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Abstract

Fluvial and lacustrine processes were abundant on early Mars. However, key questions remain
about the extent of these processes and the climate in which they formed. This thesis examines
two regions of Mars, Arabia Terra and Melas Chasma, usingrbigidion, remote sensing

datasets, with a focus on (1) the influence of fluvial and lacustrine processes on the landscape and

(2) the implications for the early martian climate and environment.

| first investigate Arabia Terra,Noachiarregion of the southra highlands, and have produced

a regional map of fluvial landforms. Fluvial channels and paleolakes preserved as inverted relief
are pervasive throughout Arabia Terra and may represent the depositional component of a
regional, south to north fluvial trapart system. In addition, | have produced a geological map of

one of these inverted systems, which reveals a complex stratigraphy and demonstrates that fluvio
lacustrine processes are concentrated on the oldest terrains. These fluvial systems are strongly
consistent with widespread precipitation and runoff across early Mars.

The second region of investigation is tHesperiarsouthwestern Melas Chasma basin, part of

the Valles Marineris canyon system. Here | have produced a map of fluvial landforms, which
indicates that fluvial processes were episodic and extended over a protracted period of time. | also
examine the stratigraphic sequence within the central palaeolake in the basin, where evidence for
episodic aqueous processes is also identifed. The-smgiern Melas Chasma basin provides
strong evidence that fluvilacustrine processes on Mars continued for much of the early and

middle history of Mars.
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Chapter 1. Introduction and Literature Review

1.1 Introduction

The geological history of Mars is preserved in the sedimentary rock record exposed on its surface.

Today, themartian rock record can be investigated by both orbital and landed spacecratft,

however, for centuries, understanding of Mars and the rest of the inner solar system came from

ground based observation. The limited image resolution of ground based teleseapeshat

craters were generally the only observable features on planetary suriénesled to the

assumption that the geological history of the terrestrial planets was dominated by voboahism

little else (it was no tcratermweie lunddrdioed toebe foimgd by 96 0s t h a
impacts rather than volcanoes; Shoemaker, 1@}jng the past hal€entury, with the arrival

of the space age, this understandifithe solar systeras changed dramatically, and the planet

Mars is emerging as ¢hstrongest antithesis of thgnple geological history

In 1971, the Mariner 9 spacecraft provided the first clear images of the martian surface, revealing
seemingly watecarved valleys and channels (e.g., Masursky, 1973), revealing the first glimpse
into a geological history strongly influenced by water. Since 1964, 23 spacecraft have
successfully visited Mars, beginning with Mariner 4, and spacecraft have now explored Mars both
through orbital and landed missions. Currently (2017), there are sixtioped spacecraft in orbit
around Mars and two active rovers on the surface. These missions have revealed an increasingly
complex martian rock record, pointing to a rich and diverse geological history, strongly influenced
by surficial processes, such aater, wind, and ice. Research into the sedimentary geology and
geomorphology of Mars is a fast evolving field, indicating that ancient and middle Mars were
very different environments to that of today, and that Mars may have beedikaftr much of

its early history. There are at least five additional missions to Mars planned that are due to arrive

within the next five years; no doubt these will develop our understanding further.

These missions have greatly improved the quality of orbital data beimged from Mars over

the last two decades, allowing the surface to be explored in greater detail than ever befere; metre
scale features can now be identified. The primary focus of this thesis is to use these high
resolution orbital data to study the hist@f fluvial and lacustrine processes in two regions of

Mars: Arabia Terra and Melas Chasma. The results from both areas are used to consider the
climatic and environmental implications for early Mars. This chapter provides an introduction to

the geologyof Mars, with the research directions for the two study areas outlined at the end of
this chapter. Chapter 2 describes the datasets and methods used throughout the thesis. Chapters

3-6 are results and discussion chapters; these also include detailedidiscws the literature
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Chapter 1 Introduction and Literature Review

specific to the two main study areas. Chapter 7 provides a synthesis of the results, general

conclusions, and outlines the suggested directions for future research.

1.2 Water and Mars in the Solar System

The geology, geomorphology, atapography of a planetary surface are generally controlled by

the various exogenic and endogenic interactions between the atmosphere, the surface, and the
planetary interior. For example, a volcanic eruption can lead to the development of topography
by empacing material from the planetary interior. Aeolian processes could then transport volcanic
ash from said eruption through the atmosphere, eventually depositing it elsewhere, forming the
basis forsediments and sedimentary rocks. Depending on the plaibeidy, the relative role that
exogenic and endogenic processes play will vary. Exogenic inputs, such as impact processes and
space weathering, play a more dominant role in shaping the surface when the atmosphere is thin
or absent altogether, such as or tfloon. Endogenic processes can be more significant on
planetary bodies with atmospheres (e.g., Earth, Mars, and Titan) or with high rates of volcanism
(e.g., Earth, 10)On theEarth, water is a key erosional agent and transport medium for sediment,
and pays an important role in shaping the geology and geomorphology of the surface.

