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Abstract
As a result of the Saalian and Weichselian ice ages and the warm periods between and
after these, a dynamic and divers landscape has formed 60 kilometers south of Berlin,
Germany. This Central Baruth Ice-Marginal valley has already been mapped
geomorphologically by Marcinek (1961), De Boer (1992), Juschus and others. Pachur &
Schulz (1983) made a geomorphological map of an comparable area (Berlin-Zehlendorf)
about 45 NNW of Baruth . Since then, technology developed quickly and that enables
analyses of landscapes with saving many intensive field trips. This study uses LiDAR
data to analyse and categorize landforms formed during, in between and after the two
last ice ages (Saalian and Weichselian) (Marcinek, 1961; De Boer, 1994). The data has
been used in ArcGIS and edited and processed with LAS-tools. The goal of this research
is to present an updated geomorphologic map of the research area. Moreover, a
statistical analysis of the occurring landforms is provided. To enable reaching these
goals, two fields of interest are distinct. Firstly and quite straightforward, the area of the
Central Baruth Ice-Marginal valley. This area is studied trough literature and a field trip.
Secondly, the methods to update a geomorphological map is investigated. This technical
part of the research, also includes a study into zonal statistics (ArcGIS-tool).
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Introduction
Since over 50 years, the area 50-60 kilometres south of Berlin, Germany, has been
intensively studied. This area is influenced by the Weichselian and the Saalian ice ages,
which is still visible in the landscape. From north to south, different features are to be
found in the area. Firstly, the young moraine landscape in the north of the area. This
landscape is formed during the Weichselian glaciation. Moving inland ice and flowing
melt water from this glacier cut their way through the old moraine landscape, which
was formed during the Saalian glacial period (Marcinek, 1961; de Boer, 1995; Juschus,
2001). This process is schematically displayed in figure 1.

Figure 1: Map of surface formations. Source: Landesamt für Geowissenschaften
und Rohstoffe Brandenburg, 2006.

The studies conducted in this area were based on field work and historical or more
recent maps. However, these last 25 years technical development has flourished.
Geographical information systems have been developed, which enables intensive area
studies from a distance (Seijmonsbergen, 2013). With the help of these information
systems one can investigate different types of data, of which LiDAR is a relatively new
one.
LiDAR (Light Detection and Ranging) is a remote sensing technology that uses light to
measure distance from earth (LiDAR UK, 2015). A new feature of this remote sensing
technique is that beside x- and y-values also z-values are collected. With this addition, it
is possible to directly analyse the relief of a surface. To some extent, all coverage of the
earth surface can be filtered out. One can also distinguish different features in an area,
like vegetation and buildings, because different pulses can be selected, e.g. first or last
return.
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Research aim

When both discussed subjects are combined, the goal of this research becomes clear.
The geomorphological map made by De Boer in 1992 will be updated with the use of
LiDAR data and expert knowledge gained by fieldwork. This map will cover a surface of
48 km2 in total, and will be displayed at a 1:10.000 scale. In addition to this
microstructures in the Central Baruth Ice-Marginal valley will be statistically analysed
with the use of Lidar data in ArcGIS.

