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Abstract 
The Neoproterozoic Valdres Group at Grønsennknippa is studied in this master thesis. The 

Valdres Group represents arkosic sediments, deposited in the Valdres Basin at the 

Baltoscandian margin and it is one of the least understood sedimentary formations in the 

Southern Norway Caledonides. The aim of this master thesis is to make a geological 

assessment of Grønsennknippa with focus on the depositional environment, and try to 

correlate the Valdres Group at Grønsennknippa with the Valdres Group at Skarvemellen and 

Rundemellen (Mellane), and the Hedmark Group.  

Data collected in field and data from laboratory analyses have been used in this study. Facies 

and Facies associations were identified from sedimentary logs to determine the depositional 

environment at Grønsennknippa. Paleocurrent measurements, gamma readings and strike and 

dip measurements were also conducted in the field study. Laboratory analyses include optical 

thin section analysis, XRD, XRF, SEM, EMP (geochemical analysis of sericite), 

palynological analysis and heavy mineral analysis.  

Grain supported conglomerate is the dominating lithology at Grønsennknippa, and transcends 

into a sandstone unit. An additional matrix supported conglomerate and a diamictite (glacial 

deposit) appear up-section. Petrographical results show immature sediments with high quartz 

and feldspar content, with potassium-rich sericite (from EMP) as matrix mineral. Sediments at 

Grønsennknippa are influenced by lower greenschist facies. A structural profile is developed 

at Grønsennknippa with seven thrust faults identified. Acritarchs are possibly identified in the 

Valdres Group at Grønsennknippa and Mellane.  

Grønsennknippa is interpreted to represent proximal braided stream on an alluvial fan with 

tectonic influence. Acritarchs may be too pale and possibly represent contamination. Further 

studies are needed to classify the origin of the organic matter. Tillite has never been found in 

previous studies at Grønsennknippa, but the diamictite identified in this study is possibly a 

tillite, and may be correlated to the tillite at Mellane, and also to the Moelv Tillite in the 

Hedmark Group.      
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1 Introduction 

1.1 General organization and aim of the thesis 
This master thesis is based on field-studies and petrographic analysis of the Valdres Group at 

Grønsennknippa, Vestre Slidre, Valdres (Figure 1.1). Geological mapping, sedimentological 

logging and sampling were the major field related tasks, carried out in August 2017 in 

collaboration with Even Stokkebekk. Remote sensing analysis was performed before field 

work began in order to get an geological overview of the study area. The collected samples 

were prepared for laboratory analyses. Optical thin section, XRD, XRF, SEM, EMP and 

palynological (acritarch) analysis were done in cooperation with Even Stokkebekk. The 

supervisor for this master thesis is Professor Henning Dypvik, Department of Geoscience, 

University of Oslo. Co-supervisors are Professor Roy Gabrielsen and Professor Wolfram 

Kürschner, Department of Geoscience, University of Oslo. 

The main scientific goal for the master thesis was to make a new geological assessment of 

Grønsennknippa, with focus on interpretation of the depositional environment and 

development of the Valdres Group. The sedimentological and petrographical results from 

Grønsennknippa and Mellane (Småkasin, 2017, Sørhus, 2017) studies will be compared to 

evaluate the possibility for local correlation of the Valdres Group localities. Grønsennknippa 

will also be compared and correlated with the Hedmark Group to the east. The eastern margin 

of the Hedmark Group represents braided stream environment (Nystuen, 1981), which is 

probably most similar to Grønsennknippa.  

The Valdres Group is a part of the Middle Allochthon, of the Caledonian Orogeny (Bockelie 

and Nystuen, 1985). Along the Baltoscandian margin, several rift basins developed after the 

break up of Rodinia in Late Precambrian (Kumpulainen and Nystuen, 1985). The rift basins 

were filled with sediments and the Valdres Group represents an approximately 4000-meter 

thick sedimentary succession. During the Caledonian Orogeny, the basins were transported in 

southeast direction, into their current positions (Lamminen et al., 2011).  

  



 
 

2 

1.2 Study area 
The study area of the master thesis is Grønsennknippa, located in Vestre Slidre, Oppland. The 

mountain is located 155 km northwest of Oslo and is 1369 meters above sea level. 

Grønsennknippa is a part of the Middle Allochthon thrust or Valdres thrust sheet, which was 

transported southeast during the Caledonian Orogeny (Bockelie and Nystuen, 1985). The 

Valdres thrust sheet is located in between two other thrust sheets, the quartz sandstone thrust 

sheet below and Jotun thrust sheet above (Hossack, 1972). The border between Jotun thrust 

sheet and Valdres thrust sheet can be observed close to the top of Grønsennknippa in the 

transition between the igneous granite of Jotun thrust sheet and the sedimentary conglomerate 

of Valdres thrust sheet (Hossack, 1972).  

1.3 Previous studies 
Previous studies of the Valdres area started in the mid to late 19th century, as reflected in a 

series of publications of the Valdres geology by Kjerulf and Dahll (1866), and studies by 

Kjerulf (1873, 1879). Reusch (1900) described the mountains in the Valdres area, between 

Vangmjøsen and Tisleia. He studied the granite and the boundary between the granite and 

conglomerate at Grønsennknippa.  

Sediments representing the Valdres Group were first named sparagmites by Jens Esmark in 

1829. Beds of arkosic sandstone (feldspar-rich coarse sandstone), wacke and conglomerate 

Figure 1.1: Maps of the study area Grønsennknippa, Vestre Slidre. The maps are modified from Google maps 
(2018) and Kartverket (2018a). 
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deposited in the Baltoscandian basins during Neoproterozoic are included in this term. This is 

now considered as old term, and is no longer used.  

At the beginning of the 20th century, several studies of the Valdres Group were performed. 

Bjørlykke (1905) was the first to study Mellane and nearby areas, and the igneous rocks of the 

Upper Jotun Nappe were originally described by Goldschmidt (1916). The age of the Valdres 

Group were by Vogt (1929) suggested to be of Ordovician to Silurian age. Kulling (1955) 

suggested a late Neoproterozoic age, which is the general accepted age today. Several basins, 

including the Valdres Basin, were located on the Baltoscandic margin (Gee et al., 2008). Due 

to the Caledonian Orogeny, the basins experienced displacement. This displacement is 

generally believed to be of SE-direction(Bockelie and Nystuen, 1985). Even though the 

degree of displacement is still being argued, suggestions of hundreds of kilometers have been 

made. Bockelie and Nystuen (1985) described the displacement of the Valdres basins to be 

290 kilometers.  

Several individuals have studied Grønsennknippa. Goldschmidt (1916) studied the Jotun 

rocks and how they were thrusted over the underlying phyllites. Bugge (1939) studied the 

Valdres sparagmite and made a structural profile of Grønsennknippa. Holtedahl (1959) 

studied the structural geology at Grønsennknippa. Loeschke and Nickelsen (1968) and 

Hossack (1972) did also investigate the geology of Grønsennknippa.  

Rikke Småkasin and Katherine Sørhus studied Skarvemellen and Rundemellen in 2016. These 

studies were a part of their master theses, which were finalized in 2017.         
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2 Regional Geology 

2.1 Paleogeography and paleoclimate 
During the earth´s history, “Norway” drifted across the globe as a part of Baltica, and ended 

up at its current position. The drift history is well covered from Cambrian, but older 

reconstructions are more uncertain (Torsvik and Cocks, 2005). Baltica was a part of Rodinia, 

a supercontinent that existed about 1000 Ma. After the Rodinia break-up (approximately 800 

Ma) Baltica was separated from Laurentia (Figure 2.1), leading to the opening of the Iaptus 

Ocean (Torsvik and Cocks, 2005). Baltica was at the time positioned at equator (Figure 2.1) 

substantiated by datasets of sedimentary poles from Cocks and Torsvik (2005). About 616 

Ma, Baltica was positioned very close to the South Pole (Figure 2.1) based on paleomagnetic 

data from Egersund dykes. (Cocks and Torsvik, 2005). At this time the Varangerian glaciation 

had spread out in Norway and glacial sediments known as Moelv Tillite was deposited in the 

southern parts of Norway. Findings of Neoproterozoic glacial deposits from other continents, 

suggest that global glaciation events was affecting the earth in the same period (Torsvik and 

Cocks, 2005). About 425 Ma, the starting point of the Caledonian Orogeny, Baltica had 

drifted to lower latitudes close to the equator and experienced humid climatic conditions 

(Figure 2.1). These conditions carried on to Late Carboniferous, until northwards drifting 

directed Norway to its current position (Torsvik and Cocks, 2005).  

Figure 2.1: Reconstruction of the Baltica paleodrift. The red covered areas represents Norway. At the time 
interval of 555-550 Ma, Baltica may have had two possible locations (Cocks and Torsvik, 2005). The figure is 
modified from Cocks and Torsvik (2005).    
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2.2 Tectonostratigraphic development 
The tectonostratigraphic Neoproterozoic “evolution” after the Rodinia break-up, formed the 

basins along the Baltic margins (Kumpulainen and Nystuen, 1985). The Baltica plate 

comprised several margins bordering nearby continental plates. The Baltoscandian margin 

was located northwest of Baltica, the Timanian- and Ural margins was located northeast and 

east respectively, and the southeast margin was the so-called Scytian margin (Lamminen et 

al., 2015). The Norwegian part of the Baltica plate comprised the margins to the northwest 

and northeast (Siedlecka et al., 2004). In this thesis the Baltoscandian margin is in focus.     

2.2.1 Break up of Rodinia 

Around 1100 Ma, a supercontinent named Rodinia evolved and endured 300-400 Ma until it 

broke up around 800-700 Ma (Meert and Torsvik, 2003). During a long period of continental 

crustal extension, the supercontinent Rodinia was separated in several major individual plates 

(Siedlecka et al., 2004). One of these was the Baltica (Norway) plate, which were bordered by 

Laurentia (North America) in the NW and Amazonia in the SW (Figure 2.2) (Lamminen et 

al., 2015). The destruction of Rodinia and rifting between Baltica and Laurentia, led to 

opening of the Iaptus Ocean (Siedlecka et al., 2004, Kumpulainen and Nystuen, 1985). 

Evidences of the rifting climax in Vendian are detected from both Laurentia and Baltica, e.g. 

by intrusions of mafic dyke swarms at 600 Ma, making Laurentia and Baltica individual 

continental plates (Gee et al., 2008).  

Figure 2.2: Figure of the supercontinent Rodinia at 900 Ma. East Ant.=East Antartica. Modified from Li et al. 
(2008). 
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Figure 2.3: Model of Norway and possible locations of the Valdres Basin, Hedmark Basin and 
Engerdalen Basin. Valdres and Hedmark basins represent Type 1 basin, while Engerdalen Basin 
represents Type 2 basin. Sedimentary logs are modified from Kumpulainen and Nystuen (1985) and the 
model of Baltoscandian basins are modified from Lamminen et al. (2011). 
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2.2.2 Baltoscandian basins 

Five prehistoric basins evolved on the Baltoscandian margin as a result of rifting in Late 

Riphean (750-600 Ma) (Lamminen et al., 2015, Gee et al., 2008). The basins along the 

Baltoscandian margin were Risbäck, Tonsåsfjället, Engerdalen, Hedmark and Valdres Basin 

(Kumpulainen and Nystuen, 1985). The possible positions of Valdres Basin, Hedmark Basin 

and Engerdalen Basin are shown on Figure 2.3. To relocate the original position of the basins, 

nappe displacements, strike and slip movements and Cenozoic sea floor spreading has to be 

accounted for (Nystuen et al., 2008).  

Three basins types are defined on the Baltoscandian margin (Siedlecka et al., 2004).  

Type 1 basins consist of fluvial to deep-marine deposits. The sediments are very coarse and 

the basins were developed due to cratonic rifting (Siedlecka et al., 2004). Hedmark, Valdres 

and Risbäck basins are examples of this type, and were located closest to the margin 

(Lamminen et al., 2015). Figure 2.3 shows the possible positions of the Valdres Basin and 

Hedmark Basin. Type 1 basins (Valdres, Hedmark and Risbäck Basin) are reflected by 

marginal conglomerates, which are replaced with arkosic sandstones further into the basin. 

Conglomerate and sandstone deposits suggests a braided stream environment on huge alluvial 

plains (Kumpulainen and Nystuen, 1985). Rendalen Formation from the Hedmark Group and 

the Valdres Group display this kind of environment (Kumpulainen and Nystuen, 1985). 

Hedmark Basin also comprises of deep marine sediments, deposited by turbidities (Nystuen, 

1987).      

Type 2 basins consist of finer grained sediments than Type 1. Type 2 are pericratonic basins 

of shallow marine environments, explaining the wide sediment depositional signature 

(Siedlecka et al., 2004). Engerdalen Basin (Figure 2.3) and Tonsåsfjället Basin are examples 

of Type 2 basins. Type 2 differs from Type 1 basins, by greater lateral continuity of deposits 

(Kumpulainen and Nystuen, 1985). Alluvial or coastal plains are dominating and the 

sediments are medium to coarse arkosic sandstones (Siedlecka et al., 2004). Due to wide 

accommodation space, deposits display a good laterally extension (Kumpulainen and 

Nystuen, 1985).    

Type 3 basins show similar depositional settings as Type 2, but occur in a higher tectono-

stratigraphic level and the basins were located further away from the Baltoscandian margin 

compared to Type 2. Type 3 basins are dominated by magmatic rocks (Siedlecka et al., 2004). 
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Type 3 basins successions can be found in northern Sweden in the Seve thrust sheet and in 

northern Norway in the Kalak thrust sheet complex (Siedlecka et al., 2004).   

2.2.3 Thrust sheets 

Large parts of southern Norway consists of successions which were deposited along the 

Baltoscandian margin before the Caledonian Orogeny (Lamminen et al., 2015). During the 

Caledonian Orogeny the Baltica plate was subducted beneath the Laurentian plate, causing a 

series of thrust sheets to be developed and transported in an east-southeast direction (Figure 

2.3 and 2.4) (Lamminen et al., 2011). The thrust sheets can be divided in four different 

groups. They are called Lower Allochthon, Middle Allochthon, Upper Allochthon and 

Uppermost Allochthon (Lamminen et al., 2015, Lamminen et al., 2011, Bockelie and 

Nystuen, 1985). Autochthonous is referred to Precambrian rocks beneath the Caledonides, 

which are more or less in situ without any displacement, and Cambro-Silurian marine deposits 

(Bockelie and Nystuen, 1985). The distance of transportation of the thrust sheets is increasing 

up-section, leading to most displacement in the Uppermost Allochthon (Bryhni and Sturt, 

1985). Rocks from Lower, Middle and Upper Allochthon are considered to be from Baltica 

while the Uppermost Allochthon contains material from Laurentia (Lamminen et al., 2015). 

Several thrust sheets within the Allochthon groups can be recognized. Osen-Røa thrust sheet 

and Synnfjell thrust sheet is related to the Lower Allochthon. The Middle Allochthon 

comprises Valdres thrust sheet, Jotun thrust sheet, Kvitvola thrust sheet and Rondane thrust 

sheet. In the Upper Allochthon the Seve-Köli thrust sheet is present (Bockelie and Nystuen, 

1985).  

Lower Allochthon 

The lower Allochthon comprises medium grained (arenites) and fine grained (lutite) 

metamorphic sandstones or meta-sediments, along with locally detached basement (Bryhni 

and Sturt, 1985). Upper Proterozoic and Lower Paleozoic formations dominate the Lower 

Allochthon thrust sheets, with detachments of basement of Precambrian age, sparagmites and 

arenites ranging from Late Riphean to Vendian, and phyllites and schists of Early Paleozoic 

age (Roberts and Gee, 1985, Bryhni and Sturt, 1985). Two thrust sheets; Osen-Røa and 

Synnfjell, are located in the Lower Allochthon (Figure 2.4). Osen-Røa as the lower and 

Synnfjell as the upper unit (Bockelie and Nystuen, 1985). The Hedmark Group represents the 
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stratigraphy of Osen-Røa thrust sheet (Bockelie and Nystuen, 1985). Tectonic structures 

found are low-angle thrusts, high-angle listric faults, folds and imbrications. Rocks within 

Osen-Røa thrust sheet have been exposed to low-grade greenschist metamorphic facies 

(Bockelie and Nystuen, 1985).   

Middle Allochthon 

The Middle Allochthon consist mainly of Precambrian crystalline rocks and arenites (Roberts 

and Gee, 1985). The main thrust sheets within the Middle Allochthon are the Valdres thrust 

sheet, Jotun thrust sheet, Kvitola thrust sheet and Rondane thrust sheet (Bockelie and 

Nystuen, 1985, Bryhni and Sturt, 1985, Hossack et al., 1985). The Kvitola- and Rondane 

thrust sheet are positioned further to the northeast, of the Jotun and Valdres thrust sheet in the 

study area (Figure 2.4). High-grade metamorphic gneisses, gabbro and anorthosites from the 

Precambrian basement, conglomerates and arenites of the Valdres Group and quartzite and 

slates of the Mellsenn Group dominates the Valdres thrust sheet (Bockelie and Nystuen, 

1985).  

Figure 2.4: The positions of thrust sheets in southern Norway with higher details on the Valdres area. The 
Uppermost Allochthon is located further north of the shown map view. BW=Beito window, VW=Vang 
window, FG=Foreland gneisses, LJTS=Lower Jotun thrust sheet, VTS=Valdres thrust sheet. Grønsennknippa is 
located at the smaller Valdres thrust sheet. The figure is modified from “Landet blir til” (Ramberg et al., 2013) 
and Nickelsen et al. (1985).  
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2.3 Lithostratigraphy 

2.3.1 Valdres Group 

Bockelie and Nystuen (1985) describe a thickness of the Valdres Group to exceed 4 

kilometers in thickness, before the succeeding Cambrian Mellsenn Group. The Valdres Group 

can be described as coarse arkosic sediments with inter-bedded conglomerate units 

(Kumpulainen and Nystuen, 1985). The arkosic sediments and conglomerates are recognized 

as fluvial deposits, characterized as rapidly flowing braided streams (Bockelie and Nystuen, 

1985). The inter-bedded conglomerate units represent most likely alluvial fans, as responses 

of tectonic activity (Kumpulainen and Nystuen, 1985).  

Loesche (1967), Loeschke and Nickelsen (1968) and Nickelsen (1968) have all described and 

characterized the different units of the arkosic sediments of the Valdres sparagmite and 

conglomerates within the Valdres Group. The Valdres sparagmite can be divided in three 

parts. Rabalsmellen type is the first unit, followed by Rognslifjell type, and ending with the 

Rundemellen type (Figure 2.5) (Loeschke and Nickelsen, 1968). The Valdres Group also 

contains three conglomerate units, in addition to the sandstones. The uppermost conglomerate 

unit forming the boundary between the Valdres and Mellsenn Groups (Figure 2.5) (Loeschke 

and Nickelsen, 1968).  

Rabalsmellen type is the lowermost unit in the Valdres Group, and Loeschke and Nickelsen 

(1968) have proposed a thickness of at least 1000 meters of this unit (Figure 2.5). It is 

characterized as coarse-grained arkose with various colors such as grayish green, pink and 

gray (Nickelsen, 1967). The study of Rabalsmellen type at Mellane, show none traces of 

conglomerate within the unit (Loeschke, 1967). In petrographic analysis, the Rabalsmellen 

and the Rognslifjell types, display similar characteristics and is difficult to separate, at least 

find the transition (Figure 2.5) (Loeschke, 1967).  

Rognslifjell type is the middle unit (Figure 2.5). The thickness is about 1350 meters and it is 

very poor sorted with grain sizes ranging from 0,03 mm to 1 cm. (Loeschke and Nickelsen, 

1968). The sediments are coarse grained and Rognslifjell consists of arkose and quartzites 

(Loeschke and Nickelsen, 1968, Nickelsen, 1967). The colors of Rognslifjell type arkose are 

often called tricolor sparagmite or sandstone, originating from the distinctive pink, white and 

greenish colors.(Nickelsen, 1967, Loeschke and Nickelsen, 1968).  
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Conlomerate 1 separates the Rognslifjell and 

Rundemellen types (Figure 2.5). This conglomerate unit 

is ranging in thickness of 10 to 30 meters (Loeschke 

and Nickelsen, 1968). This conglomerate matrix 

consists of the same mineral material as the Rognslifjell 

type, identified by microscopic analysis (Loeschke, 

1967). The clasts of the conglomerate could be as big as 

5 cm in diameter and consists of quartzite and feldspars 

fragments. The conglomerate show a parallel structure 

of the fine grained mica (sericite) and the presence of 

deformed quartz crystals, reflect several possible 

deformation events (Loeschke, 1967).  

Rundemellen type is stratigraphically situated above 

conglomerate 1 and is described to be 650 meters thick 

(Figure 2.5). It is a medium to fine grained arkosic 

sandstone with a pink color (Loeschke, 1967, Loeschke 

and Nickelsen, 1968). This type shows much of the 

same mineralogical composition as Rognslifjell type. 

However, the Rundemellen type is better sorted and 

rich in quartz compared to the Rognslifjell type, which 

has a much higher content of feldspar and 

phyllosilicates (Loeschke and Nickelsen, 1968).  

Conglomerate 2 is located in the middle of the 

Rundemellen sandstones (Figure 2.5). It is a two-meter 

thick layer, consisting of quartzites of comparable 

pebble size as conglomerate 1, on the average 5 cm in 

diameter (Loeschke, 1967). These quartzites are mostly 

white, pink and purple in color. In addition to the 

quartzites, fragments of rhyolites are present (Loeschke 

and Nickelsen, 1968). The matrix of conglomerate 2 

does not differ in composition from the surrounding 

Rundemellen type (Loeschke, 1967).  

Figure 2.5: Sedimentary log of the 
conglomerate and sandstone units found in 
the Valdres Group at Mellane. Figure is 
modified from Nickelsen (1967). 
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Conglomerate 3 appears on top of the Rundemellen type and marks the end of the Valdres 

Group (Figure 2.5). Conglomerate 3 has a thickness of 0,5 to 3 meters and is classified as 

Tillite, a poorly sorted and matrix supported conglomerate (Loeschke, 1967, Loeschke and 

Nickelsen, 1968). The clast sizes of the conglomerate show large variations in diameter; from 

few millimeters and up to 45 centimeters. The composition of the boulders and pebbles show 

a large diversity (Loeschke and Nickelsen, 1968). 

The Valdres Group shows lithological characteristics such as immaturity, diversity and large 

thickness variations. Nickelsen et al. (1985) suggested that the Valdres Group was deposited 

in an environment where block faulting was active, close to the continental margin of Baltica.  

2.3.2 Mellsenn Group 

Mellsenn Group is located above the Valdres Group, and is of Vendian to Middle Ordovician 

age (Figure 2.3) (Bockelie and Nystuen, 1985). Several units of quartzites and slates dominate 

the Mellsenn Group (Nickelsen et al., 1985). Loeschke and Nickelsen (1968) described four 

formations within the Mellsenn Group. The first 50 meters are well-sorted quartzites, known 

as the Mellsenn Quartzite. This formation turns into roofing slate of about 60 meters 

(Mellsenn Roofing Slate). The next formation is called the Mellsenn Blue-Quartz and is 

comprised of three units. These are 40 meters of grey quartzite, and 20 meters of sandy 

laminated slate and six meters of bluish quartzite conglomerate. The uppermost and youngest 

formation (Mellsenn Slate) consists of three slate units (Loeschke and Nickelsen, 1968). 

Fossils do occur in these slates. They are Dictyonema, Brachiopods and Graptolites 

(Loeschke and Nickelsen, 1968).      

2.3.3 Hedmark Group 

The Hedmark Group represents correlatable sediments deposited in the Hedmark Basin 

(Figure 2.3). It can be divided into several formations based on depositional environment and 

lithology. The formations along the eastern part of the Hedmark Basin are closest related to 

the Valdres Group (Nystuen, 1981). Correlation between the Hedmark Group and the Valdres 

Group at Grønsennknippa will be presented in in Chapter 5.7.    
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Eastern margin 

Rendalen Formation represents fluvial depositional environments, consisting of coarse-

grained arkoses and conglomerates (Nystuen, 1987, Nystuen, 1981). Rendalen Formation 

reaches a maximum thickness of at least 2500 meters and consists of braided stream and 

sheet-flood sediments deposited on an alluvial plain. Nystuen (1987) suggested that the 

sediments of the Rendalen Formation had been deposited during stages of rifting and basin 

expansion. Fault systems developed and led to creation of smaller basins and large areas of 

alluvial dominance in the eastern/northeastern part of the basin.  

Litlesjøberget Conglomerate represents marginal alluvial fans (Nystuen, 1981). Litlesjøberget 

Conglomerate are both matrix-supported and clasts-supported (Nystuen, 1981). The matrix-

supported conglomerate is interpreted to be a result of debris-flows, while the clast-supported 

conglomerate is interpreted to represent gravel bars (Nystuen, 1981).  

Osdalen Conglomerate is interpreted to represent an alluvial fan (Nystuen, 1981). Clast-

supported conglomerate with interbedded sandstones and mudstones, and matrix-supported 

conglomerate are recognized in Osdalen Conglomerate. Osdalen Conglomerate is a result of 

both debris flows and fluvial flows (Nystuen, 1987).  

Western Margin 

Ring Formation represents a series of arkosic sandstones and conglomerates (Bjørlykke et al., 

1976). It is located beneath the Moelv Tillite and was deposited on the western part of the 

Hedmark Basin. This was the deepest part of the basin, and the sediments were deposited both 

on fan deltas and subaqueous fans (Bockelie and Nystuen, 1985).  

Biskopås Conglomerate consists of well-rounded pebbles and cobbles in a grain supported 

framework. The matrix is also coarse-grained (Bjørlykke et al., 1976). Massive sandstones are 

interbedded in-between the conglomerate. Biskopås Conglomerate is interpreted to be a result 

of subaqueous fans driven by gravity flows, in a front delta environment, probably fed by 

fluvial systems (Bjørlykke et al., 1976).    
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3 Methodology 

3.1 Remote sensing 
Remote sensing was done before the field study was carried out. The purpose was to get an 

overview of the geology of the study area and be better prepared before field study began. By 

using Landsat-data from Google Earth (2017), lithological units, bedding characteristics and 

lineaments were determined.   

3.2 Field work 
During a three-week period from August 1 to August 21 2017, field work was carried out at 

Grønsennknippa in Vestre Slidre, Valdres. The field work included:  

• Geological mapping  

• Sedimentological logging of two sections  

• Sampling  

• Measurements of natural gamma activity   

The work was done under the supervision of Henning Dypvik (UiO) in collaboration with 

Even Stokkebekk. Roy Gabrielsen (UiO) visited and supervised one of the study days. The 

study area was the eastern section of Grønsennknippa, as well as the flat lying field east of 

Grønsennknippa (Figure 3.1).  

3.2.1 Geological mapping 

The first few days of the field work were used to map out the main lithologies at 

Grønsennknippa. This information was compiled into a geological map. The idea was to get 

knowledge of the local conditions, and to uncover the most suitable sites for detailed 

sedimentary logging sections. During the mapping process, strike and dip measurements were 

performed (Appendix F). The map was generated in ArcGis by using DTM map from 

Høydedata (Kartverket, 2018b), and bedrock map provided by NGU (Geological Survey of 

Norway, 2018) was used as guidelines. Hillshade map was made in ArcGis with illumination 
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source from northwest. Based on remote sensing data and observations done in the field, a W-

E structural profile was generated.   

3.2.2 Logging 

Two sedimentary logs were measured at the eastern side of Grønsennknippa. The logs are 

close to parallel and lithological related. The northernmost log was given the name 2a, while 

the southernmost log was named 4a. They measured a thickness of 265 meters and 275 meters 

respectively. While profile 4a is quite consistent with only a few gaps, profile 2a consists of 

gaps of 40 meters at the most, mainly due to cover by vegetation. After 275 meters of 

sedimentary logging in profile 4a, a gap of approximately 533 meters occurred, before 

another 10-meter section was logged. Logging sheets were used and the scale was 1:50 in 

both profiles. Lithological characteristics were observed and measured. Sedimentary logging 

was based on the grain size of the sedimentary rocks and Wentworth’s classification system 

was used as guideline (Table 3.1).  

Figure 3.1: Hillshade map of Grønsennknippa (Kartverket, 2018b). The orange line represents where 
sedimentary logging was carried out in profile 4a. The blue line represents where sedimentary logging was 
carried out in profile 2a.    
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The purpose of making sedimentary logs is to get detailed information of the sedimentary 

units. The bed thickness, sedimentary textures and structures measured, and grain size of 

sedimentary packages was recorded. In addition possible paleocurrent measurements, bed 

geometry, gamma readings and strike and dip measurements were recorded regularly. In the 

conglomerates, clasts were counted within a square of 50x50 cm (Figure 3.2).  

Imbrication measurements were restored based on average strike and dip in profiles 4a and 

2a, and an average plunge value generated from four plunge values (Appendix F). The 

difference of the “new” imbrication measurements was minimal compared to the un-restored 

imbrication measurements.     

 

  

Figure 3.2: Method for clast counting in the conglomerate. Counting was done within a square 
measuring 50x50 cm.  
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Wentworth 

classification 

Grade name Size in mm Phi 

Boulder 

Very large >2048 -12 
Large 1024-2048 -11 

Medium 512-1024 -10 

Small 256-512 -9 

Cobble Large 128-256 -8 
Small 64-128 -7 

Pebble 

Very Coarse 32-64 -6 
Coarse   16-32 -5 

Medium  8-16 -4 

Fine 4-8 -3 

Granula  2-4 -2 

Sand 

Very coarse 1-2 -1 
Coarse 0.5-1 0 

Medium 0.25-0.5 1 

Fine 0.125-0.25 2 
Very fine 0.062-0.125 3 

Silt 

Coarse 0.031-0.062 4 
Medium  0.016-0.031 5 

Fine 0.008-0.016 6 

Very fine 0.004-0.008 7 

Clay  

Coarse 0.002-0.004 8 
Medium 0.001-0.002 9 

Fine 0.0005-0.001 10 

Very fine 0.00025-0.0005 11 
 

3.2.3 Sampling 

At Grønsennknippa 200 samples were collected. To keep control of the samples, a system was 

created for labeling the samples. First, the locality name was given. All the samples were 

named “GRØ” for Grønsennknippa. The mountain covers a large area. The study area covers 

a distance of 3 kilometers from east to west. For that reason, the area was divided into five 

Table 3.1: Grain size classification (Wentworth, 1922).    
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sections. Within these sections, the samples were given a number, starting with number one. 

At the end of the label, the year in which the sample was collected was added. All the samples 

were collected in August 2017, and they were all given the number 17. The system is 

expressed in this matter:  

Locality – Section – Sample number – Year 

GRØ – 1 – 1 – 17   

The collected samples were brought to the University of Oslo and then prepared for thin 

section, XRD, XRF, and palynological analysis. Samples were also sent to Andrew Morton 

(HM research) who prepared samples for heavy mineral analysis.  

3.2.4 Gamma readings 

Gamma readings were required from Grønsennknippa with a Thermo Scientific RadEye 

B20/B20-er (Figure 3.3). The device measures gamma radiations in counts per second (cps), 

from the elements Potassium, Thorium and Uranium (Thermoscientific, 2011). Readings were 

taken from the whole study area, but the sedimentary logging areas were of most interest 

(Appendix F). From these logs, readings were taken approximately every five-meter.   

 

  

Figure 3.3: Picture show gamma radiation measuring using a Thermo scientific 
RadEye B20/B-20-er.  
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3.3 Laboratory work 

3.3.1 Thin section 

From the 200 samples that were collected at Grønsennknippa, 59 samples were selected to 

thin section preparation (Appendix A). 25 samples were sent to Institutt for energiteknikk 

(IFE) where Lars Kirkesæter prepared the thin sections in autumn 2017. Salahalldin Akhavan 

prepared the remaining samples at the Department of Geoscience (University of Oslo, autumn 

2017). The samples were impregnated in blue stained epoxy and glued on glass measuring 

2.5x4.5 cm. To reach the standard thickness, the samples had to polished down to 30 µm. 

Thin section analysis was carried out using Nikon petrographical microscope. 

The purpose of thin section analysis was to examine microscopic features and characteristics 

in the samples, and to get a better description of details. Information of interest: 

• Lithology 

• Dominating framework 

• Maximum particle size (10 largest grains counted) 

• Average grain size (100 grains counted) 

• Dominating grain shape 

• Sphericity 

• Sorting  

• Mineral content 

• Quartz appearance 

• Feldspars alteration 

• Zoning, Twinning and grain boundaries 

• Point counting of 400 grains (Chapter 3.3.2) 
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When analyzing the thin sections, the sedimentary logs from 2a and 4a were used to 

determine the basic lithology of the samples, based on observations in the field. A computer 

connected to the microscope was used to measure grain sizes. The software is called Infinity 

analyze. Before measuring the grain size, the program was calibrated to the selected optical 

ocular, with a 2 mm ruler. The grains were measured at the longest axis and the results were 

converted to an excel file (Appendix A).  

Grain characteristics and sorting observed in the thin sections, were determined with different 

classification schemes. Degree of sorting (Figure 3.4) was based on Compton´s classification 

scheme (1962), while Powers (1953) classification scheme was used to determine degree of 

roundness and sphericity (Figure 3.5). 

