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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, using high-resolution, 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.  

I first investigate Arabia Terra, a Noachian region of the southern 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 transport system. In addition, I 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 the Hesperian south-western Melas Chasma basin, part of 

the Valles Marineris canyon system. Here I have produced a map of fluvial landforms, which 

indicates that fluvial processes were episodic and extended over a protracted period of time. I also 

examine the stratigraphic sequence within the central palaeolake in the basin, where evidence for 

episodic aqueous processes is also identifed. The south-western Melas Chasma basin provides 

strong evidence that fluvio-lacustrine 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, the martian rock record can be investigated by both orbital and landed spacecraft, 

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 telescopes meant that 

craters were generally the only observable features on planetary surfaces, which led to the 

assumption that the geological history of the terrestrial planets was dominated by volcanism and 

little else (it wasn’t until the early 1960s that lunar craters were understood to be formed by 

impacts rather than volcanoes; Shoemaker, 1962). During the past half-century, with the arrival 

of the space age, this understanding of the solar system has changed dramatically, and the planet 

Mars is emerging as the strongest antithesis of this simple geological history.  

In 1971, the Mariner 9 spacecraft provided the first clear images of the martian surface, revealing 

seemingly water-carved 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 six operational 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 as water, 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 been Earth-like for 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 being returned from Mars over 

the last two decades, allowing the surface to be explored in greater detail than ever before; metre-

scale features can now be identified. The primary focus of this thesis is to use these high-

resolution orbital data to study the history of 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 geology of 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 detailed discussions of the literature 
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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, and topography 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 emplacing 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 for sediments and sedimentary rocks. Depending on the planetary body, 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 on the Moon. 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, Io). On the Earth, water is a key erosional agent and transport medium for sediment, 

and plays 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 (Figure 1.1), only the Earth and Mars have the conditions where liquid water can exist on 

the surface – on Mars, however, this is only transient and subject to seasonal constraints. The bulk 

of the water in the Earth’s crust is stored in the oceans, while smaller 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 scale via the 

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 body in the solar system – Titan – 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, such as Europa, 

Ganymede, and Enceladus, are thought to harbour sub-surface 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 surface temperatures owing to its thick CO2 

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 exist, nor 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 tenuous CO2 atmosphere, 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 current surface conditions of Mars (Figure 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, for example in 

seasonally active gullies (e.g., Malin and Edgett 2000a; Conway and Balme, 2016) and 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, as discussed in Section 1.4, multiple lines of 

evidence indicate that this was not always the case. 

 

Figure 1.2: Simplified phase diagram of water; temperature and pressure ranges for the surface and 

atmosphere of Earth and Mars are shown. There are only a few limited conditions on Mars where in can 

exist above the triple point as a liquid. Redrawn from Niels Bohr Institute. 

 

Water ice, however, is stable at a range of temperatures on Mars (Figure 1.2). The Mars Odyssey 

spacecraft detected large concentrations of hydrogen in the near sub-surface in most mid-latitude 

locations (Feldman et al., 2004), which was confirmed to be water ice by the Phoenix 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 veneer of CO2 ice,  
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which is seasonal on the north pole and permanent on the south pole (Byrne, 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. It is ~ 0.1 and ~ 0.15 of the Earth’s mass and volume, 

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 history of the solar system; ~ 4.5 Ga (Lee and Halliday, 1997; Nyquist et al., 2001). 

Magnetic anomalies on Mars’ most ancient terrains suggest that if Mars ever did have a magnetic 

field, it only existed briefly and dynamo action had ceased by ~ 4 Ga (Acuna et al., 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 and Phillips, 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 (27°C) at noon on the equator, or as low as ~ 

130 K (- 143°C) at the poles in winter (de Pater and Lissauer, 2010). Compositionally, the 

atmosphere is nearly 96% carbon dioxide, with small amounts of argon, nitrogen, oxygen and 

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 their cross-cutting 

relations, and as such is divided into three main periods (Figure 1.3): the Noachian, from ~ 4.1 

Ga until ~ 3.7 Ga; the Hesperian, from ~ 3.7 Ga until ~ 3 Ga; and the Amazonian, from ~ 3 Ga 

until the present (Hartmann and Neukum, 2001; Michael, 2013). The period from planetary 

accretion until the start of the Noachian is regarded as the Pre-Noachian. 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 (Frey, 2003). 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 alternative, less-widely used timescale is based on Mars’ surface mineralogy, which also 

divides martian terrains into three periods: a phyllosilicate-forming period, a sulfate-forming 

period, and an iron oxide-forming 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 Curiosity rover in Gale Crater. Farley et al. (2014) found a 

radiogenic K-Ar age of a mudstone of 4.21 +/- 0.35 billion years, although this cannot be easily 

compared to the crater density results as the components of mudstone analysed were transported 

from elsewhere. Crater dating is discussed in more detail in Chapter 2. 

 

Figure 1.3: Martian timescales based on crater density and surface mineralogy, compared to geological 

time on the Earth. Timescales are in billions 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 quasi-circular basin around the northern third of the 

planet. The dichotomy boundary broadly divides the southern highlands from the northern 

lowlands by 3-6 km in elevation (Figure 1.4B; Aharonson et al., 2001). The dichotomy is quasi-

continuous around the circumference of the planet, except where it is cross-cut 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). The largest preserved 

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 flatter, smoother, 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 of the dichotomy are ambiguous; several formation mechanisms have been 

proposed, including by one or more very large impact events (e.g., Wilhelms and Squyres, 1984; 

Andrew-Hanna et al., 2008), which are summarised by Watters et al. (2007). 

As Mars lacks plate 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 and Elysium, each hundreds 

of kilometres across (Figure 1.4). The tallest martian volcano, Olympus Mons, is 26 km high 

(Smith et al., 1999) and the largest known volcano 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 equator, south-east of 

Tharsis (Tanaka et al., 2014; Figure 1.4B). 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 feature that probably formed in association with the emplacement of 

Tharsis (Andrews-Hanna 2012c). A global geological map of Mars by Tanaka et al. (2014) is 

shown in Figure 1.4C. 
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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 (C) Geological map 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 in figures are provided in Appendix II. 
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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 earlier points of Mars’ history, in 

particular during the Noachian (e.g., Carr and Head, 2010). Since the Mariner-Viking era of Mars 

missions, water-carved features have been observed across the surface of Mars (e.g., Carr and 

Head, 2010), which are consistent with a 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 erosion (~ 0.1-1000 nm/year; 

Golombek et al., 2006) and a lack of tectonic forces on Mars (Carr and Head, 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 terminate in alluvial (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). Extensive modification 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 Hesperian (Fassett and Head, 2008a). Fluvially-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 lakes in the early 

Hesperian (Figure 1.5). The existence of a Noachian northern ocean has been postulated (e.g., 

Parker et al., 1993; Clifford and Parker, 2001), although 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 post-Noachian liquid water appears more episodic, possibly due to a changing 

climate (e.g., Carr and Head, 2010). During the Hesperian, major outflow channels (Figure 1.6C) 

formed, probably due to the catastrophic release of groundwater or sub-surface 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). 

Ephemeral 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 transition to more acidic 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 widespread abundance of anhydrous iron oxide dust on the surface indicates 

there has been little recent aqueous alteration (e.g., Bibring et al., 2006). Instead, glacial and 

aeolian processes appear to have sculpted much of Mars’ recent surface (e.g., Carr and Head, 

2010), and surface 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., 2015). However, the role of water 

in these processes is contentious; gulley formation may have been CO2 driven (Musselwhite et 

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

 

Figure 1.5: (A) Fine-pebble conglomerate observed at Link, Gale Crater by the Curiosity rover on Sol 27; 

(B) Mudstones outcrops, interpreted as lakebed deposits at Hidden Valley, Gale Crater by the Curiosity 

rover on Sol 712. Adapted from NASA/JPL-Caltech/MSSS. 

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

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 networks and channels, 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 fluvial erosion on Mars (e.g., Carr, 1995; Craddock and 

Howard, 2002; Irwin and Howard, 2002; Hynek and Phillips, 2003; Hynek et al., 2010). At this 

point, a distinction needs to be made between the terms “valley” and “channel”, which are 

frequently interchanged throughout martian literature. Valley networks are curvilinear, elongated 

troughs that form topographic depressions (Figure 1.6; Baker et al., 2015). Whilst 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 typically have a smaller cross-sectional 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 networks (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 control of fluid flow, generally 

accepted to be water (e.g., Baker et al., 2015).  

The term channel on Mars is also used to refer to outflow channels (Figure 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 generally postdate 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). Throughout this work, the term “channel” will refer to a 

current or former river channel 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 multi-branched valley networks (Table 1.1; Baker et al., 2015), 

although this distinction is not always used (e.g., Hynek et al., 2010). Amphitheatre-headed or 

longitudinal valleys (e.g., Figures 1.6 and 1.7) 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., Hynek et al., 2010) have found an increased number of smaller tributary systems at 

the periphery of these valleys not previously visible using lower-resolution data, which often 

extend up to the drainage divides. 

Multi-branched valley networks (e.g., Warrego Valles; Figure 1.6) are generally made up of 

multiple branching tributary systems that join together at low junction angles to form dendritic to 

parallel planform 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. Branching valleys with 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). Multi-branched valley networks typically range from tens 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 networks are generally 

observed to both widen and deepen in the downstream direction (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 interior channels (e.g., Figure 1.8A; Nanedi 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/pixel (Figure 1.4B; 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 channels (e.g., Figures 1.8B and 1.9; 

Pain et al., 2007), which are 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 

valley networks 

Amphitheatre-

headed or 

longitudinal valleys 

Outflow channels 

General Dendritic and sub-

parallel morphologies 

with multiple low order 

tributaries. Average 

Noachian drainage 

densities of 0.01 km-1 

and locally high 

densities of 0.1-1 km-1. 

Valleys widen and 

deepen in the 

downstream direction. 

Long, wide main valleys 

with poor tributary 

development. Sourced 

from amphitheatre-

shaped heads. 

Relatively constant 

width downstream. 

Huge troughs with low 

sinuosity, local 

anastomosing 

morphologies, 

streamlined islands, 

generally lack 

tributaries 

Length <200-2,000 km. Chain 

systems up to 4,500 km. 

Hundreds of km Few hundred to 3,000 

km 

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

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

Age Mostly mid-Noachian 

to early Hesperian. 

Some late Hesperian. 

Few Amazonian 

valleys on volcanoes 

Late Noachian to 

Hesperian 

Mainly late Hesperian, 

but some late Noachian 

to Amazonian 

Erosional features Some inner channels, 

mostly obscured by 

aeolian material 

Some inner channels, 

meander bends 

Longitudinal grooves, 

inner channels, 

cataracts, scour marks 

Depositional features Some deltas, fans, 

palaeolakes. Many 

termini obscured by 

lava flows or aeolian 

material 

Some deltas, fans,  

palaeolakes. 

Depositional bars, fans, 

northern plains deposits 

Origin Mainly precipitation 

and surface runoff. 

Possibly snow for 

younger networks? 

Precipitation and 

surface runoff. 

Groundwater sapping 

Cataclysmic floods, 

possibly by melting of 

ice or groundwater 

release 

Table 1.1: Characteristics of largestt fluvial features on Mars. Note that these are for general guidance 

only and this table should not be regarded as an exhaustive list. Adapted from Baker et al., 2015 and 

references therein. Additional material from Hynek et al., 2010. 
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Figure 1.6: (A) THEMIS-IR Day mosaic of Warrego Valles, a multi-branced valley network. There are 

multiple, tributary valley systems which increase in width downstream; (B) THEMIS-IR Day mosaic of 

Nirgal Vallis, an “amphitheatre-headed valley network”, supported by short, stubby tributary valleys. 

Warrego Valles appears more consistent with a formation mechanism involving precipitation and surface 

runoff, whereas Nirgal Vallis appears more consistent with a groundwater-driven formation mechanism. 

(C) Colour MOLA hillshade image of Kasei Valles, an outflow channel, which likely formed from the 

catastrophic release of water and debouches onto the northern lowlands. 
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Over 90% of the known valley networks occur on mid- to late Noachian terrains (~ 3.9-3.7 Ga; 

Michael, 2013), with ~ 6% and ~ 3% occurring on Hesperian and Amazonian terrains, 

respectively (Hynek et al, 2010). The most developed valley networks (i.e., those with multiple 

branches and wide drainage areas) almost exclusively dissect Noachian terrains, and most 

Noachian-aged surfaces below 60° latitude 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 boundary, pointing to an intense period of 

fluvial activity around this time (Howard et al., 2005; Irwin et al., 2005b; Fassett and Head, 

2008b). This valley-forming fluvial phase near the Noachian/Hesperian boundary appears to 

postdate an earlier, more intense period of fluvial erosion during the mid-Noachian (~ 3.9 Ga; 

Michael, 2013). On mid-Noachian terrains, valley networks are generally not found, but impact 

craters and their ejecta have been degraded to the point that many are rimless, consistent with 

fluvial processes (Howard et al., 2005). To contrast with the Noachian, Hesperian and Amazonian 

valleys generally tend to be single branch channels, often occurring on crater walls and the flanks 

of volcanoes (Hynek et al., 2010), which suggests there may be a significant local control on their 

formation mechanism.  

The majority of Noachian valley networks are found in the southern highlands, occurring in a 

broad belt south of the equator (Figure 1.4B; Carr, 1995; Hynek et al., 2010). Many of these valley 

networks 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 valley-palaeolake chain is ~ 

4,500 km long: the Naktong/Scamander/Mamers Valles system, which has a drainage area 

comparable to the Missouri-Mississippi 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; Fassett and Head, 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 and the northern lowlands, consistent with equatorial valley networks draining north 

from the equator. Modelling of Mars’ pre-Tharsis topography also indicates that the dichotomy 

was the primary topographic control on valley network formation (Bouley et al., 2016).  

1.4.1.2 Drainage Density 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 indicator 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 precipitation and surface 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 seepage associated with hydrothermal activity or the 

melting of sub-surface 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, and characteristics 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 systems (e.g., Baker 

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 almost certainly always 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 years (Carr and Chuang, 

1997). Subsequent modification of inactive 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 

datasets is likely to vary. 

Early analyses of martian drainage density from low-resolution Viking data found that the valley 

networks across the southern highlands had average drainage densities of just ~ 0.005 km-1 (Carr, 

1996; Carr and Chuang, 1997). These values are much lower than fluvial systems on Earth, which 

are often > 1 km-1 (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 that groundwater seepage driven by hydrothermal circulation was instead responsible. 

(e.g., Squyres and Kasting, 1994). The amphitheatre-headed shape of the upstream terminations 

(Figure 1.7) and the limited number of tributaries of many valley networks have been used as 

morphological evidence to support a groundwater seepage origin (e.g., Laity and Malin, 1985; 

Lucchitta et al., 1992; Malin and Carr, 1999; Goldspiel, 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 material (Figure 1.7D; 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 the Earth, groundwater seepage is found to play a secondary role to runoff 

processes, and rarely occurs in isolation (e.g., Figure 1.7; Box Canyon in Idaho; Lamb et al., 



Chapter 1  Introduction and Literature Review 

32 

 

2006). More problematically, hydrothermally-driven groundwater seepage does not explain how 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: (A) Hillshade relief map from laser altimeter data of Box Canyon, Idaho, which has incised 

into a basaltic plain; (B) THEMIS-IR Day image of Mamers Vallis, Mars. Note the morphometrically 

similar amphitheatre-shaped 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 downstream along 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 Phillips, 2003; Ansan 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 km-1 (Hynek et al., 2010), and many areas of the martian 

surface have values of ~ 0.1-0.5 km-1 (e.g., Ansan and Mangold, 2006; Hynek et al., 2010). These 



Chapter 1  Introduction and Literature Review 

33 

 

values approach the ranges seen for terrestrial drainage systems (Carr and Chuang, 1997), and 

multiple studies now indicate that widespread, prolonged precipitation and runoff processes must 

have been necessary to form the valley networks in the Noachian (e.g., Craddock and Howard, 

2002; Hoke and Hynek, 2009; Hynek et al., 2010; Hoke et al., 2011; Irwin et al., 2011). 

Comparison with arid regions on the Earth suggests a minimum formation time for the Noachian 

valley networks of 105-107 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 Hesperian and Amazonian valley 

networks are just ~ 0.002 and ~ 0.001 km-1, respectively (Hynek et al., 2010), although some 

valley networks on the flanks of post-Noachian volcanoes display locally higher values (e.g., Alba 

Patera; Hynek et al., 2010). This indicates that the “wettest” period of martian history was during 

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 runoff-driven processes to predominantly groundwater sapping and melt-driven 

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 Earth (e.g., Maizels, 1987; Pain and Ollier, 1995) and 

Mars (e.g., Pain et al., 2007; Williams et al., 2009; Burr et al., 2010; 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 (Pain et al., 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 in south-eastern Utah 

(Figure 1.9; 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 delta; Lewis and Aharonson, 2006), 

contiguous with or part of valley networks (Williams, 2007), or as isolated features within 

possible alluvial landscapes (Figure 1.8B; Williams and Chuang, 2012). Inverted channels may 

be more widely preserved across Mars than the Earth due to low rates of post-Noachian erosion 

(~ 0.01-100 nm/yr; Golombek et al., 2006).  

The inversion of fluvial channels in terrestrial settings usually 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 resistant 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 oxides, sulfates, 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.g. 

gravels and sands vs. muds), can lead to the 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 channel deposits, 

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

 

Figure 1.8: (A) CTX image of inner channel found within Nanedi Valles; (B) HiRISE image of a meandering 

inverted channel in Aeolis. Meanders 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 margins of the lava flow (Pain and 

Ollier, 1995). This can leave the lava flow, and sometimes the alluvial sediments beneath, raised 

topographically. These “filled” channels composed of raised lava flows can be distinguished from 

inverted channels composed of fluvial 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 some important 

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 generally have narrower 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 area, south-eastern Utah. Channels are 

approximately 30-40 metres wide. 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 impact craters, 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 

a landing site for MER A Spirit, as Ma’adim Vallis breaches the rim of Gusev Crater (Golombek 

et al., 2003). Aside from topography, there are several other lines of evidence supporting the 

existence of palaeolakes on Mars. 

Firstly, some candidate palaeolakes contain terraces: layering at a constant elevation around the 

rim of the basin that could be the eroded remnants of past water levels, where water has 

progressively incised down (e.g., Figure 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, more compelling evidence for the presence of 

palaeolakes is often found at the ingress point for valley networks, where some sites have fan-

shaped structures (e.g., Figure 1.10B; the Eberswalde-fan structure; Malin and Edgett, 2003), 

interpreted as alluvial or deltaic deposits. As deltas are formed in partially sub-aqueous 

environments, their presence is convincing evidence for a lacustrine setting. Sedimentary fans are 

discussed in more detail in Section 1.4.3.  

Thirdly, many candidate palaeolake basins contain light-toned and sub-horizontally layered, 

sedimentary deposits. These occur at a wide range of scales and have layering visible from 

hundreds of metres down to the metre-scale (e.g., the south-western Melas Chasma basin; 

Williams and Weitz, 2014). These deposits are sometimes exposed as eroded crater mounds (e.g., 
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Aeolis Mons in Gale crater; Milliken et al., 2010) and are consistent with lacustrine deposits 

(Malin and Edgett, 2001). Light-toned layered deposits can also be suggestive of evaporite 

deposits, which may have formed as the water level of the lake was falling. 

 

Figure 1.10: (A) THEMIS-IR Day mosaic of unnamed open palaeolake in Memnonia (~ -15.5°N, 175°E) 

with erosional terraces; (B) CTX image of unnamed open basin palaeolake in Nanedi Valles with alluvial 

fan or delta structure at the end of the inlet valley. 

Candidate palaeolakes can be broadly divided into open basin and closed basin systems. Open 

basin systems contain both ingress valleys and egress valleys (e.g., Figure 1.10; Carr, 2006), while 

closed basin systems contain only ingress valleys (Carr, 2006). Open basin palaeolakes are more 

indicative of a stable lacustrine environment, as water must have pooled at least high enough in 

order to breach the rim of the basin (Fassett and Head, 2008b), whereas in a closed basin system, 

it can be difficult to distinguish a palaeolake setting from an alluvial one without other evidence. 

Based on the amount of water required to breach the palaeolake rim, Fassett and Head (2008b) 

calculated that some of the larger open basin palaeolakes would have volumes of ~ 3x104-2x105 

km3. This is roughly comparable to small seas on Earth, like the Black Sea or Caspian Sea, 

although most palaeolakes are smaller than this. 

As part of a global survey, Fassett and Head (2008b) documented 210 open basin palaeolakes 

across the southern highlands. Around 66% of these were connected together as chains of valley 

networks and palaeolakes. A more recent study by Goudge et al. (2016a) found more than 400 

palaeolakes across the southern highlands. Of these, 251 were fed by branching valley networks 

that were regionally integrated with other valley networks, and formed at or prior to the 

Noachian/Hesperian boundary. The vast majority of these regionally integrated palaeolakes (220) 

were open-basin systems, whereas only 31 were closed-basin systems (Goudge et al., 2016a). In 

contrast, the remaining 174 of these palaeolakes were fed by isolated, inlet valleys that were not 

regionally integrated with the broader drainage networks (Goudge et al., 2016a). All 174 of these 
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were closed-basin systems that formed later than the Noachian/Hesperian boundary (Goudge et 

al., 2016a). These results are consistent with an intense period of fluvio-lacustrine activity at the 

Noachian/Hesperian boundaries, before a post-Noachian decline in fluvio-lacustrine processes 

(Goudge et al., 2016a).  

The presence of conlomerates, sandstones, and mudstones observed by MSL in northern Gale 

Crater confirms the existence of fluvio-lacustrine environments on early Mars (Figure 1.5; 

Williams et al., 2013; Grotzinger et al., 2015). Sediment was most likely supplied from the rim 

of Gale Crater, degrading its structure, and infilling the crater to a depth of at least 75 metres 

(Grotzinger et al., 2015). The depth of the lake itself is unclear, although may have been a few 

metres to a few tens of metres (Grotzinger et al., 2015). The crater lake system may have lasted 

for thousands to millions of years, implying a “wrm and wet” climate that lasted for at least this 

long (Grotzinger et al., 2015). However, geochemical and mineralogical analyses by MSL 

indicate relatively low water-to-rock ratios, suggesting that even though a lacustrine environment 

was supported, liquid water was still scarce (Rice et al., 2017). 

1.4.3 Sedimentary Fans 

Sedimentary fans are depositional structures that form as the result of a reduction in energy in a 

sediment-laden fluid flow, often at the end of a stream or river, such as alluvial fans and deltas 

(Leeder, 2011; Figures 1.11 and 1.12). They occur both on the Earth and on Mars, and are found 

in terrestrial, near shore, or marine settings.  

1.4.3.1 Alluvial Fans 

Alluvial fans (Figure 1.12A) are conical fan structures that form in sub-aerial settings at the end 

of a high-relief drainage outlet, where the change in gradient reduces the carrying capacity of the 

water, causing sediment to be deposited onto an adjacent low-relief basin or plain (Blair and 

McPherson, 1994a). On Earth, the closest analogue for martian alluvial fans are found in arid 

environments, such as a desert alongside an active mountain front (e.g., the Basin and Range 

region of the south-western United States; Christenson and Purcell, 1985). In these environments, 

the contrast in relief is high and precipitation is rare and seasonal. When precipitation does come, 

it often leads to flash floods, transporting loose material towards the drainage outlet. The 

reduction in energy at the outlet leads to deposition of sediment and the gradual build-up of a 

conical fan structure as successive layers are deposited. 

The most distinctive alluvial fan structures on Mars are identified on the basis of their semi-

conical to conical morphology (e.g., Moore and Howard, 2005) and are frequently found on the 

interior edges of crater rims (Kraal et al., 2008b). Typically, medium to large alluvial fans range 

from ~ 30-150 km in diameter (Kraal et al., 2008b), which suggests a large catchment area and 
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that material was transported tens of kilometres (Moore and Howard, 2005). However, this 

assertion is problematic, as many of the craters that contain alluvial fans do not occur in 

association with valley networks and the alluvial fans appear sourced from alcoves within the 

crater walls (Moore and Howard, 2005). The large size and thickness of the fans and the apparent 

area of their catchments suggests that they took at least hundreds to thousands of years to form 

(Moore and Howard, 2005). All of the fans in the Moore and Howard (2005) study are found on 

Noachian terrains (Scott and Tanaka, 1986; Greeley and Guest, 1987). 

1.4.3.2 Deltas  

Contrastingly, deltas form as a sediment-laden stream or river channel enters a standing body of 

water. As the flow is no longer confined to the channel, it widens, which reduces its velocity and 

sediment carrying capacity, leading to the gradual deposition of material and the formation of 

lobe structures (Leeder, 2011). As the delta evolves, they can often build up multiple, overlapping 

lobes, and the morphology and development are influenced by a variety of factors, such as 

climate, tectonics, sea-level, wave and tidal regimes, and sediment load. 

Deltas are morphologically and evolutionarily complex, often having both a sub-aerial and a sub-

aqueous component to their structure. Collectively, the strata that make up a delta are referred to 

as clinoforms, which all dip basinward and occur across a range of scales (metres to many 

kilometres). Clinoforms are divided into topsets, foresets, and bottomsets (Figure 1.11). Foresets 

are the central, steeply-dipping portion of the delta, while topsets and bottomsets are the more-

gently dipping parts that occur updip and downdip of the foresets, respectively (Patruno et al., 

2015). The coarser-grained material that comes out of suspension first makes up the more 

proximal deposits (topsets), and the finer-grained material makes up the more distal deposits 

(bottomsets; Patruno et al., 2015). 

 

Figure 1.11: Schematic of an idealised delta cross-section, showing topsets, foresets, and bottomsets. 

Redrawn from Lewis and Aharonson, 2006 (their Figure 4). 
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Figure 1.12: Sedimentary fan structures on the martian surface. (A) CTX mosaic of alluvial fans on the 

northern rim of Holden Crater (drainage is to the south-east; e.g., Kraal et al., 2008b); (B) CTX mosaic of 

delta structure within Sabrina Crater at the end of Sabrina Vallis (Hauber et al., 2009); (C) CTX mosaic 

of the Eberswalde delta structure (e.g., Malin and Edgett, 2003). Multiple, overlapping distributary lobes 

can be seen; (D) CTX mosaic of the Jezero delta structure (e.g., Fassett and Head, 2005). 

Distinguishing deltaic deposits from alluvial fans on Mars is difficult based on planform 

morphology alone, not least due to erosion often having modified the original structure. 

Additionally, the inclinations of clinoforms cannot be reliably used as an indicator of a fan having 

a deltaic origin rather than being alluvial; on Earth, the inclination of deltaic clinoforms can vary 

between 0.1 and 27°, depending on the grain-size of the strata (Patruno et al., 2015). However, 

several criteria can be helpful in recognising deltas. For example, if the channel to lobe transition 

occurs in the distal part of the basin, rather than near the outlet, the fan body is then more 

consistent with a delta than an alluvial fan, as channels will need a body of water to stay confined 

(e.g., Figure 1.12C and D; Ganti et al., 2014). Multiple, bifurcating avulsion nodes within a fan 

structure, which also occur basinwards, are similarly indicative of deltaic deposits (e.g., Rice et 

al., 2013). Additionally, if a fan structure within a basin is interfingered with layered deposits, 
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then the fan is also consistent with a delta that formed coevally with the deposition of lacustrine 

sediment. (e.g., the south-western Melas Chasma basin; Williams and Weitz, 2014).  

Multiple delta structures have been reported on the martian surface. One of the most prominent 

examples is the Eberswalde-fan structure (Figure 1.12C), which is made of distinctive lobes 

within Eberswalde Crater, and displays meander cutoffs and scroll topography (e.g., Malin and 

Edgett, 2003). The Eberswalde delta is ~ 250 km2, much smaller than many of the large deltas on 

the Earth (the Mississippi Delta is 12,000 km2 (Leeder, 2011) and the Niger Delta is 70,000 km2 

(Leeder, 2011)). While Jerolmack et al. (2004) have suggested the Eberswalde delta structure is 

an alluvial fan, others (e.g., Pondrelli et al., 2008), cite its complex clinoform geometry as 

evidence it is a delta that formed in a lake. Bhattacharya et al. (2005) measured the delta’s volume 

and estimated that Eberswalde would take ~ 105 years to form in a semi-perennial to perennial 

lacustrine setting, whereas Lewis and Aharonson (2006) favour the delta forming in a number of 

short, lacustrine episodes.  

Whilst stratigraphic relationships suggest that fluvial and deltaic processes in Eberswalde 

occurred after the early Hesperian (Rice et al., 2013), the majority of known martian deltas are 

thought to formed around the Noachian/Hesperian boundary, consistent with an intense phase of 

fluvial erosion and deposition during this time (Malin and Edgett, 2003; Irwin et al., 2005a). Di 

Achille and Hynek (2010) found in a survey of 52 delta deposits, 17 are not contained within 

basins, and are instead either directly or indirectly connected to the northern lowlands. 

Collectively, the fronts of these 17 deltas form an equipotential surface (elevation -2,540 m ± 177 

m; Figure 1.13) which completely encloses the northern lowlands (Di Achille and Hynek, 2010). 

This is consistent with a former shoreline and the postulated northern ocean (e.g., Clifford and 

Parker, 2001). 

An additional fan landform is the deep, sub-aqueous (or submarine) fan (Shanmugam et al., 2015). 

These are fans which form due to sediment transport in deep sea environments, such in canyons 

at the edge of continental shelves. Traditionally, deep, sub-aqueous fans have associated with 

forming due to turbidity currents (turbulent flows of water down the continental shelf, for example 

triggered by an earthquake; Bouma, 1962). However, recent studies have suggested multiple 

formation mechanisms for deep, sub-aqueous fans due to various mass transport processes (e.g., 

debris flows, slides, and slumps), which are reviewed for Shanmugam et al. (2015). On Mars, 

tentative deep, sub-aqueous fans have been identified by Metz et al. (2009) in the south-western 

Melas basin. 
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Figure 1.13: Distribution of deltas (blue dots; Di Achille and Hynek, 2010) and large alluvial fans (brown 

dots; Kraal et al., 2008b) on a MOLA topographic map. Many deltas are found near the martian dichotomy, 

forming an equipotential surface at -2,540 m (Di Achille and Hynek, 2010). This map was compiled from 

available datasets; many more sedimentary fans exist across the martian surface. 