The presence of surface water elsewhere in the Solar System is not common. Of the terrestrial
planets Figurel.1), only the Earth and Mars have the conditions where liquid water can exist on
the surfacé on Mars, however, this is only transient and subject to seasonal constraints. The bulk
ofthewat er i n t thsestor&darrthe loadkans, whileusmaller reservoirs are frozen away

in the polar ice caps, as vapour in the atmosphere, and as freshwater in continental rivers and

lakes, and groundwater. These stores interact on a local, regional and planetary sbale via t

hydrological cycle.

Figure 1.1: The terrestrial planetary bodies, to scale. From left to right: Mercury, Venus, Earth, the Moon,
and Mars. Adapted from NASA/Open University.
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There is only one other bodly the solar system TitanT which has a similarly diverse range of

liquid reservoirs and interacting processes on its surface, though the liquid there is a mix of
methane and ethane, not water (de Pater and Lissauer, 2010). Other icy moons, suctaas Europ
Ganymede, and Enceladus, are thought to harbousigtdice water oceans beneath their icy
crusts (Sohl et al., 2010). While Venus is similar to the Earth in terms of its bulk physical
characteristics, such as its size and density, its high surfacertgmmes owing to its thick GO
atmosphere means that any water on the surface would instantly boil (de Pater and Lissauer,
2010). Both the Moon and Mercury are thought to have never held any significant atmospheres
that would allow liquid water to existor do they show any signs of its former presence on their
surfaces (de Pater and Lissauer, 2010). Their cold interiors and absence of any atmosphere mean
that exogenic inputs, such as impact processes and space weathering, are the dominant factors

affecting the surface geology.

Unlike the Moon and Mercury, Mars does have a tenuousa@@osphere, though one that is
considerably thinner than Earth and Venus (de Pater and Lissauer, 2010). This results in liquid
water generally not being stable in the curremtface conditions of Marg-igure 1.2). The
temperature and pressure are such that water exists well below the triple point as ice or vapour.
Only in a few special locations can it possibly exist transiently as a liquid, forpdxam
seasonally active gullies (e.g., Malin and Edgett 2000away and Balme, 201@&nd recurring

slope lineae (RSLs; e.g., McEwen et al., 2011; Ojha et al., 2015). In most other places on the
surface, liquid water cannot stably exist. However, asudied in Section 1.4, multiple lines of

evidence indicate that this was not always the case.
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Figure 1.2: Simplified phase diagram of water; temperature and pressure ranges for the surface and
atmosphere oEarth and Mars are shown. There are only a few limited conditions on Mars where in can
exist above the triple poi as a liquid. Redrawn from N#&Bohr Institute.

Water ice, however, is stable at a range of temperatures on Milguse(1.2). The Mars Odyssey
spacecraft detected large concentrations of hydrogen in the nesurade in most mitatitude
locations (Feldman et al., 2004), which was aonéd to be water ice by the Pimbe lander

(Smith et al., 2009). Like the Earth, Mars also has permanent ice caps at both of its poles. These

ice caps are made up of hundreds of metres of water ice, coated with a thin venegicef CO
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which is seasonaln the north pole and permanent on the south(Bglae, 2009), and may have

been previously more extensive due to orbital forcing (Laskar et al., 2004).

1.3 Introduction to Mars

1.3.1 Physical Characteristics

Mars is considerably smaller than the Earth. Itis~lI0 and ~ 0. 15 of the Ear
respectively, and ~ 50% further away from the Sun (de Pater and Lissauer, 2010). Evidence from
martian meteorites indicate that Mars accreted and differentiated into its crust, mantle, and core
early in the higory of the solar system; ~ 4.5 Ga (Lee and Halliday, 1997; Nyquist et al., 2001).
Magnetic anomalies on Marsd most ancient ter
field, it only existed brieflanddynamo action had ceased by ~ 4(G&eunaet d., 1999 Solomon

et al., 2005). This may have contributed to the thinning of the atmosphere by the solar wind
(Dehant et al., 2007)A rapidly declining heat flux mean it was unlikely Mars ever had enough
heat to initate mantle convection (Hauck &dllips, 2002) and there is little geomorphological
evidence that Mars ever had a process comparable to plate tectonics (Carr and Head, 2010). The
average martian atmosphere is just 6.1 mbar, with an average temperature of approximately 215
K (- 52°C), though this can get as high as ~ 300 K°@yat noon on the equator, or as low as ~

130 K ¢ 143C) at the poles in winter (de Pater and Lissauer, 2010). Compositionally, the
atmosphere is nearly 96% carbon dioxide, with small amounts of argon, nitroggenand

carbon monoxide (Mahaffy et al., 2013).

