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Abstract 

The purpose of the thesis is to establish a baseline discrete fracture network model for the area 

leading up from the back scarp to Flosteinbba above the unstable rock slope at Åknes. The model is 

intended to identify the key fractures in the fracture network responsible for groundwater flow and 

instability. The data was generated during a field campaign in August 2018, doing outcrop mapping 

of fracture strike and dip and terminations. The mapping data was then analysed and organized 

according to fracture sets and fracture frequencies. This showed a connection between bedrock 

lithologies and the fracture sets. The data show that the fracture network consist of slope dipping 

exfoliation fractures and systematic steeply dipping fracture sets. The discrete fracture network 

modelling and field observations indicate that the interconnected fracture network allows for both 

sliding and groundwater flow along the exfoliation fractures. 
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1. Thesis introduction and background 

1.1 Introduction 

The Åknes rockslide in Møre & Romsdal county is estimated to be 54 million m3 of unstable rock 

(NVE, 2018). The rockslide is sitting in a steep slope on the western shores of Sunnylvsfjorden 

between the villages of Stranda, Hellesylt and Geiranger. Due the proximity to the UNESCO world 

heritage site of Geiranger, and the movie “Bølgen” released in 2015, the rockslide at Åknes is now a 

national celebrity. The movie shows in graphic detail how the rock avalanche crashes into the fjord 

creating a tsunami of biblical proportions devastating the village of Geiranger, giving the viewers a 

look into the crystal ball at what the mountain has in store for the villages in the fjord system should 

it collapse. 

The scenario portrayed in “Bølgen” is by no means unique in the history of the Norwegian fjord 

landscape on the west coast. One does not have to look further back in time than what is available in 

recent historical records to find examples of rockslides with catastrophic consequences, in the last 

114 years there has been two rock avalanche events in Loen and one in Tafjord with a total of 174 

casualties. As the historical records only go back a short time geological mapping makes it possible 

for researchers to dig deeper in the history of the fjord landscape. Swath bathymetry mapping for 

avalanche deposits in the Storfjorden system shows that in the last 10 000 years there have been at 

least 59 rock avalanches ranging in size from 0.5 million m3 to greater than 100 million m3 (Blikra, et 

al., 2005). 

The rockslide at Åknes was first brought to public attention in 1964 when local inhabitants noticed 

that a back scarp was widening and subsequently alerted local authorities (Sandersen et al., 1996, in 

Grøneng, et al., 2011) and since the 1980s the displacements at Åknes have been monitored by NVE. 

At present NVE has continuous monitoring of the rock slope with electronic extensometers, laser 

distance measuring, GPS hard points, bore hole measuring of ground water variations, geophones, 

broadband seismometers, camera monitoring as well as a meteorological station (NVE, 2018). 

Currently NVE is conducting a research and development programme at Åknes to assess the 

feasibility stabilizing the rock slope by the draining groundwater entering the unstable rock volume. 

The idea is that by reducing the groundwater pressure in the slope the friction along the sliding 

planes increase thereby reducing the rate of displacement and lowering the probability of a 

catastrophic collapse into the fjord. Norway has changed since 1934, new population centres along 

the fjords have grown so an incident like the Tafjord disaster would have larger consequences today 

than it did in 193. Awareness of unstable rock slopes has grown during the last century and so has 
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society’s ability to monitor such areas. Since 2009 NVE has been responsible for mapping the 

unstable mountains in Norway, the counties of Sogn & Fjordane, Møre & Romsdal and Troms have 

the dubious honour of having the highest number of unstable rock slopes in the country (Blikra, et 

al., 2016).  

Avalanche scenario B at Åknes classified by NGU as a very high risk area based on both the 

probability of a collapse (>1/100) and the potential for loss of life (Blikra, et al., 2016). The 

consequences of a catastrophic collapse are not acceptable by society, so measures are made to limit 

the potential loss of life. Today this is limited to evacuation, but NVE is researching the viability of 

draining the rock slope in an effort to stabilize the slide. 

1.2 Thesis aims 

The current monitoring gives early warning so the population in the Storfjorden area can evacuate 

but it does not reduce the probability of a slide. In 2017 NVE initiated a research and development 

(R&D) program with the aim of evaluating the probability of stabilizing the rock slope. Currently the 

only reliable way of stabilizing rock slopes is by draining the groundwater from the slope. The 

groundwater influx into the unstable area is thought to largely infiltrate through the open back scarp. 

Little mapping has been done to describe the characteristics of the rock slope above the back scarp. 

The scope of the thesis is to generate a discrete fracture network (DFN) model highlighting the 

fracture connectivity in the bedrock above the back scarp at Åknes. The model will be based on 

available data and the results from the mapping campaign, creating discrete fracture network 

volumes of 10x10x5 m representative of different parts of the rock slope in order to determine the 

connection between the surface and the subsurface. 

The study area is located above the rockslide at Åknes, between the back scarp and Instevatnet in 

the valley Fjørstaddalen. The field campaign focused on mapping bedrock structures and fracture 

sets from outcrops as it is through these brittle structures surface water can infiltrate the rock slope 

and destabilize the mountain side. With this in mind the following chapters will identify the 

important structures in the bedrock for fracture development and surface water infiltration and 

groundwater recharge. There are plenty of papers, MSc- and PhD thesis and reports on the unstable 

area below the back scarp which makes it possible to compare results from the areas above and 

below the back scarp. By combining the available information from the unstable rocks slope with the 

results from the field campaign I will create a baseline fracture network model to indicate the greater 

groundwater flow paths in the catchment area above the back scarp and into the unstable slope 

below. 
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1.3 Area description 

This section of chapter 1 is a brief presentation background information about Åknes, starting with 

the bedrock, before describing the unstable rock slope, the meteorological conditions of Åknes and 

finishing with the hydrogeological conditions of the unstable rock slope. 

1.3.1 The bedrock 

Åknes is situated in the highly metamorphosed Western Gneiss Region. The bedrock consists of 

gneisses of Proterozoic age with magmatic origin, later reworked during the Caledonian orogeny 

(Ganerød, et al., 2008). The bedrock is classified as undifferentiated gneisses, mainly quartz-dioritic 

to granitic, with locally migmatitic composition (Tveten, et al., 1998). Ganerød, et al. (2008) identified 

three key rock types of gneiss at Åknes: 

(i) White to pinkish medium grained granitic gneiss. 

(ii) White to medium grained dioritic gneiss with bands of biotite and hornblende. 

(iii)  Dark grey granodioritic gneiss locally becoming biotite schist. 

All the rock types described by Ganerød, et al. (2008) for the area below the back scarp were also 

identified above the back scarp during the field campaign in August 2018. The different rock types 

are all oriented in layers parallel to the metamorphic foliation in the bedrock (Ganerød, et al., 2008). 

The foliation is close to slope parallel and locally folded around an ESE plunging fold axis with a 

shallow dip (Braathen, et al., 2004). Previous studies done on the rockslide point out that the slope 

angle coupled with the slope parallel foliation with a steep S-SE dip along the main extensional 

fracture are important factors heightening the risk of a rockslide at Åknes (Braathen, et al., 2004; 

Ganerød, et al., 2008). 
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1.3.2 The unstable area 

 

Figure 1. The location of Åknes and neighbouring villages, modified by author from Google 

maps. 

The Åknes rock slope (Figure 1) is stretching from the western shore of Sunnylvsfjorden to 

approximately 1300 m.a.s.l., facing to the SE with an average dip angle of 30°-35° (Ganerød, et al., 

2008). The back scarp is an extensional mega fracture situated at 800-900 m above sea level striking 

roughly E-W. Field mapping of springs indicates that the toe zone is located at 75-100 m above sea 

level (Grøneng, et al., 2011). The western margin of the unstable area is bordered by a steeply 

dipping NNE-SSE trending transfer fault. The fault is clearly visible as a narrow, but deep, crevasse in 

the mountain leading down to the fjord. The eastern boundary of the rockslide is a fault with a 

shallower dip of 35°-45° (Ganerød, et al., 2008). The back scarp zone itself grows progressively wider 

and deeper from the east to the west where it culminates in a 150 m long, 20-30 m wide and 20-30 

m deep detached graben structure (Ganerød, et al., 2008). To the east of the graben structure there 

is a 500 m long tension crack. The western end of the tension crack is 2-3 m wide with an estimated 

depth of 60 m. The width of the crack decreases to the east where it is 0.5-1 m wide (Ganerød, et al., 

2008). 
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A basal sliding surface has been identified at a depth of approximately 120 m below the surface of 

the unstable rock slope. Ganerød et al. (2008), identified three key fracture sets at Åknes, two sub 

vertical fracture sets striking N-S and E-W and a final third fracture set sub parallel to the foliation in 

the bedrock. These fracture sets are confirmed from borehole data, however steep angle of the 

boreholes is biased to show foliation parallel fractures so the subvertical fractures are 

underrepresented in the borehole dataset. Data from drill cores show that the fracture frequency in 

the cores decreases with depth. Ganerød et al. (2008) argues that as the fracture sets are found 

across the study area and decrease with depth in drill cores, the fractures are likely reactivated pre-

existing structures by shear movement along the basal sliding plane. 

 

Figure 2. Geomodel of the Åknes rockslide (Ganerød, et al., 2008). 

1.3.3 Meteorology 

The climate at Åknes is monitored by a meteorological station above the back scarp built in 2004. The 

station monitors, among other parameters, air temperatures, radiation, precipitation, snow depth 

and soil temperature (Grøneng, et al., 2011). The purpose of the climate station is to monitor the 

effects of the weather on displacement in the unstable slope below. Åknes is close to the Atlantic 

Ocean on the Norwegian west coast and the climate is affected by mild and humid air from the west. 

The annual mean air temperature records from November 2004 to September 2008 varies from 

+2.8°C to +3.8°C, with negative average daily air temperatures from November/December until 

mid/late April. However, there are significant temperature changes recorded from autumn until 

spring where the air temperature can fluctuate 7°C -11°C in just a few days. The soil temperatures 
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vary from 0°C to 15°C, the lowest temperatures are in the months with snow cover on the ground 

(Grøneng, et al., 2011). 

The precipitation data from November 2004 to August 2008 record annual precipitation of 1 600-

1 800 mm/year with the majority falling in September-November. As the air temperatures from 

November until March/April is generally below 0°C 40-70% of the precipitation accumulates in the 

slope as snow that does not melt until spring (Grøneng, et al., 2011). 

In the report “Klima i Norge 2100” three temperature climate scenarios are presented for the climate 

in Norway from 1971-2100. The most likely scenarios are RCP4.5 and RCP8.5. RCP4.5 models the 

effect of cuts in global emissions from 2050 while RCP8.5 models the status quo with increasing 

emissions the remainder of the century. The mean values for RCP4.5 and RCP8.5 models an annual 

increase in temperatures from +2.7°C to +4.6°C.The largest seasonal change in the winter months 

December-February with +2.9°C to +5.1°C respectively for models RCP4.5 and RCP8.5 (Beldring, et 

al., 2015). 

The climate change also affects the annual precipitation, estimated annual mean changes are 8% for 

RCP4.5 and 18% for RCP8.5. The two models differ in what part of the year will experience the 

highest mean increase, RCP4.5 models 12% higher annual precipitation in March-August, RCP8.5 is 

still more pessimistic with 16% increase from June-February (Beldring, et al., 2015). More important 

than the annual change is the intensity of precipitation events. Both models indicate that there will 

be more days with higher than normal precipitation through the year, as well as more precipitation 

falling during each 24-hour interval. The highest absolute changes in mm will occur in coastal regions, 

especially on the west coast of Norway (Beldring, et al., 2015). 