Feldspar alteration classification was done during the point counting process (Chapter 3.2.2).  

  

Figure 3.4: Sorting classifiction scheme modified from Compton (1962). 

Figure 3.5: Degree of roundess and sphericity modified from Powers (1953). 
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3.3.2 Point Counting 

20 thin sections were chosen for point counting. The processes included counting of 400 

points in each sample with a Nikon petrographical microscope and a swift point counter 

connected to a counting machine. The purpose of point counting was to make a quantification 

of the mineral content, which also was done with the XRD results in Siroquant (chapter 

3.3.4). Feldspar alteration was also determined during point counting. The feldspars were 

divided into five subgroups, all based on the degree of the alteration. Subgroup 1 does not 

correspond to signs of alteration, while subgroup 5 corresponds to completely altered 

feldspars (Figure 3.6). 

At the most, 14 minerals were counted in the thin section. The dominating minerals (first 

order minerals) in the samples were quartz, K-feldspar, plagioclase, sericite and rock 

fragments. Minerals in smaller amounts (second order minerals) were opaque minerals, 

epidote, titanite, rutile, muscovite, biotite, garnet, zircon and chlorite. Quartz grains were 

determined as monocrystalline, polycrystalline and undulatory. Feldspars grains were 

classified according to twinning and alteration.  

Results from point counting were plotted in triangular diagrams. Quartz-Alkalifeldspar-

Plagioclase (QAP) data from point counting were added in QAP-diagram together with results 

from XRD analysis. Quartz-Feldspar-Lithitc fragments data were plotted in QFL-diagram. 

Figure 3.6: Feldspar alteration classification scheme modified from Fossum (2012). Feldspars are from 
Grønsennknippa and display variuos degree of alteration. Number 1 represents well preserved feldspars and 
number 5 represents poorly preserved feldspars.     
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Thin sections  
Profile 4a Profile 2a Samples outside profiles 

GRØ-4a-1-17 GRØ-2a-2-17 GRØ-1-1-17 
GRØ-4a-2-17 GRØ-2a-3-17 GRØ-1-2-17 

GRØ-4a-4-17 GRØ-2a-4-17 GRØ-1-8-17 

GRØ-4a-5-17 GRØ-2a-6-17 GRØ-1-9-17 

GRØ-4a-6-17 GRØ-2a-7-17 GRØ-1-10-17 
GRØ-4a-8b-17 GRØ-2a-9-17 GRØ-3-4-17 

GRØ-4a-11b-17 GRØ-2a-10-17 GRØ-5-12-17 

GRØ-4a-17-17 GRØ-2a-11-17 GRØ-5-13-17 
GRØ-4a-18-17 GRØ-2a-12-17 GRØ-5-25-17 

GRØ-4a-20f-17 GRØ-2a-12c-17 GRØ-5-26-17 

GRØ-4a-26-17 GRØ-2a-15-17  
GRØ-4a-27a-17 GRØ-2a-17-17  

GRØ-4a-35-17 GRØ-2a-19-17  

GRØ-4a-36-17 GRØ-2a-22-17  

GRØ-4a-38-17 GRØ-2a-25-17  
GRØ-4a-39-17 GRØ-2a-28-17  

GRØ-4a-40-17 GRØ-2a-31-17  

GRØ-4a-43-17 GRØ-2a-32-17  
GRØ-4a-44-17 GRØ-2a-35-17  

GRØ-4a-46-17 GRØ-2a-37-17  

GRØ-4a-49f-17 GRØ-2-10-17  

GRØ-4a-49g-17   
GRØ-4a-52-17   

GRØ-4a-54-17   

GRØ-4a-57-17   
GRØ-4a-58-17   

GRØ-4a-58b-17   

GRØ-4a-60-17   
 

  

Table 3.2: Samples picked out for thin section preparation. The samples in bold letters are point 
counted. 
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3.3.3 Scanning electron microscope and electron microprobe 

Scanning electron microscope and electron microprobe are instruments used to preform 

detailed analysis of the thin sections. The scanning electron microscope is primarily meant as 

an imaging instrument while the electron microprobe is primarily meant for chemical 

analysis.  

Scanning electron microscope and electron microprobe consists of an “electron gun” which is 

the source of the electrons. The electron microprobe uses a tungsten filament. The scanning 

electron microscope uses a W-point, which has a smaller tip than the filament and produces 

better spatial resolution for imaging. Filament emits the electrons and they are heated to 2700 

K, which gives them enough energy to break the potential barrier of the sample surface (Reed, 

2005). Scanning electron microscope and electron microprobe consists of magnetic lenses 

(coil of copper wire) that focus the electron beam (Reed, 2005). The scanning electron 

microscope consists of three lenses. The first two are condenser lenses while the last one is an 

objective lens. The electron microprobe is different from the scanning electron microscope in 

which the microprobe doesn’t need a small beam diameter. The lens provides more space for 

optical microscope components and X-ray paths to spectrometers (Reed, 2005). Several 

different detectors capture the emitted electrons and light signals from the thin sections. The 

detectors can capture secondary electrons (SE), backscattered electrons (BSE) and 

cathodoluminescence (CL). They are all used for imaging. Both scanning electron 

microscopes and electron microprobe are equipped with X-ray spectrometers that are used for 

chemical analysis (Reed, 2005). Energy dispersive spectrometer is used in scanning electron 

microscopes, while wavelength dispersive spectrometer is used in electron microprobes.  

Scanning electron microscope (SEM) 

In collaboration with Even Stokkebekk, the author performed scanning electron microscope 

analysis on 13 samples under supervision by Berit Løken Berg and Siri Simonsen. Before the 

samples could be analyzed, the thin sections were coated by carbon using Cressington 

208carbon. Hitachi SU5000 Scanning Electron Microscope was used with Bruker Quantax 

800 as identification software for backscatter imaging (BSE). 
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The main purpose with scanning electron microscope analysis was to identify minerals, look 

for zonation and examine the mineral chemistry with focus on the feldspars. Element maps 

and line scans were generated (chapter 4.3.4). 

Secondary electron images (SE) were used to show topographical features of the sample. The 

secondary electrons are emitted close to the surface of the sample, with very low energy. 

Secondary electrons belongs originally to the sample, but can be separated when incident 

electrons or backscattered electrons are being removed (Reed, 2005).  

Backscattering electron images (BSE) were used for analyzing compositional variations in 

the sample, examine overgrowth of minerals and to study the texture. Backscattering electrons 

are reflected from both the top of the atoms and from deeper in to the samples. The 

backscattered electrons are the fraction of the electron incident wave that emits the thin 

section (Reed, 2005). Atoms with high atomic number will probably be exposed due to high 

angle deflection. The heavier minerals will therefore appear bright, as iron oxides, because of 

the higher atomic number (Reed, 2005). Minerals like feldspars and quartz will appear darker 

because of lower atomic numbers (Reed, 2005).  

Cathodoluminescence (CL) from minerals is caused by crystal structure defects or presence 

of trace elements (Reed, 2005). The incident electrons can be raised from the valence band to 

the conduction band and then return to the original position, creating emission of visible light 

(Reed, 2005). Lattice defects and interstitial ions develop local energy levels between valence 

and conduction bands, which lead to characteristic cathodoluminescence emission (Reed, 

2005). Cathodoluminescence were used to look at zircons and their growth structures.  

X-ray spectrometers were used for chemical mapping and chemical point analysis as 

supplement to imaging. There are two kinds of X-ray spectrometers. It is the energy 

dispersive type (ED) and the wavelength-disperse type (WD) (Reed, 2005). The most 

common spectrometer for SEM is the ED type. This type gathers all energies from the X-rays 

at the same time, and presents the results as plots with intensity versus the X-ray photon 

energy (Reed, 2005). Energy dispersive type (ED) doesn´t remove the background signal of 

the plots. This process is done manually. The scanning electron microscope is equipped with 

two 30-millimeter energy dispersive spectrometers (EDS).  
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Electron microprobe (EMP) 

The main purpose with electron microprobe was to perform a geochemical analysis of the 

matrix in the samples and use the data to create structural formulas. Six thin sections (Table 

3.3) were selected for analysis (Appendix E). The author 

did the analysis in collaboration with Even Stokkebekk, 

under supervision of Muriel Erambert.  

Thin sections were used for electron microprobe 

analysis. The samples were coated in carbon, just like the 

SEM procedure, before they could be analyzed. The 

analysis was done with Cameca SX 100. The microprobe 

settings were as follow: 

• 15 kV (Accelerating voltage) 

• 10 ηA (Beam current) 

• Focused electron beam: c. 0.1 micrometer 

• Activation volume: c. 1-2 micrometer 

• Counting time on peak: 10 seconds 

The electron microprobe differs from scanning electron microscope in which the electron 

microprobe is equipped with calibrated standard crystal spectrometers (Table 3.4). This leads 

to full quantitative chemical analyses (WDS) rather than semi-quantitative (EDS). The 

electron microprobe is equipped with a 10 mm energy dispersive spectrometer (EDS) in 

addition to the wavelength dispersive spectrometer (WDS). Elements from atomic numbers 

Z=4-92 can be analyzed with EMPA, but not all with K-lines (Reed, 2005). Heavier elements 

require L-lines and then M-lines (pers. com. Erambert, 2018). The elements were calibrated 

before the analyses were carried out (Table 3.4). The calibration standard is that the crystals 

are being used to quantify their respective element.  

Relative uncertainties (2 sigma) for major elements were 0.52% for SiO2, 1.22-1.24% for 

K2O, 2.72-3.10% fro FeO, 22.54-30.90% for MnO and 2.18-2.58 for MgO. The amounts of 

EMP samples 
Profile 4a Profile 2a 

GRØ-4a-4-17 GRØ-2a-22-17 
GRØ-4a-18-17 GRØ-2-10-17 
GRØ-4a-39-17  
GRØ-4a-58b-17  

Table 3.3: Samples analyzed with 
electron microprobe.   
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Na2O and TiO2 in the samples were the lowest compared to the other elements, and is 

reflected by higher uncertainties; 13.99-56.34% for Na2O and 19.49-177.35% for TiO2.    

 

The matrix of interest was the sericite, a fine-grained mica, with small crystals. To locate the 

sericite in the samples, optical images were used. Optical images were obtained by using a 

charge-coupled device (CCD) camera, which produces the same image as an optical 

microscope. The electron microprobe has both transmitted light and reflected light (Figure 

3.7). In addition, the energy dispersive spectrometer (EDS) was used to investigate the 

mineralogy of a matrix point. This was to make sure that the correct minerals were analyzed. 

Backscatter imaging was used to select sericite crystals and to set points that only included 

the sericite, to avoid unwanted contamination of the results from other minerals.  

Elements X-ray lines Calibration standard WDS 

Ca Ka Wollastonite 1 
Na  Ka Natural albite 2 
K  Ka Orthoclase 3 

Fe  Ka Pure iron 4 

Si  Ka Wollastonite 5 
Ti  Ka Pyrophanite 3 

Mn  Ka Pyrophanite 4 

Al  Ka Synthetic aluminium oxide 5 

Cr  Ka Synthetic chromium oxide 4 
Mg  Ka Synthetic periclase 5 

Table 3.4: Electron microprobe settings. WDS= Wavelength dispersive spectrometer.   

Figure 3.7: Pictures of sericite taken with electron microprobe. a) Backscatter image. b) Reflected light. c) 
Transmitted light.     
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Structural formulas were generated of the sericite based on the results of the electron 

microprobe, by using an Xcel-template from a course given on “Structural and chemical 

details – Calculation of structural formula” by Ray Ferrel (Weaver, 1989). 

3.3.4 X-ray diffraction (XRD) 

The purpose of XRD analysis is to get an overview of mineral composition and to make a 

quantification of the rock content. The same 59 samples that were selected for thin section 

analysis were also prepared for XRD (Table 3.1) (Appendix C). When X-rays hit the sample, 

each mineral displays characteristic signatures, which can be used to determine the sample 

content. The wavelength of X-rays contributes the same distance as the distance between 

atoms in most mineral structures. The dimensions of both the wavelength and spacing in the 

crystal lattice are about 10-10 meter, 1 Ångström (Å) (Moore and Reynolds, 1997). The 

spacing is referred to as d-spacing or d-value, and it is the space between atom planes (Figure 

3.8) (Nesse, 2012). Braggs´ law is fundamental in X-ray analysis. The equation is as follows: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

where 𝑛 is the integer of X-ray and 𝜆 is the wavelength. Theta (𝜃) is the angle indices of the 

X-ray beam and 𝑑 is the space between the planes of atoms (Nesse, 2012). Both d-spacing 

and 2 theta angles, shown in Figure 3.8, are characteristic for each mineral.  

 

 

Figure 3.8: Model of d-spacing and 2 theta values. Red lines represent X-rays and blue dots 
represent the atomic lattice. Modefied from Nesse (2012). 
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The XRD preparation was done together with Even Stokkebekk under supervision of 

Thanusha Naidoo and Professor Henning Dypvik. The bullets show workflow: 

• Selecting samples for preparation (the same samples that were selected for thin section 

preparation) 

• Grind rock to powder by using a steel swing mill and agate micronizer  

• Prepare samples for XRD analysis, by packing material into circular plastic holders  

• XRD analysis by using a Bruker D8 Advance LynxEye XE High-Resolution Energy 

Dispersive 1D Detector  

• Phase identification from diffractograms by using Diffraction EVA software 

• Quantification of identified minerals by using Siroquant software 

Bulk analysis 

XRD analysis applies powder from the rock samples. Rocks were sawn and split into smaller 

pieces to fit into the swing mill, where the grain size was reduced to < 0.5 mm. Samples were 

milled for 2-10 minutes, depending on the sample. To avoid cross-contamination, the 

equipment was cleaned with water and ethanol after each sample. In addition, clean quartz 

was milled to clean the equipment between milling of rocks with clearly different mineral 

content, or rocks from different areas or different rock content. A test-run was performed to 

determine the difference in XRD analysis quality between samples that only were crushed in 

the swinging mill, and samples further reduced by wet milling in a McCrone micronizer. The 

best result came from the samples that were both grounded using the swing mill and 

micronized. The micronizer reduces the grain size to less than 0.05 mm. First, 3 g of 

pulverized rock from the swing mill along with 7 ml ethanol, was placed in a plastic jar 

containing 48 agate grinding elements, which are stacked in 6 columns of 8 pieces. These 

agate elements operate via shearing action on the flat surface and hammering action on both 

the flat and curved surfaces. Samples were milled for 3 minutes and the material was 

immediately placed in an oven of 60 degrees to dry.  

When the samples had dried, they were ready to be packed in plastic holders, which later 

would be placed in the Lynxeye XE High-Resolution Energy Disperice 1D Detectore. The 
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sample material had to be placed carefully in the holder, securing that the material would not 

extend the holder space. In addition, the material should be randomly distributed with no 

preferred orientation, which could alter the results. The smearing method is called the Front 

loading method (Nesse, 2012).  

The data acquired from XRD analysis is highly dependent on the preparation of samples. The 

precision is 10-15% at 10-weight percent level of a given mineral (pers. com. Riber, 2018).  

Diffrac Eva Software 

Diffrac Eva Software was used to identify the content of minerals in the sample. Data from 

Lynxeye XE High-Resolution Energy Disperice 1D Detectore were given as raw files. These 

files were opened in the software and minerals were presented as peaks in a diffractogram. 

The x-axis of the diffractogram displays values such as 2θ-values and d-spacing (Figure 3.8). 

Each mineral has a specific d-spacing, and 2θ- signatures that are used to identify the mineral 

content based on the peaks position on the x-axis. Mineral identification was done with 

assistance of “Table of Key Lines in X-ray Powder Diffraction Patterns of Minerals in clays 

and Associated Rocks” (Chen, 1977). In addition to the mentioned article, a database 

integrated in the Diffrac Eva Software was used. The Powder Diffraction File 2002 database 

was used to auto-analyze all the peaks existing in each sample and to search for specific 

minerals. The main purpose of using Diffrac Eva was to get a qualitative overview of mineral 

content, which later would be quantified using the Siroquant Software.  

Siroquant Software 

The purpose of using Siroquant software, is to make quantification of the mineral content in 

the samples, similar to the previous sub-chapter (Diffrac Eva Software). The same 

diffractogram shown in Diffrac Eva, is displayed in the Siroquant Software. Instead of just 

identify the peaks, the Siroquant Software estimates the percentages of the minerals within the 

samples. The software operates with mineral content of 100%, which means that the results 

acquired from Siroquant are not true percentages, but only value of a total of 100%. To 

acquire the mineral percentages, a theoretical diffractogram has to be made. This theoretical 

diffractogram should be as identical as possible to the input diffractogram. The most optimal 

structural file for each mineral is collected from the software and the combination of these 

should have as close to optimal fit between the original diffractogram and the theoretical one. 
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In addition, parameters in the software were changed to acquire better results. It included a 

six-stages refinement procedure, whereas five were given by Hillier (2000), and the last was 

introduced by Riber (pers. com. Riber, 2017) (Table 3.5).   

   

3.3.5 X-ray fluorescence (XRF) 

A total of ten samples (Table 3.6) were prepared for X-ray fluorescence analysis (Appendix 

D). This was done together with Even Stokkebekk, under supervision of 

Thanusha Naidoo. 

The process was done in several steps. These needed to be precise, in order 

to obtain good results. The ten samples chosen for XRF analysis were 

already crushed and micronized during XRD sample preparation. The first 

step was to measure 0.6000 ± 0.0005 grams of sample material in a glass 

beaker, then add 6.0000 ± 0.0005 grams of Lithiummetaborate (66:34) 

(FX-X65-2, provided by FluXana). The purpose of the flux is to aid in 

vitrifying the powdered material to create fused beads. The flux reduces 

the melting temperature, thereby creating better quality beads. Both the 

flux and the sample material were mixed together, before they were placed 

in a platinum crucible. These were placed in an automatic fusion 

instrument (Eagon 2) where melting, mixing and pouring of the molten material into a 27 mm 

platinum form was conducted to create a glass bead. Once cooled, these beads were later 

analyzed with a PANalytical AxiosmAX minerals XRF instrument. 

Stage Cycles  Damping factor Target 

1 6 0.4 Phase scales 
2 6 0.4 Phase scales + instruments zero refinement 
3 6 0.8 Phase scale  

4 6 0.2 Half width 

5 6 0.2 Uni-cell dimensions 
6 6 0.4 Orientation 

XRF samples 
GRØ-4a-2-17 
GRØ-4a-8b-17 
GRØ-4a-11b-17 
GRØ-4a-17-17 
GRØ-4a-20f-17 
GRØ-4a-36-17 
GRØ-4a-40-17 
GRØ-4a-46-17 
GRØ-4a-49g-17 
GRØ-4a-58b-17 

Table 3.5: Refinement procedure connected to Siroquant. The first five steps are from Hillier (2000). Stage 
six is introduced by Riber (pers. com. Riber, 2017).  

Table 3.6: Samples 
prepared for XRF. 
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To assess the amount of light elements and volatiles present in the samples, loss on ignition 

(LOI) was determined. First the weight of the porcelain crucibles was measured and then one 

gram of sample material was measured and placed into the crucible. Then it was placed in a 

Carbolite OWF 1300 muffle furnace, to be heated at 1000 degrees for one hour. After 

finishing the heating process, the sample and the sample holder were measured again. This 

way, the weight difference from before and after the heating process could be calculated. This 

is referred to as loss of ignition (LOI).  

The X-ray fluorescence (XRF) analysis was done with a PANalytical AxiosmAX minerals 

instrument running the SuperQ software. The fusion beads were placed in sample holders 

with a 27 mm measuring window. Major elements analysis was done, using the Ommian 27 

application, and using Omnian standards. To correct the background and drift, Omnian Batch-

06 Drift Correction Monitor was used, which gives a precision of 0-0.1% for major elements. 

The detection limit is ± 0.01 and the accuracy is about 99% (pers. com. Naidoo, 2018).     

XRF analysis allows quantification of elements based on emission of low-energy, secondary 

X-rays, which are results of a high-energy, primary X-rays. The primary X-rays hits atoms in 

the sample and excites electrons, leaving an empty space. To stabilize the atom, the empty 

space needs to be filled with electrons from outer orbitals. The energy of the transition is 

emitted as photons and the wavelengths are characteristic for each element. PANalytical 

AxiosmAX minerals consist of a wavelength dispersive spectrometer and it is equipped with 

several crystals that cover the measurable range. It is also equipped with detectors that convert 

the photon energies into measurable voltages, which is then counted and plotted as peaks.  
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3.3.6 Heavy mineral analysis 

Andrew C. Morton prepared a total of 19 samples 

for heavy mineral analysis. Profile 4a was of most 

interest and ten samples were prepared. Three 

samples were selected from profile 2a and two 

samples were selected from section five (Table 

3.7). 

Minerals with higher specific gravity than the rest 

of the samples are referred to as heavy minerals 

(Morton, 1985).  

The preparation process of heavy mineral analysis 

is divided into five steps (Morton, 1985): 

• Sampling 

• Preparation 

• Separation 

• Counting 

• Data treatment 

Due to the unstable nature of heavy minerals, weathered sediments can present skewed 

mineral assemblages. Samples should therefore be as fresh as possible to achieve good results 

from heavy mineral analysis (Morton, 1985). To avoid grinding of grains the sediments 

should be disaggregated by a mortar or a pestle. Separation of the heavy minerals was done 

with high-density liquids in a centrifuge or by gravity settling (Morton, 1985). Gravity 

settling is a longer process and loss of heavy liquids by evaporation is a possibility. The 

centrifuge method is more complex, and fractional freezing is required to recover the heavy 

minerals. The method used, will not produce different results (Morton, 1985). Liquids used to 

separate heavy minerals are tribromomethane and tetrabromoethane. Their specific gravity, 

2.89 g/cm3 and 2.97 g/cm3 respectively, enables quartz and feldspars to be completely 

separated and maintain the largest density range in the residue (Morton, 1985). After 

Heavy mineral analysis  
GRØ-4a-1-17 GRØ-2a-3-17 
GRØ-4a-6-17 GRØ-2a-12c-17 
GRØ-4a-18-17 GRØ-2a-17-17 
GRØ-4a-27a-17 GRØ-5-13-17 
GRØ-4a-36-17 GRØ-5-26-17 
GRØ-4a-44-17  
GRØ-4a-49g-17  
GRØ-4a-54-17  
GRØ-4a-58b-17  
GRØ-4a-60-17  

Table 3.7: Samples prepared for heavy 
mineral analysis.   
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separation, heavy minerals were fixed on glass slides and examined using petrographic 

microscope. Estimations were made by random grain counting in a ribbon-like pattern. About 

200 grains were counted (Morton, 1985).    

3.3.7 Palynological preparation 

Acritarchs organic-walled, eukaryotic uni-cells of unknown biological affinity (Armstrong 

and Brasier, 2004). Acritarchs were the most developed in Paleozoic, but they started to 

evolve in mid-Precambrian (Armstrong and Brasier, 2004). Most acritarchs are 20-150 

micrometers in size and can be grouped based on morphology, wall structure and excystment 

openings. Acritarchs have so far not been recorded in the Valdres Group, but are found at 

Svaldbard for instance by Butterfield et al. (1994) from Neoproterozoic. Figure 3.9 shows the 

generalized ranges of the major acritarch group. Based on the figure, the most likely 

acritarchs to find from Neoproterozoic sediments are acanthomorphitae and sphaeromorphitae 

(Armstrong and Brasier, 2004). 

  

  

Figure 3.9: Generalized ranges of the major acritarch groups. Modified from Armstrong and Brasier (2004). 
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Five samples from Grønsennknippa and three samples from each Skarvemellen and 

Rundemellen sediments were selected to palynological analysis (Table 3.8). The author and 

Even Stokkebekk, under supervision from Wolfram Kürschner, and Mofak Naoroz did the 

palynological preparation. The goal of palynological processing is to acquire as much 

palynomorphs as possible. The process required detailed preparation and precision, to avoid 

contamination, damage or loss of material. The method used for palynological preparation is 

given by Van Steenbergen and Van Tongeren (2008). 

 

The selected samples were cleansed (as good as possible) for any vegetation that could 

contaminate the sample, before they were crushed in mortar and placed in sample boxes. To 

remove the silicate and carbonate material, the samples had to be dissolved in acids. 

Dissolving carbonates was done with hydrochloric acid (HCl). When the carbonates were 

dissolved, the liquid containing the calcium ions were separated by decanting. This could be 

done by leaving the sample for at least 4 hours or by centrifuging. Dissolving of silicates was 

done with hydrofluoric acid (HF). When adding HF, it reacts with a gel, which creates a 

“shield” against the acid. This gel is removed by shaking the material. Like carbonate 

dissolving, the liquid is separated by decanting and then left for at least 4 hours, or to be 

centrifuged.  

The next step was to sieve the material. Two mesh sieves with different sizes were used. One 

sieve with 250 micrometers and one with 7 micrometers. The sieving was done with a lot of 

water, cleaned in an ultrasonic bath, before it was placed in containers and centrifuged. Heavy 

liquid separation was done after the sieving, because the samples still contained too much 

mineral material. Zink chloride (ZnCl2, density 2,91 g/cm3) was added to separate the 

Samples prepared for palynological analysis 
Grønsennknippa Skarvemellen Rundemellen 
GRØ-2a-6-17 SKA-2-11-16 Rund-1-5-16 
GRØ-2a-10-17 SKA-5-16 Rund-1-11-16 
GRØ-2a-17-17 SKA-13-16 Rund-2-3-16 
GRØ-4a-36-17   
GRØ-4a-57-17   

Table 3.8: Samples prepared for palynological analysis. Samples from Rundemellen and Skarvemellen were 
collected by Sørhus (2017) and Småkasin (2017). 
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remaining inorganic mineral material, not dissolved by acid treatment from the lighter organic 

material. Thereafter, the material was shaken with a so-called “labdancer”, and left over night.  

If there were too little organic matter in the sample, a new round of sieving and centrifuge had 

to be done. If there were enough organic matter, slide preparation could be carried out.  

Water and poly vinyl alcohol (PVA) were mixed and added with the sample before they were 

placed on glass slides. To leave only the organic matter on the glass slides, the mixture of 

water and organic matter had to be placed on a heater that would evaporate the water. The 

poly vinyl alcohol (PVA) ensured that the organic matter stayed in place as the water 

evaporated. After evaporation, the glass slides with the material was glued on bigger glass 

slides with Entallan. The side with the organic matter was placed facing the glue.  

3.4 Facies and facies associations 
Facies and facies associations were determined mainly based on field observations and 

sedimentary logs. Four major facies based on lithology were generated with a set of sub-

facies varying in textural or structural composition. These facies interferes at Grønsennknippa 

and combinations of these are grouped together in facies associations. Five facies associations 

can be described from profile 4a, while three from profile 2a.  

Facies 1a and 1b (chapter 4.2.4) are sometimes referred to as conglomerate 1,while Facies 1c 

is sometimes referred to as conglomerate 2.  
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4 Results 

4.1 Tectonostratigraphy from remote sensing data 
Landsat data from Google Earth (2017) were used in preparation of the field study at 

Grønsennknippa to determine lithological boundaries, beddings/foliations and lineaments. 

Remote sensing data will provide additional information to field observations.  

Remote sensing data were used in the following context in the pre-study: 

• The lithological units were identified, and the lithological borders were defined  

• The bedding/foliation was mapped 

• The major tectonics were defined 

To classify lithologies and lineaments, some advance knowledge of the area was necessary. 

Remote sensing data obtained was compared to the geological map from Hossack (1972). 

Google Earth with 3D function has also been used to map the lithological units.  

Lithological units  

Grønsennknippa consists of five tectonostratigraphic units, which are granite, gabbro, 

conglomerate, sandstone and phyllite (Figure 4.1) (Hossack, 1972). The stratigraphic units are 

stacked in a way making the peak the stratigraphic bottom.  

The granite contains a light pink color (Figure 4.1) and is the tectonostratigraphically major 

unit. It is located on top of the mountain (Figure 4.1). The granite, as well as the gabbro, are 

situated at the highest level, but represents the base of the stratigraphic column (Bockelie and 

Nystuen, 1985). The granite is a massive lithological unit without internal foliations. The 

granite is bordering a conglomerate unit to the east. This border follows a N-S direction and is 

quite homogenous. Additionally, several minor gabbro units are situated within the granite. 

The lithological extension of granite observed in remote sensing data is comparable with 

Hossack (1972).  
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The gabbro is not widely ranged at Grønsennknippa. The gabbro volumes are small spherical 

to semi-spherical lithological units located within the granite, and no internal foliation is 

detected. Figure 4.1 shows that the gabbro highs have a slightly darker color than the granite, 

and differ from the granite by both shape and appearance.  

The conglomerate has the thinnest prevalence and is located at the eastern side of the 

mountain, which is the steepest part. Internal foliation is observed in the conglomerate, 

Figure 4.1: Geological map generated from remote sensing data. Modified from Google Earth (2017).  
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stretching in N-S direction. Main strike direction is to the north. This unit borders granite to 

the east and sandstones to the west. Conglomerate located furthest north does also border the 

phyllite. Greyish color characterizes the conglomerate, and differs from the pink color of the 

granite. The borders to the granite and sandstone show the same trends. They are close to 

parallel in N-S direction.  

The sandstones have a large extension and generally represent the flat lying section east of 

the mountain. Internal bedding is observed in the sandstones. The bedding is fairly parallel 

and shaped like a weak “Z” (Figure 4.1). The main strike is to the north, such as the 

conglomerate. This unit has a light brownish to light-grey color and differs from the more 

greyish color of the conglomerate.  

The phyllite is located to the north and appears as a dome (Figure 4.1). It differs from the 

sandstones with its dark brown color. It also contains less vegetation compared to the 

sandstones. Internal foliation was not detected in this lithological unit.      

Lineaments  

Lineament is defined as “mappable, simple or composite linear feature on the surface, whose 

parts are aligned in a rectilinear or slightly curvilinear relationship. It differs distinctly from 

the patterns of adjacent features, and presumably it reflects a subsurface phenomenon” 

(O’Leary et al., 1976). Lineaments at Grønsennknippa studied with remote sensing data can 

be divided into two populations.  

Population a. is striking in ESE-WNW direction. These lineaments are widely distributed as 

shown in Figure 4.2, but show various characteristics. The lineaments are long and 

homogenous, but some short and less distinct are also present. They are dominantly straight. 

These lineaments are younger than the lithological units as they cut through these.   

Population b. is striking in ENE-WSW direction. These lineaments are not so widely 

distributed compared to population a, but lineaments from population b are more distinctive 

and longer. They differ only with a small degree from the general strike direction. As 

lineaments from population a, lineaments of population b are younger than the lithological 

units and their bedding.     

  



 
 

39 

 

  

Figure 4.2: Lineaments observed at Grønsennknippa. a) Map without any modification. b) Map showing 
lineaments at Grønsennknippa. Black dashed lines oriented ESE-WNW. Red dashed lines oriented ENE-WSW. 
Modified from Googe Earth (2017).  
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4.2 Field results  

4.2.1 Geological map  

Geological map is generated based on observations in the field (Figure 4.3). It is a modified 

version of the map created with remote sensing data. They are very similar, but the 

boundaries between the different lithologies are better defined. Grønsennknippa consists of 

five lithologies visible in the map (granite, gabbro, conglomerate, sandstone and diamictite). 

Both granite and sandstone covers a large area, while the conglomerate that is located on the 

mountainside is smaller and thinner.  

4.2.2  Structural profile 

Four lithological units are presented in the structural profile. Two conglomerate types, 

sandstones and diamictite. Figure 4.4 is a map of Grønsennknippa including the position of 

the profiles and Figure 4.5 show the structural profile related to the map (orange line). Strike 

Figure 4.3: Geological map of Grønsennknippa. Map is based on the geological map from Geological survey of 
Norway (2018) and modified from Kartverket (2018b). The diamictite and conglomerate 2 cannot be detected on 
this map because they are too small.  
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and dip measurements were performed in the field (Appendix F) and they are displayed in the 

structural profile (Figure 4.5).  

Conglomerate 1 is located west in the profile (0-250 meter) above fault 7 and comprises steep 

conglomerate bedding (So1) (Figure 4.5). Stereoplot So1 and So2 display strike and dip 

measurements extracted from conglomerate 1. The average strike and dip of So1 are 353.73 

and 73.05 degrees respectively. 22 strike/dip measurements were preformed above fault 7, 

with the lowest strike number being 338 degrees and the highest 360 degrees (Figure 4.5). 

The lowest dip is 58 degrees and the highest is 86 degrees. So2 shows the same trends as So1 

in terms of strike/dip measurements, but the strike and the dip are generally lower, with an 

average strike of 349.67 degrees and an average dip of 65.38 degrees. 21 strike/dip 

measurements were acquired from this section between fault 6 and 7 (Figure 4.5). So3 

represents strike/dip measurements from sandstones between fault 5 and 6 (Figure 4.5). Five 

measurements show similar strike-trends as So1 and So2. There are some variations in the 

dip, as the steepest dip is 84 degrees, and the gentlest dip is 54 degrees. So4 and So5 differ 

Figure 4.4: Geolgical map of Grønsennknippa. The orange line is the positon of the strucutural profile. The blue 
curved lines represent the thrust faults. The yellow line is a fault observed in the field. Map is based on the 
geological map from Geological survey of Norway (2018) and modified from Kartverket (2018b). 
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from the other stereo-plots. The average strike and dip measurements related to So4 are 

343.17 degrees and 26.67 degrees respectively. Note that the dip has dropped between 30 and 

40 degrees compared to So1, So2 and So3. Two strike/dip measurements are plotted in So5. 

