The morphogenetic history of a
parabolic dune complex
Mapping the morphogenesis and relative dating of the parabolic dune complex of
Horstwalde in the Central Baruth Ice-Marginal Valley, Germany, using LiDAR data.

Abstract
The Central Baruth Ice-Marginal Valley and surroundings are rich in aeolian deposits and landscape forms, among
which the parabolic dunes of Horstwalde. Vegetation, wind speed and directionality play a large role in the genesis
and development of parabolic dunes. The dune complex of Horstwalde is a good example of the complex
interaction between these forming factors. The sequence is examined using high-resolution LiDAR data combined
with a compilation of dating records of the study area in order to investigate the morphogenetic history of the
dunes. The complex is assumed to be divided into three segments that represent different periods of formation,
that can possibly be linked to the Oldest Dryas, Older Dryas and Younger Dryas. These segments are divided by
significantly varying mean crest orientation, elevation, slope and aspect regimes. It is proposed that the eastern
section is the oldest, decreasing in age as the dunes are located more to the west. The main period of dune formation
is estimated to be between 13 and 10 kya, coinciding with the Late Weichselian Period.
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1. Introduction
1.1 Research area
The Baruth Glacial Valley or Baruth Ice-Marginal Valley is known for its many sites of geological
interest and has been investigated extensively, e.g. by De Boer since 1992 and Juschus since 2001. The
Glacial Valley is bordered in the North by the Brandenburg Young Moraine landscape, which was
formed during the Weichselian glacial. The ice reached the area at approximately 21,000 years BP
(Cepek, 1965). South of the Baruth Glacial Valley we find the Old Moraine landscape, which
was formed during the Saalian. The melting of ice concluding the Weichselian formed glacial valleys at
the southern ice margin. Because of the forces the ice exerts on the bedrock, the glacial valley supports
large amounts of fine, loose material, transported by the meltwater. This enables the formation of various
dune forms, depending on the prevalent
wind directions and regimes. We can
therefore assume the landscape in the
Baruth Glacial Valley has been formed
by three major processes: first, the
deformation caused by the ice cover
during the ice ages, leaving behind
various glacial features such as end
moraines, ground moraines and fine
loose material. The second process is
the melting water that followed the ice
ages, creating flat valleys between the
pushed up material. The last process
Fig. 1: Schematic representation of the Baruth Ice-Marginal Valley.
was the dune formation, creating the Source: Stadtentwicklung.berlin.de.
landscape as it is now (fig. 1).

1.2 Problem statement and current state of research
Most research into the study area focuses on the dating
of landscape units, targeting predominantly dunes and
outwash cones. Not only extensive research has been
conducted into the specific glacial valley of interest,
but research regarding the dating and extent of the
Weichselian ice limits in the whole of Europe is also
comprehensive. The research dates back from the
1960’s (Marcinek, 1961) to the present, dominated by
M. Böse and C. Lüthgens (e.g. Böse et al, 2012;
Lüthgens et al., 2010a; 2010b; Lüthgens & Böse,
2012), but research from Litt et al. (2007) also plays a
large role in the understanding of the landcape, by
providing a detailed summary of the Quaternary
Chronology of Germany. The ice margin from the
Brandenburg stage, which borders the Baruth Ice- Fig. 2: Regional overview of the ice marginal positions
Marginal Valley, is estimated to have an age ranging (IMPs) and sampling sites in north-eastern Germany.
between 24 and 20 kya (Lüthgens et al., 2010a; Source: Lüthgens et al., 2010a.
Lüthgens et al., 2010b; Lüthgens & Böse, 2011; Böse et al., 2012) and the retreat and ice wastage is
assumed to have started at around 19 kya (Lüthgens & Böse, 2011). The Brandenburg phase (fig. 2) is
often linked to Marine Isotope Stage (MIS) 2 (Lüthgens & Böse, 2011; Lüthgens et al. 2010b).
However, the pattern and history of glaciation in northern Europe is very complicated with an absence
of agreement between many regions such as Britain, Germany, Poland and the Netherlands. Therefore,
the quality of these estimations of the chronological outer limits and ages are not yet sufficient to make
a definitive statement (Böse et al., 2012). Another problem that arises in dating using numerical ages is
the necessary assignment of an error, which increases with age. Therefore, dating of ice-marginal
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positions might only be significant for late Weichselian ice advances (Lüthgens et al., 2010a; Lüthgens
& Böse, 2012).
Various dunes in the research area have been dated to a certain extent, using either absolute or relative
dating methods, such as thermoluminescence, radiocarbon dating, palynology or relative positioning
(De Boer, 1993). Most of these publications conclude that the dunes were formed during the initial cold
phase of the “Weichselspätglazial”, or late Weichselian glaciation (De Boer 1994; De Boer, 1995;
Liedtke, 1957/58; Noack, 1965). However, the techniques used in the dating of these dune formations
have not yet been successful in dating the parabolic dune complex of Horstwalde. Therefore, a new
technique is introduced to examine the morphogenetic history of the dune complex: LiDAR data. This
technique will be expanded on in the theoretical framework.

1.3 Structure
Firstly, some more information on the background will be provided in the form of a theoretical
framework. Then the research questions and objectives are presented. Following that, the methodology
of the conducted research will be expanded on, including motivation and manners of interpretation.
Consequently, the results of the research are provided, which are essential in answering the research
questions. The results are presented both objectively and subjectively, providing explanations and
interpretations. The results and the limitations of the used methodology will then be discussed in the
discussion. The main research question is then answered in the conclusion, followed by an evaluation
of the problem and the relevance of the research in solving part of this problem.