1.3.2 Martian Time

Geological time on Mars is based on the size and density of impact craters and theuttirass
relations, and as such is divided into three main peribdsie 1.3): the Noachian, from 4.1

Ga until ~3.7 Ga; the Hesperian, from3=7 Ga until ~3 Ga; and the Amazonian, from3~-Ga

until the presen{Hartmann and Neukum, 200Michael, 2013. The period from planetary
accretion until the start of the Noachian is regarded as tHdd&rehian. The base of the Noachian

is ill defined; the most widely accepted definition is that it started with the formation of the Hellas
impact basin (Frey2003).There are multiple iterations of the martian chronology, which vary
depending on how different crater production and density functions are used (Fassett, 2016;

discussed in Chapter 2). This work will use the chronology of Michael (2013).

An alterndive, lesswi dely wused timescale 1is based on \Y
divides martian terrains into three periods: a phyllosilifatming period, a sulfatéorming
period, and an iron oxidi®rming period Figure 1.3; Bibring et al., 2006). This report uses the

martian timescale based on crater density. The only absolute in situ age measurement of the
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martian surface was made by the Cutjosover in Gale Crater. Farley et al. (2014) found a
radiogenic KAr age of a mudstone of 4.21-4€.35 billion years, although this cannot be easily
compared to the crater density results as the components of mudstone analysed were transported
from elsavhere. Crater dating is discussed in more detail in Chapter 2.
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Figure 1.3: Martian timescales based on crater density and surface mineralogy, compared to geological
time on the Earth. Timescales aréhitlions of years before present. Adapted from Fawdon, 2016.
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1.3.3 Major Physiography, Geography, and Geology of Mars

One of the most noticeable and oldest features on the martian surface is the hemispheric
dichotomy, which demarks the boundary of a qae@sular basin around the northern third of the
planet. The dichotomy boundary broadly divides the southern highlands from the northern
lowlands by 36 km in elevation (Figure 1.4B; Aharonson et al., 2001). The dichotomy is quasi
continuous around the circumfeee of the planet, except where it is crogs by the Tharsis
volcanic province (Tanaka et al., 2014). The southern highlands are generally made up of heavily
cratered terrain and assumed to mostly be Noachian (Tanaka et al., 2014). Thelesgestd

impact basins on Mars are found in the southern highlands, including Hellas (Tanaka et al., 2014),
which is over 2,300 km in diameter, making it one of the largest known impact basins in the solar
system. To contrast, the northern lowlands are flatterpreo and have a much lower crater
density, suggesting that the terrain has been extensively resurfaced (Tanaka et al., 2014). Many
of the deposits covering the northern plains are late Hesperian and Amazonian in age (Tanaka et
al., 2014). The origins dhe dichotomy are ambiguous; several formation mechanisms have been
proposed, including by one or more very large impact events (e.g., Wilhelms and Squyres, 1984;

AndrewHanna et al., 2008), which are summarised by Watters et al. (2007).

As Mars lacks plat tectonics, volcanoes do not occur in linear chains along plate boundaries, and
instead generally occur in clusters, with individual volcanoes extending tens of kilometres above
the surface. The two largest volcanic provinces on Mars are Tharsis andrklgsich hundreds

of kilometres acrossHgure 1.4). The tallest martian volcano, Olympus Mons, is 26 km high
(Smith et al., 1999) and the largest \movolcano in the solar system. While the bulk of martian
volcanism was probably in the early history (Hauck and Phillips, 2002), both Tharsis and Elysium
may have been volcanically active in the geologically recent past (e.g., Plescia et al., 1990;
Hartmann et al., 1999). Although there have been no direct observations of volcanism, the most
recent lava flows are estimated to be just tens of millions of years old (Hauber et al., 2011), raising

the possibility that Mars may be volcanically active today.

Mars also contains one of the largest canyons in the solar system: Valles Marineris, which are a
series of canyons that span for over 4,000 km approximately along the equatceasbuth
Tharsis (Tanaka et al., 201Higure1.4B). Valles Marineris is over 200 km wide and 10 km deep

in places (Carr, 2006). Although still poorly understood, its linearity indicates that Valles
Marineris is a tectonic feate that probably formed in association with the emplacement of
Tharsis (AndrewsHanna 2012c). A global geological map of Mars by Tanaka et al. (2014) is
shown inFigure1.4C.
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Figure 1.4: (A) Viking Orbiter mosaic of Mars; (B) Gridded MOLA topographic map of Mars (valley
networks as mapped by Hynek et al. (2010) are shown by the red lines); and (Q)i&¢ohap of Mars

by Tanaka et al., 2014. The brown areas mostly show Noachian highland units; reds and purples are major
volcanic provinces; the green shows Amazonian lowland units and the yellow units show recent impact

craters.All image numbers used figures are provided in Appendix Il.
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1.4 Geological Evidence for Aqueous Processes on Mars

The surface geology, geomorphology, and mineralogy, as well as meteoritical studies, all indicate
that liquid water may have been more widespread during the gartier nt s of Mar s 6
particular during the Noachian (e.g., Carr and Head, 2010). Since the Mdilirey era of Mars
missions, watecarved features have been observed across the surface of Mars (e.g., Carr and
Head, 2010), which are consistentiwdt horizontally and vertically integrated hydrological cycle
(e.g., Craddock and Howard, 2002). Although they have been inactive for up to billions of years,
many of these features and others are exposed on the surface as geomorphological relief, unlike
most time equivalent features on the Earth, which are generally buried in the rock record or have
been removed by erosion. This may be due to very low rates of erosion1600.hhm/year;
Golombek et al., 2006) and a lack of tectonic forces on Mars (GdrHaad, 2010). The most
significant of these features are briefly summarised below.