The average strike trend is 10 degrees, so it differs with nearly 30 degrees. The average dip is 

48 degrees.   

The overall trend of the beds at Grønsennknippa strikes in northern direction. The biggest 

variations are related to the dip. From west to east, the bedding changes from very steep to 

more gentle dip (Figure 4.5). 

Fault planes 

The structural profile in Figure 4.5 consists of seven faults distributed at Grønsennknippa. 

The dip is calculated on four of the fault planes, based on height differences of beddings with 

the same strike.  

FP1 is the fault plane representing fault number one (Figure 4.5). Strike is 183 degrees and 

the dip is 9 degrees. FP2 is the fault plane representing fault number two (Figure 4.5). Strike 

is 171 degrees and the dip is 5 degrees. FP3 is the fault plane representing fault number three 

(Figure 4.5). Strike is 176 degrees and the dip is 10 degrees. FP4 is the fault plane 

representing fault number five (Figure 4.5). Strike is 182 degrees and the dip is 12 degrees. 

The fault planes can be divided in dip quadrants. FP1 and FP4 dips toward the fourth 

quadrant, while FP2 and FP3 dips toward the third quadrant, based on the fault planes. Fault 

2, 3 and 4 are spreading out from the same fault plane. These faults display an imbrication 

structure. Steeper dips in faults 3 and 4 result in a down-lap into fault number 2. FP3 and FP4 

have a dip difference of 5 degrees, which is the reason for this convergence of faults. Stereo-

plot was not made for fault 6 and 7 due to lack of data needed to do the calculations, but the 

fault have been observed on the geological map and therefore extrapolated based on data from 

the other fault planes.  

To sum up, the geological structural profile at Grønsennknippa comprises of seven faults with 

very low angle dip. Dip direction of the calculated fault planes (FP1, FP2, FP3 and FP4) is to 

the third and fourth quadrant. The bedding is steeper higher up in the profile. The dip 

becomes gentler eastward, which is also the case for the fault planes (Figure 4.5).                 
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4.2.3 Paleocurrent measurements 

Paleocurrent measurements were assembled at Grønsennknippa (Appendix F). Imbrication of 

conglomerate clasts and erosional bases of the sandstones were used. To require the true 

paleocurrent, the dip of the bedding and the plunge of imbrications and erosive bases had to 

be considered. To reconstruct the paleocurrent measurements the bedding had to be unfolded, 

to create a horizontal fold axis. Imbrication measurements are presented from profile 2a and 

4a. Profile 4a shows a transport direction towards ESE, while profile 2a points in an ENE 

direction (Figure 4.6). Sandstone paleocurrents were not restored, and the transport direction 

are pointing two-ways, due to limited information (Figure 4.6). Flute casts from one erosive 

base had a direction towards north (Figure 4.6).   

4.2.4 Facies descriptions 

The sedimentary logs from 2a and 4a at Grønsennknippa were divided into facies based on 

lithological characteristics and sedimentary structures.  

Figure 4.6: Imbrications and paleocurrent measurements. The red rose diagrams represent profile 4a and the 
blue rose diagram represents profile 2a. Measurements from the erosive based sandstone have a transport 
direction to either north or south. “n” is the number of measurements. 
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Table 4.1: Overview of the facies and coherent samples selected for lab-analysis. 

Facies Lithofacies Grain size 4a 2a 

1a 

Clast supported pebbly 
conglomerate  

Pebbles (-5 to -6) 

Matrix: Fine to coarse 
sand  

GRØ-4a-2-17 
GRØ-4a-4-17 
GRØ-4a-5-17 
GRØ-4a-6-17   
GRØ-4a-8b-17 
GRØ-4a-11b-17 
GRØ-4a-20f-17 
GRØ-4a-38-17 

GRØ-2a-3-17 
GRØ-2a-4-17 
GRØ-2a-7-17 
GRØ-2a-9-17 
GRØ-2a-10-17 
GRØ-2a-11-17 
GRØ-2a-12-17 
GRØ-2a-12c-17 
GRØ-2a-15-17 
GRØ-2a-17-17 
GRØ-2a-22-17 
GRØ-2a-25-17 
GRØ-2a-28-17 
GRØ-2a-31-17 
GRØ-2a-32-17 
GRØ-2a-35-17 
GRØ-2a-37-17 

1b 
Stratified conglomerate with 
well-rounded clasts 

Pebbles (-5 to -6) 

Matrix: Medium sand 

GRØ-4a-26-17 
GRØ-4a-27a-17 

1c 
Clast supported pebbly 
conglomerate with angular clasts 

Pebbles (-3 to -5) 

Matrix: Medium sand 

GRØ-4a-49f-17 
GRØ-4a-49g-17 

2a 

Homogenous structureless 
sandstone  

Medium to very coarse 
sand 

GRØ-4a-35-17 
GRØ-4a-43-17 
GRØ-4a-52-17 
GRØ-4a-60-17 

GRØ-2-10-17 

2b 
Sandstone with clasts Medium sand GRØ-4a-17-17 

GRØ-4a-44-17 
GRØ-4a-46-17 

2c Cross-bedded sandstone Medium to coarse sand GRØ-4a-39-17 

2d Plane parallel laminated 
sandstone 

Medium sand 

2e Erosive-based sandstone Very coarse to 
medium sand 

GRØ-4a-40-17 

3a 

Fine-grained sandstone to shale Clay to very fine sand GRØ-4a-1-17 
GRØ-4a-6-17 
GRØ-4a-18-17 
GRØ-4a-36-17 

GRØ-2a-6-17 
GRØ-2a-19-17 

3b Fine-grained sandstone to shale 
with clasts 

Clay to very fine sand 

4 

Diamictite Pebbles (0 to -6) 

Matrix: Medium sand 

GRØ-4a-54-17 
GRØ-4a-57-17 
GRØ-4a-58-17 
GRØ-4a-58b-17 
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Figure 4.7: Sedimentary log of profile 4a from Grønsennknippa with FA and facies. FA=Facies association. 
F=Fossils. After 275 m, there is a gap of 533 m followed by a new section comprised of 10 m. Sedimentary 
logging was done in scale 1:50 in field. The left coulmn contains information of where the samples prepared 
for laboratory analyses were collected. 
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Figure 4.8: Sedimentary log of profile 2a from Grønsennknippa with Fa and facies. FA=Facies 
association. F=Fossils. Sedimentary logging was done in scale 1:50 in field.The left coulmn contains 
information of where the samples prepared for labratoy analyses were collected. 
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Facies 1a: Clast supported pebbly conglomerate 

Facies 1a is distributed in profile 4a and 2a and this is the most abundant facies in both 

profiles (Figure 4.7 and 4.8). Facies 1a is clast supported conglomerate, with maximum and 

close to maximum packed clasts (Figure 4.10). The conglomerate in Facies 1a is well sorted 

and is very massive. It reaches 20 meters of bedded units at the most, but the average 

thickness of the facies is between 5 and 10 meters. The clasts in the conglomerate have an 

average grain size of large to very large pebbles (3-6 cm) (Table 3.1), but the clasts reach 

sizes up to 35 cm at the most. The clasts are well rounded and some slightly elongated. The 

conglomerate is polymict. The most abundant clasts are quartzite. Over 95% of the clasts are 

quartzite clasts (Figure 4.10). These clasts display a range of colors such as brown and grey, 

but the most common color is light red to dark red. Other clasts observed are granitic, shale 

(Figure 4.10), feldspars, and gabbroic, and possible volcanic clasts. These only appear in very 

small amounts. Pressure solution is frequently observed between the clasts (Figure 4.9). The 

matrix in Facies 1a is ranging from fine to coarse sand. Despite the wide range, the most 

common size is medium to coarse sand. The matrix consists of a brownish, light grey to dark 

grey color.   

  

Figure 4.9: Quartzite clasts with pressure solutions. 
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Facies 1b: Stratified conglomerate with well-rounded clasts 

Facies 1b is only represented in profile 4a. This conglomerate unit is stratified and is 

alternating with a sandstone unit (Figure 4.11). Facies 1b appears twice in the profile, the first 

appearance can be seen between level 75 to 80 meters, and the second from 95 to 98 meters 

(Figure 4.7). Clasts ranges from 3 to 6 cm in size (phi -6), termed as very coarse pebbles 

(Table 3.1). Facies 1b has similar composition, color and roundness of clasts as Facies 1a. 

The largest clast measures 20 cm in the first appearance of Facies 1b and 15 cm in the second 

appearance. Instead of being distributed randomly, the clasts are stratified in 3 to 4 layers with 

c. 2 meter of alternating sand/matrix in between (Figure 4.11).  

Facies 1c: Clast supported pebbly conglomerate with angular clasts 

Facies 1c comprises a different conglomerate type than the two conglomerate facies described 

above. Facies 1c is only observed in profile 4a, at level 272.5 meter (Figure 4.7). Thickness of 

the second type of conglomerate is not more than 20 cm. It is a matrix-supported 

conglomerate with rounded to semi-angular clasts (Figure 4.11). Clasts make up 30-50% of 

the lithology. As Facies 1a and 1b, Facies 1c is mostly dominated by quartzite clasts. Over 

95% of the clasts are quartzite. These clasts show the same variations in color as Facies 1a 

and 1b, and the most typical color is light red to dark red. Granitic (Figure 4.11), feldspar, 

Figure 4.10: Pictures of conglomerate. a) Closely packed conglomerate (Facies 1a) with abundance of quartzite 
clasts. b) Red-pink colored quartzite clast. c) Shale clast.   
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clay, gabbroic and volcanic clasts are also observed, but in a very small amounts. The matrix 

is dominated by medium sand with a light grey to dark grey and brownish color.  

Facies 2a: Homogenous structureless sandstone 

Facies 2a is the most common sandstone facies at Grønsennknippa in both profiles. Structures 

are not observed in this sandstone and it appears very homogenous. In profile 4a the 

structureless sandstone is the most abundant facies along with Facies 2b, which will be 

described in the following sub-chapter. The structureless sandstone is also observed in profile 

2a, but it is less well developed than in profile 4a. Facies 2a varies in grain size from medium 

to very coarse-grained sand, and the color varies from light to dark grey. Facies 2a is very 

Figure 4.11: a) Stratified conglomerate with alternating sand beds (Facies 1b). b) Conglomerate 2 (Facies 1c) 
with a coherent granitic clast of c. 5 cm.   
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well sorted. This facies is for the most part located along with massive conglomerates as small 

layers in between, and along with different sandstones units containing structures or clasts. 

Facies 2b: Sandstone with clasts 

Facies 2b is along with Facies 2a the most abundant sandstone facies at Grønsennknippa, and 

it can be observed throughout both profiles, especially in 4a (Figure 4.7), which were studied 

in more detail. Facies 2b differs from the other sandstone facies, based on the concentration of 

clasts in the sedimentary rocks. The clasts represent less than 5% of the facies. The transition 

from sandstone to conglomerate is 30% clasts in the sedimentary rock. Quartzite clasts are 

most abundant and they are well rounded with a light to dark red color. The clasts in the 

sandstones have typically maximum size of 10 cm, but the average size is 0.5 cm up to 3 cm.  

 

Facies 2c: Cross-bedded sandstone 

Cross-bedded sandstones are not abundant in any of the two profiles. Only profile 4a 

comprises facies 2c, but it’s only observed in two sites. The lowermost cross-bed is situated at 

the transition between the sandstone and conglomerate at 190 meters above datum (Figure 

4.7). The other cross-bed is situated in the middle of a sedimentary unit. Both are situated in 

an otherwise structureless sandstone (Facies 2a). Facies 2c is dominated by medium to coarse 

sand. The color does not differ from the other sandstone facies, and varies from light grey to 

Figure 4.12: a) Possible trough-shaped cross-bed stratification marked with black dashes (Facies 2c). b) Parallel 
laminations marked with white lines (Facies 2d). 
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dark grey. The shape is dominantly trough cross-beds being 40 cm in size (Figure 4.12). The 

cross-beds do not show any internal grain size variations.   

Facies 2d: Plane parallel laminated sandstone 

Plane parallel laminated sandstone is only detected in profile 4a (Figure 4.12). Facies 2d is 

represented with only one feature of this sedimentary structure. It can be observed close to the 

structureless sandstone (Facies 2a). The color is dominantly light grey to dark grey and the 

grain size is medium sand. The thickness of this facies is approximately half a meter.     

Facies 2e: Erosive-based sandstone 

Facies 2e is only appearing in profile 4a. The erosive-based sandstone is located between 

levels 196 and 205 meters (Figure 4.7), with a two-meter thick unit of sandstone with clasts 

(Facies 2a). Four erosive-based sandstone units are observed, and three are represented in 

Figure 4.13. The grain size varies from medium to very coarse sand. At the erosive bases, the 

grain size tends to be coarser. Facies 2e has a light grey to dark grey color. Flute casts are 

observed at the erosive-based sandstone (Figure 4.13).  

Facies 3a: Fine-grained sandstone to shale 

Fine-grained sandstone to shale is observed alternating with conglomerates and small 

sandstone units, within in both profiles (Figure 4.14). Facies 3a are typically fine sand to clay 

and the dominating color is brown. Profile 4a consists of five distinctive units of Facies 3a, 

Figure 4.13: a) Three erosive bases marked with white dashed lines. b) Flute cast observed striking northwards. 
White lines mark an erosive base.   
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while profile 2a comprises of four. Some 

layers are not included in the 

sedimentary log, because they were too 

small, measuring only a few centimeters 

(Figure 4.14).  

Facies 3b: Fine-grained sandstone 
to shale with clasts 

Fine-grained sandstone to shale with 

clasts is only observed in profile 4a 

(Figure 4.15). As in Facies 3a, Facies 3b 

are dominated by grain sizes of very fine sand to shale and the color is brown. Unlike Facies 

3a, Facies 3b consists of clasts with sizes up to 2 cm. The clasts are red quartzites.  

   

Facies 4: Diamictite 

Facies 4 is a diamictite of poorly sorted sediments, consisting of clasts with different shapes 

in matrix supported setting, ranging from angular to sub-rounded. The larger clasts tend to be 

more rounded, while the smaller clasts display more angular features. A wide variety of clasts 

are observed (Figure 4.16). Quartzite, feldspar, granitic and gabbroic clasts has a wide 

spectrum of colors, like green, grey, red and white. The clasts are also observed with different 

intensities. They may be randomly distributed but also close together locally (Figure 4.16). 

Facies 4 is matrix supported, where the matrix is medium to coarse-grained sand with a light 

Figure 4.15: Sharp boundary between fine-grained sandstone to shale and conglomerate. Clasts are observed in 
the fine-grained sandstone to shale units close to the transition to conglomerate. 

Figure 4.14: Very thin fine-grained sandstone to shale layer 
situated between two conglomerate units.  
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to dark grey color. The diamictite at Grønsennknippa is represented as a very thin layer, and 

measures maximum 10 cm. Note that the thickness of diamictite noted in profile 4a (Figure 

4.7) is not the true thickness. If the true thickness had been used, the diamictite layer would 

have been too small to be noticed.  

 

  

Figure 4.16: Diamictite consists of various clast density degrees. Picture a) and b) is from the same area, but b) 
is more close up. Picture c) and d) are taken a few meters north of picture a) and b). c) is an overview picture 
while d) is more close up. The green and red dashed lines represent different densities.      
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4.2.5 Facies association 

Facies association is a set of facies that describes an environmental depositional setting. A 

total of five facies associations were determined. All five are present in profile 4a, while only 

the first three are identified in profile 2a.  

Facies association 1: Massive conglomerate association 

• Clasts supported pebbly sandstone (Facies 1a) 

• Homogenous, structureless sandstone (Facies 2a) 

• Sandstone with clasts (Facies 2b) 

Facies association 2: Conglomerate and sandstone association 

• Clasts supported pebbly sandstone (Facies 1a)  

• Stratified conglomerate with well-rounded clasts (Facies 1b) 

• Homogenous, structureless sandstone (Facies 2a) 

• Sandstone with clasts (Facies 2b) 

• Fine-grained sandstone to shale (Facies 3a) 

• Fine-grained sandstone to shale with clasts (Facies 3b) 

Facies association 3: Sandstone association 

• Homogenous, structureless sandstone (Facies 2a) 

• Sandstone with clasts (Facies 2b) 

• Cross-bedded sandstone (Facies 2c) 

• Plane parallel laminated sandstone (Facies 2d) 

• Erosive-based sandstone (Facies 2e) 

Facies association 4: Pebbly sandstone and conglomerate 

• Clasts supported pebbly conglomerate with angular clasts (Facies 1c) 

• Sandstone with clasts (Facies 2b)  

Facies associations 5: Diamictite 

• Diamictite (Facies 4) 
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Facies association 1: Massive conglomerate association 

FA1 from profile 4a and 2a are dominated by massive conglomerate units (Facies 1a) and 

alternating sandstones (Facies 2a and Facies 2b). The alternating sandstone units are only 

present in profile 4a. Profile 2a is only comprised with this massive sandstone (Facies 1a) in 

FA1.   

The most abundant lithological unit in FA1 is the conglomerate units. This goes for both 

profile 2a and 4a.  

P FA Meter 1a 1b 1c 2a 2b 2c 2d 2e 3a 3b 4 
4a FA1 (1)  24-56 X   X X       

FA1 (2) 118-141 X           
2a FA1 (1) 24-33 X           

FA1 (2) 94-106 X           
FA1 (3) 118-120 X           
FA1 (4) 132-134 X           
FA1 (5) 157-163 X           
FA1 (6) 187-200 X           
FA1 (7) 240-245 X           

 

Profile 4a: FA1 from profile 4a has been observed twice (Table 4.2). The first FA1 is situated 

from level 24 to 56 meters and the second from 118 to 141 meters (Figure 4.7). Both intervals 

are very homogenous, dominated by 1 to 3 cm (phi -5) clasts in a medium matrix. The second 

FA1 shows an increase of clast size at 126.5 meter, going from 1-3 cm  (phi -5) up to 3-6 cm 

(phi – 6). The largest clast observed from FA1 in profile 4a is 28 cm. FA1 are very well 

sorted with well-rounded quartzite clasts being the most abundant. The colors of the clasts are 

dominantly red and are situated in a light grey matrix. The clasts show evidence of pressure 

solution in various extents all over FA1. Clast counting in the conglomerate was performed 

twice, in both the first and the second FA1 (Figure 4.17 and 4.18). Count number 2 (Figure 

4.17) is mostly dominated by clast sizes ranging from 1-5 cm. Count number 3 (Figure 4.17) 

has a more evenly distribution of clasts. Count number 5 and 6 are located within the second 

FA1 in profile 4a (Figure 4.18). Count number 5 resembles count number 3, displaying 

similar distribution. Count number 6 resembles count number 2, in which the dominating 

Table 4.2: Facies association 1 with the belonging facies. 
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grain size is 1-5 cm. FA1 (1) has not any gamma radiation trends, and the typical value is 150 

cps. The second FA1 has great variations in gamma radiation, ranging from 90 cps to 240 cps.      

Sandstone units are only observed from the first FA1 in profile 4a (24 to 56 meters) (Figure 

4.7). There are four sandstone units, where one is homogenous structureless sandstone (Facies 

1a) and the other three are sandstones with clasts (Facies 2b). The first three sandstone units 

are coarse sand, while the last one at 55 meters is medium sand. They are all light grey in 

color.   

Profile 2a: FA1 from profile 2a is very homogenous and the conglomerate units don´t vary 

much. Due to the larger extent of recent vegetation in the area, FA1 appears as several smaller 

conglomerate packages throughout the profile and are thus represented as 7 FA1 units (Table 

4.2). FA1 is the most abundant facies association in profile 2a. The first two FA1 contain 

clasts of approximately 3-6 cm (phi -6). The remaining five FA1 show a decrease in grain size 

and dominated by clasts of 1-3 cm (phi -5). The maximum clast size is 40 cm. Red is the 

typical color of the clasts, but some also appear as grey. The matrix is medium-sized and has 

grey color. Clasts counting number 4, 7 and 8 are performed in FA1 (Appendix G). All three 

are dominated by sizes ranging from 1-6 cm. Counting number 4 has most of the clasts in the 

interval 3-4 cm, while number 7 and 8 have most clasts within interval 1-2 cm. Gamma 

radiation extracted from FA1 has a typical value of 100-150 cps (Appendix F and G).   

Facies association 2: Conglomerate and sandstone association 

FA2 from profile 4a and 2a contains conglomerate units (Facies 1a and 1b), sandstone units 

(Facies 2a and 2b) and fine-grained sandstone to shale units (Facies 3a and 3b). FA2 appears 

three times in profile 4a and two times in profile 2a (Figure 4.7 and 4.8). FA2 appears 

alternating with FA1 in both profiles.  

P FA Meter 1a 1b 1c 2a 2b 2c 2d 2e 3a 3b 4 
4a FA2 (1)  0-22 X    X    X X  

FA2 (2) 56-113 X X  X X    X   
FA2 (3) 141-189 X   X X    X   

2a FA2 (1) 4-24.5 X   X     X   
FA2 (2) 38-68 X    X    X   

 

Table 4.3: Facies association 2 with the belonging facies. 
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Profile 4a: Profile 4a consists of three FA2 (Figure 4.7). The first is observed from level 0 to 

24 meters. The second FA2 is observed from 56 to 114 meters. The last FA2 from profile 4a 

is situated from 141 to 189 meters.  

The conglomerate units (Facies 1a and 1b) are dominated by coarse to very coarse pebbles 

(phi -5 and -6) with matrix varying from medium to very coarse-grained. Quartzite clasts are 

most abundant and have a red color. The matrix has a grey color. The sandstone units (Facies 

2a and 2b) are typically medium to very coarse sand with a grey color. The very fine-grained 

sandstone to shale units has a general grain size like silt (phi 4) and comprises light grey to 

brown color. The very fine-grained sandstone to shale with clasts is only observed in FA2 in 

profile 4a (Table 4.3). Clast counting was performed four times in FA2. One from each FA2 

(1 and 2), and two from FA2 (3) (Figure 4.17 and 4.18). Counting number 1 has a dominating 

clasts size of 2-4 cm. The same goes for counting number 8. Counting number 4 and 7 are 

more evenly distributed. Gamma radiation is very homogenous and display generally higher 

readings compared to FA1. The typical value is between 150 cps to 250 cps.    

FA2 (1) has an upward coarsening trend (Figure 4.7). FA2 (2) show both upward coarsening 

trends and upward fining trends. From level 57 to 77 meters, several conglomerate units have 

an upward fining trend in intervals of two meters, divided by erosive base conglomerates. 

From 77 to 113 meters, upward-coarsening trends are dominating. The upward-coarsening 

trends are generally sandstone to conglomerate transitions, and conglomerate to sandstone 

transitions in the case of upward fining trends. The conglomerate is separated from the 

sandstones as a normal transition and as an erosive base. The sandstones and conglomerate 

are alternating more than FA1. FA2 (3) is also dominated by upward coarsening trends, with a 

lot of alternating units of conglomerates and sandstones. 

Profile 2a: Two FA2 are observed in profile 2a. Profile 2a is comparable to FA2 from 4a, in 

which several upward coarsening units occurs. Unlike FA2 in profile 4a, the conglomerate in 

profile 2a has none erosive bases. Five counting of clasts were performed (Appendix G). They 

are very similar. Counting 1 is a bit more evenly distributed, but the dominant clasts size is 1-

5 cm. Gamma radiation has a great variation without any visible trends. It ranges from 100 

cps to 200 cps (Appendix G).   
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Facies association 3: Sandstone association 

FA3 exists in both profile 4a and 2a. FA3 comprises only sandstones, with facies 2a, 2b, 2c, 

2d and 2e in profile 4a and only facies 2a in profile 2a.  

P FA Meter 1a 1b 1c 2a 2b 2c 2d 2e 3a 3b 4 
4a FA3 (1)  189-212.5    X X X X X    

FA3 (2) 0-5*    X        
FA3 (3) 6-8*    X        

2a FA3  255-265    X        
 

Profile 4a: FA3 appears three times in profile 4a. FA3 (1) is situated from level 189 to 212 

meters and has a typical upward coarsening trend, while FA3 (2) is situated along with the 

diamictite (Figure 4.7) (Table 4.4). The grain size varies from medium to very coarse-grained 

sand in FA3. Several erosive bases can be found, along with sedimentary structures, such as 

cross-stratification and parallel laminated stratification in FA3 (1) (Table 4.4). Homogenous 

structureless sandstone is dominating FA3 (2 and 3). The gamma radiations are typical higher 

than FA1 and FA2. FA3 (1) has an increase in counts per second, from 125 cps up to 250 cps. 

250 cps is also the average value from FA3 (2 and 3) (Figure 4.17 and 4.18).  

Profile 2a: FA3 is the last facies association included in profile 2a. It is 10 meters thick, with 

a slightly upward fining trend. Homogenous structureless sandstones dominate FA3 in profile 

2a. One gamma reading was performed in this sandstone with a value of 190 cps (Appendix F 

and G).       

Facies association 4: Pebbly sandstone and conglomerate 

FA4 is only observed in profile 4a, from level 248 to 274 meters (Figure 4.7, Table 4.5). It 

consists of a conglomerate unit (Facies 1c) and sandstones units (Facies 1b). The sandstones 

are varying from medium to very coarse sand and show both upward coarsening and upward 

fining trends. At 268 meters an erosive base with medium sorting granular clasts (phi -2) is 

observed. The conglomerate layer is situated in the sandstone and has a clast/matrix ratio of 

50/50. 

Table 4.4: Facies association 3 with the belonging facies. 
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P FA Meter 1a 1b 1c 2a 2b 2c 2d 2e 3a 3b 4 
4a FA4 (1)  189-212.5   X  X       
 

Four clast-countings were performed in conglomerate 2 (Facies 1c). Conglomerate 2 has very 

evenly distributed clast sizes. The dominating size is 2 to 4 cm (Figure 4.18). Three gamma 

radiation measurements were also performed in FA4. Two of the measurements were done in 

facies 2b, with a value of c. 175 cps. Gamma radiation in conglomerate 2 was a higher and 

measured 225 cps (Figure 4.18).        

Facies association 5: Diamictite 

FA5 is the smallest of the five and is only observed in profile 4a. The diamictite is poorly to 

moderately sorted, with angular to sub-rounded clasts. The clasts are typically 1-3 cm (phi -5) 

and both compositions and color varies.  

P FA Meter 1a 1b 1c 2a 2b 2c 2d 2e 3a 3b 4 
4a FA5 (1)  5-6*           X 

 

Four clast–countings were done in the diamictite (Facies 4). The results are more diverse 

compared to conglomerate 2 (Facies 1c), and differ a lot in clasts present within the counting 

field of 50x50 cm. The average clast size is between 1-3 cm. Gamma radiation is 200 cps 

(Figure 4.18).  

  

Table 4.5: Facies association 4 with the belonging facies. 

Table 4.6: Facies association 5 with the belonging facies. 
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Figure 4.17: Part 1 of profile 4a. Every sample recovered is presented in the sample coloum. Bold letters=thin section, bold and 
italic letters=thin section (clasts). Circular diagrams represent clast sizes from 0 to >10. Numbers within circular diagrams 
represent the amount of counts. Gamma radiation mesured in counts per second and marked with red dots. F=Fossils.   
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Figure 4.18: Part 2 of profile 4a. Figure description is given in part 1 (Figure 4.17).  
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4.3 Laboratory results 
The following chapter includes results from laboratory analyses. The laboratory work 

comprises: 

• Thin section analysis and point counting  

• X-ray diffraction results 

• X-ray fluorescence results 

• Scanning electron microscope (SEM) analysis 

• Geochemical analysis of sericite (EMP) 

• Palynological analysis 

• Heavy minerals analysis  

Laboratory results are sorted according to the facies and their combined lithologies (Table 

4.7). 

Facies  Group Color code 
1a-1b-1c  Conglomerate Yellow 

2a-2b-2c-2d-2e Sandstone Red 
3a-3b Fine-grained sandstone to shale  Green 

4 Diamictite Blue 
 

4.3.1 Thin section analysis and point counting 

Results of thin section observations and point counting will be presented in the chapter based 

on the description in Appendix A. The minerals found in the thin sections are divided in two 

groups. The most abundant minerals are referred to as first order minerals, while minerals 

represented in lower amounts are second order minerals.  

Table 4.7: Laboratory results are presented based on the major facies. In some figures in chapter 4.3, the color 
codes represent the different groups. 
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Conglomerate 

Most of the thin sections from profile 4a and 2a are extracted from the conglomerate matrix, 

and especially conglomerate 1 (Facies 1a and 1b). Conglomerate 2 (Facies 1c) is only 

observed as a thin layer in profile 4a. Due to the high conglomerate content on 

Grønsennknippa, this lithology is of great importance. Profile 4a has more conglomerate 

matrix thin sections than profile 2a. Profile 2a has more clast thin sections compared to profile 

4a. 

Quartzite clasts 

Quartzite clasts are the most abundant clasts found at Grønsennknippa (Appendix A) (Figure 

4.19). Polycrystalline quartz grains are dominating these clasts. Sericite appears in some grain 

contacts, and minerals like feldspars, opaque, epidote, titanite and zircon exist locally in low 

amounts. All the quartz grains are undulatory.   

Shale clast 

GRØ-4a-37-17 is a shale clast, and it is matrix dominated. Sericite is the dominant mineral 

along with opaque minerals. The matrix appears black and is very fine-grained. Veins of 

polycrystalline undulatory quartz are cutting through the matrix randomly (Figure 4.19).    

Gabbro clast 

GRØ-2a-12c-17 is a gabbro clast. Sericite is dominating, with pyroxene (from siroquant), 

quartz (from siroquant), epidote, opaque minerals and actinolite as secondary minerals. 

Quartz appears as polycrystalline quartz and actinolite is recognized with the fibrous/needle 

structures (Figure 4.19).  

Feldspar clast 

The feldspar clast is collected from conglomerate 2 (GRØ-4a-49f-17) and is dominated by 

feldspars grains, especially K-feldspars with tartan twinning. Quartz is cutting through the 

feldspar as polycrystalline veins, and sericite is located as a thin line in the grain contacts. The 

feldspars are very well preserved.  
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Matrix in conglomerate 

Profile 4a: Conglomerate thin sections recovered from profile 4a display many homogenous 

features. All samples but one are grain supported. This sample (GRØ-4a-36-17) has a 50/50 

grain-matrix ratio. The ten largest grain sizes vary from 0.64 mm to 2.24 mm. The average 

grain size recovered from counting of 100 points is medium sand, with an average number of 

0.43 mm. The grain shape of the matrix is sub-angular to sub-rounded, and the grains are 

poorly sorted (Appendix A).  

Quartz, K-feldspar, plagioclase and sericite are the most abundant minerals in the 

conglomerate matrix (Appendix A). Opaque minerals and rock fragments are also classified 

as first order minerals. Quartz appears as undulatory and mostly monocrystalline, but 

polycrystalline quartz is also observed in the conglomerate thin sections. Veins of 

polycrystalline quartz are observed. Plagioclase grains tend to be smaller than the K-feldspar 

Figure 4.19: a) Quartzite clast (GRØ-4a-5-17). b) Shale clast (GRØ-4a-37-17). c) Gabbro 
clast (GRØ-2a-12c-17). d) Feldspar clast (GRØ-4a-49f-17). 
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grains. Feldspars can be detected by their characteristic twinning feature. The most common 

feldspar twinning observed in the thin sections is tartan twinning (K-feldspar) and 

polysynthetic twinning (plagioclase) (Figure 4.20). Perthite, mesoperthite and antiperthite do 

also exist in the samples, but in much lower amount. The grains appear to be floating in a 

sericite enriched matrix (Figure 4.20). The sericite can be located in grain boundaries and they 

also appear “eating its way” into other minerals and filling up fractures. In the feldspars, and 

especially plagioclase, the sericite can be located in micro-pores. Tangential and long grain-

to-grain contacts are the most dominate in the conglomerate matrix, but sutured and concave-

convex contacts are also observed (Figure 4.21). GRØ-4a-36-17 has grain-matrix ratio of 

50/50, and differs from the grain-supported samples in which they have less grain contacts.  

Epidote, titanite, rutile, zircon and muscovite, are the most common secondary minerals. In 

addition, some minerals such as garnet and biotite can be found. As mention previously, rock 

Figure 4.20: a) General overview of grain supported conglomerate matrix from GRØ-2a-25-17. b) Two hematite 
seams from GRØ-2a-25-17 c) Polysynthetic and tartan twinning from GRØ-4a-6-17. d) Chlorite from GRØ-2a-
3-17.  
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fragments (Figure 4.22) and opaque minerals are sometimes classified as first order minerals, 

but for the most part they appear as secondary minerals. Opaque minerals (hematite from 

SEM and XRD) are observed as clusters and as veins (Figure 4.20). The veins of opaque 

minerals tend to be parallel along one axis. Opaque minerals are also surrounding quartz 

grains. GRØ-4a-6-17 obtains larger areas of opaque with quartz grains situated within.  

