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The main objective of this thesis is to comprehensively identify and analyze geological landforms on Mars
and investigate their relationship with potential water and movement on the planet’s surface. The study
will focus on the southern hemisphere of Mars for a Late-Noachian period. Specifically, we aim to search
for structures such as paleolakes, craters, alluvial fans, and pingos and determine if they are connected to
a valley network. We will identify the landforms to explain their unique structures and characteristics. This
study is expected to provide significant contributions to our understanding of the geology of Mars and its
potential for harboring water and supporting movement.

Methodology

A new Martian valley network/basin dataset is currently being derived from CTX imagery. It opens a new
way to quantify the processes which shaped these valley networks by linking the specifics of the intra sub-
basins geomorphology (reoccurring landforms). With this approach we can link the “juiciest” and “driest”
areas of Terra Cimmeria to specific geographical settings and geomorphological features and shed light
of the fluvial, glacial and lacustrine development of the area. Review part will be focused on overview of
geomorphological evidence of the valley fluvial, glacial and periglacial activity (polygonal ground patterns,
pingos, lakes, etc.). Practical part will consist of ggomorphological mapping/search for shapes described in
the review part. This is done using CTX mosaic data to explore geological landforms that are potentially re-
lated to water. Then, delineate landforms using ArcGIS, and calculate geomorphometry data and elevation
within the landforms using MOLA-DEM data. Finally, describe and compare the obtained data with existing
literature.
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Abstract: Mars' geomorphology offers a valuable insight into the planet's physical and
geological characteristics, including its potential for water presence and distribution
across its surface. High-resolution satellite images have revolutionized the study of
Martian geomorphology, enabling scientists to investigate the planet's surface features
in detail and with greater efficiency. This offers a unique opportunity for understand-
ing the processes that shape planetary surfaces, particularly the role of water in shaping
landscapes. This study aims to investigate the geomorphological characteristics of the
surface of Mars in the southern hemisphere near the equator, and how these character-
istics provide insight into the planet's water forms and quantities. High-resolution sat-
ellite images were utilized to efficiently analyze the landforms related to water flow
and formulation in the study area, which spans from 133.228 to 127.9 Longitude and
-5.439 to -11.096 Latitude. By applying morphometric analysis to the landforms' area,
elevation, and volume, we were able to compare the characteristics of the landforms
to those found on Earth and to previously detected landforms on Mars. The results
revealed the presence of alluvial fans, open-basin and closed-basin lakes, craters, and
other forms that can be connected to the valley system in the area of interest. One
identified alluvial fan displayed similar geomorphological characteristics to those
found on Earth and Mars, and the slope suggested the presence of gravel sediments.
Additionally, the study identified a total of 7 open-basin lakes and 2 closed-basin lakes
within the study area, which were formed during the Late-Noachian era. Furthermore,
11 craters were identified, with 3 of them displaying fans and ridges structures, indi-
cating the flow of water within them. The identification of these features suggests that
water has played a role in shaping the Martian landscape, particularly in the study area.
The results provide overview into the geomorphology of Mars and its potential for
water presence, which is crucial for Mars exploration missions. Further investigation
of Mars' surface and the role of water in shaping its landscape is important particularly
in the search for signs of past or present water on the planet.

Key words:  Mars geomorphology, Late-Noachian, Water related landforms, Paleo-
lakes, Alluvial fans.

vii



Néazev prace:

Geomorfologické rozdily povodi Severni Terra Cimmeria

Autor: Ghada Sultan

Studijni obor: Ochrana pfirody

Studijni program:  Environmentalni modelovani

Typ prace: Diplomova préce

Vedouci: doc. Mgr. Ing. loannis Markonis, Ph.D

Katedra vodnich zdrojii a environmentalniho modelovani
Konzultant: MSc. Cufin Vojtéch

Katedra vodnich zdroji a environmentalniho modelovani

Abstrakt: Geomorfologie Marsu nabizi cenné poznani o fyzikalnich a geologickych
vlastnostech planety, véetné jejiho potencidlu pro vyskyt vody a jeji distribuci na
povrchu.  VysokorozliSovaci satelitni snimky revoluéné zménily studium
geomorfologie Marsu, umoznujice védcim podrobnéji a efektivnéji zkoumat
povrchové rysy planety. To nabizi jedine¢nou ptilezitost porozumét procestim, které
utvareji povrchy planet, zejména uloze vody pii tvarovani krajiny. Tato studie si klade
za cil zkoumat geomorfologické vlastnosti povrchu Marsu v jizni hemisféfe pobliz
rovniku a jak tyto vlastnosti poskytuji informace o vodnich forméach a mnozstvich na
planeté. VysokorozliSovaci satelitni snimky byly vyuZity k efektivni a pfesné analyze
pozemnich tvarii souvisejicich s proudénim a tvorbou vody v oblasti studie, ktera se
rozprostira od zemépisné délky 133,228 do 127,9 a zemépisné $irky -5,439 do -11,096.
Pouzitim morfometrické analyzy oblasti pozemnich tvarii tykajicich se plochy,
nadmoftské vysky a objemu jsme byli schopni porovnat vlastnosti pozemnich tvari s
témi nalezenymi na Zemi a s predtim objevenymi pozemnimi tvary na Marsu.
Vysledky odhalily pfitomnost aluvidlnich kuZzeld, otevienych a uzavienych jezer,
kraterd a dalSich forem, které lze spojit s udolnim systémem v oblasti z&jmu. Jedno z
identifikovanych aluvialnich kuzeli ukazalo podobné geomorfologické vlastnosti jako
ty nalezené na Zemi a Marsu a sklon naznafoval pfitomnost Stérkovych sedimentd.
Kromé toho bylo v oblasti studie identifikovdno celkem 7 otevienych jezer a 2
uzaviena jezera, kterd vznikla v dobé pozdniho noachianu. Déle bylo identifikovano
11 kraterti, z nichZ 3 zobrazovaly kuZzelovité a hiebenovité struktury, coz naznacovalo
proudéni vody uvnitf nich. Identifikace téchto rysti naznacuje, Ze voda hrala roli pti
tvarovani marsi.

Klicova slova:  Marsk& geomorfologie, Pozdni Noachian, Vodou souvisejici tvary
terénu, Paleojezera, Ri¢ni kuzely.
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1 Introduction

The history of Mars is a complex and geologists have identified several distinct
eras that help us understand the evolution of the planet over time. These eras are
defined based on the geographical and climatic conditions that are thought to have
existed on Mars at different points in its history (Tanaka et al., 2014a). The presence
of water on Mars is also known to have varied throughout the planet's history, with
some periods being more conducive to the presence of liquid water than others (Carr
& Head, 2015). For example, during the Noachian era, it is believed that Mars had a
denser atmosphere and warmer climate, which may have allowed liquid water to exist
on the planet's surface. In contrast, during the Amazonian era, Mars is believed to have
had a much colder and drier climate, with much less water present on the planet's
surface (Lammer et al., 2005).

The exploration of Mars has revealed the presence of various forms of water on
the planet, including ice, liquid water, and groundwater. The Martian polar caps con-
tain water ice, and recent studies have suggested that there could be vast underground
reservoirs of ice on the planet (Head et al., 2003). The detection of networks of valleys
in satellite images is also suggestive of the past presence of liquid water on the planet's
surface. These valleys are believed to have formed due to the erosion caused by the
flow of water over extended periods of time (Rosenberg et al., 2019).

The study of the volume of water on Mars is a crucial aspect in understanding the
planet's geological and climatic history. Previous estimates of the amount of water on
the planet have been controversial, with varying estimates from a few meters of GEL!
to the possibility of oceans existing in the past (Carr & Head, 2015). Recent advance-
ments in technology and data collection have allowed for more accurate measurements
of the amount of water-ice present at the near-surface of Mars. These improved meas-
urements have led to a better understanding of the water budget on the planet and its
potential to participate in geologic processes. Recent studies have revealed a diverse
range of water-related landforms that suggest the presence of liquid water on Mars in
the past Conway & Balme, 2014). Among these landforms are valley networks, open-
basin lakes, closed-basin lakes, channels, fluvial terraces, and deltas. Each of these
landforms has unique geomorphological characteristics that can be observed using
high-resolution satellite images. These images allow scientists to distinguish these
landforms from one another and to better understand the Geomorphology of Mars. By

! Global Equivalent Layer



studying the metrological data of these landforms, their relation to the water is as-
sessed. This helps us to understand how we can contribute to the flow of water and
how the water can formulate the structure of these landforms. The identification of
these water-related landforms is crucial in understanding the planet's hydrological sys-
tem and its potential to host life in the past or present.

In order to better understand the water inventory on Mars, landforms, and their
applicability to hold water in the past through studying the evidence of various land-
forms on Mars, such as alluvial fans, open-basin and closed-basin lakes and channels,
finding out the role of these landforms in the construction of the area and their role as
water inventory and providing more insights into the geographical record of Mars and
the potential for the existence of life in the past or in the future.



2 Objectives and Methodology

2.1 Objectives

The main objective of this thesis is to comprehensively identify and analyze
geological landforms on Mars and investigate their relationship with potential water
and movement on the planet's surface. To accomplish this, we will utilize high-
resolution CTX? stereo and CTX mosaic images to delineate landform structures and
employ the ArcGIS software as a tool for image visualization and conducting
geomorphological analysis. The study will focus on the southern hemisphere of Mars,
covering an area of 46,957.8 square kilometers for a Late-Noachian period.
Specifically, we aim to search for structures such as paleolakes, craters, alluvial fans,
and pingos and determine if they are connected to a valley network. We will
meticulously and accurately identify the landforms to explain their unique structures
and characteristics. Furthermore, we will conduct a comparison with terrestrial and
martial literature to validate the findings. This study is expected to provide significant
contributions to our understanding of the geology of Mars and its potential for
harboring water and supporting movement.

2.2 Methodology

« Utilize CTX mosaic data to explore geological landforms on Mars that are po-
tentially related to water.

» Visualize the Martian surface using ArcMap in ArcGIS to gain insights into the
geology of the planet.

+ Delineate landforms using edit session and create feature functions in ArcGIS,
ensuring accuracy in the process.

« Calculate elevation within the landforms using MOLA-DEM? data, enabling a
more comprehensive understanding of the geology.

« Employ basic functions from ArcToolbox to calculate Geomorphometric data,
such as area, slopes, and aspects, which can provide further insights into the fea-
tures and characteristics of the landforms.

» Analyse and process obtained data, ensuring that statistical techniques and scien-
tific methods are employed.

» Describe and compare the obtained data with existing literature to validate the
results and provide a broader context for the findings.

Z Context Camera
3 The Mars Orbiter Laser Altimeter - Digital Elevation Model
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3 Literature Review

3.1 Mars Water Inventory

Quantifying the water inventory on Mars is crucial for understanding the avail-
ability and distribution of water on the planet. This includes the presence of liquid,
vapour, and Ice water. Different methods may be used to measure the water inventory
depending on the form and location of the water. The available amount of water that
participates in geologic processes at or near the surface of Mars is not certain (Carr &
Head, 2015). The presence of water on Mars is indicated by the Global Equivalent
Layer (GEL), which refers to the depth of water if it were evenly distributed across the
planet, rather than being trapped in valleys or underground networks. One of the sug-
gested theories is that there were oceans in the Hesperian and Amazonian era covering
the northern plains of Mars, which in turn supports the existence of GEL in the liquid
form, estimated to be hundreds of meters to kilometres (Baker et al., 1991). This is
opposite to the previous conclusion that the GEL only held few meters (Yung et al.,
1988).

3.1.1 lce

Mars is known to contain significant amounts of ice, both in its polar regions
and in other areas such as mid-latitudes landforms, and underground in the subsurface
(Head et al., 2003). The majority of ice on Mars is found in the polar regions, which
are covered by extensive ice sheets that can reach thousands of meters in thickness. It
has several types of ice deposits, including seasonal deposits of CO2 ice in the polar
regions, residual ice caps consisting of water ice, and Polar Layered Deposits (PLD)
consisting of layers of ice mixed with dust. The seasonal deposits of CO2 ice formed
from the condensation of the atmosphere and lasting through the Martian winter, with
a thickness of less than one meter while the residual ice caps partially cover the polar
ice sheets and are made up of high-albedo water ice deposits with a thickness much
less than the ice sheets themselves (Head et al., 2003). Underneath them are the PLD,
consisting of hundreds of layers of water ice and dust with varying proportions based
on the climatic conditions at the time of deposition. The total volume of ice currently
present on Mars is estimated to be equivalent to a 34 GEL with 22 meters of that in
the polar water ice cap (Plaut et al., 2007).

Ice on Mars can also be found in the latitude-dependent mantle (LDM) Layer.
LDM is a morphological unit that covers a significant portion of Mars' surface outside
of the polar regions. It is thought to contain the bulk of the planet's shallow ground ice.