Branching, fluvial valley networks that resemble terrestrial river systems dissect much of the
Noachian southern highlands (e.g., Hynek et al., 2010), and many ternmreitevial (e.g.,

Moore and Howard, 2005) or deltaic deposits (e.g., Malin and Edgett, 2003). Many valley
networks also breach into and out of impact craters, indicating the existence of former lakes and
seas (e.g., Fassett and Head, 2008b). Extensivdicadidin of impact craters is consistent with
widespread fluvial erosion during the Noachian (e.g., Craddock et al., 1997; Howard et al., 2005).
Fluvial processes appear to have peaked at the Noachian/Hesperian boundary and may continued
into the early Hagerian (Fassett and Head, 200&dlwvially-derived conglomerates (Williams

et al., 2013) and mudstones interpreted as lakebed sediments (Grotzinger et al., 2014, 2015) at
Gale Crater by the Curiosity rover confirm the presence of former rivers and alkes early
Hesperian(Figure 1.5). The existence of dloachiannorthern ocean has been postulated (e.g.,
Parker et al., 1993; Clifford and Parker, 2DGlthough is contested (e.g., Carr and Head, 2003).
Phyllosilicates, which require liquid water to form, are also found widely across Noachian terrains
(Ehlmann and Edwards, 2014).

Evidence for posNoachian liquid water appears more episodic, possibly to a changing
climate (e.g., Carr and Head, 2010). During the Hesperian, major outflow chdtigete {.6C)
formed, probably due to the catagthic release of groundwater or ssdrface ice (e.g., Sharp,
1973; Baker and Milton, 1974). The discharge from these outflow channels could have pooled in
the northern lowlands to form a temporary ocean in the Hesperian (e.g., Williams et al., 2000).
Ephameral lakes due to groundwater upwelling (e.g., Grotzinger et al., 2005) and localised valley
networks produced by hydrothermal activity (e.g., Hynek et al., 2010) formed sporadically
throughout the Hesperian. These processes, combined with a transitioretacidic conditions,
led to sulfate minerals forming as evaporite deposits (Bibring et al., 2006). The Amazonian was
drier still, with only the occasional valley network or outflow channel forming (e.g., Carr and
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Head, 2010). The widespreadualdance banhydrous iron oxide dusin the surface indicate

there has beelittle recentaqueous alteration (e.g., Bibring et al., 2006). Instead, glacial and

aeolian processes appear to have scul pted much of
2010), ancsurface water may now only play a minor role in the form of gullies (e.g., Malin and

Edgett 2000a) and RSLs (e.g., McEwen et al., 2011; Ojha et al., 2l&3ver, the role of water

in these processes is contentious; gulley formatiay have been CQiriven (Musselwhite et

al., 2011, Diniega et al., 2010) or an entirety process (e.g., Treiman et al., 2003).

Figure 1.5: (A) Fine-pebble conglomerate observed at Link, Gale Crater by the Curiosity oov8pl 27;
(B) Mudstones outcrops, interpreted as lakebed deposits at Hidden Valley, Gale Crater by the Curiosity
rover on Sol 712. Adapted from NASA/J@&ltech/MSSS.

Detailed studies and reviews of many of these features and how they relate to acuezssepr

on Mars are provided by Craddock and Howard (2002), Carr and Head (2010), Hynek et al.
(2010), Ehlmann and Edwards (2014), and Baker et al. (2015). This section discusses the major
geomorphological features relevant to this study: valley networkslaannels, palaeolakes, and

to a lesser extent, sedimentary fans.

1.4.1 Valley Networks
1.4.1.1 Valley Network Morphologies

Dry, branching valley networks and channels that dissect much of the martian surface are some

of the strongest indicators of sustained fluviaston on Mars (e.g., Carr, 1995; Craddock and

Howard, 2002jrwin and Howard, 2002; Hynek and Phillips, 208B8/nek et al., 2010). At this

point, a distinction needs to be maderebet ween tF
frequently interchangedtbughout martian literature. Valley networks are curvilinear, elongated

troughs that form topographic depressidrigire1.6; Baker et al., 2015). Wisit valleys can be
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formed by fluvial, glacial, or volcanic processes, the term valley here is used to refer to fluvial
valleys unless otherwise stated. On Earth, fluvial valleys can contain channels, within which a
river or stream flows. Channels typicaliyave a smaller crossectional area than the valleys
which they are bound by. Fluvial valleys on Earth form by the prolonged and progressive erosion
by river channels on the valley floor. On Mars, former river channels are rarely found within
valley netwaks (Irwin et al., 2005a), as the valley floors have typically been eroded and/or buried
by subsequent material (e.g., Baker et al., 2015). The orientations of valley networks on Mars are
usually such that they are consistent with the gravitational coofrdluid flow, generally
accepted to be water (e.g., Baker et al., 2015).

