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Abstract 
Relatively little is known about the geomorphological history of the Avanäs peninsula of 

the Swedish island of Fårö. This research used modern techniques such as LiDAR-derived 

Digital Terrain Models (DTMs) to determine the genesis of Avanäs and investigate marine, 

aeolian and anthropogenic influences in the area. Based on past shoreline data from the 

Geological Survey of Sweden (SGU) a model was created that calculates an estimated age 

based on elevations. Features from a geomorphological map were used as training samples 

with Object Based Image Analysis (OBIA) to remove superimposed features such as beach 

ridges, dune systems and dune ridges from the original DTM. This created a surface model 

with estimations of elevations resulting purely from isostatic uplift and changes in sea 

level. This surface model, combined with the past shoreline data, was used to produce a 

Digital Age Model (DAM) of Avanäs. A reconstruction of the genesis of Avanäs is presented 

based on this DAM and soil data gathered during fieldwork (horizon development, gravel 

occurrence and texture sizes). The DAM shows the first parts of Avanäs surfacing between 

7.0 and 6.0 ka BP during the Atlantic. Ongoing sediment accretion connected Avanäs to the 

main island of Fårö around 4.0 – 3.0 ka BP. 
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1. Introduction 

This thesis will focus on Avanäs, a peninsula in the northeast of the Swedish Baltic island of 
Fårö. In 1990, at the end of the Cold War and after long-lasting classified military activity, 
the peninsula of Avanäs became open to foreign visitors. 
 
Avanäs is unlike the rest of Fårö in the sense that the surface of Avanäs is almost entirely 
covered by Quaternary deposits rather than rocky outcrops (Eliason et al., 2010). Its 
genesis is therefore different from the rest of Fårö with more Holocene marine and aeolian 
process that have influenced the land surface (Olander, 2015).  
 
This research will make use of cutting edge LiDAR-based mapping to reconstruct the 
peninsulas genetic history and look into the different past and present marine, aeolian and 
anthropogenic influences on Avanäs. The genesis of Avanäs is reconstructed through a 
Digital Age Model, created from past shoreline data provided by the Geological Survey of 
Sweden (SGU) combined with a modified Digital Terrain Model (DTM) that estimates the 
elevation profile of Avanäs without superimposed geomorphological features. Marine, 
aeolian and anthropogenic influences are visualized through a series of mapping stages. 
First a division of the different morphographical zones around Avanäs was created, in 
which differences in surface topography were mapped without interpreting the processes 
that formed them. Second, a geomorphological map was created in which several 
geomorphological feature classes are visualized. Some examples of marine, aeolian and 
anthropogenic influences are presented and discussed using Land Surface Parameter maps 
(e.g. Hillshade, Aspect and Slope). 

 
In addition, a fieldwork survey was carried out during which the different landforms and 
soil development, such as horizon type and thickness, texture size and gravel occurrence, 
were investigated. The collection of soil data during fieldwork on Avanäs is a valuable 
addition to this thesis, as this could provide insight in relative age distribution (indicated 
by soil development depth), marine or aeolian influences (difference in sediment sizes) or 
recent morphological changes or human influences (buried soils). 
 

1.1.  Knowledge gap & Research relevance 
The island of Fårö as a whole has been the subject of some scientific publications, e.g. on its 
limestone coasts and its limestone sea stacks (Cruslock et al., 2010) or sediment core 
analysis of the Fårö Deep (Willumsen et al., 2013). However, none of these publications 
mention Avanäs. Essentially all scientific research conducted on Avanäs has been published 
in Swedish and sometimes far from recent (Hesselman, 1910; Svantesson, 2008 and 
Erlström, 2009). Due to this limited research, the genesis of the Avanäs peninsula, how it 
connected to Fårö and what different marine and aeolian processes have influenced the 
area has not been documented before. 
 
LiDAR has never been used for geomorphological research before on Avanäs and is 
therefore a valuable tool to fill the existing knowledge gap to determine the genesis of 
Avanäs. Plenty of research elsewhere has proven the usefulness of LiDAR to produce highly 
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detailed Digital Elevation Models (DEMs) of an area (e.g. Woolard, 1999; Neuenschwander 
et al., 2000; Woolard & Colby, 2002).  

1.2. Research aims & questions 
The aims of this research were: (1) to determine when and how Avanäs has formed and 
how it got connected to the main island of Fårö and (2) determine what marine, aeolian 
and anthropogenic influences have affected Avanäs since it was formed. 
 
The overarching question of this thesis was: ‘Is it possible to use LiDAR data to reconstruct 
the genesis of Avanäs and determine what processes have influenced Avanäs since then?’  
 
In order to answer the main question of this thesis, five additional questions were 
formulated that will aid in answering the main question: 

1. When did Avanäs first start to surface above the water? 

2. Can a correlation be found between age and soil development on Avanäs? 

3. What (separate) morphological regions can be distinguished on Avanäs? 

4. To what extent have humans influenced Avanäs? 

5. In what areas and at what rates are beachlines of Avanäs expanding? 

1.3. Area of study - Avanäs 
The island of Fårö is part of the Region Gotland, of which the largest islands are Gotland 
itself (2994 km2), Fårö (113.3 km2) and Gotska Sandön (36.5 km2) (Centralbyrån, 2011). 
The focus of this thesis will be Avanäs, the most north-eastern section of Fårö. This part of 
Fårö (figure 1.1) has an area of ~22.4 km2, roughly 20% of the total surface area of the 
island. 
 

 

Figure 1.1: The area of study 
for this research is Avanäs, a 
peninsula of the island of Fårö. 
The island of Fårö is located to 
the northeast of the larger 
island Gotland in the centre of 
the Baltic Sea. Fårö is marked 
by the black square in the inset 
map in the lower right corner. 
In the larger map, the study 
area of Avanäs is marked by the 
red area. 
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 Geology & Quaternary deposits 
Throughout most of Fårö rock outcrops from Silurian age dominate the surface. On the 
Avanäs peninsula however, marine and aeolian Quaternary sand deposits have mostly 
covered the underlying geological formations (Erlström et al., 2009 and Olander, 2015). 
 
The differences in deposits on Avanäs compared to the rest of Fårö are clearly visible in the 
‘Depth to bedrock map’ (figure 1.2) from the Geological Survey of Sweden (SGU). The 
thickness of the deposits at the surface is less than a meter on most of Fårö. There is a 
major increase in bedrock depth towards Avanäs. Here, bedrock is buried under thicker 
deposit layers, ranging from a few metres up to 10 - 20 meters. 
 

 
Figure 1.2: Estimated depth to bedrock map. This map shows the thickness of surface material over bedrock. 
The data is based on interpolations from data from wells and other drillings (marked on the map by small 
circles), seismic investigations and rock outcrops from geological maps. Map downloaded and modified from SGU 
(2016). 

 Climate 
Both Fårö and Gotland have an oceanic climate, designated as Cfb in the Köppen-Geiger 
climate classification system (Climate-data.org, 2016). It therefore has a temperate climate 
with relative cool summers and relative cool but mild winters. Annual precipitation 
averages 540 mm and is more or less evenly distributed per month (SMHI, 2016). Average 
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temperatures range from slightly below 0 °C in February to approximately 17 °C in July and 
August. 

 Soil 
Soil processes start as soon as parent material is exposed to surface processes, such as 
climate (Jenny, 1994). Areas of Avanäs that surfaced first are therefore sooner exposed to 
these factors and soil formation occurs here first. Jenny, 1994 and many other sources (e.g. 
Jackson, 1959 and Stevens & Walker, 1970) generally list five main factors of soil 
formation: climate, biota, relief, parent material and time. Across a relatively small area 
such as Avanäs it is expected that climate influences do not differ much. Biotic factors 
should also be comparable since the entire area contains pine trees as its dominant 
vegetation (Eliason et al., 2010). The parent material on Avanäs is, according to the 
Quaternary deposits map by the SGU, all aeolian sand apart from some postglacial sand, 
wave-washed gravel and shingle areas along the coast and a few fen peat areas in the 
northeast (Svantesson, 2008). Within the aeolian sand deposits, this leaves relief and time 
as primary differentiating factors for soil formation processes on Avanäs. 
 
When sampling soils at similar topographic locations in the field, and therefore largely 
eliminating that difference in soil formation processes, time remains the foremost process 
difference in soil formation. Deeper developed soils and dense vegetation would suggest 
that area has been stable and exposed to soil formation processes for a longer period of 
time than areas with very little or no soil formation (Stevens & Walker, 1970; Huggett, 
1998; Mokma et al., 2004). 
 
The dominant soil type found on Avanäs is podzol (Troedsson & Wiberg, 1986). The 
formation of podzol soils can occur quickly in sandy soils in these regions, with high input 
of acidic litter from the coniferous trees (Mokma et al., 2004). Mokma et al. estimated a 
duration of approximately 4780 years to form a spodic horizon (the diagnostic B-horizon of 
podzols in the WRB classification system) in sandy soils in Finland, although Carbon (C), 
Aluminium (Al) and Iron (Fe) translocation was already visually evident in 230-year old 
soil profiles. 
 

Due to the dynamic characteristics of dunes and the influences of humans it could 
furthermore be possible to find buried soils. These are soils that are covered with deposits, 
indicating a change from a stable situation to active deposition. The deposition of sediment 
over soils could be a result of human influences such as deforestation, which leads to 
decreased surface stability and subsequently causes increased erosion and deposition of 
sediment elsewhere. Eventually, given enough time, a new soil could develop in the 
sediments on top of the buried soils (French, 2003). 
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1.4. Theoretical framework 
This section will serve as a theoretical background to provide a better understanding of 
this thesis. First, the Holocene time frame, deglaciation of the Weichselian and subsequent 
isostatic uplift will be dealt with, followed by an explanation on several marine and 
anthropogenic processes that have influenced Avanäs. Finally, the techniques of LiDAR data 
which was extensively used in this thesis will be explained. 

 Holocene development 
The development of Avanäs took place during several different substages and chronozones 
(subdivisions of substages) of the Holocene. Mangerud et al. (1974) defined five 
chronozones within the Holocene for the Nordic countries (i.e. Denmark, Finland, Sweden, 
Norway and Iceland), listed in table 1.1. These time periods are included here for better 
comparability with paleoclimate and vegetation in other research. 
 

Substage Chronozone Start – End (ka BP) 

Early Holocene 
Preboreal 10.0 – 9.0 

Boreal 9.0 – 8.0 

Middle Holocene 
Atlantic 8.0 - 5.0 

Subboreal 5.0 – 2.5 

Late Holocene Subatlantic 2.5 - present 

 

 Deglaciation and the Baltic basin 
The deglaciation of the Baltic basin after the Weichselian ice age began approximately 17.0 
– 15.0 ka BP and ended around 11.0 – 10.0 ka BP. The subsequent decrease in surface 
pressure resulted in isostatic rebound of the land (Brunnberg, 1995; Björck, 1995; Påsse, 
1997 and Björck, 1987). As a result of uplift and tilting of the Baltic basin, several water 
connections between the basin to the North Sea opened and closed at various locations and 
times. This resulted in successive stages of fresh and saline waters in the Baltic basin 
(Eronen, 2001). These different stages, as well as the retreat of the ice that covered the 
area, are visualized in six sequences shown in figure 1.3. 
 

Table 1.1: Substages 

and chronozones of 

the Holocene defined 

by Mangerud et al., 

(1974) for the Nordic 

countries. 
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Figure 1.3: The four Baltic Sea development stages since the last deglaciation 13.5 ka BP: [A] [B] Baltic Ice Lake 
(12.6 ka BP - 10.3 ka BP), [C] Yoldia Sea (10.3 ka BP – 9.5 ka BP), [D] [E] Ancylus Lake (9.5 ka BP – 8.0 ka BP) 
and [F] Littorina Sea (8.0 ka BP – present) (Tikkanen & Oksanen, 2002; (adapted from Eronen, 1990 and Björck, 
1995)). 

 Development through isostatic uplift 
Throughout the stages of the Baltic basin, the islands of Gotland and Fårö started to 
develop. After the deglaciation of the Baltic basin both Gotland and Fårö were still below 
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sea level around 13.0 ka BP. This changed when isostatic rebound gradually lifted Gotland 
and Fårö above the surface. Over the last 7000 years this uplift took place at roughly the 
same rate of 2.5 millimetres per year (SGU, 2016 and Boelhouwers, personal 
correspondence). Relative land uplift of Avanäs since 12.0 ka BP is modelled in figure 1.4. 
The erratic uplift pattern before 8.0 ka BP is caused by the different stages of the Baltic 
basin where connections to the ocean alternatingly opened and closed, affecting the water 
level and therefore relative elevation. Although isostatic uplift is expected to continue in 
the future, sea level rise as a result of climate change is expected to partly negate this uplift 
(Kont et al., 2003 and Ebert et al., 2016). 
 

 
Figure 1.4: Estimated land uplift of Avanäs modelled by the SGU relative to sea level, e.g. 8.0 ka BP elevations on 
Avanäs were approximately 20 metres lower than now. The values are influenced by two independent variables: 
isostatic uplift and sea level rise. The horizontal axis (years before present) extends 2000 years in the future (as 
marked by ‘-2000’) (graph modified from SGU, 2016). 
 
 

 Esker 
The sand that makes up most of Avanäs originates from glacial rivers of melting ice. 
Meltwater flowing through cracks of the retreating glaciers during the deglaciation phase 
of the Weichselian ice age transported and deposited sediments beneath and in front of the 
glaciers. These glacial rivers formed an approximately 120-kilometre long esker ridge of 
sand, gravel and till (glaciofluvial deposits) during the last ice age. Both Avanäs and Gotska 
Sandön, an island located approximately 40 kilometres north of Avanäs, are segments of 
this esker that have been exposed above the water surface (Eliason et al., 2010 and BSHC, 
2013). Figure 1.5 shows a bathymetry model by the Baltic Sea Hydrographic Commission 
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(BSHC) of the ridge stretching between Avanäs and 
Gotska Sandön (shown in the top part of the figure). A 
graph of the transect across this ridge can be seen in 
figure 1.6. In the development of Avanäs, this esker ridge 
has played a vital role due to the increased elevation of 
the seabed as well as providing an increased supply of 
sediment. 