The combination of the increase in air temperatures and precipitation means that more precipitation 

falls as rain, and there will be more days with “extreme” precipitation values compared to today. The 

increase in air temperature also means that there will be more days with snow melt, leading to 

changing groundwater conditions. 

1.3.4 The hydrology at Åknes 

The surveillance of Åknes conducted by NVE includes groundwater level monitoring by water 

pressure sensors installed in boreholes. Groundwater at Åknes is fed during two main events, 

precipitation in the autumn (September-November) and snowmelt in the spring (April-May). 

Meteorological data from the Åknes climate station show that the snow cover at has melted away by 

late May (Grøneng, et al., 2011). The groundwater system of Åknes is fed through two mechanisms. 

The first is meltwater from snow. The melting period is controlled by positive air temperatures and 

can last from three weeks to 1.5 months. However, in shaded lee areas such as the graben and 
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tension crack melting the snow cover takes longer. Snow avalanches are also normal until late June 

which extends the meltwater period until mid-summer (Grøneng, et al., 2011). The second source of 

groundwater is from direct precipitation onto the slope infiltrating the subsurface. During snow melt 

and periods of heavy rain a considerable amount of water is supplied to the back scarp by temporary 

streams running into the open fracture (Grøneng, et al., 2011). 
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2. Theoretical background; concepts and pre-existing datasets. 

This chapter deals with the theoretical foundation of the thesis, rock slope stability and hydrogeology 

in fractured rock. The chapter starts with rock slope stability and different types of slope deformation 

as this is strongly influential to the fracture network at Åknes. After introducing the structural 

geological aspect of Åknes the chapter is concluded with introducing general hydrogeological 

principals and how fluids flow through fractured media, such as the fractured gneisses at Åknes. 

2.1 Rock slope stability 

Rockslides and avalanches are the result of gravitational forces overcoming the stability of the slope, 

i.e. the shear stress acting on the slope is greater than the shear strength or the rock. reas 

susceptible to rockslides aare slopes with gradients <45° with developed zones of weakness within 

the rock mass (Braathen, et al., 2004). At present the Åknes rock slope is classified as an unstable 

rock slope since the slope has partially or completely detached from its surroundings and has started 

to move down slope (NGU, et al., 2006). 

2.1.1 The factor of safety 

The factor of safety (Wyllie & Mah, 2004) describes the stability of a given slope and can be 

expressed as: 

𝐹𝑆 =  
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒𝑠

𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒𝑠
 

Resisting forces are the internal friction of the failure plane and rock strength, whereas driving forces 

is mainly gravity acting on the rock volume (Wyllie & Mah, 2004). 

2.1.2 Failure planes 

Wyllie & Mah (2004) identify four primary types of rockslide (Figure 3). The presence of large failure 

planes influences the hydrogeology of the rock slope as deformation can increase surface water 

infiltration and modify subsurface flow by opening and connecting brittle fractures in the rock. 
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Figure 3. Types of sliding: (A) plane failure; (B) wedge failure; (C) toppling failure. Modified by author from (Wyllie & Mah, 

2004) 

Plane failures (Figure 3 A) are found in rock slopes where (Wyllie & Mah, 2004): 

 The sliding plane is ±20° from slope parallel. 

 The sliding plane is steeper than the friction angle (Φ). 

 The sliding plane daylights in the slope, i.e. the slope is steeper than the sliding plane. 

 The upper end sliding plane either intersect the slope or an upper tension crack. 

 The sliding mass is by low friction release surfaces. 

Wedge failures (Figure 3 B) require two intersecting failure planes forming a wedge where the rock 

volume slides out along the line of intersection between the planes. Two conditions must be met to 

accommodate a wedge failure (Wyllie & Mah, 2004) 

 The line of intersection must be steeper than friction angle (Φ). 

 The line of intersection must daylight in the slope. 

Toppling failures (Figure 3 C) result from steeply dipping discontinuities creating elongated tabular 

blocks rotating out from the slope face. Toppling failures can be further subdivided into three types 

(Wyllie & Mah, 2004): 

 Block toppling is typical of strong rocks with high persistence fractures. 

 Flexural toppling is a typical in softer rocks, e.g. shales, crosscut by numerous discontinuities. 
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 Block flexural toppling is identified by long rock columns with several crosscutting steeply 

dipping and orthogonal discontinuities. 

 For toppling to be possible the steeply dipping discontinuities must be ±10° of the dip 

direction of the slope face. 

2.2 Internal factors 

The internal factors affecting the slope stability are inherent properties related to the bedrock in the 

area, these properties together constitute the internal factors. 

 

Figure 4. Definition of a rock mass. Modified by author from (Palmstöm, 2001). 

From Palmströms (2001) definition the rock mass is made up of the rock material and joints (hereby 

called fractures) within the rock mass (Figure 4). To specify: a joint is defined by Braathen et al. 

(2004) as a wall normal opening fracture without shear displacement, shear fractures are fractures 

with fracture wall parallel to the displacement and a fault is a shear fracture with displacement larger 

than 1 m. The nature of the rock mass is again related to the hydrogeological properties of the 

bedrock. 

2.2.1 Foliation 

Foliation are parallel planar structure in metamorphic rocks resulting from heterogenous separation 

of minerals by plastic deformation processes (Fossen, 2016), such as orogenic burial. In gneisses 

foliation can be tabular minerals, typically micas. Mica rich foliation planes are zones of weakness in 

the rock that are critical to the development of failure planes (Braathen, et al., 2004; Henderson, et 

al., 2006). 

2.2.2 Fractures 

Fractures are zones in the rock where the stress has caused rupturing of the fabric of the rock. Along 

the fracture there is an open void splitting the rock, reducing the strength of the rock mass. Fracture 

persistence can vary in size from local to regional, and often intersect other fractures creating an 

interconnected fracture network. Fracture networks divide the bedrock into blocks that can vary in 
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size, such networks can be hydraulically conductive. Fracturing also lead to increased weathering as 

new areas of the rock mass are exposed to the atmosphere and water. 

2.2.3 Factors controlling the failure plane 

Failure planes are not uniform and at what point a slope becomes unstable is controlled by several 

internal and external variables (Table 1). 

Table 1. Parameters controlling the strength of a failure plane. Modified by author from (Wyllie & Mah, 2004). 

Variable (int.) Effect 

Friction angle of rock Mica rich rocks have low friction angles (-) 

Shear strength High shear strength rocks are more stable (+) 

Surface roughness High roughness increases stability (+) 

Discontinuity infilling High amount of infill reduces rock-on-rock contact (-) 

Normal stress High normal stress increases stability (+) 

 

The friction angle of the rock is a product of the cohesion (c) and the shear strength (τ) of a Coulomb 

material. For a clean sliding plane, the shear strength is controlled by the friction angle alone (Wyllie 

& Mah, 2004). 

The shear strength of a material or plane is the force resisting permanent displacement. Once peak 

shear strength is overcome the force needed to cause further displacement is reduced (Wyllie & 

Mah, 2004). 

Surface roughness is simply how uneven a surface is. Smooth surfaces have low roughness and low 

friction angles, irregular surfaces have higher friction angles so the slope can be steeper before it 

becomes unstable (Wyllie & Mah, 2004). 

Fracture Infill modifies the shear strength properties of the fracture surfaces. For a sliding plane in a 

granitic rock filled with clay minerals the sliding plane will have the shear strength of the clay and not 

the granite (Goodman, 1970 in Wyllie & Mah, 2004) 

Normal stress is the effect of the weight of the overlying rock on the discontinuity. 

 

 

 



12 

2.3 External factors 

The external factors are the factors that affect the slope stability but are not related to the rock mass 

itself. External factors are for instance climate, groundwater, sheeting joints and seismic activity. 

2.3.1 Climate 

Since the groundwater at Åknes is controlled by climatic conditions (Grøneng, et al., 2011) the 

climate serve a double purpose. Climate, especially precipitation, is an important factor reducing the 

stability of a slope by reducing the effective normal stress and increased weathering. Due to a 

changing climate precipitation events will be more intense giving sudden spikes in surface runoff 

resulting in more water that can infiltrate the subsurface. The same hydrologic conditions following 

intense rainfall events are mirrored by sudden snowmelt.  Short periods of high air temperatures or 

high solar radiation melt snow cover leading to groundwater recharge (Allen & Huggel, 2013). 

2.3.2 Groundwater 

Groundwater levels at Åknes vary in accordance with the supply of surface water (Grøneng, et al., 

2011). Surface water infiltration flow through fractures at the surface and into the rock mass. 

Groundwater pressure influence the stability of the slope as the weight of the water column increase 

water pressure along fracture planes. The water pressure reduces the effective normal stress along 

sub horizontal failure planes and induce wedging across steeply dipping fractures. Groundwater also 

influence mineral weathering indirectly creating zones of weakness further weakening already open 

water conductive fractures (Wyllie & Mah, 2004).  

2.3.3 Frost processes 

The ground is in a state of permafrost if the temperature stays below 0°C for two consecutive years. 

The upper surface of the permafrost is called the permafrost table. The part of the slope which 

seasonally freeze, and thaw is called the active layer. Permafrost in steep rock slopes increases the 

slope stability, especially where the bedrock is fractured. Ice filled fractures can “heal” in freezing 

temperatures, but when the ground thaws the ice loses its bond with the surrounding rock. If 

unfrozen water percolate through fractured rock and freeze at depth it can cause ice segregation and 

frost heave widening fractures for future slope failure (Gruber & Haeberli, 2007). 

Frost wedging is the process of water infiltrating the active layer of the bedrock and freezing .The 

expansion following phase change pushes on the surrounding rock mass causing rockfalls and rock 

slides (Braathen, et al., 2004). The force of the volumetric expansion can open the discontinuity 

further which means that a larger volume of water can infiltrate during the next thaw. The force of 

the volumetric expansion caused by freezing water is strong enough to fracture any rock as the force 

exerted is one to two orders of magnitude greater than the tensile strength of rock (Tsytovich, 1976 
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in Matsuoka & Murton, 2008). The force of the ice can cause fracture tips to propagate into the 

unfractured rock surrounding a fracture, and potentially interconnecting fractures. 

2.3.4 Sheeting joints 

Sheeting joints, hereby referred to as exfoliation fractures, are stress release fractures created by 

elastic stress release from overburden removal. Ballantyne et al. (2002) and Crossart et al. (2008) 

argues that the stress release is caused by deglaciation. When the glaciers melted away the valley 

went through a process of elastic rebound causing internal fractures to grow, weakening the rock 

mass. Others such as McColl et al. (2010) argue that ice is neither mechanically strong enough to 

support valley sides, nor dense enough to cause elastic stress release to such a degree, arguing that 

the effect of erosion of the bedrock during a periods of glaciation is significantly greater than the 

weight of the ice. However, the theories agree that exfoliation fractures are found close to the 

surface of slopes and are caused by stress release following the removal of an overburden. 

Exfoliation fractures are typically oriented sub-parallel with the slope surface and have tensile 

fracture openings, and can extend from tens-to hundreds of meters (Hencher, et al., 2011). 