Relevance and research questions

The importance of this research is that on one hand a detailed map of the area of interest
in produced. As experienced during the field work, a certain demand for this map is
present. ‘Because the current maps are not detailed enough or too distracting’ (Gerhard
Schulze, oral communication, 06-05-2015), an updated map is requested. Moreover,
present applied geomorphological maps are sometimes difficult to read and reproduce.
This is because the maps are based on unwritten expert rules and without accuracy
assessments (Seijmonsbergen, 2013). This also emphasizes the need for a clear
description and categorization of the occurring landforms. The challenge will therefore
be to make the new geomorphological map as detailed as possible, but still keep in mind
that also non-scientists should be able to use it.
On the other hand, the possibilities of a new technique are explored and captured in the
form of a thesis. This can function as starting point or basis for future research in both
LiDAR data and the categorization of macro-, meso- and micro structures. In this way,
this study can contribute to a (semi-) automated mapping of the area and beyond in the
future. These statistics can form the basis for future semi-automated mapping. As is
mentioned in Anders et al., signature libraries of geomorphological forms can also be
used for change detection (2013).
All the previous information resulted in the following research question: what
landforms can be distinguished in the southern part of the Central Baruth Central IceMarginal valley, just west of Baruth, Germany and how can these be mapped?
Sub questions to support this question are:
 What landforms can be distinguished using LiDAR data and can they be
confirmed in the field?
 How can the genesis of these structures be explained using literature and field
experience?
 Is it possible to make a geomorphological map of the area as described by Pachur
& Schulz (1983)?
 How can the categorization of landforms contribute to future research in adjacent
areas?
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Theoretical framework
Digitalization and updating of geomorphological maps has been done before. To
structure this process, Seijmonsbergen has explained the steps that need to be taken
(2013). First, the geomorphological map should be scanned, georeferenced and assigned
with a coordinate system. This has already been done before the research started.
Secondly, a digital legend and geodatabase should be designed. In this step, it should be
decided what symbols in ArcGIS will be used to visualize the units captured in the
legend made by Hagedorn and Hövermann in 1962 (figure 3). The third step includes
the digitizing of point, line and polygon information. In addition to this, newly found
structures derived from the LiDAR data and fieldwork will be digitized. Step four is the
assigning of attribute information to the vector data. The final fifth step is where the
geomorphological features are colour coded. For this specific map, the colours of
Hagedorn & Hövermann (1962) will be used (Figure 3).
To know what the subject of a geomorphological map should be, the meaning of
geomorphology is more intensively studied. According to several citations in Evans
(2012), geomorphology is the study of landforms. In some cases, geomorphology is also
seen as the science that studies the earth surface and processes that create it
(Summerfield, 1991). To be clear about what this research is on, it is called a
geomorphogenetic analysis. This is the combination of geomorphology, which would
describe occurrence of landforms, and genesis, which would explain processes that
caused existence of these landforms.
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Methods
The research consists of four parts. The first part includes preparing the LiDAR data for
exploration of the area of interest (pre-processing). Secondly, fieldwork is conducted. In
the third part of the process, the map is produced. Finally, statistical analysis of the
dunes will be conducted. This landform is chosen to analyse because it can be divided in
different dune types which occur all over the world (Summerfield, 1991).

Pre-processing
Geographical information system ArcGIS and the LAS-tools will be the most important
tools in this research. LiDAR data is organized, converted and analysed with the help of
these programs. Two ways of creating maps from the raw LiDAR data exist. The first one
is with the use of ArcGIS. The steps undertaken are described below.
Table 1 Producing a terrain data set

Step
1
2

3

Action
With LAS-tools, .xyz-files are converted into laz-files to save storage capacity,
Then laz is converted into las in order to make the files readable for ArcGIS.
The las-file is converted into a multipoint dataset in an ESRI File Geodatabase.
In this dataset, LiDAR points are comprised to speed up calculation time when
using the data.
The multipoint dataset is converted into a terrain dataset. When building this
dataset, terrain pyramid levels are chosen. They determine to what extend the
map can be zoomed in and out. When choosing a large amount of levels, the
initial calculations of the pyramid levels take long but after that the data is
applicable for spatial exploration on small and large scales.

The terrain layer made in this process can easily display the LiDAR-data in various ways.
By changing the symbology, for example the elevation with and without contour lines
can be showed, as well as the slope and aspect map. Since these maps are based on TINs,
they are more useful for exploration on large scales.
Converting the LiDAR-data into visualisations can also be done without using ArcGIS,
but directly using the LAStools. A digital elevation model (DEM) can be constructed from
LASfiles. From this DEM a hillshade map (figure 2a), elevation map (figure 2b), aspect
map (figure 2c) and a slope map (figure 2d) are made. Since these are all constructed
from the same data, features were the same in all maps, but in some more clearly
displayed than in others. To have a broader view on the area, also aerial photos, a
topographic and a geological map are loaded into ArcGIS as web-service(WMS).
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a.

b.

c.

d.