GRØ-4a-49g-17 represents the matrix of Facies 1c. This conglomerate is also referred to as 

conglomerate 2. The matrix is grain supported, with an average grain size of 0.39 mm 

(medium sand) obtained from 100 measurements. The average of the ten largest grains is 1.58 

mm. Grain shape and sphericity is sub-angular to sub-rounded and high, respectively. The 

dominating minerals do not differ from conglomerate 1, and quartz appears undulatory and 

mostly monocrystalline. Feldspars display variations in both alteration and twinning 

structures. Tartan, polysynthetic, perthite are observed. Titanite twinning is also detected. 

Sericite behaves in the same matter, as in conglomerate 1. Tangential, concavo-convex, long 

and sutured contacts are observed. Second order minerals are epidote, muscovite opaque, 

titanite and rock fragments (Appendix A).  

Profile 2: Conglomerate from profile 2a has several similar characteristics as conglomerate 

from profile 4a. The grain size varies from medium to coarse grained and the shape and 

sphericity are sub-angular to sub-rounded and medium to high respectively. The sorting of 

grains is ranging from poor to well, but poor dominantly (Appendix A). First and secondary 

Figure 4.21: Visual examples of grain contacts from GRØ-2a-32-17.  
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minerals are similar to profile 4a as well as the quartz appearance and twinning appearance in 

feldspars. GRØ-4a-3-17 is the only sample containing chlorite (Figure 4.20). Grain contacts 

also resemble profile 4a. The biggest difference from profile 4a is that some thin sections can 

be divided in two parts, one grain dominated and one matrix dominated (Appendix A). These 

contacts are very sharp with high concentration of hematite situated close to the contact 

(Figure 4.24).   

Point counting results – Conglomerate matrix 

Seven matrix samples from profile 4a and four samples from profile 2a were point counted. 

Point counting results from the conglomerate in profile 4a and 2a have an abundance of 

quartz, feldspars and sericite, with a varying degree of rock fragments and opaque minerals. 

Quartz has an average percentage of 38.43% (Profile 4a) and 36.44% (Profile 2a) (Appendix 

B). There are not any distinctive trends upwards in the profiles. K-feldspar and plagioclase 

have average percentages of 11.54% and 3.71% (Profile 4a) and 12.75% and 1.44% (Profile 

2a) respectively (Appendix B). The sericite is very abundant in the conglomerate matrix, with 

percentages of 38.89% (Profile 4a) and 38.88% (Profile 2a). The conglomerate matrix 

samples recovered from profile 4a and 2a do vary a lot in terms of sericite, but the variations 

do not display any trends upward in the profiles (Appendix B).  

K-feldspar and plagioclase alteration was counted. The alteration degree of K-feldspar and 

plagioclase is generally high, between 4 and 5 on the alteration degree scheme (Figure 3.6). 

There is not a distinctive trend and the average value of K-feldspar alteration is 4.39 (Profile 

4a) and 4.61 (Profile 2a). Plagioclase alteration has an average value of 4.48 (Profile 4a) and 

4.56 (Profile 2a). The degree of alteration is a bit higher in profile 2a compared to profile 4a 

(Appendix B). 

Sandstone 

Nine sandstone samples from profile 4a and one from profile 2a were optically analyzed. The 

sandstone group comprises Facies 2a to 2e and most of the samples from both profile 4a and 

2a are located above conglomerate 1.  

Profile 4a:  Thin sections from the sandstones are, like the conglomerate, very homogenous. 

All sandstone samples from profile 4a are grain supported. The ten largest grains have an 

average of 1.88 mm. The overall average grain size of the sandstones, obtained by counting of 
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100 grains, is 0.49 mm (medium sand). The shape ranges from angular to sub rounded, but 

sub-angular to sub-rounded is the most common. The grain sphericity is high and they 

comprise a moderate to poor sorting (Appendix A). The first sandstone sample located in FA3 

and sample GRØ-4a-46-17, have an upward coarsening trend. Grains appear in some cases, 

slightly oriented/elongated parallel to bedding.  

Dominating minerals are quartz, sericite, K-feldspar and plagioclase, similar to the 

conglomerate. Opaque minerals are characterized as a first order mineral in GRØ-4a-17-17, 

which is a sandstone sample situated in between conglomerates. Quartz grains are dominantly 

monocrystalline, but do also appear as polycrystalline. They show undulatory characteristics. 

Feldspars display large variations in alteration, but they appear mostly highly altered. K-

feldspar tends to be more easily detectable than the plagioclase, due to the bigger grains and 

more visible twinning (Figure 4.23). Polysynthetic twinning and tartan twinning are found in 

every sample. Perthite and mesoperthite are also found in most of the sandstones. GRØ-4a-

40-17 and GRØ-4a-43-17 do also contain antiperthite. Grains are floating in a matrix of 

sericite, similar to the conglomerate matrix and the sericite is bent/squeezed around grains 

(Figure 4.23). Tangential, long, concavo-convex and sutured contacts are common, with 

sericite observed in grain contacts.  

Figure 4.22: Rock fragments from both sandstone (a) and conglomerate (b). Both are dominated by quartz and 
plagioclase.  
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Rock fragments, opaque minerals, epidotes, titanites, zircons appear in all sandstone samples. 

Other second order minerals, observed in smaller amounts are muscovite, biotite, garnet and 

rutile. Rock fragments are primarily clusters of quartz, plagioclase and sometimes opaque 

packed together (Figure 4.22). Opaque minerals are observed as clusters or seams parallel to 

bedding in GRØ-4a-52-17.  

Profile 2a: GRØ-2-10-17 is the only thin section that represents sandstone from profile 2a. 

The sandstone is grain supported and much coarser than the average sandstones in profile 4a. 

The average size of the 10 largest grains is 2.838 mm, and the average grain size of 100 grains 

is 0.627 (coarse sand). The sample is poorly sorted and comprises angular shaped grains with 

high sphericity (Figure 4.23).  

Figure 4.23: a) Titanite twinning from GRØ-4a-43-17. b) Overview of the sandstone in CPL in 
GRØ-2-10-17. Plagioclase is very poorly preserved compared to K-feldspar and quartz. c) Sericite 
is flowing around grains and in grain contacts (GRØ-4a-44-17) d) Zircon situated within a quartz 
grain (GRØ-4a-39-17). 



 
 

71 

Mineral assemblages are similar to the sandstones from profile 4a and the same grain contacts 

and feldspar twinning is observed in profile 2a.  

Point counting results – Sandstone  

Six samples from profile 4a and one sample from profile 2a were point counted. Quartz is the 

abundant mineral with average percentages of 40.29% in profile 4a and 38% from sample 

GRØ-2-10-17 in profile 2a. The average percentages of K-feldspar and plagioclase from 

profile 4a are 15.92 and 4.17 respectively. GRØ-2-10-17 contains a percentage of 16% (K-

feldspar) and 1.75% (plagioclase). The sericite percentages are lower compared to the sericite 

situated in the conglomerate matrix. It is 31.08% (Profile 4a) and 32% (GRØ-2-10-17) 

(Appendix B).  

Feldspar alteration is lower in the sandstone compared to the conglomerate matrix. The values 

are still ranging between 4 and 5 and thereby poorly preserved (Figure 3.6). There are not any 

distinctive trends in the alteration degree of K-feldspar and the average value is 4.0. 

Plagioclase is no different, and the average alteration of plagioclase is 4.36. Alteration value 

from GRØ-2-10-17 (Profile 2a) has higher values of K-feldspar alteration (4.1) and much 

lower plagioclase alteration (3.43) compared to the average of profile 4a (Appendix B).  

Fine-grained sand to shale 

Fine-grained sandstone to shale is represented by four samples analyzed in thin section. Two 

samples represents each of profile 4a and 2a. They are all located in FA2, in between 

conglomerate layers or sandstone layers. 

Profile 4a: Samples of fine-grained sandstone to shale recovered from profile 4a are very 

homogenous in the thin sections. Both are matrix supported. 100 grains were not possible to 

count, but the ten largest grains were manageable. The average grain size of the ten largest 

grains is 0.35 mm, and an increase of the largest grain sizes are observed upwards in the 

profile (GRØ-4a-1-17 to GRØ-4a-18-17). The grains consist of a sub-rounded shape with a 

moderate to high sphericity. The sorting varies from well-sorted grains in GRØ-4a-1-17 to 

more poorly sorted grains in GRØ-4a-1-8-17.  

First order minerals are sericite, quartz and opaque minerals. Due to the high content of 

sericite, grain-contacts are less abundant and the grains appear to be floating in the matrix 
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(Figure 4.24).  However, long grain contacts are observed, as well as concavo-convex, sutured 

and tangential. Quartz is dominantly undulatory, and was observed as monocrystalline and 

polycrystalline. Veins of undulatory quartz are located in GRØ-4a-18-17. Opaque minerals 

appear as elongated seams pointing in the same direction in GRØ-4a-1-17 and as elongated 

veins, parallel to bedding in GRØ-4a-18-17.  

Second order minerals comprise K-feldspar, plagioclase, zircon, biotite and epidote. The 

feldspars are discovered as polysynthetic twinning and tartan twinning. Perthite twinning is 

also observed in GRØ-4a-18-17. There is a varying degree of feldspar alteration, and the 

Figure 4.24: a) Many of the samples from profile 2a are both grain supported and matrix suported. The contact 
between these two are very sharp with high amounts of opaque minerals situated close to the contact (GRØ-2a-
10-17). b) Grains are situated parallelly (GRØ-4a-18-17) c) Fine-grained sandstone to a sandy shale (GRØ-2a-
19-17). 



 
 

73 

grains are smaller compared to the quartz grains.  

Profile 2: Fine-grained sandstone to shale samples recovered from profile 2a consists of very 

few grains. The average size of the ten largest grains in GRØ-2a-19-17 is 0.75 mm.  

Sericite is the dominating mineral in both samples. Due to the small amount of grains in the 

samples, these are classified as second order minerals. Quartz, epidote, opaque and biotite are 

observed in GRØ-2a-6-17, but the sample is heavily sericitized. Quartz, muscovite, biotite, 

epidote, plagioclase, K-feldspar, garnet and zircon are observed in GRØ-4a-19-17. Quartz 

appears mostly as polycrystalline veins and the feldspars are detected based on twinning, such 

as tartan, perthite and polysynthetic twinning.  

Point counting was not performed on fine-grained sandstone to shale samples.               

Diamictite 

Diamictite matrix 

Three samples from the diamictite matrix were analyzed in thin section. GRØ-4a-54-17 and 

GRØ-4a-58-17 are both grain supported, while GRØ-4a-58b-17 displays an about 50/50 

grain-matrix ratio. The average grain size of the ten largest grains is 1.48 mm and the average 

grain size of 100 measurements is 0.35 mm, which represents medium sand in the diamictite 

matrix. Samples are recovered from the same layer of 10 cm, and grain size trends are 

Figure 4.25: a) Overview of the diamictite in thin section from GRØ-4a-58b-17. b) Tangential contact, causing 
sericite to be squeezed away from the contact (GRØ-4a-58-17).  
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therefore not possible to distinguish. Grains in the diamictite matrix consist of a sub-angular 

shape and a moderate to high sphericity. The grains are moderately to poorly sorted.  

The dominating framework minerals are quartz, sericite, K-feldspar and plagioclase. All 

quartz grains are undulatory, and monocrystalline quartz is most abundant. Polycrystalline 

quartz was also observed. The feldspars display various degree of alteration, and tartan, 

polysynthetic and perthite twinning exist in all of the diamictite matrix samples. Similar to the 

rest of the samples at Grønsennknippa, the matrix is dominated by sericite. Sericite is located 

around grains and even in the grain contacts. Tangential, sutured, concavo-convex and long 

contacts are observed. Sericite appear to be “squeezed” in the grain contacts, especially 

tangential contacts (Figure 4.25).  

Second order minerals observed in all three samples are muscovite, titanite, epidote, opaque 

minerals, rock fragments and zircon. In addition, rutile, garnet and biotite are observed in 

GRØ-4a-58b-17. GRØ-4a-58b-17 comprises a zone of larger grains in the middle with 

decreasing grain size trend away from the center. Veins of opaque minerals are observed in 

this particular thin section.   

Point counting 

Only one sample from the diamictite was point counted (GRØ-4a-58b-17). The dominating 

mineral was sericite with 50% of 

400 points. The sericite 

percentages are much higher in 

GRØ-4a-58b-17 compared to the 

average conglomerate and 

sandstone percentages of sericite. 

The sample consists of 24.50% 

quartz, 13.25% K-feldspars and 

4.00% plagioclase obtained from 

point counting.        

 
Figure 4.26: QFL-plot generated from point counting of samples 
from profile 4a (red dots) and profile 2a (blue dots). The majority of 
samples are situated in the arkosic field. 



 
 

75 

QFL plot 

Results from point counting are plotted in a QFL-plot. Figure 4.26 show that the majority of 

the samples that were counted are situated in the arkosic section. Both profile 4a and 2a 

display very similar results.  

4.3.2 X-ray diffraction 

XRD-data were analyzed with Siroquant to quantify the composition of the samples in weight 

percent. There are four minerals that are dominating the composition in profile 4a as well as 

in profile 2a. These are quartz, K-feldspar, plagioclase and mica. Mica is mostly represented 

by the fine-grained sericite. The last mineral included in XRD-results is hematite. The results 

can be found in Appendix C.   

Conglomerate 

XRD results from the conglomerate matrix belong to three facies (1a, 1b and 1c) and the 

analysis has only been executed on the matrix of the conglomerate. The conglomerate 

represents both conglomerate 1 (1a and 1b) and conglomerate 2 (1c).  

Profile 4a: Quartz is the dominating mineral from the conglomerates in profile 4a. The weight 

percent of quartz in conglomerate 1 is varying from 40.10% to 46.20%, with an average 

weight percent of 42.97%. The K-feldspar has a slightly increase in weight percent upwards 

in profile 4a and contain an average of 15.44%. Plagioclase has not any distinctive trend in 

weight percent, but the highest values are close to the base of profile 4a (GRØ-4a-8b-17).  

The average value of plagioclase is 16.40%. Mica values vary from 20.30% to 30.60%, and 

the average is 22.88%. Mica shows a slightly decrease upwards in the profile. The estimates 

of hematite are very low, with an average of 1.76%. Hematite shows a slightly decrease in 

weight percent in conglomerate 1 in profile 4a.  

Conglomerate 2 displays higher values of quartz (46.00%) and K-feldspar (18.30%), and 

lower values of plagioclase (14.90%), mica (19.90%) and hematite (0.90%) compared to the 

average weight percent from conglomerate 1.  

Profile 2a: In profile 2a, only samples from conglomerate 1 have been analyzed. The samples 

are less homogenous compared to profile 4a, and many of the samples consist of both matrix 
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and shale pockets, which contaminates the XRD results. The minerals have much greater 

variation in weight percent. Quartz is the dominating mineral and ranges from 21.40% to 

70.50%. The average is 41.80%. K-feldspar has an average weight percent of 14.31%. There 

are not any distinctive trends in the K-feldspar values. Plagioclase displays higher values 

closer to the base of profile 2a, but varies greatly. The lowest percent is 4.40% and the highest 

is 37.60%. The average is 19.60%. Mica has an average of 20.65% and displays not any 

particular variation trends. Hematite appears in a higher content, compared to profile 4a, and 

the average weight percent is 3.70%. 

Sandstone 

Sandstones from profile 4a comprise nine samples that were analyzed with XRD. Only one is 

represented in profile 2a. The sandstones display much of the same weight percentages as the 

analyzed conglomerate matrix.  

Profile 4a: Quartz is the most dominant mineral in the sandstones recovered from Profile 4a. 

The quartz content is very homogenous, and varies with only few weight percent. The average 

is 43.50%. The K-feldspar has a slightly increasing trend upwards. The average is 21.41%. 

The plagioclase content has no distinctive trend and the average is 16.90%. The average mica 

content is 17.81%, but there is a large drop in weight percent at GRØ-4a-60-17, which affect 

the average mica value. Excluding GRØ-4a-60-17, the average sandstone value is 19.65%. 

Hematite content is significantly lower in the sandstones compared to the conglomerate 

matrix. The average is 0.41%.  

Profile 2a: GRØ-2-10-17 is the only profile 2a sandstone sample analyzed by XRD from 

Profile 2a. Quartz is the dominant mineral with 31.50%. K-feldspar and plagioclase has a 

weight percent of 24.10% and 15.80% respectively. Mica is 28.40% and hematite is 0.20%. 

Due to the limited analyzed samples, no trend can be observed. When comparing GRØ-2-10-

17 with sandstones from profile 4a, quartz and mica show the greatest difference. Quartz from 

profile 2a has 12% lower weight percentage compared to the sandstone values from profile 

4a. Mica on the other hand has a 10% higher weight percentage compared to the average 

sandstone values from profile 4a.   
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Fine-grained sand to shale 

XRD analysis was done on three, fine-grained sandstone to shale samples in profile 4a. GRØ-

2a-19-17 is the only fine-grained sandstone to shale sample in profile 2a that were quantified. 

However, GRØ-2a-12-17 and GRØ-2a-10-17 are samples containing both matrix from 

conglomerate and more fine-grained material. These samples are considered in the 

conglomerate subchapter.  

Profile 4a: Fine-grained sandstone to shale differs from the conglomerate and sandstones in 

which mica is the dominant mineral. The average weight percent is 41.97%. This number 

would be even higher if GRØ-4a-1-17 were excluded. Quartz shows an average percentage of 

32.90%. K-feldspar and plagioclase contain quite similar average values, 11.13% and 11.86% 

respectively. These values are generally lower than the weight percentages of the 

conglomerates and sandstones. Hematite does also display higher values in the fine-grained 

sandstone to shale, compared to the conglomerates and sandstones.  

Profile 2a: The single fine-grained sandstone to shale sample from profile 2a has some 

similar weight percentages as those of profile 4a. Mica is the dominating mineral with a 

weight percentage of 52.20%. There is no hematite in GRØ-4a-19-17, and quartz values are 

much lower. Quartz has a weight percent of 17.80%. The feldspars from 2a show no similar 

trends as 4a. The K-feldspar value is 21.30%, while plagioclase value is 8.70%.   

Diamictite 

The diamictite is restricted to profile 4a. Three samples were analyzed by XRD. Quartz is the 

dominating mineral in the diamictite with an average of 37.60%. The content of mica has a 

weight percent average of 22.83%. One of the three samples recovered from the diamictite 

differs from the two others in terms of quartz and mica content. GRØ-4a-54-17 has the 

highest quartz value, but the lowest mica value. GRØ-4a-58b-17 shows opposite results. It 

contains the smallest amount of quartz, but the highest amount of mica. K-feldspar has an 

average of 24.13% and plagioclase has an average of 15.13%. Hematite is only present in one 

of the samples (GRØ-4a-58b-17), but the weight percent is very low.  
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QFP-diagrams 

The relationship between quartz, K-feldspar and plagioclase are plotted in a triangular plot 

(QAP-plot) based on the mineral quantification of XRD results (Figure 4.27).  

Profile 4a: Profile 4a is very homogenous with XRD situated in the middle of the triangular 

plot. The greatest variations in QAP-values are the conglomerate samples marked with yellow 

dots. The conglomerate has generally lower values of K-feldspar compared to sandstones and 

diamictite. Sandstones marked in red dots are very concentrated, and the same are two of the 

samples in diamictite. One diamictite sample differs from all the other samples with lowest 

values of quartz and highest values of K-feldspar.  

Figure 4.27: QAP-plot. Samples from the fine-grained 
sandstone to shale are not included. a) XRD results from 
profile 4a. The red field displays the diversity of the 
results. b) XRD-results from profile 2a. The blue field 
displays the diveristy of the results. 
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Profile 2a: Profile 2a has much more diverse QAP-values. The conglomerate has generally 

lower K-feldspar values than the sandstone, which is similar to profile 4a. The sandstone 

sample resembles the sandstones from profile 4a, but has a little higher K-feldspar value.    

Summary of XRD results 

Summary of the XRD-results is presented in Figure 4.28. The quartz values do not vary a lot 

in composition upward in the profiles. The largest variation is in the feldspars. K-feldspar is 

increasing upward in the profiles while plagioclase is decreasing upward in the profiles. 

Profile 4a has the highest values of mica closest to the base and has a weak decreasing trend 

upward in profile 4a. Mica from profile 2a has not any distinctive trends. Hematite has similar 

trends in profile 4a as the mica. The highest values are close to the base with a weak decrease 

upward. The comparison with the thin sections and XRD analysis will be presented in the 

discussion.   
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4.3.3 Major element geochemistry analysis with XRF 

Ten samples from profile 4a were chosen for XRF analysis (Appendix D). The results were 

quite homogenous. The dominant chemical compositions of the samples are SiO2, Al2O3, 

Fe2O3 and K2O. SiO2 is the major component with an average of 72.05%. Al2O3 displays the 

second highest values. The average Al2O3 value is 13.14%. Fe2O3 and K2O have an average 

of 3.14% and 4.92% respectively. Two samples differ from the rest. GRØ-4a-36-17 and 

GRØ-4a-58b-17 have lower SiO2 values, but higher Al2O3 and K2O values.  

XRF-data were plotted as chemical index of alteration (CIA)-plots in order to look at the 

degree of alteration in profile 4a, but no distinctive trend was seen. Upwards the CIA-value 

switches between 58 and 63 (Figure 4.29).  

XRF-data were also plotted as cross-plots. In one plot a cross-plot of (Fe2O3/K2O) vs. 

(SiO2/Al2O3) is presented (Figure 4.30). The other plot is similar, except Fe2O3 is switched 

with Na2O on the y-axis.  Most of the samples are situated in the field of arkoses. There are 

two samples that differ from the others and that are GRØ-4a-36-17 and GRØ-4a-58b-17. The 

difference is due to their lower SiO2 value and higher Al2O3 and K2O values. These two 

samples have a 50/50 grain-matrix ratio (Appendix A), which means that GRØ-4a-36-17 and 

GRØ-4a-58b-17 consists of fewer grains compared to the matrix, than the other analyzed 

samples.   

Figure 4.29: CIA-values plotted in a triangular-plot and in CIA vs height of profile 4a. The samples are 
compacted and consist of little diversity. There are not any distincitve trends up-section.  
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4.3.4 Scanning electron microscope 

13 samples were examined by scanning electron microscope (SEM). Five samples from the 

conglomerates, three samples from the sandstones and two samples from the diamictite. In 

addition, two clast samples from the conglomerates and one sample from the gabbro below 

the sedimentary rocks.   

Figure 4.30: Cross-plots of the XRF-results. The difference between these 
plots are the changes in components on the y-axis. GRØ-4a-36-17 and 
GRØ-4a-58b-17 differ from the rest, and consist of 50/50 grain-matrix ratio 
and contain less grains compare to the other samples. They are positioned 
outside the arkosic field in the cross-plots. GRØ-4a-36-17 and GRØ-4a-
58b-17 are positioned in the wacke field in the cross-plot with Fe2O3 on the 
y-axis.    
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Conglomerate 

Five conglomerate samples were examined in SEM. Three samples from profile 4a and two 

samples from profile 2a. Feldspars were studied in detail. The feldspars have not any internal 

variations in chemical composition and overgrowth was not observed (Figure 4.31).  

K-feldspar grains appear better preserved compare to plagioclase grains. K-feldspar grains 

appear both homogenous and with perthite lamellas of sodium-rich plagioclase (albite). Albite 

grains are homogenous and some contain micro-pores with sericite infill (Figure 4.32). 

Sericite is, in some cases, filling the perthite lamellas in K-feldspars as well. A low amount of 

calcium-rich plagioclase (anorthite) is also detected in SEM.  

Heavy minerals present in the conglomerate are titanite, epidote, rutile, iron oxides (hematite 

and magnetite), apatite, zircons and garnet. Manganese-rich ilmenite is also present in the 

conglomerate samples. 

Figure 4.31: Line scan of K-feldspar (left) and plagioclase (right). Both are very homogenous across the grain. 
The plagioclase are represented with two grains with sericite in between. This is shown with drop in silica, 
oxygen and sodium, and increase in aluminum and potassium. The SEM images are from GRØ-2a-32-17. 
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Sericite is the dominating matrix mineral in all the grain-supported samples. The fine-grained 

crystals are not more than 5 to 10 micrometers. The crystals are oriented randomly, often in a 

flower-like structure (Figure 4.33).     

Figure 4.32: a) SEM picture of albite, sericite, titanite and hematite. b) Potassium and sodium map of the same 
picture. The red color (Na) represents the plagioclase (albite). The plagioclase is seen as both grains and being  
heavily alterd with no distinctive borders. The yellow color represents sericite. The sericite is flowing around 
grains and appears in the micro-pores of the squared plagiolcase grain. The images are from GRØ-2a-15-17. 

Figure 4.33: Fine-grained sericite randomly distributed. Sericite is the dominating matrix-mineral in all samples 
from Grønsennknippa. Image is from sample GRØ-4a-11b-17. 
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Sandstone 

Three sandstone samples from profile 4a were examined in SEM. Feldspars, epidote and 

titanite were studied in detail. The feldspar grains studied had not any overgrowth or zonation. 

Both plagioclase and K-feldspar are very homogenous. Perthite lamellas with sodium rich 

plagioclase are abundant in the K-feldspars (Figure 4.34). The perthite lamellas are irregular, 

appearing both in high and low amounts. Sodium-rich plagioclase is not restricted to lamellas 

in K-feldspars. Albite appears as grains, but shows a greater alteration/fracturing degree than 

the K-feldspar grains. Additionally, K-feldspar grains are more rounded compared to the 

albite grains. Sericite (Figure 4.33) is dominating the matrix and appears around grains and in 

between grain contacts. The feldspars, and especially plagioclase, are in many cases “eaten” 

by sericite. Titanite and epidote are detected in sandstones. Epidote grains and titanite grains 

are both showing overgrowth with a thin layer of epidote and titanite respectively. Epidote 

and titanite appear as single grains, as well as a mixture with other minerals, such as quartz 

and heavy minerals. The overgrowth rims have a slightly different mineralogy compared to 

Figure 4.34: a) Quartz is the biggest grains and also the most robust. b) Potassium chemical map displays two 
minerals, the sericite and K-feldspar. The sericite can be distinguished from K-feldpsar by its more diffuse pink 
color. c) There is lower amounts of plagioclase compared to K-feldpar. Plagioclase appears as albite lamellas in 
the K-feldspar grain in the center.     
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the host grain.  

Heavy minerals identified were iron oxide, zircon, apatite, garnet and manganese-rich 

ilmenite. The iron oxides appear as grains, but are also situated at the boundary of larger 

grains.  

Diamictite 

Two samples from the matrix of diamictite have been examined in SEM. The feldspars have 

comparable composition as in the sandstones. The K-feldspar appears as grains, with and 

without perthite lamellas of sodium-rich plagioclase. K-feldspars grains appear more rounded 

and consistent compared to albite grains. Albite grains appear more fractured with an 

inconsistent outer boundary. Sericite is observed filling in empty spaces in the plagioclase. It 

contains fine-grained crystals with random orientations.  

Titanite and epidote is acting in the same way as in the sandstone. They consist of overgrowth 

of the same mineral, with some small chemical variations. Garnet grains are also consisting of 

Figure 4.35: a) Titanite overgrowth in sandstone. b)c) Epidote overgrowth in sandstone. The grain is euhedral. 
Images are from sample GRØ-4a-17-17 
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garnet overgrowth in diamictite. The overgrowth consists of more iron compared to the host 

grain. The same goes for epidote overgrowth. Titanite overgrowth has a higher amount of 

calcium and lower amount of iron in the overgrowth, compared to the host grain.  

Heavy minerals identified with SEM are iron oxide, manganese-rich ilmenite and apatite. 

They appear together and as single grains.  

4.3.5 Geochemical analysis of sericite 

Six samples were chosen for detailed electron microprobe analysis of sericite. Four samples 

from profile 4a and two samples from profile 2a. An average of several point analyses were 

generated from each sample. Results can be found in Appendix E. 

Profile 4a is represented by 4 samples. Twelve points were analyzed on samples GRØ-4a-18-

17 and GRØ-4a-39-17, while 15 points were analyzed on samples GRØ-4a-4-17 and GRØ-

Figure 4.36: a) Titanite overgrowth with higher amounts of calcium compared to the host grain. b) Epidote 
overgrowth with higher amounts of  iron compared to the host grain. c) Garnet overgrowth with higher amounts 
of iron compared to the host grain. Images are from sample GRØ-4a-58b-17. 
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4a-58b-17. Profile 2a is represented by 2 samples and both of these samples were analyzed by 

15 points. 

The biggest variations in the composition of sericite are SiO2 values, Al2O3 values, FeO 

values and MgO values. Table 4.8 displays a homogenous interlayer cation position with the 

K2O values ranging from 1.96 to 2.03 and Na2O values being very low, ranging from 0.01 to 

0.02. The values in the octahedral position and the tetrahedral position vary in the different 

samples.  

Three samples from conglomerate 1 were analyzed, whereas two of them were collected from 

profile 4a and one from profile 2a. The compositions do vary in octahedral position of the 

conglomerate 1 and the variations are greatest in the Al2O3 position and MgO position. GRØ-

4a-4-17 has the highest MgO values but the lowest Al2O3 and FeO values. GRØ-4a-18-17 

displays opposite results compared to GRØ-4a-4-17. This sample has the highest Al2O3 and 

FeO values but the lowest MgO values (Table 4.8). GRØ-2a-22-17 has results in between the 

other two conglomerate samples. The tetrahedral positions are quite consistent with the 

highest values of SiO2 and lowest values of tetrahedral Al2O3. Samples from Conglomerate 1 

in profile 4a display relative similar values, while the samples from conglomerate 1 in profile 

2a has lower SiO2 values and higher tetrahedral Al2O3 values.  

Two sandstone-samples, one from profile 4a and one from profile 2a, were analyzed. The 

chemical analyses of octahedral values display very similar compositions. The biggest 

variation is the FeO values. The tetrahedral values on the other hand, show larger variations. 

Higher SiO2 values and lower Al2O3 values can be observed in the sandstones from profile 2a.  

One sample from diamictite was analyzed. This sample shows the lowest values of Al2O3 in 

octahedral position compared to the other samples. At the same time, FeO and MgO have 

relatively high values. Values in tetrahedral position consist of the lowest SiO2 values and 

highest Al2O3 values compared to the rest of the samples. It has the same values as the 

sandstones from profile 4a. 

There is not any distinct overall trend displayed in the structural formula from 

Grønsennknippa. FeO values seem to increase upward in the profiles. This can be observed 

from both profile 4a and 2a. In the same way, Al2O3 in octahedral position shows a weakly 

decreasing trend upwards. Profile 2a show no variations in tetrahedral position. Profile 4a 
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displays a decrease in SiO2 values up-section, while the Al2O3 values show an increase up-

section.  

Sericite formulas extracted from Grønsennknippa are quite homogenous and dominated by 

K2O in the interlayer cation position, and high values of Al2O3, FeO and MgO in octahedral 

position.   

GRØ Lithology Chemical formula for sericite 
4a-4-17 Congl. 1 (𝐾!.!!𝑁𝑎!.!")(𝐴𝑙!.!"𝐹𝑒!.!"!! 𝑀𝑔!.!"𝑀𝑛!.!"𝑇𝑖!.!")(𝑆𝑖!.!!𝐴𝑙!.!")𝑂!"(𝑂𝐻)! 
4a-18-17 Congl. 1 (𝐾!.!"𝑁𝑎!.!")(𝐴𝑙!.!!𝐹𝑒!.!"!! 𝑀𝑔!.!"𝑀𝑛!.!"𝑇𝑖!.!")(𝑆𝑖!.!"𝐴𝑙!.!")𝑂!"(𝑂𝐻)! 
4a-39-17 Sandst. (𝐾!.!"𝑁𝑎!.!")(𝐴𝑙!.!!𝐹𝑒!.!"!! 𝑀𝑔!.!"𝑀𝑛!.!"𝑇𝑖!.!")(𝑆𝑖!.!"𝐴𝑙!.!")𝑂!"(𝑂𝐻)! 
4a-58b-17 Diamictite (𝐾!.!"𝑁𝑎!.!")(𝐴𝑙!.!"𝐹𝑒!.!"!! 𝑀𝑔!.!"𝑀𝑛!.!"𝑇𝑖!.!")(𝑆𝑖!.!"𝐴𝑙!.!")𝑂!"(𝑂𝐻)! 
   
2a-22-17 Congl. 1 (𝐾!.!"𝑁𝑎!.!")(𝐴𝑙!.!"𝐹𝑒!.!"!! 𝑀𝑔!.!"𝑀𝑛!.!"𝑇𝑖!.!")(𝑆𝑖!.!"𝐴𝑙!.!")𝑂!"(𝑂𝐻)! 
2-10-17 Sandst.  (𝐾!.!"𝑁𝑎!.!")(𝐴𝑙!.!"𝐹𝑒!.!!!! 𝑀𝑔!.!!𝑀𝑛!.!"𝑇𝑖!.!")(𝑆𝑖!.!"𝐴𝑙!.!")𝑂!"(𝑂𝐻)! 
 