The LDM has been linked to observations of present-day, massive ground ice in the
upper tens of centimeters of Mars' surface by remote sensing and by identification of
high albedo, swiftly fading deposits within newly formed impact craters at mid-
latitudes (Schon et al., 2012). The LDM is interpreted to be a mixture of ice and dust
based on the presence of thermal contraction polygons and sublimation-like
degradation pits. It is estimated to be young (0.1-1 Ma) and in places comprises at least
six layers. On cold pole-facing slopes in the mid-latitudes, the LDM often blankets the
middle and lower parts of the slope, infilling local hollows, and has a well-defined,
lobate margin near the top of the slope. Erosional gullies occur in such LDM deposits,
inspiring suggestions that it is analogous to a "pasted-on™ snowpack (Figure 3.1). The
LDM in such regions exhibits polygonal patterns associated with thermal contraction,
crevasse-like fractures, downslope lineations, and steep gully incisions (Conway &
Balme, 2014). This "pasted-on™ LDM overlies other putatively ice-rich deposits, such
as concentric crater fill (Figure 3.2). The volume of the source alcoves and terminal
deposits of gullies can be used to investigate the composition of the LDM.

210°E  240°E  270°E  300°E  330°E 0° 30°E 60°E 90°E  120°E  150°E

Figure 3.1: Layers of ice-rich latitude-dependent mantling (LDM) found in the northern
and southern martial hemispheres (Schon et al., 2012).

Different hypotheses are suggested to explain the formation of ice in the LDM.
The main hypotheses are that the ice formed through slow vapor diffusion of water
vapor into the regolith, or through direct emplacement of ice as snow or frost
accumulation, or frozen liquid water (Fisher, 2005). Moreover, ground ice stability in
the mid-latitudes of Mars is influenced by the planet's orbit and axial tilt. There are a
variety of landforms in the mid-latitudes that resemble ice-rich landscapes on Earth,
but their creation cannot be attributed to periodic changes in the climate. Some of the
geomorphic landforms in the region are believed to have formed from the viscous flow
of ice-rich materials, including lobate debris aprons (LDA), lineated valley fill (LVF),



and concentric crater fill (CCF). These features can be tens of kilometers in size and
are thought to be from the Early to Middle Amazonian period (Berman et al., 2021).

Figure 3.2: Geomorphic evidence of multiple layers of remnant
LDM latitude dependent mantling in a crater in Terra Sabaea (Schon
etal., 2012).

3.1.2 Liquid Water

The total volume of liquid water present on early Mars has also been estimated
through various methods, such as the study of geological features believed to have
been carved by water. An example of these studies was shown by (Rosenberg & Head,
2015) where the amount of water needed to shape the valley networks was intially
estimated by utilized the valley network distribution information (Williams & Phillips,
2001) and the volumes of eight major valley networks (Hoke et al., 2011) gathered to
determine the volume of sediment removed during the carving of the networks. This
was based on the Mars Orbiter Laser Altimeter (MOLA) data with a resolution of
460 m/pixel. Then, a fluid-to-sediment flux ratio used to estimate the minimum
amount of water required and the total amount of sediment removed from the
networks. The result was an estimate of 3-100 m for the required volume of water in
the form of GEL (Rosenberg et al., 2019).

The ratio between normal and deuterated water on Mars has also changed over
time, with lighter H.O molecules escaping the planet more easily than heavier heavy
water (HDO), which confirms the loss of a large quantity of water over time. It has
been estimated that the total water present on the surface of Mars 4.5 billion years ago
was 6-7 times the current amount (Villanueva et al., 2017).



Liquid water is thought to have once flowed on the surface of Mars, but today it
can only be present briefly and under uncommon circumstances due to the planet's low
temperature and atmospheric pressure. The discovery of networks of narrow, incised
channels called gullies on Mars, which are thought to have been carved by groundwa-
ter seepage and surface runoff, provided the first evidence of a recent occurrence of
liquid water on the planet's surface (Orosei et al., 2020). The formation of gullies has
been explained through different mechanisms, with liquid-water debris flows resulting
from surface melting being considered the most plausible (Figure 3.3). The mapping
of gullies on the Martian surface has shown that they occur in specific latitude bands
and that their presence is anti-correlated with massive ice deposits (Jouannic et al.,
2012). They are considered to be among the most promising locations for evidence of
past or present liquid water on the planet (Dundas et al., 2010). Recent studies have
provided evidence for subglacial liquid water beneath the South polar cap through or-
bital radar sounding, but the exact amount and location of this water is still being stud-
ied and debated (Orosei et al., 2018, 2020b). Understanding the presence and distribu-
tion of liquid water on Mars is crucial to explore the geology of the planet.

100m o iy :
Figure 3.3: Gully like-landform suggested to be formed by
melted ice (Dundas et al., 2019).

Studies have suggested that the gullies on Mars may have formed as a result of
the melting of subsurface ice during warm periods, or as a result of liquid water seeping
out of underground aquifers and flowing down the slopes of craters and valleys
(Conway et al., 2018). Some studies have also suggested that the formation of gullies
may be related to climatic changes on the planet, and that they may have formed as a
result of the periodic melting of polar ice caps or of the of the Martian ice-rich deposits
LDM . The occurrence of Martian gullies is correlated with the distribution of water
ice landforms. Gullies are found in the same latitudes as various range of ice related

7



landforms but are less common in areas with high concentrations of LDA, and they
are only seen in 12% of craters with interior ice deposits (Conway et al., 2018).

3.1.3 Groundwater

The hydrologically underdeveloped landscape of early Mars likely played a
significant role in shaping the watershed of valley networks. The limited availability
of liquid water on the surface of Mars likely prevented the evolution of extensive river
systems and instead favored the development of groundwater systems. The
groundwater on early Mars likely flowed through the subsurface and contributed to the
formation and evolution of valley networks. Prior to the Amazonian and Hesperian
periods, the water suggested to infiltrate the surface and move through the crust and
recharge the groundwater system (Caleb I. Fassett & James W. Head I11, 2008). This
is supported by the presence of hydrological features, such as fan-shaped deposits, on
the floor of many valleys, which are interpreted as evidence of groundwater discharge
(Caleb 1. Fassett & James W. Head 111, 2008).

For surface water, watersheds are areas separated by a topographic divide line
with identified highest points on the land surface. However, this definition may not be
effective in studying groundwater, as the divide between basins can differ from the
topographic divide and result in inter-basin groundwater flow (IGF) (Winter et al.,
2003). The exact description of groundwater divides is necessary to understand the
features of IGF. Traditionally, groundwater divide explained as a curve on the water
table ridge, which separates the flow domain into subdomains (Winter et al., 2003).
The relationship between the groundwater divides and the top of the water table in a
river basin explained in Figure 3.4. They found that a pass-through flow may develop
below the local flow systems when the groundwater is close to the high river (Han et
al., 2019).

Moreover, the underground water could influence the watershed of valleys by
affecting the distribution of sediment, influencing the incision of valleys, and
contributing to the creation of specific landforms, such as alluvial fans, craters and
lakes, that are associated with groundwater discharge. The interplay between the
subsurface water and the surface landscape likely played a crucial role in shaping the
watershed of valley networks on early Mars (Caleb I. Fassett & James W. Head IlI,
2008).

To add, the presence of groundwater depends on the heat flow, with groundwater
lasting only at latitudes exceeding 30° for chondritic heat flow (Grimm & Painter,
2009). The presence of gullies in certain latitudes and on nonequatorial slopes suggests
that the gradual percolation of groundwater to the surface and its evaporation must be
impeded by an ice barrier, which allows for the formation of a reservoir of liquid. The
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eventual outburst of this ephemeral reservoir transports accumulated debris downslope
as a slurry flow of ice, liquid, and rock debris. The eventual outburst of this ephemeral
reservoir transports accumulated debris downslope as a slurry flow of ice, liquid, and
rock debris. In amodel explains why gullies are not found in regions with higher
temperatures and equator-facing slopes, suggesting that emergent groundwater would
quickly evaporate, preventing the persistence necessary for gully formation (M. C.
Malin & Edgett, 2000). The model involves groundwater moving within and along
bedrock layers, until it reaches the surface and creates a depression (M. C. Malin &
Edgett, 2000).

b Groundwater
= divide

\ Plan view River-

& 7
X /

Figure 3.4: A Model explains the divides of groundwater in case of two val-
leys that have two different water tables (Han et al., 2019).

3.1.4 Outflow Channels Formation

The presence of ancient fluvial features on the surface of Mars, including valley
networks, open-basin lakes, and closed-basin lakes, indicate the presence of liquid wa-
ter and related fluvial and lacustrine processes on the surface of the southern highlands
during the Late Noachian period (Caleb I. Fassett & James W. Head 111, 2008). These
features are usually taken to imply a "warm and wet" climate with rainfall and the
potential for oceans in the northern lowlands. It is suggested that liquid water was not
stable on the surface of Mars during the Late Noachian period, but transient liquid
water (melted ice) may have occurred if surface temperatures were between the melt-
ing and boiling points (Richardson & Mischna, 2005). It has been found that at higher
obliquities and slightly higher surface pressures, conditions suitable for transient liquid
water are met over a large area of Mars. However, as surface pressure increases, at-
mospheric thermal blanketing reduces the diurnal temperature range, making it impos-
sible for transient liquid water to occur. On the other hand, at high enough pressures,
the mean annual temperature is sufficient to allow stable liquid water (Richardson &
Mischna, 2005). One conclusion from these studies is that the potential for liquid water
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on Mars has not decreased monotonically over time as the atmosphere was lost, but
rather, there was a minimum in the potential for transient liquid water during a period
with pressures in the range of 0.1 to 1 bar. It indicates similar conditions to those that
may have existed in the Noachian, predict a "warm and wet" climate, characterized by
continuous conditions suitable for the stability of liquid water on the surface (Palumbo
etal., 2018).

The formation of outflow channels on Mars, are believed to have been formed
by the eruption of groundwater from beneath a thick layer of ice. Floods may be limited
in their ability to erode and shape the landscape not by their power, but by their ability
to carry sediment. In approximate, a total of 40 meters of water were required to form
the large circum-Chryse channels, based on assumptions about the sediment load car-
ried by large floods and 20% by volume of the canyons (Carr & Head, 2015). The
estimated volume of water brought to the surface in the development of outflow chan-
nels is highly uncertain due to the difficulty in distinguishing between tectonic and
erosional processes in the formation of the channels. The largest outflow channel,
Kasei Vallis, is estimated to have resulted from the erosion of 4.8 m GEL of water,
while the large Chryse channels are estimated to have resulted from the erosion of
approximately 10 m GEL of water (Carr & Head, 2015). However, it is possible that
the actual volume of water involved could be higher or lower due to uncertainties in
the sediment load and the proportion of tectonic versus erosional processes in the de-
velopment of the channels.

3.2 History of water on Mars

3.2.1 Evidence for The Presence of Water on Mars

The evidence for water flow on Mars can be observed in different locations such
as in Terra Cimmeria. The northern segment of the Sirenum Fossae in Terra Cimmeria
contains two craters filled with smooth and concentric crater fill material, which is
believed to be ice-rich based on its behavior and the behavior of similar material
elsewhere on Mars. On the floor of the western fluvial system, there are several
deposits with convex-upward profiles and crevasses on their surfaces that are believed
to be ice-rich as well. These well-preserved ice-rich deposits suggest a prolonged
glacial history in Terra Cimmeria during the early to middle Amazonian period (Adeli
et al., 2016). The intermediate section does not show direct traces of fluvial activity,
but it may have had a different morphology at the time of the fluvial activity and may
have been a depression to collect surface runoff. The surface of the bedrock unit is
locally polygonally fractured, which may indicate liquid water activity similar to a
lacustrine environment. The mantling unit is more concentrated in the western and
northern part of the intermediate section and corresponds to the middle Amazonian.
This suggests that it may be a drape of frozen dust deposited during a middle
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Amazonian ice age and revealing one or several recent Amazonian glacial history
(Conway & Balme, 2014). The erosional and depositional features of the fluvial
system in Terra Cimmeria, including incised channel floors, fan deltas, and alluvial
fans, suggest highly energetic and short-term fluvial activity. Similar valleys and
landforms of Amazonian age in other mid-latitude regions have been interpreted as
being formed by a single, short fluvial episode (Adeli et al., 2016). Likely, the water
source for the short-term event events is surface runoff of ice melt, which would have
occurred under different climatic conditions in the past. They are triggered by obliquity
or orbital variations that mobilized polar ice towards mid-latitude regions of Mars.

Another example of the presence of water On mars is the depression at the head
of Karun Valles. This depression could have hosted an ice-covered lake or a subglacial
lake, which collapsed and initiated a catastrophic outflow. The liquid water collected
by the upstream catchment system may have fed the depression and formed an ice-
covered lake under middle Amazonian atmospheric conditions. Alternatively, the
depression may have hosted a glacial deposit, which catastrophically collapsed and
melted. An alternative source of water could be rise of groundwater, but this would
not explain the distribution of small depressions and ice-rich deposits on various
locations and elevations (Hobley et al., 2014).

3.2.2 Geomorphological and Water History of Mars:

The history of Mars can be divided into several distinct eras, based on the
geologic and climatic conditions that are thought to have existed on the planet over
time. The earliest era is Noachian period estimated to be between 4.1 to 3.7 billion
years ago, while Hesperian period is approximately from 3.7 to 3.0 billion years ago,
and Amazonian period which started from 3.0 billion years ago to present (Carr &
Head, 2010).