1.5 The Early Martian Climate 

Much of the geological evidence suggests liquid water was abundant on early Mars, particularly 

during the Noachian (e.g., Hynek et al., 2010; Ehlmann and Edwards, 2014), supported by a 

“warm and wet” climate with widespread precipitation and surface runoff (e.g., Moore et al., 

2003; Craddock and Howard, 2002). Most models of the early martian climate are built on the 

assumption that Mars had a stronger greenhouse effect than it does at present, presumably made 

of CO2 (e.g., Pollack, 1991). This could have compensated for the effect of a dimmer sun, which 

during the Noachian was ~ 25% fainter than present (Newman and Rood, 1977). The greenhouse 

could have been supported by up to 1.5 bar of CO2 released from Tharsis degassing (Phillips et 

al., 2001). However, this scenario is problematic for several reasons. 

If Mars did have a thick CO2 atmosphere, large outcrops of carbonate deposits might be expected, 

produced as a result of surface weathering. However, to date, only small outcrops of carbonate 

deposits have been spectroscopically detected from orbit (Ehlmann and Edwards, 2014; Edwards 

and Ehlmann, 2015; Goudge et al., 2016b). This absence of detection could either be due to a lack 

of deposits or that the deposits are undetectable from orbit. Explanations of the lack of detected 

carbonates, for example, involve carbonates forming in pore spaces in the sub-surface, rather than 

on the surface (Halevy et al., 2007). Carbonates have also been found in meteorites (Romanek et 

al., 1994), and thus the abundance of carbonates in martian crust may have been significantly 

underestimated.  
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More problematically, climate models consistently fail to show how a CO2 greenhouse would 

raise the surface above freezing for long periods of time (e.g., Kasting, 1991; Squyres and 

Kasting, 1994). In two companion studies using 3D general circulation models of Mars’ early 

climate, Forget et al. (2013) and Wordsworth et al. (2013) showed that for even a multi-bar CO2-

H2O atmosphere, conditions were still too cold to raise the temperature above freezing. 

Wordsworth et al. (2013) also found that under such conditions, water ice would migrate to 

higher-altitudes (i.e., the highlands), forming large ice sheets. From this, they postulate the “icy 

highlands” scenario, whereby meteorite impacts (e.g., Segura et al., 2008) and volcanism (e.g., 

Halevy and Head, 2014) could cause episodic melting of ice in transient warming events, as wet-

based glacial melting would not occur (Fastook et al., 2008; Wordsworth et al., 2013). The 

meltwater generated by this could have driven the formation of the valley networks and other 

water-formed features (e.g., Fastook and Head, 2014), thus not requiring a “warm and wet” 

climate. 

These cold climate scenarios invoke an early Mars with an ice-house climate that underwent 

punctuated, episodic warming before reverting to ice-house conditions, for example through 

volcanism (e.g., Halevy and Head, 2014). Outgassed sulfur dioxide could combine with aerosols 

producing short term, transient warming events (Halevy and Head, 2014). Segura et al. (2008) 

modelled the climatic effects of medium-sized impact events, finding that they could cause 

localised warming and precipitation. Additional models involve changes in orbital obliquity, 

which when combined with dust-related insolation effects produce transient warming (Mischna 

et al., 2013). Wordsworth et al. (2017) have suggested that volcanically released methane and 

hydrogen could have combined with CO2, which would have had a stronger greenhouse effect 

than previously expected. This could have produced transient warming, with temperatures greater 

than 273 K between 4.5-3.5 Ga (Wordsworth et al., 2017). 

Tying together climate modelling to the geological observations, Wordsworth et al. (2015) 

compared the distribution of valley networks across Noachian terrains (Hynek et al., 2010) to the 

predicted distribution of precipitation in two end-member scenarios: liquid precipitation (rainfall) 

in a “warm and wet” climate scenario and snow/ice accumulation in a “cold and icy” climate 

scenario. The spatial distribution of valley networks appears to be generally more consistent with 

the “cold and icy” climate scenario than the “warm and wet” climate scenario. However, the lack 

of any observed dropstones within the lacustrine deposits at Gale Crater (Grotzinger et al., 2015) 

suggests that palaeolakes existed that were exposed to the atmosphere, and not covered by ice. 
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Figure 1.14: The two end-member contrasting climate scenarios for early Mars. The left image shows early 

Mars under greenhouse conditions, with an active and dynamic hydrological cycle. The rights show early 

Mars under ice-house conditions, where water is frozen as ice across the southern highlands – the “icy 

highlands” scenario. Adapted from Robin Wordsworth. 

1.6 The Emerging Martian Climate Paradigm 

While many of the geological observations suggest that early Mars was “warm and wet” (e.g., 

Craddock and Howard, 2002; Hynek et al., 2010), models of the early martian climate generally 

indicate the opposite (e.g., Wordsworth et al., 2013). The wealth of geological evidence, which 

has built on the foundations of the Mariner-Viking era and leading up to today’s metre-scale 

image resolution data, is difficult to explain in climate scenarios that do not involve precipitation 

and runoff (e.g., Craddock and Howard, 2002). Paradoxically, climate models appear unable to 

raise the temperature above freezing on early Mars (Forget et al., 2013; Wordsworth et al., 2013). 

This paradox is summarised and potential avenues of investigation are discussed by Hynek 

(2016); clearly, this needs to be factored into future Mars exploration. While this thesis cannot 

claim to answer these broad questions surrounding the nature of the early martian climate, 

geological exploration and investigation of the two study areas, Arabia Terra and Melas Chasma, 

terrains of different ages and in different locations, has been framed with these problems in mind.  
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1.7 Research Questions and Objectives 

This thesis provides a detailed study into the sedimentary geology and geomorphology of two 

ancient regions of Mars, and in particular, how and whether these regions were shaped by fluvial 

and lacustrine processes. The first area, Arabia Terra (Chapters 3 & 4), is a heavily denudated 

region of the southland highlands, dating from Mars’ Noachian period and is generally considered 

one of the oldest regions on the planet. Unlike the majority of the Noachian highlands, most of 

Arabia Terra appears largely devoid of evidence of fluvial activity. In Chapters 3 and 4, I use 

high-resolution data to determine whether Arabia Terra was shaped by fluvial and lacustrine 

processes, at both a local and regional scale. As Arabia Terra links the fluvially-dissected 

Noachian highlands and the northern lowlands, the potential terminus for transported water and 

sediment, investigation of the region presents an opportunity to test (1) the prevalence and nature 

of fluvial and lacustrine processes across a large Noachian area and (2) the significance of using 

high-resolution data. The implications for the global hydrological cycle and the early martian 

climate are also considered.  

The second study area, the south-western Melas Chasma basin (Chapters 5 & 6), is an enclosed 

basin within Mars’ equatorial canyon system, Valles Marineris. The south-western Melas basin, 

is thought to have formed in the Hesperian period, making it younger than Arabia Terra, but likely 

still older than 3 Ga. Although the south-western Melas basin does contain an array of evidence 

for fluvial, deltaic, and lacustrine processes, much of the wider basin remains unexplored, despite 

a wealth of high-resolution data. This region is of particular significance because of its former 

candidacy as landing site for multiple rover missions, and thus understanding the local and 

regional geology is important for future Mars exploration. In Chapter 5, I examine if and how the 

wider basin was shaped by fluvial processes and develop a stratigraphy for the basin. In Chapter 

6, I examine the history of the central palaeolake in the basin, how the water of the palaeolake 

might have changed over time, and how the palaeolake relates to the evolution of the basin as a 

whole. Chapter 6 also considers the implications for the local and regional martian climate. How 

extensively fluvial and lacustrine processes continued into the Hesperian is significant, because 

this was the time that the martian climate was cooling and drying, and the availability of liquid 

water was decreasingly abundant.  

These two regions were chosen as the basis of study for the thesis because of (1) their significance 

in understanding local and regional fluvial and lacustrine processes; (2) the availability and 

application of high-resolution data to studying them; (3) their variation in size and scope; and (4) 

their importance in understanding the nature of the early martian climate and environment and 

how it changed.
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Chapter 2. Data and Methods 

2.1 Remote Sensing and the Exploration of Mars 

Field geology on Mars is not yet a possibility. Humans have yet to land on Mars and are unlikely 

to do so in the next two decades, making the exploration of its surface complicated. Most of what 

we know about Mars comes from either robotic missions to Mars, meteorites, or Earth-based 

analogues. Robotic missions to Mars can be broadly divided into one of four categories: flybys, 

orbiters, landers, and rovers. The first two are space-based missions, whereas the latter two 

involve landing on the martian surface.  

Flybys do not go into orbit; all data are gathered as the spacecraft flies past Mars. This was how 

many early missions explored Mars, such as the Mariner 4 mission in 1964. Orbiters conduct their 

science operations whilst in orbit of Mars, and are typically able to collect much larger data 

volumes than flybys. The first mission to orbit Mars was Mariner 9 in 1971. The Viking missions 

(Viking 1 and Viking 2), produced the first global mosaic of the martian surface with an average 

resolution of ~ 200-400 m/pixel.  

Currently, the longest serving Mars orbiter is Mars Odyssey (MO), which has been in orbit of 

Mars since 2001. There are currently five other spacecraft in orbit: Mars Express (MEx), Mars 

Reconnaissance Orbiter (MRO), Mars Atmosphere and Volatile EvolutioN Mission (MAVEN), 

Mars Orbiter Mission (MOM), also known as Mangalyaan, and the ExoMars Trace Gas Orbiter 

(TGO). All of these missions have contributed to our understanding of the planet; almost 95% of 

Mars has now been imaged at a resolution of 6 m/pixel or better. 

Since the 1970s, eight landers have either landed or crash landed on the martian surface. As of 

2017, only NASA has successfully performed a soft landing on Mars (although the USSR probe 

Mars 3 did successfully land, it failed shortly after). To date, four rovers have landed on the 

martian surface: the Sojourner rover (arrived 1997), the twin Mars Exploration Rovers (MER) 

Spirit and Opportunity (arrived 2004), and the Mars Science Laboratory (MSL), Curiosity 

(arrived 2012). The latter two rovers, Opportunity and Curiosity, are still operating, with the 

former having travelled more than 45 km across the martian surface. As mentioned in the previous 

chapter, both MER and MSL have contributed significantly to the understanding of the aqueous 

history of Mars, as well as providing important ground truth for satellite based measurements. 

This thesis is primarily remote sensing based; owing to the limited locations that Mars landers 

and rovers have explored (no lander or rover has landed in either Arabia Terra or Valles 

Marineris), remote sensing data returned from orbiters is the only practical way of exploring large 
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regions of the surface. Mars remote sensing data also provides important regional and local 

context to landed missions. This chapter will (1) outline the datasets and processing methods used 

throughout this thesis and (2) the software and techniques used to analyse such data. Location 

specific methods are discussed in the methods sections of those Chapters 3-6. 

Mission Launch 

Date 

Country Type  Remarks 

Marsnik 1  10/10/60 USSR Flyby Launch failure 

Marsnik 2 14/10/60 USSR Flyby Launch failure 

Sputnik 22 24/10/62 USSR Flyby Launch failure 

Mars 1 01/11/62 USSR Flyby Communication failure 

Sputnik 24 04/11/62 USSR Lander Launch failure 

Mariner 3 05/11/64 USA Flyby Launch failure 

Mariner 4 28/11/64 USA Flyby Successful; first returned 

pictures of Mars 

Zond 2 30/11/64 USA Flyby Communication failure 

Mariner 6 25/02/69 USA Flyby Successful 

Mariner 7 27/03/69 USA Flyby Successful 

Mars 1969A 27/03/69 USSR  Orbiter Launch failure 

Mars 1969B 02/04/69 USSR  Orbiter Launch failure 

Mariner 8 09/05/71 USA Flyby Launch failure 

Cosmos 419 10/05/71 USSR Orbiter Launch failure 

Mars 2 19/05/71 USSR Orbiter and 

Lander 

Partially successful; entered 

orbit, lander failed to land 

Mars 3 28/05/71 USSR Orbiter and 

Lander 

Partially successful; entered 

orbit, lander failed to land 

Mariner 9 30/05/71 USA Orbiter Successful; first spacecraft to 

orbit Mars 

Mars 4 21/07/73 USSR Orbiter Failed to enter orbit 

Mars 5 25/07/73 USSR Orbiter Entered orbit, but failed after 

nine days 

Mars 6 05/08/73 USSR Flyby and 

Lander 

Contact lost with lander upon 

landing 

Mars 7 09/08/73 USSR Flyby and 

Lander 

Spacecraft failure 

Viking 1 20/08/75 USA Orbiter and 

Lander 

Successful 

Viking 2 09/09/75 USA Orbiter and 

Lander 

Successful 

Phobos 1 07/07/88 USSR Orbiter and 

Phobos 

Lander 

Spacecraft failure 

Phobos 2 12/07/88 USSR Orbiter and 

Phobos 

Lander 

Orbiter entered orbit, contact 

lost with lander before landing 

Mars Observer 25/09/92 USA Orbiter Spacecraft failure 

Mars Global Surveyor 07/11/96 USA Orbiter Successful 

Mars 96 16/11/96 Russia Orbiter and 

Penetrators 

Launch failure 

Mars Pathfinder 04/12/96 USA Lander Successful  

Sojourner 04/12/96 USA Rover Successful; first rover on Mars 

Nozomi 03/07/98 Japan Orbiter Spacecraft failure 

Mars Climate Orbiter 11/12/98 USA Orbiter Spacecraft failure 

Mars Polar Lander 03/01/99 USA Lander Contact lost before landing 

2001 Mars Odyssey 07/04/01 USA Orbiter Successful 

Mars Express 02/05/03 ESA Orbiter Successful 

Beagle 2 02/05/03 UK Lander Contact lost before landing 

Spirit (MER-A) 10/06/03 USA Rover Successful 
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Opportunity (MER-

B) 

08/07/03 USA Rover Successful 

Mars Reconnaissance 

Orbiter 

12/08/05 USA Orbiter Successful 

Phoenix 04/08/07 USA Lander Successful 

Phobos-Grunt 08/11/11 USSR Phobos 

Lander 

Launch failure 

Yinghuo-1 08/11/11 China Orbiter Launch failure 

Mars Science 

Laboratory 

26/11/11 USA Rover Successful 

Mars Orbiter Mission 

(Mangalyaan) 

05/11/13 India Orbiter Successful 

MAVEN 18/11/13 USA Orbiter Successful 

Trace Gas Orbiter 14/03/16 ESA Orbiter Successful 

Schiaparelli EDM 14/03/16 ESA Lander Contact lost before landing 

Insight 05/05/20 USA Lander  

Red Dragon 2020 USA 

(Space X) 

Lander  

Emirates Mars 

Mission 

July 2020 UAE Orbiter  

Mars 2020 July 2020 USA Rover  

ExoMars 2020 July 2020 ESA Rover  

2020 Chinese Mars 

Mission 

July/August 

2020 

China Orbiter, 

Lander, 

Rover 

 

Mangalyaan 2 2021-2022 India Orbiter, 

possible 

Lander and 

Rover 

 

Mars 2022/24 2022/24 USA Orbiter  

Table 2.1: Spacecraft missions to Mars. Missions in italics are upcoming. Selected mission payloads are 

described in Section 2.3. (Updated from https://nssdc.gsfc.nasa.gov/planetary/chronology_mars.html; 

June 2017). 

2.2 Planetary Data Processing and Integrated Software for Imagers 

and Spectrometers 

The following section outlines the acquisition and management of planetary remote sensing data. 

Martian image data products are typically released within six months of their acquisition, although 

this can vary depending on the release policy of the individual instrument team. The majority of 

these data can then be freely downloaded from NASA’s Planetary Data System (PDS; http://pds-

imaging.jpl.nasa.gov/; March 2017) or ESA’s Planetary Science Archive (PSA; 

https://www.cosmos.esa.int/web/psa/psa-introduction; March 2017), both as raw and processed 

products. Raw planetary image data can be processed in the USGS software programme “ISIS” 

(Integrated Software for Imagers and Spectrometers; https://isis.astrogeology.usgs.gov/; March 

2017). Processing is typically a three step process (Level 0-2), although steps may vary depending 

on the data product.  

The Level 0 step ingests the images into ISIS cube files. SPICE kernels can also be added to the 

image at this stage. SPICE (Spacecraft and Planetary ephemeredes, Instrument C-matrix 

and Event) kernels are determined for each individual instrument image, and add important data 

https://nssdc.gsfc.nasa.gov/planetary/chronology_mars.html
http://pds-imaging.jpl.nasa.gov/
http://pds-imaging.jpl.nasa.gov/
https://www.cosmos.esa.int/web/psa/psa-introduction
https://isis.astrogeology.usgs.gov/
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to the image pixels, such as latitude, longitude, emission angle, and local solar time. Adding 

SPICE kernels to an image is a necessary step before an image can be map-projected. The Level 

1 step calibrates the images by converting the raw pixel numbers to represent the reflectance of 

the surface (I/F; incident solar flux). Level 1 also removes noise from the image.  

The Level 2 step projects the image to a known map projection. This step is important, as it assures 

that the top of the image is towards the north and can be used in a GIS. Projected co-ordinated 

systems were used in order to ensure constant distances and areas between different points in the 

image. The preferred projected co-ordinate systems for this report was either Mars2000 

Equidistant_Cylindrical Clon0 or equirectangular_MARS, which are both appropriate as they do 

not cause significant distortions for the mid- and low-latitude regions, where the study areas are 

located. 

However, as most data are now available as calibrated and map-projected products, processing in 

ISIS was largely unnecessary. The exceptions for this were for MOC data and preparing data for 

importing into SOCET SET (discussed in section 2.4.1). Some instrument teams, notably the 

HiRISE team, host their own data node of the PDS (http://hirise.lpl.arizona.edu/; March 2017). 

In addition, data products can also be acquired as part of the Mars Global GIS package 

(ftp://pdsimage2.wr.usgs.gov/pub/pigpen/mars; March 2017), compiled and released by the 

USGS (for example, globally mosaicked THEMIS images). Processed, GIS-ready data products, 

for example CTX, were also acquired from Mars Image Explorer site 

(http://viewer.mars.asu.edu/viewer/; March 2017), which is maintained by Arizona State 

University. 

2.3 Martian Remote Sensing Datasets 

The following section outlines the main martian datasets used throughout this thesis. The primary 

datasets used were HiRISE and CTX. They are described in the chronological order, from when 

their carrier spacecraft arrived at Mars. Comparative characteristics of different Mars remote 

sensing datasets are shown in Table 2.2.  

2.3.1 Mars Global Surveyor (MGS) Instruments (1999-2006) 

The Mars Global Surveyor orbited Mars from 1999 until 2006. Two instruments from MGS were 

used as part of this work: MOC and MOLA, the former in a minor capacity, but the latter played 

a significant role throughout the project. 

http://hirise.lpl.arizona.edu/
ftp://pdsimage2.wr.usgs.gov/pub/pigpen/mars
http://viewer.mars.asu.edu/viewer/
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2.3.1.1 MOC 

The Mars Orbiter Camera (MOC; Malin et al., 1992) was a camera system made up of two 

separate cameras. It consisted of a narrow-angle camera (MOC-NA; up to 1.4 m/pixel resolution) 

and two wide-angle cameras (MOC-WA; up to 11 m/pixel resolution), one with a red filter and 

the other with a blue filter, which enabled near-colour imaging. The high-resolution of MOC-NA 

led to the discovery of features such as martian gullies (Malin and Edgett, 2000a). Global MOC-

WA mosaics are available at a resolution of 231 m/pixel.  

Instrument Imaging 

Period 

Images† Resolution 

(m/pix) 

Size* (pix) Coverage 

Viking IS 1975-1980 50,488 150-300 1,204 x 1,056 100% 

MOC-WA 1999-2006 146,571 240-7,500 n x 3456 100% 

MOC-NA 1999-2006 97,097 1.5-12 n x 2048 5.45% 

THEMIS-VIS Since 2002 215,708 ≥ 18 n x 1024 ~ 86.8% 

THEMIS-IR Since 2002 603,985 ≥ 100 n x 320 ~ 95% 

HRSC Since 2003 34,811 ≥ 12.5-25 n x 5184 >90% 

CTX Since 2006 78,006 ≥ 6 n x 5000 94.9% 

HiRISE_RED Since 2006 46,400 ≥ 0.25 n x 20,048 ~ 3% 

HiRISE_RGB Since 2006 45,644 ≥ 0.25 n x 4,048 ~0.6% 

CaSSIS Upcoming - ≥4.6  - 

*n = length in pixels of image track 

†Data for ongoing missions given at time of writing 

Table 2.2: Selected imaging instruments and returned image resolution and coverage from selected Mars 

missions. Compiled by author. Adapted from van Gasselt, 2007; additional information from Christensen 

et al., 2004; Neukum and Jaumann, 2004; Malin et al., 2007; McEwen et al., 2007; Malin et al., 2010.  

2.3.1.2 MOLA 

The Mars Orbital Laser Altimeter (MOLA; Zuber et al., 1992) has significantly contributed 

towards the geological, geophysical, and topographical understanding of Mars. As Mars lacks 

seas and oceans, prior to the MGS mission, the martian datum or “sea level” was defined as where 

the atmospheric pressure was 6.1 mbar (the pressure at the triple point of water). MOLA data led 

to the zero elevation level on Mars being redefined as the equipotential surface whose average 

equatorial value is equal to Mars’ mean radius (Smith et al., 2001). 

The MOLA instrument involved transmitting a series of about 588 million infrared (1,064 nm 

wavelength) laser pulses to the martian surface (Smith et al., 2001). The travel time for the laser 

pulses to return was then used to calculate the distance from the spacecraft to the surface, and thus 

the topography of Mars could be determined. The pulses had an approximately 120 m footprint 

and were recorded every 300 m along a track as a series of points, with vertical accuracies of ~ 1 

m (Smith et al., 2001). As the MOLA tracks did not cover the whole surface of Mars, the MOLA 

team produced an interpolated digital elevation model (DEM; gridded MOLA data) with near-
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global coverage (Figure 1.5B). The resultant model has horizontal resolutions of 128 

pixels/degree, which equates to ~ 463 m/pixel at the equator (Smith et al., 2001).  

2.3.2 2001 Mars Odyssey Instruments (2001 – present) 

The 2001 Mars Odyssey is a NASA spacecraft that has been orbiting Mars since 2001. Data from 

one of its instruments (THEMIS) were used in a modest capacity throughout the project.  

2.3.2.1 THEMIS 

The Thermal Emission Imaging System (THEMIS; Christensen et al., 2004) consists of a multi-

spectral thermal infrared spectrometer (wavelength between 6,800-14,900 nm) and visible and 

near-infrared camera (VNIR; wavelengths between 420-860 nm). THEMIS has mapped almost 

all of the surface in the infrared in both the day and night at ~ 100 m/pixel resolution; near-global 

mosaics are available on the PDS and from the USGS produced by Edwards et al. (2011; version 

12). THEMIS has also mapped much of the martian surface at visible wavelengths at ~ 18 m/pixel 

resolution, producing near-colour images. Its primary science objective is to examine the thermal 

properties of the martian surface and the distribution of minerals.  

2.3.3 Mars Express Instruments (2003 – present) 

Mars Express is an ESA spacecraft that has been orbiting Mars since 2003. Data from one of its 

instruments, HRSC, were used in a minor capacity throughout the project.  

2.3.3.1 HRSC 

The High Resolution Stereo Camera (HRSC; Neukum and Jaumann, 2004) is a colour and stereo 

camera, capable of taking images with a resolution of 12.5-25 m/pixel. In addition, HRSC also 

has a separate stereo channel. HRSC digital elevation models (DEMs) are produced at a resolution 

of ~ 25-200 m/pixel and are available through the Free University of Berlin (http://hrscview.fu-

berlin.de/cgi-bin/ion-p?page=entry2.ion; March 2017), as well as the PDS and PSA. 

2.3.4 Mars Reconnaissance Orbiter Instruments (2006 – present) 

The Mars Reconnaissance Orbiter is a NASA spacecraft that has been orbiting Mars since 2006. 

Two of its instruments, HiRISE and CTX, provided data which served as the foundation for this 

project. Data from an additional instrument, CRISM, is referred to, although has not been used, 

because of (1) lack of available image coverage and (2) dust cover obscuring spectroscopic 

detections in available images. 

http://hrscview.fu-berlin.de/cgi-bin/ion-p?page=entry2.ion
http://hrscview.fu-berlin.de/cgi-bin/ion-p?page=entry2.ion
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2.3.4.1 HiRISE 

The High Resolution Imaging Science Experiment (HiRISE; McEwen et al., 2007) camera has a 

maximum resolution of 25 cm/pixel and a footprint that is approximately ~ 5 x 25 km (Figures 

2.1 and 2.2). HiRISE is the only camera currently capable of resolving metre-scale features such 

as recurring slope lineae (McEwen et al., 2011). HiRISE is made up of 14 CCD detectors, the 

central three of which are capable of near-true colour imaging (in addition to the red bands, these 

three CCDs have filters allowing them to return blue-green and near-IR band data). HiRISE 

images are available as Experiment Data Records (EDRs; the “raw” images) and Reduced Data 

Records (RDRs; processed images). Images composed of the three near-colour filters are also 

available as radiometrically calibrated products. Unlike HRSC, HiRISE is not a stereo camera, 

however, targeting can be planned with the aim of stereo acquisition under similar lighting 

conditions on a later orbit (stereo pairs are used to produce digital elevation models). As of early 

2017, nearly 5,000 stereo pairs have been acquired since the start of the mission.  

 

Figure 2.1: Comparison of HiRISE (0.25 m/pixel; red outline), CTX (6 m/pixel; orange outline), and 

THEMIS-IR (100 m/pixel; background image) data. Contrast and brightness have been altered to highlight 

differences. 

2.3.4.2 CTX 

The ConTeXt Camera (CTX; Malin et al., 2007) is designed to provide large spatial extent, 

context images for HiRISE (Figures 2.1 and 2.2). At 6 m/pixel, CTX has a lower resolution than 

HiRISE, but coverage is now almost 95% of Mars’ surface. It has a variable image footprint that 
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is approximately ~ 25 x 200 km. This makes CTX a good intermediary between regional datasets 

such as THEMIS and HRSC, as it has a greater resolution, and smaller footprint datasets like 

HiRISE and MOC, as its footprint covers a much larger area. Like HiRISE, repeat coverage is 

available for many areas allowing the generation of digital elevation models, although these 

images are not taken as true stereo pairs. 

 

Figure 2.2: Comparison of resolutions between (A) HiRISE (0.25 m/pixel), (B) CTX (6 m/pixel), (C) HRSC 

(12.5 m/pixel), and (D) THEMIS-IR (100 m/pixel) data.  

2.3.4.3 CRISM 

The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM; Murchie et al., 2007) is 

a hyperspectral camera. CRISM’s primary science objectives are to characterise and map the 

mineralogy of the martian surface at high-resolution using reflectance spectroscopy. CRISM is 

capable of targeted hyperspectral imaging at a spatial resolution of 15-19 m/pixel. It has a spectral 

resolution of 6.55 nm/channel across 545 channels, covering wavelengths between 362-3,920 nm, 
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(i.e., VNIR and near-IR). Minerals with characteristic spectral features (e.g., the OH absorption 

band at 1,400 and 2,200-2,300 nm in phyllosilicates; Murchie et al., 2007) can be identified and 

mapped.  

2.3.5 Trace Gas Orbiter Instruments (2016 – present) 

The Trace Gas Orbiter is a joint ESA and Roscosmos spacecraft that has been orbiting Mars since 

2016. The main science objective of TGO is to better understand trace gases in the martian 

atmosphere. TGO has a colour stereo camera as part of its instrument payload, described below. 

The acquisition of science data for TGO has not yet started and, as such, no data from TGO was 

used throughout this project. However, TGO and CaSSIS are important for the future directions 

of Mars exploration, which are discussed in Chapter 7. 

2.3.5.1 CaSSIS 

The Colour and Stereo Surface Imaging System (CaSSIS; Thomas et al., 2016) is a colour and 

stereo camera, capable of imaging up to a resolution of 4.6 m/pixel. Unlike HiRISE and CTX, 

CaSSIS is a pushframe camera. As CaSSIS is a stereo camera, digital elevation model can be 

produced from each stereo image pair (however, not every image will be stereo). CaSSIS aims to 

acquire ~ 3% coverage of the martian surface per year. 

2.4 Software and Techniques 

2.4.1 SOCET SET and Digital Elevation Models 

While the MOLA data have revolutionised understanding of the martian surface, its low spatial 

resolution (> 400 m/pixel) means that it has limitations for detecting topographic features less 

than hundreds of metres across. In addition, large gaps between MOLA tracks mean that, in 

places, there will be areas of uncertainty in the interpolated MOLA DEM. The BAE Systems 

photogrammetric software package SOCET SET (v5.6.0; 

http://www.geospatialexploitationproducts.com/content/socet-set-v56/; March 2017) can be 

applied to be Mars datasets (notably, HiRISE, CTX, and MOC) to produce digital elevation 

models (DEMs) with a much greater resolution than MOLA (down to 1 m/pixel for HiRISE; Kirk 

et al., 2008; Figure 2.4).  

The following stereo method has been designed for HiRISE data (Kirk et al., 2008) and was 

adapted into a walkthrough guide by the USGS 

(https://astrogeology.usgs.gov/search/map/Docs/Photogrammetry/TUTORIALS_JUNE2009; 

March 2017). The same approach can also be used for CTX. For HiRISE, suitable stereo pairs are 

taken with an emission angle difference of >5° and under similar lighting conditions. Stereo 

http://www.geospatialexploitationproducts.com/content/socet-set-v56/
https://astrogeology.usgs.gov/search/map/Docs/Photogrammetry/TUTORIALS_JUNE2009
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images are initially pre-processed in ISIS to radiometrically calibrate the images and prepare them 

for ingestion into SOCET SET. Supporting files that include the SPICE information are also 

produced in ISIS.  

