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ABSTRACT

Provenance studies reconstruct the erosion and transport history of sediments based on char-
acter and composition of deposited sedimentological records with implications for uplift and
subsidence of the investigated area. This Master thesis presents a new combination of in situ
analytical methods for qualitative provenance studies exemplified on siliciclastic sediments
from three offshore exploration wells in the Miocene Molo Formation on the Norwegian Sea
continental shelf (wells 6610/3-1, 6610/7-1, 6510/2-1). The first method applied was scanning
electron microscope backscattered electron and cathodoluminescence (CL) imaging. The sec-
ond method was high-resolution trace element analysis by means of laser ablation combined
with inductively coupled plasma mass spectrometry. The study focused on Al, Ti, Li, and Ge,
which are among the most common trace elements in quartz and indicative for their crystal-
lization environment. Based on CL and trace element properties, individual quartz grains were
characterized and seven generic types of plutonic and metamorphic quartz grains were dis-
tinguished. These are indicative of different magmatic/metamorphic histories. The geochem-
ical properties were used for a comparison with quartz grains in rocks sampled from Precam-
brian basement at saprolitic outcrops on Hadselgya and Hamargy as well as with weathered
bedrock samples from the Froan Basin (6408/12-U-01), and Ribban Basin (6814/4-U-1). An
overlap of the quartz types within particular wells and among the three sampled wells implies
common provenance and hence common sediment catchment areas for a depositional area
comprising 130 km horizontally and 500 m vertically. The subtypes show various local base-
ment provenance signatures and the classification implies a main provenance of granitic plu-
tonic rocks. The properties of the quartz grains sampled offshore do not correspond to those
from quartz in saprolitic sand and mangerite thin sections sampled on Hadselgya and
Hamargy. This implies that the locations did not act as sediment source for the Molo For-
mation but rather for the overlying Plio-Pleistocene Naust Formation. Best match between
source and sink material was found among deeply weathered bedrock sampled from the
Froan Basin and the Molo Formation, suggesting an alongshore south to north-eastern sedi-

ment transport direction.

Key words: Provenance study, quartz, cathodoluminescence, laser ablation, trace elements, saprolite,
uplift, Norwegian Sea continental shelf, Molo Formation, Miocene
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Abbreviations

Ab albite, a plagioclase feldspar

pum micrometre, one millionth of a metre

BAM  Bundesanstalt fiir Materialforschung und -priifung (Federal Institute for Materials Re-
search and Testing)

BSE backscatter electron

CCcD charge coupled device

CL cathodoluminescence

e.g. exempli gratia, for example
EPMA electron microprobe analysis
etal. etalia, and others

Fm formation

Fs feldspar

Ga gigaannum, billion years

GW gigawatt, one billion watts (joule per second)
Hz hertz, one cycle per second

i.e. id est, that is

ICP inductively coupled plasma

IR infrared

IRD ice rafted debris

Kbar kilobar

Kfs K-feldspar, potassium feldspar
LA laser ablation

Laser light amplification by stimulated emission of radiation
LOD limit of detection

m a.s.l. metres above sea level

Ma megaannus, million years (ago)
MS mass spectrometry

NCS Norwegian Sea continental shelf

NGU Norges Geologiske Undersgkelse (Geological Survey of Norway)
NIST National Institute of Standards and Technology
NPD Norwegian Petroleum Directorate

nm nanometre, one billionth of a metre

ppm parts per million

QAPF  Quartz, Alkali feldspar, Plagioclase, Feldspathoid
Qtz quartz

RKB rotary Kelly bushing (metres below rig floor)
SEM scanning electron microscope

SRM standard reference material

TIB Transscandinavian Igneous Belt

TWIN  Tropical Weathering in Norway

UHP ultra high pressure

uv ultraviolet
WGR  Western Gneiss Region
Z atomic number (from German: Zahl)
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Preface

This study is part of the project Basement fracturing and weathering on- and offshore Norway
- Genesis, age, and landscape development (BASE), a joined research program implemented
by four teams at the Geological Survey of Norway (NGU) and SINTEF Petroleum Research, both
located in Trondheim, Norway. The project, designated for four years (2013-2017), investi-
gates age, present distribution, former extend, and relevance of fractured and weathered
basement rocks in Norway. It is funded by the following gas and oil companies: Lundin Petro-

leum, Det Norske Oljeselskap, Maersk Qil, and Wintershall.

11



12



1. INTRODUCTION AND OBJECTIVES

1.1 Leading geological question

This Master thesis aims to illustrate and critically examine a new multi-methodological ap-
proach for sediment provenance studies using geochemical and luminescence properties of
individual quartz grains in siliciclastic sediments.

A combination of analytical methods is applied to identify specific characteristics of sediment
particles that can be used to track their source area, defined as the location the original ma-
terial was first exposed to weathering and erosion. The methods include imaging with a scan-
ning electron microscope (SEM) equipped with a cathodoluminescence (CL) detector, as well
as mass spectrometry (MS) combined with laser ablation (LA).

The question will be addressed as to whether quartz particles found within Miocene sediment
layers on the Norwegian Sea continental shelf are directly derived from saprolitic outcrops of
basement rocks presently preserved on the mainland of northern Norway. The practicality to
match the sediment grains to this specific source will be tested and alternative sediment prov-

enance consulted.

1.2 Background

Extensive offshore drilling by numerous gas and oil companies on the Norwegian Sea conti-
nental shelf (NCS) has contributed to an abundance of geological data over the last few dec-
ades (e.g. Ottesen et al., 2009). These data, combined with countless seismic profiles, enabled
a reasonable understanding of the subsurface and revealed a long succession of geological
history represented in sedimentary layers deposited on the continental shelf. However, most
of those ancient layers are sparsely represented on the mainland of Norway or even com-
pletely absent today. Uplift and glacial erosion in the Cenozoic Era erased most geologic evi-
dence (e.g. Riis, 1996; Stuevold & Eldholm, 1996). It might be obvious to assume that all de-
posited sediments offshore originate from the elevated, proximal hinterland. However, sedi-
mentary transport is complex, influenced by various processes and has to be studied in detail

before an authoritative conclusion can be drawn.
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At only one known locality on mainland Norway Mesozoic remnants of rocks and sediments
have been preserved (see @rvig, 1960; Dalland, 1975; and Bge et al., 2010 for a review). This
locality allows insights into past geologic times of elsewhere eroded material and is of signifi-
cant importance for sediment provenance studies and the overall geological history of Norway
and its continental margin.

Likewise scarce but more common than rocks of actual Mesozoic age are locations with pre-
served remnants of basement rocks that were affected by Mesozoic weathering. For this Mas-
ter thesis, samples taken from such locations in northern Norway serve as potential source
material for sediments today buried deep within the adjacent continental shelf. The objective
is to link source and sink by a systematic comparison of on- and offshore sediment and solid
rock samples. The required data for the investigation was obtained by a number of destructive
and non-destructive analytical methods which will be illustrated in detail (chapter 3). The
study utilizes CL signal properties and chemical trace element content data gathered by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). By this means, lumines-
cent and geochemical characteristics of sediment grains were identified and representative
categories within the investigated samples developed accordingly. Sediment grains that show
similarities in terms of CL signal and trace element content are interpreted to represent a
common source as the properties are the result of a common crystallization and/or metamor-
phic history. The method allows, in theory, an allocation of sediments to their source area if
the properties identified emerge in source- and sink sediments equally.

This chapter provides a theoretical background of the methods and introduces the main types
of the investigated material. In order to provide sufficient background knowledge that allows
a placement of the study sites with its sampled material in a vertical, horizontal, and temporal
context, important general properties and geologic relevance of both source and sink area
material are presented first.

After a subsequent presentation of the study area and the stratigraphy of the NCS (chapter
2), the applied methodology as well as the equipment used will be illustrated. The quartz grain
categories and relevant trace element data will then be presented and interpreted. Finally,
the overall applicability of the multi-methodological approach for provenance studies will be

discussed.
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In the following, the potential source material, i.e. saprolitic corestones and derived sand
taken from the mainland will be introduced. This subchapter is followed by a general descrip-
tion of the mineral quartz, which is the object of investigation for the entire study. The suita-
bility of the mineral will be emphasized and discussed. Both subchapters contain explanations
of the most important geological and geomorphological processes involved, especially weath-

ering and sedimentation.

1.3 Tropical weathering in Norway — Saprolites

Weathering is the main process that leads to disintegration of solid rock material and is reg-
uisite for clastic sediments (Nesbitt et al., 1997). The process is driven by a variety of agents
that operate in different ways depending on the prevailing climate or latitude, respectively.
The rates of weathering are controlled by the source rock composition and may vary according
to changes in the tectonic setting (Nesbitt et al., 1997; Nesbitt, 2003). All of these factors have
a strong influence on the production and composition of sediments.

Solid crystalline bedrock is influenced by atmospheric processes causing weathering as soon
as it is exposed at the Earth’s surface. However, under certain circumstances, weathering can
affect the basement or bedrock that is still buried under sediments or soil. Or, put another
way, the weathering surface can be shifted downwards when loose material stays on top of
it. Erosion, the removal and transport of the weathered particles, usually takes over and even-
tually the material is deposited as sediment remotely when transport ceases. Whether or not
erosion takes place depends on the availability of transport agents and the relief at and around
the weathered material. In the course of geologic time, deposition of once weathered and
eroded material has built up thick sediment packages especially on shelfs of passive continen-
tal margins. At the mid-Norwegian shelf, this package reaches a thickness of more than 2000
m (Smelror et al., 2007). Tectonically undisturbed weathering and erosion eventually form a
flat, slightly undulating planation surface called peneplain (Reusch, 1901; 1903). This is the
last state of the erosion cycle and can be defined as a state were the base level is equal or
close to sea level.

Deep chemical weathering, as opposed to physical weathering on exposed rocks, is usually
assigned to tropical and subtropical latitudes (see Fig. 1) in areas where warmer climate with

a higher humidity favour chemical reactions (White & Blum, 1995; White et al., 1999; Nesbitt,
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2003). An extensive vegetation cover might also facilitate chemical weathering (Drever, 1994;
Nesbitt, 2003). Constant percolation of potentially acidic rainwater is reduced in higher lati-
tudes due to the temporary storage of precipitation as snow and ice. Rates of chemical weath-
ering are therefore reduced (Nesbitt, 2003). The presence of deeply weathered layers or re-
mains of such layers that have been found on the mainland of Norway (Olesen, 2012), pres-
ently lying at high latitudes with temperate to arctic climate, brings up the question of how
these layers have evolved (see Fig. 2).

The primary agents of chemical weathering are water charged with CO, and organic acids
(Nesbitt & Young, 1984). Deep weathering profiles develop when erosion rates are low and
acid input (e.g. through precipitation or released by roots) is high (Nesbitt et al., 1997). Chem-
ical weathering of feldspars (or other primary minerals) leads to the formation of clay miner-
als, referred to as secondary weathering products. Certain clay minerals as for example smec-
tite, kaolinite, or gibbsite in particular are indicative of strong weathering that occurred most
probably in a warm and humid climate (Roaldset et al., 1982) (Fig. 3 & 4).

The general importance of deep weathering as a process formative for the relief, especially
on bedrock, has long been recognized and was mainly observed and studied in regions actu-
ally featuring tropical climate (e.g. Thomas, 1966, and references therein). The idea that deep
chemical weathering was a major process that also extensively shaped the Scandinavian land-
scape was introduced by Lidmar-Bergstrom (1982; 1988) and mainly studied and demon-
strated in southern Sweden.

Weathering in Norway of supposedly pre-glacial age was already described around 100 years
ago (Schetelig, 1918, cited in Lag, 1945). Lag (1945) noted that thick layers of residual soil or
weathered rocks are not expected to be found in Fennoscandia, referring to the recent glaci-
ations. Similar observations have been made in Finland (Kejonen, 1985) and Scotland (Fitzpat-
rick, 1963; Hall, 1985). The thickness and position of the weathered profiles suggested that
the material has somehow survived glacial erosion. However, the sole presence of these pro-
files does not necessarily exclude the possibility that the weathering occurred more recently
during post-glacial times (Peulvast, 1985; 1988; Sgrensen, 1988). Kejonen (1985) in fact clearly
sees the weathering to be of pre-glacial origin but also states that the observed type of weath-
ering, called grusification, could also have developed in the present climate. Peulvast (1985;
1988) came to a similar conclusion for his study of in situ weathered rocks in the Lofoten-

Vesteralen area in northern Norway.
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Figure 1: World map showing the present distribution of deep tropical weathering. Modified after Biidel
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Figure 2: Modelled plate tectonic drift pattern of Norway from Carboniferous to the present day. The
model indicates that the part of the Baltic Shield that comprises Norway today was situated at tropical
latitudes at least until Triassic times. Figure modified after R. J. Watson, based on data from Torsvik &
Cocks (2016). Source: NGU (2015).
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Pre-glacial weathering in a tropical climate is questioned mainly because of the low clay con-
tent at some investigated localities of deep weathering (Peulvast, 1985; 1988). However,
Roaldset et al. (1982) investigated weathered gabbro and granite in western Norway and
found high amounts of clay minerals indicative of lateritic weathering. Lateritic weathering
has been known to occur under tropical climate conditions and according to Roaldset et al.
(1982), the findings suggest an age of at least late Neogene. Nesje et al. (1988) also report clay

minerals indicative of pre-glacial weathering and agree with Roaldset et al. (1982).

The majority of authors favour the idea that the deep weathering occurred in pre-glacial,
warmer climate and that the profiles have been preserved throughout the Pleistocene glacia-
tions. A major contribution to the subject was done by Lidmar-Bergstrom (1982; 1988; 1995;
1999), who linked deep weathering processes to many of the landscape surface characteristics
of Scandinavia that were usually seen as the result of glacial erosion. According to Lidmar-
Bergstrom (1995), glacial erosion and differences in bedrock alone cannot explain the vertical
relief variations on the Baltic Shield. In Sweden, the Precambrian basement shows regional
variations independent of rock type. According to Lidmar-Bergstrom (1995), the time of base-
ment surface exposure and weathering intensity during the Phanerozoic are the most im-
portant factors that shaped the diverse relief rather than the eroding force of the ice sheet
and glaciers (Lidmar-Bergstrom, 1995). The joint valleys in southern Sweden were formed in
the Neogene as a result of denudation of Mesozoic weathered basement that developed in
faults and fractures (Lidmar-Bergstrom, 1995). The character of this relief is also present in
Norway (Olesen et al., 1997) and an extension of this explanation for the landscape develop-
ment to Norway seems reasonable (Olesen et al., 2012; Olesen et al., 2013).

Tropical Weathering In Norway (TWIN) is the name of a joint research project that predomi-
nantly studied saprolites (i.e. weathered bedrock) on- and offshore Norway and ties on the
results of Lidmar-Bergstrom acquired in Sweden. The TWIN project was established in 2009
as a collaboration of the Geological Survey of Norway (NGU) and the Norwegian Petroleum
Directorate (NPD). The main results are summarized in a comprehensive report authored by
Olesen et al. (2012). The project established a database containing all known locations of deep
weathering in Norway and investigated selected localities of saprolite occurrences in southern
and northern Norway. Two of those localities were also sampled, studied, and discussed for

this thesis.
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Figure 3: Schematic relief differentiation model suggesting a possible development of weathering sur-
faces the on the Baltic Shield. A: Sub-tropical weathering dissolves bedrock especially along pre-existing
fractures (indicated joints). B: Removal of the weathered material by erosion. C: Preservation of the
developed landscape due to relative sea level rise and associated sedimentation of marine sediments
on top of it. D: Present situation. Neogene uplift and associated erosion proceed relief differentiation.
Erosion of the weathered material has increased relief amplitude. The model is based on Lidmar-Berg-
strém (1995); here modified after Olesen et al. (2007).
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The word saprolite is derived from the Ancient Greek word “sapros” and literally means “rot-
ten rock” or “decomposed rock”. As indicated in Fig. 4, saprolites develop when upper parts
of basement rock are affected by extensive chemical weathering without subsequent erosion.
Saprolites can be seen as disintegrated, decomposed bedrock at its original position (autoch-
thon), forming a smooth transition zone between solid rock and soil (see Fig. 4). Especially in
this transition zone (zone lll and IV in Fig. 4), between the yet solid rock and the loose material
lying on top of it, corestones can develop. Corestones are the result of spheroidal or concen-

tric weathering and are commonly found in saprolitic profiles (see Fig. 6).

As in Sweden, deeply weathered basement in Norway is predominantly preserved along
faulted and fractured zones where confined subsurface structures lead to concentrated per-
colation of acid rainwater (Olesen et al.,
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of bedrock (see Lidmar-Bergstrom, 1995,

Rock Fragments

and references therein). The differences
in relief remaining when the saprolites
are removed depend on bedrock proper-
ties (erodibility), course and spacing of

joints, and the overall weathering history

(Lidmar-Bergstrom, 1995).

Figure 4: Idealized undisturbed weathering profile of granitic bedrock under tropical climate conditions.
The four zones indicate successive grades of weathering starting from bedrock with joints and
corestone development (V) to clay-rich soil devoid of original rock texture (I). The columns on the left
and right show the relative increase and decrease of clay types and residual weathering products.
Source: Nesbitt (1997).
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Figure 5: Saprolitic profile in Brennvinshaugen on Hadselgya, south-west Vesterdlen. The scarp is ap-
proximately 18 m high. Details are given in Fig. 6 below.
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Figure 6: Weathered basement and corestone development on Hadselgya, south-west Vesterdlen. A:
Corestone development in an outcrop representing zone IV (see Fig. 4). The preserved crystalline fabric
is evidence for the in situ state of the weathering. B: Solid corestone in loose weathered material. C:
Strongly weathered remains of a corestone. D: Grus of different grain sizes at the foot of an open profile
(Fig. 5). Scale bar in all four images: 15 cm.
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The known sites with saprolites in Scandinavia are interpreted to represent remnants of layers
once having much greater horizontal and vertical extend (Olesen et al., 2012). According to
this assumption, most of the material was eroded, transported, and deposited on the shelf
and adjacent areas. The yet remaining saprolites on the mainland somehow have survived
glacial erosion, given they are of pre-glacial age. This allows to consult the material as refer-
ence for provenance studies of sand deposited on the proximal shelf. The former extent of
the saprolite layers remains unknown, as does the present location of the eroded material.
The term saprolite does not imply any specific composition. However, the global prevalence
of the mineral quartz in basement rocks makes saprolites and saprolitic sand suitable for prov-

enance studies based on quartz.

Saprolitic layers feature a higher porosity and permeability than the basement below and can
principally serve as hydrocarbon or groundwater reservoir or migration path for hydrocarbons
of economicinterest. In addition, deeply weathered rock formations are potentially hazardous
for constructions as for example tunnels or foundations and can possess a danger of rock av-
alanches and slides (Olesen et al., 2012). Their extent in both horizontal and vertical direction

is therefore of great interest not only for geologists.

1.4 Properties and applicability of quartz

Since this study is exclusively based on quartz, some general information and properties of
the mineral are given first. Quartz is a mineral composed of silicon dioxide, also called silica, a
chemical compound of one silicon and two oxygen atoms (SiO,). It is the most common silica
modification. Quartz exists in nature in many varieties in both colour and microstructure and
is @ major constituent of numerous rock types. Quartz is considered one of the most pure
minerals in the Earth’s crust that in its purest form contains only small amounts of trace ele-
ments (Gotze, 2009; 2012; Miiller et al., 2012). Quartz is particularly applicable for provenance

studies due to a variety of unique properties.
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1.4.1 Physical and chemical properties

Quartz has a white streak, vitreous luster, and a hardness of 7 on the Mohs scale of mineral
hardness which basically refers to scratch resistance. The room-temperature form of quartz
(a-quartz) turns into the high-temperature B-quartz at 573°C under atmospheric pressure as
it undergoes crystal structure change. This implicates that a very high temperature is neces-
sary to change the intrinsic properties of a quartz grain once it is crystallised (e.g. Miiller et
al., 2002). Size and shape and corresponding roundness and sphericity change as the grains
undergo physical contact with other solid matter on the sedimentary transport path. How-
ever, the overall inner structure stays the same which was repetitively shown by quartz-based
provenance studies (e.g. Bernet & Bassett, 2005; Seyedolali et al., 1997). Nevertheless, once
a quartz grain enters the geologic rock cycle again by increasing metamorphism and possibly
melts, its geological history is erased. It remains unknown whether or not and how often a
mineral has already been part of that cycle.

From a chemical point of view, quartz also comprises an exceptional stability. Experiments
have shown that dissolution of quartz does not occur in most natural environments since so-
lutions are easily saturated in the mineral (Nesbitt et al., 1997, and references therein). The
weathering of feldspars in rocks also containing quartz releases SiO, to solution, which readily

leads to quartz saturation and a stop of further dissolution (Nesbitt et al., 1997).

1.4.2 General applications

Quartz has become an important natural source for silicon used in semiconductor industry
and for mono- and polycrystalline silicon in the photovoltaic industry. It also finds versatile
applications as glasses or component of glasses in its amorphous state. Furthermore, quartz
is used as a raw material for gemstones and decorations due to its colourful varieties (e.g.

amethyst, rose quartz, tiger’s eye, or the hydrated opal).
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1.4.3 Occurrence of quartz

The Earth’s solid crust is predominantly made of silicates resulting in silicon being the second
most abundant element in the crust after oxygen. Quartz is therefore one of the most com-
mon minerals found within and on the continental crust and is a substantial constituent of all
granitoids. With 20 % of all minerals, quartz is the second most abundant mineral in the upper
continental crust after plagioclase (Nesbitt & Young, 1984). Quartz crystallizes from magma
or precipitates hydrothermally. As a rock-forming mineral it occurs in sedimentary, metamor-
phic, as well as in plutonic rocks. An overview of estimates of the quartz distribution in differ-
ent rock types is given by Wedepohl (1995). Whitish quartz is referred to as milky quartz when
it is characterized by frequent fluid inclusions that are caused by fluids present during crystal-
lisation and is commonly found precipitated in hydrothermal quartz veins. Hydrothermal flu-
ids can provide suitable pressure and temperature conditions for quartz formation that are
usually found in greater depths only. Hydrothermal quartz therefore forms in a wide range of
pressure and temperature conditions (Rusk, 2012). Igneous quartz includes volcanic and plu-
tonic quartz. Volcanic quartz is derived from volcanic eruptions and lava outflow. The grains
usually undergo rapid cooling and hence crystallization. Textures, as for example growth zon-
ing, are therefore commonly well preserved (Rusk, 2012). Plutonic quartz crystallizes more
slowly in plutons deep within the continental crust, which is a common process in subduction
zones. Quartz of any origin that underwent strong metamorphism is referred to as metamor-
phic quartz. It can be differentiated between low-grade, medium-grade and high-grade met-
amorphic quartz (according to today’s concept of the metamorphic facies, based on early
work by Eskola, 1920) (see Fig. 7). This differentiation is a representation of how strongly the
minerals, or the rock containing the minerals, has been deformed. Quartz formed in situ by
recrystallization or precipitation from fluids is referred to as authigenic quartz. This can prin-
cipally occur with any type of quartz if the required diagenetic or metamorphic conditions are
given. A single detrital grain with authigenic quartz overgrowth can hence consist of parts or

zones that formed far apart from each other.
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Figure 7: Pressure-temperature diagram showing the 8 principle metamorphic facies. The grey lines
indicate that boundaries between the facies are gradational and have to be seen as proximate values.
Source: Dusel-Bacon (2012). Based on data by Holdaway (1971) and Spear (1993).

All these types of quartz are subject to the same physical processes after their formation and
guartz sand is one of the most common clastic sediments. Clastic sediments (as opposed to
biogenic sediments) are particles derived from larger rock material broken down by weather-

ing and erosion. Particles of disintegrated parental rock are usually carried by wind and water
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(and, to a lesser extent, by ice) away from their original source. Transport predominantly fol-
lows the gravitational pull towards a depositional sink. On the way from the source to the sink,
grains are shaped by abrasion and as a general rule, roundness increases and grain size de-
creases with increasing distance.

Sand particles usually slow down and deposit at coast when transport agents like water of
narrow rivers loose energy by entering larger bodies of water. Due to its relatively high hard-
ness and hence resistance to abrasion and dissolution, quartz sand is highly abundant in many
mature depositional areas and generally seen as a residual mineral (e.g. Nesbitt et al., 1997,
Nesbitt, 2003).

Considered, for example, the common plutonic parental rock granite, the less stable feldspar
and mica minerals erode earlier (Grant, 1963; Nesbitt & Young, 1984), disintegrate into
smaller particles and are subsequently transported further away. This leaves the amount of
quartz relatively increased in both its source and sink area (e.g. Nesbitt et al., 1996; Nesbitt et

al., 1997).

1.4.4 Trace elements in quartz

Trace elements in minerals are conventionally defined as being less abundant than 0.1 weight
percentage (< 1000 ppm). Even though quartz is one of the most pure minerals in the world,
it may always contain quantifiable amounts of trace elements (Fig. 8). The amount of such
elements in quartz is highly confined due to several reasons. There is only a limited number
of ions that can substitute for the silicon ion Si** in the crystal lattice, mainly due to its small
size (Gotze et al., 2004; Gotze, 2009). Possible substitutional ions include AI?*, Fe3*, B3+, Ti**,
Ge?*, and P°* (Mdller et al., 2012). Other ions such as Li*, K*, Na*, H*, and Fe?* occur at inter-
stitial positions in the lattice. In addition, the strong atomic configuration of the SiO, bonds
prevents most other elements from being incorporated into the atomic structure (Flem et al.,
2002). The incorporation of single external ions into the crystal lattice leads to so called point
defects (e.g. GOtze, 2012a) (Fig. 9). Impurities of quartz also occur as larger defects within the
crystal lattice (interstitial) or as mineral or fluid inclusions. Lattice defects can generally occur
in different types and frequencies, depending on the conditions that prevailed during miner-
alization (Gotze, 2009). Mineral and fluid inclusions are not considered to be trace elements

in a strict sense since they are generally seen as remnants of other, not specifically quartz-
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related materials, which were present during the crystallisation of the quartz mineral. There-
fore, they are excluded from this study and only used quantitatively for classification pur-
poses. The most common structurally bound trace element in quartz is aluminium, followed
by titanium (Gotze, 2009; Miiller et al., 2012) (Fig. 8). Aluminium is the third most common
element in the continental crust (see e.g. review in Taylor, 1964). In addition to the global
prevalence of the element, the cations Si** and Al** feature similar ionic radii, which favours
substitution (Gotze, 2009). Several studies attempted to distinguish between structurally
bound, “true” trace elements and those concentrated in inclusions (e.g. Blankenburg et al.,
1994; Gerler, 1990; Gotze et al., 2004). Figure 8 illustrates amounts and type of the most com-
mon structurally bound trace elements in natural quartz. This thesis concentrates on the ele-
ments Al, Ti, Li, and Ge that are known to be mainly structurally bound. In addition, these four
elements occur at elevated concentrations in quartz and are genetically indicative of mag-
matic rocks (e.g. Miller et al., 2015). Other analysed elements, such as Na, K, and Mg are
known for commonly being hosted by fluid inclusions (Miller et al., 2003; Gotze et al., 2004)
and are therefore used to verify the data obtained by LA-ICP-MS (see below). Unusually high

amounts of Fe, for example, indicate mineral inclusions involved in the data.
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Figure 8: Compiled average concentration and variations of lattice-bound trace elements in natural
quartz. Data is based on an average of 2500 LA-ICP-MS analyses. Data shown in black: 2117 LA-ICP-MS
analyses carried out at NGU in Trondheim (Miiller et al., 2012). Data shown in grey: Gerler (1990),
Blankenburg et al. (1994), and Gétze (2009). Chlorine concentrations are uncertain due to the very high
detection limit of approximately 100 ppm. Source: Miiller et al. (2012).
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Figure 9: Schematic quartz structure indicating the configuration of the most common possible lattice
defect types. Modified from Miiller et al. (2012) and Gétze (2009).