 

 Beach ridges 
Large areas of the surface of Avanäs are dominated by parallel ridges. Various definitions 
regarding this type of coastal, parallel ridge systems exist in the literature, generally 
classifying these as either ‘foredunes’ or ‘beach ridges’. There does not seem to be one 
generally accepted diagnostic difference between these similar morphological features. 
Definitions also deal with different characteristics, such as formation processes, activity or 
morphological patterns. 
 
An often-cited article by Otvos (2000) defines beach ridges as “relict, semi-parallel, 
multiple ridges, either of wave or wind origin”, and thus excludes all active ridge features 
along beaches and shores from this definition of beach ridges, regardless of formation 
origin. Although this definition makes classification of coastal ridge features easier, it does 
generalize beach ridges somewhat and disregards different formation origins. Since this 
research focusses on the processes involved in the formation of Avanäs, the difference 
between marine and aeolian influences is important. 
 
For this research the approach by Hesp (2006) is deemed most fitting. Hesp argues the 
necessity of a clear distinction between beach ridges and foredunes, the type of sand dunes 
most commonly interpreted as beach ridges. Hesp states that “Foredunes are genetically 

Figure 1.5: Bathymetry of the area 
north of Avanäs. An elevated esker 
ridge is visible between Avanäs and 
Gotska Sandön; its path is 
delineated by black lines. The red 
line marks the location of the 
transect shown in figure 1.6 
(Figure modified from BSHC, 2013). 

Figure 1.6: Elevation graph of the transect across the ridge 

(shown here in yellow) from figure 1.5. Depth values are measured 

from current sea level. An increase in elevation is clearly visible 

(BSHC, 2013). The estimated original bathymetry is marked by the 

grey dotted line. 
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and morphodynamically distinct from beach ridges. Fore dunes are typically the foremost 
vegetated sand dune formed on the backshore zone of beaches by aeolian sand deposition 
within vegetation” (Hesp, 2006). Hesp defines beach ridges as shore-parallel ridges 
primarily composed of sand or coarser sediments and are marine deposits that are shaped 
into ridges due to wave action. In this definition, foredunes and beach ridges are divided 
based on whether they are aeolian of origin (foredunes) or marine (beach ridges). 
 
Beach ridges as defined by Hesp (2006), i.e. formed by marine processes, form during high 
wave energy events, such as during storms. During these events, the higher water level and 
higher wave energy deposits coarse sediment (sand or gravel) on top of the beach, forming 
an initial small ridge. Between storm events, new sediment is transported and deposited at 
the beach, which during storm events gets eroded from the beach and again deposited 
higher up the beach (Psuty, 1965; Taylor & Stone, 1996 and Hesp, 2006). An overview of 
the mechanics of beach ridge formation during storm events is given in figure 1.7. 

 

 Anthropogenic influences 
In Hesselman, 1910 an extensive description of anthropogenic influences on Avanäs is 
given (in Swedish). In particular Ulla Hau, a large blowout area surrounded by a large dune 
ridge, is described. In his paper, Hesselman suggests that Ulla Hau did not form as a result 
of natural circumstances but rather as a consequence of human triggers in the area, 
particularly deforestation. An older written account of Avanäs from 1741 is mentioned, 
where no reference to Ulla Hau is made. Since Ulla Hau is a prominent feature of Avanäs 

Figure 1.7: Sequence of beach ridge 

construction during storm events. (A) Normal 

situation with equilibrium in deposition and 

erosion. (B) Storm surges with water above 

Mean Sea Level (MSL) and stronger wave 

energy, resulting in increased erosion rates 

close to the sea and deposition further inland 

on the small ridge. (C) During subsequent 

calmer periods sediment is deposited at the 

seaward side of the ridge. (D) Additional storm 

surges erode the seaward side of the ridge and 

deposit sediment on top of it, causing it to 

slowly migrate inland. (E) Calmer periods 

again deposit sediment at the seaward side of 

the ridge. (F) New storm surges start the 

formation of a new ridge closer to the beach 

(Taylor & Stone, 1996, modified from Psuty, 

1965). 
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and other aspects such as shifting sands along beaches and sand-binding capabilities of 
vegetation do get mentioned, Hesselman argues that Ulla Hau had not yet formed at that 
point. Hesselman describes Ulla Hau as a large shifting dune that is, at that time, still 
moving southwards, covering pine forests in its path. Old photographs show Avanäs with 
little vegetation and dead pine trees (figure 1.8). A schematic cross section of this outward 
expansion of Ulla Hau where pine forests are covered by sand and eventually killed is 
shown in figure 1.9. 
 

 
Figure 1.8: Old photograph (1903) of dead pine tree remnants on the windward side of the shifting dunes in Ulla 
Hau (Hesselman, 1910). 

 

 
Figure 1.9: Profile sketch of Ulla Hau of the northeast section. On the left side, the deflation zone in the centre of 
Ulla Hau is depicted, with young invasive pine trees. On the (left) windward side of the dune, remnants of dead 
pine trees are sketched. (a) Remnant of an eroded ancient dune, (b) newly formed small dunes formed around 
Ammophila arenaria marram grass. Scale: 1:2000 (sketch and translated description from Hesselman, 1910).  

 LiDAR 
A large part of this project will rely heavily on the usage of elevation data obtained through 
LiDAR, short for Light Detection and Ranging. LiDAR data is obtained by terrestrial or 
aerial systems. It relies on a laser system that transmits and receives laser beams at high 
frequency. The system sends out a laser pulse, which when hitting the surface is then 
returned to the system that then records the returning signal. The time of flight 
measurements are combined with precise GPS measurements of the location of the laser 
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system, which produces an accurate measurement of the targets coordinates and elevation. 
All pulse measurements combined produce large point cloud datasets of a surface area, 
which enables the user to analyse an area in high resolution, making very detailed analyses 
possible (Haneberg et al., 2009 and Jaboyedoff et al., 2012).  
 
This research makes use of LiDAR data that was provided by Lantmäteriet (Swedish 
National Land Survey), a Swedish government organisation that maps the country and 
keeps records of Sweden’s geography (Lantmäteriet, 2016). 

2. Methods 

This chapter contains a detailed description of the methodology that was used in this 
research. It describes how the LiDAR data was modified to create the Digital Terrain Model 
(DTM) and other Land Surface Parameters (LSPs), how the original DTM was modified in 
order to estimate the elevations of Avanäs resulting from isostatic uplift and how ages were 
subsequently estimated from these elevations to produce the Digital Age Model (DAM). 
Additionally, the methodology used to collect soil data from the field and how these data 
were subsequently linked to estimated ages will be discussed here. 
 
Figure 2.1 contains a simplified, colour-coded flowchart to provide a general overview of 
the workflow that was followed during this research. 
 

 
Figure 2.1: General flowchart of method workflow to eventually end up with a description of the genesis of 
Avanäs. The chart is colour coded, red indicates initial LiDAR data processing and creation of LSP maps, blue 
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marks the mapping phase, green encompasses the fieldwork part and the purple section contains further 
processing of the initial DTM to calculate the Digital Age Model. 

2.1. LiDAR 
All maps created in this research are based on the same LiDAR dataset provided by 
Lantmäteriet. The specifications of the LiDAR data that was used are listed in table 2.1 
below. 
 
Table 2.1: LiDAR specification data (source: Lantmäteriet, 2016) 

Scan date April 3rd and 4th, 2012 

Scanner type Leica ALS50-II/69 

IDs of strings used 11E004024 to 11E004029 

Point cloud density [1] Ranging from 0.37 to 1.15 

Estimated average vertical error [2] 0.05 meters 

Estimated average horizontal error [2] 0.25 meters 
[1] The point cloud density is the amount of measurements per square meter. These values show a strong variation 
between the different tiles. Several tiles are mostly comprised of sea areas and therefore have a low point cloud density, 
whereas areas with mostly land surface have higher point densities. This explains the low values of 0.37 points per m2 (on 
sea) and higher density of 1.15 points per m2 (on land). 
[2] The estimated errors in vertical and horizontal measurements depend on the scanned area. The average values of 0.05 
and 0.25 meters for vertical and horizontal errors apply to open, level, hard surfaces. In regions with strong elevation 
changes over short distances this accuracy may decrease slightly, but this is not the case for the relatively level area of 
Avanäs. 

 
Points in the LiDAR data provided by Lantmäteriet were pre-classified as points 
representing ground, water, bridges and unclassified. To remove all non-ground points 
from the data the LAStools application was used, using the lasground_new tool. This tool 
classified all points as either ‘ground’ (Class 2) or ‘non-ground’ (Class 1) points. All non-
ground points were subsequently removed, keeping only points classified as ‘ground’. This 
produced a LiDAR point cloud that only contains ground points. From the newly created 
LiDAR point cloud, several Land Surface Parameter (LSP) maps of Avanäs were created 
(explained in section 2.2 below). The LiDAR dataset uses the SWEREF99_TM Coordinate 
System and this projection is used for all subsequently created maps. 

2.2. LiDAR-derived DTM and LSPs 
 
Digital Terrain Model 
The first map to be created is a Digital Terrain Model, or DTM. The Digital Terrain Model is 
a Digital Elevation Model (DEM) depicting terrain elevations, i.e. vegetation has been 
removed from the elevation model. This terrain model is a raster derived from the LiDAR 
data and created using the Las2DEM tool of LAStools. It measures the elevation in metres 
and uses a cell size of 1x1 metre. It produces a map with easy visualization of high and low 
terrain and serves as a basis to generate other maps mentioned below. 
 
Aspect 
When a DTM of the LiDAR ground point data is created, the resulting raster file can be used 
as input to create an Aspect map. This is produced with the Aspect tool in the Raster Surface 
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toolset, part of the 3D Analyst Tools toolbox. The resulting map shows the direction of 
slopes in the area. Classifying the directional degrees towards which the slopes face and 
assigning colours to these classes produces a map where each colour represents one of the 
following slope directions: North, Northeast, East, Southeast, South, Southwest, West, 
Northwest or Flat in areas with no slope. For the analyses in this thesis the Aspect map 
proved useful to locate ridge crests and the edges of slopes, since different slope directions 
are coloured differently. 
 
Hillshade 
A Hillshade map is created by using the Hillshade tool from the Raster Surface toolset in 
ArcMap. The Hillshade map shows the relief of the area by adding an illumination source. 
Based on this source the illumination and shadows of each cell in relation to neighbouring 
cells is calculated. The standard angles for the illumination source in ArcMap, which are 
used here as well, are 315 degrees (NW) horizontal and 45 degrees vertical. Highly 
illuminated areas are shaded white and shadows are shaded black (Burrough et al., 2015). 
The Hillshade map was used to map geomorphological features due to its relief-
emphasising properties, especially when combined with the RGB map used as a semi-
transparent overlay. 
 
Slope map 
The Slope map is created using the Slope tool from the Raster Surface toolbox in ArcMap. 
This map calculates and visualizes the slope angles in the area, measured in degrees. The 
value of the slope angle is calculated for every cell and is based on the eight surrounding 
cells, using values of a 3 x 3 cell area. The maximum rate of elevation change (change in z-
values over distance) between a cell and its eight neighbouring cells defines the value of 
the middle cell. High values indicate steep slope angles and low values indicate small slope 
angles (Burrough et al., 2015). The slope map was not used for mapping purposes, but was 
necessary to create the Composite Image RGB map in combination with the Topographic 
Openness maps explained below. 
 
Topographic Openness 
The Topographic Openness (TO) is a measure for how enclosed an area is within a 
landscape. This Land Surface Parameter was introduced by Yokoyama et al. (2002). The TO 
is measured using a moving window across the DTM for which different window sizes can 
be used. A small window size shows detailed topographic variation and is useful for small 
scale analyses, whereas larger window sizes are more useful for larger scale area analyses 
of geomorphology (Anders et al., 2011). The TO maps were created using a script by 
Anders (2011) based on the methodology introduced by Yokoyama et al. (2002). For this 
research, three TO maps with window sizes of 5, 25 and 251 meter were created. Due to 
the tool using a moving window around a single cell the openness value should always be 
an uneven number, hence a 251-metre window size was used rather than 250. 
 
RGB 
The final map that is created for analysing purposes is an RGB (Red – Green – Blue) 
composite colour map that is based on the Slope map and two Topographic Openness 
maps. For the area of Avanäs, the combination of the 251m and 5m TO maps was found to 
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give the most useful result for mapping purposes. The Slope map, the 251m and 5m TO 
maps are combined as respectively Red, Green and Blue layers in a Composite Bands image, 
created with the Composite Bands tool. The resulting RGB map contains clear boundaries 
between morphological features. This is a useful tool for mapping the geomorphological 
features, in particular when used as a 40% transparent overlay on the Hillshade map as 
this accentuates the relief in the RGB map and simultaneously indicates steep slopes due to 
its inclusion of the Slope map as the red band. 

 
 Figure 2.2: Flowchart describing the schematic workflow overview of the LiDAR-based mapping processes to 
create the LSP maps. 

 
2.3. Geomorphological mapping 

The surface characteristics of Avanäs were mapped in two different maps. The first stage 
consists of a morphographical separation of zones on Avanäs in the morphographical map. 
This map makes a distinction of surface characteristics without assigning interpretations to 
the origin of these landforms. In the second stage, the geomorphological mapping, 
landforms are mapped at a finer scale and are distinguished based on their morphological 
origin, i.e. formed by marine or aeolian processes. These landforms are visualized in the 
geomorphological map. 

 Morphographical features 
The morphography map is a characterization of different types of surface topography that 
can be observed in the area. In this map, no interpretation is assigned to landforms and 
zone boundaries are purely based on differences in surface appearances as seen in the 
different LSPs. The purpose of this map was to get a good sense of the various landform 
types that occur on Avanäs before mapping these features in more detail in the 
geomorphological map. 
 
To map the polygon features in ArcMap 10.4.1, the DTM and Hillshade LSP maps were used. 
Figure 2.3, 2.4 and 2.5 contain several examples of boundaries between morphographical 
zones. The boundaries tend to be less detailed and more subjective than those created in 
the geomorphological map. 
 