Once imported into SOCET SET, the images are then tied together by matching pixels using the 

Multi-Sensor Triangulation Tool. This is a two-step process: images are first tied together 

automatically through a SOCET SET algorithm (relative triangulation) and then manually 

(absolute triangulation). The later stage involves manually pixel matching a series of points 

together between the two images to their MOLA elevation values (depending on the size of the 

images, this can between vary between ~ 50-300 points). The manual point matching also includes 

adding absolute ground control points. These specify exact horizontal and vertical co-ordinates 

for an individual pixel. Vertical ground control information is added from MOLA gridded data 

and MOLA track points (if the points cross the images).  

After both stages, the images are then bundle adjusted according to the specific instrument 

parameters. A resultant root mean squared pixel matching error of < 0.6 pixels is considered 

acceptable. Individual points with an error significantly greater than this are corrected or removed. 

The pixel matching error and stereo convergence angle of the two images affects the vertical 

precision of the resultant DEM: 

 

Equation 1  

EP = RMS*IFOV / tan(e) 

Where: EP is the expected vertical precision; RMS is the stereo matching error in pixels; IFOV 

is the instantaneous field of view in metres per pixel on the ground (if two images of differing 

resolution are used, then the root mean squared of their IFOVs are used); and tan(e) is the tan of 

the stereo convergence angle between the two images, which gives the parallax/height ratio 

(derived from Kirk et al., 1999; Okubo et al., 2008). 

The images are then epipolar rectified to account for camera distortions. A DEM is then created 

by extracting the individual pixel elevations from the images at a specific resolution through the 

algorithm NGATE. A spacing of 3-4 image pixels is recommended for each DEM pixel. The 

resultant horizontal DEM resolution is 1 m/pixel for HiRISE and ~ 20 m/pixel for CTX data. 

After the initial DEM is created, a second algorithm (ATE) is then run, which reduces the noise 

in the DEM. The DEMs were not manually edited to correct for error (although some groups do 

this, I chose not to do so in order to preserve accuracy. Areas in the DEM with obvious errors 

were noted in advance of the analysis). Orthorectified image products are then generated by 

removing the distortion in the images, taking into account the shift in pixel location. Both the 
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orthorectified images and the DEM were then exported from SOCET SET back into ISIS, where 

they were converted into cube files. A Figure of Merit (FOM) is also produced, which can also 

be used to identify areas of error in the DEM. These can then be read in a GIS. 

Figure 2.3: Workflow for the HiRISE stereo method in SOCET SET. Adapted from Henriksen et al., 2016. 

This process works most effectively with HiRISE data, as images are taken as stereo pairs. While 

CTX DEMs can be produced using this method, the quality is often poorer than HiRISE. Quality 

in the DEM can be lost when (1) there is little difference in emission angle between the two 

images; (2) when the terrain is texturally smooth or bland, as SOCET SET struggles to match the 

pixels; or (3) when there is jitter in the image (due to movement in the spacecraft whilst the image 

is being taken). HiRISE images that are corrected for jitter are available upon request from the 

HiRISE team. 

HiRISE and CTX stereo processing and DEM generation was carried out at the UCL Regional 

Planetary Imaging Facility (RPIF). Generating a HiRISE DEM through ISIS and SOCET SET 

takes approximately 12 hours from start to completion, with around eight to ten hours of 

processing time. Generating a CTX DEM takes approximately six hours from start to completion, 

with around two hours of processing time. Over 30 HiRISE and CTX DEMs were produced as 

part of this project; a list is shown in Tables AII.2 and AII.3.  In addition to using SOCET SET, 

DEM processing was also carried out using freeware NASA Ames Stereo Pipeline (NASA ASP; 

Broxton and Edwards, 2008; Moratto et al., 2010). This was successfully tested for HiRISE, CTX, 

MOC-NA and additional datasets. Although the overall results were useable, the quality of the 

DEM produced was significantly lower than SOCET SET. The edges of the DEM were often 
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jagged and the software struggled to remove outlying, erroneous pixels, and therefore DEMs from 

NASA ASP were not used. 

Step ISIS3 Workstation SOCET SET Workstation Notes 
1 Download HiRISE EDRs   No RED5 

2 Evaluate images and jitter 

quality  

  

3 Run hi4socet.pl  Generates noproj 

images and pushbroom 

keywords 

4 Run hidata4socet.pl  Extracts MOLA DEM 

and MOLA Tracks for 

area 

5 Copy .raw and keywords 

images files (4 total), 

statistics file, MOLA DEM 

and MOLA Track file to 

SOCET SET workstation 

  

6  Create SS project  

7  Run import_pushbroom for both 

images and keyword files 

Imports images to SS 

8  Import MOLA DEM  

9  Import MOLA Tracks  

10  Control images: Multi-Sensor 

Triangulation 1 – Relative 

Orientation 

Ties images together by 

pixel matching 

11  Run Solve Bundle adjusts; 

continue if solution < 

0.6 

12  Control images: Multi-Sensor 

Triangulation 2 – Absolute 

Orientation 

Ties images together by 

pixel matching and 

controls to MOLA 

DEM/Tracks 

13  Run Solve Bundle adjusts; 

continue if solution < 

0.6 

14  Generate epipolar rectified 

images 

 

15  Run Next Generation Automatic 

Extraction (NGATE) 

Extracts DEM 

16  Run Automatic Extraction Converts NGATE 

DEM to AATE format 

17  Run calcOrthoBdry Generates orthoimages 

18  Run dem2isis3 Exports DEM to raw 

data and ISIS3 scripts 

19  Run ortho2isis3 Exports orthoimages to 

.raw image files and 

ISIS3 scripts 

20  Copy .raw DEM and orthoimages 

and ISIS3 scripts to ISIS3 

workstation 

 

21 Run _ortho2isis3.sh  Generates ISIS3 image 

cubes of orthoimage 

22 Run _dem2isis3.sh  Generates ISIS3 cubes 

of DEM 

Table 2.3: Step by step walkthrough of HiRISE DEM production. Adapted from USGS SOCET SET guide 

for HiRISE stereo image processing 

(https://astrogeology.usgs.gov/search/map/Docs/Photogrammetry/TUTORIALS_JUNE2009; March 

2017). 

https://astrogeology.usgs.gov/search/map/Docs/Photogrammetry/TUTORIALS_JUNE2009
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Figure 2.4: (A) Comparison of HiRISE DEM (1 m/pixel; red outline), CTX DEM (20 m/pixel; right 

background) and MOLA DEM (~ 450 m/pixel; left background; line has been smoothed). DEMs all have 

the same colour stretch. (B) Topographic sections from each of the HiRISE, CTX, HRSC (50 m/pixel), and 

MOLA DEMs along the profile A-A’. 

2.4.2 ArcGIS 

The aforementioned image datasets were managed and integrated into Geographical Information 

System (GIS) projects using the ESRI software package ArcGIS for analysis. ArcMap was the 

primary programme used for analysis and photo-geological and geomorphological mapping. 

Image mosaics, for data such as HiRISE or CTX, were generally not produced, owing to the 
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limited co-registration and different lighting conditions between images. Instead, images were 

compiled as layer files and manually georeferenced in ArcMap where appropriate. The Effects 

toolkit was used to alter the brightness and contrast when necessary, as lighting conditions vary 

across different images. Many ArcMap tools were used as part of the analysis, which are able to 

utilise both 2D and 3D data (e.g., DEMs). The 3D Analyst toolkit was used to take profiles across 

3D surfaces. In addition, the ArcScene programme was used to produce 3D renderings of DEMs. 

An ArcGIS add-in tool LayerToolsNET was used to make dip and strike measurements, whereby 

a series of points are placed along a topographic bench, which was assumed to represent a bedding 

surface. Elevation values derived from DEMs were then extracted from the points and fitted to 

plane to calculate dip and strike values. 

2.4.3 Photo-geological and Geomorphological Mapping 

Unlike geological mapping on the Earth, characteristics used to differentiate between geological 

units, such as grain size or composition, cannot be readily determined on Mars. As with most 

planetary mapping performed using remote sensing data (e.g., Greeley and Baston, 1990), 

mapping units are identified and determined on the basis of morphological characteristics. These 

include albedo, colour, texture, and erosional morphology, as well as their topographic and 

stratigraphic relationships to other mapping units. In effect, the resultant map is not a true 

geological map, but rather photo-geological and geomorphological map.  

Two geological maps were produced as part of this report, one for the Arabia Terra project and 

one for the Melas Chasma project (shown in Chapters 4 and 6, respectively). The Arabia Terra 

map is approximately 12,000 km2 in area (a small section of south-western Arabia Terra, north of 

Meridani Planum) and was mapped primarily using CTX data (~ 6 m/pixel) at a resolution of 

1:10,000. The south-western Melas Chasma basin map is approximately 900 km2 in area and was 

mapped primarily using HiRISE data (~ 0.25 m/pixel) at a resolution of 1:5,000. Additionally, 

THEMIS-IR datasets and topography data from DEMs were also used to help differentiate 

between units and establish a stratigraphy.  

All mapping was performed in ArcMap. The contacts between different mapping units were 

digitised as polyline features. Polylines were then converted to polygons to group areas of a 

particular unit. Different units were assigned a name, a unit code, and a colour. Additional linear 

features, such as valleys and channels, inverted channels, crater rims, and wrinkle ridges were 

also digitised as polylines. Map units were described according to the USGS guidelines and, 

wherever possible, the USGS symbology for planetary features was used (Tanaka et al., 2011). 
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2.4.4 Relative Ages, Crater Size-Frequency Distributions, and CraterStats2 

Only one in situ age measurement of the martian surface has been performed (Farley et al., 2014). 

As such, proxies are regularly used to determine the ages of surfaces. The relative ages of surfaces 

can be determined through the stratigraphy and/or the DEM topography of different surfaces, 

using the principle of superposition. This was used to determine relative ages of surfaces 

throughout the project, particularly for the geological maps.  

Absolute ages can also be determined by proxy through impact crater size-frequency distributions 

– “crater counting”. This is broadly based on the assumption that a more heavily cratered surface 

with larger craters is older than a poorly cratered surface with smaller craters, as the surface has 

had more time to accumulate craters and that larger impacts mostly occurred earlier in the history 

of the solar system. For Mars, crater size-frequency distributions are calculated from the adjusted 

cratering flux for the Moon, taking into account Mars’ size and gravity (Hartmann and Neukum, 

2001; Neukum et al., 2001). The Lunar cratering chronology was determined in conjunction with 

the well-dated Apollo and Luna landing sites (Neukum et al., 2001).  

There is considerable uncertainty involved in using the aforementioned method and crater 

statistics relies on many assumptions, which can significantly alter the impact-derived surface 

ages, and thus crater ages must be used with caution (summarised in Fassett, 2016). Firstly, many 

different crater production and chronology function exist (e.g., Figure 1.3; Fassett, 2016). 

Secondly, the impact-derived surface ages derived are not necessarily a formation or 

crystallisation age, but rather a minimum age since the surface has been re-surfaced or eroded. 

Small craters will be eroded and removed from the crater population first, and the rate at which 

this will can depend on many things, such as the target geology (Fassett, 2016). Thirdly, the size 

of the count area can also affect the result, as small area can artificially exclude statistically 

significant large craters (Warner et al., 2015). Warner et al. (2015) suggested that count areas 

should exceed 100,000 km2 in order to avoid this effect. 

The minimum size of craters counted depends on the resolution of the data. I performed a crater 

count across the Arabia Terra geological mapping area using CTX data. For CTX, craters were 

recorded as small as 50 m in diameter. The crater rims were digitised from the images as circle-

type polygon shapefiles in ArcGIS, and then exported into the programme CraterStats2 (Michael 

and Neukum, 2010). This programme was used to analyse the crater size-frequency data to 

produce a cumulative crater-size frequency vs diameter plot for the given study area, by fitting 

the crater diameters into bins. The plot was then fitted against cumulative crater-size frequency 

plots for known isochrons (based on the production function of Hartmann and Neukum (2001) 

and the chronology of Michael (2013)) to determine an absolute age. 
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Figure 2.5: (A) Example of a partial crater count area using the Robbins and Hynek, 2012 crater database. 

Craters are outlined in red circles on a THEMIS-IR basemap of Ius Chasma plateau region. (B) Cumulative 

crater size-frequency plot using the Hartmann and Neukum (2001) chronology for count shown in (A); the 

crater distribution follows two isochrones at 3.7 and 3.5 Ga, showing two distinct surface ages. 
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Chapter 3. Extensive Noachian Fluvial Systems in Arabia Terra: 

Implications for Early Martian Hydrology and Climate 

An abridged version of this chapter was originally published in Geology under “Davis, 

J.M., Balme, M., Grindrod, P.M., Williams, R.M.E., and Gupta, S., 2016, Extensive 

Noachian fluvial systems in Arabia Terra: Implications for early martian climate: 

Geology, v. 44, p. 847-850, doi:10.1130/G38247.1”. 

 

3.1 Introduction   

Multiple lines of geological evidence indicate that liquid water existed at the surface on early 

Mars, but a key question is whether Mars’ early climate was “warm and wet” with widespread 

precipitation (e.g., Craddock and Howard, 2002), or cold, with liquid water sourced mainly from 

sporadic melt of glaciers and ice sheets (e.g., Fastook and Head, 2014; Wordsworth et al., 2015). 

Most Noachian-aged (>3.7 Ga; Michael, 2013) surfaces below 60° latitude are dissected by valley 

networks, interpreted to have formed by fluvial surface erosion (e.g., Carr, 1995; Hynek et al., 

2010). A natural interpretation is that precipitation-driven surface runoff carved the valley 

networks (e.g., Hynek and Phillips, 2001; Craddock and Howard, 2002; see chapter 1 for detailed 

discussion). However, some Noachian terrains for which models of Mars’ Noachian climate 

(Wordsworth et al., 2015) predict precipitation appear poorly dissected by valley networks. The 

most extensive of these Noachian “poorly dissected regions” is Arabia Terra, an ancient region 

bordering the northern lowlands. As an alternative, Wordsworth et al. (2013) proposed the “icy 

highlands” model, in which water sources are localised to high-elevation regions (i.e., the 

equatorial highlands) as ice sheets, and that formation of valley networks was driven by the 

sporadic melting of such ice during episodic warming events. 

Arabia Terra has a complex history of resurfacing and denudation (e.g., Hynek and Phillips, 

2001), indicating that any valley networks might have been buried and/or removed by later 

erosion. Two scenarios therefore exist to explain the apparent lack of valley networks in Arabia 

Terra: they either formed but are no longer visible (the “burial and erosion” explanation) or did 

not form here at all (consistent with an “icy highlands” interpretation; ice sheets and their 

meltwater did not extend into the low elevations of Arabia Terra). To test which scenario better 

fits the geological evidence, I have conducted a new study of Arabia Terra to map the distribution 

of previously unrecognised fluvial features using high-resolution CTX images (~ 6 m/pixel; Malin 
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et al., 2007) and to evaluate their depositional context. This represents an increase in resolution 

over the 231 m/pixel data previously used to identify valley networks (Hynek et al., 2010). 

Finally, I consider the implications of the results for palaeoclimate scenarios for early Mars. 

3.2 Geology of Arabia Terra 

Arabia Terra comprises the most northerly portion of Mars’ ancient cratered highlands (Figure 

3.1). It is one of the oldest terrains on the planet, mainly dating from the mid- to late Noachian 

(Tanaka et al., 2014), 3.7–3.9 Ga (Michael, 2013). Arabia Terra is bordered by Ares Vallis to the 

west, Meridiani Planum to the south, Syrtis Major to the south-east, and Acidalia and Arcadia 

Planitia to the north. Topographically, Arabia Terra descends by up to ~ 4 km when going from 

the south towards the hemispheric dichotomy, where it borders the northern lowlands.  

 

Figure 3.1: Topographic MOLA globe showing location of Arabia Terra. The solid black line shows the 

boundaries of the study area for this chapter. 

Remnants of thick, layered sedimentary units that mantle topography (herein referred to as 

“etched units”; Figure 3.2) and surround inliers of older Noachian material demonstrate that 

Arabia Terra was subject to widespread episodes of resurfacing and denudation (e.g., Moore, 

1990; Hynek and Phillips, 2001; Fassett and Head, 2007). Much of north-western Arabia Terra is 

anonymously low in elevation when compared to other highland areas, consistent with a history 

of regional denudation (Hynek and Phillips, 2001). The etched units are generally formed of 

horizontally bedded strata, as much as hundreds of metres thick, which mantle the topography 
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(e.g., Moore, 1990; Fassett and Head, 2007). They are more eroded in the north, where they 

become discontinuous and then absent (e.g., Zabrusky et al., 2012). In the south, the Meridiani 

Planum region is covered by the youngest etched unit, interpreted to be early Hesperian (3.6–3.7 

Ga; Hynek and Di Achille, 2017).  

It is disputed not only how the etched units formed but also what caused the later, wider 

denudation of Arabia Terra, and how long these processes lasted. A variety of different formation 

mechanisms have been proposed, including as aeolian or dust deposits (Greeley and Guest, 1987); 

pyroclastic or intrusive volcanic material (Wilhelms and Baldwin, 1988; Moore, 1990; Fassett 

and Head, 2007); ocean sediments (Edgett and Parker, 1997); or as suite of sulfate-rich evaporites 

which were formed or altered into a playa setting due to fluctuating levels of groundwater 

(Arvidson et al., 2006; Andrews-Hanna et al., 2010). 

 Zabrusky et al. (2012) used topographic analyses of erosional outliers to reconstruct a palaeo-

surface representing the pre-erosion topography of the now-degraded etched units (i.e., the 

original surface of the etched units). Zabrusky et al. (2012) estimate that the etched units were 

once ~ 350-500 m thick, although they may have been up ~ 800 m thick (Edgett, 2005). Zabrusky 

et al. (2012) suggested that the etched units were formed and subsequently rapidly eroded within 

a ~ 270 Myr period at the Noachian/Hesperian boundary. Fassett and Head (2007) observed that 

Noachian basement material, underlying the etched units, was also eroded throughout this period 

of rapid erosion. As the etched units do not appear to be incised by any valley networks or 

channels, the erosion was probably predominantly aeolian rather than fluvial (Fassett and Head, 

2007). The morphologies of the etched units are discussed in more detail in Chapter 4.  

 

Figure 3.2: CTX images of etched units showing (A) a spider-like erosional morphology, indicating 

inhomogeneities in erosional resistance, which could be due to compositional or textural variations and 

(B) remnant etched unit material preserved in an impact crater. 
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South-west of Arabia Terra, the Noachian valley networks that flow north from the equator 

towards the northern lowlands are truncated by the Hesperian-aged units that make up Meridiani 

Planum (Figure 3.3; Hynek and Phillips, 2001) as well as by the etched units more regionally 

(Hynek and Di Achille, 2017). While some valley systems do traverse the central region of Arabia 

Terra (e.g., the inferred Naktong/Scamander/Mamers systems; see Irwin et al., 2005b), most are 

truncated by the etched units, and valleys are generally absent in the wider region (Hynek et al., 

2010). The few large examples of valley networks are found at the northern boundary of Arabia 

Terra where valleys cut back into the dichotomy boundary and debouch into the northern plains. 

Similarly, although palaeolakes occur in parts of Arabia Terra (Fassett and Head, 2008b; Goudge 

et al., 2016a), they are absent in much of the region, notably western Arabia Terra. These 

combined observations suggest that valley networks in Arabia Terra might have been buried by 

the etched units and/or removed by later erosion.  

 

Figure 3.3: Colour MOLA hillshade map showing northward-flowing Noachian valley networks (red lines) 

terminating at Arabia Terra boundary. Most are buried or truncated by younger material. 

If precipitation (i.e., rainfall) and runoff were widespread on Noachian Mars, then there should 

be geological evidence in Arabia Terra (Wordsworth et al., 2015). Thus, if extensive Noachian 

fluvial systems were once present in Arabia Terra, this would be supportive of a “warm and wet” 

early Mars climate scenario. Alternatively, Wordsworth et al. (2015) have highlighted the 

inconsistency between predicted high Noachian precipitation patterns in Arabia Terra (under a 

“warm and wet” early Mars climate scenario) and the region’s apparent low drainage density. To 

explain this, Wordsworth et al. (2015) have suggested that the distribution of dense Noachian 

valley networks (i.e., localisation to the highland regions) is instead more consistent with what 

would be expected from the accumulation of large highland ice-sheets (the so called “icy 

highlands” scenario; Wordsworth et al., 2013; Forget et al., 2013). Valley formation would then 
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be driven by the sporadic melt of such ice, caused by localised heating events, such as through 

impacts (e.g., Segura et al., 2008) or volcanism (e.g., Halevy and Head, 2014). This interpretation 

favours the view that Arabia Terra did not develop dense valley networks in the first place. In this 

chapter, I use high-resolution mapping of fluvial landforms to test which of these climate 

scenarios best fits the geological evidence. 

3.3 Methods 

Previous mapping of fluvial landforms (such as valleys and channels) in Arabia Terra was 

conducted as part of the global valley network survey by Hynek et al. (2010) using globally-

mosaicked THEMIS-IR data (231 m/pixel; Christensen et al., 2004). Here, a study area was 

defined to cover a large region of Arabia Terra in which fluvial systems were absent in the Hynek 

et al. (2010) study. Given the large size of the region, this helped establish boundaries for the 

study area. The study area (Figure 3.4) covers most of Arabia Terra, from Marwth Vallis in the 

north-west, northern Meridiani Planum in the south-west, and parts of northern Syrtis Major in 

the south-east; a total area of ~ 8.2x106 km2, approximately equivalent to the area of Brazil. The 

fluvial landform mapping was performed using CTX data (~ 6 m/pixel; Malin et al., 2007), which 

is a significant improvement in image spatial resolution over previous work. Globally, CTX has 

around ~ 95% coverage, and within the study area coverage is near-continuous; ~ 99% (Figure 

3.4). 

 

Figure 3.4: CTX coverage of the study area in Arabia Terra. The white shaded area shows the CTX image 

footprints that were examined. Image coverage is nearly 100%. 

Mapping of fluvial landforms was performed in ArcGIS, whereby digitization was undertaken on 

a grid square by grid square basis. Fluvial features were digitised as polylines at a resolution of 

approximately 1:10,000. Some features, such as candidate palaeolakes, were digitised as point 

features. MOLA data were used to determine the elevations of the newly identified fluvial 

features. In addition, several digital elevations models (DEMs) were produced at CTX and 
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HiRISE resolution (20 m/pix and 1 m/pix, respectively) according to the method described in 

Chapter 2. Where stereo coverage was available, these datasets were used to more accurately 

determine elevations, heights, and depths of type examples.  Fluvial characteristics, such as 

drainage density, stream order, and sinuosity, were also recorded wherever possible. 

3.4 Results 

This results section is divided into two sub-sections: the identification and interpretation of fluvial 

systems from the CTX-scale mapping of Arabia Terra (Section 3.4.1); and the distribution of 

these systems and their relationship to the valley networks (Section 3.4.2). 

3.4.1 Inverted Channel Systems: Identification and Interpretation 

Generally, the CTX-scale image mapping of Arabia Terra did not reveal significantly more valley 

networks than those identified in previous studies (Hynek et al., 2010). However, those new valley 

systems identified are recorded in Figure 3.6; these are mostly found in association with 

previously identified valley networks. More significantly, the mapping results reveal the existence 

of extensive systems of relatively continuous sinuous ridges superposed on a generally north-

west-sloping surface. Throughout Arabia Terra, the ridges conform to regional topography and 

do not cross topographic divides. My interpretation of these features is that they are inverted 

fluvial channels (e.g., Figures 3.5 and 3.6), based on several lines of evidence discussed below. 

Ridge orientations show significant variability, but the longest preserved segments are commonly 

oriented northwest-southeast or north-south.  

The ridges typically form single-thread topographic features (~ 10–60 m high with generally flat 

tops; Figure 3.7), although anabranching morphologies are locally observed (Figure 3.5). The 

sinuosity of the longest segments ranges from 1.08 to 1.64. Tributary ridge systems merging into 

a single thread are commonly observed, with Strahler stream orders (Strahler, 1958) of up to 7 

visible (Figures 3.5 and 3.10; Table 3.1). Individual ridges range from tens of metres to ~ 1–2 km 

in width. Whilst the longest observed segment is ~ 200 km long, the total cumulative ridge length 

over the study area is ~ 17,000 km (Table 3.1). The terrains marginal to the ridges contain 

distinctive decametre-scale polygonal fractures and ridges (Figure 3.8). These polygon-bearing 

terrains appear to be genetically linked to the ridges as they are nearly ubiquitous in the ridge 

margins, but only rarely found away from the ridges. Available HiRISE images indicate that many 

of the ridges show sub-horizontal metre- to decametre-scale internal layering, which is exposed 

in channel margins (Figure 3.8). 
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Figure 3.5: CTX mosaics of (A) an anabranching and sinuous inverted channel system (Aram Dorsum; 

Balme et al., 2016) in south-western Arabia Terra; and (B) a branching and sinuous inverted channel 

system in south-western Arabia Terra, terminating in terraced, sub-circular feature consistent with inverted 

paleolake deposit. Both inverted channels are unconformably overlain by regional etched units (map units 

after Hynek and Di Achille, 2017). In both examples, the drainage direction has been interpreted from the 

convergence direction of the channel tributaries. See Figure 3.6 for context location.
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Figure 3.6: MOLA topographic map showing the distribution of inverted channels (black lines; this study) and valley networks (white lines; Hynek et al., 2010) in Arabia Terra study 

area. Additional valley networks identified in this study are shown by red lines. Palaeolakes identified in this study are shown by blue points. Palaeolakes identified by Chuang et al. 

(2016) and Goudge et al. (2012) are shown by green and purple points, respectively. Many of the inverted channels (e.g., south-western region of study area) are not associated with 

valley networks. 
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Observation Value 

Total observed channel length (from CTX data; ~ 6 m/pixel)  ~ 16,000 km 

Highest stream order  7 

Maximum sinuosity 1.64 

Longest continuous segment  ~ 200 km 

Maximum channel width  ~ 1,500 m 

Maximum channel height above surrounding terrain ~ 60 m 

Minimum channel elevation ~ -2,400 m 

Maximum channel elevation  ~ +1,250 m 

Table 3.1: Characteristics of the Arabia Terra inverted channels 

The sinuous single-thread form of the ridges, together with the presence of anabranching 

geometries and tributary junctions, is strong evidence that these systems represent palaeo-fluvial 

channel systems now preserved as inverted relief. The internal layering, visible in some channel 

margins, is evidence that the infill of these channels comprises indurated sedimentary deposits. 

These systems strongly resemble similar ridges interpreted to be fossilised palaeo-fluvial channels 

on Earth (e.g., Maizels, 1987; Pain and Ollier, 1995) and inverted fluvial channel systems on Mars 

(e.g., Pain et al., 2007; Williams et al., 2009; Burr et al., 2010; Kite et al., 2015; discussed in detail 

in Chapter 1). Thus, the Arabia Terra ridge systems are mostly interpreted as palaeo-channel 

bodies that were later topographically inverted due to differential erosion, which preferentially 

removed the material surrounding the channels. 

Alternative interpretations exist: the ridge systems could be interpreted as (1) eskers or (2) 

exhumed infills of bedrock-incised valley networks. The esker interpretation is discounted 

because of a lack of associated glaciated features and because (unlike eskers) the ridges always 

conform to regional topography (e.g., Gallagher and Balme, 2015). The absence of preserved 

valley margins in the majority of cases indicates that the ridges are generally not exhumed fills of 

valley networks incised into bedrock. Moreover, the idea that bedrock was regionally eroded 

while channel fill material remains seems implausible. 
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Figure 3.7 (overleaf): (A) HiRISE DEM on a CTX basemap showing an inverted channels system in 

southern Arabia Terra; (B) CTX image mosaic for the inverted channel system; (C) Perspective view of the 

inverted channel from the HiRISE map (note that the image is vertically exaggerated); and (D) 

Topographic profile (A-A’) of the inverted channel system extracted from the HiRISE DEM above. The 

inverted channels here are up to ~ 60 m high and 1 km in width. See Figure 3.6 for context location. 

 

Figure 3.8: (A-B) HiRISE images showing sub-horizontal metre- to decametre scale internal laying exposed 

at the edges of the inverted channels, throughout Arabia Terra. The layering is consistent with the inverted 

channels being composed of indurated channel floor sediment. (C-D) HiRISE images of polygonal fractures 

and ridges found adjacent to the channel margins. See Figure 3.4 for context locations. 

3.4.2 Distribution of Inverted Channels and Relationship to Valley Networks 

The inverted channels are not distributed evenly across Arabia Terra (Figure 3.6). The south-west 

of the study area, north of Meridiani Planum, has a particularly high concentration, but the north-

western and eastern parts of the study area are largely free of inverted channels. The best 

preserved and most contiguous examples are mostly found in the south-west of the study area, for 

example, Aram Dorsum (Figure 3.5A). The networks of inverted channels include previously 

identified, isolated examples of sinuous ridges that have also been interpreted as inverted fluvial 
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channels throughout the region (e.g., Pain et al., 2007; Fassett and Head 2007; William, 2007; 

Williams and Chuang, 2012).  

Given the segmented and discontinuous nature of the inverted channels, the overall drainage 

density across the study area is low, however, regional subsets have high drainage density values 

(0.032 and 0.028 km–1 in Figures 3.5B and 3.10, respectively; see Figures AI.1 and AI.2 for 

drainage areas). These subsets were measured where the drainage area was confined by inlying 

erosional windows into the stratigraphy. The total length of the inverted channels within the 

erosional windows was divided by the area within the erosional window to calculate a drainage 

density.  