Figure 2a-d Maps
derived from highresolution DEM. a.
Hillshade, b. Elevation,
c. Aspect, d. Slope
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Field trip

To know what needs to be visualized on the new geomorphological map, a visit to the
area of interest has been made. During this fieldwork, assumptions made based on the
digital exploration will be checked. Moreover, talking to people that live in the area
expanded the knowledge of certain features in the area. It is important to gain this
expert knowledge, because it will simplify the production of the new map. According to
Seijmonsbergen (2013), the need for expert knowledge remains. In the future, this
knowledge will change into rules to extract landforms from the landscape, for example
for object based feature extraction (Anders et. al., 2013).

The making of the map

Keeping in mind the goal of updating the geomorphological map, the legend of the
morphogenesis map of the area south of Berlin provides a good starting point
(Hagedorn & Hövermann, 1962) (Figure 3). Based on expert knowledge and for example
the hillshade map (figure 2a), the elevation map (figure 2b) and aerial photos, the units
displayed in this map can be distinguished for the area of interest.

Figure 3 Applicable legend. Source: Hagedorn and Hövermann, 1962

As is mentioned before, a geomorphological map has already been made in 1992 (de
Boer). Since technique has developed quickly, it is possible to improve this map with the
use of LiDAR data and field survey. Marcinek (1961) made a geomorphological map of a
larger extend of the Baruth ice-marginal valley. The relevant area of this map is also
incorporated in the geomorphological map of De Boer (1992) (Appendix 1). With this
map as basis, the updating will take place.
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The making of the map is divided in three parts. Firstly a broad morphogenetic division
is made by identifying 4 macro-structures, which form the bottom layer of the earth
surface in this area. Secondly the meso structures that formed on top of the macrostructures are displayed. Lastly, small structures resulting from human activity and
dune formation will be visualized. This division is made not in the first place based on
the size of the structures. The most important reason for the macro-/meso-/microclassification is the time from which they originate. Each layer focusses on a certain
period in history and is influenced by different factors.
Macro-structures
The first layer displays the very broad classification of the area, the macro structures.
The area is distributed in three sections, the old moraine area, the meltwater valley and
the outwash plain (Sander)(de Boer, 1995 Juschus, 2001)(Figure 4). According to the
legend of the morphogenetical overview map (figure 3), these three sections are
classified as ice marginal forms/ground moraine, areas of fluvial aggradation and
degradation and fluvioglacial accumulation respectively (figure 7).

Figure 4 Stream beds in Baruth ice-marginal valley. Red square marks research area.
Source: Juschus, 2001

Meso-structures
The second layer displays structures that are formed on top of the three
geomorphological macro forms, the meso structures. In the meso-structures layer, dune
areas and river terraces are defined. The dunes are drawn according to the definition of
Seeler: all sand structures with a relative height of 0,5 meters, originating from wind
dynamics and other factors (1962 in De Boer, 1995).
According to Juschus (2001), the old river terrace edges are nowhere visible in the field.
An explanation for the missing river terrace edges is given in the discussion section.
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Nevertheless, he describes heights of the oldest, older, younger and youngest streambed.
These heights are displayed in the table below and in figure 5 and 8.
Table 2 Distribution of river terraces
after Juschus (2001)

Level
Oldest
Old
Young
All

Height
60-75m
55-60m
50-54m
50-75m

Occurrence
Edge of Fläming
Starting at Baruth
West of Baruth in the Baruther
Ice-Marginal Valley

To be able to distinguish these terraces in ArcGIS, the symbology of the terrain layer is
changed. 50, 54, 60 and 75 meters are used as break values in order to display each river
terrace in another colour (figure 5). In addition to this visualisation, height profiles are
made. Even in these figures river terrace edges are not visible (Appendix 2). The height
decreases continuously to the north, with some interruptions of dunes.