2.3.5 Seismic activity 

Keefer (1984) has identified 40 historical landslide events caused by earthquakes from 1811 to 1980. 

The size of the seismic event is related to the region it impacts, for instance an event with M9.2 can 

cause slides and avalanches in 500 000 km2 areas. The lithological conditions, such as rock cohesion 

and failure planes, control at what magnitude and duration an avalanche is released (Keefer, 1984). 

2.4 Rock movement classification 

The transition from a stable to an unstable rock mass can be catastrophic depending on the size of 

the event and proximity to populated areas. Rockslides can be classified according to volumetric size 

and/or deformation style. 

2.4.1 By volumetric size 

The first method has the simplest approach, the classification is a product of the rockslides size of 

and the length of the rockslide runout (Table 2). The damage potential of a rockslide naturally 

depends on the volume of rock sliding or falling, a larger volume has a larger damage potential. 

 

 

 



14 

Table 2. Rockslide classification. Modified by author from (NGU, et al., 2006). 

Classification Volume (m3) Runout 

Small rockslide 100 000-200 000 A little longer than the vertical 

height. 

Medium sized rockslide 200 000-1 000 000 1.4-3 x the vertical height. 

Large rockslide 1 000 000-5 000 000 2-5 x the vertical height. 

Very large rockslide 5 000 000-100 000 000 3-7 x the vertical height. 

 

2.4.2 By deformation style 

This conceptual approach to rock avalanche classification, described in Braathen et al., (2004), 

classifies rockslides based on the structural geometry and deformation style which all influence the 

surface water infiltration into the subsurface. 

 

Figure 5. Rock avalanche classification based on pre-avalanche structures; the steeply dipping fractures indicate surface 

water infiltration paths. (A) Rockfall area; (B) rockslide area; (C) complex field. Modified by author from (Braathen, et al., 

2004). 

Rockfalls areas (Figure 5 A) are typically found in steeply dipping slopes with slope parallel fractures 

separating blocks from the bedrock. These fractures can grow to become wide high persistence 

fissures where surface water can infiltrate deep into the subsurface (Braathen, et al., 2004). 
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Rockslide areas (Figure 5 B) are found in slopes with a low gradient, < 45°. The slide moves along 

zones of weakness oriented sub-parallel to the slope angle. Deformation is retrogressive and 

deformation in the lower parts of the slide cause deformation in the upper parts of the slope 

(Braathen, et al., 2004). Slope deformation can reactivate pre-existing steeply dipipng fractures, 

surface water can then infiltrate the slope reducing the friction along sliding plane further 

destabilizing the slope. 

Complex fields (Figure 5 C) typically have low surface gradients, can have large surface areas < 1 km2 

and be several hundred meters thick. Internal deformation happens along one or several internal 

detachment planes with transfer faults separating different sliding lobes. Sliding is focused along 

zones of weakness, foliation etc. reactivated as detachment planes. Deformation is complex 

combining rockslide, rockfall and toppling (Braathen, et al., 2004). 

2.5 Hydrogeology 

The discipline of hydrogeology exists in the intersection between geology and hydrology, and delas 

with groundwater. The way groundwater behaves is largely determined by what the properties of 

the subsurface. E.g. does the water land on unconsolidated material that drains easily, or does it land 

on crystalline rocks which are nearly impermeable? The water flow through the first medium is quite 

simple in comparison to what the water must endure moving through a crystalline rock. At Åknes the 

bedrock is crystalline gneiss which can be considered as impermeable, the only way for surface water 

to become groundwater is through open fractures in the rock. If there are no fractures the water will 

simply remain surface runoff cascading down the mountain side. In this subchapter I will describe 

basic hydrogeologic definitions, groundwater properties and groundwater flow in crystalline rocks. 

2.5.1 Basic definitions 

Groundwater is a catch all term for water that embraces “… water underground that continuously 

fills the voids in the earth’s crust and whose movement is exclusively or almost exclusively governed 

by gravity and the frictional force caused by the movement itself” (Hölting & Coldewey, 2019). 

Groundwater is found in the saturated zone of the earth’s crust where there is no air present. Above 

the saturated zone is the unsaturated zone in which both air and water are present. 

The water Table is the boundary between the saturated and unsaturated zones in the subsurface 

where the atmospheric pressure and the water pressure are equal. The water Table is not sitting at a 

fixed depth but varies through the year depending on the climate and recharge (NGU, 2017). 

Porosity is the part of a rock volume that is open voids which can be filled with water or air. Porosity 

can be divided into primary and secondary porosity. The primary porosity developed during the 
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formation of the rock, secondary porosity develops as a result of chemical or mechanical weathering 

of brittle fracturing in the rock. Secondary porosity can be estimated from outcrops using the 

formula: 

𝑛𝑓 = 𝐹𝑎 

The porosity is nf, F is the number of fractures intersecting a scanline and a is the mean fracture 

aperture (Hiscock & Bense, 2014). 

Hydraulic conductivity (K) [L/T] is the measure of how easily a fluid can flow through a porous 

material. The hydraulic conductivity varies greatly from material to material, coarse-grained fluvial 

deposits can have K from 10-5-10-2 m/s, depending on porosity, whereas for igneous and 

metamorphic K is related to fracturing. For unfractured igneous and metamorphic rocks K is typically 

10-13 and 10-5 for fractured rock. The hydraulic conductivity is calculated from the equation: 

𝐾 = 𝑘
𝑖
𝛾
𝜇

 

ki is the intrinsic permeability, γ is the fluids specific weight and μ is the fluids viscosity. The focus of 

interest for groundwater flow is the intrinsic permeability [L2] of the bedrock (unit “darcy”, 1 darcy = 

9.87x10-13m-2). ki is representative of the properties of the rock mass that allow groundwater flow 

(Hiscock & Bense, 2014). 

An aquifer is a material capable of groundwater flow so it must both be porous and permeable. 

There are two key types of aquifer, the unconfined and the confined. In an unconfined aquifer the 

water table is open to the atmosphere as the overlying material is permeable to the surface. A 

confined aquifer is buried under a material with low permeability (an aquitard) such as clay (Hölting 

& Coldewey, 2019).  

Aquifers can further be subdivided into homogenous, heterogenous, isotropic and anisotropic (Figure 

6). These properties describe the flow properties of the aquifer in relation to its material (Hölting & 

Coldewey, 2019). 



17 

 

Figure 6. Types of aquifers, and the relationship between material and flow properties. Modified by author from (Hölting & 

Coldewey 2019, after Freeze and Cherry 1979). 

Leakage is groundwater flow from one groundwater level to another groundwater level through an 

aquitard (Hölting & Coldewey, 2019). 

A perched aquifer is a local groundwater level that is separated from the main groundwater level by 

an aquitard. These two groundwater levels can be connected by downward leakage (Hölting & 

Coldewey, 2019). 

2.5.2 Groundwater and groundwater flow 

The groundwater fluctuates through the year, from month to month and day to day. The seasonal 

variations are related to the local climate. Figure 7 illustrates typical seasonal variations in Norwegian 

lowlands, coastal areas and mountains (Pedersen, et al., 2003). The groundwater in the mountains 

has an annual minimum water level shortly before the annual maximum caused by spring snowmelt. 

As crystalline rocks have low porosities the groundwater variations tend to be large, 1-4 m variation 

is common (Pedersen, et al., 2003). 

 

Figure 7. Typical annual groundwater fluctuations in Norway for lowland- coastal- and mountain areas. Modified by author 

from (Pedersen, et al., 2003). 
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Groundwater flows between areas with different potential hydraulic heads, i.e. there is a hydraulic 

gradient between the locations. The water will flow from the area with the higher hydraulic head to 

the area with lower hydraulic head (Hiscock & Bense, 2014). The hydraulic potential (h) is given as: 

ℎ = 𝑧 + 𝜓 

The parameter z is the elevation head and ψ is the pressure head. If the hydraulic head is different in 

two points there is a hydraulic potential between the two points, called the hydraulic gradient (I) 

(Hiscock & Bense, 2014). 

𝑙 =
𝑑ℎ

𝑑𝑙
 

Where dh is the change in hydraulic potential and dl is the distance between the two points. 

This is the basis for Darcy’s Law describing the flow of water through a cylinder filled with porous 

material: 

𝑄 = −𝐾𝐴
𝑑ℎ

𝑑𝑙
 

Where Q is the total flow, K is the constant of proportionality, and A is the cross section of the 

cylinder. The negative sign in front of K signifies groundwater flow towards the area of lower 

hydraulic head (Hiscock & Bense, 2014). 

2.5.3 Groundwater behaviour in crystalline rock 

In crystalline bedrocks the primary porosity is often negligible, and the permeability is defined by 

secondary porosity. The presence of secondary porosity is no guarantee for groundwater flow as 

advective flow through crystalline rock is close to zero. If the secondary porosity volumes in the rock 

intersect it creates an interconnected network so that fluids can migrate through the otherwise 

impermeable rock (Figure 8) (Follin, et al., 2013).  
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Figure 8. Groundwater flow through fractured crystalline bedrock with indicated water Table and water flow, modified by 

(Steinvik, 2018 after Swindel, et al., 1963). 

It is only possible to use Darcy’s law to describe flow through heterogenous material if it is applied to 

volumes large enough to contain a representative assemblage of discontinuities so that the individual 

discontinuities do not influence fluid flow. This is known as the continuum scale, below the 

continuum scale the individual discontinuities strongly affect groundwater flow patterns. The 

continuum scale is not practical at Åknes as the purpose of the work is to identify the discrete 

fracture network in the bedrock. 

To account for the heterogeneous nature of fractured rock aquifers Darcy’s law is modified:  

𝑄𝑓 = −
2

3

𝑤𝜌𝑔𝑏3

𝜇

𝑑ℎ

𝑑𝑙
 

Where Qf is the flow rate through a fracture, w is fracture width ρ is fluid density, μ is fluid viscosity, 

g is gravitational acceleration and b is fracture aperture (Hiscock & Bense, 2014). This revision of 

Darcy’s law assumes that the flow rate through a given fracture increases with fracture aperture size. 

The fracture aperture size is linked to structural geological properties such as the presence of rock 

bridges, fracture infill and mineralization to reduce water flow (Hölting & Coldewey, 2019). 

The modified equation for flow rates through fractures is limited in its usefulness as the fracture 

network is irregular and complex so the results from the equation should be supplemented with 

hydraulic testing in field (Hiscock & Bense, 2014).  

2.5.4 Hydrogeology in fractured crystalline rock 

The properties of the rock mass dictate how groundwater flows through the rock. The secondary 

porosity in crystalline rocks are brittle fractures and the spatial orientation of the fracture sets define 
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the groundwater flow as hydraulic conductivity is directionally dependant on the interconnected 

fracture sets (Wyllie & Mah, 2004). The hydraulic conductivity is further modified by the fracture’s 

persistence. The rock mass in Figure 9 from Wyllie & Mah (2004) illustrates high conductivity through 

high persistence vertical fractures as opposed to low persistence across short horizontal fractures. 

 

Figure 9. Rock mass with anisotropic flow through high persistence vertical fractures. Modified by author from (Wyllie & 

Mah, 2004 modified from Atkinson, 2000). 

