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Kurzfassung

Planetenforschung umfasst oft zeitintensive Projekte, bei denen Expertise und Er-
fahrung eine wesentliche Rolle spielen. Auf Grund äuÿerst komplexer und sich selten
wiederholender Forschungsfragen sind Annahmen, De�nitionen und Regeln zur Lö-
sung dieser Fragen nicht leicht nachvollziehbar oder aber nicht eindeutig dokumen-
tiert. Ein Vergleich der Ergebnisse unterschiedlicher Forscher zum selben Thema
oder eine Erweiterung der Forschungsfrage macht dies somit nur schwer möglich.
Vergleiche liefern oftmals verzerrte Ergebnisse, da die Ausgangslage und Randbe-
dingungen unterschiedlich de�niert worden sind.
Das Ziel dieser Arbeit ist es eine Standardmethode zur Ober�ächenanalyse zu

entwickeln, die auf zahlreiche Untersuchungsfragen angewandt werden kann. Eine
gleichbleibende Qualität der Ergebnisse muss durch diese Methode gewährleistet
sein. Ein weiteres Ziel ist es, dass diese Methode ohne Vorwissen und Expertise im
Bereich Informatik angewandt werden kann und die Ergebnisse in kurzer Zeit vor-
liegen. Auÿerdem müssen die Ergebnisse vergleichbar und nachvollziehbar sein. Au-
tomatisch operierende Analysewerkzeuge können die zahlreichen Anforderungen er-
füllen und als Standardmethode dienen. Statistische Ergebnisse werden durch diese
Methode erzielt. Die Werkzeuge basieren auf vorde�nierten, geowissenschaftlichen
Techniken und umfassen Messungen, Berechnungen und Klassi�kationen der zu un-
tersuchenden Ober�ächenstrukturen. Für die Anwendung dieser Werkzeuge müssen
Schlüsselstrukturen und Randbedingungen de�niert werden. Des Weiteren benöti-
gen die Werkzeuge eine Datenbank, in der alle Ober�ächenstrukturen, aber auch
Informationen zu den Randbedingungen gespeichert sind. Es ist mit geringem
Aufwand möglich, Datenbanken zu aktualisieren und sie auf verschiedenste Fragestel-
lungen zu adaptieren. Dies steigert die Flexibilität, Reproduzierbarkeit und auch
Vergleichbarkeit der Untersuchung.
Die vorde�nierten Randbedingungen und die Qualität der Datenbank haben je-

doch auch direkten Ein�uss auf die Qualität der Ergebnisse. Um eine gleichbleibend
hohe Qualität der Untersuchung zu gewährleisten muss sichergestellt werden, dass
alle vorde�nierten Bedingungen eindeutig sind und auf vorheriger Forschung basieren.
Die automatisch operierenden Analysewerkzeuge müssen als mögliche Standard-

methode getestet werden. Hierbei geht es darum Vorteile, aber auch Nachteile zu
identi�zieren und zu bewerten. In dieser Arbeit werden die Analysewerkzeuge auf
einen bestimmten Einschlagskratertyp auf dem Mars angewandt. Krater mit zer-
brochenen Kraterböden (Floor-Fractured Craters) sind in verschiedensten Regionen
auf dem Mars zu �nden, sie zeigen zahlreiche Ober�ächenstrukturen und wurden
durch unterschiedliche Prozesse geformt. All diese Fakten machen diesen Kratertyp
zu einem interessanten und im geologischen und morphologischen Sinne sehr kom-
plexen Anwendungsgebiet. 433 Krater sind durch die Werkzeuge analysiert und je
nach Entstehungsprozess klassi�ziert worden. Für diese Analyse sind Position der
Krater, Art des Umfeldes und Strukturen im Kraterinneren ausschlaggebend. Die
kombinierten Informationen geben somit Auskunft über die Prozesse, welche zum
Zerbrechen des Kraterbodens geführt haben.
Die entwickelten Analysewerkzeuge können geologische Prozesse, die sehr ähn-
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lich sind, von einander abhängig sind und zusätzlich auch dieselben Ober�ächen-
strukturen formen, nicht eindeutig unterscheiden. Aus diesem Grund sind �uviale
und glaziale Entstehungsprozesse für den untersuchten Kratertyp zusammengefasst.
Die Analysewerkzeuge liefern Wahrscheinlichkeitswerte für drei mögliche Entste-
hungsarten. Um die Qualität der Ergebnisse zu verbessern muss eine Wahrschein-
lichkeit über 50 % erreicht werden. Die Werkzeuge zeigen, dass 15 % der Krater
durch Vulkanismus, 20 % durch Tektonik und 43 % durch Wasser- und Eis-bedingte
Prozesse gebildet wurden. Insgesamt kann für 75 % des untersuchten Kratertyps ein
potentieller Entstehungsprozess zugeordnet werden. Für 25 % der Krater ist eine
Klassi�zierung nicht möglich. Dies kann durch eine Kombination von geologischen
Prozessen, einer Überprägung von wichtigen Schlüsselstrukturen, oder eines bisher
nicht berücksichtigten Prozesses erklärt werden.
Zusammenfassend ist zu sagen, dass es möglich ist planetare Ober�ächenstruk-

turen quantitativ durch automatisch operierende Analysewerkzeuge zu erfassen und
hinsichtlich einer de�nierten Fragestellung zu klassi�zieren. Zusätzliche Informatio-
nen können durch die entwickelten Werkzeuge gewonnen werden, daher sind sie als
Assistenzsystem zu betrachten.
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Abstract

Planetary research is often user-based and requires considerable skill, time, and
e�ort. Unfortunately, self-de�ned boundary conditions, de�nitions, and rules are
often not documented or not easy to comprehend due to the complexity of research.
This makes a comparison to other studies, or an extension of the already existing
research, complicated. Comparisons are often distorted, because results rely on
di�erent, not well de�ned, or even unknown boundary conditions.
The purpose of this research is to develop a standardized analysis method for plan-

etary surfaces, which is adaptable to several research topics. The method provides
a consistent quality of results. This also includes achieving reliable and comparable
results and reducing the time and e�ort of conducting such studies. A standardized
analysis method is provided by automated analysis tools that focus on statistical
parameters. Speci�c key parameters and boundary conditions are de�ned for the
tool application. The analysis relies on a database in which all key parameters are
stored. These databases can be easily updated and adapted to various research
questions. This increases the �exibility, reproducibility, and comparability of the
research. However, the quality of the database and reliability of de�nitions directly
in�uence the results. To ensure a high quality of results, the rules and de�nitions
need to be well de�ned and based on previously conducted case studies. The tools
then produce parameters, which are obtained by de�ned geostatistical techniques
(measurements, calculations, classi�cations).
The idea of an automated statistical analysis is tested to prove bene�ts but also

potential problems of this method. In this study, I adapt automated tools for �oor-
fractured craters (FFCs) on Mars.
These impact craters show a variety of surface features, occurring in di�erent Mar-

tian environments, and having di�erent fracturing origins. They provide a complex
morphological and geological �eld of application. 433 FFCs are classi�ed by the
analysis tools due to their fracturing process. Spatial data, environmental context,
and crater interior data are analyzed to distinguish between the processes involved
in �oor fracturing.
Related geologic processes, such as glacial and �uvial activity, are too similar to be

classi�ed separately by the automated tools. Glacial and �uvial fracturing processes
are merged together for the classi�cation. The automated tools provide probability
values for each origin model. To guarantee the quality and reliability of the results,
classi�cation tools need to achieve a probability of 50 % for the origin. This analysis
method shows that 15 % of the FFCs are fractured by intrusive volcanism, 20 % by
tectonic activity, and 43 % by water & ice related processes. In total, 75 % of the
FFCs are classi�ed to an origin type. This can be explained by a combination of
origin models, superposition or erosion of key parameters, or an unknown fracturing
model. Those features have to be manually analyzed in detail. Another possibility
would be the improvement of key parameters and rules for the classi�cation.
This research shows that it is possible to conduct an automated statistical analysis

of morphologic and geologic features based on analysis tools. Analysis tools provide
additional information to the user and are therefore considered assistance systems.
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1. Introduction

The introduction covers the purpose of this thesis and the motivation of conducting
this research. Additionally, a brief overview of the thesis structure is included.

1.1. Motivation and Purpose

Planetary geologists analyze the composition, structure, and processes of a plan-
etary surface and upper crust. Research in planetary science is mostly based on
remote sensing data. Data sets often di�er in data size, data type, resolution, and
coordinate and reference system. The high diversity and variety of these data sets is
handled within geographical information systems (GIS). They are used to manage,
manipulate, analyze, and visualize geographical information.
On Mars, planetary research is often user-based, not automated, and limited to

certain regions. This leads to high quality analyses, including mappings of surface
geology and mineralogy, geomorphological features, and age dating obtained by
crater size frequency distributions. However, local analyses are of high importance
to understand the processes of features that are developed on planetary bodies. This
type of research requires considerable skill, time, and e�ort. Unfortunately, self-
de�ned boundary conditions, de�nitions, and rules are often not documented or not
easy to comprehend due to the complexity of research. This makes a comparison
to other research, or an extension of the already existing research, complicated.
Comparisons are often distorted, because results rely on di�erent, not well de�ned,
or even unknown boundary conditions.
The purpose of this study is to develop automated analysis tools, focusing on

statistical parameters. The tools provide parameters, which are obtained by de�ned
geostatistical techniques. Hence, the tools guarantee a consistent quality of results.
This also includes achieving reliable, comparable, and usable results, but also reduc-
ing the time and e�ort of conducting such studies. Time and e�ort of the user will
be reduced if the statistical analysis runs automatically. An automated, statistical
analysis can be conducted within a GIS by means of tools. Speci�c key parameters
and boundary conditions are de�ned for the tool application. With de�nitions and
rules determined and parameters available, a statistical analysis can be conducted
automatically. The analysis relies on a database in which all key parameters (and
any additional information) are stored. Databases can be adapted to various re-
search questions by neglecting or considering existing parameters. Updates of the
database can also be easily applied. The entire database, or just selected entries, can
be analyzed by the automated method. This increases the �exibility, reproducibility,
and comparability of the research. It is of high importance to obtain comparable
and reusable results. To ensure this, the rules and de�nitions need to be well de�ned
and based on previously conducted case studies. The quality of the database and
reliability of de�nitions will directly in�uence the results.
The idea of an automated statistical analysis has been tested to prove bene�ts

but also potential problems and limitations of this method. In this study, I adapt
automated tools for �oor-fractured craters (FFCs) on Mars. These impact craters
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have a variety of surface features and also occur in di�erent Martian environments.
I discuss several processes (volcanism, tectonics, water, ice) that may be responsible
for fracturing development of crater �oors. Are those di�erent processes recognizable
in the FFCs? Which processes developed the �oor-fracturing on Mars? How many
FFCs are developed and modi�ed by water, ice, volcanic, or tectonic processes? Is
it possible to identify a formation process for the fracturing based on the observed
geomorphological features? Is there a relationship between the location of the impact
crater and the processes which lead to the fracturing? Spatial data, environmental
context, and crater interior data need to be analyzed to answer these questions.
FFC distributions must be established and the reason for fracturing classi�ed. For
each origin type, key parameters and rules must be de�ned on which the tools will
operate and automatically conduct the classi�cation the FFCs regarding to their
origin type.
Automated statistical analysis tools become increasingly important in various sci-

enti�c �elds of research. They have superhuman capabilities due to their intersub-
jectivity, resulting in consistent quality of results. These tools describe the base for
a standardized analysis method, which could be adapted to several research topics.
Analysis tools provide additional information and help to the user and are therefore
considered assistance systems.

1.2. Structure of the Thesis

This project is positioned between geoscien�tic research and spatial information
processing.
To successfully obtain the aim of this research, a concept for the development and

implementation of such automated analysis tools is required. The project needs to
be split up into smaller work packages to operationalize the method. These work
packages are presented in the chapters of this thesis. The technical introduction
includes background information about geographical information systems (Chapter
2) and also the data and data processing (Chapter 3). Chapter 4 introduces the
geologic research of �oor-fractured craters (FFCs), which represents an excellent
topic for the tool application.
The next work steps include the methods to �nally develop and implement au-

tomated tools. Chapter 5 contains a case study that represents a conventional,
manual crater analysis. The knowledge gathered in that chapter is used to de�ne
boundary conditions and key parameters for the automated analysis tools. It rep-
resents the �rst step of the tool development. After de�ning key parameters and
boundary conditions, a database of FFCs on Mars (Chapter 6) is established. The
tools have to be applied to the database, because all required information about
the FFCs are stored there. Chapter 7 shows the tool analysis and the development
of automated classi�cation, calculation, and measurement tools. These provide the
statistical analysis of FFCs and thus, represent an important work package of this
research. The methods section closes with the implementation of these tools into a
geographical information system (Chapter 8).
The results of the case study are shown in Chapter 9. These results are followed

by the tool analysis results in Chapter 10. The di�erences and resulting advantages
and disadvantages between a conventional and an automated statistical tool analysis
are discussed in Chapter 11. The outcome of the project is split up into technical
and scienti�c results and summarized in Chapter 12. Di�erent tool applications and
potential improvements can be found in Chapter 13.
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2. Geographical Information
Systems (GIS)

This chapter gives an introduction into geographical information systems and their
usage. Within GIS spatial and attribute analyses can be performed. For these
analyses data storage and management is of high importance and will be discussed
in the database section.

2.1. De�nition

A geographical information system (GIS) is a software for the management and ma-
nipulation of geographical information. This term describes a system to process data
that have a georeferenced and therefore, de�ned position in terms of coordinates. It
was developed in the 1960s [Gomarasca, 2004] and de�ned by e.g. Burrough [1986]:

'GIS is a powerful set of tools for collecting, storing, retrieving at will,
transforming and displaying spatial data from the real world.'

Several de�nitions can be found in the literature, they all refer to a GIS as a
powerful software including tools to capture, manage, store and present spatial data.
Images of di�erent resolution, reference system and projection can be included and
adapted to each other in the GIS. The combination of various spatial datasets allows
a geoscienti�c analysis and interpretation. It was originally developed to improve
the analysis and interpretation of Earth data, but it can be also adapted to other
planetary bodies. Consequently a GIS is a powerful tool for planetary data analysis.
Planetary missions collect large amount of image data by using remote sensing

techniques. Every day we receive new data from various planets, moons and aster-
oids in our solar system. Depending on the resolution high coverage of the surface is
available. Overlapping image segments can occur and give more information about
short term surface processes. A GIS provides several tools for planetary mapping.
The tools allow measuring and calculating of various parameters within the digi-
tal images. It is also possible to include or develop new tools that are needed to
ful�ll speci�c measurements or calculations. Furthermore, geologic mappings, cross-
sections, spatial and attribute queries can be conducted within the GIS, by using
georeferenced data.
Several GIS software products are available. They all follow the same purpose,

but di�er in aspects like quality and amount of analyses tools, or reference system.

2.2. ArcGIS and JMars

For this research I selected the two software products JMars 3.0.4 [Christensen et al.,
2013] and ArcGIS 10.0 [ESRI, 2013].
JMars is an acronym and stands for Java Mission- planning and Analysis for

Remote Sensing. The software is an open source GIS, which was developed by
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the Mars Space Flight Facility at the Arizona State University (ASU) [Christensen
et al., 2013]. JMars was only developed for the planet Mars and therefore, has a
�xed reference system. It provides access to free image data obtained by various
Mars missions including Viking, Mars Global Surveyor, Mars Odyssey, Mars Express
and the Mars Reconnaissance Orbiter. These image data do not need to be pro-
cessed, regarding �le format and projection, by the user. The images can be loaded
directly into the GIS. Multiple data sets can be loaded and compared within JMars.
Simple mapping operations and attribute analyses can be also conducted by using
scripting in the Structured Query Language (SQL). JMars was mainly used for the
global observation and characterization, including measurements and calculations,
of surface features on Mars.
The software ArcGIS is developed by ESRI and represents a commonly used and

advanced GIS [ESRI, 2013]. It is used by a large community, mainly focusing on
Earth science. ArcGIS presents a software with hundreds of tools for geoscien�tic
research and also the possibilities to create and adapt the tools to the users needs. It
also supports various programing languages to allow enhanced research. DataBase
Management Systems (DBMS) are also available and provide additional support in
building and managing databases. ArcGIS was used for the qualitative and quan-
titative analyses, this also includes database generation and coding for obtaining
attribute and spatial classi�cations.
All obtained �les can be accessed in ArcGIS and JMars. Both software systems

have advantages and complement one another to perform qualitative and quantita-
tive analyses for planetary science.

2.3. Data Models

In general two data types are essential for GIS analyses. Geographic data describe
the elements of the real world in terms of coordinates. Attribute data de�ne the
semantic characteristics of geographic data and include qualitative and quantitative
data. The combination of both data types is the basis for planetary research.
For implementing these data into the GIS two di�erent input formats can be used:

vector and raster data (Fig. 2.2). The vector format was established in the 1960s and
used for computer-controlled drafting machines. The vector format represents ob-
served features by points, lines and polygons which are geographically referenced by
Cartesian coordinates [Burrough, 1986]. Vector data have several advantages. First
they do not require large amounts of memory; second they can be re-sized without
an information loss. More information regarding advantages and disadvantages are
available in Gomarasca [2004], O'Sullivan and Unwin [2010].
Within a GIS new vector datasets can be generated. They are called Shape�les

(in ArcGIS terminalogy) and contain information about point, line and polygon
features, but also about the graphical output and visualization. Within the shape�le
the attribute table shows all obtained data (Fig. 2.1). It also provides the ability of
managing and manipulating these data.
Geographical space is divided into a grid of identically sized square cells. These

cells are pixels. Each pixel shows an estimated or calculated value for a single
attribute in that geographic position (e.g. elevation, albedo, temperature). Conse-
quently only one attribute can be associated in each cell. Multiple raster data sets
are necessary for di�erent attributes. This �le format, also called raster format was
developed in the 1970s [Gomarasca, 2004].
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Figure 2.2.: Spatial data are represented by vector and raster data. The �gure shows the
di�erent appearances of point, linear and polygon features using both data for-
mats [Kneissl et al., 2011].

Digital images have to be included in the GIS. The data accuracy and homogeneity
is essential for analyses. All information about the image should be available within
the metadata of each image �le [Gomarasca, 2004]. Five di�erent working steps are
essential concerning the use of data within a GIS. These general principles are data
acquisition, input, processing, management, and visualization (Fig. 2.3).
For every particular task the user has to decide which data format �ts best, based

on the advantages and disadvantages of both formats and already available data.

2.4. Coordinate Systems and Projections

Coordinate systems de�ne the position of features (point, line, and polygon) on a
planetary surface in relation to a reference system. The knowledge about coordinate
systems is fundamental for working with datasets in a GIS. For instance, georefer-
encing, transformation, integration and analysis of data are related to the coordinate
systems [O'Sullivan and Unwin, 2010].
Geographic coordinate systems de�ne the location of features on a reference body

in three dimensions [Gomarasca, 2004]. On planetary surfaces latitude lines are
running parallel to the equator and range from 0◦ at the equator to +90◦ at the
north pole and -90◦ at the south pole. Meridians are half a longitude line and run
from pole to pole, the values range from 0◦ at the prime meridian to 180◦ eastwards
and -180◦ westwards. Alternatively the longitude can be measured from 0◦ to 360◦.
Latitude and longitude are measured in angles and not in distances. As a result their
values are expressed in degrees, minutes and seconds. The surface of a planetary
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Figure 2.3.: Schematic overview of image data processing for a GIS. Data acquisition is
the �rst working step. Existing data regardless of the format should always be
included in this step. Remote sensed data obtained by airplanes or satellites are
an important data source. Furthermore, �eldwork can provide high quality data
for a small area. All data need to be transformed into an appropriate format
that is supported by GIS, hereby the georeferencing of data is essential. The
data input can be divided into geographical, attribute and display information.
The transformation into GIS-supported formats and a quality check are part
of the data processing and are also used to elaborate the input data. Data
management is required for a coordinated storage of image data. Thus, the
DataBase Management System (DBMS) is an important tool to handle spatial
and non-spatial data. After the analysis the visualization in form of maps,
tables, graphs or videos can be conducted (modi�ed after Gomarasca [2004]).

body is used for referencing latitude and longitude. Thus, it is essential weather the
planet is considered a sphere (rotating circle) or a spheroid (rotating ellipse). The
spheroid provides a more accurate model for the Earth and is also used for Mars
[Seidelmann et al., 2002]. The spheroid model requires a semi-major and a semi-
minor axis. The polar radius describes the minor axis, correspondingly the equator
de�nes the major axis of the reference body. However, some remotely sensed data
of Mars were processed by using a spherical reference body. The information about
the reference system is included in the meta data of each image and has to be taken
into account for the analysis and comparison of the data.
To show the surface of a three-dimensional body on a 2D map, it is necessary to

project each feature onto a map by using analytic transformation techniques [Go-
marasca, 2004]. The feature locations are systematically assigned to new positions
and xy-coordinates on the map. This can be achieved in various ways, resulting
in di�erent map projections. Some information is always lost by transferring 3D
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information to 2D maps. This fact results in the distortion of spatial properties
such as area, angles or lengths. Equivalent (equal areas on map and in reality),
isogonic (same angles between directions on the map and in reality) and equidistant
(same scaling factor on map and in reality) map projections are common [Snyder
and Ashworth, 1987]. The user can choose the map projection and thus, the type of
distortion. Depending on the research area and question certain kinds of distortion
should be avoided.
The perspective projection de�nes the point of view onto the map [Gomarasca,

2004]. In regard to the research area, it is advisable to use di�erent perspectives.
For observations at or close to the poles a polar perspective should be used, on the
contrary a meridian perspective should be used at the equator. A perfect projection
does not exist, the projection needs always be adapted to the research area and aim
[Snyder and Ashworth, 1987].

2.5. Data Analyses in GIS

Data analysis is an important part of the GIS. Planetary data can be analyzed in
several ways, after mapping out the surface features of interest. Unfortunately, the
symbology used for planetary mapping is rather incomplete. Research on this topic
has been done by Nass et al. [2010, 2011a,b]. A symbol catalogue for planetary
features has been developed and was used for our research. Obtained information
can be measured, calculated and classi�ed regarding to their attributes or location.
The analyzing possibilities depend on the used GIS. JMars and ArcGIS do not
pursue the same research foci, hence support di�erent types of analyses.

2.5.1. Measurements

Both GISs provide a measuring tool. The projection and coordinate system is of
high importance for measuring length, areas and angles within a map, as they are
able to distort the measurements. Consequently, measurements should not rely on
the map projection of the used image data, but on the geographic reference system.
Within JMars the map is always shown in a cylindrical projection, which can be

re-centered at any given coordinates [Christensen et al., 2004]. The measurements
are conducted by using the Martian geographic coordinate system, resulting in little
distortion of the measurements.
The Crater-Tool software was developed for ArcGIS by Kneissl et al. [2010]. It is a

user-friendly toolbar that can be implemented into ArcGIS. The software is mainly
used for Crater Size Frequency Distribution (CSFD) measurements and provides
an input for the Crater Stats software developed by Michael and Neukum [2008],
Michael and Neukum [2010]. The tool re-projects the measured areas and lines into
individual stereographic and sinusoidal map projection to provide higher accuracy
for determining crater sizes and therefore, ages [Kneissl et al., 2010].

2.5.2. Calculations

Calculations are conducted easily for any information in an attribute table.
JMars o�ers several calculation options within the column editor. Equations can

be inserted there and afterward conducted for the attribute table. Equations can
be also included into scripts and run through the script window.
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ArcGIS provides also two options to conduct calculations. Equations can be
inserted into the �eld calculator. Constants, functions, or values from numerous
�elds in the table can be included in the equations. It is also used for conversions
of units and ratios. Similar to JMars, equations can be used within scripts.