The relationship of the inverted channels to the valley networks is revealed at several locations in 

the study area, where downstream-directed transitions from inverted channels confined within 

valleys (e.g., the distal ends of Naktong and Scamander Valles; Figure 3.9) to unconfined inverted 

channels occur (Figure 3.12). The valley-confined inverted channels are interpreted as fluvial 

systems that infilled erosional valleys. However, most inverted channels in the study area are not 

set within erosional valleys and instead are found on gently sloping, unconfined plains, much 

further in the apparent downstream direction than the nearest valley networks (e.g., south-western 

region of Figure 3.6). In addition to systems that appear to traverse Arabia Terra, there are also 

networks of inverted channels that radiate outward from local topographic highs within Arabia 

Terra, such as impact crater rims, and originate at multiple elevations (Figure 3.10). This 

distribution suggests that some inverted channels had an origin localised to Arabia Terra. 

 

Figure 3.9: Distal ends of (A) Naktong and (B) Scamander Valles central Arabia Terra, where inverted 

channels are bound within negative relief valley networks. See Figure 3.4 for context locations. 
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Figure 3.10: (A) THEMIS-IR Night mosaic of branching inverted channel systems (black lines) in south-

western Arabia Terra, originating at multiple elevations and radiating away from regional highs. Inverted 

channels occur on mid-Noachian units and are unconformably overlain by etched units (map units after 

Hynek and Di Achille, 2017). (B) HiRISE image showing unconformable contact (dashed line) between 

inverted channel (red arrows) and etched units. See Figure 3.6 for context locations. 

Several inverted channels drain into local and regional topographic lows (i.e., impact craters) and 

hence probably led to the formation of lakes (e.g., Figure 3.11). Such candidate palaeolake basins 

were recorded as points in Figure 3.6. Candidate palaeolakes were categorised as either open-

basin (basins with both inlet and outlet inverted channels/valleys; Figure 3.11C) or closed-basin 

(basin with an inlet inverted channel/valley only; Figure 3.11B) systems (Fassett and Head, 

2008b). Outlet inverted channels were determined on the basis of topography (i.e., those that 

decreased in elevation away from the basin were considered the outlet channel). In addition, 

mounds of sediment were sometimes present within the basin; in some cases, the craters walls 

within which a palaeolake was contained had been eroded entirely, leaving the mound as the only 

remaining evidence of an inverted palaeolake (e.g., Figure 3.11A-C).  

In total, 46 candidate palaeolakes were identified across the study area (Table 3.2). Of these, 17 

were open-basin palaeolakes; 26 were closed-basin palaeolakes, and it was unclear if the 

remaining three had outlets or not. 34 of the identified palaeolakes were preserved in inverted 

relief; the remaining 12 were either topographically negative (basins), or contained layered 

sedimentary deposits within the palaeolake, but had the overall basin structure still preserved. The 

palaeolakes range in size from a few kilometres across to several hundred kilometres across. In 

keeping with the previously recognised distribution of palaeolakes in Arabia Terra (e.g., Fassett 

and Head, 2008b, Goudge et al., 2016a), the vast majority of palaeolakes were found in central 
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and eastern Arabia Terra. Some of the palaeolakes also overlap with the results of Fassett and 

Head (2007) and Chuang et al. (2016). 

 

Figure 3.11: Examples of candidate palaeolake basins across Arabia Terra. (A) CTX image of terraced, 

sub-circular feature interpreted as a palaeolake deposit, found at the downstream end of the inverted 

channel shown in Figure 3.5B. Possible outlet inverted channels are seen at the south-west of the 

palaeolake deposit. (B) CTX mosaic of a closed-basin inverted palaeolake deposit in a former impact 

crater. (C) CTX mosaic of an open-basin inverted palaeolake deposit. Flow direction is from south to north. 

(D)  CTX mosaic of a closed-basin palaeolake, supported by an inlet valley. See Figure 3.4 for context 

locations. 

Longitude 

(°E) 

Latitude (°N) Outlet? Palaeolake deposits 

inverted? 

Reference 

351.52 7.83 Yes Yes Chuang et al., 2016 

351.55 6.41 Yes Yes Chuang et al., 2016 

351.7 6.37 Yes Yes Chuang et al., 2016 

352.38 5.51 Yes Yes this study; Chuang et 

al., 2016 

352.26 9.99 Yes Yes Chuang et al., 2016 

352.49 9.96 Yes Yes Chuang et al., 2016 



Chapter 3 Noachian Fluvial Systems in Arabia Terra 

75 

 

357.18 5.14 Yes Yes Chuang et al., 2016 

1.49 22.01 No No this study 

4.73 11.18 Unclear Yes this study 

7.44 1.22 Unclear Yes this study 

15.23 16.18 Yes Yes this study 

19.53 23.04 No Yes this study 

19.94 23.88 No No, but deposits in crater this study 

20.42 21.75 No Yes this study 

20.48 20.97 No Yes this study 

20.56 23.51 No No, but deposits in crater this study 

23.29 22.42 No Yes this study 

24.97 25.58 Yes Yes this study 

25.12 24.90 Yes Yes this study 

25.24 27.77 Yes No this study 

25.86 25.24 No No, but deposits in crater this study 

25.87 6.57 No Yes this study 

28.99 18.78 No Yes this study 

29.74 9.99 No Yes this study 

34.15 24.12 No No, but deposits in crater this study 

34.35 7.95 No No this study 

34.45 17.83 Yes Yes this study 

35.92 27.19 No No this study 

36.28 32.18 Yes Yes this study 

37.50 33.52 No No this study 

39.42 16.30 No Yes this study 

39.48 15.49 No No this study 

39.88 13.20 Yes No, but deposits in crater this study 

45.79 12.72 Yes No this study 

46.84 13.14 Yes Yes this study 

47.27 29.15 Unclear Yes this study 

47.31 11.01 Yes Yes Fassett and Head, 2007 

47.33 11.62 No Yes this study 

47.36 22.76 No Yes this study 

47.53 10.78 No Yes this study 

47.68 18.46 Yes Yes this study 

48.25 17.54 No Yes this study 

48.51 25.56 No Yes this study 

49.51 16.50 No Yes Fassett and Head, 2007 

50.28 18.77 No Yes this study 

53.11 22.22 No Yes this study 

Table 3.2: Characteristics of candidate palaeolakes throughout Arabia Terra. 
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3.5 Discussion 

3.5.1 Channel Formation Mechanisms and Depositional Setting 

The high drainage density values of the inverted channels (0.028-0.032 km-1) are similar to those 

of Noachian valley networks (mean of 0.0115 km–1; Hynek et al., 2010) and suggestive of long-

lived fluvial sediment routing systems. These high drainage density values have also previously 

been associated with formation mechanisms involving precipitation-driven surface runoff (e.g., 

Craddock and Howard, 2002; Hynek et al., 2010). This mechanism would also be supported by 

the wide variation of elevations at which the channels appear to originate from (Table 3.1). In 

addition, the local origin of some of the inverted channels also suggests formation from a 

distributed source of water (e.g., precipitation) from within Arabia Terra itself (Figure 3.12).  

However, unlike the valley networks, the inverted channels are not purely erosive features. The 

northward-directed transition from valley-confined inverted channels to unconfined inverted 

channels set within a low-relief landscape is evidence of a transition from erosion to deposition 

on former aggradational alluvial plains. In this case, the alluvial material may be represented by 

the dark, polygon-bearing terrains that are found adjacent to the inverted channel margins (e.g., 

Figures 3.5 and 3.8). Hence, in areas with high densities of inverted channels, the inverted 

channels and surrounding plains mainly record the net aggradation of fluvial sediment (e.g., 

Figure 3.12). Some valley-confined inverted channels may represent an earlier period of regional 

fluvial erosion that later transitioned to deposition, perhaps due to a change in downstream base 

level. More ancient erosional valley networks could be buried beneath the inverted channels and 

alluvial material.  

The existence of interconnected inverted channels and palaeolakes (particularly open-basin 

systems) indicates that water ponded in lacustrine settings throughout Arabia Terra. This is in 

keeping with the findings of palaeolake systems reported elsewhere in Arabia Terra (e.g., Fassett 

and Head 2008b; Goudge et al., 2016a; Chuang et al., 2016). The breaching of impact crater rims 

also indicates that the inverted channels systems were well-integrated with the landscape. The 

formation of palaeolakes by the breaching of impact crater rims is also significant because it 

suggests a fluctuation in the fluvial regime as the system evolved. Again, this shows that initially 

the fluvial systems were mainly erosive – breaching into a crater and forming a palaeolake – 

before later transitioning to a depositional regime, building up significant thicknesses of fluvial 

and possibly lacustrine sediments.  

The regional configuration of the valley networks and inverted channels is consistent with 

largescale fluvial transport from south to north (Figure 3.6). The existence of floodplains and 

candidate palaeolakes suggests that some of the water and transported sediment must have been 
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deposited within Arabia Terra, at least temporarily. The terminal sink for water and sediment 

could be the northern lowlands, in agreement with the presence of erosional valleys dissecting the 

highland boundary margin north of Arabia Terra, but the inverted channels are too discontinuous 

when traced northwards to verify whether the two systems link up. 

 

Figure 3.12: (A) CTX mosaic showing transition from negative-relief valley networks to positive-relief 

inverted channels within a crater (and candidate palaeolake) in southern Arabia Terra. (B) CTX image 

showing inverted channel deposits leave valley to become unconfined, showing morphological change 

across an erosion horizon. (C) Schematic of downstream transition from negative-relief interior channel 

bound by valley network, into (D) an inverted channel bound by a valley networks, and finally to (E) an 

inverted channel within a flat, alluvial setting. See figure 3.6 for context locations. 

3.5.2 Timing and Preservation of Inverted Channels 

The age of the Arabia Terra inverted channels can be constrained by regional stratigraphic 

relationships. The inverted channels are superposed on mid- to late Noachian basement terrains 

(e.g., maps of Tanaka et al., 2014; Hynek and Di Achille, 2017), placing a lower-bound on the 

timing of fluvial channel activity. Many of the channel systems are superposed by younger 

stratigraphic units, in particular the etched units. These units (Nme1–Nme3; Hynek and Di Achille, 

2017; Figure 3.2) are mid-Noachian to early Hesperian in age and unconformably overlie 

Noachian basement materials and the inverted channels (e.g., Figures 3.5 and 3.10). Some 

inverted channels occur in the lowest etched unit (Nme1) as mapped by Hynek and Di Achille 

(2017) from 100 m/pixel data, but when viewed at higher-resolution, the inverted channels 



Chapter 3 Noachian Fluvial Systems in Arabia Terra 

78 

 

actually occur beneath this unit (e.g., Figure 3.5A), indicating that the inverted channels both 

formed and became topographically inverted prior to burial by etched units. Thus, the etched units 

cannot be responsible for the infilling of the channels and creating the relief inversion, although 

in some cases the inverted channels may still be capped by these materials. This unconformable 

stratigraphy is also recorded by Balme et al. (2016), who used higher-resolution CTX data (6 

m/pixel), in a detailed study of the Aram Dorsum system (Figure 3.5A). This stratigraphy is 

discussed in more detailed in Chapter 4. Thus, the Arabia Terra fluvial system was likely active 

during the mid- to late Noachian.  

Zabrusky et al. (2012) used topographic analyses of erosional outliers to reconstruct a palaeo-

surface representing the pre-erosion topography of the now-degraded etched units (i.e., the 

original surface of the etched units). Where the study areas overlap, ~ 80% of the Arabia Terra 

inverted channels occur beneath this surface (Figure 3.13). The inverted channels are best 

preserved in areas where the etched units protected them from episodes of regional denudation, 

indicating that while the inverted channels are not composed of etched unit material, the etched 

units may have protected them from subsequent erosion. For example, north-western Arabia 

Terra, the most heavily denudated part of the study area, is largely devoid of inverted channel 

features. According to the Zabrusky et al. (2012) reconstruction, this region was not covered by 

the etched units.  

 

Figure 3.13: Palaeo-surface showing former extent of etched units (orange) by Zabrusky et al. (2012; their 

Figure 9, surface A) overlaid on a MOLA hillshade map of western Arabia Terra. ~ 80% of inverted 

channels (solid black lines) are spatially associated with this surface, suggesting that they etched units 

have protected the inverted channels from erosion. Adapted from Zabrusky et al. (2012). 
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Additionally, as the etched units usually appear to be more easily eroded than the inverted channel 

material (e.g., Figures 3.5 and 3.10; Hynek and Di Achille, 2017), it is unlikely that the etched 

units would form indurated inverted channels themselves. Instead, relief inversion probably 

proceeded due to a primary characteristic of the channel; i.e., by armouring or cementation of the 

channel floor sediments (e.g., Williams et al., 2009; Burr et al., 2010), followed by regional 

deflation, as seen on Earth (e.g., Maizels, 1987; Pain and Ollier, 1995; Pain et al., 2007). Proposed 

likely cementing materials for Mars are iron oxides, sulfates, and silica (Pain et al., 2007). Given 

the spatial extent and discontinuity of many of the systems, however, a combination of the above 

mechanisms that varied spatially cannot be ruled out. 

The polygons found in the alluvial material adjacent to the inverted channels appear to be 

genetically related to the channels, although it is difficult to relate them to a specific formation 

process. The polygons could have developed in association with channel formation or later by 

burial and lithification/diagenesis. For example, the polygons could have formed due to burial 

and re-exposure by erosion, and could be indicative of jointing, fluid deposition of resistant 

minerals in fractures, or both. A detailed description of their morphologies is given by Balme et 

al. (2016). Similarly, it is difficult to establish whether the inverted palaeolakes represent 

exhumed lacustrine sediment (primary deposits) or later non-lacustrine infill, like the etched units. 

However, given the continuity and textural similarity between some the inverted channels and the 

inverted palaeolakes, (e.g., Figure 3.11), this may indicate that they are composed of indurated 

lacustrine deposits. Regardless of the composition of the palaeolake infill, the implications for the 

systems as palaeolakes is still the same.  

A well-studied example of this proposed stratigraphy is at Miyamoto crater, just south of the study 

area, where an inverted channel has been recently exposed from beneath etched units (Newsom 

et al., 2010). Newsom et al. (2010) noted the presence of a dark capping unit above the inverted 

channel, which they suggested had preserved the channel due to armouring or cementation. 

Similarly to the Arabia Terra inverted channels, the Miyamoto ridge complex is surrounded by a 

polygonally-fractured basal material. This material is phyllosilicate-bearing (possible smectites; 

Wiseman et al., 2008), which would be consistent with a fluvial-alluvial environment. The strong 

detections of phyllosilicates on polygonally-fractured terrains is observed elsewhere on Mars 

(e.g., Wray et al., 2008); this could indicate that many of the proposed flood plains adjacent to the 

Arabia Terra inverted channels could contain phyllosilicates.  

3.5.3 Erosion Rates 

The current heights of the ridges defining the inverted channels (~10-60 m; Figure 3.7) do not 

represent former channel depth, but instead give an indication of the minimum thickness of 

marginal alluvium that was removed prior to etched unit emplacement. Assuming the channels 
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were emplaced and fully inverted between the mid- to late Noachian (3.9-3.7 Ga; Michael, 2013), 

a period of 200 Ma, the average erosion rate was therefore ~ 50-300 nm/yr. This is comparable to 

the low end of values previously estimated for average erosion rates during the mid- to late 

Noachian (~ 100s to 1000s of nm/yr; Golombek et al., 2006). 

However, the actual rate of erosion may have been much more rapid than this average value, 

assuming that the inverted channels likely formed coevally with the Noachian valley networks; 

most Noachian valley networks are thought to have formed in an intense period of fluvial activity 

at the end of the late Noachian (Irwin et al., 2005b; Fassett and Head 2008a). For the inverted 

channel systems, this would severely reduce the amount of time that marginal channel material 

had to erode, given the upper bound constrained by the etched unit formation, meaning that the 

erosion rate must have been higher. Higher-resolution crater counting of individual inverted 

channel systems should help constrain this further.  

3.5.4 Stratigraphic History 

These results show that aggrading fluvial systems in Arabia Terra formed coevally with the 

highland valley networks, as indicated by their spatial relationships, and that this occurred no later 

than the mid- to late Noachian, a maximum period of 200 Ma (Figure 3.14A-C). When fluvial 

activity ceased, erosion of the indurated ribbon channel strata was slower than that of adjacent, 

less-resistant alluvial material. Thus, the channels were left elevated within the landscape (e.g., 

Pain et al., 2007; Burr et al., 2010; Figure 3.14D). This occurred prior to the emplacement of the 

etched units, which subsequently protected the inverted channels from further erosion (Figure 

3.14E). The etched units were then themselves eroded, likely by aeolian abrasion, re-exposing the 

inverted channels to the surface environment (Figure 3.14F). Many more inverted channel 

systems may still be buried beneath the remnant etched units, and it is likely that many others, 

especially those that were not protected by etched units, have been eroded away completely. 



Chapter 3 Noachian Fluvial Systems in Arabia Terra 

81 

 

 

Figure 3.14: Possible sequence of inverted channel formation. (A) Pre-existing topography; (B) Sediment 

deposition in topographic lows, possibly in isolated alluvial plains, and formation of discrete fluvial 

channels; (C) Continued aggradation, merging of smaller alluvial systems, and burial of older channels; 

(D) Waning of fluvial activity, ongoing aeolian abrasion leaves indurated channel sediment preserved in 

positive relief; (E) Burial and protection of inverted channels by etched units; (F) Regional deflation 

removes etched units and exposes inverted channels to the surface environment 
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3.5.5 Implications for Martian Climate 

The recent Noachian climate model results of Wordsworth et al. (2015, their Figure 14) make 

specific predictions for the spatial distribution of valley networks (VNs) and other fluvial features 

under two different end member climate scenarios (Figures 3.15 and 3.16). The first, a “warm and 

wet”, scenario, assumes global mean temperatures are high enough to support liquid precipitation 

(rainfall) on early Mars, and the second scenario, the “cold and icy” scenario, assumes global 

mean temperatures that cannot support liquid precipitation, and instead snowfall occurs on Mars 

(Wordsworth et al., 2015). Wordsworth et al. (2015) observed the distribution of valley networks 

appears to more closely match the cold and icy scenario; they write: “In our warm and wet 

simulations, the precipitation patterns do not match the observed VN distribution closely. In 

particular, high precipitation is observed in … Arabia Terra (where Noachian-era VNs are 

scarce)” (Wordsworth et al., 2015, p. 1216).  

In contrast, my new observations of extensive palaeo-fluvial systems in Arabia Terra generally 

match those locations where liquid precipitation-fed dissection should occur based on their model 

(Wordsworth et al., 2015) and contradicts their suggestion that fluvial landforms are absent in 

Arabia Terra (Figures 3.15 and 3.16). Furthermore, the topographic setting of some inverted 

channel networks (e.g., Figure 3.10) is consistent with local but distributed sources of water (i.e., 

local precipitation). Figures 3.15 and 3.16 compares to the predicted patterns of rainfall and 

snowfall in Arabia Terra (Wordsworth et al., 2015) to the distribution of valley networks, inverted 

channels, and palaeolakes. 

In the rainfall scenario (Figure 3.15), there is predicted rainfall in much of the northern, central 

and eastern regions of the study area (Wordsworth et al., 2015), which is supported by the high 

density of valley networks in the south, and the presence of inverted channels, which were likely 

originally much more extensive, and palaeolakes. However, in western Arabia Terra, where the 

densities of inverted channels are highest, no rainfall is predicted (Wordsworth et al., 2015). 

Overall, however, this is in broad contrast to the cold and icy scenario (Figure 3.16), which 

indicates that snow and ice did not accumulate in the majority of the Arabia Terra region, and 

therefore could not be responsible for forming the valley networks and inverted channels in the 

Noachian. Thus, the results here are more consistent with the “warm and wet” Noachian climate 

model that supports widespread precipitation and runoff, and do not support the “icy highlands” 

scenario. Future climate models must be able to explain this new constraint on global runoff 

production on early Mars.
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Figure 3.15: Predicted precipitation patterns of rainfall in Arabia Terra during the Noachian compared to the distribution of Noachian valley networks by Wordsworth et al. (2015), 

including newly mapped inverted channels. Blue = rainfall + valleys; Orange = rainfall + no valleys; Green = valleys + no rainfall/snowfall; Grey = no valleys + no rainfall; White 

= non-Noachian terrain.  The valley networks of Hynek et al. (2010) are marked by orange lines; the inverted channels from this study are marked by black lines. Candidate palaeolakes 

are also shown from this study (blue points), Chuang et al. (2016; green points), and Goudge et al. (2012; purple points). Adapted from Wordsworth et al. (2015; their Figure 14).
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Figure 3.16: Predicted precipitation patterns of snowfall in Arabia Terra during the Noachian compared to the distribution of Noachian valley networks by Wordsworth et al. (2015), 

including newly mapped inverted channels. Blue = snowfall + valleys; Orange = snowfall + no valleys; Green = valleys + no snowfall; Grey = no valleys + no snowfall; White = 

non-Noachian terrain.  The valley networks of Hynek et al. (2010) are marked by orange lines; the inverted channels from this study are marked by black lines. Candidate palaeolakes 

are also shown from this study (blue points), Chuang et al. (2016; green points), and Goudge et al. (2012; purple points). Adapted from Wordsworth et al. (2015; their Figure 14). 
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3.6 Conclusions 

I have conducted a detailed mapping study of fluvial landforms in Arabia Terra using high 

resolution CTX data. Arabia Terra is not devoid of evidence for fluvial activity, as previously 

considered; instead it shows evidence for extensive, but discontinuous, networks of inverted 

fluvial channels. Furthermore, the channels are not valley bound, demonstrating that much of the 

mid- to late Noachian stratigraphy in Arabia Terra records sediment aggradation of regional-scale 

alluvial plains that were traversed by fluvial channels. In addition, systems of both open and 

closed-basin palaeolakes are observed that interconnect with the inverted channels. Comparison 

of the distribution of these alluvial channel networks to climate model predictions of rainfall and 

snow/ice accumulation in Arabia Terra demonstrates that the “warm and wet” early Mars climate 

scenario provides a stronger explanation for these geologic observations than the “icy highlands” 

model. Higher available image resolution, through CTX and HiRISE, is likely to assist with the 

identification of additional fluvial systems across Mars in the future, which will provide important 

constraints for future climate models of early Mars.  
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Chapter 4. Geomorphology and Stratigraphy of an Inverted Fluvial-

Lacustrine System in South-western Arabia Terra 

4.1 Introduction 

The previous chapter documented the extensive fluvial and lacustrine systems preserved as 

inverted relief throughout Arabia Terra and considered their implications for the early martian 

climate. This chapter provides a detailed study of the fluvial geomorphology and stratigraphy of 

one of these systems in south-western Arabia Terra, north-west of Meridiani Planum. This 

particular inverted system, as yet unnamed, is well-preserved and is a representative example of 

other inverted fluvial and lacustrine systems that occur throughout Arabia Terra. It is contained 

within a topographic depression, surrounded by several hundred metres of vertically-exposed 

stratigraphy, including large sections of the “etched units” (Hynek and Di Achille, 2017). 

I have produced a geological map using high-resolution CTX data of the erosional window, 

centred on the inverted fluvial and lacustrine system. Although geological maps completed at a 

smaller scale (Edgett, 2005; Hynek and Di Achille, 2017) already cover some of the mapped area, 

they used much lower-resolution imaging data. The use of CTX data enables detailed observations 

at the scale of the inverted systems to be made. Observations have been made with a focus on (1) 

the relationship of the fluvial and lacustrine systems with other nearby inverted channels and 

palaeolakes, (2) the stratigraphic relationships of these aqueous systems to regional materials, and 

(3) constraining the timing and duration of aqueous processes. Crater counts of the mapping area 

were also used to help constrain the timing and duration of aqueous processes. 

4.2 Regional Geology of South-western Arabia Terra/Meridiani 

Planum 

Chapter 3 outlined how whilst Arabia Terra is generally devoid of valley networks, the region 

does contain many discontinuous branching and sinuous ridges, interpreted as inverted fluvial 

channels, as well as many candidate palaeolake basins. These systems are extensive throughout 

the region and many interconnect with the highland valley networks further south, indicating that 

much of the Noachian stratigraphy in Arabia Terra may record the aggradation of regional-scale 

alluvial plains. Superposing the inverted channels are remnants of thick, layered sedimentary units 

(the “etched units”; Figure 3.2) which mantle topography (e.g., Moore, 1990; Hynek and Phillips, 

2001; Fassett and Head, 2007). These units are generally best preserved in south-western Arabia 

Terra (e.g., Zabrusky et al., 2012), and may have been a factor in the preferential preservation of 
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the inverted channel and palaeolake systems. This section will review previous investigations into 

the regional geology of south-western Arabia Terra/Meridiani Planum. 

The study area is located in south-western Arabia Terra within an erosional window around 250 

km north-west of Meridiani Planum, and at the eastern edge of Crommelin Crater (Figure 4.1). 

The regional geology around south-western Arabia Terra and Meridiani Planum is both complex 

and diverse, containing a variety of different sedimentary and igneous rocks, which range in age 

from early Noachian to late Amazonian (Hynek and Di Achille, 2017). Outcrops within this 

region are particularly well-exposed in large cliff and plateau-forming terrains, similar in scale to 

the Colorado Plateau on Earth (Edgett and Malin, 2002).  Both inverted channels (Figure 4.1) and 

etched units (Figure 4.2) are well-preserved and exposed throughout the region and within the 

mapping area itself. In addition to the global geological map of Tanaka et al. (2014), two 

geological maps of the area have been produced of the area using moderate resolution data, by 

(1) Edgett (2005) and (2) Hynek and Di Achille (2017).  

 

Figure 4.1: MOLA topographic map overlaid on a THEMIS-IR Night basemap of south-western Arabia 

Terra and northern Merdiani Planum. The black box highlights the mapping area for this chapter, which 

covers most of an erosional window in the stratigraphy. The inverted channels mapped in Chapter 3 are 

shown by the solid black lines. 
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The Hynek and Di Achille (2017) map (Figure 4.2) covers the wider south-western Arabia and 

Meridiani region (-5-15°N, 345-15°E) and was previously discussed in Chapter 3. It was produced 

at a scale of 1:2M and conforms to USGS geological mapping guidelines and has had thorough 

peer-review. This map was produced primarily on a THEMIS-IR basemap (100 m/pixel) and 

using MOLA topography data, as well as a variety of other datasets, and is of considerable more 

detail than the Edgett (2005) map. The Hynek and Di Achille (2017) map contains numerous 

sedimentary, igneous, and impact units.  

The majority of my mapping area is found within a unit denoted Nhc1 by Hynek and Di Achille 

(2017; Figure 4.2), and is one of two early to mid-Noachian units (the other being Nhc2) in their 

map. It is composed of a combination of volcanic and impact-related materials (Hynek and Di 

Achille, 2016). Both Nhc1 and Nhc2 are heavily cratered and have been altered by fluvio-

lacustrine processes (Hynek and Di Achille, 2017). In Chapter 3, it was observed that in south-

western Arabia Terra, the inverted channels occur primarily on Nhc1 and Nhc2 (Hynek and Di 

Achille, 2017). Unconformably superposing Nhc1 and Nhc2 are the etched units, which are 

divided into three main units: NMe1-2 and HNMe3, spanning the mid-Noachian to early Hesperian 

(Hynek and Di Achille, 2017). An additional etched unit is recorded for those materials deposited 

in impact craters: HMMeu (Hynek and Di Achille, 2017). 

The Edgett (2005) map (Figure 4.3) covers the mapping area and broader region to the east and 

south, extending as far south as the opportunity landing site (350-359°E, -4-8.7°N; a smaller 

region than the Hynek and Di Achille (2017) map). This map was produced as part of a paper 

(Edgett, 2005; Figure 18) and thus is not likely to have been as thoroughly peer-reviewed as the 

Hynek and Di Achille map. The map was produced using a MOC-WA basemap (≥ 240 m/pixel) 

and MOLA topographic data. The scale at which the map was produced is not stated, although is 

likely to have been produced at a smaller scale than the Hynek and Di Achille (2017) map based 

on the level of detail. Around 800 metres of stratigraphy is exposed in the Edgett (2005) map, 

which is divided into four mapping units (Figure 4.3). These units are all generally light-toned, 

layered, and interpreted as sedimentary rocks. The presence of large (30-60 km) impact craters 

interbedded within the stratigraphy indicates the presence of multiple temporal unconformities 

within this sequence (Edgett, 2005; Figure 4.3).  

From youngest to oldest, the four stratigraphic units in the Edgett (2005) map are: the Plains-

forming unit (P), on which the Opportunity rover is found; the Ridge-forming unit (R), which 

contains seemingly randomly orientated ridges on its surface; the Scarp-forming unit (S), which 

forms large, layered cliffs; and the Lower unit (L), composed of a bright-toned, low-lying 

material. Edgett (2005) also observed that valleys and inverted channels (referred to as inverted 

valleys) are found within the Lower-unit. The uppermost three of these four units collectively 
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form part of the “etched units”. Within my mapping area, around 500 metres of this stratigraphy 

is exposed, covering the Ridge-forming, Scarp-forming, and Lower-units (Edgett, 2005). 

Both of the aforementioned geological maps provide observations relating to the local and 

regional stratigraphy, and whilst they do both note the presence of some inverted fluvial systems 

mapped in Chapter 3, their observations are not specifically focused on these systems. Chapter 3 

established that the fluvial systems were most likely exhumed and inverted prior to the 

emplacement of the etched units. This chapter will focus on the geomorphology of the fluvial 

systems within the mapping area, and using the new CTX-scale geological map, how these 

systems relate to other nearby fluvial and lacustrine systems, and the regional stratigraphy. 
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Figure 4.2: (A) Section of geological map produced of the Greater Meridiani region overlaid on a THEMIS-

IR Day basemap. The mapping area for this chapter is shown in the solid-lined black box. The dashed 

rectangular line shows the extent of the Edgett (2005) map shown in Figure 4.3 (B) Part of the Hynek and 

Di Achille (2017) stratigraphy shown in (A). The mapping area for this chapter is found on the Noachian 

basement material (Nhc1) and the etched units (NMe1-2 and HNMe3), which span the mid-Noachian to early 

Hesperian. See text for detailed descriptions. Adapted from Hynek and Di Achille (2017). 



