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Abstract 

This study presents the tectonic analysis of  deformation structures in Slemmestad area. The 

study area lies in the southwest of Oslo. The analysis is conducted to better understand the 

fracture development and deformation in the folds of fold and thrust belt, in basement and in 

Permian. The outcrop data is collected by using a scanline technique. This outcrop study has 

been carried out to collect different fracture parameters. 

A systematic relationship is observed between the fracture sets and fold geometry in the 

Paleozoic succession. The mechanism in the fold development is likely flexural slip folding 

and orthogonal flexural folding. The maximum tectonic stress in the study area is NW-SE, 

which links and explains the dominant NW-SE open fracture sets in the folds of Cambro-

Silurian succession. The fracture intensity is controlled by the structural position of the folds. 

In more detail, the hinge zone and the areas where the folds are plunging offer the highest 

fracture intensities. The fracture sets can be explained by different stages of developments; 1) 

Foreland fractures formation of NW-SE. 2) The fold related stage of NE-SW oriented 

fractures which are possibly formed due to outer arc extension. 3) N-S trending fractures 

either formed or reactivated during the development of Oslo rift.  

The fractures in the basement are WNW-ESE and NNW-SSE trending and do not show any 

relationship with Cambro-Silurian succession and therefore, formed prior to the Caledonian 

Orogeny. The fractures in the Cambro-Silurian succession and Permian sill intrusion show 

similar trend which could suggest the reactivation of previously formed fractures. 
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Chapter 1: Introduction 

1.1 Background and motivation 

This thesis describes a tectonic analysis of poly-phase fracturing in the Slemmestad area, 

outside Oslo, Norway. This area represents a key outcrop in the thin-skinned Caledonian fold-

and-thrust (fold-thrust) belt in the Oslo region, with good exposures of the basement-cover 

(Sveconorwegian gneiss overlain by Cambro-Silurian sediments) contact, and complex 

detachment thrusting splaying out of the basal Alum Shale. Further, Pre-Caledonian brittle 

deformation can be documented from the basement, and post-Caledonian fracturing can be 

considered by study of Permian intrusions and associated faulting, for example the Permian 

Nærsnes fault that follows the coastline. 

This master thesis is divided into 6 chapters. Chapter 1 introduces the study area, objectives 

and method used for sampling and data gathering. The regional geologic setting and 

stratigraphy can be found in chapter 2. Chapter 3 focuses on the relevant theory giving a 

background for the results and discussion. The datasets of the thesis, i.e. fracture development 

in the fold-thrust belt, basement and Permian intrusions of Slemmestad is described in chapter 

4. The discussion and comparison of field observations with previous work is presented in 

chapter 5. The conclusion in chapter 6 ends the thesis. 

1.2 Aims and objectives 

The aim of this master thesis is to study Caledonian fracture system in the fold and thrust belt. 

The study further aims to document the pre-Caledonian brittle deformation from basement 

and fracture system around the Permian Nærsnes fault. 

Hypotheses to be tested or rather questions to be answered in this thesis are: 

1) Is there a distinct 3-stage succession of fracture sets and populations in the area, reflecting 

pre-Caledonian, Caledonian and Permian events? 

2) Are all fractures in the folds in the Cambro-Silurian section joints, formed normal and 

parallel to the fold axes, and hence symmetric to the palaeostress axes? 

3) Are some fractures in basement formed, or reactivated, during Caledonian thrusting? 

4) Are some fractures in the Permian intrusives reactivated, earlier-formed fractures? 
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1.3 Study area 

The study area is located around a small village, Slemmestad, in the Røyken municipality, 

SSW of Oslo, in southern Norway (around 59°46.8444′N 10°29.8206′E). Lower Paleozoic 

rocks are exposed in the area which are being folded and faulted by the Caledonian Orogeny 

(Fig.1.1). The study area is tectonically deformed in a thin-skinned Caledonian imbricate fan 

and duplexes with good outcrops of the fold and thrust belt. Some back thrusting can also be 

observed. The folds are mostly asymmetric and overturned to the SSE above contractional 

faults with listric shapes (Bruton et al., 2010). 

 

Figure 1.1: Location map of study area Slemmestad and surrounding areas Oslo and 

Vestfold. Modified from (http://www.ngu.no/). 

1.4 Methods  

1.4.1 Fracture sampling 

By using a scan line technique, the fracture orientation and fracture characteristics have been 

noted in the field, following the procedure of Priest (1993). The fracture data have been 

combined with the thickness and orientation data of the studied bed for every scan line. This 

technique involves a one directional line in which all the crossing fractures are recorded. A 

clean planer rock face is required for this sampling technique. By using a measuring tape each 

scan line has been measured along a single bed and is 1-30 m long. The scanline orientation 

was chosen to be perpendicular to the main fracture set, in some cases requiring several 

http://www.ngu.no/
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scanlines per locality to record the main sets. The recorded fracture data were collected from 

9 different localities in bedding parallel sections for Paleozoic strata. The data for the 

basement were collected from different road sections. The localities include forelimb, 

backlimb and the hinge zones for Paleozoic strata, basement and Permian intrusion in the 

basement cover contact in a road section. Data along each fracture line consists of fracture 

orientations, fracture frequency (f/m), fracture aperture (filled or open) and fracture type 

(shear or extensional). The fracture orientation is measured by Silva compass, applying right 

hand rule and by using iPhone equipped with the program GeoID v1.8. A manual 

measurement using compass with clinometer is performed for every 10
th

 measurement to 

check the correctness of data. Small fractures which are shorter than 10 cm in length are not 

considered.  

1.4.2 Fracture analysis 

The fracture data are categorized according to localities, structural position and fracture type. 

The fractures are further divided into different sets according to their type (extensional and 

shear fractures) and orientations with respect to their structural position. The fractures are 

plotted as great circles (planes) in stereo plots. The software Open stereo has been used with 

lower hemisphere equal area projection.  Larger datasets are presented by plotting poles to 

planes. In this study both poles and planes are used to present the fracture data. Field 

photographs are also used to interpret the fractures on the bedding surfaces. 

1.4.3 Box and whisker plot 

Data gathered from all the scan lines is presented in the box and whisker plot showing 

average fractures per meter for the scan lines. The graphs are made to show the comparison 

between thickness and fracture frequency. The graph displays the fracture frequency for all 

the scan lines regardless of thickness and lithology. The average fractures per meter are 

shown by the cross mark inside the box for each scan line. The line inside the box shows the 

median value while lower box and the upper box show the 25
th

 percent and 75
th

 percent of the 

data. The whiskers above and below the box shows the maximum and minimum value of the 

data.  
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2 Chapter 2: Geological settings 

2.1 Regional geologic setting 

The Oslo region was situated at the mid-latitudes (Cocks and Torsvik, 2005). During the 

Ordovician an estimated northward drift of the Oslo Region was presented by Torsvik et al. 

(1992). And a near equatorial position for the region is assumed in Silurian. The geological 

term Oslo Region refers to an area of approximately 10,000km
2 

extending 115 km north and 

south of the city of Oslo (Fig. 2.1). 

 

Figur 2.1: The geological map of the Oslo Region and the study area is shown by red 

rectangle on the map. Map modified from Naterstad et al. (1990). 

The Oslo Region has a fault controlled location situated in the Permian Oslo Graben. The 

graben varies in width from 40 to 70 km. It is bounded by Precambrian rocks to the east and 
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west while Caledonian nappes bordered it to the north (Bruton et al., 2010). These 

Precambrian crystalline basements are formed between 1200 and 900 Ma. A 2500m thick 

lower Paleozoic succession has been thrusted and folded during the Caledonian Orogeny is 

found in this region (Bergström, 1980). The Caledonian thrusting activated the Osen-Røa 

detachment along which major displacement has taken place and this is in the Alum shale on 

top of the basement, making a thin-skinned fold-thrust belt. Further, the detachment lies 

beneath the fold-thrust belt of the entire Oslo Region and terminates to the south in the Skien-

Langesund area. As mentioned, the Osen-Røa detachment is a thrust zone within the late 

Cambrian Alum shales and from this zone a number of splay faults cut up-section into the 

overlying Ordovician and Silurian successions, forming imbricate fans and duplex structures 

(Bruton et al., 2010).    

2.1.1 Cambrian 

The Oslo Region has well-preserved oldest Cambrian deposits in the Mjøsa area some 100-

130 km north of Oslo. The early Cambrians are allochthonous that occurs in the Osen-Røa 

nappe complex (Bockelie and Nystuen, 1985) or they are autochthonous to paraautochthonous 

which lie on top a Precambrian basement with conglomerates at the base. During the Middle 

Cambrian the Alum Shale is deposited across Baltoscandia with a succession of dark shales, 

bituminous limestone and concretion. These shales are low in carbonates and are enriched 

with other trace elements. The Middle Cambrian is a period of transgression in the northwest 

of the Oslo region and caused a general diachronous folding from north to south. The great 

areal extent of Alum Shale facies is the evidence of deposition over a stable platform in the 

east, having a thickness of approximately 20-30 m. The thickness increases westward to about 

100m in the Oslo area which shows that deep water conditions were present most of the time 

(Bruton and Harper, 2000). 

2.1.2 Ordovician 

In the Oslo-Asker and Ringerike districts the Ordovician succession consists of 400 m of 

fossiliferous alternating limestone and shale units (Bockelie, 1982). Throughout the world, the 

Ordovician was transgressive on underlying rocks, but a clear break occurs at the base, all 

across Scandinavia except at Nærsnes, near Oslo which remained a strong contender for many 

years as the type reference section for the Cambrian–Ordovician boundary (Bruton et al., 

2010). Well documented dendroid graptolites (Cooper et al., 1998) trilobites and conodonts 

occur in Oslo-Asker area testify to the deep water conditions. Elsewhere, the process of 
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transgression (Jaanusson, 1979) may have been complex and iterative rather than gradual. The 

Bjørkåsholmen Formation abruptly ends the development of the Alum Shale. (Ebbestad, 

1999, Egenhoff et al., 2010).The overlying Tøyen Formation which consists of a sequence of 

pale grey and black silty shales is deposited on the continental slope and formed the western 

edge of the Baltic platform. Both the Bjørkåsholmen Formation and the Tøyen Formation can 

be traced westward and eastward (Bruton and Harper, 1988). Westward, they form 

allochthonous units in the Norwegian Caledonides while eastward, they form part of the 

autochthon of the Baltoscandian platform (Rasmussen and Stouge, 1995). Another 

widespread limestone, the Huk Formation succeeded the shales of the Tøyen Formation 

(Owen, 1990). Biostratigraphycally, the Huk Formation contains trilobites (Nielsen, 1995), 

conodonts (Rasmussen 2001), chitinozoa (Grahn et al., 1994) and acritarchs (Ribecai et al., 

2000). These all indicate both transgressive and regressive events during the deposition 

(Nielsen, 2004). 

Volcanic ash beds representing volcanic eruption are widespread in and around the Oslo 

Region (Owen, 1990). In the Sinsen section four beds or complexes of beds have been 

identified by Bergström et al. (1995). He marked these beds as K-bentonites. By using 

conodonts, graptolites and chitinozoans to find their stratigraphic position and studying the 

trace elements to distinguish each ash flow, these have been traced with decreasing thickness 

from Oslo across Baltoscandia to Ingria in Western Russia (Hagemann and Spjeldnæs, 1955). 

The thickest bed of Arnestad Formation has been directly correlated with the Millbring K-

bentonite in eastern North America (Huff et al., 1992). Comparative maximum thickness 

between the southern Appalachians and southern Sweden proposes that the source for this 

kind of widespread bentonite was centred in the Iapetus Ocean somewhere between the 

Laurentian and Baltic plates (Huff et al., 2010). 

2.1.3 Silurian  

Silurian rocks are formed of marine shales and limestone and show a non-marine and red-bed 

facies at or just below the Wenlock-Ludlow boundary (Bruton et al., 2010). These marine 

rocks are deposited in the foreland basin like the Ordovician rocks. A notable break between 

Ordovician and Silurian is noted in Mjøsa area  and in Ringrike (Owen, 1990, Worsley et al., 

1983). The lower Silurian in the Oslo Region is marked by a gradual continuous transgression 

by Spjeldnaes (1957), Bjørlykke (1974). Later Worsley et al. (1983) indicated that marine 

environments were established very early in the Llandovery by the presence of diverse 

brachiopod fauna of the Solvik Formation in Asker area. The more typical genera of 
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Ordovician was also dominated but Baarli and Harper (1986) proposed that these were 

formed in the deeper water and they were the survivors of  the main extension of the Late 

Ordovician.  