2.5.3. Attribute & Spatial Analyses

Within a GIS, the user �nds objects of interest based on attributes, as well as spatial
relationships, leading to an integrated analysis.
The user can select objects of interest manually in ArcGIS and JMars. A manual

selection is useful for obtain a cursory overview or selecting only a few objects.
Automated queries are faster and more precise, depending on object location or
attributes.
In JMars Structured Query Language (SQL) expressions in the script window

help to conduct automated selections, these are attribute related. The selected
features are marked in the table and map. Spatial queries are not implemented in
the software, yet.
The attribute analysis is a group of tools used to manage the attribute table

within ArcGIS (Fig. 2.4). The attribute query helps to analyze, edit, and reorganize
information and are found within ArcGIS in the select by attribute function. This
query function allows to selectively research data concerning all of the available at-
tributes within the table. Binary logical computation laws are used for the queries
[Gomarasca, 2004, O'Sullivan and Unwin, 2010]. These allow the user to combine
and compare di�erent attributes. Attribute table searches are based on Boolean
(true/false) principles [Gomarasca, 2004]. Queries need to be written in SQL or
with the Query Wizard integrated into ArcGIS. After a query is speci�ed, features
are selected that meet the conditions. Spatial relationships of surface features are
crucial for geological analyses. These relationships use the object coordinates within
the GIS and, therefore, are based on the geometry of the layers. The user conducts
spatial queries to �nd locations that satisfy speci�c requirements. Thirteen di�erent
approaches are integrated into ArcGIS. They are found in the select by location
function [ESRI, 2013]. The toolbox within ArcGIS contains important and funda-
mental tools for spatial data analysis. There are four main tool sets that are used
to extract information, to overlay data, to conduct proximity analysis and to view
statistics. In the following section I will describe these tool sets in detail and present
the most used tools and their applications.
Extract is a helpful tool to reduce the amount of data in a project. That provides

a focus on only required information for the research. The user selects the required
data based on spatial or attribute queries. The selected data is stored in a new
feature class and attribute table. This is the output of the extraction. Clip allows
for a spatial selection of data. The user chooses a speci�c, already existing feature
class or a randomly shaped feature to extract all of the data that is covered by
the shape. This tool is applied when the user wants to focus on a certain region
within the investigation area. An alternative to the clip tool is the selection tool.
A selection is done within the attribute table, or by using a query regarding the
attributes of interest. Thus, this tool provides an extraction based on attributes
rather than shape or spatial coordinates. Selection is applied when research only
focuses on speci�c information of the available data.
Overlay allows for the overlay of multiple features when performing detailed anal-

yses. This tool produces new feature classes by combining or removing common
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information from the overlaid data. There are various types of overlay operations.
Union creates a new feature class with all attributes and information of the combined
feature classes. This tool is used to gather information from di�erent feature classes
into a single, new feature class. The operation intersect generates a new feature
class. Instead of storing all of the data of the input features, only the overlapping
area and their attributes are output to the new feature class. This tool is used to
gather information of all available datasets in a selected area. Erase creates a new
feature class that excludes where features are overlapping. For answering speci�c
research questions, it is sometimes necessary to remove certain areas and all related
information.
Major research questions within the GIS frequently pertain to the spatial distribu-

tion of features, including distances and neighborhood analyses. Various proximity
tools exist within the ArcToolbox for addressing these questions. The bu�er cre-
ates zones surrounding features (points, lines, or polygons). The size of these bu�er
zones can be set to an absolute distance or can vary depending on the size of the
feature. This tool can be used to visualize the areal extent that has been in�uenced
by adjacent surface features or processes. The statistical toolset provides standard-
ized statistical analysis. This includes mean, minimum, maximum and standard
deviation values. These values are available for the attribute table of each feature
class, as well as for selected records. The information is accessed by the operation
statistics. The user can also store selected information within a new attribute table
by using the summarize operation.

2.6. Automated Systems

Automation is an important aspect of a GIS and data analysis. Part of the au-
tomation of tools is also the combination of several tools to perform more complex
analyses.

2.6.1. ModelBuilder

The ModelBuilder within ArcGIS can be used to create a blueprint of the analy-
sis. The ModelBuilder is a graphical interface for creating models regarding spatial
analysis problems. The operation tool, including all necessary values, can be chosen,
whereas the input and output format need to be de�ned in the blueprint. ArcGIS
will automatically carry out the prede�ned procedures. The advantage of using
ModelBuilder analysis is the ease of repetition and the change of spatial analysis.
That is, parameters and input data can be changed and every analysis can be re-
peated without reconstructing an entire work�ow [ESRI, 2013]. Users can automate
their work by using models and the ModelBuilder in ArcGIS. One step further would
be the use of Expert Systems, which are described in the next section.

2.6.2. Expert Systems

An expert system is a computer system that has the decision-making ability of
an expert regarding speci�c research topics. An expert system allows the user to
automatically analyze and interpret vast amounts of data, providing detailed quanti-
tative analyses of surface features. Furthermore, for operating the system no speci�c
knowledge is necessary [Gomarasca, 2004].
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Figure 2.4.: Example of Extract, Proximity and Overlay Tools. These tools are available
within the ArcToolbox (after ESRI [2013]).

Since the system operates automatically, the quality of output data is dependent
on the quality of input data. The system needs as much information as is attainable
in order to make appropriate choices and analyses. The expert system organizes the
data in three levels. The �rst level is the input data, which consist of geographical,
attribute, and display information. These provide the basis of the analysis. On the
second level, the rules for the management and operations are de�ned. These rules
must be programmed and included into the GIS. Finally, the third level is the control
procedures performed by the user. The results of the analysis are presented in detail
to the user with classi�cation and interpretations suggested by the expert system.
The user can modify the results, interpretations, classi�cations, and calculations at
any time.
The expert system provides several advantages. The data analysis follows set

rules and classi�cations and thus provides objective and repeatable results. Large
quantities data can be easily analyzed and compared. This is essential for global
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research studies. Furthermore, automated software drastically reduces the time
required to produce results.
Expert systems have disadvantages concerning the quality of results. The system

operates based on the provided input data and rules set up by the programmer.
The quality of input data and the rules directly in�uence the quality of output
data. For some research the expert system might not be feasible, due to a lack of
background knowledge or precision for that research. This leads to no speci�c rules
and commands within the second level of the expert system. The expert system
cannot operate without these rules.
An approach for automated data management, analyses, and interpretation is

included in ArcGIS. The expert system is called Virtual GIS (VGIS). This GIS
is designed to help users that are not trained or specialized in GIS operations,
to conduct complex analysis functions for large amounts of data. A user friendly
Graphical Users Interface (GUI) is designed to support the user regarding data
management, such that the focus is set on the research, itself. The analysis includes
observations, calculations, and classi�cations. A work�ow of processes, ranging from
elementary GIS functions to speci�c calculations and classi�cations, is provided for
the user. The software will execute the analysis operations where the required input
data are available [Gomarasca, 2004].

2.7. Databases

Databases are organized computer-based collections of data that allow the manage-
ment of these data including insertion, modi�cation, retrieval, and deletion of data.
A database is always an abstract representation of the real world and hence can
never contain all elements of the real world. Nevertheless, they provide organized
and structured data and yield the following advantages:

• Reliability: consistent services without interruptions are provided.

• Correctness and Consistency: the internal logic is proofed and correct.

• Technology: the DBMS-software is independent to the system and not e�ected
by e.g. updates.

• Security: protection against loss and unauthorized read is guaranteed.

Databases are structured in three levels. The external level is the users view and
only contains limited access to the database structure. The user is supported by an
operation-interface controlled by a DBMS, which simpli�es the management of the
database itself. The conceptual level is the storage and organization structure of the
data. Within the internal level the aspects of physical data storage can be found,
the standards are de�ned by the American National Standards Institute (ANSI) and
the Standards Planning and Requirements Committee (SPARC) [Worboys, 2004].
A certain type of database is the spatial database systems. They can handle

geospatial data including geometric and topological operations and queries. They
also support the use of raster data [Kresse and Danko, 2012]. Databases support
four main data models: hierarchical, relational, networks and object oriented [Go-
marasca, 2004].
For this research a database with the relational data model is used. The data are

stored within a table that exists out of rows and columns. The features in the table
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represent an entity of the real world, which can be characterized by the following
attributes:

1. Identi�er: It is used to clearly identify the entity. A name, number, or label
are often used as identi�cation.

2. Position: It is essential for locating the entity. Information about the coordi-
nates (numerical or carthesian), but also the projection type is stored.

3. Attributes: They characterize the entity regarding di�erent parameters (slope,
color and structure).

4. Behavior and Function: It shows the behavior (spectral information) and the
function (deposition area) of the entity.

5. Spatial Properties: They include data about the size, perimeter, diameter and
volume about an entity.

Every feature is assigned to a row and several columns of the table. The attributes,
position and spatial properties are stored within these columns. Of high importance
is the identi�er, which is the primary key in the table and helps to link di�erent
tables. A table can be joined partially or entirely to another table within the GIS to
provide an increase of information. Besides the already mentioned information types,
meta data (e.g. information about instruments, type of documentation, accuracy)
can be included in the table.
The information stored in the database can be seen in the attribute table of each

shape�le. Features on the map are linked to the information in their attribute table.
This allows the user to gather and change information for each feature in the table.
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3. Data and Data Processing

Images obtained by remote sensing are the basis for the analysis and interpretation
of the Martian geology and geomorphology. Remote sensing is described in this
chapter, including spacecraft, scanning systems, spectral principles and types of
resolution. The image data are published in the raw format. The data quality, pre-
processing, and processing software are shown for the used image data. The image
data were obtained by di�erent instruments, which will also be introduced in this
chapter.

3.1. Remote Sensing

Remote sensing o�ers the identi�cation of objects and the analysis of dynamic sur-
face processes. The quality of digital data has dramatically improved over the last
decades because of increased geometric, temporal, spatial, radiometric and spectral
resolution. Even for Earth observations remote sensing is of prime importance. A
global view provides new insights and information about short and long term changes
of planets. Such images are obtained from surfaces, satellite, aerial and ground plat-
forms. For planetary research mainly satellite platforms are available. 41 planetary
missions to Mars have been undertaken in the last 50 years (Tab. 3.1). Rover and
lander missions on Mars provide ground truth data only for speci�c sites. Therefore,
the obtained remote sensing data need to be reliable and of high quality. Spacecraft
orbiting planetary bodies in a certain distance allow observation of surface, atmo-
spheres, gravity, and radiation parameters by various instruments. Each instrument
and sensor focus on a speci�c topic, developed for answering a certain research ques-
tion. All separately collected information needs to be taken together to obtain a
complete dataset. This needs to be analyzed to investigate surface processes and
conditions of planetary bodies. Remote sensing does not collect direct information
about the environment of planetary bodies. Instead it provides unique electromag-
netic values, that needs to be converted and processed further to obtain information
on object identi�cation, object properties and spatial arrangements [Gomarasca,
2004, O'Sullivan and Unwin, 2010].

3.1.1. Scanning Systems

A spacecraft in a de�ned orbit facilitates the acquisition of digital images. Series of
surface stripes in one or more bands (depending on the instrument) are conducted.
The instruments that measure electromagnetic radiation are called sensors. They
are divided into active and passive sensors. Active sensors have a built-in source of
radiation, examples are radar (radio detection and ranging) and lidar (light detection
and ranging). Passive sensors do not have an own source of radiation. They only
collect re�ected sunlight or emitted thermal energy. The Charge-Couple-Device
detector (CCD) is the most used passive sensor (e.g. Jong and Van der Meer [2004]).
Two di�erent mechanisms for the data acquisition are mainly used and are pre-

sented in detail. Whisk Broom and Push Broom Sensors are both able to gather
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Number Spacecraft Launch Mission Type Nation Success/ Failure

1 Marsnick 1 10.10.1960 Flyby UdSSR Failure
2 Marsnick 2 14.10.1960 Flyby UdSSR Failure
3 Sputnik 29 24.10.1962 Flyby UdSSR Failure
4 Mars 1 01.11.1962 Flyby UdSSR Failure
5 Sputnik 31 04.11.1962 Flyby UdSSR Failure
6 Mariner 3 05.11.1964 Flyby USA Failure
7 Mariner 4 28.11.1964 Flyby USA Success
8 Zond 2 30.11.1964 Flyby UdSSR Failure
9 Mariner 6 24.02.1969 Flyby USA Success
10 Mariner 7 27.03.1969 Flyby USA Success
11 Mars 1969A 27.03.1969 Lander UdSSR Failure
12 Mars 1969B 02.04.1969 Lander UdSSR Failure
13 Mariner 8 08.05.1971 Orbiter USA Failure
14 Cosmos 419 10.05.1971 Orbiter, Lander UdSSR Failure
15 Mars 2 19.05.1971 Orbiter, Lander UdSSR Failure
16 Mars 3 28.05.1971 Orbiter, Lander UdSSR Failure
17 Mariner 9 30.05.1971 Orbiter USA Success
18 Mars 4 21.07.1973 Orbiter UdSSR Failure
19 Mars 5 25.07.1973 Orbiter UdSSR Success
20 Mars 6 05.08.1973 Lander UdSSR Failure
21 Mars 7 09.08.1973 Lander UdSSR Failure
22 Viking 1 20.08.1975 Orbiter, Lander USA Success
23 Viking 2 09.09.1975 Orbiter, Lander USA Success
24 Phobos 1 07.07.1988 Orbiter UdSSR Failure
25 Phobos 2 12.07.1988 Orbiter UdSSR Failure
26 Mars Observer 25.09.1992 Orbiter USA Failure
27 Mars Global Surveyor 07.11.1996 Orbiter USA Success
28 Mars 96 19.11.1996 Orbiter, Lander Russian Federation Failure
29 Mars Path�nder 04.12.1996 Lander, Rover USA Success
30 Nozomi 03.07.1998 Orbiter Japan Failure
31 Mars Climate Orbiter 11.12.1998 Orbiter USA Failure
32 Mars Polar Lander 03.01.1999 Lander USA Failure
33 Mars Odyssey 07.04.2001 Orbiter USA Success
34 Mars Express 02.06.2003 Orbiter, Lander Europe Success
35 MER Spirit 10.06.2003 Rover USA Success
36 MER Opportunity 07.07.2003 Rover USA Success
37 MRO 12.08.2005 Satellite USA Success
38 Phoenix 04.08.2007 Lander USA Success
39 Ying Huo 1 08.11.2011 Orbiter China Failure
40 Phobos- Grunt 08.11.2011 Sample Return Russia Failure
41 MSL 26.11.2011 Rover USA Success

Table 3.1.: Missions to Mars in chronological order from 1960 to 2013.
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Figure 3.1.: Principles of whisk broom scanner (left) and push broom scanner (right)[Jong
and Van der Meer, 2004].

information in series along an array [Jong and Van der Meer, 2004]. The punctual
scanning system collects data pixels (Fig. 3.1). A rotating mirror is used to scan
the surface within the �eld of view perpendicular to the direction of the sensor. A
second mirror is re�ecting the light into the CCD detector. One detector is used
for this scanning system. The images need to be pre-processed due to the spatial
distortions occurring by the mirrors. These scanners are also used to focus on one
part of the array, observing that area in more detail by stopping the scan. The linear
scanning system is built up of an array of CCD detectors. The surface is scanned
line by line (Fig. 3.1). Due to the use of color �lters- red (R), green (G), blue (B)-
a complete RGB chromatic acquisition can be achieved simultaneously.
The re�ected energy of the surface is measured and stored as a numerical value

in form of Digital Numbers (DNs). They represent the level of radiance of certain
surface units. By using color �lters the sensors are sensitive to radiation at certain
wavelengths.

3.1.2. Spectra

Every object on a planet scatters, absorbs or re�ects solar radiation and emits
thermal radiation in a characteristic way according to the chemical, structural and
chromatic properties of the object. These radiation principles are used by various
instruments. They are operating in the optical re�ected and emitted wavelengths,
characterized by di�erent spectral intervals (Fig. 3.2). The spectrum ranges from
ultraviolet to microwave. Each band is used to study di�erent surface features.

3.1.3. Resolution

Resolution is also called Level of Detail (LoD). Remote sensing systems have spec-
tral, spatial, temporal, radiometric and geometrical resolution. Spectral resolution
is the sensor capability to resolve details in the spectral signal by the energy mea-
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Figure 3.2.: The electromagnetic spectrum (after Hartmann [1985]).

sured within each spectral band of the sensor. If the spectral resolution is too low
important information about spectra characteristics are lost, resulting in potential
misinterpretation of object composition and properties. Spatial resolution is often
equated to the �eld of view (FOV). It is de�ned as the area on the ground which is
viewed by the instrument. This area depends on the altitude of the spacecraft and
varies by decreasing or increasing orbit altitude. Depending on the type of research
di�erent resolutions are essential. High resolution is useful for detailed surface ob-
servations. Low resolution is su�cient for conducting global research. Temporal
resolution de�nes how often the same area is captured by a sensor. It is essential
for the observation and analysis of dynamic systems (e.g. atmosphere) and for de-
tecting surface changes (e.g. liquid water). Radiometric resolution or sensitivity
depends on the amount of DNs, which are recorded by the sensor. These numbers
are representing di�erent grey values. More surface details are visible if the DN is
high. The radiometric resolution is usually given in bits (4 bits = 64 grey levels, 8
bits = 256 grey levels, 16 bits = 1064 grey levels). Geometric Resolution is de�ned
by the ground size of the pixels. Detailed concepts of spatial, spectral, temporal and
radiometric resolution are discussed by Joseph [2000], Mather and Koch [2011] and
Lemmens [2011]. The resolution can vary from centimeters to kilometers, based on
the sensor, orbit and type of observation. High resolution allows observing more sur-
face details, but is very time consuming. Low resolution helps to investigate global
research by providing global coverage of data. Maps with a scale larger 1:50,000
are provided by geometric resolution of 10-200 m/pix. With a resolution of 0.5-
10 m/pix more detailed maps with a scale up to 1:5,000 are generated [Gomarasca,
2004, O'Sullivan and Unwin, 2010].

3.2. Data Processing

Images are built up by pixels and are described in a three-coordinate system with x
and y locating each pixel and z giving the DN and therefore, an intensity value. The
recorded information has to be transmitted in electronic form from the spacecraft to
a station on Earth. The data are processed from these electronic values into physical
units, developing digital images (Fig. 3.3).
The data processing is divided into di�erent steps:

1. Web-based dataset search

2. Selection of needed image data

3. Processing and combination of individual images to form mosaics
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Figure 3.3.: Sketch of remote sensing principles. Radiation of planetary surfaces is col-
lected by sensors on spacecrafts. The sensor system on board the spacecraft is
divided into scanner, imaging optics, several spectral �lters, detector and elec-
tronics. This instrumentation converts the collected radiation data into DNs,
which are transmitted to Earth. After the data reception the information will
be processed into digital images.

4. Adapting all data to one reference system to ensure comparability and combi-
nation of data

5. Import into a GIS that allows analysis and interpretation of data

The data �owchart, including instruments used is shown in Fig. 3.4.

3.2.1. Data Quality

The obtained data need to be checked for data quality. All observations contain
errors and inaccuracies [Wolf and Ghilani, 1997]. Minimizing the impact of errors
or even their occurrence is the principal object to ensure the quality and reliability
of data. Errors are described in terms of accuracy and precision. In order to receive
reliable data, errors need to be detected and removed - if possible - from the mea-
surements. Detailed classi�cation on error classes, concepts for error recognition and
systematic mathematical procedures to determine errors are described in Lemmens
[2011] and Wolf and Ghilani [1997, 2006]. The quality of geographical information
includes the quality at surveying raw data, but also processing these data [Lem-
mens, 2011]. The accuracy and precision of the used data need to be known. If
errors are present in the input data, they will propagate to the output as well. The
pre-processing of image data helps to minimize occurring errors.

3.2.2. Pre-Processing

Generally pre-processing of the image data is performed to correct:
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Figure 3.4.: General work�ow of data search, available products, acquisition and processing
of image data by using di�erent sources and software systems.

• image radiometry

• geometric distortions

• sensor noise

• formatting to standard prescription

These basic corrections are usually necessary due to changes in terrain illumina-
tion, viewing geometry, atmospheric conditions and sensor characteristics [Jong and
Van der Meer, 2004, Mather and Koch, 2011, Richards, 2013, Schowengerdt, 1997].
The user must be aware of the geometrical properties of the data, because there is
no �xed schedule or rule for image pre-processing.
The image processing is split up into four levels:

1. Reformatted raw data

2. Sensor- corrected data (geometric & radiometric corrections)

3. Scene- corrected data (geometric & radiometric corrections)

4. Geophysical data

Speci�c software is used for the processing. However, each level requires more
data and processing than the previous one. Not all raw data are processed into
higher levels, due to the e�ort of time and costs involved [Schowengerdt, 1997].
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Instrument Mission Resolution Spectral Range Coverage

MOLA MGS 463 m/pix (global),
2 m vertical resolution

1,064 µm 100 %

TES MGS 3,000 m/pix 6 - 50 µm 100 %
THEMIS IR MO 100 m/pix 6,600 - 14,960 µm 98 %

HRSC MEX 10 m/pix (nadir),
50 m/pix (DTM),
10 m vertical resolu-
tion

0.400 - 0.995 µm 39 %

CTX MRO 6 m/pix 0.500 - 0.700 µm 75 %

Table 3.2.: Overview about instruments, missions, resolution, spectral range and coverage
in 2013.

3.2.3. Data Processing Software

The compressed and unregistered raw data can be processed by using two di�erent
software systems. They are concurring with each other, but they are also comple-
mentary in certain aspects. Both systems are used to get required image formats
and projections. The Integrated Software for Images and Spectrometers (ISIS) sys-
tem is developed and supported by the U.S. Geological Survey (USGS) and open
source [Eliason et al., 2001, Gaddis et al., 1997]. The second software is the Video
Image Communication and Retrieval (VICAR) system. Licenses are distributed by
the developer of the National Aeronautics and Space Administration (NASA) and
the Jet Propulsion Laboratory (JPL), which is also responsible for the support and
administration [Anderson and Mann, 1989, Hockey and Barnet, 1994]. Both systems
are based on UNIX/ Virtual Memory System (VMS)- based command line routines.
The software systems can be used to develop applications and scripts based on re-
search topics and certain needs. All obtained data were processed using internal
routines at the German Aerospace Center (DLR) within ISIS and VICAR. The
available raw image data were downloaded from web databases and transformed to
the VICAR �le format. The data were translated into di�erent map projections by
using the Geospatial Data Abstraction Library (GDAL). It is a free available library
for geospatial data formats that processes data into the required projection mode
[GDAL, 2013]. The raw data are processed into JP2000 �les, which than can be
imported to ArcGIS. Images of selected instruments of four di�erent Mars missions
were used for this study.

3.3. Instruments

The missions and the instruments used for this research, are presented and explained
in the following section. Additionally, an overview about the used instruments is
shown in Tab. 3.2.

3.3.1. Mars Orbiter Laser Altimeter (MOLA)

The Mars Global Surveyor (MGS) was launched on November 7, 1996. The goal
was to orbit Mars and map it over the course of approximately three years. The last
contact was on November 2, in 2006. The Mars Orbiter Laser Altimeter (MOLA)
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was one of the instruments on board of the spacecraft [Smith et al., 2001]. The
primary goal of MOLA was to achieve a global digital terrain model (DTM) of
Mars.
The instrument operates within a wavelength of 1,064 µm and measures the dis-

tance between the spacecraft and the Martian surface with an infrared laser pulse.
Vertical resolutions of 30 meters on an absolute scale and up to 2 meters on a rel-
ative scale have been obtained [Smith et al., 2001]. Single MOLA tracks provide
topographic pro�les along the track direction. All individual MOLA tracks can be
merged together by using the Mission Experiment Gridded Data Record (MEGDR)
to form a global map with a resolution of 128 pix/degree in mid-latitudes and up
to 256 pix/degree in polar regions [Smith et al., 2001]. The accuracy of the DTM
in regions of interest can be improved further, including the topographic point data
of single MOLA tracks, by using the Precision Experiment Data Records (PEDR)
[Smith et al., 2001].
Within two years of the mission approximately 588 million individual topographic

measurements were made. MOLA achieved global coverage and provides a basis for
processing of other image data (Fig. 3.5).
The data are available as 30 quadrangle maps covering the entire planet. The im-

ages are already converted from the Planetary Data System (PDS) format to VICAR
�les to simplify further processing. The processed terrain model can be imported
into GIS environments and used for studies in geophysics, geology, geomorphology
and atmospheric sciences.

Figure 3.5.: Global MOLA map by using 588,000,000 MOLA PEDR ground measurements.