Figure 5 Three river terraces in the research area
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Micro-structures
Another layer will show micro structures. These forms are often anthropogenic, such as
quarries or military structures. Since the hillshade map does not tell a thing about the
origin of the structures, an additional topographic map is used to digitalize and classify
certain land forms. Moreover, expert knowledge from the field can explain the origin of
some structures. Because the land surface of this area has been most influenced by two
glacial- and interglacial periods, for instance depressions have been formed as result of
dead ice blocks, deposition of sandy materials around them and successively melt-out of
the ice blocks . These in this way formed holes can also be seen in the hillshade map. The
question is though, if all holes in the area are formed this way. To verify this assumption,
a topographic map is used. In this map, the sand pits are drawn. Comparing this map to
the hillshade map, the natural depressions and man-made ones can be distinguished. In
the production process of the map, the depressions are either drawn in the
anthropogenic unit origin the meso-structures unit.
The meso dune-areas cannot easily be categorized as one of the four dune types
described in the table below. Therefore, all separate dunes tops will be digitized in the
micro-structures layer. The dune area in the south-west of the research area did not
show distinct dune tops and will therefore not be digitized and used in the statistical
analysis, which will be explained below. Based on Kaiser et. al. (1989) de Boer describes
four types of dunes in this area, which are longitudinal (German: Strichdüne), transverse
(German: Querdüne), parabolic (German: Parabeldüne) and dome (German:
Kupstendüne)(1995). Based on these types, easily distinguishable dunes are
categorized. The condition for categorization as dune top is that the structure is 2
meters higher than the surrounding ice marginal valley. This number is chosen because
it separates the large dune structures in order to distinguish different forms on a smaller
scale. This enables a statistical analysis, because it requires a certain amount of samples
to calculate them.
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Statistical analysis
Table 3 Four dune types explained

Dune type and Elevation/
Hillshade map
Longitudinal dune

00,025
0,05

Slope characteristics

Visualisation from Kaiser et. al., (19

0,1 Kilometers

Transverse dune

0 0,020,04

0,08 Kilometers

Parabolic dune

0 0,25 0,5

1 Kilometers

Dome dune

00,0125
0,025

0,05 Kilometers

As is mentioned in the introduction, the making of a map should be a transparent and
reproducible process (Seijmonsbergen, 2013). To serve this purpose, the production of
the map should somehow be quantified. This is done by statistical analysis. A landscape
form that is abundant in the research is dunes and can therefore be analysed in a
statistical manner. Table 3 shows the four types of dunes which occur in this area. As is
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said before, the easily distinguishable dunes are categorized first. The remaining dunes
are assigned the ‘question’ group. On these five groups, statistics are calculated on slope
(figure 2d) and aspect (figure 2c) characteristics. Statistics are calculated in ArcGIS, with
the help of the zonal statistics tool (figure 6). The ‘Micro_Structures layer functions as
ZoneRas (left square in figure 6). The dunes that are digitized in this layer function as
areas on which the calculations are done. The slope and and aspect layer fuction as
ValRas (middle square in figure 6). For areas determined in the Micro_Structures layer,
the aspect and slope characteristics are described. Based on the categorization of dunes
in the attribute table (figure 7), statistics are calculated for each group. With trial and
error, the best division is made in which the statistics differ the most per group. Every
single dune in the ‘question’ group will then be assigned to the group with the best
fitting statistics. Through this method, the categorization of landforms is used as a tool
to meet one of the goals in this research: to make a better geomorphological map.

Figure 6 Zonal statistics in ArcGIS. Source: ESRI ArcGIS resources, 2015

Statistics calculated with this tool are minimum, maximum, range, mean, standard
deviation and sum and will be delivered in a table. For the interpretation of the slope
and aspect of the landforms, the mean and standard deviation are most important. Since
the directions of the slopes (aspects) are displayed in numbers, the mean is the only
reliable statistic. This does not hold for the slope angle statistics. Because the numbers
are true values, also the standard deviation and range are reliable. A disadvantage of the
mean statistic is that different slope characteristics of the dune types are not visible
anymore. Because of this, the majority statistic might be more useful.
In order to calculate the statistics majority, minority and median, the pixel type needs to
be changed. The default pixel type of the slope and aspect layer is ‘floating point’, they
have to be converted into a layer with an integer pixel type.