The Noachian Period on Mars was a time of intense geological activity, with
significant modification of the Martian surface due to impacts, volcanic activity, and
erosion (Carr & Head, 2010). The presence of isolated volcanic constructs, such as the
Tharsis Montes and Elysium Mons, suggests that volcanic activity was not limited to
the Noachian highlands and that volcanic activity was regionally and temporally varied
during this time (Tanaka et al., 2014a). The modification of the cratered highlands on
Mars continued into the Late Noachian period with processes such as volcanism, sed-
imentation, and impact events, although at a reduced rate and extent compared to ear-
lier periods. The early Noachian highlands are thought to consist of less proportion of
sedimentary and volcanic materials compared to Middle Noachian highlands (mNh),
which may be a reflection of the climate conditions that were conducive to
precipitation and runoff during the mNh (Tanaka et al., 2014a).
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The Hesperian Period on Mars was characterized by extensive geological activ-
ity, including volcanism, tectonism, chaos, and outflow channel development (Carr &
Head, 2010). The period also saw a decrease in the overall formation of precipitation-
fed runoff valleys and sedimentary deposits, with most occurring in local highland
areas. The period was dominated by acidic weathering conditions, leading to sulfate
enrichment of layered deposits in Valles Marineris, Gale crater, and other highland
craters (Tanaka et al., 2014a).

While in the Amazonian period, the environment on Mars was characterized as
cold, dry, and oxidizing. Despite being the longest geologic period on Mars, the rates
of material deposition and cumulative amounts of geologic modification were signifi-
cantly reduced compared to previous epochs (Carr & Head, 2010). The Amazonian
period was dominated by accumulation of polar layered deposits, dunes, and possible
relict mountain glacial moraines. Magmatic-driven processes may have also contrib-
uted to environmental change during this period. The resulting geologic composition
are complex (Tanaka et al., 2014a). They reflect a dynamic and changing environment,
but also provide a window into the history of Mars.

3.2.3 Water Content and Movement Through History

The climate and hydrological regime in the Late Noachian period of Mars' his-
tory was characterized by repetitive episodes of precipitation and surface runoff, as
opposed to the mainly episodic groundwater eruptions that occurred later (Carr &
Head, 2010). Higher rates of geothermal heat flux, impact rates, crater degradation,
volcanism, and aqueous alteration to form clays may have allowed more water to in-
filtrate into the ground or be chemically fixed in the subsurface. The near-surface in-
ventory of water during this period is estimated to be 24 m GEL, but the total amount
of water presents at the surface and within the upper few kilometers of Mars’s surface
is thought to be higher, possibly including 120 m GEL of water outgassed during the
formation of Tharsis (Lammer et al., 2005). The absence of oceans at this time and the
low near-surface water inventory supports a model of a cold, icy climate with water
concentrated in ice sheets. The current surface and near-surface water budget of 34 m
GEL could have formed valley networks through repeated episodes of melting and
runoff (Carr & Head, 2015).

During the Hesperian period, approximetly 27 meters of GEL of water had been
outgassed to the surface of Mars, but a more recent study found this number to be
significantly lower at just 4.6 meters GEL. Similarly, for the Amazonian period, the
initial estimate was 14 meters GEL, but a 2012 study found it to be 2.8 meters GEL
(Carr, 1996; Greeley, 1987). Both studies made assumptions about the volume of
volcanic rocks erupted and the water content of magmas, which was assumed to be
1%. However, that the actual water content of magmas is uncertain and can range from
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0.0075% to 2.8% which in turn can affect the calculation of the water volume and the
intial estiamtes of the near surface water (Carr, 1996; Greeley, 1987). Based on
estimates of water outgassed during the Hesperian and Amazonian eras, Carr & Head
estimate that 2.3 meters GEL of water was lost as a result of H2SO4 formation during
the Hesperian period and 1.4 meters during the Amazonian period (Carr & Head,
2015).

Water loss to space over the last 3.5 billion years has been estimated to be a few
meters, but this estimation is based on current loss rates of hydrogen. However, the
hydrogen content of the atmosphere and the amount of water loss is also affected by
the planet's tilt. Studies suggest that the water content in the lower atmosphere at an
average tilt of 40 degrees could be much higher than present-day levels. The loss of
oxygen to space may be a better indicator of water loss than hydrogen loss. It is
estimated that up to 35 meters GEL could have been lost from the upper atmosphere
over the past 3.5 billion years. It's assumed that this loss rate was constant, with 5m
lost during the Hesperian period and 30m during the Amazonian period (Carr & Head,
2015). In the Hesperian, an additional 5 meters of water were gained from outgassing
and 7 meters were lost to space and chemically fixed, leaving 64 meters of unbound
water that must have been derived from other events in the Hesperian or carried over
from the Noachian period. (Carr & Head, 2015).

Currently, The amount of unbound water at the surface of Mars is suggested to
be 34 meters GEL. At the end of the Hesperian period, it is believed that a total of 62
meters of unbound water were present near the surface, with 3 meters gained from
outgassing and 31 meters lost to space and chemically fixed in the ground during the
Amazonian period (Carr & Head, 2015).

3.3 Geomorphological Evidence of Fluvial and Glacial Activity

3.3.1 Alluvial Fans

Alluvial fans are landforms that are formed by the depositing of sediment,
typically by a stream or river, at the base of a mountain or cliff. They are usually fan-
shaped and can range in size from a few meters to hundreds of kilometers across. The
sediment that forms alluvial fans is typically transported by water, but can also be
transported by wind or ice. These alluvial fans are found at mid-latitudes on Mars, and
their presence suggests that there may have been periods of fluvial activity on the
planet in the past. However, the origin of these alluvial fans is debated among several
hypotheses, such as snowmelt versus rainfall, transient or stable climatic conditions,
and the role of impact or volcanic activity in melting water ice (Blair & McPherson,
2009). Example of fan deposits is the four fan deposits identified within the Degana-
A crater that cover the entire floor area. The fan deposits were also observed on the
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floor of the larger Degana crater, particularly in the southwestern quadrant. The fans
within the Degana-A crater have low gradients in the range of 2° to 4° and almost
equal areas (Harish et al., 2021). The fans located on the floor of Degana crater did not
show as many sharp distributaries as observed on the fans located within Degana-A.
The fans in Degana-A, particularly fans f1 and f3 (Figure 3.5) exhibit surface textures
with noticeable bedding/layered sediments. The fan deposits observed within both
craters (Degana and Degana-A) are likely Amazonian (Michael, 2013).

Figure 3.5: Fan structure and deposit distribution in Degana-A crater for Fan 1
(f1) and Fan 2(f2) (Harish et al., 2021).

Alluvial fans are often found on Earth in humid climates where there is a jux-
taposition of high- and low-relief topography. The size and shape of the sediment-
source drainage basin, as well as the mechanical properties of the sediment it provides,
has a significant effect on a fan's morphology (Harvey et al., 2005). Two hypotheses
were developed to explain the evolution of alluvial fans: the evolutionary hypothesis,
which viewed fans as a transient feature forming early in the development of a land-
scape or as part of a long-term cycle, and the equilibrium hypothesis, which held that
fans were in a state of dynamic balance where deposition and erosion were equal over
some time scale. Modern research has focused on understanding the various factors
that control the formation of alluvial fans, such as climate, hydrology, tectonics, and
geomorphology (Harvey et al., 2005).

Martian alluvial fans are influenced by several factors such as flow processes,
dominant grain size, and gravitational effects. The lower gravity of Mars affects fan
channel gradients and sediment loads, with sediment loads being higher for equivalent
discharge, channel dimensions, and gradient, and sand-bed fan channels having lower
gradients (Moore & Howard, 2005). Based on the comparison of Martian alluvial fan
morphometry to their terrestrial counterparts, The Martian fans are found to have
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steeper gradients and lower concavity compared to the fine-grained alluvial fans of
coastal California, but similar to the coarse-grained alluvial fans of the Basin and
Range province. The available evidence suggests that the Martian alluvial fans are
dominated by gravelly sediment (Moore & Howard, 2005).

3.3.2 Paleolakes

The surface of Mars has been shaped by both fluvial activity and impact cra-
tering, and the interaction between these two processes can be observed in the for-
mation of paleolake basins within impact (Goudge et al., 2015). On Mars, impact cra-
ters provide the dominant mechanism for creating basin topography, while on Earth,
tectonics and glaciation are the main processes responsible for forming lake basins.
Martian paleolake basins are commonly classified as either open-basin or closed-basin
lakes. Open-basin lakes have an outlet valley that drains the basin and typically have
at least one inlet valley as well, though there are instances of open-basin lakes forming
without inlet valleys. Closed-basin lakes do not have an outlet valley and can only be
filled and emptied through evaporation or seepage (Cabrol & Grin, 1999). Understand-
ing the hydrologic setting of paleolakes on Mars is important for understanding the
history and evolution of water on the planet.

3.3.2.1 Closed-Basin Lakes

Closed-basin lakes on Mars are an important part of the Martian landscape,
providing insight into the evolution of the planet's hydrologic cycle. These lakes,
which do not have an outlet valley, are often contained within impact craters. An ex-
ample of the closed basin lake is the lake located in the Gale crater (Figure 3.6). A
study of 205 closed-basin lakes across the surface of Mars explored details about the
morphology, morphometry, and mineralogy of these basins and associated sedimen-
tary deposits (Fassett & Head, 2008). In order to be considered for the catalogue of
closed-basin lakes, a basin had to have an impact crater or multiple merged impact
craters as its boundary, at least one visible valley that breached the crater rim and
flowed into the basin. The presence of an inlet valley indicates that the basin had some
level of fluvial activity, but excludes basins that may have formed mostly through
groundwater influx (Goudge et al., 2015). It is difficult to identify these types of basins
in a global survey because they often lack visible signs of hydrologic activity. How-
ever, these groundwater-fed basins may still be an important part of the paleolake rec-
ord on Mars. The length of the inlet valleys of each lake is analysed as a primary char-
acteristic, with lakes being classified as having either short inlet valley under 20 km in
length or long inlet valleys over 20 km in length. The length of the inlet valleys is
likely influenced by factors such as the duration and strength of fluvial erosion, the
slope of the valley, the surrounding topography, and the local geology.
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The lakes with short inlet valleys correspond to the majority of lakes, tend to be
concentrated in the Arabia Terra and Xanthe Terra regions, and may have been formed
by groundwater (Cabrol & Grin, 1999). The distribution of these closed-basin lakes is
similar to that of open-basin lakes on Mars. The lakes in the catalogue have a maxi-
mum combined volume of approximately 1.7 x 105 km3, or 1.2 m GEL. The catalogue
also includes 55 closed-basin lakes with sedimentary fan deposits in their interiors.
The lack of widespread evaporate deposits suggests that the lakes were too transient
to undergo major evaporative concentration (Goudge et al., 2015).

(Goudge et al., 2015).

3.3.2.2 Open-Basin Lakes

High-resolution images from various Mars missions have been used to study the
population of candidate lakes that were fed by valley networks and had clearly ob-
served outlet valleys. It is identified as open basins (Figure 3.7). These valley network-
fed lakes are believed to have been longer-lived and closer to equilibrium with the
surface environment when they formed (Caleb I. Fassett & James W. Head 111, 2008).
The presence of an outlet indicates that a lake must have existed at the site. The mini-
mum volume of these lakes is estimated using current topography, and the data on the
input valley networks, elevations, and connections to other lakes are used to assess the
amount of water needed to fill the lakes and the potential sources of water. The study
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identified 210 open-basin lakes. The largest of these lakes, Eridania basin, is larger
than the modern Caspian Sea that hold volume of more than 78,200 km? (Irwin et al.,
2004).

The distribution of the lakes is partly affected by later geological events on Mars
and that it is challenging to recognize open-basins in certain regions due to obscuring
by younger geomorphological units. Additionally, there appears to be a weak inverse
correlation between the volume of lakes and their elevation, with larger lakes being
found at slightly lower elevations. Most open-basin lakes on Mars formed as part of
connected lake-chain systems, with outlet valleys of these lakes crossing local drain-
age divides (Caleb I. Fassett & James W. Head I11, 2008). These lake-chain systems
were significant pathways for the integration of the surface hydrology of early Mars
and were broadly consistent with drainage basins defined at the largest scale. It is noted
that these lake chains were longer in length than most terrestrial systems and that the
majority of the lake-chain systems were continuous over length scales of 200-600 km,
but a few were longer than 1000 km(Caleb 1. Fassett & James W. Head 111, 2008). The
study suggests that this is likely a result of the immaturity of the Martian landscape
compared to Earth.

Figure 3.7: Example of large open-basin Lake on Mars with its outlet in Tikhonravov
cratert (Caleb I. Fassett & James W. Head I11, 2008).

It is suggested that groundwater was a net contributor to the filling of the large
volumes of some lakes relative to their watershed in the Late Noachian. The presence
of knobby material on the floors of some lakes supports the idea that groundwater
played a role in their formation (Clifford, 1993). In addition, the water chemistry of
potential groundwater-fed lakes may have been different from those fed predominantly
by precipitation and that these differences may be preserved in the geochemistry and
mineralogy in their lake sediments and may be detectable by orbital instruments (Irwin
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etal., 2004). Additionally, many of these open basins connected to fretted terrain were
potentially groundwater-fed, and a role for groundwater in these source lakes is
consistent with sapping playing a role in the formation of some fretted valleys. The
large volumes of some lakes relative to their watershed areas suggest that groundwater
was a net contributor to their filling. Groundwater input may have been especially
important for the largest lakes on Mars. The cataloged lakes in the study provide lower
limits on surface water inventories, equivalent to a 3-meter-thick layer spread over the
globe (M. C. Malin & Edgett, 2000). However, if the interpretation that regional-to-
global-scale groundwater flow fed some of the lakes during the Noachian is correct,
this implies that the subsurface water inventory was significant and that groundwater
was not sequestered at great depths beneath a planet-wide cryosphere.

