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Summary:

The Geological Survey of Norway and the Norwegian Petroleum Directorate established the TWIN Project
(Tropical Weathering In Norway) in 2009 to improve the understanding of deep weathering on mainland
Norway as well as offshore. All known reports of deep weathering in Norway have been reviewed and
registered in a GIS database. We have selected four representative locations for more detailed studies in
southern Norway (Kjose, Lista, Vagsay-Stad and Indergya) and another four locations in northern Norway
(Vestvageya, Hadsel gya, Andaya and Hamargya). Geophysical studies (2D resisitivity and refraction seismic)
reveal fairly continuous saprolite layers with a thickness up to 100 metres in Vestfold (Kjose), Lofoten-
Vesterdlen, Hamargya and Varangerhalvgya. The results also show that the degree of weathering varies
extensively over short distances. An offshore petroleum reservoir consisting of weathered basement rocks is
most likely equally heterogeneous. The deep weathering in the Lofoten-Vesterdlen and Hamaraya occur most
likely on the basement surface of rotated fault blocks, whilst the weathering in southeastern Norway and
eastern Finnmark seems to occur in a stable and more distal part relative to the Mesozoic rift basins. The
remnants of deeply weathered basement on the mainland of Norway occur as accumulations of clay minerals
along structurally defined weakness zones and locally as up to c. 100 m thick continuous saprolite layers.
Weathering extending down to more than 200 m depth is observed in fracture zones. XRF analysis and mass
balance calculations (degree of leaching) commonly show a high degree of mineral alteration with bulk
leaching of main elements (Si, Al, Na and K) in the range of 30-65%. The pervasive alteration of large
volumes of bedrock isindicative of chemical weathering caused by percolating acidic groundwater in a humid
climate, possibly during tropical to sub-tropical conditions in the Mesozoic. Subsequent erosion and
denudation have largely removed the evidence of deep weathering on the mainland. The deep weathering
process can aso explain some of the enhanced concentrations of heavy metals and REE in some Norwegian
tills. Understanding these processes is consequently a key to a successful mineral exploration programme as
well as an efficient planning of new tunnels and other rock constructionsin Norway.
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1 INTRODUCTION

The Norwegian Petroleum Directorate and the Geologica Survey of Norway launched the
joint research and mapping project TWIN (Tropical Weathering in Norway) in 2009 to study
the numerous occurrences of deeply weathered bedrock in Norway. The two institutions had
realised that this phenomenon is widespread in parts of mainland and offshore Norway.
Remnants of weathered basement have an increasing impact on society and economy in
Norway as they can be responsible, on the one hand, for rock avalanches and tunnel hazards
but also have a considerable potential as hydrocarbon and groundwater reservoirs. An
improved understanding of these supergene processesis also akey to interpreting some of the
geochemical anomalies in mineral exploration programmes. The TWIN project involves
mineralogical, chemical and petrophysical characterisation of known occurrences of
weathered bedrock or saprolite, as well as the development and testing of age dating
techniques and geomorphological and geophysical mapping tools.

The remnants of deeply weathered basement on the mainland occur both as accumulations of
clay mineras, including smectite and kaolinite, and as coarse-grained grus along structurally
defined weakness zones (faults and fracture zones) and locally as continuous layers. Clay-
rich zones with thicknesses of more than 200 metres have been observed (Pamstrgm et al.
2003, Olesen et al. 2007), e.g. in the Lierdsen and Romeriksporten tunnels. More extensive
layers of saprolite have been reported in some areas such as a Kjose in Vestfold. The partial
or total alteration of bedrock to clay mineras is to a large extent the result of chemical
weathering caused by percolating acidic groundwater in a humid climate. When using the
studies in southern Sweden, on Andgya and offshore Norway (Lidmar-Bergstrom et al. 1997,
Sturt et al. 1979 and Roaldset et al. 1993) as analogues, it is likely that the most extensive
weathering on mainland Norway occurred during tropical to sub-tropical conditions in the
Mesozoic. Subsequent erosion and denudation have partly removed the evidence of deep
weathering on the mainland. Moreover, severa offshore exploration wells have recently
detected coarse-grained grus weathering below Mesozoic sedimentary rocks (Carstens 2011).
This type of weathering has often been interpreted to be of Quaternary age on the mainland
(e.g. Peulvast 1985, Sgrensen 1988, Paasche et al. 2006). Hydrothermal activity has, locally,
also caused alteration of the bedrock to clay minerals, especialy within the Oslo Graben (e.g.
Ihlen et al. 1982, Ihlen & Martinsen 1986).

We have selected eight representative locations for more detailed studies. Kjose-Larvik,
Lista, Vagsay-Stad and Indergya in southern Norway, and Vestvageya, Hadselsaya, Andgya
and Hamargya in northern Norway (Fig. 1.1). Severa of the areas are located adjacent to
offshore areas with seismic indications of deep Mesozoic weathering. We have aso included
some locations from Finnmark in the discussion chapter to complete the regional review of
deep wesathering in Norway. Offshore oil exploration wells, shallow boreholes or sea bottom
sampling may provide crucial information with regard to timing, extent and character of the
weathering. Andgya in Vesterdlen is of specia interest since weathered basement occurs
immediately below outcropping Mesozoic sedimentary rocks.



An improved understanding of the age and nature of weathering and alteration of basement
bedrock has a wide range of applications onshore (e.g. rock stability of natural mountain
slopes and man-made construction sites and tunnels in addition to groundwater utilisation and
mineral exploration) as well as offshore (e.g. bottom seal of hydrocarbon traps over basement
highs, migration paths of hydrocarbons and potential petroleum reservoirs). The locations of
numerous sounds, inlets, islands and skerries along the Norwegian coast can, to a large
extent, have been controlled by exhumation and erosion of weathered basement. The study
provides a connection between geomorphological elements along the Norwegian coast
onshore and offshore.

1.1 Saprolite—deep tropical weathering

Lidmar-Bergstrom (1989, 1995) proposed that the joint-controlled valley landscape of
southwestern Sweden was formed during Neogene denudation. She demonstrated how
erosion of athick Jurassic/Early Cretaceous saprolite along regional fault and fracture zones
had caused the formation of extensive valleys in the northern Scaniaregion (Figs. 1.1 & 1.2).
This system of joint-aligned valleys could be traced northwards along the west coast of
Sweden all the way to eastern Norway and farther west along the coast of southern Norway
(Fig. 1.1). The weakness zones in this sub-Cretaceous etch-surface are partly due to the
presence of clay minerals such as kaolinite and smectite which are, to a large extent, the
result of chemical weathering under subtropical conditions in the Jurassic and Early
Cretaceous (Lidmar-Bergstrom 1982; Lidmar-Bergstrom et al. 1999). The weathering
occurred originally across the entire palaeosurface, but gradually penetrated deeper into pre-
existing fracture zones (Fig. 1.2). The saprolite was partialy eroded before the Cretaceous,
and the remnants of this chemical weathering were preserved below shales and carbonates
deposited during the Late Jurassic and Cretaceous transgressions (c. 400 metres higher
eustatic sealevel). Up to 60 metre-thick bodies of saprolite have been found in joint valleys
in Scania (Lidmar-Bergstrom 1999). Interpretations of aeromagnetic data in the Odlofjord
region indicate the presence of saprolite exceeding 200 m in thickness in fracture zones
(Olesen et al. 2007). Exhumation of the Mesozoic erosion surface in southeastern Norway
was initiated during the Early Cainozoic and the uplift and erosion accelerated during the
Neogene (Riis 1996, Lidmar-Bergstrom et al. 1999).

There has previously been a widespread view that clay-bearing weathering surfaces in
Scandinavia formed during the Mesozoic whilst the gravelly, so-called ‘grus -weathering is
much younger, perhaps of Quaternary or Plio-Pleistocene age (Peulvast 1985, Sgrensen 1988,
Lidmar-Bergstrom et al. 1999). Olsen (1995) and Paasche et al. (2006) have suggested a
Tertiary age for the kaolinitic weathering of the Precambrian on Finnmarksvidda and coarse-
grained weathering in Vesterden, respectively. The blockfields that occur frequently in the
mountainous regions of Norway have been suggested to represent collapsed saprolites (Riis
1996, Lidmar-Bergstrom et al. 1999) but their origin is not fully understood.



Riis (1996) concluded from a correlation between offshore geology and onshore
morphologica elements that a peneplain with related deep weathering had formed during the
Jurassic. His study supported the conclusions from Lidmar-Bergstrém (1995) that the relief in
Sweden bordering southeastern Norway had an extensive cover of Late Jurassic and
Cretaceous sediments. Remnants of subtropical weathering can aso be found below
Mesozoic sedimentary rocks on Andgya, northern Norway (Sturt et al 1979) and on the
continental shelf (Roaldset et al. 1993, Mark et al. 2003).

More than a hundred years ago Reusch (1902, 1903a) suggested that the Oslo Region had
been covered with Cretaceous sedimentary rocks (Fig. 1.3). He based his hypothesis on a
geomorphological feature defined as ‘superimposed valeys. He argued that the
Numedalslagen river could not have eroded through the relatively high Skrim mountains
(700-800 metres above sea level, Fig. 1.3) if the course had not already been defined in
relatively soft sedimentary strata lying on the crystaline rocks. Reusch (1902, 1903a) also
concluded that a SSE-NNW-trending palaeo-river had been flowing from Valdres through
Nittedal and @yeren to the coast. This drainage system was changed after exhumation and
erosion along the fault systems of the Odlo Rift and in the softer, low-grade metamorphic,
Cambro-Silurian rocks of the Ringerike-Hadeland district. Reusch (1902, 1903a) argued
further that the eroded sedimentary sequence could be of Cretaceous age since flintstones
were found in @stfold county and he knew that the Cretaceous rocks in Denmark were
flintstone-bearing. Holtedahl (1953a) disagreed with the conclusions presented by Reusch
(1902, 1903a) and suggested that the valleys in the Oslofjord region developed primarily
along regional fracture zones. Aeromagnetic maps (Lundin et al. 2005, Olesen et al. 2007),
however, do not indicate any regional fracture zones along the valleys of Lagendalen and
Nittedal or the Drammenfjord.

Reusch (1878) had earlier aso concluded that the landscape was relatively little affected by
the glacial erosion. He especialy referred to a location at @degardsbukta 2-3 km to the east
of Nevlunghavn in Vestfold where alarge block of limestone has been removed by the inland
ice (Fig. 1.4, UTM 32 coordinates. 552 080 - 6536 860, WGS 84 datum, on 1:50 000 map-
sheet 1712 | Langesund). No weathering surface has been formed on the new exposed
bedrock surface during the last 10,000 years, indicating that the typical limestone weathering
in the Oslofjord region must be much older than Pleistocene. It could, in principle, represent
the base of the original M esozoic weathering.

Reusch (1903b) aso studied kaolinite deposits in Norway (including deposits in Hurdal,
Seljord and Flekkefjord). He arrived at the conclusion that the Flekkefjord deposit was a
result of hydrothermal activity related to volcanism (Reusch 1900). There is aso undisputed
hydrothermal clay ateration (commonly referred to as propylite and argillic ateration)
associated with subvolcanic complexes and ore-forming processes in the Oslo Region
(Olerud & Ihlen 1986) and some deep-seated (>1000 m) clay-bearing veins in Norwegian



mines and hydropower plants (Sagher 1964, Rokoengen 1973). There is, consequently, no
evidence that all clay-bearing fractures in the Norwegian bedrock are related to subtropical
weathering. However, Lidmar-Bergstrom (1989) and Lidmar-Bergstrom et al. (1999) have
shown that clay alteration associated with many of the fracture zones in the greater Oslofjord
region represents remnants of an originally extensive saprolite layer.

During tropical wesathering, iron oxides such as magnetite alter to hematite and iron
hydroxides at the same time as silicate minerals are converted into clay mineras (e.g. Henkel
& Guzman 1977, Grant 1984). Ferro-hydroxides have also been observed in clay-alteration
zones in the greater Oslofjord Region, in Vestfold (Lag 1945), and in @stfold (Kocheise
1994, Banks et al. 1994). Deep weathering will therefore create a negative deviation in the
Earth’s magnetic field. Olesen et al. (2007) and Olesen & Renning (2008) utilised this
phenomenon to produce a tunnel planning awareness map of the Oslo region. If the bedrock
holds a reversed magnetisation, the breakdown of the remanent minerals will, however, cause
a positive anomaly as, for example, observed by Beard & Lutro (2000) in the Krokskogen
areato the northwest of Oslo.

It is generally observed that the thick layer of weathered rock (saprolite) in tropical areas can
be subdivided into several weathering zones (Acworth 1987, Scott & Pain 2008). The deeper
zones are commonly dominated by granular friable layers of disintegrated crystal aggregates
and rock fragments whilst a shallower zone has a massive accumulation of secondary
minerals (clays), though some stable primary minerals may still be present in their original
form. The shalow zone has low permeability whereas the deeper zone has an intermediate
permeability (Fig. 1.5).
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Figure 1.1 Geomorphological map of western Fennoscandia (Lidmar-Bergstrém et al.
1999). The eight representative locations selected for more detailed studies are
depicted: Kjose, Lista, Vagsgy-Sad and Indergya in southern Norway and
Vestvageaya, Hadsel spya, Andagya and Hamargya in northern Norway.
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Figure 1.2 Schematic illustration of Lidmar-Bergstréms model for the development of deep-
weathering products. A) Triassic-Jurassic sub-tropical weathering (etching)
across the entire palaeo-surface with deeper penetration into pre-existing
fracture zones. B) Partial erosion of the weathered material during Late Jurassic
or Early Cretaceous. C) Preservation of chemical weathering below shales and
carbonates deposited during the Late Jurassic and Cretaceous transgressions. D)
Uplift and erosion during the Neogene. The bulk of the chemical weathering
products was removed leaving an immature etch-surface landscape with joints
and faults as valleys. The clay zones containing smectite and kaolinite have been
preserved at depth along the fracture zones (modified after Lidmar-Bergstrom
1995). In some areas such as Kjose, Lofoten-Vesteralen, Hamargya and
Varanger halvaya, more extensive saprolite layers are preserved.
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Figure 1.3 Based on the hypothesis of ‘superimposed valleys Reusch (1902, 1903a)
suggested that the Oslo Region had been covered by Cretaceous sedimentary
rocks. He argued that the Numedalslagen river could not have eroded through
the relatively high Skrim mountains if the course was not already defined in
relatively soft sedimentary rocks. He also concluded that a SSE-oriented palaeo-
river had been flowing from Valdres through Nittedal and @yeren to the coast.
This drainage system was changed after exhumation and erosion along the fault
systems of the Odo Rift and in the softer, low-grade metamorphic Cambro-
Slurian rocks of the Ringerike-Hadeland district. Reusch argued further that the
eroded sedimentary succession could be of Cretaceous age since flintstones were
found in the @stfold county.
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Figure 1.4 Large block of weathered limestone removed by the inland ice at @degardsbukta
(UTM 32 coordinates with WGS 84 datum: 552 080 - 6536 860 on 1:50 000 map
sheet 1712 | Langesund), 2-3 km to the east of Neviunghavn in Vestfold. A)
Drawing by Reusch (1878). B) Photograph of the same location in 2006. No
weathering surface has been formed at the exposure during the last 10,000 years
indicating that the typical limestone weathering in the Odlofjord region must be
much older than Pleistocene. Reusch (1878) concluded that the erosional effect
on the topography during the Pleistocene glaciations was relatively low.
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The relatively flat-lying terrain in Finnmark has also been interpreted as an originaly
weathered surface (Fjellanger & Nystuen 2007). Areas with competent bedrock such as
quartzite and gabbro occur frequently as ridges and mountains (e.g. Duolbagaisa, Rasttigaisa,
Cohkarassa, Iskoras, Adjit, Biggevarri, @ksfjord, Seiland and Stjernoya). Glacial erosion has
later sculptured the inselbergs in western Finnmark and Troms to an alpine landscape. Fig.
1.5 illustrates how quartzites in light colours occur as elevated ridges on the Nordkinn
Peninsula whereas the thinnerbedded sandstones and pelitic rocks in grey and green colours
coincide with flat-lying terrain at a lower atitude. The low-altitude terrain might represent a
pal acoweathering surface (etch surface) with deeply weathered fracture zones. The quartzitic
ridges are interpreted to represent so-called inselbergs that are also common in areas with
pervasive tropical weathering. The overburden in the area may therefore represent a glacialy
reworked saprolite. The observed anomalous high concentrations of REES and heavy metals
such as Cr, Ni, Mo, Zn and Pb (Reimann et al. 2011, 2012) can be partly caused by a
weathering process where main elements such as K, Na and Ca have been partly removed my
leaching. Similar geochemical patterns with reduced concentrations of main elements and
increased concentrations of heavy metals and REEs in till relative to the adjacent bedrock
have also been reported in southeastern Norway (Roaldset 1975, Reimann et al. 2007).

Deep weathering has also been observed in trenches as well as on refraction seismic data in
the Sadgejohka (Sargejokk) area located 50 km to the south of Karasjok (Dalsegg 1987,
Olsen 1998). The weathered basement occurs below a complex Quaternary stratigraphy
including several palaeosols, the oldest being more than 300,000 years (Olsen 1998).
Gjeldsvik (1956) reported a preglacial weathering of copper minerals in the Cierte area
farther to the west on Finnmarksvidda. Chalcopyrite and bornite in a breccia have been
replaced by supergene minerals such as chalcocite, covellite, malachite, chrysocolla and
limonite. Dalsegg et al. (1986) found also secondary copper minerals such as chalcocite and
native copper in a copper mineralization in the Riednjgjav’ri area in the southern part of the
Kautokeino Greenstone Belt. Lindahl (1983) has argued that the Njallaav'zi uranium deposit
in the Cierte area is of supergene origin and was formed during late Precambrian weathering.
Am (1994) reported weathering minerals such as vermiculite, smectite, kaolinite and goethite
in the Stuoragurra postglacial fault at Maze (Masi) farther to the north on Finnmarksvidda.

Alnass & Hillestand (1989) described extensive layers of kaolinite-bearing Quaternary
overburden and sandstone in the eastern part of the Varanger Peninsula (Fig. 1.6). They
carried out an extensive programme consisting of six refraction seismic profiles and ten
drillholes and found a kaolinite content of up to 15 % and further concluded that the
weathering had a regional distribution in the area. Kaolinite occurs in the Quaternary overburden
as well as in the highly fractured reddish sandstone. We have included results from an extensive
research programme in Australia to illustrate that the relationship between in situ and transported
regolith can be rather complex — even without glacial erosion and transport (Fig. 1.7).
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Riis (1996) and Fjellanger & Nystuen (2007) suggested a Tertiary age for the paleic surface
in eastern Finnmark based on correlation with subsurface unconformities in the Barents Sea
and correlation with the regional plains in northern Sweden and Finland dated by Eocene
fossils from clays in bedrock depressions (Tynni 1982, Fenner 1988). An older, Mesozoic
age, however, cannot be ruled out. It is further possible that the Alta and Reisa canyons were
originally formed as superimposed valleys, as described in eastern Norway by Reusch (1902,
1903a). See Section 1.1 in the present report.

Figure 1.5 Perspective view of the Nordkinn Peninsula seen from the north
(Www.norgei3d.no). The psammitic rocks in light colours (mostly quartztes)
occur as elevated ridges whereas the thinbedded more pelitic rocks in grey and
green colours coincide with flat-lying terrains at a lower altitude. The difference
in altitude is approximately 200-300 metres. The low-altitude terrain represents
most likely a palaeoweathering surface (etch surface) with deeply weathered
fracture zones (referred to as joint valleys by Lidmar-Bergstrom (1989, 1995)).
The ridges are interpreted to represent inselbergs that are also common in areas
with pervasive tropical weathering. The same type of quartzte inselbergs can
also be found farther south in the Gaissa Mountains and in the Precambrian of
Finnmarksvidda (e.g. Iskoras, Adjit, Biggevarri). For the geology of the Nordkinn
Peninsula, see Sedlecka & Roberts (1996).
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Figurel.6  Outcrop of kaolinite-bearing sandstone in Leirelva, a tributary to Komagelva on the
Varanger Peninsula in Finnmark (from Alnass & Hillestad 1989). Kaolinite occurs in
the Quaternary overburden as well asin the highly fractured reddish sandstone.
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Figurel.7 Block diagram summarizing the main regolith-landform components of the Cobar
region in Australia (McQueen 2008). The figure illustrates a complicated pattern of
both in situ and transported weathering.
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2 GEOPHYSICAL METHODS

Marco Bronner, Einar Dalsegg, Karl Fabian, Odleiv Olesen, Jan Seinar Ranning & Jan Fredrik
Tannesen

2.1 Resistivity and induced polarisation

The 2D €lectric resistivity traversing (ERT) and induced polarisation (1P) methods have been
applied in the TWIN project. The combined IP and resistivity measurements extended the
survey time dightly. The combination of the two kinds of data, however, significantly
reduced the risk of misinterpretation. The methods are briefly described below and a detailed
description is available at

http://www.ngu.no/no/hm/Norges-geol ogi/Geofysi kk/Bakkegeof ysikk/El ektri ske-metoder/

(in Norwegian).