2.2 Structural history and development 

Closing of Iapetus Ocean located between Laurentian and Baltican plates, and the inception of 

Caledonian Orogeny in southern Norway, results in extensive formation of thrust sheets 

(Bryhni and Sturt, 1985). Thrust transport direction is towards the E-SE (present coordinates). 

In western Norway (Fossen, 1998) and in the Oslo Region (Størmer, 1934, Morley, 1986), 

areas with significant components of top-ENE movement have also been documented (Fig. 

2.2). 

 

Figur 2.2: Key structural map of the Oslo Region. The arrows show the transport direction on 

thrust. Illustration from Bruton et al. (2010). 
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During the Tremadoc time at around 485 Ma, the earliest collision occurred in the western 

most part of the Fennoscandian Shield (Gradstein et al., 2004) and Iapetus Ocean was 

completely closed by the Ludlow (Late Silurian) at around 420 Ma (Pedersen et al., 1988, 

Hossack and Cooper, 1986). At around 430 Ma, the first indirect effect of nappe translation in 

Oslo Region has been recorded (Gradstein et al., 2004). 

The Oslo Region has been structurally subdivided into a  northern province of nappes 

consisting of Neoproterozoic rocks which is the Osen-Røa nappe complex of Nystuen (1983) 

and a southern regime of folded autochthonous/ parautochthonous Cambro-Silurian 

sedimentary rocks. These two regions are separated by the Caledonian nappe front, situated 

around the northern part of Lake Mjøsa (Skjeseth, 1963). He concluded that the  basal thrust 

occurred beneath the Neoproterozoic rocks however later it is recognized that this basal thrust 

can also be followed southward beneath the Cambro-Silurian rocks of Oslo Region (Skjeseth, 

1963). 

The Oslo Region lies within the external, frontal zone of the Caledonian nappe system and 

displays many of the distinctive features of such systems including a pronounced basal thrust 

with splay faults from several detachment levels. These are related with imbricate stacks, 

back-thrusts, duplexes, harmonic and disharmonic folds, lateral, oblique and transverse 

ramps, and deformed foreland basin units (Dahlstrom, 1970, Boyer and Elliott, 1982, 

Nystuen, 1989). The sole thrust cuts up section and describes the ramp from north to south 

(Morley, 1987). An imbricate stack reappears to north in the area of Mjøsa Lake (Nystuen, 

1983). There, two thrust levels combine to form a complete duplex (Hossack and Cooper, 

1986). 

The lower Paleozoic sedimentary succession of the Oslo region has been affected by the 

Caledonian deformation (Spjeldnaes, 1957, Morley, 1987, Naterstad et al., 1990) but displays 

variance in style which is due to the mechanical properties of the affected units, tectonic 

position within the thrust system and progressive development of thrust sheets. Therefore, 

there is a frontal duplex in some areas and an imbricate stack in others. The 

tectonosedimentary successions show variations in the style of thrusting and folding from 

bottom to top. The dominant structural orientation is ENE-WSW reflecting thrusting to the SE 

but the style of deformation and thrust direction in not uniform throughout in Oslo Region. 

Fold axis have an E-W strike in the Ringerike area (Harper and Owen, 1983) while in the 

Oslo-Asker area they have NE-SW to ENE-WSW trend (Larsen and Olaussen, 2005). 
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Four principal structural levels with their specific structural style have been recognized in the 

Oslo Region (Bruton et al., 2010). 

The level 1 represent the basal thrust in the Oslo Region which underlies the whole 

allochthonous/parautochthonous and is the major tectonic discontinuity in the area. The basal 

thrust is equivalent to the Osen-Røa thrust. Berthelsen (1969), Harper and Owen (1983), 

Bockelie and Nystuen (1985) and Naterstad et al. (1990) studied the field relationships of the 

thrust at different localities and suggested that allochthonous and parautochthonous shales  

separate the lower most thrust and from the undeformed Proterozoic basements. The basal 

thrust thus lies within the Alum Shale Formation (Bockelie and Nystuen, 1985). Ramberg et 

al. (1981), Morley (1986) and Hossack and Cooper (1986) noticed that the allochthonous and 

parautochthonous rocks are affected by numerous slip surfaces and folds on all scales. The 

whole package shows varying style of deformation and strain intensity. In the Alum Shale 

contractional, north-dipping faults and asymmetrical folds with overturned lower limbs and 

north-dipping axial planes, with wavelengths of 3-4 m and amplitudes of 4 m, occur regularly 

(Morley, 1986).  

The structural level 2 is characterized by the middle thrust system. According to Bockelie and 

Nystuen (1985) and Morley (1986) the strain intensity decreases upward above the basal 

thrust but the zones of strong deformation are common all through the lower Paleozoic 

succession in the Oslo Region. The area of flat lying strata is deformed either by isolated fold, 

sequences of folds and contractional faults. These evidences are enough to assume that ramp-

flat geometry is prevailed (Bruton et al., 2010). The reverse faults, imbricate thrust sheets and 

asymmetrical, overturned folds above contraction faults with listric shapes are the 

deformation associated with structural level 2. The intensity of deformation varies between 20 

repetitions in less than 400 m in the limestone of Stein Formation (Skjeseth, 1963). For Mjøsa 

district an average repetition of one thrust per 150 m is common (Morley, 1987) whereas the 

intensity of imbrication is lower in Oslo Region. Several sub-horizontal thrust branches can 

be seen but no regional detachment zone has been observed in structure level 2. In the upper 

most part of the succession structural style is strongly influenced by the >1000m thick 

continental sandstone (Worsley et al., 1983). 

Hence, the third structural level is described by thrusts which are related to a second level of 

upward ramping fault planes. These ramps can be seen at some localities but are not 

commonly exposed. Generally, the inside of the sandstone basin is undeformed, but where the 
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thrust ramps cut up-section, the sandstones become folded and show in some places vertical 

or overturned bedding. Structures are very complex within the ramps. The fold axes show 

NE-SW orientation with variable plunge and the geometry varies between open to isoclinal 

folds (Bruton et al., 2010). 

 The faults of the structural level 4 are closely related to structure level 3. They arise in the 

areas where the thrust faults have ramped over Ringerike Group and its equivalents. 

Structures are very rarely preserved due to upward decrease in strain intensity and erosion 

(Harper and Owen, 1983).  

2.3 Slemmestad  

Graversen (2015) has conducted an extensive field work in Slemmestad area. He described 

different structural elements present in the area.  Some observations from his work have been 

described below, just to give the structural over view of the study area. The Slemmestad area 

shows thrust faults and fold related to these faults in an orogenic, foreland setting (Fig. 2.3). 

Carbonate dominated Huk Formation and Vollen Formation stands out within other shale 

dominated Cambrian-Ordovician succession. Fault-fold interrelationship and hangingwall-

footwall deformation can be seen in the area. The NE-SW to ENE-WSW trending folds and 

faults characterize the structure of the Caledonian foreland deformation above the 

décollement. In this area, there is an overall younging of successions towards north which 

suggest that the general dip of basement and the decollement surface must be in the same 

direction. The folds have dominant vergence towards the southwest (Graversen, 2015). 

A small description about the structure of the area at different localities is as under. 

At Bjørkåsholmen a hangingwall block to the northwest is thrust above the complex foot-wall 

block. The footwall structure is described by an anticline that contains a folded thrust which is 

the indication of fault-fold succession (Graversen, 2015). 

Djuptrekkodden is a locality underlain by a SE vergent hangingwall anticline while an 

adjacent footwall syncline is developed in a folded thrust block below the main thrust surface 

in a transgressive ramp/flat thrust system. The deformation of Huk Formation at the locality is 

the evidence of thrusting and associated folding. The shale units and the Huk Formation 

above and below is separated by compound thrust zone. Hangingwall block and footwall 

block are both cut out along a second order thrust, illustrating a ramp/ramp relationship 

(Graversen, 2015). 
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The Kindergarten section exposes the Bjørkåsholmen thrust. At the exposure, a hangingwall 

anticline of Huk Formation represents the hangingwall block. The footwall block here is 

composed of deformed shales of Elnes Formation. Therefore, this section shows the 

relationship between footwall and hangingwall along the Bjørkåsholmen thrust zone 

(Graversen, 2015). 

The Øvre Elnesvei road section exhibits a relationship between hangingwall ramp and 

footwall flat. The footwall block to the southeast is composed of members of Tøyen 

Formation, Huk Formation and Elnes Formation while the hangingwall block to the northwest 

is comprised of Lysaker and Svartodden members of Huk Formation. The folded ramp section 

displays an asymmetric, open south vergent syncline above the thrust surface (Graversen, 

2015). 

Another Røykenveien road section shows continuous exposures of thrust-fold structures 

ranging from Alum Shale to the south and up through the lower-middle Ordovician 

succession. This section displays variety of thrusts and associated folds including tight, 

upright, symmetrical folds as well as asymmetrical, overturned and complex chevron folds 

(Graversen, 2015). 
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Figur 2.3: Geological settings of the study area (Graversen, 2015). 
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2.4 Stratigraphy 

The Oslo Region has around 2000m thick lower Paleozoic succession (Bockelie and Nystuen, 

1985) that is down-faulted in the Oslo Graben which formed during late Carboniferous to 

Permian times. These rocks are well-preserved in many districts of Oslo Region (Fig. 2.4) 

along with Precambrian gneisses and Permian igneous rocks (Henningsmoen, 1978). These 

Early Paleozoic sediments were deposited on the erosive Precambrian basement (Ramberg 

and Spjeldnæs, 1978). The deposition took place in an epi-continental basin over most of the 

western Baltica, which changes to a foreland basin in front of Caledonian Orogeny in the Late 

Silurian (Bjørlykke, 1974, Worsley et al., 1983, Larsen and Olaussen, 2005). These rocks of 

the Asker and Røyken area show varying degree of folding and faulting (Caledonian 

Orogeny). The succession is considered to be parautochthonous. In the Mjøsa Area in the 

north, the whole succession is thrusted southwards at least 150 km in the Osen-Røa nappe 

complex (Nystuen, 1983, Bockelie and Nystuen, 1985). 

2.4.1 Alum Shales Formation 

The Alum Shale can be recognized both as a platform sequence and in the Caledonian nappes 

over a large portion of Baltoscandia. Its age extends from Middle Cambrian to Lowest 

Ordovician. Its thickness varies from about twenty to almost hundred meter (Owen, 1990). It 

consists of black, organic rich shales which show a black streak. It also contains dis- 

continuous beds and concretions.  The shales are enriched with variety of trace elements such 

as uranium, vanadium, molybdenum and nickel but is very low in CaCO3 (Bjørlykke, 1974, 

Andersson, 1985). 

 In the Oslo Asker area, near the top of Alum Shale a 15-40cm thick black, planner limestone 

is present. It can be best seen in a road section near the Rortuent shopping center in Røyken 

where it is overlain by up to 6cm thick black shale with black streak, identical to that of 

underlying shales. At the top of this is a prominent pyrite horizon forming the base of the 

following 6.5m of blocky dark grey shales which have a black streak in the lower half meter 

above which the streak becomes gradually paler (Owen, 1990). 
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Figure 2.4:  Lower Paleozoic succession of Oslo-Asker, Oslo Region (Graversen, 2015). 
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2.4.2 Bjørkåsholmen Formation 

This formation is previously termed as Der Ceratopygen kalk, ceratopygekalk and ceratopyge 

limestone. The base of the Bjørkåsholmen Formation is defined by the sudden change from 

dark grey shales of Alum Shale to pale weathering nodular limestone. The lower part consists 

of pale grey limestone with intercalation of shales. These limestones contain dark concretions 

at the base. A 74cm thick single bed of grey limestone overlain by 8cm glauconitic limestone 

bed can be found at the Rortunet shopping center (Bjørlykke, 1974). At other localities shales 

are developed just beneath the glauconitic limestone in the upper most part of the main 

limestone (Fjelldal, 1966). The thickness varies from 0.6-1.3m at different localities. 

(Størmer, 1940) has discussed and listed the diverse shelly fauna of Bjørkåsholmen Formation 

in the Oslo Region and have suggested that it has the characteristic of latest Tremadoc. 

2.4.3 Tøyen Formation 

Tøyen Formation has its original stratotype at a tunnel section near Tøyen, in Oslo but this 

section is not exposed today (Erdtmann, 1965). The new stratotype is selected to the west, at 

Hagastrand in Asker. The main lithologies of the Tøyen Formation are black and grey shales. 