3.3.2. Thermal Emission Spectrometer (TES)

TES is also located on board of the Mars Global Surveyor. The purpose of this
instrument is to determine the surface composition of minerals, rocks and ices on
Mars, with focus on the polar regions. It was also gathering thermal information of
the surface and the atmosphere [Christensen et al., 2001].
TES can be divided into an interferometer, a broadband radiance sensor and a

solar re�ectance sensor. These instruments allow measuring the incoming infrared
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and visible energy. The interferometer covers wavelengths from 6 to 50 µm. The
broadband sensor operates in wavelengths ranging from 5.5 to 100 µm. The bright-
ness of the re�ected solar energy is measured by the third sensor in a wavelengths of
0.3 to 2.7 µm. TES obtains a spatial resolution of 3000 m/pix [Christensen et al.,
2001].
Within two years a total number of 206,219,475 spectra were collected. ASU was

in charge of the instrument and is managing the data release. Several global maps of
Mars have been produced by using TES data. They provide insights about mineral
composition, albedo, thermal inertia and temperature of the Martian surface.
The image data can be downloaded from PDS or directly from the ASU homepage,

where global data sets of Mars are available in various �le formats. The TES image
data provide important information for global research on Mars.

3.3.3. Thermal Emission Imaging System (THEMIS)

Mars Odyssey was launched on April 7, 2001 and arrived at Mars 7 months later,
due to the short distance between Mars and Earth at that time. The Thermal
Emission Imaging System (THEMIS) on board of this spacecraft investigates the
surface mineralogy and morphology of Mars [Christensen et al., 2004].
One part of the instrument is an imager (THEMIS-VIS). A resolution of 18 m/pix

can be achieved by using �ve color bands centered at wavelength of 0.423 µm,
0.553 µm, 0.652 µm, 0.751 µm and 0.870 µm. The thermal infrared imager (THEMIS-
IR) operates in 9 bands at wavelength of 6.62 µm, 7.88 µm, 8.56 µm, 9.30 µm,
10.11 µm, 11.03 µm, 11.78 µm, 12.58 µm and 14.96 µm. Day and night images are
available for the surface and the atmosphere with a resolution of 100 m/pix.
Until March 2013 Mars Odyssey has completed 50,000 orbits around Mars. The

instrument obtained 190,694 VIS-images and 160,178 IR-images (Fig. 3.6). The
ASU is in charge of the instrument and the data release. The data are released in
three months intervals in form of a web catalog [Facility, 2013].
Image data are processed by using ISIS routines developed by the USGS. The

radiometric calibration, mosaicking of individual images and map projecting are
conducted.

3.3.4. High Resolution Stereo Camera (HRSC)

The European Space Agency's (ESA) Mars Express mission was launched on June 2,
2003 from the Russian space Centre at Baikonur, Kazakhstan. The mission supplies
scientists with data about the geology, mineralogy and atmosphere of Mars. Seven
di�erent instruments, including a lander, are on board of the spacecraft to achieve
these mission goals. The lander was lost in December 2003. The most relevant
mission instrument for this research is the High Resolution Stereo Camera (HRSC)
[Jaumann et al., 2007, Neukum and Jaumann, 2004].
It is a multi-sensor push broom instrument with nine CCD line sensors mounted

in parallel lines operating at di�erent angles of view. The camera operates at
wavelengths ranging between 0.400-0.480 µm (blue), 0.495-0.585 µm (green), 0.585-
0.765 µm (nadir), 0.725-0.775 µm (red) and 0.915-0.995 µm (nearinfrared) [Neukum
and Jaumann, 2004]. The two stereo and photometry channels are also working
within a wavelength of 0.585-0.765 µm. A resolution up to 10 m/pix is reached.
The image arrays are usually 52x330 km in size [Neukum and Jaumann, 2004].
Additionally, a Super Resolution Channel (SRC) consisting of a CCD frame cam-
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Figure 3.6.: THEMIS- VIS coverage map including 190,694 images (data source: USGS).

era provides a resolution of 2.3 m/pix [Jaumann et al., 2007]. The main task of
the project is the generation of DTMs. Therefore, the di�erent angles of view of
the line sensors are essential. The two stereo and photometry channels and the
nadir channel are used to obtain stereo data of the Martian surface. A resolution of
200 m/pix is achieved for each HRSC orbit by using standardized processes [Scholten
et al., 2005]. Additional orientation data can improve the resolution of DTMs up to
50 m/pix [Jaumann et al., 2007].
In March 2014 orbit number 12.954 was surveyed. These data represent the level-

4p images and are only available within the HRSC-team. The released level-4 data
reach to orbit number 6509 and represent 40% of the surface (Fig. 3.7).
These data are pre-processed and orthorecti�ed by using HRSC- speci�c VICAR

routines done by DLR and the Free University of Berlin. Detailed information about
the processing of HRSC images is discussed and described in Gwinner et al. [2005]
and Scholten et al. [2005].

3.3.5. Context Camera (CTX)

The Mars Reconnaissance Orbiter (MRO) is an American space mission, operated
by NASA. It was launched on August 12, 2005. The spacecraft is designed to
investigate the habitability for life on Mars. Evidence of stable water on the surface
in the Martian past is searched. Relevant mission instruments include the Context
Camera (CTX) [Malin et al., 2007].
The camera has a �eld of view of 5.7 degrees and provides an image swath of

approximately 30x160 km [Malin et al., 2007]. The spatial resolution from the
mapping orbit at an altitude of 300 km is 6 m/pixel. The CCD line sensor includes
5064 pixels and images are taken in a wavelength between 0.500 µm and 0.700 µm.
About 75% of the Martian surface are covered (Fig. 3.8) at 6 m/pixel in April 2012

[Malin Space Science Systems, 2013]. CTX raw data are published within the Mars
Orbital Data Explorer (ODE) of the Planetary Data System (PDS) [University,
2013].
They are processed using the software script CTXcy, developed by the DLR.
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Figure 3.7.: HRSC coverage map up to March 201 and orbit number 6509 (data source:
DLR).

Routines within ISIS for the projection, VICAR to mosaic the individual images
and GDAL to convert it into JP2000 were used. The �nal image format can be
imported to a GIS.

Figure 3.8.: CTX coverage map (data source: NASA).





4 Floor-Fractured Craters (FFCs) 29

4. Floor-Fractured Craters (FFCs)

In this chapter Floor-Fractured Craters are introduced in terms of discovery, re-
search, and origin processes. They represent a surface feature that can be analyzed
by automated tools.

4.1. Why Select FFCs?

Impact craters are ubiquitous throughout the solar system. As such, they are an
ideal surface feature for which to compare planetary bodies. Floor Fractured Craters
(FFCs) represent just one type of impact crater. However, these craters are charac-
terized by the distinct appearance of their �oors, which exhibit fractures, mesas, and
knobs. The diverse set of surface features associated with FFCs provides the perfect
data to develop semi-automated tools for planet-wide analysis. Approximately 400
FFCs have been identi�ed on Mars [Bamberg et al., 2014, Korteniemi, 2003, Korte-
niemi et al., 2006]. This quantity of FFCs is adequate for developing a database and
conducting qualitative analyses with semi-automated tools. The global distribution
of FFCs is dispersed amongst many di�erent environments on Mars. Thus various
processes may be involved in forming the fractured �oors in FFCs. In fact, there
are thought to be six main origin types for FFCs on Mars [Bamberg et al., 2014].
The semi-automated tools can be adapted to provide additional information to aid
researchers in determining the origin of FFCs (and perhaps other types of craters)
on a global scale. FFCs are also present on the Moon [Schultz, 1976]. Consequently,
semi-automated analysis on Martian FFCs can be compared to analyses of Lunar
FFCs. Before tools may be developed and adapted, the intricacies of FFCs (e.g.
the theories of the origin of fractures, the surface features that indicate potential
origins) must �rst be understood so that the tools have information to operate on.

4.2. Discovery and Research of FFCs

FFCs were �rst observed on the Moon in the 1970s. Schultz [1976] investigated
the distribution of 206 FFCs on the Moon and classi�ed these structures into six
di�erent types according to their appearance and amount of fracturing. Lunar FFCs
usually occur near basaltic maria and therefore, may have a volcanic origin.
Research on the global distribution of FFCs on Mars has been performed by using

Viking and MOLA data [Korteniemi, 2003, Korteniemi et al., 2006]. The presence
of ice in the subsurface and past existence of liquid water on the surface of Mars
might have been responsible for the formation of fractures in certain regions on
Mars [Andrews-Hanna and Phillips, 2007, Burr et al., 2002, Carr, 1996, Cli�ord,
1993, Leask et al., 2007, Manker and Johnson, 1982, Pedersen and Head, 2011,
Rodriguez et al., 2005, Russell and Head, 2007, Sato et al., 2010, Schumacher and
Zegers, 2011, Sharp, 1973, Zegers et al., 2010]. The origin of FFCs is still under
debate. At least six di�erent origins for the fracturing of the crater �oors have been
discussed, including glacial [Hiesinger and Head, 2000, Morris and Underwood, 1978,
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Pechmann, 1980], �uvial [Sato et al., 2010, Zegers et al., 2010], volcanic [Brennan,
1975, Jozwiak et al., 2012, Schultz, 1976, Wichman and Schultz, 1996] and tectonic
activity [Hanna and Phillips, 2006, Smrekar et al., 2004]. The morphology within
the FFCs di�ers markedly. Fractures, knobs, depressions, linear features, volcanic
units, channels, and central peaks can be observed within and around FFCs. For
each model of origin, certain surface features should be (or should not be) present.
Therefore, some surface features strengthen or weaken the origin models, giving
hints for the possible origin process.

4.3. Possible Formation Processes

Based on previous research [Bamberg et al., 2014] di�erent scenarios for the forma-
tion of FFCs are considered and described.

4.3.1. Intrusive Volcanism

FFCs on the Moon are correlated with intrusive volcanism, as indicated by their
distribution along the basaltic mare basin margins [Brennan, 1975, Jozwiak et al.,
2012, Schultz, 1976, Wichman and Schultz, 1996]. The driving pressure of the intru-
sion and the crustal thickness are the most important, as well as the limiting factors
for intrusive volcanism. Therefore, uplift and fracturing of crater �oors are also
controlled by these factors. Two formation processes have been discussed for Lunar
FFCs. (1) Floor uplift due to shallow magmatic intrusion including sill formation
and (2) thermally driven viscous relaxation [Brennan, 1975, Schultz, 1976, Wichman
and Schultz, 1996]. The �rst model of magmatic intrusion (Fig. 4.1) appears to best
explain the origin of FFCs on the Moon [Jozwiak et al., 2012].
Craters that are located close to volcanic areas on Mars could have a similar origin

to FFCs on the Moon. Impacts lead to a reduction of crustal thickness beneath the
crater. Furthermore, a zone of weakness is developed by the pressure and force of
the impact [Melosh, 1989]. Magma could easily rise through this zone, which would
explain the preferentially fractured crater �oors rather than fractured surrounding
units. Rising magma can uplift the crater �oor by developing a sill or a laccolith
like structure in the subsurface. A sill is a horizontal sheet of igneous rock intruded
between di�erent rock layers. A laccolith is a dome-shaped body of igneous rocks
formed by intrusion of magma and forcing the overlying material into a dome shape
[Press et al., 2003] and fracturing of the crater �oor due to the uplift. Lava tubes,
volcanic pits, wrinkle ridges in lava sheets, and uplift of the crater �oor are features
of a volcanically in�uenced region.

4.3.2. Subsurface Ice

A possible formation model of chaotic terrains on Mars considers the melting of
subsurface ice reservoirs. This model is supported by various studies [Burr et al.,
2002, Carr, 1996, Leask et al., 2007, Manker and Johnson, 1982, Pedersen and Head,
2011, Rodriguez et al., 2005, Sato et al., 2010, Sharp, 1973]. This hypothesis has been
applied to Aram Chaos [Massé et al., 2008, Zegers et al., 2010]. A subsurface ice layer
melts according to the overburden material, resulting in increased temperature and
pressure (Fig. 4.2). A thick layer of overburden material is essential for an insulating
e�ect. In order to melt a subsurface ice layer the combined total thickness of the
overburden material and the ice layer needs to be 3.5- 4.0 km [Schumacher and
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Figure 4.1.: Model of intrusive volcanism. The magma can form sills, dikes, or laccoliths.
It can enter the crater and partially or totally �ll the �oor. These processes
will uplift and crack the crater �oor. This event could be repeated several
times, depending on the volcanic activity of the area and driving pressure of
the intrusion itself [Schultz, 1976].

Zegers, 2011]. Furthermore, Schumacher and Zegers [2011] calculated the minimum
thickness of the ice layer to be 1.5 km and the maximum thickness up to 2.5 km. If
the ice layer or overburden material is too thin, partial melting occurs. The crater
�oor will be stable until a critical mass of melt triggers out�ow [Schumacher and
Zegers, 2011]. However, partial melts can refreeze easily, but no evidence for this
process is visible in FFCs on Mars. Volcanic activity would have an in�uence on
subsurface temperatures. Melting in a thin ice-layer can be produced by inducted
volcanic heat. Floor fracturing can also occur by the presence of water-rich or ice-
rich sediments. A high porosity in�lling, consisting of eroded materials and volcanic
ash, can contain a large quantity of ice particles. Melting of these particles decreases
the pore pressure at the surface and the layer collapses, depending on the cohesion
of the material. Most of the water would evaporate, but could also produce an
out�ow depending on the amount of stored ice. The collapse of the layers will result
in a chaotic distribution of the fractured surface. The surface exhibits irregular
elevations and knobs can be shifted, tilted, and moved by the out�owing water, as
observed in parts of Aram Chaos [Zegers et al., 2010]. The withdrawal in subsurface
ice will also lead to polygonal fracturing of surface units without chaotic orientation
of the knobs as shown by Massé et al. [2008].

4.3.3. Groundwater Migration

The formation of out�ow channels and chaotic terrains on Mars are linked to re-
gional or global aquifer systems [Andrews-Hanna and Phillips, 2007, Carr, 1996,
Cli�ord, 1993, Russell and Head, 2007] and could also be an explanation for FFC
formation. Earth �ssuring and internal erosion, so-called seepage or piping, are the
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Figure 4.2.: Model of a subsurface ice-rich layer. The model was developed to explain the
formation of chaotic terrains on Mars. This model can also work for large
FFCs [Schumacher and Zegers, 2011, Zegers et al., 2010]. The subsurface
ice layer melts due to the pressure of the overburden Material. This leads to
instability and potential fracturing of the crater �oor.

two main processes, triggered by an active water drainage system in the late Hes-
perian in the Xanthe Terra region [Sato et al., 2010]. Earth �ssuring is thought
to be caused by a rapid drop of the groundwater table [Budhu, 2008, Holzer and
Pampeyan, 1981, Sheng et al., 2003]. Seepage and piping occur when the hydraulic
gradient in the groundwater reaches a critical value. The �owing water starts to
erode and transport soil particles, resulting in the formation of subsurface drainage
[Watson and Burnett, 1993]. These processes are linked to the rapid �ow velocity
of groundwater, which could be explained by the steep slopes in some regions along
the Martian dichotomy boundary [Craddock and Howard, 2002, Parker et al., 1993,
1989] and out�ow channels (Fig. 4.3).
Topographic observations supporting this model are large crater diameters, deeper

fractures than the original crater cavity, inconsistency in the thickness of crater
in�lling. The crater in�lling preferentially fractures along the rim due to structural
weakness and �ow of groundwater. The fracturing is an ongoing process, developing
toward the crater center. The degree of crater modi�cation in the form of fracturing
will vary depending on the aquifer system and the number of recharge and out�ow
events. Tilted blocks are seen as evidence for inhomogeneous collapse inside the
crater. Pit chains are interpreted as the initial stages of Earth �ssuring [Sato et al.,
2010].

4.3.4. Rayleigh Convection

Rayleigh convection is a type of near-surface tensile stress that can result in the
development of polygonal terrain. This density-driven, free convection is a model
suggested by Wenrich and Christensen [1993] and is often used to explain large-
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Figure 4.3.: Model of groundwater migration. A con�ned aquifer and �owing water in
the subsurface lead to seepage and piping in the crater �lling. Fractures are
developed and widened with time. The �uvial activity is not only responsible
for weathering and erosion but for the fracturing itself [Sato et al., 2010].

scale polygons on Mars. A saturated sediment layer must be deposited on top of
a permafrost layer. The sediment layer begins heating up from the upper surface
through solar radiation. Due to the density di�erence between the warm surface
water (277K) and the cold subsurface water (273K), the surface water sinks and
Rayleigh convection initiates [Wenrich and Christensen, 1993]. Density-driven con-
vection can only initiate with a stable temperature di�erence. Numerous convection
cells are formed by this process, with the size of the cells determining the size of
polygons (Fig. 4.4). Additionally, buried topography has an in�uence on the size of
the polygons [Cooke et al., 2011]. Large scale polygons have been observed in the
Martian lowlands that have an average size of 5 km [Cooke et al., 2011, Gasselt,
2007, Hiesinger and Head, 2000, Lane and Christensen, 2000]. A convecting layer
between 1,100 and 1,500 m in thickness is necessary to form 5 km polygons on Mars
[Lane and Christensen, 2000]. These large scale polygons can be formed near the
equator up to ± 40◦ latitude [Luchitta, 1983]. Impact craters can serve as natural
sinks and consequently, water concentration points. Therefore, the Rayleigh con-
vection model is reasonable inside craters re�lled by ice-rich or water-rich materials.
These craters are most likely present in the lowest elevation areas in the Martian
lowlands [Hiesinger and Head, 2000, Lane and Christensen, 2000], because of the
enrichment of water in the subsurface. Once fractures have been developed, ero-
sional processes, most likely involving wind or water, will enlarge them. However,
for this model the fractures would be distributed regularly within the entire crater,
assuming a homogeneous crater in�lling.

4.3.5. Deep-Water Fault Systems

Deep-water fault systems are another type or near-surface tensile stress. Large scale
polygons can be developed in deep-water (Fig. 4.5). On Earth, polygon systems
occur in �ne grained sediments, within a water depth >500 m and at shallow burial
depths [Cartwright et al., 2003]. These show similarities to Martian systems and
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Figure 4.4.: Model of density-driven convection cells. This model has been used to explain
large scale polygons on the Martian surface [Wenrich and Christensen, 1993].

might provide another possible formation mechanism for polygon systems on Mars.
An average polygon thickness of 500 m and a size up to 3 km can be reached on
Earth [Moscardelli et al., 2012]. Based on the geomorphologic similarities between
large-scale polygons on Earth and on Mars, the model of polygons developing in
deep-water (>500 m) in the Martian lowlands was suggested by Moscardelli et al.
[2012]. For this type of fracturing, a crater needs to be �lled with at least 500 m of
water.

4.3.6. Tectonics

Several tectonic fractures are located close to the dichotomy boundary of Mars.
These features are often parallel to the boundary itself [Smrekar et al., 2004]. Frac-
tures are visible in the craters and in the surrounding area (Fig. 4.6). Crater �oors
are areas of weakness, so fracturing due to tectonics will preferentially occur there
[Melosh, 1989]. The large scale of the fractures is easily explained by tectonics. In
the case of an ice-rich subsurface, out�ows form by tectonic pressurization. Fault
movement puts the subsurface drainage under pressure and therefore, leads to out-
�ow events [Hanna and Phillips, 2006].

4.4. Importance of FFCs

The understanding of surface processes in the Martian history is limited. Impact
cratering is a process which can be found on every planetary body in our solar system
and therefore, is of high importance for the understanding of surface processes.
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Figure 4.5.: Model of deep-water fault systems. This model is used to explain large scale
polygons in the Martian lowlands with a minimum water depth of 500 m
[Moscardelli et al., 2012].

Figure 4.6.: The model for the origin of FFCs due to large scale tectonic systems. Graben
systems dissect impact craters and trigger further fracturing within the craters.
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The research about FFCs will help to gain a better understanding of the spa-
tial distribution of craters on Mars and the involved processes in FFC formation
and evolution. Finding these craters on Mars and identifying di�erent formation
processes will improve our knowledge of geologic processes within Martian history.
Since water might be involved in the origin of particular FFCs on Mars, these craters
could also be important as potentially habitable sites correlated with volcanic, �u-
vial, and hydrothermal activity. Impact craters are considered to be essential for the
development of life on planetary bodies [Lammer et al., 2009, McKay and Marinova,
2001]. On Mars, impact craters can operate as closed environments in the form of
paleolakes, which would build habitable zones and likely support the development
of life.
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5. Manual Crater Analysis

I analyzed two distinct FFCs and used them as a case study [Bamberg et al., 2014].
They are located in di�erent environments on Mars, resulting in di�erent surface
features on the interior and exterior of each crater. Features were analyzed and in-
terpreted to describe the geologic setting and the crater morphology. From these, a
geologic map and geologic pro�le were developed for each crater. Measurements, cal-
culations, and crater counting also provide further information on the stratigraphy
and ages for surface units.

5.1. Data and Software used for Crater Analysis

Data from the Mars Express (MEX) High Resolution Stereo Camera (HRSC), the
Mars Reconnaissance Orbiter (MRO) Context Camera (CTX), the Mars Odyssey
(MO) Thermal Emission Imaging System (THEMIS), and the Mars Global Surveyor
(MGS) Mars Orbiter Laser Altimeter (MOLA) were used.
The HRSC camera has a resolution of 12.5 m/pix for Nadir observations, 75 m/pix

lateral and 11 m/pix vertical for digital elevation models [Gwinner et al., 2010, Jau-
mann et al., 2007, Neukum and Jaumann, 2004, Scholten et al., 2005]. Digital Ter-
rain Models (DTMs) and Nadir images are used to analyze the surface morphologies
of both craters. These data are also used to generate geologic cross sections, as well
as slope maps of both craters. CTX images, with a resolution of 6 m/pix [Malin
et al., 2007], are available within the investigation area. Nighttime images from
THEMIS with a resolution of 100 m/pix are used to analyze the thermal infrared
brightness of surface materials [Christensen et al., 2004].
The geoinformation system ArcGIS 10.0 from ESRI is used for geologic mapping.

The geoscienti�c analysis includes slope, elevation, object size, crater diameter, and
crater depth measurements, as well as interpretation of lengths and orientation of
linear features. Based on these data, topographic cross-sections of the craters are
developed [Bamberg et al., 2014] and provide important stratigraphic information.
Rose diagrams using the Generic Mapping Tool, psrose [Wessel and Smith, 2013]
were produced, for further analysis of linear features. The orientation patterns of
those features are indicators for speci�c geologic processes (e.g. tectonics). Detailed
observations are needed to analyze the processes involved in their formation and to
classify the craters according to their origins. To identify the age of di�erent sur-
face units crater size frequency distribution (CSFD) measurements are performed
[Hartmann et al., 1981, Hartmann and Neukum, 2001, Ivanov, 2001, Neukum, 1983,
Neukum and Ivanov, 1994]. In this work the CraterTools software extending Ar-
cGIS for counting and measuring craters [Kneissl et al., 2011], and Craterstats2 for
analyzing the CSFD data are used [Michael and Neukum, 2010].
To constrain the formation periods of the fracture networks bu�ered crater counts

(BCC) using a method similar to that described in Fassett and Head [2008] were
conducted. The formation time of the fractures is dated by considering craters
that formed in the vicinity, superposing the fracture wall either directly or with
their ejecta. This is necessary because the surface area of the fracture �oors is
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small, and they are likely to have been resurfaced by mass wasting from the fracture
escarpments. The e�ective counting area is increased by a bu�er zone that represents
the area where impacts superpose fractures. The width of the bu�er zone depends
on the size of the crater and the expected extent of that crater's continuous ejecta
deposit. The extent of the ejecta is estimated as a multiple of the crater radius,
based on the local observations [Kneissl and Michael, 2013].