Figure2.1 Acquisition of electric resistivity data south of Ramsda at Andgya (Andgyatorv peat
extraction plant).

2.1.1 Acquisition

Data are collected using a cable system developed by the Institute of Technology of Lund
University, called the Lund system (Dahlin 1993). The system consists of a relay box
(Electrode Selector ES10-64 C) and of two or four multi-electrode cables. The ABEM
Terrameter SAS 4000 (ABEM 1999) resistivity and IP instrument contains an integrated PC
for full control of the data acquisition process and storage of data. In this survey, four cables
were used with a GRADIENT electrode configuration and 10 m electrode spacing. A
maximum depth range of about 120 metres may be reached with the latter configuration. The
resolution decreases with depth and resistivity data deeper than c. 80 metres are by
experience less reliable. The entire system can be rolled aong the profile such that the extent
of aprofileisamost unlimited.
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Figure 2.2 Sketch outline of the ABEM Lund Imaging System. Each mark on the cables
indicates an electrode position (Dahlin 1996). The cables are placed along a
single line (the sideways shift in the figure is only for clarity). This figure also
shows the principle of moving cables when using the roll-along technique.

2.1.2 Inversion

All resistivity measurements give an apparent resistivity value that represents a weighted
average resistivity which resulted from the resistivity of each heterogeneous volume in the
surrounds of the measurement points (note: heterogeneous volume in terms of resistivity and
size for the purpose of this study). To find the specific resistivity of each part of the
heterogeneous investigated volume, the data are inverted. Thisis done by dividing the profile
into blocks each characterised by specific resistivity values. The resistivity values of the
blocks are adjusted following an iterative procedure until the theoretical model fits the
measured data.

Resistivity measurements were inverted using the computer program RES2DINV (Loke,
2010). Different methods of inversion are applied ("Least Square” and "Robust”) with
variations in the inversion parameters, attenuation factors and filters. This did not result in
any fundamental changes in the main features of the inverted profiles.

The resistivity of the bedrock, which is obtained by ERT, depends on the porosity, water

saturation and resistivity of groundwater in cracks and fracture zones, as well as the clay
content that is produced by weathering and other geological phenomena.
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2.2 Refraction seismics

Similar to geoelectric investigations, seismic measurements are also often carried out in
exploration geophysics. Seismic refraction measurements are based on the times of arrival of
theinitial ground motion generated by a source recorded at different distances. Complications
related to late arrivals in the recorded ground motion are discarded. Thus, the dataset derived
from refraction measurements consists of a series of times versus distances. These are then
interpreted in terms of the depths to subsurface interfaces and the velocities at which motion
travels through the subsurface within each layer. These velocities are controlled by a set of
physical constants, called elastic parameters that describe the material. Any change in rock or
soil property will result in changes to the seismic velocities (Redpath 1973).
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Figure 2.3 Schematic diagram illustrating the shallow refraction seismic method (Redpath

1973).

Figure 2.4 The seismic recording system ABEM TERRALOC MKG6.
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2.3 Amager method

The AMAGER method (AeroMAgnetic and GEomorphological Relations) was developed
and published by Olesen et al. (2007) and comprises a correlation of morphological
depressions and magnetic lows. The method is based on the not necessarily, but for Norway,
common observation that deeply weathered basement shows a noticeably reduced
magnetisation (Figure 2.5) as compared with the parent material and is moreover easily
erodable. Relative magnetic lows which correlate with topographic depressions in eroded and
exposed basement landscapes are thus likely to indicate the location and distribution of deep
weathering.

Figure 2.5 Magnetic measurements of weathered and un-weathered bedrock on Hamar gya.
The remaining magnetisation of the altered rocks is reduced to a third compared
to the parent material.

The method requires good-quality aeromagnetic data and digital elevation grids to achieve
reliable results. Furthermore, detailed geological maps and a profound knowledge of the
geology are useful in order to delineate areas with Quaternary overburden.

For the TWIN project we modified and devel oped the AMAGER method and applied it to the
two areas of Listaand Langaya, where both weathering locations had been reported and high-
quality, high-resolution aeromagnetic data were on hand. We carried out a 1 km Gaussian
high-pass filtering of both the reduced-to-pole magnetic and topography grids. Subsequently,
we used the Geosoft’s CET Grid Analysis extension to automatically detect the minima from
both grids. This extension was developed by the Centre for Exploration Targeting (CET) at
the University of Western Australia and provides a rapid and unbiased workflow for texture,
phase analysis and structure detection. The advantage of using this modified method rather
than the origina one (Olesen et al. 2007) is that we do not use a defined single value
threshold to include or exclude a minimum, and we also applied a qualitative approach,
which is better adapted to the relative lateral changes of the magnetisation. However, we also
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applied an automatic gain control (AGC) to scale the magnetic and topographic data, which
was especially beneficial for areas of rather subdued morphology.

The solutions for both grids were correlated and coinciding solutions in the two high-pass
filtered datasets were used as indications of deep weathering.

2.4 Palaeomagnetic dating

A lack of age dating hampers the reconstruction and understanding of deep weathering
events. Here, we present results from a pilot study to use palacomagnetic techniques to infer
age constraints from two, deep-weathered sites at Hadsel gya and Andgya, L ofoten-Vesterdlen
islands, Norway. The general idea behind this approach is to use palacomagnetic dating in an
analogous way as the studies by Parnell et al. (2004) and Elmore et al. (2010). Parnell et al.
(2004) reconstructed the direction of a chemical remanent magnetisation (CRM) acquired
during a hot fluid-flow event channelled through a thrust zone. The timing of kaolin
formation has been constrained by palaecomagnetic analysis at two localities, where a coeval
relationship between the kaolin and a diagenetic intergrowth of hydrothermal hematite could
be demonstrated (Fig. 2.6). EImore et al. (2010) used a similar approach to date brecciation
and associated fluid-induced diagenetic alteration, probably related to Mesozoic extension.

Figure 2.6 Palaecomagnetic determination of the timing of hydrothermal hematite formation
during a fluid flow event at Kishorn (Fig.8 from Parnell et al. 2004). Solid circle,
sguare, and triangle indicate palaeomagnetic pole positions determined from
CRMs at sites mineralised by hydrothermal hematite and kaolin. Comparison
with an apparent polar wander curve for Europe indicates that the poleslie at or
near the curvein Permian time.
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In the setting of deep weathering, palaeomagnetic measurements may, in a similar way, be
able to pick up a magnetisation overprint that occurred during the weathering event. If fluid
flow related to the weathering induces a diagenetic formation of magnetic minerals, like
hematite, these would acquire a CRM reflecting the magnetic field at the time of the
weathering event.

By reconstructing a palacomagnetic direction from the CRM, and comparing this to the
apparent polar wander path, it should be possible to narrow down the time window for the
weathering event. In theory, there even is an advantage of the deep weathering study over the
above fluid-flow studies, in that it is possible not only to sample the weathered material, but
also the undisturbed parent material at the same site. A deviation between the palacomagnetic
directions of these two materials can then provide independent evidence for a secondary
CRM formation at alater time.

2.4.1 Sampling

Hard-rock sampling was carried out according to standard palacomagnetic procedures as
described in Butler (1992). Inch cores were drilled and oriented using a Pomeroy orientation
tool and a Brunton compass. The preferable sun-compass orientation method could not be
applied for meteorological reasons.

2.4.2 Sampling procedure for weathered rocks at Hadsel gya

Weathered material was sampled following the sampling procedures described by Schnepp et
al. (2008) for baked clay and soft sediments. Because the weathered material at Hadsel gya
was extremely loose, a nose of in-situ weathered rocks was prepared by removing the
materia around it. Using plaster, and plaster bandages, the nose was surrounded by a tight
cast with a flat surface. After the plaster had dried, this surface could be magnetically
oriented using the Brunton compass.

After orienting, the material was carefully removed and packed together with the plaster cast.

At the NGU laboratory the unconsolidated material was then soaked with water glass,
NaSiOs3, and kept soaked for several weeks to obtain optimal consolidation. The “Wacker
OH” silica rock hardener, recommended for consolidation by Schnepp et al. (2008), was not
available. This led to some problems during re-sampling of the material at Leoben, because
the water glass often penetrated only 1-2 cm into the rock. Fortunately, enough hardened
material was available for the palacomagnetic measurements.
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Figure 2.7 Oriented sampling of unconsolidated weathered bedrock at Hadselgya using the
technique recommended by Schnepp et al. (2008).

The deep weathered layer at Ramsa, Andgya, lies in a river bed and is covered by fluvial
sediments. Therefore, the sediment cover first had to be removed and then non-magnetic
aluminium tubes were driven into the unconsolidated bedrock below. The tube cores were
magnetically oriented and carefully dug out.

Figure 2.8 Oriented sampling of unconsolidated weathered bedrock at Ramsa, Andgya.
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2.4.3 Palaeomagnetic measurements

Due to the unstable structure and weak magnetic signal of the samples, it was necessary to
use a cryogenic magnetometer for the palacomagnetic measurements. Because of the long
experience and optimal equipment of the palaeomagnetic laboratory of the University
Leoben, Austria, with unconsolidated continental sediments al palacomagnetic
measurements of drillcores and weathered plaster samples have been performed at this
laboratory. Additional whole core measurements on the aluminium tubes from Ramsa were
performed at the drill-core palacomagnetic laboratory of the LIAG in Grubenhagen,
Germany. This was necessary because the diameter of the measurement coils in the cryogenic
magnetometer at Leoben, designed for palacomagnetic inch-cores, was too small for these
samples, whereas the instrument at LIAG is designed for large diameter drillcores.
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3 GEOLOGICAL AND GEOCHEMICAL METHODS
Ola Fredin

3.1 Geochemical and mineralogical analyses
3.1.1 Introduction

Characterisation of saprolites through geochemistry, clay content and grain size has proven to
be a powerful tool in understanding past weathering processes. The potential for dating
(palaeo-) weathering of samples from the crystalline basement has also been investigated. By
guantifying the change in e ement concentrations from the fresh host bedrock to the saprolite,
the amount and character of the weathering can be established. Through analysis of clay
minerals, which represent the end stage of weathering in the saprolite, a better understanding
of weathering processes can also be achieved. Finally, dating of clay diagenesis can
potentially provide information on when the weathering processes were active.

Geochemica and clay analyses have been used at severa locations to study deep weathering
in the Scandinavian countries and elsewhere. XRD analysis of clay mineralsis a difficult and
time-consuming process and several studies have yielded ambiguous results. Examples of
such ambiguous results have been reported for Norwegian sites by Rea et al. (1996a) and
Paasche et al. (2006). The clay mineral kaolinite, which by many is regarded as a strong
indicator of pervasive feldspar weathering, has commonly been reported even though the
XRD procedure used cannot exclude the presence of chlorite as well as or instead of
kaolinite. There has thus been a tendency, in particular in some Scandinavian scientific
literature, to overestimate the presence of kaolinite in inferred weathering profiles. However,
several extensive studies of clay mineralogy in Scandinavian saprolites have also been made
where the presence of kaolinite is well established (e.g. Roadset et al. 1982, Lidmar-
Bergstrom et al. 1997). In order to avoid the difficulties and pitfalls involved with XRD
anaysis, this project has relied heavily on geochemica quantification of elements both in
fresh host bedrock and saprolite. In this way, it is straightforward to see which elements have
been affected by weathering and to calculate the mass loss (chemical leaching) during the
weathering process (Brimhall et al. 1985).

For dating the clay minerals a number of methodologies were considered. K/Ar and “Ar/*Ar
dating of manganese oxides (Vasconcelos et al. 1992), alunite (Itaya et al. 1996), jarosite
(Vasconcelos et al. 1994) and illite (Pluijm et al. 2001) has been used in a number of studies,
with variable degrees of success. Other methodologies include (U-Th)/He dating of goethite
(Schuster et al. 2005) and measurement of Radiation Induced Defects derived from the decay
of U and Th (which is based on principles similar to Fission Track Dating). Because NGU
has its own laboratory for “°Ar/**Ar dating, our focus has mainly been on investigating the
presence of manganese oxides, alunite, jarosite and illite.
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3.1.2 Sampling locations

Most of the sites from which samples were collected within the TWIN project were
previously described by Peulvast (1985). Samples were collected from Hamargya,
Hadselgya, and from a site approximately 5 km to the north-northeast of Leknes. Materia
with a weathered appearance was collected from these sites, as well as bedrock with a fresh
appearance for comparison. Ramsa, Andgya, was visited as well, and core samples had been
collected previously from this site.

3.1.3 Analytical methods

All samples were first dried and then examined under a binocular microscope. Grain size,
SEM, XRF and XRD analyses were completed at the laboratory of the Geological Survey of
Norway in Trondheim. Grain sizes were determined on dried samples with a Coulter LS
Particle Size Analyzer. Scanning electron microscopy analyses were performed on surface
bulk fine matrix samples and semi-quantitative analyses of grain chemistry and mineralogy
were completed according to energy dispersive spectrometer techniques (Goldstein et al.
2003).

Samples were prepared according to standard techniques for XRF examination at the
laboratory of the Geological Survey of Norway. The analytical techniques are described in
the accreditation documentation of the NGU laboratory (NGU - XRF 2008). Precision of the
analysis depends on the element that is analysed but concentrations are generally determined
with error margins on the order of ppm or better. In this study, all sampled localities were
sampled for both fresh bedrock and saprolite. In some locdlities (Kjose, Vagsay) a series of
samples was taken in the saprolite to see if the degree of weathering varies with depth in the
profile. The principle behind the analysis is described by Brimhall et al. (1985), Brimhall &
Dietrich (1987) and Chadwick et al. (1990) where the element composition of fresh bedrock
is compared with the element composition of the saprolite. This comparison alows a
guantification of the degree of weathering that the bedrock has been subjected to and which
of the main elements that have been leached. A major obstacle for this analysis is that the
saprolite undergoes changes in density and volume during the weathering process, which
hampers a straight calculation of mass loss from the fresh bedrock. To overcome this, an
immobile element (usually Zr or the oxide TiO;) is used as a reference to which al other
elements are compared (Brimhall et al. 1985, Brimhall & Dietrich 1987, Chadwick et al.
1990). As long as the immobile element has a weathering rate that is an order of magnitude
slower than other elements, this method yields reliable results.

XRD anaysisis described in the accreditation documentation of the NGU laboratory (NGU -
XRD 2005). The <2 mm size fraction of each sample was separated by settling, Mg-saturated
and purified with a ceramic filter to produce oriented samples. An initial XRD scan was
performed at 2—-69°2¢ with a scan speed of 0.02°2¢s and a step size of 0.04°2¢. Second and
third scans were performed following ethylglycol saturation and heating of the samples to
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550°C, respectively. These scans were performed at 2—35°2¢ with a scan speed of 0.0067°2¢-
1 and a step size of 0.04°2¢. Diffraction peaks were analysed with peak search software and
manually reviewed following Brindley & Brown (1980) and Moore & Reynolds (1997).

3.1.4 Results

The localities with the most pervasive weathering in the study (Vesterden, Hamargya,
Végsay and Kjose) are generally found in intermediate to mafic rocks. Lithologies range
from (quartz-)monzonite to syenite and finally to gabbro. So far, few signs of weathering
have been found in the more felsic lithologies. Only very small amounts of clay minerals
were found in our samples, and few sure signs of advanced weathering clay minerals were
found. In many samples, the amount of clay minerals was too small to be analysed with the
present XRD methodology. However, in some samples primary clay minerals such as illite
and chlorite were easily identified. Intermediate weathering minerals such as vermiculite and
smectites could also be found, as well as trace amounts of typical saprolite clay minerals such
as kaolinite and gibbsite (Kjose area and Vagsgy samples). Optical microscope inspection of
material with a weathered appearance indicated that weathering-prone minerals such as
feldspars were still looking quite fresh. A brownish tinge, oxidisation, in samples that had the
most weathered appearance appears to be superficial. SEM studies of fine grains confirmed
the impression from optical microscopy that very little chemical etching has been taking
place in silica-rich minerals such as quartz and feldspars. However, biotite quite commonly
seems to have been altered in diagenesis into vermiculite and smectite.

Grain-size distribution in all investigated soil profiles is dominated by sand and gravel with
very little silt and clay (generally <5%). In some cases we also sampled glacia till overlying
the saprolite; these samples often contained more clay and silt, showing an incorporation of
finer material from elsewhere.

On the other hand, XRF analysis and mass balance calculations (degree of leaching)
commonly show a high degree of mineral alteration with bulk leaching of main elements (Si,
Al, Na and K) in the range of 30 - 65%. The upper range can be considered as indicative of
intense leaching. Since optical microscopy and SEM studies show limited etching on silicate-
rich minerals, it appears likely that phyllosilicates (mainly biotite) and other 'dark’ minerals
such as hornblende and pyroxene have been chemically altered. In some samples there are
signs of reprecipitation of oxides and hydroxides, which is in agreement with saprolite
formation.

In none of our samples did we find clay material that would be suitable for dating. Either
there were too small amounts of clay, or the clay mineralogy was not suitable for dating using
the methods described above. We suspect that any attempt at dating the clay minerals would
only have yielded ages approximating to the age of the host rock.
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3.1.5 Conclusions

The XRF data shows that intense leaching processes have occurred at al localities with the
most extreme valuesin Vesterdlen/Lofoten and at Lista. The XRD analysis is ambiguous with
analytical problems involved with the very clay-poor samples. There are definite signs of
alteration of biotite into vermiculite and smectite, and at some localities small amounts of
feldspar have been atered into kaolinite. It seems likely that the main weathering process in
the investigated saprolites involved alteration of biotite into vermiculite and smectite. This
process causes expansion and exerts pressure on the surrounding mineral grains. The process
can be likened to physical weathering causing disintegration of the rock into gravely-sandy
saprolite (Neshitt & Young 1989). This disintegrated rock (gravelly-sandy saprolite), in turn,
is then much more porous and rainwater can penetrate far down into the profile causing
chemical alteration mainly of the mafic minerals.

Because no new dates have been obtained, we cannot confirm or disprove an ‘old' age for any
of our samples. In principle, the characteristics of our samples could be the result of recent
weathering under the present-day climatic conditions. An argument against a recent age (i.e.
Quaternary?) could be the actua penetration of weathering down into the crystalline
basement, which on both Hamargya and Hadsel gyais in the order of several tens of metres.

3.2 Remote sensing mapping of deep-weather ed bedrock

Remote sensing data (satellite and aerial imagery) have been used to map deep weathering
foremost in arid environments in Australia and South Africa where this phenomenon has
economic implications for geochemical exploration for mineral deposits and in terms of
supergene ores (Buckingham & Sommer 1983, Amos & Greenbaum 1989, Cunningham et al.
2005). The method builds upon the fact that different minerals and deposits have different
spectral reflectances. Hence, minerals reflect electromagnetic radiation back to the satellite
sensor differently depending on the mineral lattice (Sabin 1996, Fig. 3.1). In principle, this
means that each mineral has its own spectra ‘fingerprint’ as seen for examplein Fig. 3.1. This
implies that mineral phases derived from chemical weathering processes theoretically show
up as distinct patterns in multi- and hyperspectral, remote sensing data (Sabins 1996).
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Figure 3.1 A selection of minerals and clays and their spectral signature (reflectance) at
different wavelengths. The spectral signature of a wealth of minerals has been
compiled by the USGS (http://speclab.cr.usgs.gov/spectral-lib.html). Note that the
visible (to the naked eye) reflectance is just a narrow part of the electromagnetic
spectrum used. Wavelengths far out into ultraviolet and infrared are used in
multispectral and hyperspectral remote sensing.

The spectra reflectance from Earth can be recorded in a number of narrow wavelength
bands. If data are recorded in 4-25 bands the data are called multispectral, and if they are
recorded in more narrow bands (often more than 200) the data are referred to as
hyperspectral. Hyperspectral data obviously have a greater potential to differentiate different
spectral signatures in detail; however, they demand much more data processing and aso
might have problems with signal-to-noise issues.

In the TWIN Project an attempt was made to test mapping of known weathering localities
using hyperspectral data from the sensor “Hyperion” onboard the Earth observing satellite
“EO-1". Documentation about Hyperion and EO-1 can be found at the NASA website
(http://ecl.gsfc.nasa.gov/). A data acquisition request (DAR) was forwarded to NASA with
the intent to program the EO-1 satellite to record data while passing over Hamargy in the
spring of 2010. It was judged feasible to obtain usable data of weathering 'signatures’ since
much of the saprolite in the areais exposed in large quarries and is used locally as gravel fill
on roads. The DAR was specified so that alowable data acquisition was from April to June to
benefit from little snow cover and little vegetation. Unfortunately, no usable scenes were
obtained from the satellite, on account of either too much snow cover or clouds obscuring
large parts of the scene. We then tried using archived Hyperion data from southern Sweden
covering some of the localities in the county of Smaland visited during the TWIN excursion.
These data proved to be very difficult to work with since they were recorded on aday in late
October (2008) with low sun elevation. Shadows and alow signal-to-noise ratio in the narrow
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spectral bands made detection of specific minerals very difficult. No conclusive identification
of alteration minerals or saprolite could be made with these data. We conclude that mapping
of saprolite using hyperspectral remote sensing data is feasible in arid climates with a long
summer season (bright days with strong reflectance) on sparse vegetation. Such careful
gpectral analysisis difficult in the Nordic countries with a very short summer season after the
snow has melted and before dense vegetation obscures aview of the ground surface.
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4 REVIEW OF PREVIOUS DEEP-WEATHERING REPORTS
OlaFredin & Berit Hustdli

Previous studies on weathering phenomena in Norway have been compiled into an ESRI
geodatabase (ESRI ArcMap filegeodatabase v. 10) where known localities have been
registered as points (Feature class: Saprolite). The database can be downloaded from
ftp.ngu.no/pub/TWIN.