2. Theoretical framework
2.1 LiDAR data
LiDAR, acronym of Light Detection And Ranging, is a surveying method that is also known as laser
altimetry or laser scanning. It is an active Remote Sensing (RS) technology that determines the distance
to an object or surface by illuminating it with a laser beam. The differences in response time are used to
calculate the distance of the object from the airplane. LiDAR is typically collected from airplanes, where
it can rapidly collect data over large areas (Carter et al., 2012). Airborne LiDAR is a popular technology
in creating high resolution maps. LiDAR data consists of a point cloud containing 3D data in the x-, yand z-direction with an accuracy of 10-30 cm (Carter et al., 2012). In the used dataset, this accuracy is
≤ ± 20 cm. This accuracy is possible through the use of both GPS and INS for the location determination
(Knödel et al., 2007). LiDAR has several advantages over most other elevation data collecting
techniques, the most important of which is the accuracy. Also, LiDAR data enables the user to
differentiate between first, second, third, and last return, representing different parts of the landscape.
First return visualizes the vegetation cover,
whereas last return only represents the bareground. This ability to look through vegetation
is also a major advantage over older techniques.
Average Remote Sensing techniques generally
capture the surface height and produce Digital
Elevation Models (DEMs) that represent this
height. Distinguishing between the numbers of
returns, LiDAR data allows you to differentiate
between two types of DEMs: Digital Terrain
Models (DTMs) and Digital Surface Models
(DSMs) (fig. 3). Especially the DTMs will be
extremely useful in the research to conduct a Fig. 3: Digital Surface Model (DSM) vs. Digital Terrain Model
(DTM). Source: CHARIM.
detailed analysis of the dune shapes.
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2.2 Parabolic dunes
The dunes that are to be looked into for this
research form a sequence of parabolic dunes,
which can be seen in fig. 5. Parabolic dunes
are formed when there is a dominant wind
direction and the area has a suitable climate
for vegetation. Parabolic or U-shaped dunes
have convex noses, trailed by elongated
arms (fig. 4). The lee slope or slipface of a
parabolic dune has a steeper angle than the
back slope, due to the angle of repose of
loose material. Sand is transported from the
back slope to the lee slope, which are
separated by a brink line. The term brink is
often used interchangeably with crest, and
they do often coincide, but do not
necessariliy represent the same feature. The
crestline specifically indicates he highest
point of the dune, not always matching with
the point at which the slip face begins
(brink). In this research, the terms are also Fig. 4: Schematic visualisation of the morphology of a parabolic
used to express the same feature, as they dune. Source: Pettinga & Van Dijk, 2008.
coincide in the dunes. Parabolic dunes can be formed from blowout dunes where the erosion of vegetated
sand leads to this parabolic-shaped depression (May, 2014), or they can be formed from barchans. The
shape is formed and held in place by vegetation. Due to this vegetation cover, the arms can extend up to
several kilometers. Unlike crescent shaped dunes, known as barchans, the nose points downwind. In
many cases, parabolic dunes are formed from barchans as the vegetation cover increases and protects
the arms from aeolian forces, keeping them in place, causing the nose to travel faster than the arms,
which eventually leads to inversion of the orientation of the dune (Durán & Herrmann, 2006; fig. 6).

Fig. 5: Drawing of the brinks of the dunes of Horstwalde (design and drawing by W.M. de Boer with the use of topographical
maps on a scale of 1:z10,000. Legend: 1 – crestlines (smaller dunes not visualized) and 2 – height in meters above sea level
(De Boer, 2000).
Fig. 6: Deactivation of migrating dunes
under the influence of vegetation. Top
row shows a dune field in White Sand,
New Mexico, that shows barchanoid
ridges on the left and parabolic dunes
on the right, where vegetation is
present. Middle row shows various dune
types found in the White Sand dune
field. Bottom row shows the same
transition acquired by a numerical
model that accounts for the coupling
between sand transport and vegetation.
Source: Durán & Herrmann, 2006.
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3. Relevance and research questions
As mentioned above, a lot of research has been done into the morphogenetic details of the Baruth IceMarginal Valley. Various studies indicated relative dating using superposition and other studies used
absolute dating methods to acquire more knowledge about the research area. However, there are little to
no studies that supply an overview of these dating results. Furthermore, the dune complex of Horstwalde
also lacks dating records and an overview and analysis of the existing records. Using this knowledge,
general theories of the genesis of parabolic dunes and the modern accuracy of the LiDAR data, this
research aims to provide more insight into the morphogenetic history of this dune sequence (1) and map
this using ArcGIS (2). Therefore, the research question will be:
What is the morphogenetic history of the parabolic dune complex of Horstwalde in the Baruth
ice-marginal valley, Germany?
In other words, the research question aims to research the periods of settlement of the individual dunes
and consequently to map these periods. To adequately study the morphogenetic history it is necessary
to look at different aspects of the subject. This will be done by answering the following sub-questions.
1. Has there been a change of dominant wind direction or regime in the dune sequence and if
yes, at what point and it is possible to assign dating records?
2. To what extent has the vegetation impacted the activity of dune formation and mobility in the
complex?
3. To what extent can LiDAR data be used in interpreting the morphogenetic structure of
parabolic dunes?
The first sub-question will be answered using the LiDAR data in ArcGIS. As a change in dominant
crest-orientation might indicate different palaeo-wind directions, this may provide better insight in the
relative age of the dune sequence. The impact of vegetation, which is researched in the second subquestion, is important for this research in terms of accounting for and assigning relative ages to dune
forms, as there is a strong probability these shapes have been determined by vegetation settlement (fig.
6). Important literature in this research are articles by Durán & Herrmann (2006), Durán et al. (2010)
and De Boer (e.g. 2000). The third sub-question includes the majority of the LiDAR research. Various
tools in ArcGIS will be used to analyse the data in ways that are expected to show prevalent slopes,
aspects and elevations of the dunes, indicating characteristics that may be of use in determining the
morphogenetic history of the dunes.
The research that is conducted is not intended applied research, but can be seen as research out of pure
scientific interest, often referred to as basic, fundamental, or pure research. While the research may not
directly lead to any applications, this is certainly not ruled out to happen in the following years. Some
applications for example that this research might lead to are that the method of determining the
geomorphological history can be used to investigate similar dune formations. One of the aims of this
research is also to test whether the new technique of using LiDAR data is useful in this field of research
and to what extent it can be used. Furthermore, the dunes of Horstwalde form a unique complex of dunes
that is very well preserved from a geomorphological and landscape perspective. In the opinion of De
Boer (2000) and Göllnitz, Manhenke & Ehmke (1996), the dune complex counts to the most beautiful
parabolic dunes in Germany and is exemplary for the genesis of parabolic dunes in Middle Europe in
the late periods of the Weichselian. Besides this, only preliminary research has been carried out to date,
even though the area is well preserved and has a largely unsearched soil archive. The dune complex
should therefore be protected as an international geotope (De Boer, 2000). A geotope is defined as
“distinct parts of the geosphere of outstanding geological and geomorphological interest” (Stürm, 1994).
The endeavour of attempting to conserve these parts is called geoconservation (Gray, 2004). The results
from this research might contribute to the realisation of the uniqueness of this dune complex, leading to
a larger interest in the conservation.
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4. Methods
4.1 Materials