1.4.5 Laser ablation and trace element analysis

The general usefulness of trace elements in quartz as indicators for provenance has long been
recognized (see Dennen, 1967, and references therein). Dennen (1967) already states that
qguartz derived from different granites can be distinguished by different trace element propor-
tions. The achievable resolution and speed for trace element analyses increased dramatically
within the last decades with the development of LA-ICP-MS (Flem et al., 2002; Miiller et al.,
2003; Flem & Miiller, 2012). Laser ablation is a process in which a highly focused laser beam
removes material from a sample. The vaporized matter can then be analysed by an inductively
coupled plasma mass spectrometer, which reveals the concentration of elements selected
prior to the analytical process. Highly sophisticated calibration is necessary especially for
quartz analyses since trace element contents are close to the detection limits (LOD) of the

equipment. Nevertheless, LA-ICP-MS allows the detection of trace elements even in high-pu-
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rity quartz (Miller et al., 2012). Chemical cleaning in order to remove mineral and fluid inclu-
sions is not necessary since the method allows optical control and manual determination of
ablation paths around visible impurities. The employed application and more specific details

are described in chapter 3: Materials and Methods.

1.4.6 Cathodoluminescence properties of quartz

This subchapter provides a short introduction to cathodoluminescence (CL) as used in miner-
alogy with emphasis on the CL properties of quartz. More details and the specific application
of the method are given in chapter 3. Since the study at hand uses panchromatic CL micro-
graphs only, terms such as black and white or dark and bright referring to CL contrasts are to
be seen relatively. Different contrasts represent different colours that were used in several,

especially early optical CL studies but neglected here.
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Figure 10: Schematic representation of electron-beam response and interaction with a specimen. The
signals are measurable with different detectors that can be attached to a scanning electron micro-
scope. The respective emissions originate from different depths of the sample, e.qg. cathodolumines-
cence from deeper than backscattered electrons. Source: Boggs & Krinsley (2006), based on Walker &
Burley (1991).

Cathodoluminescence is a type of luminescence generated by high-energy electron irradiation
(see Fig. 10). The energy is transmitted via a cathode, which gives the type of luminescence

its name. The CL characteristics of a sample can be investigated with a SEM equipped with a
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CL detector. The technique is used in mineralogy as a high-resolution analytical method capa-
ble of visualising internal structures of merely weak-luminous minerals such as quartz. By this
means, features are revealed that are indiscernible with SEM in backscattered electron modus
or optical microscopy (see Fig. 11) (Seyedolali et al., 1997). For example, sand that consists
only of high-purity quartz appears whitish when viewed with the naked eye under visible light.
A closer look at natural sand grains deposited at the coast usually reveals some variation in
colour ranging from glassy-transparent to black (see Fig. 26). CL visualizes colours and con-
trasts that emerge as response to intrinsic properties of the crystal that are still not fully un-
derstood (Seyedolali et al., 1997; Bernet & Bassett, 2005; Muller et al., 2012). Structures and
features revealed by CL include growth zoning, traces of cracking, fracturing and shearing on
a micro-scale, different quartz generations within single grains, and fluid migration-induced
alterations along fractures (Miiller et al., 2012). Consequently, the CL signal can hold infor-
mation on the crystallization and deformation history of quartz. The distribution, variation,
and concentration of trace elements within the crystal lattice are known to be the main cause
for the diverse CL contrasts (Bernet & Bassett, 2005; Mdller et al., 2012). Deformation, includ-
ing fluid migration along micro-fractures, leads to redistribution of trace elements in the
quartz lattice (Mdller et al., 2002). Studies by Sippel (1968) and Smith & Stenstrom (1965)
already described the possibility to differentiate between primary (i.e. unaltered, original) and
secondary (altered) quartz by different CL contrasts. The dark appearance of secondary quartz
in contrast to primary quartz was repeatedly demonstrated by several studies (Seyedolali et
al., 1997; Muller et al., 2002; Miiller et al., 2003; Bernet & Bassett, 2005; Muller et al., 2012;
Gotze, 2012b). The majority of these studies confirmed that the low CL signal in secondary
qguartz is due to low defect concentrations in the crystal lattice. The different CL contrasts
were hence proven to be influenced by the trace element distribution, although the overall
CL signal might be influenced by other features, like for example lattice defects that are not
trace element-related. Figure 11 below provides a comparison of two types of scanned images

(micrographs) obtained with SEM applying different types of detectors.
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Figure 11: Cathodoluminescence (CL) micrographs in comparison with Backscatter electron (BSE) mi-
crographs. A: CL revealing frequent secondary structures in the quartz grain but no distinct micro-in-
clusions are visible. B: The same location on the sample scanned with BSE revealing frequent micro-
inclusions (white dots) but no secondary structures. C: CL scan revealing three different mineral altera-
tions of the grain (arrows). D: BSE scan of the same location revealing that all three alterations consist
of the same mineral, but traces of a different mineral phase become visible at the grain margin (com-
pare arrows).

The use of CL properties of sediment particles for provenance studies has long been estab-
lished in sedimentology (see Gotze & Zimmerle, 2000; and Gotze et al., 2001 for a review).
The same applies to the use of trace element signatures. The multi-methodological approach
for provenance studies that combines both techniques was recently introduced to the scien-
tific community (Mdiller & Knies, 2013). The CL signal in combination with data obtained by
LA-ICP-MS provides a unique technique to reveal characteristic properties of sediment grains
that together can be seen as a fingerprint or a “mineralogical DNA sequence”. This finger-
print represents the chemical conditions of the mineral during the time of its formation

(Gbtze, 2009).
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The advantages of quartz for provenance studies can be summarized as follows:

e Quartzis a substantial constituent of most continental rocks including the
granitic/gneissic basement in the study area.

e Because of the high abundance of quartz, the presented approach allows the
application for provenance studies with comparability across the globe.

e Quartz grains are exceptionally resistant to both physical and chemical weathering.

e Quartz has exceptionally stable SiO, bonds that allow only limited incorporation of
other (foreign) elements into its crystal lattice. Once the foreign elements are
incorporated during crystal growth, they can only hardly be removed or redistributed
by weathering, erosion, and diagenesis.

e The high purity of the mineral allows a relatively fast and accurate analysis with laser
ablation and inductively plasma mass spectrometry without sophisticated specimen
preparation.

e The cathodoluminescence signal as a result of the trace element content and the
distribution of lattice defects does not change on the way to the depositional sink
given that no metamorphic processes are involved.
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2. PHYSIOGEOGRAPHIC AND GEOLOGICAL SETTING

This study focuses on the Norwegian Sea continental shelf (NCS) and coastal area of north-
western Norway (Fig. 12). The Norwegian Sea lies between the North Sea in the south and the
Barents Sea in the north and borders on the Greenland Sea towards the west. The study area
includes the inner shelf, an island of the Lofoten-Vesteralen archipelago (Hadselgya), as well
as adjacent peninsulas on the mainland south of that island (Hamargy, Hundholmen) (Fig. 13).
It stretches across the Arctic Circle from 64° N to 69° N. The whole study area thereby extends
over a distance of approximately 560 kilometres along the shelf and coast. This chapter pre-
sents a general geological and geomorphological background and elucidates the concept of

mountainous uplift.
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Figure 12: Overview map of the study area with indicated sample sites. For the Lofoten-Vesterdlen area
in more detail, see Fig. 13 below. Background images: Google Earth, 2013.
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Figure 13: Overview map of the Lofoten-Vesterdlen area that indicates the northern basement sample
sites. Background image: Google Earth, 2013.

2.1 Hinterland and Oceanography

The Norwegian Sea is the easternmost part of the open North Atlantic Ocean and is influenced
by the northward moving Norwegian Current, a warm coastal current that forms a branch of
the North Atlantic Drift, which in turn is a continuation of the Golf Stream (see Krauss, 1986;
Rossby, 1996; Hansen & @sterhus, 2000) (Fig. 14). The Norwegian Sea is ice-free throughout
the year. An ice cover only develops in small fjords in the interior of the country during winter.
Compared to other areas west of the North Atlantic that lie at the same latitude, Norway fea-
tures a relatively mild climate. This is mainly due to the warm ocean current and the influence

of the South Westerlies (see Seager et al., 2002; Meteorologisk institutt, 2016).
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Figure 14: Near-surface Ocean currents of the North Atlantic. Continuous red arrows: Warm Atlantic
water flow. Green dotted arrows: Cold water currents. Blue dashed arrows: Cold, low salinity current.
Broken red arrow: Norwegian Coastal Current, featuring lower temperatures and salinity than the
North Atlantic Current. From Lorentzen (2015), original source: Hansen & @sterhus (2000).
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The mid-Norwegian continental margin, i.e. the transition zone between the continental and
the oceanic crust that also includes the shelf, is commonly subdivided into three main seg-
ments based on structural elements: Mgre, Vgring, and Lofoten-Vesteralen (Faleide et al.,
2008; see Fig. 20). The Vgring Margin comprises the Trgndelag Platform that also includes the
Traena Bank with the Helgeland Basin, with one of the drilling sites (6610/7-1). Water depths
in this area range from 50 to 300 m at elevated banks and from 150 to 550 m at troughs
(Ottesen et al., 2009).

The bathymetry, the present relief of the NCS, is characterized by topographic highs and lows
traversed by traces of ice streams that moved from the glaciated mainland towards the outer
shelf during the last glacial periods (Fig. 15) (Vorren et al., 1998; Ottesen et al., 2005a,b; Rise
et al., 2005; Laberg et al., 2009). Extensive ice streams especially in the Vestfjorden area (see
Fig. 13 & 15) south-east of the Lofoten are believed to have contributed to the preservation
of the surrounding rugged mountains by providing concentrated and fast drainage of ice-
sheets during the Late Weichselian (Ottesen et al., 2005). Ice streams played a major role in
shaping the shelf and hinterland: They transported the majority of both ice and (glacial) sedi-
ments to the margin (Dowdeswell & Siegert, 1999) and thereby contributed to thick layers of
glacial till deposits on the shelf (Naust Formation, see 2.2.2 Offshore geology). The present
shelf edge and continental rise was shaped by several submarine slides that took place in the
late Quaternary (Vorren et al., 1998; Laberg & Vorren, 2000). The western Norwegian Sea
features deep sea with depths exceeding 3000 m.

The Norwegian landscape in general is characterized by the Scandes, the Scandinavian moun-
tains. The ancient mountain range extends along the mainland form south-west to the north
and marks a major water divide. The mountains are elevated up to 2470 m a.s.l. in south-
western parts of the country and to 1700 m a.s.|. east of the Vesteralen-Lofoten area. Summits
of the Lofoten itself reach altitudes of approximately 1000 m a.s.l. The Scandinavian moun-
tains have a major influence on the precipitation in Norway (orographic lift). Precipitation is
highest at the south-western coast and roughly decreases landwards as well as northwards

(Meteorologisk institutt, 2016).
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The entire Norwegian coast is
characterized by fjords and
plenty of islands and skerries.
Especially in mid Norway, the
coastal area features a charac-
teristic plane shape that has
been subject to some contro-
versy. This area was recognized
as a distinct coastal component
and initially named the “strand-
flat” by Reusch (1894), which
literally means “flat beach”. The
strandflat today is defined as a
geomorphological element
comprising the flat coast with
beaches, small islands and sker-
ries that lies partly below, partly
above, but always close to sea
level. It has a width of 50 —
60 km and an abrupt transition
towards the coastal mountains
and towards some protruding
mountains within. This transi-
tion is referred to as knickpoint

(Holtedahl, 1998).

Figure 15: Reconstruction of ice flow patterns and fast-flowing ice streams along the western margin
of the late Weichselian ice sheets from 57° N to 80° N. TB: Traeenabanken; RB: R@stbanken; V: Vestfjor-
den; T: Treenadjupet; L: Lofoten; H: Haltenbanken; B: Bear Island; TF: Tromsdflanket; F: Frgybanken;
MP: Mdlgy. Source: Ottesen et al. (2005b).

The strandflat is present along the coast between Stavanger and Magergya (59° N - 71° N) and

most distinctively developed between Mgre and the Lofoten including the study area (Larsen

& Holtedahl, 1985; Holtedahl, 1998). Several formation mechanisms have been discussed,
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amongst others by Nansen (1922), who considered frost weathering and planation by sea ice
as important factors (Holtedahl, 1998). Larsen & Holtedahl (1985) suggested that sea-ice ero-
sion and frost-shattering, influenced by marine abrasion and glacial erosion, were major pro-
cesses formative for the strandflat. Even though it is undoubtedly modified by ice-sheet ero-
sion, they considered it a non-glacial feature. Holtedahl (1998) later emphasised mainly glacial
erosion, marine erosion, and subaerial weathering as main processes that most probably af-
fected the coast in Late Pliocene to Pleistocene times. More recent work by Olesen et al.
(2013) involves deep tropical weathering of Triassic to Early Jurassic age and suggests the bed-
rock platform to be an exhumed old weathering surface. According to Olesen et al. (2013),
this surface was later levelled by Pliocene and Pleistocene erosion. Peneplanation was proba-
bly supported by frost weathering and ocean wave abrasion during periods where inland ice
did not reach the coast (Olesen et al., 2013).

The most protruding islands along the Norwegian coast belong to the Lofoten and Vesteralen
archipelagos. These islands, which lie between 67°25’" N and 69°20° N, form a south-west run-
ning extension of the continent where the Norwegian shelf reaches its narrowest extent.
Widespread plateaus exist on the mainland that are partly considerably traversed by major
valleys and fjords towards the coast. Mountains with alpine character are only present in the
main elevated regions north and south. The rivers that enter the sea in the study area are all
relatively short. The rugged relief devoid of major basins, the elongated fjords, and the early
descent of the mountains towards Sweden in the east and hence the Gulf of Bothnia prevents
the formation of prolonged rivers in northern and central Norway. The river catchment areas

along the shelf are accordingly small.

2.2 Geological background

2.2.1 Onshore geology

The Baltic Shield (or Fennoscandian Shield) is the widely exposed part of the East European
Craton, the Precambrian core of the palaeocontinent Baltica (Fig. 16). It forms the geologic
basement of Scandinavia with Norway being the north-westernmost limit of it (e.g. Gor-
batschev & Bogdanova, 1993). The shield is composed of several presently deeply eroded oro-
gens and microcontinents. It was subject to a diverse, mainly Paleoproterozoic continental
growth history that involved accretion of terranes, continental collision, shearing and nappe

38



thrusting, faulting and folding and related metamorphism, as well as subduction with corre-
sponding igneous activity (Gorbatschev & Bogdanova, 1993; Plant et al., 2005; Lahtinen et al.,
2008; Bingen et al., 2008). The younger Caledonian Orogenesis significantly reworked the

western margin of the shield after its formation.

wl » +?g°
Lofoten-Vesterdlen F//‘@

Fig. 13 and 18 {! //’ﬁ’ -

: 1{#,/

)

*
- gl

AR (
Westemn -
Gneiss ’ \\'j
Region x

fary
T
1|

ull y ALl b A I
k] ¢ g y ‘ ™ x .'_ :.-' 'Ii;'_ :". ..':I.

‘-_-_

5O
60° n."t"'ll Il

)
I

|| Norway!

177 Oclo Rif # + + TIB {Transscandinavian
— 115 lgneous Belt)

- Neoproterozoic and Phanerozoic cover ///// Svasafannian

- Caledonides % Karelian

Sveconorwegian Archaean

Figure 16: Overview map of the major geological subdivisions of the Baltic Shield. Source: Corfu (2004),
after Weihed et al. (2002).

39



The present division of the Baltic Shield is based on the respective predominant rock ages and
comprises several lithological units or tectonic blocks (Fig. 16): Archaean gneissic crust in the
northeast, the Paleoproterozoic Svecofennian Orogen in the centre, and the Mesoproterozoic
Sveconorwegian Orogen in the southwest (Lahtinen et al., 2008). Another important unit is
the so-called Transscandinavian Igneous Belt (TIB) that also outcrops in the Lofoten area and
south of the Vestfjord. The different lithological elements are briefly presented here with em-
phasis on the TIB.

The Svecofennian Orogen is a composite of microcontinents and juvenile island arcs that was
attached to the Archaean (Karelian) craton (Plant et al., 2005; Lahtinen et al., 2009). It is the
largest Paleoproterozoic lithological unit of the Baltic Shield and dominates the central part,
especially in Sweden and Finland. The Sveconorwegian Orogen south-west of it is the well-
exposed lithological unit that dominates southern and western Norway as well as the south-
west of Sweden. The orogen includes the Western Gneiss Region (WGR, see below). The oro-
genic belt is composed of terranes and continents that collided in the Mesoproterozoic
(Bingen et al., 2008).

The Transscandinavian Igneous Belt was formed continuously at the western edge of the
Svecofennian Orogen and has a north-south extend of more than 1200 km from the Lofoten
to south-western Sweden, where it primarily outcrops (Romer, 1992; Gorbatschev, 2004). The
plutons and batholiths of the TIB predominantly consist of mafic intrusion and coarse to me-
dium-grained granitoids with ages ranging between 1.85 and 1.67 Ga (Gorbatschev, 2004).
The predominantly massive TIB is little deformed but reworking and metamorphism induced
by the Sveconorwegian orogeny increases south and westward (Gorbatschev, 2004; Bingen et
al., 2008). Pascal et al. (2007) point out that the granitoid intrusions that form parts of the TIB
have a significant effect on the bulk density of the crust and therefore influence the uplift

potential of the Baltic Shield. TIB granitoids have a relatively low density (Pascal et al., 2007).

In the late Proterozoic (Proterozoic: 2500 to 540 Ma, Cohen et al., 2013), most of the Baltic
Shield was exposed, leading to a generally flat relief (Lidmar-Bergstrom, 1995). For this old
plane in Scandinavia, Reusch (1901; 1903) introduced the term paleic surface. However, he
also points out that the paleic surface was not a single peneplain. He attributed different ele-

vational levels to peneplains of different ages. Peulvast (1985) later assigned the two main
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peneplains to two major Cenozoic uplift events (see below). Peneplains are idealized, low re-
lief erosion surfaces, close to or at sea level. They are believed to have existed several times
in Scandinavia over geological time, including following the Caledonian orogenesis (Ramberg
et al., 2008).

The onshore bedrock and basement geology of Norway is widely uncovered by the erosional
power of past ice sheets and glaciers that were also responsible for the formation of the
deeply incised fjords along the coast. Glacial erosion has removed the bulk of former soils and
sediments and with it the geological record that now has to be studied indirectly based on
sediment deposits from the adjacent shelf (e.g. Riis & Fjeldskaar, 1992; Riis, 1996).

Norway’s bedrock geology is characterised by the Caledonian Orogen overlying large parts of
the Precambrian basement (see Fig. 17). The Caledonian orogeny, the continent-continent
collision of the palaeocontinents Baltica and Laurentia that contributed to the formation of
the Scandes Mountains, is of Silurian to Early Devonian age (see Gee & Sturt, 1985). However,
the timing and delimitation of the collision is a complex issue. Gee et al. (2008) designate the
beginning of the orogenesis to the early Ordovician (480 Ma) and McKerrow et al. (2000) sug-
gest to include even early tectonics of Cambrian age into the overall Caledonian orogeny. A
subduction zone was formed presumably in the Ordovician in which Baltica was subducted
beneath Laurentia (Gee, 1975; Gee et al., 2010). The collision closed the lapetus Ocean and
left behind a suture providing a weak zone for future rifting. Ocean-derived allochthons, i.e.
oceanic crust material that has been transported away from its place of formation, preserved

in the Scandes, is evidence for the earlier closure of the paleo-ocean (Gee et al., 2008).

The breakup of the crust between Eurasia and Greenland, and hence the onset of the devel-
opment of the Norwegian continental margin, occurred in the early Eocene under massive
magmatic activity (Faleide et al., 2008). The Norwegian continental shelf is hence part of an
ancient, volcanic active continental margin. The margin in mid-Norway became passive in mid-
Eocene time (Faleide et al., 2008). This event marks the beginning of sea-floor spreading in
the North Atlantic Ocean that continues to the present day (e.g. Mosar et al., 2002a).

The Caledonian Orogen, that is deeply eroded today, stretches in Scandinavia from south-
western to northern Norway over a distance of approximately 1800 kilometres (Fig. 17 & 20).
Its western equivalent on the other site of the North Atlantic Ocean is exposed at the eastern

coast of Greenland (e.g. Gee et al., 2008). The Caledonides form distinctive thrust sheets (also
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called nappes) that are vertically stacked onto the western margin of the Baltic Shield (see Fig.
17). This complex structure is the result of subduction, collision, and subsequent rifting. Parts
where erosion has revealed the old basement below the thrust sheets are referred to as geo-
logic windows (e.g. Smelror et al., 2007). The most prominent windows show plutons of the
TIB and are indicated in Fig. 20 (see also Pascal et al., 2007). The Caledonian thrust sheets are
subdivided into four major allochthons (compare with Fig. 17) (Solli & Nordgulen, 2008): 1)
The Uppermost Allochthon (which is of Neoproterozoic to Ordovician age) constitutes almost
the entire coastal area north and south of the Lofoten-Vesteralen, but occurs only occasionally
on the islands itself. Predominant rock type is mica schist, a low to medium-grade metamor-
phic rock. 2) The Upper Allochthon (Neoproterozoic - Silurian) is the main exposed part of the
Caledonides and is of much greater extent than the Uppermost Allochthon. It is mainly com-
posed of mica schist and phyllites (lower-grade, foliated metamorphic rocks with smaller
grains than mica schist). Major Proterozoic windows are present in this allochthon. 3) The
Middle Allochthon (Mesoproterozoic - Cambrian) has the greatest south-north extent and is
discontinuously exposed along the entire Scandes. It is composed mainly of sandstone, schist,
quartzite, amphibolite, as well as gabbro, diorite and anorthosite in the more southerly re-
gions of Norway. 4) The Lower Allochthon (Mesoproterozoic - Palaeozoic) is most dominant
in central Norway and has almost no exposure in northern Norway around the Lofoten-Ves-
teradlen area. It is predominantly composed of sandstone, schist, quartzite, conglomerates,

and amphibolite (Solli & Nordgulen, 2008).

From an elevational point of view, the Scandes are composed of two domes, the Northern
Scandes Dome and the Southern Scandes Dome. They are separated by topographically lower
mountain ranges in between (Trgndelag region). Lidmar-Bergstrom (1999) describes a third
appertaining dome in southern Sweden and emphasizes its significance for geomorphologic
studies in Scandinavia since this dome is still partly covered by Mesozoic sediments (Lidmar-
Bergstrom, 1999; Japsen et al., 2002). The dome otherwise exposes Precambrian basement.
The Norwegian Scandes are, however, devoid of Mesozoic sediments or sedimentary rocks.
The Northern Scandes Dome and its geology as well as its uplift history (see below) is of par-

ticular interest for the study at hand.
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Figure 17 (previous page): Simplified tectonic map of the Scandinavian Caledonides. The lower subplot
represents the schematic profile of the W-E line drawn in the upper section (vertical exaggeration x 5).
Source: Gee et al. (2010), based on Gee et al. (1985).

In summary, the geology of mainland Norway at the Norwegian Sea exhibits predominantly
metamorphic and magmatic Caledonian rocks. The basement is mainly composed of gneisses
and granitic rocks (Smelror et al., 2007) and locally covered by glacial till or glaciofluvial de-
posits. Archaean and Proterozoic basement is mainly exposed in southern and northern Nor-
way (Ramberg et al., 2008). The following section provides a more detailed presentation of

the geology of the Lofoten-Vesteralen area including two peninsulas south of Vestfjorden.

2.2.1.1 Geology north and south of Vestfjorden/Ofotfjorden

2.2.1.1.1 Geology north of Vestfjorden/Ofotfjorden

The Lofoten-Vesterdlen area possesses a prominent role in the on- and offshore geology of
Norway as the islands form a basement high that exposes the most internal rocks in northern
Norway (Am, 1975; Klein & Steltenpohl, 1999). Both Precambrian basement and Caledonian
allochthons are exposed (e.g. Steltenpohl et al., 2004). Exposed migmatitic gneisses that were
formed ca. 2700 Ma ago are among the oldest discovered rocks in Norway (Griffin et al., 1978).
The south-western end of the Lofoten represents the outermost occurrence of exposed Cale-
donian basement in northern Norway and the islands can be seen as a north Norwegian part
or equivalent of the Western Gneiss Region (WGR) (Andersen & Jamtveit, 1990; Klein & Stel-
tenpohl, 1999; Steltenpohl et al., 2004; Corfu, 2004). The WGR is the deepest exposed tectonic
unit of the Scandinavian Caledonides and considered a major basement window (see Fig. 20).
The Lofoten (Fig. 18) provide a similar deep insight into the geology of northern Norway, with
its gneissic rocks that were subject to eclogite-facies metamorphism. This magnitude of met-
amorphism is marked by extremely high pressures and temperatures (> 400 °C and > 12 kbar,
see Fig. 7). These conditions are known to occur in orogenic zones and existed during the
Caledonian continent-continent collision when Baltica was subducted beneath Laurentia (An-
dersen & Jamtveit, 1990). Evidence is represented in exposed rocks showing high-grade met-

amorphism of Silurian to Devonian age (e.g. Griffin & Brueckner, 1980).
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The rocks of the Lofoten-Vesteralen belong to the Anorthosite-Mangerite-Charnockite-Gran-
ite Suite (Corfu, 2004). The Suite is part of the TIB and is subdivided into several plutons. The
island of Hadselgya, except for the very western part, belongs to the Raftsund pluton. The
Raftsund mangerite is dated to be 1796 Ma old (Corfu, 2004). In the western part of the island,
gneisses and migmatites of Archaean and Palaeopreoterozoic age are present (Tveten, 1978)

(Fig. 18).
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Figure 18: Bedrock geology map of the Lofoten-Vesterdlen archipelago. Based on Tveten (1978).
Source: Bergh et al. (2007).