Chapter 4 Geomorphology and Stratigraphy in Arabia Terra 

91 

 

 

Figure 4.3: Geological map and stratigraphy of western Meridiani Planum, where four sedimentary units 

are defined across nearly a vertical kilometre of stratigraphy. See text for full description. Adapted from 

Edgett (2005), Figure 18. See Figure 4.2 for context location. 

4.3 Methods 

A geological map was produced of the erosional window centring on the inverted channel system 

at ~ 5.4°N, 352.7°E (hereafter referred to as the “mapping area”). The mapping area covers ~ 

12,000 km2; the boundaries were set to capture the maximum stratigraphic diversity within the 

mapping area. The map was produced using CTX data as a basemap (~ 6 m/pixel), which have 

complete coverage over the mapping area. CTX provides much greater spatial resolution than the 

image data used for the Edgett (2005) or Hynek and Di Achille (2017) maps, and is appropriate 

for mapping features at the scale of the inverted channels (tens to hundreds of metres). THEMIS-

IR (Day and Night; 100 m/pixel) data were also used to assist with the mapping and to 

differentiate between units; these data also have complete coverage over the mapping area. 

Available HiRISE (~ 0.25 m/pixel) and MOC-NA (~ 3 m/pixel) images that were within and 

immediately surrounding the mapping area were also used (Figure 4.4). As the area lacks good 

stereo coverage for HiRISE and CTX, MOLA and a HRSC DEM quadrangle mosaic (MC11E; 

50 m/pixel) were primarily used to assess topography. No CRISM data is available for the 

mapping area. A full list of the images used in the mapping is provided in Table AII.1. 
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The contacts between different morphological units were digitised as polylines in ArcGIS at a 

scale of 1:10,000, and then converted to polygons for each mapping unit. Linear features, such as 

crater rims, wrinkle ridges, and scarps were digitised as polyline features. Some of the inverted 

channels were too narrow to effectively display as polygons and these were instead recorded as 

polylines. The superposition relationships between different mapping units were then used to 

build a stratigraphy. The inverted channel polylines from Chapter 3 of the surrounding area were 

also included in the map and used in the later analysis. The broader photo-geological mapping 

methods and principles are described in more detail in Chapter 2.  

Craters as small as 50 metres in diameter were counted systematically in the mapping area. 

CraterStats2 software (Michael and Neukum, 2010) was then used to produce cumulative crater 

size-frequency distributions for different units in order to determine their surface ages, whilst 

factoring in how craters formed in relation to specific units (e.g., are the craters visible as ghost 

craters, which pre-date surfaces). Crater diameters for a large regional area (~ 170,000 km2) 

surrounding the mapping area were also extracted from the Robbins and Hynek (2012) crater 

database, which contains all martian craters greater than 1 km in diameter. The regional counts 

were used to provide contextual regional surface ages, giving stratigraphic bounds for the 

mapping area, and also ensuring large craters were factored into the results. The stratigraphic 

relationships of mapping units to large craters of a known age (e.g., Crommelin Crater) that are 

outside or in contact with the mapping area were also used to help contextualise surface ages.  

4.4 Results 

I have divided the results in this chapter into five sub-sections: the geography and physiography 

of the mapping area (Section 4.4.1); the description and interpretation of the geological mapping 

units (Section 4.4.2); crater dates and surface ages (Section 4.4.3); the fluvial and lacustrine 

geomorphology of the study area (Section 4.4.4); and the relationship of the fluvial systems in the 

study area to the regional fluvial sytems (Section 4.4.5). 

4.4.1 Geography and Physiography of Mapping Area 

At its widest, the mapping area ranges from ~ 6.2°N, 350.9°E in the north-west to ~ 4.5°N, 

353.4°E in the south-east. The mapping area is bordered by Crommelin Crater to the west and 

laterally extensive cliffs and plateaus with well-exposed scarps to the east (Figures 4.4 and 4.5). 

Several large (20-30 km) pedestal craters and their ejecta border the north of the mapping area; 

some of the ejecta from the easternmost and largest of these craters (Kalosca Crater) is found 

within the mapping area (Figures 4.4 and 4.5). To the south, the mapping area is bordered by an 

unnamed ~ 30 km inverted impact crater and its ejecta (Figures 4.4 and 4.5).  
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Additionally, in the western half of the mapping area, there is another ~ 30 km inverted impact 

crater, several hundred metres higher than the surrounding terrain (this is also the largest impact 

crater within the mapping area; Figures 4.4 and 4.5). A series of generally east-west trending 

branching and sinuous ridges, interpreted as inverted fluvial channels (see Chapter 3) are present 

throughout much of the mapping area. Topographically, elevations within the mapping area range 

by ~ 800 m (Figure 4.5). The location with the greatest variation of topography is at the edges of 

the map: at the scarps to the east, and at the inverted craters to the west and south. However, 

within the central region of mapping area, the topography is generally low-lying and low-relief, 

varying in elevation by only ~ 100 m or less, across ten of kilometres of distance (Figure 4.5). 

 

Figure 4.4: THEMIS-IR Night mosaic of mapping area (black box) and surrounding region. Clear 

variations in thermophysical properties are visible, indicating lithological diversity throughout the 

mapping area. Red outlines show HiRISE footprints; yellow outlines show MOC-NA footprints. See Figure 

4.1 for context location. 
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Figure 4.5: (A) HRSC DEM (portion of MC11E; 50 m/pixel) overlaid on a THEMIS-IR Day basemap, 

showing mapping area (black box) and surrounding region. The mapping area covers a topographic low, 

surrounded by younger and topographically higher material; (B) Profile A-A’ across mapping area. Infilled 

and inverted impact craters several hundred metres high are found throughout the mapping area. The 

eastern edge of the mapping area is bound by cliffs and plateaus over 500 metres in elevation above most 

of the mapping area. See Figure 4.1 for context location. 
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4.4.2 Geological Mapping Units: Description and Interpretation 

Map Sheet 1 and Map Sheet 2 (see insets) shows the geological map and cross-section of the 

mapping area. The mapping area has been divided into eight different major units, based on their 

morphological characteristics, as well as several different impact crater units. These have been 

categorised into four groups based on their stratigraphy: the Channel Group, the Local Group, the 

Etched Group, and the Impact Units, which are described in reverse stratigraphic order (youngest 

to oldest) in Table 4.1 and below. 

Unit 

Label 

Description Additional 

Characteristics 

Interpretation 

EGr Etched Group ridged unit—

Layered unit with distinctive 

layered surface ridges. Infills 

topography and impact craters. 

Forms regional plateaus. 

Found as outliers. Minimum 

200 metres thickness. (e.g., lat 

5.7°N., long 353.4°E.) 

Surface ridges have no 

obvious trends in orientation 

and form linear, curvilinear 

and circular morphologies. 

Surface ridges erode down 

into buttes and knobs. Surface 

ridges are hundreds of metres 

wide and have tens of metres 

thicknesses. Ghost craters 

visible on surfaces. 

Unconformably superposes 

EGs. 

Sedimentary in origin. 

Complex erosional 

textures and layering 

suggest lithological and 

compositional 

variations within unit. 

CEk Crater Ejecta kalosca unit 
(e.g., lat 5.9°N., long 353.2°E.) 

Multi-layered ejecta blanket. 

Part of pedestal crater. Crater 

rim preserved outside study 

area. Striations present on 

ejecta, radiate away crater. 

 

EGs Etched Group smooth unit—

Smooth and flat surface 

texture. Bright. Forms regional 

plateaus. Up to 50 metres 

thickness. (e.g., lat 5.5°N., long 

353.3°E.) 

Few impact craters. Shares 

gradational contact with EGl.  

Sedimentary in origin. 

Formed in association 

with EGl. 

EGl Etched Group lower unit—

Layered unit. Infills 

topography and impact craters. 

Rough surface texture. Forms 

regional plateaus and erodes 

down to smaller outlying 

buttes and mesas. Hundreds of 

metres thick, up to 400 m. 

(e.g., lat 5.3°N., long 353.2°E.) 

Few impact craters. 

Unconformably superposes 

LGdr, LGmo, LGbp, CGcl, 

LGdb. Shares gradational 

contact with EGs.  

Sedimentary in origin. 

Erosional textures and 

thickness suggest 

lithological and 

compositional 

variations within unit.  

CEs Crater Ejecta southern unit 
(e.g., lat 4.8°N., long 353.3°E.) 

Multi-layered ejecta blanket. 

Crater rim is preserved. 

Striations radiate away from 

crater rim. Crater has been 

infilled with EG units and rim 

eroded to form inverted 

impact crater. 

 

LGdr Local Group dark resistant 

unit—Dark and indurated unit. 

Heavily cratered. Tens of 

metres thick, up to 50 metres. 

(e.g., lat 5.0°N., long 352°W.) 

Unit edges are sharp and 

distinctive. Contains wrinkle 

ridges. Unconformably 

superposes LGmo, LGbp, 

CGcl, CGdb. 

Wrinkle ridges suggest 

possible volcanic unit, 

although no obvious 

source region for 

volcanism. 

Alternatively indurated 

airfall material. 



Chapter 4 Geomorphology and Stratigraphy in Arabia Terra 

96 

 

LGmo Local Group mottled 

overburden unit—Medium-

toned unit with mottled surface 

texture. Occurs in association 

with CGcl. Up to 20 metres 

thickness. (e.g., lat 5.9° N., 

352.3°E.) 

Polygonal fractures 

sometimes associated with 

this unit. Superposes LGbp, 

CGcl, CGdb. Sometime 

interstratified with CGcl. 

Possible alluvial 

material that formed in 

association with CGcl 

or indurated airfall 

material.  

CEw Crater Ejecta western unit 
(e.g., lat 5.5° N., long 

351.2°E.) 

Multi-layered ejecta blanket. 

Some crater rim visible, but 

generally poorly preserved. 

Striations present on crater 

which radiate away from rim. 

Crater has been infilled with 

EG units and eroded to form 

inverted impact crater. 

 

LGbp Local Group bright plains 

unit—Smooth and bright unit. 

Mantles topography. 

Ubiquitous throughout 

mapping area. Tens of metres 

thickness, up to 100 m. (e.g., 

lat 5.3° N., long 352.6°E.) 

Ghost craters visible. Varying 

erosional morphologies. 

Superposes CGcl and CGdb. 

Degraded, sedimentary 

unit. Likely made up of 

multiple layers of 

degraded impact crater 

ejecta. 

CGcl Channel Group channel and 

lacustrine unit—Sinuous and 

branching ridges. Occurs in 

association with LGbp. Up to 

50 metre thickness. (e.g., lat 

5.5° N., long 352.4°E.) 

Multiple ridge branches and 

anabranching geometries. 

Metre to decametre-scale 

layering visible in ridge 

margins. Boulders sometimes 

present. Superposes CGdb. 

Sometimes interstratified with 

LGmo.  

Former channel and 

lacustrine sediment 

indurated against 

erosion and now 

preserved as inverted 

relief.  

CGdb Channel Group dark basal 

unit—Dark unit. Occurs in 

association with CGcl. 

Unknown thickness, likely tens 

of metres or less. (e.g., lat 5.3° 
N., long 352.3°E.) 

Contains decametre-scale 

polygonal fractures and 

ridges in areas proximal to 

CGcl. Very bright in 

THEMIS-IR night. Ghost 

craters visible. Pits and knobs 

present throughout unit. 

Likely formed in 

association with CGcl. 

Possible alluvial plains. 

Polygons suggest 

presence of 

phyllosilicates by 

analogy with Newsom 

et al. (2010). 

CEc Crater Ejecta crommelin 

unit (e.g., lat 5.5° N., long 

350.9°E.) 

Multi-layered ejecta blanket 

associated with Crommelin 

crater (outside mapping 

outside). Some striations 

present on ejecta surface 

radiating away from crater 

rim. 

 

Table 4.1: Geological map units. 

4.4.2.1 Channel Group 

Two mapping units make up the Channel Group: the dark basal (CGdb) unit and the channel and 

lacustine (CGcl) unit. The lowermost and oldest mapping unit exposed is the dark basal unit 

(Figure 4.6), which is dark-toned in visible-band images, although very bright in THEMIS-IR 

Night, suggesting that is made of a well-consolidated material. The presence of multiple ghost 

craters within CGdb suggests that the CGdb is thin (tens of metres or so). Although CGdb is flat, 

layering is sometimes visible in HiRISE images, exposed in the walls of impact craters, indicating 

that CGdb is sedimentary. CGdb also contains metre to decametre-scale polygonal fractures and 
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ridges, which are visible at HiRISE and CTX resolutions and exhibit a range of different 

morphologies (similar polygons were observed adjacent to inverted channels elsewhere in 

Chapter 3; Figure 3.8 and by Newsom et al., 2010). The polygons appear best preserved proximal 

to the ridges (CGcl), suggesting a spatial association. CGdb is interpreted as a possible alluvial 

plain that formed in association with CGcl, which was postulated in Chapter 3. 

 

Figure 4.6: (A) HiRISE image of CGdb, showing ghost craters and polygonal fractures and ridges; (B) 

CTX image showing CGcl and the LGbp clearly superposing CGdb; (C) CGdb is bright in THEMIS-IR 

Night, suggesting that is composed of a consolidated material. See Figure 4.4 for context location. 

The channel and lacustrine unit (Figure 4.7) is found overlying (and probably interbedded with) 

CGdb. CGcl is composed of two components: (1) single-threaded ridges, which are both 

branching and sinuous, interpreted as inverted fluvial channels; and (2) raised rounded deposits, 

connected to the inverted channels, which are interpreted as inverted lacustrine deposits. The 

detailed fluvial and lacustrine morphologies are discussed in more detail in Section 4.4.4. In some 

cases, ridges can be seen being exhumed from beneath LGbp (in these cases, the ridges have been 
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highlighted as polylines, rather than as a polygon). The Channel Group has been buried by both 

the Local Group and Etched Group, interspersed with episodes of erosion and exhumation. At the 

eastern edge of the map, CGcl and CGdb are clearly unconformably superposed by cliffs that 

make up the Etched Group units (e.g., eastern edge of Figures 3.5B and 4.6C), as well as by local 

outliers of the Etched Group (e.g., Figure 4.8A). 

 

Figure 4.7: CTX images of the CGcl, which generally overlies CGdb. It can appear as (A) anabranching 

ridges and (B) single-threaded ridges. LGbp cross-cuts both CGdb and CGcl, indicating that the contact 

is unconformable (dashed line shows contact). See Figure 4.6 for context locations. 

4.4.2.2 Local Group 

Three mapping units make up the Local Group (LG): the bright plains (LGbp) unit, the mottled 

overburden (LGmo) unit, and the dark resistant (LGdr) unit. LGbp unconformably overlies the 

Channel Group, as indicated by its direct superposition of both CGdb and CGcl (e.g., Figure 

4.7B). LGbp is generally smooth, although heavily cratered in places and is nearly ubiquitous 

across the mapping area. LGbp is bright in visible images and dark in THEMIS-IR Night, 

indicating that it is relatively low thermal inertia (unconsolidated) material. LGbp is of variable 

thickness and drapes over topography. Multiple ghost craters and ridges, interpreted as shallowly 

buried inverted channels, indicate that LGbp is probably tens of metres thick or less (Figure 4.8). 

LGbp is likely sedimentary in origin, made up of multiple layers of degraded impact crater ejecta, 

airfall material, and other unconsolidated materials. At the west of the map, LGbp and the Channel 

Group are superposed by CEs. 
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Figure 4.8: (A) CTX image of LGbp, which is generally bright with a smooth texture. LGbp contains ghost 

craters and is superposed outliers of EGl; (B) CTX image showing an inverted channel that has been 

shallowly buried by LGbp. See Figure 4.4 for context locations. 

The mottled overburden (LGmo; Figure 4.9) unit displays a complex stratigraphy. While LGmo 

is clearly above CGdb, it appears to be both above and interbedded with CGcl and LGbp, possibly 

due to erosional effects. LGmo also superposes CEw. LGmo is a medium-toned unit with an 

uneven, mottled surface texture, which is sometimes similar to the inferred lacustrine deposits 

with CGcl. Geographically, LGmo appears mostly restricted to the northern part of the mapping 

area. LGmo outcrops in patches, raised above the surrounding material and appears to be up to 

tens of metres thick. Although its origin is unclear, LGmo may be alluvial material, or an 

indurated aeolian or volcaniclastic deposit.  

 

Figure 4.9: CTX images of the LGmo. LGmo is generally above the Channel Group and LGbp, and is tens 

of metres thick. LGmo has a mottled or pitted surface texture. See Figures 4.4 and 4.16 for context locations. 
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The dark resistant (LGdr; Figure 4.10) unit superposes the Channel Group, LGbp, and LGmo, 

again indicating that there was a period of erosion before the emplacement of LGdr. LGdr is dark 

and indurated, with sharp and distinctive edges, which suggests that it was previously more 

extensive. LGdr also strongly retains impact craters, suggesting it is composed of a highly-

consolidated material that is resistant to erosion, and is up to tens of metres thick. LGdr contains 

a prominent wrinkle ridge (Figure 4.10A), indicating that LGdr could probably be a lava flow 

(Greeley et al., 2005). LGdr also has several areas with rounded margins (Figure 4.10B), although 

these are poorly defined and do not clearly follow topography, and cannot clearly be interpreted 

as a lobate flow margins. There is no obvious source region or vent for LGdr, making the lava 

flow interpretation difficult to account for. LGdr could alternatively be an indurated aeolian or 

volcaniclastic unit. 

 

Figure 4.10: (A) CTX image of the LGdr showing a wrinkle ridge within the unit; (B) LGdr overlies LGbp 

and is itself overlain by erosional outliers of EGl. Note that LGdr much more strongly retains impact craters 

than LGbp. See Figure 4.4 for context locations. 

4.4.2.3 Etched Group 

Three mapping units make up the Etched Group: the lower (EGl) unit, the smooth (EGs) unit, and 

the ridged (EGr) unit (Figure 4.11). There is an unconformity between the Etched Group and the 

Local and Channel Groups, as EGl directly superposes different units from the Local and Channel 

Groups. The Etched Group mainly occurs as regional cliffs and plateaus, hundreds of metres high, 

as well as eroded outliers (Figure 4.8). The Etched Group was previously more extensive, as 

demonstrated by the presence of outliers, and buried the entire mapping area to a depth of at least 

500 m, before being eroded back, exhuming the Channel Group and Local Group. The Etched 

Group appears to be made of sedimentary material, much of which is indurated and able to form 

high, steep cliffs. 
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EGl is a layered unit, with a rough and mottled surface texture (Figure 4.11A and B). EGl occurs 

as cliffs and plateaus, hundreds of metres thick, mostly to the east and south of the mapping area, 

which erode down to smaller, outlying buttes and mesas. EGl has lateral variations in erosional 

textures and thicknesses, suggesting there may be lithological or compositional variations within 

EGl. EGl unconformably superposes the Local Group and the Channel Group. The contact 

between EGl and EGs appear to be conformable and the contact between the two units is 

transitional and no other units are interbedded. EGs erodes more easily than EGl. In contrast to 

EGl, EGs exhibits a smooth and flat surface texture, and is up to 50 metres thick (Figure 4.11C).  

EGr is the uppermost etched unit found in the mapping area (Figure 4.11D and E). There is a 

temporal unconformity between EGs and EGr; CEk occurs between EGs and EGr (Map Sheet 1). 

Multiple other large impact craters are interbedded within EGr (Figure 4.11D). EGr comprises 

the plateaus at the top of the Etched Group sequence, and is also found capping the inverted craters 

to the west and south in the mapping area (CEw and CEs). The main EGr plateau at the eastern 

edge of the mapping area extends for several hundred kilometres east of the mapping area 

boundary. EGr is another layered unit that is generally dark in tone with distinct ridges on its 

surface. The ridges have no particular orientation and form a variety of linear, curvilinear, and 

circular morphologies. The ridges erode down into a smaller buttes and mesas. EGr is at least 150 

metres thick and contains interbedded impact craters. The complex erosional textures and layering 

within EGr indicate that there are lithological and compositional variations within this unit.  
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Figure 4.11: Etched Group units. (A) CTX image of erosional outlier of the EGl, which unconformably 

overlies the Channel and Local Groups. Layering is visible throughout the unit, indicating it had a 

sedimentary origin; (B) CTX image of EGl, found at the edge of the eastern cliffs. Differential erosion 

patterns suggests compositional or textural variations within EGl; (C) HiRISE image of the EGs, which 

has a smoother texture than and is found above EGl; (D) CTX image of EGr, which unconformably overlies 

EGl and EGs. EGr contains distinct layered ridges on its surface, which are themselves layered, indicating 
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a sedimentary origin. The differential erosion patterns within EGr indicate compositional or textural 

variations within EGr; (E) CTX image of the stratigraphic sequence of the Etched Group. See Figures 4.4 

and 4.16 for conext locations. 

4.4.2.4 Crater Ejecta and Impact Units 

Three large (30-40 km) impact craters and their ejecta blankets cover much of the mapping area, 

to the north, south, and west, and which I have therefore included in the stratigraphy as individual 

units. In stratigraphic order (oldest to youngest), they are: the Crater Ejecta western unit (CEw), 

the Crater Ejecta southern unit (CEs), and the Crater Ejecta kalosca unit (CEk). CEw and CEs 

have been infilled by the Etched Group and have had most of their crater walls removed, forming 

inverted craters. However, both the ejecta blankets from CEw and CEs are still clearly preserved. 

CEk has been infilled with EGr, and the material surrounding the crater ejecta has been removed 

to leave CEk raised as a pedestal crater (in contrast to an inverted crater, the crater rim and ejecta 

are well-preserved). All three of the ejecta blankets from CEw, CEs, and CEk clearly superpose 

the Channel Group and the LGbp.  Ejecta from Crommelin Crater (CEc) is also found at the 

western edge of mapping area, and has been included as a distinct crater unit. Although CEc 

superposes some buried impact craters at the western edge of the map, it seems to be generally be 

beneath all major mapping units.  

Four additional impact units were defined within the mapping area that reflect their state of 

preservation: Impact recent (Ir) units, Impact degraded (Id) units, Impact buried (Ib) units, and 

Impact etched (Ie) units. Impact recent units are craters with well-defined crater rims and 

preserved ejecta blankets (Figure 4.12A). Impact degraded units are craters with recognisable 

rims but lacking ejecta blankets (Figure 4.12B). Impact buried units are craters with poorly 

recognisable rims that have nearly or completely buried by younger units (Figure 4.12C). Impact 

etched units are craters that have been infilled with Etched Group material (Figure 4.12D). Ie 

craters pre-date the formation of the Etched Group as they have subsequently been infilled with 

these materials. 
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Figure 4.12: CTX images of impact crater units throughout the mapping area. (A) Ir craters, which have 

well defined crater rims and preserved ejecta blankets; (B) Id craters, which are craters with recognisable 

rims but no ejecta blankets; (C) Ib craters, which are craters with poorly to no longer recognisable crater 

rims, and have been infilled and/or buried by non-Etched Group material. The crater has been infilled with 

LGdr and buried by CEw; (D) Ie craters are craters that have been infilled with Etched Group material. 

See Figure 4.4 for context locations. 

4.4.3 Crater Dates and Surface Ages 

Crater count results for the region and the mapping units are shown in Figures 4.13 and 4.14. The 

results from the mapping area units should be used with caution for two reasons: (1) the size of 

the mapping area (12,000 km2) could lead to the artificial exclusion of large craters from the 

counts (Warner et al., 2015); and (2) the entire mapping area has been re-surfaced by a 

combination of burial and denudation, and hence crater ages that follow isochrons may be 

showing the exposure ages of surfaces rather than formation ages. The ages can be better 

constrained by stratigraphic relationships as well as the regional crater count. Within the mapping 

area, two craters of known age (from Hynek and Di Achille, 2017) can be used to help constrain 

the stratigraphy: Crommelin (CEc; mid- to late Noachian), Kalosca (CEk; mid- to late Noachian). 
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The results from the regional crater count are shown in Figure 4.13 and the crater count area is 

shown in Figure AI.3. The regional crater size-frequency distributions from the Robbins and 

Hynek (2012) database follow distinct isochrons, which provide regional maximum surface ages 

and can be used for context, as this covers a much larger, regional area. The maximum surface 

age is ~ 3.85 Ga (mid-Noachian; Michael, 2013). Since then the region has been extensively 

resurfaced, as indicated by the deviations of the crater counts from the isochrones throughout.  

 

Figure 4.13: Crater size-frequency distribution plot for a 170,000 km2 area around the mapping area in 

south-western Arabia Terra. The maximum regional surface age is ~ 3.85 Ga, (i.e., mid-Noachian). 

For the mapping units (Figure 4.14), ages were determined for CGdb and CGcl (combined), 

LGbp, CEw, LGmo, LGdr, CEs, EGl and EGs (combined), and EGr. The crater count areas for 

each unit are shown in Figure A1.2. CGdb and CGcl were combined in the crater count, seeing 

as they are interbedded and thus likely formed contemporaneously (Figure 4.14A). The maximum 

ages follow the 3.8 ± 0.1 Ga isochron (mid-Noachian; Michael, 2013), followed by extensive 

resurfacing. Similarly, LGbp gives a maximum age of 3.8 ± 0.1 Ga (mid- to late Noachian; 

Michael, 2013), again followed by extensive resurfacing (Figure 4.14A). Both of these are 

interpreted as formation ages: CGdb, CGcl, and LGbp are the lowest stratigraphic units on the 

map and these ages are consistent with maximum surface ages from the regional crater count. 

LGbp also shows a second age that follows an isochron, at 1.5 ± 0.1 Ga (early Amazonian; 
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Michael, 2013; Figure 4.14B). Given that the entire mapping area has been exhumed, this is 

interpreted as an exposure age. 

CEw shows two ages at 1.1 ± 0.1 Ga and 440 Ma ± 10 Ma (mid-Amazonian; Michael, 2013; 

Figure 4.14C). These are likely to be exposure ages, rather than formation ages, as CEw is one of 

the oldest units on the map and has been infilled by the Etched Group, the lowermost of which 

has a mimum age of 3.7 Ga (Hynek and Di Achille, 2017). The two ages thus suggest a 

complicated history of resurfacing. LGmo shows an age of 370 ± 20 Ma (mid-Amazonian; 

Michael, 2013), which is likely to be an exposure age. LGdr shows two distinct ages at 1.0 ± 0.4 

Ga and 460 ± 8 Ma (mid-Amazonian; Michael, 2013; Figure 4.14D), both of which are again 

likely to be exposure ages.  

CEs has an age of 2.6 ± 0.5 Ga (Figure 4.14E), yet again likely to be an exposure age as this 

crater has again been infilled by the Etched Group. EGl and EGs show an age of 3.0 +0.4/-1 Ga 

(early Amazonian; Michael, 2013), while EGr shows an age of 3.6 +0.1/-0.4 Ga (early Hesperian; 

Michael, 2013; Figure 4.14F). EGr may be showing a formation age, which is consistent with 

estimates from Hynek and Di Achille (2017) of when the Etched Group formed. As EGr clearly 

overlies EGl and EGs, the EGl and EGs age may therefore be an exposure age. However, because 

these ages are derived from relatively few craters (5 and 3, respectively), and the error bars are 

large, they should be treated with caution. 

Overall, the results from the crater counts can be simplified into several main trends. If the ages 

of the stratigraphically oldest and youngest units are to be believed, then all the mapping units 

(excluding recent impact units) formed during the mid-Noachian to early Hesperian (3.9-3.6 Ga). 

This is generally consistent with the maximum surface ages from the regional count in Figure 

4.13 (mid-Noachian; 3.85 Ga). Additionally, the lower surface of CGdb and the upper surface of 

EGs are both stratigraphically bound by craters that are mid- to late Noachian in age (CEc and 

CEk, respectively), suggesting that units CGdb to EGs were emplaced during this time.  

EGr may then have formed during the early Hesperian (3.6 Ga; Figure 4.14F). The mapping area 

was then extensively surfaced, likely by burial or erosion, and units have since been sequentially 

exposed, probably through multiple episodes of denudation. Many of the older mapping units 

(LGbp, CEw, LGmo, and LGdr) show two distinct exposure ages both during the mid-Amazonian 

(1.5-1.0 Ga and 440-370 Ma), both of which are followed by extensive resurfacing.  
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Figure 4.14: Crater size-frequency distribution plot for different mapping units; (A) CGdb, CGcl, and 

LGbp; (B) CEw; (C) LGmo; (D) LGdr; (E) CEs; (F) EGl, EGs, and EGr. Ages show formation and exposure 

ages for different units. See text for interpretations. 
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Figure 4.15: Generalised stratigraphy of the mapping area. The wavy lines show unconformities between 

map units. Note that map units are displayed to show maximum vertical thickness, however, this will often 

appear less on the map due to the multiple erosional surfaces throughout the sequence. The change in the 

width of the unit in the diagram shows the erosional profile with elevation (e.g., they become progressively 

more eroded upwards). All map units fall within the Middle Noachian highland (mNh) and the Hesperian 

and Noachian highland undivided (HNhu) units in the stratigraphy of Tanaka et al. (2014). 
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4.4.4 Fluvial and Lacustrine Geomorphology 

The inverted channels which occur throughout the mapping area have been classified into four 

groups based on their geography (Figures 4.5 and 4.16): the Central, Southern, Northern, and the 

North-western inverted channel groups (although the North-western inverted channel is outside 

the mapping area, it is still within the erosional window, and analysis of it is included). Note this 

naming division is solely for nomenclature purposes; these systems were probably interlinked. 

The apparent drainage direction of all the inverted channels is to the west or north-west, which is 

interpreted from the convergence direction of tributary channels, and consistent with the local 

slope. Throughout the erosional window, the average drainage density of the combined fluvial 

systems is 0.032 km-1. The drainage area was measured using the confines of the erosional 

window, and is thus likely to be a significant underestimate of the true drainage area. 