5.2. Observations of Crater A

5.2.1. Geologic Setting and Crater Morphology

The �rst investigation area is located north of Syrtis Major and in the eastern
part of Arabia Terra. The area ranges from 25◦ to 39◦N and from 54.5◦ to 76◦E.
This area is of major interest because there are several FFCs in the region. Also,
CTX and HRSC have complete spatial coverage of these craters and provide a solid
database for geoscienti�c analysis. The region reveals various types of surface fea-
tures including: layered materials [Malin and Edgett, 2000], �uvial channels [Sharp
and Malin, 1975], relief inversion [Fassett and Head, 2007], mesas [Carr, 2006], lin-
ear features, avalanches [Carr, 2006], �oor fracturing, fretted terrain [McGill, 2002,
Sharp and Malin, 1975, Sharp, 1973], mass wasting landforms, and patterned ground
[Carr, 2006]. In Arabia Terra linear escarpments parallel to the dichotomy bound-
ary indicate fault scarps [Carr, 2006]. These features suggest that glacial, tectonic,
aeolian, �uvial, and hydrothermal processes played a role in modifying the land-
scape [Andrews-Hanna et al., 2010, Dohm et al., 2007, Edgett and Malin, 2002,
Fairén et al., 2003, Greeley and Guest, 1987, McGill, 2002, Morgenstern et al., 2007,
Tanaka, 1986]. The terrain is characterized by a layered mantling unit and inverted
relief. Etched terrain pervades the area. The mantling unit was deposited in the
late Noachian or early Hesperian [Fassett and Head, 2007] and likely consists of vol-
canic ash, originating from Syrtis Major in the south. Weathering and removing of
the mantling unit occurred at the Noachian-Hesperian boundary [Fassett and Head,
2007]. The Arabia Terra region is a distinct center of tectonic activity [Anderson
et al., 2008], has a high crater density consisting mostly of Noachian materials [Bar-
low, 1988, Greeley and Guest, 1987, Tanaka, 1986], and has the greatest extent of
well-developed fretted terrain on Mars [Carr, 2006, Scott et al., 1995, Sharp, 1973].
Furthermore, large out�ow channels [Scott et al., 1995] and high concentrations of
multiple layer ejecta and central pit impact craters are present. These are indicative
of large quantities of volatile rich material [Barlow and Perez, 2003]. Thus, water
likely played an important role in the formation and evolution of the surface in
Arabia Terra [Dohm et al., 2007, Rodriguez et al., 2005].
The �rst crater I analyzed (Crater A) is located west of the Nili Fossae region

near the dichotomy boundary (29.3◦N, 70.4◦E) (Fig. 5.1). The impact occurred in
highly eroded Noachian- Hesperian basement rock and has a diameter of 90 km.
The crater �oor is highly dissected and split up into several knobs, ranging in size
from a few meters to 10s of kilometers. The mean size of these knobs is (wK) is
1320 m (Fig. 5.2 A,B and 5.3). They appear to be distributed randomly inside the
crater.
The knobs in the eastern part of the crater are, on average, 400 m higher than the

knobs in the west. The surface of the western knobs is highly eroded, visible in the
inverted terrain (Fig. 5.2 B ). Terrain inversion was also identi�ed on the basement
material and on the knobs. This process can occur when former depressions are �lled
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Figure 5.1.: Geologic map and cross-section AA' of Crater A. CTX data are used for the
mapping. The elevation pro�le is obtained from HRSC DTMs.
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Figure 5.3.: Sketch of an example FFC and the observed and calculated crater morphology.
The white arrows show depth measurements, the black arrows display widths
and size measurements. The properties (Depth of Knobs, Crater Diameter,
Thickness of In�lling, etc.) indicate important characteristics of FFCs. The
craters can be compared based on the measured and calculated values.

by material that is more resistant to weathering than the surroundings. Possible
in�lling processes are �uid mixing during groundwater �ow, hydrothermal activity,
evaporation and sublimation of surface water [Pain et al., 2007]. In Arabia Terra
the overlaying mantling unit must have been more resistant than the surrounding
units or protected by other materials, leading to the terrain inversion. The most
reasonable mechanism for creating large areas of inverted terrain is aeolian weather-
ing [Fassett and Head, 2007]. Terrain inversion in Arabia Terra could also have been
formed by sublimation of ice particles in the subsurface, conductive volume loss, and
collapse of material as proposed by Fassett and Head [2007]. The knobs evolved from
layered materials and terraces, suggesting sedimentation and deposition of material.
47 mesas are observed on the knobs in the crater (Fig. 5.1). They represent the

topmost layer of the knobs and, therefore, the maximal in�lling height of the crater
(Fig. 5.2 B,E,F).
The topographic cross-section of Crater A extends from NE to SW through the

crater. The geologic map and cross-section of Crater A suggest a high level of erosion
(Fig. 5.1).
In the eroded regions on the knobs, patterned and linear ridges are observed

(Fig. 5.2 C,D). The orientations of small-scale linear features on the knobs and in
the Noachian basement material are presented in a rose diagram (Fig. 5.4 A). The
linear features in the crater are widespread and do not show a preferred orientation
trend. The rose diagrams for single knobs do not show any preferred orientations
either. These features are only observed within inverted terrain, therefore, it is likely
that linear ridges are inverted as well. Some ridges form patterned structures. The
ridges are very thin, so their heights are not measurable within the available DTM
resolution. 477 ridges inside the crater were counted. The mean length is approxi-
mately 420 m (min = 47 m and max = 7,347 m). The rose diagrams indicate that
linear features outside the crater have orientation trends toward the northwest and
southeast, following the tectonic structures and orientations of the fretted terrain
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Figure 5.4.: Fault orientations within Crater A (A) and outside Crater A (B). Directions
are measured in a local conformal map projection using the start and end point
of each fault. Results are weighted linearly by the lengths of the faults.

close to the dichotomy boundary (Fig. 5.4 B).
The material separating the knobs is characterized by �ow features and has a very

smooth surface, indicating modi�cation by �uvial processes (Fig. 5.2 G). Widening
of the fractures could have also occurred by �uvial activity. Supporting this obser-
vation, channels lead into the crater in the southwest and run through the crater,
connecting it to the lowlands in the northeast (Fig. 5.2 H). The knobs are further
de�ned by the presence of layering. Terraces at di�erent elevations within the crater
are also present. These could form in several ways. The withdrawal of magma was
suggested as a possible origin for terraces [Leverington and Maxwell, 2004]. The
terraces may be remnants of a former level �oor that almost eroded away as a result
of a lowering of out�ow channels. Concentric rings surrounding the knobs may also
indicate successive shorelines or stages of removal of crater �ll [Carr, 2006]. The
knobs are not tilted, as shown in the geologic mapping (Fig. 5.1). The layering ap-
pears to be horizontal (Fig. 5.2 E). Several avalanches are located on the northern
�anks of the knobs. These are likely due to steep slopes as well as the composition of
the �anks and the material (Fig. 5.2 F). The avalanches �ow between the knobs and
partially in�ll the fractures. These large scale fractures have an average width (wF )
of 4000 m and an average depth (dF ) of 322 m. The main fracture is the deepest
and extends from the channels in the southwest toward the northeastern channel
(Fig. 5.5).
Dunes and dust cover about 15 % of the �oor in the northwestern portion of the

crater as well as within the fractures.

5.2.2. Measurements

The post-modi�cation crater depth can be estimated for craters with a diameter
ranging from 7 to 100 km by using the equation:

dr = 0.357 ·D0.52 (5.1)

where dr is the crater depth from the rim crest and D is the rim crest diameter,
both measured in kilometers [Tornabene et al., 2013]. The knob depth (dK) is the
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Figure 5.5.: HRSC DTM superposed by a mosaic of HRSC images with a 75 m/pixel lateral
and 10 m/pixel vertical resolution of Crater A. Boxes show location of detailed
view at Fig. 5.2.

height di�erence between the crater rim and the average knob elevation (obtained
from DTM elevations). The fracture depth (dF ) is the di�erence between the average
knob depth and the average measured incision depth of the fractures. The observed
crater depth (dOb) is the average of the knob depth (dK) and the fracture depth
(dF ). To calculate the thickness of the in�lling (tI) the post-modi�cation crater
depth is subtracted by the knob depth (dK):

tI = dr − dK (5.2)

.
tI represents the highest amount of in�lling. The calculated and observed crater

features are presented in Tab. 5.1 and Fig. 5.3.

5.2.3. Crater Size Frequency Distribution

I counted craters to determine the chronology of geologic events in the Arabia Terra
region. Unfortunately, this area is highly eroded due to �uvial, glacial, and aeolian
processes. Highly sloped regions were excluded from the crater counting.
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Feature Type Crater A
Crater diameter D O 90 km

Post-modi�cation crater depth dr C 3,706 m
Crater depth dOb O 726 m
Depth of knobs dK O 645 m

Depth of fractures dF O 322 m
Thickness of in�lling tI C 2,980 m
Central peak height hcp C -

Table 5.1.: Overview of important depth values of Crater A. The types are divided into
Observation (O) and Calculation (C).

Figure 5.6.: I used Craterstats2 to analyze the crater counts.(A)-(C) show ages for surface
units located inside Crater A.

The basement terrain of Crater A was dated to 4.06 Ga and is of Noachian age
(Fig. 5.6 A), which matches the ages obtained by Fassett and Head [2007].
The crater counting for the knob unit shows a gentle slope, revealing a high degree

of weathering and erosion (Fig. 5.6 B). Inverted and fretted terrain in�uence the
crater counting, since these types of terrain typically remove small impact craters
when forming. All knobs comprise the counting area and were dated to 3.80 Ga.
Obtaining an age for the �oor of the fractures is di�cult due to small channels,

steep slopes, �ow features, and dune and dust deposits. Small impact craters (d
<400 m) are modi�ed or covered. However, based on 7 craters, a crater �oor age of
3.39 Ga was determined (Fig. 5.6 C).
BCC for the fractures of crater A was not feasible, due to the high level of erosion

of impact craters on the knobs.

5.3. Observation of Crater Lipany

5.3.1. Geologic Setting and Crater Morphology

FFCs also occur in areas where indicators for �uvial activity are absent. The second
crater I analyzed is Crater Lipany. It is 47 km in diameter and located south of Syr-
tis Major (-0.2◦N, 79.7◦E) (Fig. 5.7). Syrtis Major was volcanically active during all
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periods of the Martian history, as shown by surface ages obtained from CSFD mea-
surements [Jodlowski et al., 2012]. The impact that created Crater Lipany occurred
in Noachian-Hesperian basement rocks [Jaumann et al., 2010]. Volcanic plains, orig-
inating from the volcanic region, are found at the western and southern �anks of
the crater (Fig. 5.8 A). Thermal infrared (6.78 - 14.9 µm) nighttime observations
(acquired from THEMIS) (Fig. 5.8 A) indicate that these plains, along with other
lava sheets outside the crater, have thermal brightness values that are similar to
the crater in�lling [Jaumann et al., 2010]. The ejecta blanket is still visible along
the northwestern rim of the crater. This suggests that Crater Lipany has lower
weathering rates, or is younger in age, than Crater A.
The Crater is �lled with materials that make up two distinct surface units. The

�rst unit exhibits knobs with sharp escarpments that are separated by a radial
fracturing system around the central peak (Fig. 5.8 B). Steep slopes lead to mass
wasting and downslope movement, which in�lled the fractures. Additionally, dust
and dunes are located along the fractures and cover ∼14 % of the total crater
�oor (Fig. 5.8 C). Nevertheless, depressions are visible along the fracturing system
(Fig. 5.8 D). The second unit is is highly structured by secondary impact craters in
the form of crater chains and �elds (Fig. 5.8 E). It is in�lls the crater and borders the
knobs (Fig. 5.8 F). This unit has the same infrared radiances and surface structure
as the volcanic plains surrounding the crater (Fig. 5.8 A).
The size of the knobs varies from tens of meters to few kilometers, with a mean

size of 620 m. They are separated from each other by a mean distance of 1,230 m.
Individual knobs resemble �puzzle pieces� that, when �t together, build up one
continuous surface unit. This suggests that the surface unit was connected before
fracturing began. The elevation of knobs inside the crater di�ers, maximally, by
500 m (Fig. 5.9 and 5.7). The knobs are displaced upward near the central peak of
the crater where the in�lling increases in elevation. This also occurs near the crater
rim, suggesting processes occurred in the subsurface after deposition of material
(Fig. 5.9 and 5.7). Wrinkle ridges are present in the volcanic units outside and
inside the crater. These developed by the cooling and contraction of material. The
di�erence in size of the surface features between Crater A and Crater Lipany is
likely due to the smaller diameter of Crater Lipany as well as the, presumably, lower
degree of weathering and/or younger age of Crater Lipany. As a result, fractures
are neither widened nor rounded by �uvial processes in this crater (Fig. 5.7).

5.3.2. Measurements

Crater depth and in�lling are shown in Tab. 5.2 and Fig. 5.3.
Remnants of the central peak are visible in the center of the crater. The maximum

central peak height after formation is calculated by the equation of Garvin et al.
[2003]:

hcp = 0.04 ·D0.51 (5.3)

A peak height of 0.285 km is calculated for Crater Lipany. The observed mean
height is 0.395 km and therefore, about 1.3 times higher than expected.

5.3.3. Crater Size Frequency Distribution

Relative ages of the di�erent surface units can be obtained by using the principles
of superposition. However, crater counting was conducted to obtain more precise
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Figure 5.7.: Geologic map and cross-section BB' of Crater Lipany. CTX data are used for
the mapping. The elevation pro�le is obtained from HRSC DTMs.
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Figure 5.9.: HRSC DTM superposed by a mosaic of HRSC images with a 75 m/pixel lateral
and 10 m/pixel vertical resolution of Crater Lipany. Boxes show location of
detailed view at Fig. 5.8.

and comparable results of the surface age.
Ejecta of the impact were deposited at the northwestern edge of the crater. Crater

counting indicates an age of 3.85 Ga for the ejecta and therefore, for the impact event
itself (Fig. 5.10 A).
Six of the knobs represent the counting area for the age determination of the knob

unit. Secondary crater �elds were excluded from the crater counting (Fig. 5.8 E). The
surface unit appears to have karst-like structures, complicating the identi�cation of
impact craters. Crater counting yields ages between 2.42 Ga and 3.95 Ga. The black
isochron (Fig. 5.10 B) is adapted to the three largest craters in the counting area and
indicates the same age as the ejecta. A signi�cant number of craters follow the red
isochron (Fig. 5.10 B), yielding a younger emplacement age; resurfacing processes
may be responsible for this di�erence. Large craters are the most important for the
determination of the time of formation [Hartmann and Neukum, 2001] and are used
for the age calculation of the knob unit.
A second type of in�lling was deposited close to the crater walls and borders the

knob unit. The unit appears to be highly resurfaced by depressions (Fig. 5.8 E).
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Feature Type Crater Lipany
Crater diameter D O 47 km

Post-modi�cation crater depth dr C 2,643 m
Crater depth dOb O 669 m
Depth of knobs dK O 664 m

Depth of fractures dF O 10 m
Thickness of in�lling tI C 1,970 m
Central peak height hcp C 285 m

Table 5.2.: Overview of important depth values of Crater Lipany. The types are divided
into Observation (O) and Calculation (C).

Figure 5.10.: I used Craterstats2 to analyze the crater counts. (A)-(E) show ages for units
inside and outside of Crater Lipany. (F) shows the resulting CSFD for the
bu�ered crater counting of Crater Lipany. The ejecta blanket was assumed to
extend up to a distance of one crater diameter radially from the crater rim,
leading to a bu�er size of 1.5 crater diameter around the linear features.
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Distinguishing between pits, pseudo craters, and impact craters is di�cult, so those
areas are avoided for crater counting (Fig. 5.10 C). The countable craters indicate
a surface age of 1.63 Ga.
The age of the exterior lava unit on the south side the crater was determined to be

2.84 Ga (Fig. 5.10 D). Another lava unit in the west appears to be younger, yielding
ages of up to 1.45 Ga (Fig. 5.10 E). The measured unit ages are consistent within
the error bars with the constraints of Jaumann et al. [2010].
To obtain an age for the fracturing itself, BCC was used (Fig. 5.10 F). The larger

craters (d >1 km) indicate an age of 3.81 Ga.
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6. Databases

The crater analysis (Chapter 5) provided information about important surface fea-
tures to aid in determining the origin of the 433 FFCs found on Mars. The features
are divided into interior and exterior surface features. These surface features must
be analyzed for each FFC and the information needs to be stored within a database,
which can be used for further analysis.

6.1. Parameters for the Database

The origin of FFCs is analyzed according to observed surface features (e.g. Bam-
berg et al. [2014]). These features provide key parameters for the interpretation
of processes involved in formation and modi�cation. The interior analysis focuses
exclusively on the crater interior without spatial context. For a more complete anal-
ysis, surface features outside the crater were taken into account, as they provide
insights about the spatial context.

6.1.1. Interior Surface Features

The following surface features inside the craters were analyzed in the database
(Tab. 6.1).

Central Peak

The central peak is a mountain or set of mountains in the center of the impact. It
is usually the highest point of the crater �oor, while still being lower than the rim
crest [Melosh, 1989].

Depression

Depressions along the fracturing system are developed due to subsurface voids and
collapse of overlaying material. They can represent volcanic pits, lava tubes, or
sinkholes [Murawski and Meyer, 2004].

FFC

FFCs are characterized by the distinct appearance of their �oors, which exhibit
fractures, mesas and knobs. They represent a particular type of crater and are
found on di�erent planetary bodies [Schultz, 1976].

Filling

Craters can be �lled once or multiple times with material in the modi�cation stage,
resulting in a �at crater �oor.The �lling is dissected by the fractures.
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Fractures

Fractures are crevices that intersect the crater �oor and separate it into knobs of
di�erent size and shape. Five di�erent types of fractures have been observed. Floors
can be fractured preferentially along the rim (0). The fracturing can also start in a
speci�c part of the crater (1). Often �puzzle piece� fracturing is observed (2). The
knobs still �t together, but they are separated from each other. The crater has a
strong fracturing (3), when the knobs do not coherently �t together. The crater is
entirely fractured (4), if most of the �oor consists of separated knobs [Schultz, 1976,
Survey, 2014].

Linear Features

Linear features are ridges and polygon-like structures inside the crater, mainly on
the knobs.

Mesas

Mesas are �at-topped mountains on top of knobs within the crater. Landslides can
be found at their edges due to steep slopes [Press et al., 2003].

Terraces

Terraces are stair-like surface features. They consist of rather �at surfaces and steep
slopes that descend (ascend) to a lower (higher) part of the terrace [Survey, 2014].

Uplift

Uplifted crater �oors have increased elevation towards the center of the crater. The
knobs are often tilted and partially raised towards the center. The central peak
itself is no indicator for the uplift process. Craters with and without a central peak
can be uplifted [Melosh, 1989, Press et al., 2003].

6.1.2. Exterior Surface Features

The following features are found outside the craters and are indications for the
environment (Tab. 6.2).

Boundary Area

The global dichotomy boundary region is located between the Martian highlands and
lowlands. The boundary is de�ned by three parameters: elevation, crater density,
and crustal thickness. The dominant surface elevation of the lowlands is -4 km.
The elevation at the highlands peaks at 1.5 km. The abruptness of the elevation
change varies along the boundary (e.g. Carr [2006]). The surface elevation between
-3 and -1 km is the transition zone between the Martian highlands and lowlands
and de�ned as the boundary region (Fig. 6.1). The boundary region is only de�ned
by elevation for this research. The boundary region ranges in width from 250 km
around Isidis up to 2,500 km in Arabia Terra. In the database, craters are considered
to be in�uenced by the boundary area if they are located within this region.
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Channel

Channels are de�ned as intersections of the crater rim. They can be dendritic chan-
nels, sapping channels, out�ow channels, tectonic grabens, and/or volcanic �ows.

Chaotic & Fretted Terrain Region

Chaotic terrains are areas de�ned by fractures and knobs. The knobs appear arc-
shaped, tilted, and jumbled with respect to one another. The formation process
involves collapse of material induced by removal of ice and water in the subsurface
[Sharp, 1973, Zegers et al., 2010]. Large out�ow channels and �uvial landforms
originating from chaotic terrains support this hypothesis. A list of chaotic terrain
regions is available by the International Astronomical Union (IAU). Fretted terrains
are de�ned by Sharp [1973]. They show steep-walled and �at-topped upland rem-
nants and fractures separating those units. These terrains formed likely due to water
or ice on the surface and in the subsurface and subsequent collapse of material [Carr,
2006]. Chaotic and fretted terrains are shown in Fig. 6.2. In the database craters are
considered to be in�uenced by chaotic or fretted terrain if they are located within
the region of their occurrence.

Ejecta

Ejecta is material that was ejected during the formation of an impact crater. Buried
material is deposited around the crater in inverted stratigraphic order, due to the
excavation [Melosh, 1989, Murawski and Meyer, 2004].

Fluvial

The environment is considered �uvial [Murawski and Meyer, 2004] if out�ow chan-
nels [Carr, 1996], gullies [Malin and Edgett, 2000], valley networks [Carr, 2006],
�ooding areas [Burr et al., 2002], dendritic systems, or �uvial channels can be found
in the area surrounding the crater.

Glacial

Indicators for a glacial [Murawski and Meyer, 2004] environment are terrain smoothen-
ing [Squyres and Carr, 1986], glaciers, lineated valley �lls and pitted terrain between
30◦ and 60◦ longitude [Carr, 2006], fretted terrain [Sharp, 1973], and small-scale
polygon fractures [Lachenbruch, 1970].

Tectonic

The surrounding of the crater is in�uenced by tectonic activity, if tectonic structures
(e.g. grabens, pit chains [Press et al., 2003]) can be found in immediate vicinity.

Tectonic Areas

Tectonic areas contain geological features like graben systems, fossae, wrinkle ridges,
and thrust faults. Coordinates for fossae on Mars are available within a database
of IAU. Large graben systems were mapped based on the mapping done by Robert
Anderson and published in Barlow [2008]. Tectonic areas are shown in Fig. 6.3. In
the database, craters are considered to be in�uenced by tectonics if they are located
directly in the tectonic area or within a distance of 100 km.
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Volcanic

A volcanic environment shows volcanoes, volcanic plains, �ows, and ridges [Mu-
rawski and Meyer, 2004, Press et al., 2003] close to the crater.

Volcanic Areas

Volcanic areas on Mars are summarized by Grott et al. [2013], that include ancient
volcanism [Xiao et al., 2012], shield volcanoes [Baratoux et al., 2009] and low shield
volcanoes [Hauber et al., 2009]. Additionally, TES basalt concentration data were
used to identify basaltic materials [Band�eld et al., 2000]. These were used as proxy
for recent volcanic events that have undergone extreme weathering. All information
was collected in a volcanic map for Mars (Fig. 6.4). In the database craters are
considered to be close to a volcanic region if they are located directly in the volcanic
area or within a distance of 100 km.