3.3.3 Impact Craters

The Gale Crater is believed to have formed due to an impact event that took place
on the Martian crustal dichotomy. The impact caused a valley network that was active
prior to the formation of Gale Crater to be partially buried. According to Irwin et al.
(2005), the extensive regional drainage system that existed in the area prior to the im-
pact could have provided the water needed for the construction of Farah Vallis, which
is a large canyon entering the Gale Crater from the south. They suggested that this
period of lake building occurred after the deposition and partial removal of Mount
Sharp sediments by Aeolian erosion. Large lakes were detected in the Gale Crater in
the past. However, the exact timing, extent, and duration of these lakes remain un-
known. For example, one of these lakes is the Pancake Lake Stand. It is defined by the
Pancake delta, which terminates at an elevation of —3280 meters, according to the
HRSC contour (Blake et al., 2013).

In the southern highlands of Mars in the easternmost side of the Coprates
quadrangle, there is an area characterized by a volcanic dome that extends over 200
km in diameter and is covered by impact craters of varying sizes. The largest crater on
the western flank of the volcanic dome is the Degana crater, which has a diameter of
50 km and a depth of 2 km. Another impact crater within the Degana crater, named
Degana-A, has a diameter of 20 km and a depth of 0.7 km (Figure 3.8). The dome and
its surrounding region are mapped as Mid-Noachian highland units (Harish et al.,
2021), which are formed by volcanic and impact activity and are moderately to heavily
degraded with dense valleys, grabens, and wrinkle ridges (Xiao et al., 2012). A
significant part of the crater rim was breached and this breach is associated with five
valleys which originated from Degana's crater wall. Nearly all five valleys converge
outside the eastern wall of Degana-A crater and breach this part to form the fan f1
deposits. Using a Poisson timing analysis, the age of the Degana crater estimated to be
in the early Hesperian period (Michael, 2013).
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Chukhung crater is located within the early-Hesperian volcanic unit and has a
maximum bounding age in the early Hesperian period, around 3.59 billion years ago.
It is proposed to be formed by fluvial or lacustrine processes, likely from precipitation
or snowmelt. The upper incised plains unit is interpreted as fluvial deposits and the
upper plains and ridges unit is proposed to be composed of resistant materials that
formed within the upper layer of the fluvial deposits (Butcher et al., 2021). The pres-
ence of LDAs in Chukhung crater suggests the presence of ice-rich glaciers in the past
(Holt et al., 2008). However, no similar ice-rich deposits are observed on the northern
or eastern portions of the crater floor or wall, indicating a regional variation in the
distribution of ice. This observation supports the idea that ice-rich glaciers were pre-
sent in the past on Mars.

Figure 3.8: Examples of Craters (Degana-A crater) (Ha-
rish et al., 2021).

3.3.4 Pingos

Periglacial processes on Mars can create a variety of landforms, including ther-
mal contraction polygons and pingos. Pingos are hills with an ice core that form when
pore water in saturated ground is covered by an impermeable frozen layer. If the pore
water is under sufficient pressure, it will push the permafrost surface upwards, forming
an ice lens that freezes to create the ice core. Pingos can form through hydraulic or
hydrostatic pressure, and their growth can continue for many decades (Burr et al.,
2009). The presence of pingos on Mars could indicate the past or current presence of
liquid water, which is of particular interest for understanding the origin of recent gul-
lies believed to have been carved by water (Figure 3.9).
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There are two types of pingos: open-system pingos and closed-system pingos.
Open-system pingos form at locations with high hydraulic head, often on valley floors,
while closed-system pingos typically occur in the shallow depressions of drained lakes.
Both types of pingos are mounds that can be up to hundreds of meters in diameter and
tens of meters high, with slopes typically less than 45 degrees. They are typically sol-
itary features but may occur in clusters in some cases. Open-system pingos are more
likely to be clustered than closed-system pingos (Cabrol et al., 2000). The overburden
of a pingo is typically composed of frozen ground, while the core is made up of nearly
pure ice. Fractures often form in the overburden due to tensile stresses during pingo
growth, and if the overburden becomes thin and extensively fractured, the ice core may
become exposed and begin melting. This can create a summit crater, which evolves
into a shallow depression surrounded by a rampart once the ice core is completely lost
(Dundas & McEwen, 2010) .

Figure 3.9: HIiRISE image shows Evidence for pingos on Mars (Burr et al.,
2009) and (Dundas & McEwen, 2010).

It is difficult to produce significant volumes of liquid water in the shallow sub-
surface of Mars in geologically recent times. The depth at which the temperature on
Mars reaches 273 K (the melting point of water) depends on the thermal conductivity
of the soil and is likely greater than 100 meters deep. High concentrations of salt can
lower the melting point and reduce the depth to melting, but this requires salt concen-
trations of tens of weight percent (Dundas & McEwen, 2010). The presence of pingos,
would indicate past occurrences of liquid water and the presence of currently extant
ice.

The Athabasca Valles mounds on Mars have been proposed as pingos and they
often have summit craters and little indication of fractures. This suggests they may
have formed through a different process (Burr et al., 2005). A cluster of mounds on a
crater floor on Mars has also been proposed as pingos, but these mounds are densely
fractured. Further, flat-topped mounds have been observed on the Utopia plains on
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Mars by the HIRISE camera. These mounds are often circular but may also have ir-
regular shapes and steep sides. They have flat summit areas, which may be slightly
domed or depressed, and are covered with small boulders similar to the local plains’
material. In some cases, smaller conical mounds occur near the flat-topped mounds,
but these generally lack visible fractures and may be capped by material of a different
composition (Dundas & McEwen, 2010).

The minimum amount of near-surface water required to form a pingo, is the vol-
ume of the mound. If the driving pressure for the formation of the pingo is due to the
freezing of near-surface water in porous, saturated ground, the minimum water volume
required is an order of magnitude greater, because the driving pressure and excess ice
volume are created by the expansion of freezing water (Dundas et al., 2008). The vol-
ume of ice required if a mound on Mars is a pingo can be compared to the estimated
water volumes involved in the evolution of gullies on the planet. It is possible that
mounds and gullies on Mars could have the same source of water.

3.3.5 Ridges

Arcuate or wide U-shaped ridges located over fans f2 and f3 in Degana-A crater
was observed. They have characteristics consistent with moraines observed on Mars
and varied thickness and height. These ridges are superposed on the fan deposits and
are oriented differently from the fan deposits. Additionally, the thickness of the ridges
and the calculated ratio of basal stress to density suggest that these ridges could have
formed by glacial activity (Harish et al., 2021). The "esker vs. inverted paleochannel
problem” refers to the difficulty in distinguishing between features on Mars that were
formed by the erosion of a river channel (inverted paleochannels) and those formed by
the erosion of a glacier (eskers) (Williams et al., 2013).

The sinuous ridges within the Chukhung crater are suggested to be inverted
valley-interior channels and the isolated pockmarked unit is thought to possibly be an
airfall deposit (Figure 3.10). The N1 (located in the northern floor of the crater) ridges
are interpreted as inverted paleochannels, formed by the erosion and infilling of
original valley channels. The alignment of N1 ridges with valleys and the presence of
possible resistant materials within the upper plains and ridges unit support this
interpretation. The rugged surface textures and variable crest morphologies of the N1
ridges suggest that they have undergone significant erosion and degradation since their
formation (Butcher et al., 2021). The N2 ridges, which are not clearly associated with
valleys and have a different morphology, may also be inverted paleochannels, but their
origin is less certain (Butcher et al., 2021). The absence of evidence for past or present
glaciation on the northern floor of Chukhung crater supports the interpretation that the
sinuous ridges are of fluvial rather than glacial origin. They have variable lengths and
sinuosities, with more rugged surface textures than other sinuous ridges in the crater.
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They have variable topographic expression, ranging from prominent ridges to low-
relief features and have typical heights of 5-20m and widths of 150m-1.1km.

Elevation (m)
350 W-62

Figure 3.10: Sinuous ridge on the right picture and Sharp-crested ridges in the left
picture in the Chukhung (Butcher et al., 2021).

3.3.6 Polygonal Pattern

Polygonal-shaped features were noticed within the Degana crater and on the fan
deposits (Harish et al., 2021). These polygonal patterns are observed primarily on the
fans in Degana-A, and also on the inner and outer eastern wall of Degana-A crater.
The majority of polygons' boundaries or fractures observed on the fans appear
irregular, whereas polygons over the Degana-A walls visually appear regular or
organized to each other (Figure 3.11). These polygons are 10s of meters wide and the
fracture length varies accordingly. Over the fans, most of the polygons are negative
relief features, and polygons on the wall of Degana-A are distinct from the polygons
observed on the fans, in terms of the slope at which they formed (Harish et al., 2021).
The polygons on the fans suggest a potential involvement of volatiles (potentially ice
or adsorbed water in clay minerals) in their formation, which would imply a periglacial
environment postdating the deposition of the pile of sediments.

Figure 3.11: Polygon patterns in fan 1 in Degana-A crater, a) polygons of
Trough boundary type and b) Polygons located over the layered ridges
(Harish et al., 2021).
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4 Methodology

4.1 Study Site

To conduct this study, a specific site located in the northeaster part of Mars'
southern hemisphere was selected. This area was chosen due to its abundance of
unique geomorphological features, which are more prevalent in the southern hemi-
sphere compared to the relatively flat northern hemisphere. In addition, it is close to
other key areas discovered on Mars. The site location, geological characteristics, and
boundaries were carefully identified and will be presented in detail in the following
section. To analyse the geomorphology of the site and calculate relevant morphomet-
ric data, a rigorous methodology was applied, which will also be thoroughly ex-
plained in this study.

4.1.1 Location

Our site of interest corresponds to a basin, located in an area that was affected
by various geomorphological process, as it is located in a highland area norethern to
Terra Cimmeria. This area is believed to have formed in the Middle Noachian, and it
is also adjacent to a Late Noachian highland and an Amazonian and Hesperian impact
crater such as Gale crater (Tanaka et al., 2014a). The site was located in the southern
east of Mars within the following coordinates 133.228 - 127.9 Longitude, and - 5.439
to -11.096 Latitude with an approximate area of 46957 Km? (Figure 4.1). The valley
network suggested to empty in an area formed in the transition zone between Hespe-
rian and Noachian (Tanaka et al., 2014a). This suggests that the site could have been
shaped by a variety of geomorphology processes, including water-related processes
such as erosion, sedimentation, and possibly the formation of paleolakes.

In order to determine the presence of water-related landforms and associated
activities, a detailed geologic survey of the target area is imperative. This entails
mapping and analyzing surface features through remote sensing observations to gather
supplementary data that can aid in identifying and comprehending the processes
responsible for shaping the region, and to detect any signs of past water activity. The
data acquired is then subjected to morphometric analysis and compared to existing
literature, enabling insights into the Martian climate and geologic history. Such an
investigation would contribute to our understanding of the planet's geological
evolution and the role played by water in shaping its surface features.
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Figure 4.1: Area of inspection in mid-latitude regions on Mars, a) shows the image
of Mars surface obtained by MOLA and b) the area understudy shown by ArcGIS
and obtained by CTX mosaic data.

4.1.2 Geomorphological Characteristics

The Middle Noachian highland unit (mNh) is found in regions where the Early
Noachian highland unit (eNh) is rare or absent, and it forms low-lying surfaces that
are adjacent to higher-standing eNh outcrops. Middle Noachian impact basins, with
diameters greater than 150 km, are also present in the highlands (Tanaka et al., 2014b).
The adjacent geographical region is described as Hesperian and Noachian transition
unit (HNtu) which represents the transition between the Noachian and Hesperian
periods and preserves evidence of early Martian processes and the transition from a
more active to a more passive geologic period (Tanaka et al., 2014a).

The site occurs northern to Terra Cimmeria which is characterized by high-
standing plateau-like landforms, with a heavily cratered surface and evidence for
channel presence (Figure 4.2). It is detected by Mars Reconnaissance Orbiter (MRO)
mission which is a spacecraft launched by NASA in 2005 and is currently still in op-
eration. Its main objective is to explore and study the surface of Mars in greater detail,
as well as to serve as a communications relay for missions that land on the planet
(Adeli et al., 2016).
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In Terra Cimmeria, the fluvial system is composed of three sections: upstream,
intermediate, and downstream. The model absolute age of the bedrock unit in the in-
termediate section shows an age of 1.8 + 0.2/-0.2 Ga, indicating the maximum age of
fluvial activity. Along the main channel path, narrow valleys are observed that resem-
ble Amazonian-aged glaciofluvial valleys, which may be related to ice-rich deposits
in mid-latitude regions. The presence of a 5 km-wide deposit at the eastern channel
head may suggest that it is a remnant of a wider ice-rich deposit that partly melted in
the past and incised the narrow valleys (Adeli et al., 2016). Alternatively, it may reveal
a long history of re-deposition and disappearance of glacial deposits in the past. Local
depressions located at the head of the narrow channels may have hosted ice or snow
deposits that entirely melted and carved the narrow valleys toward the main water
stream. Terra Cimmeria's morphology presents a strong indication of water's existence
on Mars, owing to the presence of various landforms that suggest the past activity of
water.