Two distinct members of Tøyen Formation have been recognized. The Galgeberg Member 

consists of blacks shales while rusty weathering striped shales with some limestone are from 

Hagastrand Member. The base of the Tøyen Formation is marked by an abrupt change from 

the limestone to shales with subordinate limestone horizons.  The top of the formation is 

similarly distinct, contrasting with thick limestone of the Huk Formation (Owen, 1990). The 

formation is mostly dominated by shales with some limestone within the Oslo Region. The 

thickness of the Tøyen Formation varies from 7.5m to more than 20m at different localities. 

The Galgeberg Member is enriched with graptolites while Hagastrand  Member has yielded 

some graptolites and the limestone beds consist of shelly fauna dominated by trilobites 

(Erdtmann, 1982, Bruton et al., 1988). 

2.4.4 Huk Formation 

This is the most important formation from this thesis point of view because the data for 

backlimb, hinge and forelimb are collected from the Huk Formation.  The basal stratotype for 

Huk Formation is in the Oslo-Asker area while the hypostratotype is in the Ringerike, 

Hadeland and Mjøsa area. The Huk Formation consists of mainly limestone with some shale. 

The Huk Formation overlies the graptolitic shales of Tøyen Formation in all districts while at 

some localities it succeeds Alum Shale. In more recent tectonic models of Oslo Region by 
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Ramberg et al. (1981) and Bockelie and Nystuen (1985), the contact between Huk Formation 

and Alum Shale is interpreted as a thrust plane. The Huk Formation has tripartite division 

with a middle limestone-shale unit that is bounded by upper and lower limestone units. The 

thickness varies from 2-40 m at different localities. Kohut (1972) concluded that the whole 

formation lies in the upper part of Didymograptus hirundo graptolite zone. The age of the Huk 

Formation is ranges from middle Volkhov to the Hunderum substage of the Kunda stage 

(Kohut, 1972). Different members of the Huk Formation are Hukodden Member, Lysaker 

Member, Svartodden Member. The Hukodden and Svartodden members have limestone as a 

lithology. The Lysaker Member consists of limestone with calcareous shales while Herram 

Member is composed of grey mudstone with limestone beds and nodules (Owen, 1990). 

2.4.5 Elnes Formation 

In the Oslo-Asker area at Bjørkåsholmen one can finds the basal stratotype for the Elnes 

Formation. It consists of mostly shales with basal beds of limestone which is previously 

considered as a transition from the limestone of the Huk Formation. This transition of 

dolomitic limestone is repeated in the vicinities of Oslo while in Asker a bedded limestone-

shale unit is developed. It has a sharp contact with the underlying Huk Formation. In most 

districts this incompetent unit has been deformed by folding and faulting. Therefore, in less 

exposed districts no reliable estimates of its thickness is possible while in its best exposed 

area its thickness is 60m (Owen, 1990). In the Oslo-Asker area the Elnes Formation is divided 

into four members. The first member is Helskjer Member, previously termed as basal 

transition beds. It consists of bedded and nodular limestone with interbedded dark shales 

(Skjeseth, 1963). The second member is the Sjøstrand Member which is composed of black 

shales with scattered limestone lenses. The thickness of this member is estimated to 32m on 

Bygdøy and 49 m at Slemmestad (Størmer and Heintz, 1953). The third member, which is 

called Engervik Member, consists of black shales with limestone horizons. The last member 

is Heggen Member. This unit is comprised of shale beds that are commonly 50cm thick and 

are separated by horizons of dark nodular limestone. The various members of the Elnes 

Formation contain shelly and graptolitic fauna. The graptolites show a range from the base of 

the Didymograptus murchisoni zone to the top of Glyptograptus tertiusculus zone which 

suggests Middle Llanvirn to Early Llandeilo age (Berry, 1964). 
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3 Chapter 3: Theoretical background 

3.1 Thrust systems 

A main fault that detaches the overlaying volume of rock from the volume of rock below the 

fault is a called detachment or décollement zone (Boyer and Elliott, 1982). Where several 

thrust faults originate from same detachment zone, they are referred to as thrust system. Two 

common end members can be distinguished in a thrust system; i) imbricate fans and ii) 

duplexes (Fig. 3.1). An imbricate fan has closely related thrust faults originating from the 

same detachment zone but they may have different time of development. The thrust system 

has a floor thrust as root to thrust ramps and could be either leading edge (largest 

displacement towards the foreland) or trailing edge (largest displacement towards the 

hinterland). Duplex is a thrust system which is bounded by a floor thrust and a roof thrust. 

Hinterland dipping duplexes are the most common types (McClay, 1992). A triangle thrust 

system develops when two thrusts of opposing vergence share the same detachment zone, 

together creating a triangular zone (McClay, 1992). The thrusts in a thrust system develop in a 

sequence and they can be forward breaking or hinterland breaking. The former has its 

youngest thrust at the front while later has the youngest thrust closest to the hinterland. If a 

thrust does not obey systematic breaking order, it is called an out-of-sequence thrust (McClay, 

1992).  

3.2 Thrust geometry 

Both thick-skinned and thin-skinned style of thrusting can be seen in fold and thrust belts. 

Thin-skinned thrusting only involves cover rocks while thick-skinned describes the structures 

that involve the basements (McClay and Buchanan, 1992). The thrusts cut up the section but 

rarely as planer faults; instead, they follow the staircase trajectory made up of ramps and long 

flats. A flat is a bedding parallel surface at the time of fault initiation. It shows that a flat will 

be horizontal at the time when a thrust sheet is transported over a previously undeformed 

sequence (Elliott and Johnson, 1980).  

Flats are connected by relatively steep ramps along which thrust climbs up section in the 

transport direction. Therefore, ramps cut off the datum surfaces (beddings). Cut offs in the 

hangingwall are known as hangingwall ramps whereas cut offs in the footwall are termed 

footwall ramps. Ramps can be classified according to their orientation relative to the transport 
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direction. A ramp which is characterized by reverse dip-slip displacement and is 

perpendicular to the thrust transport direction is called a frontal ramp. Lateral ramps strike 

oblique to the transport direction and are characterized by oblique slip displacement (Fig. 

3.2). Ramps parallel to transport direction are strike-slip faults (McClay, 1992). 

3.3 Thrust related folds 

Three types of fault-related folds are typically associated with thin skinned fold thrust belts; i) 

fault-bend folds, ii) fault propagation folds and iii) detachment folds. 

A fault-bend fold is a fold caused by the movement of a thrust sheet over a flat- ramp-flat 

geometry (Jamison, 1987). It is associated with both fixed fold hinges and migrating hinges. 

Folding is commonly by flexural slip (Davis et al., 1983).  

 

 

Figure 3.1: Classification of different systems of thrusts (Boyer and Elliott, 1982).  
 

The geometry of a given fault-bend fold depends on the geometry of the thrust beneath it 

(Pluijm and Marshak, 2004). The back limb of the fold is parallel to the footwall ramp 

(hangingwall flat), normally with a 25-35° dip, while the forelimb is shorter with a steeper 
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angle (hangingwall ramp) (Fig. 3.3A). While moving from flat to ramp and from ramp to flat, 

rotation of bedding occurs. Due to this hangingwall strata become folded, while the footwall 

remains undeform (Jamison, 1987). 

 

Figure 3.2:  Different ramp geometries illustration. Modified from Wilkerson and Marshak 

(1997). 
 

Fault-propagation folds develop at the tip of the propagating thrust fault when its tip forms a 

ramp into undeformed strata. The fold grows as the fault continues to propagate but the thrust 

is not fully compensating for shortening (Jamison, 1987). The folds develop simultaneously 

above the ramp. Fault-propagation fold tends to be asymmetric and shows vergence in the 

direction of the fault propagation (Fig. 3.3B). The geometry of fold depends upon the angle of 

the ramp. High angle forms upright and open folds while low angles result overturned and 

tight folds. Open folds have material transported into the forelimb from the crest and vice 

versa in tight folds (Salvini and Storti, 2001).  

The detachment folds also develop at the termination of thrusts in a similar way to fault-

propagation fold but don’t require a ramp in the thrust beneath (Fig. 3.3C). The detachment 

folds develop above a bedding parallel detachment. Folding reflects that the displacement 

along the detachment diminishes. Such folds are common in weak and ductile rocks such as 

evaporates or shales (Jamison, 1987). Detachment folds are commonly symmetrical and 

upright at an early stage and hence show a different geometry than fault-bend fold and fault-

propagation folds (Mitra, 2003). 
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Figure 3.3: Fault related fold types. A) Fault bend fold, B) Fault propagation fold and C) 

Detachment fold. Modified from Jamison (1987). 

3.4 Modes of fracture development 

Discrete deformation structures in the rocks, caused by failure through loss of cohesion are 

referred as fractures. Joints, shear fractures or veins (if filled with secondary material) are 

some of the terminologies or synonyms for fractures. They have finite length and can be 

found in any size (Schultz et al., 2008). According to Irwin (1957), there are three main 

modes which explain the fracture mechanics (Fig. 3.4). Extensional fractures or joints, 

sometimes called tensile opening fractures are referred as mode I. They have displacement 

perpendicular to the axis of maximum tectonic stress. They can grow without changing the 

orientation. Mode II and mode III are shear fractures. Mode II fractures are formed by sliding 

along the fracture plane while mode III includes rotation along the fracture plane. Shear 
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fractures are commonly formed as conjugate sets in pairs (Stearns, 1968). Hybrid shear 

fractures (mode III) are formed by the combination of the tensile and shear state and they can 

exhibit both opening and shearing modes. They are formed at an acute angle to the maximum 

compressive stress.  

 

Figure 3.4: Three main modes of fractures development i.e. modes I-III. Mode IV develops 

by pressure solution during compression. Modified from Van der Pluijm and Marshak (2005). 

The Mohr Coulomb failure criteria can be used to predict the brittle failure strength and 

orientation of shear fractures for a given rock within the compressive stress regime (Ramsey 

and Chester, 2004). Note that hybrid fractures are formed in a transitional phase from 

compression to extension (Fig. 3.5). 

3.5 Fold related fractures 

Fractures in fold-thrust belt have been discussed by many researchers such as Price (1967), 

Stearns (1968), Hancock (1985) and Groshong (1975). They suggested different methods to 

interpret fractures and establish several models that show the relationship between fracture 

geometry and homogeneous stress.  A simple relationship between extensional fractures and 

fold geometry is established by Price and Cosgrove (1990). Extensional fractures which trend 

parallel to the fold axis form perpendicular to the bedding. These fractures vary in dip through 

an arc determined by the tightness of the fold. The orthogonal set cut the fold axis at 90˚. 

Extensional fractures which are parallel or perpendicular to the fold axis don’t develop at the 

same time (Price and Cosgrove, 1990). 
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Figure 3.5: Mohr diagram displaying different modes of brittle failure (extension, hybrid and 

shear) for a given non-fractured rock where the Mohr circle intersects the failure envelope of 

the rock of question (Ramsey and Chester, 2004). 

Stearns (1968) suggested a conceptual model for fractures related to non-cylindrical folds. He 

proposed 11 common fracture orientations in folded strata and divided these orientations into 

5 different populations or sets. They contain two conjugate shear fracture sets and one 

extensional fracture set (Fig. 3.6). A neutral surface (zero-strain surface) is used to divide the 

populations. Set 2 and 3 which lies above the neutral surface experience extension while set 1 

and 4 represents contractional fractures that are placed below the neutral surface. The fifth 

fracture population that forms during folding, because of slip between beds, represents shear 

fractures (Note that figure 3.6 shows only 4 fracture populations). 
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Figure 3.6: Typical fractures in folded sedimentary strata, where the 11 fracture orientation 

sets are grouped into five different populations, with population one to four displayed in the 

figure. Modified from Bergbauer and Pollard (2004). 

When the system is symmetrical with respect to the fold, the variations in plunge, layer dip or 

axial plane attitude change the orientations of the sets. To describe the geometry of fractures, 

Hancock (1985) developed another model which is based on notations of Turner and Weiss 

(1963). This model is independent of absolute orientation (Fig. 3.7). An orthogonal reference 

system is used; the axes of which are named a, b and c. ab, ac or bc are the defined planes. 