MSc Thesis – Using LiDAR to reconstruct the genesis of the Avanäs peninsula of Fårö, Sweden 

 - 19 - 

Examples of morphographical boundaries 
Figures 2.3, 2.4 and 2.5 contain several examples of boundaries of morphographical 
features. The added captions provide explanations on how these boundaries were created 
and what LSPs were used. The morphographical areas were drawn at a 1:20.000 scale 
level. The images are shown at a finer scale, boundaries could therefore appear inexact.  

 

 
 

 
 

 

Figure 2.3: Boundary between two areas. 

Both area 9 and 10 were classified as 

‘disturbed ridges’. The DTM however 

showed an increase in elevation from area 

10 to area 9. A boundary was therefore 

drawn between these areas where the low 

sections between ridges (swales) were more 

than 5 metres above sea level (area #9) and 

less than 5 metres above sea level (area 

#10). 

Figure 2.4: Several morphographical areas are 

shown here on the DTM. These boundaries are 

based on elevations shown in the DTM. Both area 

#1 (west) and area #6 (south) are surrounded by 

ridges higher than the surrounding area, 

boundaries of these areas are based on the 

contours of these ridges. Area #7 (centre) and 

area #9 (northeast) are separated by a larger 

ridge and a noticeable change in surface 

topography. No parallel ridges as seen in area #7 

are observed in area #9. 

Figure 2.5: Hillshade image of morphographical 

area #5 (south) #4 (north). The boundary is 

created based on the smoothness of the surface of 

these areas. #4 contains visibly more relief 

(accentuated by the Hillshade map) than area #5, 

where the surface appears more level and smooth. 

The yellow line delineating the boundary between 

these areas does not precisely follow the transition 

zone between these features due to the higher 

resolution at which these areas were mapped. 



MSc Thesis – Using LiDAR to reconstruct the genesis of the Avanäs peninsula of Fårö, Sweden 

 - 20 - 

 Geomorphological features 
Polygon mapping of geomorphological features was done at a scale of 1:5.000 using the 
different LSPs. Predominantly the Hillshade in combination with the RGB map (used as 
50% transparent overlay on the Hillshade) was used to delineate features. Additionally, the 
Aspect map was used to determine slope lengths and boundaries of ridges and dunes. The 
categories used for the geomorphological map are: ‘Anthropogenic’, ‘Dunes’, ‘Isolated dune 
ridge’, ‘Undulating terrain’, ‘Aeolian modified area’, ‘Beach ridges’ and ‘Waterlogged area’.  
 

2.4. Estimating ages of Avanäs  

 Calculating ages with elevation 
To estimate when Avanäs formed and how it connected to the main island of Fårö it is 
necessary to estimate when each part of Avanäs surfaced due to the isostatic uplift. The 
SGU Map Generator contains a model that estimates past shoreline levels of Sweden, 
including Avanäs. The values obtained from this SGU model are given in metres below the 
current elevation of that location at that time. For example, an estimated shoreline 
elevation value of 10 metres 5000 years ago means that area has increased 10 metres in 
elevation over the past 5000 years. In other words, to increase the elevation by 10 metres, 
it took a period of 5000 years. These values were recorded from five locations (figure 2.6) 
around Avanäs at multiple age intervals during the last 9000 years. 
 

 
 
 
Values from the five locations shown in figure 2.6 are listed in table 2.2, including average 
values calculated from these locations. 
 
 
 
 
 
 

Figure 2.6: Locations of the five 

uplift sampling sites: Langhammars 

(1), Stora Gåsemora (2), Holmudden 

(3), Skär (4) and Ava (5). The red 

squares represent the areas of the 

maps that were generated with SGU 

Map Generator. 
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Table 2.2: Historic elevation levels from five sites around Avanäs at different times in the last 9000 years. 
Values are given in meters and indicate how much each point has been elevated since that time, e.g. since 9.0 
ka BP, the elevation of Langhammars has been increased by 28 metres. 

                Age (ka BP) 
Location 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0 7.0 8.0 9.0 

1. Langhammars [1] 1 2 3 5 6 8 9 11 13 15 19 23 26 28 

2. St. Gåsemora [1] 1 2 3 5 6 7 9 11 12 14 18 22 25 27 

3. Holmudden [1] 1 2 3 5 6 7 9 11 12 14 18 22 25 27 

4. Skär [2] 1 2 3 5 6 8 9 11 13 14 18 22 25 27 

5. Ava [2] 1 2 3 5 6 7 9 11 12 14 18 22 24 27 

Average (m) 1 2 3 5 6 7.4 9 11 12.4 14.2 18.2 22.2 25 27.2 

[1] Obtained from Boelhouwers, unpublished. Original source: SGU Map Generator 
[2] Obtained directly from SGU Map Generator 

 
These average past elevation values were then plotted against their respective ages with a 
trendline fitted to the elevation data (figure 2.7). Effectively, this equation estimates the 
time it takes (in years) to achieve a certain uplift (in meters). 
 
 

 
 
The data in the plot in figure 2.7 is fitted with a 3-term polynomial trendline. To determine 
the effects different trendline fits have on the eventual estimated ages, two more data plots 
were created; one using a linear trendline fit and the other a 2-term polynomial trendline 
fit. Since only the 3-term polynomial model was used for further research in age 
distribution and the development of Avanäs, these other models are not included here but 
can be found in Appendix A. 
 
This model can determine an estimated age based on the uplift in meters. Although detailed 
elevation data is available in the DTM, these are not directly usable. The estimated ages are 
calculated based on elevations that resulted from isostatic uplift and changes in sea level. 
The superimposed geomorphological features, such as dunes and beach ridges, increase the 
elevations estimated by the SGU model. The age model would subsequently (wrongly) 
calculate increased ages for these landforms. The original DTM therefore needs to be 
altered to prevent these erroneous age estimates. 
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Figure 2.7: Plot of the 

elevation data from table 

2.2, modelled against the 

respective ages. A 3-term 

polynomial trendline is 

fitted to the data points to 

model the relation between 

elevation and age. 
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 Modifying the DTM 
To create this new terrain model, the original DTM was modified in several steps. An 
overview of the steps used to create this modified DTM is shown in figure 2.8. 
 

 
Figure 2.8: Flowchart of Modified DTM and Age Model processes 
 
A complete overview of the DTM modification process can be found in the framed text box 
on the next page. 
 
Additionally, four steps (the transitional OBIA process from step 1 to 2, step 4, step 5 and 
step 6) from the methodology are shown in figures 2.9 through 2.12 to visualize the Object 
Based Image Analysis (OBIA) method and the subsequent classification and interpolation 
processes. 
 
The interpolated DTM from step 6 (figure 2.12) was smoothed to produce the final 
DTM_Smooth elevation model, depicting the surface topography of Avanäs without 
superimposed marine and aeolian features. The resulting modified DTM can be found in 
the next chapter. 
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Modified DTM Methodology 
 

1. DTM: The original DTM as described in section 2.2 is used as the initial input. 
2. Classified ridges raster: Ridges were filtered from the original DTM using Object Based 

Image Analysis, or OBIA (Blaschke, 2010). This was done using the Image Classification 
toolbar in ArcMap. In the Training Sample Manager two classes were created: ridge and 
non-ridge. Beach ridge and Isolated dune ridge polygon features from the 
geomorphological map were used as input for the ‘ridge’ category, whereas flat, undulating 
and anthropogenic areas were used for non-ridge (the anthropogenic areas will be 
removed through smoothing). Next, the Support Vector Machine Classifier was trained 
with these samples and using the RGB_5_250 and the DTM as input raster files. This 
produced an Esri Classifier Definition file (.ecd), which was subsequently used with the 
Classify Raster tool to classify the DTM using the ‘ridge’ and ‘non-ridge’ classes. The final 
product is a raster file entirely classified as either ‘ridge’ or ‘non-ridge’. 

3. Cleaned ridge classification: The initial classification of ridges contains a lot of small 
interpolation errors, classifying small pixel clusters as a ridge. To remove these errors, first 
the Boundary Clean tool (was used with two iterations to create smoother edges of the 
ridge classifications. Next the ‘noise’ in the data was removed as many small pixel clusters 
or single pixels were misclassified as ‘ridge’, using the Majority Filter tool using EIGHT 
Neighbors and HALF Replacement threshold settings. This tool was ran fifteen times in 
succession with a final Boundary Clean iteration at the end to smooth out remaining edges. 

4. Classification as polygons: To use the ridge classifications from step 3 in order to remove 
the ridges from the DTM, this raster was converted to polygon features using the Raster to 
Polygon tool. The resulting ‘Ridge_Classification_Polygon' Feature Class contains polygons 
classified as either 1 (no ridge) or 0 (ridge). Values of some small classification 
inaccuracies not cleaned in the previous step were changed to 0 to make sure these cells 
were subsequently removed from the DTM in step 5 as well. 

5. DTM without ridges: The polygon file from Step 4 was used in combination with the 
original DTM in the Raster Calculator. Multiplying the Polygons with the DTM changes the 
value of the ridges to be removed from the DTM to 0 and leaving values of other cells 
unchanged, resulting in the new DTM_Modified_0 raster. The 0 values were removed 
altogether using the Set Null tool, using DTM_Modified_0 under both ‘Input conditional 
raster’ and ‘Input false raster or constant value’ and ‘VALUE = 0’ under ‘Expression’. This 
creates the ‘DTM_Modified_NoData’ raster that can now be used for the next interpolation 
steps.  

6. Interpolated DTM: To fill the gaps in the ‘DTM_Modified_NoData’ raster the NoData cells 
were filled using the Raster Calculator, with the expression Con(IsNull(“raster”), 
FocalStatistics(“raster”, NbrRectangle(5,5, “CELL”),”MEAN”),“raster”). This essentially is the 
Focal Statistics tool that was used in the next step, but used here solely for the NoData cells, 
therefore leaving the other cells unchanged. As some gaps in the DTM are quite large, this 
process required multiple iterations. Although large window sizes require less iterations, it 
was found that more iterations with a smaller window size produced a better result. The 
first 16 interpolation iterations were run with a window size of 5,5, filling up most gaps. 
This left one remaining gap along the large ridge of Ulla Hau, which could be filled with a 
larger window size of 25,25, decreasing the iterations without noticeable differences 
compared to the smaller window size. 

7. Smoothed DTM: As the gaps are filled in multiple interpolation steps, the newly created 

edges are rather choppy. To create a more natural looking DTM these edges were 

smoothed out using the Focal Statistics tool. First using a 51-cell radius Circle 

Neighborhood with the ‘Statistics type’ set at MINIMUM to remove any remaining ridge 

remnants. This was followed by a second Focal Statistics iteration but with a 101-cell 

MEAN setting. Other combinations of settings were tested but this was deemed to give the 

best result. The resulting end product is the raster DTM_Smooth, which can be used further 

for the Age model. 
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Figure 2.9: Training 

samples, signifying the 

transitional OBIA process 

from step 1 to 2 in the 

DTM modification process. 

 Polygons are taken from 

the geomorphological map 

and used for OBIA input in 

ArcMap in order to 

determine which areas 

should be removed and 

which should be kept. 

Figure 2.10: Classification 

as polygon, step 4 in the 

DTM modification process. 

 Green marks areas that 

should be kept in the DTM, 

black areas contain 

superimposed geomorpho-

logical features that should 

be removed from the 

original DTM. 
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 Creating a Digital Age Model 
With the superimposed features removed from the original DTM, the modified DTM from 
paragraph 2.4.2 is a better representation of elevations caused purely by uplift and changes 
in sea level. From these elevations, ages can now be estimated using the equation based on 
past shoreline data (paragraph 2.4.1). 

Figure 2.11: DTM without 

ridges, marking step 5 in the 

DTM modification process. 

Using the classification from 

figure 2.10 as input, the ridge 

features have been removed 

from the original DTM. 

Figure 2.12: Interpolated DTM, 

the 6t and second-to-last step in 

the DTM modification process. 

 Using a series of interpolation 

steps the gaps in the DTM from 

figure 2.11 have been filled.  
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Using this equation in the Raster Calculator with the modified DTM (DTM_Smooth) as input 
for ‘x’, a new raster file is created where elevation values have been transformed to age 
values, hereby dubbed the Digital Age Model, or DAM. 
 
Since the ages are all based on estimated values it was considered more fitting to use a 
Classified symbology for the DAM. The classes used are 0 – 250, 250 – 500, 500 – 1000, 
1000 – 1500, 1500 – 2000, 2000 – 2500, 2500 – 3000, 3000 – 4000, 4000 – 5000, 5000 – 
6000 and 6000 – 7000. Smaller classes for low ages result in a better visualization of recent 
coastline development of Avanäs. 

2.5. Soil data 
From September 26th to October 5th, 2016 fieldwork was carried out on Avanäs. This period 
of on-site research led to an improved understanding of the morphology of the area and the 
processes involved in the formation of Fårö and specifically Avanäs. Additionally, during 
the fieldwork soil data was gathered. Parameters measured were horizon type and 
thickness, texture sizes within horizons and gravel occurrence and depth within the soil 
profile. During the fieldwork period, a total of 25 soil profile pits were dug throughout the 
area. Depth of these pits varied depending on topography, reaching bedrock, amounts of 
gravel in the profile or lack of soil development. 

 Fieldwork materials used 
The material used during the fieldwork included: 
 Trimble Yuma 2 tablet – mapping soil pit locations in ArcMap 
 Spade    – digging soil pits 
 Measuring tape  – measuring horizon thickness and soil depth 
 Notebook   – making notes of soil and landscape during fieldwork 
 Knife    – cleaning up soil profiles 
 Grain size samples  – estimating grain sizes in horizons (figure 2.13) 

 

 

 
 
Texture size designation was done using five premeasured texture classes (figure 2.13) 
with sizes of: 64 µm, 125 µm, 250 µm, 500 µm and 2000 µm. The class closest to the 
sediment found in the field was registered. If sediment sizes were found to be in between 

Figure 2.13: Grain size samples 

used in the field for texture size 

analysis. Categories are: VF (Very 

Fine), F (Fine), M (Medium), C 

(Coarse) and VC (Very Coarse). 