The flow pattern within the rock is strongly influential to the water pressures that can build within 

the rock, the flow pattern is again related to the conductivity within the rock (Figure 10). In a rock 

mass with horizontal anisotropic flow (Figure 10 A) groundwater can readily drain from the slope, 

lowering the water pressures within the fractures. If the hydraulic conductivity is oriented slope 

parallel (Figure 10 B) water flow to the slope surface is reduced, increasing the water pressure within 

the slope (Wyllie & Mah, 2004). 

 

Figure 10. Flow nets with anisotropic conductivity, A: Kh=10xKv; B: Kpa=10xKpe. Modified by author from (Wyllie & Mah, 

2004). 
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To put it simply high persistence fracture sets daylighting in the slope will have lower internal water 

pressures as the groundwater can drain out of the rock mass, while a low persistence fracture set 

that does not daylight will have higher internal water pressures. 

The internal hydrogeology of rock slopes is also influenced by through going faults. The conductivity 

of the fault is controlled by the infill material in the central damage zone of the fault. Clays and 

weathered rocks have low conductivity while crushed rock can have high conductivity and allow 

water to pass the fault core or move along the fault (Wyllie & Mah, 2004). 

 

Figure 11. The influence of geology on groundwater in slopes. A: fracture persistence effect on water pressure; B: water 

table response to recharge in fractured rock; C: Low conductivity fault as aquitard; D: high conductivity fault as internal 

drain. Modified by author from (Wyllie & Mah, 2004) 

The low conductivity fault in Figure 11 C effectively creates two water tables on either side of the 

fault with high water pressures behind the rock and low water pressures on the other side. The high 

conductivity fault (Figure 11 D) creates a local drawdown in the groundwater table on both sides of 

the fault equalizing the water table within the rock (Wyllie & Mah, 2004). Braathen & Gabrielsen 

(1998) divide fracture systems surrounding lineaments, faults etc., into zones A-E (Figure 12). 

A. This is the central part of the fracture zone and consist of fault rocks with low porosity and 

permeability. Low hydraulic conductivity. 

B. Zone B is intensely fractured, but the permeability is low due to consolidated breccia and 

fracture minerals. There fracture connectivity is high, but the permeability is low. 

Reactivation may reopen fractures and increasing the hydraulic conductivity in the zone. 
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C. Zone C is in the marginal part of the fracture system. The fractures are long with large areas 

and tend to be oriented subparallel to the lineament trend. The fractures are still well 

interconnected, and generally open without infill or secondary minerals. 

D. The same as zone C, but the fracture frequency is reduced. 

E. Zone E approaches background fracture levels with variably oriented shorter fractures. Zone 

E has low to moderate conductivity. The hydraulic conductivity is likely greatest parallel to σ1. 

 

Figure 12. Lineament fracture zones A-E. The marginal zones C and D have high hydraulic conductivity; the central zones A 

and B have low hydraulic conductivity because of fault rocks and breccia. Modified by author after (Braathen & Gabrielsen, 

1998). 

A case study on groundwater flow in crystalline bedrock from Sunnfjord by Henriksen & Braathen 

(2006) show that the proximal fracture zone (C-D) favour high groundwater conductivity compared 

to the surrounding bedrock. 

2.6 Pre-existing borehole data 

Groundwater flow within the unstable rock slope is complex, water temperature and electrical 

conductivity measured in boreholes indicate that groundwater has in and outflows at different 

depth. There are for instance examples of the groundwater level dropping significantly during 

borehole drilling in the middle borehole at 190 m below the surface causing the borehole to be 

plugged in order to prevent all the groundwater from draining from the borehole (Thoeny, 2008). 

The sudden loss of groundwater can mean: 
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(i) The drill has breached a perched aquifer above the true groundwater level. 

(ii) The drill has hit fracture sets with significantly higher hydraulic conductivity. 

(iii) The drill has reached a deep sliding surface in a rock layer that strongly influences 

groundwater flow. 

The presence of such discrete zones can be seen without a complete loss of borehole water. Thoeny 

(2008) logged changes in electrical conductivity and groundwater temperature to indicate the 

location of hydraulically conductive fractures and groundwater inflow. The electrical conductivity and 

temperature data was then correlated with water pressure in the boreholes during drilling to identify 

zones in the rock with high permeability (Table 1). 

Table 1.High permeability zones identified from water pressure, HPFS and DEFC data, depths in parenthesis have particularly 

high permeability. Modified by author from (Thoeny, 2008). 

Borehole Water Table Permeable zones Logged depth 

Kh-01-06 51 51-60, 87-120 (87-115, 119) 51-155 

Kh-02-06 41.5 41.5-80 (72-78), 190 41.5-144 

Kh-03-06 42.8 42.8-102 (50, 86-91, 95-102) 42.8-135 

 

Two separate NGU reports by Elvebakk (2008, 2013) have the same hydrological findings. The 

hydraulically conductive zones identified by Thoney (2008) are found at approximately the same 

depths as where Elvebakk identified zones of in and outflow of groundwater from the boreholes 

(Table 2). Elvebakk has used flowmeters that measure the flow direction in the boreholes at different 

depths in the boreholes. The findings show that groundwater flow is directed by groundwater 

pressure, and the availability of permeable fractures. The groundwater is found to flow out of the 

borehole at the water table (Table 2) and through discrete zones at depth. The optical televiewer 

data shows that this is linked to the higher fracturing in the bedrock closer to the surface (Table 3). 

The general trend is that the fracture frequency decreases with increasing depth, and highly 

fractured zones occur as discrete zones. At depths below 100-120 m the seismic P-wave data 

indicates that the bedrock is mainly un-fractured. 
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Table 2. Zones of inflow and outflow in boreholes at Åknes. Modified by author from Elvebakk (2008, 2013). 

Borehole Water Table (m) Inflow (m) Outflow (m) Logged depth (m) 

Kh-08-12 61.4 73, 75 62.7-63 0-200 

Kh-01-06 58 65, 86 (59?), 120 0-168 

Kh-02-06 45 78  0-175 

Kh-03-06 42 72, 94 42, 52, (164?) 0-197 

 

All the logged boreholes have strong foliation present throughout the drilled depth with only slight 

variations in dip angle and dip direction with depth. The foliation measurements are in general slope 

parallel and fjord dipping with slight variations at depth due to localized folding. Optical televiewer 

data also confirm that the measured fractures follow foliation dip and dip direction, this corresponds 

to outcrop data from field mapping at the surface of exfoliation fractures (Figure 13). 

Table 3. Televiewer data from boreholes at Åknes, foliation dip, exfoliation fracture dip and highly fractured zones. Modified 

by author from Elvebakk (2008, 2013) and (Elvebakk, 2017). 

Borehole Average foliation 

values 

Average exfoliation 

fracture values 

High fracture frequency 

zones (m) 

Logged depth 

(m) 

Kh-08-12 20-40°  SSE 20 - 40°  SSE 6-19, 28-42, 62.7-63 0-175  

Kh-01-17 30-40°  S-SE 34°  SSE 40, 272, 278 0-279 

Kh-02-17 30-40°  S-SE 29°  SSE 10-14, 40-60, 65-70 0-299 

Kh-03-06  33°  SE 41 - 44 30-45 

 

 

Figure 13. Trend plunge and frequency data for fractures in the upper 2 - 60 m of KH-08-2012. Modified by author from 

(Elvebakk, 2013).Methods 
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This chapter describes the methods used generate the data to establish the network analysis of the 

crystalline bedrock at Åknes. The data is mainly based on structural outcrop mapping and surface 

structures analysed from digital elevation models and aerial photographs, in addition to borehole 

data from previous studies of the unstable rock slope below the back scarp. 

3.1 Structural mapping 

The data foundation for the thesis is mainly based on 20 days of fieldwork done in August 2018 in 

collaboration with Stig Runar S. Ringstad and me. Alvar Braathen and Mark Mulrooney joined us in 

field from the 12th to the 15th of August to help establish the way we would map and log the stations 

at Åknes. The area was divided into mapping stations, and for each station we logged: 

 Time, date, GPS coordinates. 

 Outcrop description. 

 Identify features of interest. 

 Sketches in the notebook. 

 Fracture set identification, strike and dip measurements and scanlines. 

 Photographs of the station, overview and detail images with scale. 

3.1.1 Limiting factors 

Because of the vegetation and scree cover the outcrops are often limited in size and large portions of 

the area are not mappable, and as a rule the steep terrain had less cover and better access to 

mappable surfaces. This means that many of the stations were only mappable in 2D, thus limiting the 

perspective so the length of the fractures into the rock mass is not possible to measure and potential 

fracture terminations not seen in only 2D. 

3.1.2 Strike and dip measurements 

The principal feature of interest for the mapping campaign was the fractures in the bedrock. The 

fractures were measured using a handheld clinometric compass from Silva to identify the strike and 

dip measurements using the right hand rule method for the different fracture sets before the same 

surfaces were mapped again using an iPhone with the FieldMove Clino (referred to as Fieldmove) 

app from Midland Valley (Midland Valley, 2019). We then compared the values from the compass 

with the smart phone in order to see that the two did not differ. 

The Fieldmove app the workflow can be simplified like this: 

 Define a project, the project is a folder that can contain several mapping localities (stations). 

 Create a locality. This is done for each separate mapping station, Fieldmove automatically 

registers the GPS location and time and date. 
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 Measurements in Fieldmove are made by lying the smartphone flat on the surface in 

question and tapping the screen on the smartphone to capture the strike and dip angle. 

 The data from Fieldmove were later exported and processed in Excel, or it can be reviewed 

on the device in field. 

Stereonet projections was used to analyse the data from Fieldmove. The stereonet is a visual 

representation of a 3D structure on a 2D sheet of paper or screen. The pole to plane visualization is 

useful to show strike and dip clustering to show trends while in field. The data from Fieldmove was 

exported to a computer and processed in Excel. The data was then plotted in Stereonet 10 

(Allmendinger, 2019). 

3.1.3 Fracture properties 

For each station the fractures were grouped in sets. A fracture set is made up of several fractures 

which are close to parallel in terms of strike and dip values. We chose ±10° in strike and dip values 

from an estimated mean. We then logged scanlines for each of the fracture sets to identify the 

frequency for the given fracture set. Scanlines were measured using a 2 m long measuring sticks lain 

perpendicularly across the fracture sets to get the frequency, making a note of at which length a 

fracture intersected the measuring stick and the fractures termination (Figure 14). Scanline lengths 

varied in length depending on how long they had to be to represent the fracture frequency in the 

rock. 

 

Figure 14. Fracture termination type 1, 2, 3 and 4. 

3.1.4 Analysing mapping data 

The data from the field campaign was analysed based on the fracture properties. The stations were 

grouped based on the average strike and dip measurements for the respective fracture sets that 
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were identified from the data sets. The next step was to see if there were any similarities based on 

the fracture frequencies. This was done in order to see if there was any correlations between the 

bedrock lithologies and the fracture properties in the bedrock. If there were similarities between 

mapping stations with the same lithology then the DFN models could be based the average values 

from a group of mapping stations and be applicable to larger areas.  

3.1.5 Lineaments 

Lineaments are defined after Gabrielsen et al. (2002) as linear or curvilinear features. A lineament 

can range in size from local (cm) to regional (km). The two lineaments we mapped during the field 

campaign were interpreted to be faults: fracture lineaments with signs of evident displacement. 

 

Figure 15. Lineament L1 (red) and L2 (blue) in the north rock face of Flosteinnibba. 