Figure 7 Example of attributes in attribute table
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Results
In this section, the map will be presented per layer. In addition to this, the
corresponding legend will be explained.

Macro-structures
The classification of the macro structures are made based on literature. As is mentioned
by Juschus (2001), three main areas can be distinguished. In the south of the area, the
oldest landscape can be found, which is called the Niederer Fläming. At the surface
ground moraine was formed in the Saalian ice age (Cepek, 1986; Juschus, 2001). A
certain part of this glacial sediment has experienced a larger pressure. Therefore, at the
edge of the Niederer Fläming, an ice marginal form is captured in the landscape (figure
8).

Figure 8 Macro structures in geomorphological map

The legend of the macro-structures consists of four units, as is mentioned above. The
colours are chosen in line with the legend of Hagedorn and Hövermann (1962) (figure
3). The layer is displayed with a transparency of 30% in order to see the underlying
hillshade map (figure 2a). This gives a 3D-effect and in that manner visually clarifies
why the area is divided into these four units, because changes in relief are visible.
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Meso-structures
In the second part of the production of the map, more units are drawn. The structures
are formed on and in the structures drawn in the macro-layer. The meso-structures are
dune areas, river terraces, glacial erosion and natural depressions. Hydrology is not
considered because it is Again, colours are chosen in line with the legend made by
Hagedorn and Hövermann (1962). Instead of including the natural depressions in the
glacial erosion unit, it is chosen to make two separate units of these structures. The
glacial erosion unit shows fluvioglacial valleys cut out by rain- and melt water. Another
adjustment of the legend is the addition of the river terraces. The meso- layer in
displayed with a transparency of 20% in order to be able to see the under-lying
hillshade map.

Figure 9 Meso structures in geomorphological map
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Micro-structures

Figure 10 Micro structures in geomorphological map

With this layer, three new units are added to the map. Again in line with the legend of
Hagedorn and Hövermann (1962) the symbology of the dunes and man-made planation
is chosen. The sand pit are an addition to the legend. These structures are drawn
without transparency, because they are the uppermost layer and their visibility is
needed to explain the categorization of the dunes. In order to keep the map readable at
the scale presented above, it is chosen not to display the different dune types. As a result
of the possibilities of the map made digitally in ArcGIS, labels can be added to the dunes.
The preferred label can be chosen. Either the full name; parabolic, dome, longitudinal,
transverse, former, or the corresponding number 1 to 5.
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Statistical analysis
Table 4 Statistics on Aspect characteristics
for different dune types

Dune Type
Former
Parabolic
Dome
Longitudinal
Transverse

mean
178,23
183,08
176,60
188,77
178,36

majority
135
225
0
315
180

median
205
178
189
179
169

Table 5 Statistics on Slope angle
characteristics for different dune types

Dune Type
Former
Parabolic
Dome
Longitudinal
Transverse

mean
1,93
5,98
5,81
6,21
6,27

majority
1
1
3
2
4

median
2
5
5
5
5

sd
1,50
5,40
4,22
5,17
4,34

The two tables show slope and aspect characteristics for the different dune types.
200
180

178,23

183,08

188,77
178,36

176,69

160
140
120
Aspect

100

Slope

80
60
40
20

1,93

5,98

5,81

6,21

6,27

0
Former

Parabolic

Dome

Longitudinal

Transverse

Figure 11 Mean characteristics of dune types
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Aspect

150

135

Slope

100
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1

1

0

3

2
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Parabolic
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Transverse

