect to the horizontal. Note that since the 
σv,g plunge may deviate from 90°, σv,g is not always vertical. From this it follows that the σH,g and σh,g 
components are not necessarily horizontal. Corresponding plots for all glacial scenarios are presented 
in Appendix 2. 
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Figure 2-5. Temporal evolution of principal stress components of the glacial stresses for the Weichselian glacial 
scenario. The ice model is combined with the five Earth models, cf. Table 2-3. 
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Figure 2-6. Temporal evolution of principal stress components of the glacial stresses for the Weichselian glacial 
scenario with 25,000 years extended ice residence time. The ice model is combined with three of the Earth models, cf. 
Table 2-3. 
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3 Evaluation of deformation zone stability 
3.1 General 
The deformation zone stability was evaluated in terms of Coulomb Failure Stress (CFS), which is 
defined as (Harris, 1998) 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝜏𝜏 − 𝜇𝜇(𝜎𝜎𝑛𝑛 − 𝑃𝑃) − 𝑐𝑐. (3-1) 

Here, τ and σn are the shear- and normal stresses acting on a fault or fracture plane while µ is the 
coefficient of friction on the plane, P is pore pressure and c is cohesion. Hence, CFS is the difference 
between the shear load and the shear resistance of the fault or fracture and is thus a measure of the 
potential for slip. A positive CFS value means unstable conditions.  

The pore pressure P is the sum of two components, i.e., P = Ph + Pe, where Ph is hydrostatic pressure 
while Pe is excess pressure that may develop in the crust in conjunction with a glaciation. As a base 
case assumption, Pe is set to zero. In all calculations made here, cohesion c is assumed to be zero. 
Cohesion values on the order of 1 MPa are reported for deformation zones at Forsmark (Glamheden 
et al. 2007). Given that the average effective stress at depths below 0.5 km is above about 30 MPa 
(cf. Eq. (2-1)), and given a coefficient of friction of 0.7, the frictional shear resistance of the 
deformation zones is on the order of 20 MPa and more. Hence, the cohesional shear resistance (which 
is constant with depth while the frictional resistance is not) corresponds to some 5 % or less of the 
total shear resistance at depths below 0.5 km. Since omitting cohesion means that lower shear 
resistance is modelled, it can be regarded a conservative assumption. 

Since all the input parameters to the CFS calculation, with the exception of the pore pressure, were 
assumed to be distributed, the CFS calculations were carried out by means of Monte-Carlo 
simulations. For each input parameter and for each depth, N = 500,000 values were generated. The 
generation was set to follow the distribution that was determined for that particular parameter, i.e., 
the values of mean and variance were set based on the given uncertainty intervals, see e.g. Table 2-2 
(the parameter distributions related to the glacial load are described in section 3.3.2). Then, the values 
were looped through and a corresponding array of CFS values was calculated using Eq. (3-1). Tests 
were made to ensure that the value of N gives a stable solution (Appendix 4). 

In the deterministic geological modelling of the Forsmark site, the termination depth of deformation 
zones with surface trace lengths longer than 2.1 km are set at the base of the Forsmark regional 
model volume, which is -2.1 km a.s.l. (Hermanson and Petersson 2022). It is stated by Hermanson 
and Petersson (2022) that “the general principle is that a steeply dipping deformation zone should be 
modelled to a depth equal to the length of the zone’s surface trace (z = 0).” This principle is here 
adopted schematically when evaluating zone stability. For the two longest deformation zones 
ZFMNW0017 and ZFMWNW0123, the stability is evaluated down to a depth of 5 km while the 
maximum depth of evaluation is set to 3 km for the other five zones (cf. Table 2-1). 

This chapter is divided into two subsections. In the first subsection, results are presented from CFS 
calculations where only background stresses are applied, i.e., deformation zone stability was 
evaluated for present-day conditions. The second subsection presents CFS calculations where the 
stability was evaluated for conditions that may arise at the beginning or at the end of a period with 
glacial loading. 
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3.2 Present-day conditions 
CFS was calculated for present-day conditions, i.e., when applying only the background stresses 
according to Eq. (2-1). For reference, CFS was also calculated when applying the background stress 
model that was adopted in the previous zone stability assessment by Fälth (2022) (applying most 
likely parameter values of deformation zone orientation, friction and σH,b orientation, see Chapter 2).  

The present-day CFS values are shown in Figure 3-1. The colour scale shows normalised probability 
density of CFS. The solid line indicates the most likely CFS value, and the dotted lines indicate the 
boundaries of the 95 % confidence interval. Based on the probability density distribution, the 
probability of CFS>0 was calculated (Figure 3-2). The following can be observed in Figure 3-1 and 
Figure 3-2: 

• The parameter variation yields a considerable variation in CFS values at most depths, particularly 
for the steep zones (Figure 3-1). For these zones, the CFS variation may be ±50 % or more below 
0.5 km depth. The uncertainty increases with depth. This is attributed to the increase in both stress 
level and deviatoric stress with depth. As these are increased, CFS becomes more sensitive to 
variations in coefficient of friction, zone orientation and stress orientation. 

• For the gently dipping zone ZFMA2 the results indicate a high likelihood of instability under 
present-day conditions over a considerable depth range reaching down to more than 1 km depth 
(Figure 3-2). The probability of CFS>0 exceeds 0.2 down to 1 km depth. 

• Despite the considerable variations in CFS, it appears that the steep zones all have considerable 
stability margins over a majority of their depth extents. The most likely CFS line reaches zero just 
at the surface for the northwest striking ZFMNW0017, ZFMNW1200, ZFMWNW0123 and 
ZFMWNW0809A (Figure 3-1). The 95 % confidence line crosses zero at 0.2 to 0.4 km depth in 
these cases. In the case with the northeast striking ZFMENE0060A and ZFMENE0062A, 
practically no instability is found at any depth. For all steep zones, the probability of CFS>0 under 
present-day conditions is practically zero at depths below 0.5 km (Figure 3-2). 

• At depths below, say 0.5 km, there is a fairly reasonable agreement between the most likely 
values and the values obtained with the background stress model adopted by Fälth (2022) (Figure 
3-1). Close to the surface, the most likely CFS values on the steep zones are higher than those 
based on the Fälth (2022) stress model while the opposite holds for ZFMA2. This can be 
explained by the fact that the horizontal stresses close to the surface are lower in the new 
background stress model used here (cf. Eq. (2-1) and Eq. (2-1) in Fälth (2022)). 
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Figure 3-1. CFS as function of depth for the seven Forsmark deformation zones under present-day conditions. The 
colour scale shows normalised probability density of CFS, and the dotted lines indicate the boundaries of the 95 % 
confidence interval. The solid line indicates the most likely CFS values. For reference, CFS values based on the 
background stress field adopted by Fälth (2022) are also plotted. 
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The calculated instability at shallow depth on ZFMA2 (Figure 3-1, upper) could mean that the zone 
should be moving at present (seismically or aseismically). Alternatively, the generally high CFS 
levels at shallow depth on ZFMA2 may indicate that the horizontal stresses given by the background 
stress model applied here (Eq. (2-1)), as well as those given by the stress model used in Fälth (2022), 
are not fully compatible with the geometry of that zone. This may not necessarily mean that these 
stress models are wrong. The models were developed to be valid for the repository volume in the 
footwall of ZFMA2. Given that ZFMA2 is close to its stability limit, it may have moved previously. 
Such a movement would presumably relax stresses mainly in the hanging wall (see e.g. simulation 
results by Fälth 2022), and such potential effects are not accounted for in the present analysis.  

 
Figure 3-2. Probability of CFS > 0 as function of depth for the seven Forsmark deformation zones under present-day 
conditions.  

3.3 Glacial loading 

3.3.1 Temporal evolution of stability 
Given the background stress field and an evolution of glacial stress additions, the temporal evolution 
of CFS can be calculated for a given zone/fracture orientation. Figure 3-3 and Figure 3-4 show the 
temporal evolution of CFS at 1.5 km depth on ZFMA2 and ZFMNW0017 for the five ice models 
(CFS evolutions for all deformation zones and ice models are presented in Appendix 3). Each ice 
model has been combined with the five Earth models. In the calculation, the most likely background 
stress field according to Eq. (2-1) was applied with the trend of σH,b set to N145°E and the coefficient 
of friction set to µ = 0.7. The diagrams also show the evolution of the vertical ice load, which 
indicates the periods with ice cover (cf. Figure 2-3 and Figure 2-4).  