These two faults were mapped by scanline logging across the structure starting where the fracture 

frequency in the bedrock was at the background level. Measurements were taken by noting down 

the distance along the scanline where a fracture intersected the measuring stick and noting down 

weather there were fault rock or secondary mineralization present in the fracture. 
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3.1 Digital mapping. 

3.1.1 Drone photogrammetry. 

The drone photogrammetry was done by Mark Mulrooney. The drone covered the rock slope from 

the fjord to the eastern slope of Overvollshornet with georeferenced drone images on four separate 

flights. The images were automatically assigned time, date, flight height, as well as GPS values and 

divided in separate file folders for each flight. The images range from large scale birds eye view 

images to more detailed images in areas of particular interest. 

Before the drone gets airborne it was programmed so that it would take pictures at certain time 

intervals, in this case the drone took a picture every two seconds. The image frequency means that in 

every flight folder the images have a large amount of overlap from image to image. 

The drone flight maps is included in Appendix A. 

3.1.2 Photogrammetric model 

Agisoft is a photogrammetry program that can create georeferenced 3D models from drone 

phohographs which can be exported to other mapping software. The Agisoft workflow (Figure 16) for 

creating a 3D model was used as outlined in Cordetti et al. (2018): 

 

Figure 16. Visualization of the Agisoft PhotoScan workflow, modified by author from (Cordetti, et al., 2018). 
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The Agisoft process can be time demanding depending on the capacity of the computer running the 

programme. For us generating a model took from 1-4 hours depending on how many images we 

used, not counting cleaning up the point cloud and mesh. To make a large model of 100-200 images 

we typically had to generate several smaller models and merge them later, which in turn also takes 

several hours. 

We encountered a major problem in that Agisoft did not spatially orient the models correctly from 

the georeferenced images we used. The models themselves looked right, but they were not spatially 

correct. Tto correct this we used ground control points (GCP) and disabling the image properties. 

Ground control points are known reference markers manually selected in the images the model is 

based on. Agisoft then recognizes the selected marker and places it in the other images where the 

programme finds the best fit, and after some manual adjustment the model can be oriented after 

known control points. 

The reason for making the models in Agisoft was to use the Lime (Virtual Outcrop Geology Group, 

2019)) virtual outcrop mapping software in order to map surfaces otherwise not accessible. 

Unfortunately, Lime was unable to open the models from Agisoft and we were not able to use this 

software. 

3.1.3 Fold axis calculations 

The fold axis calculations were based on the strike and dip measurements for the exfoliation 

fractures projected in Stereonet 10. Text files with average strike and dip measurements for the 

exfoliation fractures for one station was imported to Stereonet 10 and used the programme to 

calculate the poles to these great circles. Then we found the best fit great circle that passes through 

the poles, and the pole to this great circle represents the trend and plunge of the fold axis. 

3.1.4 Block size estimation 

Block size estimation is a reflection of the fracture properties of the rock mass. The size of the blocks 

is a reflection of the fracture frequency and the termination types, e.g. high frequency 

interconnected fractures will result in a slope consisting of smaller blocks and high porosity. 

The first attempt at determining block sizes was done according to the fracture frequencies and 

strike and dip measurements (Palmström, 2000) and populating 100x100cm box oriented 

perpendicular to the exfoliation fracture. This method proved to be unreliable and was discarded. 

The second method is similar, but it was supplemented by field photographs and notes from the field 

notebook. Using the data from the field campaign and images from each station the block sizes were 

estimated using images containing a reference scale and identifying fractures that are release 
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surfaces, either crosscut other fractures or are termination type 3. We identified small, average 

(medium) and large blocks in each station to represent the effect of fracturing on the rock mass as 

well the connectivity of the fracture network. The block size is determined by the fracture 

persistence, long high persistence fractures define large unstable rock volumes (blocks). Within these 

large blocks there can be higher frequency low persistence fractures dividing the large block into 

smaller blocks (Figure 17). The example shows that there has been at least one rock fall from the 

block indicating that individual smaller blocks can fall without causing the larger block to topple. 

 

Figure 17. Visual block size estimation from field images. The block B1 is separated from block B2 by through going fractures 

but share a common failure plane. B1 will likely follow the larger block when B2 topples out of the rock wall. 

As this method is largely based on visual estimates from field photography and the availability of 

mappable surfaces the uncertainty is sometimes high. 

3.1.5 Maps and plots 

The maps and plots are generated using QGIS 3.4 Madeira (Team, Q., D., 2019) using data form the 

field campaign as well as previous work and instrumentation found at NVE’s FTP-server. All maps not 

specified are generated using QGIS. The background map is Topografisk Norgeskart 4 downloaded 

into QGIS as a WMS/WMTS file (Kartverket, 2019). 
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Local lineament mapping was done using a 0.5 m resolution LiDAR map cropped to fit the study area. 

The map is named “NDH Møre Vest 2pkt 2015 (0.5)” (Høydedata, 2018). The lineament mapping was 

done by remote sensing on a local scale using LiDAR maps to trace and mark the linear structures. A 

lineament can be anything from a road to a fallen tree or, but the use in this thesis is to map 

structures in the bedrock and streams. When using a DEM file as a map background it is possible to 

adjust the azimuth and angle of the sun to pick the lineaments out using the hill shade. 

In addition to DEM files aerial photographs have been used to identify the lineaments. 

 

Figure 18. Example map from QGIS with topographic map overlain by a 0.5 m DEM, showing the back scarp and scenario 1. 
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3.2 Discrete fracture network construction 

The discrete fracture network is the meeting point between the structural geological properties of 

the bedrock and groundwater flow. To create the DFN for Åknes I used the 3D modelling software 

Move 2018.1 (Midland Valley, 2019). The fracture network is based on the following outcrop data 

from the field campaign:  

 Fracture sets spatial orientation. 

 Fracture frequency. 

 Fracture terminations. 

The mapping stations were grouped in rock mass units with similar fracture properties. The average 

strike, dip and fracture frequencies was calculated for the corresponding fracture sets within the rock 

mass unit, this is the spatial fracture orientation for the fracture sets within the rock mass unit. Then 

the fracture frequency was calculated from the available scanline data, only counting termination 

types 2, 3 and 4. To build the model in move I followed this process (Midland Valley, 2017): 

 I imported 10x10x1m bounding box volume to the fracture modelling tool. 

 Manually add the fracture sets that will be used in the model. 

 Define the fracture properties: 

 Intensity: Input the fracture frequency based on termination type 2-4. 

 Length: I used the power law distribution, setting the exponent to -1 as the distribution 

between fracture lengths is not known. 

 Orientation: Dip and dip azimuth from the rock mass average values. 

 Aperture: I set the fracture apertures to a fixed width for each fracture set as the apertures 

relation to fracture length is not known. Aperture width was set to 1 mm. 

 Aspect ratio: The fractures aspect ratio is not known, therefore I set the ratio to 1:1 for all 

the fractures. 

 I set the number of seeds to 100. 

 I set the number of fractures used in the detailed analysis panel to 100. 

Move then populates the bounding box volume and runs a connectivity analysis based on the 

modelled fractures. 

 Save the analysis results and follow the work flow. 

 Save the fractures to the model to permanently assign the fractures to the model. 

 It is now possible to calculate secondary porosity and secondary permeability for the model. 

 The results are reported as an output journal. Save this. 
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The results from the Move simulation is a rock mass unit with estimated hydrological conductivity 

properties. These rock mass units are the building blocks that the 2D slope profiles are filled with. 

Since the study area at Åknes largely is covered by quaternary deposits the rock masses are 

extrapolated between known mapping stations based on the average strike and dip measurements 

of the exfoliation fractures. The reason for this is that the lithologies at Åknes are layered parallel 

with the foliation. 
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4 Results 

This chapter presents the results from the field campaign, the rock mass analysis,  

4.1 Field results 

The study area starts by the back scarp and stretches up slope to Fjørstaddalen and Instevatnet. The 

scope of the mapping was to identify areas with similar fracture properties as a basis for 

hydrogeological considerations. The mapping stations would later become part of a group of stations 

with similar properties, hereby referred to as a rock mass unit. A mapping station is an exposed 

outcrop or rock face, size varies in accordance with topography and cover, each station was generally 

not larger than 20 m2. Section 3.1 explains. By comparing the lithologies, spatial location and fracture 

properties the mapping stations were grouped into rock mass. A rock mass is a part of the whole field 

work area with similar characteristics. The reason for this is that these rock mass are expected to 

have similar hydrogeological and stability properties and can be used to populate a model of the 

bedrock in the slope. 

4.1.1 Rock mass units 

In total we mapped 40 individual stations in the study area (Figure 19) was divided into seven rock 

mass, largely based on locality as we worked our way through the study area. The two lineaments 

were not included in any of the rock mass as the faults are unique features that are site specific. 

 

Figure 19. Map view of the mapping stations and the rock mass units 1-5.. 

Further analysis of the data shows that the fracture sets in the bedrock are systematic and can be 

correlated between mapping stations with similar lithologies, e.g. quartz-dioritic gneiss. Since the 
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Figure 20. Average strike and dip measurements for rock mass 
1, the red circles represent exfoliation fractures. 

lithologies are foliation parallel the stations with similar fracture properties are often located in the 

same area. By analysing the mapping data, I have defined five rock mass units that will be used to 

define the hydrogeological properties of their respective lithological units. The fracture properties for 

each of the individual rock mass units is reported in Table 7. 

4.1.1.1 Rock mass 1 – Schistose gneiss 

Stations: 9, 30.  

Rock mass 1 is in the southern end of the study 

area. The bedrock in rock mass 1 is dark biotite 

schistose gneiss, and the contact zone to the 

biotite rich quartz-dioritic gneiss of rock mass 2 

is seen in station 9. The fracture frequency is the 

highest of the rock masses (Figure 21 A). The 

bedrock at station 9 shows signs of great 

instaiblity with wide open fissures opening 

parallel with the fjord, and evident sliding along 

the exfoliation fractures and we observed 

several zones of groundwater seepage from 

the exfoliation fractures which flows into the 

open back scarp. Station 30 is locally folded, the fold axis is reported in Table 5.  

 

Figure 21. Features of interest: (A) Highly fractured biotite schist in st.9; (B) Small normal fault at St. 8, measuring stick 

for scale. 
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Figure 22. Average strike and dip measurements for rock 
mass 2, the red circles are exfoliation fractures. 

Figure 23. Average strike and dip measurements for rock 
mass unit 3, the red circles represent exfoliation fractures. 

4.1.1.2 Rock mass 2 – Biotite rich quartz-dioritic gneiss 

Stations: 8, 25, 26, 31, 32, 33, 34, 37, 39. 

The stations are a bit spread out across the 

study area, station 8 is in the back scarp, 

stations 31, 32, 33, 34 and 37 are mapped along 

the eastern face of Flosteinnbba and stations 

25, 26 and 39 are on Åkernesnibba. The bedrock 

is mainly biotite rich quartz-dioritic gneiss with 

high persistence fractures. The steeply dipping 

fracture sets typically have wide apertures up to 

several cm. The slope dip below Flosteinnibba 

between 30˚-40˚, this is significantly steeper 

than the foliation dip. The ESE face of 

Flosteinnibba is well exposed with little to vegetation cover, the slope below is covered by angular 

blocks up to several m3. At station 8 there is a small normal fault showing approximately 40 cm of 

displacement Figure 21, the fault length is not mappable as it is only visible for a few meters. The 

bedrock between station 33 and 34 is folded and chaotic, both anti-and synform folds in observed 

the rock wall of Flosteinnibba ranging in size from meter scale to several hundred meters. Fold axis 

calculations are done for stations 26, 32, 33 and 37 (Table 5). 