Further the letters h, k and l are the fracture surfaces that intercept the fold axis. This means 

that h intercepts a, k intercepts b and l intercepts c, while O indicates the parallelism to an 

axis. Oblique fracture surfaces to all the axes are hkl (Hancock, 1985). On surface ab there 

may be shear, dilation or shortening whereas bc and ac shows less evidence of shear. 

Conjugated fractures of shear or hybrid fractures are common, and the mesofractures sets lead 

to shortening or stretching of the fold. The fractures that do not fit into the model are, 
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according to (Hancock, 1985), made prior to or after the folding, or are accommodation 

fractures caused by non-systematic strain. 

 

 

Figure 3.7: Mesofractures grouped in different populations irrespective of absolute 

orientation. Modified from Hancock (1985). 
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4 Chapter 4:  Results 

4.1  Introduction 

Data collected from the outcrops can considerably increase the understanding of the fracture 

distribution in the area. As mentioned in chapter 1, a scan-line technique is used for data 

collection. The data presented in this thesis is gathered from series of scan lines both in bed-

parallel and vertical section (Table 4.1; Fig. 4.1). In between 25 to 49 fractures were sampled 

for most of the scan lines. 

Table 4.1: Basic scheme of the out-crop localities with their scan lines and measured fracture 

sets.   

Locality Geographic coordinates 
Structural 

position 

Scan line 

number 

Fracture 

sets 

F1 
Lat: 59.78331 

Long: 10.49107 
Forelimb SL-1 S4, S5 

F2 
Lat: 59.7805 

Long: 10.48712 
Forelimb SL-2 S4, S5 

F3 
Lat: 59.46336 

Long: 10.48712 
Backlimb  SL-3 S1, S2, S3 

F4 
Lat: 59.78806 

Long: 10.49606 
Backlimb SL-4 S1, S2, S3 

F5 
Lat: 59.78267 

Long: 10.48907 
Backlimb SL-5 S1, S3 

F6 
Lat: 59.78341 

Long: 10.49130 
Hinge SL-6 S6, S7 

F7 
Lat: 59.78894 

Long: 10.49724 
Hinge SL-7 S6, S7 

F8 
Lat: 59.78917 

Long: 10.49646 
Hinge SL-8  S6, S7 

F9 
Lat: 59.77071 

Long: 10.48703 
Basement SL-9 B1, B2, B3 

F10 
Lat: 59.77035 

Long: 10.48656 
Basement SL-10 B1, B2, B3 

F11 
Lat: 59.76916 

Long: 10.48436 
Basement SL-11 B1, B2, B3 

F12 
Lat: 59.78019 

Long: 10.49844 

Basement cover 

contact 
SL-12 B1, B2, B3 

F13 
Lat: 59.78019 

Long:10.49844 
Permian Sill SL-13 

P1, P2, P3, 

P4 

F14 
Lat:  59.78107 

Long:10.49844 
Permian Sill SL-14 

P1, P2, P3, 

P4 

F15 
Lat:  59.78107 

Long:10.49844 
Alum Shale SL-15 

M1, M2, 

M3 
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Figure 4.1: Satellite image of the study area showing the localities where the data has been 

collected in the field. Figure modified from Google Earth.  

The chapter starts by interpreting the fracture data from field photographs which have been 

taken at different localities. Then, the bed thickness plot at each locality and the description of 

the fracture sets and their orientation in the folded Cambro-Silurian section is presented. 

Fracture system in the basement and the fractures system along basement to cover Permian 

intrusion are described next. Thereafter, the fracture frequency variations for all the scan lines 

are displayed. Main interest is the structural position with respect to folds on the fracture 

frequency. Finally, the chapter is wrapped up by describing the relation between the fracture 
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frequency and bed thickness for all the localities in Cambro-Silurian section and in Permian 

sills. 

4.2 Photographic interpretation 

The fracture sets have been measured at different structural position in the folds in fold and 

thrust belt, in basements and in Permian sills. A fracture set in the field is defined as number 

of parallel fractures of same type and showing same orientation. 

The fracture sets from different structural domains of the folds in Cambro-Silurian section 

have been interpreted from photographs that were taken in the field (Fig. 4.2). The fracture 

sets are measured from different structural positions around the folds i.e. forelimb, back-limb 

and hinge zone. Two sets of extensional fractures are perpendicular to each other in most of 

the localities (Fig. 4.2 A&B). The third set, which is measured as a sub perpendicular set to 

the other two sets found in all the localities in the back-limb such as at station F3, F4 and F5 

(Fig. 4.2 A). 

The fractures in the basement and the basement covered Permian intrusion (Fig. 4.3) have 

also been divided and classified into homogeneous sets. Three fracture sets normal to layering 

are observed at each locality in the basement. B2 and B3 are measured as conjugate shear 

fractures with bisecting angles perpendicular to the layering while B1 is sub-horizontal to 

foliations (Fig. 4.3 A).  

In the Permian sill intrusions four different sets are measured. A sill parallel set and three 

perpendicular sets to the sills can be seen at station F13 and F14 (Fig. 4.3 B). 
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Figure 4.2: Photographs with interpretations of outcrops with distinct fractures which can be 

divided into sets. A) Locality F3 shows three sets of fractures. B) F1 site shows two 

extensional fracture sets. Ruler on the bedding surface is for scale. Red errows indicates the 

north direction. 
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Figure 4.3: Photograph with interpretation showing different fracture sets identified in 

basement and Permian intrusion. A) F9 locality in the basement showing two conjugate set 

and one sub-horizontal fracture set. B) F13 locality of a Permian intrusion revealing three 

fracture sets normal and one parallel to the sill. Red errows in the figure show the direction of 

north. The ruler on the photograph is for the scale. 

4.3 Bed thickness plot and locality description  

The bed thickness at each locality in Cambro-Silurian succession along with the thickness of 

Permian sill intrusion is shown in figure 4.4. The maximum thickness is observed at F4 

locality while the minimum is observed at F14 (Fig. 4.4) showing the thickness between 3 and 

0.5m. Fracture data was sampled from several localities i.e. at different structural positions of 

folds in the Cambro-Silurian section, in basement and in Permian sill to compare their fracture 

system.  Each locality is described separately in the sections below. 
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B3 

A) F9: Basement 
B) F13: Permian sill 
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Figure 4.4: Figure showing the measured thickness in Cambro-Silurian succession and the 

thickness of the Permian sill at each locality.      

4.3.1 Fractures in folds of Cambro-Silurian section  

Fractures are collected from different structural positions in the folds such as fore-limb, back-

limb and hinge zone. The detail about each position is mentioned below. 

4.3.1.1 Fractures in back-limb of folds in the fold and thrust belt 

The fracture distribution in the back-limb is analysed with basis in distinct sets, as reflected in 

the stereo plots. The localities F3, F4 and F5 are recorded in the back-limb of the folds in 

Cambro-Silurian section as shown on the map figure 4.1 and given by coordinates in table 

4.1. All the data in the back-limb is collected from the Huk Formation of Paleozoic 

succession. The data is sampled from the big surface exposure at each locality. The scan line 

SL-3 at locality F3 was 25m long and was oriented oblique (249/75˚) to the strike. The 

minimum fracture frequency at this locality is zero and maximum is recorded as high as 4 

fractures per meter. The average fracture frequency for this locality is 1.8 per meter which can 

be seen in the box and whisker plot (Fig. 4.8). The scan lines SL-4 (13m long) and SL-5 (15m 

long) at locality F4 and F5 of back-limb are oriented parallel to the strike and sub-parallel to 

the fold axis. Their orientations are 204/horizontal and 225/horizontals respectively. The 

minimum fracture frequency for both SL-4 and SL-5 is zero while maximum is 5 and 7 

fractures per meter. The average frequency for both the sites is 2.9 and 2.8 fractures per 

meter, given by the box and whisker plot (Fig 4.8). In the back-limb three extensional facture 

sets (S1, S2 and S3) are observed on the bedding surface of the Huk Formation (Fig. 4.6). The 

set S1 is trending N-S while S2 and S3 are ENE-WSW and NW-SE trending and are 

perpendicular to the bedding. At two localities, the fracture sets are perpendicular to sub-
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perpendicular to each other while at third locality only S1 and S3 are found. These fractures 

are extensional structures (joints), since they do not show any indication of the shear 

movement. In some cases, the fractures are open while in others they are partly or totally 

filled with calcite. S1 are mostly filled with calcite (Fig. 4.5) while S2 and S3 are open. This 

filling of calcite in most of the fractures is also evidence of tensile opening. The fracture set 

S1 is the most developed set at all the stations. S2 is the second most important set in locality 

F3 and F4 while it is absent in F5.  The interaction between S1, S2 and S3 is observed in the 

field. These fractures are cross cutting each other. S2 cross cut S1 and the opposite case is 

also observed (Fig. 4.7) which indicates that these sets are of the same age. Thus, the 

interaction between the fracture sets can be used as criteria for the time determination of the 

fracture formation, which will be further considered in the discussion. 

 

 

Figure 4.5: The yellow rectangles in the figure show the filling of calcite in S1. Hand lense at 

top of the picture is for scale. 
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Figure 4.6: Fracture sets and their orientations in back-limb. Blue, red and green great circles 

are of S1, S2 and S3 fracture sets respectively. Black great circles are bedding planes. Dots 

and triangles in the stereo plot show the poles and average poles of each set. F3, F4 and F5 are 

the localities. Stereoplots are lower hemisphere, equal area stereonets. 
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Figure 4.7: Photograph is taken from the station F3 which is a back-limb location dipping 

NNW. The interpretations show the cross cutting relationship between S1 and S2. 

4.3.1.2 Fractures in forelimb 

Most of the data in the folded Cambro-Silurian has been collected from the Huk Formation. 

Since most of the area is covered with vegetation, so the measurements for fracture 

orientations were made at only one locality for the Huk Formation. For comparison, the data 

for fractures in forelimb were also collected from the Elnes Formation as it is one of the 

localities targeting the forelimb. The site F1 is marked in the Huk Formation while F2 is in 

the forelimb of the Elnes Formation which is as shown on the map in figure 4.1 and their 

coordinates are given in table 4.1. At both the localities good surface exposure is present.  The 

scanline SL-1drawn in the Huk Formation is 10 meters long and is oriented parallel to the 

strike (064/horizontal) direction and parallel to the fold axis.  The box and whisker plot shows 

that minimum fracture frequency in the forelimb of Huk Formation is zero and maximum is 5 

whereas average fracture frequency for SL-1 is 3 (Fig. 4.10). The SL-2 in the Elnes Formation 

at F2 was oriented oblique to the strike direction and to the fold axis and was 10 meters long 

(Fig. 4.10). The minimum and maximum fracture frequencies were recorded as 1 and 5 

fractures per meter however the average fracture frequency shown by the box and whisker 

plot at this locality is 2.7 (Fig. 4.10). Two fracture sets of extensional fractures are measured 

in both the localities. The sets are classified as S4 and S5 according to their main orientations 

in the stereo plot (Fig. 4.9). 

> 20m 
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Figure 4.8: Number of fractures per meter and average fracture along each scan-line. The 

cross in the box shows the average for each scanline whereas the box is the 25-75% of data 

set. Max and minimum values are also given. n – number of fractures, SL – scan line 

All these sets are perpendicular to the bedding. The set S4 in the Huk Formation and Elnes 

Formation is filled with secondary calcite while S5 is open in both the localities. The S4 

striking N-S is the most developed set in both the localities. The set S5 is the second most 

developed set and it strikes NE-SW. 

n n 

n n 

SL-3 

SL-4 

SL-5 

n n 

 
x2.9 

 
x2.8 



Chapter 4                                                                                                                           Results 

 

 

37 

 

Figure 4.9:  Stereo plots with preferred orientations of the S4, S5. Blue colour is for S4 and 

red for S5. Dots are the poles to planes for each set and triangles show the average poles 

 

Figure 4.10: Scan lines that show fracture intensity per meter for each set on the left and box 

whisker plots for SL-1 and SL-2 on the right. The box and whisker plots reveal the average, 

25-75% distribution (box) and max- min fracture frequencies. 

4.3.1.3 Fracture in hinge of folds in the fold and thrust belt 

 The localities F6 and F7 are measured in the hinge zone of the folds in the Huk Formation of 

the Cambro-Silurian succession; the coordinates for both are given in table 4.1 and are shown 

on the map in figure 4.1. The locality F6 was highly fractured that even a three meter scan 

line (SL-6) was drawn to find the possible fracture orientations at this locality. The scan line 
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was drawn parallel to the strike and perpendicular to the fold axis. The minimum, maximum 

and average fracture frequencies are given by box and whisker plot in figure 4.12 which 

shows the minimum of 12 and maximum of 15 (Fig. 4.12). The average fracture frequency at 

this locality is 13. At locality F7 the scanline of 8 meter was oriented parallel to the strike 

direction and normal to the fold axis. The box and whisker plot shows the average of 4.5 

fractures per meter whereas the minimum is 3 and maximum is 7 fractures per meter (Fig. 