Literature containing information about weathering in Norway has been examined
systematically for localities. Relevant literature is listed in the reference list at the end of the
present report (Chapter 11). Every paper contributed to adding one or more new sources to
the list, the result being that the amount of literature related to descriptions of possible
preglacial weathering remnants is comprehensive. Each weathering locality is digitised as a
point feature with potentially 16 attributes. The attribute table is presented in the following
and asummary of itislisted as Table 4.1.

Table4.1 Theattributesdescribed in each saprolite point.

Point attributes What

Object ID Consecutive numbering

Shape Point feature

Locality name Name of the locality

Weathering type Integer

Description 150 characters concerning its appearance and distribution
Landscape type Description of general morphology of the area
Date of visit Date

Sampled Yes or No

Clay type Clay mineral(s)

Chemistry characters

Geophysics What type of geophysical investigation
Rem.mag Result from palaeomagnetic studies

Stratigraphic relation  Older than/younger than/minimum age/inferred age

Source Publication(s) or persons contributing with information
Bedrock Bedrock in the area (if differing from source, given in parenthesis)
Positional accuracy 1,20r3

Attributes assigned to these data are, Object ID, which has a consecutive numbering from the
order it was added to the database. Shape is a mandatory field added by GIS to indicate
feature type. Locality name is either the locality name given in the literature, or a name given
by its geographical location. Deep-weathering localities are grouped into seven different type
categories based on their characteristics. They were numbered 1-7 and the different classes
are 1) Saprolite with a matrix consisting predominantly of clay, 2) Saprolite with a grussy

33



composition, 3) Unequivocal weathering, which means localities included in the database but
where composition and origin are uncertain. This class often contains clay veins, in otherwise
fresh bedrock. 4) Secondary weathering in jointed bedrock, secondary referring to the
presence of clay minerads formed in situ. 5) Weathering pits and caverns and other
morphological features associated with differential etching of rocks by chemical weathering.
6) Includes tors and associated morphology, and 7) Autochthonous blockfields, probably of
pre-Pleistocene origin. An overview of the categoriesisgivenin Table 4.2.

Table4.2 Summarised description of the different weathering type categories.

Weathering type Description

Saprolite with a matrix consisting predominantly of clay
Saprolite with a grussy composition

Dubious or nondescript saprolite

Secondary weathering in jointed bedrock

Weathering hollows

Tors and associated weathering morphology

N o o A WN R

Autochthonous block field, of pre-Pleistocene origin

Description is a 150-character field describing the locality appearance, distribution or other
interesting attributes. The landscape type in the area is described briefly, if visited by persons
affiliated with the TWIN Project; date is stated under visited. If sampled when visited, yes or
no is indicated under the field sampled. Clay mineral(s) is written under clay type if
investigated either by the TWIN project or in research carried out by the reference. If
geophysics has been performed the type of method is stated. The recordings and
interpretation of the geophysics are not added under saprolite, but have their feature category
under geophysics. If palaecomagnetism has been measured, results are briefly written in
rem.mag. Stratigraphic position of the weathering residue is described either as the position
relative to other geological units, minimum geological age according to dating, or age
inferred by source. Publication, which the locality is taken from, is cited under source. If the
source is not published, persona communication or 'heresay’ is indicated. As the type of
weathering is partly dependent on the composition of the bedrock, the main bedrock type
occurring in the area is extracted from bedrock map at www.ngu.no. If the local bedrock
differs from the bedrock stated in the paper, it iswritten in parenthesis. Finally, the positional
accuracy of the locality is grouped into three categories 1-3. 1 isthe highest level of accuracy,
meaning that GPS coordinates were used to plot the position into the database and it is
possible to return to the locality aided by a GPS receiver. Level 2 is used when the locality is
digitised according to a map with a decent scale or a good description. When the source of
the locality had neither a map nor a good description of the geographic location, level 3 is
employed. Based on the relatively poor description, level 3 localities might be difficult to find
inthefield.



When descriptive pictures, drawings, maps, logs or tables presenting the results of analyses
are available, they are added as attachments to the point.

4.1 Geophysical data

Geophysics performed in areas of suspected deep weathering has been added to the database
either as aline or raster. Seismics and resistivity measurements have been added as a line at
its respective locality, but AMAGER data have been added as raster data.

Each registration has potentially nine attributes associated with it. Attributes assigned to these
data are summarised in Table 4.3 and described in the following. Object ID, which has
consecutive numbering from the order in which the geophysics was added to the database,
and shape as mentioned above. Under type, the type of geophysics presented is described
briefly, whether it is resistivity, refraction seismic, AMAGER or magnetic susceptibility.
Under locality, the name of the locality is stated. The person responsible for the recording of
the geophysics is named in under operator and the date of recording is plotted under date.
Normally thisis teamwork and several persons are involved.

The Quiality attribute is meant to indicate which results can be expected, considering the type
of equipment that was used. For instance, with electrical resistivity, we would note the array
which the cathodes are arranged in and what separation they had. AMAGER data and quality
of topography data are indicated, noting the grid, line spacing and flight altitude of
aeromagnetic surveys and filtering of results. In refraction seismic, the spacing of the
geophone and the source are indicated as well as the type of equipment used. Shape length is
automatically calculated in the GIS software when the profile is plotted. Depending on the
accuracy of the position given, it might not match with the profile itself. Where severa
profiles are recorded in one area, transects are named and numbered according to how these
were organised by the operator. This generally reflects the order of recording.

The geophysics results are added as an attachment, and if more interesting extra information
isavailable, thisis aso attached.

Table4.3 Theattributesdescribed when geophysicsis added to the database.
Line attributes What

Object ID Consecutive numbering

Shape Polyline or raster

Type What kind of geophysics

Locality Where was the geophysics obtained

Operator Who is responsible for the recording

Date When was the geophysics recorded

Quality What kind of array/how densely spaced/energy level

Shape length Length of transect

Line number If several transects, order of recordings
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42 Profiles

Profiles have been added to achieve an impression of large-scale morphologica and
stratigraphical relationships. Literature containing information about the relief of Norway has
been examined, in the same manner as for the saprolites. Profiles of various forms are
scanned, and plotted into the database as polylines at their respective locations. Profilesrarely
come with exact coordinates, thus the locations of the profiles are approximate, placed by the
aid of an overview. Each registration has five attributes, which are presented in Table 4.4.
Object ID is numbered consecutively from the order in which it was digitised, shape as
mentioned above, and under name; the name of the profile. The publication from which the
profile is taken is cited under references and the length of the profile is automatically
calculated in ArcMap.

The profile itself is added as an attachment, and if more information regarding the
construction of the profileis available, thisis aso attached.

Table4.4 Theattributesdescribed whenas profileisadded to the database.

Line attributes What

Object ID Consecutive numbering

Shape Polyline

Profile name Name of the profile

References Source where profile is published

Shape length Length of profile
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5 SOUTHERN NORWAY

51 Lista

Jon Arne @verland, Dag Bering, Marco Bronner, Einar Dalsegg, Ola Fredin, Christian
Magnus, Terje Solbakk.

The name Lista is here used both for the Lista Peninsula (bounded by Krossnessundet,
Helvikfjorden, Framvaren, Indre Pollen and Eidsfjorden) and the surrounding areas to the
east (Ravneheia and Spind), see Fig. 5.1A. The bedrock of the southern part of the Lista
Peninsula consists of banded heterogeneous gneiss, the northern part of the Lista Peninsula
and Ravneheia of charnockite and the Spind area of hornblende granite. The southern part of
the Lista Peninsula is covered by Quaternary sediments creating a flat or sightly undulating
topography (Fig. 5.1C). In contrast, the northern part of the Lista Peninsula, Ravneheia and
the Spind area consist of a hilly landscape where a thin Quaternary cover is found only in the
many small valleys.

Lista is situated in the hinge zone between the uplifted Norwegian mainland and the
subsiding North Sea Basin. An attempt to revea the fundamental feature of the surface
topography of Lista was made by calculating a ssimple three dimensional “summit height
envelope” (Doré 1992), this corresponds to the “summit-level surface” described in Barth
(1939b). The summit height envelope of Lista is based on the three most elevated points
relative to the envelope, which were found to be:

Point E (UTM 32WGS84) | N (UTM 32 WGS84) | Height (m)
Storefjell 365348 6448107 346

Havika 366155 6437962 28

Lofjell 360508 6446825 193

The constructed summit height envelope shows a dip of 2.3, with a dip direction of 215’
(southwest). At least seven peaks have heights that come within 20 m below the constructed
envelope. Comparing the topography with the envelope level shows that the landscape level
in the barren northern and eastern areas is seldom lower than 100 m below the envelope level.
In the southern part of the Lista Peninsula the Quaternary sediments cover the bedrock. Three
Vibroseis lines recorded in 1995 (by the University of Bergen for NPD) in the southwestern
part of the Lista Peninsula reveal that the bedrock is dipping in the same southwestern
direction as the summit height envelope surface. Two of these lines are shown in Fig. 5.1B,
and their position is shown in Fig. 5.1A. The base of the Quaternary sediments is represented
by the uppermost strong reflector. It must be emphasised that the constructed envelope
represents alocal level limited to Lista, and cannot be extrapolated to surrounding areas.
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Lista Basin

Ravneheia
tunnel

Vibroseis lines
NPD 1995

C

Figure5.1 A) Lista, overview map. B) Vibroseis lines AA and BB, recorded by the
University of Bergen for NPD in 1995. Line locations are marked on Fig. 5.1A.
C) Perspective view of the Lista Peninsula visualised from the south (produced
with www.Norgei3D.no ). Note the joint valleysin the central part of the figure.
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The landscape level in Vest-Agder and its connection to older peneplains has been discussed
by Barth (1939b), Andersen (1960), Holtedahl (1988) and Riis (1996). The landscape in
Vest-Agder originated as the sub-Cambrian peneplain (the 'old paleic surface’), modified by
later erosion and uplift in Mesozoic and Cainozoic time (Lidmar-Bergstrom et al. 1999).
Based on correlation with saprolites and landforms in south Sweden and Denmark, along
with the association with covering strata offshore (Lidmar-Bergstrém et al. 1999, Riis 1996),
it is likely that the area was deeply etched in pre-Cretaceous time, later covered with
sediments and finaly stripped in the Plio-/Pleistocene. The landscape thus represents a
dissected peneplain and could be termed ajoint valley landscape.

Severa features of the landscape in northern part of the Lista Peninsula, Ravneheia and the
Spind area indicate that the glacial influence on the landscape is weak compared to other
parts of the Norwegian mainland. Several hills and small mountains have marked steep
peaks, as for example Snarefjell (364168E, 6444269N, UTM zone 32, WGS84 datum), Fig.
5.2A upper and Bukkefjellan (361698E, 6448333N), Fig. 5.2A lower. On @rnasede
(371734E, 6441578N) the peak consists of a huge disconnected block which has remained in
itsoriginal position.

Preservation of tor-like features adds to the impression of either minor or no glacia erosion.
Fig. 5.3B shows stacks with weathering surfaces at Nerskar (369342E, 6444196N). On a
smaller scale, a weathering pit (Fig. 5.2B) located at Kjelen (364706E, 6450357N) has
reached dimensions that might indicate a start of weathering before the latest glaciation
(Qverland 2011). Barth (1939ab) referred to a forthcoming publication by Wettergreen
Jensen about the lack of glacia striations on Lista. We have not been able to locate this
publication. The probable explanation for the absence of an erosive ice sheet over part of
Lista is that the ice movements were largely concentrated in the surrounding fjords,
Fedafjorden, Eidsfjorden, Framvaren and Lyngdalsfjorden as well as in the offshore
Norwegian Channel (Skagerrak ice stream). The fjords have been overdeegpened during the
Pleistocene glaciations.
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Figure 5.2 A) Profiles of Snarefjell and Bukkefjellet. B) The weathering pit Kjelen. C)
Corestones, Gullsmedbakk. D) Corestone, north of Savesta. E) Dump from rock
fall in the Ravneheia tunnel. F) Core of fault zone, Listeid Fault.
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Figure5.3 A) From Barth (1939b) — Fig. 2. B) Tor with weathered surface, Ngrskar. C)
Fractured and weathered bedrock, Knutstad.

The occurrence of weathered bedrock and weathering products on Lista was noted by Reusch
(1901): “Bergarten syntes i det hele taget at vaae tilbgielig til at sprakke op og er meget
forvitret” Reusch described the thin till layers in the northern part of the Lista Peninsula to
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" ... bestaar fornemlig af kantede og mest forvitrede stene at stedets egen bergart; ...” H.
Bjarlykke (1929) described the extension of different soil types on Lista, and noted soil
layers of weathering products in the hilly areas: ” Seddannet forvitringgord kan man dog
finne lokalt i de estlige og nordlige deler, saarlig i bergskraningene, men de har for liten
mektighet og utstrekning til & vaere av nogen starre betydning.”

Barth (1939a) described two locations (Eikelandkleiva and Ullgjell, Fig. 5.3A) with
weathered bedrock centrally situated on the Lista Peninsula: " Den faste bergart er ” ratnet” :
den er lokalt blitt |@s og leiraktig slik at den kan tas ut med spade. Utseende er ganske
eilendommelig, idet produktet ved farste blikk synes & besta av fast fjell. Det har fjellets farge
og struktur; arer og lag optrer akkurat som en ser demi en fast fjellvegg, og nar en kommer
naamere, kan sogar de enkelte mineralkorn, som bygger op fjellet, skjelnes. Men gar en helt
hen, viser det seg at en med spade kan skave skiver ut av 'fjellet’.” Barth identified the clay
fraction of the weathered rock as belonging to the beidellite group. He compared the
weathering on Lista to weathering in the southeastern USA, and discussed briefly the origin
and timing of the weathering. He elaborated on these subjects in Barth (1939b), and
concluded by proposing a Tertiary age for the weathering. Isachsen & Rosenqvist (1949)
were sceptical to the definition of beidellite as a mineral and reclassified the clays as a
mixture of montmorillonite and different bauxite minerals.

It has not been possible to positively identify the two locations described by Barth, but there
are clear indications of weathering in the area. To illustrate this, we have chosen alocation at
Gullsmedbakk (363568E, 6445337N, UTM 32 WGS84), near to, but probably south of
Barth's location Eikelandkleiva). At this location (Fig. 5.2C) there are partly developed
corestones surrounded by reddish saprolite.

Two fully developed corestones are found on the cobble beach north of Stavesta. This beach
consists of stones and blocks left after marine erosion of till. The more accessible of the two
corestones (358565E, 6446036N) is shown in Fig. 5.2D. The corestone has a crust of iron
oxides. Directly under this shell only the quartz grains remain of the original rock, feldspars
and other minerals having been removed. It is surprising that these corestones, fragile
compared to fresh bedrock, have endured both glacia transportation and marine erosion with
only minor damage. There is, of course, no possibility of identifying the precise origin of
these corestones. The major ice streams (the Skagerrak Glaciers) followed the coast towards
the northwest, probably also covering the southern part of the Lista Peninsula. It is therefore
not unlikely that the corestones originate from weathered bedrock on Lista or areas farther to
the east in Agder.

A road tunnel was driven through the Ravneheia mountain plateau in 2007 (Moen 2007). A
major rock fall (3,000 m® occurred 900 m from the southern entrance. The rock fall
consisted of blocks, rock fragments and clay, all of which had a noticeable lighter colour than
the fresh bedrock. Fig. 5.2E shows an example from the rock fall found at a dump outside the
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tunnel. Some of the blocks were partly covered by a deep brown coating (lower right corner
in Fig. 5.2E). XRD-analysis carried out by Alf Olav Larsen in 2007 (Appendix 1) shows
clays in the rock fall consisting of montmorillonite, minor amounts of albite, biotite and
traces of kaolinite. The brown coating consisted of hisingerite (Fe3"Si,0.(0H), = 2H,0), a

mineral often associated with weathering or hydrothermal alteration.

The rock fall in the Ravneheia tunnel occurred in a weakness zone consisting of crushed and
weathered rock. The weakness zone appears on the surface as a NW-SE-trending valley (Fig.
5.5). Electric resistivity measurements were carried out by NGU (Regnning et al. 2009) across
this valley at the location of the rock fall. The measurements showed low resistivity across
the valley down to a depth of approximately 140 m from the surface (Fig. 5.6), which
represents the maximum depth of penetration by the method. The rock fall in the tunnel is
situated approximately 180 m below the bottom of the valley.

The Listeid Fault is a mgjor fault which can be recognised in the landscape from Hidrain the
west to Herad in the east. The centre of the fault is exposed in the distinct narrow valley of
Listeid. On the southern side of this valley the intensively fractured fault zone is quarried for
stone and gravel. At the western end of the quarry the deeply atered core of the fault is
exposed (Fig. 5.2F, 366043E, 6450011N). The fault core consists of a brownish soil enriched
in iron and manganese oxides. Embedded in this substance are parts of less altered bedrock,
with dlickensides and remnants of mineral veins. No attempts have been made to investigate
if the alterations in the fault core are caused by deep-seated hydrothermal activity and/or
weathering from the surface.

The Listeid Fault is associated with dense fracturing in the adjacent area. Fig. 5.3C shows
fractured bedrock at Knutstad (364954E, 6450204N), located approximately 300 m from the
fault. The fractures are filled with a reddish, fine-grained material. XRD analysis (Appendix
1 — the location is named Sgerdlottet) shows that the fine-grained fracture fill consists of
montmorillonite, some illite, quartz and traces of kaolinite. XRD anaysis was, in addition,
made on fine-grained samples from Gullsmedbakk. This analysis was made at the NGU
laboratory with procedures described in Chapter 3 in the present report. The content of fine-
grained materia suitable for clay anaysis was unfortunately low. However, clear signas
from illite, chlorite and vermiculite were detected. The occurrence of kaolinite is possible but
not proven with the present analytical technique. Geochemical analyses were performed on
saprolite samples from Gullsmedbakk and Amdal, approximately 1 km south of
Gullsmedbakk. Soil samples were taken for XRF anaysis at the NGU laboratory and
compared with the chemistry of host bedrock according to methods described earlier. The
results are outlined in Table 5.1.
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Table5.1 Lossof elements (%) in saprolite compared to host bedrock with Zr used as
an immobiler efer ence element.

Si02 | Al203 | Fe203 | TiO2 | MgO | CaO | Na20 | K20 | MnO Si+Al+Na+K SUM

Gullsmedbakk | -43,9 | -7,8 0,1 -0,2 08 | -11 | -22 | -40 03 -57,9 -58,1

Amdal -522 | -89 -1,1 -0,6 06 | -27 | -22 -28 | -01 -66,1 -70,0

Table 5.1 shows an unusually high degree of elemental loss with ~60% mass lost at
Gullsmedbakk and 70% at Amdal. This implies that a majority of the host rock has been lost
as solutes through chemical weathering, and the mechanical break-up of rock is clearly of
subordinate importance at the sampled localities on Lista. Since both localities show this high
degree of chemical weathering, it is unlikely that the results are erroneous due to the Zr
'nugget effect’. Regional geophysical mapping of deep-weathering zones using the AMAGER
method (described earlier) shows a distinct pattern of areas with potential deep weathering
following joints and valleys (Fig. 5.4). Saprolites are confirmed in the Ravneheia tunnel and
at severa other localities described above, and the model is thus confirmed in these aress.
However, in other areas the model is difficult to verify due to soil and peat cover. We
consider the model robust on aregional scale.

Figure 5.4 Potential deep weathering on Lista based on the AMAGER method.
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A)

B)
Figure 5.5 Location of the 2D resistivity profile (Ranning et al. 2009) at Ravneheia plotted
on A) a M711 map (originally at a scale of 1:50,000) and B) on a detailed
economic map (originally at a scale of 1:5,000).
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Figure 5.6 Electrical Resistivity Traversing (ERT) Profile 1. Upper panel shows raw data
and the lower panel shows normalised data with the interpreted transition from
fresh bedrock to weathering soil (from Renning et al. 2009). The low-resistivity
zones are interpreted to represent fractured and weathered bedrock.
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52 Kjose

Ola Fredin, Marco Bronner, Einar Dalsegg, Bart Hendriks, Odlelv Olesen & Jan Seinar
Ranning

Clay dteration of crystalline bedrock in the greater Oslo Region has been studied by a large
number of geologists, eg. Lag, (1945, 1963), Sagher (1964), Selmer-Olsen (1964),
Rokoengen (1973), Bergseth et al. (1980), Sgrensen (1988), Banks et al. (1992a,b, 1994) and
Kocheise (1994). Some of these sites have been difficult to locate since they are most likely
covered by vegetation today. Most of the authors favour low-temperature fluids related to the
formation of the Permian Oslo Rift as the dominating ateration agent. We think, however,
that Lidmar-Bergstrom et al. (1999) provide a more plausible explanation for the widespread
occurrence of clay minerals in the coastal areas of southern Norway and western Sweden.
The strandflat that is formed by an erosion mechanism involving freezing, thawing and wave
abrasion (e.g. Holtedahl 1958) does not cut into the etch-surface area of southern Norway and
western Sweden, indicating that exhumation of the surface can be quite young, perhaps only a
few hundred thousand years.