4.3.6 Palynological analysis 

Five samples from Grønsennknippa and three for each Rundemellen (Sørhus, 2016) and 

Skarvemellen (Småkasin, 2016) were prepared for palynological analysis. All these samples 

were fossiliferous. To obtain as much organic matter as possible, the chosen samples were 

primarily extracted from fine-grained sandstone to shale sediments. In addition, samples from 

glacial deposits from all three locations were also prepared for palyonlogical analysis and 

fossiliferous material were uncovered. The dominating organic materials extracted from the 

samples were fragments of possibly colonial sphaeromorph acritarchs and herkomorph 

acritarchs.  

Fragments of possibly colonial sphaeromorph acritarchs 

Colonies of spheroidal to sub-spheroidal acritarchs are abundant in all three locations (Figure 

4.37). The cell walls are semi to non-translucent with a pale to very dark brownish color. The 

cell walls of each vesicle in the colonies measure ≤ 5 micrometers. The individual 

sphaeromorphs are dominantly enclosed and the color varies from a darker outer color, which 

gets more transparent to the middle. However, the color varies greatly. Some sphaeromorphs 

Table 4.8: Chemical structural formulas of dioctahedral sericite. Congl.=conglomerate. Sandst.=sandstone. 
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are completely black and non transparent, but the general color trend is brownish. The color 

can also vary on a bigger scale. Some colonies appear black and non-transparent in the 

middle, with an outer margin with a brownish color. The sphaeromorph colonies have no 

observed wall enveloping the individual cells. 

The colonies are about 50 micrometers in diameter at the longest axis, with a variation of tens 

of micrometers (Figure 4.37). Each colony is hosting a number of 50 to 100 individual 

sphaeromorophous acritarchs, and sizes are ranging from approximately 2 micrometers to 7 

micrometers. The most common size is 5 micrometers. Within the colonies, the sphaeromorph 

cells are closely packed in a three dimensional framework. This is observed in the microscope 

by internal focus variations. The individual cells do not differ morphologically and single 

sphaeromorphs have the same characteristics as those situated in colonies. The colonies on the 

other hand, have much greater shape variations. Some appear spherical, and others more 

elongated. Some colonies even appear as fragments of possibly spherical colonies.      

Figure 4.37: Fragments of possible sphaeromorph colonies. a) GRØ-4a-2a-10-17. b) GRØ-4a-57-17 c) SKA-2-
11-16. d) RUND-1-5-16. 
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Fragments of possibly herkomorph acritarchs 

Herkomorph acritarchs are abundant in all samples recovered from Grønsennknippa, 

Skarvemellen and Rundemellen (Figure 4.38). The acritarchs are polygonal semi-transparent 

fields situated in networks. The fields are divided by a dark brownish, semi to non-transparent 

walls. They have a straight to semi-straight trend, which are distributed in an irregular pattern. 

The cell wall thickness measures ≤ 2 micrometers.  

The herkomorph acritarchs are about 50 micrometers in diameter at the longest axis, which is 

similar to the sphaeromorph acritarchs. As the spharemorphs, the size of the herkomorph 

acritarchs varies in tens of micrometers. The polygonal fields within the acritarch network are 

ranging from 2-10 micrometers.  

Polygonal fields are observed in many shapes. Elongated fields, square fields, triangular fields 

and sub-circular fields are represented in the network of cells. The overall herkomorph 

acritarchs are fragments of a possibly more circular network. It seems to be an outline 

Figure 4.38: Fragments of possible herkomorph acritarchs. a) GRØ-2a-6-17. b) GRØ-4a-57-17. c) RUND-1-11-
16. d) RUND-1-11-16. 
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enveloping the fragments. Solid spines measuring 1-2 micrometers are observed pointing out 

from the acritarchs. The number of spines varies, but most of the spines are situated at the 

intersection of polygonal field walls.  

Acantomorph acritarch 

Only one acantomorph acritarch has been discovered from the Valdres Group, and it came 

from Rundemellen (RUND-2-3-16) (Sørhus, 2016) (Figure 4.39). It is a dark sub-spheariodal 

vesicle. The vesicle measures 90 micrometers at the longest axis and 70 micrometers at the 

shortest axis. Due to the dark nature of the vesicle, endophragm and periphragm are 

impossible to observe. One possible excystment opening is observed (Figure 4.39).  

Eight distinct processes are observed. They are appearing as single spines, double spines and 

T-shaped spines. The processes measures 5 micrometers closest to the vesicle and thins out to 

the tip where it is approximately ≤ 1 micrometer. Lengths of the processes are between 8 and 

Figure 4.39: Possible acantomorph acritarch (RUND-2-3-16). 
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20 micrometers. The flattop of the T-shaped process is 8 micrometer.  

Organic remains with unknown origin 

Colonies of elongated vesicles are also observed in the samples from the Valdres Group 

(Figure 4.40). Colonies are 50 to 100 micrometers and they are elongated fragments. There is 

no distinct shape of the colonies. Within the colonies the elongated vesicle are 2 to 4 

micrometers in width and 10 to 20 micrometers in length. However, the vesicles are stacked 

upon each other, making measurements more difficult to determine. Like the observed 

sphaeromorph acritarchs, these unknown organic remains appear very dark and non-

transparent in the middle, with a brightening outwards gradient. Despite these variations in 

brightness, the typical color is brown.   

  

Figure 4.40: Unknown remains of unknown origin. a) GRØ-4a-57-17. b) GRØ-2a-17-17. c) GRØ-2a-17-17. 
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4.3.7 Heavy minerals results 

15 samples collected from Grønsennknippa were sent to heavy mineral analysis at A. M. 

Morton (HM research). Samples from the two profiles were chosen, with priority on profile 

4a. Three samples were chosen from profile 2a, ten from profile 4a and the last ones from 

conglomerate 2 (GRØ-5-13-17) and the diamictite (GRØ-5-26-17) outside profile 4a. Table 

4.9 shows the heavy mineral results. 

The most abundant heavy minerals are epidote and titanite. The samples closest to the base of 

both profiles display higher values of epidote. The highest percentage is 79.5% (GRØ-4a-27a-

17). The average epidote value from profile 4a is 56.3 % and profile 2a is 53.6%. Titanite 

shows the opposite trend in profile 4a compared to epidote. The lowest values are found 

closest to the base and display an increase up-section. This trend cannot be observed in profile 

2a. The highest values of titanite are located in the diamictite (GRØ-4a-54-17, GRØ-4a-58b-

17, GRØ-5-26-17). The average value of titanite in profile 4a is 30.4% and in profile 2a 

23.0%.  

Small amounts of apatite, garnet and zircon are also present in some samples. Zircon is 

present in every sample and ranges from 3.0% to 10% in profile 4a. The average value is 

5.6%. Profile 2a displays lower values, with an average of 3.0%. The highest zircon value 

from the available samples is recovered from GRØ-5-13-17 being 11.0%. Apatite is observed 

in every sample, except GRØ-2a-12c-17, GRØ-4a-6-17 and GRØ-4a-27a-17. The average 

value from profile 4a is 5.8%, while the average value from profile 2a is 6.2%. All samples 

but one (GRØ-4a-1-17) consist of garnet. Profile 4a shows relatively low values with an 

average of 1.9%. Profile 2a differs greatly from profile 4a in garnet composition. GRØ-2a-3-

17 displays a garnet value of 25.9%. The two other samples from this profile have a lower 

garnet value, but are still higher than values from profile 4a. The average value is 14.2%. 

Heavy mineral analysis discovered only one sample (GRØ-4a-44-17) with orthopyroxene, but 

the value is very low and counts for only 1.0%. 

Heavy mineral analysis did also encounter large amounts of sericite and opaque minerals 

(pers. com. Morton, 2017).    
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Table 4.9: Results from the heavy mineral analysis. At (anatas), Ap (apatite), Ca (calcium amphibole), Cp 
(clinopyroxene), Ep (epidote), Gt (garnet), mo (Monazite), Op (orthopyroxene), Ru (Rutile), To (Tourmaline), 
Zr (zircon).  

 

 

Samples At Ap Ca Cp Ep Gt Mo Op Ru Sp To Zr total Count 
GRØ-2a-3-17  3.7   24.7 25.9    42.6  3.1 100 162 
GRØ-2a-12c-17     76.8 9.3    11.6  2.3 100 43 
GRØ-2a-17-17  14.8   59.3 7.4    14.8  3.7 100 27 
GRØ-4a-1-17  11.0   77.5     8.5  3.0 100 200 
GRØ-4a-6-17     70.5 1.5    18.0  10.0 100 200 
GRØ-4a-18-17  12.5   66.5 1.0    14.0  6.0 100 200 
GRØ-4a-27a-17     79.5 3.5    14.0  3.0 100 200 
GRØ-4a-36-17  6.5   59.0 1.0    28.5  5.0 100 200 
GRØ-4a-44-17  5.5   57.5 3.0  1.0  29.0  4.0 100 200 
GRØ-4a-49g-17  6.5   46.5 2.0    39.0  6.0 100 200 
GRØ-4a-54-17  7.5   19.0 4.5    61.5  7.5 100 200 
GRØ-4a-58b-17  1.6   48.5 0.8    43.5  5.6 100 124 
GRØ-4a-60-17  6.5   38.0 2.0    48.0  5.5 100 200 
GRØ-5-13-17  4.5   50.0 6.0    28.5  11.0 100 200 
GRØ-5-26-17  4.0   17.0 2.5    72.0  4.5 100 200 
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5 Discussion 

5.1 Tectonostratigraphic development 
Grønsennknippa is important in terms of three major thrust sheets located close together. 

Quartz-sandstone thrust sheet is lowest of these three and represents phyllites, which encircle 

Grønsennknippa (Figure 2.4). Sedimentary rocks form the Valdres thrust sheet is situated 

above, with Jotun thrust sheet situated on top, represented by granite and gabbro (Figure 2.4) 

(Hossack, 1972).  

5.1.1 Structural profile 

Up-section of Grønsennknippa is from west to east (Figure 4.4), with older rock situated on 

top of younger (Figure 5.1).  

The profile of Grønsennknippa shows the dip evolution from west to east. The dip angle of 

bedding is steep to the west and gentler to the east, suggesting that Grønsennknippa is a part 

of a thrust system front (Figure 5.2).  

Figure 5.1: Structural profile of Grønsennknippa. This figure is also shown in chapter 4.2.2. 



 
 

97 

A set of thrust faults is shown in Figure 5.1. 

Boyer and Elliott (1982) considered closely 

related faults with branching arrays to be a 

thrust system. If these faults overlap and 

have the same characteristics in terms of 

size, shape and dip direction, the system is 

termed as an imbricated system (Boyer and 

Elliott, 1982). FP1 (Figure 5.1) from 

Grønsennknippa has the lowest dip as well as 

the maximum slip and may be the leading 

thrust (Nystuen, 1989). This thrust fault is interpreted to be the master thrust at 

Grønsennknippa. In an imbrication system, several curved thrust slices are spread out like 

fans from the sole thrust. It is a possibility, based on the dipping angles, that the thrust faults 

above FP1 (Figure 5.1) curves downwards and merges together into the master thrust (FP1) 

creating a duplex system. This is shown in Figure 5.2. This is not observed in field, which 

makes the imbrication system interpretation more likely.  

Some areas at Grønsennknippa have a high amount of phyllophyllites situated as loose 

material. These often occur where smaller fault lenses (third order faults, Figure 4.4) are 

situated. The phyllophyllites may have been transported along with smaller thrust faults or 

fault lenses and appear as loose material due to the weak nature of phyllophyllites.     

Goldschmidt (1916), Bugge (1939) and Loesche and Nickelsen (1968) have generated 

geological profiles of Grønsennknippa. The profiles from Goldschmidt (1916) and Loesche 

and Nickelsen (1968) have the same decrease in bedding-dip to the east, shown in Figure 5.1. 

Goldschmidt (1916) doesn´t include the possible thrust faults in the profile, and Loesche and 

Nickelsen (1968) has only interpreted one thrust fault. This resembles the master thrust fault 

(FA1) interpreted in Figure 5.1.  

The Baltica collision with Laurentia was initiated in Silurian (c. 440 Ma) and progressed to 

Early Ordovician (Gee et al., 2010). The thrust development at Grønsennknippa most likely 

happened during this period. 

  

Figure 5.2: Model of the tectonostratigraphic 
development at Grønsennknippa. The detailed model 
displays an imbrication system, with thrust faults 
merging into the master fault.     



 
 

98 

5.1.2 Grade of metamorphism 

Turner and Verhoogen (1960) defines the greenschist facies as low-grade regional and 

dislocation metamorphism, dominated by characteristic green minerals such as chlorite, 

epidote and actinolite. Albite is also a common mineral in the greenschist facies (Turner and 

Verhoogen, 1960). 

Common minerals at Grønsennknippa are quartz, K-feldspar, sodium-rich plagioclase (albite) 

and sericite. Additionally minerals like muscovite, biotite and chlorite (Figure 4.20) are also 

found at Grønsennknippa. Titanite and epidote grains are euhedral and display overgrowth 

rims, suggesting that these are metamorphic components with an authigenic origin (Figure 

4.35 and 4.36). Minor amounts of garnet overgrowth also exist (Figure 4.36). 

Based on the mineralogical composition, Grønsennknippa rocks can be classified as 

greenschist facies. Turner and Verhoogen (1960) defined three sub-facies of the greenschist 

facies based on mineralogical composition: 

• Quartz-albite-muscovite-chlorite 

• Quartz-albite-epidote-biotite  

• Quartz-albite-epidote-almandine 

Grønsennknippa most likely belongs to the two first sub-facies, which is low-grade 

greenschist facies (Turner and Verhoogen, 1960). As the grade of metamorphism exceeds into 

quartz-albite-epidote-almandine sub-facies, a distinct shift in the composition of plagioclase 

associated with epidote should be recognizable. The albite goes from being sodium-rich, to a 

more calcium-rich oligoclase and andesine (Turner and Verhoogen, 1960). Due to the fact that 

albite is the dominating plagioclase, this sub-facies seems less likely. Then again, overgrowth 

in garnet appears in minor amounts, which argues for locally higher metamorphic grade 

(quartz-albite-almandine sub-facies). The metamorphic grade may be a combination of all 

three sub-facies with locally variations. This may indicate a maximum metamorphic grade to 

be quartz-albite-epidote-almandine sub-facies.  

Retrograde metamorphism occurs locally and results in mineralogical readjustment from 

higher to lower temperature assemblages. This process leads to strong deformation or to 

influence of hydrothermal activity (Turner and Verhoogen, 1960). Large amounts of sericite 
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are found at Grønsennknippa. This may be a result of retrograde metamorphism, in which 

sericite is replacing feldspars. At lower greenschist facies conditions, breakdown of feldspars 

to sericite is common (Wibberley, 1999). Sericitization often occurs in hydrothermal 

environments, as well as in greenschist facies shear zones (Barker, 1998). The formation of 

sericite is further discussed in chapter 5.3.2.  

Undulatory quartz is found in large amounts at Grønsennknippa and the undulatory feature is 

most likely due to metamorphism (Blatt and Christie, 1963). 

The conglomerate clasts at Grønsennknippa show, locally pressure solution of clasts (Figure 

4.9). This indicates deep burial, which increases the load pressure and tightens the clasts 

(Tada and Siever, 1989). Pressure solution is normally initiated at two kilometers depth in 

siliciclastics (Tada and Siever, 1989). Big variations in pressure solution in the clasts of 

Grønsennknippa may indicate uneven pressure distributions or pressure pockets. Rocks may 

have carried the overburden, leaving other rocks unaffected. Pressure solution does not have 

to occur at great depths. If there are deep fluids carrying the overpressure the grains will not 

take part in pressure solution. 

The metamorphic grade of Middle Allochthon varies from greenschist to granulite facies 

(Bryhni and Andrèasson, 1985). Sediments on Grønsennknippa (Valdres thrust sheet) borders 

to the Jotun thrust sheet. This distinct metamorphic break occurs at the boundary between 

conglomerate and granite. The highest deformation of conglomerate is to the north, which 

may indicate higher structural deformation. Nickelsen et al. (1985) suggest temperatures of 

300-400 degrees with a geothermal gradient of 30 degrees per kilometer, resulting in burial 

depth of 10-13 kilometers as a response of the stacking of Strondafjord, Valdres and Jotun 

thrust sheet above the Synnfjell thrust sheet.                 

5.2 Depositional environment of Grønsennknippa 
The depositional environment of Grønsennknippa is a result of a continental rift basin on the 

Baltoscandian margin (Kumpulainen and Nystuen, 1985). The braided stream deposits on 

Skarvemellen (Småkasin, 2017) and Rundemellen (Sørhus, 2017), and the eastern braided 

streams from the Hedmark Basin (Nystuen, 1981), are very similar to the deposits of 

Grønsennknippa. This relation is described further in chapter 5.6 and 5.7.   
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5.2.1 FA1: Shallow, Gravel-bed river on an alluvial fan  

Facies association 1 is dominated by massive conglomerate (Facies 1a) and thin layers of 

sandstones units (Facies 2a and 2b).  

Well-rounded quartzite pebbles (3-6 cm) is dominating the conglomerate. The pebbles are 

spheroidal to slightly elongated and well sorted. The matrix consists of medium sized, grey 

sand (Appendix A). Quartzite is more resistant than other kinds of minerals, for instance 

feldspars, and are therefore more common (Goldich, 1938). Comparing the pebble roundness 

with matrix roundness provides different characteristics. Larger grains a more easily rounded 

because of the higher energy needed for transportation and the higher rate of collisions and 

contact energy between grains (Collinson et al., 2006). Higher roundness may reflect longer 

transportation. They are also transported as bedload, while finer material like sand is 

transported by saltation mechanisms or by suspend load, with much less contact energy 

compared to larger grains (Figure 5.3) (Leeder, 1979). Saltation, and especially suspended 

load, will not lead to collision, rolling and sliding in the same matter as bedload, and the 

grains will be less rounded (Collinson et al., 2006).  

The conglomerate in FA1 is generally very tightly packed and displays the closest possible 

distance between clasts, with matrix filling in the empty spaces. The ratio of closest possible 

packing of clasts and matrix is 70/30. Conglomerate in FA1 is very homogenous, with great 

vertical extent. Clasts sizes are evenly distributed and the conglomerate is grain supported. 

Figure 5.3: Modes of sediment transport. Coarse sediments is transported close the bed (bedload), while finer 
sediments are transported above the bed in the main flow. Modified from Boggs (2010).   
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This may reflect a proximal system with tectonic influence resulting in large vertical 

conglomerate units.  

Sandstones related to FA1 are very thin layers of structureless sandstone (Facies 2a) and 

sandstone containing clasts (Facies 2b) in between massive conglomerate. The sandstone is 

ranging from coarse to medium sand. The structureless sandstone may be a result of 

depositional processes, or as deformation of sediments after deposition which may destroy 

structures in the sandstones (Hjellbakk, 1997). Due to presence of cross-bedding and parallel 

laminated sandstone higher up in the profile, the structureless sandstone may be a result of 

depositional processes rather than deformation. The structureless feature could be obtained by 

rapid, short lived-deposition of sediments, which are buried before hydraulic processes could 

affect the sediments (Hjellbakk, 1997, Collinson et al., 2006). The pebbly sandstone (Facies 

2b) has the same structureless character. These pebbles have similar characteristics as the 

pebbles in the massive conglomerate (Facies 1a). The pebbly material of Facies 2b is 

dependent on the competence of the river, which is the coarsest grain possible to be 

transported, and have access of pebbly material (Miall, 2010). Due to the thin layers of 

sandstones and large units of conglomerate, some of the pebbles may have been transported 

along with the sediments and been deposited when the fluvial competence decreased.   

FA1 may have developed in a proximal setting, with shallow, gravel-bed braided river 

occurring on an alluvial fan due to the massive conglomerate appearing. Braided streams are 

characterized with high width/depth ratios, steep slopes, low sinuosity and bedload channels 

(Miall, 1977b). A cohesive debris flow could also explain the large massive character of the 

Figure 5.4: Longitudal, diagonal and transverse bar development from Hein and Walker (1977). 
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conglomerate. They are often present on alluvial fans, but they are matrix-dominated and 

commonly consist of more poorly sorted and more angular-shaped clasts with higher diversity 

(Miall, 1996). This is not the case in FA1 at Grønsennknippa.  

The well-rounded, clast supported conglomerate argues for turbulent traction currents. 

Bedform structures in conglomerates are depended on the flow symmetry and discharges of 

sediments and fluids (Hein and Walker, 1977). Imbrication is found in FA1, suggesting that 

gravel material was transported fast, causing the pebbles to grow downstream and not vertical 

(Figure 5.4). In such as system with a high sediment and flow discharge, longitudinal bars and 

diagonal bars are common. The difference between these bar types is reflected by the flow 

strength. For a longitudinal bar this strength is equal, differing from the unequally, 

asymmetric diagonal bar (Figure 5.4) (Hein and Walker, 1977). Longitudinal bars evolves 

downstream parallel to the channels with the coarsest load situated in the deepest part (often 

in the middle of the channel), where the competence of the river is highest (Miall, 1977b). 

Longitudinal bars favor a more proximal environment compared to transverse bars, which 

consist of finer sediments due to lower flow and sediment discharge. It is not uncommon for 

longitudinal bars to show upward 

fining trends, but this is none-

existing in FA1. Allogenic 

controls may explain the massive 

conglomerate units at 

Grønsennknippa.   

Tectonic influence may generate 

the massive conglomerate 

architecture in FA1. In an uplift or 

subsiding setting, the braided 

rivers will respond in terms of 

channel shift or stream power 

(Holbrook and Schumm, 1999). 

Tectonic faulting may change the 

conditions on a graded profile and 

both aggradation and degradation 

will occur and create an 
Figure 5.5: The bedload response during uplift and subsidence from 
Holbrook and Schumm (1999). 
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equilibrium graded profile (Figure 5.5) (Holbrook and Schumm, 1999). FA1 may have been 

influenced by fault activity, creating high accommodation space in the back-tilted reaches. 

This leads to high aggradation rate of conglomerates. 

Based on studies of ancient deposits and modern sedimentary processes, Miall (1977, 1996) 

established several vertical profile models to describe different fluvial depositional 

environments. These models are a response of the combination of the main parameters, which 

affect the braided streams. These are channel depth, bedload, grain size and discharge (Miall, 

1977b).  The shallow, gravel-bar river or Scott Type may be assigned to describe the 

depositional environment of FA1 (Figure 5.6). This type describes proximal braided stream 

deposits on alluvial fans. The dominating facies of the Scott Type is massive conglomerate 

with small inter-bedded sandy channel fill deposits (Miall, 1977b). Scott Type is suggested to 

consist of >90% gravel, which resembles FA1 (Miall, 1977b). Scott and Yana rivers in 

Canada are examples of this depositional model. They are outwash fans and resemble FA1 

from Grønsennknippa in deposition of large clasts in a proximal upper fan environment.  

5.2.2 FA2: Deep, gravel-bar river on an alluvial fan 

Facies association 2 comprises of conglomerate (Facies 1a and 1b), sandstone (Facies 2a and 

2b) and fine-grained sandstone to shale (Facies 3a and 3b).  

FA2 resembles FA1 in facies distribution. In addition to the facies in FA1, FA2 consists of 

additionally stratified conglomerate units (Facies 1b) and fine-grained sandstone to shale units 

(Facies 3a and 3b). The massive conglomerate (Facies 1a), the homogenous, structureless 

sandstone (Facies 2a) and the pebbly sandstone (Facies 2b) are described in chapter 5.2.1.  

Stratified conglomerates were not observed in profile 2a, but twice in profile 4a. This 

conglomerate resembles the massive conglomerate in clast sizes and composition, but has a 

stratified signature. This may be a response to varying discharges and discontinuous 

accretions (Nemec and Steel, 1984). The stratified conglomerate has a thickness of 25-50 

centimeters and is divided by a sandstone unit of c. 2 meters (Figure 4.11). Nemec and Steel 

(1984) suggest that the thickness of the conglomerate strata may indicate water depth. In this 

case, with thickness of a few decimeters, the strata may have deposited in a deeper and more 

channelized flow compared to the thin strata, implying a rapidly shifting braided channel. It 
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can also be due to strong channelized floods (Nemec and 

Steel, 1984). The sandstones in between may indicate a 

period of lower competence in the river.   

Fine-grained sandstone to shale is only observed in FA2. 

These units are thin layers situated in-between 

conglomerates or sandstones. These units were deposited 

as suspension load from rivers. The energy level was low 

in order for suspension load to be deposited. 

Consequently, the fine-grained sandstone to shale will not 

indicate an active channel deposition (Miall, 1996). 

During flooding stages, fine material may be deposited on 

floodplains in huge suspension-load streams. Fine 

material may also be deposited in abandoned channels, 

overbank areas or in active channels during low-water 

stages (Miall, 1996).  

The largest difference between FA1 and FA2 is the 

distribution of the massive conglomerate facies. FA2 

displays higher rate of alternating facies changes. This 

may indicate less influence of tectonics compared to FA1. 

FA2 displays a generally upward coarsening trend, but 

minor sub-trends of both upward fining and upward 

coarsening are observed. These trends may represent 

small-scale cyclic variations. The upward fining trends 

may be indications of channel infill. The coarsest material 

was deposited at the base of the channel. As the channel 

is aggregating and the current velocity decreases, the 

channel may be filled with finer sediments and later abandoned (Miall, 1977b). In an 

abandoned state, fine-grained floodplain sediments may be deposited on top. An abandoned 

channel may also be re-occupied due to avulsion, as braided stream channels changes course 

(Miall, 1977b). Upward coarsening trends may occur in a re-occupation process.  

FA2 could also be interpreted as a gravel bar river, with longitudinal bars due to the presence 

of imbricated pebbles. The channel may be a little deeper than FA1 with finer sediments also 

Figure 5.6: Model of Scott Type and 
Donjek Type describing braided stream 
deposits. FA1 may be compared with 
Scott Type, while FA2 may be a 
combination of both. Miall (1977). 
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being deposited in a higher ratio. A combination of Scott Type and Donjek Type braided 

stream models may be assigned to describe the depositional environment of FA2 (Figure 5.6) 

(Miall, 1996). The gravel content in the Donjek Type is ranging from 10-90%, which fits with 

the FA2 gravel content (Miall, 1977a). The Donjek Type consists of dominantly fining 

upward cycles. FA2 consists of both, and the upward coarsening trends may be indication of 

more shallow gravel-bed rivers (Scott Type), with dominantly bed-load deposits. FA2 may be 

a result of proximal deposition, either more distal compared to FA1 or at the same place.   

5.2.3 FA3: Proximal, low energy environment or distal alluvial fan  

Facies association 3 consists only of sandstone units. The sandstones can be divided into 

different sandstones; structureless (Facies 2a), pebbly (Facies 2b), cross-bedded (Facies 2c), 

parallel laminated (Facies 2d) and erosive-based (Facies 2e). FA3 consists of a general 

upward fining trend (Figure 4.7 and 4.8).  

The structureless sandstones and the pebbly sandstones are described in chapter 5.2.1. FA3 

consists of two cross-bedded sandstone units of c. 40 cm in size and medium to coarse grain 

size. Cross-beds are generated by migration of dunes during lower velocity regimes (Miall, 

1996). The cross-beds at Grønsennknippa resemble trough cross-beds, in which the laminas 

are curved as they down-lap into the base layer. The size of the cross-beds is approximately 

40 cm (Figure 4.12). Trough cross-beds is a response 3-D dunes migration with relative high 

velocities (Miall, 1996). There is only one case of parallel laminated sandstone (Facies 2d). 

The lamination is approximately half a meter thick and consists of medium sand. The parallel 

lamination may indicate a lower-flow regime or upper flow regime with sediments deposited 

as suspension (Collinson et al., 2006). The erosive-based sandstone (Facies 2e) is observed 

four times in profile 4a. They vary from very coarse to medium grain sizes, and the coarsest 

material tends to be situated closes to the erosion surface. These may be interpreted to be 

erosive scours in channels with infill of poorly sorted sediments (Collinson et al., 2006). 

Channel scours may be formed as a result of avulsion or bar dissection during high or low 

water-conditions respectively (Miall, 1977b). Coarser material at the base transcends to 

medium grained sediments leading to upward fining trend. This may be due to vertical 

aggradation during channel fill (Miall, 1996). Flute casts are observed at the erosional bases, 

which indicate the flow direction (Figure 4.13). 
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FA3 may display various energy levels in a fluvial flow. Based on sedimentary structures 

interpreted in the sandstone, the flow velocities may have varied between upper flow regime 

and lower flow regime. The erosive bases may indicate fluvial channels, and the massive 

sandstone may reflect rapid deposition in these. Paleocurrent measurements indicate N/S 

transport direction, which differs from the general eastward transport direction obtained from 

imbrication measurements in FA1 and FA2. In a braided stream system, the channel direction 

may differ greatly. Due to the finer sediments in FA3 compared to FA1 and FA2, it is 

reasonable to believe that FA3 was located further out on an alluvial fan. In a more distal 

environment, with reduced degree of slope, the sinuosity in the braided river could increase. 

FA3 may also reflect energy changes, which decreases the competence of a fluvial stream. All 

the available clast material may have been deposited, causing finer grains to settle. These last 

interpretations do not indicate a more distal depositional environment, but rather changes in 

sediment supply or fluvial energy decrease.      

Another depositional process may also explain FA3. Turbidity currents are a type of sediment 

gravity flows. Gravity flows are initiated when a mixture of sediments and water are 

transported downslope as mass flows driven by gravity (Collinson et al., 2006). The Bouma 

sequence may develop as a result of turbidity deposition. The sandstone units in FA3 may 

resemble the massive graded sandstone deposited at the lower part of a Bouma sequence 

(Shanmugam, 1997). It has upward fining trends, and flute casts are not uncommon at the 

base. Multiple turbidity currents may have resulted in several erosive-based sandstones. The 

problem with this interpretation is that in turbidity deposits, one would expect to find more 

fine-grained material (Shanmugam, 1997), which is absent in FA3. Due to the lack of 

sedimentary structures, this interpretation is more difficult to accept. A braided stream 

interpretation with a decrease in energy, or maybe a more distal depositional environment, is 

more likely due to the fact that FA1 and FA2 are interpreted as braided streams on an alluvial 

fan.    

5.2.4 FA4: Debris flow  

Facies association 4 consists of pebbly sandstone units (Facies 2b) and thin matrix-supported 

conglomerate with angular clasts (Facies 1c), which is also referred to as conglomerate 2 in 

chapter 4.  



 
 

107 

The depositional process for pebbly sandstone (Facies 1c) is described in chapter 5.2.1. The 

conglomerate is a thin layer, measuring only 20 centimeters. The clasts are mostly pebbles 

with a rounded to angular shape. Quartzite pebbles are common, as in the massive 

conglomerate facies (Facies 1a). The matrix is medium sand. Due to the lack of imbrication, 

non-erosive structures to the underlying bed, variations in roundness and matrix supported 

gravel, this conglomerate may be interpreted to be a debris-flow deposition (Miall, 1996). 

Debris flows are common on alluvial fans with steep slopes, and the matrix supported 

conglomerate may have been deposited as a response of heavy rainfall (Collinson et al., 

2006). Debris flows normally consists of a high content of clays and are cohesive. The matrix 

of conglomerate 2 has a medium grain size. In cohesive debris flows, the matrix is commonly 

made up by very fine-grained material, but this is not the case in conglomerate 2.  

As mentioned, the matrix-supported conglomerate is a very thin layer, suggesting that this 

deposition was very rapid. The Scott Type fluvial model from Miall (1977a, 1996) can be 

assigned to FA4. Scott Type usually represents grain-supported conglomerates deposited by 

gravel-bar rivers on alluvial fans, but sometimes, due to heavy rainfall, matrix supported 

conglomerates deposited by debris flows may occur (Figure 5.6). This might be the case on 

Grønsennknippa.    

5.2.5 FA5: Glacial deposit 

A 10-centimeter layer of poorly sorted, matrix-supported deposits represents facies 

association 5. The lithology can be referred to as a diamictite, termed as a poorly sorted clast-

sand-mud admixture regardless of depositional environment (Eyles et al., 1983). Diamictite-

clasts at Grønsennknippa show high diversity and the clasts are ranging from angular to 

rounded shape, with both high and low sphericity. At approximately 650 Ma, glacial sheets 

covered the Baltoscandian margin as a response to the Varangerian Ice Age (Nystuen, 1987). 

In the Hedmark Basin this glacial deposit is know as Moelv Tillite. Tillite is poorly sorted 

material transported under, within or on top of glacial ice sheets, before deposition (Eyles and 

Eyles, 2010). FA5 has similar characteristics as tillites and may be interpreted as a glacial 

deposit. This poorly sorted and matrix-supported material is also found at Skarvemellen and 

Rundemellen, and may be correlated to FA5 at Grønsennknippa. This correlation is further 

described in chapter 5.6.3 and chapter 5.7.3 for Hedmark Group.   



 
 

108 

5.2.6 Braided stream deposits 

The depositional environment based on facies associations suggests a braided stream on an 

alluvial fan (Figure 5.7). Big clast-supported conglomerate units with high intensities, with 

inter-bedded sandstones and fine-grained sandstones to shale, sandstone units with erosive 

bases, which may be interpreted as channels and debris flows, all points to a proximal braided 

river.   