45



Andgya, the northernmost island of the Vesteralen archipelago (see Fig. 18), is a unique and
exclusive locality in Norway. Mesozoic sedimentary rocks of Jurassic and Lower Cretaceous
age resting upon Precambrian basement have been preserved on its eastern coast (see e.g.
Dalland, 1975; 1981). It is the only known locality where Mesozoic rocks are preserved on the
mainland. The Jurassic layers consist of siltstone, sandstone, and shale (Solli & Nordgulen,
2008). The locality is stratigraphically comparable to the South Swedish Dome as the underly-
ing basement is deeply weathered (Dalland, 1975). Andgya is part of a well-developed strand-
flat (Holtedahl, 1998; Olesen et al., 2013).

Exposed bedrock in the central archipelago including Hadselgya consists mainly of mangeritic
plutonic rocks of Precambrian age (Paleoproterozoic) and migmatitic gneisses (Tveten, 1978;
Bergh et al., 2007). Migmatitic gneisses are partially melted and recrystallized high-grade met-
amorphic rocks that often show distinct folding. Mangerite is the source material of the sap-
rolitic sand sampled in the Lofoten-Vesteralen area and the parental rock of the sampled core
stones. According to the QAPF diagram (Streckeisen, 1979), mangerites are defined as having
a maximum of 20 % quartz. Mangerite is a plutonic rock type that occurs as intrusions within
a basement predominantly characterized by polymetamorphic and migmatitic gneisses in that
area (Olesen et al., 2013).

Extensive Caledonian nappes are prevalent only at the eastern side of Hinngya towards the
connection to the mainland (Tveten, 1987). The Caledonides seem to have had a minor defor-
mation effect on the Lofoten and Vesteralen basement rocks (Steltenpohl & Hames, 2004, and
references therein). During the Caledonian orogeny, the Lofoten and Vesteralen were proba-
bly a part of the Baltic plate (Griffin et al., 1978; Corfu, 2005). Their position at a high tectonic
level and the prevalence of highly resistant granulite-facies rocks also contributed to the ex-

tensive preservation of the rugged mountains (Griffin et al., 1978).

2.2.1.1.2 Geology south of Vestfjorden/Ofotfjorden

The bedrock geology of the Hamargy peninsula as well as Hundholmen at Tysfjorden south of
Vestfjorden is characterized by granite, mangerite, and charnockite, all being quartz bearing

rock types of Paleoproterozoic age (Solli & Nordgulen, 2008). The bedrock at Hundholmen is
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slightly foliated and hence referred to as Tysfjord gneiss granite. Radiometric rubidium-stron-
tium dating suggests the pluton to have an age of 1700 Ma (Statherian) and the foliation is
interpreted to have been caused by plastic deformation during Caledonian Orogenesis (An-
dresen & Tull, 1986). The Tysfjord gneiss granite is also part of the TIB.

The TIB is grouped into three major groups according to its varying ages (TIB 1-3). U-Pb ages
of the Tysfjord gneiss granite in the study area can be attributed to two of these groups: 1796
-1770 Ma (TIB 1) and 1719 - 1703 Ma (TIB 2) (Romer et al., 1992).

Troendelag
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|:| Jurassic sedimentary rocks.

- Devonian sedimentary rocks.

e | - Lower Palaeozoic igneous rocks.
<
)‘"1;//_/4—/\ }i\\%
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|:| Caledonian nappe complex; Middle and Upper Allochthon.

|:| Caledonised Precambrian gneiss areas and folded metasediments,
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Figure 19: Main geological provinces around the Froan Basin. Drilling site 6408/12-U-01 is indicated in
the area of Middle Jurassic sedimentary rock (coloured in blue). Sampling of the core for this study
(sample 10) took place in a depth of the underlying granitic basement. MTFC = Mgre-Trgndelag Fault
Complex, FB = Frohavet Basin, WGR = Western Gneiss Region, KFC = Klakk Fault Complex, VFC = Vingleia
Fault Complex, HSF = Hitra-Sndsa Fault, VF = Vingleia Fault, TNC = Trondheim Nappe Complex. The
black arrow refers to the possible sediment transport direction into the Frohavet Basin in Mid Jurassic
time (based on a sandstone provenance study by Mgrk & Johnsen, 2005). Source: Mgrk & Johnsen
(2005), based on data by Blystad et al. (1995), Roberts (1998), and Lundqvist et al. (1996).
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Figure 20: Tectonostratigraphic overview map of Norway and its passive continental margin. Source:
Mosar et al. (2002b), based on various sources (see references in Mosar et al., 2002b).
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2.2.2 Offshore geology

This section describes the stratigraphy of the Norwegian Sea continental shelf with emphasis
on the Molo Formation (Fm), a depositional unit of supposedly Miocene age overlain by a
thick package of Plio-Pleistocene glacial sediments.

The Norwegian continental shelf consists of different stratigraphic units composed of sedi-
ments lying upon crystalline basement rock belonging to the Baltic Shield. These layers are of
post-Silurian age and record geological history until the present day. Drillings and aeromag-
netic mapping have revealed sediments and sedimentary rocks with a thickness of more than
10 km deposited on the Baltic Shield (Am, 1975). The stratigraphic units are usually referred
to as formations and are distinguished from their vertical and lateral surroundings by unique
seismic characteristics (compare A and B in Fig. 24). The borders are defined according to
changes in seismic reflection (velocity and consequent density) which are interpreted to be
caused by abrupt changes in sediment supply, sediment properties, or discontinuities as a
result of erosion or time periods of non-deposition. This is supported by wells that can witness
changing sediment properties at certain depths and confirm conjectures. Correlation of both
seismic profiles and wells allows to interpolate data between actually investigated areas.
The offshore sediment samples analysed in this study were taken from exploration wells
drilled into the Molo Fm, which is part of the Trgndelag Platform (see Fig. 20 & 22). The Molo
Fm is a buried depositional unit that stretches over 500 kilometres along the inner shelf of the
Norwegian Sea from Mgre to the outermost islands of the Lofoten archipelago (Fig. 21 & 22).
Its present distance from the coast varies between 90 and 50 km (see Fig. 21). Its east-west
extension is usually less than 50 km in the southern and central parts and up to approximately
80 km in the north. Vertically the formation reaches a thickness of 100 - 200 m (Eidvin et al.,
2007) and thins out towards the west where it is overlain by the much larger Naust Fm that
also includes the westernmost extend of the shelf (see Fig. 23). At some localities, the Molo
Fm is nearly exposed on today’s seabed. Its high erosional resistance has led to the conclusion
that the formation is most probably sand dominated (Eidvin et al., 2007). Deposition of the
Molo Fm is estimated to be of Early Oligocene to Early Pliocene age and was presumably
driven by coastal progradation in a wave-dominated environment influenced by long-shore

(littoral) drift (Rokoengen et al., 1995; Eidvin et al., 2014).

49



|
° )

LEGEND 0 9

®  Wells and boreholes in the data base

e Other wells/boreholes investigated by the NPD

(mainly without Oligocene - Miocene)

® Wells/boreholes i igated by other companies/institutions
& Hutton sand (Upper Oligocene/Lower Miocene - Upper Pliocene)
[F] Utsira Formation (Upper Miocene - Lower Pliocene) 4°
B3] Upper Miocene - Lower Pliocene part of the Molo Fprmatiom /
Skade Formation (Lower Miocene) /
3 )| Lower Miocene part of the Molo Formation /

Lower Miocene (Burdigalian - early Langhian) /
delta sand (Denmark) # 6704/12-
, 6610/

Lowermost Miocene (Aquitanian)
delta sand (Denmark) 6607/5-. 09/5t1¢ %

B Oligocene sands 607/541 % &
B Oligocene part of the Molo Formation 7 o ’8
Lower Oligocene argillaceous wedge upit ¢ 6609/

North Sea Oligocene play (NOL-1)
according to the NPD.

10/,
508/5-1e %

Possible drainage route to Olig -
Miocene deposit

<— o ommm 5 §
Based on onshore morphology and ~ ‘

offshore deposition patterns x ! e
49-33° £403/5-GB-1le \
|| 6407/9-. 9. P

64° z ,
éased on provenance studies, onshore 1| 6407(9 3
morphology and offshore ©6404/11< S S

deposition patterns {5 ' i T
i )’ - -

¢ : 2 : - :
/ bl 4 ,& x
s0s/a1s Sadens
/

6305/5

Present water divide ; «J

~
Paleo water divide

Areas with abundant -~~~
river captures =

59°
Fig. 30
Fig. 21

15/9-
15/9° 13

2/2. 0-1 =
Danish
e Sr

ini1
2/4-C-1 I POS=

Fja

rida 1 R-1X ~ v
S one 1 % A

o 0 2550 100 kilometres 9 ReCs : .
| | 4 Qe "'0

Figure 21: Overview map showing locations of Olicocene to Pliocene wells at the mid- and south Nor-
wegian shelf area. The compilation is based on work by Bullimore et al. (2005), Rundberg & Eidvin
(2005), Gregersen & Johannessen (2007), Olivarius (2009), and Olesen et al. (2010). Source: Eidvin et
al. (2014).
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Bullimore et al. (2005) and Brekke (2000). Modified after Eidvin et al. (2007).

The depositional unit known today as the Molo Fm was first described by Eldholm & Nysaether
in 1969. The formation was initially termed the “Delta” by Bugge et al. (1976) and finally
named “Molo” by Gustavson & Bugge (1995) on a geological map. In 2007, it was formally
defined as a stratigraphic unit by Eidvin et al. (2007). “Molo” is the Norwegian word for jetty

or mole, an allusion to its location close to the seabed.
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The age determination of the formation leaves some ambiguity. The Molo Fm was initially
dated to be entirely of Early Oligocene age (Eidvin et al., 1998). It has later been re-dated by
Eidvin et al. (2007) and assigned to Late Miocene - Early Pliocene age. Eidvin et al. (2013) then
extended this age again to Early Oligocene - Early Pliocene based on new seismic data (Eidvin
et al., 2014). The Molo Fm was identified on the basis of a series of westward-prograding
steeply dipping seismic reflections (Clinoforms, see Fig. 24 C) and accordingly interpreted to
be a sub-sedimental equivalent of a contemporary coastal delta (Smelror et al., 2007; Eidvin
et al., 2007; Eidvin et al., 2013; Eidvin et al., 2014). This implies that the assumed delta front
of the Molo Fm was the shelf break at the time when shelf glaciations and hence deposition
of the now overlying Naust Fm commenced (Ottesen et al., 2009; see Fig. 23). The shelf break
is the sudden increase in water depth between continental shelf and -slope and marks the
maximum extend of ice sheet advance throughout its development towards the open sea.

West of the Molo Fm in deeper waters lies the Kai Formation, which is considered the proximal
equivalent of the Molo Fm (Fig. 23 & 24) (Lgseth & Henriksen, 2005; Eidvin et al., 2007). The
two formations are not connected (anymore). In the North Sea to the south, the Utsira For-
mation forms the lateral equivalent. Both the Molo and Kai formations as well as Utsira For-
mation belong to the Nordland Group (Eidvin et al., 2007). The Brygge Fm lies below the Molo
Fm and the proximal equivalent Kai formation and is accordingly older (Oligocene to Lower
Miocene, Eidvin et al., 2014). The upper end of the Brygge Fm is an unconformity. The Molo
Fm lies on top of this Mid-Miocene unconformity. Sediments that lie on top of the Molo and
Kai Fm all belong to the Naust Fm, which consists of glacial sediments deposited during late
Pliocene and Quaternary (Dahlgren et al., 2002). Deposition of the Naust Fm started in the
Upper Pliocene with the onset of the first glaciations. Seismic profiles revealed sediment lay-
ers, increasingly dipping with burial depth within the formation (Fig. 24 A), which indicates
that the rapidly increasing sediment load caused subsidence on the shelf in response
(Dahlgren et al., 2002; Dowdeswell et al., 2010). Before the onset of the Pleistocene glacia-
tions and the subsequent deposition of the Naust Fm, the Molo Fm was a prograding wedge-
shaped deposit at the coast and the upper part of the formation was situated at sea level. The
continental margin at the Norwegian Sea was subject to regional subsidence since the middle
Eocene (Faleide et al., 2008). The Miocene is widely considered as the main phase of compres-
sional deformation and the development of domes on the Vgring Margin (mid-Cenozoic com-

pressional deformation) (Faleide et al., 2008).
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Figure 23: Seismic representation of the Naust Fm, Brygge Fm, and Molo Fm with its deep-water equiv-
alent Kai Fm in the west and the horizontal equivalent Utsira Fm in the south. The black line indicates
the location of the profile in the upper left corner. A high-resolution image of the profile is given in Fig.
24 below. The black dotted line indicates the position of the present shelf break. The progradational
pattern of the palaeo-shelf break is marked in the profile. Source: Ottesen et al. (2009).

53



Sec.
twt

0.5

1.5F

2.0 ==

S U A

g/-/gr»y@
Kai /L

7 :
- g o — I ——— e
1 Vg ; \ o

Figure 24: Seismic profiles across the mid-Norwegian shelf. A: Seismic profile GMNR-94-310. The loca-
tion is indicated in Fig. 23 (black line). B: Schematic representation derived from the seismic profile in
A, providing a simplified overview of the depositional units. C: High-resolution seismic profile of the
Molo Formation. HHA: Helland-Hansen Arch. M: Molo Formation. N, A, U, S, T: Sequences of the Naust
Formation. Figures from Ottesen et al. (2009).

According to Eidvin et al. (2007), the Norwegian coast turned into a prograding coast in mid
Miocene time when compression and uplift of mainland Norway commenced. Since the be-

ginning of the Quaternary period, the Norwegian continental shelf has increased in lateral
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extend up to 150 km westward west of the Molo Fm as a result of coastal progradation (Ot-
tesen et al., 2009). Today, the Norwegian shelf reaches its maximum horizontal extent at
65°45’ N, becomes very narrow north of the Lofoten and Vesteralen and covers almost the
entire Barents Sea between and around Svalbard and the Norwegian mainland.

Most of the Naust sediments on the mid-Norwegian shelf were deposited within the last 3
million years and are mainly the result of glacial erosion during the Pleistocene glaciations
(Jansen & Sjgholm, 1991; Rise et al., 2005; Ottesen et al., 2009). More than 400 m of sediment
layers are attributed to the Weichselian (Rise et al., 2005). The Late Weichselian glaciation
was also the last major event that shaped the present topography of the shelf. The ice released
the shelf 13,000 years ago and since then glacial erosion is restricted to the mainland (Ottesen
et al., 2009).

The Trgndelag Platform (see Fig. 20) with its deep basins has been stable since the Jurassic
(Faleide et al., 2008). Eidvin et al. (2014) state tectonic stability since the Triassic. Sedimenta-
tion was therefore not disturbed by major tectonic events. Initial sedimentation started with
the opening of the Norwegian-Greenland Sea (Ottesen et al., 2009). Since then, bottom cur-
rents may have influenced deposition on the continental margin. First evidence for bottom
currents circulation is discovered in late Eocene layers (Laberg et al., 2005).

In conclusion, the offshore sediment samples are taken from the inner Norwegian continental
shelf at different depths that are all assigned to the coast-parallel Molo Fm, dated to be of
Early Oligocene to Early Pliocene age (Eidvin et al., 2013). The Miocene is the first epoch of
the period Neogene and lasted from 23.03 to 5.333 Ma (Cohen et al., 2013). The epoch is
followed by the Pleistocene that is characterised by several glacial periods. The Weichselian
glaciation is only the last of a period with several glacial cycles within the last 2.58 million
years.

The prevailing climate at the time of deposition is crucial for the understanding and interpre-
tation of sediment transport processes. In the Miocene, a short global warming event known
as the Miocene Climatic Optimum interrupted the trend of long-tern Cenozoic cooling (Pound
et al., 2012; Holbourn et al., 2015). Climate at the end of the Miocene was globally decreasing
but in general still warmer and more humid than today. Glacial erosion and influence of an ice
sheet on sedimentation processes can therefore be excluded for the Molo Fm. Crustal uplift

has most probable a stronger influence of the sedimentation history on the NCS than climate.
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2.2.3 Uplift of Fennoscandia

Uplift is an important factor to be considered for the reconstruction of sedimentary transport.
It is an upward directed, vertical crustal motion that can be triggered by a variety of different
processes. As a general rule, uplifted land features a higher relief energy than lowlands and is
hence more prone to erosion. Uplift of a contemporary peneplain marks the onset of sedi-
mentation of the eroded material and creates new accommodation space. The magnitude of
uplift influences speed and strength of sediment transport. Depending on the erodibility of
the prevalent source material, uplift can change the course of rivers or even the position of
entire drainage basins (Riis & Fjeldskaar, 1992; Lgseth & Henriksen, 2005; Eidvin et al., 2013;
Eidvin et al., 2014). The uplift history of Scandinavia is therefore directly related to the sedi-
mentation history of the surrounding shelf areas and especially important when saprolitic lay-
ers with a low erosional resistance are considered. Reusch (1903) already noticed that the
formation of the present Scandinavian relief required uplift in some way. Elevated even plat-
eaus and later progradational sediment wedges visualised by seismic studies have been sub-
ject of suspicion concerning uplift. Extensive sedimentary wedges were interpreted to reflect
sudden influx of sediments into basins at the coast as response to uplift (e.g. Riis, 1996). For
example, the increase in lateral extent of the inner Norwegian shelf in the late Miocene is seen
as the result of regional uplift (Faleide et al., 2008).

Since the melt of the continental glaciers and ice sheets that covered Scandinavia during the
last glacial period (the Weichselian glaciation in the Pleistocene), the continental mass is sub-
ject to uplift as response to the loss of weight that previously depressed the rigid lithosphere
down into the viscous asthenosphere (see Fjeldskaar et al., 2000 for a review). This process is
known as post-glacial rebound or isostatic adjustment and aims isostatic equilibrium, occa-
sionally leading to small earthquakes (e.g. Walstrom, 1993; Fjeldskaar et al., 2000). However,
Scandinavia was subject of a much more complex uplift history, which predates the last glacial
period. There is a general acceptance of this uplift theory for Scandinavia in academia (early
studies include Gutenberg, 1941), but its cause, influence, extent, and timescale are still dis-
puted (e.g. Stuevold & Eldholm, 1996; Japsen & Chalmers, 2000; Anell et al., 2009; Nielsen et
al., 2002; Nielsen et al., 2009; Gregersen & Voss, 2010). Magnitsky (1967) already noted diffi-
culties in disentangling isostatic and tectonic processes causing uplift in Scandinavia. Bungun

et al. (2010) suggest that isostatic adjustment plays a minor role and seismic activity is rather
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caused by ridge-push processes as a result of see-floor spreading at the North Atlantic ridge.
Many authors suggest ridge-push rather than post-glacial rebound as dominant mechanism
for seismicity recorded in Norway today (Smelror et al., 2007). Stuevold & Eldhom (1996) state
that the Plio-Pleistocene uplift was mainly caused by tectonics, and, instead of being its main
cause, were only amplified by the post-glacial rebound. In addition, the magnitude of both
tectonic and isostatic components seems to vary along the uplift axis (Stuevold & Eldholm,
1996).

The uplift history of Fennoscandia appears to be an interplay of different processes that are
difficult to distinguish and many studies are based on single techniques applied in limited ar-
eas (Japsen & Chalmers, 2000). Anell et al. (2009) provide a comprehensive and critical review,
summarizing the strong probability that uplift is caused by a number of geodynamic mecha-
nisms superimposing each other. Nielsen et al. (2009), however, suggest to simplify the the-
ory. Although they exclude several mechanisms, their model still explains uplift solely on the

basis of climate, erosion, and the corresponding isostatic corrections.
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Figure 25: Idealized sketch illustrating possible uplift and subsidence mechanisms of the Baltic Shield
and the corresponding sedimentation history on the mid-Norwegian Shelf. The profile is situated at
approximately 66° N. Source: Lgseth & Henriksen (2005).
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Uplift can be associated with exogene and endogene processes. Both are subject to interde-
pendency. Any significant change in load on the continental crust as a response to exogene
processes causes uplift or subsidence. Uplift events are usually associated with corresponding
subsidence adjacent to and erosion at the uplift centres (Japsen & Chalmers, 2000). Even in-
creased precipitation can initiate uplift as amplified erosion removes higher amounts of ma-
terial and therefore weight from the crust (Stuevold & Eldholm, 1996). On the other hand,
internal (endogene) changes within the asthenosphere or the lower lithosphere that effect
movements of hot mantle material (for example as induced by the emplacement of a mantle
plume) cause vertical movements of the overlying crust. Magmatic underplating, for example,
which refers to an entrapment of rising magma below the lithosphere without the develop-
ment of a volcano, has been proposed to contribute (see Anell et al., 2009, and references
therein). The need for uplift mechanisms other than postglacial isostasy was raised (e.g. Riis
& Fjeldskaar, 1992; Riis, 1996) because the estimated uplift in several models was larger than
the calculated erosion, and unloading alone could not explain the difference. In the following,
the trend that has emerged in academia is presented.

Two episodes of significant uplift around the northern Atlantic have been recognized that took
place in the Cenozoic Era (e.g. Riis, 1996). They most probably affected all surrounding conti-
nental margins including the study area (Japsen & Chalmers, 2000). However, the two epi-
sodes cannot be clearly separated in all areas (Japsen & Chalmers, 2000) and the mechanisms
primarily responsible for the vertical movements remain uncertain because the proposed
mechanisms do not seem to be valid for all uplifted areas (Riis, 1996). The first uplift episode
in the Palaeogene is generally associated with the formation of the Iceland plume and the
opening of the North Atlantic in the Paleocene and Eocene epochs (Riis, 1996; Stuevold &
Eldholm, 1996; Japsen et al., 2002). This time marks the onset of sea-floor spreading and for-
mation of the Mid-Atlantic Ridge. The second episode is assigned to the late Neogene and
Quaternary and also includes the isostatic rebound caused by the removal of the ice and re-
lated glacial erosion, as described above. Riis (1996) estimated a maximum of 1000 m of ero-
sion as response to uplift along the Norwegian coast. Several studies suppose different uplift
mechanisms for the two uplift centres (domes) in southern and northern Norway (e.g. Riis,
1996). The areas of maximum uplift and hence maximum erosion were in the southern and
northern Scandes in the Lofoten area (Riis, 1996). According to Japsen & Chalmers (2000) and

Japsen et al. (2002), all three Scandinavian domes are the result of Neogene uplift.
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The asymmetric shape of the Scandes favours the idea of an uplift related to rifting (rift-flank
uplift, comparable to the contemporary Red Sea). Steep towards the coast and slowly flatten-
ing towards the inland is a pattern frequently observed at mountain ranges around the North
Atlantic (Anell et al., 2009). Moreover, modelling performed by Burov & Poliakov (2001) indi-
cates that rift shoulders can remain uplifted for up to 50 Ma due to mass flow in the lower
crust. While there is great consensus that uplift in the Paleogene and Eocene was related to
the continental break-up between Laurentia and Baltica, the effect and even the existence of
the Iceland plume is questioned (see Anell et al., 2009; Nielsen et al., 2002).

As mentioned above, studies on the uplift history of Norway depend on the adjacent sedi-
mentological record, as no continuous record is present on the mainland. Age and extent of
the sediments serve as a signature in response to uplift and the inclination of the layers re-
vealed by seismic studies can serve as indicator for the direction and magnitude. The offshore
stratigraphy on the Norwegian shelf implies at least one major pre-glacial uplift component
(Stuevold & Eldholm, 1996) but the thermal component has been questioned by Nielsen et
al., (2009). Nielsen et al. (2009) explain the present Scandinavian topography entirely by cli-

mate, erosion, and corresponding isostasy.

A common method to quantify uplift based on the sedimentary record is mass balance calcu-
lation. This method includes modelled comparisons of the eroded volume with the deposited
volume and was among others performed by Riis & Fjeldskaar (1992) and Riis (1996). These
studies assume that the compared sediments indeed originate from the uplifted land. An ap-

proach that requires certainty that can be given by sediment provenance studies.

In summary, the uplift history of Norway and the development of the continental shelf are
closely connected. The shelf basically consists of the material eroded from the mainland. The
timing and the extent of the source material from the mainland can be studied on the basis of
the sediments on the shelf. The identification and classification of sediments sampled from
the Molo Fm can therefore shed light on the question to what extent saprolites have existed

on the mainland and to when they were eroded.
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3. MATERIALS AND METHODS

3.1 Materials

This study is based on a systematic comparison of onshore and offshore samples of different
types. The main part of the material represents loose siliciclastic sand samples of the grain
size fraction > 0.5 mm, on slides embedded in epoxy resin. The remaining samples are thin
sections of basement rock and basement derived saprolitic corestones with a thickness of 250
pum. For investigation, all material was mounted on standard glass slides. The main subject of
investigation were digital panchromatic images of the samples obtained by BSE and CL scan-
ning. In addition, trace element contents of the grains were compiled by means of LA-ICP-MS.
The object of interest was the mineral phase quartz. Altogether 13 samples were analysed, six
of which were offshore (sediment) and seven were onshore (basement) samples.

Integration of the samples into stratigraphic contexts was based on information drawn from
the literature. Data on the individual boreholes were mainly collected from the Factpages of

the Norwegian Petroleum Directorate (NPD).

3.1.1 Image data

All images were taken with an SEM equipped with a CL detector, located at the NGU in Trond-
heim. The original scans were grey scale images (256 grey levels) with a resolution of 1024 x
768 pixels and a bit depth of 24, scanned in November 2014, May and November 2015. Addi-
tional image adjustments were carried out with Adobe Photoshop CS6 ver. 13.0.1.

Of the 13 samples, CL micrographs were compiled for a total of 400 grains. Additionally, BSE
scans were prepared for 11 samples, including 106 grains and thin section details. All images
provided a scale (um) and information on magnification, working distance (WD), stage at Z
(distance to the detector), and the scanning date.