The diagrams in Figure 3-3 show that, on a gently dipping zone as ZFMA2, the lowest stability 
typically develops at the end of a glacial period. This is due to the excess in horizontal stress that 
remains after ice retreat (cf. section 0). The two models of the Weichselian and Saalian glaciations 
(Figure 3-3, upper), which simulate the largest and thickest of the ice sheets considered here, give the 
strongest stress effects (compare Figure 2-3 and Figure 2-4). The three projections of future 
glaciations, as depicted in this study, have weaker or almost negligible impact on fault stability. It can 
also be noted that while the CFS levels differ for the different Earth models, the results tend to be 
qualitatively similar.  

Similarly, Figure 3-4 shows temporal evolution of CFS at 1.5 km depth on ZFMNW0017. This zone, 
which is steeply dipping, typically becomes destabilised at the beginning of a glacial period when the 
ice sheet approaches the site. This is due to the reduction of horizontal stresses in the forebulge 
outside the ice margin (cf. section 0). The UMISM and NH40 ice models give the strongest stress 
effects, as in the case with ZFMA2 (Figure 3-3). 

Figure 3-5 shows the temporal evolution of CFS on the remaining five deformation zones for the 
NH40 ice model. It can be noted that the CFS evolution on ZFMNW1200 and on ZFMNW0017 are 
similar (compare Figure 3-5, top and Figure 3-4, top right) due to the similar orientations of these 
zones (cf. Table 2-1). Likewise, ZFMWNW0123 and ZFMWNW0809A (Figure 3-5, middle) have 

-5

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

El
ev

at
io

n 
z(

km
.a

.s
.l.

)

Probability of CFS > 0

Present-day conditions

ZFMA2
ZFMNW1200
ZFMWNW0809A
ZFMNW0017
ZFMWNW0123
ZFMENE0060A
ZFMENE0062A



    
   

 

TR-25-04 
 21 

 

similar orientations and thus similar CFS evolutions. The CFS histories of the two zones 
ZFMENE0060A and ZFMENE0062A are shown in Figure 3-5, bottom. What is notable in these 
diagrams is that these latter zones have very considerable stability margins. This is because they dip 
along directions sub-parallel with the background major horizontal stress σH,b and hence are subjected 
to low shear stresses and high compressive stresses.  

The results presented here give an overview and show how the stability of differently oriented zones 
develop during different periods of a glacial cycle. Furthermore, the results show which of the 
glaciation scenarios have the strongest impact on deformation zone stability.  

The CFS values shown in this section were calculated at one depth and for the most likely 
background stress field (Eq. (2-1)). However, the stability tends to vary with depth, as shown in 
Figure 3-1. In addition, as indicated in Table 2-2, there are uncertainties in the magnitudes and 
orientations of the components in the background stress field as well as in the orientations of the 
deformation zones. 

In next subsection, results are presented from calculations where zone stability was evaluated at 
different depths while considering the uncertainties in the background stress field, the orientations 
and property of the deformation zones as well as uncertainties in the glacial stresses.  

 

  

  

 
Figure 3-3. Temporal evolutions of CFS at 1.5 km depth on ZFMA2 for the five different ice models plotted along with 
the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses indicate, for each 
Earth model, the time instance of max CFS. CFS evolutions for all deformation zones and ice models are presented in 
Appendix 3. 
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Figure 3-4. Temporal evolutions of CFS at 1.5 km depth on ZFMNW0017 for the five different ice models plotted 
along with the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses 
indicate, for each Earth model, the time instance of max CFS. CFS evolutions for all deformation zones and ice 
models are presented in Appendix 3. 
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Figure 3-5. Temporal evolutions of CFS at 1.5 km depth on ZFMNW1200, ZFMWNW0123, ZFMWNW0809A, 
ZFMENE0060A and ZFMENE0062A for the NH40 ice model plotted along with the vertical ice load. The ice model is 
combined with the five Earth models. The coloured crosses indicate, for each Earth model, the time instance of max 
CFS. Note the different CFS y-scale for the lower plots. CFS evolutions for all deformation zones and ice models are 
presented in Appendix 3. 

3.3.2 Stability under forebulge and endglacial conditions 
The ice/Earth model combinations considered here represent a wide range of glacial stress addition 
scenarios. It is assumed here that the ranges of stress magnitudes and stress orientations included in 
this GIA data set can be considered relevant for the additional loading of the bedrock in Forsmark 
that potentially can be expected during future glaciations.  

As showed by the results presented in section 3.3.1, the glacial stresses vary during a glacial cycle 
and lead to reduced stability at different times for differently oriented deformation zones. Using the 
GIA data set as input, calculations were carried out in order to determine the characteristics (i.e., the 
magnitudes and orientations) of the glacial stresses at the stages (time instances) when they tend to 
give instability of the Forsmark deformation zones. By compiling the glacial stresses at these critical 
stages, the ranges of magnitudes and orientations of these critical glacial stresses were determined 
(Table 3-1). The ranges were considered representative for potential glacial loads at Forsmark under 
forebulge and endglacial conditions and were used to define the glacial stress distributions as input to 
the Monte-Carlo simulations for determining deformation zone stability. Hence, the GIA results were 
not used directly as input to the CFS calculations but rather served as a reference when determining 
plausible input parameter values to the calculations. 
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The approach applied here means that the calculated probability is that of having unstable conditions 
under forebulge conditions or under endglacial conditions, given that there actually is a period with 
glacial load at Forsmark. 

The exploration of the glacial stress characteristics is presented in the following subsection. After that 
follows a subsection where the results of the Monte-Carlo simulations are presented. 

Exploring glacial stress characteristics 
To explore the ranges of glacial stress magnitudes and orientations at the times when the Forsmark 
deformation zones may become unstable, the temporal evolution of CFS was calculated for all seven 
zones according to the following:  

• All 25 original ice/Earth model combinations were tested. In addition, the 9 scenarios with 25,000 
years extended ice residence time (+25k) at glacial maximum were also included (cf. discussion in 
section 2.3.2). 

• For each of the 34 ice/Earth model combinations above, at each time instance during the glacial 
evolution, CFS was calculated at six depths, 0.2 km, 0.5 km, 1.5 km, 2.5 km 3.5 km and 4.5 km. 
The depths in the range 0.5 km to 4.5 km are depths at which GIA stresses were available as input 
from the simulations by Schmidt and Lund (2025). The 0.5 km GIA stresses were applied also at 
0.2 km depth, which was considered a reasonable assumption because of the low depth gradient in 
these stresses. 

• The most likely background stresses according to Eq. (2-1) were applied. 

• For all ice/Earth model combinations and for all six depths, three background stress orientations 
were tested: N125°E, N145°E and N165°E. 

• The coefficient of friction was assumed to be µ = 0.7. 

Given the background stress model applied here and the assumed coefficient of friction, CFS may be 
positive on parts of a deformation zone even before any glacial stresses have been added. This is 
typically the case for the uppermost parts of the shallow and gently dipping ZFMA2, as shown in 
Figure 3-1 (top).  

Since unstable conditions were found initially at some locations, the time instances when the glacial 
loading leads to instability on a zone was determined according to the following. At each elevation z, 
a reference value CFSref(z) was determined based on the initial CFS value CFSini(z) = CFS(t=0, z) 
according to 

𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟(𝑧𝑧) = �0 + 0.2 MPa,                    𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧) ≤ 0
𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧) + 0.2 MPa,    𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖(𝑧𝑧) > 0. (3-2) 

During glacial loading, a deformation zone was marked as unstable if CFS exceeded CFSref at any 
depth, i.e. if ΔCFS(z) = CFS(t, z) – CFSref(z) > 0. The 0.2 MPa term in Eq. (3-2) was added to avoid a 
deformation zone to be marked as unstable because of tiny irrelevant fluctuations in the GIA stresses 
that were caused by numerical “noise” in the GIA calculations. According to the chosen reference 
CFS value, an initially unstable zone (with CFS = 0.2 MPa) is assumed to be at the stability limit, 
such that any further increase of CFS causes instability. As a deformation zone was marked as 
unstable, the current glacial stress magnitudes and orientations were saved along with the current 
ΔCFS values on the zone. 