Channel
evidence

_

Ice Rich
deposit

Figure 4.2: The water related landforms in northern of Terra Cimmeria shows
possible structure of Ice rich deposit and an evidence of channel (Adeli et al.,
2016).

The gale crater (Figure 4.3) is found 240 km away from the site of interest. It is
the location of landing by the Mars Science Laboratory Curiosity rover. It is a large
impact crater on the surface of Mars, located in the southern hemisphere of the planet,
near the equator (Blake et al., 2013). The diameter of Gale Crater is about 154 km, and
it has a central mountain, called Mount Sharp, which rises to a height of about 5.5 km
above the crater floor. It is believed to have once a large lake, and the evidence of this
past habitability is preserved in the sedimentary layers that make up Mount Sharp
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(Palucis et al., 2016). The rover has been exploring the crater and its surroundings
since it landed on Mars in August 2012. The major depositional and geomorphic events
(deposition of delta/fans and constitution of the mound) in the carter are suggested to
be ended by around 3.3 to 3.5 Ga and since then, most modifications have been due to
wind erosion. Hence, the valley system of the Gale was dated to Late Noachian to Late
Hesperian (Tanaka et al., 2014b).

Figure 4.3: The distance between the study area and Gale crater, Geologic Map of Mars
(Tanaka et al., 2014b)

The crater has a delta and several small inverted channels on the southern flank
of Mount Sharp which terminate at this elevation. A lake which was identified at this
elevation would have covered a surface area of 5832 km? and would have had a mean
depth of 0.7 km, assuming that Mount Sharp was at its current extent and that the crater
floor had not undergone significant erosion or infilling since that time. This would
have given the lake a volume of 3780 km? (Palucis et al., 2016). Understanding the
geomorphology of this crater is a matter of importance due to its close to the study
area and part of its valley is suggested to be formed within the same period as the
valley network in the study area that interacts and influences the geomorphology of
landforms within the area.
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4.2 Satellite data

The identification and study of geological structures on Mars rely primarily on
satellite images obtained from various missions and satellites equipped with advanced
technologies. The resolution of these images is a critical factor in accurately depicting
the surface of Mars and conducting precise calculations of elevations and slopes of the
terrain, which are essential in visualizing and identifying the landforms present. Vari-
ous satellite missions have contributed to the collection of high-resolution images of
the Martian surface, such as the Mars Reconnaissance Orbiter (MRO), which has pro-
vided images with a resolution of up to 25 cm per pixel. These high-resolution images
allow for the identification and detailed analysis of geomorphological features on the
Martian surface, such as craters, valleys, lakes, and other landforms, which can provide
valuable insights into the planet's geological evolution and the processes that have
shaped its surface over time (M. Malin, 2022).

The CTX (Context Camera) data refers to photographs taken by the Context
Camera on board the Mars Reconnaissance Orbiter spacecraft (MRO). The MRO sent
into space in 2005 and has been orbiting Mars since 2006, providing detailed observa-
tions of the planet's surface and atmosphere. The CTX camera is positioned 400 kilo-
metres above Mars and has a resolution that can reach 6 meters per pixel, capturing
images that show a 30-kilometer-wide view of the Martian terrain in grayscale. The
images are joined together to form mosaic that covers the martial surface. The pro-
duced images are of high-resolution images which is important for studying various
geological features and mapping the distribution of rocks and minerals on the planet
(M. Malin, 2022). The CTX data is publicly accessible through the Planetary Data
System, which is a repository of data from NASA's planetary missions. The data
source is esri online webpage.

MarsSi is a product from a French institute that offers for users efficiently se-
lect observations, process raw data using automated pipelines, and receive final prod-
ucts that can be visualized in GIS software such as ARCGIS and QGIS. Additionally,
it offers an automatic stereo-restitution pipeline that creates Digital Terrain Models
(DTMs). They provide CTX stereo dataset which consists of High-resolution pictures.
The CTX stereo is constructed by two CTX images for the same area that captured
from slightly different angles, which produce a stereo image demonstrate the terrain
of Mars. A primary objective is to acquire about 1000 stereo pairs of images to create
Digital Elevation Models (DEMSs), which allowed scientists to calculate the thickness
of Martian features with greater precision (MarsSi, 2022). They are also used to cal-
culate more accurate measurements such as the slope of the alluvial fan and to draw a
contour map to analyse the radial profile of the alluvial fan.
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To obtain data from MarsSlI, the first step is to register on their website and
search for the required data, such as MOLA or CTX. If the data is available for the
desired area, it can be downloaded directly. However, if the data is not available and
requires processing, a request can be submitted through the website. It is important to
note that the processing of the data may take some time, and the processed data will
be made available for download after a few days based on the requested data (MarsSi,
2022).

The CTX camera works in conjunction with other instruments, such as the
High-Resolution Imaging Science Experiment (HiRISE) and the Compact Reconnais-
sance Imaging Spectrometer for Mars (CRISM), to enhance the quality of images
taken of Mars. The HIRISE camera is able to capture high-resolution images up to
30cm per pixel. Starting from November 2006, HiRISE, was able to capture detailed
Images, visualize small objects and obtain colour data over 20% of the field of view.
The HIRISE images demonstrate high resolution images that can give much more in-
formation about the geology of Mars (McEwen, 2022). A small part of the area of
study was part of an obtained HiRISE image and it will be presented in the study to
emphasize the role of HIRISE images. The image is obtained from the online website.

The Mars Orbiter Laser Altimeter (MOLA) digital elevation model (DEM) is
a topographical mapping instrument that was part of the Mars Global Surveyor Mis-
sion (MGS), which was launched in 1996 by USA. The MOLA instrument used laser
ranging to measure the distance from the spacecraft to the Martian surface and create
a high-resolution 3D map of the planet with resolution of 463 m/pixel at lower latitudes
to 115 m/pixel near the poles. MOLA also can measure the radiance of the Martian
surface at a wavelength of 1064 nm since it functions as a passive radiometer. MOLA
was used to access and analyse available datasets in order to study the surface features
of Mars (MarsSi, 2022). In addition, it was used to validate the detected landforms
from the CTX images such as the craters, lakes, and alluvial fans by observing the
difference in elevation.

The ArcGIS software is a geographic information system (GIS) that was cre-
ated by esri. It allows enables users to work with a wide range of tools and functions
that can process and analyse raster and satellite data. One of the key features of ArcGIS
is its ability to create shapefiles that allow for the visualization and highlighting of
structures and characteristics based on geographic locations and maps, making the in-
terpretation of data much easier and efficient (ESRI, 2012). While R studio is an open-
source programing tool used in data analysis and interpretation. It provides a user-
friendly interface that allows for efficient coding, debugging, and visualization of data,
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specially methods for data representation and graphing with some packages and func-
tions such as “dplyr” and “ggplot” that are used to create the figures related to the area
elevation and slopes (RStudio Team, 2020).

MOLA, CTX and HiRISE are the most recent and advanced instruments that
have provided us with a vast amount of data about Mars. These data sets contain val-
uable information that can be analysed to gain deeper insights about the planet's geo-
logical history and its atmosphere. The data are used incompatible with other software
such as ArcGIS. We used to visualize and utilize the data collected by MOLA and
CTX stereo. ArcGIS desktop along with R studio are used to create the figures that
demonstrate and analyse information about Mars geology. The utilized satellite data
about Mars are listed in Table 4.1.

Table 4.1: Information about satellite data used for analysis of Mar's surface geology

Data Resolution

CTX 6 Meter / Pixel
HIRISE Up to 30 cm/pixel
MOLA (DEM) 463 Meter / Pixel
CTX stereo 12 Meter/ pixel

4.3 Landform Detection and Measurements

The data obtained from CTX mosaic, CTX stereo and MOLA were visualized
using the Geographic Information System (GIS) software ArcGIS, in order to explore
the region of interest and identify various geomorphological features that could have
been shaped by a combination of geological and climatic activities. The primary ob-
jective of this study was to pinpoint the landforms that could have been created by
flow of water within the area. After identifying special characteristics landforms, they
are delineated based on the image of CTX mosaic. Then, it was represented in polyg-
onal shapefile to be used for further analysis process. Morphometric calculations such
as area, slope, and elevation were performed using the advanced functions available in
the ArcToolbox Data Management and Spatial Analyst tools in ArcGIS for conducting
calculations in Raster. Several landforms have been detected within the area of inter-
est, and their characteristics and geology were thoroughly investigated, with particular
attention paid to the nature of their formation and evolution. The reference for valley
networks that connect the landforms and interact with them, the martial valley database
used by (Alemanno, 2018).
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Alluvial fans are identified from the CTX mosaic image based on their descrip-
tion as a geomorphic landform that exhibit a distinctive fan-shaped structure which
may be produced by the deposition of sediments transported by water as it flows from
a confined channel to an open basin. To better comprehend the sedimentary character-
istics of these features on Mars, the volume, area, and radius of alluvial fans were
calculated, and analyses of radial and cross-fan profiles were conducted. The area cal-
culated based on the polygon area. Furthermore, a comparative analysis was under-
taken between the Martian fans and their terrestrial analogues, with the aim of eluci-
dating the differences in their characteristics. This comparative analysis allows for a
better understanding of the formation, morphology, and sediment characteristics of
Martian alluvial fans. The slope, aspect and contour were calculated in ArcGIS from
the arcToolbox - Spatial Analyst Tools = Surface - 1) Aspect, 2) Contour, 3) Slope
as shown in (Figure 4.4).

The Volume calculated by multiplying the mean elevation by the area of the
alluvial fan. The mean elevation is calculated based on the CTX stereo DEM in ArcGIS
and MOLA DEM, where the reference point is identified as the lowest point in the fan.
The absolute elevation calculated by ssubtracting the minimum elevation from the
mean elevation. Then, the absolute elevation was multiplied by the area of the polygon.
Another method was used to confirm the volume result is as following: after obtaining
the absolute digital elevation model raster layer for the alluvial fan, the volume of it
was calculated on pixel basis. The area of the pixel is multiplied by the elevation value
of each pixel. Then, summation for the pixel volume will be calculated. This method
is calculated in R studio.

In addition, the mean elevation over the alluvial area was calculated from sum-
mary statistics without being referenced. The minimum, maximum and mean of the
slope and elevation was obtained using R programing. The slope and elevation layers
obtained from ArcGIS were loaded to R Studio and the values of the elevation and the
slopes were obtained. The radius of the fan and the distance between the sediment
layers were calculated using the measurement tool. The fan radius was measured from
the apex to the edges of the fan. The distance between the sediment layer was measured
as they move from the apex based on their direction. The fan special structures were
drawn using the edit session and create feature tool in ArcMap.

We searched for the presence of lake structures, which were differentiated into
two categories: open-basin lakes and closed-basin lakes. An open-basin lake is char-
acterized by the presence of both inlet and outlet valleys, whereas a closed-basin lake
is recognized by the presence of only an inlet valley in addition to being part of impact
crater. The shape of the lakes was studied, and the length of the inlet valleys was cal-
culated and compared with the existing literature. The calculation of length of the inlet
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is done using the measure tool in ArcGIS (Figure 4.4). The measurement begins at the
edge of the lake and continues towards the end of the inlet. If there are multiple inlets,
each one is measured, and continuous inlets are terminated when they show signs of
disappearing or no longer connecting with the valley.

The volumes of the lakes, along with their relationship with the valley, was also
determined. The slope of lakes was calculated in ArcGIS from the arcToolbox - Spa-
tial Analyst Tools = Surface = Slope as shown in the third step in (Figure 4.4). The
Volume calculated by multiplying the mean elevation by the area of the alluvial fan.
The mean elevation is calculated based on the MOLA-DEM layer in ArcGIS where
the reference point is identified as the lowest point in each lake. Then, the mean ele-
vations over the lakes were calculated using R to see the potential volume for the lakes.
The area of the lakes was calculated based on the area of the polygon from “calculate
geometry” window and the unit were by Km? (Figure 4.4). In addition, analysis of the
structure and morphology of the lakes was conducted and a comparison between them
are made. The lakes also were compared to other lakes that are found on Mars surface.
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Figure 4.4: The functions used to carry out the analysis of data obtained using ArcMap, a)
shows the ArcToolbox for calculating, slope and aspect, b) the measure tool to calculate
distances, c) the calculate geometry to calculate area and coordinates of the polygons.
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In addition to the identification of alluvial fans and lakes we conducted a
thorough investigation of impact craters that are linked with the valley in the area of
interest. A comparative analysis of their shape and area was conducted with reference
to other craters, such as the Gale crater, Chukhung crater, and Degana crater, as
documented in existing literature. The characteristics of the craters, including their
elevation, morphology, and geological attributes, were recorded to gain a more
comprehensive understanding of the geological history and processes of this region.
The diameter of the craters was calculated based on the measure function in arcMap.
The morphology and structures inside the craters were also investigated and compared
with literature. The craters was calculated based on the measure function in arcMap.
The morphology and structures inside the craters were also investigated and compared
with literature.

The morphology of a crater on Mars, specifically its size and shape, provides
valuable insight into the process that led to its formation. Smaller craters are ubiquitous
on the planet and often display regular shapes, whereas larger craters tend to have
circular, irregular shapes that are most likely caused by impacts. These larger craters
are often linked to the flow and formation of water. In addition to shape, the size of
the crater is also a useful criterion for distinguishing between the two types. Those
with an area below 10 km? are classified as small craters, while those larger than this
threshold are considered to be of the larger type to help in interpertation of the results.