4.12). Two extensional fracture sets perpendicular to each other and normal to bedding are 

observed at each locality. The observed fracture sets are categorized S6 and S8 with dominant 

orientations from NW-SE and NE-SW (Fig. 4.11).  

  

Figure 4.11: Figure shows the stereoplot for the hinge. Blue great cirles marks S6 and red 

great circles shows the orientaion of S7. Black great circleis are of bedding plane. 
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Figure 4.12: Figure shows the scanlines for station F6 and F7, displaying the intensity of two 

different fracture sets while the average of each scanline is shown in box and whisker on left 

side of the figure. 

4.4 Fractures in Precambrian basement 

In the study area basements are well exposed along the road cut sections. Three localities in 

the basement F9, F10 and F11 are shown on the map in figure 4.1 and given by coordinates in 

table 4.1. Scan lines are marked horizontally (parallel) in the strike direction to measure the 

possible fracture sets in the basement. The length of the scan line varies between 6-11m at 

different locality (Fig. 4.14). The box and whisker plot shows the average fracture frequency 

per meter along with minimum and maximum. The scanline (SL-9) shows average 3.7 with 

minimum 2 and maximum 6 fractures per meter (Fig. 4.14). The locality F10 was also highly 

fractured revealing the average fracture frequency of 7.6 fractures per meter. The minimum 

fractures are 5 fractures per meter while maximum is 9/m. The third locality (F11) also shows 

the high average frequency of 5.5/m whereas the minimum at this locality is zero and 

maximum is 9/m (Fig. 4.14).  Almost at all the localities three distinct fracture sets are 

observed in the basements. The set B1 is sub-horizontal to the layering in gneiss. The other 

two sets B2 and B3 are trending WNW-ESE and NNW-SSE correspondingly (Fig. 4.13). The 
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set B2 and B3 are observed as a diagonal (conjugate set) and are arranged symmetrically 

around other fracture set. They are the most common fractures in the Precambrian basement.  

 

 

Figure 4.13: The great circles in the stereo plot show the dominant orientation of the different 

fracture sets in basemnt. Red color represents B1, blue color for B2 and green color for B3. 

The black great circle displays the foliation planes. F9, F10 and F11 are the type localities. 
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Figure 4.14: Scan lines and box whisker plots for F9, F10 and F11 showing fracture intensity 

per meter of different fracture sets and average frequency for each scan line in the box plot 

showing the average of 5.5. 

4.5 Fractures along basement cover contact 

The basement cover contact, influenced by a Permian sill intrusion, is exposed only at one site 

in a road section. Fractures are collected from the basement (F12, SL-12), Alum Shale (F15, 

SL-15) and Permian sill (F13, SL-13), which can be seen on the map in figure 4.1 along with 

its coordinates given in table 4.1. In the basement, a scan line of 9m in length is oriented 

parallel to the strike direction. The box and whisker plot for this locality shows that the 

average fracture frequency per meter is 3.4 while the minimum is 2/m and maximum is 6 

fractures per meter (Fig. 4.16A). The same fracture trend which is described in section 4.3 is 

also observed at this locality (Fig. 4.15A).  
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In Alum Shale, a horizontal scan line of 5m parallel to the strike direction (211-horizontal) is 

drawn. The Alum shales are highly deformed by the Caledonian Orogeny so as expected high 

average frequency of 8 fractures per meter can be seen in box and whisker plot. The minimum 

fractures per meter are 6 and maximum are 10 fractures per meter (Fig. 4.16B). Three fracture 

sets M1, M2 and M3 are observed in the Alum shale (Fig. 4.15B). The M2 set is parallel to 

the bedding and is trending N-S. The set M1 and M3 are perpendicular to M2 and normal to 

the bedding with dominant trends NNW-SSE and NW-SE accordingly. Figure 4.16B shows 

the frequency of each set per meter and the average frequency of the scan lines. 

 

Figure 4.15: Figure showing the stereo plots in basement and in Alum Shale. A) F12 is in 

basement and shows three fracture sets. Red- B1, blue-B2 and green-B3. The black great 

circle represents the foliation plane. B) F15 displays the fracture pattern in the Alum Shale. 

Red great circle shows the orientation of set M1, yellow great circle for M2 and blue great 

circle for M3. Black great circle is the bedding plane. 
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Figure 4.16A: Scan line showing the fracture frequecy for different sets. Blue bar for B1, red 

bars for B2 and green bars for B3. Average frequency is shown by the cross inside the box on 

the left hand side. n stands for the number of fracture per meter. 

 

 

 

Figure 4.16B: Scan line frequency per meter of different sets on right and average fractures 

per meter of the scan line is displayed by cross mark inside the box on the left. 

In the Permian sill intrusion, the scan line trends 180-horizontal and is drawn parallel to the 

strike direction. The 4 meter-long scan line shows the average of 4.6 fractures per meter 

whereas the minimum is three and maximum is 9 fractures per meter (Fig. 4.18). Four fracture 

sets P1, P2, P3 and P4 were observed at the locality (Fig. 4.17). The P1 set is sub-horizontal. 

The set P2 and P3 shows dominant orientation of NW-SE while P4 is trending ENE-WSW.  
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Figure 4.17: Figure shows the stereo plots for the Permian intrusion. The orientations of the 

fracture sets are marked by great circles. Blue great circles are for set P1, red are for P2, green 

for P3 and brown for P4. Black great circles are for the foliation planes. 

 

Figure 4.18: Figure shows the different fracture set per meter of scanline. Blue, red, green 

and brown color indicates P1, P2, P3 and P4 respectively. Average intensity is displayed 

inside the box whisker plot. n represents number of fracture. 

4.6 Fracture frequencies variations 

The statistical analysis in this section is based on overall fracture frequency, by looking at the 

fracture frequency for all the measured fracture in the area and fracture frequency for the 
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various positions in the folds and fracture frequency variations compared with the bed 

thickness.  

4.6.1 Comparing fracture frequency for all the scan line 

The plot in (Fig. 4.19) displays the fracture frequency for each scan line and the average 

fractures per meter for all the scan lines. Eight scan lines show that the average frequency is 

less than the total average frequency of 5.4 fractures per meter. These are scan lines SL-1, SL-

2, SL-3, SL-4, SL-5, SL-7 and SL-8 which are all recorded in the limestone of the Huk 

Formation. SL-12 that also shows low frequency is measured in the basement. All the 

remaining scan lines have their average frequency greater than the total average frequency. 

The maximum frequency is as much as thirteen fractures per meter, measured in the hinge 

zone of folds in the Huk Formation. Individual plots for each scan line presenting fracture 

frequency for each fracture set can be seen in the appendix 2. 

 

Figure 4.19: Comparing fracture frequency for all scanlines. The cross in the box shows the 

average for each scan line while the red line shows the total average of 5.4 fractures per meter 

for the entire data set. 

4.6.2 Comparing fracture frequency for fold 

The fracture frequency is analysed for all fracture set in different structural position in the fold 

and thrust belt i.e. the forelimb, back-limb and hinge area (Fig. 4.20). The average fracture 

intensity shows that the highest values for different fracture sets are in the hinge zone and 

forelimb, whereas the low values of fracture intensity are found in the back-limb position of 
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the fold in the study area. The average fracture frequency for folds in the area is 4.18 fractures 

per meter. 

 

Figure 4.20: Comparing fracture frequency for different structural positions in the folds of 

fold and thrust belt. The graphs show that fracture intensity is much higher in the hinge (SL-

6), somewhat lower in forelimb (SL-2) and lowest in backlimb (SL-3). 

4.6.3 Fracture Frequency vs bed thickness 

The fracture frequency verses bed thickness in Paleozoic strata has been analysed for all the 

scanlines of relevance. The thickness was measured as a true bed thickness where it was 

possible in the field. The thickness of Permian sill was also measured in the field in order to 

check that whether it shows the similar trend or not. 

The following graph in (Fig. 4.21) presents the fracture frequency compared with the bed 

thickness at all the localities in Cambro-Silurian section of fold and thrust belt and Permian 

sill. The plot shows a spread in data but overall has lower fracture frequency in the thick beds. 

When the fracture frequency becomes higher, it is mostly in thinner beds but the general trend 

is diffuse. Note that the Permian sills also indicate a similar trend. 

The correlation between fracture intensity and bed thickness for different structural positions 

around the folds has also been analyzed (Fig. 4.22). The plot shows that fracture intensity is 

higher in the hinge zone. Though, the dataset is clustered and do not display any linear 

correlation. 
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Figure 4.21: Figure revealing the correlation between bed thickness and fracture frequencies. 

Note that the Permian sill also shows the same relation. 

 

Figure 4.22: Bed thickness vs fracture intensity graph at different structural positions 

indicates that the fracture intensity is higher in the hinge zone. 

4.7 Data summary plot 

Data summary plot of the fracture sets for different structural positions in the folds of 

Cambro-Silurian succession is given in the Table 4.2 whereas Table 4.3 reveals the fracture 

sets which have been recorded in the basement and Permian sill intrusions. 
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Table 4.2: Table shows the different fracture sets in the Cambro-Silurian section. The 

structural positions and their orientations are also given in the table. 

Plot (poles and 

average planes) 
Sets Structural position Orientations  

 

S1 Backlimb 

Striking N-S, 

dipping moderately 

to the E 

 

S2 Backlimb 

Striking ENE-

WSW, dipping to 

the SE 

 

S3 Backlimb 
Striking NW-SE 

dipping towards S 

 

S4 Forelimb 

Striking N-S, 

moderately dipping 

to E 

 

S5 Forelimb 

Striking NE-SW, 

with  a low dip to 

the NNW 

 

S6 Hinge 
Striking NE-SW, 

dipping to the E 

 

S7 Hinge 
Striking NW-SE, 

dipping to the N 
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Table 4.3: Table showing fractures sets recorded in the basement and the Permian sill 

intrusion. 

Plot (poles and 

average planes) 
sets Type locality Orientations 

 

B1 Basement  
Sub-horizontal 

fractures 

 

B2 Basement 

Striking WNW-

ESE, dipping to the 

SW 

 

B3 Basement 

Striking NNW-

SSE, slightly dip to 

NE 

 

P1 Permian Sill 
Striking NW-SE, 

dipping to the S 

 

P2 Permian Sill Sub-horizontal 

 

P3 Permian Sill 
Striking NW-SE, 

dipping to the NE 

 

P4 Permian Sill 

Striking ENE-

WSW, dipping to 

the SE 
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5 Chapter 5: Discussion 

5.1 Introduction  

This chapter covers the interpretation and discussion of the structural elements described in 

chapter 4, and links the observations to the regional setting and relevant literature. The timing 

and sequence of the fracture formation suggests different stages of fracture development in 

the Paleozoic strata. The fracture distribution and their orientation in the folds of Paleozoic 

strata are compared with those in the basement. Finally, the comparison between the fractures 

sets in the Cambro-Silurian section and the Permian intrusion (sill) is established. 

5.2 Fold development in the area 

The collision between the Laurentian and Baltican Plates (Caledonian Orogeny) results in 

thick thrust sheets and related folds in the Caledonides, reaching the study area towards the 

foreland as a thin-skinned thrust system in Devonian times. The regional transport direction as 

established for thrust sheets in South Norway is overall from NW-SE (Gee, 1975, Hossack 

and Cooper, 1986, Gee and Sturt, 1985). According to Morley (1994), Bruton et al. (2010) the 

transport direction deviates locally from the regional direction, and is towards the SSE in the 

Oslo region. This direction reflect folds in the area, which trends  NE-SW to ENE-WSW and 

show a dominant vergence towards the south (Bruton et al., 2010). These trends are those 

encountered in this study. 

The mechanism of folding in the Caledonian fold-thrust belt of the study area can be ascribed 

to both (i) flexural slip characterized by layer-parallel shear and (ii) orthogonal flexural 

folding by mainly pressure solution. The flexural slip folds suggest discontinuous shear 

throughout the structures (Ramsay and Huber, 1987). Numerous bedding-surface lineations 

have been seen in the Huk Formation (Fig. 5.2), conforming to a flexural slip model.  