6.2. Generating the Database

The spatial resolution and coverage of image data are essential for the observations
of FFCs. This is because raw data quality directly a�ects the quality of the results.
For each surface feature the most desirable instrument for each feature is shown in
Tab. 6.1 & 6.2.
Complete spatial coverage of the surface is imperative for a global study. Here I

use THEMIS, HRSC, and CTX data. The visual images help to identify properties
of surface features. The accuracy of measurements and calculations will increase
with a higher spatial resolution of images. For very small features (<25 m), CTX
images must be utilized to acquire reliable results. This is especially true for the
interior of the craters since HRSC cannot always provide the required resolution.
DTMs are required for analyzing the crater morphology. For the automated global

research MOLA DTMs are used. To increase the quality of the results and the
traceability for the user, it is necessary to record which input data are used for each
tool (Tab. 6.1 & 6.2).
FFCs were surveyed on Mars by using THEMIS, HRSC and CTX data and were

stored within the database as polygon and point features. Each FFC automatically
received an ID, which is used as an identi�er within GISs. Additionally, a NUMBER
was assigned to every crater. The latitude (degree) and longitude (degree) of the
crater center were also stored in the attribute table. If craters were already included
in the o�cial nomenclature of Mars, the NAME and REGION were added to the
attribute table.
Observation of every crater was done manually in JMars. The feature de�nitions

were leading parameters in assigning values to every column of the table (see Chapter
7). The data were stored in the shape�le format, which is also accessible with
ArcGIS.
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Feature DB Name Values Source Example

Central
Peak

CENTRAL_PEAK 0 - no
1 - yes

THEMIS
HRSC
CTX

Depression DEPRESSION 0 - no
1 - yes

CTX

FFC FFC 0 - no
1 - yes

THEMIS
HRSC
CTX

Filling FILLED 0 - no
1 - yes

HRSC
CTX

Fractures FRACTURING 0 - rim
1 - partial
2 - puzzle
3 - strong
4 - total

HRSC
CTX
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Feature DB Name Values Source Example

Linear
Features

LF 0 - no
1 - yes

CTX

Mesas MESAS 0 - no
1 - yes

HRSC
CTX

Terraces TERRACES 0 - no
1 - yes

CTX

Uplift UPLIFT 0 - no
1 - yes

MOLA
HRSC
DTMs

Table 6.1.: Nine surface features inside the craters are stored and analyzed in the database.
The corresponding column names in the database are listed. The values repre-
sent absence (0) or presence (1) for the surface features. The di�erent types of
fracturing are listed as numbers 0 to 4. Source indicates which image data have
been used for the analyses (MOLA, THEMIS, HRSC, CTX). The image gives
an example for each important surface feature.
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Feature DB Name Values Source Example

Boundary
Area

B_AREA 0 - no
1 - yes

DB

Channel CHANNEL 0 - no
1 - one
2 - >one

HRSC
CTX

Chaotic
& Fretted
Terrains

CF_AREA 0 - no
1 - yes

DB

Ejecta EJECTA 0 - no
1 - yes
2 - N/A

THEMIS
HRSC
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Feature DB Name Values Source Example

Fluvial FLUVIAL 0 - no
1 - yes

HRSC
CTX

Glacial GLACIAL 0 - no
1 - yes

HRSC
CTX

Tectonic TECTONIC 0 - no
1 - yes

HRSC
CTX

Tectonic
Area

TEC_AREA 0 - no
1 - yes

DB

Volcanic VOLCANIC 0 - no
1 - yes

THEMIS
HRSC
CTX
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Feature DB Name Values Source Example

Volcanic
Area

VOL_AREA 0 - no
1 - yes

DB

Table 6.2.: Ten surface features outside the crater are stored and analyzed in the database.
The corresponding column names in the database are listed. The values rep-
resent absence (0), presence (1), or lack of data and uncertainty (2) for the
surface features. Source indicates which image data (or DB for a database)
have been used for the analyses (THEMIS, HRSC, CTX). The image gives an
example for each important surface feature.
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7. Automated Tools for Analysis
of FFCs

This chapter includes the development of automated classi�cation, calculation, and
measurement tools, which are needed for the statistical analysis of FFCs. These au-
tomated tools are combined with user-based decisions, resulting in a semi-automated
geoscienti�c analysis.

7.1. Purpose

The origin of FFCs on Mars will be determined by using an automated, statistical
analysis based on an existing database.
The tools provide parameters that were obtained by de�ned geostatistical tech-

niques. Hence, the tools guarantee a consistent quality of results. This also includes
achieving reliable, comparable, and usable results, but also reducing the time and
e�ort. The analysis should be uniform for all craters to obtain comparable and
meaningful results. It should also be reproducible to perform the same analysis
multiple times in order to increase the reliability and quality of the results. Ad-
ditionally, the analysis should be faster than the qualitative analysis, in order to
achieve higher performance in analyzing large amounts of data. It should also be
applicable on a global scale, so that results for all FFCs on Mars are achieved.

7.2. Automation and User-Based Analysis

In order to perform global analyses fast, di�erent automation principles and ap-
proaches are discussed here.
Analysis and interpretation of geological and geomorphological surface features in

planetary science are often user-based only. As a result, the analysis is a subjective
view of the user and di�cult to reproduce and compare to other analyses. The pro-
cess of analyzing also consumes time, e�ort, knowledge, and workforce [O'Sullivan
and Unwin, 2010].
For these reasons, automated tools are becoming more and more important in

data analysis. At the same time, automation is not considered to be the best option
for data analysis, due to the loss of quality and potential for error [Gomarasca, 2004,
O'Sullivan and Unwin, 2010].
Semi-automation is a solution to these problems. By combining automated parts

with user-based decisions, tasks become much easier and faster, but the user is still
able to include personal expertise.
Based on this idea, I developed analytical tools for ArcGIS (Fig. 7.1). The tools

are based on de�nitions and rules for the classi�cation of FFCs. The de�nition of
important key parameters and setup of rules requires background knowledge and
hence, needs to be done by an expert. The de�nied tools do not operate auto-
matically, the user must decide which tools are the most useful on which surface
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features. Once the decision is made, the tools conduct their analyses automati-
cally and provide independent results. The tools combine user-based decisions and
knowledge with automated surface analyses. Time-consuming measurements, cal-
culations, and classi�cations are done automatically, providing a fast, comparable
and reproducible, quantitative analysis of surface morphologies. Classi�cation tools
are also used in Earth-based research (e.g. Horacio and Ollero [2011]).

Figure 7.1.: User-based and automated tasks are shown here. The input is user-based. The
user has not only to provide the database, but decide which surface feature
should be analyzed with which operation. The operation itself is automated.
This means the measurements, calculations, and classi�cations are done auto-
matically by the program. The output is also presented automatically in table
format; results and recommendations for the classi�cation are provided to the
user. The interpretation is, again, user-based. Qualitative and quantitative
analyses are used to support geoscienti�c interpretation.

7.3. Hierarchic Structure

The tools are organized in a hierarchic order and follow the principle of dependency.
There are three dependency levels. These can be seen for each tool in section
7.4. The tools are divided into classi�cations (level III), calculations (level II), and
measurements (level I).

Classi�cations

Classifying the surface morphology is the primary objective of our quantitative re-
search. The features can only be classi�ed if there are de�ned rules for classi�cation.
The tools compare the feature parameters to the required parameters for the clas-
si�cation. According to the results the features are classi�ed. The classi�cation is
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the �nal level (level III) of the quantitative analysis, because it requires information
of level I and II.

Calculations

The calculations provide more information about the surface morphology. Formulas,
based on modeling done by various researches, are used to calculate ratios and
feature parameters, which are not visible on the surface. The calculations are level
II: they provide input for level III, but also rely on level I values, which need to be
measured �rst.

Measurements

Measurements characterize the surface features and are also the basis for geoscien-
ti�c analysis. Measurements are shown with dependency level I, because they rely
on the image data, but no further information.

For a better overview measurements, calculations, and classi�cations for surface
features inside and outside the crater are separated from each other and shown in
Fig. 7.2 and 7.3. There are tools that are used both inside and outside the craters,
but there also inside-speci�c, as well as outside-speci�c, tools.

Figure 7.2.: Hierarchical structure for interior classi�cations. In order to obtain the clas-
si�cations certain calculations and measurements for the surface features are
required.
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Figure 7.3.: Hierarchical structure for exterior classi�cations. In order to obtain the clas-
si�cations certain calculations and measurements for the surface features are
required.

7.4. Tools

The developed tools are listed and important parameters are shown here. The list
contains the name of the tool and a detailed description of the purpose, usage, and
explanation of the tool. The de�nition sets the rules that the tool is based on. The
tools can be applied to certain surface features for analyzing FFCs. The input lists
the data needed for the tool. Without these data the tool cannot be run. The output
shows the results of the tools, which are stored in the database. The dependency
levels are shown for each tool and can be divided into measurements, calculations,
and classi�cations. The database name shows the abbreviation of the parameters
within the database. The source gives the reference for already existing tools or
formulas used.

7.4.1. Measurements

Diameter

Description The diameter of a surface feature is measured with this tool. It is
a simple measurement, but very important for classi�cations con-
cerning impact crater size. The crater diameter is measured based
on the polygon size. The value is stored in the attribute table.

De�nition The diameter is a straight line that passes through the center of a
circle connecting two points on the circumference. The diameter of
a crater is obtained by �tting a circular polygon to the crater rim
(Fig. 7.4). If the area (A) is known, it can be also calculated by:
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Figure 7.4.: The diameter of the impact craters are measured based on the polygon size.

D = 2 ∗
√

A
π

Applied to Impact Crater

Input Polygon

Output km

Level I

Database D (Diameter)

Source ESRI [2013]

Feature Elevation

Description This tool calculates the average feature elevation in an area by
using DTM elevations. The average elevation is a basic parameter
for other calculations, e.g. thickness and volume. It also provides
the possibility to compare features to each other. The averaged
value is stored in the database.

De�nition The average feature elevation is measured within the GIS. In the
ArcToolbox within the spatial analyst tool set a zonal statistics tool
can be found. The tool links the raster DTM to the polygon and
calculates the mean values for the elevation (Fig. 7.5).

Applied to Crater Rim, Crater Floor, Knobs, Fractures, Central Peak

Input DTM, Polygon
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Figure 7.5.: The average elevation of the crater �oor, surrounding area, crater rim, and
the fractures are measured from the DTM.

Output m

Level I

Database e�oor (Crater Floor Elevation), erim (Crater Rim Elevation)

Source ESRI [2013]

Location

Description The location of surface features is measured and shown in decimal
degree coordinates with this tool. Coordinates are used for spatial
distribution analyses. The latitude and longitude values at the
centroid of every feature are obtained and stored in the database.

De�nition Within the ArcGIS toolbox and the data management tool set. A
tool for adding xy-coordinates is available. For every feature of a
shape�le new columns containing the latitude and longitude coordi-
nates are created (Fig. 7.6). The image data must be georeferenced
to obtain the correct latitude and longitude values.

Applied to Impact Crater

Input Polygon, Point

Output Decimal Degree

Level I

Database LAT (latitude), LON (longitude)



7 Automated Tools for Analysis of FFCs 73

Figure 7.6.: The latitude and longitude are measured in decimal degree at the center of the
crater polygon.

Source ESRI [2013]

Peak & Pit

Description This tool �nds the lowest and highest point in a surface unit or
within parts of a unit. It identi�es the minimum or maximum el-
evation of the surface. Knowledge about minimum and maximum
elevation is important for the geoscienti�c analysis. The tool also
shows variations in surface elevation compared to the averaged val-
ues. The highest point can provide information about maximum
in�lling elevation. In contrast, the lowest point can give hints about
the erosion depth and deposited material. Depending on the surface
feature, the knowledge of the highest or lowest location is more im-
portant. For some features just one of the measurements will lead to
useful information. The minimum and maximum values are stored
in the database.

De�nition The highest and lowest position by raster tool is available within
the spatial analyst in the ArcToolbox. The tool will �nd the lowest
and highest value of the raster data set (Fig. 7.7). It is possible
to crop the raster image to the size of the polygon of interest and
automatically measure the highest or lowest position within.

Applied to Crater Floor, Crater Rim, Fractures, Knobs

Input DTM, Polygon

Output m
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Figure 7.7.: The maximum (peak) and minimum (pit) elevation within the crater is mea-
sured in the DTM.

Level I

Database min�oor (Minimum Crater Floor Elevation), max�oor (Maximum
Crater Floor Elevation), ...

Source ESRI [2013]

Size

Description This tool measures the area covered by a speci�c surface unit. Size
measurements are needed for various calculations and give addi-
tional information about the surface features. The area is calcu-
lated and shown in the attribute table.

De�nition The area is the space covered by the impact crater (Fig. 7.8). It is
measured within the GIS.

Applied to Impact Crater, Crater Floor, Fractures, Knobs, Channels

Input Polygon

Output km2

Level I

Database AREA

Source ESRI [2013]
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Figure 7.8.: The area that is covered by the impact crater is measured.

7.4.2. Calculations

Feature Depth

Description This tool calculates the average feature depth in an area by using
elevation values measured within the DTM. The average depth is a
basic parameter for other calculations, e.g. thickness and volume.
It also provides the possibility to compare features to each other.
The output is presented within the attribute table.

De�nition The depth of the crater �oor needs to be calculated based on ele-
vation measurements (Fig. 7.9):

dOb = erim − efloor

Applied to Crater Rim, Crater Floor, Knobs, Surrounding Area, Fractures,
Central Peak

Input erim, e�oor

Output m

Level II

Database dOb (Crater Floor Depth), ...

Source ESRI [2013]
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Figure 7.9.: The depth of surface features is calculated based on the measured surface feature
elevations.

Post-Modi�cation Crater Depth

Description This tool calculates the post-modi�cation crater depth, which is the
depth of the impact crater shortly after it was formed. This depth
can be used to analyze the crater morphology relating to erosion,
degradation, and deposition of materials inside craters. The post-
modi�cation crater depth is stored in the database for each crater.

De�nition The post-modi�cation crater depths depends on the crater diame-
ter. The transition between simple (<7 km) and complex (>7 km)
crater diameters is a key parameter for calculating the original
crater cavity (Fig. 7.10). I used the results and equations of pre-
vious research [Boyce and Garbeil, 2007, Melosh, 1989, Tornabene
et al., 2013].

The depth of a simple crater is calculated with the equation:

dr = 0.276 ∗D0.68

With complex impact craters the equation changes to:

dr = 0.357 ∗D0.52

Applied to Impact Crater

Input D

Output km

Level II

Database dr (Post-Modi�cation Crater Depth)

Source Author, Boyce and Garbeil [2007], Melosh [1989], Tornabene et al.
[2013]

Thickness

Description This tool calculates the thickness of deposited materials. In relation
with surface age, it can provide information about deposition or
erosion rates as well as surface processes that have occurred. The
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Figure 7.10.: The post-modi�cation crater depth is calculated based on the measured diam-
eter and the equations established by Tornabene et al. [2013].

tool only provides a rough estimate of the thickness of the deposited
materials. The morphologies covered by sediments in the subsurface
are not visible and, therefore, cannot be taken into account. The
values are stored within the database.

De�nition The calculation for the depth of in�lling is based on modeling by
Boyce and Garbeil [2007], Tornabene et al. [2013]. To calculate
the thickness of the in�lling, (tI), the average crater �oor height,
(dOb), is subtracted from the post-modi�cation crater depth, (dr)
(Fig. 7.11):

tI = dr − dOb

Applied to In�lling

Input dOb, dr

Output m

Level II

Database tI (Thickness of In�lling)

Source Author, Tornabene et al. [2013]

7.4.3. Classi�cations

Crater Erosion

Description This tool classi�es craters into �ve di�erent erosion types based on
the presence of �uvial erosion and the ejecta blanket. The tool helps
to identify highly eroded craters, but can also identify craters that
have undergone almost no weathering. All the required parameters
are stored in the database and they are classi�ed by an attribute
query.
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Figure 7.11.: The thickness of in�lling is calculated based on surface feature depths.

De�nition The crater erosion is based on the ejecta and �uvial erosion around
the impact crater. The research was done for two regions on Mars
by Craddock and Howard [2002] and Mangold et al. [2008]. They
introduced three types of crater erosion levels.

Strongly degraded craters are classi�ed as type I. Fluvial erosion
has weathered the crater and no ejecta blanket is present, due to
highly eroded terrain. Type II represents gently degraded craters
with a high level of �uvial erosion, but the ejecta blanket still exists.
Type III are fresh craters. There is no evidence for �uvial activity
and the ejecta blanket is un-eroded. The crater erosion levels have
been slightly adapted to �t Martian craters for global research. I
added the option of having no �uvial erosion and no ejecta blanket
and de�ned it as type IV. With missing information or uncertainties
regarding the ejecta or �uvial erosion the crater is classi�ed as type
V.

Applied to FFC

Input EJECTA, FLUVIAL

Output 1 (Type I Crater), 2 (Type II Crater), 3 (Type III Crater), 4 (Type
IV Crater), 5 (Type V Crater)

Level III

Database EROSION

Source Author, Craddock and Howard [2002], Mangold et al. [2008]

Crater Type

Description The tool shows if the craters within the database are considered
simple, complex, or multi-ring craters. The diameter is important
to conduct further analysis, e.g. Post-Modi�cation Crater Depth.

De�nition The classi�cation of impact crater sizes was done by [Melosh, 1989].
Simple craters range to a diameter of 7 km and are marked as type 1
craters in the database. Complex craters have a diameter ranging
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from 7 km to 100 km and are marked as type 2 craters. Multi-
ring complex craters are considered to have a diameter larger than
100 km and are de�ned as type 3 craters.

Applied to FFC

Input D (Diameter)

Output 1 (Simple Crater), 2 (Central Peak Complex Crater), 3 (Multi-
Ringed Complex Crater)

Level III

Database C_TYPE

Source Author, Melosh [1989]

Origin: Deep-Water Fault Systems

Description Polygonal deep-water fault systems are a possible origin for �oor
fracturing. This tool uses statistical prediction to obtain the prob-
ability of this origin model. The probability helps the user identify
the potential origin of fracturing based on operational values and
rules. For this model, a glacial and �uvial environment, including a
paleolake of at least 500 m water depth is essential. The more key
parameters are present inside and outside a crater, the higher the
index value for this origin type is. Consequently, the probability
for this origin is also higher.

De�nition Polygonal deep-water fault systems occur in the following environ-
ment: For this model a standing body of water (closed basin lake)
with a water depth >500 m is needed [Moscardelli et al., 2012]. Ter-
races support the existence of a paleolake and linear features inside
the crater show potential small scale polygons. The crater in�lling
must to be �ne grained material, which forms regularly distributed
knobs and polygonal fracturing patterns (fracturing type III, IV).

Channels intersecting the crater rim are necessary for the water
supply. Glacial and �uvial features should be found outside the
crater to support this model. A high level of erosion is also needed
for increasing the fracturing size. Tectonic and volcanic features
should be absent.

This tool has a maximal index value of 12, which corresponds to a
100 % probability that fracturing occurred according to this model.

Applied to FFC

Input FRACTURING, LF, PALEOLAKE, TERRACES, CHANNEL, ERO-
SION, FLUVIAL, GLACIAL, TECTONIC, VOLCANIC, erim

Output Index, %

Level III

Database O_DWFS, O_DWFS_PR
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Source Author, Moscardelli et al. [2012]

Origin: Groundwater Migration

Description This tool uses statistical prediction to obtain the probability of a
groundwater migration origin for the fracturing within the FFC.
The probability helps the user to identify the potential origin of
fracturing based on operational values and rules. For the origin
type of groundwater migration �uvial features and channels are
important. Every parameter that is in agreement to the classi�ca-
tion rules increases the index value for this origin. The higher the
index value, the higher the probability of this origin type.

De�nition For the groundwater migration origin type crater depressions and
a potential paleolake should be present. Fracturing starting at
one part of the crater (type I), or being present in most (type
III) or the entire (type IV) crater, supports this model. The ob-
served minimum fracturing elevation should be smaller than the
post-modi�cation crater depth.

Outside the crater channels, �uvial features and �uvial erosion
should be present. Tectonic features must be absent to clearly
identify �uvial features. The crater should be located close to vol-
canic areas and the dichotomy boundary of Mars, to ensure a rapid
water �ow in the subsurface. The crater should have a diameter
larger than 100 km and is, consequently, de�ned as a multi-ringed
complex crater.

This tool has a maximal index value of 11, which corresponds to a
100 % probability that fracturing occurred according to this model.

Applied to FFC

Input DEPRESSION, FRACTURING, PALEOLAKE, B_AREA, CHAN-
NEL, EROSION, FLUVIAL, TECTONIC, C_TYPE, min�oor, erim,
dr, VOL_AREA

Output Index, %

Level III

Database O_WATER, O_WATER_PR

Source Author, Sato et al. [2010]

Origin: Intrusive Volcanism

Description This tool uses statistical prediction to obtain the probability of a
volcanic origin for the fracturing within the FFC. The probability
helps the user to identify the potential origin of fracturing based on
operational values and rules. For this origin type volcanic features
are of high importance. Each crater in the database will be ana-
lyzed regarding set surface parameters. The more required features
found, the higher the index value is and thus the probability of this
origin is also higher.
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De�nition The parameters inside the crater that support intrusive volcanism
are depressions within the fractures, �puzzle pieces� fracturing (type
II), and uplift of the crater �oor.

Outside the crater there should be no signs of erosion, �uvial,
glacial, tectonic structures, or a potential paleolake. The basalt
concentration, based on the TES-instrument data, should be higher
than 5 %. Volcanic features should be present around the crater
and the crater should be located close to a volcanic area.

This tool has a maximal index value of 11, which corresponds to a
100 % probability that fracturing occurred according to this model.

Applied to FFC

Input DEPRESSION, FRACTURING, PALEOLAKE, UPLIFT, ERO-
SION, FLUVIAL, GLACIAL, TECTONIC, VOLCANIC, TES_BASALT,
VOL_AREA

Output Index, %

Level III

Database O_VOL, O_VOL_PR

Source Author, Jozwiak et al. [2012], Schultz [1976]

Origin: Rayleigh Convection

Description This tool uses statistical prediction to obtain the probability of the
Rayleigh convection model. The probability helps the user to iden-
tify the potential origin of fracturing based on operational values
and rules. For this model not only are glacial and �uvial environ-
ments essential, but also the location of the crater. It needs to
serve as a natural water sink between ± 40◦ latitude. The more
key parameters present inside and outside a crater, the higher the
index value for this origin type is. Consequently, the probability
for this origin is also higher.

De�nition With this model, regularly distributed knobs (type III), linear fea-
tures and/or polygonal patterns should develop. An open or closed
basin lake also supports this model. The crater in�lling and sur-
rounding should consist of water-rich sediments with a thickness be-
tween 1,100 and 1,500 m. A permafrost layer must also be present
in the subsurface.

The crater should be located between ± 40◦ latitude. A glacial and
�uvial environment supports this model. A high level of erosion
is necessary to increase the fracturing size. Tectonic and volcanic
features should be absent.

This tool has a maximal index value of 10, which corresponds to a
100 % probability that fracturing occurred according to this model.

Applied to FFC
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Input FRACTURING, LF, PALEOLAKE, EROSION, FLUVIAL, GLACIAL,
TECTONIC, VOLCANIC, LAT, tI

Output Index, %

Level III

Database O_RCON, O_RCON_PR

Source Author, Wenrich and Christensen [1993]

Origin: Subsurface Ice

Description This tool uses statistical prediction to obtain the probability of a
subsurface ice origin for the fracturing within and around the FFC.
The probability helps the user to identify the potential origin of
fracturing based on operational values and rules. For this origin
type �uvial features and the crater in�lling need to be analyzed
in detail. The more required features found, the higher the index
value is and thus the probability of this origin is also higher.

De�nition This model is supported by the occurrence of the following surface
features: the fracturing di�ers from �puzzle pieces� to fracturing
that destroyed most or the entire crater �oor (type 2,3,4), due to
subsurface melting. Out�owing water can move and tilt the knobs
within the crater, resulting in a chaotic distribution of knobs.

The crater should be located close to the boundary area and chaotic
or fretted terrains on Mars. Channels and �uvial or glacial erosion
should be present close to the crater. Volcanic and tectonic fea-
tures should be absent. The in�lling material should consist of high
porosity in�lling, and therefore, water or ice-rich sediments. Fur-
thermore, the in�lling layer must have a thickness of 3.5 to 4.0 km
[Schumacher and Zegers, 2011]. This fracturing type is more prob-
able at large crater diameters (type 3).

This tool has a maximal index value of 10, which corresponds to a
100 % probability that fracturing occurred according to this model.

Applied to FFC

Input FRACTURING, B_AREA, CHANNEL, CF_AREA, FLUVIAL,
GLACIAL, TECTONIC, VOLCANIC, C_TYPE, tI

Output Index, %

Level III

Database O_ICE, O_ICE_PR

Source Author, Massé et al. [2008], Schumacher and Zegers [2011], Zegers
et al. [2010]
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Origin: Tectonics

Description This tool uses statistical prediction to obtain the probability of
a tectonic origin for the fracturing within and around the FFC.
The probability helps the user to identify the potential origin of
fracturing based on operational values and rules. For this origin
type, large scale fractures due to tectonic features are important.
The more required features found, the higher the index value is and
thus the probability of this origin is also higher.

De�nition Inside the crater, depressions and various types of fracturing (type
I, II, III, IV) support the model of tectonic origin of FFCs.

Tectonic systems and large scale fractures must be present both
inside the crater and in the surrounding area. Channels due to out-
�owing material and a �uvial environment also �t into this model
of fracturing. Volcanic features should be absent to clearly identify
this type of origin.

This tool has a maximal index value of 7, which corresponds to a
100 % probability that fracturing occurred according to this model.