These correspond with texture 

sizes (in mm) of: 0.064, 0.125, 

0.25, 0.5 and 2.0. 
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classes a combination of these classes was used, e.g. F/M for sediment sizes between Fine 
and Medium. 
 
In addition to the soil data and landscape survey carried out by the author, a group of 12 
Swedish Geography B students from Uppsala University carried out soil analyses 
simultaneously, greatly increasing the amount of available soil data for further analyses. To 
increase comparability between data from different student groups the first soil pit was 
dug and analysed collectively, after which the students split op in pairs for further separate 
soil analyses. Instead of a Trimble Yuma 2 tablet used by the author, these students used 
Garmin Oregon GPS units to map sampling locations. 

 Soil data correlations 
Since soils formed in older areas have had a longer amount of time for soil development, it 
was hypothesized that horizon thicknesses in soils would increase with age. Due to similar 
climate, parent material and vegetation within the area and when comparing areas with 
similar relief, time is the primary driver for soil formation. 
 
To determine whether a correlation exists between estimated age (derived from the DAM) 
and soil development, the ages as derived from the DAM were linked to the horizon 
thicknesses found in the field. Scatterplots of these relations were created per horizon 
based on all soil profiles. To determine the correlation between horizon thickness and 
estimated age, R2 (Pearson) and P-values were calculated using the Analysis ToolPak Add-
In for Excel. R2 indicates the amount of variation explained by the modelled relationship 
and P is a measure for the probability of obtaining the observed results. In other words, 
high values for R2 indicate a strong fit of the modelled relationship. High values for P 
suggest a strong probability that the observed dataset was obtained by chance, whereas 
low values for P indicate a high probability that horizon thickness is influenced by 
estimated age. The null hypothesis here suggests there is no correlation at all between the 
variables. If P < 0.05, this null hypothesis can be rejected, meaning that there is indeed a 
correlation between the two. 

3. Results 

This chapter contains the results of the research, divided in two main sections: Maps and 
Fieldwork. The Maps section will contain an overview of all the maps that were used for 
this thesis and subsequent results from those maps. In the Fieldwork section the soil data 
that was collected during fieldwork on Avanäs is described. Several correlations are 
included based on these soil data. 

3.1. Maps 
In this section the maps will be presented. It contains Land Surface Parameters (3.1.1), 
Morphographical and Geomorphological maps (3.1.2), surface analyses (3.1.3), the 
modified DTM (3.1.4), the Digital Age Model (3.1.5) and finally a sequence of the proposed 
genesis of Avanäs is presented (3.1.6). 
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 Land Surface Parameter (LSP) maps 
This paragraph contains the five Land Surface Parameter maps created during this 
research. The DTM map was produced directly from the LiDAR point cloud data using 
LAStools, subsequent LSPs were created from the DTM in ArcMap 10.4.1. 
 

 
Figure 3.1: Digital Terrain Model (DTM), created directly from the LiDAR point cloud with the Las2DEM tool of 
LAStools. It serves as a starting point from which all subsequent LSP maps are created. It is also used in 
combination with the other LSP maps to create the morphographical and geomorphological maps. This DTM 
was later modified to create a new DTM without ridges that was used to create the DAM maps. 
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Figure 3.2: Aspect map. This map visualizes slope direction in the area. Used specifically to locate the crests of 

ridges and determine the end of slopes. 

  
Figure 3.3: Hillshade map. This map accentuates the relief of the area. In combination with the Composite 

Image RGB map, this map was used most for mapping morphographical and geomorphological features 
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Figure 3.4: Slope map. In this map slope angles are shown. This map was not used for mapping purposes but 
was used to create the Composite Image RGB map shown in figure 3.5. 

  
Figure 3.5: Composite Image RGB map composed of Slope (Red), 251 metre Topographic Openness (Green) and 
5 metre Topographic openness (Blue). 
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 Mapping the surface 
 

3.1.2.1. Morphography 

The morphographical map was produced as a precursor to the geomorphological map. It 
serves as an initial basic classification of the different geomorphological zones that can be 
found on Avanäs. The classifications are based on all LSP maps, as each map accentuates 
different characteristics of the surface, although mainly the Hillshade map was used 
extensively. This map emphasises relief of the surface which was used as the main 
classification characteristic for the morphographical map. The morphographical map is 
shown in figure 3.6. Due to the descriptive labels of each zone, a legend corresponding with 
the numbers in the map is included separately below. 
 

 
Figure 3.6: Morphographical map of Avanäs marking the different geomorphological zones around the area. 
Features of the morphographical map are overlain on the Hillshade map with 80% transparency. Legend units 
are: [1] Flattened area with horseshoe ridge, [2] Irregular coastline without ridges, [3] Flat, low terrain [4] 
Highest area, [5] Smooth terrain, [6] Ridge disturbance, [7] Undisturbed fine ridges, [8] Smooth coastline with 
ridges, [9] Disturbed ridges (high), [10] Disturbed ridges (low), [11] Coastal protrusions with ridges. 
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Morphographical zone legend 
The morphographical map (figure 3.6) contains a total of 11 different zones. The idea of 
this map is to create an initial distinction of surface characteristics throughout Avanäs 
without assigning interpretations to the origins of these areas. This should create a better 
initial understanding of the morphological variety of Avanäs which helps to map 
subsequent geomorphological features. 
The following descriptions are attached to the different morphographical zones: 

1. Flattened area with horseshoe ridge: This area, called Ulla Hau (e.g. 
Hesselman, 1910), is characterized by a large, horseshoe-shaped ridge that 
surrounds a flat, smooth-surfaced area. It is one of the most noticeable 
features on LSPs of Avanäs. The ridge itself is relatively high, exceeding 16 
metres in the south. The area within the horseshoe shape is nearly 
completely flat and has elevations around 7 metres. 

2. Irregular coastline without ridges: The northern coastline of Avanäs is 
characterized by several outcrops with embayments in between. Most of the 
land along the coast consists of flattened terrain. 

3. Flat, low terrain: This area nearly flat and is considerably lower in elevation 
than area #5. Where that area is generally elevated more than 8 meters 
above sea level, area #3 has maximum elevations of 5.5 meters above sea 
level apart from one small isolated hill with elevations up to 7.5 metres. 

4. Highest area: Together with the ridge at the southern edge of area #1 the 
highest elevations are found here, reaching up to 22 metres above sea level. 
Towards the coast this drops to 8 metres. In the south of this area several 
undisturbed parallel ridges can be seen similar to area #7. 

5. Smooth terrain: These areas are slightly elevated above the surrounding 
areas (apart from the ridge around area #1) and the surface appears 
smoother with little relief. 

6. Ridge disturbance: For lack of a better term, this area seems to have a very 
erratic ridge along the north and east edges surrounding an area with an 
irregular, undulating surface. The ridge around the northeast edge reaches 
up to 18 metres. The abrupt morphological change from this area to the 
ridges of area #7 gives the impression it has disturbed the landscape here. 

7. Undisturbed fine ridges Located in the central part of Avanäs, these ridges 
run parallel to each other and seem, especially towards the east, little 
disturbed. 

8. Smooth coastline with ridges: Compared to the north, the southern 
coastline is smoother and consists of one wide beach without intermittent 
outcrops. On the land along the coast many thin parallel ridges can be 
observed. 

9. Disturbed ridges (high): The ridges in this area appear more disturbed than 
in other areas (e.g. towards the southwest). The ridges are very similar to 
those seen towards the northeast, but are slightly higher elevated, with their 
crests generally around 8 - 10 metres and swales between the ridges higher 
than 5 metres. 

10. Disturbed ridges (Low): These ridges appear similar to those found at area 
#10, but lower in elevation. Crest heights are generally elevated around 4 - 6 
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metres above sea level and swales are situated at or below 5 metres. This 
swale elevation was used as differentiation between area #9 and this area. 

11. Coastal protrusions with ridges: At both ends of the northeast coastline 
two areas can be found that protrude from the coastline and are elevated 
slightly above their surroundings. When zoomed in, low (<0.5m) parallel 
ridges can be distinguished. 

 

3.1.2.2. Geomorphological features 

The geomorphological map (figure 3.7) contains various geomorphological features on 
Avanäs. Feature mapping was done using different combinations of the LSPs to determine 
boundaries between geomorphological features. 
 

 
Figure 3.7: Geomorphological map of Avanäs. The polygons of geomorphological features are drawn 

using ArcMap 10.4.1 and are based on different LSP maps. 
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Legend clarification 
 
Anthropogenic 
The Anthropogenic category indicates areas where anthropogenic processes have most 
recently influenced the landscape. This mainly includes flattened areas for meadows and 
agriculture fields where natural landforms are no longer identifiable. Areas where 
anthropogenic influences have affected the landscape, but later natural processes have 
reformed the land are not included in this category. Blowout areas such as Ulla Hau have 
formed due to human triggers, but subsequent processes have created the landform as it is 
today. 
 
Dunes 
Areas classified here as dunes are aeolian landforms varying in shape and size. They are 
separated from coastal processes and can be either active or stabilized (e.g. fixed by 
vegetation). Since coastal processes no longer influence their morphology they can have a 
variety of different forms and sizes. Where the beach ridges on Avanäs are long ridges 
oriented parallel to the shoreline and formed by marine processes, dunes are generally 
influenced by dominant wind directions, vegetation cover, groundwater and underlying 
topography (Martínez & Psuty, 2004 and Davidson-Arnott, 2010). 
 
Isolated dune ridge 
The ‘Isolated dune ridge’ category distinguishes dunes that have formed an elongated 
ridge, visibly elevated above the surrounding area. Good examples are the large ridges 
found at the edges of Ulla Hau (morphographical area #1) and the ridge along the 
undulating terrain east of there (morphographical area #6). 
 
Undulating terrain 
These areas contain a gently undulating surface formed by aeolian erosion and deposition 
processes. Slope angles in these areas remain below 15 degrees to distinguish them from 
dunes, which have higher slope angles. These areas are generally found adjacent to isolated 
dune ridges or dune systems. 
 
Aeolian modified area 
Located at Ulla Hau and encircled by a large, isolated dune ridge an aeolian modified area 
can be found. This area has been flattened by aeolian erosion processes. 
 
Beach ridges 
Large areas of Avanäs are covered by beach ridges. These ridges are marine of origin and 
have formed parallel to the shore by wave action (Hesp, 2006). 
 
Waterlogged area 
In two locations of Avanäs waterlogged areas can be found. At these locations, water is 
found close to or at the surface.  
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 Analysing surface processes of Avanäs 
 
Marine processes 
The ridges found in the higher area in the southeast of 
Avanäs are mostly undisturbed. This area was the first part 
of Avanäs to surface. In figure 3.8 on the left, the direction of 
these ridges is traced by orange lines on the Hillshade map. 
All these lines are centred around a single point, marked by 
the red circle. Since this area was the first part of Avanäs to 
surface, these could not have been formed by aeolian 
processes due to the lack of sand supply. Additionally, the 
ridges in this area contain several sharp edges that would 
not have been formed by aeolian processes. These ridges 
are therefore marine in origin and are classified as beach 
ridges, according to the definitions put forward by Hesp 
(2006). 
 
Similar ridges are found across a larger area in the central 
part of Avanäs (figure 3.9). In this area, ridges are not 

formed around one central point but move 
outward towards the northwest. Their 
shape is mostly fairly straight, apart from 
the eastern section. Here, strong curves in 
their direction can be observed, as if they 
have formed along an irregular coastline. 
These strong directional changes of the 
ridges over short distances indicate that 
these ridges too have been formed by 
marine processes and are therefore 
classified as beach ridges. The ridge 
system is abruptly disturbed in the lower 
left corner in figure 3.9. This large, 
isolated ridge is similar in shape to that 
around Ulla Hau, known to be a large 

blowout caused by deforestation. The ridges in 
both figure 3.8 and 3.9 are no longer located at 
the shoreline and therefore not influenced by 
coastal processes. 
 
More beach ridge systems can be found along the 
southeast coastline and most eastern point of 
Avanäs. These ridges are made up of limestone 
gravel (figure 3.10). The limestone bedrock here 
is found within 1 metre to the surface, making 
this the likely source for the beach ridge gravel.  

Figure 3.8: Hillshade map cut-
out of beach ridges on top of the 
higher area in the southeast. 

Figure 3.10: Beach ridges comprised of gravel 

along the southeast of Avanäs. (Photo taken by 

author – September 29th, 2016) 

Figure 3.9: More beach ridges traced by orange lines 
on the Hillshade map. The blue oval marks an area of 
interest where ridges have more erratic curves. 
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Aeolian processes 

Large areas of Avanäs are covered by dune systems. The source of sand for the inland dune 
systems is likely to be the beach ridges found along the 
shorelines. Formed by erosion of these beach ridges and 
deposited further inland, the dunes take on a more erratic 
shape (Davidson-Arnott, 2010). Dune systems can be 
found in various parts of Avanäs. Most noticeably around 
the ridges seen in figure 3.8 and further inland from the 
northeast coast.  
 
A prominent dune area can be found along the coast in 
the southeast (figure 3.11). This area consists of dunes 
varying in shape and size, reaching up to 15 metres in 
elevation. The sand of the dunes is bound in place mainly 
by grasses, pine trees 
and sedges. 
 

Most dune systems are fixed in place by sand and are 
therefore no longer active. In the central part of Avanäs 
and northern parts of Ulla Hau, active erosion and 
deposition is visible in large blowout areas (example in 
figure 3.12). Along the edges of these blowout areas, 
vegetation has fixed dunes and large dune ridges in 
place, preventing these blowout areas from expanding. 
Through vegetation growth, these areas get more 
stabilized which increases deposition rates (Martínez & 
Psuty, 2004). At Ulla Hau, most of the southern area 
encompassed by the large, isolated dune ridge is fixed in 
place by pine trees and shrubs. Past aeolian processes 
have eroded the surface here, altering the morphology 
to a flattened area, marked in the geomorphological 
map by ‘aeolian modified area’. 
 