On the contrary, orthogonal flexural folding links to geometry in which reference lines 

orthogonal to the layers before folding will remain orthogonal after folding. This situation is 

maintained by areal/volume changes in the rock, for instance by pressure solution and/or 

fracturing. This results in stretching at the outer part and shortening at the inner part of the 

folded layer (Fossen, 2016). Orthogonal flexural folding is more common in stiff and 

competent layers that resist ductile deformation. Both the models produce parallel folds but 

with different strain pattern. In orthogonal flexural a neutral surface separates the outer arc 

extension and inner arc contraction of the folded layer (Fig. 5.1) but this neutral surface is 
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absent in simple flexural flow (Fossen, 2016). For orthogonal flexure, pressure solutions and 

shear cleavage in the weak layers control the geometry of the fold which are formed due to 

induced shear during folding and the mechanical contrast in properties along the interfaces 

between layers (Ramsay and Huber, 1987). 

 

Figure 5.1: Figure shows the difference between flexural flow and orthogonal flexural 

folding, illustration from (Fossen, 2016). 

According to Price and Cosgrove (1990), pressure solution is the most common feature 

associated with the flexural slip folding. Such pressure solutions may accommodate the 

shortening in limestone locally and sometimes at periodically spaced sites, which results in 

the growth of tectonic stylolites (Price and Cosgrove, 1990). These stylolites are usually 

formed normal to the maximum principal stress and are commonly related with joints and 

veins. In my field study, tectonic stylolites have been observed for the localities F1 and F3. 

However, as stylolites have not found at all the localities, there is limited evidence for volume 

loss linked to a flexural slip folding mechanism. The fracture system, however, suggest 

dilation in outer arch of folds, outside the neutral surface, which is consistent with orthogonal 

flexure.  

Observed tectonic stylolites form at high angles to bedding, basically bedding-normal, 

representing a component of layer-parallel shortening (McClay, 1992). Further, solution 

seems stops at bedding interfaces, and related displacement is always parallel to the bedding 

surface. Thus, the style of folding that would be expected from the general mechanical 

strength of limestone beds in shale in the study area is considered to be that of the parallel 

fold type (Ramsay and Huber, 1987). Most of the fracture data is collected from the 

competent Huk Formation. These fracture sets are symmetric to the folds, conforming to an 

orthogonal flexural folding mechanism, as shown in table 4.2. Further, encountered fractures 

are solely joints and, hence, it can be proposed that the neutral surface in the folds, if present, 
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is far down in the layers. This can explain why no inner arch conjugate shear fractures are 

recorded in the area. 

 

Figure 5.2: Figure showing the flexural slip lineations on a bedding surface of the Huk 

Formation. Red arrow on the top left marks the north direction. Pencil is for scale. 

5.3 Fracture sets in Paleozoic strata 

The different fracture sets that have been observed in the Paleozoic strata can be classified 

according to their orientation, and compared to the symmetry axis of folds (Table 5.1). The 

observed fracture sets in the folds are nearly all perpendicular to sub-perpendicular to the 

bedding as described in section 4.3.1.  

According to (Long et al., 1996) a fracture set is composed of number of approximately 

parallel fractures of same type and is representative of dominant fracture orientations. The 

fracture sets which have been measured in different structural positions are classified into 

different groups based on their similar orientations. 

The orthogonal fractures which strike parallel to the fold axis and perpendicular to the 

bedding are placed in group1. These have been termed S2 in backlimb, S5 in forelimb and S6 

in the hinge. The group1 fractures show dominant orientations between NE-SW and ENE-
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WSW. Extensional fracture sets which are placed in group2 are oriented normal to the 

bedding and normal to the fold axis and these have been termed S3 in the backlimb and S7 in 

the hinge. The dominant trend of these fractures is NW-SE. Group3 (S1&S4) strikes N-S and 

is oriented sub-perpendicular to the axis of the fold and to the bedding. 

5.3.1 Fracture formation 

As the fracture sets and groups occur in folds, they may have formed prior to-, during or after 

folding. This was tested by back-rotating bedding to horizontal, to consider the fracture 

orientation in light of possible folding. This analysis and derived results are shown in Table 

5.1. The data in the table 5.1 shows that both folded and unfolded orientations are systematic 

to the fold axis. Some fractures are normal to the fold axis while others are parallel to the fold 

axis and perpendicular to the bedding. 

According to Hancock (1985) the fracture formation can be divided into three types; foreland 

fracturing, intra fold-thrust belt fracturing and post-tectonic fracturing. Accordingly, fractures 

can be pre-folding structures or post-folding structures and a single fold can contain both kind 

of fracturing (Hancock, 1985). Extension fractures (joints) are formed as a result of variety of 

processes that start early on the basin evolution and continue throughout uplift and erosion 

(Engelder and Geiser, 1980). However, as they are Mode I structures, such joints record 

dilation perpendicular to the fracture. On the basis of the above interpretation of the structural 

elements, different stages of the fracture formation can be proposed for the study area.  

Table 5.1: Table shows stereo plots with different fracture sets. The solid great circle shows 

the orientation measured in the field while the dashed great circle shows orientation after 

unfolding.  

Plot (folded and 

unfolded fractures 

sets) 

Summary of sets in 

Tables 4.1 and 4.2 

Groups 

established from 

the sets 

Orientation after 

unfolding 

 

S1 

 

 

G3 Striking N-S 

 

S2 

 

 

G1 Striking ENE-WSW 
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S3 

 

 

G2 Striking NW-SE 

 

S4 

 

 

G3 Striking N-S 

 

S5 

 

 

G1 Striking ENE-SSW 

 

S6 and S7 

 

S6 belongs to G1 

and S7 to G2 
S6(blue circle) 

striking NE-SW and 

S7 strikes NW-SE 

 

The relative age of the fracture can be indicated by using cross-cutting relationships between 

different fracture sets; however, there are many pitfalls in such analysis. Obviously, this 

criterion can be applied where more than one fracture set is developed. Generally, the younger 

fractures terminate against the older ones because an extensional joint cannot propagate 

across a free surface such as another extension fracture (Twiss and Moores, 1992).  However, 

in the study area the joints symmetric to folds form mutual cross-cutting relationships, so the 

relative ages of the joints cannot be established with certainty. However, in-consistent cross-

cutting patterns could reflect formation at in the same time interval. 

The deformation in the Paleozoic strata is generally related to the Caledonian Orogeny and its 

associated folding. Therefore, the regional stress field driving folding is considered the main 

agent for the fracture formation in the Paleozoic strata. The perpendicular fracture G2 

(S3&S7) is oriented normal to the fold axis and normal to the bedding. By following the 

analysis method and derived conclusions of Engelder and Geiser (1980), it can be proposed 

that these fractures are mainly foreland failure fractures, so called “indentor joints” forming 

parallel to the highest horizontal stresses. Such joints are ascribed to an early stage or rather 

frontal to fold-thrust belt development, forming in front of the developing fold-thrust belt. 

Many authors such as Gee (1975), Hossack and Cooper (1986), Bryhni and Sturt (1985) have 

documented the regional stress pattern, or rather direction of tectonic transport, in the study 
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area, which indicates that the maximum horizontal tectonic stress was approximately NW-SE. 

Heeremans et al. (1996) documented the Caledonian tectonic traces in the Oslo Region by 

using fault slip data in Akershus and Vestfold Graben segments. He noted the tectonic 

imprints, which are related to the compressional stress state with NW-SE oriented maximum 

compression. This direction relates very well with the NNW-SSE transport direction of 

Caledonian nappe which has been reconstructed from bedding planes, thrusts and fold 

lineations observed in the Cambro-Silurian rocks (Morley, 1986, 1987).  Sippel et al. (2010) 

also reconstructed the palaeostress field in the Oslo region and explained that the signs of a 

compressional stress field showing a NW-SE directed maximum compression are rare and 

only limited to the rocks of Pre-Permian ages, which suggest that this respective regional 

strain is related to the Caledonian compression. This correlation justified the results of fault-

slip analysis performed by Heeremans et al. (1996). So this stress field can explain the 

dominant orientation of NW-SE. The perpendicular fracture G2 can also be linked to the 

folding with extension parallel to the fold axis. But the pre-folding formation is the most 

likely explanation for these fractures since there is no evidence of folding of these fractures, 

though this explanation is hard to document due to their orientation that is both symmetric to 

the fold and parallel with the maximum horizontal stress. 

The orthogonal fractures set I (S2, S5&S6) are parallel to the fold axis and perpendicular to 

the bedding (Table 5.1). The dominant orientation of the fold axis in the study area is NE-SW 

to ENE-WSW. These fractures can be explained to have formed due to the outer arc extension 

in the process of orthogonal flexural folding of the limestone layers. Accordingly, the 

interpretation is that these joints are syn-folding fractures which are formed by outer arc 

extension/dilation during the development of the folds as reflected in their symmetric relation 

with the fold geometry. According to Price and Cosgrove (1990), if the symmetric 

relationship cannot be established between the fracture orientations and fold geometry, the 

observed fractures cannot be formed during folding, or at least not be placed into a folding 

scheme with certainty. Further, Hancock (1985) constructed a classification scheme for 

fractures based on sedimentary layering and fold hinge geometry. He argued that fractures 

within folds that do not obey the symmetric relationships formed prior to or after folding. 

Fractures can however be so-called accommodation structures formed by out-of-plain strain, 

for instance recorded around transport-oblique thrust ramps (Apotria et al., 1992). 
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The fracture G3 (S1&S4) which is oriented N-S (i.e. N340°W to N020°E) (Gabrielsen et al., 

2002) is found on all the localities in the backlimb and is perpendicular to the bedding. This 

orientation is oblique to the folds. The only known larger structures with this orientation are 

the Permian faults of the Oslo Graben. Hence, these fractures could be related to the Permian 

faulting (Fig. 5.3). The main features of the Permian Oslo Rift are its lineament pattern, in 

which two distinct directions can be distinguished i.e. N-S and NE-SW directed lineaments 

and dikes pattern (Ramberg, 1977, Sæther, 1962). According to Pegrum (1984) the N-S trend 

is clearly related to the Permian rifting. Karpuz et al. (1995) noted the same trend in the 

Precambrian rocks in the east and west of the Oslo Graben area but these exhibit certain 

features, which make them distinct from those of the Oslo Trondheim Zone (Gabrielsen et al., 

2002). 

 

Figure 5.3: Map view showing different fracture groups in the folds of Cambro-Silurian 

section and the general N-S direction of two of the main normal faults of Permian age in the 

Oslofjord area. Red arrow is pointing north direction. 

Ramberg (1977) and Gabrielsen et al. (2002) found that the N-S trend of the Permian Oslo 

Graben area extends well to the west, based in these observations suggesting that this N-S 

trend is much older than the Permian. Accordingly, these authors proposed that N-S fractures 

are of Precambrian age and later rejuvenated by Permian faulting and intrusive igneous rocks. 

The N-S trend contains the oldest elements can be traced back to the Proterozoic, Gothian and 

Sveconorwegian orogenic events (Gabrielsen et al., 2002). Gabrielsen et al. (1999) have noted 

that the N-S trends are also associated with some of the major basins and fault complexes on 
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the Norwegian continental shelf. He mentioned that many of these structures were active 

during the Permian structuring and were reactivated to become the most important structures 

during the Jurassic extension.  

The N-S trend is also found in Oslo Graben and the Viking Graben region by faults of Late 

Paleozoic and Tertiary age. In summary, this suggests that N-S Precambrian fractures have 

here been locally reactivated (Rathore and Hospers, 1986). It can tentatively be concluded that 

this N-S fracture trend is either related to the Permian rifting or it is of Precambrian age and is 

reactivated in the Permian. 

5.4 Comparison between fractures in the Cambro-Silurian sediments and 

basement gneisses  

The three main fracture trends in the Precambrian basement, as shown by table 4.2. The 

fracture set B1 is sub-horizontal. The fracture set B2 is striking WNW-ESE dipping to the 

SW. The set B3 is trending NNW-SSE and slightly dipping towards NE.  

The WNW-ESE trending fractures have been documented in the Precambrian rocks of 

Sweden and Finland and these trends separate the Svecofennian and Sveconorwegian terranes 

(Högdahl and Sjöström, 2001). Similar lineaments have also been observed on the Kola 

Peninsula in Russia which marks the boundaries between Archaean crustal blocks (Karpuz et 

al., 1995, Roberts and Karpuz, 1995). It can be concluded that the fractures showing WNW-

ESE orientations are of Precambrian origin. 