The Kjose area is mostly situated within the ‘Larvikite region' west of lake Farris, close to the
town Larvik in southern Norway. The bedrock consists of syenites and monzonites. Deep
weathering and saprolites from this area has been described by Reusch (1901), Lag (1945)
and Sgrensen (1988). Professor Jul L&g at the University of As observed back in the 1940s
that rye and potatoes could be cultivated in weathering soil within an area covering severa
square kilometres in the Kjose area (Figure 6B and 6C and Lag 1945). This soil was however
too dry for many other useful plants.

The most comprehensive review of the spatial distribution, granulometry, clay minerals and
other characteristics of the Kjose saprolites is found in Sgrensen (1988). He concluded that
the probable main weathering process is alteration of biotite to vermiculite and finaly into
smectite. This reaction sequence results in a 40% expansion of the origina biotite mineral
grains and thus a physical break-up of the rock mass (Nettleton et al. 1969). Sarensen (1988)
aso considered sericitisation (hydrotherma processes) of feldspars and pyroxenes an
important process in the weathering of the larvikite. He argues that sericitisation likely took
place during formation of the Oslo Rift in the Permian and thus rendered the larvikite
susceptible to further surface weathering. Moreover, Sgrensen (1988) reported the mainly
presence of the clay minerals vermiculite, illite and chlorite. Traces of kaolinite cannot be
excluded but is unlikely.
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5.2.1 Geochemistry, clay mineralogy and granulometry

Samples from Kjose were analysed for geochemical composition using XRF techniques at the
NGU lab (see previous section). Fresh rock samples adjacent to saprolite were sampled and
the element composition in the saprolite versus fresh rock indicates how much of the
respective elements have been leached through weathering processes (Brimhall et al. 1985,
Brimhall & Dietrich 1987, Chadwick et al. 1990). Fig. 5.7 shows elemental mass loss for a
saprolite section close to the railway crossing in Kjose. Four samples were taken, whereof
three from saprolite and one from fresh host rock. All maor elements show increasing loss
through weathering higher up in the profile. This is to be expected since a higher degree of
weathering is common higher up in a saprolite profile. Fig. 5.7 aso shows precipitation of
hydro-/oxides (‘rust’) that is aso expected in a weathering profile. A mass loss of about 30%
was calculated for the 5 m higher profile at Kjose.

% mass loss

%oss
GP9C -33 %
GP9B -30 %
GP9A -28 %
GP9RrocK 0%

Mass loss [g/Kg of rock]

SiO2 Al203 CaO Na20 K20 |Fe203tot TiO2 |Zr mg/Kg
GP9C -211 -78 -14 -21 -9 164 44 330
GP9B -218 -77 -3 -22 -10 110 20 326
GP9A -191 -68 4 -21 -9 122 25 280
GP9Rrock 0 0 0 0 0 0 0 194

Figure 5.7 Geochemical mass balance calculations for a saprolite profile close to Kjose
railroad station. About 30% of elements have been lost through chemical
weathering in the ~5 mhigh profile. Some reprecipitation of oxides and
hydroxides can be observed (marked blue in table). The Brimhall et al. (1985)
mass balance calculations are described in section 3.1.3.

XRD analysis was performed on the same saprolite from Kjose and the XRD spectrum is
shown in Fig. 5.8. Sample preparation was made on fines (<2um) and the X-ray diffraction
spectrum recorded for an untreated sample, then treated with ethylene glycol and finally after
heating to 550°C according to laboratory procedures described above. The spectrum was
analysed using peak search software at NGU.
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Figure 5.8 XRD spectrum for saprolite sample at Kjose.

The XRD analysis yields definite indications of chlorite, illite, vermiculite and smectite.
Moreover, kaolinite and gibbsite are possibly present in the samples, but these phases cannot
be identified with confidence with the present methods (Moore & Reynolds 1997) (Fig. 5.8).

Grain-size distribution analysis was performed on several soil samples from the Kjose and
Larvik areas and samples were taken both from what was interpreted as palaeosoils
(saprolite) and from glacial till with recent soil development. The grain-size distribution is
shown in Fig. 5.9.
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Figure5.9 Grain-size distribution for 15 soil samples from Larvik/Kjose and nearby
locations in south Norway.

The grain size distribution for saprolites shows a distinct bias towards sand and gravel with
little mass in the silt and clay fractions, whilst till samples contain more fine-grained material
(Fig. 5.9). The saprolites at Kjose/Larvik can thus be described as gravelly/sandy (Fig. 5.10)
with a similar grain-size distribution as grussy saprolites on the South Sméaland Peneplain in
southern Sweden (Lidmar-Bergstrom et al. 1997).

5.2.2 Electric resistivity measurements

Electric resigtivity traversing (ERT) aong four profiles (Fig. 5.10) was carried out to
elucidate the spatial distribution and depth of potential deep weathering in the area. Lé&g
(1945) and Serensen (1988) reported extensive occurrences of saprolite in the Kjose/Farris
area, which was later confirmed during field visits through the TWIN project. ERT was thus
carried out in core areas of deep weathering (Fig. 5.11), and the results are presented in Figs.
5.12-5.15.
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Figure5.10 a) Perspective view of the Kjose area visualised from the south (produced with
www.Norgei3D.no). Note the north-south trending joint valleys. B) Grussy
weathering of syenite in a gravel pit at Kjose (UTM 549 110 — 6555 430, zone
32, WGSB4 datum, 83 ma.s.l.). The location is situated immediately to the west
of the intersection of Profile 4 and the main road through the Kjose hamlet (Fig.
5.11) and is shown by the yellow star in Fig. a) above.
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Figure5.11 a) Map of 2D electric resistivity profiles at Kjose. b) Interpretation of deep
weathering from Olesen (2006) and Olesen et al. (2007) and location of
electrical conductors interpreted as deeply weathered fracture zones.
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Figure5.12 Electrical resistivity traversing (ERT) Profile 1 at Kjose. Upper panel shows
raw data and the lower panel shows normalised data with the interpreted
transition from fresh bedrock to weathering soil with low resistivity values
(Note change in colour scales).

Figure5.13 ERT Profile 2. Upper panel shows raw data and the lower panel shows
normalised data with the interpreted transition from fresh bedrock to
weathering soil (Note change in colour scales).
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Figure5.14 ERT Profile 3. Upper panel shows raw data and the lower panel shows
normalised data with the interpreted transition from fresh bedrock to
weathering soil (Note change in colour scale).

Figure5.15 ERT Profile 4. Upper panel shows raw data and the lower panel shows
normalised data with the interpreted transition from fresh bedrock to
weathering soil (Note change in colour scale).



The profiles in Figs. 5.12-5.15 show what is interpreted as a 40 m thick layer of weathered
bedrock (saprolite) with lower resistivity values. The profiles are complicated with an
undulating bedrock/saprolite interface and several major fault zones cutting through the
bedrock yielding very deep structures with low resistivity values. The ERT profiles suggest
extensive weathering at depth over the investigated area. The electrical conductors coincide
with the deep weathering interpreted by Olesen et al. (2007) using the Amager method. As
Serensen (1988) suggested, it aso seems plausible that weathering has been localised around
fault zones where meteoric and juvenile water have been circulating through geological time.

5.3 Vagsgy — Stad — Indergya
Odleiv Olesen, Marco Bronner, Einar Dalsegg, Ola Fredin & Jan Steinar Renning

5.3.1 Vagsay

These locations were originally described in a master thesis by Larsen & Longva (1979) and
later studied by Roaldset et al. (1982). The weathered gabbro in an open pit at Movatnet
(Figs. 5.16 & 5.17a) on Vagsgy was investigated in detail. It is c. 5 m deep (Figs. 5.17b &
5.18) and contains the clay minerals vermiculite, illite and smectite (Roaldset et al. 1982).
The 2D resistivity profile (Fig. 5.20) located 100 m to the west of the open pit indicates that
the weathered gabbro is limited to a weakness zone in the bedrock. The resistivity profile
indicates that the weathered and fractured zone may have a width in the order of 10-20 m.
Profile 2 (Fig. 5.20) located 1.1 km to the west of Profile 1 does not have a similar low-
resistivity zone. Profile 2 (Fig. 5.21) is located c. 300 m above sea level and 200 m from a
steep cliff. The groundwater in fracture zones in this profile may consequently have drained
away. The result could be a high-resistivity zone, as observed in the small valley that
represents the location for the possible extension of the fracture zone in Profile 1.

The geologica investigations associated with the foundations of eight windmills in the
adjacent area (Gothfors 2010) (Fig. 5.22-5.24) indicate that the deep weathering is restricted
to the fracture zone running through Movatnet. Cores from atotal of five boreholes down to a
depth of c. 20 metres show that the bedrock consists of fresh gneiss and amphibolite. Clay
minerals are, however, observed along fractures and joints. The report by Gothfors (2010) is
included as Appendix 2 in the present report.

Photographs from the construction sites have been provided by Ragnar Hagen who was the
local consultant and advisor during the planning and construction of the Mehuken Il windmill
park. Figs. 5.23-5.25 revead relatively fresh bedrock with minor fracture zones and infills of
clay minerals and support the conclusion of the presence of fresh bedrock outside the main
fracture zone. The bedrock in the foundation sites consists mainly of grey, foliated, augen
gneiss with smaller zones of amphibolites (Gothfors 2010). The augen gneissisrich in mica
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minerals. The dominant joint set is paralé to the foliation. The cores indicate a relatively
fresh bedrock, but a few zones with heavily fractured or totally crushed bedrock occur
locally. Chlorite, calcite and clay minerals occur locally as fracture fillings.

The perspective aerial photograph (Fig. 5.16) produced using www.norgei3D.no indicates
pal aeosurfaces at Vagsgy and Stad. The observed weathering at Movatnet, however, seemsto
be preserved along weakness zones where the weathering originally extended to greater
depths and was hence protected against glacial erosion.

The mass balance has been calculated for both weathered and fresh gabbro at Movatnet
(Table 5.2). The loss of mass through chemical weathering is estimated to 37 %. The Zr
content has been used as a reference immobile element in the calculations (Brimhall et al.
1985). Roaldset et al. (1982) suggested that the weathering at Movatnet occurred in a warm,
humid climate based on the occurrence of smectite and kaolinite.

Fig. 5.17B shows measured in situ magnetic susceptibility (10 Sl) at the Movatnet locality.
The measurements were carried out using the portable Microkappa (Model KT-5) from
ZHinstruments. It is based on electromagnetic induction utilising an air-cored coil with a
diameter of 55 mm. The accuracy of the instrument is 1x10™ SI. A total of 13 measurements
were carried out with intervals of c. 25 cm from the turf and overburden down through the
weathered gabbro to the fresh gabbro. The average susceptibility for the clay ateration and
the relatively fresh gabbro is 190 and 2750-107 SI, respectively, showing that the magnetite
in the gabbro is altered to other iron-containing minerals such as hematite and iron-
hydroxides with a lower susceptibility. During tropical weathering, iron oxides alter to iron
hydroxides at the same time as silicate minerals are converted into clay mineras (e.g. Henkel
& Guzman 1977, Grant 1984). Olesen (2006) and Olesen et al. (2007) utilised this
phenomenon in compiling the awareness maps for tunnel planning in the Oslofjord region.

Clay-infected bedrock was a problem during the construction of the Sindre radar on Vagsay
around 1990 (R. Hagen, pers. comm. 2010). A report describing the bedrock conditions was
prepared for the military authorities. We have checked the military archives in Bergen,
Hamar and Oslo but have unfortunately not been able to recover the report.

Results from the ERT measurements at Vagsgy are shown in Figs. 5.20 & 5.21. Interpretation
of the two measured linesis given in the figure texts.
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Figure5.16 Palaeosurfaces at Vagsgy and Stadlandet visualised from the north (produced
with www.Norgei3D.no ). The Vestkapp plateau is located to the far right.
Vagsey can be seen in the background with the white frame.
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Figure 5.17 Deeply weathered gabbro at Movatnet on Vagsgy, Sogn & Fjordane. a) The
palaeosurface at Vagsey seen from the south. The open pit is located
immediately to the north of the road passing along the lake and is shown by the
white arrow. The weathering occurs in a fractured gabbro along an E-W
trending lineament. The aerial photograph is produced using
www.Norgei3D.no. b) Photograph of weathered gabbro. The white numbers
show the variation of in situ magnetic susceptibility (10-59) from the turf down
through the weathered gabbro to the relatively fresh gabbro. The average
susceptibility for the clay alteration and gabbro is 185-10-5 S and 2750-10-5
S, respectively. The 20 cm-long Kappameter KT-M instrument illustrates the
scale.
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Figure 5.18 Exposure of the 5-m deep zone of weathered gabbro at Movatnet, Vagsey (from

Roaldset et al. 1982). Erratic blocks of augen gneiss occur in the Quaternary
overburden.
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Table5.2 Brimhall mass balance calculations for weathered and fresh gabbro at
Movatnet. The loss of mass through chemical weathering is estimated to 37
%. The Zr content has been used a reference immobile element in the
calculations (Brimhall et al. 1985).

Leached in 100 g of rock

sSUmM
Si02 | Al203 | Fe203 | TiO2 | MgO Ca0 | Na20 | K20 | MnO Si+Al+Na+K| SUM
3. Saprolite -13.9 -4.0 -9.3 -1.7 -2.4 -4.6 -1.0 -0.1 -0.1 -19.0 -37.1
2. Core
boulder rim -12.4 -4.2 -49 -1.0 -1.0 -3.9 -0.9 -0.1 0.0 -17.6 -284
1. Fresh rock 0 0 0 0 0 0 0 0 0
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Figure5.19 A) Location of two 2D resistivity profiles on Vagsgy plotted on a M711 map
(originally at a scale of 1:50,000 and B) on a detailed economic map (originally
at a scale of 1:10,000). The open pit with the weathered gabbro is located
immediately to the north of the road to the far east in the latter map.

61



b)

Figure5.20 Resistivity (ERT) Profile 1 on Vagsay. (See Figs. 5.19A and 5.19B for location).
a) Observations and b) Observations with superimposed interpretations. The
dotted lines show the interpreted bedrock surface and dashed lines indicate
possible fracture zones. The c. 10-15 mrwide low-resistivity zone at ¢. 400 m
most likely represents the continuation of the observed weathered gabbro
located in the open pit 100 m to the east (Fig. 5.17). The thickness of the
overburden seems to increase to 25 metres in the northwest.
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b)
Figure5.21 Resitivity profile 2 located 1.1 km to the west of profile 1 (See Figs. 5.19A and
5.19B for location). a) Observations and b) Observations with superimposed
interpretations. The dotted line shows the interpreted bedrock surface and
dashed lines indicate possible fracture zones. A total of five minor fracture
zones with varying dip have been interpreted. The fractured and weathered
gabbro interpreted in Profile 1 does not, however, seem to occur along this
profile. The Quaternary overburden seems to have a thickness of c¢. 10 metres.
High resistivity in the zones at coordinates 420 and 580 may be caused by water
drainage from these zones close to the steep hillside.
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Figure5.22 The foundations of the Mehuken Il windmill park are numbered from 2.1 to the
far east to 2.6 to the northwest. Foundations 2.7 and 2.8 are located farther
south and closer to Movatna, to the SE and SW, respectively.

Figure5.23 Oblique aerial photograph of the Mehuken-Movatna area on Vagsgy. The view
is from the east. The open pit containing the weathered gabbro is located
adjacent to the road along Movatna and can be seen to the far left in the
picture. The original five windmills and the foundation sites for the eight new
windmills in the Mehuken windmill park can be seen in the central part of the
picture.



Figure 5.24 The bedrock in foundation 2.6 in the Mehuken |1 wind mill park consists of relatively
competent amphibolite (Photo: Ragnar Hagen). The bedrock was investigated at depth
through a 21,75 mlong drill core that has been drilled towards the southwest with an
inclination of 70 degrees from the horizontal (G6thfors 2010 and Appendix 2). The drill
core consists of grey foliated augen gneiss. There are also some smaller segments of
amphibolite. The augen gneiss is rich in mica minerals. The eyes are light in colour
and often slightly extended in the foliation plane. The colour of the amphibolite varies
from grey to greyish green to carbon black. The carbon black amphibalite is soft and
crumbly. The dominant joint set is parallel to the foliation in the core. The core
indicates a relatively fresh bedrock, but there are a few zones where the drill core is
heavily fractured or totally crushed. There are not much secondary mineral filling in
the fractures. Occurring fracture minerals are chlorite and calcite.

Figure 5.25 The bedrock of foundation site No. 2.8 in the Mehuken Il windmill park consists of augen
gneiss and amphibolites (Photo: Ragnar Hagen). The 21.6 m-long core indicates
competent bedrock, except for a few zones where the drillcore is very heavily fractured
or totally crushed (Gothfors 2010 and Appendix 2). These fracture zones contain an
abundance of clay minerals. Otherwise there are very few fillings in the fractures.
Fracture minerals present are clay minerals and chlorite. See Appendix 2 for further
details.
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5.3.2 Sad

Larsen & Longva (1979) and Roaldset et al. (1982) described in situ weathered granitic
gneiss on the mountain Kjerringa at Vestkapp, Stad peninsula (Fig. 5.26). The mountain is
located on a plateau which most likely constitutes a remnant of a palaeosurface. The plateau
is bounded by high, vertical cliffs formed by wave action (Figs. 5.26) and is covered by an up
to 10 m-thick sediment layer an consisting of weathered bedrock overlain by basal tills and
solifluction deposits (Roaldset et a. 1982). The reported high content of gibbsite in addition
to the occurrence of smectite and kaolinite led Roaldset et a. (1982) to conclude that the
bedrock has been exposed to |aterite/bauxitic weathering in awarm and humid climate.

The 1 km-long, 2D resistivity profile (Figs. 5.27) indicates three fracture zones with varying
dip and a relatively thin (1-3 m) overburden along the profile. This is consistent with the
trenching results reported by Larsen & Longva (1979) and Roaldset et a. (1982). We have
interpreted the apparent low-resistivity zone at the summit of Kjerringa (approximately at
location 780 m along the profile in Fig. 5.27) to be an artefact produced by the weather radar
system at this site.
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Figure5.26 Location of 2D resistivity profiles on Stad plotted on A) a M711 map (originally
at a scale of 1:50,000) and B) on a detailed economic map (originally at a scale
of 1:10,000). A weather radar system is located along the profile across the
mountain Kjerringa at approximately coordinate 780 m.
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Figure5.27 Resistivity profile on Vestkapp, Stad. (See Fig. 5.26 for location). a)
Observations and b) Observations with superimposed interpretations. The
dotted line shows the interpreted bedrock surface and dashed lines indicate
possible fracture zones. Three weakness zones with varying dip have been
interpreted. The Quaternary overburden seems to be relatively thin along the
profile. A weather radar system is located close to the profile at approximately
790 m (Kjerringa) and is most likely the cause of the apparent low-resistivity
zone at this location.
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Figure5.28 Induced polarisation (IP) along the profile at Vestkapp. The pronounced IP
anomaly between 670 m and 840 m is located in the vicinity of the weather
radar at coordinate 790 m and is most likely related to disturbances from this
installation.
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b)

C)

Figure5.29 a)Palaeosurface at Vestkapp plateau. b) Palaeosurface at Vestkapp. The
Kjerringa with the weather radar can be seen to the far left. ¢) Geological
section through deep-weathered soils in a trench on the mountain Kjerringa at
Vestkapp, Stad (Roaldset et. al. 1982).
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5.3.3 Indergya

The Indergya area in Nord-Trgndelag was chosen for closer investigation because of the
previously mapped areas of weathered bedrock. Sveian (1985), Reite (1997) and Sveian et al.
(in press) registered large areas of discontinuous and thin weathering in the municipalities of
Indergya and Mosvik (Figs. 5.30 & 5.31). Indergya constitutes part of the basement to the
Beitstadfjorden Basin to the northwest (Polak et al. 2004, Bge & Bjerkli 1989, Bge et al.
2010) (Fig. 5.32) where Jurassic and Cretaceous sedimentary successions form the infill in a
c. 1500 m-deep haf-graben located along the Veran Fault (Bge et a. 2010). These
sedimentary rocks must have extended across the Indergya pensinulain the Mesozoic (Bge et
al. 2010) and could have delayed the erosion of Triassic-Jurassic weathering until the
Tertiary or even Quaternary. We regarded the potential for finding remnants of tropical
weathering on Indergya as fairly high.