Applied to FFC

Input DEPRESSION, FRACTURING, CHANNEL, FLUVIAL, TECTONIC,
TEC_AREA, VOLCANIC

Output Index, %

Level III

Database O_TEC, O_TEC_PR

Source Author, Hanna and Phillips [2006], Smrekar et al. [2004]

Paleolakes

Description This tool classi�es the crater according to the amount of channels
ranging into or out of the crater. This information supports the user
to easily identify craters which could have supported the develop-
ment of closed and open basin lakes. The required information is
stored in the database and an attribute query classi�es the craters
accordingly.

De�nition Impact crater basins can be classi�ed by the amount of channels
ranging into and out of the crater [Aureli et al., 2013, Cabrol and
Grin, 1999]. I assume there was no paleolake present if there are no
channels around the crater. This is shown as type 0 in the database.
If there is one channel, the crater is considered to be a closed basin
lake and, therefore, may have had a paleolake. This is marked as
type 1 in the database. If there are multiple channels leading into
or out of the crater, then it is considered an open basin lake and
recorded as type 2 in the database.

Applied to FFC
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Input CHANNEL

Output 0 (no basin lake), 1 (closed basin lake), 2 (open basin lake)

Level III

Database PALEOLAKE

Source Author, Aureli et al. [2013], Cabrol and Grin [1999]
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8. Implementation in ArcGIS

For the implementation of the analytic tools (Chapter 7) into ArcGIS, a program-
ming language is needed. I selected Python as a useful programming and scripting
language for this task. Python is already included in ArcGIS, since it provides the
ability of managing and manipulating spatial and attribute data. The analytic tools
must �rst be coded as Python scripts, which can then be transformed to tools usable
in ArcGIS.

8.1. Programming Language: Python

The open source programming language Python Version 2.7 is used to implement
the developed tools in ArcGIS. Python was created by Guido van Rossum in the
Netherlands in 1991. Python is considered a programming language, but is also use-
ful for scripting. A programing language focuses on the development of sophisticated
applications. The user builds new multi-functional tools. In contrast, a scripting
language is based on automating functionalities, even within other programs. Al-
ready existing tools can be connected to achieve new, but related tools. Therefore,
scripting yields the possibility to put existing or self programed tools together to
answer more complex research questions. Python provides both options to a certain
extend [Jennings, 2011, Lawhead, 2013, Lutz et al., 2000, Zandbergen, 2013]. All
codes can be changed, copied, and new codes can be distributed freely with Python.
It can be also used with various platforms, such as Windows, Mac, or Linux. There
is no limitation regarding hardware equipment. As Python is an interpretive lan-
guage, it does not need a compiler. This means that the written code can be directly
run, which makes it easier and faster to work with compared to other programing
languages [Jennings, 2011, Zandbergen, 2013].

8.2. Python in ArcGIS

ArcGIS 10.0 supports the scripting language Python, moreover it is part of the
ArcGIS installation itself. All functions and tools within ArcGIS are accessible by
Python. This provides an e�cient and direct method for automating tasks [Jennings,
2011, Lawhead, 2013, Zandbergen, 2013]. In general, Python scripting has become
a fundamental tool for the development of automated processes in GIS. Several
tools in ArcGIS are based on Python scripts, resulting in easy implementation and
operation of user written scripts.
Python is accessible in several ways. The Python command line is the most basic

approach for working with this programming language. A more assistive method
is through Python script editors. These provide helpful tools and clearly arranged
interfaces. The editors do not change the Python syntax and therefore, choosing an
editor is a matter of preference. Several editors are available for Python scripting.
For this work, I used the editor Integrated Development Environment (IDLE) that
is automatically installed in combination with ArcGIS. IDLE is also known as the
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Python shell [Jennings, 2011, Zandbergen, 2013]. Python can also be directly run
within ArcGIS 10.0. When opening Python in ArcGIS a window appears that acts as
an interactive interpreter for Python. The code can be integrated into this window,
allowing for more e�cient testing of code lines.
Python is exceptionally good for exploring spatial data [Lawhead, 2013]. This

includes the research about and management of existing data within the database.
Scripts can be used to analyze every feature of the list, providing fast and easy
data handling. Python functions can create new columns and �elds in a table.
The scripts automatically �ll these �elds with newly acquired information, so tables
within ArcGIS can be manipulated and further developed easily. It is also possi-
ble to manipulate text �les with Python, allowing to output text as �nal result.
Python is also able to obtain parameters (e.g. lengths, coordinates, and areas) of
points, lines, and polygons. Geometric information is essential for the feature anal-
ysis. Furthermore, it provides input for automated measurements and calculations.
Automated applications are used as scripts or tools within ArcGIS.

8.3. ArcGIS Tools

A developed script can be run in two di�erent ways. Firstly, it can be run as a
stand-alone script. A Python editor is required, but no ArcGIS application needs
to be open at the same time. However, ArcGIS needs to be installed if the script
is using a geoprocessing tool that is contained in the ArcToolbox of ArcGIS. The
second option is to turn the Python script into a tool that can only be run within
ArcGIS. Such a tool has the same properties as all of the tools available in the
ArcGIS toolbox. Consequently, it can be used with other tools, for other scripts
or within the ModelBuilder. In the following section the advantages of turning the
script into a tool, instead of using a stand-alone script are presented [Zandbergen,
2013].

• A tool is shown in a tool dialog box, providing easy handling of the tools.

• The tool parameters are set and de�ned by a certain data type, preventing
wrong input parameters and resulting errors.

• The tool can be used for other scripts.

• The tool can be easily documented for users.

• The tool is easy to share.

• The users do not need to have knowledge about the programing language
Python to use the tool.
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9. Result of Case Study

This chapter gives an overview of the results of the case study (Chapter 5) that
is not supported by the established tools. The chronology of both craters was
detected based on crater size frequency distribution and the six di�erent origin
models (Chapter 4) were discussed to determine the origin of fracturing.

9.1. Chronology

A chronology plot for Crater A and Crater Lipany is obtained from the estimated
surface ages (Fig. 9.1). Values including the error bars for the CSFDs do not sup-
port a distinct age determination and chronology of the surface activity. Some
ages for di�erent surface units overlap in their error bars. In those cases, CSFDs
do not provide clear results. Geologic principles of superposition are used for age
determination instead.

Figure 9.1.: Correlation map of surface units. Ages, including errors, of the di�erent sur-
faces for both craters and the fracturing process.

9.1.1. Crater A

The impact must have taken place close to the Noachian-Hesperian boundary. Af-
ter the impact various materials re�lled the crater. Layering indicated �uvial or
eolian sedimentation and ash deposition, likely to have originated from Syrtis Major
[Fassett and Head, 2007]. The upper surface units of the in�lling were removed,
leading to the terrain inversion and development of fretted terrain. The removal
of surface material in Arabia Terra occurred at the Noachian-Hesperian boundary
[Fassett and Head, 2007]. The fracturing process cannot be dated precisely, but
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it must have taken place between the �rst (3.80 Ga) and the second (3.39 Ga) in-
�lling. The �rst in�lling is modi�ed by the fractures and separated into knobs of
di�erent sizes. Subsequent and ongoing erosion softened the edges of the knobs and
widened the fractures in the crater. The second in�lling is deposited in the �oor
of the fractures and is covered by material, which appears to have been deposited
there under �uvial conditions. Dust and dunes accumulated in the crater thereafter
and represent the youngest surface unit.

9.1.2. Crater Lipany

Crater Lipany is well preserved compared to Crater A, so the surface units can be
dated more precisely. Age determination of the ejecta indicates that the impact
crater is of late Noachian and early Hesperian age and was �lled soon after the
impact, itself. Due to the overlapping error values of the BCC for the fractures
and CSFD, the crater counting cannot be used for the distinct determination of
the order of surface processes. However, the geologic principle of superposition
suggests that fracturing happened after the �rst in�lling of the crater, but also
ended before the second in�lling in the Amazonian. The fracturing process could
have been continuous, only limited in time (until 1.63 Ga) by the age of the second,
non-fractured in�lling. Lava sheets outside the crater originating from Syrtis Major
indicate that the volcano was active in the Hesperian and Amazonian.

9.2. Origin of Fracturing in Observed Craters

The six formation models (Chapter 4) are discussed for Crater A and Lipany based
on the observed surface features. The very diverse surface features indicate di�erent
surface processes and formations.

9.2.1. Crater A

No evidence for volcanic activity that would support the model of intrusive volcanism
is found at Crater A, although the high level of �uvial and glacial erosion might
have removed potential volcanically induced structures. The center of Syrtis Major
is about 1,100 km to the south (closest lava sheets about 500 km) and it is the only
volcanically active region close to Crater A. The size of the magma chamber of Syrtis
Major is 300x600 km [Kiefer, 2004]. Thus, the eastern part of Arabia Terra could
have been in�uenced by subsurface heat sources. Surface features that indicate this
origin model are uplift of the crater �oor, �puzzle piece� fracturing, or depressions.
Non of these features is observed within the crater. As a result, the model is unlikely
for Crater A.
The model of tectonic systems is supported by the location of Crater A, because

it is located close to the boundary and large-scale tectonic systems. Nevertheless,
no tectonic fracture cuts directly through the crater. Fracturing of the crater �oor
can be in�uenced by the boundary, but no direct evidence for this is found. The
crater rim is dissected by channels indicating the presence of �uvial activity. The
small-scale linear features inside the crater do not have a tectonic origin, because of
the absence of common orientation trends. No depressions as potential evidence for
subsurface voids are present in the crater. Surface features that indicate a tectonic
origin are absent.
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The environment of Crater A supports all fracturing models due to water and
ice related processes. An ice-rich layer is present on the surface in Arabia Terra;
fretted terrain in this area supports an ice-rich and glacial environment [Fassett and
Head, 2007]. Evidence for �uvial activity are found due to out�ow channels ranging
through the crater. Crater A is located close to the dichotomy boundary and to
fretted and chaotic terrain. Volcanic and tectonic surface features are absent.
For the subsurface ice model very large crater diameters and a thickness of in�ll-

ing between 3,500 and 4,000 km are required [Schumacher and Zegers, 2011]. For
this FFC a total in�lling of less than 3,000 m was calculated. This in�lling is not
thick enough to melt the deposited ice-rich material. An additional heat source is
required. Heat from the Syrtis Major magma chamber could increase the subsur-
face temperature. However, the magma chamber of this volcano is about 800 km
to the south, so the in�uence of this heat source is questionable [Kiefer, 2004]. The
knobs of Crater A show an increase in elevation of about 400 m from the west to
the east. This trend is present across the crater. The knobs, themselves, are not
tilted because the observed layering is horizontal. The observations relating to knob
distribution and appearance make a collapse event by a melting subsurface ice-layer
possible. Nevertheless, the estimated in�lling depth is too thin to melt an ice-rich
layer. Therefore, the model of subsurface ice can be ruled out for this crater.
The surface features in the crater vicinity and the slope of the terrain close to the

dichotomy boundary support the model of groundwater migration. The Arabia Terra
region appears to be covered by highly porous and, ice-rich materials, which likely led
to the terrain inversion. The channels leading into the crater in the south and west
appear to be short sapping channels, which were formed by erosional retreat from
the crater rim toward the surroundings. Within the crater terraces are observed,
which can be developed by the presence of water. These observations support the
model of seepage and piping. The entire crater is fractured, so no development
of fracturing is visible. Furthermore, the knobs are not tilted. They are deposited
horizontally and no pit chains are observed, although these features could be covered
by the �uvial in�lling. Deeper fractures than in�llings are an important hint for the
formation due to groundwater migration. The average fracturing depth is 322 m.
The calculated maximal in�lling reaches a thickness of 1,970 m. Consequently, the
fractures are within the crater �lling and do not serve as indicator for this origin
model. No indicators for or against the groundwater migration model have been
found.
Rayleigh convection is supported by the geological context and the location of

Crater A. For this model, a permafrost layer is needed beneath a water-saturated
sediment layer [Wenrich and Christensen, 1993, 1996]. The Arabia Terra region
reveals surface features which indicate a permafrost subsurface. The impact crater
itself serves as natural sink, which has been substantially modi�ed by �uvial activity.
The deposited in�lling and knob material is considered to be ice-rich [Fassett and
Head, 2007]. The in�lling for this fracturing model needs to be between 1,100 and
1,500 m. The calculated in�lling is about 300 m thicker. Regularly distributed knobs
and the linear features inside the crater support this model. The observed fractures
within Crater A may have developed as Rayleigh convection patterns, which have
been highly modi�ed and eroded by �uvial and eolian processes after fracturing
formation.
Crater A is located close to the dichotomy boundary and in a low elevation area.

This supports the model of deep-water fault systems. Furthermore, �uvial activity
and channels ranging through the crater also increase the probability for this ori-
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gin model. The channels in the southern crater rim are potential in�ow channels,
suggested by the overall slope of the area. They could have supplied the crater
with water. The channels leading to the northern lowlands were possibly out�ow
channels. They likely formed by incising the crater rim when the water level in the
crater reached a critical depth. The small amount of remaining water inside the
crater drained into the subsurface or evaporated. A standing body of water with
variations in water level over time can create terraces [Cabrol and Grin, 1999], which
are observed on the knobs in the crater. A standing body of water with a water
depth larger than 500 m is required to form deep-water polygon [Moscardelli et al.,
2012]. Filling the crater up to the crater rim would result in a water depth of 645 m.
In order to achieve a water depth of 500 m, the crater must have been �lled to 80 %
of its depth. The model of deep-water fault systems could explain the fracturing in
Crater A.
For Crater A the model of intrusive volcanism and subsurface ice have been clearly

excluded. No evidence for the model of tectonic systems have been found. Indicators
for fracturing due to groundwater migration and against this model are found. Ob-
served surface features inside and outside the crater support the fracturing models
of Rayleigh convection and deep-water fault systems.

9.2.2. Crater Lipany

Crater Lipany is located close to the southern edge of Syrtis Major, which is a
volcanic province of Mars. This supports the origin model of intrusive volcanism.
Furthermore, no evidence for �uvial, glacial, or tectonic activity is found in the
vicinity of the crater. The crater rim is not dissected, which results in a closed
crater system. This closed system and also uplifted crater �oor indicate an in�lling
process due to intrusive volcanism. The �puzzle piece� fracturing dissects the crater
in�lling into knobs of di�erent size and shape. The shape of the knobs supports
also a volcanic origin, because the crater interior was not modi�ed by any �uvial
processes. Volcanic pits, lava tubes, or sinkholes are visible along the fracturing
system in the crater interior. These can result from the collapse of near surface
materials into subsurface voids. All observed surface features in the crater vicinity
and interior support the model of intrusive volcanism.
The origin model of tectonic systems for �oor fracturing is not applicable for this

crater. Crater Lipany is neither located close to large-scale tectonic systems, nor are
any tectonic features observable around the crater. The crater rim is not dissected
by any kind of channels and no evidence for �uvial activity is found. Those features
would indicate a fracturing origin due to tectonic systems, but they are not present
at Crater Lipany.
The environmental context of Crater Lipany does not support any model of frac-

turing related to ice or water activity. No glacial and �uvial features are found in
the crater vicinity. Furthermore, channels do not dissect the crater rim and the
crater interior does not show any evidence for water or glacial processes, either.
The model of subsurface ice would require an ice-rich in�lling thicker than 3,000 m.

The basaltic �lling of Crater Lipany could contain some ice in the subsurface, but the
total in�lling of the crater is 915 m and therefore, too thin for subsurface ice melting.
Thus, the model of a subsurface ice-layer is not plausible for the development of
fractures at Crater Lipany.
The groundwater migration model cannot be applied to Crater Lipany, due to the

absence of glacial or �uvial surface features. Pit chains are located in the fractures
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of the crater, but they are most likely developed by collapse due to tectonic and
volcanic activity in the subsurface [Ferrill et al., 2004]. Furthermore, the shape
of the fractures is sharp and does not appear to have been modi�ed by piping or
seepage.
Rayleigh convection is not a potential fracturing process for Crater Lipany. The

environment of Crater Lipany does not show glacial, �uvial, or any erosion features,
which are needed for Rayleigh convection. The surface features inside the crater
do not ful�ll the requirements for the model either. An in�lling thickness between
1,100 and 1,500 m is needed for the development of convection cells. Within Crater
Lipany the in�lling thickness was calculated to 915 m, which is below the required
thickness. The �puzzle piece� fracturing is unlikely to be formed by convection cells,
due to the sharp edges of the fractured knobs.
Fracturing due to deep-water polygons can be also excluded. A standing body of

water is required for this origin model. The surface features in the crater vicinity
do not show evidence for �uvial or glacial activity. The crater represents a closed
system: no paleolake was ever present in the crater interior. This is supported by
the absence of any erosion features and terraces inside the crater.
For Crater Lipany all glacial and �uvial fracturing models have been clearly ex-

cluded, because of the absence of water and ice related features. No indicators
for the tectonic origin model were found either. The fracturing of Crater Lipany
developed most likely through intrusive volcanism.
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10. Result of Tool Analysis

In this chapter we present results of the statistical analysis obtained by the tools
(Chapter 7). The results are divided into general attributes of FFCs, crater interior,
crater context, and, �nally, the origin types.

10.1. General Attributes of FFCs

Location, size, and depth are general attributes of impact craters. The statistics for
these parameters of the analyzed FFCs are introduced here.

10.1.1. Location

In total, 433 FFCs were identi�ed within 50◦S and 45◦N (Fig. 10.1). Three clusters
were identi�ed: along the dichotomy boundary, close to chaotic terrains and out�ow
channels, and in the Martian highlands. Within the northern lowlands, at the poles,
and on volcanic regions, FFCs are absent.
The coordinates of every crater in the database is checked to determine if it is

in or near a tectonic area, volcanic area, the dichotomy boundary, or chaotic and
fretted terrains. 189 FFCs are located close to the dichotomy boundary region. 135
craters are close to volcanic areas, while 64 craters are found nearby chaotic and
fretted terrain regions. Just 31 FFCs are located close to tectonic areas on Mars.

10.1.2. Size

The crater diameter distribution peaks at a diameter range between 20 and 30 km,
with 100 FFCs (Fig. 10.2) in this bin. The majority of FFCs have a diameter between
10 and 50 km. The curve inclines rapidly to the maximum at 30 km and dips more
slightly toward higher diameter ranges (up to 90 km). At diameter ranges between
90 and 100 km the curve rises slightly before dropping again. At larger diameter
ranges there are only individual FFCs. The largest craters observed had diameters
between 140 and 150 km. The average FFC size is 36 km. In relation to the
diameter, the craters are divided into three types (Fig. 10.2). There are 8 simple
craters with a diameter 7 km. 96 % of the FFCs are central peak complex craters
and have diameters between 7 and 100 km. In total, 7 craters are multi-ringed
complex craters with a diameter >100 km.

10.1.3. Depth

The observed crater depth is the measured depth between the crater rim and the
crater �oor. For all FFCs, the average is 430 m. The minimum value is 0 m and the
maximum observed depth is 1900 m. The overall trend of the observed crater depth
is that it increases with crater diameter, as shown by the linear curve (Fig. 10.3). The
post-modi�cation crater depth is calculated for each crater. The average calculated
post-modi�cation depth is 2,210 m, with a maximum value of 4,700 m for the largest
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Figure 10.2.: The crater diameters are arranged into 16 bins ranging from 0 to 150 km.
Based on the diameter distribution, the crater type is de�ned as one of three
classes (1, 2, 3). The �rst bin represents type 1, the following 10 bins type 2
and the last 5 bins type 3. The classi�cation scheme is explained in Chapter
7.4.

diameter (150 km) and a minimum of 740 m for crater diameters smaller than 5 km.
Based on the observed crater depth and the post-modi�cation crater depth, the
thickness of in�lling is calculated. The minimum in�lling thickness for the FFCs is
670 m, while the maximum thickness is nearly 4,000 m. These values result in an
average in�lling thickness of 1,800 m. In the diagram (Fig. 10.3) the observed crater
depth (dOb), the calculated post-modi�cation crater depth (dr), and the calculated
thickness of in�lling (tI) are shown for all crater diameters in ascending order. The
post-modi�cation crater depth increases monotonically in relation to the diameter.
The crater depth is always larger than the post-modi�cation crater depth, whereby
the depth di�erence of those values results in the thickness of in�lling, which takes
on various values for each FFC.

10.2. Crater Interior

The statistics presented here are based on the case study and the analysis of surface
features inside the FFCs, as well as measurements and calculations for the interior
of the craters.

10.2.1. Surface Features

The statistics for the surface features inside the crater are presented in Fig. 10.4.
In 280 FFCs no depressions are observed. 150 craters show depressions within the
fractures in the crater �oor. The fracturing diagram (Fig. 10.4) is divided into 5
bins, representing the di�erent types of fracturing. Fracturing along the crater rim
(type 0) is observed within 29 FFCs. The minimum of the distribution is 10 craters
that are fractured in one part of the crater (type I). 96 FFCs show a �puzzle piece�
like crater �oor (type II). A large portion of the �oors is fractured in 75 craters (type
III). The curve reaches its maximum in type IV fracturing. Most FFCs, nearly 50 %,
show fracturing that destroys the entire crater �oor. 360 craters do not have linear
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features in the crater �oor. These features are present in only 15 % of the FFCs.
In more than 90 % craters no mesas are observable on the knobs. In 10 % of the
craters, mesas are located on the knobs in the crater �oor. The same probabilities
are calculated for the terrace features. In 20 % of the craters, terraces are observed.
In the majority of the craters, 360, the �oor is not uplifted, though 70 craters have
an increase in elevation within the crater.

Figure 10.4.: The diagrams show depressions, linear features, mesas, terraces, and uplift in
the boolean true-false principle for all FFCs. The fracturing type is divided
into �ve di�erent bins. The classi�cation scheme is explained in Chapter 7.4

.

10.2.2. Elevation

For each crater in the database, di�erent elevation values are measured (Fig.10.5).
The measured elevation values for the crater rim and crater �oor are printed over the



100 10 Result of Tool Analysis

F
igu

re
1
0
.5
.:
T
h
e
a
vera

ge
cra

ter
rim

eleva
tio

n
a
n
d
th
e
a
vera

ge,
m
in
im

u
m
,
a
n
d
m
a
xim

u
m

cra
ter

�
oo
r
eleva

tio
n
o
f
th
e
F
F
C
s.



10 Result of Tool Analysis 101

FFCs in the plot (Fig. 10.5) in ascending order. The �gure shows very few craters
with an elevation between -7,000 and -6,000 m followed by a gap. The main elevation
distribution then continues at -4,000 up to 3,000 m. A few individual craters are
located at an elevation of 4,000 m. The elevation of the crater rim is always above the
elevation of the crater �oor. In addition to the crater �oor elevation, the minimum
and maximum elevation values of the crater �oor were printed as error bars. The
maximum elevation of the crater �oor is often above the average rim elevation of
the crater.

Figure 10.6.: The diagrams show channels and ejecta in three bins. The classi�cation
scheme is explained in Chapter 7.4. Fluvial, glacial, tectonic, and volcanic
features are divided into categories based on the boolean true-false principle.
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Figure 10.7.: The diagrams show erosion types divided into �ve bins and potential paleolakes
split up into three bins. The classi�cation scheme is explained in Chapter 7.4.

10.3. Crater Context

The statistics presented here are based on the case study and the analysis of surface
features outside the FFCs, classi�cations, and neighborhood analysis regarding the
environmental context of each crater.

10.3.1. Surface Features

The surface features outside the crater are compiled in Fig. 10.6. For more than 100
FFCs no channels intersect the crater rim or range into the crater. The rims of 30
FFCs are carved by only one channel. 70 % of the FFCs have more than one channel
intersecting the rim. Ejecta blankets are not found around 75 % of the FFCs. At
20 % of the craters an ejecta blanket is clearly identi�able. For the remaining craters
an ejecta blanket can neither be identi�ed, nor completely excluded. 55 % of the
craters have a surrounding area indicating the presence of �uvial features. In the
surrounding area of 360 craters glacial features are found. This is about 80 % of
all FFCs. Only 20 % do not have any of those features in the area surrounding the
crater. At 30 % of the FFCs tectonic features are observed in close proximity to the
craters. Volcanic features are found in the surrounding area at half of the observed
craters.

