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Abstract

The Subject of this master thesis was to define the chemical weathering processes, create a
weathering chain from sink to source and to evaluate the degree of weathering on
Eldsfjellet, Meland municipality in western Norway. Rock, water and sediment samples were
collected in the field area using a corer for hard rock and sediment samples, water samples
were bottled in laboratory flasks and afterwards cleaned with a filter to remove colloids and
other particles. Multiple analyses such as XRF, XRD, ICP-MS, ICP-OES and microscopy were
carried out. The major element, trace element and rare earth element composition of the
various samples were acquired. The comparison between trace elements from water and
rock samples showed a good agreement which leads to the presumption that water is the
major weathering and transport agent in the field area. Because of the low temperature
range between summer and winter in the field area, mechanical weathering is assumed to
be a less important weathering factor for most of the year. Derived sediment samples from
organic rich top layers in the local catchment lake were analysed using XRD. Clay minerals
were found which could be directly linked to the local bedrock, therefore it was possible to
create a weathering chain. First the bed rock is slowly dissolved due to the permanent
supply with fresh water. Secondly, because of the reaction between water and bedrock, clay
minerals get produced which then will be, together with other particles, transported to the
local catchment lake and finally deposited in the lake sediments. To determine the degree of
weathering, different chemical indexes of weathering have been used, all of which show a
slight level of weathering. The Elsdfjellet data were compared with data on similar rock types
from India, which shows that climatic difference (higher temperature, more precipitation)
and a longer transport distance favour chemical weathering in India. To define weathering
rates, a formula was used which includes a gain-loss factor calculated from the weight %
concentration of different major elements in bedrock and sediment samples. The calculation

also displays a low loss of fresh rock material.
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Chapter 1 Introduction

1. Introduction

Chemical weathering is a process happening all over the world and in every geological
environment. Every rock type is affected by chemical weathering and dependent on the rock
stability rocks will resist against it longer or shorter time periods. The composition of a rock
and the climate conditions in which the rock is located plays a major role for the weathering
rate. The chemical weathering is stronger in tropical and humid climate zones compared to
nival and aride climate zones. Chemical weathering is a crucial part of the geological cycle
and is partly responsible for the erosion of mountains. The chemical weathering has been
subject of extensive studies in tropical climate zones but has recieved less attention in higher
latitudes. The major weathering processes in cold and arid climate are related to mechanical
weathering but chemical weathering plays also in these areas an important role, while both

processes have significant influence in humid zones.

The focus of this thesis is to determine the dominating chemical weathering process
and the average rates of weathering after the deglaciation. Another question is how to
detect and quantify chemical weathering processes and which chemical information can be
used to achieve that. What kind of weathering products will be produced and are these
products in agreement with the local bedrock composition. Another important point is to
obtain information about the rate of weathering, since the field area is a mountain situated
on the strandflat. It is necessary to acquire information about the weathering chain to use
this information for the description of weathering processes and speed on other mountains
at the western coast of Norway. Another question is to characterise the rate and degree of
chemical weathering compared to other areas in the world with different climate conditions
to show the effect of climate on chemical weathering. Eldsfjellet gives the opportunity to
characterise and quantify the post-glacial weathering in western Norway. To do so,

geochemical methods have been utilised.
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The Eldsfjellet area has previously been subject of intensive structural geological
analysis (e.g., Austrheim 1987; Boundy et al. 1992; Erambert and Austrheim 1993; Austrheim
et al. 1997).

This research project started with a review of the published literature, and fieldwork
was initiated in August 2011. The fieldwork was carried out on Eldsfjellet, a mountain on the
island of Holsngy in Meland municipal approximately 40 km north of Bergen (Fig. 1 and 2).
After an investigation of the field area, locations were carefully selected for collecting cores
sample from bedrock surface, sediment cores from a catchment lake, and water samples
from different small puddles within the area. The core samples from the bedrock were taken
from horizontal and vertical surfaces in the south-east, south-west and north-west parts of
the study area. These samples were analysed using the geochemical methods described in
Chapters 3 and 4. The data derived from the chemical analysis will be used for describing the

weathering chain from source area to the sink (sediments from a local lake).

Eldsfjellet is part of the Lindas Nappe which was partly subducted in the Silurian
during the Caledonian orogeny (Bingen et al. 2004) and has since been strongly eroded. The
dominating rocks constituting Eldsfjellet are anorthosites followed by eclogite. The main
goals of this thesis are to characterise the most important chemical weathering agents,
describing the weathering chain from source to sink, determine the degree of weathering in
the area after the deglaciation and compare the degree of weathering with chemical

weathering of similar rocks in other climate zones.