Moreover, exploring the connection between landforms, polygonal structures,
and the presence or absence of water becomes an essential task. To this end, an
investigation of other structures such as pingos, ridges, and other polygonal structures
was conducted. These structures may indicate the presence of liquid or ice water near
the surface, providing valuable information about the geological time scale of the area.
The structures of these shapes were recorded such as the shape of the feature, the
number and its connection to the calley channels. In addition, their width was
measured. The width was calculated from the measuremnt tools in ArcGIS. To further
analyze their existence and their relation to water, additional analytical measurements
were carried out. Their structure and morphology were compared with other highland
observed within the area understudy.
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5 Results

5.1 Study Area

Data obtained from MOLA was used to calculate the slopes and elevation of
the area. The slope is shown to range between 0° and 31.98° with mean slope equal to
3.075° while the elevation ranges from -2265 to 3021 m with mean elevation of 1375
m. The region being studied exhibits a diverse range of geological landforms, many of
which are potentially related to the surrounding valley network. These include the
presence of paleolakes, craters of various sizes, and alluvial fans, among other distinct
formations that offer crucial insights into the past history of Mars. By examining these
geological features and their relationships to one another, we can gain a more compre-
hensive understanding of the complex geological processes that have shaped the Mar-
tian landscape (5.1).

Landform Type
Il [ Alluvial fan /
| [ | Closed-basin Lake
|| 7 Highland 3
[""| Large Crater
[ Open-basin Lake
| [ Pingo
| || Polygonal features
[ Repeated sinuous
[ |Ridges
| | Sediment layers
[ | Small Crater

Figure 5.1: Identified Landforms from CTX mosaic image in ArcGIS northern Terra Cimmeria
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5.2  Alluvial Fan

An alluvial fan was detected in 132.8, -5.106 Decimal degrees. The area of the
alluvial fan in question is approximately 129.2 square kilometers, making it a relatively
large fan (Figure 5.2). The fan exhibits an elevation range from -2312.3 meters to -
1782.3 meters, as calculated from the CTX stereo data (Figure 5.2). Notably, the fan's
mean elevation, after referencing the lowest point as the benchmark for other points,
hovers around 200 meters, differs from the MOLA-DEM data, which records the mean
elevation as 133 meters. The gradual slope from the apex to the periphery of the fan is
represented in the contour map of the area, also featured in the figure. Notably, the
MOLA-DEM data revealed that the slope ranged from 0.44° to 7.8°, with an average
slope of 1.9°. Whereas higher resolution images from CTX stereo data revealed that
the slope ranged from 0.2° to 40°, with a mean slope of 8°. The slope distribution graph
in (Figure 5.3), indicates a leftward skewness, with the majority of values situated
below 20°.
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Figure 5.2: Identified alluvial fan in the top of the area of interest obtained from CTX mosaic,
a) shows the alluvial fan, b) shows the elevation range within the fan from CTX stereo.

The potential volume of sediment that could be carried by the fan is estimated to
be between 17.18 which obtained by MOLA-DEM data to 25.84 Km?3 that is obtained
by CTX streo data. The value of the volume of the alluvial fan which was calculated
based on pixel area and elevation value equal 25.86187 Km?®. The volume of fan
indicates that it is capable of carrying a significant amount of sediment. The radius of
the fan is about 11 kilometers, which is a relatively large length for an alluvial fan. The
gradual decrease in elevation towards the edges of the fan allows for a clear radial
profile of the fan to be observed. Notably, the flow of sediment is primarily directed
to the north, with a slight deviation to the east and west on the right and left sides,
respectively (Figure 5.4). The distribution and direction of sediments reveal the
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existence of two main lobes in the fan indicating the flow was more intense in the left
side which is identified in Figure 5.5.

Alluvial Fan Slope summary
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Figure 5.3: Density distribution of the slope of Alluvial fan per pixel.

Figure 5.4: Capture of alluvial fan, a) the white arrows represent the direction of slopes or the
aspect, b) shows the contour lines and the change in elevation (the grey map from CTX mosaic,
and the arrows and contour lines calculated from CTX stereo)
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Figure 5.5: The potential lobes(white lines) formed by the
sediments’ deposition in the fan.

Another image used in inspecting the alluvial fan is the HIRISE image
showed better visualization to the sediment layer compared to the resolution of the
CTX mosaic image. However, within the area of interest only small part of the allu-
vial fan is available with HIRISE image, limit the inspection and analysis of other
landforms in the area of interest (Figure 5.6).

Figure 5.6: Part of the Alluvial fan shown by a) HiRISE image, and b) CTX mo-
saic image.
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5.3 Paleolakes

Using high-resolution CTX mosaic images, the study identified a total of nine
lakes in the area of interest. Among these, seven were classified as open-basin lakes,
while the remaining two were closed-basin lakes. The open-basin lakes were identified
based on the presence of an outlet, while the closed-basin lakes were identified by the
lack of any visible outflow channels. The geographic coordinates of each lake and
other geological structures are presented in Table 2 in the appendices section. Detailed
images of the detected lakes are provided in (Figures 5.7 and Figure 5.8) for open-
basin and closed-basin lakes, respectively.

Figure 5.7: The determined open-basin lakes where the number of image for each lake corre-
sponds the number in the lake name.

Figure 5.8: Two identified closed-basin lakes within area of interest.

37



To facilitate the analysis of the data, all measurements were projected onto the
Mars_Equidistant_Cylindrical coordinate system, using the meter as the linear unit.
The results of the analysis revealed that the lakes are distributed primarily along the
valley network within the geographical boundaries of 131.9, -6.13 and 127.8, -10.81
Decimal degrees. Further details on the morphometric characteristics of the open-basin
lakes, including their area, volume, and maximum depth, are presented in (Table 5.1).
More detailed information about the minimum and maximum elevations and slopes
are represented in the appendices Table 3. This dataset provides insights into the dis-
tribution and morphometry of paleolakes in the study area, and can be used to better
understand the hydrological and geological history of Mars.

Table 5.1: Open-basin lakes data representing area, volume, elevation and slope, calculated using
ArcMap and R studio

Laket## Area(Km?) Volume (Km3) Mean Elevation_0 (m)*  Mean Elevation (m)**  Mean Slope®

0.1 210.94 11.27 53.44 380.44 0.49
0_2 366.06 80.39 219.62 1261.62 3.38
0_3 187.62 17.50 93.30 1101.30 2.49
0.4 65.25 2.20 33.66 1660.28 1.08
0_5 33.47 2.24 66.79 1635.79 2.17
0_6 15.23 0.50 32.87 1730.87 1.47
0_7 84.03 3.70 43.98 2087.98 1.58

* Mean elevation referenced to 0 at the minimum elevation
** Mean elevation of actual elevation range without referencing

The Open-basin lakes identified in the study exhibit irregular shapes and differ-
ent sizes. The area of these lakes ranges from 15.2 Km?to 366.06 Km?, with the largest
lake being O_2 (Figure 5.9). The lowest mean elevation is found in O_1 at 380.4m,
while the highest mean elevation is recorded in O_7 at 2087.98m (Figure 5.10). The
volume of the open-basin lakes ranges from 0.50 Km? to 80.30 Km?, with the largest
volume recorded in O_2. Most of the open-basin lakes are connected to the main valley
system, with some having an inlet and outlet. Specifically, Lakes O_1, O_3, 0 _6, and
O_7 have an inlet, with the length of the inlet ranging from 1.5 Km for O_6 to 10.7
Km for O_3. The outlet of the open-basin lakes O _[2:7] is part of the main valley
within the area and is believed to form a lake chain that extends for a length of 282.2
Km. This is displayed in Figure 1 in the appendices. The lake chain is divided into two
groups; the first group contains four lakes located in the northern part of the valley,
with a length of 20.1Km, while the other two lakes are located in the southern part of
the basin.
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Figure 5.9: Area distribution of the open-basin lake and closed-basin lake
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Figure 5.10: Summary of mean Elevations for the geomorphological landforms or-
dered from the lowest to the highest.

In the area of interest, two closed basin lakes have been identified, and their mor-
phometric data has been summarized in (Table 5.2). Unlike the irregular shape of the
open-basin lakes, these lakes have a more circular shape. The lakes are located in the
southern part of the area of interest, and their XY coordinates can be found in Table 2
in the appendices section. These lakes have a large area of 1373.57 Km2 and 5885.98
Km2, with mean elevations above 1 km. The slopes of the lakes are relatively steep,
with values of 3° and 1.29° for C_1 and C_2, respectively. Due to their large area and
relatively high mean referenced elevations, the volume of the lakes is large, with val-
ues of 316.01Km? and 2953.94 Km? for C_1 and C_2, respectively. Both lakes have
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inlets but no outlets. C_1 has two inlets with relatively long lengths of 40.4 and 16.3
Km, whereas C_2 has only one inlet with a length of 35.5 Km. The presence of inlets
suggests that these lakes receive water from their surrounding watershed, which could
potentially impact the water quality and characteristics of the lakes. The mean slope
of the lakes varies from 0.43° in O_4 to 3.38° in O_2, with the majority of the lakes

having slopes greater than 1° (Figure 5.11).

Table 5.2: Closed-basin lakes data representing area, volume, elevation and slope, calculated using
ArcMap and R studio

Lake# Area(Km?) Volume (Km3) Mean Elevation_0 (m)* Mean Elevation (m)**  Mean Slope®

C1 1373.57 316.01 230.06 1083.06 3.00

C2 5885.98 2953.94 501.86 1197.86 1.29

* Mean elevation referenced to 0 at the minimum elevation
** Mean elevation of actual elevation range without referencing
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Figure 5.11: Summary of mean slopes for the geomorphological landforms ordered
from the lowest to the highest.

5.4 Craters

An investigation of craters in the interested area was conducted using CTX mo-
saic image analysis. Six small craters were identified, with areas ranging from 1 to 6
Km?2. The mean elevation of the craters is between 1 to 2 Km, resulting in small vol-
umes. CR_3 has the largest volume of 1.22 Km?, while CR_2 has a very small volume
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of 0.005 Km?®. Steep slopes were found in three of the craters, namely CR_1, CR_3,
and CR_5, ranging from 7.4° to 9.6°, while the slope could not be calculated for the
other three craters due to their small area, which is below 1.5 Km? (Figure 5.11). The
maximum slope of the small craters ranges from 11.38° to 17.27°, while the minimum
slope ranges from 3.43° to 4.7° (Table 4, in the appendices). These small craters were
found near the valley networks, and some of them exhibit geological features, such as
fan deposits covering the entire or part of the crater CR_4, CR_5 and CR_6 (Figure
5.12). CR_1, however, does not show any geomorphological features or changes on
the surface. CR_5 and CR_6 are connected to the valley network. These craters are
located in the middle to the south of the area within a range of 130.8, -7.5, and 129.9,
-10.5 decimal degrees. The diameter of the small craters ranges from 1.13 to 2.6 Km,
with CR_6 being the largest and CR_1 being the smallest (Table 5.3).

Figure 5.12: Six Detected small craters within the study area where the number in the figure
reflects the number in their names.

During the exploration of the area, five large craters were also identified. These
craters have a wider range of area, starting from 88.8 Km? in L_CR2 to 2827.7 Km?
in L_CRA4. Most of them have a mean elevation range from 1 to 2 Km, with L_CR5
being the only one with an elevation of 130.8m (Table 5.4). The range of volume for
these craters is between 1705.39 to 29.38 Km®. The mean slope ranges from 3.67° to
12°, showing high steepness. The largest crater in terms of area and volume has the
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lowest mean elevation and slope. The maximum slope in all craters exceeds 20°,
whereas the minimum slope is very small, below 0.2° (Table 5 in the appendices).
These craters are distributed over the area of interest and have different geological
features inside them.

Table 5.3: Small Crater data representing area, volume, elevation, slope and diameter, calculated us-
ing ArcMap and R studio

Mean Diameter

Crater##  Area (Km?) Volume (Km3) Mean Elevation_0 (m)* Mean Elevation (m)** Slope ° (Km)

CR_1 4.28 0.49 115.57 1184.57 7.43 2.60
CR_2 1.04 0.00 4.40 1383.40 - 1.50
CR_3 6.91 1.22 176.81 1460.81 9.02 2.90
CR_4 141 0.03 22.14 1751.14 - 1.35
CR_5 4.01 0.78 193.40 1495.40 9.56 1.80
CR_6 0.93 0.03 32.40 1831.40 - 1.13

* Mean elevation referenced to 0 at the minimum elevation
** Mean elevation of actual elevation range without referencing

Table 5.4: Large Crater data representing area, volume, elevation, slope and diameter, calculated using
ArcMap and R studio

Crater# Area (Km?) Volume (Km3) Mean Elevation_0 (m)* Mean Elevation (m)** gloe::, Dia(lr(nme)ter
L_CR1 541.69 151.62 279.90 1047.90 5.77 25.25
L_CR2 88.79 38.55 434.15 1279.15 12.01 9.80
L_CR3 140.42 62.43 444.56 2130.56 11.11 13.40
L_CR4 2827.71 1705.39 603.10 713.21 3.67 55.00
L_CRS5 112.24 29.38 261.80 130.80 5.52 10.20

* Mean elevation referenced to 0 at the minimum elevation
** Mean elevation of actual elevation range without referencing

L_CR2 and L_CR3 exhibit the presence of ridges over the surface of the crater,
which can be observed in the (Figure 5.13). Additionally, a small mound can be seen
on the surface of L_CR3. Fan deposits can be noticed in L_CR1 and L_CR5. Some of
the craters are connected to the valley network, suchas L_CR1, L_CR2, and L_CR3.
L_CR4 is not connected to the valley, but it is adjacent to an open basin lake O_2,
which has outlets to the valley. L_CR5 is quite far away from water sources. The
diameter of the craters ranges from 10 Km to 55 Km, with L_CR4 having the largest
diameter and L_CR2 having the smallest (Table 5.4).
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Figure 5.13: Five detected large craters within the study area where the number in the figure

reflects the number in their names.