Deployed spatial magnification ranged from 125 - 500 X for detrital grains and to a maximum
of 1000 X for thin section details. Average magnification applied was approximately 300 X for
grains and 445 X for thin section details. Several images of larger quartz grains were composed

of two or more scans in order to provide a reasonable magnification.
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3.1.2 Offshore samples

An overview of all samples with corresponding wellbore-names and coordinates is given in
Tab. 1. The six offshore samples (sample no. 2, 3, 4, 3a, 1, 6) were taken from three different
cores drilled on the Norwegian Sea continental shelf off the coast of central and northern
Norway (wells 6610/7-1, 6510/2-1, and 6610/3-1; see Fig. 12 & 22). The drilling sites are situ-
ated between 65°45’ N and 68°45’ N latitude and are at the maximum 90 km away from the
present coastline. The cores reach a total depth of more than 4700 m (well 6510/2-1). How-
ever, sampling of the cores for this study was done in the range from 441 m to a maximum of
940 m depth. The depths for all well are given in metres below rig floor. Three samples (no. 2,
3, and 4) were taken from the same well (6610/7-1) but at different depths (20 m intervals).
Samples 1 and 6 were also taken from one well (6610/3-1) with a 20 m interval. The wells
were all drilled by different gas and oil companies in 1983, 1992, and 1997, mainly for explo-
ration purposes in the search for hydrocarbons (wildcat wells). The drillings were operated by
Den norske stats oljeselskap A/S, today known as Statoil ASA except for well 6510/2-1 (A/S
Norske Shell). All offshore samples consist of clastic sediments (sand, > 0.5 mm) (see Fig. 26).

Altogether 339 CL scans and 62 BSE scans have been prepared.

3.1.3 Offshore samples in detail

Well 6610/7-1: Sample 2, 3, 4

Offshore samples no. 2, 3, and 4 were taken from well 6610/7-1 (66°17'32.82" N, 10°16'52.92"
E) drilled at the Traena Bank, Helgeland Basin, which is part of the extensive Trgndelag Plat-
form. All sampled depths (900, 920, and 940 m) lie within the range of the Molo Fm (Eidvin et
al., 2013; Eidvin et al., 2014). The well reached a total depth of 3333 m (Late Jurassic) (NPD,
2016). The sample site is situated approximately 90 km away from the present coastline and
110 km from the shelf break. The following quantity of CL and BSE scans was prepared: Sample
2 (900 m): 77 grains with CL, 12 of them with BSE parallels. Sample 3: (920 m): 73 CL scans, 17
BSE scans. Sample 4 (940 m): 51 CL scans.
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Figure 26: Exemplary true-colour scan of an offshore sample (well 6610/7-1, 920 m) with siliciclastic
sand of the grain size fraction > 0.5 mm embedded in epoxy resin. Inlet in bottom right-hand corner
displays the actual size of the slide.

Well 6510/2-1: Sample 3a

For sample 3a, taken from well 6510/2-1 (65°47'15.60" N, 10°25'51.33" E) at a depth of 441
m, 52 CL scans of grains were prepared as well as one BSE scan. The drilling site is situated
south east of the Helgeland Basin on the Vega High, Trgndelag Platform, within the Ylvingen
Fault Zone (Blystad et al., 1995). At this latitude (65°45’ N) the continental shelf of the Norwe-
gian Sea reaches its largest horizontal extend. The well was drilled in 1997 at a water depth of

325 m and reached a total depth of 4707 m (Early Triassic).
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Well 6610/3-1: Sample 6 and 1

The samples 6 and 1 were taken from well 6610/3-1 (66°55'29.70" N, 10°54'6.28" E) at 480 m
depth (sample 6) and 460 m (sample 1). The site is situated approximately 80 km southwest
of Rgst, the furthest island of the Lofoten archipelago at the Lofoten Ridge/Vestfjorden Basin
(see Fig. 20). The well reached Late Cretaceous sediments at a total depth of 3126 m (NPD,

2016). Scanned images available: CL: 31 grains, BSE: 26 grains.

3.1.4. Onshore/basement samples

The seven basement samples (samples no. 5, 89415, 89418, 89421, 47802, 10, and 25) were
taken from potential sediment source areas on a Norwegian island (Hadselgya) and the main-
land of Norway between 64°10’ N and 68°33’ N latitude. They included two sand samples (>
0.5 mm) derived from weathered saprolitic profiles (samples no. 89415 and 89421), two thin
sections (250 um) of mangerite corestones (samples no. 5 and 89418) and a thin section of a
gneissic granite (sample 47802). Furthermore, two thin sections from cores that were actually
drilled offshore, but close to the coast into basement rock were included (well 6814/4-U-1:
sample 25, and well 6408/12-U-01: sample 10). These two cores were drilled as part of the
IKU Shallow Drilling Program. All onshore/basement samples except for the latter two were
taken from surface outcrops.

Three samples (no. 5, 89418, and 89415) were taken from the same locality, called
Brennvinshaugen, on the island of Hadselgya, which is one of the southernmost islands of the
Vesteralen archipelago (Fig. 13). The island has a west-east expansion of 16 km and a north-
south expansion of approximately 10 km. The sample site is situated 3 km away from the pre-

sent-day coastline at an elevation of 145 m a.s.l.
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3.1.5 Onshore samples in detail

Hadselgya: Sample 5, 89415, 89418

Samples no. 5, 89415, and 89418 were all taken from the same quarry at Brennvinshaugen on
Hadselgya (68°31'58" N, 14°52'57" E). Brennvinshaugen is situated in the eastern centre of
the island in the upper Husbydalen between the mountains Husbykollen (513 m a.s.l.) and
Storheia (504 m a.s.l.). Sample 5 is a thin section of a mangerite corestone. Six scans were
prepared for both CL and BSE, including an overview scan covering 1690 X 1265 um. For the
thin section no. 89418, nine CL and BSE scans were prepared. Sample 89415 consists of sand
grains derived from saprolitic mangerite basement. It was the same but slightly more weath-
ered/eroded material sampled at the close vicinity of the thin section sample spot. Ten CL and

BSE scans were prepared.

Hamargy: Sample 89421

Sample 89421 consists of sand derived from a saprolitic mangerite but was taken from a sam-
ple site situated about 60 km southeast of Brennvinshaugen. The sample was taken from an
outcrop at Stotland on the Hamargy peninsula approximately 1 km away from the present
coastline at an elevation of 77 m a.s.l. (68°03'17" N, 15°26'50" E, see Fig. 13). Ten CL scans

with ten corresponding BSE scans were prepared.

Tysfjord, Hundholmen: Sample 47802

Sample 47802 is a thin section (250 um) of a coarse grained gneissic granite sampled at almost
sea level on the Hundholmen peninsula, Tysfjord (68°08'50.34" N, 16°16'00.10" E, see Fig. 13).

Eight CL scans of the thin section were prepared.

Well 6408/12-U-01 (32.42 m): Sample 10

Sample 10 (well (6408/12-U-01) was drilled offshore into granitic/gneissic basement rock be-
tween Frgya and Suladjupet, in the Froan Basin, north-west of Trondheim (64°10'13.29" N
8°44'53.49" E). The drilling site is situated close to the Mgre-Trgndelag Fault Complex (see Fig.
19. The basement is kaolinite-weathered (Mgrk & Johnsen, 2005; Miiller, 2015). The core was
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drilled in 1988 and sampled for this study at a depth of 32.42 m. Eleven CL scans and five BSE

scans were prepared.

Well 6814/4-U-1 (174.48 m): Sample 25

Sample 25 was taken from well 6814/4-U-1 off the western coast of Langgya, Vesteralen
(68°39'10.90" N, 14°11'8.90" E). The drilling site is about 8 km off the coast and 7 km away
from the island Gaukvaergy in the south-east at the edge area of the Ribban Basin (Blystad et
al, 1995). The sample was taken from a depth of 174.48 m which is below the sediment cover

in the crystalline basement rock. Therefore it is considered an onshore/basement sample

here. Drilling took place in 1991 for scientific purposes (by
IKU Petroleumsforskning SINTEF Gruppen) at a water depth
of 241 m. The thin section consists of monzogranite rock.

Seven CL scans and four BSE scans were prepared.

Figure 27: Exemplary true-colour scan of a basement sample
drilled offshore (6814/4-U-1, 174.48 m)
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3.2 Methods

This chapter describes the multi-methodological approach implemented to track the sources
of 6 samples of continental shelf sediments. Two different analytical methods were used to
identify characterising features of the individual quartz grains of both offshore and onshore
samples. The methods include imaging with SEM using BSE modus, CL scanning, and LA-ICP-
MS. The SEM equipped with the CL detector allows comparative CL and BSE scanning of the
exact same sample section.

The results for the different samples were compared with each other with special attention
to the comparison between offshore and onshore samples. By this means classes and groups
were compiled and possible connections, i.e. potential common source areas of the sediment,
were examined. For scanning, all material was mounted on glass slides. The specimen were

prepared for analysis in a conventional manner as described below.

3.2.1 Specimen preparation

Specimen preparation was performed in Trondheim (NGU). After sampling of the original drill
cores the grain size fraction (> 0.5 mm) was achieved by wet sieving with deionised water. The
grain size was chosen for practical reasons (image resolution and material availability for sub-
sequent laser ablation). After drying a first selection was done by manually picking grains un-
der a binocular microscope. Grains that were obviously not composed of quartz were disre-
garded. Grains consisting of other minerals, mainly feldspar, that could not be differentiated
and were picked unintentionally were later identified by a brighter BSE signal and omitted.
The grains were picked randomly in order to provide a representative selection for each sam-
ple but with concentration on larger grains. The grains were then embedded in epoxide resin
on standard glass slides (2.8 x 4.8 cm). The hardened samples could then be polished down to
approximately half the size of the grains and were again cleaned with deionised water for
subsequent scanning. The grains were polished until a thickness of approximately 250 um was
reached in order to allow maximal comparability with the thin sections, which have the same
thickness.

Grain selection of the loose sand samples for CL scanning was based on BSE contrasts. For that

purpose, BSE overview images of the samples were prepared first. Each grain was given an
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individual fixed number. The numbers were also included on an overview image for orienta-
tion during laser ablation.

The mineral quartz is a weak electrical conductor. In order to prevent a build-up of electric
charge on the sample during scanning with high-energy electron bombardment, the surface
needs to be conductive to allow the discharge of excess electrons. Carbon coating was there-
fore first applied to each sample in a vacuum chamber by vaporizing a graphite wire (standard
grade carbon fibre cord, type C5421, Quorum Technologies Ltd). By this means, a very thin
layer of carbon, only a few nm, precipitated on the sample surface. Equipment (carbon evap-
orator) used for this process was a Thermo VG Scientific Polaron CC7650 Carbon Coater com-
bined with a vacuum pump (Edwards 12 model RV12, a rotary vane pump provided by /deal
Vacuum Products, LLC). The entire process took approximately 1 hour, mainly due to the time
needed to create the vacuum. After the necessary pre-heating of the wire the vacuum was
stabilised again. The actual coating process (using 8-9 volts) took only ca. 2 seconds.

Even though carbon is a non-metal it is a good electric conductor. In addition to the coating
the sample was provided with conductive tape on two sides in order to further improve elec-

trical discharge.

3.2.2 Scanning electron microscope: Backscattered electron

A scanning electron microscope operates with a highly focused electron beam that bombards
the surface of a sample. The recorded signal represents the surface topography of the sample
and/or gives indication of the sample composition (depending on the detector used) as elec-
trons interact differently with various atoms. The application principle of BSE scanning in min-
eralogy is based on the fact that electrons tend to be scattered back stronger when heavier
elements are irradiated. The higher the atomic number of an element, the brighter the BSE
signal. E.g. a pure quartz molecule consists of only SiO,. With one silicon atom (Z=14) and two
oxygen atoms (Z=8) it consists to more than 50 wt. % of the light element O. The mica biotite,
for example, contains also heavier elements such as potassium and iron and hence appears
brighter under electron radiation. However, since minerals in pure form are relatively rare and
are not essential for this work, the BSE contrasts here express different mean atomic numbers
of the respective mineral phases. BSE scanning is therefore a convenient tool to detect differ-
ent mineral phases and was mainly used to differentiate between quartz and feldspar as well

as to detect micro-inclusions. The scans were also used comparatively to the CL scans to study
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noticeable features (e.g. healed fractures, see below). The used SEM (1450VP, LEO Electron
Microscopy Ltd) has a stage with space for two thin sections/probes. Since the sample must
be investigated under thermal and chemical stability, the microscope was provided with a high
vacuum chamber. The BSE detector used was a four Quadrant fixed Backscattered electron
Detector Type 601 (K.E. Developments LTD., Cambridge, England). The system was operated
using Zeiss SmartSEM V05.04 software (Carl Zeiss SMT Ltd).

An advantage of the technique is the high depth of focus and the high resolution that can be
obtained. A major disadvantage is the high expenditure of time due to the necessary specimen

preparation as described above.

3.2.3 Cathodoluminescence imaging

Since quartz of different origin or different quartz generations all have the same mean atomic
number (molecular weight), BSE scanning easily reaches its limit when only one mineral phase
is investigated. CL is a type of luminescence caused by excitation of matter through electron
irradiation released by a cathode. It is used in mineralogy as an analytical method that is ca-
pable of visualising inner structures of luminescent minerals that are indiscernible with BSE or
pure optical microscopy (see Fig. 11). The size of the electron beam that reaches the sample
surface determines the highest resolution that can be obtained. The scanning produces a very
high resolution digital image which represents the luminescence activity of the sample’s sur-
face upper few micrometres. The instrument used for this study is a Centaurus BS bialkali-type
CL detector attached to the SEM described above. It operates with a hot-cathode using a tung-
sten filament as electron source. The electron bombardment causes the irradiated sample to
emit photons with wavelengths from UV to IR that includes visible light. The method is espe-
cially applicable for material with weak CL response such as quartz (Bernet & Bassett, 2005).
The weak CL signal is due to the extremely high purity of quartz. A working distance of 20 mm
was used.

The grains and thin section details were scanned one by one. Scanning contrast was adjusted
for grains with a very strong CL signal in order to allow the visualisation of internal structures
of otherwise just white appearing areas. Some grains were therefore scanned twice in order
to provide a scan with different brightness and contrasts. Those grains were only counted

once. Contrast and brightness adjustments after scanning were only performed for scans with
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a (too) dark CL signal. Problems occurring during CL scanning include difficulties with occa-
sionally emerging very high brightness. Grains with a very bright CL signal (e.g. feldspar, but
also some quartz gains) can outshine other grains or lead to partial illumination of them re-
sulting in distorted CL contrasts (see Fig.31 A). This effect was avoided by placing the re-
quested grain as close as possible to the scan field margin and hence placing the bright shining
grain outside of it. The sample boundary, or, by using high contrasts, even the sample matrix
(resin) can outshine the information bar (including the spatial scale) at the lower image bound-
ary. In addition, already scanned areas show slightly changed luminescence that can influence
further scanning contrasts in the proximity of the sample area. For practical reasons (further
image processing) the grain were not placed behind the information bar.

Since the CL signal is the result of interaction between different factors that are still not all
fully understood, a further method is needed to unambiguously characterize the mineral

grains.

3.2.4 Laser Ablation Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is an analytical method that allows
highly detailed determination of element contents of gaseous sample material. All samples
investigated here were initially solid. The word “laser” is an acronym for light amplification by
stimulated emission of radiation. Laser ablation (LA) is the method used to selectively vaporize
certain areas of the quartz grains in order to transform the solid matter into a state measura-
ble by mass spectrometry. The combination of these methods (LA-ICP-MS) was used to deter-
mine the trace element content of quartz.

The analysis was performed on selected grains and thin sections with an ELEMENT XR type
double-focusing sector field inductively coupled plasma mass spectrometer from Thermo Sci-
entific. The laser probe used was a New Wave UP193 FX ESI excimer laser operating a 193 nm
beam, which lies within the UVC spectrum. The instrument was equipped with a CCD camera
(charge coupled device) that allowed full optical control of the ablation process (see Fig. 28 &
29).

Selection of the grains for LA-ICP-MS analysis was mainly based on the BSE scans. Grains with
a high abundance of visible microinclusions were omitted from the outset. Larger grains were
chosen preferably in order to provide enough material for ablation. A number of international

reference material was used as standards for external calibration of the instruments prior and
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in between the measurements. These include NIST SRM 610, 612, 614, 616 (synthetic silicate
glasses), and 1830 (soda-lime float glass), produced by the National Institute of Standards and
Technology (NIST), USA. Further used standards were BAM No. 1 SiO, glass as well as a Qz-Tu
synthetic quartz monocrystal from the Federal Institute for Materials Research and Testing
(BAM) in Germany. Specimen preparation after SEM-CL scanning only included cleaning and
removing of the conductive carbon coating (using deionised water) in order to allow an easier
recognition of inner structures and possible micro fluid- and mineral inclusions that need to
be avoided. The following elements were measured: Li, Be, B, Mn, Ge, Rb, Sr, Sb, U, Na, Al, P,
K, Ca, Ti, Fe, Zn, and Ga. The area for ablation was selected by manually drawing a path (abla-
tion raster, see Fig. 28 & 29). Since this optical control allows ablation around or between
visible microinclusions, no dressing techniques were needed to remove inclusions before the
analysis.

A total of 164 grains (including thin sections) were ablated, each in a continuous raster of
approximately 130 X 400 um and a depth of 20 to 30 um. The following settings were used:
Laser repetition (pulse) rate: 20 Hz. Irradiance (power density): 0.90 GW/cm?. Energy density
(fluence): 4.60 J/cm?. Laser beam diameter used for ablation was 50 um. The length of the
necessary ablation path depends on the number of elements to be measured in the ICP-MS.
With the given parameters (including the skipping of the first few seconds of ablation, see
below) an average path length of about 800 um was ablated in order to erode enough material
for element composition measurement in the MS. The ablation path was, when possible, al-
ways set parallel to the grain boundaries and parallel to inner structures. Processing close to
or towards the grain boundaries in a perpendicular angle was avoided as it increases the
chance that the grain breaks. A grain once cracked easily continues cracking. However, larger
particles that might break apart during ablation are not carried to the ICP-MS and hence not
included in the calculation. Between every ablation process, a background measurement was
performed that was later subtracted from the actual measured values (from the following
analysis). In addition, after every 10th ablation process, a standard was measured in order to
avoid memory effects (NIST 612). The ablated material was transported to the MS by a high-
purity carrier gas mixture of argon and helium and then ionised by the inductively coupled
plasma. This charging makes the atoms susceptible to an electromagnetic field and allows
mass spectrometry. The final output is a spreadsheet with all preselected element concentra-

tions given in parts per million (ppm) (see Appendix).
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3.2.4.1 The ablation process in detail

After insertion of the sample into the specimen chamber of the LA instrument the requested
grain (and standards) were focused on the screen. The operating software used was New
Wave Research — Laser Ablation System (version 1.14.3.3). The software interface offers an
overview window of approximately 1000 x 750 um with a um scale (see Fig. 28). There is no
zoom available. Optical focus on the grain is also the focus for the laser beam. Two optical
views on the specimen can be selected: top view (“coax”) and transmitted light (“ring”) (see
Fig. 29 C and D). Top view corresponds more to the BSE image and was preferably used for
navigation and search for the grains. Transmitted light reveals larger inclusions and was mainly
applied to determine the ablation pattern. Grain boundaries were often indistinct and some

grains partly continued below the glue (Fig. 29 C, D). Blurred structures do not lie within the

focus and are hence not on the sample surface.
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Figure 28: Software interface of New Wave Research — Laser Ablation System. Screenshot taken in top
view light between ablation raster determination and ablation process. A belt of inclusions is visible
that traverses the grain diagonally (greenish dots). The ablation raster is set below these impurities
(vellow pattern).
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The ablation process was started after the raster was defined (and the MS finished processing
of previous measurements). LA and ICP-MS instruments worked independently and were con-
trolled via separate computers. Since the carrier gas containing the ablated material needs
time to reach the MS, the element measurements were started after some seconds. The signal
must stabilize first. In addition, the first few seconds (the first ablated material) is more likely
to be contaminated and was avoided. Time resolved LA-ICP-MS measurements performed by
Miiller (2000), showed that best results are achieved when the first 8 seconds of ablation are

omitted.

B| SEM-CL

Figure 29: Scans prepared by using different methods demonstrating the ablation procedure (compare
with Fig. 28). A: True-colour scan of a siliciclastic sediment sample (> 0.5 mm). The arrow indicates one
selected grain for the LA-ICP-MS analysis. B: SEM-CL micrograph of the grain selected from the slide in
A before ablation. C: Ablated grain in top-view mode. D: Ablated grain in transmitted light mode. The
images C and D exemplify the conchoidal fracture of quartz. The arrows indicate the actual grain
boundary.

As soon as the selection of elements was processed by the MS, ablation was stopped even if
the selected ablation raster was not fully used. The MS computer then needed some seconds
for calculation. During the MS calculation in the background, the next grain was selected on

the screen. The signal levels off slowly and therefore a pause of 30 seconds was taken before
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the next analysis. After the ablation process the grains were irreversibly damaged (see Fig. 29
C). Larger splinters that broke away during ablation found spread over the sample were ne-
glected. They were blown away during the next process. Since they have not been sucked in
by the carrier gas initially the splinters were apparently too large to be processed and do not
further influence the measurements.

In general, a “cleaner” grain can be expected to give better results. However, since the laser
energy is transmitted along (invisible) lattice-bound impurities (A. Mller, 2015, personal com-
munication), ablation works better the higher the impurity of the quartz is. The ablation be-

haviour can therefore give a first rough hint concerning the purity of the quartz.

3.2.4.2 LA-ICP-MS analysis and trace element evaluation

Trace elements in quartz are extant in a range close to the detection limits of today’s analytical
equipment. The detection limits (LOD) are values empirically developed for each element and
separately for each sample (see tables 4, 5, 6, appendix). Values below the LOD cannot be
distinguished from the background noise and are, if available, only plotted to provide an over-
view but excluded from further considerations.

Of the 13 samples, seven were analysed with LA-ICP-MS (2 sediment, 5 basement samples).
Of the 164 analyses performed, data of 102 were usable (62 %). The remaining analyses were
excluded from further considerations because values of Fe, K, Ca, Na, and P exceed 10-20
ppm. These high values indicate that the measured elements were not all structurally bonded
in the crystal lattice but also part of fluid or mineral inclusions (Mdiller et al., 2012). Selected
trace element concentrations that are most relevant for classification (Li, Al, Ti, Ge) were plot-
ted against each other using Microsoft Excel 2013. These elements are among the most com-
mon structurally bound trace elements in quartz and are indicative for their crystallization
environment (e.g. Miller et al., 2012). Plotting of more than two elements is necessary in
order to identify and approve distinct patterns and trace element concentration ranges of the
respective samples. The ablated material of a single quartz analysis performed on one grain
gives insufficient data to use for a numerical evaluation since the identification of outliers re-

quires a certain amount of analyses.

75



3.2.5 Classification and grouping of individual quartz grains

Seven onshore samples were investigated for comparison with offshore samples in order to
verify or falsify the locations as potential source areas of the sediment. All grains of both off-
shore and onshore samples were first grouped according to their CL intensity, contrasts, and
overall similarity. The classes and groups were then compared with each other. Besides the
overall CL intensity, the classification was also based on visible primary and secondary struc-
tures as well as roughly the roundness of the grains. Quartz classes were divided into plutonic,
low-grade metamorphic, and medium-grade metamorphic. These were further subdivided
into several groups (presented in Results).

The classification of the CL scanned grains was mainly based on work by Seyedolali et al.
(1997), Bernet & Bassett (2005), Boggs & Krinsley (2006), Miller & Knies (2013), and sup-
ported by A. Miller (personal communication). Remaining grains were subdivided into grains
with frequent secondary structures and grains with little secondary structures. The yet re-
maining plutonic grains were simply grouped as “plutonic” and represent exotic grains that

are either unique within one sample or even in all samples.

The following two plates (Fig. 30 and 31) illustrate structures and artefacts that occur during
specimen preparation and scanning. These are important to recognise and to differentiate
from actual features of the grains and are therefore illustrated in detail. All illustrated features
were then neglected and not used for classification purposes. Cracks that occurred in grains
or at grain margins that had the same CL intensity as the epoxy resin are not considered. Iden-
tical CL contrast is an indication that the crack occurred during specimen preparation and was
subsequently filled with the glue. This was also evidenced by some obviously displaced parts
of grains as shown in Fig. 30 C. In some cases this gave the impression of apparent porosity.
Many scans showed straight whitish scratches aligned randomly and in some cases beyond
single grains across adjacent grains (see Fig. 31 C-D). These strokes originate from the speci-
men preparation and were caused by polishing. These structures occurred in all offshore sam-
ples with varying frequency and were disregarded, too. Also negligible artefacts occured in a
few scans in the form of black streaks at scattered inclusions. They were most probably caused
by CL signals that were too bright for the detector to be recorded properly (Fig. 31 B). The

most common artefacts are summarized in Fig. 30 and 31.
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Figure 30: Micrographs showing specimen preparation-induced cracks that do not belong to the grain
properties. A - B: CL - BSE comparison of the same grain showing cracks filled with epoxy resin (arrows).
C: Grain cracked during specimen preparation: cracks and area between displaced parts filled with
epoxy resin (arrow). D: Comparison with recrystallized healed cracks (arrows) that constitute secondary
quartz (actual features of the grain). Epr = epoxy resin, Qtz = quartz.

Plutonic quartz was mainly grouped according to primary quartz characteristics and secondary
quartz characteristics (Bernet & Bassett, 2005). Primary characteristics include original fea-
tures as for example growth zoning that developed during crystallization and cooling of the
grain. Features that developed subsequently are referred to as secondary characteristics (or
structures). These include healed cracks and micro-cracks that developed during cooling (ther-
mal stress), deformation lamellae, or recrystallization. Micro-cracks or healed cracks of ran-
dom orientation are considered primary structures whereas preferred orientation indicates
subsequent (secondary) deformation (Bernet & Bassett, 2005). Metamorphic quartz grains
usually do not feature any primary quartz structures, depending on the grade of metamor-
phism that affected the grains. Figure 32 illustrates primary and secondary structures on two

examples. Figure 33 and 34 then shows features that were used for classification.
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Figure 31 (previous page): Most common artefacts that occur in CL scanning of polished epoxy-
mounted siliciclastic sand samples that also include other minerals. A: Outshining due to adjacent min-
erals with stronger CL signal. This effect can also occur at bright inclusions within grains (see Fig. 68 A
and B). B: CL signal distortion. C - D: Scratches that occurred during polishing that traverse secondary
intrinsic structures (C) and continue towards grains initially randomly combined (D). E: White spotty
impurities that resemble inclusions but also occur beside the grain in the epoxy resin. F: Hair-like impu-
rity. G - H: Epoxy-embedded grains in samples that were not properly polished down to half size of the
grains produce unusual grain-boundaries in CL (H) or even parts with epoxy resin in the middle of the
grain (G). All features presented in the figures do not belong to the actual properties of the grains and
were therefore not used for classification purposes.

secondary structure: micro-fracture showing
traces of fluid migration

unaltered primary quartz

darkened secondary quartz

third generation mirco-fracture,
nollittle fluid migration

mainly unaltered, primary quartz

healed micro-crack

third generation micro-fracture,
no fluid migration

healed crack, recrystallized
secondary quartz

secondary quartz

Figure 32: Quartz grains scanned with CL with indicated primary and frequent secondary features used
for classification and grouping. Scale bar lengths correspond to 100 um.
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. ' Py ' ‘ 50 um

Figure 33: CL micrographs showing contrast features used for classification and grouping of the quartz
grains. A: Few secondary structures, intermediate CL. B: Same type as in A, but with dull CL. C: Frequent
secondary structures (cracks and fractures) in a primary quartz matrix. D: Frequent secondary struc-
tures (cracks and fractures) in secondary quartz with dull CL. E: Weak recrystallization with sub-grain
formation, bright CL. F: Weak recrystallization with sub-grain formation, dull CL. G: strong recrystalli-
zation with sub-grain formation. H: Strongly altered quartz showing no distinct sub-grain formation.
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Figure 34: CL micrographs showing features used for classification and grouping. A: Deformation la-
mellae. B: Growth zoning. C: Strong shearing. D: Non-differential, homogeneous and dull CL. E: Micro-
inclusions with preferred orientation, dark CL. F: Heterogeneous, dull CL with micro-inclusions of ran-
dom orientation.