The major and trace element composition of the rocks and also the chemistry of
sediments and water in the area were investigated. The methods used are polarized light
microscopy, scanning electron microscopy (SEM), X-ray fluorescence (XRF), X-ray diffraction
(XRD), inductive coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma
atomic emission spectroscopy (ICP-AES) and ion chromatography (IC). Another way to study
the processes was the use of secondary minerals such as various types of clay minerals to
construct a weathering chain that shows the parental material and the secondary

(weathering related) minerals.

During the fieldwork two sediment cores were taken from a local lake using a gravity

corer device. One of the cores was cut in slices of 3 cm thickness for the analysis of the
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chemical composition of the sediments and to find out which secondary minerals are in the

samples.

Details related to the different methods used will be addressed in the methodology
chapter (chapter 3). In the results chapter (chapter 4) the data will be objectively described.
In the discussion chapter (chapter 5) the results will be interpreted together to become a
picture of the different processes leading to the local weathering. The results will be

compared with data from other areas to critically discuss and support them

1.1. Study site

The field area is situated on the island of Holsngy (Nordhordaland) approximately 40 km

north of Bergen (Fig. 1).
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Figure 1: The green square marks the field area, the blue square the position of Bergen (source: Statens Kartverk).

Eldsfjellet is located in the northern part of Holsngy and has a maximum altitude of 324 m
a.s.| (Fig. 2). The whole field area covers approximately 7 km?2. To the west of Holsngy are the

islands of Herdla and Askgy and to the east lies the island of Radgy. The island is surrounded
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by the Hatlefjorden to the west, the Mangersfjorden to the north-east and the Radgyfjorden
to the east (Fig. 1).
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Figure 2: A topographic map of Eldsfjellet, marked with a black square is Storatjgrna a local lake which has been cored
(source: Statens Kartverk).

The mountain has several peaks (Fig. 2) which are, partly, difficult to access because of a
steep topography. The southern and eastern flank is steep. The access from the coastal side
is gentler. The northern and north-eastern lower parts of the field area consist of a heavily

vegetated marsh landscape.

1.2. Bedrock geology

The field area is located in the Bergen arcs, which is a series of arcuate Caldeonian trust
sheets centered on the town of Bergen (Austrheim 1986). The whole mountain is dominated
by anorthosite, a plagioclase-rich felsic rock, but it also consists of various mafic rocks like

gabbroic anorthosite and rocks of the charnokite group (Raimbourg et al. 2005) (Fig. 3).
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Figure 3: A geological map showing the different main rock types in the field area (Source: bedrock map from
http://geo.nqu.no/kart/berggrunn/).

The geological history of the Bergen arcs is dominated by two events. The first, the
Grenvilian orogeny of Proterozoic age, is an event dominated by extensive magmatic
activity, deformation and granulite facies metamorphism. This was then followed by
localized Caledonian reworking. Austrheim (1986) considers the anorthositic material to be a
lower-crustal suite based on composition and mineralogy. The island of Holsngy is part of
the Lindas Nappe, which is in the highest tectonic position of the Bergen Arc nappe pile.
Eclogite is common in the field area; this has an age of approximately 425 Ma and is referred

5


http://geo.ngu.no/kart/berggrunn/

Chapter 1 Introduction

to be older than the widespread eclogites in the Western Gneiss Region to the north.
Proterozoic granulitic anorthosites and mangerites, which are similar to the basement of the
Western Gneiss Region, form the core of the Lindas nappe and the local field area (e.g.
Griffin, 1985). A common feature of the local geology is a coronitic mineral texture called
corona textures, they can be found all over the mountain and range in size from a few
centimeters up to a few meters. The corona textures consist of a core made up by pyroxene
and (locally) olivine, and are surrounded by a layer of garnet of variable thickness (Fig. 4).
Due to their mafic components, the core of these textures weather more easily than the
anorthositic host rock, and are therefore typically spotted as holes in the weathered
bedrock. The degree of weathering of these textures varies and probably depends on the
exposure of the bedrock to the prevailing wind direction and the amount of meteoric

precipitation.

Anorthite (Ca Feldspar rich)

|1cm|

Figure 4: A schematic sketch of a corona texture, the mineral composition can vary.

1.3. Geomorphology and sediment cover

The field area shows very distinct morphological features. Eldsfjellet is a well-rounded
mountain with several round peaks of approximately the same elevation (approximately 300
m). The rounded shape of the mountain is essentially due to erosional processes during
Quaternary which strongly affected the landscape. The maximum elevation of Eldsfjellet is
324 m a.s.l. A very distinct geomorphological feature on Holsngy is the strandflat, which was
first described by Reusch (1894). The lowland surrounding Eldsfjellet is part of the strandflat

and has mostly an elevation of only a few tens of meters above sea level while a number of

6



Chapter 1 Introduction

hills and small mountains with heights of several hundred meters rise up from this flat level.