4.1.1.3 Rock mass 3 – Quartz-dioritic gneiss 

Stations: 10, 11, 12, 13, 16, 17, 18 , 27, 29, 38.  

Rock mass 3 is found two places in the study 

area, the first is to the east above the fjord, and 

the other area is in Fjørstaddalen by 

Instevatnet. The two areas are connected 

through the subsurface by extrapolating along 

the average exfoliation dip between mapping 

stations where the fracture properties are 

known. The bedrock is mainly quartz-dioritic, 

but with higher biotite content in stations 12, 13 

and 38 reflected in increased fracture 

frequencies. The fractures are mainly tight. The 
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Figure 24. Average strike and dip measurements for rock mass 
4, the red circles represent exfoliation fractures. 

slope above the fjord dips 20°-30° and is covered by a thin layer of vegetation and scree material 

from Flosteinnibba. Temporary streams cuts through the vegetation cover, infiltrating the avalanche 

deposits. Outcrops penetrate the cover as steps in the landscape. In Fjørstaddalen the terrain has a 

gentle gradient, steepening towards station 29. The ground is covered by moraine deposits and rock 

fall from Flosteinnibba. Local folding is observed in stations 17 ( 

Table 5) and 38. 

4.1.1.4 Rock mass 4 – Granitic gneiss 

Stations: 1, 2, 3, 4, 14, 15, 35, 40.  

Rock mass 4 is found to the north of 

Flosteinnibba. The terrain is generally steeper 

closer to Flosteinnibba where it dips 

approximately 40˚. There is generally very 

limited vegetation, but abundant moss covered 

quaternary and avalanche deposits. Freshly 

fallen blocks are not covered by moss. The 

glacial deposits are moraine deposits and the 

block size vary from small rocks to blocks of 

several m3. The avalanche material is found 

closer to Flosteinnibba, and the blocks are 

generally more angular. The bedrock is primarily 

reddish granitic gneiss with dark biotite bands, and compared to the bedrock in rock mass 2 the 

granite is massive with few open fractures. However there are several high persistence fractures with 

wide apertures. Due to the Quaternary cover the lengths were not mappable but the fissures are 

expected to be of great influence to surface water infiltration. Local scale folding is measured in 

station 2 and 15 ( 

Table 5). 
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Figure 25. Average strike and dip measurements for rock mass 
5, the red circies represent the exfoliation. It is chaotic due to 
local folding. 

 

4.1.1.5 Rock mass 5 – Folded quartz-dioritic and granitic gneiss 

Stations: 5, 6, 7, 20, 21, 22, 24, 36.  

The stations of rock mass 5 is located in the 

slope below rock mass 3, and in the back scarp 

beneath Ørnereiret. The outcrops where 

stations 20, 36 are mapped protrude from the 

slope as small cliff structures with steeply 

dipping faces. The cover is mainly thin 

vegetation cover and the scree material on the 

ground is mainly small blocks that have fallen 

from Flosteinnibba. The bedrock is locally 

folded at several stations which is reflected in 

the stereonet as the measurements are 

chaotic. This relationship is exemplified by the 

back scarp extension perpendicular to steep 

fold limbs in station 5. The fold axis was calculated for station 37 (Table 5) 

Notable features within the rock mass unit are steeply dipping fissures (Figure 26) oriented roughly 

parallel with the fjord. These fissures are only seen in the northern wall of the graben, and directly 

above Ørnereiret. The fissures are 3-10 cm wide and are likely as tall as the graben structure and 

linking up with what could be a shear zone along an exfoliation surface. These structures are likely 

highly influential to groundwater flow in the area along the back scarp. 

It should be noted that apart from the folding the rock mass is not lithologically different from the 

quartz-dioritic or granitic gneisses in the area. 
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Figure 26. Steeply dipping fissure observed by st.7 in the graben, likely the same type of structure as observed on an outcrop 

behind Ørnereiret (above the graben). 

4.2 Quaternary cover and temporary streams 

In the study area there are four types of cover influencing the surface water conditions: 

(i) Fractured bedrock, scarce thin cover 

(ii) avalanche deposits without vegetation 

(iii) avalanche deposits with vegetation 

(iv) moraine material 

Fractured bedrock with scarce cover will have high surface runoff. This surface is typically found in 

steep terrain, or where there is high surface water runoff. Avalanche deposits without cover is a 

highly permeable material, which does not retain water. If the bedrock is covered by vegetation 

there is soil present which can retain surface water in the pores, thereby increasing the potential for 

infiltration through the fractures in the bedrock. Moraine material contains clays and is less 

permeable than soil, in areas with this cover the water infiltration will be the slowest. 
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Figure 27. Quaternary map of Åknes. Modified by author from (NGU, 2019). 

In the slope beneath Flosteinnibba there are temporary streams which are active during periods of 

heavy rain and snow melt (Figure 28). The streams were mapped from linear structures in the surface 

of the slope using a 0.5 m DEM and aerial photographs. By following the linear stream traces through 

the quaternary cover it is apparent that the streams are not permanent features, indicating a 

connection to the local groundwater regime as the surface water infiltrates open fractures or 

reappear in local springs. 

 

Figure 28. Temporary streams in the slope between the back scarp and Flosteinnibba. 
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4.3 The bedrock, and bedrock structures. 

As mentioned, the paper by Ganerød et al. (2008) summarises the bedrock at Åknes. There are three 

types of gneiss. The most prominent in our study area was white to grey medium grained quartz-

dioritic gneiss, the second most frequent bedrock was the darker biotite rich gneiss. 

4.3.1 Foliation and folding 

The foliation frequency is not homogenous but changes in relation to the mineralogic composition of 

the bedrock (Table 4). The foliation is generally sub-parallel with the slope dipping to the SE, but 

there are local variations caused by folding. Table 5 is a presentation of fold axis calculations from 

mapping stations across the study area. The fold axis is based on exfoliation fracture measurements 

and calculated using Stereonet 10. The general trend of the calculated fold axis is a gentle plunge to 

the ESE which mirrors the slope dip 

Table 4. Average foliation measurements from every station where it was measured. 

Station Strike ° Dip ° Comment Station Strike ° Dip ° Comment 

1 055 23  23 089.5 34 Fold limb 

2 341.7 27.1  24 075.3 40.9 Fold limb 

4 331.5 19.5  24 261 34.3 Fold limb 

5 318.8 54.2  25 340.1 43.5  

6 097.2 58.2  26 005.2 18.5  

7 303.6 42.6  27 350.5 20.6 Fold limb 

8 330 23  27 052.5 24.2 Fold limb 

9 014 26.5  29 097 20.7  

10 351 23.9  30 340.3 25.5  

11 067.3 22.6  31 071.9 44.8  

12 062.4 29.6  32 009.6 24.6  

13 062.4 19.3  33 073 31.1  

14 096.3 16.7  34 023.7 28.6  

15 022.3 17.9  35 030.1 23.1  

17 352.4 36.2  36 062.1 34.7  

20 305 85.1  37 001.3 11.8  

21 001.1 21.5  38 015 18.7  

22 349.2 69.3  39 046.4 27.5  

23 244.9 20 Fold limb 40 074.1 19.5  
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Table 5. Trend and plunge orientations for calculated fold axis from a selection of stations. 

Station no. Trend and plunge 

2 062°26° 

15 100°17° 

17 128°27° 

22 087°12° 

26 106°15° 

27 101°21° 

30 094°21° 

31 120°24° 

32 094°26° 

33 119°21° 

37 090°10° 

38 100°16° 

4.3.2 Lineations 

We mapped two types of lineation on exfoliation fracture surfaces: mineral lineation and scour 

marks. The trend and plunge (Error! Reference source not found.) of the lineations were roughly 

parallel to the dip of the host fracture plane. The lineations are interpreted as movement indicators 

for plastic deformation lineation parallel displacement to the exfoliation plane. 

Table 6. Average trend and plunge values for mineral lineations and scour marks. 

Station no. Trend and plunge Lineation type 

9 25.9°110.6° Mineral lineation 

11 14˚124˚ Mineral lineation 

20 19.7˚119.6˚ Mineral lineation 

21 24.7˚068˚ Scour marks 

33 26.5˚130˚ Mineral lineation and scour marks 

34 28.2˚109.4˚ Scour marks 

36 12.4˚072,2˚ Mineral lineations 

37 9.3˚094.5˚ Mineral lineation 

38 13˚118˚ Mineral lineation 
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4.3.3 Fracture sets 

The fracture sets were the primary focus of the field work as it is through these discrete structures 

surface water infiltrates the subsurface. There are two key types of fracture identified (Figure 29): 

gently dipping exfoliation fractures and steeply dipping fractures. The steeply dipping fractures are 

further divided into two general strikes: N-S and E-W which are subdivided into NW-SE and NE-SW. A 

third category of fracture is also mapped but the fractures show no strike-and dip trend and are likely 

random fractures that are disregarded in the detailed analysis. The mineralogic composition of the 

bedrock is linked to the fracture frequency. Dark biotite bearing gneiss has significantly higher 

fracture frequencies than the “regular” quarts dioritic or granitic gneiss. 

In general it should be noted that the fracture mapping lacks any detailed information on the 

fracture persistence of the steeply dipping fractures which strike into the slope. Most of the mapping 

stations were only mappable in 2D and any estimations of persistence must be derived from the 

fracture apertures and the dimensions of the fractures that are exposed in the outcrop. As a rule the 

fracture apertures are linked to the exposed length of the fracture. In the mapping stations within 

rock mass 2 the rock face was defined by one or more steeply fracture sets, and judging from the 

smoothness of the rock it is apparent that some of the fractures can be at least tens of meters in 

length, and of great importance to the connectivity of the DFN in the rock mass. 

 

Figure 29. The two key fracture types, exfoliation fractures (green) and steeply dipping fracture sets (red and blue). 
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4.3.3.1 Exfoliation fractures 

Exfoliation fractures are central to the fracture network at Åknes. The fractures are interpreted to be 

sheeting joints and frequency have high persistence cutting through whole outcrop sections. The 

fracture surfaces appear both as potential sliding surfaces and connect a large networks of steeply 

dipping fracture sets above and below the fracture plane, effectively allowing surface water to 

infiltrate large areas of the subsurface. 

These high persistence fractures generally dip sub-parallel with the slope, the gradient is often 

shallower than the slope dip so the exfoliation fractures daylight in the slope surface. The dip 

direction is generally towards the fjord over large parts of the study area, but the bedrock folding 

means that the strike of the exfoliation fractures can vary by more than 100° within the same rock 

mass. The dip angle of the fold limbs are locally steep, but are still considered to be a part of the 

same fracture set. 