ArcGIS licence and software (version used was a 1-year trial student version 10.2.2)
MATLAB licence and software
Microsoft Office license and software
Computer that supports ArcGIS and MATLAB software
External hard drive
LiDAR data of Brandenburg (tile no.’s 386770, 386772, 388770, 388772, 390770, 390772,
392770, 392772, 394770 and 394772) from Landesvermessung und Geobasisinformation
Brandenburg, or LGB.
Variety of GIS maps of Brandenburg area (e.g. DEM (WMS-DGM), Orthophotos,
topographical maps)

Fig. 7: Map of the LiDAR tiles that were used fort he purpose of this research.

4.2 Preprocessing and data exploration
The LAS data, the binary format for storing airborne LiDAR data, is provided by the state-owned
company Landesvermessung und Geobasisinformation Brandenburg, in ASCII format with coordinates
in the x-, y- and z-direction. This format has its data stored in a text file (.txt) which provides all the
data. The data that is available consists of 49 tiles in total, however, only 10 tiles were used for the
purpose of this research. The specific tile numbers are mentioned in the materials section. This is
considered to be raw data and is therefore converted into LAS files using LAS-tools. The tiles consist
of irregularly spaced data points, with a point density of approximately 1-2 points per square meter. The
data is stored in tiles of 4 square kilometers (2 x 2 km), meaning each tile contains approximately
4,000,000-8,000,000 data points. The data is divided into first and last return and is sold separately. The
data that was acquired for this research consists only of last return (classified) data, representing both
“ground points” and “other points”, which were not classified as ground points in the filtering process.
When the text files have been converted into LAS files, they can be used in ArcGIS to visualize and
analyse. Using basic LiDAR tools in the programme, slope, aspect, elevation and hillshade maps will
be made from the data for basic data exploration. These individual maps or combinations can be used
in various types of analysis, for example crest orientation, which is likely to be an indication of palaeo
wind directions.
As mentioned before, the ability to ‘look through’ vegetation is a major advantage of the LiDAR
technique. Therefore, the LiDAR data is very much suitable to detect detailed anomalies in the
landscape. Also, cross-sections can be made using some of these tools in order to visualize profiles.
These are some examples of the possibilities of using LiDAR data in ArcGIS, but the options are far
more extensive and shall be used after this preliminary analysis. To gain insight into the visualisation
and processing of LiDAR data, some online modules were conducted: Managing Lidar Data Using LAS
Datasets, Managing Lidar Data Using Mosaic Datasets, and Managing Lidar Data Using Terrain
Datasets. The modules are part of the ESRI Virtual Campus and comprise the handling of LAS datasets
and learning how to visualize and analyse them by e.g. converting them into mosaic or terrain datasets.
7

4.3 Dune mapping
For the mapping of the dune complex, two types of visualisation were realized in ArcMap: the brink
lines and the outlines of the dunes. Both features were drawn using the Editor tool in ArcMap using
either an empty polygon or line feature. Both features required different underlying maps to most
accurately digitize them. For the dune outlines, the elevation map was used. A specific elevation of
53.554 m was used in order to visualize the dunes as clearly as possible, without neglecting the lower
slopes of the dunes. This specific elevation was reached by simple trial and error and appeared to
visualize the shape of the dunes the clearest. The issue with this visualisation is that it is not completely
objective. This type of visualisation is only possible by interpreting to some extent the most suitable
elevation. Interpretations and assumptions were often necessary to e.g. distinguish between brink lines
or roads, or which dune is superior when two dunes are crossing or intersecting. Therefore, the outlines
of the dunes are foremost used in the visualisation, and do not form the basis of most further analysis
conducted in the research. For this, the brink lines are mostly used. A combined map of slope and aspect
provides a rather distinct map of the brinks, considering the slope on a brink line is zero. Where a brink
was interrupted by anthropogenic activity such as roads or military constructions, the brink lines were
drawn across between the first and the last point of the brink line that is separated by the construction.
Combining this with an aspect map, the brink lines can be seen as relatively easily distinguishable
narrow lines. Therefore, the mapping of this feature leaves less room for interpretation and assumptions.

Fig. 8: (a) Example of the drawing of a dune outline and (b) example of the drawing of a dune brink line.

4.4 Literature research: dune formation processes
Dune formation processes are known to determine the shape of dunes. According to Pye & Tsoar (1990),
sand availability, grain size distribution, wind energy, velocity, distribution and directional variability,
vegetation cover, topographic obstacles and sequential climatic changes are the main factors that govern
the form and scale of aeolian accumulations (Warren, 2013, p. 141). These processes can be used to
determine which analyses are useful to cunduct in the LiDAR research, and contribute to the research.
Further research into these formation processes may provide insight into the history behind the current
shape of the complex.

4.5 Literature research: dating records
To place the results from the LiDAR research and dune formation processes into the context of time,
some literature research into dating records is necessary. Firstly, keeping in mind that the dunes have
formed in the ice-marginal valley of the Brandenburg stage of the Weichselian Glacial, it is advised to
look into dating records of the extent of this ice margin. By looking into this and definitive vegetation
settlement, a relatively concise period of active dune formation could be found. If this can be linked to
the dune formation processes and LiDAR research results, it is possible to assign relative dating records
to groups of or individual dunes.

4.6 Determining crest orientation
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As visualized in fig. 9, it appears that the dune complex may be divided into three sections with varying
crest orientations.