For the small crater they are identified to be smaller than 10 Km2 in area while
the large crater are identified to be any larger Crater (Figure 5.14). The figure shows
the difference in area between two craters. They are also differ in the shape and
morphology where th small crater is more concise and the large craters are not very

organzied in shape.
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Figure 5.14: The area in Km2 to the large Craters and the small craters
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5.5 Other Landforms

Apart from the prominent landforms, there are several other surface features on
Mars that deserve attention. One such feature is a highland (L_1) located near the val-
ley network and spanning a width of 650 m (as depicted in the figure 5.15). Another
interesting set of formations are the small uplands that are clustered in two groups (L_2
and L_3) located approximately 6 Km away from the valley network. Group 1 (L_2)
consists of seven small hills with a width ranging from 160 to 500 m, while Group 2
(L_3) is comprised of ten uplands with a smaller width range of 130 to 400 m. Most
of these uplands have a conical shape and lack fractured structure.

Figure 5.15: Various upland structures, 1) shows one upland, 2) and 3) shows group of
small hill like structures

Furthermore, Mars exhibits other notable topographical features close in
structure to flat-top highlands. Unlike the previously mentioned structures, these
highlands are characterized by their flat tops and span a width range of 1.3 to over 5
kilometers. Through our analysis, we have identified three distinct flat-top highlands
L 4, L 5 and L_6. They have irregular morphology and they are geographically
separated mostly in the middle to a little south of the basin (Figure 5.16).

Another type of noteworthy surface feature on Mars is the collection of ridges
known as ripple lands. These are identified as R_1, R_2, and R_3 in the study area,
with R_1 and R_3 located near craters, while R_2 is situated between two open-basin
lakes at a distance of roughly 8.2 Km from both lakes (Figure 5.17). While R_1 and
R_3 are directly connected to the valley network, R_2 is situated at a distance of 1.5
Km from the potential flow of the valley channel. These structures are typically
characterized by repeated ripple patterns and have a width range of 300 m to 1000 m,
with lengths ranging from 6 km to 11 km. Additionally, there are several other ripple-
shaped landforms identified in various locations, typically found within 1-3 Km
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distance from the valley. These structures often exhibit single ripple patterns, as seen
in R_4, R_5, and R_6, with lengths ranging from 2.5 to 8 Km and a width of 0.3 Km.

Figure 5.17: Ripple features found in repeated pattern (1, 2 and 3) and individual pattern
(4,5 and 6).
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One of the identified landforms (shown in the accompanying Figure 5.18) dis-
plays a distinct pattern of sediment deposition. The fan-shaped deposit (L_4) extends
both horizontally and vertically, and it appears to have been formed by material mov-
ing in the different directions based on the aspect results of the area. This particular
landform is located in close proximity to the valley network in the area, suggesting
that it may have been influenced by the geological forces that shaped the network.
Another notable landform in the area displays a polygonal pattern, with randomly ar-
ranged relief features (L_5). This landform is also located in close proximity to the
valley network, and its formation may be related to the same geological processes that
created the nearby fan-shaped deposit.

Figure 5.18: Two un-identified Patterns, a) shows fan layering structure and
the black arrows represent the flow based on the aspect, b) shows polygonal
relief features.

46



6 Discussion

The analysis of the area under investigation revealed a diverse range of geological
landforms, including prominent features like paleolakes and impact craters located in
various positions around the valley network. Moreover, structures resembling ridges
and pingos were also identified. The area's unique location in the southern highlands
of Mars, combined with its distinct composition of ridges, lakes, craters, and river
channels, has led to a wide range of elevations observed in this region. This diverse
topography may provide valuable insights into the geological and environmental con-
ditions of this area.

6.1 Alluvial Fan

Based on the MOLA-DEM data, the alluvial fan on Mars appears to have char-
acteristics similar to Sheet-flood fans found on Earth. Typically, Sheet-flood fans ex-
hibit radial slopes that decrease from around 5° to 2°, while the detected fan on Mars
shows a decrease from 7° to less than 1°. Sheet-flood fans are believed to form from
sudden, unconfined water flow across a large area, often caused by heavy rainfall re-
sulting in flash floods that rapidly expand onto nearby alluvial fans. The conical shape
of an alluvial fan can promote the expansion of sheet-floods by allowing the water to
spread out and cover a larger area. Sheet-floods can begin either at the top of the fan
or on a depositional lobe downslope from an incised channel. One type of sheet-flood
fan is the gravel poor sheet-flood fan, characterized by an average slope between 1.5°
and 3°. This value is close to the average value for most of alluvial fans on Mars that
range from 2° to 4° (Harish et al., 2021). The average slope of the fan understudy fills
within this range suggesting that this fan could be constructed from poorly cemented
sandstone bedrock, making them vulnerable to erosion. They typically exhibit minor
rock-fall, rockslide, or rock-avalanche deposits and may have headward-eroding gul-
lies, a desert pavement, and a coarse mantle. Disaggregation, rather than tectonic frac-
turing, may be the dominant process of bedrock erosion in this fan (Blair &
Mcpherson, 2009).

Based on CTX stereo data, the alluvial fan on Mars appears to be primarily com-
posed of clast-rich debris-flow lobes, with an average slope range of 3° to 8°. Debris
flow is a sediment-gravity process generated by colluvial slope failures and may in-
volve a mixture of sedimentary particles ranging in size from clay to gravel, along with
entrained water and air. These flows move downslope in a viscous state under the force
of gravity. The sediments in the fan could be coarser and more poorly sorted than the
finer-grained sediment that can be formed on the upper portions of the fan, which may
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make them more resistant to erosion and help to stabilize the fan over time. The edges
of the lobes in these types of fans are sharply defined, with a fringe of coarse to very
coarse pebbles and cobbles that are supported by the underlying sediment (Blair &
Mcpherson, 2009). In addition, by comparing the fan characteristics with others from
Mars, the fan is located close to the equator, which is similar to most of the discovered
fans on Mars (Moore & Howard, 2005). It is also suggested that the sediment type in
the fan may lay over the gravel type which is the sediment for most of the alluvial fans
on Mars (Moore & Howard, 2005).

From the CTX mosaic, it appears that the fan is composed of two main lobes,
with the one on the left extending up to 10 km and the one on the right extending up
to 7-8 km away from the fan apex. The length between the traces extends from 300 m
to 600 m. The disappearance of the cross-profile in the right section may be caused by
several erosion factors, such as wind or the termination of the flow in this part. This is
supported by the aspect results, which show that most of the flow goes in the north
direction, which has a longer cross-fan profile shown downslope.

The difference between the CTX stereo and the MOLA-DEM datasets can be
attributed to their varying resolutions. The CTX stereo boasts a higher resolution than
the MOLA-DEM, which enables it to capture more intricate details that can signifi-
cantly impact the slope and overall appearance of the fan. This increased level of detail
afforded by the higher resolution allows for a deeper understanding of the fan's char-
acteristics. As a result, the use of the CTX stereo dataset enables gaining a more precise
understanding of the fan, as it is capable of capturing a greater number of pixels and
finer details. The higher resolution of the CTX stereo dataset allows for a more com-
prehensive analysis of the fan, providing insights into its development and geological
ancient history.

It is not only shown in the calculation of the slope but also can be seen in the
calculation of volume. In addition, calculating the volume on pixel basis displayed
difference by 1 *10 ** when compared to the other method that is only accounts the
absolute mean elevation of the fan.

The fan under study is classified as a medium scale fluvial fan with an area
greater than 100 Km?2. Studies suggest that when the area exceeds 105 Km? and the
radius is greater than 10 Km, it is considered to be a fluvial fan, which is a special type
of alluvial fan (ZHANG et al., 2020). The origin of the sediment flow, whether it is
mainly caused by gravity or by tractive currents, is also an important consideration.
The sediment of a fluvial fan is typically transported by tractive currents, which are
generated by the friction between the flowing water and the river bed (ZHANG et al.,
2020). Tractive currents can move large particles such as boulders and cobbles and can
also erode the river bed. This corresponds with the slopes calculated by the MOLA
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DEM data, taking into consideration the area and the radius, it could be concluded that
the higher possibility of the fan to be a fluvial fan.

On the other hand, alluvial fans are formed by the deposition of sediment carried
by gravity flow and sheet flow. Gravity flow occurs when sediment is transported
down the slope of the fan due to the force of gravity. Sheet flow occurs when water
flows over a broad, shallow surface and transports sediment along with it (ZHANG et
al., 2020). This is supported by the mean slope values resulting from the CTX stereo
data. The difference in resolution between the CTX stereo and MOLA data highlights
the importance of considering the level of detail required for a specific analysis. In this
case, the higher resolution of the CTX data suggests that it may be more accurate and
provide a more detailed understanding of the fan's characteristics. Based on the
analysis of the CTX data, the fan is likely an alluvial fan, which is characterized by the
deposition of sediment carried by water from upstream areas. This is supported by the
nature of the sediments present in the fan, which are commonly found in alluvial fans.

When comparing the fan deposits on Mars with the structures of terrestrial fan
formations, it is apparent that the Mars fan is most likely dominated by debris flow
deposition (Figure 6.1). The layers of deposits found in the Martian fan are similar in
morphology to those dominated by deposition according to (Harvey, A. M., 2012). A
well-known example of a terrestrial alluvial fan is the fan in Death Valley, California
(see Figure 6.2). Unlike the Martian fan, this terrestrial fan shows evidence of channel
flow over the area, indicating that it has experienced much more erosion caused by
water flow over time. While the martial indicated alluvial fan may be faced erosion
events that erased the evidence of flow.
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Figure 6.1: Terrestrial alluvial fans layer, Deposition state of
fans, in terms of layers morphology (Harvey, A. M., 2012).

It is important to note that the classification of the fan as an alluvial fan is based

on a combination of factors, including the nature of the sediments, the morphology of
the fan, and the context of the surrounding landscape. Further analysis, including
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additional data sources, may be necessary to confirm this classification and fully
understand the processes that have shaped the fan over time.

Figure 6.2: Alluvial fan in the Death Valley, California,USA (Harvey, A.
M., 2012).

6.2 Paleolakes

The area of interest contains both open-basin and closed-basin lakes, which are
located within the previously suggested zone by other researchers, and are situated not
lower than 30° (Caleb I. Fassett & James W. Head 111, 2008). The open-basin lakes in
this study have an area and volume that fall within the range of 210 lakes identified in
the literature, which have a wide range of areas from 2 to 500,000 Km?, and volumes
from 0.02 to ~200,000 Km? (Caleb I. Fassett & James W. Head 111, 2008). However,
the open-basin lakes identified in this study have a smaller range than those reported
in the literature, with the largest lake having an area of 367 Km? and a volume of 80
Km?, both belonging to O_2. Despite being smaller in size, the area of the lakes can
still be considered medium to small in comparison to Martian and terrestrial lakes.

Interestingly, there are some Earth lakes with similar areas to those identified in
this study, such as Lake Ohrid in Southern Europe, which has an area of approximately
358Km? and a volume of 53.63Km?, close to the area and volume of O_2. However,
the lower volume of Lake Ohrid may be due to its shallower depth compared to O_2.

While the volume of the lakes can indicate the amount of water that can fill them,
it may not necessarily provide an indication of the actual amount of water present in
the area. Assuming that all the lakes were holding water at the same time, the total
volume of water in this area would be 116.46 Km?, representing the maximum amount
of water that could fill the lakes at full capacity. This amount is equivalent to 8.04 *
10* GEL.
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The presence of inlets and outlets is a key factor in the hydrology of lakes.
However, in the case of three of the lakes in the study area, O_1, O_3, and O_4, no
visible inlets are present. This suggests that these lakes may be fed by groundwater.
However, it is important to note that previous studies have suggested that groundwater
may play a larger role in feeding larger lakes (Clifford, 1993). This could be supported
by the presence of knops on the surface of O_3 and O_5, which may indicate
groundwater seepage. In contrast, knops are not present in O_1 and O_4.

In the case of O_6 and O_7, the inlet is fed from an adjacent crater and is part of
the valley network within the study area. On the other hand, O_2 and O_5 are fed from
attributes that originated from the main channel. The majority of the lakes in the study
area are shallow due to the relatively steep slopes of the surrounding terrain.