The evolution of glacial vertical load for the ice models that yielded unstable conditions on ZFMA2 
are plotted in Figure 3-6 along with markers that indicate maximum ΔCFS values and corresponding 
time instances for the cases where instability was found. Note that no results for the ice models 
RCP45e or RCP85 are included in Figure 3-6 since those ice models did not result in instability on 
ZFMA2 for any case. Similar to what is indicated in Figure 3-3, the results in Figure 3-6 show that 
ZFMA2 will become unstable during endglacial conditions as the ice retreats. For a gently dipping 
zone like ZFMA2, the ratio between the vertical and horizontal stress is of significant importance for 
the stability of the zone. It can be noted in Figure 3-6 though, that the ice load (vertical stress) was 
zero, or close to zero, at practically all the instances when instability was found. The ice load 
exceeded 0.5 MPa only by way of exception for these instances. Hence, the vertical glacial stress was 
not considered in the further handling or in the CFS calculations presented below. 
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The corresponding results for ZFMNW0017, ZFMNW1200, ZFMWNW0123 and ZFMWNW0809A 
are shown in Figure 3-7. For these zones, the NH40 and NH40+25k ice models yielded positive 
ΔCFS values. The results confirm that the steeply dipping zones tend to become unstable under 
forebulge stress conditions. No positive ΔCFS values were found on ZFMENE0060A or 
ZFMENE0062A.  

The magnitudes, the stress ratios and trends of the glacial horizontal stress components are 
summarised in Figure 3-8 for all cases that gave instability on ZFMA2 (cf. Figure 3-6). The results 
show that the major horizontal glacial stress addition σH,g under endglacial conditions may be in the 
range 0 to 20 MPa and the minor horizontal stress addition σh,g in the range 0 to 15 MPa. The 
variation of stress magnitudes with depth is negligible. The ratio σH,g / σh,g is mainly in the 
range 1 to 4, with the highest ΔCFS values and the greatest depth extent of instability obtained for 
ratios in the range 1 to approximately 1.5. This stress ratio range corresponds to σH,g approximately in 
the range 15 MPa to 20 MPa and with σh,g 15 MPa. 

In a few cases, σh,g is negative, giving negative ratios. There were also very high irrelevant ratios (>5) 
caused by tiny σh,g values. These high ratios were set to zero in the plot. The negative stress values 
and the highest ratios were neglected in the further analysis. The σH,g trend falls in the range 0 to 
175°. In most of the cases, the variation in trend with depth is small. Significant changes in trend with 
depth take place only by way of exception. Finally, it can be concluded that the highest ΔCFS values 
and the largest depth extent of instability arise when the stress additions are at their highest. The 
lowest stability is consistently found close to the ground surface.  

The glacial stresses for the cases that gave instability on the steep zones (cf. Figure 3-7) are 
summarised in Figure 3-9 to Figure 3-12. The results indicate that the major glacial stress σH,g may be 
in the range -5 to 0 MPa while the minor stress component σh,g is in the range -11 to -5 MPa. The 
stress ratio σH,g / σh,g is in the range 0 to 0.7. There is a group of cases with stress trends below N25°E 
and another group with trends above N150°E. In the continued analysis, the trend is taken to vary in 
the two ranges 0 to N50°E and N150°E to N175°E. The lower range is extended up to N50°E even 
though the data in Figure 3-9 to Figure 3-12 indicate trends only up to N25°E. This means that there 
is some coverage for the case with the RCP45e+25k ice model (see next paragraph). As for the 
ZFMA2 results in Figure 3-8, the variation of the stress components with depth is modest.  

It can be noted that the RCP45e+25k ice model (with extended ice residence time), gives forebulge 
stresses on par with those generated by the NH40 ice model (compare Figure 3-9 to Figure 3-12 with 
Figure 3-13). However, because of the σH,g trend, the RCP45e+25k model did not yield any zone 
instability. Note in Figure 3-13 though, that the σH,g trend at the time of minimum σh,g and σH,g is 
about N50°E for two of the Earth models, which is within the ranges that will be considered in the 
continued work (see previous paragraph). 

In the continued work presented below, the magnitudes and orientations of the glacial stresses were 
varied within ranges based on the observations made here. The magnitudes and orientations of these 
stresses were assumed to be constant with depth. 
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Figure 3-6. Temporal evolution of ice load for the ice models that yielded unstable conditions on ZFMA2. The 
markers indicate maximum ΔCFS on the zone at the time instances when CFSref is exceeded at any depth. Note that 
combinations of all five Earth models and all three background stress orientations were considered when generating 
the results. Note that the vertical scale varies between plots. 
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Figure 3-7. Temporal evolution of ice load for the NH40 and NH40+25k ice models, which are the ice models that 
gave unstable conditions on ZFMNW0017, ZFMNW1200, ZFMWNW0123 and ZFMWNW0809A. The markers 
indicate maximum ΔCFS on the zones at the time instances when CFSref is exceeded at any depth. Note that 
combinations of all five Earth models and all three background stress orientations were considered when generating 
the results. Note that the vertical scale varies between plots. 
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Figure 3-8. Magnitudes, stress ratios and trends of the glacial stresses as function of depth for all time instances 
when ZFMA2 was marked as unstable, cf. Figure 3-6. Note that results for all five ice models depicted in Figure 3-6 
are included here. Values of σH,g / σh,g higher than 5 were set to zero in the plot. The line colour indicates ΔCFS. The 
lower limit of the colour scale is limited to make the plots clearer. 

 

 
Figure 3-9. Magnitudes, stress ratios and trends of the glacial stresses as function of depth for all time instances 
when ZFMNW0017 was marked as unstable, cf. Figure 3-7. Note that results for both ice models depicted in Figure 
3-7 are included here. The line colour indicates ΔCFS. Note that the lower limit of the colour scale is limited to make 
the plot clearer. 

 

 
Figure 3-10. Magnitudes, stress ratios and trends of the glacial stresses as function of depth for all time instances 
when ZFMWNW0123 was marked as unstable, cf. Figure 3-7. Note that results for both ice models depicted in Figure 
3-7 are included here. The line colour indicates ΔCFS. Note that the lower limit of the colour scale is limited to make 
the plot clearer. 
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Figure 3-11. Magnitudes, stress ratios and trends of the glacial stresses as function of depth for all time instances 
when ZFMNW1200 was marked as unstable, cf. Figure 3-7. Note that results for both ice models depicted in Figure 
3-7 are included here. The line colour indicates ΔCFS. Note that the lower limit of the colour scale is limited to make 
the plot clearer. 

 

 
Figure 3-12. Magnitudes, stress ratios and trends of the glacial stresses as function of depth for all time instances 
when ZFMWNW0809A was marked as unstable, cf. Figure 3-7. Note that results for both ice models depicted in 
Figure 3-7 are included here. The line colour indicates ΔCFS. Note that the lower limit of the colour scale is limited 
to make the plot clearer. 
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Figure 3-13. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the RCP45e ice model 
with 25,000 years extended ice residence time (+25k). This plot is also presented in Figure 8-8 in Appendix 2. 

Applying parameter distributions 
Here, results from Monte-Carlo simulations of deformation zone stability under glacial conditions are 
presented. In the calculations, distributions of the background stress field parameters, of the 
deformation zone orientations and friction, as well as of the glacial stress parameters were 
considered. The parameter values related to the background stress field, as well as the deformation 
zone orientations and friction are presented in Table 2-2. The background stress parameters, the 
deformation zone orientations and friction, which are based on measurements and observations, were 
given normal distributions around reported most likely values.  

The glacial stress parameters are summarised in Table 3-1. The parameters were varied 
independently within ranges that were based on the observations presented in the previous 
subsection. Note that the magnitudes of σH,g and σh,g were handled as independent parameters even 
though each magnitude pair in the GIA data corresponds to a specific stress ratio. However, the stress 
magnitude ranges considered here means that the most critical ratios, i.e., those giving the highest 
CFS values and the largest extent with instability as depicted in Figure 3-8 to Figure 3-12, were 
covered. Increasing the range of stress magnitudes, and hence the range of stress ratios, could 
possibly give a yet larger spread in the CFS results and an increase in the calculated probability of 
CFS>0. However, this is not necessarily true. As seen in Figure 3-8, higher stability is associated 
with lower stresses in the endglacial case. Hence, extending the ranges for the magnitudes of σH,g and 
σh,g in this case such that they include also lower stresses close to zero (cf. Table 3-1 and Figure 3-8) 
would give a slight reduction of the estimated probability of CFS>0.  