The term channel on Mars is also used to refer to outflow charigls€1.6C). These are again
elongated troughs, many hundreds of kilometres wide and kilometres deep (Carr, 2006), and
generally thought to have formed due to immense, catastrophic flooding (e.g., Sharp, 1973; Baker
and Milton, 1974). Outflow channels generafipstdate the valley networks, which are the
primary focus of discussion in this section, and mostly formed during the late Hesperian and
Amazonian (e.g., Carr and Head, 2010). Throu

current or former rivechannel and not an outflow channel, unless otherwise stated.

Two broad classes of valley networks have been recognised on the surface of Mars: amphitheatre
headed or longitudinal valleys and mifitanched valley network3 éblel.1; Baker et al., 2015),
although this distinction is not always used (e.g., Hynek et al., 2010). Amphitheatted or
longitudinal valleys (e.gFigures 1.6 and 1)are elongated systems up to hundreds of kilometres

in width (Williams and Phillips, 2001), which generally does not change in the downstream
direction, and they have few, poorly developed tributary systems (Baker, 1982). However, recent
studies (e.g., Hyneét al., 2010) have found an increased number of smaller tributary systems at
the periphery of these valleys not previougigible using lowetresolution data, which often

extend up to the drainage divides.

Multi-branched valley networks (e.g., Warrego I¥sl Figure 1.6) are generally made up of
multiple branching tributary systems that join together at low junction angles to form dendritic to
parallelplanform morphologies (Hynek et al., 2010; Baker et al., 2015). The number of tributary
branches a valley network has can be classified by their Strahler stream order (Strahler, 1958),
where the most peripheral valley is designated order one. Branchiegsvaith stream orders

of up to seven have been observed on Mars, which is low by terrestrial standards (Carr and
Chuang, 1997; Hynek et al., 2010). Mditianched valley networks typicaltgnge frontens of

metres to thousands of kilometres in length, up to several kilometres in width, and up to several
hundred metres in depth (Williams and Phillips, 2001). Branching valley networgsraseally
observed to both widen and deepen in the downstreaatidin (Craddock and Howard, 2002;
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Howard et al., 2005; Hynek et al., 2010). The total integrated lengths of branching valley networks
can be many thousands of kilometres (Irwin et al., 2005b; Hynek et al., 2010).

Some valley networks do contain intersdrannels (e.gFigure1.8A; Nanredi Vallis; Malin and

Edgett, 2001; Irwin et al., 2005a), although these are rare, due to subsequent modification of
valley floors. Additionally, fluvial systems on Mars have only been systematically mapped at a
global scale down to a resolution of 231 m/pixéburel.4B; Hynek et al., 2010), meaning that

any potential channels narrower than several hundred metres will not have been identified.
Channels on Mars may also be preserved as ridges: inverted channdiigi@rgs, 1.8B and 1,9

Pain et al., 2007), whichre discussed in the next section. Whilst the termini of many valley
networks are obscured, some valley networks terminate in candidate palaeolake basins,
sometimes with sedimentary fan deposits preserved (Baker et al., 2015), which are both discussed

in Sections 1.4.2 and 1.4.3, respectively.

Attribute Multi -branched Amphitheatre- Outflow channels

valley networks headed or
longitudinal valleys

General Dendritic  and sub Long, wide main valleys Huge troughs with low
parallel morphologies with  poor tributary sinuosity, local
with multiple low order development. Source anastomosing
tributaries. Average from amphitheatre morphologies,
Noachian drainage shaped heads streamlined islands
densities of 0.01 krh Relatively constani generally lack
and locally high width downstream. tributaries
densities of 0.41 knt?.,
Valleys widen and
deepen in the
downstream direction.

Length <2002,000 km. Chain Hundreds of km Few hundred to 3,00!
systems up to 4,500 kn km

Width 1-4 km Several to 20 km 3-400 km

Depth Tensto 300 km Hundreds to 500 m Up to 2.5 km

Age Mostly mid-Noachian Late  Noachian  to Mainly late Hesperian

Erosional features

Depositional features

Origin

to early Hesperian
Some late Hesperiar
Few Amazonian
valleys on volcanoes
Some inner channels
mostly obscured by
aeolian material

Some deltas, fans
palaeolakes. Many
termini obscured by

lava flows or aeoliar
materal

Mainly  precipitation
and surface runoff
Possibly snow for
younger networks?

Hesperian

Some inner channels
meander bends

Some deltas, fans
palaeolakes.

Precipitation and
surface runoff.