Fig. 9: Proposed dominant wind directions in the dune sequence indicated with arrows depicting the visually interpreted
dominant crest orientation.

Considering this could be an indication of separate settlement stages with varying prevailing wind
directions, it is considered useful to test whether this division can be substantiated. This is done by
determining the crest orientation of each individual dune by means of drawing their centerlines. The
following steps were followed in order to do this:
1. Draw a vertical line between the northern and southern arm, with the same x-ordinate on both
arms;
2. Draw a line from the center point of this helpline to the middle of the nose. In the more typical
parabola shaped dunes, this is generally the furthest extent of the nose (fig. 10). In the less
typically shaped dunes (fig. 11), this is not the case and the focus should remain on the middle
point of the nose.
At this point, the centerline of each dune has been visualized. To subsequently determine the crest
orientation, the angle of incidence in degrees was calculated using a Python script that was shared on
the ESRI GeoNet community forum (fig. 12). After adding a new column in the attribute table for the
calculated angle, the Field Calculator can be used to exert this script on the data.

Fig. 10 (top): The determination of the center line of a typically shaped,
elongated parabolic dune.

Fig. 11 (right): The determination of the center line of a less typically
shaped dune.

Consequently, the dune complex was grouped into three sections by means of visual interpretation, to
test whether the hypothesised division can be substantiated. The mean crest orientations between these
three groups was compared in MATLAB by conducting statistical analysis with a one-way analysis of
variance (anova1) and multiple comparison test (multcompare). Besides this, Microsoft Excel was
used to display the data in bar graphs and wind roses.
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Fig. 12: Python script used to calculate the angle of incidence of the centerlines. Acquired from:
https://geonet.esri.com/thread/20473.

4.7 Determining form type
According to the model simulation by Durán & Herrmann (2006), parabolic dunes can form from
barchans in three stages:

Fig. 13: Transitional stages from barchan to paraboluc dune as result of a model for the interaction between vegetation and
aeolian sand transport. Adapted from Durán & Herrmann (2006).

If we assume that during and shortly after the glaciation, the area was part of what resembles a polar
desert, vegetation was not able to thrive during that time. In conditions with no vegetation and
unidirectional prevalent winds, it is likely that the dunes in the complex of Horstwalde originated
initially from barchans.
As these stages were not specified further in the article, they were interpreted as follows:
a. Typical barchan with no vegetation settlement;
b. First transition step, some vegetation settlement present;
c. Initial fixation of arms, still a nose in direction of wind. Both nose and arms point in
the windward direction;
d. Parabola with small to no signs of barchan remains;
e. Developed stage with successive splits in the arms.
Stage (e) is characterized by the smaller parabolic dunes in the arms, referred to as successive splits by
Durán & Herrmann (2006). If a dune does not have these features, it is classified as (d). A dune is
classified as (c) when there is a nose pointing in the opposite direction of typical parabolas. This stage
shows the initial fixation of the arms, in which case both the arms and the nose are pointing in the
direction of the wind origin. At this point, the nose has not traveled far enough to reach the typical
parabolic shape. A dune is classified as (a) or (b) when both the arms and nose have an opposite
orientation to those of a parabolic dune: with the nose towards the wind origin (west) and the arms to
the east. Both stages imply typical barchan dunes. As the dune field of Horstwalde is relatively old and
very much colonized by vegetation, stages (a) and (b) will most likely not be present in the dune
complex.
In fig. 14, dark green areas indicate an abundance of vegetation. This suggests a transition between both
types of dunes when the vegetation cover increases. This transition is illustrated with various dune types
found in the White Sand dune field, reinforcing the idea of their common evolution from a crescent or
barchan dune to parabolic dune.
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Fig. 14: Dune formation stages in a dune field in White Sands, Mexico. Adapted from Durán & Herrmann (2006).

This analysis is done with the aim of creating a map that provides an overview of the stages of
development, considering the parabolic dunes are likely to have evolved from barchans. If it appears
that the transitional shapes are not present, this might be an indication that they were not formed from
barchans or that the dunes are too far developed to show any signs of historical remains. On the other
hand, if the dunes are interpreted to be covered by e.g. stage (c), this is not necessarily linked to a
transition from barchan to parabolic dune. This deviating shape can also be a result of a complex
interaction between wind direction, wind speed, grain size and vegetation settlement over time.

4.8 Elevation grouping
The dunes have been categorized according to maximum height, in order to see differences in
distribution among the dune complex. The dunes have been divided into three categories:
1. > 60,109 m (white)
2. 58,47 - 60,109 m (grey)
3. < 58,47 m (brown)
This height grouping can also be used as a size grouping, as dunes smaller in size are generally lower in
elevation as well, due to the maximum angle of repose of loose material.
To further support the height grouping, lateral cross sections can be made using the 3D-analyst extension
in ArcMap. The maximum elevations can than be compared to draw further conclusions.

4.9 Zonal statistics
To be able to further support the distinction between three separate sections, we can run the Zonal
Statistics tool in ArcMap. General outlines of the three sections were made to calculate various statistical
properties of the segments (fig. 15). This tool can only be run on rasters, so prior to the analysis, the
LAS dataset needs to be converted into a raster. For elevation and slope, this was done using the
blast2dem tool (part of LAStools, outside of ArcGIS), which converts LAS into .tiff. As this tool is not
available for the aspect feature, the aspect raster was acquired using a mosaic dataset. The direct
conversion from LAS to .tiff, however, as done with the LAStools, is preferred, because of the
resolution. In the conversion to mosaic dataset, a large part of the resolution is traded for computing
speed and easier visualisation.

Fig. 15: Sections used for the Zonal Statistics tool. Left/western section is group 3, middle section is group 2 and
right/eastern section is group 1.
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The statistics were conducted on elevation, slope and aspect data to detect differences in multiple aspects
of the dunes. The Zonal Statistics tool calculates the minimum and maximum value, range, mean,
standard deviation and the sum. Because this tool calculates the statistics rather than providing raw data,
a regular one-way anova test in MATLAB cannot be conducted. Consequently, an online tool for
performing a one-way anova that only requires summary data (Statpages.org: Analysis of Variance from
Summary Data) was used to run this statistical test.