The fact that the stress magnitudes and the stress orientation were assumed to be independent 
parameters, stress configurations that are not present in the GIA catalogue may be introduced. This 
may not necessarily mean that such stress configurations are unrealistic; the GIA catalogue data is 
generated by models that include the most prominent characteristics of potential glacial loads and of 
the crust/mantle system, but, as for all models, all details of reality are not covered. At any rate, since 
the assumption of independent parameters may create “outlier stress configurations”, it should 
promote a larger spread in the simulated distribution of CFS values and possibly more pessimistic 
results, i.e., an increase in the estimated probability of zone instability. 
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Since probabilities of future glacial loads with different characteristics are unknown, it is difficult to 
determine most likely parameter values for the glacial stress input. Hence, the glacial stress 
parameters in Table 3-1 were assumed to have uniform probability distributions. Examples of these 
distributions are shown in Figure 7-4 in Appendix 1.  

In accordance with the observations made above, glacial stresses typically associated with forebulge 
conditions were applied when the stability of the steep deformation zones was evaluated while typical 
endglacial stresses were applied when evaluating the stability of the gently dipping ZFMA2.  

 

Table 3-1. Glacial stress parameter values 
Parameter Symbol Values/range 

  Forebulge Endglacial 

Glacial major horizontal 
stress 

σH,g [-5  0] MPa [15  20] MPa 

Glacial minor horizontal 
stress 

σh,g [-11  -5] MPa [10  15] MPa 

Glacial major horizontal 
stress trend 

- [0  N50°E],  [N150°E  N175°E] [0  N175°E] 

 

Figure 3-14 shows CFS as function of depth for all seven deformation zones. The colour scale shows 
normalised probability density of CFS. The solid line indicates the most likely CFS value, and the 
dotted lines indicate the boundaries of the 95 % confidence interval.  

For reference, the plots in Figure 3-14 also show two sets of CFS values calculated while applying 
the background stresses and the glacial stresses used in the stability assessment by Fälth (2022) 
(applying most likely parameter values of deformation zone orientation and friction, see Chapter 2). 
The two sets of CFS values correspond to (1) a base case with most likely background stresses and 
(2) a case where the minor horizontal background stress is reduced at depths above 2 km. The 
reduction was 11 % at 0.5 km depth, which corresponds to σH,b / σh,b = 2 at this depth. At the other 
depths above 2 km, the reduction was proportional to the reduction at 0.5 km depth (see Fälth (2022) 
for further details). Three background stress trends (N125°E, N145°E, N165°E) were tested by Fälth 
(2022). For each zone, the reference CFS results presented here were generated by applying the stress 
trend giving the lowest stability on that particular zone (see Fälth (2022)). The ZFMA2 zone was not 
included in that study. Here, background stress trend N165°E and endglacial stresses from the glacial 
scenario considered by Fälth (2022) were applied for that zone when generating the reference CFS 
results. 

Given the probability density distributions of CFS depicted in Figure 3-14, the probability of having 
CFS > 0 was determined for each deformation zone. These results are shown in Figure 3-15. The 
following can be observed in Figure 3-14 and Figure 3-15: 

• On ZFMA2 (endglacial conditions), the most likely CFS line indicates positive CFS values down 
to about 1.2 km depth. This is an increase from about 0.8 km depth as given by the Fälth (2022) 
stress model. The higher CFS values given by the present results can primarily be attributed to the 
higher horizontal stresses in the new background stress model (Figure 3-14). The probability of 
unstable conditions exceeds 0.2 down to about 1.4 km depth (Figure 3-15). 

• The most likely CFS values of the steep zones (under forebulge conditions) indicate considerable 
stability margins over a majority of their depth ranges. The most likely values are on par or lower 
than the values obtained by Fälth (2022) (Figure 3-14). The diagram in Figure 3-15 shows that 
there is a non-zero probability of CFS>0 at all depths on the northwest striking ZFMNW0017, 
ZFMNW1200, ZFMWNW0123 and ZFMWNW0809A. However, the probability at depths below 
0.5 km is low and is in the range 0.01-0.04. On the northeast striking ZFMENE0060A and 
ZFMENE0062A, the stability margins are high. At depths below 0.3 km, the probability of 
CFS>0 is practically zero. 

• As for the case with present-day conditions, there is a considerable spread in the CFS values 
(compare Figure 3-1 and Figure 3-14), particularly for the steep zones, which are highly sensitive 
to variations in deformation zone strike and stress orientation. 
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Figure 3-14. CFS as function of depth for the ZFMA2 zone under endglacial conditions and for the six steep zones 
under forebulge conditions. The colour scale shows normalised probability density of CFS, and the dotted lines 
indicate the boundaries of the 95 % confidence interval. The solid line indicates the most likely CFS values. For 
reference, CFS values based on the input stresses used in the stability estimates by Fälth (2022) are also plotted. 
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Figure 3-15. Probability of CFS > 0 as function of depth for the ZFMA2 zone under endglacial conditions and for the 
six steep zones under forebulge conditions. 

3.4 Sensitivity analyses 
In the following three subsections, the sensitivity in the results to different variations in input is 
examined. 

3.4.1 Impact of excess pore water pressure Pe 
Due to the considerable thickness of an ice sheet, its long duration, and the generation of glacial melt 
water, considerable pore water pressures may develop in the bedrock beneath the ice (e.g. Castro-
Vera et al. 2025, Lönnqvist and Hökmark 2013). An increase in pore water pressure will reduce the 
effective normal stress and lead to reduced deformation zone stability (Eq. (3-1)). 

The magnitude of the pore water excess pressure Pe and its spatial distribution are uncertain, though. 
Hökmark et al. (2010) considered the possibility that excess pore pressures would develop in the 
crust in front of an advancing ice sheet due to the presence of an impermeable permafrost layer 
extending outside the ice margin. They also considered the case of excess pore pressures remaining in 
the crust after ice retreat at the end of glaciation. They based their assumptions on numerical and 
analytical models presented in Lönnqvist and Hökmark (2013). 

Here, when examining the potential effect of excess pore pressure, the assumptions, in general, follow 
those made by Hökmark et al. (2010). Their models for excess pressure extended down to 1 km depth. 
Here, their assumptions are, with some modifications, extended to larger depths (Figure 3-16).  

For the forebulge situation, it is assumed that the excess pore pressure is 3.3 MPa at all depths. This 
is the same pressure as that assumed by Hökmark et al. (2010). For the endglacial stage, the model of 
Hökmark et al. (2010) was based on numerical results, which indicate a non-linear depth dependence 
with a gradient that tapers off with depth, i.e., slower pressure increase at larger depths. Hence, it 
appears that an extrapolation of the linear model of Hökmark et al. (2010) to larger depths, as 
indicated by the dotted line in Figure 3-16, would result in pressures that presumably could be 
regarded unrealistically high. Therefore, two linear models were applied here, which also yield 
considerable pressures at depth, but lower than those of the Hökmark et al. (2010) model (Figure 
3-16). Note that the gradients of these models (3 MPa/km and 6 MPa/km) were arbitrarily chosen. 

The effects of applying the forebulge excess pore pressure model are shown in Figure 3-17. The 
probability of CFS>0 on the steep zones increase, as expected. The increase is most significant below 
0.5 km depth where the base case probability is low. At 5 km depth the highest probability increases 
from about 0.04 to 0.09. Above 0.5 km depth the increase is also visible. However, in this shallow 
depth range the probability is high irrespective of the pore pressure assumption made. Hence, the 
change is of minor practical importance in that shallow depth range. For ZFMENE0060A and 
ZFMENE0062A, the assumption of excess pore pressure appears to be without practical importance.  
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The effect of endglacial excess pore pressure on ZFMA2 is illustrated in Figure 3-18. The excess 
pressure has a significant effect on the CFS values. For the two assumptions of excess pore pressure, 
the probability of CFS>0 at 1.5 km depth increases from about 0.1 to 0.4 and 0.9, respectively. 