Groundwater sapping

but some late Noachia
to Amazonian

Longitudinal grooves,
inner channels
cataracts, scour marks
Depositional bars, fans
northern plains deposit

Cataclysmic floods,
possibly bymelting of
ice or groundwatel
release

Table1.1: Characteristics ofargest fluvial features on MarsNote that these are for general guidance
only and this table should not be regarded as an exhaustivéAtiapted from Baker et al., 2015 and

references therein. Additional material from Hynek et al., 2010.
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Multiple tributary
valleys

Short stubby g
tributary valleys

o

Figure 1.6: (A) THEMISIR Day mosaic of Warrego Valles, a midtanced valley network. There are
multiple, tributary valley systems which increase in width downstream; (B) THHEHRMZay mosaic of
Nirgal Val |l i s -heaand efila mpaH il tehye antertewo r k 0, supported
Warrego Valles appears more consistent with a formatiorhar@sm involving precipitation and surface
runoff, whereas Nirgal Vallis appears more consistent with a groundvdsitezn formation mechanism.

(C) Colour MOLA hillshade image of Kasei Valles, an outflow channel, which likely formed from the
catastrophic elease of water and debouches onto the northern lowlands.
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Over 90% of the known valley networks occur on nmalate Noachian terrains (~ 3397 Ga;
Michael, 2013), with ~ 6% and 3% occurring on Hesperian and Amazonian terrains,
respectively (Hynek edl, 2010). The most developed valley networks (i.e., those with multiple
branches and wide drainage areas) almost exclusively dissect Noachian terrains, and most
Noachianaged surfaces below Blatitude are dissected by valley networks (Hynek et al., 2010
Indeed, valley networks appear to be particularly concentrated on late Noachian terrains (~ 3.7
Ga; Michael, 2013), near the Noachian/Hesperian boun@aigting to an intense period of
fluvial activity around this time (Howard et al., 2005; Irwin &t @005b; Fassett and Head,
2008b). This valleyforming fluvial phasenear the Noachian/Hesperian boundappears to
postdate an earlier, more intense periodlwfial erosion during the midNoachian (~ 3.9 Ga;
Michael, 2013)On mid-Noachian terrainssalley networks are generally not found, but impact
craters and their ejectaave been degraded thepoint that many are rimless, consistent with
fluvial processefHoward et al., 2005). To contrast with the Noachian, Hespanidmmazonian
valleys geerally tend to be single branch channels, often occurring on crater walls and the flanks
of volcanoes (Hynek et al., 2010), which suggests ttmarebea significant local control on their

formation mechanism.

The majority of Noachian valley networks doeind in the southern highlands, occurring in a
broad belt south of the equat&idqurel.4B; Carr, 1995; Hynek et al., 2010). Many of these valley
neworks occur in chains that interconnect with palaeolakes across the highlands, with a few of
these systems being longer than 1,000 km. The longest individual-pal@golake chain is ~

4,500 km long: the Naktong/Scamander/Mamers Valles system, which daginage area
comparable to the MissouMississippi basin on Earth (Irwin et al., 2005b; Fassett and Head,
2008b). Most of the valley networks are assumed to have filled these palaeolakes at the
Noachian/Hesperian boundary (Irwin et al., 2005b; FassettHead, 2008a; Fassett and Head,
2008b). Fassett and Head (2008b) also observed that there is weak inverse relationship between
distance downstream and elevation, with elevation decreasing further downstream towards the
dichotomy andhe northern lowlangl consistent with equatorial valley networks draining north
from the equatoMo d e | | i n g -bharsisMmpogaghy gbso iadicates that the dichotomy

was the primary topographic control on valley network formation (Bouley et al., 2016).
1.4.1.2 Drainage Dengty and Formation Mechanisms of the Valley Networks

Drainage density, measured in total stream or river length over the drainage area, provides the
average spacing between streams or rivers over a particular drainage area. Its magnitude can be a
useful indcator of the formation mechanisms of fluvial systems: for example, high drainage
density values can indicate there are multiple, distributed sources of water across a wide area
supplying the fluvial system, which would be consistent with precipitationsarfdce runoff

(Hynek et al., 2010). To contrast, lower drainage density values would be less consistent with
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precipitation, as they point to fewer, more localised sources of water, and are instead more
consistent with, for example, groundwater seepagecssted with hydrothermal activity or the
melting of subsurface ice (Hynek et al., 2010). However, this relationship is not absolute; a
variety of different factors can significantly affect drainage density, including slope, lithology,
scale, climate, ahcharacteristics of the drainage area (Craddock and Howard, 2002).