Anthropogenic processes 
 
Anthropogenic triggers 
As documented by Hesselman (1910), the large blowout areas of Ulla Hau have resulted 
from deforestation, causing deflation zones in the destabilized surface. The sand of these 
deflation zones has accumulated along a large ridge around the edges of these deflation 
zones. However, Ulla Hau is not the only large blowout area on Avanäs. Directly east of Ulla 
Hau is another area with a similar morphology to Ulla Hau. Although not treated as 
extensively as Ulla Hau by Hesselman (1910) or other publications, due to the similar 
morphology it is likely that this area formed in similar circumstances due to deforestation. 
The main difference between these landforms is the direction in which the dunes have 
moved. Ulla Hau has its opening in the north, making it probable that dominant wind 

Figure 3.12: Blowout area located 
in the central part of Avanäs (Photo 
taken by author – October  4th, 2016. 
Photo location is marked in figure 
3.13) 

Figure 3.11: Hillshade view of 
the secondary dune system along 
the southeast coast of Avanäs. 
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direction came from the north and transported sand southward. In the other blowout area, 
ridges are oriented more towards the northeast, which would be caused by dominant 
winds from the southwest. The Baltic area is known to have erratic wind directions over 
time, as it is highly influenced by major air pressure systems such as near Iceland, Russia or 
as far as the Azores Islands (HELCOM, 2007). 
 
 

 
Figure 3.13: Inferred wind directions for both blowout areas on Avanäs. The horseshoe shaped dune of Ulla Hau 
(East) has its opening to the north and largest dune ridges in the south, indicating dominant wind directions 
from the north. The blowout area in the east has more erratic dune ridges, but are mostly oriented towards the 
northeast, which would likely be caused by southwestern wind directions. Additional wind directions are 
visualized in the south. Here, a shore parallel ridge, likely formed by marine processes, is seen to be considerably 
more disturbed at the eastern side, likely resulting from aeolian erosion. The red circle marked with ‘P’ signifies 
the photo location from figure 3.12. 

 
Agriculture 
Another clear human influence on Avanäs comes in the form of agriculture. Especially in 
the east and along the southern and northern coastlines (figure 3.14). Most of these 
agriculture fields and meadows are now almost completely flat, as the result of levelling the 
original geomorphology. 
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Figure 3.14: Agriculture fields along the northern coast of Avanäs, visualized on the RGB map, with 50% 
transparency over the Hillshade map. 

 
In some areas traces of the original geomorphology can still be seen using the Aspect map. 
Figure 3.15 contains an example of a flattened agriculture field. In this example, the field is 
located adjacent to an undisturbed area that still contains parallel ridges. These ridges have 
mostly been removed, but when interpreting this area from the aspect map, which 
indicates the direction of slopes, remnants of ridges can still be traced from the field to the 
adjacent, undisturbed ridges. 
 

Figure 3.15: Agriculture field shown in a normal colour aerial photograph (left) and the aspect map (right). In 
the white squares the transition from undisturbed area to an agriculture field is shown. In the Aspect map, the 
flattened field shows traces of ridges that connect to the ridges in the undisturbed area. The ploughing direction 
can also be observed, perpendicular to the original ridges. 
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 Modifying the DTM 
The modified DTM (figure 3.16) intends to recreate the land surface of Avanäs without 
superimposed landforms, either marine, aeolian or anthropogenic in origin. It serves as a 
basis for the Digital Age Models that are created afterwards which are used to determine 
the genesis of Avanäs. The increased elevation of these superimposed features would result 
in (erroneous) increased age estimates. 
 

 
Figure 3.16: The modified DTM where superimposed geomorphological features (e.g. beach ridges 

and dunes) have been removed. 

 

A comparison of the modified DTM with the original DTM can be found in figure 3.17. In 
both DTMs a cross section is drawn in the same location and plotted in figure 3.18. 
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Figure 3.18: Elevation profile of the modified DTM (red line) and the original DTM (black line). 

 

 Digital Age Model 
The Digital Age Model is the result of the model calculated with the past shoreline values 
and the modified DTM shown above. Initially this DAM is produced with a stretched 
symbology.  Since the ages are based on modelled shoreline values (SGU model) combined 
with an estimation of elevations without superimposed geomorphological features 
(modified DTM) it was deemed more suitable to use a classified symbology instead. 
 

A total of three DAMs were created, based on different trendline equations of the past 
shoreline data. Since only the DAM based on the 3-term polynomial equation was used in 
this research, the other two DAMs are not listed here but can be found in Appendix A. In the 
Discussion chapter of this thesis these additional DAMs will be further discussed. 

Figure 3.17: Comparison of the modified DTM (left) and the original DTM (right). A cross section is 
drawn in the same location in both DTMs to visualize the difference in elevation profile (figure 3.18). 
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Figure 3.19: A classified DAM based on a three-term polynomial trendline function of the past 

shoreline data obtained from the SGU. 

 

 Genesis of Avanäs 
This section will reconstruct the genesis of Avanäs since it first surfaced above the water. It 
contains 10 sequences of land development since 7.0 ka BP to the present. It will describe 
how Avanäs first surfaced during the Atlantic period (8.0 – 5.0 ka BP), and subsequently 
developed further during the Subboreal (5.0 – 2.5 ka BP) and Subatlantic (2.5 ka BP – 
Present) periods. The genesis stages are based on the classified DAM created from the 3-
term polynomial age model. Included in the figures depicting the development of Avanäs is 
the current shoreline extent of the peninsula, marked by the red line. 
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[1] The definition of a tombolo by Bird (2011) reads: “Tombolos are wave-built ridges of beach material that link 
islands, or attach a stack or island to the mainland.”. They form when sediment is deposited in the wave shadow 
behind an offshore island, forming a spit. When this spit increases in size and connects the offshore island to the 
mainland or another island, a tombolo has formed (Bird, 2011 and Earle, 2016) 

7.0 – 6.0 ka: The very first signs of Avanäs emerged above the water 
approximately 7.000 years ago, during the Atlantic period (Mangerud et al., 
1974). This started at the higher area in the southwestern section of Avanäs. 
It is likely that this area is part of the elevated ridge between Avanäs and 
Gotska Sandön that formed after the last deglaciation. The well rounded 
igneous gravel that was found in soil profiles in this area seem confirm this 
hypothesis (figure 3.20). As seen in the geomorphological map, this area 
contains several beach ridges, indicating strong marine accretion here 
during the early stages of Avanäs. 

6.0 – 5.0 ka: Over the next thousand years the area around the first part of 
Avanäs slowly expanded, mainly towards the north. Again several beach 
ridges can be found here that indicate marine sediment accretion. In soil 
profiles 22 and 21 small quantities of igneous gravel material were found, 
which suggests that this area is still part of the esker ridge. No gravel was 
found at soil profile 2, located at the western part of this newly formed area. 
However, this soil pit was located on top of a dune ridge, likely to have 
formed later. 

5.0 – 4.0 ka: During this period Avanäs continued to grow, with more 
shore-parallel beach ridges visible in these areas. The direction of these 
ridges corresponds with the direction in which Avanäs has expanded here. A 
sand spit is forming at the northwest side of Avanäs, with longshore drift 
towards the southeast. In the northeast, granitic gravel was again found in 
several soil profiles. In the west, the first land is starting to emerge. A field 
survey in this area revealed bedrock close to the surface, also visible in the 
depth to bedrock map at the start of this thesis. 

 

4.0 – 3.0 ka: Towards the end of the Subboreal period (Mangerud et al., 
1974) the initial part of Avanäs has connected to the rest of Fårö as a 
tombolo[1]. In the geomorphological map this area contains many beach 
ridges oriented broadly East-West, which corresponds with the way Avanäs 
has connected to Fårö here. This indicates that during this period large 
quantities of sediment were transported from an eastern direction and 
deposited on the leeside of Avanäs. Since no gravel was found in any soil 
profiles in this area this section was formed solely by marine sand accretion 
processes and is not part of the esker ridge. 

3.0 – 2.5 ka: In this 500-year period sedimentation occurred at all sides of 
Avanäs, predominantly the embayment area in the south and at the 
northeast side. In the northeast, patterns of beach ridges can still be seen in 
the LSPs, however, these have been strongly deformed due to wind erosion. 
Additionally, in the east a new section of land has surfaced offshore. 
Bedrock outcrops can be seen along the coast in this area, indicating that 
bedrock here is relatively close to the surface compared to the rest of 
Avanäs. This is likely a bedrock outcrop that was slightly elevated above the 
seabed. 
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2.5 – 2.0 ka: In the next 500 years Avanäs expanded further in all 
directions, with the largest accumulations again occurring in the northeast, 
expanding the island by approximately 400 metres. This area contains 
beach ridges that have been deformed by aeolian processes. Suggesting 
strong past marine sediment accretion and high wind erosion afterwards. 
The rocky outcrop that became visible in the previous phase has now been 
connected to Avanäs, similar to how Avanäs itself got connected to Fårö and 
forming a (miniature) tombolo. 

2.0 – 1.5 ka: Continuing sedimentation processes have considerably 

increased the size of the miniature tombolo in the east. Beachline expansion 

has slowed down somewhat at the northern coastline but is still ongoing at 

the south and northeast coastlines. In the latter area, beach ridges deformed 

by aeolian erosion again dominate the surface. The north and south coast 

are currently dominated by agriculture, making it difficult to distinguish 

past marine and aeolian influences. In addition, at the northernmost tip of 

Avanäs a small patch of new land area has emerged. 

1.5 – 1.0 ka: The northeast beach is still expanding visibly quicker than in 

other areas. This could be due to the presence of the esker ridge at the 

northeast of Avanäs. The increased sand supply from this ridge as well as 

the elevated seabed results in increased accretion rates at this side of 

Avanäs, forming more beach ridges. These shore-parallel ridges are starting 

to form more outwards in the centre, as demonstrated in this age model as 

well. Furthermore, the recently surfaced land area in the north is now firmly 

attached to Avanäs. 

1.0 – 0.5 ka: The outlines of Avanäs are now very similar to that of the 

current situation. Beachlines in the north and south continue to expand 

slowly. The northeast beach has seen another major expansion, especially in 

the centre of the beachline, again possibly as a result of an elevated seabed. 

The ‘bite’ that seems to be taken out of the northeast beach is likely the 

result of anomalous data, since in the geomorphological map the beach 

ridges are relatively undisturbed here and indicate a similar coastline as 

shown in this age model. 

0.5 ka – present: Avanäs has now reached its full modern extent. Several 

embayments between outcrops along the shore have been filled up further. 

All beachlines have seen outward extension, although at a seemingly lower 

rate than earlier. The north coastline appears more ragged than before; this 

is the result of clipping the map to the extent shape of Avanäs in its current 

form, which was not necessary for previous extents. 

Since the beach ridges on Avanäs have formed parallel to shore, these form 

a valuable indication of the past shoreline of Avanäs. The shoreline 

development as derived from these ridges has evolved similar to the 

evolution of Avanäs as depicted in these age model sequences. 
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Figure 3.20 Two fieldwork photos of igneous, rounded gravel in soil profiles. The photo on the right shows 

gravel from soil profile 1 (knife blade measures 8,5 cm) and left is gravel found in profile 21 (see figure 3.21 for 

locations). 

 

3.2. Fieldwork 
 
This section contains soil data gathered during fieldwork. The data gathered by the author 
is shown in table 3.1 and the large dataset of additional soil data gathered by students of 
Uppsala University is included in Appendix B. This section will also contain correlations 
made based on these soil data. 
 

 Soil data 
A total of 140 soil profiles were studied across Avanäs, 25 by the author (table 3.1) and a 
further 115 by Geography B students from Uppsala University. Locations of the 25 soil 
profiles are shown in figures 3.21. In the western part of Avanäs land use consists mostly of 
agriculture, built-up areas and Ulla Hau, which is a protected area where digging is 
prohibited. Hence no soil profiles were analysed in that part of Avanäs. Results of the soil 
analyses are listed in table 3.1. 
 

Locations of the additional 115 soil profiles studied by students from Uppsala University 
are shown in figure 3.22 and soil data can be found in Appendix B. 
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Figure 3.21: Soil profile locations on Avanäs overlain on the original DTM.  Numbers indicate the 

order in which the profiles were analysed and correspond with the soil profile numbers in table 3.1.



MSc Thesis – Using LiDAR to reconstruct the genesis of the Avanäs peninsula of Fårö, Sweden 

 - 46 - 

Table 3.1: Soil data gathered during fieldwork on Avanäs. Horizon measurements shown here are in centimetres. The texture sizes are Very Fine (VF), Fine (F), Medium (M), Coarse (C) and 
Very Coarse (VC), combinations of texture sizes are possible. Vegetation classes are Pine (P), Deciduous (L), Wetland (V) and Grass (G), with occasional combinations of classes. 

 O horizon A horizon E horizon B horizon C  Texture   

Profile 
Nr. 

start end thickness start end thickness start end thickness start end thickness start 
Pit 

depth 
A E B C Vegetation Gravel 

1 0 10 10 10 13 3 13 18 5 18 28 10 28 40 F F/M C VC P/G Yes 

2 0 20 20 20 25 5 24 57 33 57 - 30+ - 88 F/M F/M M - P - 

3 0 12 12 12 13 1 13 20 7 20 - 20+ 40 43 F F/M M/C C P Yes 

4 0 8 8 8 15 7 15 20 5 20 32 12 32 55 F F F F P Yes 

5 0 - - - - - - - - - - - - - - - - - - Yes 

6 0 9 9 13 26 13 26 55 29 55 - 20+ - 75 F/M F/M M - P - 

7 0 16 16 16 24 8 24 38 14 38 70 32 70 80 F F F C/VC P - 

8 0 18 18 18 22 4 22 40 18 40 - 40+ - 80 F F F - P - 

9 0 - - -  - - - - - - - 0 75 - - - F G - 

10 0 4 4 4 - 10+ - - - - - - - 15 F - - - P Yes 

11 0 3 3 3 10 7 10 18 8 18 30 - 30 87 F F F F P - 

12 0 10 10 10 14 4 14 24 10 24 - 70+ - 94 F F F/M - P - 

13 0 15 15 15 17 2 17 24 7 25 - 85+ - 101 F F M - P - 

14 0 9 9 9 11 2 11 21 10 21 96 75 96 105 F F F F P/G - 

15 0 1 1 1 4 3 - - - - - - 4 48 F - - F G - 

16 0 3 3 3 28 25 28 - 20+ - - - - 75 F/M M - - L/P - 

17 0 12 12 12 15 3 15 20 5 - - - 20 84 F F/M - M P - 

18 0 8 8 8 10 2 10 19 9 19 85 66 85 90 F/M F/M F/M M P - 

19 0 14 14 14 18 4 18 28 10 28 - 40+ - 68 F/M M M - P Yes 

20 0 5 5 5 7 2 7 15 8 15 80 65 80 77 F/M F/M M M P Yes 

21 0 10 10 10 12 2 12 32 20 32 - 50+ - 85 F/M F/M M - P Yes 

22 0 11 11 11 13 2 13 23 10 23 - 64+ - 87 F/M F/M M - P Yes 

23 0 8 8 8 9 1 9 14 5 5 - 68+ - 82 F F/M M - P - 

24 0 8 8 8 10 2 10 15 5 - - - 15 80 F F - F P - 

25 0 9 9 9 10 1 10 21 11 - - - 21 85 F F - F P - 
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Figure 3.22: Locations of all 115 soil profiles analysed by students of Uppsala University, categorized per group. 