5. Results
5.1 Dune mapping
The map in fig. 5 shows a schematic reproduction of the dune complex of Horstwalde, as interpreted by
De Boer (2000). These maps were drawn using topographic maps on a scale of 1:10,000 from 19781986. The map that was used, visible in fig. I.6 (Appendix I), indicates the dunes by means of contour
lines of elevation.
As the LiDAR data provides much more detailed data and a diverse arrange of maps, these brink lines
could be drawn with a higher precision. The result of this is shown in fig. 16 and fig. 17.

Fig. 16: Map showing the brink lines of the dunes in the complex.

Fig. 17: Map showing the outlines of the dunes in the complex.

The brink lines drawn for the purpose of this research can then be compared to the drawing from De
Boer (2000), which is visualized in fig. 18.
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The majority of the brink lines corresponds to the older drawing from De Boer (2000). The newer
drawings, however, seem to be more accurate, where the contour map could have been misinterpreted
in the older drawing as these contour lines do not provide a clear distinction of the brinks. In the older
drawings, crest lines were constructed with the aid of contour lines that provide information on the
surface elevation. These do not show a clear line of the highest points of the dunes, and therefore are
more subject to interpretation than a slope, aspect or detailed elevation map. Furthermore, various
smaller dunes have been interpreted differently, which is again likely to be a result of the arbitrarity and
interpretability of the contour lines. A difference in interpretation lies also in the extent of the dune
complex. Whereas the newer visualization includes some longitudinal shapes in the western section,
which are here interpreted as parabolic arms that were stretched to a far extent, De Boer (2000) limits
the complex on that side by not interpreting them as part of the complex and therefore not including
these brinks.

Fig. 18: Map showing the newly drawn dunes compared tot the drawing made by De Boer (2000). Background map: Military
topographical map from 1986-1998 with a resolution of 1:25.000, from the UvA Geoportal.

5.2 Literature research: dune formation processes
As the Weichselian ice sheet retreated, it left a patchwork of small, sandy lake deltas, kames and eskers
stretching from Poland (Zeeburg, 1998) to Michigan (Warren, 2013, p. 177). At the emergence from the
ice, fine material became available for aeolian processes to form dunes. Filion (1984) hypothesised that
dunes were built by winds blowing clockwise around the ice sheet, which is the diametrically opposite
direction to the winds that form dunes in Western and Central Europe in the present day. Isarin et al.
(1997), however, estimate winds came from westerly quadrants. In contrast to the theory by Filion
(1984), no indication of a shift towards an atmospheric circulation with frequent easterly winds was
found in either the proxy data or simulation experiments for the Younger Dryas. Evidence for easterlies,
however, has been found in Sweden, therefore it was most likely restricted to the immediate vicinity of
the ice sheets. Finally, Zeeberg (1998) concludes that dune formation in the European Sand Belt was
likely primarily controlled by strong westerlies. Van Huissteden et al. (2001) also concluded this.
However, the latter also argue that during winter, deposition occurred from frequent easterlies as well.
It has been suggested that the degree of elongation in parabolic dunes is related to three factors: wind
speed (Gaylord & Dawson, 1987), wind directionality, in which greater constancy of wind direction is
associated with greater length (Pye, 1993), and sediment supply (Halsey et al., 1990). These do remain
suggestions and no definitive conclusion is known (Warren, 2013, p. 159). This would, however, imply
that some dunes that have a more elongated, typical parabolic shape were formed in a period with rather
constant wind directions of greater wind speed and the dunes with a more angular shape, that can mainly
be found in the middle section, have had a less constant wind directionality during their formation.
The sand from which the Brandenburg dunes were formed primarily originated from fluvio-glacial and
dune sand that had already been recycled during the Pleistocene (Warren, 2013). There are three theories
that account for the origin of parabolic dunes. The first theory explains that they form from blowouts,
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which is the older suggestion and is partially confirmed by a cellular automaton model by Nield and
Baas (2008a). A new model describes the development from barchan dunes. The vegetation settlement
on the lower horns of barchans makes the nose travel faster than the arms, eventually resulting in
parabolic dunes (e.g. Warren, 2013, p. 111; Durán & Herrmann, 2006; Durán et al., 2010). A third theory
assumes that a decline in plant cover on interdunes (the area between dunes) is followed by the
development of small parabolic dunes (Pelletier et al., 2009). This latter theory however is not possible
in the area of study, since a denser vegetation cover in the preceding period is not possible due to the
climate. Considering the Brandenburg area resembled a polar desert at the time of the glaciation and
vegetation was not abundant, it is likely that the dunes were originally formed from barchan dunes.

5.3 Literature research: dating records
The ice advance of the Brandenburg stage is dated to approximately 24-20 kya (Lüthgens et al., 2010a;
Lüthgens et al., 2010b; Lüthgens & Böse, 2011; Böse et al., 2012) followed by the retreat and ice
wastage from the Brandenburg ice marginal position (IMP) around 19 kya (Lüthgens & Böse, 2011).
However, this is most likely not when dune formation initiated. Although the glaciation left large
quantities of fine material, the permafrost fixed those particles, rendering them unavailable for dune
formation (Kasse, 1997; Bateman & Van Huissteden, 1999). Therefore, dune formation is ruled out in
this period. The permafrost remained until the end of the last glacial maximum (LGM). At the end of
this period, when the Late Weichselian glaciation initiated, the permafrost retreated northward. This
occurred approximately 13 kya and is therefore considered to be the initiation of the dune formation in
the research area (De Boer, 1994; 1995; 1996).
Although vegetation settlement and decay led to minor deactivation and reactivation episodes during
the dune formation, the definitive halt of active dune formation is estimated to have occurred
approximately 10-11 kya, when the Holocene climate started to become warmer and wetter (Warren,
2013) and dense vegetation covered the sands, fixing the arms of the formed dunes. This marks the
beginning of the Holocene and the end of Weichselian glacial. The Holocene has been warmer and
wetter than the Pleistocene and has known a much lower amplitude of change in climatic conditions
(Warren, 2013). The main driver of these climatic changes is the varying strength of incoming solar
radiation, controlled by the Milankovitch variables. This leads to assume that the dunes were formed
during the Late Weichselian Glacial, which is also supported by De Boer (1994; 1995; 1996) and others
(e.g. Radtke, 1998; Singhvi et al., 2001; De Klerk, 2004). This period is divided into three stadials and
interstadials (table 1). Dune formation only occurred predominantly in the stadials, or colder periods. In
the warmer periods there was more precipitation and therefore, vegetation halted dune formation, at
least partially.