 

Figure 4.16: CTX images of groups of inverted channels throughout the mapping area. (A) Central inverted 

channel group; (B) Northern inverted channel group; (C) Southern inverted channel group. A fourth group,  
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the North-western inverted channels group, is shown in Figure 4.19C. Drainage direction has been 

determined from the convergence direction of tributary channels. See Figure 4.4 for context locations. 

CGdb appears spatially associated with the inverted channel systems. The inverted channels 

appear to be both above and being exhumed from within CGdb. Polygonal fractures and ridges 

are extensive throughout CGdb (Figure 4.6A). These polygons are best preserved nearest the 

channel margins, suggesting they have a spatial association with the channels. The presence of 

ghost craters (buried impact craters; Figure 4.6A) within CGdb also indicates that this unit is thin, 

or formed episodically, allowing impact craters to accumulate during or intermittent to CGdb 

formation. Boulders are present on the inverted channel top surfaces and margins (CGcl), but 

decrease in abundance into CGdb, supporting a compositional or textural variation between the 

two units (Figure 4.17). 

 

Figure 4.17: HiRISE IRB image of Central inverted channel. Boulders are visible on the channel top 

surface and margins (CGcl), but decrease in abundance away from the channels (into CGdb). 

Channel widths are variable, up to a maximum of around 1 km across. In some examples (e.g., 

the Central inverted channel), the channel width increases in the apparent downstream direction, 

from ~ 100 m across at the upstream end nearly 1 km at the downstream end (Figure 4.18). This 

suggests (but is not necessarily indicative of) an increase in discharge downstream, and hence a 

contributory system with a distributed source of water (other factors such as changes in slope will 

also affect channel width). However, due to poor preservation, downstream increases in channel 

width are not obvious in the rest of the inverted channel systems in the mapping area. The sharp 

edges of the inverted channels suggest that they have recently been or are actively being eroded, 

and that the inverted channels may have originally been much wider (i.e., the current ridge width 

is not necessarily reflective of original channel width). In places, the inverted channels have been 

so extensively eroded that smaller tributary systems may have been completely removed (e.g., 

Figure 4.16C) 
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Like the channel widths, the ridge heights are also observed to change in the downstream 

direction. The height of the Central inverted channel group increases in the downstream direction, 

from around 10-20 m to up to 60 m. Although ridge height does not represent channel depth and 

rather gives an indication of the thickness of CGdb removed (as discussed in Chapter 3), the 

change in ridge height may reflect a general increase in channel depth downstream. 

 

Figure 4.18: Changes in ridge width from east to west along the Central inverted channel group (Figure 

4.17A). Ridge widths increase from less than 100 m to several hundred metres. 

While many of the inverted channels exhibit clear evidence for anabranching geometries (Figures 

4.7A and 4.16B), in the Central and Northern inverted channel groups), evidence for 

morphological features indicative of channel migration such as meanders and scroll bars is 

lacking. The Central inverted channel group has a sinuosity of ~ 1.23. Multiple generations of 

inverted channels are visible that have migrated laterally (through avulsions) and possible 

evidence for aggradation is perhaps visible, too, as indicated by the presence of buried channels 

that are being exhumed. These geometries and morphologies are best preserved in the Central 

inverted channel group.  

There are three convincing examples of inverted lacustrine deposits within the erosional window 

(in the Central and North-western inverted channel groups; Figure 4.19), all of which have inlet 

and outlet inverted channels and are included in Table 3.2. These inverted palaeolakes are thus 

interpreted as open basin systems. Like those discussed in Chapter 3, these small palaeolakes all 

appear to be the remains of impact craters that have become infilled with lacustrine deposits and 

later inverted.  

The inverted palaeolake at the western end of the Central inverted channel system contains 

concentric topographic benches, which may be incisional terraces that formed due to progressive 

drops in base level, possibly as aqueous processes were waning. The outlet channels to Central 
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palaeolake deposit (Figure 4.19A) contrast to the inverted channels elsewhere in the mapping 

area. The channels here appear as semi-continuous, streamlined lenses, which radiate from the 

south-western side of the palaeolake deposit. These could be the remains of braided rivers (or 

their islets), or streamlined islands, which formed by floods when the lake episodically burst its 

banks. 

4.4.5 Relationship to Regional Fluvial Systems 

Outside the erosional window, two main groups of well-preserved inverted channel systems are 

located nearby (Figure 4.20). Around 200 km to the east of the mapping area, there are a series of 

inverted channels, exposed in another erosional window, beneath the etched units (Hynek and Di 

Achille, 2017) which appear to be radiating outward from the outer walls of impact craters (see 

also Figure 3.10; herein referred to as Window 2). The inverted channels in Window 2 are up to 

several hundred metres in width, and, topographically, they are up to ~ 600 m higher in elevation 

than the inverted channels within the mapping area (Figure 4.20C).  

Several hundred kilometres to the north of the mapping area are a series of sinuous inverted 

channels, up to 1-2 kilometres in width and best preserved in segments up to ~ 200 km in length 

(Figure 4.20). Although many of these inverted channels are up to ~ 300 km north of those in the 

mapping area, the decreases in elevation are only 50-200 m. The best studied of this group of 

inverted channels is the Aram Dorsum system. Aram Dorsum is an anabranching inverted channel 

system that is ~ 100 km long (Balme et al., 2016; Figure 3.5A), found around 200 km to the north-

west of the mapping area. Topographically, Aram Dorsum is ~ 200 m lower in elevation than the 

inverted channels within the mapping area (Figure 4.20C).  
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Figure 4.19: Inverted lacustrine deposits within the erosional window. (A) CTX mosaic of palaeolake 

deposit at the western end of the Central inverted channel system, which contains concentric topographic 

benches. Possible outlet channels are visible at the western edge of the deposit (these could, conceivably 

represent an older series of outlet channels). Flow direction was from east to west. (B) Topographic profile 

across (A) showing 10-20 m high topographic benches, which could be the remains of incisional terraces 

formed due to drops in base level. (C) CTX image of inverted palaeolake deposits with well-defined inlet 

and outlet channels in the North-western inverted channel group. The palaeolake deposits are all likely to 

be the remains of infilled impact craters that were once open-basin lakes. See Figure 4.4 for context 

locations. 
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Figure 4.20: (A) Inverted channels (black lines) and palaeolakes (blue dots (this study) and green dots 

(Chuang et al., 2016)) in the mapping area and south-western Arabia Terra on a MOLA topographic and 

hill shaded relief map. The dashed blue lines show potential drainage directions (generally to the north 

and north-west). The convergence direction of inverted channel segments is generally towards decreases 
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in topography and in the direction of slopes, indicating that the segments may have once been contiguous. 

This suggests that the palaeo-surface of an integrated series of inverted channels and flood plains in Arabia 

Terra is exposed, rather than multiple exposures of unrelated fluvial systems.  (B) Profile C-C’ across 

south-west Arabia Terra. Blue stars show the approximate location of inverted channels. (C) Profile D-D’ 

across south-west Arabia Terra. Blue stars show the approximate location of inverted channels. 

4.5 Discussion 

4.5.1 Geological Mapping Units: Interpretation, Formation, and Stratigraphy 

Whilst the stratigraphy of the mapping area broadly agrees with the conclusions of the previous 

chapter, the geological history of the mapping area and the wider south-western Arabia Terra 

region is more complex than presented in Figure 3.14. The crater counts of the mapping units, the 

regional crater count, and the crater stratigraphy indicate that all the geological mapping units 

were likely formed during the mid-Noachian to early Hesperian (3.9-3.6 Ga), during a complex 

period of deposition, burial, and erosion. 

Direct evidence for fluvial and lacustrine processes is limited to the lowermost and oldest units 

(CGcl and CGdb). CGdb is the lowermost non-impact unit found throughout the mapping area, 

and no other older terrains appear exposed. Inverted channels, or other strong evidence for fluvio-

lacustrine processes, were not found outside of the Channel Group. Thus, reinforcing the 

conclusions of the previous chapter, fluvial processes appear constrained to the mid- to late 

Noachian (~ 3.9-3.7 Ga). However, aqueous processes such as the formation of ephemeral lakes 

and evaporites due to groundwater upwelling may have continued into the Hesperian, up sequence 

at nearby Meridiani Planum (Grotzinger et al., 2005; Andrews-Hanna et al., 2010; Andrews-

Hanna and Lewis, 2011). Precipitation and runoff-driven processes, which formed the fluvio-

lacustrine systems in the mapping area, may have transitioned to predominantly groundwater-

driven processes as the climate transitioned at the Noachian/Hesperian boundary (Andrews-

Hanna and Lewis, 2011). The geomorphology and its interpretation in terms of fluvial and 

lacustrine processes, both in the mapping area and more regionally, are discussed in section 4.5.2 

and 4.5.3.  

As is seen more widely across Arabia Terra (Figure 3.14), the inverted channels and the 

surrounding alluvial material were exhumed prior to the emplacement of the Etched Group. 

However, the Local Group indicates that a variety of geological processes occurred in the time 

period between the deposition of the Channel Group and that of the Etched Group formation. 

Stratigraphic relationships indicate that channel exhumation began prior to the formation of the 

Local Group. Tens of metres of sediment (LGbp and LGmo) appears to have accumulated 

throughout the mapping area. In the case of LGbp, this was likely be from a variety of sources, 

including local impact ejecta and airfall material, as it drapes over topography and contains ghost 

craters. Unlike LGbp, LGdr is more texturally uniform. LGdr may be volcanic in origin, or 
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alternatively composed of indurated airfall material. Multiple erosional events occurred 

throughout this period, both during and after the formation of the Local Group. 

These results are in contrast to the maps of Edgett (2005) and Di Achille and Hynek (2016), which 

both group the material in the mapping area beneath the etched units as one unit: the “Lower unit” 

and “Nhc1”. A significant observation is that despite the low-elevation and age of the mapping 

area, none of the mapping units appear obviously volcanic, with the possible exception of LGdr. 

There are no obvious outcrops of the purported “Noachian volcanic basement”, thought to be 

representative of the original martian crust (see Edgett (2005) for detailed discussion). Instead, 

various fluvial, aeolian, volcaniclastic (e.g., deposition of volcanic ash) and other sedimentary 

processes shaped the oldest terrains of the mapping area.  

The geology of the etched units (Etched Group) is complex. While the main focus of this study is 

not on the etched units themselves, but rather their relationship to the Arabia Terra fluvial systems, 

several remarks can still be made about their stratigraphy and geological evolution. I have 

classified the Etched Group into three different units, which matches the interpretation Hynek and 

Di Achille (2017; three units; Figure 4.2) and Edgett (2005; two units; Figure 4.3). However, 

given the geological variation within the Etched Group units (in particular, within EGl and EGr; 

Figure 4.11), this is likely to be a gross simplification of a very complex stratigraphy.  

Extensive, sub-horizontal layering, as well as erosional and textural variation, throughout the 

majority of the Etched Group, is strongly consistent with a sedimentary origin. The regional crater 

stratigraphy and the map unit crater counts suggests that Etched Group formation occurred during 

the latest late Noachian to early Hesperian, before a prolonged period of erosion. This is consistent 

with the conclusions of Fassett and Head (2007) and Zabrusky et al. (2012), who suggested that 

after their emplacement, the etched units were rapidly eroded over a period of several hundred 

millions years at the Noachian/Hesperian boundary.  

There appears to have been a significant time gap and period of erosion between the formation of 

EGs and EGr, indicated by the formation of Kalosca Crater (CEk; 35 km), north of the mapping 

area and found in between EGs and EGr. It is not clear if this period of erosion exposed the now 

buried Local and Channel Groups, prior to the formation of EGr. However, given that none of the 

Local and Channel Groups have exposure ages greater than ~ 1.5 Ga (Figure 4.14), and that in no 

locations does EGr directly superpose them, it is unlikely. The Local and Channel Groups were 

probably still buried during the formation of EGr. 

The crater count results (Figure 4.14F) suggest that the formation of EGr occurred during early 

Hesperian (~ 3.6 Ga). Given the presence of large impact craters interbedded with EGr, the 

formation of EGr may have been prolonged or intermittent. The ridges within EGr (Figures 3.2A 

and 4.11D) are particularly perplexing. Their morphology suggests they are strongly resistant to 
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erosion, and their sub-horizontal layering indicates that they are sedimentary. While sometimes 

these ridges show polygonal patterns, they generally show no preferred orientation. I agree with 

the conclusions of Edgett (2005) that while these ridges do not resemble inverted channel systems 

in Arabia Terra or elsewhere on Mars, they may have originally been troughs that were infilled 

with indurated sediment, and have since been exhumed and inverted. This may have been 

influenced by the predicted upwelling of groundwater in south-western Arabia Terra (Andrews-

Hanna et al., 2010; Andrews-Hanna and Lewis, 2011), and the formation of evaporite deposits 

(observed at Meridiani Planum; Grotzinger et al., 2005) throughout the wider etched units. 

Outcrops of the Hesperian deposits observed at Meridiani Planum, which are found capping the 

etched units (flat-lying, light-toned, with a low-albedo mantle; Plains forming unit (Edgett 2005); 

HMh (Hynek and Di Achille, 2017)), were not seen in the mapping area. This indicates that the 

processes forming these rocks may have been localised to Meridiani Planum or that they were 

deposited but have since been removed from the regions further north. Multiple episodes of burial 

and erosion appear to have occurred since the formation of EGr, as indicated by the complicated 

resurfacing history in the crater counts (Figure 4.14). EGl and EGs show an exposure age of ~ 3.0 

Ga, while the Local and Channel Group units show exposure ages during the mid-Amazonian 

(1.5-1.0 Ga and 440-370 Ma). This indicates that the units throughout the mapping area have been 

sequentially, but discontinuously exposed, in reverse stratigraphic order (youngest first). The 

recent exposure ages of the Local and Channel Group units indicate that the mapping area may 

be experiencing ongoing exhumation today.  

4.5.2 Comparison to Aram Dorsum 

The well-studied Aram Dorsum system (Balme et al., 2016; Figure 3.5A) presents an opportunity 

for comparison of the mapping area stratigraphy with that of a nearby inverted channel system 

(Figure 4.21; ~ 200 km north-west of mapping area). As discussed in Chapter 3, although Aram 

Dorsum uniformly occurs on the NMe1 unit (an etched unit, mid- to late Noachian in age) in the 

Hynek and Di Achille (2017) stratigraphy, recent high-resolution mapping by Balme et al. (2016) 

shows that the inverted channels at Aram Dorsum are actually beneath this material. Like the 

work presented in this chapter, the Balme et al. (2016) map was also made at CTX-resolution. 

The Aram Dorsum inverted channels are also superposed by a combination of local overburden 

material and the etched units, and there are multiple temporal unconformities and erosional 

surfaces present within the stratigraphy. Fluvial and alluvial processes (INsb, INrb, and INei) at 

Aram Dorsum occurred during the mid- to late Noachian (> 3.7 Ga; Balme et al., 2017). Channel 

exhumation and inversion appears to have occurred prior to the formation of the Local 

Overburden units. The Basal Units (INic, INm, and INt) at Aram Dorsum are texturally similar 

to CGdb (and have been further sub-divided than CGdb). The Local Overburden units (NHulp 
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and NHecp) at Aram Dorsum are made of plains forming units, which are low-lying and likely 

made up of a combination of ejecta, aeolian, and possibly fluvial sediments. The Local 

Overburden units probably formed during the late Noachian (Balme et al., 2017). 

 

Figure 4.21: Geological map of Aram Dorsum, an exhumed inverted channel in Arabia Terra, ~ 200 km 

north-west of the mapping area. Aram Dorsum presents a similar stratigraphy to the mapping area. 

Adapted from Balme et al. (2017). 

As in my mapping area, etched units are found unconformably overlying the Fluvial and Alluvial 

and Local Overburden units in the Balme et al (2016) map. In the Aram Dorsum stratigraphy, the 

etched units are is referred to as the Regional Group, divided into the lower and upper regional 

unit (Balme et al., 2016; eHuro and eHlro). These two units appear similar to EGs and EGl within 

my mapping area, respectively. Isolated ridges similar to those in the EGr in my mapping area 

also outcrop at the south-eastern edge of the Aram Dorsum mapping area. Other than these rare 

occurrences, EGr does not occur at Aram Dorsum.  

The Aram Dorsum stratigraphy (Balme et al., 2016) is therefore broadly similar to the stratigraphy 

of the mapping area presented in this chapter. Differences are minor, and seem to be mostly be 

due to variations in mapping techniques and nomenclature methods. The similarities of these two 

sets of stratigraphy, developed independently, are further evidence of the complicated nature of 
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geological processes, both aqueous and non-aqueous in nature, which occurred in Arabia Terra 

during the Noachian period. However, given that Aram Dorsum and the mapping area are only ~ 

200 km apart, this stratigraphy may digress more regionally, as there are likely to be variations 

due to local geological processes elsewhere, outside of south-western Arabia Terra. 

4.5.3 Fluvial Processes in the Mapping Area 

Inverted channels were likely to have originally been much more extensive across the mapping 

area, with a much higher drainage density. The semi-continuous nature of the inverted channels 

indicates that many of them have been extensively eroded. Many more channel bodies may still 

be buried as indicated by the exhumation of channel bodies from within the surrounding plains 

(CGdb). The already high drainage density (0.032 km-1) for the erosional window is consistent 

with a formation involving precipitation-driven surface runoff; this value is likely to have once 

been even higher, when considering those channels that may have been eroded completely.  

The anabranching fluvial geometries of the inverted channels in the erosional window is strong 

evidence for a multi-channel river system, formed in stable banks, within a flood plain (Makaske 

et al., 2001). The lack of meander or scroll bar deposits indicates that the primary method of 

lateral channel migration was by avulsion and channel switching, driven by aggradation and the 

deposition of channel sediment (Makaske et al., 2001). In the absence of vegetation, bank stability 

could be influenced by the composition of the channel banks (e.g., the presence of ice, a coarse 

channel load, or a high clay content), the local slope, or discharge (Makaske et al., 2001). In 

terrestrial arid environments, the formation of duricrusts has also been recognised as a significant 

factor in channel confinement and the development of anabranching rivers (e.g., Gibling and Rust, 

1990). Two possible mechanisms of inverted channel formation on Mars and the Earth are the 

presence of coarse channel sediment and the formation of duricrusts (Pain et al., 2007; see Chapter 

3 for discussion); these could have also contributed to channel confinement and the development 

of ananbranches when the channels were active. 

The sinuous and anabranching geometries, and the presence of lacustrine deposits, indicates that 

standing water, forming ponds of various scales, occurred throughout the erosional window. The 

three recognisable inverted palaeolakes in the erosional window may have been preserved 

because they were originally formed in impact craters, a local source of accommodation space 

which allowed relatively thick deposits of sediment to build up in an otherwise flat landscape. 

Many more shallow palaeolakes may have once existed throughout the erosional window but are 

poorly preserved and not recognisable in CTX images. Additional water and sediment was 

probably deposited in the surrounding plains (CGdb) during bank overspill events, forming flood 

plain and possibly crevasse splay deposits (although there is no direct evidence for the later). 
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4.5.4 Drainage Directions and Relationship to Regional Fluvial Systems 

Chapter 3 suggested that the inverted channels in Arabia Terra are part of a regional alluvial plain. 

However, given the discontinuous nature of the inverted channels, a key question is how different 

inverted channel segments within the flood plain relate to one another, and whether current 

topography reflects the palaeo-surface of the flood plain, or instead reflects different stratigraphic 

exposures of unrelated fluvial systems. This can help establish how regionally integrated the 

Arabia Terra flood plain was. These questions can be examined in more detail than in Chapter 3 

by comparing how the inverted channels within the erosional window relate to the local and 

regional channel systems in south-western Arabia Terra.  

Drainage within the mapping area generally seems to be to the west and north-west, which is 

consistent with the regional slope in Arabia Terra (Figure 3.1). Unlike other prominent deposits 

of inverted channels on Mars (e.g., Aeolis Dorsa; Burr et al., 2010), the inverted channels in 

Arabia Terra have a drainage direction that is consistent with the regional slope. To contrast, in 

Aeolis Dorsa, the reconstructed drainage direction goes against the regional slope (DiBiase et al., 

2013). Significantly, the inverted channels within the mapping area (and elsewhere in Arabia 

Terra) do not show any clear evidence of a switch in drainage direction that goes against the 

regional slope. Even if different channel segments formed at different times, they were part of the 

same aggrading system that followed the same regional trends. Increases in ridge width (Figure 

4.18) and height from east to west are also consistent with downstream increases in channel width 

and depth and hence increased discharge downstream. This suggests a local and distributed source 

of water (e.g., from precipitation) fed the channels.  

For the mapping area, water and sediment could have been plausibly sourced from two nearby 

regions that are currently exposed: the valley networks to the south, which are truncated at 

Meridiani Planum, and/or more locally, from those inverted channels originating within Window 

2. Although the valley networks south of Meridiani Planum (see Figure 3.3) may have sourced 

inverted channels in the mapping area and south-western Arabia Terra, the two systems are 

discontinuous for ~ 600 km, making it difficult to directly link them. These valley networks are 

truncated nearly 1 km higher in elevation than the elevation of inverted channels in the mapping 

area. The contrast in elevation would be consistent with a change from a mainly erosional system 

to a depositional one, as high-relief valley networks debouch onto the flat, low-lying terrain in 

Arabia Terra. 

The inverted channels within Window 2 are also found at much higher elevation than those in the 

mapping area (~ 600 m), and the terrain is much steeper (Figure 4.20B). Consequently, this is 

reflected in the channel morphologies seen in Window 2, which are generally more dendritic and 

have sharper junction angles than those in the mapping area (Phillip and Schum, 1987). The 
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widths of the inverted channels within the mapping area (up to 1-2 kilometres) are wider than 

those in Window 2 (up to several hundred metres), consistent with downstream increases in 

channel width, which may be expected if the two systems were linked. Alternatively, the elevation 

contrast could mean that these two areas are from different stratigraphic exposures, and the two 

fluvial systems may never have been connected. However, stratigraphic similarities between the 

two exposures (the existence of inverted channels, unconformably overlain by etched units; see 

Figure 3.10), is strong evidence that the two fluvial systems are related. 

Runoff could have been sourced from impact crater rims within Window 2 due to localised 

precipitation, before being transported north and westwards towards the low-lying plain, within 

which my mapping area is found and to those inverted channels to the north (Figure 4.20). This 

transition is reflected in the changes in channel morphology: from dendritic channels with sharp 

junction angles in Window 2, to wider, sinuous, and anabraching channels, which could be due 

to decreases in slope (Phillips and Schumm, 1987). This change in morphology is accompanied 

by the presence of multiple palaeolake deposits throughout the inverted channels in the mapping 

area and those to the north of the mapping area, consistent with water ponding in these 

topographic lows. Potential drainage patterns within south-western Arabia Terra are shown in 

Figure 4.21. 

The stratigraphic similarities between the inverted channels in the mapping area and Aram 

Dorsum (Figure 4.21) is additional evidence that the two fluvial systems formed as part of the 

same aggrading alluvial system during the mid- to late Noachian. However, whilst Aram Dorsum 

is downstream of the mapping area, it is unclear if the inverted channels in the mapping area were 

once directly linked to Aram Dorsum. The North-western inverted channel group drains north-

west towards Aram Dorsum, although the systems cannot be continually traced. Aram Dorsum is 

~ 100 m lower in elevation than the North-western inverted channel group, so it is possible that 

the two systems were once contiguous. 

4.5.5 Geological History of Mapping Area 

The geological history of the mapping area is summarised in Figure 4.22. During the mid- to late 

Noachian period, fluvial and lacustrine systems developed throughout the mapping area (CGdb 

and CGcl), part of the regional Arabia Terra alluvial plain. The systems were likely sourced by 

local and regional precipitation-driven surface runoff, and more widely connected with the 

highland valley networks further south. Fixed channel banks meant that channels changed path 

primarily through avulsion events, and the system developed aggradationally. There is a lack of 

evidence for further fluvial processes after the late Noachian, and the exhumation of these deposits 

began, leading to the formation inverted channels and palaeolakes.  
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This was followed by a complex period of deposition of primarily sedimentary materials and 

erosional events (LGbp, LGmo, and LGdr). Still in the late Noachian, the lower etched units 

formed (EGl and EGs), building up hundreds of metres of sedimentary material. After a further 

erosional event, the uppermost etched unit exposed in the mapping area formed (EGr), probably 

during the early Hesperian. Groundwater processes driven by local upwelling may have continued 

through the Hesperian (Andrews-Hanna et al., 2010; Andrews-Hanna and Lewis, 2011), forming 

ephemeral lakes and evaporite deposits (e.g., Grotzinger et al., 2005), which are observed up 

sequence at Meridiani Planum, but not directly observed in the mapping area. Several episodes 

of burial and erosion have occurred since the formation of the etched units, culminating with the 

re-exposure of the inverted channel deposits and surrounding plains, probably during the mid- or 

late Amazonian.  

 



Chapter 4 Geomorphology and Stratigraphy in Arabia Terra 

123 

 

 

Figure 4.22: Geological evolution of the mapping area. (A) Channel, lakes, and floodplains build up in an 

aggradational setting, forming the Channel Group in the mid- to late Noachian; (B) Aqueous processes 

cease in the late Noachian, leading to the exhumation and inversion of the channels. This is followed by 

the deposition and erosion of the Local Group. (C) Deposition of the Etched Group takes places from the 

late Noachian to early Hesperian. (D) Denudation of the Etched Group leads to the exhumation of the 

Channel and Local Groups. 
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4.6 Conclusions 

I have conducted a detailed geological mapping study of a 12,000 km2 area, centred on an inverted 

fluvial channel system found within an erosional window in south-western Arabia Terra. The 

mapping was performed at CTX-scale, a higher resolution than that of previous studies of the 

area, and revealed a complex history of deposition and erosion during the mid- Noachian to early 

Hesperian periods. Fluvial and lacustrine processes appear constrained to the mid- to late 

Noachian. The stratigraphy presented here is similar to that of the nearby Aram Dorsum inverted 

channel system, indicating that the geological processes in the mapping area may be broadly 

representative of the wider region.  

The apparent flow direction of the inverted channels within the mapping area is consistent with 

the regional slope, making it likely that these fluvial systems were interconnected with those 

elsewhere in Arabia Terra. This is also in agreement with the common stratigraphy between the 

mapping area and Aram Dorsum, as well as other local fluvial systems. Fluvial and lacustrine 

processes here developed in an aggradational setting, contributing to the development of the 

Arabia Terra regional floodplain, and were supported by both locally and regionally sourced 

precipitation-driven surface runoff. As in Chapter 3, the observed geology is inconsistent with a 

cold, “icy highlands” climate scenario (Wordsworth et al., 2013) and more consistent with a 

“warm and wet” climate on early Mars (Hynek and Phillips, 2001; Craddock and Howard, 2002). 

A regional floodplain across Arabia Terra in the Noachian, integrated with the highland valley 

networks further south, is broadly supportive of the northward-directed transport of water and 

sediment, towards the dichotomy and northern lowlands. Whilst the existence of a large body of 

water occupying the northern lowlands in the Noachian is speculative (e.g., Carr and Head, 2003), 

the dichotomy appears to be the eventual terminus for many other Noachian fluvial systems 

elsewhere on Mars (e.g., Hynek et al., 2010), and so not entirely inconsistent with a former 

shoreline.  

Mid- to late Amazonian exposure ages and a large, regional catchment may make the fluvial 

system within the mapping area a suitable site for the preservation biomarkers and future landed 

Mars exploration. The mapping area would also provide access to an exposed Noachian 

stratigraphy, which can be contrasted with the Hesperian terrains in Meridiani Planum currently 

being investigated by the Opportunity rover. The combined exploration of these two sites may 

provide further insight to the nature of the climate transitions that occurred on early Mars, from 

the precipitation and runoff-driven processes in the Noachian-aged mapping area, to the 

groundwater-driven processes in the Hesperian-aged Meridiani Planum. 
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Chapter 5. Fluvial Mapping and Stratigraphy of the South-western 

Melas Basin and Plateau, Valles Marineris 

5.1 Introduction 

The south-western Melas Chasma basin is an enclosed depression in Melas Chasma, Valles 

Marineris (Figure 5.1). The basin is widely recognised to have hosted a variety of longed-lived 

aqueous processes (Mangold et al., 2004; Quantin et al., 2005; Dromart et al., 2007; Metz et al., 

2009; Williams and Weitz, 2014). Central to this interpretation are valley networks and a 

purported palaeolake in the eastern half of the basin. Surface ages derived from crater counting 

indicate that aqueous processes in the basin probably occurred in the Hesperian period, after the 

initial formation of Valles Marineris (~ 3.5 Ga; Quantin et al., 2005), and also postdating the main 

global valley-forming phase at the end of the Noachian (e.g., Irwin et al., 2005b; Fassett and Head, 

2008a). 

Extensive networks of branching valleys and channels drain into the western end of the palaeolake 

(Mangold et al., 2004; Quantin et al., 2005) and a poorly preserved network of valleys and 

channels also drains into the eastern side of the palaeolake, indicating that the basin may have had 

a geographically diverse range of surface fluvial pathways. The lack of any obvious outlet valleys 

or channels indicates that the palaeolake was a closed basin system (Fassett and Head, 2008b). 

However, the complex range of geomorphological assemblages with the palaeolake (deltas 

systems, lacustrine deposits, and possibly deep, sub-aqueous fans) are consistent with the 

palaeolake holding water for sustained periods of time (102-105 years; Quantin et al., 2005; Metz 

et al., 2009; Williams and Weitz, 2014), rather than being a purely alluvial or ephemeral system. 

While other ancient sedimentary basins with similarly developed valley networks and fan 

structures exist elsewhere on Mars, the wide array, preservation state, and exposure of the 

sedimentary sequence within the south-western Melas basin mean it may be near unique in 

containing a near complete, source to sink record of a fluvial-deltaic-lacustrine system. For these 

reasons, the basin was considered as a landing site for MER (Weitz et al., 2003), MSL (Quantin 

et al., 2006), and the Mars 2020 Rover mission (Williams et al., 2014; Williams et al., 2015; Davis 

et al., 2017).  