These features are very common on the western Norwegian coast.
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Figure 5: A Quaternary map showing the sediment cover in the field area (source: Lasmassekart from NGU).

As seen in the Quaternary map of the area (Fig. 5), the area has very little sediment cover.
One exception is the central part of Eldsfjellet with a thin till cover and some areas which are
covered by peat deposits and swamps. The purple area in the north is, according to NGU,

deposits of local weathered material.
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1.4. Present weather conditions

The weather conditions in the field area are heavily influenced by its coastal position. The
area has a relatively narrow annual temperature range with typical temperatures varying
between -1°C (January) and 12°C (July-August) (Fig. 6). The temperature data shown in this

master thesis is sourced from www.eklima.no. The temperature data are from Bergen-

Florida station (Nr. 50540). The reported temperature readings span from 01.01.1990 to
31.12.2011. The average temperature for 1990 was of approximately 5.5°C, which
continuously increased in the last years to around 5.6°C. Two years with extreme low
average annual temperature are 1996 with 4.3°C and 2010 with 3.4°C. The Bergen-Florida

station has been chosen because it had temperature data.

Average Temperature 1990-2011
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Figure 6: The blue graph shows the yearly average temperature in the period 1990 to 2011. The yellow line in the figure is a
linear trend for the average temperature and shows an increase in the yearly average temperature over the presented time
period (source: eklima.no).

The amount of precipitation is strongly dependent on the wind direction. The most
dominant direction is from west, which sends moist air from the sea on land. Due to the
orographic effect behind the coastal area where Holsngy is located, water saturated clouds
cannot go over the mountains and therefore will precipitate at the close coastal area. The

average annual precipitation on Holsngy is more than 2000 mm/a (Fig. 7).
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Figure 7: The blue line shows the average precipitation from 1990 to 2011 (source: eklima.no).

The station used for precipitation is called Holsngy — Landsvik (Nr. 52440). This station has
only precipitation data and no temperature data. The data range is from 1990 to 2005. The
average precipitation has been circa 2000 mm/a. Lowest precipitation periods were 1993
and 1996 with precipitation below 1500 mm/a. Maximum precipitation has been 1990 with
2500 mm/a.

1.5. Quaternary geology

The glaciation history in the region is important since glacial erosion has removed pre-
existing weathering products and the intensity of chemical weathering is different in an
interglacial period compared to a glacial period. Mechanical weathering is expected to be
dominant during the latter periods, whereas chemical weathering would play a minor role.
Reconstruction of the Scandinavian ice sheet during the Weichselian period has resulted in
time-distance diagrams showing the change in ice-margin position with time for the Bergen
area. Mangerud (1970) conducted mainly **C-dating and pollen analysis to determine the
advance and retreat of the ice sheet during the last glacial period. Figure 8 shows the

different ice-margin fluctuations during the late Weichselian.
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It is important to note the position of Herdla moraine (11.760 + 120 cal a BP)(which lies
further west than Holsngy). The distance between Herdla and Holsngy is approximately 3
km. Herdla is located north of the island of Ask@gy north-west of Bergen. This means if the ice
margin of the Scandinavian ice sheet retreated on Herdla, it also was retreating on Holsngy,
albeit slightly later. If the ice sheet readvanced, then it re advanced first on Holsngy and
slightly later on Herdla. Therefore it is possible to correlate the ice margin changes on Herdla

with the changes on Holsngy.
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Figure 8: A time-distance diagram showing the ice sheet oscillation during the late Weichselian (Ramberg et al. 2008).

The fluctuations in Figure 8 is based on %C measurements from the Bergen area and is partly
obtained from marine mollusks, gyttja, wood and bryozoan carbonate. The precision of

these measurements is in order of + 110 to *+ 350 cal a BP.

At 19 k cal a BP the Norwegian Channel was deglaciated (Sejrup et al. 2009) and the
ice sheet margin entered a period of stagnation that lasted around 4000 years (Mangerud et
al. 2011). Then the ice retreated further until about 14.5 k cal a BP, when the outermost
islands became ice-free (Lohne et al. 2011) and also Herdla and Holsngy became ice-free
(see Fig. 8). The ice margin advanced again during the Allergd Interstadial (Lohne et al. 2007)
and reached Herdla during the late Younger Dryas (Fig. 9) (Andersen et al. 1995; Bondevik