Late Weichselian glaciation

Stadial/Interstadial
Younger Dryas (stadial)
Alleröd Interstadial
Older Dryas (stadial)
Bölling Interstadial
Oldest Dryas (stadial)
Meiendorf Interstadial

Time frame
10,730 – 9,700 kya
11,400 – 10,730 kya
11,590 – 11,400 kya
11,720 – 11,590 kya
11,850 – 11,720 kya
12,500 – 11,850 kya

Table 1: Stadial/Interstadial depiction and timeframe from Litt et al., 2001.

5.4 Crest orientation
Figures 19 till 23 and table 2 show the results of the crest orientation analysis. The results show a clear
and significant difference between the three compared groups. Mainly group 2 has a significantly
different mean; group 1 and 3 have a rather similar mean and dispersal of crest orientation.
It has been repeatedly shown that dune orientations closely resemble and represent wind directions that
are responsible for the aeolian processes that form dunes (Koster, 2005). Therefore, it is assumed that
crest orientation can be directly linked to wind direction and thus we can conclude that the three
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segments in the dune complex were formed in different periods of time with varying wind regimes.
Unfortunately, a concrete explanation of this changing wind pattern cannot be made at this point. Factors
that influence the wind regime include global climate, the deep sea current, smaller currents, ice sheets
in the vicinity and mountain chains. The latter two factors both induce katabatic winds falling from
higher elevation. As mentioned in the results from the literature research, wind directionality and speed
probably affected the dune shapes and is also a product of changing climate. This may imply that the
climate that occurred during the formation of the middle section was more variable than the climate of
the western and eastern section.

Fig. 19: Map showing the crest orientation lines, with the help lines that were used in order to draw them. The help lines are
the vertical lines between the two arms of the dunes on the same x-ordinate.

Fig. 20 (top): Bar graph showing the number of
occurrences of different wind directions in the
three segments, as implicated by the crest
orientation of each individual dune. The x-axis
shows the wind drection, the y-axis the number
of occurrences. The western segment is
visualized in blue, the middle in orange and the
eastern segment in grey.

Source of Sum of
Degrees of
variability squares (SS) freedom (df)
Groups
3603.6
2
Error
9628.3
40
Total
13231.9 42

Mean square (MS) for
F-statistic:
each source (ratio SS/df) ratio of MS
1801.82
7.49
240.71

Prob>F
(p-value)
0.0017

Table 2: The results of the one-way analysis of variance (ANOVA). Most important in the interpretation of the table is the
Prob>F value, which corresponds tot he p-val.e With a standard confidence interval of 95%, this p-value should be below 0.05
for significant results.
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Fig. 21 (right): Wind rose showing the number of
occurrences of different wind directions in the three
sections, as implicated by the crest orientation of
each individual dune. The color scheme depicting the
segments corresponds to fig. 20.

Fig. 22: Results of the multiple comparison test. Group 1
is the eastern section, group 2 the middle section and
group 3 the western section.

Fig. 23: Boxplot of the one-way ANOVA-test. Group 1 is the
eastern section, group 2 the middle section and group 3 the
western section.

5.5 Form type

Fig. 24: Schematic drawing of the distribution of occurring form types in the parabolic dune complex. (c) is the second transition
step, (d) is the young parabola with small to no signs of barchan remains and (e) is the developed parabola showing successive
splits in the arms.
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The results of the form type analysis are visualized in fig. 24 and show a significant segmentation. Form
type (c) occurs mainly in the middle section, whereas the western section is dominated by type (e). Type
(d) occurs in considerable quantities in the whole complex, but dominates the eastern section. If we link
this to the transitional stages proposed by Durán & Herrmann (2006), assuming the stages represent the
transition from barchan to parabolic dune, that they are truthfully interpreted and that the dunes in fact
formed from barchans, the abundance of form types in the three segments would indicate that west is of
the oldest, the middle section of the youngest and the eastern section of intermediate age. Not only is
this sequentially not possible, the results can also be interpreted otherwise. Firstly, as mentioned in the
methodology, dunes that are interpreted as stage (c) are not necessarily in connection with this transition
from barchan to parabolic dune. This shape can also be explained by a complex interaction of dune
formation processes over time. Their shape, therefore, is not in direct connection to their age. Secondly,
the developed parabolas of stage (e) can also be a result of moisture content. In lower dunes, soil
moisture can more easily reach the surface and allow vegetation to settle. More vegetation settlement
implies stronger fixation of the arms, leading to the more developed stage that is represented by stage
(e). The results of the elevation grouping will point out whether the western dunes are in fact lower in
elevation than the other dunes. Furthermore, this lower elevation could also be a result of sand supply.
The glacial processes produce a limited amount of fine material that is susceptible to aeolian processes.
When the dune formation is rather developed and proceeded over a long period of time, sand supply
may run out, which would lead to lower dunes. According to Durán & Herrmann (2006), Durán et al.
(2010) and Warren (2013, p. 159), a higher vegetation settlement index leads to longer arms in the
parabolas whose noses can experience successive splits, before it is completely deactivated. This theory
also supports the concept of higher soil moisture content and lower elevation.

5.6 Elevation groups

Fig. 25: The distribution of three groups of dunes, divided by their maximum elevation. Group 1 has a maximum elevation of
60.109 meters or higher, group 2 is within the margin of 58.47 and 60.109 meters and group 3 has maximum elevations below
58.47 meters.