Field observations along the main roads on Indergya and farther to the southwest revealed a
number of rusty and fractured schists, especially in the Mosvik area (Fig. 5.33). Two other
locations on the nearby Fosen Peninsula occur aong road-cuts between Storvatnet and
Skaugdalen (J. Cramer, pers, comm. 2011) and at Alvatnet in Leksvik. The UTM
coordinates (zone 32, WGS 84 datum) of the two locations are 561700 — 7059725 and
581200-7068740, respectively. We could not, however, find any localittions with clay-rich
alteration. One possible exception, however, occurs along another road cut to the south of
Bulandsvatnet in the Stjgrdal municipality (UTM coordinates 608400 70499500).

We have interpreted eight fracture zones with varying dip along the 1.6 km-long, 2D
resistivity profile on Indergya (Figs. 5.34 & 5.35). The linear depressions in the terrain (Fig.
5.34) seem to coincide with low-resistivity zones that may represent deeply weathered zones.
The Quaternary overburden seems to be relatively thin along the profile.
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Figure5.30 A subset of the Quaternary map of North Tregndelag (Sveian et al. in press)
produced from NGUs map database. Substantial areas of weathering
(‘forvitringsmateriale’ in the map legend) have been mapped on Indergya and
near Mosvik to the south of Beitstadfjorden.

Figure5.31 Perspective aerial photograph of the Indergya peninsula looking to the north.
Linear depressions in the terrain may represent weathered fracture zones. The
two inset pictures show weathered rocks from the Indergya area (Sveian & Solli
1997). We have not been able to relocate the two sites. They are most likely
covered by vegetation today.
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Figure5.32 Jurassic basin in Beitstadfjorden to the northwest of Indergya (Polak et al.
2004). The sedimentary rocks almost certainly extended across Indergya before
they were eventually removed by erosion.

73



B
Figure5.33 Location of a 1600 m-long 2D resistivity profile on Indergya on A) a M711 map
(originally at a scale of 1:50,000) and on B) an economic map (originally at a
scale of 1:10,000).

74



b)

Figure5.34 Resistivity profile on Indergya. (See Fig. 5.33 for location). a) Obervations and
b) Observations with superimposed interpretations. The dotted line shows the
interpreted bedrock surface and dashed lines indicate possible fracture zones. A
total of eight fracture zones with varying dip have been interpreted. The linear
depressions in the terrain (at locations 100, 670 and 1200 m, Fig. 33b) seemto
coincide with low-resistivity zones that may represent deeply weathered zones.
The Quaternary over burden seems to be relatively thin along the profile.
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Figure5.35 Fractured and fragmented mica schist along a road-cut at Dergasen in Mosvik
(UTM 32, WGSB4 593800-7078550). The clay content appears to be low even
though the rock seems to be totally disintegrated. This type of weathering is typical
for the soil that is identified as weathered material (forvitringsmateriale) on the
Quaternary map (Reite 1997, Sveian & Solli 1997, Sveian 1985, Sveian €t al. in
press).
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6 NORTHERN NORWAY

Marco Bronner, Einar Dalsegg, Karl Fabian, Ola Fredin, Jomar Gellein, Jan Seinar
Ranning, Terje Solbakk & Jan Fredrik Tannesen

6.1 Introduction

Saprolitic bedrock in the Lofoten-Vesterden area and on Hamargya is used by local farmers
to construct and maintain small gravel roads and only few of the locations have been reported
in the scientific literature. During the mapping we investigated publications and old
construction reports, visited known quarries and former pits and interviewed local people.
Furthermore, recent air photographs were used to detect more locations with possible
weathered rocks. We found three locations onshore on Lofoten-Vesterdlen, on Vestvagaya,
Hadselgya and Andgya, with remarkably deep penetration of weathering into the bedrock.
Moreover, an open pit on Hamargya was studied. These locations were further investigated
and resistivity profiling was undertaken to estimate the thickness of the weathered zones.

For Langaya, modern high-resolution aeromagnetic data were on hand which were selected

for testing of the AMAGER method (Chapter 2.3) to map possible deep weathering on the
island. The results were subsequently compared with resistivity and excavation profiles.

Figure 6.1 Overview map of the studied locations in the Lofoten-Vesteralen and Hamar gya
areas.
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Severe problems occurred during the construction of the 726 m-long Rarvikskaret road tunnel
(E 10) on Austvdgeya in Lofoten in the early 1970s. The tunnel caved in during the
construction and the collapse extended along a weakness zone with high swelling clay
content al the way to the top of the mountain pass (Grgnhaug 1975, Palmstram et al. 2003).
In the end there was an open hole from the tunnel to the top of the pass located 100 metres
above the tunnel. The tunnel project was delayed by three years and was not completed until
1974 after five years of construction. We think that the tunnel collapse most likely occurred
along a deeply weathered mgjor fracture zone where the silicate minerals had been atered to
clay minerals. The total cost of the tunnel increased from a budgeted 3 MNOK to afina total
of 6.5 MNOK (Palmstrgm et al. 2003).

6.2 Geological framework of the L ofoten-Vester dlen-Hamar gya r egion

Erosion of the sedimentary succession and various tectonic processes with fault block
rotations and uplift have often been inferred to explain the relief of the landscape in the
Lofoten-Vesterdlen archipelago, northern Norway (Fig. 6.1). Recent studies, however, have
shown that these processes are not sufficient to explain the magnitude and variation in relief
(Lidmar-Bergstrom 1995, 1997, Lidmar-Bergstrom & Naslund 2005, Bonow et al. 2007).
The locations of numerous sounds and islands, not only in the Lofoten-Vesteradlen area, but
also along the Norwegian coast, could to a large extent be the result of exhumation and
erosion of weathered basement. Deep weathering in Norway commonly occurs along
structurally defined weakness zones and thus played, and still plays, a decisive role in the
genesis of therelief of the landscape.

The Lofoten-Vesterdlen archipelago is a NNE-SSW to NE-SW oriented basement high (Am
1975, Blystad et al. 1995, Lagseth & Tveten 1996, Olesen et al. 1997, Tsikalas et al. 2001),
situated between 67°24'N and 69°20'N latitude at the narrowest part of the Norwegian
continental shelf. It is flanked by a system of deep Late Palaeozoic/Early Mesozoic grabens
and half-grabens (Tsikalas et a. 2008, 2005, Mjelde et al. 1993) which experienced major
phases of extension during the Jurassic to Tertiary. The crustal thickness is on average c. 26
km with a maximum at c. 30 km beneath Andgya in the north and an upwarping Moho to c.
20 km beneath Moskenesgya to the south (Nysagher et al. 1969, Olesen et al. 2002, Tsikalas
et al. 2005).

The basement of the Lofoten-Vesterden islands and on Hamargya is dominated by
Proterozoic and Archaean, polymetamorphic, migmatitic gneisses and intrusions of
mangeritic to charnockitic composition (Heier & Compston 1969). The Caledonian effect on
the region was previously assumed to be limited (Griffin et al. 1978). Later work by
Steltenpohl et al. (2004, 2009, 2011), however, has shown that the Precambrian rocks of the
Lofoten-Vesterdlen archipelago as well as the adjacent mainland have been affected both by
the Caledonian collision in Silurian time and by a subsequent gravity collapse. Sellevoll &
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Thanvarachorn (1977) and Olesen et al. (2010) compiled rock density maps for the Lofoten-
Vesterdlen area showing noticeable high basement densities for the Lofotens and Langaya of
up to 2870 kg/cm®. This is also well expressed in the gravity map (Olesen et al. 2010) and
point to an originally deep-seated or deeply buried crustal block, subsequently exhumed
relatively quickly to ashallow depth. Aeromagnetic data (Am 1975) show a similar boundary
caused by high-magnetic migmatites and intrusions of granulite facies on Lofoten, Langeya
and western Hamargya and amphibolitic-facies rocks in the Vesterden region, mainly
derived by retrograde metamorphism (Griffin et al. 1978). Neither the structures nor the
major element chemistry of the migmatites on either side of the isograd show any obvious
differences (Heier & Thoresen 1971), and the observed granulite-facies assemblage was most
probably superimposed on aready migmatised rocks (Olesen et al. 1991).

The landscape of the Lofoten-Vesterden islands results from a complex tectonic history,
characterised mainly by norma faulting, extension and blockwise vertical movements
(Griffin et al. 1978, Peulvast 1986) which were especially active during Mesozoic and
Cainozoic times (Hendriks et al. 2010, Bergh et al. 2007, Lagseth & Tveten 1996). Rotated
and tilted, fault-bounded blocks form a diversified landscape which shows both an alpine-
type morphology with steep cliffs and mountains rising up from sea level to more than 1200
m above sea level (western Hinngya and Moskenesgya), and Paleic surfaces of a smooth hilly
landscape (Langeya), wide valleys (Vestvageya) and large strandflats at sea level. Peulvast
(1986) described the main morphostructural features as ‘NE-SW oriented mountains or
plateau ridges arranged en echelon between longitudinal fjords, sounds and basins, which are
cross-cut by oblique or perpendicular features, splitting the islands into smaller blocks'.

6.3 Vestvageya

A probably rather wide area of weathered basement was already discovered and mapped on
Vestvageya by NGU in the 1980s. The site is located at Rise, an agrarian area situated in a
rather wide and flat NE-SW-striking valley (Fig. 6.2b). During the project only small
outcrops with weathered material were found, but photos and reports from NGU staff (Fig.
6.3, P-R. Neeb, pers. comm. 2010) witnessed a significant amount of saprolite in this area,
close to the surface and covered by only athin layer of soil. Resistivity and seismic profiling
were carried out and indicate a thickness of weathered and fractured basement of more than
100 m. The primary bedrock type is mangerite. The observed weathered basement shows
both physical and chemical weathering and is of a clay-poor sandy to gritty nature. The
colours are brown to black with a metallic glint. The saprolite is very similar to the ones
observed on Hadsel gya and Hamargya. The locality between Saup and Tangstad was sampled
and the porosity and permeability of the sample were measured at NPD to 24.3 % and c. 300
mD (Table 6.1), respectively (at 20 bar NCP/20°C).
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Table6.1

Analysis of permeability and porosity (at 20 bar NCP/20°C) of a samplefrom a
locality between Saup and Tangstad at Vestvageya. The measurements are carried
out at Weatherfordslaboratory in Stavanger.

Sampleid.| Length | Diameter | Klinkenberg corr. Pore volume Grain volume | Grain density Porosity
gas permeability
20 bar NCP/20°C 20 bar NCP/20°C atmi20°c atmi20°c 20 bar NCP/20°C
{cm} tcm) (mD) (ml} {ml) {g/ml} {giml}
Saup-2 220 3,60 291 471 14,71 267 0,243
a

Figure 6.2 a) Overview map with the position of the resistivity and seismic profile (blue).
Blue dots show the seismic shotpoints, b) an aerial photo of Rise and
surroundings seen from the southwest shows the position of the profiles across a
valley plain (produced with www.norgei 3D.no).
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6.3.1 Resistivity profiling

Interpretation of resistivity profiles is hampered by certain ambiguities and the resistivity
values for igneous rocks from the literature show a large range of 100 — 1,000,000 ohm-m
(Palacky 1987). Intensive studies in Norway have revealed values between 1,000 and 10,000
ohm-m for metamorphic and igneous rocks (Fig. 6.4, Elvebakk 2011). A c. 800 m deep
borehole at Skulbruheia, Leknes, close to the study area, is located in a lithology similar to
the one at Rise (monzonitic gneisses, originaly derived from mangerites) and shows
resistivity values as high as 3000-7000 ohm-m (Elvebakk 2011). The lithology of the Kontiki
borehole at Leknes consists of granodioritic orthogneisses in the uppermost ¢. 50 m and
monzonitic gneisses from 60 m to 250 m. The P-wave velocity within the upper 240 m
increases dlightly from ¢. 5000 m/s to 5800 m/s (Fig. 6.4). The resistivity decreases abruptly
to c. 3000 ohm-m at ¢. 60 m depth, which correlates fairly well with the change in lithology.
The observed bedrock in the borehole shows significant fracturing.

Figure 6.3 A photograph (Peer-Richard Neeb, pers. comm.) from the 1980s shows a local
guarry at Rise with a clay-poor saprolite with a minimum thickness of c. 6 m.
Trandlation: Jord — soil;, mangeritt — mangerite, forvitr. — weathered.

The observed resistivity values along the profile are much lower (Fig. 6.5), which might
indicate that the top of unweathered bedrock was not reached by the resistivity
measurements. From the resistivity measurements a southeastward dipping resistivity contrast
could be observed along the profile until approximately at position 1100 m. It was interpreted
as a near-top-bedrock horizon (dotted line in Fig. 6.5), since the observed resistivity values
below are too low to represent unweathered bedrock (<3000 ohm-m). In the vicinity of the
northwestern termination of the profile, an outcrop of weathered and fractured basement was
observed, which correlates with the higher resistivity values at the surface (pos. 80-140 m)
and can thus confirm the weathered characteristics of the underlying rock. The horizon is
truncated by three deep-seated zones with low resistivity, most likely associated with fracture
zones. The resigtivity data show large lateral variations, which indicate a very thick layer of
regolith with corestone, interspersed saprolite, saprorock and weathered and fractured
basement. The rather low resistivity values along the entire profile aso point to a water-
saturated system of noticeable porosity and permeability.
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Figure6.4 Resigtivity and P-wave velocity logs (0-240 m) from a borehole at Skulbruheia close to
Leknes, together with a fracture frequency diagram (Elvebakk 2011).
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Figure 6.3 Resistivity profile from Rise, Vestvagaya. A horizontal resistivity boundary was
interpreted as the near-top-bedrock horizon, which is truncated by several
fracture zones of low resistivity. The saprolite layer is thickening towards the
southeast.

6.3.2 Seismic profiling

The location of the seismic profile is shown in Fig. 6.2a (blue line). The geophysical
interpretation of the refraction seismic profile S1 is shown in Fig. 6.6. Three velocity layers
are detected along the profile, but the middie layer isindicated only at some of the shot points
asit istoo thin to be registered everywhere (blind zone). It is anticipated that the middle layer
is continuous through the whole profile. The seismic velocity in this layer has at some places
been determined to be 1900- 2000 m/s, but in another place it was registered as c. 1600 m/s.
Both velocities can be related to water-saturated sediments where the higher values can be in
till material and the lower values in better sorted material such as sand/gravel or clay, but
there is also a great possibility that the velocities can represent strongly weathered or
fractured/crushed bedrock. The seismic velocities in the surface layer seem to be highly
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variable and have values from 300 to 900 m/s. The velocities indicate dry or only partly
water-saturated sediments and the highest values (up to 900 m/s) can represent till material.
The lower values (down to 300 m/s) may represent sand/gravel or possibly bog and peat
material. The velocities for the upper and middle layer can only be determined in the vicinity
of the shot points.

Figure 6.2 Refraction seismic profile from Rise, Vestvageya.

The seismic velocity of the bottom layer is also highly variable and is determined to have
values from 4000 to 4900 m/s. These values most likely represent bedrock, but the variations
indicate a highly variable degree of weathering and/or fracturing.

The thickness of the surface layer is estimated to vary from 2 to 4 m. The thickness of the
surface layer and the middle layer together seemsto vary from 2-3 m up to a maximum of 11-
12 m, and the thickness is greatest in the southeastern part of the profile (position 1040-1260
m). Uncertainties in the velocities of the two layers, the great velocity contrast between the
layers and the relatively small thicknesses produce quite large uncertainties when
determining the depth to layer 3. It is estimated that the uncertainty in the determined depth
from the surface down to bedrock with a seismic velocity of 4000 m/s and higher at some
places can be 2-3 m.

In addition to the great lateral variation in the seismic velocity of the bedrock aong the
profile there are a'so some vertical variations, and the velocity is generally increasing with
depth. The velocities in the bedrock are determined from forward and reverse shootings along
the profile. The velocity values indicated close to the top of the bedrock surface are
determined from shots with a spacing of 110 m and at some places 220 m. The velocity
values produced from deeper in the bedrock are determined from shots with a distance of 330
m and greater (up to 770 m). It is considered that with greater shot-receiver distance the
acoustic waves penetrate deeper into the high-velocity bedrock than with a small spacing
where the seismic waves will mostly follow the bedrock surface. From the relatively ssimple
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measuring system and interpretation procedure applied in the present study it has only been
possible to confirm the increasing velocity with depth qualitatively. Depth detection to
massive bedrock with a seismic velocity higher than 5000 m/s has not been possible.

With short shot distance, the highest seismic velocity along the bedrock surface (4600-4700
m/s) is indicated in an area to the northwest along the profile (position 110-220 m) and in a
central area (pos. 550-770 m), and it is anticipated that the top bedrock has a low degree of
weathering/fracturing at these two locations. The lowest seismic velocities (4000-4100 m/s)
occur in the area between 220 m and 440 m and there it is expected that the top of the
bedrock has a high degree of weathering/fracturing. The velocity in the northwesternmost
area (pos. 0-110 m) is estimated to 4200 m/s, whilst it varies between 4200 and 4400 m/s
southeastwards along the profile (from pos. 770 m). There are indications of a local low-
velocity zone to the southeast (position 1200-1230 m) with an uncertain velocity value of
3500 m/s.

With long shot distance the highest seismic velocity (4600-4800 m/s) is determined along the
northwestern part of the profile (pos. 0-300 m) and in the centra part (pos. 440-990 m).
Wesathering/fracturing for the deeper bedrock appears to be limited. At position 330-440 m
the seismic velocity is as low as 4400 m/s and there it is anticipated that extensive
weathering/fracturing is extending to a much greater depth. The same is assumed
southeastward from pos. 990 m aong the profile where the seismic velocity is determined to
4400-4500 m/s. The low-velocity zone indicated at position 1200-1230 m with a short shot-
spacing has no significant influence when using long shot spacing and it is assumed that the
zone hasrelatively limited depth extent.

6.3.3 Comparison of seismic and resistivity profiling and conclusions

Refraction seismic data and resistivity measurements definitely have different resolution and
the uncertainty of the geoelectric measurements is much greater with depth than for the
refraction seismic data. Although the locations of the two profiles are not identical (Fig.
6.24), they are positioned close enough to allow ajoint interpretation.

In contradiction to the resistivity profile the seismic data clearly identify two layers of rather

low velocities (< 1000 m/s and ~2000 m/s) and a seismic boundary with higher velocities
underneath (Fig. 6.7).
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Figure 6.3 Resistivity data clipped to the seismic profile depth extension with superimposed
seismic inter pretations and observed velocities.

The uppermost layer probably corresponds to soil and intermediate, barely compacted
material of soil and saprolite, whilst the second layer mostly represents a more compacted,
sandy to gritty saprolite, maybe with varying compaction and porosity, which could explain
relatively small changes in resistivity. Below this layer, seismic velocities jump up to about
4000 m/s and more, corresponding to fractured and weathered basement rocks. The
heterogeneous fracturing of this layer is well expressed in the resistivity data by significant
and irregular changes in resistivity. The apparent contradictive distribution of resistivity and
seismic velocities can be explained by the different nature of the two methods. In simple
terms, the seismic refracted waves tend to take the shortest/fastest route whereas the electric
current prefers the layer with the lowest resistivity. Apparent resistivity values and variations
must therefore be evaluated qualitatively rather than quantitatively.

In the Rise area, our interpretations show an up to 11-12 m-thick layer with rather
unconsolidated material that most likely represents the same type of weathered rock as
reported in the 80s (Fig. 6.4). The saprolite may consist of deeply weathered mangerite that is
thickening towards southeast. The weathered zone is most likely interspersed with corestones
and covered by only athin layer of soil (~ 1m) on top. The thickness of the regolith along the
profile ranges from O m in the northwest to more than 150 m at its southeastern end. Very
low resistivity noted locally along the profile indicates that the thickness of saprolite probably
varies significantly and has a greater thickness within the three, larger, inferred fracture
zones.
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6.4 Hadselgya

On Hadselagya, a quarry with deeply weathered basement rocks of c. 14 m thickness was
investigated. The locality is situated south of Stokmarknes (Fig. 6.8a) on the flank of awide
valley and is covered by only a thin layer of soil (< 1m). The parent rock type that can be
observed on-site in some corestones is mangerite. The crystalline fabric of the primary
basement rocks is very well preserved and a quartz vein was observed within the saprolite,
which indicates the in-situ character of the weathered material. The site shows a rather
homogeneous, clay-poor, granular material with only afew corestones (Fig. 6.8b).