10
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and Mangerud 2002; Lohne, 2006). In Figure 9 the reconstructed ice margin position for the
Younger Dryas is marked with a red line. Based on the map, Eldsfjellet was proximal to the
ice margin. Since Eldsfjellet is 324 m (a.s.l.) high and the surrounding area is the strandflat, it
is possible that the summit of Eldsfjellet was ice free, with ice flowing around the mountain.
At around 11.5 k cal a BP the ice margin finally retreated and from that time on Holsngy was

ice free.
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Figure 9: The red line marks the outermost boundary of the Younger Dryas ice advance before the final retreat of the ice
sheet. The dotted line show assumed boundaries while the full lines show boundaries based on moraines and sediments of
isolation basins. The green circle marks the field area (Lohne et al. 2007).
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The glaciation history prior to the late Weichselian is only preserved at a few localities,
for example Fjgsanger and Skjonghelleren. In most parts of the western coast of Norway the
pre-Weichselian glaciation history is missing due to the glacial erosion. Therefore it can be
assumed that the investigated surfaces were well eroded and freshly exposed after the last
deglaciation. That means chemical weathering features and products observed can be
assumed to be the product of weathering after the retreatment of the last ice sheet about

11.5 k cal a BP.

12
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2. Theory and definitions

In this part, the focus will be on the theoretical background of processes which are common
in the presented field area. The main active processes which form the landscape today are
chemical and mechanical weathering; these are strongly influenced by the climate in this
area. The information in this chapter are mostly based on textbook literature from Ollier

(1984), Bahlburg and Breitkreuz (2004), Faure (1998) and Deer et al. (1966).

2.1.1. Chemical weathering

The basis for all chemical weathering processes is the desire of a system to be in equilibrium.
Every chemical reaction will cease to run if the system reaches a state of equilibrium.
Equilibrium relations determine the maximum amount of mineral that can be dissolved in
any system (Ollier 1984). Due to the slow chemical reaction rate of most rocks, they will not
reach a chemical equilibrium at the earth surface. The continuous supply of meteoric water

keeps the reactions going.

The most important process which keeps weathering active at the earth surface is the
permanent removal of weathered products. If the weathering products are continuously
removed, the reaction will continue indefinitely since no equilibrium will be reached within
the system. In closed systems, the chemical weathering will stop earlier after it reaches

equilibrium.

The basis for chemical weathering is the reaction of minerals with air and water.
Solutions play an important role since many weathering products will be transported away in
a solution. Oxidation happens if minerals are exposed to air. Reduction happens mostly in
waterlogged anaerobic environments. One of the most important processes is hydrolysis
which is a chemical reaction between minerals and water. Hydrolysis is important for the
breakdown of silicate minerals. Silicates are the most important group of minerals due to
their high abundance on Earth. There are several other processes like carbonation,
hydration and chelation. A mixture of various chemical and mechanical processes can
happen due to the presence of organisms; these can strongly affect the weathering rate and

are often referred to as biological weathering.
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The most important ion in solution is hydrogen (H'). Hydrogen controls many
reactions and is expressed as the pH of a solution. The solubility of minerals is dependent on
the pH of a solution. A neutral pH is 7. Dissolved iron in slightly acidic water will be

precipitated when fresh water reaches the alkaline sea water

The oxidation states also play an important role in geochemical weathering. Fe, for
example, can have several oxidation states. The oxidation stages depend on energy changes

which are involved in adding or removing electrons.

lons in solution attract water molecules; the strength of the attraction depends on
the proportion to its charge (Z) and radius (r). The factor Z/r is known as ionic potential.
Elements with low ionic potential, such as Na, K, and Ca, remain in solution during
weathering; elements with intermediate ionic potential are precipitated by hydrolysis;
whereas elements with still higher ionic potential form complex anions with oxygen which

are again soluble (Ollier, 1984).

The first stage of weathering is a liquid mixture. It can be running water or a film of
water around a solid particle. The amount of dissolution is strongly dependent on the water
passing the surface of the particle. A continuous supply of fresh water will lead to increased
weathering since the solution stays undersaturated due to the open system behaviour.
Different minerals have different solubilities in a solution. Halite, for example, is easily
soluble, gypsum is less soluble. In areas with higher temperatures, silicates can be easier

dissolved. This means that the solubility of minerals is also climate dependent.

Oxidation is simply the loss of electrons or increase in oxidation state by a molecule,
ion or atom. The oxidation of minerals always involves water. It is often enough to have a
thin film of water. It mostly takes place in aerated zones. Typical are iron oxides and
hydroxides which have a distinct red and yellow colour. Reduction is the opposite effect to
oxidation and visible because of the colour change from red and yellow to greyish and
greenish. Reduction is often a result of bacteria. The oxidation - reduction potential of soils is
determined by the oxygen and CO, dissolved in water and the soil organic matter. It is
therefore strongly dependent on the partial pressure of the gaseous oxygen and CO, in the

soil air and on the pH of the soil solution.
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The kinetics of dissolution is also dependent on the temperature. Temperature can have a
stronger effect on rate constants than other effects. For example a temperature increase of
10 °C doubles the rate. But compared to the transport of species through solution, the effect
of temperature is insignificant. This effect can be important as an indirect effect. If the

temperatures are too low for organisms to live, they cannot affect the weathering.