  

Figure 5.7: Model of braided stream on an alluvial fan.The fan is divided in several subsections describing 
where there is highest probability for different bar geometries to develop. Modified from Miall (1996). 
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5.3 Laboratory observations 

5.3.1 Sediment maturity 

The mineralogical compositions of Grønsennknippa are 

highly dominated by quartz and feldspars. The matrix in 

the conglomerate and the sandstone samples are ranging 

from very coarse to medium grained, and have 

dominantly sub-angular to sub-rounded shapes. The 

shapes may indicate proximal and immature deposits. 

The relatively high amount of plagioclase compared to 

K-feldspar at the base of the sedimentary profiles may also argue for immature nature of the 

sediments (Goldich, 1938). Plagioclase is more likely to get eroded during transport being the 

most stable mineral of the three in Figure 5.8. Up-section there is a decrease in plagioclase 

and increase in K-feldspar, suggesting that the sediments become more mature and longer 

transported.  

The dominant process during chemical weathering in the upper crust is the degradation of 

feldspar, where potassium, sodium and calcium are replaced by aluminum (Nesbitt and 

Young, 1982). Figure 4.29 shows very homogenous CIA-values versus depth in profile 4a. 

This may reflect stable climatic conditions. It may also imply that the deposits were provided 

from a consistent source area. Nesbitt and Young (1982) proposed a CIA-value of index to 50 

for unaltered feldspars. Samples from profile 4a ranges from 58 to 63 in CIA-values, which 

indicate that the sediments have been only moderately altered.  

The mineralogy at Grønsennknippa and trends of the quartz and feldspar relationship is 

further discussed in chapter 5.5.     

5.3.2 Sericite 

Sericite is a term used for highly birefringent, fine-grained mica (Eberl et al., 1987, Hemley 

and Jones, 1964). Sericite is usually a product of hydrothermal alteration in felsic rocks, but 

also a result of metamorphism, as explained in chapter 5.1.2 (Que and Allen, 1996, Fleet et 

al., 2003). Sericite is abundant in all the samples at Grønsennknippa. This fine-grained mica is 

the dominating component in the matrix, flowing around grains and appearing in grain 

Figure 5.8: The stability relation between 
quartz and feldspars. Modified from 
Goldich (1938).  
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contacts. It is being squeezed in contacts, which 

may be due to hydrothermal flow in sediments 

(Figure 4.32). Scanning electron microscope 

does also show that the sericite is randomly 

oriented (4.33).  

Sericite is, in some cases, located within 

feldspars, and especially in the plagioclase 

(Figure 4.32). Micro-pores in the plagioclase 

may be generated by dissolution of fluids. 

Micro-pores are more easily created in albite, 

because it is more soluble than anorthite (Ca-

plagioclase) in hydrothermal fluids (Que and 

Allen, 1996). When hydrothermal fluids react with micro-pores, potassium-rich sericite will 

start to grow. Sericite is most commonly a potassium-rich mica (Hemley and Jones, 1964). 

Based on mineralogy, one would not expect sericite to alter the micro-pores of the 

plagioclase, because plagioclase at Grønsennknippa is majorly sodium-rich. K-feldspars are 

more potassium-rich and would be a more natural alteration product to the potassium-rich 

sericite. The reason that sericite is found in micro-pores in the plagioclase may be due to K-

feldspar contamination of the plagioclase grains, or K-feldspars components situated in the 

sodium-rich plagioclase. This way, sericite could be an alteration product for K-feldspars and 

grow within pores of plagioclase. 

As mentioned previously, sericite is the dominating component in the matrix at 

Grønsennknippa, and flows between grains. Hydrothermal alteration is interpreted to cause 

the alteration of feldspars and make the sericite grow within micro-pores of the plagioclase. 

Big-scale hydrothermal alteration resulting in sericite-dominating matrix is not very likely. 

Transformation of illite to sericite may explain the high amount of sericite in the matrix. In 

the epizone (less than 300 degrees Celsius), illite is gradually transformed into sericite (De 

Segonzac, 1970). Anchizone is the transition zone to metamorphism (Figure 5.9) suggesting 

that sericite matrix was generated in the low-grade metamorphism (De Segonzac, 1970).  

The sericite was studied with an electron microprobe. The results are presented as structural 

formulas (Table 4.8) (Appendix E). The composition of sericite is varying with depth and 

consequently temperature (McDowell and Elders, 1980). When temperatures are increasing, 

Figure 5.9: Figure shows where illite is transformed 
to sericite. Modifed from Galán (2006). 
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and illite is transformed to muscovite, the total iron content (octahedral position) will decrease 

and the aluminum (octahedral position) amounts will increase in the sericite (McDowell and 

Elders, 1980). The aluminum content in all the studied samples is higher compared to the iron 

(Table 4.8), suggesting that the sericite at Grønsennknippa was closer to evolve into a 

muscovite compared to illite. The sericite is very homogenous suggesting that the sericite 

developed under comparable conditions at Grønsennknippa.  

Gamma measurements recovered at Grønsennknippa (Figure 4.17 and 4.18) (Appendix F and 

G) show sometimes very high cps-values, which could be a response to the potassium-rich 

sericite. Muscovite is a potassium-rich mica (11.81%, K2O) (Mineralogy Database, 2012) and 

the sericite from Grønsennknippa show very similar potassium values (Appendix E).       

5.3.3 Heavy minerals 

Heavy mineral analysis from Grønsennknippa shows abundance in titanite and epidote (Table 

4.9). The assemblages of heavy minerals are very similar in all the samples studied. Due to 

the overgrowth in titanite, epidote and garnet, discussed in chapter 5.1.2, these are interpreted 

to be of metamorphic origin and not detrital. These grains do also show euhedral features, 

which do not support transportation mechanisms involved. 

There is also a small amount of detrital heavy minerals, such as apatite and zircon (pers. com. 

Morton, 2017). The amounts of zircon and apatite are very similar suggesting varying 

provenance area, or small assemblages of these, due to the stability difference. Zircons are 

very stable, while apatite are the opposite (Morton and Hallsworth, 1999). The heavy mineral 

analysis suggests a dominantly metamorphic origin, with small amounts of detrital heavy 

minerals transported from the provenance area.     

Opaque minerals were observed in thin section analysis and in SEM, and are indicating that 

these for the most part are hematite. Hematite occurs mostly in seams suggesting that they 

may have developed due to hydrothermal alteration.         

5.3.4 Acritarch analysis 

There have been previous studies on acritarchs from Norwegian metasediments by Vidal and 

Nystuen (1990), but they focused on the Early Paleozoic. There was one study by Nickelsen 
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et al. (1985) on the Neoproterozoic Mellsenn Group, but without further documentation by 

photos or drawings. This study is the first palynological study of the Valdres Group.    

A total of five samples from Grønsennknippa were prepared for palynology analysis. 

Preparation was also done on three samples from Rundemellen (Sørhus, 2017) and three 

samples from Skarvemellen (Småkasin, 2017). The selected samples were all extracted from 

fine-grained materials. Acritarchs were the dominating microfossils in Neoproterozoic and 

Early Cambrian (Vidal and Nystuen, 1990). Possible fragments of acritarchs are found in all 

of the samples from Grønsennknippa, Rundemellen and Skarvemellen. Colonies of 

sphaeromorph and herkomorph acritarchs are most abundant. These microfossils may be 

similar to some of the acritarchs found from the Neoproterozoic Svanbergfjellet Formation on 

Svalbard by Butterfield et al. (1994) and glacial and interglacial Neoproterozoic acritarchs in 

Australia and Polaris Group from Svalbard. 

Fragments of sphaeromorph acritarch colonies are the most dominating organic walled 

microfossils found on Grønsennknippa. These may be assigned to Myxococcoides sp. found at 

Svalbard by Butterfield et al. (1994) (Figure 5.10) . Butterfield et al. (1994) describes this 

type of sphaeromorph acritarch to be found abundantly in colonies comprising tens of cells. 

The individual sphaeromorphs ranges from 11-20 micrometers and consist of thick walls 

(Butterfield et al., 1994), which resemble the walls of the sphaeromorphs at Grønsennknippa. 

The individual size of the cells is a little smaller, typically 5 micrometers, but the colonies 

consist of the same amount of cells. Another similarity is that the colonies do not consist of an 

outer envelope. Some sphaeromorphs do also resemble Synsphaeridium spp., found in 

Australia (Amadeus Basin and Adelaide Rift complex) and Svalbard (Polarisbreen Group) by 

Reidman et al. (2014) . The physical appearance and sizes of the individual cells and colonies 

of the Synsphaeridium spp., is similar to Grønsennknippa. Sphaeromorph acritarchs in the 

Valdres Group are found both in fine-grained sandstones and shale sediments and in the 

diamictite, which is supported by Reidman et al. (2014). They describe glacial and interglacial 

microfossil assemblages to be very similar, differing only in amount of microfossils being 

higher in interglacial periods in Neoproterozoic. Additionally, sphaeromorph colonies from 

the Valdres Group also resemble Synsphaeridium spp. from the Tonian Visingsö Group 

(Loron, 2016) in size, appearance and color (Figure 5.10).    

Fragments of herkomorph acritarchs are the second microfossil type that dominates the 

samples from Grønsennknippa. These are also abundant in Skarvemellen and Rundemellen. 
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Stratigraphic correlation is further discussed in chapter 5.6. This acritarch may be assigned to 

Dictyotidium sp., described by Butterfield et al. (1994) based on physical appearance, size and 

age relation. The herkomorph acritarchs found in Valdres Group and Dictyotidium sp. from 

Svanbergfjellet Formation (Svalbard), are both consisting of polygonal fields ranging from 1 

micrometer to 10 micrometers with thick robust walls. The overall diameters are c. 50 

micrometers in both cases. Herkomorph acritarchs from Valdres Group is also containing 

spines in the intersection points of the polygonal fields, which is comparable with 

Dictyotidium sp.  

From Rundemellen, one possible acantomorph acritarch were recovered. This acritarch may 

be assigned to Trachyhystrichosphaera polaris described by Butterfield et al. (1994), based 

on size and appearance.  

All the mentioned microfossils are from Neoproterozoic. Due to the resembling 

characteristics of size, appearance and color, microfossils found in the Valdres Group may be 

correlated to contemporaneous sediments on Svalbard and in Sweden, which are both 

connected geographically and age related.    

Important factor to take into consideration is the possibility of contamination. Due to the 

Caledonian Orogeny, Grønsennknippa samples have been metamorphosed in lower 

greenschist facies (see chapter 5.1.2), and as a result underwent thermal alteration. Dark color 

of the microfossils indicates thermal alteration (Knoll, 1992). Vidal and Nystuen (1990) 

suggest a light-brown color of smaller acritarchs and dark-brown color for larger acritarchs 

due to thermal alteration. Some organic structures found in the palynological residue from 

Neoproterozoic Valdres Group, is ranging from dark brown to light brown, which is not in 

agreement with the petrological data that indicates a lower greenschist facies. While the rock 

samples were cleaned carefully from overgrown mosses and lichens in the lab, contamination 

from recent plant tissue remains cannot be completely excluded, in which they may have 

some morphological resemblance with fossils remains. There is also a possibility that the 

thermal alterations had local variations. Acritarchs in fine-grained sandstone and shale may be 

situated in sediment pockets, which are less affected by metamorphism (pers. com. 

Kürschner, 2018).  
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Further studies are needed to get a better understanding of the possible microfossils extracted 

from Grønsennknippa, Rundemellen and Skarvemellen, and to clarify that the nature of 

organic walled microfossils are for sure related to Neoproterozoic and not contamination. 

  

Figure 5.10: Acritarchs from the Valdres Group compared with previous studies 
by Butterfield et al. (1994), Reidmann et al. (2014) and Loron (2016).  
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5.4 Environmental setting of Grønsennknippa 

5.4.1 Rift basin 

After the break up of the supercontinent Rodinia, several basins evolved on the Baltoscandian 

margin (Kumpulainen and Nystuen, 1985). These basins were result of rifting in a relative 

stable time interval (900 to 600 Ma) (Gee et al., 2008). During this rifting phase, the 

sediments of the Valdres Group were probably deposited (Figure 2.3).  

The Hedmark Group (Figure 2.3) rifting phases have been studied in great detail. Due to the 

nearby relation of Valdres Basin and Hedmark Basin (Figure 2.3), the tectonic developments 

are expected to show some similarities. As rifting basins evolved, larger accommodation 

space was provided in response to basin widening. The sedimentary deposits can be 

interpreted to reflect braided streams, maybe on an alluvial fan. The largest and massive 

conglomerate units may be a result of tectonic influence during rifting. Both upward 

coarsening and upward fining trends are indicated at Grønsennknippa.. Rendalen Formation 

in the Hedmark Group has similar characteristics and Nystuen (1987) interpret this to be 

tectonically controlled, with movements along marginal faults or variations in subsidence and 

accommodation space. Osdalen Formation consists of conglomerate units deposited on an 

alluvial fan where the clast supported conglomerate may indicate flow deposited 

conglomerate, while the matrix supported conglomerate is a response of debris flows 

(Nystuen, 1981). Both Rendalen and Osdalen Formation may be equivalent to the studied 

profiles at Grønsennknippa. If this is the case, Grønsennknippa sediments may represent syn-

rift deposition.  

Grønsennknippa is interpreted to be 

braided stream deposits, and maybe 

deposited on an alluvial fan with ongoing 

tectonic activity, due to the large amount 

of clast dominating conglomerates. 

Braided streams, which mainly reflects 

bedload transportation, has low-sinuosity, 

steep slopes and higher discharge 

compared to meandering rivers (Figure Figure 5.11: Higher chanel slopes and higher discharges 
reflect bradied streams. Modified from Miall (1996). 
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5.11) (Miall, 1996). In this environmental setting, the sediments at Grønsennknippa may have 

been deposited proximal to the source. Steep slopes argue for a highland source and high 

discharges argue for tectonic active areas, maybe basin margin faulting. In a faulting scenario, 

there are both uplift and subsidence. Based on the imbrications (Figure 4.6), the sediments 

may have been deposited from an uplifted area in the west and transported eastwards to a 

subduction area with higher accommodation space.  

5.4.2 Provenance area 

The depositional area of the Valdres “sparagmite” is huge (7000 km2), so when considering 

the source area of these rocks, variation in the petrographic composition and sedimentary 

processes is expected to occur (Goldschmidt, 1916, Loeschke and Nickelsen, 1968).   

The conglomerate at Grønsennknippa is dominated by quartzite clasts, but granitic, rhyolite, 

feldspars, shale and gneissic clasts are also observed. Studies done in the Hedmark Group 

suggest that the western part of the Hedmark Basin had a dominating Sveconorwegian source, 

while the eastern parts were sourced mainly from the Transscandinavian Igneous Belt 

(Lamminen et al., 2015). Lamminen et al. (2015) did also radiometric dating on detrital 

zircons, with ages ranging from 1200-1500 Ma. These are typically found in present-day 

Telemark (Goldschmidt, 1916). As mentioned in chapter 5.4.1, the Hedmark Basin and 

Valdres Basin were located close to each other, which may indicate that sediments in the 

Valdres Group share the same source area as the Hedmark Group. 

Based on the dominating quartzite pebbles found in FA1 and FA2, Telemarkland has been 

suggested as a possible provenance area in previous litterateur (Loeschke and Nickelsen, 

1968). The volcanic clasts are also resembling the ones from Telemarkland, including 

Telemark, Hallingdal and Numedal (Loeschke and Nickelsen, 1968, Loeschke, 1967). 

Bingen et al. (2011) collected samples from the Middle Allochthon, and all showed very 

similar detrital-zircon age distributions. The main age distributions are around 1650, 

1500,1150 and 980 Ma. From the Middle Allochthon, one sample of arkosic sediments was 

recovered from the Valdres Group. The age of 1280 Ma (Figure 5.12) matches magmatism in 

the western part of the Sveconorwegian belt, which is referred to as Telemarkland. 

Additionally, three populations from the Valdres Group correspond to magmatic events from 

1650, 1490 and 1280 Ma in the Jotun thrust sheet (Bingen et al., 2011). Sediments exposed in 
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the Middle Allochthon are results of resumed erosion of the Sveconorwegian belt at the end 

of the Neoproterozoic, as rifting events led to the opening of the Iaptus Ocean (Bingen et al., 

2011). With detrital-zircon populations ranging from 1990-860 Ma, Bingen et al. (2011) 

suggest that most zircon populations from the sparagmites can be related to the 

Sveconorwegian belt.   

Thin sections from Grønsennknippa have an abundance of perthites in the K-feldspars. In 

addition, mesoperthites and antiperthites are also observed. Mesoperthite is, according to 

Loesche and Nickelsen (1968), common in Jotun rocks. The fact that mesoperthite is found in 

small amounts at Grønsennknippa, could argue for minor contributions of material from Jotun 

rock source area (Loeschke and Nickelsen, 1968).  

5.5 Correlation of profile 4a and profile 2a 
Two sedimentary logs were created on the eastern side of Grønsennknippa. These were 

named profile 4a (Figure 4.7) and profile 2a (Figure 4.8). They are located approximately one 

kilometer apart with profile 4a to the south and profile 2a to the north (Figure 4.3). The 

relative short distance between the profiles is reflected in rather similar lithology, and is also 

interpret as the same depositional environment. The massive conglomerate with well-rounded 

quartzite pebbles is dominating, indicating same source. Additionally, inter-bedded 

sandstones and fine-grained sandstone to shale developments are situated in the conglomerate. 

The major difference is the extent of the sedimentary logs. Profile 4a is a far more extensive 

profile and consists of an additionally conglomerate unit, as well as a diamictite. These are 

not observed in profile 2a, which only have a two-meter sandstone unit besides the massive 

conglomerate. Profile 4a is very consistent compared to profile 2a, which also was more 

covered by vegetation. 

Figure 5.12: Cumulative-probabilty curves of detrital-zircon ages from the Valdres Group. The highest 
peaks are 1650 Ma, 1490 Ma, 1280 Ma and 990 Ma. Modifed from Bingen et al. (2011). 
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Imbrication measurements from both profiles display a general eastward transport direction 

(Figure 4.6), but minor variances occur. Profile 4a has a transport direction trend of ESE, 

while profile 2a has transport direction trend of ENE. This variance is not so significant due 

to variances that might occur in a fluctuating braided stream system.  

The limited sedimentary structures, makes it difficult to make a correlation based on field 

study. The best correlation candidate is the transition from the massive dominating 

conglomerate to sandstone (Figure 5.13). This transition is located at 190 meters in profile 4a 

(Figure 4.7) and 255 meters in profile 2a (Figure 4.8). Strike measurements on the bedding 

supports this assumption, in which they are quite similar. Figure 4.4 displays the logging 

transects and where they cross the conglomerate-sandstone transition.   

 

Profile 4a and 2a is relative similar in mineralogical distribution (Figure 5.14). Point counting 

and XRD-results are plotted in a triangular diagram (Figure 5.14). Profile 4a displays a more 

Figure 5.13: Simplified sedimentary log  
with a potensial correlation candidate in the 
transition between conglomerate and 
sandstone.  
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homogenous quartz-K-feldspar-plagioclase (QAP) distribution compared to profile 2a. 

Generally lower amount of plagioclase in both profiles was observed during point counting 

compared to the amount extracted from XRD. Higher alteration of plagioclase or heavily 

sericitization makes it more difficult to detect (Figure 4.23). The big variation in QAP-

distribution in profile 2a may be due to higher influence of metamorphism. Profile 2a are 

closer to the granite basement from the Jotun thrust sheet.  

The mineralogical distributions in profiles 4a and 2a clearly show high amounts of 

plagioclase at the base of both profiles, and with a decrease up-section, based on XRD-results 

(Figure 5.15). At the same time, the amount of K-feldspar is increasing upwards (Figure 

5.15). Consequently, this indicates higher maturity upwards and thereby possibly longer 

fluvial transportation. Based on the mineralogical trends, correlation between the two profiles 

may be possible. Figure 5.15 displays very similar trends of the two profiles, which argue for 

similar depositional environment. A good candidate for mineralogical correlation is the 

highest peak in plagioclase/K-feldspar ratio (“Aa”, Figure 5.15). GRØ-2a-15-17 and GRØ-4a-

4-17 represent these values. A decrease in Fsp/Qtz, Pl/Qtz and Pl/K-Fsp after this point is 

registered in both profiles. Point “Aa” could indicate similar stratigraphic level. There is an 

increase in the feldspar/quartz ratio towards the transition between conglomerate and 

sandstone, which is another argument for comparable depositional environment (Figure 5.15).  

Figure 5.14: Triangular plot based on point counting results and XRD results. 
Profile 4a is marked with red color while profile 2a is marked with blue color. 
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Figure 5.15: Mineralogical trends based on XRD results. The uppermost log 
represents profile 4a, while the lowermost represents profile 2a. Possible 
mineralogical correlation is marked “Aa”. 
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5.6 Correlation with Rundemellen and Skarvemellen  
Grønsennknippa in Vestre Slidre is located approximately 25 km southwest of Rundemellen 

and Skarvemellen in Østre Slidre. Rundemellen and Skarvemellen are separated of a distance 

of approximately 2 km (Sørhus, 2017, Småkasin, 2017). The geological study on 

Rundemellen was done by Sørhus (2017), while Småkasin (2017) did the study on 

Skarvemellen. They found comparable depositional environments between the two; 

interpreted to be braided fluvial deposits, with several similar trends in sedimentary 

structures, paleocurrent measurements, provenance area and mineralogy found on 

Grønsennknippa.    

5.6.1 Field correlation 

The lithostratigraphy at Grønsennknippa is very similar to the lithological units at 

Skarvemellen and Rundemellen. Grønsennknippa does not necessarily represent the same 

lithostratigraphic level as Rundemellen or Skarvemellen, but all three consist of conglomerate 

units, sandstone units and fine-grained 

sandstone to shale units. Distribution 

on these are somewhat different, in 

which the dominant lithology at 

Grønsennknippa is conglomerate, 

while the dominate lithology at 

Mellane is sandstones (Figure 5.16). 

This may indicate a more distal 

deposition compared to 

Grønsennknippa.  

The conglomerate from both 

Skarvemellen and Rundemellen are 

grain supported and polymict. They are 

dominated by quartzite clasts of 

typically 0.5 to 10 centimeters, 

although the Rundemellen quartzite 

tends to be a little bit bigger. They are 

Figure 5.16: Simplified sedimentary logs from 
Grønsennknippa, Skarvemellen and Rundemellen. While 
Grønsennknippa is mostly dominated by conglomerate units, 
Skarvemellen and Rundemellen are dominated by sandstone 
units. Additionally, fine grained material is also more common 
at Rundemellen and Skarvemellen. The color index in the log 
is the same used in Figure 4.7 and Figure 4.8. 



 
 

122 

well rounded to sub rounded (Småkasin, 2017, Sørhus, 2017). These resemble the quartzite 

clasts at Grønsennknippa in shape, size and appearance, which argue for similar provenance 

area. The largest difference between the conglomerate at Mellane (Rundemellen and 

Skarvemellen) and Grønsennknippa is the larger thickness of the units and that the massive 

conglomerates at Grønsennknippa are more tightly packed, which could imply higher rates of 

sediment reworking or allogenic processes. In a tectonic event, clasts may have been 

deposited in a rapid event, resulting in close distribution of the conglomerate. Volcanic, 

feldspar, granitic, shale, and gabbroic clasts are found in the conglomerate at 

Grønsennknippa. These are present but less abundant, and the feldspar, granitic and volcanic 

also exist at Skarvemellen and Rundemellen in small amounts.  

The sandstones from Rundemellen and Skarvemellen consist of medium to coarse grain sizes. 

This is similar to the sandstones at Grønsennknippa, which also consist of coarse sandstones. 

Similar grain sizes make assumptions of the proximal-distal deposition relationships more 

difficult to determine. Braided streams may vary a lot considering the fluctuations and the 

many channels included. The most distinctive difference between the sandstone units at 

Grønsennknippa and Mellane is the diversity. Skarvemellen and Rundemellen consist of 

Figure 5.17: Model displaying potensial position of Grønsennknippa (G), Skarvemellen (S) and Rundemellen 
(R) during deposition. The figure is modified from Sørhus (2017) and Småkasin (2017). Rundemellen and 
Skarvemellen are interpreted to be located at a braided plain, while Grønsennknippa is interpreted to possibly 
represent a braided stream on an alluvial fan. Paleocurrent measurements from Grønsennknippa, Skarvemellen 
and Rundemellen have a general direction towards east.  
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higher amounts of sandstones compared to Grønsennknippa, and sedimentary structures are 

also more common. This may indicate a more rapid depositional environment at 

Grønsennknippa compared to Mellane.  

The fine grained sandstone to shale are also more frequent at Mellane, suggesting that the 

sediments may have been deposited in more distal areas, where floodplains are more 

common.     

The paleocurrent measurements from Skarvemellen were collected from cross-beddings, 

while Rundemellen measurements also included imbrications. These measurements show the 

same trends as the imbrication measurements collected at Grønsennknippa. The general 

transport direction is to the east, which may reflect deposition of material divided from the 

same basin margin (Figure 5.17).   

5.6.2 Mineralogical comparison 

Mineral content of samples from Grønsennknippa can be compared with mineral content of 

analyzed samples from Skarvemellen and Rundemellen. These rocks are arkosic sediments, 

containing high amounts of quartz and feldspars. Quartz is the dominating mineral in all three 

locations, but the amount differs between the Valdres Group at Mellane and the one at 

Grønsennknippa. XRD-analysis shows that the general amount of quartz ranges from 60-85% 

at Skarvemellen and Rundemellen (Småkasin, 2017, Sørhus, 2017) (Figure 5.18).  

Profile 4a and 2a from Grønsennknippa consist of lower quartz amounts compared to 

Skarvemellen and Rundemellen, but the largest difference in mineral content is connected to 

the amount of plagioclase. Samples from Mellane consist typically of 0-10% plagioclase, 

while 10-30% are typical for the plagioclase from Grønsennknippa. This could reflect farther 

transport of sediments from Skarvemellen and Rundemellen sites, increasing sediment 

maturity. Plagioclase is the least stable mineral compared to K-feldspar and quartz (Goldich, 

1938), and will be the first mineral to disappear during long transportation. Due to minor 

differences in roundness in thin sections from Grønsennknippa compared to Skarvemellen 

and Rundemellen, assumption of the length of transportation cannot be done.  
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Thin sections from Rundemellen and Skarvemellen appear very similar to the thin sections 

from Grønsennknippa (Småkasin, 2017, Sørhus, 2017). Quartz is dominanting and is mostly 

undulatory in all three locations. Perthite in the K-feldspars is also common. Most of the 

grains are floating in a sericite matrix in thin sections from Grønsennknippa, which is also the 

case from Mellane. Even though sutured and concavo-convex contacts are observed at both 

Grønsennknippa and at Mellane, tangential and long are the most common. The results of 

heavy mineral analysis show very different results. While Skarvemellen and Rundemellen are 

dominated by zircon and apatite of igneous origin (Småkasin, 2017, Sørhus, 2017), 

Grønsennknippa are dominated by epidote and titanite of metamorphic origin, which could 

indicate higher metamorphic influence at Grønsennknippa compared to Skarvemellen and 

Rundemellen.  

The samples from Grønsennknippa are more petrographical immature compared to the 

samples from Rundemellen and Skarvemellen, e.g. based on plagioclase amounts. Thus, from 

point counting, the plagioclase and feldspar in general, are more heavily altered at 

Grønsennknippa compared to Mellane. The feldspar alteration index from Grønsennknippa is 

between 4 and 5 on the alteration scheme (Figure 3.6), while values between 2 and 3 is 

Figure 5.18: QAP-plot of XRD results of the Valdres Group at 
Grønsennknippa, Skarvemellen and Rundemellen. The red field represents 
the diversity of profile 4a. The blue field represents the diversity of profile 
2a. The yellow field represents the diversity at Skarvemellen and the green 
field represents the diversity at Rundemmelen. Profile 4a and Rundemellen 
has the most compact results. Some points differ from the majority in 
Skarvemellen and Rundemellen making the diversity fields larger. 
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dominating the feldspars from Mellane. This may not have anything to do with transport 

maturity, but could rather reflect retrograde metamorphic influence, consequently 

sericitization. Grønsennknippa probably was more exposed for retrograde metamorphism, 

which altered the feldspars and especially the plagioclase during sericitization processes. 

Figure 4.23 shows a heavily altered plagioclase as a response of sericitization.   

Sericite is abundant in most samples from Grønsennknippa, Skarvemellen and Rundemellen 

(Småkasin, 2017, Sørhus, 2017). The sericite at Grønsennknippa is interpreted to be a result 

of both metamorphism and hydrothermal alteration. Sericite was not observed growing in the 

micro-pores of the feldspars in samples from Skarvemellen or Rundemellen as it was in 

samples from Grønsennknippa, and was therefore interpreted to be of a result of 

metamorphism and not hydrothermal alteration (Småkasin, 2017, Sørhus, 2017).   

Similar acritarchs were found in the Valdres Group at Grønsennknippa, Skarvemellen and 

Rundemellen. This indicates comparable environmental conditions. If these acritarchs turn out 

to be from Neoproterozoic and not a result of contamination, they can potentially be used for 

correlation purposes. Further studies are required to make a detailed correlation between 

Mellane and Grønsennknippa based on acritarchs.     

The sedimentary logs from Mellane display none distinctive trends in mineralogical 

composition. Figure 5.19 shows very homogenous characteristics in the Fsp/Qtz ratio. The 

Mica/Qtz+Fsp ratio displays much more variations, but no specific trend. By comparing 

Mellane with Grønsennknippa, the feldspar content is higher in the samples from 

Grønsennknippa (Figure 5.15 and 5.19). Trends are more distinct at Grønsennknippa 

compared to Skarvemellen and Rundemellen. Figure 5.15 (Grønsennknippa) show Pl/K-fsp 

ratio being reduced up-section or destroyed by sericitization in Profile 4a and 2a. The same 

ratio is very homogenous at Skarvemellen and Rundemellen.  
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Figure 5.19: Mineralogical trends from sedimentary logs at Mellane. The uppermost figure is from 
Rundemellen, while the lowermost figure is from Skarvemellen. Data is based on XRD results (Småkasin, 
2017, Sørhus, 2017).   
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The differences in the Fsp/Qtz (maturity) and Mica/Qtz+Fsp (dominating framework) ratios 

are most likely due the more proximal deposition at Grønsennknippa compared to Mellane. 

The sedimentary log from profile 4a has a stratigraphical gap of approximately 533 meters 

before the diamictite bed appears. This correlation with the interpreted breccia at Mellane is 

further discussed in chapter 5.6.3.  

5.6.3 Diamictite correlation 

The best candidate as a level of correlation between Grønsennknippa and Skarvemellen and 

Rundemellen is the interpreted glacial deposits from all three localities (Figure 5.20). Sørhus 

(2017) and Småkasin (2017) named the glacial deposits on Rundemellen and Skarvemellen 

“breccia” and interpret this thin layer unit to be a possibly correlation to the Moelv Tillite, 

which was deposited as a result of the Varangerian glaciation (Nystuen, 1987), and a glacial 

ice sheet which most likely 

covered large areas. Due to the 

close relation of Hedmark and 

Valdres basins, the Valdres Group 

most likely will consist of glacial 

deposits as well.  

The tillite from Skarvemellen and 

Rundemellen are matrix-

supported, coarse grained and rich 

in angular clasts. Grønsennknippa 

is also matrix-supported and 

consist of angular and elongated 

clasts. The Grønsennknippa matrix 

differs from Mellane with a 

medium grain size. 

Grønsennknippa consists of 

quartzite, feldspar, granitic and 

gabbroic clasts, while feldspar 

clasts are dominant at 

Rundemellen and Skarvemellen 

Figure 5.20: Simplified logs showing correlation between the 
interpreted glacial depoists from Grønsennknippa, Skarvemellen and 
Rundemellen.    
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(Småkasin, 2017, Sørhus, 2017). Glaciers operates as “bulldozers” and can carry very poorly 

sorted sediments in huge admixtures (Eyles and Eyles, 2010), so even though the dominating 

clast compositions are different, they can still be related, in spite of potential altering.    

Figure 5.19 shows a sudden increase in Fsp/Qtz ratio in the tillite from Rundemellen and 

Skarvemellen, which is also shown in the diamictite from profile 4a at Grønsennknippa 

(Figure 5.15). This increase might suggest a similar matrix composition and may be a possible 

evidence for glacial correlation.  

5.7 Correlation with the Hedmark Group 
Several rift basins occupied the Baltoscandian margin in Eocambrian. Another basin located 

nearby the Valdres Basin was the Hedmark Basin (Figure 2.2). The Hedmark Basin is a part 

of the Lower and Middle Allochthon which developed during the Caledonian Orogeny 

(Bockelie and Nystuen, 1985). It is divided into a western and an eastern part. A deep marine 

depositional environment characterizes the western part, while the eastern part is dominated 

by braided plain (Nystuen, 1981). Osdalen Conglomerate, Rendalen Formation and 

Litlesjøberget Conglomerate from the eastern part of the Hedmark Basin may be related to 

Grønsennknippa based on depositional environment (Figure 5.21). Ring Formation and Biri 

Formation consist of conglomerate units, but the Ring Formation is dominated by turbidities 

and subaerial alluvial fans, while Biri Formation is dominated by shallow marine deposits and 

carbonates.     