Profile codes are attached as labels. Locations are visualized on the original DTM. 

 

 Age versus Soil development correlations 
In order to check whether a correlation exists between estimated age and soil 
development, four scatterplots were created using Excel. The scatterplots are based on all 
soil data, both collected by the author and the Swedish students. Figures 3.23 through 3.26 
show 4 scatterplots of the relationship between horizon thickness and estimated ages of 
the area. The relation between thickness and modelled age is then discussed per horizon 
using scatterplots information and the calculated R2 and P values. 
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Figure 3.24: Scatterplot of 

age (in years before present) 

on the horizontal axis and 

thickness of the A horizon on 

the vertical axis. R-squared 

and P values of the dataset are 

shown in the upper right 

corner. 

Figure 3.25: Scatterplot of 

age (in years before present) 

on the horizontal axis and 

thickness of the E horizon on 

the vertical axis. R-squared 

and P values of the dataset are 

shown in the upper right 

corner. 

 

 

Figure 3.23: Scatterplot of 

age (in years before present) 

on the horizontal axis and 

thickness of the O horizon on 

the vertical axis. R-squared 

and P values of the dataset are 

shown in the upper right 

corner. 
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O horizon 
The correlations of the O horizon thickness with the estimated age show an R2 value of 
0.259 and a P-value of 3.85E-10. The R2 is the highest value of all correlations and P-value 
is by far the lowest. Since the value for P is much lower than 0.05, the null hypothesis (no 
correlation) can be rejected, which means that the modelled age and thickness of the O 
horizon are correlated. A value for R2 of 0.259 means that this correlation accounts for 
25.9% of the variance in horizon thickness data. 
 
The lower value of P and higher value of R2 indicate that, compared to other horizons, age 
has a relatively high influence on the thickness of the horizon. Other horizons, where R2 
values are much lower, appear to be influenced by additional processes that lower the 
relative influence of age, corresponding with a lower value of R2 for these datasets. 

A horizon 
In the A horizon, the R2 value of 0.054 is approximately five times lower than that found for 
the O horizon, suggesting a weaker relationship between the modelled age and the A 
horizon thickness. Although the P-value of 0.010 is much higher than that of the O-horizon 
dataset, it is still low enough to reject the null hypothesis and therefore proving that the A 
horizon is correlated with modelled age as well. 

E horizon 
The E horizons R2 and P values, 0.058 and 0.011 respectively, are very similar to those 
found for the A horizon. Therefore, the same conclusion can be drawn, proving a 
correlation between thickness of the E horizon and age. An R2 of 0.058 indicates that 5.8% 
of the variance can be explained by this relation, signifying that the processes influencing 
horizon thickness are more complicated than merely age. 

R² = 0.0074
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Figure 3.26: Scatterplot of 

age (in years before present) 

on the horizontal axis and 

thickness of the B horizon on 

the vertical axis. R-squared 

and P values of the dataset are 

shown in the upper right 

corner. 

 

Table 3.2: Overview of R2- and P-

values of correlations between horizon 

thicknesses and modelled ages using 

the 3-term polynomial equation. 
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B horizon 
For the B horizon values change somewhat. An R2 of 0.002 and P of 0.67 are very different 
than in previous analyses. The high value for P indicates a strong probability that the 
observed pattern in the dataset was obtained by chance. Being much higher than 0.05, the 
null hypothesis is not rejected. Although this does not prove there is no correlation, the 
existence of a correlation cannot be proven either. 
 
Apart from the O horizon, all horizons show a negative trend with soil thickness versus age. 
This would suggest that horizon thickness decreases with age, which is directly opposite of 
what was expected. However, the very low R2 values indicate that this is a very weak fit to 
the data. 
 

3.3. Recent development of Avanäs 
To determine the more recent development of Avanäs, beachline growth was looked at. 
Beach growth rates can be estimated based on the calculated ages and elevations. Using the 
3D Analyst Toolbar with the DAM (DAM_Poly3), graphs of beach line growth were 
generated (figures 3.28 to 3.31). The locations of the modelled areas are shown in figure 
3.27. Four locations were chosen around the Avanäs coastline to compare lateral growth 
rates from different beach lines. No transect was drawn in the southeast as this coastline 
consists mostly of bedrock and the coastline has seen little outward movement, which 
would result in a large degree of error. 
 

 
 

 

Figure 3.27: Locations of 

beachline measurements on a 

50% transparent DAM based on 

the 3-term polynomial equation 

(DAM_Poly3) overlain on the 

DTM. 
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 Northeast 

 
Figure 3.28: Estimated growth of the Northeast beachline measured over the last 2,200 years. 

 

Between 1400 and 600 years ago the shoreline in the northeast (figure 3.28) has shifted 
approximately 410 meters (from 820 to 1240 meters), meaning an average growth rate of 
~0.51 meters per year. The growth rates of this beach are likely to be influenced by the 
esker ridge of subglacial deposits found between here and Gotska Sandön, slowing down 
wave speeds, accelerating deposition rates and increasing sediment supply. 

 North 
The northern shoreline of Avanäs consists of several bedrock outcrops with small 
embayments with sedimentation. The beachline expansion of two separate beaches along 
the northern shoreline are shown in figures 3.29 and 3.30. 
 

 
Figure 3.29: Estimated growth of the North (1) beachline measured over the last 3,200 years. 

 

In the period between 2500 and 1500 years ago beach growth was most constant, 
expanding 155 meters (345 – 190) in 1000 years. This corresponds with an average of 
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~0.16 meters per year. In more recent years, beach growth seems to have slowed and 
accelerated again. 
 

 
Figure 3.30: Estimated growth of the North (2) beachline measured over the last 1,400 years. 

 

The North (2) beach has experienced more irregular growth rates compared to other 
beaches. Therefore, two averages were calculated for this beach. Between 1300 and 900 
years ago (red lines in figure 3.30) growth was approximately 105 metres (275 – 170), 
which means a growth rate of 0.26 metres per year. After that, beach growth seems to have 
accelerated slightly during a period of approximately 100 years and slowed down again 
around 800 years BP. In the period between 800 and 500 years ago, the beachline moved 
85 metres (415 – 330), on average 0.28 metres per year. 
 
What causes the increased growth rate between 900 and 800 years ago is unknown. This 
pattern is not distinguishable at other beach lines and is therefore a local variation in 
circumstances. 

 South 

 
Figure 3.31: Estimated growth of the South beachline measured over the last 2,400 years. 
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The beach growth of the south beach seems to be almost linear over the past 2,400 years. 
In figure 3.31 the beach has moved an estimated 490 metres (570 – 80) during a period of 
1400 years, resulting in an average growth rate of 0.35 metres per year.  
 

Beach Average growth rate (m/y) 
Northeast 0.51 
North (1) 0.16 
North (2) 0.26 – 0.28 
South 0.35 

 
Different growth rates can be observed around the coast of Avanäs (table 3.3). With over 
half a metre per year, the northeast coast is expanding much quicker than other areas and 
growth has been broadly constant most of the time. The close proximity of this shoreline to 
the esker ridge between Avanäs and Gotska Sandön appears to increase sediment supply to 
this beach. The constant growth is also very clearly visible at the south coastline, which has 
grown ~0.35 metres per year for the last 2,400 years. Both North beaches however show 
more uneven growth patterns than other beaches and have lower growth rates. These 
beaches are located in small embayments between bedrock outcrops along the coast, which 
seems to reduce the amount of sediment that gets deposited along the coast compared to 
larger, open beaches such as in the northeast and south. 

4. Discussion 

This section will reflect on the results that were found during this research and the 

methods that were used to achieve these results.  

4.1. Morphographical areas 
The purpose of mapping the morphographical areas was to generate a preliminary sense of 
the variation in surface topography around Avanäs. This overview of morphographical 
areas was supposed to aid subsequent mapping of the geomorphological features. Although 
a total of 11 different morphographical areas could be distinguished around Avanäs, these 
were not used in subsequent creation of the geomorphological map. The highly detailed 
LiDAR-derived LSP maps already provided a good, high quality overview of the different 
geomorphological areas around Avanäs.   
 
Although the initial, broad area classification of morphographical zones on Avanäs was, in 
hindsight, not strictly necessary, this mapping method could aid geomorphological 
mapping in large, more diverse areas, especially where LiDAR data is unavailable. Baroni et 
al. (1997) describes the usefulness of ‘morphographic sketch maps’ in the Antarctic region. 
Due to the absence of large scale topographic and geomorphological maps, the simple 
feature outlines provide essential information on the surfaces being studied, and are 
satisfactory for preliminary analysis. Parry & Ng (2010) use morphographical mapping in 
landslide risk assessment, where an initial division of morphographical zones is used as in 
initial division of zones, which can be used as a basis for further risk assessment maps. 

Table 3.3: Growth averages in metres per year 
of the four beachlines shown in figure 4.6. For 
the North (2) beach, two averages are shown 
since averages at two different time periods 
were measured 
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4.2. Geomorphological features 
The geomorphological map was created in order to provide training samples to classify 
ridge and dune features in the original DTM. This method proved effective, as 
superimposed marine and aeolian features were successfully removed from the original 
DTM. 
Additionally, the geomorphological map characterizes several regions of marine (beach 
ridges), aeolian (dunes and isolated ridges) and anthropogenic influences through polygon 
delineations. 
 

 Beach ridges 
The highly detailed LiDAR-derived LSPs proved useful in distinguishing beach ridges. The 
relatively straightforward definition of beach ridges by Hesp (2006) – beach ridges being 
strictly formed by marine processes – proved suitable for LiDAR-based beach ridge 
classification. 
 
A useful added analysis would be the inclusion of Ground Penetrating Radar (GPR) and 
Optically Stimulated Luminescence (OSL). These techniques, as demonstrated by 
Clemmensen et al. (2012), assist in analysing the processes involved in beach ridge 
formation. The addition of GPR can provide information on the internal sedimentary 
structure of these landforms. The inclusion of OSL dating can be very valuable, with this 
precise dating technique the rates at which beach ridges form can be estimated. Also, as in 
the case of Clemmensen et al. (2012), it can help determine whether beach ridge formation 
has been a continuously expanding process or characterized by periods of coastal retreat. 
 
Beach ridges like those found on Avanäs occur across various locations in the world in 
different environments, with various beach ridge systems documented in South-America. 
Aerial photos depicting beach ridge system at Curumim in southeast Brazil (Hesp et al., 
2005 – Figure 4.1) and Santa, Peru (Sandweiss, 1986 – Figure 4.2) show parallel ridge 
features very similar to those found on Avanäs. Both Hesp et al., (2005) and Sandweiss 
(1986) consider these ridges as built during high wave-energy storm events. 
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4.3. Estimating ages of Avanäs 

 Modified DTM 
In the modified DTM, several areas have changed considerably compared to the original 
DTM. Apart from the immediately apparent smoother surface, the maximum elevation has 
been reduced from the original maximum of 25.23 metres to 13.56 metres. The highest 
area is still found in the southeast, but the higher ridge surrounding this area has been 
removed from the DTM. The same holds for large ridges around the blowout areas along 
the narrower stretch connecting Avanäs to Fårö, especially at Ulla Hau. This drops the 
elevations of the (former) ridges from well over 18 metres to approximately 8 metres, 
blending well into the surrounding land now. In addition, all beach ridges, such as in the 
centre of Avanäs, along the southern beach and in the northeast, have been removed. 
 
In general, the ridges as mapped in the geomorphological map have been removed from the 
original DTM rather well. It is believed that this modified DTM is a more accurate 
representation of the elevation of Avanäs resulting purely from isostatic uplift and 
changing sea levels, which subsequently results in better estimates of ages. 
 
One limitation of the modified DTM is that erosion effects are not included. Depositional 
features such as dunes and ridges were easily distinguishable. Erosional surfaces are less 
discernible, making estimates of the original elevation in these areas before erosion took 
place difficult. Original elevation of these deflation zones would likely have been higher 

Figure 4.1: Beach ridge system along 

the coast of Curumim, Brazil (Hesp et 

al., 2005) 

Figure 4.2: Beach ridges along the 

coast of Santa, Peru (Sandweiss, 1986) 
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than at present times. Ages estimated by the DAM for these zones could therefore be 
underestimated. 
 

4.4. Digital Age Models 
The Digital Age Models provide an indication of the age distribution of areas around 
Avanäs. It is clear that the oldest part of the peninsula is located in the southeast, with ages 
decreasing towards the coastline. This section will first compare the three different age 
models, and then compare the DAM used in this research with the past shoreline model of 
the SGU. 

 Differences between DAMs 
During this research, a DAM based on a 3-term polynomial fit to the past shoreline data 
from the SGU was used. Additionally, two more DAMs were produced, using different fits to 
these shoreline data. One using a linear data fit (DAM_Linear), the other using a 2-term 
polynomial fit (DAM_Poly2). These DAMs, in addition to their corresponding data fits, can 
be found in Appendix A. In table 4.1, these DAMs are compared to the one used in this 
research (DAM_Poly3) based on age ranges, first surfacing of Avanäs and the estimated 
time frame when Avanäs connected to Fårö. 
 