2.1.2. Mechanical weathering

Mechanical weathering is based on the breakdown mainly by physical processes. The forces
can come from inside the rocks (residual stress in the rocks) and externally due to, for
example, tectonic processes, glaciers movement, freezing water, roots or running water.
Stresses can lead to strain and eventually to rupture of the material. Gilbert (1904) proposed
that expansion of rock masses, when their confining pressures are reduced by uplift and
erosion, finds relief in the development of cracks. Thermal cooling also generates
contraction that may cause the rock to fracture at or near the surface. This happens

preferentially in granites, sandstones and limestone.

Structures in the rocks play an important role for the mechanical weathering. When
bedrock is exposed to surface conditions, the rocks will decompact and cool down. These
processes lead to the production of cracks in the rock. A typical example for decompaction
processes is exfoliation. Exfoliation happens when the overlaying rock material is eroded and
the rocks below are decompacting. Due to the release of pressure, chunks of material will be
peeled from the rocks. This process is common in massive rocks like granites. The foliation
and schistosity also make certain types of rock more vulnerable against mechanical

weathering.

Mechanical weathering can be strongly dependent on temperature and temperature
changes. A strong change between day and night temperature, such as in deserts, leads to
rapid contraction and expansion of rock material. This causes a mechanical weakening of the

rock structure and subsequently a breakdown of rock material.

Another important mechanical weathering factor is frost wedging. If water in cracks in a rock
freezes, it leads to an expansion of water by 11 %. Due to the expansion, the rock structure

will become weakened and collapse if a critical point is reached. If the mountain wall
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collapses, new cracks will open and the mechanical weathering can continue. Frost wedging
depends on cold climate and is therefore more common than chemical weathering at high

latitudes and altitudes.

Mechanical weathering generally affects the rocks much stronger in extreme climates

or under conditions with strong daily or seasonal temperature changes.

Another type of mechanical weathering, commonly found in coastal, arid areas, is
known as salt wedging. It works similar to frost wedging. Saline water is transported from
the sea by wind. The fine aerosol can settle in cracks. If the water evaporates, the salt starts
to recrystallise. This leads to pressure built by the evaporation of 13 MPa and 4 MPa due to
the growth of salt crystals. Sandstones are especially susceptible to this type of weathering.

Typical weathering structures built by this type of weathering are tafoni.

Clay minerals can play an important role in mechanical weathering. Due to its
capability for incorporating water in the mineral structures, clay has a high potential for
swelling. The swelling will lead to a strong expansion of the clay and lead to failure in the
rock structure. It also works the other way around. If clay loses its water content, it will

shrink. This can lead to sagging and therefore also to rock failure.

2.2. Factors that affect weathering

There are several factors that strongly affect the weathering of rocks. In this part a short

summary of the most important factors will be given.

2.2.1. Climate

Climate plays a crucial role and strongly affects the weathering. The main climatic controls
are related to water and temperature. As mentioned previously the supply of water is very
important for geochemical processes, while temperature is crucial for mechanical as well as

geochemical weathering processes.

The water supply is not necessarily a warrant for strong weathering. Arizona has an annual
precipitation of 7.5 cm and is considered to be arid, most of the water evaporates due to the

high annual temperatures. On the other hand Alaska has partly the same amount of
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precipitation but is full of swamps and due to the lower evaporation water plays a more
important role as weathering agent. It is therefore a combination of different factors that
make water an efficient weathering agent. Precipitation is important for the leaching of for
example Na, K, Mg and Ca in humid regions. If the precipitation is greater than the
evaporation, there will be a movement of solutions and therefore a removal of weathered
products. If evaporation exceeds precipitation there will be an upward movement of water,
drying out of soils, crystallization of salts and a lack of removal of weathered products. This

could lead to stronger mechanical weathering in dry areas.

Temperature can be a crucial factor for weathering too. The annual temperature
range can be significant for mechanical weathering due to the phase change of water from
liquid to solid which leads to a volume increase of 11 %. Also for chemical weathering, the
temperature is important. It is expected that a temperature change of 10 °C leads to a
doubling or trebling of chemical reactions. The biological activity will also increase. An
opposite effect has an increase of temperature on CO,, it will be less soluble at higher
temperature. This is particularly important for the weathering of calcite. Its solubility
depends on the solubility of CO, and is less at higher temperatures. The silicate rocks have

an increasing solubility with increasing temperature.

2.2.2. Frost

Frost weathering is a very important mechanical weathering process. It is most effective if
there is a frequent alternation between freeze and thaw, together with an abundance of
water. This has the strongest weakening effect on rocks. The effectiveness of frost is
therefore dependent on the frequency of temperature fluctuations and of course the

amount of water.