As an additional feature to characterize the sand grains, the roundness was considered. The
roundness was determined by means of the silhouettes of the half grains according to the six

classes as proposed by Powers’ (1953) “Roundness scale”.
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4. RESULTS

All results presented here were based on BSE and CL images as well as trace element data
obtained by LA-ICP-MS. Micrographs of 400 sediment grains and thin section details from 13
samples were studied in terms of luminescence characteristics and similarities. The optical
comparison was supplemented with geochemical data for seven of the samples. The most
distinct quartz grain classes and groups of each offshore sample are illustrated in this chapter
and trace element contents are given. This provides an overview of the grains present and
allows the determination of common or less common quartz types and narrows down poten-
tial connections between basement and sediment samples. The results of onshore and off-
shore samples are presented descriptively and separately first. The findings will then be put

into context and discussed in the next chapter Discussion.

4.1 General cathodoluminescence observations

Except for some well-rounded grains with weak or even absent CL signal all investigated quartz
grains of both onshore and offshore samples were distinctive. The grains were clearly distin-
guishable in terms of shape, CL contrasts and intra-granular structure distribution. At the same
time, in all offshore samples several groups of grains with obvious similar to very similar CL
properties were present (see Fig. 47 and following compilations). The similarities in the CL
signal intensity together with primary and secondary intra-granular structures such as recrys-
tallization with sub-grain formation and healed micro-cracks were used to develop groups of
quartz grains that were further tested with LA-ICP-MS data. The developed groups are inter-
preted to represent groups of grains that crystallized under similar conditions and/or under-
went a similar metamorphic history (see Discussion). The main classes developed include plu-
tonic and metamorphic quartz. Metamorphic quartz were classified into low-grade and me-
dium-grade metamorphic quartz. Within the classes, several subgroups could be established
which are presented below. The subgroups were mainly based on CL contrasts, however, the
grain roundness was taken into account as well. Seven generic types of offshore quartz grains
were distinguished. The grains and thin section details from the basement samples were con-
sidered single quartz types each, since they were sampled at single designated localities and

not the result of mixing and accumulation as was the case with the offshore sand samples.
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Most of the investigated offshore sand grains were sub-angular (41 %). Only 4 % were well
rounded, 4 % were very angular. An overview of the grain roundness distribution is given in
Fig. 35. Some obviously well rounded grains were subsequently broken and some broken sur-

faces showed anew rounded edges to different degrees.

Grain roundness distribution

Sample 2: Sample 3: Sample 4: Sample 3a: Sample 1: Sample 6:
6610/7-1900 m 6610/7-1920 m 6610/7-1940 m 6510/2-1441m 6610/3-1460 m 6610/3-1480 m

N N W W
o U O wun

=
o

Number of grains
o &

o

M very angular mangular ® sub-angular ™ sub-rounded rounded = well rounded

Figure 35: Grain roundness distribution of all six offshore sediment samples with sub-angular (columns
in green) being the most common roundness observed (41 %). The data is based on 339 grains in total
with an average of 56.5 grains per sample.

4.2 LA-ICP-MS analysis: Trace element content

Results of the LA-ICP-MS analyses reflect the CL contrast diversity with a generally wide range
of concentrations for most trace elements (see Fig. 36 and tables in Appendix). The most com-
mon element detected in offshore quartz grains was Al with an average amount of 30.25 ppm
and a maximum value of 109.64 ppm. This is followed by Ti with an average of 20.43 ppm
(maximum 71.44 ppm). Figure 36 combines all obtained LA-ICP-MS data and gives an overview
of the average trace element concentration for all seven analysed samples (including onshore
samples). Aluminium was the most common trace element in all quartz samples except for
sample 25, in which Ti dominated and in sample 47802, in which Ca dominated.

The trace element concentration ranges given in Fig. 36 are based on the average values for
each sample. The widest range was recorded for iron with average values ranging from 0.48
ppm (sample 89421) to 62.04 ppm (sample 25). This was followed by Ti with values ranging
from 4.12 ppm (sample 47802) to 162.28 ppm (sample 25). Not all elements included in the

analytical protocol were considered for further inspection. However, the smallest range of the
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most important elements was recorded for Ge with values ranging from 0.57 ppm (sample 25)
to 0.85 ppm (sample 2). In the following, trace element data are incorporated in the respective

results and not considered separately.

Average trace element concentrations
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Figure 36: Average lattice-bound trace element concentrations of all LA-ICP-MS analyses combined.
The grey columns represent the recorded ranges of average values, the black bars represent the total
average values. Data based on 98 analyses: 5 basement samples, 2 sediment samples). Carried out at
NGU, Trondheim.

4. 3. Offshore samples

4.3.1 Cathodoluminescence properties of the offshore quartz grains

The 339 CL- scanned offshore quartz grains exhibited an enormous variety of CL signal inten-
sities ranging from completely black (no luminescence) to highly bright in a way that contrast
and brightness adjustment were necessary prior to the scanning in order to visualize inner
structures. The samples contained grains with heterogeneous as well as featureless, homoge-
neous CL contrasts (nondifferential). Features visualized include fluid and/or mineral inclu-
sions, healed (recrystallized) fractures and micro-cracks of preferred or random orientation,
authigenic quartz overgrowths, strong and weak recrystallization with sub-grain formation of
entire grains and, to a very small amount, growth zoning (one grain from well 6610/3-1, 460

m depth, sample 1). Further features detected are deformation lamellae on plutonic as well
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as metamorphic grains, dark staining along fissures of different extents, and distinct CL con-
trast concentrated at the grain margins with or without smooth transition towards the centre
of the grains. Comparative BSE images confirmed that darker parts of the grains along fissures
consist of quartz as the signal intensity showed identical contrasts (see Fig. 11).
Polycrystallinity (i.e. grains containing several different minerals or minerals differently
aligned) was recorded in all samples except for sample 6 (6610/3-1, 480 m). Most grains were
monocrystalline. The degree of metamorphism visualized in metamorphic grains varied from
slightly to fully recrystallized. However, most recrystallized grains were classified as plutonic.
No glass was found in the samples. Single grains with unique CL appearance that do not cor-
respond to any other grain of the other samples were present in all samples. In general, grains
showing a dark CL signal were more common than very bright appearing grains.

81 % of all offshore quartz grains were classified as plutonic. Of the remaining 19 % metamor-
phic grains, 83 % were classified as low-grade metamorphic and 17 % as medium-grade met-
amorphic. Of the low-grade metamorphic grains 57 % featured homogeneous, featureless CL
contrasts. The 43 % with heterogeneous CL contrasts mainly showed frequent micro-inclu-
sions. Low-grade metamorphic grains with a dull and featureless CL signal were present in all
6 samples but with different grades of roundness. 19 % of the plutonic grains showed recrys-
tallization with sub-grain formation. The recrystallized grains were subdivided into weakly re-
crystallized (58 %) and strongly recrystallized (42 %). 15 % of the plutonic grains were strongly
altered (other than clear sub-grain formation). All remaining plutonic grains were grouped
into grains with frequent secondary structures (7 %), grains with few or no secondary struc-
tures (24 %) and the yet remaining 34 % plutonic grains show no clear affiliation to any of the
other groups.

Based on their CL properties, the grains were classified into seven major groups, termed Type

A to Type G. These quartz grain types were defined in the following way:

Type A: Plutonic recrystallized with sub-grain formation
Type B: Plutonic strongly altered

Type C: Plutonic with few or no secondary structures
Type D: Plutonic with frequent secondary structures
Type E: Low-grade metamorphic heterogeneous

Type F: Low-grade metamorphic homogeneous

Type G: Medium-grade metamorphic

The types are described and illustrated in more detail below.
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Table 2: Number of grains per type listed for each offshore sediment sample. The 92 uncategorized
plutonic grains were excluded from the count but were included in the percentage numbers (Fig. 37).

vamberof [ et [t et | mns | s | oy | o
grains pertype | g4, 920 m 940 m 441 m 460 m 480 m (grains)
Plutonic 54 61 38 49 45 27 274
Type A 8 13 10 9 10 3 53
Type B 6 5 14 9 6 2 42
Type C 9 18 4 13 13 10 67
Type D 8 6 0 1 2 3 20
Metamorphic | 23 12 12 3 11 4 65
Type E 13 3 2 2 3 0 23
Type F 6 5 10 1 5 4 31
Type G 4 4 0 0 3 0 11
In total 77 73 50 52 56 31 339

Figure 37: Percentages of the quartz grain
types listed above, including the unclassi-
fied plutonic grains.

4.3.2 The seven quartz grain types in detail

plutonic
unclassified
27 %

Type G
3%

Type F

9%
7% 6%

Type A: Grains classified as Type A were polycrystalline plutonic grains and showed different

degrees of deformation recognized as recrystallization with sub-grain formation. More grains

with bright CL signal were among the more strongly recrystallized grains. Strongly recrystal-

lized grains show smaller sub-grains and the ma-
jority featured further secondary structures,
mainly micro-fractures. The weakly recrystallized
grains had larger sub-grains, often embedded in a
matrix of secondary quartz. Type A grains had an
average Al content of 34.27 ppm ranging from
17.58 t0 95.40 ppm. Average Ti content was 22.29

ppm, ranging from 8.35 to 38.99 ppm. Further
87

Figure 38: Example of a Type A grain.



trace elements concentrations include Li with an average of 5.39 ppm, ranging from 1.15 to

9.23 ppm and Ge with an average of 0.81 ppm ranging from 0.47 to 1.05 ppm.

Type B: Type B grains were strongly altered plutonic grains that did not show sub-grain for-

mation. Very heterogeneous, medium grey to dark CL signals characterized the group. Only

few remains of primary quartz were indicated by
small areas of brighter CL contrasts. In many grains
mineral inclusions were visible. Due to these frequent
inclusions, the trace element data are based on only
5 measurements: Al: average: 32.34 ppm, range from
< 5.28 to 62.81. Ti: average: 8.96 ppm, range from
<0.92 to 13.24. Li: average: 3.69 ppm, range from
0.34 to 11.56 ppm. Ge: average: 0.75 ppm, range

from 0.49 to 0.95 ppm.

Type C: Grains categorized as Type C were a large
collective group of plutonic quartz grains that show
no or only few secondary structures such as frac-
tures and cracks. Medium grey to white CL signals
were most common. Al: average: 31.86 ppm, rang-
ing from < 5.28 to 71.84 ppm. Ti: average: 26.52
ppm, range from < 0.92 to 56.81 ppm. Li average
6.32, range from < 0.14 to 16.89. Ge: average: 0.86

ppm from 0.35 to max. 1.56 ppm.

Type D: Type D grains were plutonic and showed
frequent to very frequent secondary structures,
mainly fractures and cracks. Healed fractures and
cracks of up to 60 um wide were recorded. Defor-
mation lamellae occurred on one grain. Most grains

of this type consisted of primary quartz apart from
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Figure 39: Example of a Type B grain.

Figure 40: Example of a Type C grain.

Figure 41: Example of a Type D grain.



the secondary structures. Trace element concentrations: Al: average: 48.65 ppm, ranging from
6.92 to 80.51 ppm. Ti: average: 29.27 ppm, ranging from 5.71 to 71.44 ppm. Li: average: 1.30
ppm, ranging from < 0.14 to 4.30 ppm. Ge: average: 0.65 ppm, ranging from 0.50 to 0.75 ppm.

Type E - G were classified as metamorphic and the classes generally contained lower concen-
trations and smaller ranges of trace elements. This becomes most distinctively visible if Ti is

plotted against Al (Fig. 46).

Type E: Grains categorized as Type E were classified
as low-grade metamorphic quartz with a heterogene-
ous CL signal, which was mainly due to scattered min-
eral inclusions and traces of slight shearing. All grains
feature a dark CL signal. Trace element concentration:
Al: average: 30.45 ppm, ranging from 10.42 to 65.76

ppm. Titanium concentrations were very low and lay,

except for one grain (3.36 ppm), below the detection
limit of 0.92 ppm. Three out of 7 Li values were be- Figure 42: Example of a Type E grain.
low the LOD (0.14 ppm). Average of Li: 0.82 ppm,
range: < 0.14 to 2.75 ppm. Ge: average: 0.92 ppm,

range from 0.36 to 1.49 ppm.

Type F: Type F low-metamorphic grains were similar to
Type E grains but showed featureless, homogeneous
CL signals without inclusions. Well-rounded grains
were common, some with “tattered” margins. All
grains were monocrystalline. Titanium content for all
grains lay below 5.54 ppm. Trace element concentra-

tions in detail: Al: average: 12.79 ppm, ranging from

<5.28 to 22.19 ppm. Ti: average: 4.08 ppm (3 values

below LOD), range from < 0.92 to 5.54 ppm. Li: aver-
Figure 43: Example of a Type F grain.
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age: 1 ppm, range from < 0.14 to 1.88 ppm. Ge: average: 0.92 ppm, ranging from < 0.32 ppm
to of 1.36 ppm. Type F grains were present in all samples but occurred frequently only in sam-

ple 4 (well 6610/7-1, 940 m).

Type G: Grains categorized as Type G were classified as medium-grade metamorphic, meaning
that they had been subject to higher temperature and pressure metamorphism than Type E
and F grains. The group was very small. Deformation
lamellae occurred on 27 % of the grains. Due to the
rare occurrence of Type G grains, the LA-ICP-MS anal-
ysis was based on only 4 measurements. Average con-
centration of Ti: 6.78 ppm, ranging from 5.67 to 8.65
ppm. Al: average: 12.59 ppm, ranging from 6.36 to
20.61 ppm. Values for lithium lay below LOD except

for one grain (3.13 ppm). Ge: average: 0.96 ppm,

ranging from 0.69 to 1.26 ppm. Trace element con- Figure 44: Example of a Type G grain.

centrations of all the types are plotted in Fig. 45 & 46.
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Figure 45: Trace element concentrations plotted with respect to quartz ¢ TypeA
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4.3.4 The offshore samples in detail

Well 6610/7-1 (900 m): Sample 2

Sample 2 featured 70 % plutonic and 30 % metamorphic quartz grains of which the majority
was low-grade metamorphic (83 %). Four grains were medium-grade metamorphic. Type E
was most dominant in the sample. The second most common group was an uncategorized
plutonic quartz with micro-fractures along which primary quartz has altered to darker second-
ary quartz. This group is presented in Fig. 50. Most of the grains in sample 2 were sub-angular
(30 %), only three grains were well rounded. Sample 2 showed very diverse ablation behaviour
during LA-ICP-MS analysis: partly big rupture (resulting in craters of up to > 200 um in diame-
ter) and partly very good ablation behaviour with only minor cracking of the grains. Average
trace element concentration: Al 30.20 ppm, Ti 20.43 ppm, Li 3.44 ppm, Ge 0.85 ppm. Highest
value for Al was 80.51 ppm. There was a tendency for grains with a bright CL signal to have
high Ti content as well. Fig. 51 exemplifies the range and diversity of the trace elements meas-
ured in the sample by using the four elements Al, Ti, Li, and Ge. The full numerical outcomes
are given in Tab. 4 (appendix). In the following, the groups that have been distinguished are

presented and assigned to specific types, is possible.
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Well 6610/7-1 (900 m depth): Sample 2 — Plutonic quartz grains

Type A

Type D

Strongly
recrystallized

Dull CL

Intermediate CL

?
A

Typ

eC

Figure 47: Different types of quartz grains found in sample 2, classified as plutonic. The selection is
based on CL similarities. Scale bar lengths correspond to 100 um.

Well 6610/7-1 (900 m depth): Sample 2 — Medium-grade metamorphic quartz grains — Type G

Figure 48: Medium-grade metamorphic quartz grains found sample 2. Scale bar lengths correspond to

100 um.
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Well 6610/7-1 (900 m depth): Sample 2 — Low-grade metamorphic quartz grains

Type E Type F

(sub) angular, randomly oriented inclusions (well) rounded Sub-angular

Preferred
orientation

\
®
s
&
&

Figure 49: Different types of low-grade metamorphic quartz grains found in sample 2. Scale bar lengths
correspond to 100 um.
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Well 6610/7-1 (900 m depth): Sample 2 — Plutonic quartz grains — no type

Figure 50: Plutonic quartz grains of sample 2 showing different degrees of alterations along fractures.
Affiliation of the grains among one another was tested with trace element data and confirmed by sim-
ilar ranges. Scale bar lengths correspond to 100 um.
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Figure 51: Trace element variation of offshore sample 2 (well 6610/7-1, 900 m), Molo For-
mation. Analysed with LA-ICP-MS. A: Ti vs. Al, B: Ge vs. Al, C: Li vs. Al, D: Ti vs. Ge. LOD: Limit
of detection.

94




Well 6610/7-1 (920 m): Sample 3

Sample 3 contained 84 % plutonic and 16 % metamorphic quartz (low-grade metamorphic: 67
%, medium-grade: 33 %). The most dominant type was Type C, followed by Type A. In general,
the sample contained equal proportions of bright and dark CL contrasts. The majority (41 %)

of the grains was sub-angular.

Well 6610/7-1 (920 m depth): Sample 3 — Plutonic quartz grains

Type C Type D

Figure 52: Different types of plutonic quartz grains found sample 3. Scale bar lengths correspond to
100 um.
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Well 6610/7-1 (920 m depth): Sample 3 — Plutonic quartz grains — Type A

Figure 53: Examples of plutonic grains attributed to Type A, found in sample 3. Scale bar lengths cor-
responds to 100 um.

Well 6610/7-1 (920 m depth): Sample 3 — Metamorphic quartz grains

Type G Type F

Deformation lamellae (well) rounded sub-angular

Figure 54: Examples of metamorphic quartz grains of sample 3. Scale bar lengths correspond to 100
um.
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Well 6610/7-1 (940 m): Sample 4

Approximately 65 % of the grains in sample 4 showed dark CL, 35 % showed a bright signal. 76
% of the grains were classified as plutonic, the remaining 24 % as low-grade metamorphic. The
most dominant group was plutonic quartz categorized as strongly altered (Type B). The second
most common type in the sample was low-grade metamorphic quartz showing homogeneous
CL signals (Type F).

The majority of the grains was sub-angular (42 %) or sub-rounded (28 %). The sample showed

the highest number of well-rounded grains (6), which corresponded to 12 % of all grains.

Well 6610/7-1 (940 m depth): Sample 4 — Plutonic quartz grains

Type A
Strongly recrystallized Weakly recrystallized

Type C

Figure 55: Examples of plutonic quartz grains from sample 4. Scale bar lengths correspond to 100 um.
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Well 6610/7-1 (940 m depth): Sample 4 — Plutonic quartz grains — Type B

) %
@

Figure 56: Different types of plutonic quartz grains found sample 4. Scale bar lengths correspond to
100 um.

Well 6610/7-1 (940 m depth): Sample 4 — Low-grade metamorphic quartz grains

Type F

Well rounded Rounded to sub-angular

<
2
s

Figure 57: Low-grade metamorphic quartz grains found in sample 4. Scale bar lengths correspond to
100 um.
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Well 6610/3-1 (460 m): Sample 1

In sample 1, 60 % of the grains had darker CL signals, 40 % had bright signals. The most domi-
nant type was Type C: plutonic grains with few or no secondary structures. The second most
abundant grains belonged to Type B. The most common lattice-bound trace element in sam-
ple 1 was Al with and average concentration of 30.32 ppm. Values for Al ranged from 6.36 to
109.64 ppm. The second most trace element was Ti with an average of 20.44 ppm, ranging
from < 0.92 to 56.81 ppm. Li: average 6.50 ppm, ranging from < 0.14 to 17.25 ppm. Ge: aver-
age: 0.76 ppm, ranging from 0.37 to 1.36 ppm. Fig. 59 exemplifies range and diversity of the

analysed trace elements distributed in the sample.

Well 6610/3-1 (460 m depth): Sample 1 — Plutonic quartz grains

Type C Type D

F
-
@
wl

Figure 58: Different plutonic quartz grain types found in sample 1. Scale bar lengths correspond to 100
um.
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Figure 59: Plotted trace element concentrations of sample 1 (6610/3-1, 460 m depth). A: Ti vs. Al, B:
Gevs. Al, C: Livs. Al, D: Ti vs. Ge.

Well 6610/3-1 (480 m): Sample 6

No clearly polycrystalline grains were present in sample 6. Slightly more very dark grains than

bright grains were identified by CL. 87 % of the grains were classified as plutonic, 13 % as low-

grade metamorphic (all Type F). Most grains in sample 6 belonged to Type C.

100



Well 6610/3-1 (480 m depth): Sample 6 — Plutonic quartz grains

Type A

Type C

Type D

Figure 60: Different plutonic quartz grain types found in sample 6. Scale bar lengths correspond to 100

um.

Well 6610/3-1 (480 m depth): Sample 6 — Low-grade metamorphic quartz grains

Type F

Figure 61: Different metamorphic quartz grain types found in sample 6. Scale bar lengths correspond

to 100 um.
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Well 6510/2-1 (441 m): Sample 3a

Sample 3a contained no grains with homogeneous, featureless CL properties. In general the
sample contained slightly more grains showing a distinctively bright CL than a dark signal. The
vast majority of the grains was classified as plutonic (94 %), only 3 grains were low-grade met-
amorphic (two grains Type E, one grain Type F). The sample comprised a distinct group of
grains with patchy CL signal and varying lightness ranging from light grey to dark grey. The
grains within this group were arranged according to their degree of deformation (see Fig. 63).
The the sample contains no rounded or well-rounded grains. The majority was sub-angular

(62 %), the remaining were sub-rounded (27 %) or angular (11 %).

Well 6510/2-1 (441 m depth): Sample 3a — Plutonic quartz grains

Strong CL (adjusted scanning contrast) - no type Type C

Figure 62: Different plutonic quartz grain types found in sample 3a. Scale bar lengths correspond to
100 um.
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Well 6510/2-1 (411 m depth): Sample 3a — Plutonic quartz grains

Type A

Type D Weakly
recrystallized

Strongly
recrystallized

9
@
s

Figure 63: Different plutonic quartz grain types found in sample 3a. Scale bar lengths correspond to

100 um.
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4.4 Onshore/basement samples

4.4.1 Cathodoluminescence properties of the onshore/basement samples

The investigated onshore (basement) samples represent single classes of quartz each, as all
grains of the particular samples were taken from single, definite locations with preserved crys-
talline fabric. The in situ weathered loose saprolitic sand (of samples no. 89415 and 89421) is
directly derived from the basement and was sampled before sediment transport commenced.
All these lose basement-derived grains were very angular to sub-angular. The sample locations

are indicated in Fig. 13.

4.4.2 The onshore/basement samples in detail

Hadselgya: Sample 5

Sample 5 (Brennvinshaugen, Hadselgya, 145 m a.s.l.) showed very heterogeneous SEM signals
in both CL and BSE images. BSE contrasts indicated at least four different mineral phases. Fre-
guent mineral inclusions were visible and the quartz showed intergrowth with other mineral
phases as for example K-feldspar. Recrystallization with sub-grain formation was observed to

some extent.
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Figure 64: SEM-CL and corresponding BSE micrographs of sample 5, a thin section (250 um) taken from
a mangerite corestone found in a saprolite weathering profile on Hadselgya, Vesterdlen. A - B and C -
D: CL - BSE comparisons of the same areas on the thin section. E - F: Representative CL micrographs of
the sample. Most important mineral phases are indicated as follows: Kfs = K-feldspar, Qtz = quartz.

Hadselgya: Sample 89415

Scanning of sample 89415 (Brennvinshaugen) revealed quartz grains with mineral inclusions
such as K-feldspar and mica (Fig. 65). Bigger grains broke during specimen preparation. Some

thin micro-fractures occurred. CL signals are predominantly dull.

105



A[CL 89415- i ~ \W|B/BSE 89415-8

89415-1

[G[ 89415-9 B

e |

Figure 65: SEM-CL and BSE micrographs of sample 89415. The sampled sand (grain size fraction > 0.5
mm) was weathered in situ on saprolitic mangerite bedrock. The fissility of mica is visible in G. A - B:
CL - BSE comparison indicating mica inclusions. C - H: Representative CL micrographs. Mc = mica, Qtz =
quartz, Kfs = K-feldspar.
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LA-ICP-MS analysis revealed high trace element concentrations of Al (average: 144.10 ppm,
ranging from 91.66 to 194.35 ppm). The second most common trace element was Ca with an
average of 6.31 ppm, ranging from 2.50 to 8.92 ppm. This was followed by Li, with an average
value of 6.16 ppm, ranging from 5.69 to 6.69 ppm and K: average: 6.08 ppm, ranging from
1.44 to 9.74 ppm. Further values: Ti: average: 5.34 ppm, range from 3.33 to 7.11 ppm. Ge:
average: 0.67 ppm, from 9.56 to 0.78 ppm.

The grains were very angular to sub-angular. White dots appeared throughout the sample that
gave the impression of fluid/mineral inclusions (see Fig. 65, e.g. A and G). They also appeared
in the epoxy resin (see Fig. 31 E). Figure 66 illustrates the different ranges of the trace element
concentrations in sample 89415 in comparison with sample 89421 (Hamargy, see below). Only

minor overlapping occurs in plots A, B and C, values show more overlap in plot D. (Fig. 66).
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Hadselgya: Sample 89418

The grain margins of the quartz crystals in sample 89418 had distinct dark CL contrast altera-
tions that were unique for the sample (Fig. 67). Mica mineral inclusions were common within
both K-feldspar and quartz grains. Micro-fractures were uncommon. Most of the cracks visible

in the micrographs ran alongside grain-boundaries and were filled with epoxy resin.