 
 
 
 

Digital Age Model Age range First surfacing Connection to Fårö 

DAM_Poly3 -22 – 6870  7.0 – 5.0 ka BP 4.0 – 3.0 ka BP 

DAM_Poly2 224 – 5196  6.0 – 5.0 ka BP 3.0 – 2.5 ka BP 

DAM_Linear 428 – 4657  5.0 – 4.0 ka BP 2.5 – 2.0 ka BP 

 
Since DAMs are based on modelled shoreline values by the SGU and used with an 
estimation of the DTM without superimposed ridges, the accuracy of these models is 
currently unknown. Due to this uncertainty, the model with the strongest fit to the data was 
used for further analysis, which was the DAM_Poly3 model. Additional research is required 
in order to test the accuracy of these models, such as OSL dating of beach ridges. This 
would also reveal which of the three produced DAMs contains the best estimation of ages 
around Avanäs. 
 

 Comparison with SGU shoreline model 
The past shoreline model from the SGU contains visualizations of the areas of Avanäs that 
have surfaced at that time, very similar to the Digital Age Models created in this thesis. An 
overview of six time periods of the development of Avanäs is shown in figure 4.3. 
 

Table 4.1: Overview of different DAMs with corresponding age ranges, estimated 

moments of the first surfacing of Avanäs and the moment of connection to the main 

island of Fårö. 
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Figure 4.3: Six sequences in the development of Avanäs as modelled by the past shoreline model from the SGU 

Map Generator. 

 

In the SGU shoreline model, the first parts of Avanäs are seen to have surfaced at 5.0 ka BP, 
at the end of the Atlantic. Two different sections of Avanäs have started to surface at this 
point. Very similar to that modelled by the DAM in this thesis, a small part of Avanäs has 
surfaced in the southeast of Avanäs. The time period is however different, as the DAM 
showed these areas surfacing between 7.0 and 6.0 ka BP. 
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In the next stage at 4.0 ka BP the east part of Avanäs has expanded again similar to the 
DAM model. Towards the east however, the large ridges around the blowout areas have 
surfaced in the SGU model. Since these blowouts have formed more recently by 
anthropogenic triggers, them surfacing at 4.0 ka BP seems inaccurate. The modified DTM 
created in this research has prevented this from happening in the DAM. 
 
At 3.0 ka BP, Avanäs has been connected to the rest of Fårö. As this happened in between 
the 4.0 ka BP and 3.0 ka BP stages, this result is comparable to that shown by the DAM. 
From 3.0 ka BP until the present, Avanäs expands very similar to the genesis modelled by 
the DAM. Largest expansions are again seen at the southern beach and especially at the 
northeastern beachline. In the northeast, several higher ridges are seen to have surfaced 
offshore before becoming connected to Avanäs later, this again is likely the result of using 
an unmodified surface model to calculate the uplift. 
 
At the 3.0, 2.0 and 1.0 ka BP stages, a rectangular area in the central part of Avanäs remains 
below the surface, possibly an error in the SGU dataset. 
 
Since both the DAM and the shoreline model use the same basic uplift data by the SGU, the 
development pattern of Avanäs looks similar. However, the use of a DTM without 
superimposed aeolian and marine landforms has had a clear impact on the modelled 
genesis, showing a more gradual growth of Avanäs from a single starting point instead of a 
more widespread surfacing of different parts of Avanäs. 

4.5. Soil data and correlations 

 Soil development around Avanäs 
Throughout most of Avanäs podzol soils were found. Obvious exceptions to this are areas 
close to the beach and deflation zones, where soil formation has not taken place yet. In 
nearly all other areas however, signs of podsolization can be distinguished and the 
diagnostic spodic horizon (subsurface accumulation of organic matter and/or iron and 
aluminium) of podzols is present everywhere where soil formation has occurred (IUSS, 
2015). In the northeast, several swales between ridges are close to the groundwater table. 
In a profile pit in this area (soil profile #16), groundwater was found approximately 70 
centimetres from the surface. Although no soil classification was done in the field, this 
likely would have produced a gleysol rather than a podzol.  
 
In general, the soil data gathered during fieldwork largely corresponded with the soil map 
produced by the SGU Map Generator. The soil map by Troedsson et al. (1986) classifies the 
soils of Avanäs as one type (containing various types of podzols and some dystric 
cambisols). This seems somewhat oversimplified, but considering the scale of 1:1,00,000 
that is used, this is to be expected. 
 
Variations in grain sizes proved difficult to establish. With field observations, little 
difference was observed and grain sizes were generally classified as Fine, Medium or a 
combination of these. This suggests similar wave and wind energy for these deposits. Lab 
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measurements of these grain sizes are more precise and might be able to distinguish 
differences in grain sizes from marine and aeolian features. 
 
An important parameter was the occurrence of gravel in soils. Although this was found in 
only a few locations, finding igneous gravel in these locations strengthened the hypothesis 
that these areas, the first areas of Avanäs to surface, formed as part of an esker ridge 
containing unsorted subglacial deposits. 

 Correlating soil development with age 
Soil horizon thicknesses recorded during the field were linked to estimated ages from the 
DAM. It was expected to find thicker horizons in older soils and thinner horizons in young 
soils. The correlations showed a significant correlation between thickness and age for all 
but the B horizon. These correlations were negative for A, E an B horizons, which suggests 
horizons decrease in thickness with age, directly opposite of the expectations. However, the 
very low R2 values indicated a very weak fit of the modelled correlation. 
 
Huggett (1998) and VandenBygaart & Protz (1995) discuss soil chronosequences (soil 
development linked with time) in dune systems. They show a correlation of thickness of 
the B horizon with soil age. VandenBygaart & Protz (1995) found a clear linear increase of 
thickness of the B horizon over age in Pinery Provincial Park, Ontario. During soil analyses 
on Avanäs, of all horizons the boundaries of the B horizon proved most challenging to 
determine. Often a gradual transition from E to B or from B to C horizons existed. This 
results in a large variance in the data, especially when sampling with different student 
groups (possibly resulting in disparities in interpretation of horizon boundaries). This soil 
horizon showed no significant correlation between thickness and age. Huggett (1998) also 
argues the difficulties of linking soil properties with age over longer periods of time due to 
changing factors. Vegetation and topography are unlikely to have stayed the same during 
the entire soil formation processes, which can have a strong effect on soil parameters. 
Many soil chronosequences list various different soil parameters that can be linked to an 
estimated age, such as nitrogen contents, organic carbon content (Crocker & Major, 1955), 
base saturation, pH levels or electrical conductivity (Bockheim, 1980). As these parameter 
types are not obtained in the field but through lab analyses of soil samples, these were not 
used in this research. 

4.6. Anthropogenic influences 
 

 Anthropogenic triggers 
The human impact on Avanäs is clearly visible in several areas, mainly along the coastlines. 
Older human impacts can be derived from the large blowout areas towards the west, while 
more recent influences such as agriculture are seen in the form of agriculture and meadows 
along the coastline. An illustration by Hesselman (1910) marks the anthropogenically 
triggered shifting dunes and blowouts of both Ulla Hau and the central part of Avanäs 
(figure 4.4). At the time of the Hesselman’s account, these dunes were not yet fixed in place 
by vegetation, although he also reports reforestation activities that attempt to fix the 
shifting dune ridges in place.  
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Figure 4.4: Illustration of Avanäs. Shaded area marks Ulla Hau and surrounding sand fields and 
shifting dunes 

 
At present, the ridges formed along the blowout areas have been fixed in place by 
vegetation, the result of large-scale plantation of both pine trees and sand-finding grasses. 
These large blowout areas still contain open sand areas that have not been stabilized due to 
their unique local climate with various rare species (Eliason et al., 2010). The intense land-
use reported by Hesselman (1910) is still visible today through the many agricultural fields 
that dominate the coastlines. 
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 Agriculture 
More recent anthropogenic disturbances around Avanäs are evident through agriculture. 
From the LSPs, this is particularly evident in the Aspect map. In various parts the 

agricultural fields have altered the previous 
geomorphology by flattening these areas. 
With the high resolutions that LiDAR 
produces these agricultural influences were 
clearly visible in the LSPs. Predominantly in 
the Aspect map, which characterizes slope 
directions, remnants of beach ridges were 
visible in the flattened fields and irrigation 
channels and ploughing directions could be 
distinguished. 
 
A comparable study by De Boer (2016) 
demonstrated the ability of LiDAR-derived 
maps to clearly distinguish agricultural 
influences. In this research, the morphology 
of a relict parabolic dune was reconstructed. 
Additionally, modern and relict ploughing 
directions can be distinguished in an Aspect 
map to visualize the anthropogenic 
influences in the area (figure 4.5). 
 

4.7. Coastline expansion 
Coastline expansion was estimated at four sites around Avanäs, based on estimated ages 
from the DAM and lateral movement of the shore. Growth rates (in meters per year) vary 
from 16 cm/year along the north coast to 51 cm/year in the northeast. The fast coastline 
expansion of the northeast coast is likely influenced by the esker ridge located here. This 
ridge of unsorted glacial deposits increases availability of sand-sized sediment which 
subsequently gets deposited at the shore. 
 
Both beaches along the northern coast are relatively narrow compared to the beaches in 
the south and northeast. The embayed position of beaches between headlands decreases 
the amount of sediment supplied to these beaches due to their impact on wave refraction 
and limiting the development of longshore currents (Short, 1996). 
 
The beachline expansions as calculated from the DTM show the growth pattern of these 
beachlines over a period of several hundred to thousands of years. Although this method is 
useful to get a broad sense of beachline development over longer periods of time, for 
accurate, modern beach growth ideally temporally spaced LiDAR datasets are required. 
Repeated LiDAR surveys of beachlines over can accurately determine growth rates (Brock 
& Purkis, 2009) 

Figure 4.5: Aspect map of agricultural 

influences around a relict parabolic dune 

(figure modified from De Boer, 2016) 
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4.8. Future prospects of Avanäs 
Isostatic uplift is still ongoing and is expected to continue. However, the relative uplift is 
also influenced by sea level changes. The increasing global sea levels are expected to negate 
part of the isostatic uplift, but estimates are difficult to predict (Kont et al., 2003; Simpson 
et al., 2012 and Ebert et al., 2016). During the last 1000 years Avanäs has expanded along 
all shorelines at different rates, with the strongest horizontal movement of the coastline in 
the northeast, likely aided by the subglacial deposits found along the esker between there 
and Gotska Sandön. 
 
Large-scale effects of anthropogenic influence, e.g. blowouts as a result of deforestation, are 
now better understood. Reforestation campaigns, for example in Ulla Hau, have made sure 
the shifting dunes around these blowouts are stabilized at their current locations 
(Hesselman, 1910). Nowadays, areas are closely monitored and have protected statuses to 
minimize further human influences. The high number of annual visitors to the island, 
approximately 300.000, already puts tremendous pressure on the water supply during 
summer season, and Fårö suffers from a lack of knowledge for the use of groundwater 
(Thulin-Olander, 2015). This could potentially have effects on vegetation, and therefore on 
dune stability. The pressure that tourism puts on the island should therefore be 
investigated and monitored. 

4.9. Possibilities for further research 
Given that Avanäs has seen little in-depth earth scientific research and this was the first 
time modern techniques such as LiDAR have been used to investigate the genesis and 
morphological processes that influenced the area, there are still many possibilities for 
future research. 
 
A particular interesting topic would be to carry out a more in-depth analysis of the various 
marine and aeolian influences on Avanäs. Lab analysis of grain sizes and distributions from 
several sites on Avanäs would help determine what the dominant processes were that 
influenced each area. Also, the use of Ground Penetrating Radar (GPR) would provide a 
better understanding of the mechanics of beach ridge formation. An additional useful 
analysis technique would be Optically Stimulated Luminescence (OSL). This technique can 
be used to estimate the elapsed time since buried sediment was last exposed to daylight 
(Murray & Olley, 2002). On Avanäs this would be a beneficial technique to more accurately 
determine the ages of each area, and in particular the beach ridges. These analyses would 
also form a very useful and necessary accuracy test of the estimated ages in the DAMs. 
 

Finally, a comparison to the island of Gotska Sandön to the north would be useful. This 
island is connected to the same esker that formed the initial part of Avanäs. Unlike Avanäs 
however, since this island is uninhabited, anthropogenic influences are virtually non-
existent and original geomorphology therefore remains largely intact. 
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5. Conclusions 

The usage of LiDAR data proved to be a useful tool for remotely analysing a relatively 
unknown area such as Avanäs. With the highly detailed LSP maps derived from these data, 
remotely mapping geomorphological features in the area was made possible. These 
features mapped in the geomorphological map could then be used as OBIA training 
samples to remove ridges, dune systems and anthropogenic influences from the original 
DTM to create a new surface model depicting estimated elevations that strictly resulted 
from isostatic uplift and sea level changes. Then, by combining this modified DTM with past 
shoreline data from the Geological Survey of Sweden (SGU) a Digital Age Model (DAM) was 
produced to estimate the age distribution around Avanäs. Using a classified DAM, an 
interpretation was given on the genesis of Avanäs. Here it is shown that the first parts of 
Avanäs surfaced between 7.0 and 6.0 ka BP during the Atlantic, and that after gradual 
expansion from there during the Atlantic and Subboreal, Avanäs connected to Fårö 
between 4.0 and 3.0 ka BP as a tombolo. Since then, Avanäs has expanded along all 
shorelines at different rates, most notably in the northeast where lateral shoreline 
expansion has been around 0.5 metres per year for the last few hundred years. The LiDAR 
data also displayed the clear anthropogenic influences around Avanäs, most notably at Ulla 
Hau. Here, a deflation zone surrounded by a high dune ridge was formed, triggered by 
anthropogenic deforestation. Along the coastlines many agricultural activities have 
resulted in modification and removal of the original geomorphological features. 
 