It is judged that the assumptions of excess pore pressure made here can be regarded as low-
probability bounding cases. For instance, the forebulge pressure is based on a pessimistic assumption 
that there is an unbroken and tight lid of continuous permafrost that locks in considerable pressures in 
the crust outside the margin of an approaching ice cap. The endglacial pore pressure models, in which 
the pressure is schematically modelled to increase with constant gradient to large depths may 
possibly also be regarded as pessimistic.  

 
Figure 3-16. Excess pore water pressure models. The dotted lines indicate extrapolations of the Hökmark et al. (2010) 
models. 

 

  
Figure 3-17. Probability of CFS > 0 as function of depth for the six steep Forsmark deformation zones under 
forebulge load conditions. Left: Hydrostatic pore pressure (same results as in Figure 3-15). Right: Pe = 3.3 MPa at 
all depths. 
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Figure 3-18. Probability of CFS > 0 as function of depth for ZFMA2 under endglacial load conditions with the 
application of the excess pore pressure models.  

3.4.2 Impact of longer ice residence time 
The effect of extending the ice residence at the time of ice maximum load contribution from 25,000 
years to 50,000 years was examined. The extended residence time was tested for the UMISM, NH40 
and RCP45e ice models in combination with three of the Earth models (cf. Table 2-3).  

The effect on the glacial stresses of extending the ice residence time is demonstrated by the plots in 
Figure 3-19. The plots show results for the UMISM ice model and the cases without extension (+0k), 
with 25,000 years extension time (+25k) and with 50,000 years extension time (+50k). For this ice 
model, the glacial maximum occurs when the ice covers the site. Hence, the extension has potential 
implications only for the endglacial stresses. The same holds for the NH40 ice model. The diagrams 
show that assuming 25,000 years extension time leads to a significant increase of the horizontal stress 
components relative to the case without extension. For the ice/Earth model combinations shown in 
Figure 3-19, the maximum values of σH,g and σh,g become 5 %-30 % higher with 25,000 years 
extension time. Then, increasing the extension of the ice up to 50,000 years gives only marginal 
additions (2 %-4 %) to the stresses relative to the 25,000 years case.  

The modest impact of extending the ice residence time from 25,000 years to 50,000 years is reflected 
by the results shown in Figure 3-20. The characteristics of the glacial stresses that give unstable 
conditions on ZFMA2 when assuming 50,000 years (lower panel) ice extension time are effectively 
the same as those of the base case models (upper panel), which include the cases with 25,000 years 
extension time.  

In contrast to the UMISM and NH40 ice models, the RCP45e ice model, in which the ice margin 
barely reaches the site at its maximum extent (see section 2.3.2), generates typical forebulge stresses 
which tend to reduce stability on steep zones. For this ice model, the effects on the glacial stresses of 
and extended ice residence time is demonstrated in Figure 3-21. For the M14 Earth model, the 
extended ice residence time gives an increase of the stresses (i.e. less negative) and hence does not 
mean any potential reduction of zone stability. However, for the other two Earth models, the 
extension means significantly stronger forebulge effects. The minimum values of σH,g and σh,g 
become 20 %-90 % lower with the 25,000 years extension of the residence time. Then, increasing the 
residence time up to 50,000 years gives 5 %-9 % further reductions of the stresses relative to the 
25,000 years case. 

Comparing the results in Figure 3-21 with the results in Figure 3-9 to Figure 3-12, it can be noted that 
the minimum values of σH,g and σh,g obtained with both 25,000 years and 50,000 years extension 
times are on par with the lowest forebulge values generated with the NH40 ice model and which were 
included in the stability calculations presented in section 3.3.2. 
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The 25,000 years extension case, which is regarded to be pessimistic but within the frame of possible 
future developments, was included in the base case model catalogue applied in the calculations 
presented in section 3.3.2. The results presented here indicate that the 50,000 years extension case 
gives only modest additions to the glacial stresses relative to the 25,000 years case. Hence, it appears 
that the base case catalogue covers for longer glacial loading times up to 50,000 years. It can be 
concluded that the 50,000 years case does not add any information that needs to be included in any 
additional stability calculation. 

 

  

 
Figure 3-19. Temporal evolution of principal stress components of the glacial stresses for the UMISM glacial 
scenario and three Earth models. The diagrams demonstrate the effects of 25,000 years extended ice residence time 
(+25k) (dashed lines) and 50,000 years extended ice residence time (+50k) (dotted lines).  
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Figure 3-20. Magnitudes, stress ratios and trends of the glacial stresses as function of depth for all time instances 
when ZFMA2 was marked as unstable. Upper: same plot as in Figure 3-8, i.e., all base case ice/Earth model 
combinations (including 25,000 years ice extension). Lower: ice/Earth model combinations with 50,000 years ice 
extension (Table 2-3). Values of σH,g / σh,g higher than 5 were set to zero in the plot. The line colour indicates ΔCFS. 
The lower limit of the colour scale is limited to make the plots clearer. 
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Figure 3-21. Temporal evolution of principal stress components of the glacial stresses for the RCP45e glacial 
scenario and three Earth models. The diagrams demonstrate the effects of 25,000 years extended ice residence time 
(+25k) (dashed lines) and 50,000 years extended ice residence time (+50k) (dotted lines).  

3.4.3 Impact of the confidence level for the input parameters 
All input parameters except for those related to the glacial stresses and the pore pressure were 
assumed to have normal probability distributions around their most likely values. For all parameters 
with normal distributions, it was basically assumed that the uncertainty limits given by site data 
correspond to a 95 % confidence interval. Here, it is examined how sensitive the end result is to 
changes to this assumption. A lower confidence level in the input implies that the uncertainty is 
larger. This is reflected as a larger spread in the output CFS values and a corresponding increase in 
the probability of CFS>0. This is demonstrated by the results in Figure 3-22, where results for 
ZFMNW0017 are shown. From the results it appears that the sensitivity to changes in the confidence 
level in the input parameters is modest. Reducing the input confidence level from χ = 95 % to χ = 
80 % gives an increase in the CFS>0 probability of about 0.03 at 5 km depth. Reducing χ down to 
70 % gives an increase in the CFS>0 probability of about 0.05.  

 
Figure 3-22. Probability of CFS > 0 as function of depth for ZFMNW0017 under forebulge conditions. Different 
confidence levels in the input parameters are tested.  
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4 Discussion 
The stability calculations presented here means a significant development relative to previous 
stability evaluations carried out by e.g. Hökmark et al. (2019) and Fälth (2022). There are two main 
features of the present work that distinguishes it from the previous studies:  

• In the previous studies, one set of GIA results based on the UMISM reconstruction of the 
Weichselian glaciation was considered. In the present work, this ice reconstruction was considered 
as well. However, four additional ice models were also included when the GIA results catalogue was 
developed. These five ice models were combined with five Earth models. For some ice/Earth model 
combinations, the effect of having an extended time of maximum glacial load was examined. This 
resulted in a base case GIA model catalogue that included a total of 34 cases. In addition, to get 
perspectives on the base case input, nine additional ice/Earth model combinations with an extra-long 
time of maximum glacial load were considered, resulting in a total of 43 studied cases. 

• The uncertainties in the input were handled in a statistical manner by recognising that properties in 
nature typically do not take single values but rather tend to be distributed around some most likely or 
average value. Parameters based on site data were assumed to have normal probability distributions 
around most likely values while parameter values related to the glacial loading, due to the lack of 
observations, were given uniform likelihood. The stability calculations were carried out by means of 
Monte-Carlo simulations, which means that the likelihood of the results could be quantified.  

The five glacial reconstructions used here cover a broad range of ice sheet possibilities of relevance 
for potential future glacial loads at Forsmark. These were combined with several models for the 
rheological structure of the lithosphere and the underlaying mantle. Hence, it could arguably be 
anticipated that the GIA results catalogue gives a representative state-of-the-art case coverage for the 
loading of the bedrock in Forsmark that potentially can be expected during future glaciations. In 
addition, including the cases with extended ice residence times at maximum ice load means that the 
range of glacially induced stress was expanded further.  