2.2.3. Aspect

Aspect describes the orientation of a mountainside. In the northern hemisphere a south
facing mountain slope has a higher frequency of freeze and thaw cycles than a north facing
slope due to longer sun exposure. Therefore the mechanical weathering rate will be higher.
The biological weathering should also be stronger on south facing slopes because of more

vegetation (sun light availability), therefore more root wedging. The higher temperatures on
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the southward facing slope in combination with fresh water will increase the chemical

weathering as well.

2.2.4. Atmospheric pollution

Atmospheric pollution can play an important role in industrial areas with a high amount of
released SOy, NOy, CO, and other gases. These will produce acidic rain which reacts
especially with limestone. Since the world is highly industrialized, the problem of
atmospheric pollution is today stronger than pre-industrial revolution. The acidity of
precipitation in Norway has also increased due to the air pollution from the industrial

centers in Europe like Germany, France, Poland etc.

2.3. Mineral weathering

The chemical composition of rocks is not the only factor influencing weatherability since
different minerals with the same composition can have different weathering rates. Two
examples are calcite and aragonite. Both have an identical chemical composition (CaCOs3) but
they have different crystal structure and because of this difference, aragonite is ten times
more soluble than calcite. Next to its chemical composition and structure there are other

factors which are controlling the weatherability, each of which is discussed below.

2.3.1. Crystal size

The size of mineral crystals can be important for weathering. Large crystals weather much
slower than smaller ones. This is due to the so called surface activity. Many small minerals

grains have altogether a much bigger reaction surface then one big mineral.

2.3.2. (Crystal shape

The shape of crystals can be very different and depending on the shape, the weatherability
will also vary. A platy crystal is in comparison with a chunky one easier to weather. That is
because larger parts of the crystal are closer to a crystal face and that means also closer to a
weathering surface. Another factor influencing the weatherability is the mineral cleavage.
These are crystallographic structure planes on which crystals preferentially split. This leads

to a weakening of the crystal. Minerals can have micro fractures which increasing the
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reaction surface for chemical weathering and which make it possible for water to enter and
break down the mineral. For effective chemical weathering, the micro fractures have to be
wide enough so water can run through. The minimum width of a crack for water to flow is
8*10° mm which is the double amount than the maximum thickness of adhesive water on

cracks (Holting and Coldewey 2008)

2.3.3. Crystal perfection

The weathering ability of every single crystal is affected by the position of every single atom
in the crystal lattice. A perfectly shaped crystal is harder to weather because all atoms are in
perfect position in the lattice. They are kept place because of strong bonding and therefore
do not react easily with the weathering agent. If there are defects in the lattice or impurities
and substitutions, the weathering can affect the crystal much easier and weathering will
always start to dissolve a crystal at these points. The weakest bonds can be found on the

crystal surface and the edges, here the weathering will start.

2.3.4. Access for weathering agents and removal of weathering products

The accessibility for weathering agents on a mineral crystal will affect the weathering rate. In
porous rocks where water can reach and attack all grains, the weathering will be more
effective than in a massive chunk of rock. As mentioned earlier, one of the most important
factors for weathering is an open system behavior. This means transport of solutes by water
ensuring that the rock/water ratio will not reach equilibrium and stop reacting. If a constant
removal of dissolved material is taking place and a permanent supply with fresh water

happens, weathering will be active.
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2.4. Weathering of rock forming minerals

The following minerals are some of the most abundant minerals on earth. | chose only the

once which are important for my thesis.

2.4.1. Feldspar

The main rock type in the field area is anorthosite. The anorthosite has a high concentration
of plagioclase which is a mineral of the feldspar group. Feldspar weathering is therefore
important in the area and provides the most parent material for the production of secondary

minerals.

The two main feldspar series are orthoclase (K,Na)AlSisOg and plagioclase
(Na,Ca)AlI(Al,Si)Si,0g. Feldspar can be found in most igneous and metamorphic rocks. The
feldspars are less weathering resistant than quartz, due to their cleavages. The members of
the feldspar group, have different weathering rates. Ca-rich plagioclase will weather faster
than Na-rich plagioclase. If the weathering is very effective, kaolinite will be the main
secondary clay mineral produced. The dominant plagioclase type on Eldsfjellet, based on the

major element composition results, is a Ca-rich plagioclase.

2.4.2. Pyroxene

The minerals of the pyroxene group have a silicate tetrahedral structure, which is organized
in a chain-like manner. Therefore they have a good cleavage and weather easily. The most
common member is augite which is found in intermediate and basic rocks. Augite weathers
through ion exchange and lattice alteration and will produce clay minerals. The main types
of pyroxene found in the thin section of rock samples from the field area are orthopyroxene

and clinopyroxene (see section 4.1.1.).