10.3.2. Erosion & Paleolakes

The histogram shows the type of erosion for every FFCs (Fig. 10.7). Fluvial features
and the ejecta are the key parameters for the erosion classi�cation. The majority of
craters (200) in the database are categorized as type I craters. Fluvial features are
observed close to the crater and no ejecta blanket is visible. Consequently, they are
considered to be strongly degraded. Type II represents slightly degraded craters with
a high level of �uvial erosion, but an existent ejecta blanket. 29 craters meet this
description. 49 fresh craters, without evidence for �uvial activity and an uneroded
ejecta blanket, are found and de�ned as type III. Type IV craters have neither
�uvial erosion nor an ejecta blanket. 130 FFCs of this type have been identi�ed.
At 27 craters the restraining parameters could not be identi�ed clearly. They are
considered to be type V craters, due to a lack of information or uncertainties.
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The results of the paleolake tool are shown in (Fig. 10.7). The craters are classi�ed
based on the amount of channels: no, closed, and open basin lakes. 110 FFCs have
no basin lakes. No channels range into these craters to support this classi�cation.
A small fraction of craters (30) are categorized as close basin lakes. 300 craters are
considered to be open basin lakes.

10.4. Origin Types

Based on the observations of surface features inside and outside each FFC and the
results of the already presented measurements, calculations, and classi�cations, the
�nal results of the six origin types are described.

10.4.1. Result of the Six Origin Types

The histograms (Fig. 10.8) are based on measurements, calculations, and classi�ca-
tions described in Chapter 7.4. The histograms show the probability in percentage
of six di�erent origins for 433 FFCs. In this research the probability describes the
number of key parameters met for each origin type. The probability of each origin
type is divided into eleven bins, starting at 0 % and ending at a probability of 100 %.
This also represents the number of key parameters met for the origin. The tectonic
origin is divided into eight bins. Every crater has the possibility of parameters that
conform to the key parameters of the origin types and therefore, the probability to
be formed by each origin model. This also means that the origin models and the
according key parameters are not mutually exclusive.

Deep-Water Fault Systems

The histogram of the deep-water fault system origin (Fig. 10.8 A) shows a nearly
symmetrical distribution with a distinct peak in the middle of the curve at 50 %.
The curve is steeper to the right than to the left. Just one FFC is found with a 0 %
probability for this origin type. The curve increases steadily to 80 FFCs at 40 %
until it hits the maximum of 140 FFCs with 50 % probability. After that, the curve
decreases again to 50 FFCs with 60 % and then decreases further. 15 craters are
identi�ed that have a probability of 80 % for this origin. 3 FFCs have a probability
of 90 % or more for the deep-water fault system origin.

Rayleigh Convection

The probability distribution of the Rayleigh convection origin is symmetrical (Fig. 10.8
B). No FFCs have a probability below 20 % of being formed by Rayleigh convection.
The distribution increases toward the mean value and peaks at 50 % with 90 craters.
After this peak the curve decreases. 9 FFCs have a probability of 90 % to be formed
by this origin type and 2 craters show a 100 % probability.

Subsurface Ice

The histogram (Fig. 10.8 C) for the subsurface ice origin is nearly symmetric, peak-
ing at 50 % probability. No FFCs have less than 20 % probability for this origin
type. The distribution starts with 4 craters at 20 % probability, 16 craters at 30 %
probability, and then increases to the peak value with nearly 200 FFCs at 50 %.
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Figure 10.8.: All histograms are based on the origin tools described in Chapter 7.4.

After that peak the distribution decreases and �attens to 100 craters at 60 % prob-
ability and 50 craters with 70 %. There are 12 craters in total with a probability
for this origin type larger than 70 %.

Groundwater Migration

The histogram (Fig. 10.8 D) is skewed to the left, but no clear peak is present. There
are no FFCs that have a 0 % probability of the groundwater origin. 5 FFCs have a
10 % probability to be formed by this model. The distribution of craters with this
origin increases up to 50 %. Between 50 and 70 % the curve reaches its maximum
with 80 craters each. After this, the number of craters decreases with increasing
probability of the groundwater migration origin. 29 FFCs have an 80 % probability
of being formed by groundwater migration. There are only 2 craters that have a
90 % probability for this origin model.

Intrusive Volcanism

The probability of the intrusive volcanism origin is presented in this histogram
(Fig. 10.8 E). The curve is skewed to the right, with a maximum peak shifted to
the right of the mean value. Several craters do not support the intrusive volcanism
model, whereas just a few craters are found that have likely been formed by this
process. 14 FFCs show no parameters that would support this type of origin. The
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Figure 10.9.: FFCs that have a maximum probability, based on the developed tools, for any
origin type ≤50 % are not classi�able (NA) with the used tools. The other
FFCs are split up into the six origin types. The origin types are abbreviated
by the database name. The scheme is explained in Chapter 7.4.

probability is therefore, 0 %. The curve increases quickly to peak �rst at 30 %
and again at 50 % probability for the intrusive volcanism origin with 80 and 100
craters, respectively. The curve decreases after 50 %. There are 15 craters, in total
that support this model with a probability higher than 80 %. 4 FFCs ful�ll all
parameters, resulting in a 100 % probability for the origin of intrusive volcanism.

Tectonics

The histogram for the tectonic origin (Fig. 10.8 F) is slightly left skewed and peaks
at 58 % probability. 10 FFCs have a probability of 0 %. The distribution increases
to 130 craters at 58 %. The curve decreases after the peak to 49 craters at 72 %. 27
craters have a probability of 86 % and 2 craters have a 100 % probability to have a
tectonic fracturing origin.

10.4.2. Most Likely Origin for each FFC

The fracturing origin for each crater is de�ned by the origin type with the most
matching key parameters based on the developed tools (Fig. 10.9). This histogram
of the six color-coded origin types shows how many craters each origin type supports.
The crater is considered to be not classi�able if ≤50 % of the key parameters are met
(the probability is ≤50 %). These craters are marked as �NA�. An origin type was
not clearly identi�ed for 96 craters. 108 FFCs have Rayleigh convection as the most
probable origin model. The origin of deep-water fault systems is the least probable
with 11 craters. 29 craters support an origin due to subsurface ice. 39 craters are
formed by groundwater migration. 64 craters have most likely developed through
intrusive volcanism. Tectonic systems are the origin model for 86 FFCs.
The most probable formation process for each FFC is also shown in a spatial
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distribution map (Fig. 10.10). The FFCs developed by Rayleigh convection are not
limited to speci�c regions on Mars. They appear close to the boundary, surrounding
volcanic regions, the Hellas basin, and also the southern highlands. The only location
where they seem not to be the dominant fracturing origin is close to the out�ow
channels and chaotic terrains of Valles Marineris. Several deep-water fault systems
are found close to the dichotomy boundary in the western Arabia Terra region. 4
FFCs with that origin type are located in the southern highlands, up to a latitude
of 40◦S. Fracturing due to subsurface ice occurs at the out�ow channels and chaotic
terrains originating in Valles Marineris and in the Arabia Terra region. Most FFCs
with this origin type are in the immediate vicinity of the dichotomy boundary.
4 FFCs with this origin type are found in the Martian highlands. FFCs due to
groundwater migration are mainly located in the Arabia Terra region and in the
south of the chaotic terrains. Individual craters are found in Terra Sirenum at
35◦S and 170◦W, and in the vicinity of volcanic regions within the highlands. FFCs
in�uenced by intrusive volcanism are found mainly in the southern highlands, around
the volcanic regions, and in a certain distance of the chaotic terrains at 15◦S and
25◦W. The tectonic systems origin model dominates along the dichotomy boundary,
the chaotic terrains, and in the west of Daedalia Planum at 20◦S and 160◦W. Craters
that are not classi�able are found in the highlands and the boundary regions and
they are distributed over the entire planet. All craters within the Martian lowlands
show no distinct fracturing origin.

10.4.3. Origin Types in Detail

The probability values for the di�erent origin types are averaged for all craters
of one origin (Fig. 10.11). On the horizontal axis the averaged values of all craters
classi�ed as the same origin are listed. The probability for the origin types is printed
on the vertical axis. The origin is de�ned by the maximum value of probability.
Within this diagram the overall and typical probability distribution for six origins
is highlighted. 11 craters are classi�ed as deep-water fault systems (Fig. 10.9).
The averaged probabilities of the di�erent origin types for those craters are shown.
The maximum value is averaged to 70 %. The models of Rayleigh convection,
subsurface ice, groundwater migration, and tectonics achieve probabilities between
50 and 65 %. The probability di�erence between these origins is small. In contrast,
the probability of intrusive volcanism is 25 %. The distributions for FFCs originating
through Rayleigh convection, subsurface ice, and groundwater migration are similar
to the deep-water fault systems origin. Again, the peaks of each origin are shown
at 65 % and the remaining origin models achieve probabilities of 50 % and are
consequently, closely located to the maximum value. The only origin type with
di�erent probability values is intrusive volcanism, which is below 35 %. 64 craters
are classi�ed as having a fracturing origin due to intrusive volcanism (Fig. 10.9).
The averaged probabilities peak for the intrusive volcanism model above 65 %. All
other origin models have a probability around 30 %. The average probabilities of 86
craters formed by tectonics peak at 70 %. The other origin models di�er between 40
and 50 % probability, and the model of intrusive volcanism reaches only 20 %. The
overall distribution of probabilities for the tectonic origin is similar to the intrusive
volcanism diagram. The 96 craters that could not be assigned any origin type have
average probabilities between 30 and 40 % for each origin model.
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10.4.4. Case Study Craters

Crater A and Crater Lipany of the case study are also included in the global FFC
database. The probabilities for each fracturing model based on the automated tools
are presented for the two craters (Fig. 10.12).
Crater A does not show a clear fracturing origin. The most probable model is

Rayleigh convection with 90 %. Deep-water fault systems also have a probability of
75 %. The models of subsurface ice, groundwater migration, and tectonic obtained
a probability higher than 55 %. The only model that can be clearly excluded is
intrusive volcanism. In the database the fracturing for this crater is classi�ed as
Rayleigh convection.
The values of Crater Lipany clearly peak at the intrusive volcanism model for

100 %. All other origins show a probability less than 30 %. In the database the
crater is classi�ed as being in�uenced by intrusive volcanism.

Figure 10.12.: The probabilities of the six origin models are presented for the case study of
Crater A and Lipany.
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11. Discussion

In this chapter the results (Chapter 9 & 10) are discussed and compared to each
other. Based on the comparison, advantages but also disadvantages and limits of
the automated analysis tools are identi�ed.

11.1. Interpretation of Tool Analysis Results

433 FFCs are found mainly along the dichotomy boundary (especially Arabia Terra),
the out�ow channels, and the Martian highlands (Fig. 10.1). No craters are identi�ed
in the Martian lowlands, due to the deposition of young, eroded, and transported
surface material. Ancient morphologies are covered in that region and little surface
features, in general, are identi�ed in the lowlands. The same process of superposition
occurs close to the volcanic regions on Mars. Younger materials, like lava �ows,
cover ancient surface morphologies. Ice caps at the poles ensure covering of crater
morphologies and a high level of erosion makes a distinct identi�cation of surface
features nearly impossible.
The crater diameter distribution shows that mainly central peak complex craters

with a diameter between 7 and 100 km are �oor fractured. Individual craters with a
diameter below 7 and above 100 km are also found, but are the exception (Fig. 10.2).
All FFCs are in�lled by 1,800 m of material on average (Fig. 10.3). The in�lling

is essential for the fracturing process. It is either needed to form the fracturing
patterns (�ne grained sediment layer for convection cells) or it is deposited in the
crater as a result of the fracturing process (volcanic materials originating from the
subsurface). There are no FFCs with an in�lling thickness below 670 m.
Results were obtained for all 433 FFCs on Mars. To classify these FFCs de-

pending on their fracturing origin, de�ned geologic processes are needed for the
semi-automated classi�cation tools. The classi�cation method becomes more reli-
able with more precise de�nitions of geologic processes and identi�cation of geomor-
phological features. This is because the classi�cation tools conduct their analysis
based on key parameters, which are de�ned in Chapter 7. The classi�cation result
increases in quality and reliability with more parameters available for one origin
type and more speci�city in those parameters. The key parameters are based on
previous research on FFC formation and the case study included in Chapter 9.

Intrusive Volcanism Origin

The statistical analysis revealed 64 craters, resulting in 15 % of the FFCs (Fig. 10.9)
to be formed by intrusive volcanism with a probability of 65 % in average (Fig. 10.11).
All other origin models for the classi�ed craters have a considerable lower proba-
bility and are consequently unlikely (Fig. 10.11). The result of this classi�cation is
reliable, due to the distinct di�erence in probability compared to all other origin
models. Furthermore, 15 FFCs are found, which support this model with a high
probability above 80 % (Fig. 10.8).



112 11 Discussion

The intrusive volcanism model was discussed various times for FFCs on the Moon
[Brennan, 1975, Jozwiak et al., 2012, Schultz, 1976, Wichman and Schultz, 1996].
Consequently it is the most analyzed and discussed model for FFC formation. Due
to that research several key parameters can be retrieved and adapted to Martian
FFCs for the developed classi�cation tool.
The intrusive volcanism model is linked to volcanic areas on Mars. We took

recent volcanic areas and also ancient volcanoes into account. 30 % of all FFCs are
located close or within volcanic regions. Considerable parts of the Martian surface
are covered by volcanic materials, the abundance of basaltic materials, as recorded
by the TES instrument, illustrates that assumption (Fig. 6.4). The vicinity of the
FFCs reveals important information for the type of origin.
At most FFCs (230) volcanic features have been observed, they support the vol-

canic origin model. For the clear identi�cation of the origin type no in�uence of
water and ice, resulting in erosion should be present. No �uvial features can be
found at 200 FFCs, however, glacial features are present at 80 % of the FFCs
(Fig. 10.6). Consequently, the amount of FFCs that do not show any erosion is
small (50) (Fig. 10.7). Erosion is not a criterion that eliminates this model, but
missing erosion makes it easier to identify the surface morphology and to exclude an
origin due to ice or water related processes. It is di�cult to analyze, if ice and water
related processes are responsible for fracturing, or just occurred after the fractur-
ing. Excluding those environments makes the classi�cation more reliable. To also
con�rm the presence of processes originating from the subsurface, a closed crater
system and no channels intersecting the crater rim are essential for the model. At
110 FFCs channels do not intersect the crater rim. This also excludes tectonic sys-
tems, destroying the crater rim (Fig. 10.6). Based on the crater context roughly 100
craters would have a �tting environment for this origin type. The crater context is
essential for the identi�cation of prevailing processes, but the crater interior shows
which processes were dominant on the crater �oor.
For this origin model the �puzzle piece� fracturing is an essential key parameter.

This type of fracturing is easy to identify and occurs in 100 craters. Another im-
portant parameter is the uplift of the crater �oor. It is di�cult to identify, but the
presence of an uplifted crater �oor supports only this origin type. Crater �oor uplift
has been determined for 80 FFCs. The last parameter supporting this origin type
is the presence of depression features, which are potential collapse structures. They
develop through subsurface voids and are expected to be observed when subsur-
face movement due to intrusive processes is present. One third of the craters show
depression features within the fracturing in the crater �oor (Fig. 10.4).
The information of environmental context and crater interior analysis are merged

together to classify craters most probable for an intrusive volcanism origin. The
distribution of FFCs is shown in Fig. 10.10. Like previous research already indi-
cated, FFC developed by this origin were expected close to volcanic regions. The
distribution map supports this assumption. The majority of FFCs can be found in
vicinity to volcanic regions, mainly Daedalia Planum, Syria Planum, Syrtis Major,
and Hesperia Planum. They are not located on the volcanic plains. The surface age
of the volcanic plains is relatively young, consequently deposited and erupted ma-
terials superpose impact craters. Nearly all craters are located within the southern
highlands. Just two individual craters are found in the Arabia Terra region far from
any known Martian volcano. Both craters have a probability for this origin of less
than 60 %. Those craters could have been formed by intrusive volcanism, without
a visible volcanic region at the surface. Magma chambers could have been present
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in the subsurface at the time of fracturing formation. Without a valve to erupt
the magma at the surface, no clear evidence would be present in the region. Addi-
tionally, Arabia Terra is a region of high �uvial and glacial activity. This indicated
that several processes and surface features are found in that region. Superposition
and erosion make it di�cult to identify surface features and to distinguish between
processes involved at the fracturing formation or at the modi�cation of the crater
structures afterwards. The high amount of erosion is the reason for the relatively
low origin probability.
With this classi�cation tool FFCs with an origin through intrusive volcanism can

be found on Mars.

Tectonic Origin

20 % (86) of the FFCs show an origin related to tectonic systems (Fig. 10.9). The
averaged probability for this origin type is higher than 70 %. Similar to the volcanism
model, the result of this classi�cation is precise, because of the signi�cant di�erence
of 20 % probability to all other origin types (Fig. 10.11). 30 FFCs have a probability
above 85 % to be formed by this origin model (Fig. 10.8).
The model of tectonic activity explaining �oor fracturing was discussed by Hanna

and Phillips [2006], Smrekar et al. [2004]. This model is de�ned by the crater context
and location. Consequently, most key parameters are not related to the crater �oor,
but to the environment the crater is located in. As a result, this origin model has
the least number of key parameters.
FFCs are checked whether they are located close to tectonic regions. These regions

are de�ned by grabens and large scale fracturing systems. They are found along the
dichotomy boundary, surrounding the Tharsis volcano and Valles Marineris, and in
the southern highlands of Mars (Fig. 6.3). The amount of tectonic features and
therefore, detail of the tectonic map, are relevant to identify this origin type. Based
on the map used, we found just 31 FFCs in the vicinity of tectonic systems. This
number is relatively low, but only the largest tectonic features on Mars were mapped.
Tectonic features must be observed in the crater surrounding for this origin model.

These features represent not the large-scale fracturing systems that are analyzed in
the tectonic map, but rather smaller tectonic features such as wrinkle ridges or faults
that are observable on a smaller scale. At 35 % (150) of the FFCs, tectonic features
are observed. To distinguish between tectonically and volcanically in�uenced frac-
turing, volcanic features should be absent in the crater vicinity. Volcanic features
are observed in 50 % of the FFCs, leaving several craters without these types of
features. Fracturing due to tectonic activity is often linked to �uvial activity in the
region, because ice or subsurface water will be pressurized and pushed to the surface
and creates out�ow. 60 % of the craters show �uvial activity in the surrounding
area. The presence of channels intersecting the crater rim supports the �uvial and,
also, the tectonic activity. At 75 % of the craters one or more channels are observed
(Fig. 10.6). All the context information leaves 150 FFCs with a potential origin due
to tectonic systems.
Only two parameters are important for tectonic fracturing formation. Material

falling into subsurface voids is evidence for potential subsurface movements. Thus,
depressions should be present on the crater �oor. At 35 % of the FFCs depressions
are present within the fractures. The fracturing itself can be indicative of tectonics
and is developed in several ways. The only fracturing type that would be not
supported by this model is the �puzzle piece� fracturing. All other fracturing types,



114 11 Discussion

starting in a certain part of the crater, along the rim, or being present on the entire
crater �oor could be induced by tectonic activity and �uvial erosion afterwards
(Fig. 10.4). 330 craters show the supported fracturing type.
Combining the key parameters of the crater context and crater interior suggests

150 FFCs potentially formed by tectonic activity. The limiting parameter is the
location of the crater, itself. This dependency is shown in the origin type distribution
map (Fig. 10.10). Many FFCs with a tectonic origin are found along the dichotomy
boundary, because several graben systems are located there. Another �hot-spot�
for tectonic FFCs is around the out�ow channels and chaotic terrains originating
from Valles Marineris. FFCs within the highlands and close to large scale tectonic
systems also have a high probability of tectonic origin, as expected. These regions
are at 40◦S and 160◦E, as well as 50◦S and 5◦E.
The spatial results �t the expectations of the distribution for this origin type well.

This is surprising, because only six key parameters for the crater context and crater
interior were used. Consequently, 150 craters ful�lled the key parameters; adding
the spatial parameter helped to obtain a more accurate and reliable result.

Water and Ice Related Origins

The four remaining origin types are all related to �uvial and glacial environments
and processes. The majority of FFCs (108) seem to have an origin type related to
Rayleigh convection. Deep-water fault systems are the origin model with the least
amount of FFCs (11). 29 craters were developed by the subsurface ice model and
39 FFCs have a fracturing origin due to groundwater migration (Fig. 10.9). Based
on this diagram the most probable origin for the fractures, in general, is Rayleigh
convection. Nearly 25 % of FFCs have this fracturing origin, which is surprising.
We see that the probabilities for various origins are not as drastic as they seem, if
we take the average percentage values for all origin types for the glacial and �uvial
models into account (Fig. 10.11). The diagram illustrates that the probabilities of
all fracturing processes range between 50 and 70 %. This means that an origin type
cannot be identi�ed with a high reliability. The only origin process that can be
clearly excluded is intrusive volcanism. This is true for the deep-water fault sys-
tem origin, Rayleigh convection, subsurface ice, and groundwater migration. The
required key parameters for these origin types are all related to �uvial or glacial
morphologies. These morphologies are linked to each other, representing di�erent
stages of aggregation and, therefore, showing interdependency. Based on this as-
sumption, we would expect a more equal distribution of FFCs for the four origin
processes. The peak for the Rayleigh convection model is not obvious; the key pa-
rameters need to be analyzed for each origin model to understand the distribution
and probabilities.
Rayleigh convection is the most likely origin model for 25 % of the FFCs (Fig. 10.9).

The probability distribution for this origin process is a smooth curve with a relatively
high number of FFCs with a probability higher than 80 % (Fig. 10.8).
This model is associated with polygonal fracturing patterns within the crater �oors

that are usually much smaller than the observed fractures in the FFCs [Cooke et al.,
2011, Gasselt, 2007, Hiesinger and Head, 2000, Lane and Christensen, 2000, Luchitta,
1983, Wenrich and Christensen, 1996]. To take this origin model into account, I
suggested a widening of developed fracturing patterns by erosional processes.
Rayleigh convection is not constricted to particular regions on Mars; the model is

just limited to ± 40◦ latitude. This does not represent a limitation for the observed
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FFCs, since more than 90 % of them are located in this latitude range (Fig. 10.1).
The six context parameters for this origin type are all related to the absence

of volcanic and tectonic features and the presence of �uvial and glacial features,
erosion, and open or closed basin lakes. On average, more than 250 craters ful�ll
these parameters (Fig. 10.6& 10.7). The context parameters do not reduce the
amount of FFCs for this origin type, either.
Three parameters are analyzed for the crater interior. A very important parameter

is the in�lling, since this origin model requires a certain thickness of in�lling for
the development of fractures. The deposited materials inside the crater should be
between 1,100 and 1,500 m in thickness. This range is close to the average thickness
of 1,800 m for all FFCs. Consequently, nearly 100 FFCs are within the required
thickness range (Fig. 10.3). Linear features and fractures covering most of the crater
�oor support this origin model as well (Fig. 10.4). They are the most restricting
parameters, as only 90 craters are observed with linear features and 75 with this
type of fracturing.
The combined context and interior information are used to obtain those FFCs

with an origin of Rayleigh convection. The boundary conditions for this origin type
are very broad. Many craters �t the key parameters, so the amount of FFCs with
this origin type is high. This is displayed in the global distribution (Fig. 10.10).
Craters developed by Rayleigh convection are consistent over the Martian surface.
They are located along the boundary, but also in the highlands. The only region
where Rayleigh convection is not the dominant origin of FFCs is the chaotic terrain.
In opposite to the Rayleigh convection origin the model of deep-water fault sys-

tems is probable for the least amount of craters. Just 11 FFCs are classi�ed by
the tool to be formed by this process (Fig. 10.9). At most FFCs half or less of the
required key parameters are available (Fig. 10.9). That means the key parameters
are narrow, resulting in a small amount of FFCs matching the restrictions.
Deep-water fault systems is a model described by Moscardelli et al. [2012] for

developing large size polygons on Mars. This model does not contain spatial key
parameters, because the origin due to deep-water fault system is not limited to
speci�c regions on Mars.
Fluvial and glacial features should be observed in the crater vicinity (Fig. 10.6),

this is the case for most FFCs (220 & 360). Tectonic and volcanic features should
be absent, which is also the case for several FFCs (300 & 200). A high level of
erosion is needed to increase the fracturing size. 200 strongly degraded craters are
classi�ed. The crater rim should be dissected by one channel to form a potential
paleolake. This would support the presence of a standing body of water, which is
important for the development of polygonal patterns by deep-water fault systems.
This key parameter narrows the amount of potential FFCs with this origin model
down. Just 20 FFCs show potential for a standing body of water in form of a closed
basin lake (Fig. 10.7).
Additionally the body of water needs to have a depth of 500 m. This water depth

is needed for the formation of the fracturing system. This parameter is obtained by
comparing the elevation of the crater rim and �oor. A depth of 500 m is supported by
160 craters (Fig. 10.5). The standing body of a certain water depth is an important
key parameter for this origin type, consequently the crater needs to have a certain
depth. To further support the presence of a crater lake, terraces need to be observed.
Within 80 FFCs terraces have been observed. Furthermore, linear features (80)
and partially or completely fractured crater �oors (300) are other key parameters
(Fig. 10.4).
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The distribution of the 11 FFCs shows 7 craters in the Arabia Terra region
(Fig. 10.10). That region is known for glacial and �uvial activity and a high level
of erosion. One crater is located in the Hellas basin and one at the Libya Montes
region at 5◦N and 100◦E. The remaining two craters are located in the Martian
highlands, they both have a probability of 65 %. The fracturing within the two
craters could have developed through a combination of origin types. That would
explain the relatively low probability.
29 FFCs have been classi�ed to have an origin due to subsurface ice (Fig. 10.9).