It should be pointed out that the probability of CFS > 0 during forebulge and endglacial conditions, 
as calculated here, not is a probability in a general and strict sense that a zone becomes unstable 
during some given period of time. To make such an estimate one must have some notion about the 
probability that a glacial load reaches the Forsmark site and then include that in the calculation. The 
probability of glacial loads at Forsmark was not considered here. In the Monte-Carlo simulations it 
was implied that there actually is a period with glacial load at Forsmark. 

Another aspect of the simulations is how the input was selected from the GIA model catalogue. The 
input was based on those GIA scenarios that appeared to have the potential to yield instability; the 
scenarios with minor impact were omitted. There are no notions about the likelihood of the different 
glacial scenarios in the GIA model catalogue. However, assuming that the likelihood is the same for 
all scenarios, the approach taken here, i.e., to systematically choosing scenarios with the strongest 
impact, suggests that the calculated probability of instability under forebulge and endglacial 
conditions is overestimated rather than underestimated. 

Accounting for the uncertainty in the input parameters means that a considerable spread was obtained 
in the calculated CFS values. However, the fact that the effects of uncertainties in the input were 
considered in a systematic way should contribute to an increased confidence in the conclusions that 
are drawn based on the results.  

The variation in CFS typically becomes larger at larger depths where higher stress levels and larger 
deviatoric stresses lead to higher sensitivity to variations in zone orientation, stress orientation and 
coefficient of friction. The spread tends to be larger for the steep zones, for which the results are 
particularly sensitive to the relative orientations of the background stresses and the glacial stresses 
(see discussion on this in Hökmark and Fälth (2014)). Here it is worth noting that the background 
stress anisotropy and stress level at the largest depth considered here (5 km) appear to be on par with 
observations made by Lund and Zoback (1999) (see section 2.3.1). It was further noted in section 
2.3.1 that the uncertainty ranges applied for the horizontal background stresses imply an uncertainty 
in stress anisotropy that appears to be large rather than small when compared to the observations by 
Lund and Zoback (1999). However, it was also noted in section 2.3.1 that the uncertainty in the 
background stress orientation assumed here appears to be small (standard deviation 10°) when 
compared with the uncertainties (standard deviations 15° to 25°) associated with the data points for 
southern Sweden reported in the World Stress Map database (Heidbach et al. 2016).  
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Hence, when comparing with observations, it appears that some assumptions made here tend to give 
an overestimated variation in the CFS results while other assumptions tend to give an underestimated 
variation. 

The potential effects of tectonic strain accumulation beneath a stabilizing ice cover were not 
considered here. This would have an impact primarily on the endglacial stresses and hence on the 
stability estimate for ZFMA2. The results indicate that ZFMA2 has low stability under present-day 
conditions and that it will be further destabilised during an endglacial stage. The probability that there 
will be unstable conditions is here estimated to be high over a large part of ZFMA2 during an 
endglacial stage. The possible impact of tectonic strain accumulation on the endglacial stress field 
can be estimated as follows. According to the Forsmark stress model, the major horizontal 
background stress at 0.5 km depth amounts to 56 MPa with the most likely trend assumed to be in 
accordance with the direction of the push from the Mid-Atlantic ridge (see section 2.3.1). The highest 
endglacial horizontal stress additions applied here are typically in the range 15 to 20 MPa. Assuming 
a relatively high tectonic strain rate of 10-9/year (cf. section 2.3), a time period with ice cover of 
50,000 years and that Young’s modulus in the crust is 70 GPa yields 3.5 MPa of stress increase due 
to tectonic strain accumulation. This would correspond to about 5 % (3.5/(56+15)) increase of the 
endglacial horizontal stresses applied here. Thus, accounting for possible tectonic strain accumulation 
would have only a minor impact on the estimated ZFMA2 stability, and, given the low stability 
estimated for ZFMA2, it is judged that it wouldn’t change the conclusions drawn here.  

It is uncertain how possible tectonic strain accumulation would affect the stress conditions in the 
forebulge outside the ice sheet margin. However, since strain accumulation will work to increase 
horizontal stresses in the crust, there are good reasons to believe that it would promote stability on 
steep zones under these conditions. Hence, omitting potential strain accumulation effects when 
estimating forebulge stability on steep zones should be conservative. 

The results presented here typically indicate that the stability of the Forsmark deformation zones 
located close to the repository will be lower at shallow depths, and that the probability of having 
unstable conditions may be considerable close to the ground surface. However, it should be pointed 
out that, even if instability is indicated by the calculations presented here, it does not necessarily 
mean that a dynamic earthquake rupture would be initiated. The results provide a quantitative 
estimate of the probability that a deformation zone becomes unstable. This is different from the 
probability of having an initiation of a dynamic rupture on that zone. The nucleation of an earthquake 
rupture is a complex process that is difficult to understand in detail. The process may also evolve 
differently in different cases.  

A basic condition for the initiation of a dynamic rupture is that there is a certain amount of area on 
the zone or fault with low-enough stability. This is what can be estimated from the type of results 
presented here. It appears that this condition is not enough, though. From theoretical considerations, 
the smallest length Lc of a fracture for which the fracture growth will be unstable and accelerate can 
be estimated (Andrews 1976, Scholz 2002). This kind of estimate indicates that Lc ~ 1/σn, where σn is 
the normal stress on the fracture. This means that, for given fault properties and rock mass properties, 
rupture nucleation occurs easier at larger depths where stresses are higher. This finding is supported 
by observations of nucleation depths of crustal earthquakes (e.g. Figure 4-1 or data from SNSN 1904) 
and by dynamic simulations of shallow forebulge earthquake ruptures (Fälth 2022).  

It appears that an initiation of a dynamic earthquake rupture above approximately 2 km depth would 
be a scenario with very low probability. Hence, there are good reasons to believe that CFS values at 
depths above 0.5 km will be of little importance when assessing the risk of earthquake ruptures. 
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Figure 4-1. Moment magnitude versus focal depth for crustal earthquakes from the Wells and Coppersmith (1994) 
catalogue. The catalogue events are limited to a maximum rupture area of 40 km2. “SCR” means “Stable Continental 
Region”. The data labels refer to the references in Table 4-1 supporting the given focal depths. 

 

Table 4-1. Focal depth references in Figure 4-1. 
Ref 
no. 

EQ no. in 
W&C 
1994* 

Reference Ref 
no. 

EQ no. in 
W&C 
1994* 

Reference 

1 180 (Westaway et al. 1989) 20 149 (Frankel 1984) 

2 214 (Hauksson et al. 1988) 21 212 (Wei and Chung 1993) 

3 197 (USGS 2020) 22 110 (Hartzell and Brune 1979) 

4 97 (Ellsworth et al. 1973) 23 224 (Ma and Kanamori 1991) 

5 77 (Thatcher and Hamilton 1973) 24 211 (Langer and Bollinger 1991) 

6 242 (Walter 1993) 25 173 (Nabelek and Suarez 1989) 

7 198 (Zhou et al. 1993) 26 195 (Ohio Geological Survey 1986) 

8 236 (Dreger and Helmberger 1991) 27 93 (Johnson and McEvilly 1974) 

9 231 (Hauksson and Jones 1991) 28 176 (Moreno and Camelbeeck 2013) 

10 165 (Choy et al. 1983) 29 142 (Hasegawa and Wetmiller 1980) 

11 136 (Peppin et al. 1989) 30 166 (Frankel 1984) 

12 234 (Horton et al. 1997) 31 94 (Johnson and McEvilly 1974) 

13 184 (Spence et al. 1996) 32 126 (USGS 2020) 

14 88 (Ellsworth 1975) 33 226 (USGS 2020) 

15 133 (Haessler et al. 1980) 34 138 (USGS 2020) 

16 59 (Evans and McEvilly 1982) 35 207 (USGS 2020) 

17 150 (Courjault-Radé et al. 2009) 36 213 (USGS 2020) 

18 237 (Hardebeck 2010) 37 235 (USGS 2020) 

19 155 (Mauk et al. 1982)    
* Earthquake number in the earthquake catalogue of Wells and Coppersmith (1994). 
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Except for the depth at which unstable conditions may develop, there are also other factors of importance 
for the possibility that an earthquake rupture is initiated. Consider the temporal evolutions of CFS for the 
UMISM, NH40 and RCP45 ice reconstructions depicted in Figure 4-2. The dotted lines indicate the 
approximate rates at which CFS is increased on the gently ZFMA2 during the endglacial stage and on the 
steep ZFMNW0017 under forebulge conditions. It appears that the englacial CFS rate would be several 
times higher than the forebulge rate. The instability increase leading up to maximum forebulge instability 
is caused by slow crustal flexure, which is, in turn, directly controlled by the properties of the viscous 
mantle, whereas the endglacial instability increases fast due to the direct elastic response of the crust to 
the loss of vertical load. The rate at which the ice load increases/decreases also has some influence on the 
CFS change rate. However, as can be noted when comparing the ice load curves and the corresponding 
CFS curves in Figure 4-2, the time scale of the glacial loading/unloading is significantly shorter than the 
time scale of mantle deformation. Hence, the slow response of the mantle is the main reason for the 
difference between the forebulge CFS change rate and the CFS change rate during the endglacial stage. 
Similar observations were made by Hökmark and Fälth (2014) for the stability evolutions on Olkiluoto 
deformation zones. The slower loss of stability during the forebulge stage should promote slow aseismic 
strain energy release and lead to a lower probability of dynamic earthquake ruptures than during the 
endglacial stage. 