Multiple measurements of the drainage density of martian valley networks have been taken using
a variety of different datasets, with the intention of comparison to terrestrial systemBdkeay

and Partridge, 1986; Carr, 1996; Carr and Chuang, 1997; Hynek et al., 2010). Unsurprisingly, this
comparison is not straightforward. Vegetation, for example, plays a major role in shaping
drainage patterns on the Earth, whereas it has almosinbemidways been absent on Mars.
Additionally, measurements of terrestrial drainage are likely to be of active systems, whereas
most martian valley networks have been inactive for up to billions of y€ars and Chuang,

1997). Subsequent modificationiofctive valley networks means that the original extent of the
drainage area may be impossible to measure. Image resolution must also be considered when
comparing between martian and terrestrial drainage systems, as the quality between different

datasetss likely to vary.

Early analyses of martian drainage density from-tegolution Viking data found that the valley
networks across the southern highlands had average drainage densities of just ~O(@51km
1996; Carr and Chuang, 1997). These vadmesnuch lower than fluvial systems on Earth, which
are often > 1 km (Carr and Chuang, 1997). Many studies have suggested that this is evidence
that precipitation and surface runoff were not the primary drivers of valley network formation on
Mars, and tht groundwater seepage driven by hydrothermal circulation was instead responsible.
(e.g., Squyres and Kasting, 1994). The amphithdeaeled shape of the upstream terminations
(Figure 1.7) and the limited number of tributas of many valley networks haveen used as
morphological evidence to support a groundwater seepage origin (e.g., Laity and Malin, 1985;
Lucchitta et al., 1992; Malin and Carr, 3% oldspiel, 2000). This scenario is appealing because

it does not require dramatically different climate conditions on Mars to today (Craddock and
Howard, 2002).

However, whether groundwater seepage alone can incise into bedrock and carve wide valleys is
disputed for a variety of reasons. The relatively low discharge rates expected from seepage would
not be able to remove and transport large volumes of eroded mdtayak(.7D; Craddock and
Howard, 2002; Lamb et al., 2006; Lamb et al., 2008). Lamb et al. (2006) have also challenged the
assumption that groundwater seepage creates a unique morphology. Indeed, in morphometrically
similar canyons on thEarth, groundwater seepage is found to play a secondary role to runoff

processes, and rarely occurs in isolation (€&mure1.7; Box Canyon in Idaho; Lamb et al.,
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2006). More problematically, hydrothermaflyiven groundwater seepage does not explain how

aquifers supplying the valley networks would be recharged (Gckdshd Howard, 2002).

Figure 1.7: (A) Hillshade relief map from laser altimeter data of Box Canyon, ldaho, which has incised
into a basaltic plain; (B) THEMISR Day image of Mamers Vallis, Mars. Note th@rphometrically

similar amphitheatreshaped canyon heads. (C) Photograph of the head of Box Canyon, where multiple
plunge pools and a scoured notch at the canyon head suggest significant discharges from runoff processes.
(D) Boulders transported downstnesalong Box Canyon by fluvial processes, which require high rates of
discharge to transport. Adapted from Lamb et al. (2006, 2008).

More recent data have, however, shown higher drainage density values for valley networks, both
locally (e.g.,Hynek and Phiips, 2003; Anan and Mangold, 2006) and more regionally across
the highlands (Hynek et al., 2010). Average drainage densities for Noachian valley networks
across the south highlands are ~ 0.01'Khtynek et al., 2010), and many areas of the martian

surface have values of ~ A5 km* (e.g.,Ansan and Mangold, 2006; Hynek et al., 2010). These
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values approach the ranges seen for terrestrial drainage systems (Carr and Chuang, 1997), and
multiple studies now indicate that widespread, prolonged precipit@tidmunoff processes must

have been necessary to form the valley networks in the Noachian (e.g., Craddock and Howard,
2002; Hoke and Hynek, 20094ynek et al., 2010; Hoke et al., 2011; Irwin et al., 2011).
Comparison with arid regions on the Earth suggashinimum formation time for the Noachian

valley networks of 1810’ years (Hoke et al., 2011).

Hesperian and Amazonian valley networks typically have much lower drainage densities than
those which dissect Noachian terrains. Average values for Hesmerithmazonian valley
networks are just ~ 0.002 and ~ 0.001%kmespectively (Hynek et al., 2010), although some
valley networks on the flanks of peldbachian wlcanoes display locally highealues (e.g., Alba

Patera; Hynek et al., 2010). This indicatet hat t he fAwettest o period
the Noachian, and that liquid water was decreasingly abundant during the Hesperian and
Amazonian. The mechanism for valley network formation may have transitioned from
precipitation and runoffiriven processes to predominantly groundwater sapping anetimetn
processes, sometime after the Noachian/Hesperian boundary (e.g., Baker et al., 2015), indicating

a major transition in climate around this time (e.g., Carr and Head, 2010).
1.4.1.3 Inverted Channels

Inverted channels are former fluvial channel systems that are preserved as positive relief,
curvilinear ridges, which occur on both the Edgly., Maizels, 1987; Pain and Ollier, 19850

Mars (e.g., Pain et al., 2007; Williams et al., 2009; Burr et20110; Newsom et al., 2010; Kite

et al., 2015) Inverted channels can appear as branching to sinuous systems, which form due to
the preferential erosion of adjacent material, raising the channel topographically relative to the
surrounding landscape (Pahal., 2007).