5.7.1 Eastern margin 

Rendalen Formation 

Rendalen Formation consists of fluvial arkosic sandstones with inter-bedded conglomerate 

and mudstone (Nystuen, 1981). The conglomerate in Rendalen Formation resembles the 

massive, dominating conglomerate from Grønsennknippa. It consists of rounded to well-

rounded red/pink quartzite clasts and a few granitic clasts. The conglomerate is clasts-

supported with inter-beds of coarse sandstone (Nystuen, 1981). These conglomerates may 

have been deposited in a similar depositional environment as the conglomerate at 

Grønsennknippa. Nystuen (1987) suggests that the conglomerate was deposited in an area of 
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high relief on alluvial fans. This is comparable to the interpretation given here for the 

conglomerate at Grønsennknippa. Rendalen Formation has a very large extent and the 

dominating lithology is very coarse sand. Pebbles up to ten centimeters have been observed in 

the sandstone of Rendalen Formation, which is similar to Facies 2b at Grønsennknippa. The 

sandstones were deposited on a large alluvial planes by low-sinuosity, braided streams 

(Nystuen, 1981). Both Rendalen Formation and Grønsennknippa were in some degree 

tectonically controlled based on the large upward fining and upward coarsening sequences 

(Nystuen, 1987). 

 

Figure 5.21: Hedmark basin with Ring Fm., Biskopåsen Cgl., Osdalen Cgl. and Rendalen Fm. Modified 
from Nystuen (1987).  
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Litlesjøberget Conglomerate 

Nystuen (1981) studied the Litlesjøberget Conglomerate. This conglomerate has many similar 

characteristics as the conglomerate from Rendalen as well as Grønsennknippa. Litlesjøberget 

Conglomerate are both matrix supported and clast supported (Nystuen, 1981). The massive 

conglomerate from Grønsennknippa resembles the latter, deposited on an alluvial fan. 

Tectonic controls are also suggested influencing Litlesjøberget Conglomerate. Additionally, 

Litlesjøberget Conglomerate has coarsening upward trends, which are recognized as the 

overall trend in Facies association 2 at Grønsennknippa. Nystuen (1981) proposed that this 

might be due to progradational episodes or maybe rapid subsidence. Thin sandstone 

interlayers as observed in FA1 at Grønsennknippa are also appearing in-between the massive 

conglomerate in Litlesjøberget Conglomerate, suggesting that similar fluvial depositional 

processes may have occurred.     

Osdalen Conglomerate 

Osdalen Conglomerate is situated on top of Rendalen and Biri formations and is very similar 

to the Litlesjøberget Conglomerate and the conglomerate from Rendalen Formation in terms 

of depositional environment. This unit was originally a member of the Rendalen Formation 

(Nystuen, 1981). Moelv Tillite is situated on top of the Osdalen Conglomerate east in the 

Hedmark Basin. If the diamictite found at Grønsennknippa correlates with the Moelv Tillite, 

the age of the studied Grønsennknippa successions may have been the same as the Osdalen 

Conglomerate (Figure 5.21). Quartzite clasts of the same color and shape as in 

Grønsennknippa are found in the Osedalen Conglomerate. Both the age and similar clasts 

types may suggest comparable provenance area, or showing same mutual depositional 

environments. An alluvial fan environment is also proposed for Osdalen conglomerate, with 

both debris flows and fluvial flows as depositional mechanisms (Nystuen, 1987).             

5.7.2 Western margin 

Tectonic activity along the western margin of the Hedmark Basin resulted in the development 

of deep sea fans dominated by coarse sediments in the Ring Formation and Biskopås 

Conglomerate.  
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Ring Formation  

Grønsennknippa resembles the Ring Formation in sediment material. Both comprises arkosic 

sandstones and conglomerates (Bjørlykke et al., 1976). The Ring Formation is a regressive 

system, with marine, shallow marine and fluvial braided river deposits on the prograding 

deltas (Bjørlykke et al., 1976). The latter may resemble the depositional environment of 

Grønsennknippa. Thus, Grønsennknippa is interpreted to be an alluvial fan, while Ring 

Formation is most likely a deep sea fan.  

Biskopås Conglomerate 

The Biskopås conglomerate consist of well-rounded clasts of pebble and cobble size in a grain 

supported framework (Bjørlykke et al., 1976). The matrix is also coarse-grained. Massive 

sandstones are inter-bedded in-between. The conglomerate is interpreted to be a result of 

subaqueous fans driven by gravity flows, in front a delta environment (Bjørlykke et al., 1976, 

Nystuen, 1981). These fans were probably fed by fluvial systems (Bjørlykke et al., 1976). 

Biskopås Conglomerate is dominated by gravity flows, which is not the case at 

Grønsennknippa.  

5.7.3 Moelv Tillite  

The Moelv Tillite is related to the Varangerian glaciation, which occurred about 650 Ma ago 

(Nystuen, 1987). These glacial deposits have a wide regional reach in the Hedmark Basin 

(Nystuen, 1981), which makes it a good correlation unit. The Moelv Tillite has been 

correlated with other tillite formations from the North Atlantic region and Russia, as well as 

other areas connected to the Caledonian Orogeny (Nystuen, 1981). Bingen et al. (2005b) 

describes a glaciation recorded on most continents during Late Neoproterozoic, which may 

argue for a global scale glaciation, or a so-called “snowball-earth”. Due to the large extent of 

glacial deposits, and the close positional relation between Hedmark Basin and Valdres Basin, 

it’s very likely that Valdres Basin also were covered by glacial ice sheets during the 

Varangerian ice age. If this is the case, the diamictite at Grønsennknippa may be equivalent to 

the Moelv Tillite. Both are poorly sorted. The minor thickness of the diamictite at 

Grønsennknippa argue for glacial deposition, and may correlate to the moderate thickness of 

glacial deposits in Hedmark Group (up to 5 meters) (Nystuen, 1987). Moelv Tillite is situated 

on top of carbonates in some areas, which indicates warm climate and leads to the 
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assumptions of very rapid climatic shifts (Nystuen, 1981). Carbonates are not found at 

Grønsennknippa, which may indicate that the diamictite and Moelv Tillite not necessarily are 

equivalents. However, factors like tectonic influence, sea level and erosion may have stopped 

carbonates from developing in the Valdres Basins.      

Glacial deposits interpreted from Grønsennknippa, Skarvemellen and Rundemellen in the 

Valdres Basin is located in the correct stratigraphic position, which strongly indicates a 

possible correlation to the Hedmark Basin.  
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6 Concluding remarks 
The Valdres Group represents arkosic sediments, deposited in the Valdres Rift Basin at the 

Baltoscandian margin. Due to the Caledonian Orogeny, the Valdres Basin was transported in 

a southwestern direction. The Valdres Group belongs to the so-called Middle Allochthon.  

Grønsennknippa is located on the Valdres thrust sheet, with Jotun thrust sheet above, here 

represented by granites and gabbroes. Seven thrust faults are identified on Grønsennknippa, 

which are interpreted to be a low-angle imbrication fan.    

The sedimentary units on Grønsennknippa are interpreted to represent a proximal braided 

stream on an alluvial fan. Conglomerate is the most dominating lithological unit. Coarse-

grained sandstone and fine-grained sandstone to shale are also common. The depositional 

environment has been controlled by tectonics, connected with basin rifting in Neoproterozoic. 

Upward fining and upward coarsening trends are identified on the sedimentary logs. 

The sediments at Grønsennknippa have been metamorphosed in the lower greenschist-facies 

and most of the heavy minerals have most likely metamorphic origin. Based on previous work 

from the Valdres Group, the best candidate for provenance area is the Sveconorwegian Belt or 

Telemarkland. A small input from Jotun rocks are also recorded.    

Sericite is the dominating matrix component in all samples collected from Grønsennknippa. It 

may be developed in three ways: 1) Metamorphism, transformation from illite to sericite at 

greater depths 2) Retrograde metamorphism, feldspars are altered from sericitzation 3) 

Hydrothermal origin, sericite are growing in micro-pores of plagioclase. 

Palynological analyses were performed, and acritarchs may have been found in the Valdres 

Group. Further studies are needed to get a better understanding of the possible microfossil and 

to clarify that these samples are in fact related to the Neoproterozoic and not contamination.   

Grønsennknippa, Skarvemellen and Rundemellen from the Valdres Group are very similar in 

mineral composition. The biggest difference is the amount of plagioclase, and samples from 

Mellane may be more mature than Grønsennknippa reflecting longer way of sediment 

transportation. A more proximal depositional environment is interpreted for Grønsennknippa 

compared to Mellane.  
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Hedmark Group has many similarities with the Valdres Group. Grønsennknippa is interpreted 

as a braided stream on an alluvial fan with dominating clasts-supported conglomerates. The 

eastern part of the Hedmark Basin is the most similar, dominated by a braided plain and 

alluvial fan deposits.   

A thin diamictite layer found at Grønsennknippa may be correlated with a comparable breccia 

from Skarvemellen and Rundemellen, interpreted by Småkasin (2017) and Sørhus (2017), and 

the Moelv Tillite from the Hedmark Group. The diamictite is interpreted to be of glacial 

origin, and may have been deposited during the Varangerian glaciation.   
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Appendix A: Thin section 
Table A.1: Thin section analysis of samples from profile 4a. Plag=plagioclase, K-fsp=K-feldspar, Musco=Muscovite, RF=Rock fragment, 

Tartan tw=Tartan twinning, Polysyn=Polysynthethic twinning, Mesopert=mesoperthite, antipert=antiperthite. Titanite tw=Titanite twinning.  

Table A.2: Thin section analysis of samples from profile 2a. Chlor=Chlorite, Plag=plagioclase, K-fsp=K-feldspar, Musco=Muscovite, 

RF=Rock fragment, Tartan tw=Tartan twinning, Polysyn=Polysynthethic twinning, Mesopert=mesoperthite, antipert=antiperthite. Titanite 

tw=Titanite twinning. 

Table A3: Thin section analysis of samples outside profile 2a and 4a. Plag=plagioclase, K-fsp=K-feldspar, Musco=Muscovite, RF=Rock 

fragment, Tartan tw=Tartan twinning, Polysyn=Polysynthethic twinning, Mesopert=mesoperthite, antipert=antiperthite. Titanite tw=Titanite 

twinning.  
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Table A.1 Mineral content 

Sample 

GRØ- 

Lithology Dominating 
framework 

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

4a-1-17 Silt/shale layer in 
conglomerate 1 

Matrix 
supported 

0.26 - Sub rounded 

Moderate 

Well 
sorted 

Sericite 
Quartz 

Biotite 
K-fsp
zircon
Epidote
Opaque
Plag

Perthite 
Tartan tw. 
Polysyn. 

Grains floating in 
sericite matrix. Long 
contacts observed. 

Parallel orientations of layers and 
grains elongated in the same 
direction.   

4a-2-17 Matrix in 
conglomerate 1 

Grain 
Supported 

0.90 0.30 

Medium 
sand 

Sub rounded 

High 

Moderate Quartz 
Sericite 
K-fsp.
Plag

Opaque 
Zircon 
Epidote 
Titanite 
Biotite 
Musco. 
Rutile 

Polysyn. 
Tartan tw. 
Perthite 
Mesopert 

Most tangential, 
concavo-convex, 
long.  

Variations in feldspar preservation. 
Cannot observe any grain size 
variations from right up criteria. 

4a-4-17 Matrix in 
conglomerate 1 

Grain 
supported 

1.37 0.40 

Medium 
sand 

Sub angular 

High 

Poor Quartz 
Sericite 
K-fsp.
Plag.

Opaque 
Zircon 
Musco. 
RF 
Epidote 
Biotite 

Polysyn. 
Tartan tw. 
Perthite 
Mesopert 

Most tangential, 
concavo-convex, 
long. 

High quartz/feldspar ratio is 
visually observed. Zones around 
grains with opaque minerals 
observed. 

4a-5-17 Clast in 
conglomerate 1 

Quartzite 
clast 

- - - - Quartz Sericite 
Opaque 
Epidote 
Zircon 
K-fsp
Musco

Tartan tw. Sutured grain contats Veins of sericite traverse the clast. 
Clast dominated by quartz. Altered 
K-fsp by sericite observed.
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Mineral content 

Sample 

GRØ- 

Lithology Dominating 
framework 

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

4a-6-17 Matrix in 
conglomerate 1 

Grain 
supported 

0.65 0.24 

Fine sand 

Sub angular 
to sub 

rounded 

Moderate to 
high 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp.
Plag.
Opaque

Musco. 
Zircon 
Titanite 
RF 
Epidote 

Polysyn. 
Tartan tw. 
Perthite 

Tangential and long 
contacts are 
dominating 

Sample consists of much sericite. 
Large areas comprising of opaque 
minerals surrounding quartz 
observed. Opaque minerals along 
veins and clusters oriented parallel 
along one axis.  

4a-8b-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

1.21 0.46 

Medium 
sand 

Sub angular 

Moderate to 
high 

Poor Quartz 
Sericite 
K-fsp.
Opaque

Plag. 
Zircons 
Epidote 
Biotite 
Musco. 
RF 
Titanite 

Polysyn. 
Tartan tw. 
Perthite 
Mesopert. 
Titanite- 
tw. 

Tangential and long 
contacts are 
dominating  

Clusters of opaque minerals. 
Muscovite occurs as elongated 
grains. 

4a-11b-
17 

Interbedded 
sandstone layer 
in conglomerate 

1 

Grain 
supported 

2.24 0.88 

Coarse 
sand 

Sub angular 
to sub 

angular 

High 

Poor Quartz 
Sericite 
K-fsp.
Plag.

Opaque 
Titanite 
Musco. 
Epidote 
RF 

Tartan tw. 
Polysyn. 
Perthite 
Mesopert. 

Tangential and long 
contacts dominating. 
Concavo-convex 
observed 

Large variations in grain size. 
Grains oriented randomly.    

4a-17-
17 

Sandstone layer 
within 

conglomerate 1 

Grain 
supported 

1.21 0.36 

Medium 
sand 

Sub rounded 
to rounded 

High 

Moderate Quartz 
Sericite 
K-fsp.
Plag.
Opaque

Rutile 
Musco. 
Epidote 
RF 
Zircon 
Titanite 

Tartan tw. 
Polysyn. 
Perthite 
Mesopert. 

Tangential and long 
contacts are 
dominating. Sutured 
and concavo-convex 
observed 

No evidence of change upward in 
sample or significant change in 
change in grain size. 
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       Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

4a-18-
17 

Interbedded 
silt/shale 

Matrix 
supported 

0.44 - Sub rounded  

High 

Poor Sericite 
Quartz 
Opaque  

K-fsp. 
Plag. 
Epidote 

Tartan tw. 
Polysyn. 

Grains are floating in 
matrix. Tangential, 
concavo-convex and 
sutured contacs 
observed 

Upward fining trend in thin section, 
bands with smaller grain size at the 
top. Veins of polycrystalline quartz 
and opaque minerals observed.  

4a-20f-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

1.56 0.58  

Coarse 
sand 

Sub rounded 

High 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp. 
Plag.  

Opaque 
Epidote 
Musco. 
Titanite 
Zircon  

Tartan tw. 
Polysyn 
Perthite 
Mesopert. 
Titanite- 
tw. 

Tangential and long 
contacts are 
dominating. Sutured 
and concavo-convex 
are observed. 

Sericite observed within K-fsp. 

4a-26-
17 

Matrix in 
conglomerate 1 

Grain 
supported  

2.00 0.38 

Medium 
sand 

Sub rounded 

High 

Moderate Quartz 
Sericite 
K-fsp.  

Musco. 
Titanite 
Plag. 
Epidote 
Opaque 
Garnet 
Biotite 
Zircon 
Rutile 

Tartan tw. 
Polysyn. 
Perthite 
Mesopert. 
Antipert. 

Tangential and long 
contacts are 
dominating. Sutured 
and concavo-convex 
contacts are 
observed. 

- 

4a-27a-
17 

Banded granitic 
gneiss clast 

- - - - - Quartz 
Sericite 
Opaque  

Epidote 
Biotite 
Zircons 
K-fsp 
Plag. 
Musco. 

Tartan tw. 
Polysyn. 

- Veins of opaque minerals, and 
clusters of quartzite. Sericite is 
flowing around grains. Gneissic 
bendy bands observed.  
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       Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

4a-35-
17 

Sandstone layer 
within 

conglomerate 1 

Grain 
supported  

1.21 0.39  

Medium 
sand 

Sub angular 
to sub 

rounded 

High 

Moderate Quartz 
Sericite 
K-fsp. 
Plag. 

Opaque 
Zircons 
Musco. 
Epidote 
Titanite 
Biotite 
RF 

Tartan tw. 
Polysyn. 
Perthite 

Tangential and long 
contacts are 
dominating. Sutured 
and concavo-convex 
contacts observed. 

- 

4a-36-
17 

Matrix in 
conglomerate 1 

50/50 grain-
matrix ratio 

1.11 0.23 

Fine sand 

Angular to 
sub angular 

Moderate 

Very 
poor 

Sericite 
Quartz 
K-fsp. 
Plag.  

Biotite 
Garnet 
Epidote 
Musco. 
RF 
Titanite 
Zircon 
Opaque 

Tartan tw. 
Polysyn. 

Tangential and long 
contacts are 
dominating due to 
elongation in one 
direction. Sutured 
and concavo-convex 
are also observed. 

Grains are being “eating” up from 
the inside by sericite. Sericite is 
also observed in fractures. Slightly 
coarsening upward trend and the 
top of sample are grain supported. 
Veins of polycrystalline quartz are 
observed.   

4a-37-
17 

Clast in 
conglomerate 1 

(Shale clast) 

Matrix 
supported 

- - - - Sericite Epidote 
Quartz 
Zircon 
K-fsp. 
Plag. 

Tartan tw. 
Polysyn. 

- Veins of polycrystalline quartz and 
sericite traverse the black/gray-ish 
matrix.  

4a-38-
17 

Phyllite/shale 
clast in 

conglomerate 1 

Matrix 
supported 

1.58 - - Poor Sericite  Quartz 
Plag. 
K-fsp. 
Opaque 

- Grains floats in 
matrix. 

Heavly altered/sericitized 
plagioclase observed. Phyllite/shale 
with indicated porfyroblastic 
appearance.     
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       Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

4a-39-
17 

Base of the first 
sandstone units 

on top of 
conglomerate 1 

Grain 
supported  

2.78 0.38 

Medium 
sand 

Sub angular  

High 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp. 
Plag. 

Epidote 
Musco. 
Biotite 
RF 
Titanite 
Zircon 
Opaque 

Tartan tw. 
Polysyn. 
Mesopert.  

Tangential, sutured, 
long and concavo-
convex observed 

Significant coarsening upward trend 
in the thin section. Opaque has a 
brownish color.   

4a-40-
17 

Sandstone, base 
of possible 

channel 

Grain 
supported  

2.55  0.80 

 Coarse 
sand 

Angular to 
sub angular 

High 

Poor Quartz 
Sericite 
k-fsp. 
Plag. 

Epidote 
Titanite 
Opaque 
Biotite 
Musco. 
Zircon 
RF 

Tartan tw. 
Polysyn. 
Antipert 
Carlsbad- 
tw. 

Sericite observed in-
between grains at the 
grain contacts. 
Sutured, tangential, 
concavo-convex, long 
are observed 

Some seams of larger grains are 
arranged in a row parallel to 
bedding.  

4a-43-
17 

Sandstone, base 
of possible 

channel 

Grain 
supported 

3.51 0.90 

Coarse 
sand 

Angular to 
sub angular 

High 

Poor Quartz 
Sericite 
K-fsp. 
Plag. 

RF 
Opaque 
Musco. 
Epidote 
Zircon  
Titanite 
Rutile  

Tartan tw. 
Polysyn. 
Perthite 
Mesopert. 
Antipert.  

Tangential, long, 
sutured and concavo-
convex 

- 
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       Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

4a-44-
17 

Sandstone Grain 
supported 

1.26 0.46 

Medium 
sand 

Sub angular 
to sub 

rounded 

High 

Moderate Quartz 
Sericite 
K-fsp. 
Plag. 

Epidote 
Rutile 
Musco. 
Titanite 
Biotite 
Opaque 
Garnet 
Zircon 
RF 

Tartan tw. 
Polysyn. 
Perthite 
Mesopert.
Titanite-
Tw. 

Tangential, long, 
concavo-convex, 
sutured observed 

Grains are slightly oriented parallel 
to bedding.  

4a-46-
17 

Sandstone Grain 
supported 

2.02 0.46 

Medium 
sand 

Sub angular 
to sub 

rounded 

High 

Poor Quartz 
Sericite 
K-fsp. 
Plag. 

Titanite 
Opaque 
Epidote 
Zircon 
RF 
Musco.   

Tartan tw. 
Polysyn. 
Perthite 
Mesopert. 

Tangential, long, 
concavo-convex, 
sutured observed 

Overall upward coarsening trend in 
thin section.  

4a-49f-
17 

Clast in 
conglomerate 2 

- - - - - K-fsp. Quartz 
Sericite 
Plag. 
Opaque 
Zircon 
Epidote  

Tartan tw. 
Polysyn.  

- Veins of quartz cut trough K-
feldspar.  

4a-49g-
17 

Matrix in 
conglomerate 2 

Grain 
supported 

1.58 0.39 

Medium 
sand 

Sub angular 
to sub 

rounded 

High 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp. 
Plag.  

Epidote 
Musco. 
Opaque 
Titanite 
RF 

Tartan tw. 
Polysyn. 
Perthite 
Titanite-
tw. 

Tangential, long, 
concavo-convex, 
sutured observed 

No preferred orientation of grains in 
one direction.  
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       Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

4a-52-
17 

Sandstone above 
conglomerate 2 

Grain 
supported 

1.24 0.35 

Medium 
sand 

Sub angular 
to sub 

rounded 

Moderate to 
high 

Moderate Quartz 
Sericite 
K-fsp. 
Plag.  

Garnet 
Zircon 
Titanite 
Epidote 
Opaque 
Musco. 
RF 

Tartan tw. 
Polysyn. 
Mesopert. 

Tangential, long, 
concavo-convex, 
sutured 

Seams of opaque is observed 

4a-54-
17 

Matrix in 
conglomerate 3 

Grain 
supported 

1.65 0.51 

Coarse 
sand 

Sub angular  

High 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp. 
Plag. 

Musco.
vite 
Zircon 
Opaque 
Epidote 
Titanite 
RF 

Tartan tw. 
Polysyn. 
Perthite 

Tangential, long, 
concavo-convex, 
sutured observed 

- 

4a-57-
17 

Phyllite/shale 
clast in 

conglomerate 3 
(seritizised) 

Matrix 
supported 

- - - - Sericite Quartz 
Opaque 
Epidote 
Titanite 
K-fsp. 
Plag. 

Tartan tw. 
Polysyn.  

Grains floating in 
matrix  

Matrix is bent around 
metamorphous grains-
porfyroblastic appearance. Veins of 
polycrystalline quartz observed.  

4a-58-
17 

Matrix in 
conglomerate 3 

Grain 
supported 

0.85 0.28 

Medium 
sand 

Sub angular  

Moderate to 
high 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp. 
Plag. 

Epidote 
Musco. 
Titanite 
Zircon 
Opaque 
RF  

Tartan tw. 
Polysyn. 
Perthite  

Tangential, long, 
concavo-convex, 
sutured observed  

Sericite is squeezed out from 
tangential contact. No preferred 
orientation of grain in the sample. 
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       Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

4a-58b-
17 

Matrix in 
conglomerate 3 

50/50 grain-
matrix ratio  

1.93 0.26 

Medium 
sand 

Sub angular 

Moderate to 
high 

Poor Quartz 
Sericite 
K-fsp. 
Plag. 

Titanite 
Garnet 
Epidote 
Musco. 
Opaque 
Zircon 
Rutile 
RF 
Biotite  

Tartan tw. 
Polysyn. 
Perthite  

Few grain to grain 
contacts due to low 
grain/matrix ratio 

Grains are oruneted along one 
preffered axis. Larger grains are 
located in the middle of the thin 
section. Opaque minerals observed 
in seams. 

4a-60-
17 

Sandstone above 
conglomerate 3 

Grain 
supported 

1.17 0.37 

Medium 
sand 

Sub angular  

High 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp. 
Plag. 

Musco. 
Epidote 
Rutile 
Biotite 
RF 

Tartan tw. 
Polysyn. 
Perthite 
Mesopert. 

Tangential, long, 
concavo-convex, 
sutured contacts 
observed 

No grain size variations observed – 
homogenous distribution.  
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Table A.2      Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

2a-2-17 Granite - - - - - Quartz 
Plag. 
K.fsp. 
Opaque 
Chlor. 
Biotite 
Titanite 
zircon 

- - - Sample show both plastic and 
brittle deformation. Sericite is 
growing in deformation zones.  

2a-3-17 Clast in 
conglomerate 1  

- - - -  Quartz Opaque 
Sericite 

- Sutured contact Only quartz observed. Represents 
conglomerate quartzite clast. 

Matrix 
Conglomerate 1 

Grain 
supported 

1.30 0.52 

Coarse 
sand 

Angular to 
sub angular 

High 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp. 
Plag. 

Epidote 
Opaque 
Garnet 
Zircon 
Titanite 
Musco. 
Biotite  

Tartan tw. 
Polysyn. 
Mesoperth. 
Perthite 
Titanite- 
tw.  

Tangential, long and 
concavo-convex 
observed. Few 
sutured observed 

Chlorite observed. No preferred 
orientation of grains.  

2a-4-17 Clast in 
conglomerate 1 

- 1.504 - - - Quartz 
Sericite 
K-fsp. 
Plag. 

Musco. 
Opaque 
Zircon 

Tartan tw. 
Polysyn. 

- Part of a clast. High amount 
polycryst quartz  

2a-6-17 Shale  Matrix 
supported 

- - - - Sericite  Quartz 
Epidote 
Opaque 
Biotite  

- - - 
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      Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

2a-7-17 Clast in 
conglomerate 1 

- - - - - Quartz Plag. 
K-fsp. 
Sericite 
Zircon 

Tartan tw. - Polycrystalline undulatory quartz. 
High amount of sericite is observed 

2a-9-17 Clast in 
conglomerate 1 

- - - - - Quartz Plag. 
K-fsp 
Zircon 
Sericite 
Opaque  

Tartan tw. 
Polysyn.  

- Quartz is dominating. Opaque 
zones around grains observed.  

2a-10-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

1.07 0.43 

Medium 
sand  

Sub angular 
to sub 

rounded  

Moderate to 
high 

Poor to 
moderate 

Quartz 
Opaque 
Sericite 
K-fsp. 
Plag. 

Garnet 
Epidote 
Titanite 
Zircon 
Musco. 
Biotite 
Chlor. 

Tartan tw. 
Polysyn. 
Perthite 
Titanite-
tw. 

Tangential, long, 
concavo-convex 
contacts observed. 
Fewer sutured 
observed   

Sharp transition to shale. Shale 
matrix enclose the grains in the 
conglomerate matrix. Higher 
amount of opaque minerals at the 
transition to shale. 

Matrix in 
conglomerate 1 

Matrix 
supported 

- - Matrix fine 
grained 

- Opaque 
Sericite 
Quartz 

- - - Quartz and opaque veins observed.    

2a-11-
17 

Clast in 
conglomerate 1 

- - - - - Quartz Zircon 
Sericite 
Opaque 
Epidote  

- - - 
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      Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

2a-12-
17 

Fine grained part Matrix 
supported 

0.61 - - - Sericite 
Quartz 

K-fsp. 
Plag. 
Epidote 
Titanite 
Musco. 

Tartan tw. 
Polysyn. 

Grains are floating in 
matrix 

Sample show two sharp transitions 
between fine-grained part and 
sandstone. Opaque minerals are 
observed in the transition zones.    

Sandstone within 
conglomerate 1 

Grain 
supported 

1.74 0.39 

Medium 
sand 

Angular 

High 

Poor Quartz 
Sericite 
K-fsp. 
Plag. 

Zircon 
Opaque 
Chlor. 
Epidote 
Musco. 
Titanite 

Tartan tw. 
Polysyn. 

Tangetnial and long 
observed. Some 
sutured and concavo-
convex also observed 

Upward decrease in grain size in the 
sandstone part.  

2a-12c-
17 

Gabbro clast in 
conglomerate 1 

- - - - - Sericite  Pyrox. 
Quartz 
Epidote 
Opaque 
Actino. 

- - Fibrous-needle actinolite and quartz 
veins observed.  

2a-15-
17 

Matrix in 
conglomerate 1 

Grain 
supported 
(Nearly 
50/50 

matrix/grain
s) 

1.30 - Sub rounded 

Moderate 

Poor Quartz 
Sericite 
K-fsp. 
Plag. 

 

Titanite 
Opaque 
Musco. 
Zircon 
Biotite 
Garnet 

Tartan tw. 
Polysyn. 
Perthite 
Titanite-
tw. 

Few grain contacts, 
but tangential, long 
sutured and concavo-
convex contacts are 
observed 

Grains are oriented along one 
direction. Microfaults are observed 
in the plagioclase.  
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      Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

2a-17-
17 

Matrix with 
shale-pockets 

Matrix 
supported 

1.18 - - - Sericite 
Quartz 
K-fsp. 

Biotite 
Epidote 
Opaque 
Plag. 
Garnet 
Musco. 
Titanite  

Tartan tw. 
Polysyn. 
Mesopert. 
Titanite-
tw. 

- Pockets of shale in located in 
various parts of the thin section.  

2a-19-
17 

Shale layer 
within 

conglomerate 1 

Matrix 
supported 

0.75 - - - Sericite  Musco. 
Biotite 
Quartz 
Epidote 
Plag. 
K-fsp. 
Garnet 
Zircons 

Perthite 
Tartan tw. 
Polysyn.  

Grains are floating in 
matrix, but tangential, 
long, sutured and 
concavo-convex 
contacts observed 

Thin section can be divided in four 
parts. 1: Homogenous fine-grained 
shale consisting of sericite with 
sharp opaque boundary to part 2. 
2:Heterogenous shale with larger 
grains up to 1 mm. 3: More 
heterogenous shale with larger 
grains. 4: Rock fragment consisting 
of quartz and K-feldspar. 

2a-22-
17 

Matrix in 
conglomerate 1 

Matrix 
supported 

1.22 0.51 

Coarse 
sand  

Sub angular 

High 

Moderate 
to well 

Quartz
Sericite 
K-fsp. 
Plag.  

Opaque 
Musco. 
Epidote 
Zircon 
Biotite 
Titanite 
Garnet 
RF 

Tartan tw. 
Polysyn. 
Mesopert.  

Tangential, long, 
sutured and concavo-
convex observed. 

Microfaults observed in the 
plagioclase.  
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      Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

2a-25-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

1.68 0.49 

Medium 
sand 

Sub angular 

Moderate to 
high 

Moderate 
to poor 

Quartz 
Sericite 
K-fsp. 
Plag. 
Opaque 

Epidote 
Titanite 
Musco. 
Rutile 
Zircon 

Tartan tw. 
Polysyn. 
Perthite 

Tangential, long, 
concavo-convex and 
sutured observed 

Zone of opaque mineral deviates 
from the slightly preferred 
orientation of grains 

2a-28-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

1.89 0.62  

Coarse 
sand 

Sub angular 
to sub 

rounded 

Moderate to 
high 

Poor Quartz 
Sericite 
K-fps. 
Plag. 
Opaque  

Epidote 
Titanite 
Biotite 
Zircon 
Musco. 
RF 

Tartan tw. 
Polysyn. 
Perthite  

Tangential, long, 
sutured and concavo-
convex contacts 
observed 

Polycrystalline quartz veins cutting 
through the thin section. Opaque 
minerals are randomly distributed. 

2a-31-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

1.76 0.86 

Coarse 
sand 

Sub angular  

Moderate to 
high 

Poor Quartz 
Sericite 
K-fsp. 
Plag.  

Epidote 
Opaque 
Biotite 
Zircon 
Titanite 
Musco. 
RF 

Taran tw. 
Polysyn. 
Perthite 
Mesopert. 

Observed long, 
tangential and sutured 
contacts 

Quartz veins observed. Large 
muscovite grains with no preferred 
orientation.  

2a-32-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

1.07 0.51  

Coarse 
sand 

Sub angular 
to sub 

rounded  

Moderate 

Moderate Quartz 
Sericite 
K-fsp. 
Plag.  

Opaque 
Titanite 
Epidote 
Musco. 
Biotite 
Zircon 
RF 

Tartan tw. 
Polysyn. 
Perthite 
Titanite-
tw.  

Tangential, long, 
sutured and concavo-
convex contacts 
observed. 

Grains are oriented along one axis. 
That includes muscovite and 
opaque grains as well.  
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      Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

2a-35-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

0.91 0.38 

Medium 
sand 

Sub angular 

Moderate to 
high 

Moderate Quartz 
Sericite 
K-fsp. 
Plag.  

Opaque 
Biotite 
Garnet 
Epidote 
Zircon 
RF 

Tartan tw. 
Polysyn. 
Perthite 
Mesopert.  

Tangential, concavo-
convex, sutured and 
long observed.  

No preferred to orientation of 
grains. 