 
Figure 4-2. CFS evolutions at 1.5 km depth on the gently dipping ZFMA2 (left) and on the steeply dipping 
ZFMNW0017 (right) for the UMISM, NH40 and RCP45 ice reconstructions. The dotted lines and the corresponding 
numbers indicate the approximate CFS loss rates during the endglacial (ZFMA2) and forebulge (ZFMNW0017) 
stages.  
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5 Conclusions 
The objective of the work presented in this report was to evaluate the stability of the seven local 
Forsmark deformation zones ZFMA2, ZFMNW0017, ZFMNW1200, ZFMWNW0123, 
ZFMWNW0809A, ZFMENE0060A and ZFMENE0062A, located close to or within the repository 
layout. The stability of these particular zones was considered since the reactivation of one of these 
zones may potentially have implications for the repository safety (SKB 2022). The stability was 
evaluated for present-day conditions as well as for conditions that may arise at the beginning or at the 
end of a glacial period. 

The background stress model for Forsmark applied in the present study is a newly developed model 
(Hakami et al. 2025), which is mainly based on the recent ranking results of the reliability assessment 
of overcoring stress measurements at Forsmark (Sjöberg et al. 2025). According to this model, the 
horizontal stresses at repository depth are more than 30 % higher than those given by the previous 
model (Martin 2007). The glacially induced stresses were based on results from a new catalogue of 
GIA models of which 34 ice/Earth model combinations were included in the base case set.  

The zone stability was evaluated in terms of the Coulomb Failure Stress (CFS) measure, which is 
defined as the difference between the shear load and the shear resistance on a fault/fracture-plane. A 
positive value of CFS means instability.  

The CFS measure indicates if unstable conditions exist and also quantifies the “severity” of the 
instability. However, it does not provide any information about the character of a potential 
reactivation event, i.e., if it will take place as a seismic event or as a slow, aseismic movement. It is 
stated in this report, though, based on theory and data, that, particularly at shallow depths above some 
2 km, the initiation of a seismic event would be a scenario with low probability even if CFS is 
estimated to be positive in this depth range.  

The uncertainty in the input was considered by assuming that the input parameters are random 
variables. Parameters based on site investigation data were assumed to have normal probability 
distributions while glacial stress parameters were given uniform distributions. The CFS calculations 
were performed by means of Monte-Carlo simulations and thereby the uncertainty in the input was 
reflected in the output results.  

Based on the results from the calculations made for present-day conditions, the following can be 
concluded: 

• The shallow and gently dipping ZFMA2 has low stability over a significant part of its depth 
extent. The results indicate that the probability of CFS>0 is higher than 0.2 down to about 1 km 
depth. Below 1.5 km depth, there is zero probability of CFS>0.  

• Due to the high horizontal background stresses at Forsmark, the steep zones ZFMNW0017, 
ZFMNW1200, ZFMWNW0123, ZFMWNW0809A, ZFMENE0060A and ZFMENE0062A are 
clamped by high normal stresses. Hence, in general these zones have high stability under present-
day conditions. The probability that these zones would be unstable below 0.5 km depth, under 
these conditions, is practically zero.  

• The parameter variation yields a considerable variation in CFS values at most depths, particularly 
for the steep zones. For these zones, the CFS variation may be ±50 % or more below 0.5 km 
depth. The uncertainty increases with depth. This is attributed to the increase in both stress level 
and deviatoric stress with depth. 

• In general, there is a fairly reasonable agreement between the most likely CFS values and the 
values obtained with the background stress model adopted by Fälth (2022). 

When the probability of CFS>0 was estimated for conditions that may arise at the beginning or at the 
end of a glacial period, it was implied that there actually is a glacial load that influences the stress 
conditions in Forsmark; the probability of having such load conditions was not considered. The 
following conclusions can be made: 
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• In the forebulge, at the beginning of a glacial period, the stability tends to be reduced on the steep 
zones ZFMNW0017, ZFMNW1200, ZFMWNW0123, ZFMWNW0809A, ZFMENE0060A and 
ZFMENE0062A relative to what is found for present-day conditions. There is a non-zero 
probability of CFS>0 at all depths on the northwest striking zones ZFMNW0017, ZFMNW1200, 
ZFMWNW0123 and ZFMWNW0809A. However, the probability at depths below 0.5 km is 
modest and is in the range 0.01 to 0.04. On the northeast striking zones ZFMENE0060A and 
ZFMENE0062A, the stability margins are high. At depths below 0.3 km, the probability of 
CFS>0 is practically zero on these two zones. The most likely CFS values on the steep zones are 
on par or lower than the values obtained by Fälth (2022). 

• Under endglacial conditions, at the end of a glacial period, the stability tends to be reduced on the 
gently dipping zone ZFMA2 relative to what is found for present-day conditions. The probability 
of CFS>0 exceeds 0.2 down to about 1.4 km depth. The stability estimated here for this zone is in 
general lower than the stability estimated when applying the stress conditions considered by Fälth 
(2022). This is attributed to the higher horizontal stresses in the new background stress model. 

• As for the case with present-day conditions, there is a considerable spread in the CFS values, 
particularly for the steep zones, which are highly sensitive to variations in deformation zone strike 
and stress orientation. 

• Applying excess pore pressure assumptions that are judged to be low-probability bounding cases 
has a clear impact on the calculated zone stability. For ZFMA2, the two assumptions of endglacial 
excess pore pressure considered here, the probability of CFS>0 at 1.5 km depth increases from 0.1 
to 0.4 and 0.9, respectively. When applying the forebulge pore pressure assumption to the steep 
zones the probability of CFS>0 increases from low levels and stays in the range 0.02 to 0.09 at 
depths below 0.5 km (except for the northeast striking ZFMENE0060A and ZFMENE0062A). 
Due to the high stability margins on ZFMENE0060A and ZFMENE0062A the excess pore 
pressure is without practical importance for these zones. 

• Extending the ice residence time at maximum ice load from 25,000 years to 50,000 years gives 
only minor additions to the glacial stresses. This indicates that the base case GIA model 
catalogue, which includes the case of extending the ice residence time by 25,000 years, covers for 
situations where a large ice sheet remains stationary for times up to at least 50,000 years. 

• The sensitivity to the assumed confidence level of the normally distributed input parameters 
appears to be modest. Reducing the input confidence level from 95 % to 80 % gives an increase in 
the CFS>0 probability of about 0.03 at 5 km depth on ZFMNW0017 under forebulge conditions. 

To summarise, the gently dipping ZFMA2 has low stability under present-day conditions and will be 
further destabilised under endglacial conditions. All steep zones are stable under present-day 
conditions. Under forebulge conditions, it cannot be excluded that the northwest striking steep zones 
ZFMNW0017, ZFMNW1200, ZFMWNW0123 and ZFMWNW0809A may become unstable. 
Regardless of the load conditions, the probability of instability on the northeast striking steep zones 
ZFMENE0060A and ZFMENE0062A appears to be very low. 
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7 Appendix 1 

Probability distributions of input parameters 
Here, examples of probability distributions of input parameters are presented.  

 

  
Figure 7-1. Histograms showing applied normal distributions of ZFMNW0017 dip and strike plotted along with 
corresponding theoretical probability density functions. 