4.3.3.2 Steeply dipping fractures 

The steeply dipping fractures are important for the slope development as they are potential release 

surfaces and open pore voids in the rock mass so surface water can infiltrate the slope. The steeply 

fracture sets are generally arranged into two categories, fracture sets striking N-S or fracture sets 

striking E-W. The steeply dip means that the strike of the same fracture can undulate 180° along the 

same fracture as the dip crosses 90°. Steeply dipping fracture sets are distinguished from the gently 

dipping exfoliation fractures by crosscutting the foliation at a steep angle, often connecting two, or 

more, exfoliation fractures. The steeply dipping fractures can also be affected by fracture bending, so 

the strike changes in proximity to other steep fractures. The N-S and E-W strike hides the fact that 

there are also fractures striking NW-SE and NE-SW, but these are considered subgroups of the 

general N-S and E-W fracture sets. 

4.3.3.3 Fracture termination and fracture frequency 

Fracture terminations are central to fracture connectivity and groundwater flow as it is the direct 

measure of fracture interconnectedness. In general, the connectivity in the bedrock is good, the most 

common fracture termination types in all the rock mass are 2 and 3. However, less frequent the 

termination type 4 fractures are expected to be interconnected with other fracture sets even if this is 

not observed. The most important terminations are termination type 3 which is observed to be 

connected to other fractures in both ends so fluids can flow through the network. However, fractures 

are likely to expand through frost processes or deformation by sliding which can cause fractures to 

grow from a termination type 1 to a type 2, and type 2 can grow to become a type 3. Fractures with 

termination type 4 are often high persistence as the termination cannot be tracked, so it is realistic 
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to believe that a large percentage of the fractures designated termination type 4 are termination 

type 3. 

Table 7. The fracture sets, and fracture terminations, for rock mass units 1 - 5. 

Rock mass 

unit 

Lithology Fracture 

sets 

Fracture 

frequency 

Termination 

% 

1 Schistose gneiss Exfolitaion 

N-S 

E-W 

NW-SE 

NE-SW 

17 

6 

7.6 

1.8 

5 

1: 2.8 

2: 28.2 

3: 42.3 

4: 26.8 

2 Biotite rich quartz-dioritic gneiss Exfolitaion 

N-S 

E-W 

NW-SE 

NE-SW 

8.6 

4.3 

1.4 

4.1 

1.4 

1: 17.9 

2: 27.1 

3: 49.8 

4: 5.3 

3 Quartz-dioritic gneiss Exfolitaion 

N-S 

E-W 

NW-SE 

NE-SW 

3.9 

2.6 

1.6 

2.1 

1.8 

1: 21.6 

2: 35.9 

3:37.2 

4:5.6 

4 Granitic gneiss Exfolitaion 

N-S 

E-W 

NW-SE 

NE-SW 

2.1 

2.7 

1.6 

2.9 

1.3 

1: 27 

2: 34.8 

3: 27.7 

4: 10.6 

5 Folded quartz-dioritic and granitic 

gneiss 

Exfolitaion 

N-S 

E-W 

NW-SE 

NE-SW 

2.9 

1.8 

2.9 

0.6 

2.4 

1: 19.1 

2: 27.8 

3: 40.7 

4:12.3 
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4.4 Block size analysis 

 

Figure 30. Block size analysis for small, medium and large blocks for mapping stations 1-39. 

The block size diagram (Figure 30) shows the correlation between bedrock lithologies and the block 

sizes identified in the respective stations, and is a way of visualizing the impact the fracture 

frequencies within a given lithology has on the overall block sizes. Mapping stations where there is 

identified biotite rich gneiss the fracture frequencies are the highest, resulting in the smallest block 

sizes. Between the quartz-dioritic and granitic gneisses it is closer, but the diagram shows that the 

quartz-dioritic gneisses are more massive with lower frequency high persistence fractures defining 

the block sizes. 

4.5 Local lineaments 

The lineament analysis is based on scanline data from two faults in the north rock face of 

Flosteinnibba. The lineaments are interpreted to be faults striking sub-parallel with Fjørstaddalen 

valley. The results of the lineament fracture analysis from the field data match the expected fracture 

frequency increase towards the fault core and decreases as the scanline crosses the fault core and 

return to the background fracture level on the other side. Five other lineaments were mapped using 

remote sensing with similar orientations to the two lineaments mapped during the field campaign 

(Appendix B). 
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Figure 31. Location of lineament 1 (red) and 2 (yellow) in the rock wall of Flosteinnibba overlooking Instevatnet. 

4.5.1 Lineament 1 

The histograms in Figure 32 and Figure 33 show a clear increase in fracture frequency as the scanline 

approaches the core zone of the fault. The highest fracture frequency measured was from 1.75-1.25 

m which, from field observations, corresponds to the core zone of the fault. The low fracture 

frequency from 2.75 m and out represent the background fracture frequency in the bedrock. The 

fracture frequency in Figure 33 reflects the same findings as Figure 32, the highest fracture frequency 

is the core zone of the fault from 7.5-8 m and the frequency is lower on either side of the core zone. 

In the core zone there was abundant fault rocks and secondary mineralization of zeolite and epidote. 

The epidote appears as green minerals and the zeolite is a white layer on slickensides within the fault 

core Figure 34. 
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Figure 32. Fracture frequency histogram for lineament 1, scanlines 1 and 2. The fault zone is marked in red. 

 

Figure 33. Fracture frequency histogram for lineament 1, scanlines 3 and 4. The fault zone is marked in red. 
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Figure 34. Image from the core zone of lineament 1 showing zeolite (red) and epidote (yellow). Measuring stick for scale. 

4.5.2 Lineament 2 

The same trend as observed from the histograms for lineament 1 is evident for lineament 2. The 

fracture frequency in the bedrock increases from the background level towards the core of the 

lineament in the same way in the histograms above. There was also zeolite and epidote present in 

the lineament core zone indicating secondary mineralization. The zeolite appear as membranes on 

slickensides within the fault core, whereas the epidote mineralization is seen within fractures 

indicating hydrothermal alteration of the bedrock. 

4.6 Modelling results 

Model output parameter: The relative connectivity is in other words a measure of the fracture 

network this fracture is connected to in relation to the other fracture networks within the DFN 

volume. 

Porosity: calculates the porosity from the fractures in the DFN using fracture length and aperture 

parameters. The storage volume of each fracture is equal to the surface area multiplied by aperture: 

Permeability: Calculates a permeability tensor for the DFN for each grid cell from the orientations, 

area, and aperture of the fractures intersecting the cell. 
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5 Discussion 

The chapter begins with a discussion of the lithological conditions and fracture systems in the 

bedrock before discussing the rock mass analysis and model design, and concluding with presenting 

the results from the DFN model based on four rock mass units.  

5.1 Lithological conditions and network structure 

The observations from the the field campaign was the basis for interpreting the bedrock fracture 

network in the study area, and used to determine the different rock mass units. The exfoliation 

fractures have the highest fracture frequencies of the key fracture sets at Åknes (Error! Reference 

source not found.). These fractures are interpreted to be sheeting joints caused by elastic stress 

release since foliated lithologies, such as the gneiss at Åknes, are susceptible to develop this kind of 

fracture. Field observation of the exfoliation fractures are in agreement with the description of 

sheeting joints: high persistence fractures that have developed along zones of weakness in the rock 

mass, dipping subparallel to the slope. Braathen et al. (2004) and Ganerød et al. (2008) identify these 

structures as controlling the development of the basal sliding surface at Åknes. 

The bedrock is locally folded, the fold axis trend and plunge calculations from the exfoliation fracture 

planes indicate an ESE trending fold axis with a gentle plunge towards the fjord. These results 

correlate with observations by Tveten et al. (1998) and Ganerød et al. (2008). The exfoliation 

fractures mimic the shape of the folds, and it is reasonable to expect that the exfoliation fractures 

and the folds are oriented parallel acros the study area. The orientation of the folds are likely not a 

feature that will influence overall slope behaviour above the back scarp due to the parallel 

orientation of the fold axis and slope dip. Along the back scarp however the folding is different, here 

the foliation is steep dipping striking ESE. The folding orients the weak foliated zones favourably for 

the development of extensional fractures perpendicular to the foliation in the rock mass (Ganerød, et 

al., 2008; Jaboyedoff, et al., 2011). The steeply dipping fold limb control the development of the back 

scarp where the folding is favourable, the fold limbs are linked by relay structures where it is not 

favourable for extension where folding is not favourable for extension the back scarp is linked by 

local relay structures (Figure 35). 
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Figure 35. Transition from reactivated exfoliation fracture to a relay structure cutting across the exfoliation fractures 

between zones favourable for reactivation, at st.5. 

The exfoliation fractures are a constant feature at Åknes observed in every rock mass. These 

fractures are intersected by a steeply dipping fracture network of steep dipping N-S and E-W striking 

fractures. These fractures are found across the slope at Åknes, both above and below the back scarp, 

and are pre-existing features in the bedrock reactivated by sliding along the basal sliding plane 

(Ganerød, et al., 2008). This is supported by observations from the field campaign showing similar 

results; there are steeply dipping fractures terminating in, or cross cutting the exfoliation fractures, 

but the fracture aperture sizes vary across the study area.  

The fracture network at Åknes is considered to be a systematic fracture network as the same fracture 

sets were identified in every rock mass. Of these fracture sets the exfoliation fractures are 

considered to be a primary fracture as the persistence is the highest and the orientation of the 

fracture planes effectively divide the fracture network into layers interconnected by steep dipping 

fracture sets (Figure 36 B). The distance between the exfoliation fractures is the thickness of the 

individual layers, this is again coupled to the lithology. The primary fractures in a systematic fracture 

network are expected to dominate the fluid flow as long as these fractures are relatively open 

(Qinghua, et al., 2017), that is without infill, intact rock bridges or mineralization. The observations 

from the field campaign do not show any signs of this in the fracture sets, and the fractures are 

considered to be open, even though the fracture apertures are limited. 
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Figure 36. A) Biotite rich bedrock at st.9. Notice the high fracture frequency of the exfoliation fractures (blue) and wide 

fracture apertures for the steep dipping fracture sets (red) caused by planar sliding along exfoliation fracture surfaces. B) 2D 

conceptual sketch of the groundwater network consisting of exfoliation fractures (blue) and steep dipping fracture sets (red). 

Fracture apertures decrease with depth. 

5.2 Rock mass analysis 

The designation of systematic rock mass units was a key element in describing the DFN at Åknes. By 

comparing the stereoplots from the individual mapping stations it was possible to identify trends in 

the great circles that represented the individual fracture sets that was mapped from the outcrops. 

After calculating the average strike and dip measurements for the fracture sets and comparing these 

values with the fracture frequency it became apparent that the mapping stations fracture properties 

and the bedrock in the area was correlated. The frequencies of the respective fracture sets was also a 

determining factor for mapping station correlation as the fracture frequencies increased with the 

biotite content. The fracture terminations also changed in relation to the overall fracture frequency, 

as the fracture frequency increased so did the amount of interconnected fractures (type 2-4). 

Fractures with termination type 1 are not without consequence for the future fracture network 

development as the fracture tips can propagate and link up with neighbouring fracture sets 

(Qinghua, et al., 2017), but for the DFN modelling these fractures are considered not connected to 

the fracture network. 

Since the categorization of the stations was only based on surface data available at the individual 

outcrops this approach does not take into account fracture persistence or aperture sizes when 

categorizing the rock masses. Another cause of uncertainty is that the rock mass units only describe 

the parts of the study area which were accessible by foot, which limits the insights to the area 



53 

between the back scarp and Instevatnet. In retrospect I believe that categorizing the stations 

influenced by local folding as a separate rock mass was perhaps not correct as the rock mass unit is a 

unique lithological unit. 