The results of the elevation grouping are shown in fig. 25. Group 1, with the highest maximum elevation,
is the most abundant, whereas group 2 only occurs a few times in the dune complex. Dunes that belong
to group 1 mostly occur in the eastern and middle section, with some minor occurrences in the western
section. Group 3 is also relatively abundant, with the vast majority of occurrences in the western region.
This explains the results from the form type analysis, which pointed out that the most developed
parabolic dunes occur in this section. It is therefore very likely that this is a result of the lower elevation.
The profile graphs in fig. 26 show a maximum elevation in section 1 of approximately 63 meters, in
section 2 a maximum elevation of ca. 68 meters, and in section 3 a maximum elevation of approximately
64 meters. This indicates that the middle section has significantly higher elevations than the sections 1
and 3. The latter have a very similar maximum elevation, but the eastern section shows a steadier
elevation of dunes, whereas section 3, the western section, also shows a lot of small elevation peaks,
which section 1 does not have. These peaks partially represent some of the smaller parabolic shapes and
sand piles. Section 3 also shows clear lower peaks, which the other two sections rarely have. This
confims once more the assumption that the dunes in section 3 generally are of lower elevation. The
locations of the cross-sections of the profiles can be found in Appendix III.
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Fig. 26: Profile graphs of the three sections. The x-axis represents the span of the profile line in meters, the y-axis represents
elevation.

5.7 Zonal Statistics
The one-way analysis of variance (ANOVA) was performed for elevation, slope and aspect. All analyses
indicated that the three groups have a significantly different mean with p-values lower than 0.0000. This
is even true for the aspect map, which was of lower quality with a smaller count (N) per group.
Unfortunately, the raw data is not available through this analysis, leaving out the possibility of
conducting a multiple comparison analysis. Therefore, we cannot say which groups cause the significant
difference and which groups are more alike. We can, however, still conclude that the three sections
differ significantly in mean slope, elevation and aspect. Complete data of the results can be found in
Appendix II.

5.8 Map of depositional history
From the results of paragraph 5.1 through 5.7, a map of depositional history is assembled to visualize
the proposed separate depositional stages within and between the segments. The segments have been
assigned ages, but the depositional stages within the segments not, as this would require too many
interpretations and assumptions, and would, therefore, not add to the research. The result is visualized
in fig. 27. The stages have been visualized using color schemes: group 1, which is the oldest segment,
is visualized in pink tones. Group 2, which represents the middle section, is visualized in green tones.
Group 3, which is the youngest segment, is visualized in blue tones. The age within the segments are
visualized using colour gradients: the older dunes in the segments are depicted with darker colours,
whereas the younger dunes are presented in lighter colours. Approximations of the settlement stages
have also been assigned numbers, which are given in the legend.
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Fig. 27: Map of depositional stages of the dune complex of Horstwalde.

6. Discussion
6.1 Framework
To place the results in the context or framework that was proposed in the introduction, a recap of the
research question:
What is the morphogenetic history of the parabolic dune complex of Horstwalde in the Baruth
ice-marginal valley, Germany?
The results serve quite well in answering this question, which will be done in the conclusion. This section
will discuss the advantages and limitations of the used methods, to what extent the results are in fact
significant and whether they can be used to definitively answer the research question.

6.2 Advantages and limitations to used methods
As mentioned in the introduction, this research serves partially to test the suitability of using LiDAR
data in morphological research. The research has pointed out several advantages and limitations to this
method, which are outlined in this section.
Using LiDAR data has appeared to be of good use in this type of research. The high quality and accuracy
of the data allows for detailed analysis and dune mapping. The research also showed that the data is very
suitable for statistical analysis, considering the sample size or count (N) of the groups is extremely high.
This allows a high level of certainty in the results. Additionally, the method is fairly efficient, as it
requires considerably less time and expenses than fieldwork. The only costs of this research are the
LiDAR tiles that need to be bought, apart from the required software and hardware. In contrast,
fieldwork into this type of research, namely dating morphological units or aeolian constructions, usually
includes some type of dating proxy, such as radiocarbon dating, thermoluminescence or palynology
(pollen analysis). Not only is this very time consuming research, the accompanying costs are often very
high, depending on the technique and extensiveness of the research. A disadvantage to the use of LiDAR
data, however, is that one can never draw definitive conclusions. Fieldwork would be necessary to date
several dunes, to be able to assign absolute ages to them. Even relative dating using the current technique
is not definitive, as it cannot be proven without fieldwork research. However, numerical ages that are
found by applying dating techniques always have to be assigned with an error and are usually stated as
intervals. This leads to follow that numerical ages are only significantly different when their error
intervals do not overlap (Lüthgens & Böse, 2012). Therefore, dating results are very often not significant
and the probability exists that it may not add to this research for this reason. Uncertainty in these
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techniques also increases with age, leaving some techniques, such as optically stimulated luminescence
and surface exposure (techniques often used in this study area), only suitable and significant for
Weichselian ice advances (ibid.). Consequently, the latter two techniques are likely to be the most
suitable to date the dunes in the complex due to the aforementioned error margin. As this was out of the
scope for this research, it may prove very useful for continuing research.
Another point of critique can be assigned to the grouping of the three sections or segments. This was
done in agreement with the division that was proposed in the hypothesis by visual interpretation. The
division was thus done by eye, which could have led to some unintentional errors. Although this division
proved to deliver significant results, the division could be more substantiated. For example, a statistical
cluster analysis could prove useful in dividing the complex into sections. This would lay a more
substantial foundation for the segmentation. This was not done in this research, as the aim was to test
the hypothesis. The cluster analysis could provide further support for the proposed division of sections.
In conclusion, the results are not definitive and merely provide assumptions. However, the results are
suitable in answering the research question. As a result of the statistical tests concerning the three
segments, it is assumed to be rather certain that there were three main stages of active dune formation
in the complex. The linkage of these stages to the three stadials in the Late Weichselian, however, is
more arbitrary and is in strong need of verification.

7. Conclusion
Firstly, it should be noted once more that the conclusions drawn are to be considered assumptions rather
than definitive conclusions. Considering dune formation occurs on large time scales and the formation
in this study area was halted by extensive vegetation settlement, there is no proof of the validity of these
conclusions.