Exceptional HiRISE image coverage means that the geology of the entire source to sink sequence 

can be studied at high-resolution, enabling a detailed aqueous history and stratigraphy of the basin 

to be reconstructed. This work has been divided into two chapters. This chapter focuses on the 

valley and channel networks within the basin, updating the previous valley network map by 

Quantin et al. (2005) with recent, high-resolution HiRISE and CTX data, in order to better 
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constrain the geomorphology, stratigraphy, and fluvial history of the basin. This chapter will also 

examine any evidence for wider regional fluvial systems on the Melas and Ius plateaus. The 

second chapter in this theme (Chapter 6) focuses on geomorphological assemblages within the 

palaeolake and how these can be used to constrain past water level changes. The implications for 

local and regional past climate regimes are discussed in Chapter 6. 

5.2 Background 

This first section will review the previous studies that have investigated the fluvial systems in the 

south-western Melas basin. 

5.2.1 Overview of Geological Setting 

The study area is located in Melas Chasma (Figures 5.1 and 5.2), the central of part of the Valles 

Marineris canyon system. The Valles Marineris chasmata are largely thought to have formed in 

the late Noachian to early Hesperian (Anderson et al., 2001), although the temporal evolution 

may have been complex, extending over a protracted period of time (Lucchitta et al., 1994). 

Although Valles Marineris morphologically resembles terrestrial rift systems, such as the Great 

Rift Valley in east Africa, geophysical models indicate that its formation mechanism probably 

differs signifncantly as trough development was predominantly due to structural collapse and 

subsidence rather than horizontal extension and rifting (Andrews-Hanna, 20112a). Like the rest 

of Valles Marineris, the history of Melas Chasma is complex; it has been extensively modified 

since its formation and contains numerous superposing sediment mounds known as interior 

layered deposits (ILDs; e.g., Chapman and Tanaka, 2001), landslides (e.g., Quantin et al., 2004), 

and impact craters.  

Valles Marineris shows a range of evidence that it had an active surface and sub-surface 

hydrological cycle. The low-elevations of Valles Marineris (as deep as ~ -7 km) mean that the 

canyon would have been a sink for both sediment and regional surface water and groundwater. 

Valley networks, inverted channels, and sedimentary fan structures have been identified 

throughout the region including in Melas and Echus (Mangold et al., 2004; Mangold et al., 2008a), 

Juventae (Weitz et al., 2010), and Coprates Chasma (Grindrod et al., 2013), and on many of the 

plateaus above the chasmata (Weitz et al., 2010). In addition, Murchie et al. (2009) suggested that 

an influx of groundwater into the Valles Marineris chasmata may have led to the deposition of 

the now-remnant ILDs, although this formation mechanism is disputed (e.g., Michalski and Niles, 

2012). Groundwater-charged lakes may have also breached their basins in eastern Valles 

Marineris, inducing large megafloods, although much later in the history of the canyon (e.g. 

Warner et al., 2013). The aqueous history of Valles Marineris is thus diverse and complex. 
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Figure 5.1: MOLA topographic map of western Valles Marineris and Melas Chasma, overlaid on a 

THEMIS-IR Day mosaic. 

 

Figure 5.2: MOLA topographic map of the south-western Melas basin and Melas plateau, overlaid on a 

THEMIS IR day mosaic. The south-western Melas basin, located between the Melas plateau and Melas 

Chasma, forms a hanging depression on the southern wall of Valles Marineris. On the northern side of the 

basin, a quasi-continuous ridge marks the divide between the basin and Melas Chasma. Valley networks 

named after Quantin et al. (2005). 

The south-western Melas Chasma basin (hereafter referred to as the SMB) is located in south-

western Melas Chasma, at the eastern boundary of Ius Chasma. The SMB forms an enclosed, 

hanging depression on the southern wall of Melas Chasma (Figure 5.2; approximately 120 x 30 

km in area) that sits nearly two kilometres above the main canyon floor. The topography of the 
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SMB itself varies between +1 and -2 km. A quasi-continuous NW-SE orientated ridge divides the 

SMB from Melas Chasma. Aqueous processes in the basin are thought to postdate the formation 

of Melas Chasma (Quantin et al., 2005), which formed at or before ~ 3.5 Ga (Quantin et al., 2004).  

5.2.2 Valley Network Distribution and Morphology 

The SMB shows a range of evidence for past fluvial activity. Quantin et al. (2005) defined four 

distinct drainage networks within the SMB (Figure 5.3), composed of branching valley networks: 

the “Extreme West, Western, Eastern, and Extreme East”, using THEMIS-IR, THEMIS-VIS, 

MOC, and MOLA datasets, which were initially identified by Mangold et al. (2004). The two 

western valley networks drain directly into Melas Chasma, whereas the two eastern valley 

networks drain into the palaeolake (hereafter referred to as the main palaeolake) from its western 

and eastern edges, respectively. Individual valley systems originate at a range of different 

elevations throughout the basin (Quantin et al., 2005). The Extreme East valley network is found 

at a much higher elevation then the other networks (> -1 km vs. -2 km).  

 

 

 

 

 

 

 

Figure 5.3: Map showing systems of valley networks within the SMB, produced from THEMIS-IR, THEMIS-

VIS, MOC, and MOLA datasets. Redrawn from Quantin et al., 2005 (see their Figure 2B). 

 

 

 

Figure 5.4 (overleaf): (A) CTX mosaic of the Western and Eastern valley networks (after Quantin et al., 

2005), which drain into Melas Chasma and the western edge of the main palaeolake, respectively; (B) 

HiRISE image of interior fluvial channels incising into layered deposits; (C) HiRISE image of decametre-

scale interior fluvial channels bound by a wider erosional valley; (D) HiRISE image of stratigraphic 

transition from parallel (yellow arrowheads) to meandering (red arrowheads) channel morphologies; (E) 

HiRISE image of interior channels incising valley infill. See Figure 5.2 for location context. 
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The Extreme West, Western, and Eastern valley networks appear to be well-developed and 

integrated systems (Figure 5.4A), with maximum Strahler stream orders (Strahler, 1958) of 4-5. 

Valleys range in width from ~ 50 m to 2 km and are up to ~ 200 m deep (Quantin et al., 2005). 

When viewed at CTX and higher resolution (6 m/pixel), the Western and Eastern valley networks 

sometimes contain decametre-scale wide interior channels bound within the broader erosional 

valley (see Figure 5.4C; Quantin et al., 2005; Williams and Weitz, 2014), examples of which are 

rarely preserved elsewhere on Mars (e.g., Irwin et al., 2005a). In the Eastern network, Williams 

and Weitz (2014) observed a stratigraphy of cross-cutting fluvial valleys as well as stratigraphic 

changes in fluvial morphology, which show transitions from branching to meandering systems 

(Figure 5.4E). These valley networks therefore had a complex, poly-phase fluvial history and their 

changes in morphologies are consistent with a fluctuating palaeolake level (Williams and Weitz, 

2014). Valley morphology also varies across the wider SMB due to variability in the underlying 

slope (Quantin et al., 2005; Phillips and Schumm, 1987). 

Drainage densities are 1.1 and 1.5 km-1 for the Western and Eastern networks, respectively, 

comparable to terrestrial drainage networks (Carr and Chuang, 1997). These values are among 

the highest known for martian valleys networks (Quantin et al., 2005). Like many of the valley 

networks on Mars (e.g., Craddock and Howard, 2002), taken together, the characteristics of the 

Western and Eastern valley networks are indicative of fluvial incision and erosion that resulted 

from precipitation-driven surface runoff.  

In contrast, at THEMIS-IR resolution (100 m/pixel; only limited higher-resolution THEMIS-VIS 

and MOC data were available at the time of the Quantin et al. (2005) study), the Extreme East 

valley network appears considerably less developed and integrated than the other three networks: 

stream orders were recorded as being just 1-2 (Figure 5.3; Quantin et al., 2005). Williams and 

Weitz (2014) came to similar conclusions about the Extreme East network, also observing that 

the valleys were U-shaped, infilled, and best preserved at their upslope ends. Low stream orders 

and drainage densities have previously been associated with point source formation such as 

through groundwater seepage (e.g., Squyres and Kasting, 1994; Carr and Chuang, 1997). Indeed, 

Valles Marineris would have been a major sink for groundwater during Mars’ early history. 

However, the apparent low drainage densities of the Extreme East valley network could also be 

due to poor preservation; many of the valley networks here are obscured by aeolian bedforms. 

Many valley networks elsewhere on Mars appear to have been heavily eroded and/or infilled with 

aeolian material (Carr and Malin, 2000). Additionally, decametre-scale interior channels, like 

those in the Western and Eastern valley networks (Figure 5.4), will not be visible at THEMIS-IR 

(100 m/pixel) resolution. There is therefore a case for investigating the Extreme East valley 

network using recent high-resolution datasets, such as HiRISE and CTX. 
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Outside of the SMB, valley networks are also found on the plateau above Melas Chasma (Weitz 

et al., 2010). These valleys are narrower (tens of metres wide) and shorter in length (up to 

hundreds of metres) than the valleys in the SMB, and generally occur in isolation. It is unclear 

whether the valleys on the plateau drain into Valles Marineris, although the regional slope on the 

plateau is towards the SMB. Some of the water in the SMB may have come from the plateau; 

indeed, some valleys appear to be sourced from alcoves high up on the canyon walls that cut back 

into the plateau (Quantin et al., 2005; Williams and Weitz, 2014), however, incisional channels 

do not appear to cross back onto the plateau. This, again, warrants further exploration. 

5.2.3 Stratigraphy and Mineralogy of the SMB 

Quantin et al. (2005) observed that the valley networks appear to be dissecting layered material 

(Figure 5.4B, 5.5A and B) that overlies the canyon wallrock. Le Deit et al. (2010) similarly 

observed layered deposits both on the plateau and in the SMB; they note that the basin valley 

networks are found both stratigraphically beneath and above the layered deposits. Dissection does 

not appear to occur directly into the canyon wallrock, purported to be successive stacks of lava 

flows (McEwen et al., 1999; Quantin et al., 2005). 

The nature of these layered deposits was further characterised by Weitz et al. (2015), who found 

that the valley networks in the SMB dissect a layered, medium-toned, spectrally bland (in 

CRISM), draping material (defined as Medium Layered; ML; Figure 5.5A and B), which is up to 

~ 20 m thickness. The draping aspect of ML is consistent with volcanic ash or atmospheric dust 

deposits. The lack of hydrated spectral features in ML suggest it was subjected to limited chemical 

weathering (Weitz et al., 2015); however, this is at odds with the geomorphological evidence for 

fluvial dissection (Quantin et al., 2005). Lack of hydrated spectral features could also be down to 

dust cover obscuring detection in CRISM (Murchie et al., 2007).  

ML is superposed by another layered, light-toned, draping material (defined as Light Deposits; 

LD; Figure 5.5B; Weitz et al., 2015) that may be composed of mixtures of jarosite, acid-leached 

clays (smectite), hydrated silica, and/or poly-hydrated sulfates (Weitz et al., 2015). LD infills and 

therefore postdates, the valley networks, and appears to have been transported downslope from 

the high wallslopes (Weitz et al., 2015), where it is best preserved (e.g., to the north-west of the 

main palaeolake; Figure 5.5C). Jarosite would require an acidic, wet, and oxidising environment 

to form; leached smectite and hydrated silica also support acidic formation conditions (Stoffregen 

et al., 2000; King and McSween, 2005). Many of these minerals could form as evaporite deposits 

after fluvial activity ceased (e.g., Milliken et al., 2008; Spencer, 2000). Acidic conditions are 

consistent with reported global environmental conditions when the basin was active in the 

Hesperian (e.g., Bibring et al., 2005).  
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Figure 5.5: (A) HiRISE image of ML, a layered, medium-toned, spectrally bland unit, which drapes over 

the canyon wallrock; (B) HiRISE image of ML; (C) CTX image of LD, a layered, light-toned unit, which 

drapes over ML and infills the valley networks, and reveals multiple hydrated signatures; (D) HiRISE 

image of rounded and blocky deposits, which appear to postdate fluvial activity. See Figure 5.2 for context 

locations. 

The draping nature of LD is also consistent with it being an airfall deposit, but unlike ML, LD 

shows distinct signs of aqueous alteration, as indicated by the detection of hydrated minerals. 

Volcanic ash (possibly sulfur rich) or atmospheric dust could have been deposited along wall 

slopes, where snow and ice had accumulated, which trapped and later altered these particles 

(Michalski and Niles, 2012; Weitz et al., 2015), in a similar manner to a model proposed to explain 

the formation of ILDs elsewhere in Valles Marineris (Michalski and Niles, 2012). Alternatively, 

LD could have formed in association with the valleys networks, although LD itself does not 

appear to have been dissected, suggesting that it postdated fluvial activity in the basin (Weitz et 

al., 2015). The ML-LD stratigraphy is summarised in Figure 5.6. Blocky, rounded deposits have 

infilled some of the valleys, the main palaeolake, and the floor of Melas Chasma, which show 

folds and plastic deformation structures (Figure 5.5D). These are consistent with mass wasting 
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deposits (Williams and Weitz, 2014; Weitz et al., 2015) and likely postdate the fluvial phase in 

the basin, as they superpose both ML and LD (Williams and Weitz, 2014; Weitz et al., 2015).  

 

Figure 5.6: Cross-section showing SMB stratigraphy. ML and LD drape over the canyon wallrock, 

suggesting they are airfall deposits. In some places, LD has been re-worked downslope. Redrawn from 

Weitz et al. (2015), see their Figure 9F. 

The valley networks on the plateau also incise into light-toned layered deposits (LLDs; Weitz et 

al., 2010). Valley networks on the plateaus elsewhere (Ius, Juventae, Ganges, and Candor) above 

Valles Marineris incise similar layered deposits (Weitz et al., 2010). The LLDs themselves overlie 

early Hesperian lava plains (“eHv”; Tanaka et al., 2014). As with the wider Valles Marineris 

region, the fluvial stratigraphy of the Melas basin and plateau appears complex. This project will 

adopt and use the Weitz et al. (2010) stratigraphy for the plateau, and the Weitz et al. (2015) 

stratigraphy for the basin, respectively.  

5.2.4 Timing of Fluvial Activity       

Crater counting of the valley networks has constrained the period of fluvial activity to the 

Hesperian (Mangold et al., 2004; Quantin et al., 2005; see for count areas). The terrain in the 

SMB that the valleys dissect is Hesperian, with an age of ~ 3.5 Ga (Quantin et al., 2005), meaning 

that fluvial activity must have occurred later than this, possibly in the late Hesperian or later. 

Fluvial activity here appears to postdate the intense valley-forming fluvial phase that occurred 

near-globally at the end of the Noachian (e.g., Irwin et al., 2005b; Fassett and Head, 2008a). 

Quantin et al. (2005) estimated that the SMB valley networks would take several thousand years 

to reach their current mature state, based on analogue terrestrial systems (Leopold et al., 1995). 

Assemblages within the palaeolake indicate that fluvio-lacustrine episodes lasted 102-105 years 

(Metz et al., 2009; Williams and Weitz, 2014; discussed next chapter), although the total duration 

of aqueous processes may have been considerably longer, as multiple basin filling events may 

have occurred (Williams and Weitz, 2014). 
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Whilst the valley networks to the immediate west of the palaeolake (the Western and Eastern 

drainage networks) have been well-studied (Quantin et al., 2005; Williams and Weitz, 2014), the 

regions to the western end of the SMB and to the immediate east of the palaeolake are less so. 

Exceptional HiRISE coverage (Figure 5.7) now available for both these regions means that the 

extent of fluvial systems throughout the SMB can now be investigated at high-resolution. There 

is evidence for episodic fluvial processes in the Western drainage network, as well as multiple 

basin filling events in the palaeolake (Williams and Weitz, 2014); this may also be reflected across 

fluvial systems in the wider SMB. Additionally, fluvial systems on the Melas and Ius plateaus 

(Weitz et al., 2015), mean that runoff from the plateau may have drained into the SMB; these 

regions are also investigated to test how interconnected these systems were. 

5.3 Methods and Data Coverage 

HiRISE data were primarily used for mapping the extent of fluvial valleys and channels, 

producing a high-resolution coverage map. Drainage basins and watersheds within the SMB were 

defined using HiRISE and CTX image and DEM datasets. These new basins formed the 

boundaries for the extent of fluvial mapping within the SMB. HiRISE coverage is near continuous 

for both the valley networks immediately west and east of the palaeolake (Figure 5.7). However, 

HiRISE coverage is much sparser for the far western end of the SMB and on the Melas plateaus. 

Where HiRISE data were not available, CTX data were instead used. CTX data are continuous 

for the SMB and much of the wider region. Fluvial features were digitised as polylines in ArcGIS 

at a resolution of approximately 1:2,000 for HiRISE and 1:10,000 for CTX. .  

HiRISE and CTX stereo digital elevation models (DEMs) were produced which cover much of 

the SMB, according to the method in Chapter 2. A full list of the HiRISE and CTX DEMs along 

with their associated image numbers can be found in Tables AII.2 and AII.3. HiRISE stereo 

coverage is near continuous for the palaeolake and the valley networks to its immediate west 

(Figure 5.8), but is much poorer for the far western end of the basin and valley networks to the 

east of the palaeolake. As a result, CTX DEMs were used in these locations. In the absence of 

CTX DEM coverage, lower-resolution HRSC DEMs and MOLA data were used to determine 

topographic information. The DEMs were used to measure the range of elevations of valleys and 

channels in the basin. Fluvial characteristics, such as drainage density, stream order, 

channel/valley width and depth, and sinuosity, were also calculated and recorded wherever 

possible. CraterStats2 (Michael and Neukum, 2010) was used to produce cumulative crater size-

frequency distributions for the Melas and Ius plateau. Craters were not counted manually, but 

instead the diameters were extracted from the Robbins and Hynek (2012) global crater database, 

which contains all craters greater than 1 km, across a ~ 50,000 km2 area on the Melas and Ius 

plateau. Using this dataset provided surface ages over a large area and saved time on manual 

counts. 
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Figure 5.7: HiRISE coverage extent for the south-western Melas basin and plateau region (red shaded 

areas), overlaid on a THEMIS-IR basemap. 

 

Figure 5.8: HiRISE and CTX DEM coverage extent for the south-western Melas basin and plateau region 

(shaded red and orange areas, respectively) overlaid on a THEMIS-IR basemap. 

5.4 Results  

The results section for this chapter has been divided into three sub-sections: the distribution and 

palaeoflow directions of the fluvial systems derived from the HiRISE and CTX map of fluvial 

landforms (Section 5.4.1); the characteristics and morphometrics of these fluvial systems (Section 

5.4.2); and the geomorphological, fluvial, and stratigraphic characteristics of individual drainage 

networks (Section 5.4.3). 
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5.4.1 Map of Fluvial Landforms: Distribution and Palaeoflow 

The new HiRISE and CTX map of fluvial landforms is shown in Figure 5.9. I have updated the 

Quantin et al. (2005) boundaries of the SMB drainage networks and re-defined them using new 

HiRISE and CTX data as follows (going west to east): Extreme West, Far West, West Chasma, 

West Basin, East Basin, and East Chasma. A seventh drainage network, outside the western 

boundary of the SMB has also been included: the East Ius drainage network. This is because of 

its close proximity to the Extreme West network and as the valleys here are denser than previously 

reported (in the global map of Hynek et al. (2010)). The new “west-east” nomenclature reflects 

the position of the drainage networks relative to the main palaeolake.  

Drainage network 

(Quantin et al., 2005) 

Drainage 

network 

(this study) 

 Drain towards 

- East Ius 

Western Drainage 

Networks 

Ius/Melas Chasma 

- Extreme West Melas Chasma 

Extreme West Far West Melas Chasma 

Western West Chasma Melas Chasma; possibly 

west palaeolake 

Eastern West Basin Main palaeolake 

Extreme East East Basin Eastern Drainage 

Networks 

Main palaeolake 

East Chasma Melas Chasma 

Table 5.1: Updated SMB drainage network nomenclature. 

The Extreme West, Far West, West Chasma and East Chasma drainage networks drain onto the 

main floor of Valles Marineris, as does the East Ius drainage network.  The West Basin and East 

Basin networks drain into the main palaeolake, from its western and eastern edges respectively. 

The Extreme East drainage network defined by Quantin et al. (2005) has been divided into two 

networks to better reflect these drainage patterns: the East Basin and East Chasma networks. In 

an additional nomenclature change from the Quantin et al. (2005) study, the Extreme West, the 

Far West, the West Chasma and West Basin networks are henceforth collectively referred to as 

the Western Drainage Networks, and the East Basin and East Chasma networks are collectively 

referred to as the Eastern Drainage Networks (see Table 5.1).  

As noted by Weitz et al. (2010), examples of small, narrow valleys are also present on the VM 

plateaus south of the SMB, and which dissect the layered deposits here. These have been included 

in the map of fluvial landforms, although distinct drainage areas and watersheds on the plateau 

have not been mapped for these features as the topography of the plateau makes this difficult to 

constrain. This is because the plateau region is generally flat and contains many large impacts 

craters (tens of kilometres in diameter, unlike in the SMB) with preserved ejecta impacts that 

superpose any valleys networks. These craters will have modified the topography, and thus the 

current slopes and topographic boundaries will probably not reflect the original drainage area; 

drainage basins cannot be realistically constrained. 
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5.4.2 Fluvial Characteristics and Morphometrics   

The fluvial characteristics of the valleys and channels for the different networks mapped are 

shown in Table 5.2. I did not systematically distinguish between fluvial channels and the broader, 

erosional valleys (see Figure 5.4B-E for examples) on the map of fluvial landforms, as absolute 

differences are difficult to establish due to the gradational changes between landforms. An 

approximate, quantitative distinction between valleys and channels within the SMB could be 

made on the basis on their morphometrics (shown in Table 5.2). Well-preserved valleys contain 

interior channels, although many other valleys do not, probably because they have been infilled. 

Where the distinction between valley and channel was clear, the pathway of the channel was 

recorded instead of the valley. This is because channels probably record the most recent fluvial 

pathway within the valley. Channels were present in all drainage networks, except the East Ius 

network.  

Sinuosity is defined as the ratio of the valley or channel pathway to the shortest distance between 

the two end points. The highest measured sinuosity value was 1.39 for the West Basin network. 

Sinuosities for the rest of the networks range from 1.07-1.3. Stream orders of eight were recorded 

in the West Basin and West Chasma networks; all other networks have stream orders of at least 

four or more. Valleys and channels originate and terminate at a range of different elevations across 

the SMB, from high up on the canyon walls near the plateau (~ +3 km), to on the floor of Melas 

Chasma itself (~ -3 km).  

Drainage densities were calculated based on the updated drainage boundaries, by dividing the 

total valley and channel length by the drainage area. Many factors are likely to have affected and 

modified the drainage area since the systems were active, and these values may not be truly 

representative. For example, the upper reaches of many of the valley networks on the southern 

SMB wall are obscured by talus materials, reducing the total length of measureable valley 

networks. Additionally, the actual drainage area may have been much larger if the Melas plateaus 

drained into the SMB. The drainage areas also do not include any fluvial input from the plateau, 

as this cannot be easily constrained by current topography. Thus, the drainage basins defined here 

reflect only the SMB watersheds shown in Figure 5.9. Uncertainties in measuring drainage density 

more generally on Mars are discussed in Chapter 1. 

 



 

 

 

1
3
8 

 

Figure 5.9: Updated fluvial drainage maps of the south-western Melas basin and plateau region on a CTX and THEMIS basemap. Fluvial valleys and channels within the SMB are 

marked by blue lines; inverted channels by orange lines. Fluvial valleys and channels on the plateau are marked by red lines. Seven drainage networks are defined (including one 

outside of the SMB), which are divided by green watersheds. The black arrows show approximate drainage directions.
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*Channel-like deposits have no or very poor measureable topographic expression 

†Values recorded for inverted channels are heights, not depths 

∞Morphologies are based on the classification scheme by Zernitz, 1932 

Table 5.2: Fluvial and morphological characteristics of the valleys and channels within the SMB drainage networks. 

Drainage 

network 

Fluvial morphologies Width (m) Depth*† (m) Planview 

morphologies 

present∞ 

Maximum 

stream 

order 

Maximum 

channel 

sinuosity 

Maximum 

channel 

elevation (m) 

Minimum 

channel 

elevation (m) 

East Ius Valleys Valleys: 150-800  Valleys Dendritic to sub-

parallel 

4 1.12 ~ 3360 ~ -3040 

Extreme West Valleys 

Channels 

Inverted channels 

Valleys: 500-800 

Channels: 20-150 

Inverted channels: 10-30 

Valleys: 50-200 

Channels: 5-10 

Inverted channels: 5-
20 

Sub-parallel to 

parallel 

4 1.07 ~ 3000 ~ -2500 

Far West Valleys 

Channels 

Valleys: 300-600 

Channels: 20-150 

Valleys: 50-250 

Channels: 5-20 

Sub-dendritic to 

sub-parallel 

5 1.08 ~ 3000 ~ 330  

West Chasma Valleys 

Channels 

Valleys: 300-1000 

Channels: 20-100 

Valleys: 30-150 

Channels: 5-20 

Mostly dendritic 

to sub-parallel; 

some meandering 

8 1.30 ~ 300 ~ -2000 

West Basin Valleys 

Channels 

Channel-like deposits 

Valleys: 300-750 

Channels: 10-60 

Channel-like deposits: 10-50 

Valleys: 20-80 

Channels: 5-20 

 

Mostly dendritic 

to sub-parallel; 

some meandering 

8 1.39 ~ -30 ~ -1530 

East Basin Valleys 

Channels 

Inverted channels 
Channel-like deposits 

Valleys: 200-800 

Channels: 20-100 

Inverted channels: 10-50 
Channel-like deposits: 10-50 

Valleys: 20-80 

Channels: 5 

Inverted channels: 5-
10 

 

Sub-dendritic to 

parallel 
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Channels: 20-100 

Inverted channels: 5-20 

Channel-like deposits: 10-50 

Valleys: 20-80 
Channels: 5 

Inverted channels: 10-

20 
 

Sub-parallel to 
parallel 

5 1.17 ~ 1200 ~ -870 
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Drainage densities vary throughout the SMB drainage networks (Table 5.3). The West Chasma 

and West Basin networks have values of 1.97 and 1.42 km-1, respectively. The Eastern Drainage 

Networks have similarly high drainage densities of 0.82 and 1.34 km-1, for the East Basin and 

East Chasma networks, respectively. The drainage densities of the Extreme West and Far West 

networks are much lower, at 0.22 and 0.24 km-1, respectively. Outside of the SMB itself, the 

drainage density of the East Ius network is lower still, at 0.11 km-1. 

Drainage network Drainage 

area (km2) 

Cumulative 

channel length 

(km) 

Drainage 

density 

(this study) 

Drainage 

density 

(Quantin et al., 

2005) 

East Ius 1349.44 147.70 0.11 - 

Extreme West 526.56 124.05 0.24 - 

Far West 632.91 141.07 0.22 - 

West Chasma 913.75 1799.18 1.97 1.1 

West Basin 602.81 858.34 1.42 1.5 

East Basin 427.19 348.76 0.82 - 

East Chasma 228.30 306.68 1.34 - 

Table 5.3: Drainage density values for the fluvial systems within the SMB drainage networks. 

As well as valley networks and channels, two additional distinct landforms are present within the 

SMB, which are interpreted as fluvial in origin and have been included in the map of fluvial 

landforms: inverted channels and bright-toned, channel-like deposits.  The inverted channels 

(Figure 5.10) are generally made up of bright- and medium-toned sinuous and branching ridge 

deposits. The inverted channels are typically 10-50 m wide and up to 1-2 km long. Where HiRISE 

and CTX DEM coverage were available, inverted channels were found to be up to ~ 20 metres 

high (see Figure 5.11D).  

These ridges are interpreted as inverted fluvial channels rather than eskers on the basis that they 

conform to regional topography (i.e., they do not go upslope) and lack associated glacier 

landforms commonly found with eskers (e.g., Gallagher and Balme, 2015). Alternatively, some 

of the ridges may be the eroded remnants of valley walls, however, given that multiple tributaries 

converge in the downslope direction, the morphologies are generally more consistent with 

inverted channels. The inverted channels display a complicated stratigraphy and are often 

interbedded with or overprinted and incised by regular negative-relief channels (see Figure 5.10A 

and C). Inverted channels also transition from and into regular negative-relief channels (see 

Figure 5.10B), suggesting that in these places, much of the channel sediment has been removed 

by later erosion. Inverted channels are present in the Extreme West, East Basin, and East Chasma 

drainage networks.  

Similarly, there are also many branching and sinuous channel-like deposits (Figure 5.11) 

throughout the SMB, which are made up of bright-toned material. These deposits conform to local 

and regional slope, although usually lack (or have very little detectable) topographic expression. 
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They are typically tens of metres wide and often found in association with, or stratigraphically 

overprinting, regular valleys and channels which have a more defined topographic expression. 

Their characteristics strongly hint at a fluvial origin and thus these features are interpreted as the 

remains of late-stage fluvial channels and are indicative of surface flow. Channel-like deposits 

occur in the West Basin, East Basin, and East Chasma drainage networks and are included in the 

map in Figure 5.9. 

 

Figure 5.10: (A-C) HiRISE images showing examples of sinuous and branching ridges, interpreted as 

inverted channel deposits, in the East Basin, East Chasma, and Extreme West drainage networks, 

respectively. The inverted channels are cross-cut by conventional negative-relief fluvial channels. (D) 

Topographic profiles of inverted channels (C) from a HiRISE DEM, which are 5-15 m high. See Figures 

5.15 and 5.17 for context locations. 

The bright-toned material of which these features are composed appears best preserved around 

the edges of the apparent channel structure. In some cases, the edges form almost levee-like 

structures; other examples appear similar to remnant inverted channels (e.g., Figure 5.11C). 