The fracture pattern trending NNW-SSE can be associated with the older basement faults and 

shear zones of which many are characterized by ductile deformation. So these fractures are 

also related to the Precambrian age (Sigmond, 1985, Starmer, 1993). 

By comparing the fracture patterns found in the basement, with those of the Cambro-Silurian 

section, it is found that they are quite different from each other (Table 4.1&4.2). Though the 

N-S orientation in the Cambro-Silurian section is very close to the trends in the basement but 

still these are different from each other. Hence, there is no obvious relationship between the 

fractures found in the basement and the overlying Cambro-Silurian section. It can be 

concluded that no new fractures are formed in the basements of the foreland during the 

Caledonian Orogeny, nor that basement fractures were reactivated during the Caledonian 

Orogeny. Accordingly, the basement was fully detached from the over-riding thrust sheet(s) 

by the Alum Shale. 
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5.5 Comparison between Cambro-Silurian and Permian sill 

The summary of joints in the Permian sill displays the four different sets with dominant 

orientations to the NW-SE and ENE-WSW (Table 4.3). The set P1 and P3 are striking NW-

SE and dipping to the S and NE accordingly. The set P2 is sub-horizontal. The fractures set 

P4 is orienting ENE-WSW and dipping to the SE. 

Many authors Ramberg and Larsen (1978), Sundvoll and Larsen (1990) and Sundvoll and 

Larsen (1993) have suggested that the horizontal sills in the Oslo Graben are intruded in the 

carboniferous time and it has been related to the N-S compressional stress regime before the 

onset of rifting.  Rohrman et al. (1995) suggested that two phases of strong uplift and erosion 

affected the Oslo Region. The first phase is related to the Triassic-Jurassic times, in which a 

total of about 1.3-3.5 km of overburden was removed as a result of rift margin erosion. The 

second phase is related to the Neogene phase of domal uplift which caused the erosion of 1.5-

2.5km of overburden. 

By looking at the fractures orientations in the Cambro-Silurian section and the Permian sill, 

there are fractures with similar trends, as shown in Tables 5.1 and 4.2. It can be assumed that 

the fractures in the much younger Permian rocks have been reactivated and thereby also 

propagated into the Permian sill. This could link to uplift of the area, when stresses were 

released and fractures were slightly reactivated. At this stage, they may have propagated from 

the sediments into the Permian sills. 
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6 Chapter 6: Conclusions and future work 

6.1  Conclusion 

This study has focused on fracture systems in the Slemmestad area, southwest of Oslo. The 

work compares fracture systems in three distinct units with different tectonic evolutions; the 

Precambrian basement, the overlying Cambro-Silurian cover sedimentary rocks, and Permian 

intrusions. The sedimentary cover was intensely deformed in the Caledonian Orogeny, in a 

foreland position where a thin-skinned fold-thrust belt formed. The Permian intrusions related 

to rifting and magmatism linked to the Oslo Graben. 

The study of fracture systems leads to the following conclusions: 

1. Fractures in basement strike WNW-ESE and NNW-SSE with a dominant dip to the 

SW and NE. 

2. Fracture in cover sediments divides into seven sets (3 groups).  The domineering trend 

is that of strike NE-SW-ENE-WSW and dipping to the E and NNW. The second 

dominant trend is striking N-S and is dipping to the E. The third trend which strikes 

NW-SE is dipping towards S in backlimb and to the N in hinge. 

3. Fractures in Permian sills strike NW-SE and ENE-WSW and dipping to S and SE. 

4. Fractures in the Cambro-Silurian succession are all joints and systematic to the fold 

axis. The orthogonal fracture sets that strikes NE-SW and ENE-WSW are oriented 

parallel to the fold axis. The extensional fracture sets striking NW-SE are oriented 

normal to the fold axis. The third fracture sets which is sub-perpendicular to the fold 

axis, strikes N-S. All these fracture sets are normal to sub-normal to the bedding. As 

these are systematic to the fold axis therefore these are symmetric to the palaeostress 

axes. 

5. Fractures in basement cannot be related to the overlying cover sediments. 

Accordingly, they are predating the Caledonian Orogeny. 

6. Fractures in the Permian sills partly overlap with those of the surrounding sediments 

which suggest that these fractures have reactivated the earlier formed fractures in the 

Cambro-Silurian succession. 
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6.2  Future work 

In order to increase the knowledge about the fracture pattern in the study area different future 

works can be suggested. Data from more localities in the folds of the Cambro-Silurian 

succession can be collected to verify the trends of the fractures. Fractures in the thin section 

can also be analysed to better understand the trends and relative ages of different fractures. 

Pressure solution along the folds can also be studied to completely understand the fold 

mechanism in the area. 
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Appendix 1 

Scan-line fracture data logging form 

Location: F1                                     Scan-line no: 01                             Scan-line length: 10m 
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Bedding plane: 080/63                  Bed thickness: 01m                          Structural position: 

Forelimb 

Co-ordinate: Lat: 59.78331, Long: 10.49107 

Fr. 

No. 

Fracture attitude Type of fracture Mineral fill 

Strike  Dip  

1  020 84 Extension Calcite  

2 030 83 Extension Calcite  

3 024 82 Extension Calcite  

4 036 79 Extension Calcite  

5 028 83 Extension Calcite  

6 026 70 Extension Calcite  

7 032 72 Extension Calcite  

8 024 77 Extension Calcite  

9 035 86 Extension Calcite  

10 020 86 Extension Calcite  

11 020 86 Extension Calcite  

12 051 82 Extension Calcite  

13 046 78 Extension Calcite  

14 036 76 Extension Calcite  

15 028 80 Extension Calcite  

16 020 82 Extension Calcite  

17 016 72 Extension Calcite  

18 017 76 Extension Calcite  

19 025 75 Extension Calcite  

20 029 71 Extension Calcite  

21 242 27 Extension None  

22 232 19 Extension None 

23 230 34 Extension None 

24 227 31 Extension None 

25 233 20 Extension None 

26 231 27 Extension None 

27 232 27 Extension None 

28 234 21 Extension None 

29 229 34 Extension None 

 

 

 

 

Location: F2                                     Scan-line no: 02                          Scan-line length: 10m 

Bedding plane: 063/60                  Bed thickness: 1.5m                       Structural position: 

Forelimb 
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Co-ordinate:  Lat: 59.7805, Long: 10.48712 

Fr. 

No. 

Fracture attitude Type of fracture Mineral fill 

Strike  Dip  

1  339 57 Extension Calcite 

2 335 55 Extension Calcite 

3 354 65 Extension Calcite 

4 359 48 Extension Calcite 

5 356 49 Extension Calcite 

6 359 55 Extension Calcite 

7 347 53 Extension Calcite 

8 349 60 Extension Calcite 

9 349 65 Extension Calcite 

10 006 62 Extension Calcite 

11 344 53 Extension Calcite 

12 343 52 Extension Calcite 

13 343 52 Extension Calcite 

14 357 53 Extension Calcite 

15 270 25 Extension None  

16 264 35 Extension None 

17 256 21 Extension None 

18 265 24 Extension None 

19 271 27 Extension None 

20 272 25 Extension None 

21 256 26 Extension None 

22 256 25 Extension None 

23 270 28 Extension None 

24     

25     

26     

27     

28     

29     

30     

31     

32     

33     

34     

35     

36     

37     

38     

39     

Location: F3                                     Scan-line no: 03                         Scan-line length: 25m 

Bedding plane: 231/30                  Bed thickness: 01m                       Structural position: 

Backlimb 
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Co-ordinate:  Lat: 59.46336, Long: 10.48712 

Fr. 

No. 

Fracture attitude Type of fracture Mineral fill 

Strike  Dip  

1  356 56 Extension Calcite  

2 353 49 Extension Calcite 

3 342 38 Extension Calcite 

4 354 40 Extension Calcite 

5 356 37 Extension Calcite 

6 357 44 Extension Calcite 

7 358 56 Extension Calcite 

8 355 49 Extension Calcite 

9 359 48 Extension Calcite 

10 352 52 Extension Calcite 

11 345 51 Extension Calcite 

12 359 52 Extension Calcite 

13 352 53 Extension Calcite 

14 353 39 Extension Calcite 

15 006 40 Extension Calcite 

16 345 40 Extension Calcite 

17 001 39 Extension Calcite 

18 012 43 Extension Calcite 

19 009 32 Extension Calcite 

20 011 46 Extension Calcite 

21 003 56 Extension Calcite 

22 002 40 Extension Calcite 

23 005 40 Extension Calcite 

24 011 46 Extension Calcite 

25 008 54 Extension Calcite 

26 002 47 Extension Calcite 

27 359 33 Extension Calcite 

28 355 42 Extension Calcite 

29 358 37 Extension Calcite 

30 013 48 Extension Calcite 

31 351 33 Extension Calcite 

32 359 39 Extension Calcite 

33 355 42 Extension Calcite 

34 358 39 Extension Calcite 

35 352 41 Extension Calcite 

36 345 45 Extension Calcite 

37 070 62 Extension None  

38 066 54 Extension None 

39 077 40 Extension None 

40 074 47 Extension None 

41 087 53 Extension None 

42 077 55 Extension None 

43 088 51 Extension None 

44 087 54 Extension None 
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45 068 41 Extension None 

46 135 66 Extension None 

47 139 67 Extension None 

48 141 67 Extension None 

     

     

     

     

     

     

     

     

     

     

     

     

     

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Location: F4                                     Scan-line no: 04                         Scan-line length: 13m 

Bedding plane: 225/60                  Bed thickness: 01m                       Structural position: 

Backlimb 
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Co-ordinate:  Lat: 59.78806, Long: 10.49606 

Fr. 

No. 

Fracture attitude Type of fracture Mineral fill 

Strike  Dip  

1  347 33 Extension Calcite 

2 354 31 Extension Calcite 

3 345 41 Extension Calcite 

4 353 38 Extension Calcite 

5 351 30 Extension Calcite 

6 340 36 Extension Calcite 

7 340 40 Extension Calcite 

8 339 36 Extension Calcite 

9 354 40 Extension Calcite 

10 341 36 Extension Calcite 

11 348 40 Extension Calcite 

12 340 43 Extension Calcite 

13 342 54 Extension Calcite 

14 354 50 Extension Calcite 

15 331 48 Extension Calcite 

16 330 51 Extension Calcite 

17 345 53 Extension Calcite 

18 347 45 Extension Calcite 

19 038 15 Extension None  

20 039 13 Extension None 

21 343 15 Extension None 

22 068 11 Extension None 

23 034 31 Extension None 

24 021 31 Extension None 

25 075 13 Extension None 

26 023 33 Extension None 

27 057 27 Extension None 

28 078 22 Extension None 

29 045 23 Extension None 

30 070 24 Extension None 

31 054 29 Extension None 

32 039 34 Extension None 

33 130  58 Extension None 

34 131 60 Extension None 

35 132 56 Extension None 

36   Extension  

37   Extension  

38   Extension  

 

Location: F5                                     Scan-line no: 05                         Scan-line length: 15m 

Bedding plane: 240/55                  Bed thickness: 03m                       Structural position: 

Backlimb 
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Co-ordinate:  Lat: 59.78267, Long: 10.48907 

Fr. 

No. 

Fracture attitude Type of fracture Mineral fill 

Strike  Dip  

1  021 75 Extension Calcite 

2 348 77 Extension Calcite 

3 357 71 Extension Calcite 

4 348 64 Extension Calcite 

5 012 65 Extension Calcite 

6 358 75 Extension Calcite 

7 355 61 Extension Calcite 

8 347 65 Extension Calcite 

9 355 68 Extension Calcite 

10 012 57 Extension Calcite 

11 014 43 Extension Calcite 

12 017 76 Extension Calcite 

13 343 58 Extension Calcite 

14 020 71 Extension Calcite 

15 022 76 Extension Calcite 

16 015 76 Extension Calcite 

17 016 71 Extension Calcite 

18 013 71 Extension Calcite 

19 357 78 Extension Calcite 

20 350 77 Extension Calcite 

21 355 80 Extension Calcite 

22 353 64 Extension Calcite 

23 348 80 Extension Calcite 

24 351 81 Extension Calcite 

25 356 65 Extension Calcite 

26 356 62 Extension Calcite 

27 005 73 Extension Calcite 

28 005 80 Extension Calcite 

29 134 30 Extension None 

30 131 32 Extension None 

31 134 42 Extension None 

32 128 38 Extension None 

33 132 42 Extension None 

34 131 55 Extension None 

35 126 47 Extension None 

36 130 46 Extension None 

37 129 51 Extension None 

38 133 60 Extension None 

 

Location: F6                                     Scan-line no: 06                         Scan-line length: 03m 

Bedding plane: 205/20                  Bed thickness: 01m                       Structural position: Hinge 

Co-ordinate:  Lat: 59.78341, Long: 10.49130 
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Fr. 