2.5. (Clay minerals

Clay minerals are usually an important part of the weathering chain. They are secondary
minerals, which are the products of rock alteration, notably from phyllosilicates and

feldspars. Since it is possible to determine the source rock based on the different types of
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clay minerals which are produced, they are very helpful to define the rock composition of

the bedrock in the area.

2.5.1. Structures of clay minerals

Clays are usually very fine grained and incorporated with common minerals and sometimes
amorphous colloids. The basic structure is a simple Si-O tetrahedral layer which never occurs

in isolation. Sometimes atoms of other elements substitute for silicon in the structure.

Another important atomic layer, called octahedral, consists of aluminum and oxygen
or hydroxyl (which is virtually the same size as oxygen) (Ollier, 1984). The basic structure of
kaolinite is a silica tetrahedral layer and an alumina octahedral layer arranged together.
Kaolinite plays an important role in many industrial purposes. This is a very simple structure

and is called a 1:1 clay mineral.

If clay minerals are arranged in two silica layers sandwiching one alumina layer the
structure is called 2:1 clay minerals. These structural types include minerals like the mica

group minerals, montmorrilonite, smectite and illite (hydrous mica).

2.5.2. Properties of clay minerals

2.5.2.1.  Spacing

The unit cell thickness or basal spacing is the distance between successive similar layers. This
is characteristic for different minerals, and is used in the X-ray (XRD) identification of clay
minerals (Ollier 1984). There is a very wide variation of basal spacing in different clay

minerals.

2.5.2.2, Expanding lattice

A special property of some clay minerals is their ability to expand the lattice by absorbing
water or other solvents. This happens because water can produce an extra sheet in the clay.

The thickness is dependent on the associated cations. An exception is clay minerals with a

1:1 structure; they do not expand except for hydrated halloysite.
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The expansion during wetting and the shrinking during drying are important for rock

weathering since it will mechanical weakening the rocks around.

2.5.2.3. Water absorption

The water absorption is dependent on the structure of the clay mineral. If a clay mineral is
subdivided into, for example fine layers, it has a high ability of absorbing water into its
structure. There are three different ways for water to be attached to clays; it can be
absorbed on the surface, it can be interlayer water, or it can be attached as hydroxyl water

to the crystal lattice (Ollier, 1984).

2.5.2.4. Ion exchange

The bonds in clay minerals are not equally strong everywhere, especially on the edges of clay
minerals, weak bonds can be found which connect ions not related to the actual structure.
The importance of this depends on the type of minerals and its crystal lattice. In kaolinite the
weak bonds are restricted to the edges and their importance is therefore low. In minerals
like mica there will also be a substitution with the general structure, therefore ion exchange

plays a more important role.

2.5.2.5. Dialysis of clays

Clay minerals act as semi-permeable membranes, and if a fragment of clay mineral is placed
in water it will lose some ions into solution, and again gain hydrogen ions to balance the
charge (Ollier 1984). This will happen until equilibrium is achieved and is called the Donnan

equilibrium.

2.5.3. Weathering of clay minerals

The alteration of clay minerals is possible if the surrounding conditions are changing. When
clay minerals weather, their structure becomes more or less entirely destroyed and a new
structure is produced. Tropical swamps develop a characteristic clay mineral distribution,
where kaolinite minerals can be found on hill slopes and montmorrilonite in the valleys. The
type of weathering products that can be produced from weathering of clays is dependent on

the parent rocks. For example basalt and similar basic rocks provide plenty of cations and
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tend to produce montmorrilonite (Ollier, 1984). Siliceous rocks which have typically more

sodium than calcium or magnesium have the tendency to produce kaolinite (Ollier, 1984).

Based on Ollier (1984), divalent ions are effective agents in flocculating otherwise
soluble silica and therefore impede desilicification. If there is Ca** or Mg**, kaolinite would
not be produced, because the kaolinite lattice does not include them. They will be only
incorporated in clay minerals other than kaolinite. The monovalent ions K" and Na* do not
flocculate silica like the divalent; therefore silica and alkalis are lost during weathering until
the silica-alumina ratio of kaolinite is reached. Therefore alkali-rich rocks are predisposed to

weather to kaolinite (Ollier 1984).

2.6. Corona textures

Corona textures can be found in significant amount on the Lindads nappe and locally the
Jotun nappe. They are typical features of medium to high pressure amphibolite and granulite
facies metamorphism (de Haas et al. 2002) (Fig. 10). Dam et al. (1995) propose a production

temperature of 825°C in gabbro and therefore regards them to cooling-related phenomena.