Samples were taken for geochemical analysis. The mass balance has been calculated for both
weathered and fresh mangerite on Hadselgya (Table 6.2). The Zr content has been used as a
reference immobile element in the calculations (Brimhall et al. 1985) and an extraordinary
high mass loss of c. 64 % was observed.

a) b)

Figure6.4 a) Map showing the location of the quarry on Hadselgya (red arrow) and
resistivity profiles at Hadselgya. b) Picture showing a c. 14 mthick layer of
saprolite in the quarry. A guartz vein and the preserved fabric of the original
rock confirmthe in situ state of the material.
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Table6.2 Brimhall mass balance calculations for weathered and fresh mangerite at Brennvinshaugen on Hadselgya. The loss of mass
through chemical weathering is estimated to 64 %. The Zr content has been used as a reference immobile element in the
calculations (Brimhall et al. 1985).
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6.4.1.1 Resistivity profiling

From resistivity measurements, the zone with fractured and weathered bedrock seems locally
to be more than 100 m thick (Figs. 6.9 & 6.10). Two resistivity profiles were measured along
existing roads (Fig. 6.8a). P1 is oriented NE-SW aong the road, which runs parallel to the
quarry. The resistivity data show a c. 50 m-thick layer of mostly low resistivity, which is
thinning towards the northeast. The layer is underlain by blocks of high resistivity with a
rather irregular surface truncated by at least five steep zones with low resistivity. The quarry
issituated at c. 450 m and coincides with one of these vertical low-resistivity zones.

Figure 6.5 Resistivity profile P1 on Hadselgya shows a c. 50 m-thick layer of low resistivity
underlain by high resistivity unweathered basement with a rather irregular
surface and truncated by at |least three, steep, fracture zones with low resistivity.

Profile P2 is oriented c. E-W and shows mostly high resistivity values with lateral variations
of steep to verticaly oriented zones with lower resistivity. In the centre of the profile (520 —
660 m) alarger low-resistivity zone on top of a system of amost vertical and very deep zones
with low resistivity.
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Figure 6.6 Resistivity profile P2 shows mostly high-resistivity values with lateral variations
into step or vertically oriented low-resistivity zones. This is likely due to
fractured and/or dightly weathered basement with a larger low-resistivity zone
in the central part on top of a system of almost vertical low-resistivity zones.

The high-resistivity values most likely represent bedrock that is unaltered or little affected by
weathering. The irregular surface of the high-resistivity bodies aong Profile P1 (Fig. 6.9)
probably reflects the transition of saprolite/saprorock to barely fractured and unweathered
basement. The zones of low resistivity in between represent larger fractures and weakness
zones probably filled with deeply weathered rock. The latera variations within rather high
resistivity along P2, however, remain unclear. Except for some features where the resistivity
contrast is large and obviously related to fracturing and advanced weathering, the variations
could simply be caused by variations in fluid saturation, but — and this seems to be more
likely regarding the observed large amount of saprolite — it could also indicate fractured
bedrock.
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6.4.2 Palaeomagnetic sampling

As described in Section 2.4, we collected samples on Hadselgya for age dating of the deep-
weathered material, exploiting the palacomagnetic characteristics and differences of collected
weathered and unweathered samples.

On Hadselgya, samples were taken from two sites and measured and eval uated regarding the
remanent magnetisation.

Ste A (Hadselgya)

Figure 6.7 Zijderveld diagrams of AF demagnetisation results on three weathered rock
specimens from site A at Hadselgya. Red: inclination plots of up-component
versus horizontal component. Blue: declination plots of E-W component versus
N-S component of the horizontal projection of the magnetisation.

At site A only three samples from unconsolidated weathered rock could be recovered. As
shown in Fig. 6.11, none of them shows a demagnetisation pattern that clearly goes to the
origin and defines a reliable direction. Moreover, crude estimates of the characteristic
remanence (ChRM) of specimen Ala and specimens A2a and A3a result in different
pal acomagnetic directions. Whilst Alayields a shallow ChRM with SE orientation, A2a and
A3a both have steep magnetisation directions, with reverse (A2a) and normal (A3a) field
orientations. If interpreted as representing true palacomagnetic directions, this could mean
that Ala represents an older component, which either is a primary remanence or due to an
early ateration event, whilst A2a and A3a are due to recent ateration in an inverse field (at
least 780 ka old) and anormal field that could be younger.
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Ste B (Hadselgya)

At site B it was possible to recover six drillcores from solid rock bodies and two weathered
rock samples. The sampling positions are shown in Fig. 6.12.

Figure 6.8 Relative position of solid bedrock samples and weathered rock samples at site B
in Hadsel gya.

Solid rock samples

The three specimens B4b, B5a, and B6b come from three drillcores at the same solid rock
face.

Figure6.9 Zijderveld diagrams of AF demagnetisation results on three solid rock
specimens from holes 4, 5, and 6 at site B on Hadselgya. Red: inclination plots
of up-component versus horizontal component. Blue: declination plots of E-W
component versus N-S component of the horizontal projection of the
magnetisation.
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As seen in Fig. 6.13, again the demagnetisation behaviour of these samplesis very unstable,
and no clear consistent direction can be derived. If at al, specimens B5a and B6b indicate a
shallow direction rather remote from today's steep inclination.

The specimens B7b, B8b, and BOb come from three drillcores from different solid rock faces,
but show a more consistent directional behaviour, which also roughly coincides with B5a and
B6b, athough the inclination seems to be somewhat steeper, yet not steep enough for the
recent field (Fig. 6.14). All six solid rock specimens represent normal field directions with
respect to a northern hemisphere location.

Figure 6.10 Zijderveld diagrams of AF demagnetisation results on three solid rock specimens from
holes 7, 8, and 9 at site B at Hadselgya. Red: inclination plots of up-component versus
horizontal component. Blue: declination plots of E-W component versus N-S component
of the horizontal projection of the magnetisation.

Weathered rock samples

The magnetic directions at the two weathered rock samples from unconsolidated rocks are
shown in Fig. 6.15. Both coincide closely with the magnetisations of the solid rock
specimens.

Blla, resembling B6b, has a shallower inclination than B12a, which is closer to B8b. An
overprint of a later magnetisation in the weathered rocks cannot be recognised by these
results. This means either that no alteration occurred, or that alteration influenced the
magnetic remanence of the solid and unconsolidated rocks in the same way.
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Figure6.11 Zijderveld diagrams of AF demagnetisation results on the two weathered rock specimens
from casts 11 and 12 at site B at Hadselgya. Red: inclination plots of up-component
versus horizontal component. Blue: declination plots of E-W component versus N-S
component of the horizontal projection of the magnetisation.

6.5 Sortland

For the Sortland area and the island of Langeya, no deep weathering site could be found
which was comparable in size to the ones observed on Vestvagaya, Andgya and Hamargya.
Neverthel ess, deep weathering has also been reported from Langaya (Peulvast 1985, Paasche
et al. 2006), but the sites with exposed deep weathering were rather small and mainly situated
at higher elevation on top or along steep flanks of the mountains, where erosion is greater and
such unconsolidated remnants of saprolites are less protected. However, most of Langeya
was measured with high-resolution aeromagnetic data, acquired in 1988 (Mogaard et al.
1988), which we processed using the AMAGER technique (Chapter 2.3) to map possible
weathering locations in valeys and topographic depressions on the island. A resistivity
profile southwest of Sortland, which was measured to test whether there is an onshore
extension of weathered basement from underneath the Mesozoic Sortlandsundet basin, which
has been observed offshore (Davidsen et al. 2001), was used to correlate the AMAGER
results. We carried out an excavation to check if deeply weathered bedrock coincides with a
low-resistivity zone.

6.5.1 AMAGER results

The high-resolution aeromagnetic survey of Langaya was used together with a 50 m DEM
grid to locate indications of fracturing and deep weathering in this area. The technique was
applied as described in Chapter 2.3 and correlated with observed deep-weathering sites from
publications by Peulvast (1985) and Paasche et al. (2006) (Fig. 6.16).

94



a) b)
Figure6.12 a) AMAGER results from Langgya and b) a zoomed in image to the position of the
resistivity profile southwest of Sortland (shown by the black framein Fig. a).

The result shows a fairly even distribution of possible weakness zones on Langaya. For an
area in the northwestern part of Langeya, where the landscape is rather flat, the Automatic
gain control (AGC) application reveals additional solutions (Fig. 6.16, in red). Correlation
with the observed deep-weathering sites, however, is rather poor. We assume this is mostly
because of the higher elevated positions of the sites at the tops and along flanks of the
mountains, where the remnants of deep weathering are exposed to erosion, but also because
the AMAGER technique is not well adapted to map deep weathering in such positions.
However, correlations were found for sites located to the northwest, east and south.

6.5.2 Resistivity profiling

The resistivity profile (Fig. 6.17) confirms a layer of low resistivity and at least two major
vertical zones of low resistivity. The two vertical low-resistivity zones, as well as the
irregular top of the high-resistivity segments underneath, are compatible to what we have
observed on the other profiles in the Lofoten-Vesterdlen area, and suggest the existence of
deep weathering and/or fractured basement.

95



b)

Figure 6.13 a) Location of the resistivity profile P1 to the southwest of Sortland. b) Result of
the resistivity measurements. A low-resistivity layer is underlain by segments of
high-resistivity bedrock. Two steep zones with low resistivity are observed and
indicate major fracture zones.
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Comparison of the resistivity profiling and the results of the AMAGER method shows a
correlation for the area of the northwestern low-resistivity zone (pos. ¢. 200-600 m), whilst
the second one to the south could not be identified. An explanation is likely due to the fine
tuning of the AMAGER parameters, which is difficult to make for such a large area with

varying susceptibility.

Figure 6.14 Excavation at Sortland. We observed fractured basement with minor signs of
weathering.

An excavation of this site was carried out to a depth of ¢. 3 m and we found fractured and
partly weathered basement under athin layer of soil (Fig. 6.18).
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6.6 Hamargya

On Hamargya, deep weathering was found in a quarry. The site is located in the southeast of
the island and shows exposures along a rather broad area of a few hundred square metres.
The largest exposure was c. 20 m high (Fig. 6.19b) and showed the same type of weathering
observed on Hadselgya. The saprolite is of clay-poor, granular material highly mixed with
corestones of various sizes. The primary bedrock, which could be observed from on-site
corestones, is mangerite. The crystaline fabric of the original bedrock is well preserved,
which again confirms the in situ state of the weathered material.

b)
Figure6.15 a) Picture of the c. 20 m-thick layer of saprolite in a quarry on Hamargya. b)
Map showing location of quarry and resistivity profiles. In contrast to
Hadsel gya the outcrop is dominated by an abundance of corestones in a matrix
of highly weathered, clay-poor material.
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A geochemical analysis from this site shows a mass loss between 40% and 62%, which is
comparable to the Hadsel gya | ocality.

6.6.1 Resistivity profiling

On Hamargya, a single resistivity profile was measured in a southeast direction along an
existing gravel road located adjacent to the quarry. The results are similar to the data obtained
along Profile P1 on Hadselgya (Fig. 6.20). A layer of relatively low resistivity lies on top of
segments with continuous high resistivity showing irregular surfaces, and is truncated by
almost vertical zones with low resistivity. Noticeably different to Hadsel gya is the occurrence
of small high-resistivity zones within the shallow layer that might represent the dense
distribution of corestones, as has aready been observed in the exposures. Furthermore, the
measured resistivity values are about one order of magnitude higher than the ones obtained
on any of the other sites in the Lofoten-Vesterdlen area. Since the observed bedrock type is
similar, we tentatively explain this fact by inferring a better drained system for the Hamargya
site with consequently a dry subsurface.

Figure6.16 Resistivity profile from Hamargya. A low-resistivity layer lies on top of
segments with high resistivity. Deep, almost vertical zones with low resistivity
indicate large fractures filled with deep-weathered saprolite.
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The irregular surface probably reflects the transition between weathered and unweathered
basement, whilst the low-resistivity zones might be expected to show deep fractures filled
with deeply weathered bedrock. Compared to Hadsel@gya, it seems that the site on Hamargya
provides an insight into a deeper stage of a weathering zone, deeper in the saprorock and
closer to the unweathered and non-fractured basement.

6.7 Andeya

The fourth location is in one of the best developed strandflats in Norway, and is situated on
northeast Andgya in the vicinity of the Ramsa Basin, the only known Mesozoic basin onshore
Norway. Deeply weathered material can be found exposed on the beach and also from well
cores which were drilled through the sedimentary succession of the Ramsa Basin into the
basement (Fig. 6.21). The weathered layer beneath the basin is overlain by Jurassic and
Cretaceous sedimentary rocks.

The buria of the weathered basement below Mesozoic sediments proves the weathering to be
rather old and most likely of Mesozoic age or older. Nevertheless geochemical analysis of the
weathered material shows a rather low mass loss value, c. 28%, which is significantly lower
than the one determined on Hadsel gya and Hamargya.

a)

Figure6.17 a) Map of the Ramsa area with the positions of the six resistivity profiles. b) The
Ramsa Basin is situated on the strandflat on the eastern side of Andgya, where
the Mesozoic rocks are visible at low tide; ¢) Deeply weathered basement is
exposed on the present-day beach along the southernmost margin of the Ramsa
Basin.
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The primary rock is mainly gneiss and the weathered material, which is found at the southern
flank of the Ramsa Basin at the surface, is of greyish colour and relatively clay-rich. It differs
greatly from the ones observed at the three other locations in Lofoten-Vesterdlen and
Hamargya and we could no longer recognise the fabric of the parent rock. Sturt et al. (1979)
excavated a trench and studied the weathering profile at this location. They found at |east two
different types of altered bedrock. They concluded that a reasonable amount of weathered
basement has been eroded from the nearby mountains and deposited on top of the saprolite
that most probably occursin an in situ position.

b)
Figure6.18
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a) Excavating the basement-sediment contact at the margin of the Ramsa Basin on
Andgya. Underneath the greyish weathering layer, a brownish, clay-poor type of

weathered

basement is observed. b) Geological log of the trench at Ramsaa.
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During the TWIN project six resistivity profiles were measured around the Ramsa Basin and
samples were tested for palacomagnetic age dating and geochemical and mineraogica
anaysis. Furthermore we were following in Sturt’s and Dalland’ s footsteps and excavated a
trench at the beach of Ramsa close to the southern basin edge and investigated the deep
weathering and the sediment-basement transition (Fig. 6.22).

6.7.1 Resistivity profiling

The thickness of observed weathered basement in the drillcores is up to 30 m but resistivity
data along at least two profiles indicate a much thicker regolith. The boundary of the basin
can be observed on three of the six resistivity profiles as a rather sharp and significant
resistivity contrast. On Profiles 3 and 5, however, no resistivity contrast is visible. The
reasons for the lack of resistivity contrast in these particular profiles differ, however. Profile 3
(Fig. 6.23) is situated across a gabbroic body within a basement high that separates the basin
into two. The gabbro is exposed to the west of the basin, but also seems to be rather shallow
within the Ramsa Basin. Furthermore, the resistivity values along that profile are rather low
indicating that the gabbro itself might be deeply weathered or at least fractured. It is difficult
to distinguish between unweathered basement and saprolite because the resistivity values are
ambiguous and could indicate the presence of both kinds of rocks.

A possible near-top-basement is marked as dashed lines in the profile, but is highly
speculative. Different vertical low resistivity zones were marked as possible faults, but none
of them correlates with the indicated western basin boundary on the geological map
(Henningsen & Tveten 1998).

Profile 5 (Fig. 6.24) is situated to the north of the basin and is measured in a southeast
direction, and displays a significantly different picture as compared to the other profiles. The
resistivity profile shows a wedge-shaped, low-resistivity zone, where the northwestern flank
correlates with the basin boundary from the magnetic map and the southeastern one correlates
with an observed fault, indicated on the geological map (Henningsen & Tveten 1998). This
structure can be interpreted in terms of a sediment-filled wedge on top of a rotated fault
block. Profile 5 shows outcropping, possibly fractured basement in the northwest. In between
positions 200 m and 750 m, the top basement is rather flat with some fault zones indicated by
vertical low-resistivity zones.
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Figure6.19 Resigtivity along Profile 3 on Andgya. The vertical lines mark possible faults,
indicated by vertical low resistivity zones. The horizontal dashed line represents
the rather diffuse near-top-basement surface.

The basement is covered by a c. 10-20 m thick layer with lower resistivity, above a wedge-
shaped, low-resistivity zone (position 750-1100 m). It remains unclear whether this low-
resistivity unit represents sedimentary rocks or weathered basement. There seems to be an
internal boundary (dashed line) dipping southeastwards towards the basin, indicating a
possible base of the sedimentary rock succession on top of the saprolite.
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Figure6.20 Resistivity along Profile 5 across the northern margin of the Ramsa Basin,
Andgya. The vertical dashed lines indicate possible faults, interpreted from the
vertical low-resistivity zones. The near horizontal line represents a near-top-
basement surface. The dashed line indicates a diffuse internal surface that may
represent an alternative inter pretation of the basement surface.

Profile 1, however, shows a transition zone, where the resistivity seems to change gradually
and rather irregularly, which might indicate thick packages of deeply weathered basement on
top of fractured basement, possible with layers of Mesozoic sediments on top (Fig. 6.25). A
noticeable structural change at ¢. 800 m correlates with the basin boundary on the geological
map. Southwards from here, a high-resistivity layer with a rather irregular surface is
observed, overlain by an up to c. 70 m-thick low-resistivity sequence.
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Figure6.21 Resistivity along Profile 1 across the southern margin of the Ramsa Basin,
Andgya. The vertical lines indicate possible faults, represented by vertical low-
resistivity zones. The horizontal line shows a near-top-basement interpretation.
The hatched area marks a transition zone with possibly saprolite and/or
sedimentary rocks.

Only a few metres to the west, Profile 6 shows an entirely different picture of the subsurface
(Fig. 6.26). Here, the top surface of unweathered basement is rather flat below a c. 20 m-
thick, low-resistivity layer. According to the geological map (Henningsen & Tveten 1998),
this part of the profile should be located outside the sedimentary basin, but the resistivity is
too low to represent unweathered basement rocks. The basin boundary, however, is clearly
observed to the east at a depth greater than 20 m. Potential Mesozoic sedimentary rocks are
characterised by rather low resistivity.
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Figure 6.22 Resitivity along Profile 6 on Andgya. The vertical dashed line marks the basin
flank. The horizontal line is a near-top-basement inter pretation.

A similar picture is observed on Profile 2 (Fig. 6.27), located dlightly to the north and
measured from the west to the east. High-resistivity values are observed aong the western
2/3 of the profile. The interpreted near-top-basement horizon is shallow or even outcropping
a the western end of the line. In position 70-1020 m, a continuous low-resistivity layer
appears and is dipping towards the northeast, whilst the resistivity values beneath are
gradually decreasing. We interpret this zone as a transition zone, similar to the one we
observed on Profile 1, but much less developed. At c. position 1020 m, a sharp vertical
boundary occurs with much lower resistivity values to the east of this position. This boundary
occurs on the magnetic data as a lineament, whilst the margin of the basin, according to the
geologica map (Henningsen & Tveten 1998), is located c. 150 m farther to the northwest,
where the resistivity data indicate a fault or a contact. It remains questionable whether this
indicates weathering or perhaps normal faulting, similar to Profile 5 (Fig. 6.24), with a
dlightly westward shifted basin flank.
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Figure 6.23 Resistivity along Profile 2 on Andgya. The vertical lines mark possible faults,
indicated by vertical low-resistivity zones. The horizontal line represents a
near-top-basement interpretation — the dashed line indicates a diffuse surface.
The hatched area below the dashed line indicates a transition zone with lateral
and gradually decreasing resitivity.

Profile 4 is positioned at the northern part of the basin and trends E-W. The basin boundary is
clearly visible at the eastern end of the profile (pos. c. 1240 m) as a sharp resistivity
boundary. To the west the resistivity data show strong resistivity variations with a very
irregular near top-basement geometry, similar to the one we have observed on Hamargya and
the Lofotens. The thickness of weathered and fractured basement rocks as indicated from the
resistivity profile is very large localy exceeding 150 m, and might be related to a fracture
zone extending to a great depth (pos. 660 m).
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Figure 6.28 Resistivity along Profile 4 located across the northwestern margin of the Ramsa
Basin, Andgya. The vertical line indicates the possible basin flank. The sub-
horizontal line represents a near-top-basement inter pretation.

6.7.2 Palaeomagnetic sampling, Ramsa

StesCand D

On theidland of Andgya we sampled weathered bedrock beneath arecent fluvial sand layer at
Site C near Ramsa (Fig. 6.29). Because no solid rocks were visible at this site, drillcore
samples of solid bedrock from a nearby site D were taken as reference.
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Figure 6.29 Relative position of weathered bedrock (site C) and solid rock samples (site D)
intheriver bed near Ramsa, Andeya.

Weathered site C

Figure6.30 Zijderveld diagrams of AF demagnetisation results on the weathered rock
specimens from aluminium tubes 1, 2, 3 and 4 at site C. Red: inclination plots of
up-component versus horizontal component. Blue: declination plots of E-W
component versus N-S component of the horizontal projection of the
magnetisation.
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Solid bedrock site D

Figure6.31 Zijderveld diagrams of AF demagnetisation results on the solid rock specimens
from drillcores 1, 2 and 3 at site D. Red: inclination plots of up-component
versus horizontal component. Blue: declination plots of E-W component versus
N-S component of the horizontal projection of the magnetisation.