The probability distribution shows just a few FFCs that ful�ll less than 40 or more
than 80 % of the key parameters. The highest probabilities are mainly arranged
between 40 and 70 % (Fig. 10.8). This supports the assumption that glacial and
�uvial features are present around many craters but certain key parameters are
absent, which results in the small amount of FFCs �nally classi�ed for this origin.
The model of subsurface ice was established to explain the chaotic terrains on

Mars [Burr et al., 2002, Carr, 1996, Leask et al., 2007, Manker and Johnson, 1982,
Massé et al., 2008, Pedersen and Head, 2011, Rodriguez et al., 2005, Sato et al.,
2010, Sharp, 1973]. The case study for this origin type was based on Aram Chaos,
which is located within the chaotic terrain region [Zegers et al., 2010].
This origin type relates to regions that were formed and modi�ed by �uvial and

glacial activity. Chaotic and fretted terrain regions, and the dichotomy boundary
of Mars (Fig. 6.1 & 6.2) are of high importance for this origin model. 190 FFCs are
found close to the boundary region and 64 craters are located at fretted or chaotic
terrains.
The crater surrounding is de�ned the same way as for the previous water and ice

related origins. Most of the FFCs support these key parameters, resulting in no
reduction of potential crater candidates and no de�nite classi�cation (Fig. 10.6).
The fracturing model requires a crater diameter above 100 km and an in�lling

thickness between 3,500 and 4,000 m. 10 craters have a diameter above 100 km
(Fig. 10.2) and just 5 craters have such a high amount of in�lling (Fig. 10.3). The
key parameters drastically reduce the amount of FFCs for this origin model. Melting
subsurface ice causes the �oor fracturing, so collapse features and no uplift of the
crater �oor are expected. 360 FFCs do not indicate an uplifted crater �oor and 150
craters show depression features. Various types of fracturing are supported by this
model (Fig. 10.4).
The distribution map shows 23 FFCs of this origin type in the Arabia Terra region

and along the out�ow channels and chaotic terrains at 0◦N and 30◦W (Fig. 10.10).
These locations were expected, because they are highly in�uenced by �uvial and
glacial activity and the model was originally established to explain the formation of
chaotic terrains on Mars. Two craters along the boundary and four craters in the
Martian highlands are also classi�ed as fractured by subsurface ice, but these six
crater have a probability for this origin type below 60 %.
39 craters were determined to have been developed through groundwater mi-

gration (Fig. 10.9). The probability distribution is similar to the distribution for
Rayleigh convection and shows a �at curve without a recognizable peak. The FFCs
are regularly distributed between probabilities of 40 and 70 %. 29 craters are found
with a probability above 70 % (Fig. 10.8).
The model of groundwater migration was developed for chaotic terrains on Mars

[Andrews-Hanna and Phillips, 2007, Carr, 1996, Cli�ord, 1993, Russell and Head,
2007]. The Xanthe Terra region was used as a case study to analyze Earth �ssuring,
seepage and piping [Sato et al., 2010]. A critical �ow velocity of the subsurface
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water is needed in order to transport soil particles, resulting in subsurface void
development and �nally, fracturing.

Slope values are essential for subsurface water to reach this critical �ow velocity.
No information is available about the subsurface slope. Models predicting these
values are not reliable because many local and regional parameters have an in�uence
on subsurface water �ow. Due to this fact, I chose the dichotomy boundary area
as indicator for high velocity of subsurface water. 189 FFCs are located close to
the boundary (Fig. 6.1). Volcanic regions are also important for this origin model,
since increases in the temperature of the subsurface are necessary in order to melt
deposited subsurface ice. 135 FFCs in the vicinity of volcanic regions have been
identi�ed (Fig. 6.4).

Additionally, glacial and �uvial features should be observed around the crater,
similar to the other origin models (Fig. 10.6). Consequently, they do not reduce the
amount of potential FFCs fractured by groundwater migration.

Large crater diameters are preferentially fractured through this origin model. 10
FFCs have a diameter larger than 100 km (Fig. 10.2). The fracturing caused by
this origin can be deeper than the in�lling. The depth of in�lling is therefore, not
relevant. Depressions in the fractures are an indicator for collapse processes due to
subsurface voids. They can be observed in 150 FFCs. Terraces support the idea
of water on the surface and are also a parameter for this origin model. However,
terraces are observed within only 80 FFCs. The fracturing can be along the rim,
partially, or in the entire crater �oor, depending on the amount of transported
material and erosion. The majority of craters (330) supports these fracturing types
(Fig. 10.4).

Most of the craters classi�ed as developed by groundwater migration are located
close to the dichotomy boundary in Arabia Terra and along the chaotic terrains
(Fig. 10.10). This distribution was expected, because the surface slope is high at the
boundary region. The transition zone between the southern highlands and northern
lowlands can range up to several kilometers, but the overall slope is recognizable
regardless. The slope supports the subsurface �ow of water and the main reason for
seepage and piping of the crater �oors. Some individual FFCs are located in the
Martian highlands, close to tectonic systems, but also volcanic areas. These craters
are likely developed by a mixture of formation processes.

The four models described above di�er in some parameters from each other, but
the crater contexts are identical for each model. This is because the models all
include glacial and �uvial features, erosion, and channels. The established tools
cannot clearly classify FFCs uniquely to one of the four di�erent origin types related
to ice and water processes. The key parameters are too similar, or too few signi�cant
di�erences are de�ned. The probability of many FFCs for the Rayleigh convection
model is high because the parameters are very broad and, additionally, no spatial
border is de�ned. Deep-water fault systems have the same broad context parameters
and no spatial limitation, but those craters must be closed basin lakes, which are
generally rare on Mars. This key parameter minimizes the amount of FFCs for this
origin and makes it the least probable origin model for FFCs. The subsurface ice
and groundwater migration models have probabilities between the two near-surface
tensile stress models (Rayleigh convection and deep-water fault systems). They are
both linked to particular regions on Mars and require large crater diameters. Fewer
FFCs have an origin related to subsurface ice because the model requires a very
thick layer of in�lling, which is rarely observed in FFCs.
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11.2. Three Final Origin Types

Rayleigh convection, deep-water fault systems, subsurface ice, and groundwater mi-
gration can be combined into one ice and water related origin type. This type is
clearly distinguishable from the volcanic and tectonic origin types. The new distri-
bution (Fig. 11.1) illustrates that more than 40 % (187) of the FFCs on Mars are
fractured due to water and ice related processes, which represents the dominating
fracturing origin. Water and ice related processes can be found at various locations
on Mars (Fig. 11.2). They prevail along the dichotomy boundary and the large out-
�ow systems and chaotic terrains on Mars. Even in the southern highlands, erosion
has occurred. It is di�cult to distinguish between those processes which formed the
fracturing and those which modi�ed the fractured craters afterwards. No distinction
is made between formation and modi�cation processes in the tools. Consequently,
the amount of classi�ed FFCs is high for the glacial and �uvial fracturing origin.
Volcanic processes, which are the only explanation for Lunar FFCs, are responsible

for fracturing 15 % (64) of the FFCs on Mars. The origin type is limited to areas
that do not show a high amount of erosion, �uvial, and glacial activity. This origin
type is not the most dominant.
Tectonic activity forms 20 % (86) of the Martian FFCs. Not only large scale

graben systems in the highlands, but also the dichotomy boundary shows tectonic
activity that could be included in the �oor fracturing process. Tectonic activity is
also linked to out�ow because subsurface ice can melt through, increasing pressure
and temperature near the tectonically active regions.
More than 20 % (96) craters are not classi�able with the developed tools. 50 %

or less of the key parameters are ful�lled by those craters. This can be explained in
several ways. The fracturing of the crater �oor could be developed by a mixture of
formation models. Some surface features would support one type and others a di�er-
ent type. In total, no clear classi�cation can be achieved and the FFC not classi�ed.
Another option would be the formation by one origin model, but the important key
parameters are not observable any more, due to erosion or superposition. The last
possibility is a so far unknown fracturing model that occurs mainly in the Martian
highlands, but also along the dichotomy boundary.

11.3. Limits of the Classi�cation Tools

The quality of the classi�cation depends on the database quality. The tools use
the information stored in the database. Mistakes or incorrect information would
in�uence the tool results. Not only the database, but also the de�nition of the
key parameters for each classi�cation tool are essential for the quality. The key
parameters in�uence the quality of the classi�cation and need to be chosen based
on, e.g. detailed case studies or previous research.
Automated classi�cation tools do not deliver reliable results when the involved

geologic processes are not clearly distinguishable. The tools cannot distinguish be-
tween the di�erent water and ice related origin types. The used key parameters and
the observed morphological features are too similar. To identify the origin type, the
FFCs need to be analyzed in detail. Further research on these origin types could
increase the knowledge of fracture formation and more key parameters could be de-
�ned. However, de�ning geologic processes and establishing rules and dependencies
are complicated because reality does not always follow de�ned rules. Previous re-
search and the case study (Chapter 9) show that even a detailed analysis of FFCs
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Figure 11.1.: FFC formation on Mars can be divided into three di�erent types: water and
ice, volcanic, and tectonic related processes. Some craters are not classi�able
(NA) with the developed, automated tools.

does not always indicate a clear de�ned origin type. Geologic processes are related
to each other and were active over the last billion years. The crater morphologies
that are observed today have been modi�ed and eroded and make it di�cult to
reconstruct the past environment and prevailing conditions. Due to this, even a de-
tailed, high quality analysis might not answer the question of the fracturing origin
for craters where related geologic processes or a variety of di�erent processes were
active.
The most probable origin type is selected by comparing the probability values of

each origin model. The origin with the highest value is automatically de�ned as most
probable fracturing process. The di�erence to the second most probable is not taken
into account. The probability values could be nearly identical or totally di�erent,
the result of the classi�cation is the same. Information about the relationship of
di�erent formation processes for one FFCs are not considered for the classi�cation,
but the information is stored in the database and can be accessed by the user.

11.4. Comparison of Manual and Automated

Analysis

Two craters were analyzed with both, a conventional manual (Chapter 5 & 9) and
an automated approach (Chapter 7 & 10).
With the manual analysis, the observed surface features supported three potential

fracturing models for Crater A. The model of groundwater migration, Rayleigh con-
vection, and deep-water fault systems are possible origins for the �oor-fracturing.
No evidence for tectonic systems and intrusive volcanism were found. With the
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automated approach, the fracturing for this crater is classi�ed in the database as
Rayleigh convection. However, the probability di�erence of �uvial and glacial related
models is small. The automated analysis provides information about the probabili-
ties of all fracturing models. The probability values are stored in the database and
yield additional information for the user.
As already discussed, �uvial and glacial processes are too similar to be classi�ed

by automated tools. However, the same problem was observed in the case study.
The fracturing origin could not clearly be identi�ed with the manual analysis. In
addition, it is di�cult to determine a more probable origin model with the manual
analysis. The origin model of a FFC is classi�ed clearly, if involved geologic processes
form de�ned surface features, in which case, FFC classi�cation is reliable with a
manual and automated approach.
Crater Lipany is an example for a high probability classi�cation and reliable result.

The fracturing model for that FFC has been identi�ed in both studies as intrusive
volcanism.

11.5. Advantages

After establishing the database, including all required information and de�ning the
tool parameters, running the tools themselves takes less than 10 seconds. Estab-
lishing the database takes most of the e�ort and time. Certain information needs
to be available for the tool application. Developing a database about FFCs within
a GIS is also recommended for a manual analysis and interpretation for each FFC.
Often those databases already exist. The database, itself, can also be changed and
updated based on new, high resolution images. It is also possible to add new pa-
rameters. Newly discovered FFCs can be included or entries can be removed from
the database.
De�ning the tool parameters is based on case studies and previous research. The

di�culty is to develop de�nitions of geological processes or morphologies character-
izing the possible origin types, but this is precisely the reason why the tools obtain
reproducible results. They are based on de�ned and set key parameters. Those
parameters can be easily changed when needed and the tools can be run again for
the entire database or just selected craters. New results can be seen directly and
possible changes compared and discussed.
The automated tools make a global study of FFC classi�cation possible. Without

the tools every crater would have to be classi�ed individual and manually by the user,
which would be very time consuming and hardly reproducible and comparable. The
tools provide parameters that were obtained by de�ned geostatistical techniques.
Hence, the tools guarantee a consistent quality of results. Analysis tools provide
additional information and help to the user and are therefore considered assistance
systems.
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12. Summary & Conclusion

This research shows that automated tools, including measurements and classi�ca-
tions can successfully operate global statistical analyses in a short amount of time.
The statistical analyses were applied to FFCs on Mars and revealed probabilities of
di�erent origin processes.

12.1. Technical Results

The purpose of this study was to develop automated analysis tools that focus on
statistical parameters. It is possible to conduct an automated statistical analysis
of morphologic and geologic surface features based on analysis tools. The tools
provide parameters that were obtained by de�ned geostatistical techniques. Hence,
the tools guarantee a consistent quality of results. This also includes achieving
reliable, comparable, and usable results, but also reducing the time and e�ort of
conducting such studies. These tools describe the base for a standardized analysis
method, which could be adapted to several research topics. Analysis tools provide
additional information and help to the user and are therefore considered assistance
systems.
Tools were developed for this purpose and tailored to answer a speci�c research

question. The tools are organized in a hierarchic order and follow the principle
of dependency. The tools are ordered in three dependency levels. The �rst level
is a set of measurements, which also represent the basis for geoscienti�c analyses.
They are followed by calculations that provide more information about the surface
morphology. The �nal level includes the classi�cations, which is the end product of
the quantitative research.
Translating geologic processes into important key parameters, boundary condi-

tions and rules, which could then be implemented into the tools was a time con-
suming process. The key parameters and boundary conditions need to be de�ned
precisely. This requires knowledge about the research topic. Case studies and previ-
ous research can help to de�ne the needed parameters. The tools were coded within
Python and later imported and run in ArcGIS. The quality of the tool results is
hardly in�uenced by the quality and accuracy of the tool de�nitions, which depend
on the research question itself.
There are only a few databases available for surface features on Mars. Establish-

ing a database for the key parameters is another time consuming process, but also
the base for several quantitative and qualitative analyses. All features that should
be classi�ed must be included in the database. Important key parameters must be
included in the database, as well. These include spatial information, environmental
context, and small scale surface features. The quality of the database directly in�u-
ences the results. The software systems ArcGIS and JMars were used for this task.
As soon as a database is established, it can be adapted to various research questions,
it can also be easily updated and shared. The database increases the �exibility and
reproducibility of any experiment it is used in. The set rules for the classi�cations
increase the comparability of the research.
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Once the database and the tools have been produced, they operate automatically.
Calculations and classi�cations can be applied to the entire database or just selected
features. Running the tools within a database takes only a few seconds and the
results are shown within the database.
Related geologic processes, such as glacial and �uvial activity, are too similar to

be classi�ed by the automated tools or the manual approach. That was observed
by comparing the results of the two case study craters. In addition to the unclear
origin type, it is di�cult to determine a more probable origin model with the manual
analysis. The automated tools provide probability values for each origin model. The
classi�cation tools cannot achieve proper results if the probability of a classi�cation
is below 50 %. To guarantee the quality and reliability of the results, unclassi�able
features need to be labeled. Those features have to be manually analyzed in detail.
Another possibility would be the improvement of key parameters and rules for the
classi�cation. The discussion and interpretation of the results is still the task of the
user.

12.2. Scienti�c Results

433 FFCs were observed on Mars. This crater type was not found in the northern
lowlands, on volcanic lava sheets, or close to the poles. All FFCs were found within
a latitude of 45◦N and 60◦S. They are located along the dichotomy boundary, close
to chaotic terrains, tectonic systems, and volcanic regions within the Martian high-
lands. This observation is comparable to the research done by Bamberg et al. [2014],
Korteniemi [2003], Korteniemi et al. [2006].
Most FFCs were identi�ed as central peak complex craters. All observed FFCs

are �lled by 1,800 m of material on average. The observed surface features and the
context of each crater di�er considerably. This leads to the assumption that the
fracturing did not always develop by the same process. Various processes can lead
to fracturing of the crater �oor. We described six potential fracturing models:

• Intrusive Volcanism

• Tectonic Systems

• Groundwater Migration

• Subsurface Ice

• Rayleigh Convection

• Deep-Water Fault Systems

Parameters and rules were de�ned for each origin type, which helped to identify
the presence of these processes. Surface features were observed and measured in
the environmental context and the crater interior. Additionally, spatial data were
used to analyze the location of each crater. It was veri�ed whether the crater was
located close to volcanic regions, tectonic systems, chaotic and fretted terrains, or the
dichotomy boundary. All parameters were taken into account for each origin model.
The six origin models were divided into clearly observable geologic processes. This
results in the combination of the Rayleigh convection, subsurface ice, groundwater
migration, and deep-water fault systems models into one origin type related to ice
and water activity.
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For the FFCs on Mars, three major origin types were identi�ed. Each type repre-
sents di�erent geologic processes, environments, and locations on Mars. The main
process to develop �oor fracturing is the combination of water and ice activity.
At 43 % (187) of the FFCs on Mars, glacial and �uvial processes are signi�cantly
involved in the fracturing. The FFCs are located mainly along the dichotomy bound-
ary of Mars and the out�ow channels. Surprisingly, several craters were found within
the Martian highlands. Erosion due to �uvial and glacial activity modi�es craters
and also erases surface features indicating di�erent geologic processes. Within the
Martian highlands, it is unknown if the �uvial and glacial processes lead to the frac-
turing event, itself, or modi�ed the crater morphology after it was already fractured
through other processes. 20 % (86) of the FFCs are fractured by tectonic activity.
Large tectonic systems damage the crater rim and intersect the crater. This ini-
tiates the fracturing process and it developed further throughout the crater �oor.
This fracturing type was found at large scale scarbs in the Martian highlands, along
the chaotic terrains and out�ow channels, and at the dichotomy boundary. The
last origin type is intrusive volcanism and 15 % (64) of the FFCs were classi�ed
as developed by this process. The FFCs were found in vicinity to volcanic regions,
mainly Daedalia Planum, Syria Planum, Syrtis Major, and Hesperia Planum in the
Martian highlands and nearby the chaotic terrains.
For more than 75 % (337) of the FFCs, an origin type was identi�ed. 25 % (96)

FFCs, mainly located in the Martian highlands and along the dichotomy boundary,
could not be classi�ed to one of the fracturing models. This can be explained in
several ways. A mixture of origin models, resulting in no clear classi�cation, could
develop the fracturing of the crater �oor. Another option would be the fractures
formed by only one origin model, but the important key parameters are not observ-
able any more, due to erosion or superposition. The last possibility is that fracturing
could occur from a so far unknown fracturing model.
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13. Future Work

Potential future work can be focused on increasing the quality of the developed
classi�cation tools and also testing the automated classi�cation methods on di�erent
planetary bodies and surface features.

13.1. Technical Improvements

The classi�cation tools can be developed further, so that they provide even more
information to the user. One option would be to set the obtained origin type prob-
abilities in relation to each other. So far, the maximum probability value is given as
most potential origin type. The tools do not consider the probability di�erence be-
tween the origin types, but it can be seen in the database. The origin type would be
easier interpretable and additional information of the classi�cation would be gained
by adding a calculation of absolute values of probability. The origin type probabil-
ity would not be only presented in relative percentages but in ratios. E.g. a FFC
with a probability of 50 % developed by intrusive volcanism and 80 % developed
by tectonic activity would be formed by tectonics 1.6 times more likely than due to
intrusive volcanism.
The database could be extended and more parameters of importance added. Spec-

tral information could be included as key parameters in the classi�cation tools re-
garding glacial and �uvial processes, to improve the reliability of the results. Global
maps of minerals need to be available for this research. Spectral data are available by
the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM), the Visible
and Infrared Mineralogical Mapping Spectrometer (OMEGA), the Thermal Emis-
sion Spectrometer (TES), and the Thermal Emission Imaging System (THEMIS).
Research has been done on mineral compositions of the Martian surface , which
could be also taken into account [Christensen et al., 2001, 2004, Ehlmann et al.,
2011, Langevin et al., 2005, Mustard et al., 2008, Poulet et al., 2005].
Mineralogy can also be used to indicate surface processes and past environments.

The most important and characteristic minerals indicating water on the Martian
surface are Chlorides, Sulfates, and Phyllosilicates (e.g. Carr [2006], Kiefer [2004]).
For the development of Phyllosilicates, a standing body of water (paleolake) is

needed. They settle and deposit �rst and would, consequently, likely be found at
the bottom of the stratigraphy [Velde, 1995]. The presence of these minerals would
support the existence of a paleolake and could be an additional key parameter for the
deep-water fault system origin. Sulfates develop in shallow water and require very
high saturation rates. These minerals are often deposited on top of Phyllosilicates.
Chlorides need very high evaporation rates and are deposited in playa lakes and are
usually found on top of the sulfate deposits [Osterloo et al., 2010]. The spectrometer
data show the presence of the minerals, but it is unclear if they developed in situ or
have been transported and deposited. It is also unknown if the deposited minerals
had any in�uence on the fracturing or were deposited after the fracturing process.
The development of minerals within the crater can hardly be de�ned to an age.
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To increase the precision of the measured data a digital terrain model with a higher
resolution could be used. For this research MOLA data are used because a global
elevation map is available. HRSC DTMs have a better resolution, but lack global
coverage. The accuracy of elevation measurements and depth calculations would
increase with global HRSC data and could have an in�uence on the classi�cations.

13.2. Scienti�c Applications

Crater size frequency distributions were conducted for two craters within the case
study. Age determination for FFCs developed by the three di�erent origin models
could help to get information about the chronology of events. The fracturing process
in each crater could be randomly active or a model could occur in a certain time
period. It is also possible that all models are active in the same time range. This
would give further information about the expected erosion and modi�cation of the
craters after the fracturing process. It could also provide information on the climate
history on Mars.
A comparison between Martian and Lunar FFCs could yield further information

into fracturing processes on di�erent planetary bodies. The Lunar FFCs could
be compared to the FFCs with a tectonic and volcanic origin on Mars regarding
size, depth, fracturing types, and observed surface features. Observed di�erences or
similarities between the FFCs need to be understood and explained to gain more
information about subsurface processes. Icy satellites could also be a potential target
for searching for FFCs developed in a glacial and �uvial environment. However, the
FFC identi�cation on these bodies is more di�cult due to the coverage and changing
resolution and illumination of image data.
The classi�cation tools can also be adapted to other surface features that should

be classi�ed on a global scale. The rules for every classi�cation need to be de�ned
and the database containing the key parameters needs to be established. Potential
surface morphologies are various types of impact craters, layered deposits, mass
wasting features, dunes, channels, channel networks, tectonic features or deltas.
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