The comparison between the open basin and closed basin lakes within the area
of interest revealed a big difference in size. The open basin lakes had a much smaller
area, all less than 500 km?, while the closed basin lakes, C_1 and C_2, were larger,
with areas of 1373.57 km? and 5885.98 km? respectively. This distinction in area
resulted in the closed basin lakes having a much larger volume than their open basin
counterparts, measuring approximately 316 km? and 2954 km?® for C_1 and C_2
respectively. It is worth noting that Poyang Lake, China, has an area between the two
closed basin lakes at 3210 km?. However, its volume is significantly smaller at 25.2
km?3 due to its shallow depth of only 8.4m.

The volume of water required to fill both C_1 and C_2 lakes would be 3270 km?,
equivalent to 0.02 GEL. Their circular shape is typical of impact craters, as the lakes
are often found within the craters. The large size of these closed basin lakes may be
indicative of a complex hydrological system that involves both surface and subsurface
water. The fact that they are closed basins, with no visible outlets, suggests that the
water is being retained within the basin by some geological features such as faults or
folds.

The characteristics of the inlets and slopes of the closed-basin lakes provide im-
portant insights into the hydrological dynamics of the region. The presence of inlets in
these lakes indicates that the alluvial activity in the lake basin is predominantly sup-
plied by valley networks around the lakes, rather than from groundwater. This is a key
observation, as it suggests that the lakes are largely dependent on external water inputs,
rather than on internal groundwater supply. In addition, the absence of outlets in these
lakes implies that the water in the lakes is primarily reduced through evaporation. The
long length of the inlets of C_1 and C_2 (with lengths greater than 20 Km) indicates
that they fall into the category of long inlet valleys. These types of valleys are charac-
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terized by a long and narrow shape. The gradual slope of the closed-basin lakes sug-
gests that the lakes may be susceptible to erosion and sedimentation processes due to
the fact that the slopes influence the velocity of water flowing into the lakes.

Understanding the sources of water for lakes is important for managing and
conserving these valuable resources. Further investigation of the hydrological
processes involved in the establishment and maintenance of these lakes may shed light
on the complex interactions between surface water and groundwater in the study area.

6.3 Craters

The investigation of craters in the area under study revealed the presence of two
distinct categories, small and large craters. The smooth surfaces of some of the small
craters suggest that they may not have been involved in fluvial activity, or that the
terraces created by water activity have been eroded by environmental factors. Interest-
ingly, the formation of these craters does not appear to be the result of impacts, as their
geomorphological structures differ. While the minimum slope of the small craters is
higher than that of the larger craters, the maximum slope in the larger craters is higher.
This may be due to the reliefs found on the edges of the larger craters allowing for
gradual change of the slope in the crater edges, which are not present in the small
craters and thus result in greater steepness. The small craters have regular circular
shapes, with no irregularities, in contrast to impact craters. The fans observed on the
surface may have been related the water activity as they are observed in CR_5 and
CR_6 which are connected to the valley network.

It is interesting to note that the large craters in the area of interest have a depth
that is relatively shallower than the previously detected craters such as Degana, De-
gana-A and Chukhung craters on Mars. They have 0.3 to 0.6 Km depth, while the
detected craters have smaller depth between 0.7 to 2 Km. This could suggest that the
area of interest has undergone different geological processes than the areas where the
other craters were formed. As the Degana and Degana-A craters was suggested to be
formed in Late Noachian era (Harish et al., 2021), while the craters in the area of in-
terest suggested to be formed earlier in the middle Noachian period. In addition, the
diameter of L_CR4 is closer to the Degana crater diameter, where L_CR4 is equal to
55 Km and Degana crater is 50 Km. Where L_CR1 has a close Diameter of 25.25 Km
to the Degana-A that has a diameter equal to 20 Km. The Chukhung crater can be
considered close to the area of L_CR4 as it is Diameter is 45 Km(Butcher et al., 2021).
The similarity in shape to the Degana and Degana-A craters could indicate that they
were formed by similar processes. The diameter of the large craters is also smaller
compared to the adjacent Gale crater, which is one of the largest impact craters on
Mars with diameter of 154 Km (Blake et al., 2013). However, it is important to note
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that the size and depth of craters on Mars can vary greatly due to the different envi-
ronmental conditions and geological processes that occur in different regions of the
planet.

Moreover, the presence of these geological features in the large craters suggest
that they have undergone different processes and events in the past compared to the
small craters. The fans and ridges indicate the presence of water and fluvial activity,
which could suggest that the area was once wetter and had more liquid water on the
surface. The presence of alluvial activity in L_CR5 also suggests that water was
present in the area, as alluvial fans are typically formed by the deposition of sediment
by flowing water.

The large craters has more feature varities compared to the small craters such as
fans and wrinkle ridges suggest that they maybe involved in fluvial activity in the past.
The large craters in the study area exhibit a wide range of geological features, such as
ridges and evidence of fluvial activity. L_CR1, for instance, displays ridges along its
edges, which may be related to its connection with the valley network. The ridges
present in L_CR2, L_CR3, and L_CR5 are similar to those found in the Chukhung
crater. Interestingly, L_CR3 has a noticeable relief in its center, indicating the presence
of amound or pingo, which are mounds of ice that form in permafrost areas. This could
suggest that the area was once colder and had a different climate than it does now. This
feature is comparable to Mount Sharp, although on a smaller scale due to the difference
in size between the two craters. L_CR3 also has a Lobate Debris Apron (LDA) that
resembles the LDA found in Chukhung crater. inally, L_CR4 displays indications of
fans over its surface, suggesting possible wind or erosion activities. Together, these
features highlight the diversity of geological processes that have shaped the large
craters in the study area.

Overall, the large craters in the area under study appear to have undergone a
variety of geological processes and events, which can provide valuable insights into
the geological history of the area and the planet as a whole.

6.4 Other Landforms

The identification of the uplands as pingos is supported by their width, which
IS in agreement with previous studies of pingos on Mars. These landforms are believed
to have formed during a colder period in Mars' history when there was more water
present. The location of these uplands between two potential valley delineations that
are not visibly connected suggests the possibility of near to the surface water sources
in the area. This water may have played a role in the formation of the two groups of
pingos (L_2 and L_3). Additionally, the development of the single pingo shape (L_1)
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may also be attributed to a subsurface water source. Understanding the potential pres-
ence of subterranean water on Mars is important for future exploration.

The flat-top highlands observed are significant geological structures that
appear to have arisen due to fluvial activity that caused erosion to the surrounding area.
53 In our analysis, we have identified three such highlands that are located within the
valley basin and are surrounded by at least two channels of the valley network. The
irregular morphology of these highlands may have been caused by different water flow
activity that led to the surface erosion around them leaving them with this structure.
Another possibility that these structures were formed by the deposition of sediment
over time, which then became resistant to erosion and ultimately formed the flat top.
Alternatively, they could have been formed by the erosion of softer rock layers, leaving
behind harder layers that resisted further erosion and formed the flat top.

The sinuous landforms in Degana-A crater have a ridge-like appearance (Ha-
rish etal., 2021), but the identified features are more densely clustered than those found
in the Degana-A crater. They are located near a channel in the valley, suggesting that
they were formed by the activity of flowing water. It is likely that the water eroded the
surrounding area, resulting in the formation of these ridges. The presence of multiple
features may be due to the flow of water from the crater in different directions. This
could also explain why the other ridges have a single structure that does not directly
intersect with the valley channels. Overall, these sinuous landforms offer valuable in-
sights into the past fluvial activity of the area and help us understand the geological
history of Mars.

The identification of these two landforms (L_4 and L_5) in the vicinity of the
valley network could provide valuable insights into the geological processes that have
shaped the Martian landscape. The sediment dispositioning pattern observed in the
first landform suggests the action of a multidirectional flow, possibly associated with
the transport and deposition of sediment by water. This finding could support the hy-
pothesis of the presence of liquid water on Mars at some point in the past, and further
investigations could reveal the timing and duration of these water-related processes.
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7 Conclusion

The analysis of Mars satellite images near the equator has provided insights into
the geological past of the planet. The discovery of a diverse range of landforms, each
with their own unique characteristics, offers valuable clues to the geological processes
that have shaped Mars over time. One of the most significant findings from this
analysis is the presence of an alluvial fan with quite similar geomorphological charac-
teristics to those found on Earth. This suggests that similar geological formation may
have occurred on both planets, such as the deposition of sediment by flowing water.
This offers an opportunity for comparative planetology, allowing us to gain a deeper
understanding of the geologic processes that shape rocky planets like Earth and Mars.

Another significant finding from the analysis of the Mars satellite images is the
identification of open-basin and closed-basin lakes. The presence of these lakes
suggests that Mars has a complex hydrological system. The evidence gathered from
these landforms indicates the possibility of flow of water on the planet in the past,
especially during the Late-Noachian period. Furthermore, the amount of water that can
fill the paleolakes has been estimated to be around 116.46 Km3, assuming the lakes
were filled to their maximum at the same time. This provides valuable information
about the amount of water that may have existed on Mars during this period, further
adding to our understanding of the planet's past climate and hydrology.

Beside th lakes, the presence of about five impact craters, which show similarities
in area to other craters on Mars. However, there are also significant differences in the
depth of these craters, with some displaying ridges inside them. This indicates that the
craters were formed through different geological processes and that the geological
history of Mars is more complex than previously thought.

In addition to the impact craters, the wide variety of other landforms detected in
the area also provide important clues about the planet's geographical history. The
presence of different types of landforms, such as alluvial fans, pingos and lakes,
suggests that the area has experienced significant changes in climate activity over time.
This may have been influenced by a range of water sources, including groundwater,
liquid water, and ice melting and flowing from high to low elevations.

The distinct differences in elevation and slopes between the various landforms
detected in the area further suggest the diversity of geomorphological changes that
have occurred over time. This highlights the importance of analyzing multiple
landforms and their associated characteristics in order to gain a more comprehensive
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understanding of the planet's geological history. By examining the unique features of
each landform, we can piece together a more complete picture of the planet's past,
including the processes that have shaped its surface and the environmental conditions
that have prevailed throughout its history.

Further investigation is needed to fully understand the mechanisms that regulate
the water balance of these closed basin lakes, as well as the formation and history of
the craters in this region. Additional analysis of the watershed of the lakes and their
contribution to the total watershed of the basin would provide more insights into the
area's geology formation. It is also recommended to examine the knobs in the area with
higher resolution data to ensure their presence, and to conduct soil analysis to better
understand the composition and history of the landforms. Overall, continued investi-
gation and analysis of the Mars landforms in the area of interest will provide important
contributions to the field of planetary geology and our understanding of the Red Planet.
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Appendices

Closed/ Open-basin Lake chain

Figure 0.1: The chains that connect Open-basin lake, a) the first chain
with length 282.2 Km, b) the second chain with length of 20.1 Km, the
chains drawn by the guide from the martial valley system database
(Alemanno, 2018).
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Table 1: Satellite Data sources.

Data Sources

CTX Mosaic https://www.arcgis.com/home/search.html?g=owner%3Aesri_astro

CTX stereo https://marssi.univ-lyon1.fr/MarsSI/

HiRISE https://marssi.univ-lyon1.fr/MarsSI/

MOLA https://astrogeology.usgs.gov/search/map/Mars/GlobalSurveyor/MOLA

Table 2: The XY coordinates for identified lakes and craters

X Y X Y
Crateri coordinate  coordinate Lake# coordinate  coordinate
CR 1 -2914523 -445428.9 01 -2845984 -361482
CR 2 -2927721 -448019.7 02 -2889302 -403591
CR_3 -2988118 -470130.2 03 -2902599 -435425
CR 4 -2953488 -615797 04 -2940755 -491452
CR 5 -2942462 -568798.6 05 -2893113 -490445
CR_ 6 -2960583 -627746.6 06 -2993396 -609224
L CR1 -2931433 -541702.2 o7 -3001411 -633056
L CR2 -2987408 -490502.2 c1 -2997920 -575194
L CR3 -3001096 -438477.9 C2 -3039373 -493025
L CR5 -2929809 -403919.5
L CR4 -2824924 -368011.3
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Table 3: The Minimum and Maximum slope and elevation for the determined lakes

Lake# Min Elevation (m) Max Elevation (m) Min Slope® Max Slope®
0.1 327.00 447.00 0.02 2.71
0_2 1042.00 2063.00 0.02 19.08
0.3 1008.00 1751.00 0.03 17.86
0.4 1626.61 1767.12 0.03 1.50
0.5 1569.00 1786.00 0.35 5.62
0_6 1698.00 1778.00 0.48 2.79
0_7 2044.00 2289.00 0.11 9.82
Cc1 853.00 2279.00 0.00 31.58
Cc_2 696.00 2023.00 0.00 21.72

Table 4: The Minimum and Maximum slope and elevation for the determined small craters

Crater#  Min Elevation (m)  Max Elevation (m) Min Slope® Max Slope®

CR_1 1069.00 1287.00 4.68 11.38
CR_2 1379.00 1389.00 - -
CR_3 1284.00 1591.00 3.71 14.29
CR_4 1729.00 1773.00 - -
CR_5 1302.00 1611.00 343 17.27
CR_6 1799.00 1870.00 - -

Table 5: The Minimum and Maximum slope and elevation for the determined small craters

Cratertt Min Elevation (m)  Max Elevation (m) Min Slope®  Max Slope®

L_CR1 768.00 2029.00 0.02 25.94
L_CR2 845.00 1885.00 0.07 23.72
L_CR3 1686.00 2810.00 0.19 25.42
L_CR4 110.11 2533.40 0.01 29.95
L_CR5 -131.00 764.00 0.02 20.27
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