Figure 12 Majority of characteristics of dune types

Figure 11 and 12 show the mean and majority of the slope and aspect characteristics per
dune type.
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Discussion
The amount and detail in which structures can be distinguished is endless, because of
the high resolution LiDAR-data. The smallest irregularity in height (10 centimetres or
even less) can be seen and therefore be visualized on a map. As can be seen in the result
section, based on the LidAR-data and expert knowledge, former dunes can be
recognized. Also certain nthropogenic influences can be seen on the produced images,
which forces the researcher to choose what to incorporate in a map and what not. Since
this map visualizes the geomorphogenesis of the area, the produced level of detail is
sufficient. For other more applied maps – such as a land use map -, a higher level of
detail would be requested and this LiDAR-data could serve this purpose.
As is mentioned in the method section, the division of land forms in the macro-, meso-,
and micro- layer already tells something about their genesis. Figure 1 visualizes how the
macro-structures are formed. The old and young moraine landscapes originate from the
Saalian and Weichselian ice ages respectively. During the Weichselian ice age, the glacier
melted and the water cut its way through the old moraine landscape. Because of the
melting, the melt water stream migrated west. Since the oldest melt water stream was
located close to the Niedere Fläming (Juschus, 2001), edges of terraces have disappeared
over the centuries as a result of erosion of water and wind. Since the height decrease is
less in the north, compared to the south, also younger terrace edges are not visible
anymore (see figure 2b). Another explanation for the absence of terrace edges is that the
old terraces became dry and could therefore be eroded easily (Juschus, 2001). Water
and sediments originating from the Fläming caused this erosion. Most likely also winderosion had an influence.
Four different terraces occur in the Baruth Ice-Marginal valley (Juschus, 2001). These
terraces are visible in the height profile (Appendix 2) Since the area of interest covers a
small surface, this research has determined that not all terraces are present here. This
might be because the youngest terrace is covered is young sediments, but according to
Juschus the youngest stream did not reach the area of interest, but flowed north of the
area of interest toward Luckenwalde (Juschus, 2001). This is also visible in the height
profile made by Juschus (2001). The second height profile in appendix 2 covers the exact
same transect as Juschus’ height profile. Since the trend in both profiles is equal, the
height profile of Juschus might be a bit deformed as a result of conversions. This
statement is based on the distribution of the four terraces in the height profile made by
Juschus. When compared to the second figure of appendix 2 and figure 5, it can be stated
that the distance between the river terrace edges should be less than visualised in figure
13.