7.1 Morphogenetic history
During the meltback of the IMP, glacial processes deposited piles of sand. Due to permafrost fixation,
the fine material in this depositions was not available to aeolian processes. In the first years after the
melting of the permafrost at approximately 13 kya (De Boer, 1994; 1995; 1996), it is likely that barchans
formed from these piles of sand. Although several scientists (e.g. Warren, p. 177, 2013; Filion, 1984)
assume that the dunes were built during the glaciation by winds blowing clockwise around the ice sheet,
in this case easterlies, it is more likely that this process was restricted to the near vicinity of the ice sheet
and did not greatly affect this area (Isarin et al. 1997; Zeeberg, 1998; Van Huissteden et al., 2001).
Important is that dunes are not a simple expression of daily prevailing surface winds, but also of less
frequent high-magnitude winds that can often be linked to passing fronts (Warren, 2013, p. 152). What
also should be mentioned is the force of katabatic winds that fall from ice sheets. This may have added
a northern component to the wind regime, however, it is debatable whether this has significantly
influenced the dune shapes, as it is not known to what extent these winds had been noticeable.
At the retreat of the ice sheet, the permafrost retreated with it and and vegetation started to appear due
to the higher temperature and increasing available soil moisture. As the arms of dunes are always of
lower elevation than the nose, these parts of the dunes were the first to be colonized by vegetation due
to their higher moisture content. At this point, the nose travels faster than the arms, resulting in a
transition from barchan to parabolic dune. This transition under these specific circumstances of variable
wind direction and vegetation settlement is very complex and difficult to describe, as it is not known
whether the aforementioned theories about wind direction affected the dune complex of Horstwalde.
What is likely, however, is that wind directionality and strength and sand supply have had a large share
in determining the shape of the dunes. Stronger winds with greater constancy of direction are estimated
to result in more elongated dunes, such as those visible in the western and eastern segments. The middle
section shows less elongated dunes with noses that tend to show square features. This may indicate
varying wind directionalities and with possibly lower wind speeds.
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7.2 Order of settlement
In the present, the dominant wind is known to blow from the west. Although this may have been different
in some stages of the development, west winds were very likely to dominate the wind regime during the
formation of the parabolic dunes. The west winds are also clear from the slope angles: the crests of the
dunes fall or dip to the east, indicating westerlies. This is a theory common to all dune types: a low angle
on the windward slope and a steep angle on the leeward slope (Ahnert, 1996, p. 120). Additionally, it is
often assumed that in dune sequences or complexes, dunes more downwind are older than the dunes
upwind. An example of this is a dune field in White Sands, Mexico: this area has a dominant
unidirectional westwind, very much like the research area. Fig. 28 indicates that younger dunes blow
into the older ones, which appear to be surrounded and fixed by (Durán & Herrmann, 2006). From this
and the other results of this research, we can conclude that the dunes in the eastern segment are the
oldest and in the western segment the youngest.
As mentioned in the results, the end of active dune formation is estimated to approximately 10 kya. The
period between 13 and 10 kya is marked as the Late Wechselian glacial and is divided into three stadials
and three interstadials. Dune formation occurred predominantly in the stadials. This indicates that there
are three main stages of dune formation: the Oldest Dryas, the Older Dryas and the Younger Dryas.
Relating this to the dune complex, we find that there are three sections of varying mean crest orientation,
predicting there were three different stages of formation. Therefore, if we assume the date assignment
to the initiation and the stop of dune formation is correct, the three sections in the dune complex can be
linked to the three colder Dryas stadials.

Fig. 28: Dune field in White Sands, Mexico. The dark areas represent vegetation; brown in the top images and green in the
bottom image. Adapted from Durán & Herrmann, 2006.

8. Evaluation
8.1 Research evaluation
As mentioned in the introduction, a lot of research has been carried out into dating and analyzing the
aeolian processes in the Baruth Ice-Marginal Valley, but it has not yet been very successful in dating
the parabolic dunes of Horstwalde. Although this research cannot provide definitive conclusions or
statements, it does provide more insight into the morphogenetic history of this dune complex and
provides a framework for further research. Follow-up fieldwork research can be directed into specific
subjects of study, allowing for more effective and efficient research.

8.2 Follow-up research
To test whether the assumptions and hypotheses made in this research are true, they need to be validated.
The dating of at least two dunes in the complex would provide evidence of the age of the dunes and their
sequence of settlement, or at least an estimation. Even if merely two dunes can be assigned dates, this
will provide more insight into the formation history. Follow-up research not including fieldwork would
imply more LiDAR/GIS research. More analysis can be done, such as extensively analysing the slopes
of the windward and leeward sides, to possibly detect remainders of potential barchan dunes. Research
could also be done into grain size. To wit, grainsize is known to be a large factor in determining the
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elongation of barchans (Warren, 2013). Keeping in mind the assumption that the parabolic dunes of
Horstwalde may have formed from barchans, this may provide more insight into this development.
Considering the complex appears to be of elongated shape with a rather distinguishable border on the
south slopes, there is a possibility that a meltwater stream limited the complex in the south, and maybe
even north side. More research using for instance grain size analysis may prove this theory right or
wrong.
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Appendix I: Additional maps

Fig. I.1: Elevation map of the dune complex with brink lines drawn in black.

Fig. I.2: Slope map of the dune complex with brink lines drawn in black.

Fig I.3: Aspect map of the dune complex with brink lines drawn in black.
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Fig I.4: Contour map of the dune complex with brink lines drawn in black.

Fig I.5: Digital orthophoto or aerial photo of the study area with brink lines drawn in blue.

Fig I.6: Military topographical map (1:25.000) from 1986-1998 with brink lines drawn in black.
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Fig I.7: Map with the tile labels and brink lines drawn in black.

Fig I.8: Map showing the dune outlines and brinks.
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Appendix II: Zonal Statistics data
Results of one-way anova on elevation data:
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Results of one-way anova on slope data:
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Results of one-way anova on aspect data:
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Appendix III: Cross-sections of the profile graphs

Fig. III.1: Location of the cross-section in segment 1.

Fig. III.2: Location of the cross-section in segment 2.

Fig. III.3: Location of the cross-section in segment 3.
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