 

 
Figure 7-2. Histogram showing the normal distributions of the coefficient of friction plotted along with the 
corresponding theoretical probability density function. 
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Figure 7-3. Histograms showing applied normal distributions of σH,b, σh,b and σH,b trend at 0.5 km depth plotted along 
with corresponding theoretical probability density functions. 

 

  

 
Figure 7-4. Histograms showing the uniform distributions of σH,g, σh,g and σH,g trend for endglacial conditions. 
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8 Appendix 2 

Glacial stress evolutions 
Here, temporal evolutions of the glacial stresses and their orientations for all ice models are 
presented. There are two stress components which are mainly horizontal, σH,g and σh,g. The third 
component, σv,g, is mainly vertical. The subscript “g” means “glacial”. The σH,g trend is taken with 
respect to North rotating eastwards. The σv,g plunge means the angle of σv,g with respect to the 
horizontal. Note that since the σv,g plunge may deviate from 90°, σv,g is not always vertical. From this 
it follows that the σH,g and σh,g components are not necessarily horizontal. The results are generated 
from the GIA results at 1.5 km depth. 

 
Figure 8-1. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the UMISM ice model and 
all five Earth models. 
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Figure 8-2. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the NH40 ice model and all 
five Earth models. 
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Figure 8-3. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the RCP45 ice model and 
all five Earth models. 
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Figure 8-4. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the RCP45e ice model and 
all five Earth models. 
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Figure 8-5. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the RCP85 ice model and 
all five Earth models. 
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Figure 8-6. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the UMISM ice model with 
25,000 years extended ice residence time (+25k). 

 

 
Figure 8-7. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the NH40 ice model with 
25,000 years extended ice residence time (+25k). 
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Figure 8-8. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the RCP45e ice model with 
25,000 years extended ice residence time (+25k). 

 

 
Figure 8-9. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the UMISM ice model with 
50,000 years extended ice residence time (+50k). 
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Figure 8-10. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the NH40 ice model with 
50,000 years extended ice residence time (+50k). 

 

 
Figure 8-11. Time evolutions at 1.5 km depth of σH,g, σh,g, σv,g, σH,g trend and σv,g plunge for the RCP45e ice model 
with 50,000 years extended ice residence time (+50k). 
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9 Appendix 3 

Temporal evolution of CFS 
Here, temporal evolutions of CFS on all deformation zones are shown. Results for all ice/Earth model 
combinations are included. The results were calculated at 1.5 km depth. 

 

  

  

 
Figure 9-1. Temporal evolutions of CFS at 1.5 km depth on ZFMA2 for the five different ice models plotted along with 
the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses indicate, for each 
Earth model, the time instance of max CFS. 
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Figure 9-2. Temporal evolutions of CFS at 1.5 km depth on ZFMNW0017 for the five different ice models plotted 
along with the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses 
indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-3. Temporal evolutions of CFS at 1.5 km depth on ZFMNW1200 for the five different ice models plotted 
along with the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses 
indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-4. Temporal evolutions of CFS at 1.5 km depth on ZFMWNW0123 for the five different ice models plotted 
along with the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses 
indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-5. Temporal evolutions of CFS at 1.5 km depth on ZFMWNW0809A for the five different ice models plotted 
along with the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses 
indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-6. Temporal evolutions of CFS at 1.5 km depth on ZFMENE0060A for the five different ice models plotted 
along with the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses 
indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-7. Temporal evolutions of CFS at 1.5 km depth on ZFMENE0062A for the five different ice models plotted 
along with the vertical ice load. Each ice model is combined with the five Earth models. The coloured crosses 
indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-8. Temporal evolutions of CFS at 1.5 km depth on ZFMA2 for the three ice models with 25,000 years 
extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three Earth 
models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 

 

  

 
Figure 9-9. Temporal evolutions of CFS at 1.5 km depth on ZFMA2 for the three ice models with 50,000 years 
extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three Earth 
models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-10. Temporal evolutions of CFS at 1.5 km depth on ZFMNW0017 for the three ice models with 25,000 years 
extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three Earth 
models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 

 

  

 
Figure 9-11. Temporal evolutions of CFS at 1.5 km depth on ZFMNW0017 for the three ice models with 50,000 years 
extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three Earth 
models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-12. Temporal evolutions of CFS at 1.5 km depth on ZFMNW1200 for the three ice models with 25,000 years 
extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three Earth 
models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 

 

  

 
Figure 9-13. Temporal evolutions of CFS at 1.5 km depth on ZFMNW1200 for the three ice models with 50,000 years 
extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three Earth 
models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-14. Temporal evolutions of CFS at 1.5 km depth on ZFMWNW0123 for the three ice models with 25,000 
years extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three 
Earth models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 

 

  

 
Figure 9-15. Temporal evolutions of CFS at 1.5 km depth on ZFMWNW0123 for the three ice models with 50,000 
years extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three 
Earth models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-16. Temporal evolutions of CFS at 1.5 km depth on ZFMWNW0809A for the three ice models with 25,000 
years extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three 
Earth models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 

 

  

 
Figure 9-17. Temporal evolutions of CFS at 1.5 km depth on ZFMWNW0809A for the three ice models with 50,000 
years extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three 
Earth models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-18. Temporal evolutions of CFS at 1.5 km depth on ZFMENE0060A for the three ice models with 25,000 
years extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three 
Earth models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 

 

  

 
Figure 9-19. Temporal evolutions of CFS at 1.5 km depth on ZFMENE0060A for the three ice models with 50,000 
years extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three 
Earth models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 
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Figure 9-20. Temporal evolutions of CFS at 1.5 km depth on ZFMENE0062A for the three ice models with 25,000 
years extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three 
Earth models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 

 

  

 
Figure 9-21. Temporal evolutions of CFS at 1.5 km depth on ZFMENE0062A for the three ice models with 50,000 
years extended ice residence time plotted along with the vertical ice load. Each ice model is combined with three 
Earth models. The coloured crosses indicate, for each Earth model, the time instance of max CFS. 
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10 Appendix 4 

Effect of the number of realisations N 
Figure 10-1 and Figure 10-2 show CFS as function of depth for ZFMA2 and ZFMNW0017, 
respectively. The plots illustrate the effect of using different numbers of realisations N when 
generating the input parameter distributions. Based on the results depicted in Figure 10-1 and Figure 
10-2, the probability of having CFS > 0 was calculated. These results are plotted in Figure 10-3.  

The contours in Figure 10-1 and Figure 10-2 indicate that the solution appears to stabilise when 
N > 300,000. In Figure 10-3 only minor changes in the results for N above 500,000 can be seen, even 
when using logarithmic x-axis scale in the diagrams. In the Monte-Carlo simulations performed in 
this study, N = 500,000 was used. 
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N=10,000 

 
N=50,000 

 
N=100,000 

 
N=300,000 

 
N=500,000 

 
N=1,000,000 

Figure 10-1. CFS as function of depth for the ZFMA2 under glacial load conditions. The plots show the effect of using 
different numbers of realisations N when generating the input parameter distributions. The colour scale indicates the 
relative probability of CFS, and the dotted lines indicate the 95 % confidence interval. The solid line indicates the 
most likely CFS values. For reference, CFS values based on the input stresses used in the stability estimates by Fälth 
(2022) are also plotted. 
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N=10,000 

 
N=50,000 

 
N=100,000 

 
N=300,000 

 
N=500,000 

 
N=1,000,000 

Figure 10-2. CFS as function of depth for the ZFMNW0017 under glacial load conditions. The plots show the effect of 
using different numbers of realisations N when generating the input parameter distributions. The colour scale 
indicates the relative probability of CFS, and the dotted lines indicate the 95 % confidence interval. The solid line 
indicates the most likely CFS values. For reference, CFS values based on the input stresses used in the stability 
estimates by Fälth (2022) are also plotted. 
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Figure 10-3. Probability of CFS > 0 as function of depth for ZFMA2 and ZFMNW0017 under glacial load conditions 
when using different numbers of realisations when generating the input parameter distributions. The diagrams in the 
upper and lower rows show the same results, but the diagrams in the lower row have logarithmic x-axis scales. 
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