2a-37-
17 

Matrix in 
conglomerate 1 

Grain 
supported 

with pockets 
of fine-
grained 
matrix 

1.59 0.69  

Coarse 
sand  

Sub angular 
to sub 

rounded  

Moderate to 
high 

Poor Quartz 
Sericite 
K-fsp. 
Plag. 
Opaque 

Titanite 
Musco. 
Epidote 
Zircon  

Tartantw. 
Polysyn. 
Perthite 
Antipert.  

Tangential, long 
sutured and concavo-
convex contacts 
observed  

Grains are slightly elongated alon 
on axis. Elongated clusters of 
opaque mienrals.  

Matrix in 
conglomerate 1 

Matrix 
supported 

2.02 - - - Sericite  Quartz - Grains floating in 
sericite matrix 

- 

2-10-17 Sandstone Grain 
supported 

2.84 0.63 

Coarse 
sand 

Angular 

High 

Poor Quartz 
Sericite 
K-fsp. 
Plag.  

Opaque 
Garnet 
Epidote 
Titanite 
RF 
Zircon 
Musco. 

Polysyn. 
Tartan tw. 
Perthite 
Titanite-
Tw.  
Mesopert. 

Long, concavo-
convex, tangential 
and sutured observed 
contacts are observed  

Slightly elongated along one 
direction.  
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Table A.3      Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

1-1-17 Granite - - - - - - - - - Sample contains mylonitic bands 
and the grain are well rounded. 
Some zones are ultramylonitic, but 
the genral trend is cataclastic. 
Viscoplastic and brittle observed  

1-2-17 Gabbro - - - - - - - - - - 

1-8-17 Granite - - - - - - - - - Thin section shows fragmeteric 
brittle deformation. It is a 
cataclasite to ultracataclasite 

1-9-17 Granite  - - - - - - - - - Shearzones with lenses are 
observed which decreases in some 
parts of the thin section. Thin zones 
of dislocations or dislocation creeps 
observed 

1-10-17 Granite - - - - - - - - - - 

3-4-17 Phyllonite  - - - -  Quartz Plag. 
Opaque 
Sericite 

Polysyn. - - 
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      Mineral content 

Sample  

GRØ- 

Lithology Dominating 
framework  

Average of 
10 largest 
grains (mm) 

Average 
grain 
size 
(mm) 

Grain 
shape, 
sphericity 

Sorting 1. 2. Zoning 
and 
twinning 

Grain contacts Remarks 

5-12-17 Clast in 
conglomerate 2 

- - - - - Quartz 
K-fsp. 
Plag.  

Opaque 
Sericite 
Epidote  

Tartan tw. 
Polysyn.  

- - 

5-13-17 Matrix in 
conglomerate 2 

Grain 
supported 

2.69 0.51 

Coarse 
sand 

Sub angular 
to sub 

rounded  

High 

Poor Quartz 
Sericite 
K-fsp. 
Plag. 

Opaque 
Titanite 
Epidote 
RF 
Rutile 
Musco. 
Zircon 

Polysyn. 
Mesoperth. 
Tartan tw. 
Titanite-
tw. 

Long, tangential 
concavo-convex, 
sutured contacts 
observed 

No trends or preferred orientation 
of grains are observed. Seams of 
sericite and opaque observed.   

4-25-17 Clast in 
Conglomerate 3 

- - - - - Quartz Zircon - - Polycrystalline quartz. 

4-26-17 Matrix in 
conglomerate 3 

Grain 
supported 

2.37 0.45 

Medium 
sand 

Sub angular  

Moderate to 
high 

Poor Quartz 
Sericite 
K-fsp. 
Plag.  

Opaque 
Titanite 
Epidote 
Zircon 
Biotite 
Musco. 
RF 

Tartan tw. 
Polysyn. 
Perthite  

Tangential, long 
sutured and concave-
convexc contacts 
observed.  

No grain size variations or 
orientation observed throughout the 
sample. 
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Appendix B: Point counting 
Table B.1: Point counting analysis of samples from profile 4a. Mono=Monocrystalline, Poly=Polycrystalline, Und=Undulatory, Tot=Total, 

Alt=Alteration, Epi=Epidote, Tit=Titanite, RF=Rock fragment, Gar=Garnet. 

Table B.2: Point counting analysis of samples from profile 2a and sample GRØ-5-26-17. Mono=Monocrystalline, Poly=Polycrystalline, 

Und=Undulatory, Tot=Total, Alt=Alteration, Epi=Epidote, Tit=Titanite, RF=Rock fragment, Gar=Garnet.  
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Table B.1              

4a Quartz K-feldspar Plagioclase            

Samples % %  %  % 

GRØ Mono Poly Und Tot Tot Alt. Tot Alt. Sericite Opaque Epi. Tit. Zircon Biotite Muscovite Rutile RF Gar. Chlorite 

4a-4 70.6 29.4 99.3 38.2 11.7 5.00 2.0 4.38 43.5 1.5 1.5 0.0 0.0 0.5 0.5 0.2 0.2 0.0 0.0 

4a-6 83.3 16.7 99.2 33.0 2.0 4.50 0.7 4.67 56.7 4.0 3.2 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 

4a-8b 66.7 33.3 97.9 36.0 11.7 4.15 3.0 4.58 40.5 5.2 1.7 0.0 0.0 0.0 0.2 0.0 1.5 0.0 0.0 

4a-11b 69.6 30.4 100 39.5 14.0 4.71 4.2 4.73 32.0 0.7 0.5 0.0 0.0 0.0 1.0 0.0 8.0 0.0 0.0 

4a-17 72.2 27.8 99.3 33.7 9.2 4.34 5.5 4.82 42.5 3.5 4.5 0.0 0.0 0.0 0.7 0.0 0.2 0.0 0.0 

4a-20f 60.4 39.6 99.3 37.2 10.5 4.03 6.7 4.37 37.0 0.2 0.5 0.0 0.0 0.2 0.5 0.0 7.0 0.0 0.0 

4a-26 75.3 24.7 100 41.5 19.2 4.31 3.7 4.13 26.2 4.0 2.0 0.0 0.0 0.0 0.2 0.0 3.0 0.0 0.0 

4a-35 72.8 27.2 98.8 43.2 15.2 4.39 2.5 4.30 34.0 0.5 2.7 0.0 0.5 0.0 0.2 0.0 1.7 0.0 0.0 

4a-39 65.1 34.9 97.3 37.2 17.2 3.93 4.2 4.00 33.2 0.2 1.7 0.0 0.0 0.2 0.0 0.0 5.7 0.0 0.0 

4a-43 55.3 44.7 100 40.2 12.0 3.50 3.2 4.46 30.5 4.7 2.3 0.0 0.0 0.0 0.7 0.0 8.2 0.0 0.0 

4a-46 58.2 41.8 98.2 41.2 24.2 4.25 1.7 4.14 27.7 0.0 2.2 0.0 0.0 0.0 0.0 0.0 2.7 0.0 0.0 

4a-49g 74.1 25.9 98.9 43.5 11.5 4.04 5.5 4.55 36.2 1.0 0.2 0.2 0.0 0.0 0.0 0.0 1.7 0.0 0.0 

4a-58b 87.8 12.2 100 24.5 13.2 3.77 4 4.06 50.2 0.5 5.5 0.0 0.0 0.0 1.2 0.0 0.7 0.0 0.0 

4a-60 54.9 45.1 100 46.0 17.2 4.08 7.7 4.29 18.5 0.2 0.0 0.2 0.0 0.7 1.5 0.0 6.7 0.2 0.0 
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Table B.2              

2a Quartz K-feldspar Plagioclase            

Samples % %  %  % 

GRØ Mono Poly Und Tot Tot Alt. Tot Alt. Sericite Opaque Epi. Tit. Zircon Biotite Muscovite Rutile RF Gar. Chlorite 

2a-3 81.3 18.7 97.3 37.5 22.0 4.55 2.0 4.75 26.2 2.5 3.5 0.2 0.0 2.7 1.5 0.0 1.5 0.0 0.2 

2a-22 70.8 29.2 98.8 40.2 12.2 4.71 12.2 

 

4.67 39.7 0.5 1.7 0.2 0.0 0.2 0.2 0.0 3.2 0.0 0.0 

2a-28 56.6 43.4 98.7 38.0 7.0 4.75 0.7 5.00 39.2 7.2 6.2 0.2 0.0 0.2 0.5 0.0 0.5 0.0 0.0 

2a-32 80.8 19.2 99.2 30.0 9.7 4.46 1.5 3.83 50.2 2.7 2.5 1.2 0.0 0.0 1.5 0.0 0.5 0.0 0.0 

2a-10 52.6 47.4 98.7 38.0 16.0 4.11 1.7 3.43 32.0 1.2 0.7 0.0 0.0 0.0 0.0 0.0 10.2 0.0 0.0 

                    

5-26 56.6 43,4 99.2 32.2 16.0 3.95 2.5 3.90 30.2 0.5 1.0 0.0 0.0 0.0 0.0 0.0 17.5 0.0 0.0 
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Appendix C: XRD 
Table C.1: Results from XRD analysis of samples from profile 4a. 

Table C.2: Results from XRD analysis of samples from profile 2a. 

Figure C.1: Weight percent of bulk composition from profile 2a. The results are plotted base on lithology and displayed in their respective 

facies association. Results from fine-grained sandstone to shale are not included.  

 

  



 
 

162 

 

 

 

  

Samples Profile 4a  Quartz wt.% K-feldspar wt.% Plagioclase wt.% Mica wt.% Hematite wt.% 
GRØ-4a-1-17 41.90 15.30 13.90 26.40 2.50 
GRØ-4a-2-17 45.20 11.60 15.30 22.80 5.00 
GRØ-4a-4-17 41.60 8.60 19.20 30.60 0.00 
GRØ-4a-6-17 41.30 25.30 7.10 22.90 3.50 
GRØ-4a-8b-17 40.10 12.40 24.20 20.90 2.40 
GRØ-4a-11b-17 46.20 10.60 16.82 25.10 1.10 
GRØ-4a-17-17 43.70 15.80 12.70 24.10 1.80 
GRØ-4a-18-17 30.30 5.20 6.70 54.00 3.70 
GRØ-4a-20f-17 43.20 18.70 17.70 20.50 0.00 
GRØ-4a-26-17 43.20 20.90 14.50 20.30 1.20 
GRØ-4a-35-17 45.50 16.70 17.10 20.60 0.00 
GRØ-4a-36-17 26.50 12.90 15.00 45.50 0.00 
GRØ-4a-39-17 43.40 18.20 17.30 21.20 0.00 
GRØ-4a-40-17 41.10 25.60 15.80 17.60 0.00 
GRØ-4a-43-17 41.80 21.40 15.90 20.60 0.60 
GRØ-4a-44-17 44.30 25.40 14.00 14.70 1.40 
GRØ-4a-46-17 42.50 22.20 13.60 21.30 0.40 
GRØ-4a-49g-17 46.00 18.30 14.90 19.90 0.90 
GRØ-4a-52-17 43.00 20.10 19.10 17.10 0.80 
GRØ-4a-54-17 43.30 21.40 21.10 14.20 0.00 
GRØ-4a-58-17 40.70 22.60 12.90 23.80 0.00 
GRØ-4a-58b-17 28.80 28.40 11.50 30.50 0.20 
GRØ-4a-60-17 46.30 21.70 22.40 9.40 0.10 

Table C.1 
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Table C.2      
Samples Profile 2a  Quartz wt.% K-feldspar wt.% Plagioclase wt.% Mica wt.% Hematite wt.% 
GRØ-2a-3-17 38.90 12.10 34.70 10.10 4.10 
GRØ-2a-6-17 20.70 14.90 15.40 46.20 2.70 
GRØ-2a-7-17 41.60 7.90 47.30 1.00 2.20 
GRØ-2a-10-17 35.60 12.00 28.90 14.80 8.60 
GRØ-2a-12-17 21.40 20.30 4.40 47.30 6.60 
GRØ-2a-15-17 43.40 11.10 37.60 5.10 2.70 
GRØ-2a-17-17 47.00 8.60 13.30 15.20 1.50 
GRØ-2a-19-17 17.80 21.30 8.70 52.20 0.00 
GRØ-2a-22-17 39.20 17.20 22.00 20.70 0.80 
GRØ-2a-25-17 46.80 16.20 12.70 17.50 6.90 
GRØ-2a-28-17 46.40 13.80 7.80 33.00 2.00 
GRØ-2a-31-17 70.50 8.80 7.60 13.20 0.00 
GRØ-2a-32-17 38.20 16.90 9.90 29.80 4.70 
GRØ-2a-35-17 34.40 10.70 23.40 25.20 6.40 
GRØ-2a-37-17 42.80 24.00 17.70 15.90 0.10 
GRØ-2-10-17 31.50 24.10 15.80 28.40 0.20 
      
GRØ-5-13-17 39.00 26.80 11.10 17.10 6 
GRØ-5-26-17 44.30 28.70 18.20 8.80 0.20 
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Figure C.1 
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Appendix D: XRF 
Table D.1: Results from XRF analysis. Samples are only from profile 4a. 
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Table D.1  
Sample % 
Profile 4a SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO P2O5 TiO2 ZrO5 MnO Cr2O3 CuO NiO LOI Sum 
GRØ-4a-2-17 73.47 12.02 5.15 0.67 1.43 4.08 0.73 0.09 0.72 0.16 0.07 0.04 0.02 0.01 2.40 101.1 
GRØ-4a-8b-17 71.87 12.80 3.46 0.73 2.24 3.75 0.62 0.01 0.36 0.17 0.13 0.02 0.01 0.02 2.40 98.5 
GRØ-4a-11b-17 74.96 10.82 2.91 0.28 1.69 3.48 0.59 0.02 0.30 0.02 0.07 0.02 0.01 0.01 2.50 97.6 
GRØ-4a-17-17 72.93 12.08 3.41 0.31 1.38 4.38 0.55 0.03 0.39 0.12 0.13 0.03 0.02 0.01 2.30 98.0 
GRØ-4a-20f-17 74.54 12.24 2.28 0.32 1.81 4.49 0.59 0.02 0.25 0.13 0.07 0.03 0.01 0.02 2.00 98.7 
GRØ-4a-36-17 60.48 18.64 3.73 0.58 1.63 6.82 1.03 0.06 0.56 0.15 0.12 0.01 0.02 0.02 3.30 97.2 
GRØ-4a-40-17 75.92 12.85 2.04 0.27 1.65 5.34 0.42 0.05 0.21 0.15 0.07 - 0.01 0.01 1.30 100.30 
GRØ-4a-46-17 75.89 11.50 1.99 0.34 1.50 4.82 0.46 0.01 0.29 0.15 0.06 0.02 0.01 0.01 1.40 98.40 
GRØ-4a-49g-17 76.38 11.65 2.87 0.38 1.25 4.84 0.52 0.02 0.59 0.15 0.10 0.04 0.01 0.01 1.50 100.30 
GRØ-4a-58b-17 64.07 16.83 3.62 0.56 1.21 7.24 1.21 0.04 0.59 0.16 0.13 0.02 - 0.01 2.30 98.00 
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Appendix E: EMP 
Table E.1: Results from EMP analysis of GRØ-4a-4-17. The average values are used to create structural formula of sericite. 

Table E.2: Results from EMP analysis of GRØ-4a-18-17. The average values are used to create structural formula of sericite. 

Table E.3: Results from EMP analysis of GRØ-4a-39-17. The average values are used to create structural formula of sericite. 

Table E.4: Results from EMP analysis of GRØ-4a-58b-17. The average values are used to create structural formula of sericite. 

Table E.5: Results from EMP analysis of GRØ-2a-22-17. The average values are used to create structural formula of sericite. 

Table E.6: Results from EMP analysis of GRØ-2-10-17. The average values are used to create structural formula of sericite. 
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Table E.1          
GRØ-4a-4-17          

Analysis number SiO2 Na2O K2O FeO MnO Al2O3 MgO TiO2 Total 
1 48.54 0.07 11.05 5.91 0.18 25.16 2.82 0.08 93.82 
2 48.22 0.04 11.46 6.65 0.17 23.60 2.94 0.06 93.14 
3 48.62 0.03 11.34 6.04 0.17 26.21 2.79 0.12 95.33 
4 48.04 0.03 11.46 7.15 0.20 24.46 2.97 0.08 94.39 
5 49.30 0.04 10.84 5.75 0.22 24.95 3.03 0.05 94.19 
6 48.53 0.05 11.44 5.46 0.22 25.64 3.28 0.01 94.65 
7 49.86 0.06 11.36 5.37 0.16 23.70 3.66 0.10 94.27 
8 48.87 0.05 11.37 6.33 0.20 24.48 2.97 0.07 94.36 
9 47.94 0.03 11.45 6.81 0.25 24.47 2.69 0.10 93.74 
10 47.71 0.08 11.31 5.76 0.21 25.99 2.88 0.09 94.02 
11 47.75 0.05 11.40 6.56 0.19 24.79 2.92 0.12 93.77 
12 51.24 0.06 11.02 3.52 0.15 25.05 3.32 0.04 94.40 
13 50.01 0.06 11.46 4.97 0.20 24.59 3.24 -0.01 94.51 
14 49.45 0.06 11.34 5.47 0.20 24.41 3.37 0.08 94.39 
15 47.74 0.06 11.18 5.48 0.19 25.67 2.83 0.07 93.21 
          

Average 48.79 0.05 11.30 5.81 0.19 24.88 3.05 0.07 94.14 
Deviation 1.02 0.02 0.19 0.88 0.03 0.76 0.27 0.04 0.56 
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Table E.2          
GRØ-4a-18-17          

Analysis number SiO2 Na2O K2O FeO MnO Al2O3 MgO TiO2 Total 
1 46.85 0.09 10.78 5.91 0.24 27.26 2.00 0.19 93.32 
2 47.86 0.05 10.70 6.02 0.20 25.83 2.19 0.12 92.98 
3 46.44 0.05 10.95 6.36 0.37 26.39 1.99 0.13 92.67 
4 46.76 0.08 10.74 6.29 0.35 26.13 2.09 0.13 92.56 
5 47.05 0.06 10.79 6.96 0.33 26.72 2.11 0.14 94.17 
6 46.91 0.09 11.08 5.82 0.28 27.10 2.12 0.15 93.54 
7 45.81 0.03 10.94 6.07 0.27 26.68 2.15 0.17 92.13 
8 46.47 0.08 11.28 5.63. 0.20 27.43 2.32 0.13 93.54 
9 46.56 0.05 11.25 6.13 0.33 26.56 2.12 0.09 93.10 
10 46.50 0.05 11.17 7.06 0.34 26.53 2.01 0.12 93.77 
11 47.92 0.08 11.09 4.53 0.24 28.39 2.50 0.10 94.84 
12 46.42 0.09 10.82 5.77 0.27 26.63 2.14 0.17 92.31 
          

Average 46.80 0.07 10.96 6.05 0.28 26.80 2.14 0.14 93.24 
Deviation 0.60 0.02 0.20 0.65 0.06 0.67 0.14 0.03 0.79 
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Table E.3          
GRØ-4a-39-17          

Analysis number SiO2 Na2O K2O FeO MnO Al2O3 MgO TiO2 Total 
1 47.01 0.07 11.22 6.07 0.15 25.97 2.39 0.17 93.04 
2 47.65 0.06 11.26 5.56 0.22 26.79 2.71 0.13 94.37 
3 47.25 0.06 11.39 6.67 0.23 26.33 2.52 0.12 94.57 
4 47.63 0.06 11.44 5.92 0.18 27.06 2.57 0.15 95.01 
5 46.75 0.06 11.47 6.20 0.22 26.18 2.44 0.08 93.40 
6 47.69 0.05 11.53 5.83 0.22 26.59 2.40 0.06 94.38 
7 47.62 0.06 11.32 5.66 0.19 26.93 2.39 0.08 94.24 
8 50.04 0.06 11.19 5.83 0.20 25.19 2.36 0.06 94.94 
9 47.78 0.00 11.32 6.49 0.28 26.34 2.33 0.09 94.63 
10 48.32 0.04 11.73 5.50 0.15 26.78 2.60 0.08 95.20 
11 47.40 0.01 11.49 7.04 0.24 25.89 2.33 0.10 94.50 
12 48.46 0.05 11.56 6.02 0.22 26.82 2.43 0.09 95.65 
          

Average 47.80 0.05 11.41 6.06 0.21 26.41 2.46 0.10 94.49 
Deviation 0.85 0.02 0.16 0.46 0.04 0.54 0.12 0.03 0.72 
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Table E.4          
GRØ-4a-58b-17          
Analysis number SiO2 Na2O K2O FeO MnO Al2O3 MgO TiO2 Total 

1 49.51 0.05 11.22 5.12 0.17 24.83 3.64 0.02 94.57 
2 48.21 0.06 10.90 6.26 0.18 24.70 3.02 0.04 93.38 
3 47.19 0.05 11.17 6.84 0.15 25.07 2.90 0.05 93.41 
4 48.59 0.03 11.08 5.67 0.19 25.00 3.28 0.07 93.90 
5 47.46 0.03 10.94 7.08 0.28 24.40 2.74 0.15 93.07 
6 46.95 0.05 11.014 6.45 0.10 25.12 2.48 0.13 92.43 
7 48.65 0.07 11.02 6.08 0.19 23.53 3.21 0.07 92.82 
8 48.01 0.03 11.13 6.96 0.18 25.17 3.04 0.07 94.59 
9 47.80 0.02 10.90 7.21 0.16 24.38 2.69 0.07 93.25 
10 48.52 0.05 10.99 6.88 0.15 24.41 

25.39 

3.24 0.10 94.34 
11 47.71 0.07 11.00 6.06 0.16 25.39 2.91 0.05 93.35 
12 48.09 0.07 11.14 6.27 0.19 24.47 3.38 0.08 93.69 
13 46.37 0.08 11.03 6.27 0.11 25.96 2.69 0.13 92.64 
14 47.63 0.06 11.03 6.32 0.22 25.70 3.06 0.10 94.12 
15 48.41 0.04 10.91 6.48 0.19 24.21 3.10 0.10 93.43 
          

Average 47.94 0.05 11.04 6.40 0.17 24.82 3.03 0.08 93.53 
Deviation 0.78 0.02 0.10 0.56 0.04 0.62 0.30 0.04 0.67 
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Table E.5          
GRØ-2a-22-17          

Analysis number SiO2 Na2O K2O FeO MnO Al2O3 MgO TiO2 Total 
1 47.59 0.08 11.35 6.28 0.12 25.24 2.44 0.19 93.29 
2 47.46 0.06 11.24 6.21 0.24 25.34 2.41 0.12 93.07 
3 48.90 0.07 11.38 5.68 0.24 25.36 2.78 0.11 94.53 
4 49.55 0.07 11.46 4.42 0.18 25.54 3.25 0.06 94.52 
5 49.18 0.04 11.48 6.15 0.24 25.50 2.83 0.10 95.61 
6 49.12 0.06 11.38 6.06 0.29 25.22 2.65 0.03 94.82 
7 47.51 0.08 11.40 6.32 0.15 27.10 2.61 0.06 95.23 
8 50.12 0.20 11.32 5.74 0.25 25.29 3.10 0.05 96.06 
9 47.23 0.10 11.32 6.68 0.15 25.60 2.71 0.19 93.98 
10 48.11 0.08 11.28 6.80 0.18 25.55 2.58 0.14 94.72 
11 48.51 0.09 11.48 5.76 0.19 26.17 2.71 0.10 95.02 
12 48.79 0.05 11.46 6.07 0.16 26.81 2.73 0.16 96.23 
13 48.73 0.08 11.51 5.88 0.19 25.71 2.80 0.09 94.98 
14 47.25 0.08 11.42 5.99 0.18 25.84 2.43 0.14 93.32 
15 47.30 0.07 11.18 6.22 0.18 25.85 2.46 0.12 93.39 
          

Average 48.36 0.08 11.38 6.02 0.20 25.74 2.70 0.11 94.58 
Deviation 0.94 0.04 0.11 0.54 0.05 0.56 0.24 0.05 1.01 
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Table E.6          
GRØ-2-10-17          

Analysis number SiO2 Na2O K2O FeO MnO Al2O3 MgO TiO2 Total 
1 48.58 0.02 11.50 6.84 0.16 24.65 2.61 0.07 94.42 
2 47.09 0.07 11.37 6.51 0.12 26.31 2.51 0.14 94.13 
3 47.70 0.06 11.52 7.34 0.15 25.29 2.43 0.08 94.57 
4 47.70 0.05 11.40 6.34 0.09 25.96 2.47 0.10 94.11 
5 48.23 0.07 11.16 6.76 0.13 24.65 2.77 0.10 93.86 
6 48.10 0.03 11.42 6.65 0.17 24.89 2.54 0.07 93.87 
7 49.94 0.05 11.56 4.49 0.10 25.73 3.03 0.08 94.98 
8 48.95 0.06 11.49 5.91 0.18 25.07 3.03 0.13 94.82 
9 47.65 0.07 11.53 6.87 0.14 24.93 2.65 0.11 93.96 
10 48.10 0.06 11.34 7.17 0.24 24.81 2.38 0.10 94.19 
11 47.89 0.07 11.26 6.50 0.15 25.98 2.71 0.12 94.66 
12 48.14 0.06 11.35 6.84 0.22 24.80 2.64 0.10 94.15 
13 48.15 0.04 11.41 6.91 0.04 25.45 2.58 0.09 94.68 
14 47.14 0.09 11.35 7.60 0.19 25.62 2.52 0.14 94.66 
15 47.09 0.10 11.38 5.80 0.16 25.92 2.57 0.12 93.14 
          

Average 48.03 0.06 11.40 6.57 0.15 25.34 2.63 0.10 94.28 
Deviation 0.74 0.02 0.11 0.75 0.15 0.55 0.19 0.02 0.47 
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Appendix F: Field observations 
Table F.1: Strike and dip measurements and gamma measurements in profile 4a.  

Table F.2: Strike and dip measurements and gamma measurements in profile 2a. 

Table F.3: Clast counting results from profile 4a included in Figures 4.17 and 4.18. 

Table F.4: Clast counting results from profile 2a included in Figure G.1.  

Table F.5: Paleocurrent measurements from imbrications and erosive bases (Flute casts).  

Figure F.1: Map showing were gamma measurements were performed. 

Figure F.2: Map showing the location of palynological samples.   
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Table F.1               
Meter CPS Strike/dip Meter  CPS Strike/dip Meter  CPS Strike/dip Meter CPS Strike/dip Meter CPS Strike/Dip 

0.0 158 353/70 60.5 185 - 124.0 170 350/75 184.0 - 350/70 1.5 280 331/32 
2.0 160 - 62.5 200 357/77 129.0 105 346/58 185.0 85 - 3.0 255 345/27 
2.5 179 - 68.0 250 - 133.0 90 - 188.5 - - 5.5 200 334/25 
6.0 155 357/76 71.0 225 360/79 135.5 230 350/75 189.0 130 346/66 7.5 200 345/26 
7.3 180 - 73.0 190 - 138.0 200 338/62 190.0 170 - 8.0 - 350/25 
8.0 115 360/73 74.3 195 360/65 142.0 - 351/68 192.5 190 350/53 8.5 240 354/25 
9.0 180 - 75.5 145 - 144.0 180 354/77 194.0 - 358/56    
11.3 110 - 79.5 188 355/78 145.0 240 - 196.2 180 -    
13.5 115 - 82.0 165 - 146.0 - 347/66 200.0 210 -    
15.0 200 356/61 86.5 220 355/62 149.5 200 341/71 201.0 - 350/65    
17.0 185 - 90.0 206 - 152.0 190 - 202.7 225 346/58    
19.0 - 356/84 93.0 230 348/70 153.5 190 - 204.5 240 346/58    
22.0 225 - 95.0 155 - 157.0 - 342/63 207.7 195 360/52    
25.0 157 357/80 99.0 - 360/70 159.0 160 354/72 209.0 250 352/70    
28.0 163 - 101.0 152 349/62 160.7 240 346/72 210.0 120 352/68    
32.5 150 - 104.0 127 - 162.5 170 350/66 212.5 354 354/66    
34.0 186 - 106.0 - 358/86 164.2 175 334/63 251.0 185 353/84    
40.0 135 351/81 110.5 210 353/80 166.0 280 356/60 254.0 - 350/80    
44.5 185 350/83 114.0 155 - 173.5 110 352/71 256.0 182 353/54    
52.0 180 - 118.0 230 - 174.0 110 - 263.5 - 354/62    
55.0 135 - 119.0 165 - 176.0 152 350/70 272.0 230 356/62    
59.5 187 - 120.0 108 - 183.0 75 - 533 m gap    
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Table F.2      
Meter CPS Strike/dip Meter CPS Strike/dip 

0.0 230 - 58.0 125 332/62 
3.5 166 - 60.5 150 348/70 
7.5 - 351/47 65.0 125 340/74 
14.2 108 - 68.0 170 342/68 
15.5 110 - 94.5 101 - 
16.5 165 336/56 104.0 125 - 
19.0 290 - 105.0 - 336/52 
21.5 155 339/45 107.0 95 345/52 
24.0 85 336/54 120.0 115 - 
29.0 110 - 121.0 - 333/52 
31.0 - 335/42 132.0 180 - 
33.0 130 338/44 134.0 - 330/52 
38.5 130 - 158.0 115 330/48 
40.5 150 - 162.0 140 327/47 
42.5 - 320/50 188.0 115 - 
43.0 100 - 191.0 - 334/47 
44.0 155 - 200.0 190 350/42 
45.5 - 333/73 240.0 105 348/48 
49.0 155 - 256.0 210 322/38 
53.0 210 335/44 265.0 180 314/44 
54.0 182 -    
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Table F.3    
Profile 4a Conglomerate 1 Conglomerate 2 Diamictite 
Size 1 2 3 4 5 6 7 8 1 2 3 4 1 2 3 4 
0-1 cm 0 2 0 0 0 1 5 0 0 0 0 4 2 3 12 6 
1-2 cm 14 17 3 4 8 13 10 24 3 5 11 9 9 10 153 11 
2-3 cm 29 20 15 7 7 16 25 33 12 11 20 21 8 11 81 81 
3-4 cm 33 23 14 12 14 31 15 40 9 12 30 19 6 6 28 28 
4-5 cm 11 13 9 18 9 23 10 20 4 6 10 7 0 1 16 16 
5-6 cm 9 1 6 12 12 8 9 11 1 4 1 4 2 0 0 0 
6-7 cm 10 4 7 2 6 5 7 7 0 0 2 0 0 0 0 0 
7-8 cm 2 6 7 7 5 5 3 7 0 0 0 1 4 0 1 1 
8-9 cm 2 2 1 3 5 3 6 4 0 0 0 0 0 0 0 0 
9-10 cm 1 2 3 6 7 3 3 2 0 0 0 0 0 0 0 0 
>10 cm 2 3 8 2 5 6 3 2 0 0 0 0 0 0 0 0 
Total 113 93 73 73 78 114 96 150 29 38 74 65 31 31 291 143 
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Table F.4  
Profile 2a Conglomerate 1 
Size 1 2 3 4 5 6 7 8 
0-1 cm 0 0 3 1 0 0 0 0 
1-2 cm 7 4 24 17 4 7 20 19 
2-3 cm 10 11 19 29 24 18 13 26 
3-4 cm 12 15 11 12 20 13 13 17 
4-5 cm 14 19 16 17 18 12 11 9 
5-6 cm 7 9 7 11 3 7 11 11 
6-7 cm 11 4 4 1 4 7 4 5 
7-8 cm 3 3 3 7 1 3 4 4 
8-9 cm 0 3 5 1 5 0 4 4 
9-10 cm 3 1 2 2 2 0 1 3 
>10 cm 3 4 7 2 3 4 7 6 
Total 70 73 101 100 84 71 88 104 
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Table F.5       
2a 4a 4a 

Imbrication Unfolded 

Imbrication 

Bedding 

Avg. 

Imbrication Unfolded 

Imbrication 

Bedding 

Avg. 

Erosive base 
Trend Plunge 

avg. 

Trend Strike Dip Trend Plunge 

avg. 

Trend Strike Dip Strike 
54 26.3 54.2 336 52 126 26.3 126.1 352 69 285/105 
54 26.3 54.2 336 52 112 26.3 115 352 69 354/174 
62 26.3 62 336 52 130 26.3 128.7 352 69 356/176 
42 26.3 42.9 336 52 90 26.3 91.7 352 69 340/160 
37 26.3 38.4 336 52 102 26.3 105.2 352 69 356/176 
55 26.3 55.1 336 52 110 26.3 113.2 352 69 340/160 
50 26.3 50.3 336 52 118 26.3 120.1 352 69 20/200 
48 26.3 48.4 336 52 93 26.3 95.2 352 69 16/216 
54 26.3 54.2 336 52 109 26.3 112.2 352 69 30/210 
30 26.3 32.5 336 52 115 26.3 117.6 352 69  
48 26.3 48.4 336 52 52 26.3 49 352 69  
50 26.3 50.3 336 52       

  Used in rose diagram     Used in rose diagram     
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Figure F.1 Figure F.2 
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Appendix G: Sedimentary log 
Figure G.2: Profile 2a with field data. Every sample recovered is presented in the sample column, Bold letters=thin section, bold and italic 

letters=thin section (clasts). Circular diagrams represent clast sizes from 0 to >10. Numbers within circular diagrams represent the amount of 

count. Gamma radiation measured in count per second and marked with red dots. F=Fossils.  
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