On the Earth, inverted channels are usually found in denudated, continental settings with low rates
of erosion (Pain and Ollier, 1995), for example, in the Green River area inesmitrn Utah
(Figurel.9; Williams et al., 2009). Inverted channels are found in many diverse locations across
Mars (Williams, 2007) in a variety of different settings, such as on alluvial fans (e.g., Gale Crater;
Anderson and Bell, 2010), on deltas (e.g., the Eberswalde deltés bad Aharonson, 2006),
contiguous with or part of valley networks (Williams, 2007), or as isolated features within
possible alluvial landscapeBigure 1.8B; Williams and Chuang, 2012). Inverted channels may

be more widely preserved across Mars than the Earth due to low rates-Nbpobktan erosion

(~ 0.02100 nm/yr; Golombek et al., 2006).

The inversion of fluvial channels in terrestrial settingsally occurs due to several mechanisms
involving the deposition and exhumation of fluvial channel sediment (Pain and Ollier, 1995). The

first involves the cementation of channel floor sediment and the formation of duricrusts, making
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the channel more rissant to erosion than the surrounding material (Pain and Ollier, 1995). In
terrestrial settings, carbonate is a common cementing material that precipitates during evaporation
(Glennie, 1970). For Mars, the most likely cementing materials are iron osudieges, and silica

(Pain et al., 2007), and possibly chlorides (Osterloo et al., 2008). Additionally, the loading of the
fluvial channels with sediment coarser than that deposited in the surrounding floodplains (e.qg.
gravels and sands vs. muds), can tedtle preferential erosion of the adjacent floodplain deposits
(Pain and Ollier, 1995). Once channel flow has ceased, regional deflation can remove the fine
grained, less resistant material found in the floodplain at a faster rate than the channis, deposi

leading to the exhumation of the channel body (Pain and Ollier, 1995).

Figure1.8: (A) CTX image of inner channel found within Nanedi Valles; (B) HiRISE image of a meandering
inverted channel in Aeolisleanders and possible scroll bars suggest the channel developed in an alluvial
setting.

Alternatively, lava flows may also infill fluvial valleys, capping the alluvial deposits beneath and
diverting the flow of water and concentrating erosion at the msugjfi the lava flow (Pain and

Ollier, 1995). This can leave the lava flow, and sometimes the alluvial sediments beneath, raised
topographically. These fifill edd channels composed
inverted channels composed hivial sediment; lava flows have several defining morphological
characteristics, such as a wrinkle ridges and leveed channels (Newsom et al., 2010). In planform,
inverted channels are morphologically similar to eskers to a first order, although somaimport
distinctions remain: (1) inverted channels generally conform to topography, while eskers do not
necessarily; (2) eskers are usually associated with a variety of associated glaciated features (e.g.,
Gallagher and Balme, 2015); and (3) eskers generallg harrower aspect ratios than inverted
channels (Pain et al., 2007).
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Figure 1.9: Aerial photos of inverted channels in the Green River aseatheastern UtahChannels are
approximately 310 metres vde.Photo credit: Rebecca Williams

1.4.2 Palaeolakes

Candidate palaeolakes are widespread across the southern highlands and elsewhere on Mars
(Fassett and Head, 2008b). Many valley networks ingress and egress topographic depressions,
such as basins and impacaters, indicating the potential presence of former lakes or seas, as any
surficial water must have pooled (at least temporarily). Gusev Crater was chosen on this basis as
alanding site for MERASpi t, as Maobadi m Vallis Goommk hes
et al., 2003). Aside from topography, there are several other lines of evidence supporting the

existence of palaeolakes on Mars.

Firstly, somecandidatepalaeolakes contain terraces: layering at a constant elevation around the
rim of the basin thacould be the eroded remnants of past water levels, where water has
progressively incised down (e.drigure 1.10A; Forthsythe and Zimbelman, 1995). However,
terraces are difficult to distinguish from collapse features (Leverington and Maxwell, 2004), and
their overall existence is rare. Secondly, mommngelling evidence for the presence of
palaeolakes is often found at the ingress point for valley networks, where some sites have fan
shaped structures (e.grigure 1.10B; the Eberswaldéan structure; Malin and Edgett, 2003),
interpreted as alluvial or deltaic deposits. As deltas are formed in partialtpgsgious
environments, their presence is convincing evidence for a lacustrine setting. Seyifia@stare

discussed in more detail in Section 1.4.3.

Thirdly, many candidatepalaeolake basins contain ligihed and suborizontally layered
sedimentarydeposits. These occur at a wide range of scales and have layering visible from
hundreds of metsedownto the metrescale (e.g., the southestern Melas Chasma basin;

Williams and Weitz, 2014). These deposits are sometimes exposed as eroded crater mounds (e.g.,
35

















































































































































































































































































































































































































































































































































































































































