5.3 Model design 

The model volumes were 10x10x5 m. The reason for this was that the outcrop dimensions did not 

regularly exceed this size. As a consequence of the model dimensions the largest fracture size 

entered into the fracture calculations were 10 m as this is the maximum horizontal extent of the 

models and any fracture sets exceeding these parameters would not be used in the calculations. This 

meant that the actual fracture lengths of the highest persistence fractures could not be used in the 

model calculations. Especially the exfoliation fractures were regularly found to be high persistence 

fractures which can be traced over lengths far exceeding 10 m where the surfaces allowed for this. 

However, this is not expected to be of great consequence to the quality of the fracture connectivity 

calculations as the connectivity in the fracture networks at Åknes is not dependent on a few high 

persistence fractures. This is reflected in the fracture frequency analysis and the terminations 

showing the number of interconnected fractures/m of scanline. 

However the limited area of the outcrops meant that the fractures were often only visible in 2D, or in 

3D for only a few meters before disappearing under cover. As a result of this the fractures aspect, the 

relationship between length and height/width, could not be assessed and the calculations had to be 

done using a 1:1 ratio. Assuming that the fracture sets aspect is 1:1 is probably not realistic, but the 

uncertainties of fracture lengths due to the availability of mappable 3D surfaces means that this is a 

necessity. This will most likely result in a higher number of fracture connections and a higher 

connectivity rating, but it does not affect the overall systematic structure of the fracture network in 

the subsurface with regards to how water infiltrates the subsurface. The fractures apertures also had 

to be set to fixed dimensions regardless of the fracture length. Move allows for different fracture 

values to be set for the individual fracture sets programmed in the models, but as the uncertainties 

regarding the aperture sizes was very high this was not attempted. 

5.4 DFN modelling 

The DFM models are able to represent a 3D model of the fracture network, and highlight the relative 

importance of the individual fracture sets for the network as a whole (Figure 37), the other three 

DFN models are presented in Appendix D-F. By analysing the DFN model the relative connectivity of 

the individual modelled fracture sets can be spatially represented and easily understood. However, 

the connectivity analysis is exaggerated for the models which is a consequence of the linear 

relationship between the different fracture lengths.  
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Figure 37. DFN model of rock mass 1 showing the individual fracture sets relative orientation within the DFN volume, and 
their relative connectivity. The dark purple colours show the highest connectivity, and the dark green indicate low relative 
connectivity 

The calculations for porosity and permeability were run for two depths, the upper ~60 m where the 

steeply dipping fracture sets are observed to be open, and a second calculation for the depth interval 

between ~60-120 m where the exfoliation fractures are observed to be open and permeable in 

discrete zones, below this depth fractures are mainly tight and groundwater flow moves through 

discrete exfoliation parallel fractures or highly crushed zones likely representing local sliding planes 

(Elvebakk, 2013). As the model inputs are overly simplified the results are only to be considered 

rough estimates of the individual rock mass units. Move then calculates the porosity, permeability 

and permeability tensor for the individual rock masses making it possible to compare the influence of 

the DFN in the bedrock if nothing else.  

5.5 Model outputs 

The DFN model outputs are based on several simplifying assumptions about the fracture properties 

which limit the models applicability to reproduce the realistic fracture properties at Åknes. In every 

study area there was fracture sets which ranged greatly in aperture size from open fissures behind 

toppling blocks that were tens of cm wide, to tight fracture sets which were less than 1 mm wide. 

This lack of accurate data to model all the fractures as having apertures of 1 mm regardless of the 

fractures length. The reason for this was that open fractures were seen in every rock mass unit and in 
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most of the mapping stations. It is not expected that every single fracture within the respective rock 

mass units are open, however the results highlights the differences between the different rock 

masses. The exfoliation fractures are not affected in the same way as the displacement is taking 

place along the fracture planes, but groundwater seepage along these fracture sets mean that the 

fractures are open and permeable. 

Table 8. Results from the permeability and porosity analysis from Move for rock masses 1-4. 

Rock 

mass 

Porosity % 

min-max 

Permeability 

(Darcy cm3/s) 

Permeability tensor min 

(Darcy cm3/s) 

Permeability tensor max 

(Darcy cm3/s) 

1 

shallow 

18.9-20.8 13728.5-15310-9 Kxz: (-3691.2)-(-3084.6) Kyy: 12186.7-13777.5 

1 deep 2.2-2.6 75.7-87.9 Kyz: (-1.8)-(-1.5) Kyy: 75.7-87-8 

2 

shallow 

14.5-17.1 10788.1-12719.7 Kxz: (-2435.7)-(2038.9) Kyy: 9398.5-11133-1 

2 deep 1.4-1.7 46.3-57.2 Kxz: (-17.8)-(-14.4) Kyy: 41.8-51.7 

3 

shallow 

5.3-5.9 3897.3-4432.1 Kxz: (-153.5)-(-53.6) Kxx: 3449.9-4021.1 

3 deep 0.6-0.8 20.7-25.7 Kxz: (-2.5)-(-2.0) Kxx: 20.5-25.4 

4 

shallow 

4.3-5.5 2954.6-3741.1 Kxz: (-243.8)-(-94.5) Kxx: 2215.5-2922.4 

4 deep 0.2-0.3 5.8-9.8 Kxz: (-3.3)-(-1.9) Kyy: 5.8-9.7 

 

The model outputs show that there are different permeability tensors within the different rock mass 

units. This confirms that even though the models are highly simplified the DFN within the different 

rock masses still influence the flow. The DFN models show anisotropic flow with a preferred 

horizontal flow direction.   
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5.5.1 Rock mass profiles. 

Two rock mass profiles were made of upper part of the bedrock with known lithological properties. 

Beneath this level the bedrock is designated undifferentiated gneisses. Appendix B shows a map view 

of where the profiles were drawn. 

 

Figure 38. 2D rock mass profile 1 above the western gully. 

5.5.1.1 Profile 1 

Rock mass 1 and 2 have significantly higher degrees of both porosity and permeability (Table 8) than 

the other two rock mass units. This is, from the modelling perspective, linked to the overall large 

fracture area within the individual DFN models. The values calculated from the DFN models highlight 

the extremely fractured surface bedrock found within the two rock mass units. The mapping stations 

in rock mass 2 that are located along the southern area of the unit area are located close to a 

lineament that is interpreted to be a fault. The fault architecture of the B and C zones are consistent 

with the high persistence fracture sets observed in this area. These fractures are steeply dipping and 

oriented sub-parallel with the fault, and open wide apertures sub-parallel with the slope. The fault 

cannot be traced below the surface, but the bedrock in the B and C zones along the fault mean that 

these steeply dipping high persistence fracture sets will be present in below the surface zone of the 

bedrock and strongly influence the local fracture system in the respective area. 

There is observed groundwater seepage from the schistose gneiss in rock mass 1 above the back 

scarp. By extrapolating this rock masses dip it is expected that it is in contact with the open back 

scarp between mapping station 9 and up towards Ørnereiret, it is expected that this highly fractured 

rock mass will come in contact with the high persistence fractures in Flosteinnibba where there is 

high potential for groundwater recharge. It must also be noted that there are at least 5 faults, 
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possibly more, that cut through the mountain of Flosteinnibba. It is likely that much of the water 

drains into the western gully (Appendix C). 

5.5.1.2 Rock mass 3 and 4 

 

Figure 39. 2D rock mass profile 2. 

The second group of rock masses consists of rock mass 3 and 4. The fracture frequency is significantly 

lower for the rock mass units along the back scarp. However the fracture network is still highly 

interconnected allowing for effective surface water infiltration through the bedrock. The 

permeability in rock mass 4 has lower permeability than rock mass 3, but due to the proximity to the 

surface the steeply dipping fracture sets responsible for connecting the exfoliation surfaces are 

expected to remain conductive. 

By observing the temporary streams that infiltrate and spring out from the rock slope between the 

back scarp and Flosteinnibba it is clear that the relative orientation of the fracture sets dictate the 

water flow in the shallow subsurface. Surface water infiltrates through steeply dipping fracture sets 

which are connected to the exfoliation fractures. As the steeply dipping fractures are gradually closed 

as a result of increasing depth the exfoliation fractures represent zones of anisotropic flow as the 

exfoliation fractures drain out on to the slope surface. The relative orientation of the exfoliation 

planes are expected to be responsible for this flow directionality. 
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6 Concluding remarks and further work 

The groundwater flow at Åknes flows through a network of interconnected systematic fractures. The 

basis for the groundwater flow down the slope towards the unstable rock slope is high persistence 

exfoliation fractures that have developed along biotite rich zones of weakness within the rock mass. 

The exfoliation fractures dip direction is shallower than the slope, and groundwater seepage is 

observed from these fractures where they daylight in outcrops. Surface water infiltration down to 

the exfoliation fractures happens through systematic steeply dipping fracture sets which are open to 

the surface. Analysis of the structural data from field mapping show that the fracture frequencies 

increase with higher biotite content, and the highest fracture frequencies were found in the 

exfoliation fractures in schistose gneiss. DFN connectivity analysis show that the fracture network in 

the study area is highly interconnected, and field observations show that the steeply dipping fracture 

sets act as release surfaces allowing exfoliation parallel sliding down slope which further open the 

fracture apertures normal to the movement direction. The angular relationship between the 

exfoliation fractures and the slope surface means that potential sliding is not supported from below 

by the slope, and that the fractures are not likely to be exposed to higher pressures down slope due 

to not dipping into the slope. As the discrete fractures are linked to both groundwater flow and 

structural instability the understanding of the surface bedrock above the back scarp. In systematic 

fracture networks such as in the bedrock at Åknes it has been identified that fluid flow is dominated 

by primary fracture sets given that these fractures are open (Quinghua, et al., 2017). The DFN models 

based on structural mapping and borehole data from the unstable area identify the exfoliation 

fractures as the primary fracture set at Åknes. 

As the DFN model is based on geological data form the mapping campaign the data availability was 

limited to what was available at the surface. As a result of this the DFN models are based on fixed 

fracture aperture sizes that will not correspond to the actual distribution of fracture apertures size in 

relation to fracture lengths. The fractures lengths are also uncertain, and obtained from field 

photographs from the mapping stations, and the relation between long and short fractures were not 

modelled. By including this data the applicability to porosity and permeability calculations for the 

DFNs will become more accurate. These values could be further calibrated by having borehole data 

form the area above the back scarp
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Appendix 

A.  

 

Figure 40. Drone flight maps from August 2018. 
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B.  

 

Figure 41. 2D profilies 1 and 2 for rock mass analysis. 
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C.   

 

Figure 42. Faults analysed using 0.5m DEM files. Fault 1 and 2 were mapped and are described in the lineament analysis 

chapter. 
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D.  

 

Figure 43. 3D model from Move showing relative fracture connectivity in rock mass unit 2. Dark purple indicates higher 
connectivity and dark green indicates lower connectivity. 

 

E.  

 

Figure 44. 3D model from Move showing relative fracture connectivity in rock mass unit 3.  Dark purple indicates higher 
connectivity and dark green indicates lower connectivity. 
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F.  

 

Figure 45. 3D model from Move showing relative fracture connectivity in rock mass unit 4.  Dark purple indicates higher 
connectivity and dark green indicates lower connectivity. 

 