Figure 13 Height profile from Fernneuendorf straight south. Source: Juschus, 2001
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Another structure in need of attention are the holes in the landscape. With the use of a
topographic map from 1941, quarries and natural depressions are distinguished. The
approximate age of the quarries can be deducted from the topographic map. The ones
made before 1941 are on it, and the ones made after 1941 are not. Based on this map, all
holes visible in the maps generated with LiDAR data which are not visible on the
topographic map are interpreted as sand pit, but may also be bomb craters.
The third sub question is rather easy to answer. Because of time constraints, it was not
possible to make a geomorphological map as described by Pachur and Schulz (1983).
Because the legend covers a lot of units and not all information could be obtained from
the field work or the LiDAR data, taking the legend as aim would be to ambitious.
Keeping in mind the societal aim of the map, the legend generated in this research better
serves the goal of making the geomorphological easier accessible for a large public.
A difficulty in de digitalization of the single dunes was that objectivity was difficult to
reach. The statistics should clarify to which dune type a certain dune belongs, but these
statistics are calculated on a polygon. In the making of these polygons, some
characteristics of a dune type were visible (like a parabolic shape). Such parabolic
shapes were digitized although the two meters condition was not met. A balance had to
be found between what was visible on the LiDAR data and old geomorphological maps
and expert knowledge of the field to decide how the dunes had to be digitized. This
expert knowledge focusses on which changes in natural structures can be a result of
human activity. The human activity is considered in the meso-structure layer. Because if
this, dune structures in areas under great human stress (such as villages) are not
digitized in the micro-structures layer. Because the structures are so heavily modified,
their statistics would not be useful for this research. Moreover, the statistics calculated
on the entire dunes could not be expected to differ a lot among the dune type groups.
Since for example parabolic dunes are characterised through their two different
dominating slope angles, calculating statistics can create a bias. The zonal statistics
calculates mean slope angle of the entire dune and therefore the characteristic slope
differences will not be noticed. A solution to this problem would be to draw another line
in the dune polygons to distinguish the different slopes. However, this would not be
possible for the dome dunes. All these factors make the reproducible of this
methodology doubtful. Because dunes are different all over the world, more conditions
should be taken into consideration before assigning a dune to a certain type.
The dune statistics did not show as much differences between the dune types as was
hoped for. This might be a result of a wrong categorization of the dunes, or might prove
that the dunes are closely related. When either one of these two options is chosen as
explanation, the statistics might be helpful for future semi-automated mapping.
Keeping in mind the reproducibility of the process and product, the macro-/meso/micro- labelling should also be evaluated. In this area a relation between size of
structures and time from which they originate exists, but this might not be the case in all
areas of which LiDAR data is available. Nevertheless, the division of structures in three
layers also has its advantages. When one is interested in only one period in time or one
type of structures, the appropriate layer can be utilized. For example, the macro layer
can be used to reconstruct what happens with a surface during a glaciation. The meso
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layer can inform one about paleo wind directions, by investigation slope angles of the
dunes. Moreover, the micro-structure layer can be of use in an anthropogenic research.
The visual analysis and literature study all added up in the updated version of the
geomorphological map of de Boer made in 1992. The adjustment of the map is the
classification of the old moraine landscape. In the new map, this landscape does not
reach as far as drawn in 1992, based on the classification of the river terraces. Because
Juschus states that terraces with a height of 75 meters are present, the area west of
Paplitz could be classified as river terrace instead of old moraine landscape. The change
in geology is also clearly visible in the elevation map (figure 2b and appendix 2).
Another update includes units in the legend. De Boer distinguished landforms - as for
example the river terraces - according to their height. In the new map, landforms are
categorized according to their geomorphogenesis. Not only height is taken into account,
but also the origin and relative age of the structure.
Because of the availability of LiDAR data, the new map shows more details. For example
dunes are visualized in more detail. The anthropogenic landforms are a new feature of
the map as well. (Rail-) roads were not included in the new map, because this was not
considered as landform, whereas quarries and tranches are. Because this map is made
digitally, the smaller landforms become better visible when the map is zoomed in.
Another advantage of the digital map is that the hillshade map could be used as bottom
layer. This gives a 3D effect and makes the map better readable in total.

Conclusion
A new geomorphological map is produced, based on the map made by de Boer in 1992.
Because of the LiDAR data, this map is more detailed than the previous one, and can
therefore be used by a broader public. There is also a danger in the availability of that
much detail. The goal was to make a map which is easily readable and accessible for a
large public. The level of detail of this map serves this goal because small landforms are
not distracting. When the map is at its full extend, smaller landforms are difficult to
recognize. However, the digital map can be zoomed in to any desired scale, in which
details are better visible. The division of landforms in three different layers makes the
map applicable for various types of research.
The statistical analysis delivered insights in the distribution of dunes and dune types
over the area. The mean slope angle and aspect of the dune types can function as input
for future semi- automated mapping. Nevertheless, the process of digitalization and
categorization of the dunes is subjective and therefore difficult to reproduce. Because
this process does not only rely on what is visible on the maps generated with LiDAR
data, but also on expert knowledge, it is difficult to decide where landform edges need to
be drawn.
Despite of the digital possibilities, making a map is still a human practice. Because of this
fact, it is still not possible to produce a map in a 100% objective way. Interpretations are
related to people, and therefore the process of producing a map cannot entirely be
reproduced. Nevertheless, this research has delivered characteristics of four dune types
and, more important, a new geomorphological map.
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Appendices
Appendix 1: Geomorphological map made by De Boer in 1992.
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Appendix 2: height profile to distinguish river terraces
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