®  ||B|BSE 89418-02

89418-3

[E[CL 89418-6

¥

Figure 67: CL and BSE micrographs of a mangerite corestone representative for sample 89418. Sample
site: Brennvinshaugen on Hadselgya, south-west Vesterdlen, 145 m a.s.l. A - B: CL - BSE comparison
showing frequent feldspar minerals between the quartz crystals. C - D: High-resolution CL micrographs
showing quartz grains with black margins. E - F: CL - BSE comparison showing scattered mica minerals.
Qtz = quartz, Kfs = K-feldspar, Mc = mica.
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Hamargy: Sample 89421

Sample 89421 from Hamargy, south of Vestfjorden/Ofotfjorden, contained grains with heter-
ogeneous to very heterogeneous CL contrasts. Frequent mineral inclusions were visualized,
including small needle-shaped mica minerals (see Fig. 68, A and B). Especially in parts with
more bright CL contrasts, a feature emerged in the quartz phase that resembled hatching (Fig.

68, A and F). The selected grains were predominantly very angular.

A|CL 89421-4

i
!
| §
:

Figure 68: Representative quartz grains found in Sample 89421 taken from Hamargy, Stotland, 77 m
a.s.l. A - B: CL - BSE comparison of the same grain, showing three different mineral phases. C - E: CL
micrographs with dull CL. F: Intermediate CL with “hatching”. Qtz = quartz, Mc = mica.
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Tysfjord, Hundholmen: Sample 47802

The Tysfjord gneiss granite sampled at Hundholmen was the only bedrock sample investigated
that was not subject to strong weathering. Two mineral phases were identified: Quartz and

feldspar. CL contrasts were homogeneous with only few secondary structures and predomi-

nantly dull.

47802-5 |D[ 47802-7

M oopm | . , | T |
Figure 69: Representative thin section details of sample 47802, Tysfjord granite, Hundholmen. A: CL
micrograph showing dark strokes. B - D: Micrographs showing predominantly dull, homogeneous CL of

the quartz. Feldspar was identified in C. Qtz = quartz, Ab = albite.

Trace element concentration of sample 47802 was measured in two analyses and is given in

Tab. 6 (Appendix).

Well 6408/12-U-01 (32.42 m): Sample 10

Sample 10 was a strongly kaolinized granitic rock with coarse grained crystals. It contained
intensively cracked/fractured and healed quartz grains within a predominantly dark matrix.
Micro-fractures of different extent and orientation were visualized. Some parts were charac-

terized by very frequent, densely occurring fractures of preferred orientation (Fig. 70, F).
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Figure 70: SEM-CL and BSE micrographs of deformed quartz crystals in sample 10, (well 6408/12-U-01,
32.42 m depth). A - B: CL-BSE comparison indicating differences in mineral phases. C - G: CL micrographs
showing randomly distributed healed cracks and micro-cracks (e.g. D and E) and micro-fractures of
preferred orientation (F).
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Well 6814/4-U-1 (174.48 m): Sample 25

Basement sample 25 consisted of a medium-grained, kaolinized, K-feldspar-rich granite that
contained deformed quartz grains embedded in a matrix of darker mineral phases other than
quartz (as revealed by CL-BSE comparison, Fig. 71, A-B). Fractures were only partly healed with
secondary quartz. The grains were characterized by very frequent micro-fractures and sub-

grain formation.

’lﬂ’ u A’ﬁ’)A |

A

Figure 71: SEM-CL micrographs of deformed quartz crystals in sample 25 (well 6814/4-U-1, 174.48 m
depth). A - B: CL - BSE comparison indicating differences in mineral phases. C - F: CL micrographs rep-
resentative for the sample, showing cracking and displacement of parts of the grains. Kfs= K-feldspar,
Qtz = quartz.
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In the following, available trace element concentrations of the onshore/basement samples

illustrated above are plotted (Fig. 72).
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Figure 72: Plotted trace element concentrations of all 5 onshore/basement samples that were analysed
with LA-ICP-MS. A: Ti vs. Al, B: Ge vs. Al, C: Li vs. Al, D: Ti vs. Ge.
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In the following chapter (Discussion), the offshore sediment samples and onshore/basement
samples are juxtaposed and possible connections discussed. The distances between all sample
sites are compiled in Tab. 3 below. Largest distance and hence possible sediment transport
way between offshore depositional area and the potential sediment source area is approxi-

mately 360 km (the outcrop on Hadselgya and the southernmost offshore drilling site 6510/2-

1).

Table 3: Compiled distances between all sample sites.

=4
]
bo
=] [
Distance between | & S| o | °
sample sites 2| 5 % > 2 o | |-
in km | 8§ (sS85
c | = 8 | §| K| S| S| S
1 2| 3| = |S|8|2|n
o w I (-] (C-] (-] (-] (-]
Brennvinshaugen 58 70 | 30 | 560 | 245|320 360
Stotland 58 35 | 85 |530|230|300] 335
Hundholmen 70 35 100 | 555 | 265 | 330 | 365
6814/4-U-1 30 85 | 100 555|235 (310 | 360
6408/12-U-01 560 | 530 | 555|555 320 | 250 | 200
6610/3-1 245 | 230 | 265|235 | 320 75 | 130
6610/7-1 320 | 300 |330|310|250]| 75 56
6510/2-1 360 | 335 | 365|360|200|130| 56
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5. DISCUSSION

Sediment transport by itself follows simple physical rules. It is a major task for geologists to
reconstruct the complex setting for those rules that have prevailed millions of years ago. This
setting is far from being understood wholly for various regions including the Norwegian Sea
continental shelf. Provenance research depends on indirect signs and indications. However,
the simplicity of the physical rules allows the incorporation of observations from unrelated
study areas. With an interdisciplinary approach adequate conclusions can be drawn and used
for further improvements of the applied methods. This Master thesis contributes to this pro-

cess by showing potentials and difficulties of a new combination of two established methods.

Glacial erosion has eminently incised the crystalline basement rock along the Norwegian coast
and resulted in plenty of fjords and scattered islands (e.g. Fredin et al., 2013). Despite strong
evidence for the influence of deep tropical weathering on the Baltic Shield (e.g. Lidmar-Berg-
strom, 1995; Lidmar-Bergstrom et al., 1999), which has been underestimated until recently
(Olesen et al., 2013), the most distinct geomorphological features on the Norwegian coast are
still attributed to past (and active) glacial activity (e.g. Fredin et al., 2013; Hall et al., 2013). All
eroded areas on the western side of the paleo-ice divide that has developed during the Weich-
selian glaciation (see Fig. 15 in chapter 2) are potential source areas for recent sediments de-
posited on the Norwegian shelf. The ice divide was situated far east from the present water
divide (Ottesen et al., 2005) and the catchment area for glacial sediments was accordingly
larger than the present catchment area for fluvial activity. The deposition of sediments on the
shelf is potentially influenced by the Norwegian Coastal Current that runs along the coast from
southern to northern Norway (Hansen & @sterhus, 2000). Mixing, erosion, and redistribution
of sediments are possible consequences. The influence of ocean currents on sediment layers,
which are currently deeply buried, can be estimated based on the interpretation of seismic
profiles (e.g. Laberg et al., 2005a).

This chapter intends to discuss the sedimentological setting of the mid-Norwegian shelf with
respect to the samples investigated. Special attention is paid to the genesis of weathered
basement rock. A combined overview of the detected offshore quartz grain groups is pre-
sented and discussed with respect to the applicability of the quartz types for provenance stud-

ies and their geologic significance. The comparability of the offshore sediment grain groups
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with onshore quartz grains will be presented and discussed. Centrepiece of the discussion is
the classification of the offshore quartz grains and the resulting comparison with onshore
samples. A link between most of the offshore and onshore samples is questioned and thus

alternative sediment sources as well as transport routes and mechanisms are suggested.

5.1 General CL and LA-ICP-MS findings

Both CL and LA-ICP-MS analyses revealed a marked variety in composition of the sediment of
the sampled Molo Fm as a whole, as well as in the composition of the sediment samples them-
selves. The internal diversity of grains revealed by CL signals reflects the complexity of the
geological history of the quartz grains. The highly diverse optical, luminescence, and geochem-
ical properties of the quartz grains indicate that the sediments deposited on the Norwegian
shelf are a mixture of broken rock particles originating from various different sources. The
presence of grains showing all grades of roundness ranging from very angular to well-rounded
also indicates that the shelf is composed of sediments that travelled dissimilar distances and
are most probably reworked to a high degree. Despite this high diversity, several distinct
groups with similar quartz grains could be established in all offshore samples. The different
guartz grain groups are interpreted to reflect sources with a similar magmatic and metamor-
phic history and the grains might thus have been transported along the same routes within
the same geological time. Some of these groups overlap in different wells and different depths
(see Fig. 73 & 74). The overlap in groups of quartz grains showing similar CL characteristics
both vertically and horizontally indicates that the three investigated offshore sediment wells
indeed represent the area and the sand of the Molo Fm. Within an area spanning 130 km and
a total sampled range of 499 m (between 940 and 441 m depth), the accumulated grains show
several distinct groups. The fact that sediment grains of different types were present in single
samples is also an indication that drilling cores contain sediments of varying age at given
depths, and that these depths can therefore not be attributed to specific ages determined for
basement rocks onshore. The depositional age of sediments differs from both crystallisation
age and weathering/erosion age. Due to the high number of single exotic grains that display
no similarities with grains in the rest of the samples, it is expected that much more groups
would emerge if the number of samples was increased. Remaining grains that are still unique

after the data base is increased would then be interpreted to be “true” exotics that are either
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transported from much farther away or represent, for example, smaller intrusions that under-
went local changes. The compiled data shows, however, no connection between uniqueness
in CL signal and roundness. The presence of grains with similar CL contrasts in different depths
within the same core also indicates that sediment supply to the shelf was stable over a long
period of time, heading more or less in the same direction. The results obtained by LA-ICP-MS
are in concert with the results compiled by Gotze (2009) and Miiller et al. (2012): Aluminium
and Ti are the most common structurally bound trace elements in natural quartz (see Fig. 8
and 36). The prevalence of Al reflects that the element is very common in the Earth’s crust

and in addition is prone to substitution due to the similar ionic radius with Si (Gotze, 2009).

5.2 The quartz grain classification

In a similar study performed at and around Svalbard, Miller & Knies (2013) developed quartz
grain classes. They stated that their classification only applies to the investigated area. Conse-
quently, the categories for this study are new. A high number of comparable studies that used
the same methods is necessary to recognize classes that can be seen as generally validated.

In the following, a combined classification of the investigated quartz grains is presented.

Classification - Low-grade metamorphic quartz grains - Molo Formation
6610/3-1 6610/7-1 6510/2-1
460 m 480 m 900 m 920 m 940 m 411 m

Type F

Figure 73: Summarized classification of metamorphic quartz grains (> 0.5 mm) found at six different
depths in tree wells in the Molo Formation (6610/3-1, 6610/7-1, 6510/2-1). The selection is based on
CL characteristics. The distances between the wells are given in Tab. 3. Scale bar lengths correspond to
100 um.
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Classification - Plutonic quartz grains - Molo Formation

6610/3-1 6610/7-1 6510/2-1

460 m 480 m 900 m 920 m 940 m 441 m

Type A

Type B

no type

Type C

Figure 74: Summarized classification of plutonic quartz grains (> 0.5 mm) found at six different depths
in tree wells in the Molo Formation (6610/3-1, 6610/7-1, 6510/2-1). The selection is based on CL char-

acteristics. The distances between the wells are given in Tab. 3. Scale bar lengths correspond to 100
um.
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5.2.1 Features used for classification

The groups within the two main classes (plutonic and metamorphic) are based on the most
common features revealed by CL and the overall CL contrasts. Healed cracks and micro-cracks,
fractures as well as trails of fluid inclusions (most common in Type D) are typical for plutonic
quartz (Seyedolali et al., 1997; Bernet & Bassett, 2005). Micro-fractures are caused by defor-
mation and are often directionally aligned, whereas micro-cracks are effected by cooling in-
duced contraction of plutonic quartz (Bernet & Bassett, 2005). Healed fractures are uncom-
mon in metamorphic quartz (Seyedolali et al., 1997). Since quartz has generally no cleavage
but conchoidal fracture (see example in Fig. 29), fine parallel fractures visible within the grains
are always due to deformation processes. A contrasting example of (flaky) fracture in mica is
shown in Fig. 65 (G). Healed cracks are most probably filled with secondary, non-luminescing
quartz by precipitation (Seyedolali et al., 1997). BSE scanning was applied to confirm that
grains clearly showing different CL contrasts entirely consist of quartz. A homogeneous BSE
signal indicates that both bright (primary quartz) and darker (secondary quartz) still have the
same mean average atomic number which would be clearly different if another mineral phase,
such as biotite, was scanned.

Weak polycrystallinity (Type A) is an indicator for deformation processes in plutonic quartz.
Very strong recrystallization changes the texture of the minerals and is an indication for met-
amorphism. According to Bernet & Bassett (2005), low metamorphic conditions can cause mi-
cro-fractures but do not change the original CL characteristics of the grains. Authigenic quartz
forms out of solution during diagenesis. Grains featuring this sort of secondary overgrowth

represent a transition between unaltered and low-grade metamorphic quartz.

5.2.2 Interpretation of features used for classification

Water that is present during cooling and solidification of a pluton can move along fissures and
cracks that develop when the pluton contracts. These fluids react with minerals and recrystal-
lization leads to healing of the cracks with secondary quartz. According to Gétze (2000), the
distinct, dark CL signal at micro-cracks is probably caused by high densities of lattice defects

such as non-bridging atoms and vacancy defects in the crystal lattice (see Fig. 9).
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The distribution pattern of dark staining along micro-fissures (see Fig. 50 and 76) indicates
that the alteration is most probably caused by fluids that moved along the fissures. The darker
quartz is then referred to as secondary quartz. The changed CL contrasts suggest a redistribu-
tion of defect structures in the crystal lattice (Miller, 2000). All stages of fluid advance through
the grains could be observed and fully stained grains cannot be differentiated from grains
showing the same contrast caused by other means as long as no statistically significant com-
parisons with LA-ICP-MS are incorporated. Since this staining along fissures is not visible in
BSE images, they are not fluid-inclusion trails as described by Bernet & Bassett (2005).

Black margins at grain boundaries could be post-magmatic hydrothermal overprints. The “tat-
tered” margins visible at some of the well-rounded grains classified as Type F (Fig. 57) can be
interpreted as dissolution or rupture caused by removal of the grain out of a sandstone matrix.
If this is the case, the grains are probably derived from a secondary source. Source rocks for
low-grade metamorphic (Type E and F) grains can be low-grade metamorphic quartzites.

CL intensity seems to be a function of Ti content (e.g. Wark & Spear, 2005; Miller et al., 2002).
This was confirmed by this study. Grains with bright CL signal have higher Ti concentrations.
The substitution of Ti into the lattice of quartz is proportional to pressure and temperature
which allows the development of a crystallisation thermometer (Wark & Watson, 2006) or
even a thermobarometer (Thomas et al., 2010). Low Ti concentrations indicate low crystalli-
zation temperatures within the range of low-grade metamorphism (quartz grain Type E and
F) because the Ti** can only substitute for Si at high temperatures (Mdller et al., 2002). The
correlation between temperature and Ti concentration seems straight forward, whereas con-
siderations with pressure are intricate and the applicability of a thermobarometer for natural

guartz is questioned (Wilson et al., 2012).

5.2.3 Quartz type comparison with Svalbard

Low-grade metamorphic grains with dull, featureless CL signals and high proportions of well-
rounded grains but distinctly different trace element concentrations have been found on the
mid-Norwegian shelf (this study) and at Svalbard (Miller & Knies, 2013).

The Al and Li concentrations in Type F grains from this study were extremely low compared to

those values detected by Miiller & Knies (2013) for their type A grains with otherwise similar
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characteristics. Miller & Knies (2013) interpreted the high Al and Li values to indicate hydro-
thermal quartz (based on Jourdan et al., 2009), which consequently is not the case for the
investigated grains in this study.

This comparison has several implications: 1. Grains with similar or even identical CL can have
different trace element signatures. 2. Grains with similar or identical CL contrasts can be used
for provenance studies if an additional analytical method is applied. 3. The CL signal alone
cannot be used as a reliable provenance indicator. 4. The grains found at Svalbard and the
grains from the mid-Norwegian Shelf are derived from different, regional sources.

A more comprehensive database could shed light on the differences and similarities (see Out-
look in chapter 6). The similarities further imply that difficulties are likely to emerge when sink
areas with several, large potential catchment areas are investigated where mixing and rework-
ing of sediments is extensive. A possible overlap of trace element data plotted in diagrams
cannot be differentiated based on CL structures alone. The incorporation of more data can at
some point make a differentiation impossible. To establish low-metamorphic grains with dull,
homogeneous CL (Type F here, type A in Miller & Knies, 2013) as a general type is intricate

and requires, if still applied, consequent validation with additional analytical methods.

5.3 Cathodoluminescence properties of the offshore samples

The investigations of the three offshore wells revealed sediments derived from metamorphic
rocks as well as plutonic rocks. This indicates that both eroded Paleozoic Caledonian thrust
sheet as well as Precambrian basement might be incorporated in the Molo Fm. The presence
of hydrothermal quartz among the metamorphic grains cannot be excluded. Since hydrother-
mal quartz is predominantly derived from hydrothermal veins that usually occur in metamor-
phic quartz (Bernet & Bassett, 2005), a possible attribution to metamorphic quartz is, how-

ever, reasonable.

The results of the offshore classification indicate that the analysed samples mainly contain
plutonic quartz grains. It is therefore assumed that sources from Caledonian rocks play a mi-
nor role. Low-grade metamorphic grains (Type F), especially the well and very well rounded,
may be derived from the Caledonides, most probably from the Neoproterozoic to Ordovician

Uppermost Allochthon. The grains could be originated from slates or greenschist. The extreme
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low number of quartz grains showing growth zoning is interpreted to represent the relatively
rare occurrence of hydrothermal quartz in basement rock compared to plutonic quartz. The
absence of high-grade metamorphic grains suggests to exclude any source that contains ultra-
high pressure (UHP) minerals. This includes the UHP domains of the Western Gneiss Region
(WGR) that outcrop in a major basement window in western Norway south-west of the well
6408/12-U-01 (sample 10) location. Grains interpreted to be derived from Precambrian crys-
talline rocks are most dominant in all samples.

A high number of distinguished quartz grain groups only consists of two grains. Some have
different grades of roundness must have travelled different distances since the time they were
separated from the original bedrock. The possibility that they belong to the same pluton is
highly unlikely. It is therefore interpreted that similar CL structures can develop in different
plutons which calls for a supplementary analytical method.

The absence of glass grains within the samples indicates that no volcanic quartz is contained
in the Molo sediments. This suggest that no volcanic activity was present at the time of erosion
and deposition of Molo sediments and that no layers of ancient volcanic deposits were
eroded. The near absence of quartz showing growth zoning is a further indicator since zoning
is a common feature in volcanic quartz (Seyedolali et al., 1997; Boggs & Krinsley, 2006; Rusk,
2012). Albeit unzoned volcanic quartz is common in some areas as reported by Bernet & Bas-
sett (2005). Homogeneous, non-differential CL is rare in volcanic but common in metamorphic

quartz (Seyedolali et al., 1997).

5.3.1 Classification difficulties

The contrast of CL images was generally used as a feature for classification but entails some
difficulties including both homogeneously and heterogeneously contrasted images. Black col-
our or no luminescence visualised in panchromatic CL images of quartz grains does not neces-
sarily indicate absence of CL, as they can appear in a dark red when colour CL is applied (Bernet
& Bassett, 2005). A major problem in categorizing quartz grains based on CL micrographs is
the fact that there are no clear borders between the different processes that form and char-
acterize the grains. The transition between diagenetic and metamorphic processes can be

conventionally defined by numbers in terms of pressure and temperature. However, a clear
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allocation afterwards when the grains have been deformed and removed from these condi-
tions is not straight forward. All grains, unless they are derived from volcanic, plutonic, meta-
morphic, or sedimentary rocks, are initially of igneous origin and crystallized from magma or
lava. Generally, metamorphic grains are believed to have preserved the maximum metamor-
phic grade they were subjected to. High-grade metamorphism can erase growth zoning origi-
nally present in the grain (Bernet & Bassett, 2005). It cannot be reconstructed what kind of
features have been erased by metamorphism. The use of grains with featureless homogene-
ous CL contrasts for provenance studies is therefore intricate. Grains classified as low-grade
metamorphic quartz can also be hydrothermal without growth-zoning. Bernet & Bassett
(2005) found that plutonic quartz characteristics such as microcracks and healed fractures can
partly be preserved when the grains are subject to metamorphism. CL colour and hence grey-
scale contrast of quartz changes with increasing degree of metamorphism (Sprunt et al., 1978,
Bernet & Bassett, 2005). The distinction between low-grade, medium-grade, and high-grade
metamorphic quartz grains is difficult because the characteristic features can overlap (Bernet
& Bassett, 2005). There is a smooth transition of the metamorphic facies between zeolite (low)
and eclogite (high) (see Fig. 7).

Itisimportant to remember that sedimentary mineral grains always represent only small parts
of the initial rock (or of the thin section investigated). Therefore, not only the grains need to
be compared in their entirety but also just parts of both grains and thin section details. Quartz
grains that break along fractures might leave smaller grains behind that do not show fractures
(anymore) and are hence classified differently. It is therefore recommended to use large
grains not only accounted for by material availability for laser ablation, but also in order to
keep this effect low. Figure 75 shows examples of grains with domains that would lead to

different interpretations if considered separately.
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Figure 75: Examples of grains with domains that potentially can represent other grains with different
overall CL properties. This effect is most confounding if smaller, homogenously contrasted grains are
compared. A: Plutonic quartz grain that shows alterations along fissures of different extents. B: Plutonic
quartz grain with frequent healed cracks at the grain margin, having parts with few healed cracks in
the centre of the grain. C: Strongly altered plutonic quartz grain with healed cracks but also larger
domains with nondifferential CL without cracks. Scale bar lengths correspond to 100 um.
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This effect is further illustrated in Fig. 76. Alterations along micro-fractures can eventually ho-

mogenize the CL contrasts.

1. | 2. I 3. l 4, |
Figure 76: Representative grain selection showing dark staining along micro-fractures observed at dif-
ferent stages. 1: Primary quartz, initial alteration along fractures to 4: Grain entirely changed to sec-
ondary quartz. The daffiliation of the four grains is confirmed by trace element data. However, the ap-

parent increase in roundness from 1. to 4. cannot be correlated with the CL contrasts because the CL
properties persist sediment transport. Scale bar lengths correspond to 100 um.

A further difficulty bears the scanning with a CL detector itself. Irradiation of samples causes
contrast differences. A colour change due to heating during CL scanning was first observed by
Sprunt et al. (1978). The CL signal changes slightly during irradiation of the sample as shown
by Miiller (2000) and Miiller et al. (2002). Muller (2000) investigated irradiation time versus
sample temperature and CL intensity change in detail. The effect was also observed during
scanning for the study at hand. Other possible scanning artefacts are compiled in Fig. 31. One
of the most common artefacts were bright scratches on the samples (Fig. 31 C). Since deep
scratches that affect the actual sample surface would be visible in BSE images, which was not
observed, the white scratches present on multiple grains are most probably located only on
the surface in the carbon coating. Even though epoxy resin filled cracks were not considered
for classification (see Fig. 30), it is likely that the grains cracked along weak structures that
have already existed prior to the specimen preparation. Those features can therefore be used

as a rough indicator for the physical stability of the grain.

5.3.1.1 Fluid and mineral inclusions versus structurally bound trace elements

Inclusions in quartz can generally have an influence on the trace element composition present
within the crystal lattice (Gotze, 2012a). The presence of both inclusions and substitutional
lattice defects entails major problems for the analysis of true trace element concentrations.
Fluid inclusions are normally water bubbles that can contain salt (NaCl). Fluids circulate during
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solidification of magma and get trapped in the mineral structure under high pressure (Mdller
et al., 2012). The high amounts of Na, K, and Ca in the samples are problematic because these
elements commonly occur as trace elements in fluid inclusions (Miiller et al., 2012). An over-
estimation of the content of these elements can therefore not be excluded. There is no known
minimum size for fluid inclusions — no boundary can be drawn between very small fluid inclu-
sions and parts with a high amount of structurally bound trace elements. Therefore, the ele-
ments Na, K, and Ca were excluded from plotting even though they partly occurred in higher
concentrations than for example Ge. Consequently, the applied methods could not differen-
tiate between lattice bound trace elements and fluid inclusions only containing a minor
amount of elements. In addition, Miiller et al. (2002) reported redistribution and accumula-
tion of the trace elements Al and K in sub-microscopic inclusions as a result of deformation of

the quartz.

5.4. Cathodoluminescence properties of the onshore/basement samples

CL scanning of the basement samples confirmed that the method provides a means to distin-
guish quartz from different sources. The investigation revealed several features that were not
observed among the offshore grains. The angularity of the in situ weathered sand grains is in
accordance with the concept of particle rounding through abrasion (transport via saltation,
reptation, and creep).

The variety in CL properties of sample 5 and sample 89418 that were both sampled from man-
gerite corestones at the same locality shows that general CL property variations can be ex-
pected in plutons on very small spatial scales. Thin sections are an extremely small represen-
tation of rocks compared to sand samples. In order to cogently characterize a basement rock,
several thin sections are necessary. In addition, background-based CL contrast corrections are
not possible in thin section which makes it even more important to use the same settings
when comparing thin sections with loose grain samples.

In the following, the onshore basement samples are presented together with offshore grains

with similar CL characteristics that have been selected out of 339 grains of from samples.
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5.5 Onshore - offshore comparison

Hadselgya: Sample 5

The mineral texture of the investigated thin section details in sample 5 is similar to some of
those offshore sediment grains of Type A (strongly recrystallized with sub-grain formation).
The two most similar Type A grains (found in two different offshore samples) were selected

and are juxtaposed in opposition below (Fig. 77).

Onshore - offshore comparison

basement sediment
Sample 5: Quartz grains > 0.5 mm
Thin section, Hadselgya, 145 m a.s.l. Molo Formation
Saprolitic, mangerite corestone Potentially matching grain selection
3 PR, e Sample 3:

6610/7-1, 920m depth
Distance: 320 km

Sample 3a:
6510/2-1, 441m depth
Distance: 360 km
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Figure 77 (previous page): Closest matches of the onshore - offshore comparison of sample 5, Had-
selgya. Kfs = K-feldspar, Qtz = quartz. The black line on the second grain (right column) is an impurity
on the sample. Scale bar lengths in right column correspond to 100 um.