A typical example of corona textures is a plagioclase-olivine corona with an inner
shell made of orthopyroxene surrounded by olivine, which is rimmed by clinopyroxene
and/or amphibole (Fig. 11). Sometimes the outermost shell can consist of garnet (as it is the
case for Eldsfjellet corona textures). In these structures orthopyroxene minerals grow at the

expense of olivine (de Haas et al. 2002).
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Figure 10: This P-T diagram shows the different metamorphic facies, marked with a yellow line are the expected
metamorphic stages of the Eldsfjellet area (source: Wikipeadia).
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Figure 11: An example of a corona texture, Ol=olivine, OPX=orthopyroxene, Am=amphibole and Pl=plagioclase (de Haas et
al. 2002).
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De Haas et al. (2002) states that the development of corona textures in gabbroic
rocks is due to interaction of the crystalised face with late stage magmatic liquids and finally
fluids. There is a strong interaction between minerals of the different shells. Also important
are liquids filling the micro cracks in the coronas which then lead to new mineral production
due to the supply of different elements. Since the Eldsfjellet geology includes gabbroic
anorthosites and anorthositic gabbro it can be assumed that a similar process has occurred

here.

Weathering depends on many different factors including climate variations, amount
of precipitation, vegetation, tectonic activities and crystal structures. It is not possible to
strictly divide into two major modes of weathering. Both chemical and mechanical
weathering works together in the weakening of rocks. Often climate conditions in the local
area are the tip on the scale to favour one of them. Whereas mechanical weathering is more
dominant in nival and aride climate zones, chemical weathering is more dominant in tropical
and humid climate zones. In temperate climate, both processes are relevant and the

dominance of either mechanical or chemical weathering is dependent on the seasons.
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3. Methodology

In this chapter the focus will be on the different methods used to collect samples, process
them and gain results. The methods used are very important and are dependent on the type
of samples and even on the chemical composition of samples. An unsuitable technique can

lead to incorrect results.

3.1. Fieldwork techniques

During fieldwork several methods were used to collect rock samples, water samples and
sediment samples.
3.1.1. Drilling

A BT45 rock drill (Fig. 12) was used for taking bedrock core samples from different locations

in the field area.

Figure 12: Picture of a Stihl Bt45. (source: http://www.westauction.com/user_images/2999267.jpg)

The drill was used with a core drill adapter to collect core samples. The core drill adapter had
a valve to support the coring with water to reduce the wear and tear of the diamond coated

saw cylinder. The drill adapter was coupled with a coring device (diameter 4.2 cm). During
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the drilling a permanent supply with fresh water was given to prevent the core drill bit from

overheating. The maximum length of the bit was 20 cm, but a core of this length was never

collected during field work because of cracks and stress zones which led to breakage of the

rock core while drilling.

E

Figure 13: Shows a

whole HTH sediment
corer (Renberg 1991).

3.1.2. HTH sediment corer

For the sediment coring, a HTH devise (Fig. 13) was used. This is a so called
gravity corer. All metal parts such as weight, frame and the closing
mechanism are made of stainless steel, all other parts of polyoxymethylene
plastic (POM) (Renberg 2008). This makes cleaning of this corer simple and
reduces the contamination of samples with metals from the coring device.
During the fieldwork a version with 90/86 mm tubes and a length of 50 cm
was used. The sub-sampling of the core was managed by using an extruding

device of the HON-Kajak corer (Renberg 1991).

The whole extruding device consists of different parts. The first part
is the piston which is constructed out of polyethylene, it is partly hollow
with a rubber ring to seal it properly so no sediments can escape. The piston
is constructed of the lighter polyethylene so it floats in case it gets dropped
in the water. The second part is the threaded rod which is built exactly for
this type of device. The core tube draws down exactly 5 mm when the
extruder head is turned 360° clockwise and 2.5 mm when turned 180°. The

third part is the extruder head which consists of two pieces, the upper

stationary piece consisting of a large stainless steel hose clamp which holds

the core tube in position. The other part is the lower rotatable piece. These

two pieces are attached to each other using two guiding pins that move freely in an incision

on the stationary piece (Renberg 2008). The fourth piece is the foot plate which is used for

taking out sediment samples from the core afterwards. The core can be mounted on the foot

plate and stand free. The sectioning tray is a very useful tool for collecting amounts of the

sediment samples. It can be put on the tube and then slices of sediment in chosen thickness

can be scraped off and bagged. The whole sediment coring process is fast. The whole device
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is brought down on a wire to the lake bottom and then dropped there. Due to the weight of
the device it will sink down into the sediment. When the device is pulled up again the
sediment will be kept in the tube. It is Important that the second person puts the piston on

the core while it is in the water so the sediments do not escape.

3.1.3. Water samples

The water samples from the area were collected in order to measure concentrations of
dissolved elements. Samples were therefore taken from different puddles in the area. This
was done because of higher concentrations of dissolved minerals in puddles compare to
running surface water. Laboratory plast