Although all demagnetisation plots yield noisy and irregular palacomagnetic directions, the
results rather indicate a shallower magnetisation direction at site C as compared to site D. In
any case, it can be concluded that even if the weathering process generated a new magnetic
component, this definitely does not point in arecent steep north direction. The data therefore
indicate a scenario of old weathering rather than arecent one (Fig. 6.31).
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Figure6.24 Palaeomagnetic directions from the weathered parts of Hadsel gya (yellow) and
Ramsa (blue) are very unstable. When plotting them in relation to the polar
wander curve from Parnell et al. (2004), the positions best correspond to the
Ordovician or Cambrian period. This result either indicates that no remanent
magnetisation is acquired during weathering, or it supports a scenario of old
weathering.

6.7.3 Seismic profiling, Saveheia,

To map possible weathered bedrock at Staveheia, south of Blelk on Andgya, northern
Norway, refraction seismic measurements were carried out back in 1986 (Hillestad 1987).
The location of the area is shown in Fig. 6.33. The studies were carried out in close
cooperation with geologist Jakob Mgller at the Tromsg Museum, who had earlier studied
weathered bedrock in the area.
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Figure 6.33 Location of refraction seismic lines at Staveheia (Trolldalsheia) shown with grey
hatching. The survey area is situated 4 km to the south-southwest of the fishing
village Bleik. Other refraction seismic lines registered in NGUs database are
shown in blue. The swamps to the southwest covers part of the Ramsa Basin.
SeeFig. 6.21a.

6.7.3.1 Method and performance

A general description of the refraction seismic method is given in Section 2.2 and at
http://www.ngu.no/no/hm/Norges-geol ogi/Geofysi kk/Bakkegeof ysi kk/Sei smiske-metoder/
Altogether, 4 short lines were measured using an analogue seismograph (ABEM TRIO) and
12 geophones. The geophone spacing was mostly 10 metres but reduced to 5 metres at the
end of the profiles. Small charges of dynamite were used as the energy source. At the time of
the measurements, no electronic positioning was available, and profiles were plotted on a
map at the scale of 1: 50,000. The altitude above sea level was read from the topographical
map. This means that both the positions and the heights in the seismic sections are somewhat
uncertain. The locations of the lines are shown in Fig. 6.34.

The data quality was good, but it was difficult to interpret the data due to the complicated
geology.
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Figure 6.34 Detailed locations of the four seismic lines at Saveheia.

6.7.3.2 Results

The results from the refraction seismic survey at Staveheia are shown in Figs. 6.35-6.37. All
four linesindicate afour-layer model. Layer 1 with P-wave velocity 350 — 450 m/s represents
loose and dry sediments. Normally the second layer, with P-wave velocities from 900 to 1280
m/s, could be interpreted as more compacted sediments but still not fully water-saturated. The
third layer, with P-wave velocities from 1850 to 2500 m/s, would in most other places in
Norway be interpreted in terms of a till. The fourth layer is interpreted as unweathered
bedrock.

During the fieldwork at Stavehela, atrench was dug at position 270 m along Profile 1. At two
metres depth, they found material which looked 'suspiciously like bedrock' (Hillestad 1987).
At the end of Profile 3, in the steep hillside below, weathered bedrock is exposed. Based on
this, layers 2 and 3 in these two profiles were interpreted as weathered bedrock, whilst layer 4
was interpreted as unweathered bedrock. Depth to unweathered bedrock varies from less than
five metresin Profile 2 to amaximum of 35 metresin Profile 3.
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Figure 6.35 Interpreted seismic sections from Staveheia, Profile 1.
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Figure 6.36 Interpreted seismic sections from Staveheia, Profile 2.
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b)

Figure 6.37 Interpreted seismic sections from Staveheia, Profiles 3(a) and 4 (b).

116



6.7.3.3 Discussion

As indicated above, layers 2 and 3 in Profiles 1 and 3 (Figs. 6.35 & 6.37) are interpreted as
weathered bedrock. Since Profiles 3 and 4 lie next to each other, are very short (110 — 125
metres) and have almost similar velocities, we expect the weathered bedrock to extend into
Profile 4. However, thisis mainly based on the two field observations of weathered bedrock.

Layer 2 in Profile 1 has velocities from 900 to 1280 m/s. This is extremely low to represent
weathered bedrock. As a reference, weathered bedrock at Leknes in Lofoten (see section 6.3.2 of
the present report) has velocities from 4000 to 4500 m/s. If we compare this with experience from
tunnelling in Norway, velocities between 2000 and 2500 m/s represent an extremely poor
bedrock quality (Barton 2007). As indicated by Hillestad (1987), the three uppermost layers can
also be interpreted as soil material of different kinds, mostly till.

The velocity of the material that Hillestad (1987) refers to as unweathered or fresh bedrock,
varies from 2800 m/s up to a maximum of 4400 m/s. Along Profiles 1 and 2, the velocity is about
4000 m/s. Along Profiles 3 and 4 we find seismic velocities as low as 2800 m/s and aso the
highest in the area, 4400 m/s, in the western part of Profile 4. The bedrock in the area consists of
amphibolite and different types of gneiss (www.ngu.no, Zwaan et al. 1998). Based on recent
results from borehole logging (Elvebakk 2011), we can expect velocities above 5000 m/sin fresh
bedrock like this. The relatively low velocities found in the bedrock at Staveheia indicate
weathering to a depth of more than 25 metres.

Hillestad & Meélleby (1967) carried out a similar refraction seismic survey in the southern part of
Andgya for the planning of the new bridge to Hinngya. They detected similar bedrock with low
velocities in the order of 3150-4500 m/s. The bulk of the bedrock has a velocity of 3400-4100
m/s indicating that fractured and weathered bedrock is quite common in Vesterdlen.

Chroston & Brooks (1989) measured the seismic velocity on 80 rock samples from the Lofoten-
Vesterdlen area and concluded that the mean velocities for the six main lithologies are al in the
range from 6230 to 7130 m/s. Sellevoll (1983) carried out aregional seismic refraction line from
A in Lofoten to Stg on Langaya. They found a seismic velocity of 6050 m/s in the uppermost
four kilometres of the crust, indicating that the bedrock in the Lofoten-Vesterden area is
generally highly fractured. Such a fracturing could have facilitated the tropical deep weathering
during the Late Triassic to Early Jurassic period with afavourable warm and humid climate.

6.8 Conclusionsfrom Lofoten-Vesterdlen and Hamar gya

Based on our observations we conclude that there are still thick piles of weathered basement
rocks onshore the Lofoten-Vesterden isands and on Hamargya. All observed, major, deep-
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weathering locations occur in rather flat low-lying areas where erosion is considered to be low to
moderate. Considering a generally much higher amount of erosion in the mountainous areas
where glacial erosion occurs to a large degree as plucking, deep weathering is likely to still have
considerable impact on the topography of the Norwegian landscape.

The different characteristics of the two exposed deep-weathering profiles with a rather
homogeneous saprolite and only a few corestones on Hadsel gya and a rather dense distribution of
corestones with granular weathered material in between on Hamargya could be interpreted as two
insights into different stages or depths of the regolith. Whilst Hadsel gya shows a sequence within
the saprolite, the exposure on Hamargya was much deeper seated, and is within or close to the
saprorock and consequently closer to the unweathered basement rock. It remains unclear whether
or not the rate of erosion on Hamargya was higher or the weathering process was slower and/or
initiated at alater time.

Previous measurements of seismic velocity on fresh rock samples in the Lofoten-Vesterden area
are significantly higher than seismic velocities deduced from both shallow and deep refraction
experiments revealing that the crust in the Lofoten-Vesterdlen is highly fractured. A high fracture
density could help to accelerate weathering downwards.

The AMAGER method was applied for the island of Langeya and indicated further amounts of
deeply weathered and/or fractured basement in this area. Resistivity profiling and direct
observation on site proved the capability of this technique to map such structures, but aso
indicated its uncertainties and its strong dependence on the data resolution.

Weathering of rocks during different climatic conditions is rather complex and is poorly
understood. The initial trigger for the weathering, the actual type and finally the weathering rate
are commonly considered to depend on severa external factors such as climate, temperature,
humidity and CO, content in the atmosphere (Brantley et al. 2007, Andersson et al. 2007, Riebe
et al. 2004, West et al. 2004), but also on geotectonic processes like uplift and erosion (Raymo &
Rudiman 1992, Amundson et al. 2007, Rasmussen et al. 2011). Knowledge of the age of
weathering could consequently account for a better understanding of the geotectonic history of a
region and also be helpful for an advanced mapping of deep weathering onshore Norway and
offshore on the Norwegian shelf. For the TWIN project the clay minera content was too low to
give a hint on the chemical processes involved and possibly climatic conditions, which could
otherwise have pointed to a specific epoch. The palacomagnetic data were aso inconclusive and
Ar/Ar dating could not be performed because of a lack of datable material. However, the large
percentage of leached minerals on Hamargya and Hadselgya and at some locations in southern
Norway (Chapter 5) could suggest afairly old age for this type of weathering. Thisis intriguing
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since this kind of clay-poor weathering has commonly been considered to be rather young, e.g.
Cainozoic times (Migon 1997).

The observed saprolite is mostly a clay-poor and brownish material. The large amounts of
observed deep-weathered material together with the indicated even greater thickness of the
existing regolith raise the question about a possible maximum thickness of regolith and,
consequently, the possible thickness of a transition zone from soil or the sedimentary succession
to unweathered basement. Moreover, what is the nature of the transition from fresh to weathered
bedrock? Gerrard (1988) described this transition to be usually quite sharp for crystalline rocks
like granite. We did not observe the direct boundaries at the main locations, but we observed
some smaller exposures where the boundary was sharp (Fig. 6.38), but did not represent the base
of the weathering. On the other hand, from the resistivity profiles there was none that showed a
transition front above a continuous unweathered basement. The corestones of fresh basement
became larger with depth, but they were still truncated by large fracture zones with a significant
low resistivity. Thisis definitely an important point which should be investigated further.

Figure 6.38 Example of a very sharp transition between weathered and fresh bedrock at a road-
cut on Hamar gya.

The mapped remnants of weathering on Lofoten-Vesterdlen and Hamargya were located in the

vicinity of major faults on the proximal flank of the hangingwall of rotated fault blocks, which

can possibly be used as alink to develop a schematic pattern for finding new weathering sites and

extrapolating deep-weathering occurrences along major faults.
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7 REGIONAL GEOMORPHOLOGY AND DEEP WEATHERING
Ola Fredin

The main purpose of the TWIN deep-weathering database is to obtain a spatial overview of deep
weathering in Norway. From Fig. 7.1 it is clear that many of the significant weathering localities
are situated relatively close to the coast. Relatively few occurrences of clay or grus weathering
can be found in inland areas of Norway. However, many dubious or nondescript occurrences can
be found in central parts of Norway.

Figure7.1 Known weathering localities in Norway. Excerpt from the TWIN weathering
database.
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In this study we will put relatively little emphasis on inland locations with nondescript
occurrences of saprolite, since these quite likely reflect tectonic fault- or hydrothermal ateration
zones with little signs of subaerial deep-weathering characteristics. However, we acknowledge
that the sometimes poor description of these occurrences may hide some true deep-weathering
localities.

The TWIN weathering database also contains information about bedrock derived from the NGU
bedrock database. A pronounced common feature of the confirmed deep-weathering localities is
that they occur in intermediate to mafic bedrock types such as monzonite/mangerite (e.g.
Vesterdlen and Hamargy), gabbro (Vagsay), syenite (Kjose) with the most acidic rocks being
gneisses at Lista. In many cases the weathering thus seems to be conditioned by an abundance of
relatively easily weathered feldspars, micas, pyroxenes and amphiboles. Two fundamental
controls on weathering rate and characteristics are climate and vadose zone/groundwater
conditions. It is clear that temperature and humidity play a critical role since reaction kinematics
are dependent on these parameters (e.g. Nesbitt & Young, 1989). Recent studies also show that
vadose zone dynamics also fundamentally influence how bedrock is weathered. It appears as if
matrix permeability (low flow rates) in bedrock causes oxidation of biotite and granular
(gravelly) disintegration of rock, little chemical alteration, clay formation and mass loss
(Goodfellow et al. 2011). On the other hand, high vadose zone flow rates such as in bedrock
fractures cause chemical ateration, mass loss and clay formation (Goodfellow et al. 2011).

Lidmar-Bergstrom (1995) characterised Scandinavia in seven different landscape (erosion)
generations. Thisis areatively crude classification but gives an impression as to when different
areas were exposed to maor exhumation episodes, which are reflected in the gross
geomorphology. If the weathering occurrences are plotted on the map of Lidmar-Bergstrém
(1995) (Fig. 7.2), the best delevoped weathering localities occur in the following landscape
generations 1) the Sub-Cretaceous, 2) Tertiary surfaces, 3) Glacial erosion and 4) 'Paleic
surfaces. From this we infer that several localities around the Oslofjord and on the south coast of
Norway belong to the 'Sub-Cretaceous landscape' that dominates South Norway, SW Sweden and
central/NW Sweden. Although this landscape has no cover rocks in Norway that can prove its
pre-Cretaceous origin, it can be correlated morphologically to very similar landscapes in southern
Sweden with Mesozoic cover rocks (Lidmar-Bergstrom 1989). In addition, this landscape dips
down beneath Mesozoic strata on the Norwegian shelf (Riis 1996). It thus seems likely that the
deep weathering found in south Norway was initiated mainly in pre-Cretaceous time. Sgrensen
(1988), however, argued that the weathering characteristics in the Kjose area indicate a
rejuvenation of weathering processes when the landscape was re-exposed in Plio-/Pleistocene
time, with ongoing weathering also in the Holocene.

Many of the other known saprolites occur in what Lidmar-Bergstrom (1995) has classified as
landscape dominated by glacial erosion (Fig. 7.2). The mgjor landforms, for example U-shaped
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valleys and fjords, are thus formed by Quaternary erosion but pockets of pre-Quaternary
weathering might remain in certain locations. There is no clear relationship between topography
and localities with deep weathering. It also appears that small topographic differences and lee-
side processes were enough to protect pre-Quaternary weathering sites from the erosive effects of
ice sheets. Thus, a this stage we cannot predict locally with any confidence where we are likely
to find deep weathering.

Figure7.2 Known weathering localities and saprolites in Norway and landscape gener ations
after Lidmar-Bergstrom (1995). Note that Fjellanger & Nystuen (2007) classify
Varanger Peninsula as representing a Tertiary surface.
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Another phenomenon in these areas that has been reported in the literature and the TWIN
database is that of autochtonous blockfields. At the moment it is not fully understood how
autochthonous blockfields relate to the long term topographic history of Norway and the Paleic
surface (Gjessing 1967). Some workers have reported finds of clay minerals such as kaolinite in
the autochthonous blockfields (Rea et al. 1996, Paasche et al. 2006). Other studies indicate that
the Paleic surface is undergoing steady-state erosion, with the weathering soil being eroded at the
same pace as it is created, and very little saprolite older than the Quaternary can be found
(Goodfellow et al. 2009). The gross landforms of the Paleic surface may thus be ancient but the
actual soils might be younger. Because of this we largely omit autochthonous blockfields from
this study.

Overadl, it appears difficult to assign a definitive age to the weathering in Norway based on
weathering characteristics, position in the terrain or bedrock type. The most compelling regional
correlation that indicates that the saprolites might have been formed in Mesozoic time is
correlation of ‘envelope surfaces' of topography and the fact that these dip down under Mesozoic
strata offshore Norway (e.g. Riis 1996, Lidmar-Bergstrom et al. 2007). At several locations in
South Sweden and Denmark, this relationship can aso be observed onshore (Lidmar-Bergstrom
et al. 1999). Most of these localities exhibit extensive saprolite profiles with clay-rich kaolinitic
weathering with, in places, pure kaolinite and quartz sand (Lidmar-Bergstrém 1989), indicative
of intense leaching of feldspars in a hot and humid climate with acidic meteoric water (Fig. 7.3).
These saprolites are found in landscapes termed as 'Sub-Cretaceous undulating hilly relief' or
'Sub-Cretaceous joint valley landscape'.

On the other hand, also in southern Sweden, areas with grussy saprolites can be found. These are
associated with little mass loss, mechanical disintegration, and an ailmost complete absence of
clay (Lidmar-Bergstrom et al. 1997). These saprolites are found in a landscape correlated with
etching and erosion of the sub-Cambrian peneplain during the Tertiary (Lidmar-Bergstréom 1995),
and the weathering must thus have taken place during the Tertiary in a cooler climate (Fig. 7.3).
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Relief, saprolites, and correlative sediments in southern
Fennoscandia, Permian - Pleistocene
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Figure 7.3 Correlation of relief evolution, saprolite formation, sedimentation and climate in
Scandinavia. From Lidmar-Bergstrom et al. (1997).

Most of the saprolites found in Norway and described in this report are of the grussy type, with
small quantities of clay and an appearance of mechanical breakdown rather than chemical
dissolution. It is thus tempting to assign a Tertiary age to most of the saprolites discussed in this
report, with the exception of the sub-Jurassic saprolite at Ramsaa and the clayey saprolite found
for example, in Romeriksporten. However, geochemical analyses of the investigated saprolitesin
Norway show mass losses in the range of 30-60%, which is consistent with significant chemical
leaching.

One possible explanation for the ambiguous characteristics of the investigated saprolites is that
they have a complex genesis. It appears likely that extensive weathering of the Scandinavian
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landmass commenced in Mesozoic time, possibly as clay-rich, kaolinitic, deep-weathering zones.
By latest Cretaceous time the saprolites were covered by sedimentary strata and thus protected.
Later on, possibly as late as during Neogene uplift and erosion events, most of the cover rocks
and saprolites were stripped from the bedrock and rejuvenation of bedrock weathering could take
place. This new weathering episode took place in 1) a cooler climate and 2) in bedrock already
weakened by the previous weathering episode. Both of these factors favour plain oxidation of
biotite (cool climate and matrix permeability in vadose zones and formation of grussy saprolites).
During the Quaternary, most of these newly formed saprolites were once more stripped except for
small pockets shielded by topographic effects or non-erosive, cold-based, ice sheets. The
Norwegian landscape wherein the saprolites remain thus have a Mesozoic origin but with strong
imprint of erosive processes in the Cainozoic (Fig. 7.4). Most of the investigated saprolites
appear young but their formation was preconditioned by processes in the Mesozoic. This also
suggests that it will be very difficult to obtain an absolute age of the weathering events, since
they are interlocked with each other but of different character.

Figure 7.4 Overview of Norwegian saprolites and landscape, correlation to offshore
sedimentary successions and Cainozoic erosion.
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8 DISCUSSION

The present-day seismicity provides a means to estimate the timing of Neogene erosion and
sedimentation and consequently the exhumation of a pre-existing deep weathering. Byrkjeland et
al. (2000) demonstrated that large Pleistocene wedges (i.e. rapidly accumulating depocentres)
also attract seismicity (see also Fgerskov & Lindholm 2000). This occurs even in oceanic crust,
which is normally aseismic, and prominent examples are provided by the Lofoten Basin and the
Norway Basin. Along the coast of northern Norway there is also a paralel, shallow seismicity
delineation which largely reflects extensiona stress conditions (Hicks et al. 2000 a,b, Fjeldskaar
et al. 2000).

Fig. 8.1a shows an ice-sheet model for the last glacial maximum (Ottesen et al. 2005). The major
glaciations during the last 600,000 years extended all the way to the continental margin. Fig.
8.1b denotes interpreted Plio-Pleistocene depositions and erosion aong the Norwegian
continental margin with superimposed earthquakes (from Bungum et al. 2010, Kukkonen et al.
2010 and Olesen et al. in press). One dominant feature is the late Pliocene—Pleistocene Bjarngya
Fan, which is 400 km wide and up to 3.5 km thick and is, moreover, co-located with seismic
activity that is higher than anywhere else in Fennoscandia (Byrkjeland et al. 2000), even though
it is located in oceanic crust which normally is aseismic. The stress is expected to be
compressional under the load and tensiona features noted on the continental flanks (Stein et al.
1989), as also modelled by Engen & Watts (2008).