The CL signal shows similarities in terms of state and strength of recrystallization and in overall
contrast. However, the high amount of mineral inclusions on the thin sections (black areas on
CL images that appear bright in the comparative BSE images) excludes the possibility for a link

of the samples since these inclusions are not present in the sediment grains.

Hadselgya: Sample 89415

The in situ weathered grains from Sample 89415 are derived from the same locality and rock
type as the thin section from sample 5. Sampling for sample 89415 preferably concentrated
on bigger grains. The possibility to choose larger grains from sample 5 was restricted due to
the given size of the thin section. It is important to pay attention to the spatial scale when
both are compared.

The CL signals of the grains in sample 89415 show most similarities with offshore grains Type
F, which are classified as low-grade metamorphic quartz with dull, homogeneous CL signals.
The plutonic mangerites on Hadselgya are locally retrograded (Griffin et al., 1978; Andersen
& Tull, 1983). Retrograde metamorphism can be seen as an adjustment of rocks to atmos-
pheric pressure-temperature conditions when they are uplifted from their original place of
formation. As already indicated, metamorphism can erase structures originally present in the
grain (Bernet & Bassett, 2005). The use of homogeneous grains without any visible structural
features is therefore intricate. The range of possible primary structures is vast. The use of this
type of grains for provenance studies therefore strongly depends on comprehensive addi-
tional data.

In the following, two offshore grains with the most similar CL signals (Type F) are juxtaposed
(Fig. 78). They can represent only parts of the grains in sample 89415 (see also Fig. 75 A).
Further disintegration of the saprolitic sand grains is expected when they are affected by ero-

sion.
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Onshore - offshore comparison

basement

sediment

Sample 89415:
Saprolite sand (> 0.5 mm) derived from
mangerite, Hadselgya, 145 m a.s.l.

Quartz grains > 0.5 mm
Molo Formation
Potentially matching grain selection

A|CL 89415-8

89415-1

Sample 2:
6610/7-1, 920 m depth
Distance: 320 km

Sample 1:
6610/3-1, 460 m depth
Distance: 245 km

Figure 78: Closest matches of the onshore - offshore comparison of sample 89415, Brenvninshaugen,
Hadselgya. Mc = mica, Qtz = quartz, Kfs = K-feldspar. Scale bar lengths in right column correspond to

100 um.
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Trace element concentrations (especially Al) of sample 89415 are, however, much higher than
those values of the grains with similar CL (see Fig. 79). The validation of the similarity with
Type F grains shows cluster clearly plotting in different ranges, almost without overlap (except
for Ti vs. Ge, Fig. 79 D). The difference clearly negates a possible connection between grains
of Type F (including the selection above) with the in situ weathered sand grains sampled on
Hadselgya. The difference further indicates that Type F grains were properly classified as met-
amorphic and the sampled grains on Hadselgya preserved their plutonic character.
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Figure 79: Trace element concentrations of sample 89415 compared with Type F offshore grains. The
plots show that both plot in different ranges. This indicates that Type F grains are not derived from the
saprolite locality on Hadselgya. A: Ti vs. Al, B: Ge vs. Al, C: Li vs. Al, D: Ti vs. Ge.
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Hadselgya: Sample 89418 and Hamargy: Sample 89421

Sample 89418 is the third sample taken from Brennvinshaugen on Hadselgya. The character-
istic black margins discovered in this sample (Fig. 67) have not been discovered in any offshore
sample. This is in agreement with the findings of the two previous comparisons. It is therefore
interpreted that no link exists between the onshore location on Hadselgya and the sands sam-
pled offshore.

In sample 89421 south of Vestfjorden on Hamargy, also no distinct match with offshore sam-
pled grains was identified. It is therefore assumed that the saprolites are not the source for
the sediments deposited in the Molo Fm. This conclusion obviously applies only to the sam-

pled range both horizontally and vertically.

Tysfjord, Hundholmen: Sample 47802

The granitic basement investigated in sample 47802 shows most similarities with grains cate-
gorized as Type C (plutonic with frequent secondary structures) (Fig. 80). Since Type F grains
were confirmed to be low-grade metamorphic (Fig. 79), they are not expected to be derived
from the Tysfjord gneiss granite, even though general CL similarities exist.

Due to the predominantly nondifferential CL and the few LA-ICP-MS data, the same problem
occurs as in the onshore - offshore comparison with sample 89415 (Fig. 78): Similarities with
only featureless offshore grains do not allow much interpretation. Best matches are found in

sample 3, 4, and 6 (See Fig. 80), but for none of these samples trace element data exist.
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Onshore- offshore comparison

Basement sediment
Sample 47802: Quartz grains > 0.5 mm
Thin section, Hundholmen Molo Formation
Tysfjord gneiss granite Potentially matching grain selection

Sample 6:
6610/3-1, 480 m depth
Distance: 265 km

Sample 3:
6610/7-1, 920 m depth
Distance: 330 km

Ce

Sample 4:
6610/7-1, 940 m depth
Distance: 330 km

[C[47802-5

-

Figure 80: Closest matches of he onshore - offshore comparison of basement sample 47802, Hund-
holmen, Tysfjord. Qtz = quartz, Ab = albite. Scale bar lengths in right column correspond to 100 um.
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Well 6814/4-U-1 (174.48 m): Sample 25

Onshore- offshore comparison

basement sediment

Sample 25:
Thin section, south-west Vesteralen
well 6814/4-U-1, 174.48 m depth
Monzogranite

Quartz grains > 0.5 mm
Molo Formation
Potentially matching grain selection

Sample 2:
6610/7-1, 900 m depth
Distance: 310 km

Sample 4:
6610/7-1, 940 m depth
Distance: 310 km
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Sample 1:
6610/3-1, 460 m depth
Distance: 235 km

A -

Figure 81: Closest matches of the onshore - offshore comparison of sample 25, south-west Vesterdlen.
Qtz = quartz, Kfs = K-feldspar. Scale bar lengths in right column correspond to 100 um.

Figure 81 above compiles the best matches between selected offshore grains and sample 25.
The best fit of the comparison was discovered with Type A grains. Of the 58 Type A grains
counted in all offshore samples, 31 % were grouped as weakly recrystallized and hence show
the most similarities with the weathered basement of sample 25. Potential of four of the
grains was tested with LA-ICP-MS and is presented in Fig. 82.

The deformation (recrystallization) in sample 25 most probably occurred during syn- or post-

magmatic deformation (Muller, 2015).
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Figure 82 illustrates that the four potentially matching grains (belonging to Type A from wells
6610/7-1, 900 m and 6610/3-1, 460 m) are clearly distinguished from sample 25 especially by
much lower Ti concentrations (Fig. 82, A & B). They are further distinguished from sample 10
by their much lower Li concentrations (C). Best match would be with sample 89421 from
Hamargy, but visual CL comparison revealed no similarities with the selected grains. Despite
the differences in trace element concentrations, basement sample 25 shows much more sim-
ilarities with grains sampled offshore than the saprolites and is therefore interpreted to be
closer linked.
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Well 6408/12-U-01 (32.42 m): Sample 10

Onshore - offshore comparison

Distance: 250 km

basement sediment
Sample 10: Quartz grains > 0.5 mm
Thin section Molo Formation
6408/12-U-01, 32.42 m depth Potentially matching grain selection
El' — ‘,,'5“ 3 € 3 g "' 3 "1,” Sample 3:
‘*‘deg , 6610/7-1, 920m depth
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Sample 2:
6610/7-1, 900 m depth
Distance: 250 km

Sample 1:
6610/3-1, 460 m depth
Distance: 320 km

Figure 83: Closest matches of the onshore - offshore comparison of basement sample 10. Scale bar
lengths in right column and section on second page correspond to 100 um.

As illustrated in Fig. 83 above, the basement sample 10 from well 6408/12-U-01 at 32.42 m
depth features the most distinct CL resemblances with grains from the Molo Fm among all
investigated comparisons. The best matching grains belong to Type D. It is therefore con-
cluded that Type D grains are closely related to the basement at the Froan Basin. The bedrock
at and around the Froan Basin is hence a likely source of sediments for the Molo Fm deposited
in the Miocene (see Fig. 88). However, trace element data available are limited and include

only two grains (see Fig. 84).
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Figure 84: Trace element concentrations of sample 10 in comparison with two grains found in samples
2 and 1 that showed the most distinct CL similarities (illustrated in Fig. 83). The grain from sample 2
shows stronger affiliation than the grain from sample 1. A: Ti vs. Al, B: Ge vs. Al, C: Li vs. Al, D: Ti vs. Ge.
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The combined plots of all five basement samples (Fig. 72 & 82) clearly show at least four dis-
tinct clusters of trace element data. These clusters represent different trace element signa-
tures, representative for the respective plutons they were sampled from. The diagrams can
be used to plot grain groups with similar CL characteristics (as performed in Fig. 82). Plotting
of grain types or groups in the diagram reveals to which cluster the grains are more related.
The range in trace element concentration revealed by plotting of the basement sample values
provides an important implication for the range of trace element concentrations that can be
expected to occur in single plutons.

In the following, all available offshore trace element data are plotted in order to evaluate the

mismatch of the sand in the Molo Fm and the saprolites preserved on the mainland (Fig. 85).
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Figure 85: Available trace element data of Li an Al for all offshore grains plotted in comparison to the
saprolite trace element concentrations of sample 89415 (Hadselgya) and sample 89421 (Hamargy).

Fig. 84 shows that sample 89415 (Hadselgya) can be excluded as a source area for sediments
found in well 6610/7-1 at 900 m depth (sample 2). Li as well as Al values of sample 89415 lie
entirely outside the trace element concentration range of sample 2 and almost entirely out-
side the concentration range of sample 1. Values of sample 89421 (Hamargy) lie, however,
within the range of Li and Al but the grains plotting close to the range of sample 89421 do not

show CL similarities.
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The investigated saprolitic profiles on Hadselgya and Hamargy are representative for saprolite
occurrences found along the coast of northern and south-western Norway in terms of inten-
sity of weathering (Olesen et al., 2012). On Hamargy, a presumably deeper section of weath-
ered bedrock is exposed compared to Hadselgya (Olesen et al., 2012). As already indicated,
saprolitic profiles develop independently of bedrock type. Geochemical data of both localities
show that distinct differences in trace element concentrations occur (Fig. 66). Al and especially
Li concentrations are much higher in mangerite quartz sampled on Hadselgya (Fig. 66, A & C).
Ti values are slightly lower but the ranges show some overlap (A). The comparison with Ge
values (B & D) is delicate due to the generally small concentration range of the element. How-
ever, if the data of both localities are plotted together with all other basement data (Fig. 72),
it becomes obvious that the exposed saprolites are closer related to each other than to the
basement samples from the Froan and Ribban basins.

The following two figures (Fig. 86 & 87) emphasize the results of the onshore - offshore com-
parison obtained for samples 25 and 10. Trace element data reveal that the basement from

sample 10 is much closer related to the grains of the Molo Fm than those of sample 25.

SEM-CL SEM-CL LA-ICP-MS
Basement Sediment Trace element
Sample 25: Sample 2, 4 concentrations

6814/4-U-1 (174.48 m)

6610/7-1 (900 m)
6610/7-1 (940 m)

Ti(ppm)

6610/7-1, 900 m depth
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@ Sample 2: 6610/7-1, 900 m (sediment)
@ Sample 25: 6814/4-U-1, 174.48 m (basement)
LOD

Figure 86: Summarized results of the onshore - offshore comparison from sample 25.
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Basement Sediment Trace element
Sample 10: Sample 1, 2, 3 concentrations

6408/12-U-01 (32.42 m)

6610/3-1 (460 m)
6610/7-1 (900 m)
6610/7-1 (920 m)

6610/3-1, 460 m depth

=]
60 =
*m
50
° a °
40 *
= °
E °
2
F 30 1 *
30 ®, *
® o0
20 'Q * ¥
*
°*
10 ¢ .
0‘}
P
o —4& -
20 40 60 80 100 120
Al (ppm)
@ Sample 1: 6610/3-1, 460 m (sediment)
@ Sample 10: 6408/12-U-01, 32.42 m (basement)
—LOD
6610/7-1, 900 m depth
80
70 .
=]
60 =}
PY a
50 °
°
T =}
g% .
F ° °
30
°
20/{ ¢ L oo *
o
°
10 °® ‘:: P
°
% 5o *
06 oo 00 L
20 40 60 80 100
Al (ppm)

@ Sample 2: 6610/7-1, 900 m (sediment)
@ Sample 10: 6408/12-U-01, 32.42 m (basement)
LOD

Figure 87: Summarized results of the onshore - offshore comparison from sample 10.
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5.6 Discussion of the Onshore - offshore comparison

Results of the onshore - offshore comparison imply that the strongly weathered basement in
mid- and northern Norway was not the main source for the sediments that comprise the Early
Oligocene - Early Pliocene Molo Fm.

No unequivocal match between source and sink quartz that could be confirmed with trace
element data was detected among the studied samples. However, higher amounts of grains
with decent CL similarities were found when the non-saprolitic basement samples from the
cores north (Ribban Basin, 6814/4-U-1) and south (Froan Basin, 6409/12-U-01) were com-
pared with grains deposited in Molo Fm (see Fig. 81 & 83 and Fig. 68 & 67). Among these two,
the basement sampled in well 6408/12-U-01 shows the strongest affiliation with the offshore
grains (see Fig. 87). This generally implies a more south-north directed sediment supply re-
sponsible for the Molo Fm, which is in agreement with the prevailing ocean current direction
observed today (Hansen & @sterhus, 2000), that might have been established already in the
Miocene (Bryn et al., 2005). This conclusion is also in agreement with the predominant bed-
rock types in that region. The Uppermost Allochthon of the Caledonides dominates the main-
land east of the Molo Fm. A predominantly westward sediment transport direction would
most probably have deposited much more metamorphic quartz grains. South of the Molo Fm,
the Central Norway Basement window and the WGR primarily outcrop and are therefore more
likely to be major sediment sources for the Molo Fm.

Based on the onshore morphology and offshore deposition patterns, Eidvin et al. (2014) sug-
gest a westward directed sediment supply from the proximal mainland as main source for the
Molo Fm. The deltaic shape of the Molo Fm revealed by seismic profiling (westward dipping
Clinoforms, see Fig. 24 C) indicates a direct connection to the coast and it seems reasonable
to conclude that the Molo sediments are derived from the nearest coast. According to Stue-
vold & Eldholm (1996), the Fennoscandian landmass and the inner shelf served as the main
sediment source for sediments deposited west of the shelf edge since the Oligocene (see also
Eidvin 2014). Based on the presented data, it cannot be excluded that sand derived from the
saprolites preserved on the mainland of northern Norway is deposited in the Molo Fm be-
cause (1) the high diversity of grains is not exhaustively sampled and (2) given the vertical
thickness of the Molo Fm of up to 200 metres of the Molo Fm (Eidvin et al., 2007), the sampling

at 6 different depths is very random. The proposed sediment supply routes by Eidvin et al.
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(2014) are, however, not necessarily connected to the presence or absence of saprolitic sand

since these could also have been deposited later in the overlying Naust Fm.

5.7 Absence of saprolitic sand in the Molo Formation

The assumed absence of saprolitic sand in the Molo Fm gives some implications concerning
the preservation and erosion history of the weathered basement in Norway. The simplest ex-
planation is that no saprolites were eroded at the time the Molo Fm was deposited. There is,
however, strong evidence that the former extent and the erosion of the saprolites was exten-
sive, hence the main amount of saprolites is probably deposited somewhere else. This implies
that something else, supposedly deposited on top of the saprolites was eroded and deposited
as Molo Fm. In order to discuss the indications of saprolites for the Molo Fm, the preservation

of saprolites on land needs to be considered in greater detail first.

5.8 Preservation of saprolites in Norway

The occurrence of weathered bedrock on the mainland of Norway can be taken as indicator
for inefficient or absent glacial erosion. However, the possibility that extensive layers of unre-
lated sediments lay on top of the saprolites and were eroded first, perhaps by glaciers, needs
to be taken into account.

In order for saprolites to still be present on the mainland, several possible processes and fac-
tors need to be considered: 1. The saprolites have not been totally eroded by glaciers during
the last glacial periods. 2. The same is true for the erosional power of rivers before the glacia-
tions and in interstadials, including strong meltwater rivers at the transition from cool to
warmer periods. 3. Uplift has placed parts of the saprolites in a position sufficiently high to be
protected from strong glacial erosion. 4. An elevated position also prevents saprolites from
being positioned within floodplains. 5. Ice streams have concentrated ice drainage, leading to
less erosional influence in adjacent areas, including the present saprolite sites (e.g. Ottesen et
al., 2005). 6. The saprolites developed in the Holocene and have never been subject to glacial
erosion (e.g. Peulvast, 1985). 7. Deep marine burial of the weathered basement in the Creta-
ceous protected the saprolites from being eroded subsequently (e.g. Lidmar-Bergstrom, 1995;

Riis, 1996).
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Several landforms in Scandinavia are known to have survived glacial erosion throughout the
last glacial periods (Kleman, 1994; Kleman & Stroeven, 1997). Kleman & Stroeven (1997) came
to the conclusion that pre-glacial landforms in glaciated areas have mostly been preserved at
intermediate elevations between the common altitude of cirque glaciers and the altitude of
the glacier bed were glacial erosion is high. Saprolitic profiles have been discovered at up to
an altitude of 500 m a.s.l. in the Lofoten-Vesteralen area (Peulvast, 1985). In addition, Andgya,
an island also featuring saprolites, most probably provided a refugium for pine trees species
during the last glaciation which excludes the assumption that the entire mainland was covered
by a vast ice sheet (e.g. Parducci et al., 2012). All this indicates that glacial erosion in northern

Norway has been overestimated.

Recent studies favour the idea that a protective cover of marine sediments was deposited on
the weathered bedrock when the Baltic Shield was largely transgressed (e.g. Olesen et al.,
2013; Lidmar-Bergstrom et al., 2013). According to Riis (1996), the Scandinavian peneplain
was probably transgressed in the Cretaceous, providing burial with marine sediments neces-
sary for preservation of Jurassic sediments and sedimentary rocks below (see Fig. 3). Lidmar-
Bergstrom (1995) states that the Baltic Shield was mostly covered by shallow seas already
during the Paleozoic.

This preservation mechanism requires that the relative rise in sea level did not subsequently
erode all saprolites. It further suggests that the marine sediment deposited on the weathered
basement (shales and carbonates, Olesen et al., 2012) developed layers that were highly re-
sistant to erosion. Olesen et al. (2013) suggest that the deep weathering in the study area was
preserved due to the Late Pleistocene uplift and erosion.

An extensive protective cover would have been necessary to provide a shelter against the
erosional power of the ice that eroded Norway during the Plio-Pleistocene glaciations. With-
out such a cover, probably no saprolites would be preserved today. According to this ap-
proach, the glaciers subsequently eroded the protective cover entirely from the mainland with
the exception of a small area on Andgya, Vesteralen. If glaciers first had to erode all protective
layers lying on top of the saprolites, erosion and deposition of saprolites would have started
later and the products are expected to be found in the Naust Fm or in upper parts of the Molo

Fm.
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5.9 Sedimentation of the Molo Formation

The sediments of the Molo Fm were most likely eroded from the mainland after they were
exposed as the result of uplift and then redistributed by longshore drift to an unknown extent
(e.g. Eidvin et al., 2014). Bottom-current activity has influenced sedimentation along the Mid-
Norwegian margin since the mid-Miocene (Bryn et al., 2005).

Stuevold & Eldholm (1996) suppose that Miocene sediment wedges were strongly eroded
during the Miocene-Pliocene transition when sea level decreased. North of 66° N, Miocene
sediments are locally absent (Stuevold & Eldholm, 1996). Deposition of Molo sediments was
most probably influenced by longshore currents that led to redeposition and redistribution
(Eidvin et al., 2007). Especially in the outer parts of the Vgring Plateau, contouritic currents
are known to have rearranged sediments (Laberg et al., 2005b). Seismic reflections at the Kai
Fm have also been interpreted as contourites (Lgseth & Henriksen, 2005). Contourites indicate
redistribution of sediments in deep water, however, the Molo Fm was interpreted to have
been deposited in shallow, coastal water (Eidvin et al., 2014). Redistribution of Molo sedi-
ments by contouritic drifts is believed to have minor influence on the deposition as compared
to coastal currents.

Since the Miocene was an epoch with higher temperatures than during the glacial periods and
today (e.g. Pound et al., 2012; Holbourn et al., 2015), glaciers or sea ice are unlikely sediment
transport agents. The sands of the Molo Fm are marked out in contrast to the overlying Naust
Fm and do not show influence of glacial erosion and deposition (see Fig. 24 C). However, Dow-
deswell et al. (2007) point out that sedimentary products derived from glacial and non-glacial
processes can be similar. According to Eidvin et al. (2007), significant increase of Ice rafted
debris (IRD) supply to the deep ocean was related to climate deterioration in the latest Mio-
cene. No fjords have existed at the time the Molo Fm was deposited. Since rivers and glaciers
usually follow pre-existing weak structures like faults or otherwise fractured zones, it is rea-
sonable to assume that the main pattern for the sediment transport of rivers and hence the

river catchment areas did not change fundamentally since the Miocene.

Saprolites are the result of weathering in warmer climate and extensively weathered sapro-
lites progressively transition to laterites. Eidvin et al. (2007) reported dark yellow, probably

lateritic sand in the Molo Fm in the Nordland Ridge area that they interpreted as incorporation
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of sediments originally deposited during periods with warmer climate. The Kai Fm is the deep
water equivalent of the Molo Fm and known to be clay dominated (Eidvin et al., 2007; Eidvin
et al., 2014). Since clay is a final product of weathering and the strong weathered saprolites
on Hadselgya and Hamargy have produced clay (Olesen et al., 2012), it is possible that these
were partly deposited in the Kai Fm. Clay as the smallest possible grain size can be washed out
of weathered rocks and transported far away before larger particles of the same parental
rocks are eroded. Therefore, the presence of clay derived from the saprolites in the Kai Fm
does not presume the presence of more coarse grained saprolitic sand in the Molo Fm.

The existence of still preserved saprolites on the mainland of Norway makes it unlikely that
the derived sediments lie below the Molo Fm in the Brygge Fm. A break in deposition for the
time it took to deposit the Molo Fm is highly improbable. In addition, the Molo Fm as well as
the Kai Fm rest upon an unconformity that has been interpreted to have been caused by non-
deposition rather than erosion (Eidvin et al., 2007; Eidvin et al., 2014). A possible direct con-
nection between the outcrops and the saprolites exists today even though the saprolitic pro-
files do not lie in areas currently being significantly eroded. It is therefore again more likely
that the saprolites were deposited in the more recent Naust Fm. Since the Naust Fm consists
of glacial till that basically includes all eroded material, independent of type, the frequency of
occurring saprolite derived sand grains is probably very low, depending on the former extent
of the saprolitic layers.

There are no known localities were saprolites are currently being eroded by remaining glaciers
on the mainland of Norway. Saprolitic sand is therefore not expected to be found in upper
layers of the Naust Fm (Naust section T, see Fig. 23) or in recent Holocene sediments. There is
probably a smooth transition from depositional units containing saprolites and those devoid
of saprolites in both vertical directions. Dowdeswell et al. (2010) have calculated that the sed-
imentation rates of Naust sediments were not highest with the onset of the glacial periods. In
theory (Andrews, 1979; 1982; Bell & Laine, 1985), with the onset of glacial erosion most of the
material lying on top of the basement is easily eroded, leading to high sedimentation rates.
As the glaciers “finish” the easily accessible material and start to erode more resistant bed-
rock, sedimentation rates offshore decrease. According to Dowdeswell et al. (2010), this was
not the case on the mid-Norwegian shelf. It is therefore unlikely that vast amounts of weath-

ered, saprolitic bedrock were eroded when glaciation started. This is again an indication that
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a protective cover deposited on top of the saprolites would have to be removed prior to ero-
sion of the saprolites. Alternatively, the former extend of saprolitic layers on the mainland is
overestimated. If saprolites were first eroded with the onset of the glacial erosion, the first

saprolites would have to be found in the lower Naust Fm (section N, see Fig. 23). If the bulk of
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Hadselgya and Hamargy show less strong weathering and therefore represent a depth that
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lies below the depth of sample 10. Following this approach, the Mesozoic protective cover
was widely removed before the Plio-Pleistocene glaciations because weathered material that
was lying below the cover has already been incorporated in the Molo Fm. Supposedly fluvial
erosion has removed the majority of the Mesozoic cover and deposited the Molo Fm as re-
sponse to uplift. Preferably easily erodible material of the saprolites that corresponds to the
range of the sampled depth from well 6408/12-U-01 was incorporated. In the Pliocene glacial
erosion then took over and eroded deeper and hence more resistant parts of the saprolites
that were, consequently, then deposited in the Naust Fm. The onset of glacial erosion at a
time when the most easily eroded material was already removed is in accordance with the
observations of Dowdeswell et al. (2010). Consequently, saprolitic sand in the Molo Fm, if any,
must be derived from the uppermost layers of the saprolitic basement that feature geochem-
ical and luminous properties different from the less weathered deeper parts (represented by
the samples from Hadselgya and Hamargy). The uppermost layers of weathered basement
correspond to zone | and |l (after Nesbitt, 1997, see Fig. 4) that contain less quartz but in-
creased amounts of clay. This approach implies that the clay was contemporaneously depos-

ited in the Kai Fm.

5.10 Age of the saprolites

Evidence of Mesozoic sediments covering saprolites in Sweden (Lidmar-Bergstrom, 1995) and
on Andgya in Norway (Olesen et al., 2012) suggests an age for the saprolites of at least late
Jurassic/early Cretaceous. This assumption is supported by Riis (1996), who described the con-
tinuation of the characteristic weathered relief down under Mesozoic sediments offshore
based on correlations of morphological surfaces with offshore data. The assumptions of Riis
(1996) are confirmed by offshore exploration wells that penetrated through Mesozoic sedi-
mentary rocks into coarse-grained weathered Late Silurian basement (Carstens, 2011). Fur-
thermore, a continuation of weathered basement offshore under Mesozoic basement was
revealed by seismic data (see e.g. Japsen et al., 2008).

Dating of the preserved remains of saprolites onshore would probably give very old ages rel-
ative to the range of age assumed by the former extent of the saprolite layers. The identifica-
tion of sediments derived from saprolites in the upper Molo Fm or lower Naust Fm would

exclude the possibility that the weathering is post-glacial, as was discussed by Peulvast (1985).