No. 

Fracture attitude Type of fracture Mineral fill 

Strike  Dip  

1  030 79 Extension None 

2 038 74 Extension None 

3 022 72 Extension None 

4 024 76 Extension None 

5 040 82 Extension None 

6 036 70 Extension None 

7 020 80 Extension None 

8 038 69 Extension None 

9 040 76 Extension None 

10 041 72 Extension None 

11 038 78 Extension None 

12 028 74 Extension None 

13 044 76 Extension None 

14 042 74 Extension None 

15 290 84 Extension None 

16 294 80 Extension None 

17 300 76 Extension None 

18 289 85 Extension None 

19 285 80 Extension None 

20 294 84 Extension None 

21 302 76 Extension None 

22 305 75 Extension None 

23 300 76 Extension None 

24 310 79 Extension None 

25 294 80 Extension None 

26 294 84 Extension None 

27 292 74 Extension None 

28 309 84 Extension None 

29 295 79 Extension None 

30 310 80 Extension None 

31 302 84 Extension None 

32 290 82 Extension None 

33 298 81 Extension None 

34 299 78 Extension None 

35 306 82 Extension None 

36 302 79 Extension None 

37 300 75 Extension None 

38 295 78 Extension None 

 

 

Location: F7                                     Scan-line no: 07                             Scan-line length: 08m 

Bedding plane: 210/20                  Bed thickness: 01m                       Structural position: Hinge 

Co-ordinate:  Lat: 59.78894, Long: 10.49724 
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Fr. 

No. 

Fracture attitude Type of fracture Mineral fill 

Strike  Dip  

1  290 80 Extension None  

2 285 70 Extension None  

3 278 80 Extension None  

4 282 83 Extension None  

5 288 80 Extension None  

6 286 80 Extension None  

7 289 80 Extension None  

8 289 80 Extension None  

9 286 82 Extension None  

10 285 79 Extension None  

11 293 80 Extension None  

12 278 78 Extension None  

13 284 83 Extension None  

14 295 80 Extension None  

15 295 80 Extension None  

16 290 83 Extension None  

17 286 79 Extension None  

18 030 79 Extension None  

19 038 74 Extension None  

20 022 72 Extension None  

21 040 76 Extension None  

22 036 76 Extension None  

23 020 82 Extension None  

24 040 70 Extension None  

25 038 80 Extension None  

26 040 69 Extension None  

27 040 76 Extension None  

28 044 76 Extension None  

29 041 80 Extension None  

30 038 76 Extension None  

31 328 78 Extension None  

32 344 72 Extension None  

33 342 74 Extension None  

34 038 76 Extension None  

35 032 78 Extension None  

36 042 80 Extension None  

37   Extension  

38   Extension  

 

 

Location: F9                                     Scan-line no: 09                                Scan-line length: 11m 

Foliation plane: 219/60                 Thickness: 01m                                 Position: Basement 

Co-ordinate:  Lat: 59.77071, Long: 10.48703 
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Fr. 

No. 

Fracture attitude Type of fracture 

Strike  Dip  

1  113 51 Shear 

2 121 52 Shear 

3 132 60 Shear 

4 114 56 Shear 

5 117 66 Shear 

6 128 61 Shear 

7 130 57 Shear 

8 134 59 Shear 

9 133 58 Shear 

10 118 59 Shear 

11 123 59 Shear 

12 122 52 Shear 

13 120 64 Shear 

14 119 58 Shear 

15 319 71 Shear 

16 329 79 Shear 

17 328 73 Shear 

18 322 78 Shear 

19 331 72 Shear 

20 321 74 Shear 

21 323 70 Shear 

22 330 60 Shear 

23 332 72 Shear 

24 321 71 Shear 

25 323 76 Shear 

26 335 58 Shear 

27 339 68 Shear 

28 041  09  

29 045 03  

30 035 12  

31 050 04  

32 040 02  

33 054 05  

34 063 06  

35 038 09  

36    

37    

38    

 

 

Location: F10                                     Scan-line no: 10                             Scan-line length: 06m 

Foliation plane: 213/18                    Thickness: 0.7m                               Position: Basement 

Co-ordinate:  Lat: 59.77035, Long: 10.48656 
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Fr. 

No. 

Fracture attitude Type of fracture 

Strike  Dip  

1  109 87 Shear 

2 131 75 Shear 

3 101 83 Shear 

4 107 84 Shear 

5 123 75 Shear 

6 090 80 Shear 

7 102 69 Shear 

8 095 67 Shear 

9 093 74 Shear 

10 088 82 Shear 

11 105 79 Shear 

12 095 73 Shear 

13 083 78 Shear 

14 081 73 Shear 

15 086 84 Shear 

16 130 84 Shear 

17 101 80 Shear 

18 086 84 Shear 

19 121 82 Shear 

20 132 68 Shear 

21 110 85 Shear 

22 089 85 Shear 

23 091 76 Shear 

24 097 87 Shear 

25 331 81 Shear 

26 331 74 Shear 

27 336 70 Shear 

28 318 81 Shear 

29 337 71 Shear 

30 320 88 Shear 

31 328 80 Shear 

32 319 76 Shear 

33 325 76 Shear 

34 325 75 Shear 

35 334 82 Shear 

36 324 85 Shear 

37 055 03  

38 063 09  

39 045 03  

40 066 08  

41 075 06  

42 054 10  

43 052 06  

44 039 09  
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Location: F11                                     Scan-line no: 11                         Scan-line length: 09m 

Foliation plane: 210/38                  Thickness: 0.5m                             Position: Basement 

Co-ordinate:  Lat: 59.76916, Long: 10.48436 

Fr. Fracture attitude Type of fracture 
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No. Strike  Dip  

1  119 70 Shear 

2 132 65 Shear 

3 125 77 Shear 

4 121 80 Shear 

5 131 83 Shear 

6 135 82 Shear 

7 117 86 Shear 

8 115 82 Shear 

9 114 58 Shear 

10 330 68 Shear 

11 346 79 Shear 

12 331 73 Shear 

13 329 71 Shear 

14 001 73 Shear 

15 359 84 Shear 

16 006 74 Shear 

17 022 70 Shear 

18 016 65 Shear 

19 007 63 Shear 

20 023 46 Shear 

21 330 57 Shear 

22 359 71 Shear 

23 009 72 Shear 

24 005 81 Shear 

25 010 88 Shear 

26 016 84 Shear 

27 017 88 Shear 

28 336 86 Shear 

29 355 79 Shear 

30 348 72 Shear 

31 067 06  

32 045 10  

33 050 16  

34 060 17  

35 040 15  

36    

37    

38    

 

 

Location: F12                                     Scan-line no: 12                           Scan-line length: 09m 

Foliation plane: 213/09                  Thickness: 01m                                Position: Basement 

Co-ordinate:  Lat: 59.78019, Long: 10.49844 
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Fr. 

No. 

Fracture attitude Type of fracture 

Strike  Dip  

1  131 47 Shear 

2 114 79 Shear 

3 129 40 Shear 

4 118 80 Shear 

5 119 67 Shear 

6 114 70 Shear 

7 109 63 Shear 

8 112 65 Shear 

9 120 6 Shear 

10 128 60 Shear 

11 124 70 Shear 

12 122 65 Shear 

13 118 75 Shear 

14 115 74 Shear 

15 125 69 Shear 

16 123 67 Shear 

17 133 75 Shear 

18 302 84 Shear 

19 320 85 Shear 

20 317 87 Shear 

21 304 79 Shear 

22 292 86 Shear 

23 298 87 Shear 

24 306 86 Shear 

25 032 06  

26 050 05  

27 047 03  

28 034 11  

29 022 04  

30 028 03  

31 036 04  

32    

33    

34    

35    

36    

37    

38    

 

 

Location: F3                                     Scan-line no: 13                              Scan-line length: 04m 

Thickness: 0.5m                               Position: Permian intrusion  

Co-ordinate:  Lat: 59.78019, Long: 10.49844 
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Fr. 

No. 

Fracture attitude Type of fracture 

Strike  Dip  

1  101 81 Extension  

2 100 78 Extension  

3 102 84 Extension  

4 108 86 Extension  

5 103 80 Extension  

6 111 88 Extension  

7 106 84 Extension  

8 109 85 Extension  

9 101 85 Extension  

10 100 86 Extension  

11 116 85 Extension  

12 103 83 Extension  

13 108 87 Extension  

14 110 84 Extension  

15 111 86 Extension  

16 120 78 Extension  

17 125 79 Extension  

18 127 78 Extension  

19 130 80 Extension  

20 112 82 Extension  

21 117 84 Extension  

22 201 08 Extension  

23 195 02 Extension  

24 200 10 Extension  

25 317 72 Extension  

26 331 73 Extension  

27 326 70 Extension  

28 329 64 Extension  

29 077 65 Extension  

30 074 52 Extension  

31 067 62 Extension  

32 062 55 Extension  

33 072 56 Extension  

34    

35    

36    

37    

38    

 

 

Location: F14                                     Scan-line no: 14                             Scan-line length: 06m 

Thickness: 01m                              Position: Permian intrusion 

Co-ordinate:  Lat: 59.78107, Long: 10.49844 
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Fr. 

No. 

Fracture attitude Type of fracture 

Strike  Dip  

1  127 86 Extension 

2 136 85 Extension 

3 133 86 Extension 

4 127 86 Extension 

5 122 82 Extension 

6 134 70 Extension 

7 130 85 Extension 

8 138 84 Extension 

9 131 86 Extension 

10 136 73 Extension 

11 132 87 Extension 

12 131 86 Extension 

13 131 87 Extension 

14 202 05 Extension 

15 204 03 Extension 

16 198 07 Extension 

17 340 57 Extension 

18 332 64 Extension 

19 338 67 Extension 

20 328 56 Extension 

21 330 56 Extension 

22 335 52 Extension 

23 335 56 Extension 

24 072 55 Extension 

25 066 58 Extension 

26 075 56 Extension 

27    

28    

29    

30    

31    

32    

33    

34    

35    

36    

37    

38    

 

 

Location: F15                                     Scan-line no: 15                           Scan-line length: 05m 

Bedding plane: 211/13                  Bed thickness: 0.5m                          Structural position: 

Alum shale 
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Co-ordinate:  Lat: 59.78107, Long: 10.49844 

Fr. 

No. 

Fracture attitude Type of fracture Mineral fill 

Strike  Dip  

1  121 84 Extension? None  

2 114 80 Extension? None  

3 120 85 Extension? None  

4 112 88 Extension? None  

5 130 84 Extension? None  

6 121 85 Extension? None  

7 127 79 Extension? None  

8 111 76 Extension? None  

9 117 72 Extension? None  

10 106 71 Extension? None  

11 105 77 Extension? None  

12 109 80 Extension? None  

13 105 85 Extension? None  

14 117 85 Extension? None  

15 108 84 Extension? None  

16 111 79 Extension? None  

17 107 84 Extension? None  

18 117 83 Extension? None  

19 119 82 Extension? None  

20 123 84 Extension? None  

21 109 83 Extension? None  

22 184  06 Extension? None  

23 192 04 Extension? None  

24 190 08 Extension? None  

25 175 03 Extension? None  

26 162 03 Extension? None  

27 180 04 Extension? None  

28 175 13 Extension? None  

29 183 11 Extension? None  

30 183 11 Extension? None  

31 178 18 Extension? None  

32 181 19 Extension? None  

33 183 05 Extension? None  

34 351 87 Extension? None  

35 342 82 Extension? None  

36 351 84 Extension? None 

37 355 85 Extension? None 

38 352 86 Extension? None 
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Fracture frequency for each scanline 

Plots for each scanline displaying number of fractures for every meter in a stacked column 

plot (left) and box whisker plot (right). Summary plots are displayed in Chapter 4.3.1. 

Scanlin

e  

Fracture frequency 
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SL-15 

  
 

 

 

 

 

 

 

 

 

Scanlin

e 

Fracture frequency 



Appendix 

 

 

86 

 

 

 

SL-9 

  
 

 

 

SL-10 
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