Because very recent erosion has taken place in the Vestfjorden area (Riis 1996), the crust in the
greater Helgeland-Lofoten region may be flexured, which would result in coast-perpendicular
extension as shown by Atakan et al. (1994), Bungum & Husebye (1979) and Hicks et al. (2002a)
in the Rana, Melgy and Steigen districts. Considering that the Plio-Pleistocene loading of the
relatively tiff oceanic crust causes relatively high seismicity in the Norwegian Sea, it is aso
likely that a comparable unloading of the coastal areas in western and northern Norway may
induce earthquake activity (Olesen et al. in press). This scenario is likely because continental
crust is generally weaker than oceanic crust. Fig. 8.1b shows that the seismicity in Norway isto a
large extent located in areas of either Plio-Pleistocene erosion or sedimentation. The major
exception is the Barents Sea region, which is amost void of earthquakes. This may, however, be
caused by the wide area of erosion and uniform unloading, thus not creating sufficient differential
stress in the crust (Bungum et al. 2010, Olesen et al. in press). We suggest that the deep
weathering in the Hamargya, Lofoten and Vesterdlen areas is preserved because of the young
Late Pleistocene uplift and erosion of this area. Most of the ice was transported in ice streams
through Vestfjorden and Andfjorden (Fig. 8.1a) leaving the interior of the mainland and the
Lofoten-Vesterdlen archipelago relatively unaffected. The inland ice in this area was most likely
thin and the erosion was concentrated to local cirques. Some of the pal aeosurfaces on the uplifted
and rotated fault blocks were therefore relatively undisturbed. The little consolidated Mesozoic
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rocks were easily removed by the enormous amounts of meltwater following each glacial cycle.
This interpretation is consistent with the observed deep weathering on mountainous areas of
Hadselgya, Langaya and Andaya.

a

b

Figure8.1 a) Ice-sheet model for the last glacial maximum (from Ottesen et al. 2005). b)

Earthquakes, postglacial faults, Neogene domes and areas of interpreted Plio-
Pleistocene deposition and erosion along the Norwegian continental margin
(modified from Blystad et al. 1995, Riis 1996, Lidmar-Bergstrom et al. 1999, Bungum
et al. 2000, Dehls et al. 2000b). The areas of Plio-Pleistocene sedimentation and
erosion are coinciding with present-day seismicity indicating that recent
loading/unloading is causing flexuring and faulting in the lithosphere. The major
exception is the Barents Sea region, which is almost devoid of earthquakes. This may,
however, be caused by the wide area of erosion and uniform unloading not creating
sufficient differential stress in the crust (Bungum et al. 2010, Olesen et al. in press).
Focal-plane solutions (Dehls et al. 2000b, Hicks et al. 2000b) indicate dominating
compressional events in the areas with loading while the regions with recent
unloading have dominating extensional or strike-slip events (Fig. 8.2).
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Figure 8.2 Contemporary stress directions, type of faulting and focal depth synthesised from
earthquake focal mechanisms and in situ stress measurements (Fjeldskaar et al.
2000). Areas of sparse data are indicated with question marks. Intensity of yellow
colour indicates intensity of seismicity. Regions under compression seem to coincide
with areas of Plio-Pleistocene loading, whereas regions under extension agree fairly
well with erosional areas.

A similar model is also applicable for the Odlofjord-Sarlandet region where there is an abundance
of reported locations of deep weathering (Sections 5.1 and 5.2 and Chapter 7 in the present
report). The erosion of the Mesozoic cover in this region was aso dependent on means of
transportation. The ice stream in the Norwegian Channel (Fig. 8.1a) that was established in the
Late Pleistocene provided both the erosion agent and the transportation mechanism for the eroded
Mesozoic rocks which accumulated as sedimentary wedges along the Mgre margin (the North
Sea Fan). We therefore suggest that a model similar to that for the greater Vestfjorden-
Andfjorden region can be applied for the Oslofjord-Serlandet region, the main difference being
the location relative to the active rifting in the North Sea and the Norwegian Sea. The greater
Vestfjorden region constitutes a part of the Mesozoic rift system with an abundance of uplifted
and rotated fault blocks (Blystad et al. 1995, Laseth & Tveten 1996, Olesen et al. 1997, 2002,
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Bergh et al. 2007) whilst the Oslofjord-Serlandet region was located in the flat-lying hinterland.
Consequently, we find the remnants of deep weathering on rotated fault blocks in Lofoten-
Vesterdlen whilst similar regoliths occur in the relatively gentle landscape along the coast of
southern Norway. The Végsay, Stad and Indergya areas were most likely uplifted and exposed to
intensive erosion a an earlier stage (e.g. in the Late Miocene og Early Pliocene during the
deposition of the Utsiraand Molo formations (Riis 1996, Eidvin et al. 2007).
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1)

2)

3)

4)

5)

6)

7)

8)

9)

CONCLUSIONS

Deeply weathered fracture zones extend to a depth of more than 200 m in Norway. This
conclusion is supported by geophysical studies (2D resistivity and refraction seismic) and
observations of clay-rich fracture zones in tunnels.

Geophysical studies aso revea more continuous saprolite layers with a thickness up to
100 metresin Vestfold, Lofoten-Vesterdlen, Hamargya and Varangerhalveya.

XRF analysis and mass balance cal culations show a high degree of mineral alteration with
bulk leaching of main elements (Si, Al, Na and K) in the range of 30 - 65%. The upper
range can be considered indicative of intense weathering.

The porosity and permeability of the grus weathering at Vestvageya in Lofoten were
measured to 24.3 % and c. 300 mD, respectively.

It is difficult to assign a definitive age to the weathering in Norway based on weathering
characteristics, position in the terrain or bedrock type. The best evidence for a Mesozoic
age isthe correlation of 'envelope surfaces of topography and the fact that these dip down
under Mesozoic strata offshore Norway

Even though most of the investigated saprolites appear young, their formation was
probably preconditioned by processes in the Mesozoic. The partia or total ateration of
bedrock to grus aggregates and clay minerals is to a large extent the result of chemical
weathering caused by percolating acidic groundwater in a humid climate, most probably
during tropical to sub-tropical conditionsin the Mesozoic.

The degree of weathering varies extensively within severa of the investigated sites. An
offshore petroleum reservoir consisting of weathered basement rocks is most likely
equally heterogeneous.

The deep weathering in the Lofoten-V esterdlen and Hamaraya areas most likely occurs on
surfaces of basement rocks in rotated fault blocks, whereas the weathering in southeastern
Norway and eastern Finnmark seems to occur in a stable and more distal area relative to
the Mesozoic rift basins.

The landscape of southeastern Norway and eastern Finnmark is dominated by
pal aeosurfaces (paleic surface) with glacially eroded inselbergs consisting of competent
rocks such as quartzite and gabbro.

10) Some of the alpine terrains in Norway such as Jotunheimen, Rondane, Dovrefjell, Lyngen

and Jksfjord-Stjerngy-Seiland most likely represent glacially eroded inselbergs.
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11) Deep weathering processes may explain some of the anomalous high concentrations of
heavy metals and REE in Fennoscandian till.
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10 RECOMMENDATION FOR FURTHER WORK

1) Detailed study of the Ramsa Basin using geophysical techniques such as reflection
seismic, helicopter EM and airborne FTG (full tensor gravity), and chemica and
mineralogical studies of existing drill cores.

2) Establish aregiona project to sample and analyse till in eastern Norway, Trandelag
and Finnmark. The chemistry and mineralogy of the till should be compared with
the results from the Lito Project to unravel the possible content of deep-weathering
material.

3) Establish a research project within the MINFORSK programme to improve the
understanding of deep weathering processes in Norway and consequently improve
the geophysical and geochemical exploration techniques for mineral resources.

4)  Continue airborne geophysica mapping of the coastal areas of Norway to map the
extent of deep-weathered bedrock.

5  Mineralogical and chemical studies of the weathered schistose rocks in the Nord-
Trendelag region (reported in Section 5.3.3 in the present report).

6) Geophysical and geologica studies of extensive grus weathering observed in the
Misvag areato the southeast of Bodga (P. Ihlen, pers. comm. 2012).
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Mapping of drillcores, Mehuken, Norway

Five drill cores have been investigated during the time of January the 18 to 22, 2010. The drill
cores have been investigated in regard to rock type, foliation, fractures and fracture fillings.
The fracture intensity has been analysed by means of RQD. The drill core holes have been
analysed in water permeability by packer test valves. Four of the drill cores have been chosen
for analysis of nordic abrasion value. Four samples have been chosen for uniaxial
compression test and modulus of elasticity.

RQD

Fracture intensity also denotes RQD (Rock Quality Designation). RQD is aquality measure
that defines the proportion intact core pieces longer than 10 cm from 1 meter core.
Consequently it gives ameasure on the fracture intensity in the rock by the following scalein
percent.

RQD Rating
90-100 Excellent
75-90 Good
50-75 Fair
25-50 Poor

0-25 Very poor

Packer test valves

Packer test valves are carried out by placing a packer in the bore hole. The packer is used to
seal of the hole in sections, in this case in 300 mm sections starting from the bottom.

Water isinjected through the packer with a known pressure and the flow rate is measured. In
this case the flow rate is measured with three pressure stages, 2 bars, 5 bars and 2 bars. The
three pressure stages are repeated for every section. Water isinjected until a steady flow is
reached for each pressure stage.



Site2:1

The bedrock was investigated at depth through a 20,75 m drill core that has been drilled
towards the northeast with an inclination of 70 degrees from the horisontal. The drill core
consists of amphibolite, but there are also some smaller segments of gneiss. The amphibolite
variesin colour from grey to carbon black. The carbon black amphibolite is soft and very
crumbly. The dominant joint set is parallel to the foliation in the core. The foliation strikes
N20-35E direction and dips 40-70° to E and W.

The coreindicates arelatively heavily fractured bedrock, especially in the upper 12 meters.
There are severa zones where the drill coreis very heavily fractured or totally crushed.

Joint surfaces in the upper meter of the core are rust covered. Below the depth of one meter,
clay minerals on joint surfaces are common and especially in the fracture zones. Chloriteis
another common mineral occurring on joint surfaces.

The RQD value indicates that the core is primarily of fair and good quality, but there are also
afew meters of poor and very poor quality, as well as excellent quality (seefigure 1).
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Packer test valves indicate that permeability in most of the boreholeis slight, except between
core meter 0 and 5, where permeability is high. Between core depth 14 and 17 meter, thereis
no permeability.

The uniaxial compression test and the modulus of elasticity test indicate a very strong rock
mass between fractures (Sa_max [MPa] 303,9 and E [GPa] 135,2). The rock piece on which
the tests have been performed is primarily amphibolitic.

The Nordic abrasion value indicates afair abrasion resistance (19,1).

Howsoever the test results indicate a strong rock mass, the tests have only been performed on
asmall piece of the drill core with no fractures. The tests have not considered fractures or
fracture zones in other parts of the drill core. Thus the modulus of elasticity can be lower than
the tests indicate due to fractures or other weakening featuresin the rock mass.



In the case of site 2:1 the uniaxial compression test and the modulus of elasticity test indicate
astrong rock mass. At the same time the drill coreisrelatively heavily fractured.

The recommendation is to stick to the results from the in-situ deformation modulus that has
been estimated with an empirical relationship suggested by Serafim and Pereira (1983). In this
case avalue of 8 GPa.

Photos and analysis results site 2-1, see attachment 1

Site 2-4

The bedrock was investigated at depth through a 19,90 m drill core that has been drilled
towards the southwest with an inclination of 70 degrees from the horisontal. The drill core
consists of grey foliated augen gneiss. The eyes are light in colour and often slightly extended
in the foliation direction. Between core depth 15,80 and 19,90 meters, the core consists of
amphibolite.

The dominant joint set is parallel to the foliation in the core. The foliation strikes N50-80W
direction and dips 25-50° to N. Other occurring joint sets strike NS and dip ~30° to E.

The core indicates a nearly intact bedrock. There are not much fillingsin the fractures.
Occuring fracture minerals are micas, chlorite, rust and clay minerals. Some of the fractures
are westhered.

The RQD value indicates that the coreis primarily of good and excellent quality (seefigure
2). Although the core seams to be intact, planes of weakness occurs regularly and do quite
easy break into two parts.
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Packer test valves indicate that permeability is nonexistent except for alarge shallow leakage
between core depth 0 and 8 meters.



The uniaxial compression test and the modulus of elasticity test indicates a strong rock mass
between fractures (Sa_max [MPa] 76,6 and E [GPa] 34,8). The rock piece on which the tests
have been performed is augen gneiss.

The Nordic abrasion value indicates afair abrasion resistance (18,9).

Howsoever the test results indicate a strong rock mass, the tests have only been performed on
asmall piece of the drill core with no fractures. The tests have not considered fractures or
fracture zones in other parts of the drill core. Thus the modulus of elasticity can be lower than
the tests indicate due to fractures or other weakening features in the rock mass.

In the case of site 2:4 the uniaxial compression test and the modulus of elasticity test indicate
astrong rock mass. At the same time the drill core indicates a nearly intact bedrock. Although
the core seams to be intact, planes of weakness occurs regularly and do quite easy break into
two parts.

The recommendation is to stick to the results from the in-situ deformation modulus that has
been estimated with an empirical relationship suggested by Serafim and Pereira (1983). In this
case avaue of 13 GPa.

Photos and analysis results site 2-4, see attachment 2

Site 2:6

The bedrock was investigated at depth through a 21,75 m drill core that has been drilled
towards the southwest with an inclination of 70 degrees from the horisontal. The drill core
consists of grey foliated augen gneiss. There are also some smaller segments of amphibolite.
The augen gneissisrich in micaminerals. The eyes are light in colour and often slightly
extended in the foliation direction. The colour of the amphibolite varies from grey to greyish
green to carbon black. The carbon black amphibolite is soft and crumbly.

The dominant joint set is parallel to the foliation in the core. The foliation strikes NS direction
and dips 70° to the north. Other occurring joint sets strike NE and NW and dip 30-60° to NE
and NW.

The core indicates arelatively intact bedrock, but there are afew zones where the drill coreis
very heavily fractured or totally crushed.

There are not much fillings in the fractures. Occurring fracture minerals are chlorite and
calcite.

The RQD value indicates that the coreis primarily of good and excellent quality, but there are
also afew meters of poor and fair quality, especially between core depth 13 and 16 meters
(seefigure 3).
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Packer test valvesindicate that permeability is large between core depth 0 and 6 meters, small
between core depth 6 and 9 meters and nonexistent in the remaining core, which indicates an
impenetrable rock under core depth 9 meters.

The Nordic abrasion value indicates a good abrasion resistance (22,6).

Photos and analysis results site 2-6, see attachment 3

Site 2-7

The bedrock was investigated at depth through a 20,62 m drill core that has been drilled
towards the southwest with an inclination of 70 degrees from the horisontal. The drill core
consists of grey foliated gneiss that has been affected of the amphibolite that occurs as
segmentsin core. The colour of the amphibolite varies from grey to greyish green.

The dominant joint set is parallel to the foliation in the core. The core has not been oriented
thus you can not say anything about the direction of the fractures.

The core indicates arelatively intact bedrock, except for the zones where the rock is heavily
fractured or totally crushed. The joint surfaces are chlorite- and clay covered. Above 12 meter
the joint sets are rust-covered. Some of the fractures are weathered.

The RQD value indicates that the the core is primarily of good to excellent quality, but there
are also afew meters of fair quality (seefigure 4).
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Packer test valvesindicate that permeability in the bore holeis quite big close to the surface
and also in core depth 17-20 meters.

The uniaxial compression test and the modulus of elasticity test indicates a very strong rock
mass between fractures (Sa_max [MPa] 261,0 and E [GPa] 97,0). The rock piece on which
the tests have been performed is primarily granitic amphibolite.

The Nordic abrasion value indicates a good abrasion resistance (16,1).

Howsoever the test results indicate a strong rock mass, the tests have only been performed on
asmall piece of the drill core with no fractures. The tests have not considered fractures or
fracture zones in other parts of the drill core. Thus the modulus of elasticity can be lower than
the tests indicate due to fractures or other weakening featuresin the rock mass.

In the case of site 2:7 the uniaxial compression test and the modulus of elasticity test indicate
avery strong rock mass. At the same time the core indicates arelatively intact bedrock,
except for the zones where the rock is heavily fractured or totally crushed.

The recommendation is to stick to the results from the in-situ deformation modulus that has
been estimated with an empirical relationship suggested by Serafim and Pereira (1983). In this
case avaue of 15 GPa.

Photos and analysis results site 2-7, see attachment 4

Site 2-8

The bedrock was investigated at depth through a 21,60 m drill core that has been drilled
towards the southwest with an inclination of 70 degrees from the horisontal. The drill core
consists of grey foliated augen gneiss. There are al so reoccurring segments of amphibolite.
The eyes are light in colour and often dlightly extended in the foliation direction. The colour
of the amphibolite varies from grey to greyish green to carbon black. The carbon black
amphibolite is soft and crumbly.



The dominant joint set is parallel to the foliation in the core. The foliation strikes N40-60W
direction and dips 30-70° to NE. Other occurring groups of fractures strike EW and dip ~25°
toN.

The core indicates arelatively intact bedrock, except for afew zones where the drill coreis
very heavily fractured or totally crushed. In these zones there are alot of clay minerals.
Otherwise there are not much fillings in the fractures. Occuring fracture minerals are clay
minerals and chlorite. Some of the fractures are weathered.

The RQD value indicates that the core is primarily of fair to excellent quality, but there are
also afew meters of poor quality (seefigure5).
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Packer test valves indicate that permeability is quite small except for some shallow |leakage
between core depth 0 and 6 meters, and some intermediate |osses between 9 and 15 meters.

The uniaxial compression test and the modulus of elasticity test indicate a quite strong rock
mass between fractures (Sa_max [MPa] 120,8 and E [GPa] 21,1). The rock piece on which
the tests have been performed is primarily amphibolitic.

Howsoever the test results indicate a strong rock mass, the tests have only been performed on
asmall piece of the drill core with no fractures. The tests have not considered fractures or
fracture zones in other parts of the drill core. Thus the modulus of elasticity can be lower than
the tests indicate due to fractures or other weakening features in the rock mass.

In the case of site 2:8 the uniaxial compression test and the modulus of elasticity test indicate
aquite strong rock mass. At the same time the core indicates arelatively intact bedrock,
except for afew zones where the drill coreisvery heavily fractured or totally crushed.

The recommendation is to stick to the results from the in-situ deformation modulus that has
been estimated with an empirical relationship suggested by Serafim and Pereira (1983). In this
case avaue of 15 GPa.

Photos and analysis results site 2-8, see attachment 5



Site2:1 Site2:4 Site 2:6 Site 2.7 Site 2:8
Rock type Amphibolite Augen Amphibolite Granitic Augen
gneiss amphibolite | gneissand
amphibolite
Petrography Not Not Not Not Not
investigated | investigated | investigated | investigated | investigated
Uniaxial 303,9 76,6 Test not 261,0 120,8
compression performed
test (MPa)
M odulus of 135,2 34,8 Test not 97,0 211
elasticity performed
(GPa)
Nordic 19,1 18,9 22,6 16,1 Test not
abrasion value performed
Unweathered | Not Not Not Not Not
rock surface investigated | investigated | investigated | investigated | investigated
Quality of 0-135 0-8 meters | 0-6 meters | 0-9 meters | 0-6meters
sufacerocks metersvery | poor poor poor poor
indrill core poor quality, 8- quality, 6- quality, 9- quality, 6-
quality, 19,90 13 meters 20,62 20 meters
13,5-20,75 | metersgood | good meters good | fair quality,
good quality | quality quality, 13- | quality. 20-21,60
21,75 poor meters good
quality quality.
Water lossin 0-14m,17- | 0-8m 0-9m 0-5m, 14- 0-6 m, 9-15
bore hole 20m 20m m
Occurence of Not Not Not Not Not
sliding investigated | investigated | investigated | investigated | investigated
surfaces
Supporting Not Not Not Not Not
rock around investigated | investigated | investigated | investigated | investigated
foundation
Fresh, Not Not Not Not Not
recently investigated | investigated | investigated | investigated | investigated
blasted rock
surface.
Optimized Not Not Not Not Not
foundation investigated | investigated | investigated | investigated | investigated
location
Rock surface | Notknown | Notknown | Notknown | Notknown | Not known
gradient
Empirical
deformation 3/8 GPa 9/13 GPa 7/15 GPa 10/15 GPa 7/15 GPa
modulus
Maximum
allowed soil 0,6 MPa 1,3MPa 1,3MPa 0,6 MPa 1,3MPa
pressureon

rock surface




Attachments:

1 Results site 2-1
2 Results site 2-4
3 Results site 2-6

4 Results site 2-7
5 Results site 2-8

Maria Gothfors
Bergab- Berggeol ogiska Undersokningar AB

Gothenburg 2010-03-02



Berggeologiska Undersékningar AB

Attachment 1.
Site 2-1 M ehuken

Drill core 2-1, box 1

Drill core 2-1, box 2
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Drill core 2-1, box 3

Drill core 2-1, box 4
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Attachment 2.
Site 2-4 M ehuken

Drill core 2-4, box 1

Drill core 2-4, box 2
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Drill core 2-4, box 3
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Attachment 3.
Site 2-6 M ehuken

Drill core 2-6, box 1

Drill core 2-6, box 2
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Drill core 2-6, box 3

Drill core 2-6, box 4
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Attachment 4.
Site 2-7 M ehuken

Drill core 2-7, box 1

Drill core 2-7, box 2
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Drill core 2-7, box 3

Drill core 2-7, box 4
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Site 5.
Foundation 2-8 M ehuken

Drill core 2-8, box 1

Drill core 2-8, box 2
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Drill core 2-8, box 3

Drill core 2-8, box 4






SpecimenID
2.1
2.4
2.7
2.8

E[GPa]
135.2
34.8
97.0
211

Sa_max[MPa]
303.9

76.6

261.0

120.8

diam[m]
0.0448
0.0448
0.0451
0.0450

height[m]
0.1275
0.1279
0.1275
0.1274

gauge_length[m]
0.0640
0.0640
0.0640
0.0640