148



5.11 Critical consideration of the data

The distribution of well bore records that can be used for correlation and validation of inter-
pretations is sparse at the Molo Fm compared to the extent of the mid-Norwegian shelf. Sam-
pling of the offshore sand grains took place in a range of just a few centimetres at depths of
several hundred metres. The probability to find a statistically significant amount of grains de-
rived from the same source is low. What additionally constrained the development of differ-
ent verified grain classes is the lack of LA-ICP-MS data complementary to the CL images. Due
to the general small number of grains, several similar appearing grain groups could not be
additionally tested for trace element contents. However, a complete LA-ICP-MS record is be-
yond the scope of this work. The quality of the existing LA-ICP-MS data depends on the quality
of the standards used and hence relies on the certificates provided by the companies.

Despite all uncertainties, the results have shown that clear trends and patterns in depositional
units can be revealed by the analytical methods applied. With the presented combination of
methods it seems feasible to identify source and sink material that belongs together inde-

pendently of time and travel distance.
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6. SYNTHESIS AND OUTLOOK

6.1 Summary and conclusion

Geochemical properties of quartz grains reflect the plutonic and metamorphic history of the
rocks from which they are derived. On a larger scale, changes in sedimentological deposits
reflect changes of the geography in the source area. This Master thesis demonstrated and
illustrated capabilities and difficulties of a multi-methodological analytical approach for qual-
itative sediment provenance studies. The combination of scanning by using a scanning elec-
tron microscope equipped with a CL detector as well as trace element analysis by means of
LA-ICP-MS allows detailed characterisation of quartz grains within siliciclastic sediments. The
characteristics were used to identify common and less common quartz grain types in 6 sam-
ples from 3 offshore exploration wells drilled into the Molo Fm on the mid-Norwegian shelf
(6610/3-1, 6610/7-1, 6510/2-1). The obtained overview was further used for a systematic
comparison with potential source material from the mainland of Norway, namely saprolitic
bedrock samples from Hadselgya and Hamargy, as well as weathered offshore bedrock sam-

ples from the Froan Basin (well 6408/12-U-01) and Ribban Basin (well 6814/4-U-1).

Despite all difficulties and controversies, both geologically as well as methodologically, clear
trends and indications in the investigated data appeared that proved the potential and ap-
plicability of the method combination. It was illustrated that quartz grains feature an ex-
tremely high diversity in both CL properties and trace element contents and distribution. Al
and Ti could be confirmed as most common trace elements in natural quartz. Besides the two,
the study focused on Li and Ge, all being common structurally bound trace elements in quartz
and indicative for their crystallization environment.

Based on the CL and trace element characteristics, seven generic types of plutonic and meta-
morphic quartz grains were distinguished that were interpreted to represent different mag-
matic/metamorphic provinces. A supposedly large number of different crystalline basement
provinces contributed to the sediments deposited on the Norwegian Shelf. The compositional

variation within the samples is evidence for weathering and erosion acting on plutonic as well
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as metamorphic rocks. The variety seems to represent the complex interplay of the Caledo-
nian nappes with the Precambrian basement. Caledonian provinces may have contributed less
sediments to the Molo Fm as most of the investigated grains were classified as plutonic origi-
nating from the Precambrian basement. Nevertheless, an overlap of quartz types within the
cores and among the cores implies common sources and hence common sediment catchment

areas for a depositional sink spanning at least 130 km horizontally and 500 m vertically.

The saprolitic outcrops on Hamargy and Hadselgya are remains of weathered basement and
represent Mesozoic weathering of previously much greater extent. The outcrops display
weathering states close to the saprolite-basement transition (zone IV, see Fig. 4), which is in
contrast to the basement sampled at the Froan and Ribban basins. The weathered basement
here is protected by Mesozoic sedimentary rocks and sediments that are absent at the uplifted
and glacially eroded mainland.

The geochemical and luminescence properties of the quartz grains sampled from the Molo
Formation do not correspond to those studied in saprolitic sand and mangerite thin sections
sampled from outcrops onshore on Hadselgya and Hamargy. It is concluded that no significant
amounts of weathering products from presently exposed saprolites are deposited in the Molo
Fm. More distinct affiliation is identified among weathered bedrock samples from the Froan
Basin (6408/12-U-01) and the sand from the Molo Fm. This suggests (1) an east-west sediment
input from the mainland and subsequent distribution alongshore towards north-east and (2),
assuming that Mesozoic deposits found offshore likewise existed on the basement that is
eroded and uplifted above sea level today, stronger weathered (uppermost) saprolitic mate-

rial can be expect in the Molo Fm.

The supposed absence of saprolite related sediments in the Molo Fm suggests that the mate-
rial was significantly eroded when the Plio-Pleistocene glaciations commenced and glaciers
removed the Mesozoic cover on the Baltic Shield. Consequently, remains of eroded saprolites
are expected to be deposited in the Naust Formation. This hypothesis can be tested with the

presented combination of methods.
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6.2 Outlook

The techniques described in this Master thesis are highly sophisticated and are state of the
art in geologic research. Potential for improvement concerns the implementation and, most
importantly, the scope of the work. A compilation of quartz grain classes and subtypes was
achievable but confined by a lack of data. It is inevitable to include a higher number of samples
and grains per sample in order to establish statistically reasonable and consistent quartz grain
categories.

Due to extensive oil and gas exploration on the Norwegian Sea continental shelf, an abun-
dance of drill cores with a great deal of data from the shelf exists. Those potentially provide a
repository for a large-scale provenance study using a similar approach. However, the availa-
bility of suitable onshore samples is limited by the sparse occurrence of weathered basement
rocks or sediments on the mainland of Norway. A comprehensive study in a similar way re-
quires a database with plenty of data of both CL scans and LA-ICP-MS data, preferably for the
entire Norwegian coast.

In order to obtain a more comprehensive picture it would be reasonable to include further
saprolites occurrences from different locations (e.g. Vestvaggya, Andgya, Indergya, Vagsay-
Stad, see Olesen et al., 2012), especially samples from different weathering zones, preferably
zone l and Il (see Fig. 4). In order to confirm the source-sink connection between the basement
of the Froan Basin and the Molo Fm, it is suggested to further investigate the wells located in
the more southern parts of the Molo Fm (i.e. 6407/9-1, 6407/9-2, and 6407/9-5), which lie
closer to well 6408/12-U-01 (sample 10) (see Fig. 22). Results obtained by the presented com-
bined methods would provide validation or falsification for the suggested northward sediment
transport direction and would give implications for the uplift history of the adjacent mainland.
It is further suggested to include samples from more shallow depths within the range of the
Naust Fm. Quartz grains within the Naust Fm can shed light on the erosion and deposition
history of saprolites. Moreover, the assumed amounts of deposited saprolitic material in the
Naust Fm has implications for the former extend of the weathered basement. The same wells
as the ones sampled for this thesis can be used on that account: well 6610/7-1 reached the
top of the Molo Fm at 890 m depth, well 6610/3-1 at 349 m, and well 6510/2-1 at 441 m

depth. All wells penetrated the Naust Fm and are suitable for a vertical extension of the study.
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Geologists have already mapped the mainland of Norway in terms of basement rock and Qua-
ternary sediment cover. The basement is represented by several plutons that constitute
unigue magmatic provinces, which are further subdivided into countless sub-intrusions. Given
that all plutons feature unique geochemical and luminescence properties, which can be illus-
trated by the presented methods, all sediments deposited on the shelf are theoretically as-
signable to specific plutons. A new dimension of geological mapping would emerge if sediment
formations or even individual units of formations at the shelf could be directly assigned to
specific magmatic provinces on the mainland. The diversity of the presented data suggests
that several sources play a role for each depositional unit. The global and regional ocean cur-
rent patterns further suggest expanding the potential provenance areas of sediments on the
Norwegian shelf to adjacent continental masses, especially when deeper depositional areas
are investigated. Comprehensive mapping of source-to-sink connections would significantly
increase our knowledge of the influence of bottom currents and palaeo-bottom currents on

sediment distribution, including contourite drifts.

The resistate mineral quartz is a useful object for provenance studies. This study distinctly
illustrates the uniqueness of quartz grains and the associated practicality for provenance stud-
ies. This study was focused on quartz as the only examination object, while other minerals
such as feldspar were also present in the samples. Quartz is stable in a large range of pressure
and temperature conditions. This bears advantages, but also disadvantages. Stable minerals
can outlast several sedimentary recycling phases which complicates the identification of the
primary source. Less stable mineral groups such as feldspars can give a more straightforward
indication under certain circumstances. The applicability of feldspar analyses for provenance

studies has recently been re-evaluated by Scholonek & Augustsson (2016).

Miller & Knies (2013) introduced the combined methods presented in this study as a new
proxy for IRD at Svalbard. The Svalbard area provides a convenient setting for comparison
with the Norwegian mainland since the archipelago belongs to the Caledonian orogen (bed-
rock comparability) and at the same time still possesses a well preserved sedimentological
succession ranging from Archaean to present time (Dallmann, 2007). The quartz grain classifi-
cation presented by Miiller & Knies (2013) is restricted to their study area. The classification

presented here is likewise restricted to the study area on the mid-Norwegian shelf. With an
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increasing number of similar studies in and around both study areas, an overlap in quartz grain
properties is expected to emerge. The high amounts of low-grade metamorphic grains with
dull CL signals reported by Miller & Knies (2013) are in contrast to the low amounts of similar
grains in this study. Transect-based sampling could potentially find some sort of border or

defined transition area between both depositional areas.

The number of elements included in LA-ICP-MS studies is confined by the present technology
of mass spectrometry. LOD’s might reach closer to zero in the future which would allow the
incorporation of more elements that usually lie below the present LOD. The more elements
are included, the more accurate the mineralogical fingerprint becomes. Lattice-bound trace
elements cannot be removed from quartz today (Mdiller et al., 2015) but might be removable
in the future. Technological progress of the presented equipment is of interest not only for
geologists, as high-purity quartz finds plenty of economically relevant fields of applications.
Similar provenance studies are not restricted to sediments but can also be applied in archae-
ology (e.g. provenance of quartz-containing pottery, Picouet et al., 1999). In fact, the applica-
tion of the methods, especially of CL scanning, is not even restricted to studies on Earth, as

was pointed out by Schieber et al., 2002 (see also Gucsik, 2009).
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8. APPENDIX

Table 4: Trace element concentrations of quartz grains in offshore sample 2 (well 6610/7-1, 900 m).
Determined by LA-ICP-MS.

Li Be B |[Mn|Ge | Rb Sr Sh Na Al P K Ca Ti Fe Zn
LOD| 0.08| 0.11|0.40(0.14(0.32| 0.01| 0.01| 001| 9.32| 853| 453| 238| 6.15| 0.84| 0.69| 2.29
grain
no.
1| <0.08|<011|9.07|147|149|<001| 295| 122|<932| 6576| 6.49| 10.70| <6.15| <0.84| 1.81| 4.14
3| 4.99| 0.09|044|036|093| 020| 0.13| 0.08| 48.85| 21.86| 5.15| 7.00| 43.86| 18.63| 0.67| <2.29
8| 056|<0.11[192|036[059| 001| 006| 0.07]<9.32| 528| 561| 218| 76.20| 554| 064] <2.29
9| 044| 009[074|061[083|<001| 0.17| 0.07]<9.32| 62.81| <453| 151|<6.15| 13.24| 14.50| <2.29
10| 3.11|<011(1.16[052|0.86|<0.01| 0.02| 007|<932| 17.77| 6.98| 3.10| <6.15| 12.59| <0.69 | <2.29
11| 1.88| 031|0.78[030]1.03|<0.01| 0.07| 0.12|<932| 22.19| 6.88| 139 <6.15| 4.44| 132 <229
12| <008 | <0.11|1.23[036/0.81| <0.01| 0.79| 025|<932| 2430| 231| 470|<6.15|<0.84| 0.93| <2.29
13| 336| 001[092[071]/049|<0.01| 0.09|<001|<932| <853|<453| 530|<6.15| 10.37| 1.24| <2.29
14| 6.70| 0.06|0.42]027|1.00| 0.03| 0.08| 0.10|<9.32| 26.31| 3.61| 3.64| 20.53| 38.45| 4.56| 053
15| 4.30|<0.11/188]|037|053| 0.17| 0.61| 0.33|<9.32| 80.51| 4.54| 10.81| 3.40| 3437| 7.70| 157
17| 5.44| 005|0.78]|032|1.05|<0.01| 0.12| 0.26| <9.32| 13.01| <453| 3.24|<6.15| 294| 031| 152
18| 1.01| 0.160.79]|031|092|<0.01| 0.12| 0.05| 13.71| 29.95| 7.47| 1.17| 2444| 6.68| 0.42]| <229
20| 005|<0.11/098[0.44]|1.04|<0.01| 0.17| 063|<9.32| <853 | 21.93| 238 <6.15| <0.84| 9.72| <2.29
21| 043|<011(3.65[1.58|0.75| 0.05| 0.88| 1.42|<932| 77.14| 5.03| 4134 11.34| 71.44| 11.86| 1.24
24| 0.67|<0.11[0.73|0.56|0.62| 003| 010| 0.08|<9.32| 16.93| 828| 0.34|<6.15| 3.66| 1.12|<2.29
26| 2.13|<011(217|071|1.00| 009| 0.14| 0.19| 737 30.27| 11.75| 7.70| 35.26 | 19.99 | 5.08| <2.29
28| 045| 0.15|0.86|1.05|009|<0.01| 0.20| 0.17| 4.04|<853| 7.22| 051|<6.15|<0.84| 3.83| <229
29| 051|<011[049[034]|035|<0.01| 0.14| <0.01| <9.32| <853 | <453 | <238 <6.15| 28.64| 0.40| <2.29
30| <0.08|<0.11(3.55|087|1.26| 047| 012| 0.37|<9.32| 2061 | 10.12| 4.58| <6.15| 865| 4.61| <2.29
31| 0.14| 046[1.89|028|0.94| 007| 036| 0.17]<9.32| 11.34| 6.14| 2.41| 12.19|<084| 2.61| <2.29
32| <0.08|<0.11(3.80|073|0.75| 0.10| 0.34| 0.10| 80.39| 6.92| 1541| 6.89| <6.15| 10.33| 2.30| <2.29
33| <0.08| 0.09|061]036|1.19| 013| 0.09| <0.01| <9.32| 39.78 | <453 | 2.43| 2464 | 34.48| 22.09| <2.29
35| 291|<0.11|088|034|0.81|<001| 0.07| 0.08|<932| 21.44| 540| 3.84| 4525| 21.57| 9.26| <2.29
36| 4.27| 020|047|053[1.02| 009| 011| 0.10|<9.32| 1839 | 9.15| <2.38| <6.15| 11.49| 0.01| <2.29
37| <0.08| 035(215|0.15|/0.36| 005| 0.33| 0.38| 32.12| 22.42| 5.24| 283| 3061|<0.84| 10.27| 3.05
38| 6.59| 0.09|1.28[033|1.05|<001| 0.13| 0.10|<9.32| 4266| 6.44| 2.11| 4363| 21.89| 1.67| <2.29
41| 0.10|<0.11|7.15|084|1.16| 004| 1.63| 0.84|<9.32| 51.32| 10.71| 17.46| 7137| <0.84| 9.66| <2.29
43| <0.08 | <0.11(3.03{0.26|0.64| 002| 1.01| 0.19| 4594| 691| 16.68| 5.66| <6.15| <0.84| 0.92| <2.29
47| 6.79| 0.06|0.68|0.30|0.68| 006| 016| 0.03|<9.32| 20.79| 13.17| 0.24| <6.15| 10.51 | 0.44| <2.29
48| 891|<0.11|043]032|156| 001| 0.07| 0.09|<9.32| 49.45| <453| 291| 19.04| 5512 | 0.72] <2.29
49| 491|<0.11(071]032|054|<001| 0.09| 0.16|<9.32| 3056| 1.52| 1.99| 10.18| 890| 1.28| <2.29
51| 534|<011|155[0.14]|035|<0.01| 0.16| 030|<9.32| 36.98| <4.53| 0.33| 13.10| 50.68| 2.88| 3.28
52| 491|<0.11|064]|041|1.10| 0.06| 0.10| 0.04|<9.32| 23.03| 3.80| 1.27|<6.15| 7.41| 1.05| <229
53| 036 <011(3.57|050|0.72|<0.01| 0.19| 1.49| 6.83| 50.15| 10.96| 9.30| 093| 571| 1.76| <2.29
55| 558| 0.42169]|034(087| 0.01| 0.14| 0.33|<9.32| 36.07| 396| 246| <6.15| 19.65| 6.75| <2.29
65| 11.26| 0.66|0.84|0.41|0.42| 003| 024| 0.26|<9.32| 38.27| 6.67| 4.63|<6.15| 46.50| 0.13| <2.29
66-A| 2.34|<011]0.77|0.33|0.89| 004| 0.17| 023|<932| 23.61| 1449| 049| 42.86| 27.78| 9.26| <2.29
67| 0.34|<011[1.05|026|059| 001| 011| 0.07|<9.32|<853| 11.43| 7.32|<6.15| <084 | 0.84]| <2.29
68| 0.30|<0.11(534|1.01|064| 023| 1.48| 0.15| 42.85| 27.61| 14.04| 20.50| 66.64 | <0.84 | 73.69 | <2.29
69| 5.82| 026[063|027|1.26|<001| 0.04| 0.25|<9.32| 16.89| 10.41| 0.07| <6.15| 13.42| 0.08| <2.29
73| 039| 098|284]035[/090|<001| 0.01|<0.01|<932|<853| 7.67| 291| 14.45|<0.84| <0.69| <2.29
74-A| 6.73|<0.11|1.24(0.16|0.79| 0.09| 005| 0.15|<9.32| 556| 8.86| 567| 31.55| 20.39| 0.41| <2.29
74-B| 5.87|<0.11|1.27|037|0.95|<001| 0.13| 0.18|<9.32| 2897 | 1755| 4.83| <6.15| 16.31| 1.94| <2.29
75| 7.48|<0.11|156|059|1.54| 004|<001| 0.09|<9.32| 2366| 097|<2.38]|<6.15| 12.52| 0.47] <2.29
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Table 5: Trace element concentrations of quartz grains in offshore sample 1 (well 6610/3-1, 460 m).
Determined by LA-ICP-MS.

Li Be B ([Mn|Ge| Rb | Sr | Na Al P K Ca Ti Fe

LOD 0.14| 0.10(0.39|0.06|0.08| 0.02|0.00| 9.15| 5.21| 6.07 16.88 | 5.37| 0.92| 1.65
grain
no.

1| 13.45| 0.03|3.10|0.38|0.42| <0.02|0.05| <9.15| 19.98| 2.15 0.54| 2.29| 40.75| 0.13

3| 16.89| 0.04|4.45|032|091| 0.02]|0.03|<9.15| 71.84|<6.07 0.40 | <5.37| 37.45| 4.10

5 6.47 | <0.10 | 3.83|0.33|0.98| 0.07|0.07 | <9.15|109.64 | 1.56 20.74 | <537 | 4435| 6.04

7 2.75|<0.10 | 3.40|0.17 | 1.07| 0.02|0.05| <9.15| 10.42| 5.55 0.65| <537 | 336| 0.20

8 5.23| <0.10|2.98 | 0.22 | 0.47 | <0.02|0.08 | <9.15| 17.58| 0.37 206 | 131 29.73| 0.50

12 7.53| 0.09(3.37]/031]|080| 0.06[0.11|<9.15| 95.40| 5.01 11.60 | <5.37 | 38.99| 1.18

14 6.32 <0.10 [ 1.79|0.13|0.41| 0.02|0.02| <9.15| 21.46| 3.19 0.55| 7.09| 28.12| 0.18

15 115| 0.02]1.92|032|063| 0.02|017| 269| 19.12| 6.60 1.45| 579| 29.56| 1.60

16 | <0.14| 0.01]2.62|0.19|0.48| <0.02|0.10| <9.15| 19.36 | 11.11 1.05| 14.60| 20.59| 3.73

17| 10.61| 0.01|2.84(0.28|0.45|<0.02|0.11| <9.15| 47.12| 0.44 0.93 | <5.37 | 27.73| 043

18| 16.82| <0.10|1.90|0.16 | 0.66 | <0.02 | 0.03 | <9.15| 48.88| 4.35 0.61| <537 | 22.05| 0.40

19| <014 <0.10|2.17|0.16|0.82 | <0.02|0.02| <9.15| 6.36| 1.05| <16.88| <537 | 5.67| 0.44

21 6.72 | <0.10 | 2.290.18 | 0.72 | <0.02 | 0.04 | <9.15| 17.76 | 0.46 1.10| 5.89| 6.01| <1.65

23| <0.14| 0.03|4.11/038|1.14|<0.02|0.01|<9.15| 6.82| 3.85| <16.88| <5.37| 2.49| 0.20

28 3.14| 0.03]|2.34|025|0.79| 0.06|0.04|<9.15| 27.17| 0.97 165| 452| 12.96| 0.23

29 3.50| <0.10 | 2.14 | 0.24 | 0.37 | <0.02 | 0.07 | <9.15| 37.37 |<6.07| <16.88 | <5.37 | 23.99 0.26
30| <0.14 0.04 | 2.60|0.16 | 0.69 | <0.02 | 0.05| <9.15| 12.68 | 11.61| <16.88 | <5.37 5.92 6.65

31| <0.14] <0.10(2.29|0.36| 1.36 0.01) 0.28 1.81 8.29 | <6.07 0.39 5.59 | <0.92 1.13
32 3.13 0.09(231]0.20[1.07| <0.02|0.03| <9.15| 10.69| 1.49 0.59 | <5.37 6.88 0.14
33 0.11] <0.10 | 1.78 | 0.65 | 0.50 0.09]1.02| 14.13| 28.55|<6.07 4.69 | 18.70 | 24.50 0.61
34 3.38| <0.10|2.12|0.21 | 0.65 0.01]0.05] <9.15| 16.87| 3.04 0.46 7.07| 18.11| <1.65
37 4.70 0.061.90[0.25[0.70| <0.02 | 0.03 | <9.15| 20.47| 094 0.57 476 | 19.27 | <1.65
40| 1233 0.10(2.200.24 [ 0.75| <0.02 | 0.05| <9.15| 30.95|<6.07 1.21 0.65| 20.19 0.35
42 1.43 0.01 | 2.53]0.30 | 0.65 0.020.03| <9.15| 17.26| 8.03| <16.88| 12.71 4.25 3.38
43 4.85 0.07(1.13]0.17[1.03| <0.02|0.06| <9.15| 19.01| 2.59 0.17 | <5.37| 15.97 0.05
44 9.23 0.08(1.49[0.17[0.91| <0.02 | 0.05| <9.15| 36.62 | <6.07 1.55 5.41 8.35 0.20

45 2.76 0.08 | 1.42 (1 0.13 | 0.91 | <0.02 | 0.05 | <9.15 9.62| 5.11| <16.88 4.17 1.12 0.05
46| 11.56 0.081.58|0.18|0.95| <0.02|0.04| <9.15| 24.60| 193] <16.88| <5.37| 11.10 0.20

47 7.36 0.02 2.02{0.27[0.88| <0.02|0.05| <9.15| 57.70| 0.70 3.89 | <5.37| 30.61 1.93
48 5.65| <0.10|1.58|0.17[1.08 | <0.02|0.04| <9.15| 17.22|<6.07| <16.88| <5.37 7.64 | <1.65
49 1.35 0.06 | 2.24 | 0.20 | 0.83 0.020.03| <9.15| 15.05| 0.27 1.45 3.44 8.31 4.03
52 17.25 0.22 | 2.45| 0.29 | 0.40 0.02 | 0.04 | <9.15| 58.79 147 | <16.88 | <5.37| 43.99 0.99
53 251 <0.10[299|0.37[0.83| <0.02|0.07| <9.15| 54.84| 0.58 2.25] <5.37| 56.81 1.11

56 0.36 0.1213.50]0.270.71| <0.02]0.05| <9.15| 15.37| 1531 | <16.88 | <5.37| 17.66 0.61

Table 6: Trace element concentrations of quartz in sample 47802 (Hundholmen, Tysfjord). Determined
by LA-ICP-MS.

Li | Be B |[Mn |Ge|Rb | Sr [Na|Al | P | K| Ca |[Ti| Fe
LOD 1.06| 0.11| 0.71| 0.43|0.26| 0.05| 0.05|11.8| 75| 17| 0.6| 26.1|15| 0.64
sample no.
47802-A 6.57| 0.53| 2.06|<0.43|0.87|<0.05|<0.05|12.6|18.0|<1.7| 13| 69.7|4.5|<0.64
47802-B 6.31|<0.11| 2.34| 0.44|1.74| 0.05]|<0.05|19.3 <7.5|<1.7|<0.6|<26.1|3.8|<0.64
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Table 7: Trace element concentrations of quartz grains in sample 89415 (Brennvinshaugen, Hadselgya)
and sample 89421 (Stotland, Hamargy). Determined by LA-ICP-MS.

Li Be B Mn | Ge | Rb Sr Na Al P K Ca Ti Fe

89415-1 |5.80|0.18 | 4.60 | 0.31 | 0.68 | 0.00 | 0.06 | 0.00 | 119.00 | 3.83 | 1.44 | 5.47 | 7.11|0.45
89415-4 |6.680.15[3.9210.49|0.67[0.00]|0.161.13136.59)2.59|9.30|892| 3.33|1.75
89415-7 |6.69|0.00|3.79]0.39|0.56{0.04|0.13/0.49)178.89|0.83|7.00|2.50| 5.05|0.64
89415-8 |5.69|0.00|4.03[0.61[{0.78(0.05|/0.18|1.74|194.35|1.62|2.90|7.22| 6.81|0.39
89415-9 |5.92|0.00 | 4.10]| 0.56 | 0.64 | 0.03|0.06 | 7.79 | 91.66|7.23|9.74|7.42| 4.40|1.55

89421-3 |3.41|0.31|4.57[0.69[0.92{0.01/0.18|5.36| 56.58|3.09|2.09|6.22| 6.50|1.32
89421-4 |3.86|0.00|3.53[{0.16{0.70{0.20|0.11 | 5.78| 88.59|2.83|6.04|0.00| 6.06|0.75
89421-5 |3.03|0.00 | 4.64|0.52 |0.81|0.00]|0.20|2.63 | 38.64|1.17|254|7.20|11.86|0.15
89421-6 |4.040.00(2.8210.14]0.76[1.2210.14|0.00| 17.86)3.60|1.51|2.64| 6.23]|0.05
89421-7 |13.2810.00|3.35/0.44|0.69[0.00)0.17|1.87| 12.39)|0.81|5.44|0.00]10.12]|0.11

173