Coming back to the original research s, (1) it was estimated with the DAM that Avanäs 
started to surface between 7.0 and 6.0 ka BP. (2) Furthermore, in the soil data that was 
gathered during fieldwork the horizon thicknesses was correlated with estimated ages. For 
the O, A and E horizon the low P-values indicated a correlation with age. However, low R2 
values indicated a very weak fit of the modelled correlation. For the B horizon, no 
correlation could not be established, which likely resulted from indistinct boundaries of 
this horizon, resulting in a larger degree of error in measurements. Another important 
parameter from the soil data is the presence of igneous gravel in several soil profiles, 
indicating subglacial esker material on which these oldest parts of Avanäs were expected to 
have formed.  
(3) The influences on Avanäs after it formed can be divided in 11 morphological zones. 
These zones characterize the morphological diversity of Avanäs. 
(4) In the present situation, it is shown that Avanäs shows strong and plenty signs of 
anthropogenic influences and disturbances, both past (deflation zones due to 
deforestation) and current (agriculture).  
(5) In the future, the area is expected to expand further as beaches in the north, northeast 
and south are shown to be expanding at rates varying from 0.16 (north) to 0.51 (northeast) 
metres per year 
 
Although there is still plenty of research to be done in the area, mainly in the dynamics of 
beach ridge formation and more precise dating techniques, LiDAR-derived maps prove to 
be very useful tools to analyse relatively unknown areas in high detail; these data was able 
to determine when and how Avanäs formed and what processes occurred during and after 
this formation. 
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Appendices 

Appendix A – Digital Age Model 
 

 

 

 
Figure A.1, A.2 and A.3: Three data plots of the shoreline movement on the horizontal axis and years before 
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present on the vertical axis. The added trendlines in the plots use linear (A.1), 2-term polynomial (A.2) and 3-
term polynomial (A.3) equations. These equations are used in ArcMap to produce the DAMs. 

 

 
 

 

Figure A.4: A classified 

DAM based on a linear 

trendline function of the 

data from table 4.2.  

Figure A.5: A classified 

DAM based on a two-

term polynomial 

trendline function of the 

data from table 4.2.  
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Appendix B – Additional soil data 
 

This Appendix contains soil data collected by students from the University of Uppsala during fieldwork on Avanäs, divided in three tables, 

each containing data from two different groups. Some cells remain empty due to lack of data. 

 

Group Profile 
Burie

d 

 
O Horizon 

 

 
A Horizon 

 

 
E Horizon 

 

 
B Horizon 

 
C 

Pit 
depth  

Textur
e  

Gravel 

Nr Nr 
soil 
hor. 

start end 
thicknes

s 
start end 

thicknes
s 

start end 
thicknes

s 
start end 

thicknes
s 

start (cm) A E B 
 

1 101 - 0 0,5 0,5 0,5 26   26             70 F F F - 

1 102 - 0 0,5 0,5 0,5 9 8,5 9             52 F F F - 

1 103 - 0 26 26 26 32 6 32 45 13 45 56 11 56 122 VF/F VF/F VF/F - 

1 104 - 0 16 16 16 21 5 21 26 5 26 73 47   73 VF F F - 

1 105 - 0 6 6 6 15 9 15 36 21 36 50 14 50 73 F F F - 

1 106 - 0 10 10 10 14 4 14 25 11 25 64 39 64 75 VF VF F - 

1 107 - 0 11 11 11 19 8 19 27 8 27 65 38   65 VF/F VF/F F - 

1 108 - 0 9 9 9 14 5 14 32 18 32 55 23 55 81 VF/F VF/F F - 

1 109 - 0 3 3 3 17 14 17 28 11 28 76 48   76 F F F - 

1 110 - 0 10 10 10 13 3 13 27 14 27 50 23 50 70 VF/F VF/F VF/F - 

1 111 -                         0 70       - 

1 112 -                           70       - 

1 113 - 0 1 1 4 11 7               45 VF     - 

2 201 - 0 11 11 11 16 5 16 21 5 21 42 21   42 F/M F F - 

2 202 - 0 19 19 19 22 3 22 30 8 30 45 15   45 F F VF/F - 

2 203 - 0 26 22 22 26 4 26 35 9 35 44 9   44 F F F Yes 

2 204 - 0 22 22 22 24 2 24 27 3 27 55 28   55 F/M F   - 

2 205 - 0 14 14 14 18 4 18 35 17 35 42 7   42 M F F Yes 

2 206 - 0 10 10 10 17 7 17 27 10 27 50 23   50 M F F Yes 

2 207 - 0 13 13 13 14 1 14 22 8 22 40 18   40 F F F - 

2 208 - 0 16 16 16 18 2 18 26 8 26 60 34   60 VF F F - 

2 209 - 0 20 20 20 22 2 22 30 8 30 56 26   56 F M M/C - 

2 210 - 0 18 18 18 20 2 20 30 10 30 67 37   67 F F F - 

2 211 - 0 21 21 21 22 1 22 30 8 30 50 20   50 VF/F F M - 

2 212 - 0 20 20 20 30 10 30 50 20 50 70 20   70 F F/M M - 

2 213 - 0 20 20 20 22 2 22 32 10 32 50 18   50 VF/F F VF/F - 

2 214 - 0 20 20 20 29 9 29 49 20 49 60 11   60 F F/M F - 

2 215 - 0 15 15 15 22 7 22 45 23 45 50 5   50 F F F - 

2 216 - 0 0 0 0 8 8 8 90 82 0 0 0   90 F F/M   - 

2 217 - 0 12 12 12 20 8 20 30 10 30 40 10   40 F F/M F/M - 

2 218 - 0 14 14 14 20 6 20 42 22 42 60 22   60 F F VF - 
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Group Profile 
Burie

d 

 
O Horizon 

 

 
A Horizon 

 

 
E Horizon 

 

 
B Horizon 

 
C 

Pit 
depth  

Texture 
 

Gravel 

Nr Nr 
soil 
hor. 

star
t 

end thickness start end thickness start end thickness start end thickness start (cm) A E B 
 

3 301 Yes 0 11 11 11 30 19 30 38 8 38 70 32   70 F F F Yes 

3 302 - 0 8 8 8 17 9 17 32 15 32 80 48   80 F F F/M - 

3 303 - 0 17 17   
  

17 22 5 22 77 55 55 100 F F F/M - 

3 304 - 0 13 13 13 16 2 16 28 12 28 70 42   70 F F F - 

3 305 - 0 16 16 16 17 1 17 27 11 27 65 38   65 F F F/M - 

3 306 - 0 16 16 16 21 5 21 25 4 25 80 65   80 F F F/M - 

3 307 Yes 0 15 15 15 17 2 17 27 10 27 70 43   70 F F F/M Yes 

3 308 - 0 12 12 12 14 2 14 20 6 20 53 33 53 90 F F F/M Yes 

3 309 - 0 6 6 6 9 3 9 18 9 18 60 42 
 

60 F F F - 

3 310 - 0 11 11 11 12 1 12 17 5 17 60 43   60 F F F - 

3 311 - 0 8 8 8 9 1 9 17 8 17 45 28   45 F F F - 

3 312 - 0 11 11 11 13 2 13 25 12 25 60 35     F F F/M - 

3 313 - 0 13 13 13 15 2 15 42 27 42 60 18     F F F - 

3 314 - 0 14 14 14 16 2 16 32 16 32 65 33     F F F - 

3 315 - 0 13 13 13 15 2 15 27 12 27 55 28     F/M F/M F/M - 

3 316 - 0 23 23 23 24 1 24 33 9 33 70 37     F F F - 

3 317 - 0 8 8 8 10 2 10 19 9 19 70 51     F/M F/M M - 

3 318 - 0 10 10 10 12 2 12 23 11 23 50 27     F F F/M Yes 

3 319 - 0 12 12 12 14 2 14 24 10 24 55 31     F F F - 

3 320 - 0 6 6 6 9 3 9 25 16 25 55 30     F F/M M - 

3 321 - 0 9 9 9 11 2 11 27 16 27 70 33     F F/M F/M - 

3 322 -   
  

  
  

  
 

  
   

          - 

4 401 - 0 10,5 10,5 10,5 12 1,5 12 27 14 27 50 23   50 F F F - 

4 402 - 0 9 9 9 11 2 11 30 19 30 50 20   34 F F/M F/M - 

4 403 - 0 17 17 17 24 7 24 45 21 45 60 15   60 M F/M F - 

4 404 - 0 27 27 27 30 3   
 

  30 60 30   60 F F/M M - 

4 405 - 0 15 15 15 18 3 18 38 20 40 60 20   60 F/M F/M M - 

4 406 - 0 11 11 11 12 1 12 21 9 21 50 29   50 F F F - 

4 407 - 0 20 20 20 22 2 22 37 15 37 60 23   60 VF/F F F/M - 

4 408 - 0 10 10 10 11,5 1,5 11,5 25 13,5 25 74 49   74 F F F - 

4 409 - 0 7 7 7 8,5 1,5 8,5 15 7,5 15 55 40   55 F F F/M - 

4 410 - 0 6 6 6 12 6 12 35 23 35 50 15 50 77 F F F - 

4 411 - 0 7 7 7 9 2 9 80 71         80 F F   - 

4 412 - 0 4,5 4,5 4,5 6 1,5 6 81 75         81 F F   - 

4 413 - 0 8 8 8 9 1 9 35 24 35 70 35   70 F F F/M - 

4 414 - 0 10 10 10 13 3 13 49           49 F F   - 

4 415 - 0 0,2 0,2                     65 F     - 

4 416 - 0 3 3                     68 F/M F   - 

4 417 - 0 5 5                     60 F     - 

4 418 - 0 7 7 7 7,5 0,5               60 VF/F     - 

4 419 - 0 7 7 7 8 1               60 F     - 

4 420 - 0 4 4 4 6 2               60 VF/F F   - 

4 421 - 0 7 7 7 8 1               65 F F   - 

4 422 - 0 8 8 8 9 1               62 F F/M   - 

4 423 - 0 3 3                     60 F     - 

4 424 - 0 10 10 10 11,5 1,5               55 F/M F/M   - 
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Group Profile 
Burie

d 

 
O Horizon 

 

 
A Horizon 

 

 
E Horizon 

 

 
B Horizon 

 
C 

Pit 
depth  

Texture 
 

Gravel 

Nr Nr 
soil 
hor. 

star
t 

end thickness start end thickness start end thickness start end thickness start (cm) A E B 
 

5 501 - 0 21 21 21 32 11 32 42 10 42 60 18 60 85 F F M - 

5 502 - 0 19 19 19 20 1 20 31 11 31 40 9   40 F F M - 

5 503 - 0 16 16 16 20 4 20 40 20 40 60 20   60 F F F - 

5 504 - 0 16 16 16 20 4 20 22 2 22 55 33   55 F M M - 

5 505 - 0 9 9 9 13 4   
 

  
   

13 50 F F F - 

5 506 - 0 10 10 10 12 2 12 29 17 29 90 61   90 F F M - 

5 507 - 0 12 12 12 15 3 15 32 17 32 50 18   50 F   F - 

5 508 - 0 14 14 14 15 1 15 21 6 21 50 29   50 F F F/M - 

5 509 - 0 18 18 18 20 2 20 33 13 33 47 14   47 F F F - 

5 510 - 0 13 13 13 16 3 16 22 6 22 50 28   50 F F M - 

5 511 - 0 12 12 12 17 5 17 21 4 21 55 34   55 F F F/M - 

5 512 - 0 20 20 20 28 8 28 30 2 30 60 30   60 F   F - 

5 513 - 0 19 19 19 21 2 21 31 10 31 50 19   50   F M - 

5 514 - 0 26 26 26 28 2 28 32 4 32 40 8 
 

40 F M   - 

5 515 - 0 2 2   
  

2 32 30 32 60 28   60   F/M F/M - 

5 516 - 0 5 5 5 28 23   
 

  28 60 32   60 F   F/M - 

5 517 - 0 2 2 2 17 15 17 23 6 23 60 37   60 F F F/M - 

5 518 - 0 1 1 13 18 5   
 

  
   

  60 F/M   F/M - 

5 519 - 0 1 1 1 13 12 13 26 13 26 60 34   60 F F F/M - 

5 520 - 0 1 1 1 13 12   
 

  13 60 47   60 F/M   F/M - 

5 521 - 0 0,5 0,5 0,5 7 6,5 7 17 10 17 60 43   60 F F F/M - 

5 522 - 0 1 1 1 10 9   
 

  10 60 50   60 F/M   M - 

5 523 - 0 2 2   
  

  
 

  2 60 58   60     F/M - 

5 524 - 0 
  

  
  

0 50 50 
   

  50   M   - 

5 525 - 0 
  

  
  

0 60 60 
   

  60   F/M   - 

5 526 - 0 
  

  
  

0 15 15 15 60 45   60   F F - 

5 527 - 0 0,5 0,5   
  

  
 

  0,5 60 59,5   60     F - 

5 528 - 0 1 1   
  

1 60 59 
   

  60   F/M   - 

6 601 - 0 11 11 11 13 2 13 20 7 20 72 52   72 F F/M F - 

6 602 - 0 13 13 13 17 4 17 32 15 32 58 26   58 F/M F F - 

6 603 - 0 22 22 22 25 3 25 51 26 51 85 34   85 F/M F M - 

6 604 - 0 25,5 25,5 25,5 26 0,5 26 43 17 43 65 22   65 F F F - 

6 605 - 0 11 11 11 12,5 1,5 12,5 52 39,5 52 80 28   80 F F F - 

6 606 Yes 0 18 18 18 20,5 2,5 20,5 52 31,5 52 62 10   62 F F F/M - 

6 607 - 0 14 14 14 16 2 16 40 24 40 55 15   55 F F VF/F - 

6 608 - 0 14 14 14 16 2 16 20 2 20 34 14   60 F F F - 

6 609 - 34 40 6 40 43 3 43 53 10 53 60 7   60 F F F - 

6 610 Yes 0 8 8 8 10 2 10 26 16 26 60 34 60 100 F F F Yes 

6 611 - 0 11 11 11 13 2 13 34,5 21,5 34,5 55 20,5   55 F F F - 

 

 

 

 