Indeed, there may be a spectrum of intermediate fossilised fluvial landforms between the channel-
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like deposits and inverted channels. Some of the channel-like deposits transition into more 

conventional negative-relief channels, which are more distinct in their topographic expression 

(e.g., Figure 5.11A, B, and D). These were previously noted by Williams and Weitz (2014) in the 

West Basin drainage network, where the channel-like deposits are generally best preserved. 

 

Figure 5.11: (A-D) HiRISE examples of bright-toned, channel-like deposits throughout the SMB, which are 

interpreted as fluvial in origin. Some of the channel-like deposits (e.g., A, B, D) appear to transition 

downstream into more conventional negative-relief channels, whilst others (e.g., C) appear to be the 

possible remnants of inverted channel systems. See Figures 5.4 and 5.17 for context locations. 

 

5.4.3 Individual Drainage Networks 

This section will outline some additional geomorphological, fluvial, and stratigraphic 

characteristics and observations that are specific to individual drainage networks. 
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5.4.3.1 East Ius Drainage Network 

The East Ius drainage network is contained within a tributary canyon on the boundary between 

Melas and Ius Chasma (Figure 5.12). The valleys here have a lower drainage density than those 

in the SMB (Table 5.2); however, fourth order tributaries are still present and valleys originate at 

multiple elevations, from both the plateau (discussed in Section 5.4.3.4) and from within the 

canyon itself. The valleys appear to incise layered deposits in the canyon and drain towards the 

floor of Ius Chasma. It is not clear how the layered deposits relate to those layered deposits within 

the SMB drainage networks. In addition, branching valleys are also found converging on the 

canyon head of the East Ius network (Figure 5.12B); these are discussed in section 5.4.3.4.  

 

Figure 5.12: (A) CTX mosaic of the East Ius drainage network, on the western edge of the SMB. Valleys in 

the East Ius network are marked by blue lines; those on the plateau by red lines. Watersheds (green lines) 

divide the networks from the SMB to the east and Ius Chasma to the west. Drainage is to the north of the 

image. (B) CTX image of branching valleys on plateau (highlighted by red arrows) which drain towards 

the head of the canyon. (C) HiRISE image of branching valleys within the East Ius network (highlighted by 

red arrows). See Figure 5.2 for context location. 

5.4.3.2 Western Drainage Networks 

As previously observed by Quantin et al. (2005), Williams and Weitz (2014), Weitz et al. (2015) 

and others, the Western Drainage Networks (see Figures 5.4 and 5.9) incise into medium-toned 

layered material. This appears to be the case throughout all the Western Drainage Networks; 

valleys are not clearly found incising directly into the canyon wallrock. This layered material was 

defined as ML in the Weitz et al. (2015) stratigraphy (see Section 5.2.3) and I continue to use this 
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nomenclature here. Bright-toned layers are sometimes present within ML, which, unlike the 

medium- and darker-toned layers, frequently contain decametre-scale polygonal fractures (Figure 

5.13). In addition, similar medium-toned, layered material also appears to have been deposited 

within some valleys throughout the Western Drainage Networks (Figure 5.14A-D). In some cases, 

this material has been subsequently incised (or partially incised) by later channels. Whilst this 

material is generally similar to ML, it is not clear if this material is part of, or distinct from, ML. 

 

Figure 5.13: HiRISE image showing examples of decametre-scale polygonal fractures which occur in 

bright-toned layers within the layered deposits (ML) throughout the SMB. See Figure 5.17 for context 

locations. 

Stratigraphically above these materials, light-toned material is also found infilling many of the 

valleys (Figure 5.14C-F). This material resembles LD in the Weitz et al. (2015) stratigraphy and 

I continue to use this nomenclature here (e.g., Figure 5.4; see Section 5.2.). In some cases, the LD 

valley infill has also been incised or partially incised by channels (Figure 5.14E-F), something 

not previously observed by Weitz et al. (2015). LD is dissected in the West Chasma and West 

Basin networks, but not in the Extreme and Far West networks. The material infilling valley 

networks across different drainage networks is summarised in Table 5.4.  

Drainage network ML-like 

Valley 

infill? 

Subsequently 

incised? 

LD valley 

infill? 

Subsequently 

incised? 

Extreme West Yes Yes Yes No 

Far West Yes Unclear Yes No 

West Chasma Yes Yes Yes Yes 

West Basin Yes Yes Yes Yes 

East Basin Yes Yes Yes Yes 

East Chasma Yes Yes Yes Yes 

Table 5.4: Fluvial stratigraphy of valley infill within the SMB drainage networks. 



Chapter 5 Fluvial Mapping and Stratigraphy in South-western Melas 

145 

 

 

Figure 5.14: Examples of valleys (green arrowheads) that have been infilled with material which, in some 

cases, has been subsequently incised by later channels (blue arrowheads). (A) HiRISE image of East Basin 

valley that has been infilled by ML-type material, which has been subsequently incised. (B) HiRISE image 

of West Basin valley that has been infilled by ML-type material, which has been subsequently incised. (C) 

HiRISE image of ML-type material has infilled a Far West valley. (D) HiRISE image of ML-type and LD 
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material that has infilled a Far West valley. (E) HiRISE image of LD material which has infilled a valley 

in the West Basin network, which has been subsequently incised. (F) HiRISE image of LD material which 

has infilled a valley in the East Basin network and has been subsequently incised. See Figures 5.4 and 5.17 

for context locations. 

5.4.3.2.1 Extreme West Drainage Network 

The Extreme West drainage network (Figure 5.15) occurs on the periphery of the SMB and drains 

directly into Melas Chasma. Valleys in the Extreme West network are best preserved in their 

middle and upper reaches and, in many places, are obscured by talus materials (Figure 5.15B). 

Inverted channels are present in this network and these have been cut across by younger, 

subsequent channels (Figure 5.10C). 

 

Figure 5.15: (A) HiRISE and CTX mosaic of the Extreme West and Far West drainage networks. Drainage 

is generally from the south-west to the north-east of the image. (B) HiRISE image showing talus material 

overlying valley networks (demarked by dashed line). Downslope is to the north. See Figure 5.2 for context 

location. 

5.4.3.2.2 Far West Drainage Network  

Like the Extreme West valley network, the Far West drainage network (Figure 5.15) appears to 

drain directly into Melas Chasma. Again, the valleys here are best preserved in their middle and 

upper reaches. 
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5.4.3.2.3 West Chasma Drainage Network  

The West Chasma drainage network (see Figure 5.9) has the highest drainage density of all six 

networks. The West Chasma valley networks converge on a small (60 km2) topographic 

depression adjacent to the northern wall of SMB (Figure 5.16), making it as candidate palaeolake. 

The depression is enclosed on all sides around the -1,800 m contour, except on the north wall, 

where the topography is lower, at -1,960 m (see Table 5.5). At -1,960 m, however, the depression 

is fully enclosed, with a potential water level of 100 m. If the northern wall of the depression 

originally extended up to the -1,800 m contour line (see Figure 5.16B), the water level could have 

been 250 m. This candidate palaeolake is henceforth referred to as the west palaeolake. 

It is difficult to establish whether the west palaeolake was an open or closed basin system, as it 

has been extensively modified, and so any traces of outlet valleys could have been removed. A 

steep scarp is present on the southern side of the depression (Figure 5.16A). Valley networks cut 

through this scarp, indicating aqueous processes were active after the scarp formed. If the top 

surface of this scarp were a shoreline, the west palaeolake could have been much larger, extending 

up to the ~ -1,200 metre shoreline, making the water several hundred metres deep (Table 5.5). 

Valleys could have later cut through the scarp due to a drop in water level, possibly if the 

palaeolake breached or drained over into Melas Chasma. However, no morphological evidence 

for such a breach is visible on the floor of Melas Chasma. 

Shoreline (m) Lake area (km2) Lake volume (km3) Max. water depth (m) 
- 1,960 22 0.7 ~ 100 

-1,800 61 8.9 ~ 250 

~ -1,200 ? ? ~ 600 

Table 5.5: Morphometrics for the proposed west palaeolake as calculated from a CTX DEM. 

5.4.3.2.4 West Basin Drainage Network 

Valleys from the West Basin network drain into the main palaeolake (see Figure 5.9). Many of 

the valleys in the West Basin drainage network have high sinuosities (up to 1.39) and some have 

channel meanders (Figure 5.4). Valleys and channels cross-cut one another (Figure 5.4E). Many 

of the larger valleys appeared to have been infilled with fine, medium-toned material, similar to 

ML, which has subsequently been incised by narrow channels (e.g., Figure 5.4E). Valleys and 

channels drain into the main palaeolake from several different outlets. It is difficult to directly tie 

valley networks to any sedimentary fans within the main palaeolake. This is discussed in greater 

detail in the next chapter.  
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Figure 5.16: (A) HiRISE and CTX mosaic of the lower reaches of the West Chasma drainage network. 

Valleys converge on a topographic depression (solid white arrows) and candidate palaeolake. The shaded 

blue areas mark potential shorelines. Note the inverted north arrow. (B & C) Cross-sections for potential 

palaeolake shorelines extracted from a CTX DEM; the darker blue shows a lake 100 m deep (- 1,960 m 

shoreline), whereas the lighter blue shows a lake 250 m deep (- 1,800 m shoreline). The dashed red line 

shows the potential original topography. See Figure 5.2 for context location. 

5.4.3.3 Eastern Drainage Networks 

Valleys and channels in the Eastern Drainage Networks (Figure 5.17) are significantly more 

widespread and developed than previously reported (Quantin et al., 2005; Williams and Weitz, 

2014). Valleys and channels originate at multiple elevations, draining from slopes high up on the 

canyon walls. However, fluvial landforms are generally more poorly preserved than in either the 

West Chasma or West Basin networks.  

There are prominent erosional outliers of medium-toned, layered material in the eastern drainage 

networks, into which the valleys and channels have incised (Figure 5.18A and C). Incising 

channels and inverted channels are found at multiple stratigraphic levels within these outliers. 

The material composing the outliers is similar to ML in the Weitz et al. (2015) stratigraphy. These 

outliers are least ~ 250-450 metres in vertical thickness, suggesting that at least this much material 

was removed from the Eastern Drainage Networks. Volume estimates of the removed material 

were made using a HRSC DEM, by extending a plane from the top of the outliers along a constant 

elevation. For the East Basin network, at least 29 km3 of material has been removed. These 

volumes are underestimates as (1) the DEMs do not provide full coverage of the drainage areas 

and (2) the outliers themselves, from which the measurements have been based, could also have 

material removed from their upper surfaces.  

As in the western networks, the same valley and channel infill stratigraphy is observed. Valleys 

have been infilled by distinct medium-toned, layered material (ML-type; Figure 5.14A) and later 

by light-toned layered material (LD; Figure 5.14F). The light-toned, layered material is generally 

found stratigraphically above the medium-toned layered material. Both of these materials have, 

in both the East Basin and East Chasma network, been subsequently incised or partially incised 

by later channels (see Table 5.4). 

 



 

 

 

1
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Figure 5.17: HiRISE and CTX mosaic of the East Basin (drains into main Melas palaeolake) and East Chasma (drains into Melas Chasma) drainage networks. The East Basin network 

may have originally been two distinct drainage networks, separated by another N-S ridge (labelled East Basin ridge). See Figure 5.2 for context location.



Chapter 5 Fluvial Mapping and Stratigraphy in South-western Melas 

151 

 

5.4.3.3.1 East Basin Drainage Network 

The general drainage direction and topography of the East Basin drainage network is towards the 

eastern edge of the main palaeolake (see Figure 5.17). However, the majority of valleys and 

channels do not have contiguous pathways to the main palaeolake; they are generally best 

preserved at their upslope ends. As in the West Basin network, it is difficult to tie any valleys and 

channels to specific fan structures in the main palaeolake. Some more isolated valleys within the 

network do, however, appear to be sourcing Fan I (Figure 5.17; labelled after Williams and Weitz, 

2014; discussed in next chapter).  

The presence of a near continuous N-S trending ridge, approximately 100 metres high at the 

western end of the drainage network (see Figure 5.17, labelled “East Basin ridge”), suggests that 

this drainage network may have originally been two distinct drainage networks, separated by the 

ridge, which was later eroded. If this were the case, water may have ponded as an additional 

palaeolake to the east of the ridge, as drainage would have been still been westwards, but would 

have been dammed by the ridge. The ridge could have then been eroded due to water levels rising 

over the top of the ridge, or by subsequent, gradual erosion. This candidate palaeolake is referred 

to as the east palaeolake. 

5.4.3.3.2 East Chasma Drainage Network 

All the valleys in the East Chasma drainage networks appear to converge on a single outlet at the 

eastern edge of the drainage basin, which has incised back into the basin and drains into Melas 

Chasma (Figure 5.18E). Again, valleys and channels are best preserved at their upslope ends; the 

lower part of the drainage basin has been infilled with blocky, mass wasting material, similar to 

that in Figure 5.5D.  

5.4.3.4 Plateau Valleys and Channels 

Two distinct sets of valley networks are observed on the plateau. Firstly, branching valley 

networks, which dissect the light-toned layered deposits (LLDs; Weitz et al., 2010) are present 

on the Melas plateau above the SMB (Figure 5.19). The plateau valleys are not nearly as 

continuous or integrated as the SMB valley networks. These are only up to a maximum of 

hundreds of metres long and tens of metres wide, and generally occur in isolated segments. 

Valleys are only normally visible across topographic escarpments (e.g., Figure 5.19A). The 

plateau valleys generally drain northwards towards the escarpment that leads into the SMB (see 

Figure 5.9), although there are no contiguous fluvial pathways directly into the SMB.  
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Figure 5.18: HiRISE images of areas in East Basin and East Chasma drainage networks. See Figure 5.17 

for context locations. Fluvial valleys and channels are highlighted by blue arrowheads; inverted channels 

by orange arrowheads. (A) HiRISE image of outlier of medium-toned layered material in the East Basin 

network incised by channels. (B) HiRISE image of inverted channels and regular fluvial valleys and 

channels in the East Basin network, found at multiple elevations in the stratigraphy, and which cross-cut 
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one another. (C) HiRISE image of outlying mound of medium-toned, layered material, which inverted 

channels are sitting on. (D) HiRISE image of base of mound in (C), where incising channels are found. The 

mound also transitions into the N-S ridge which marks the watershed dividing the East Basin and East 

Chasma network. (E) HiRISE image of outlet of East Chasma network draining into Melas Chasma, which 

has deeply incised into layered material. (F) HiRISE image of fluvial channel originating high up in the 

East Chasma network. See Figure 5.17 for context locations. 

The plateau valleys are only visible at HiRISE resolution, but HiRISE coverage on the plateaus 

is not nearly as extensive as in the basin (see Figure 5.7). The valleys identified are all above the 

western valley networks; no HiRISE coverage is available for the plateau above the eastern valley 

networks. Of the seven HiRISE images of the plateau that are proximal to the SMB, five contained 

valleys. Whilst some new valleys were identified that were not seen by the Weitz et al. (2010) 

study, I have only identified several kilometres in length more, mostly in HiRISE which postdate 

the Weitz et al. (2010) study. 

 

Figure 5.19: (A) HiRISE image of narrow valleys found on the Melas plateau (marked by red arrowheads). 

(B) Possible evidence for surface runoff revealed by “v-shaped” incisions into layered deposits, which 

point upslope, on the Melas plateau. See Figure 5.9 for context locations. 

Secondly, wider branching valley networks (hundreds of metres wide and tens of kilometres long) 

were indentified that converge on the headwalls of several tributary canyons at the western edge 

of Melas Chasma and along Ius Chasma (Figure 5.20; west of the SMB). Although the mapping 

of these valleys only extended partially (~ 200 km) into Ius Chasma, valleys were found at the 

heads of all the tributary canyons examined. Whilst these valleys do not drain into the SMB, some 

do drain into the tributary canyons that lead into the East Ius drainage network (see Figure 5.12). 

Valleys were also present at the heads of tributary canyons on the northern wall of Ius Chasma 

(see Figure 5.1for location), but these valleys were not studied further, as they extended well 

outside the study area.  
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Figure 5.20: (A) CTX mosaic of branching valleys (red lines) which converge on the headwalls of tributary 

canyons, which drain north into Ius Chsama, west of the SMB. (B) Enlarged CTX mosaic of said valleys; 

they are generally tens of kilometres long and up to hundreds of metres wide. (C) CTX mosaic of interior 

tributary canyon wall, which deeply incise into purported layers of stacked lava flows (McEwen et al., 

1999). 

The surface into which these valleys generally incise is not layered material, but instead “eHv”, 

an early Hesperian volcanic unit, according to the global geological map of Tanaka et al. (2014). 

The crater size-frequency distributions from a 50,000 km2 area of this surface that encompasses 

the mapped valleys is shown in Figure 5.21. Two distinct surface ages are visible following the 

3.7 Ga and 3.5 Ga isochron, with possibly some resurfacing in between. Indeed, large craters (tens 

of kilometres) are observed both being incised by valleys and superposing valleys on the Ius 

plateau, constraining the period of fluvial activity to between this period. 
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Figure 5.21: Crater size-frequency distribution plot of the Ius plateau, showing craters greater than 1 km 

in diameter. Two distinct surfaces are visible following the 3.7 and 3.5 Ga isochrons. 

5.5 Discussion 

The new drainage network maps indicate that fluvial processes were widespread over the entire 

SMB region and into eastern Ius Chasma, as well as possibly on the Melas and Ius plateaus. 

Valleys and channels drain into the main palaeolake (Quantin et al., 2005; Williams and Weitz, 

2014) from the West Basin and East Basin drainage networks. In addition, there appears to have 

been significant drainage from the SMB onto the floor of Melas Chasma, from the East Ius, 

Extreme West, Far West, West Chasma, and East Chasma drainage networks. It is difficult to 

assess where water entering Melas Chasma went, as much of the Melas Chasma floor has been 

extensively modified and subsequently obscured by younger deposits (e.g., Weitz et al., 2015). 

There is also evidence that additional palaeolakes, in the West Chasma (west palaeolake) and East 

Basin networks (east palaeolake), existed within the SMB.  

The SMB valley networks are all developed systems with high stream orders and drainage 

densities; the Far West, and Extreme West, East Basin, and East Chasma networks are 

significantly more developed than previously reported (Quantin et al., 2005; Williams and Weitz, 

2014). These networks are not composed of single threaded, isolated valleys and channels; high 
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resolution imagery of these areas has revealed significantly denser fluvial systems than previously 

identified using lower-resolution data (Quantin et al., 2005). 

Drainage density values (Table 5.3) are among some of the highest reported values for martian 

valley and channel networks (Hynek et al., 2010). Even the lowest value (0.11 km-1 for the East 

Ius network) is well above the mean values for Noachian highland valley networks (0.0115 km-1; 

Hynek et al., 2010), which are indicative of long-lived sediment routing systems that were 

continuous active or frequently recharged. The highest drainage density values (> 1 km–1) are 

within the range of values of terrestrial systems (Carr and Chuang, 1997). These high values, 

along with other fluvial characteristics, are generally consistent with all the fluvial systems in the 

SMB being formed by precipitation-driven surface runoff (e.g., Craddock and Howard, 2002; 

Hynek et al., 2010), across a ~ 120 x 30 km area. It is difficult to assess whether this was due to 

rainfall, snowmelt, or a combination of both.  

5.5.1 Fluvial Stratigraphy 

The stratigraphy is generally consistent across the SMB drainage networks. In the Eastern 

Drainage Networks, the large erosional outliers of layered material (Figure 5.18A and C) are 

generally consistent with ML mapped elsewhere in the basin by Weitz et al. (2015). Like ML, 

these deposits are medium-toned, exhibit metre- to decametre-scale layering, and appear to drape 

topography. Their presence as erosional outliers suggests that at least ~ 250-450 vertical metres 

of material has been removed from the Eastern Drainage Networks, meaning that the ML deposits 

may once have been significantly thicker than the ~ 20 m Weitz et al. (2015) estimated (Figure 

5.22).   

This missing volume of ML can be explained through a number of reasons. Given that ML is 

incised by valleys and channels in both the Western and Eastern Drainage Networks, much of 

ML must have been removed prior to the cessation of fluvial activity. Either: (1) much of ML was 

removed prior to the onset of fluvial activity, perhaps by aeolian abrasion, and ML experienced 

only mild fluvial erosion on its topmost surfaces; (2) much of ML was removed by fluvial activity, 

or (3) ML deposits were actively forming and episodically being removed by a combination of 

fluvial and aeolian erosion. The volume of ML material removed from the East Basin network is 

supportive of at least some fluvial processes eroding ML. At least 29 km3 has been removed; this 

is similar to the amount of material estimated to make up the lacustrine deposits in the main 

palaeolake by Quantin et al. (2005), 78 km3. Quantin et al. (2005) further estimated that 14 km3 

of material had been removed from the West Basin network and deposited in the main palaeolake. 
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5.5.2 Inverted Channel Formation Mechanisms 

Inverted channels were not previously identified in the SMB. As discussed in Chapters 3 and 4, 

inverted channels on Mars can form due to (1) cementation and the formation of duricrusts; (2) 

channel armouring due to coarse sediment loading; or alternatively (3) the presence of a capping 

unit which has infilled the fluvial valley, such as a lava flow (Pain et al., 2007). These processes 

make the channel more resistant to erosion than the surrounding material, such that when subject 

to aeolian abrasion, the channel will be preferentially preserved and exhumed as positive relief. 

The bright-toned nature of some of the SMB inverted channel deposits (Figure 5.10), as well as 

their interbedded stratigraphy with the ML deposits, suggests that they could have formed due to 

(1) cementation and alteration of fluvial channel sediment; or (2) the cementation and alteration 

of non-fluvial ML-type material, which infilled the channel. The SMB inverted channels are 

similar to inverted channels found elsewhere in Valles Marineris, such as on the plateaus of Ius, 

Ganges, and Juventae Chasma. These inverted channels are also composed of bright- and 

medium-toned, layered deposits, and are interpreted to have formed via cementation (Weitz et al., 

2010).  

5.5.3 Episodic Fluvial Activity and Formation of the Layered Deposits 

The existence of the inverted channels is further evidence that the SMB had a complex fluvial 

history involving episodes of burial and exhumation that was widespread across the basin. Fluvial 

channel sediment usually becomes exhumed and inverted after fluvial activity has ceased, through 

aeolian erosion (e.g., Pain and Ollier, 1995). The presence of multiple inverted channels at 

different elevations in the stratigraphy, and the cross-cutting of inverted channels by subsequent 

channels, suggests that there were multiple fluvial phases. Multiple “dry” episodes must have 

occurred in between the fluvial phases, during which aeolian erosion exhumed and inverted 

fluvial channel sediment, before later fluvial (“wet”) phases, which subsequently incised the 

inverted channels. Additional channels and lithified channel deposits are likely to be buried 

deeper within the ML deposits. This origin is summarised in Figure 5.22. 

Weitz et al. (2010) suggested that colour and brightness differences between layers in bright-

toned deposits on the Valles Marineris plateaus (LLDs) could reflect distinct materials – for 

example, the darker-toned layers could be unaltered ash or aeolian materials, whereas the lighter-

toned layers could have been chemically altered through interaction with water. This could be the 

case for the dissected ML deposits in the SMB as well, whereby deposits such as ash and aeolian 

materials could accumulate during “dry” phases, only to be episodically altered and removed 

during fluvial phases. However, this is likely to be an oversimplification of what is a complex 

stratigraphy. 
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The idea that ML had a multi-phase, “dry-wet” origin is supported by several lines of evidence: 

(1) the presence of inverted channels at multiple stratigraphic levels; (2) inverted channels being 

composed of similar material to the ML deposits; (3) the cross-cutting of inverted channels by 

later channels; (4) the fluvial dissection of ML-like material which has infilled valleys; and (5) 

the polygonal patterns present in bright-toned layers within ML, which have previously been 

associated with desiccation (e.g., El-Maarry et al., 2014). A problem with this hypothesis is that 

ML (Weitz et al., 2015) lacks any hydrated mineral signatures, although dust coverage may mean 

that any hydrated signatures are obscured. Alternatively, hydrous phases could have been 

mobilised and removed downstream by fluvial activity. This origin is summarised in Figure 5.22. 

5.5.4 Light Deposits and Late Stage Fluvial Activity 

Like ML, LD material has similarly infilled many of the valley networks throughout the basin 

(Figure 5.14). LD appears to be more extensive throughout the basin than previously observed 

(see Weitz et al., 2015; their Figure 14), occurring in both the Eastern Drainage Networks and the 

Western Drainage Networks. LD appears to have been re-worked from higher up in the basin, 

where it is best preserved, between the West Chasma and West Basin networks (Figure 5.5B), 

and deposited in valleys (Figure 5.14). This is consistent with LD forming as an airfall deposit 

(Weitz et al., 2015). 

In four of the six SMB drainage networks, narrow channels (tens of metres width) appear to 

dissect, or at least partially dissect, some of LD (see Table 5.3); in most places, however, LD is 

not dissected. LD material that infills valleys in the Far West and Extreme West drainage 

networks also does not appear dissected. Taking channel width as a crude proxy for discharge, 

the narrow width of the channels dissecting LD, as well as their geographically limited extent, is 

suggestive of a further hiatus in (or possibly a waning of) fluvial activity. The absence of complex 

fluvial morphologies, such as channels meanders, in these systems (which are observed in older 

fluvial systems), also indicates that fluvial processes were waning by this time, and conditions 

were becoming increasingly ephemeral.  Mass wasting could have re-worked the LD deposits 

from upslope into the dry fluvial valleys, only for the deposits to be dissected by a later, waning 

fluvial phase. Alternatively, fluvial activity could have re-worked the LD deposits downstream 

into the valleys. Both scenarios would explain the hydrated signatures detected by Weitz et al. 

(2015) in the LD deposits. 
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Figure 5.22: West-East cross-section showing the development of the East Basin and East Chasma 

drainage networks. Airfall material accumulates on the canyon basement material, interspersed with 

multiple periods of fluvial activity and erosion. This leads to the development of the central mound forming 

East Basin-East Chasma watershed, as well as inverted channels at multiple points in the stratigraphy, 

which are incised by later channels. 
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In addition, the bright-toned, channel-like deposits appear to sometimes be composed of materials 

similar to LD (Figure 5.11), possibly where the deposits have precipitated from solution or where 

fluvial sediment was deposited by the channel. This again suggests that LD was mineralogically 

altered by fluvial activity. As the channel-like deposits are generally narrower than other channels 

throughout the SMB, the fluvial phase that formed them may have been less intense than earlier 

fluvial phases. The revised ML-LD stratigraphy is summarised in Figure 5.23. 

 

Figure 5.23: Possible stratigraphy of the SMB as interpreted from the stratigraphy of the drainage 

networks. Canyon wallrock, composed of stacked lava flows, lies at the base of the stratigraphy. Overlying 

are the medium-toned layered deposits (ML), which drape topography, are incised by valleys and channels, 

and contain multiple inverted channels. The inclined strata do not show cross-bedding, but rather multiple 

periods of erosion that have occurred within ML. Unconformably overlying ML are the light-toned deposits 

(LD), which also drape topography and are found infilling valley networks. Some of LD is also incised by 

narrow channels. Finally, blocky and rounded mass wasting deposits are found infilling topography at the 

top of the sequence.   

Although ML and LD are both distinct materials, it is difficult to establish whether their formation 

was near continuous or whether there was an extended hiatus between their formations, which 

has implications for the duration of fluvial activity. What is clear, however, is that fluvial activity 

was widespread and intense during the formation of the ML deposits, but was waning 

considerably by the time of the formation of LD, possibly as the environment shifted from 

perennial to ephemeral conditions as the availability of surface water decreased. 

5.5.5 Fluvial Activity on the Melas Plateau 

Sparse HiRISE coverage has limited the mapping of the channels which incise the LLDs on the 

plateau south of the SMB (these features are too small to be resolved at CTX resolution). In most 

HiRISE images, valleys and inverted channels are present; they are therefore likely to be more 

abundant across the plateau, where HiRISE coverage is absent. Many of the LLDs form distinct 
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“V” shapes, which point upslope (Figure 5.19B). This geometry commonly forms due to fluvial 

incision and headward erosion and is suggestive of the presence of further small valleys not visible 

without HiRISE coverage. Because the channels converge towards the escarpment that leads into 

the SMB, I infer that some of the runoff in the SMB was sourced from the plateau.  

 

Figure 5.24: (A) CTX  mosaic of heart-shaped alcove and canyon, which appears to be the source region 

for a sedimentary fan in the main palaeolake (Fan J); (B) CTX image of graben and notch incised into the 

canyon headwall, indicating a possible former fluvial pathway; (C) HiRISE images of sedimentary fan 

structure (Fan J) in the main palaeolake. See Figure 5.2 for context location. 

Williams and Weitz (2014) noted that a sedimentary fan structure within the main palaeolake in 

the SMB (their fan J; see next chapter) was sourced from a heart-shaped alcove, which is the 

beginnings of a tributary canyon (see Figure 5.24). Surface water here may have utilised a graben 

on the plateau as a fluvial pathway to cross from the plateau into the canyon. There is an incised 

notch into the canyon headwall (~ 50-100 m deep). This provides tentative evidence that (1) 

surface runoff and seeping groundwater passed from the plateau into the SMB and (2) the plateau 

channels may have been active at the same time as the SMB lacustrine system. 
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However, the component of runoff and groundwater from the plateau may have been minor 

compared to that sourced within the SMB, owing to (1) the small size of the channels on the 

plateau compared to those in the basin (tens of metres width vs. hundreds of metres); (2) the lack 

of the continuity over large distances when compared to those within the SMB; and (3) few 

tributary canyons leading into the SMB. The first factor could be down to poor preservation, as 

the light-toned deposits into which the valleys incise on the plateau have been heavily eroded, 

which would have also removed fluvial valleys. However, as only small (tens of metres in width) 

valleys are preserved, it seems unlikely that large channels and valleys would have been removed, 

while smaller fluvial systems are preserved. 

5.5.6 Proposed Fluvial and Stratigraphic History of the SMB 

Based on the results discussed above, I propose the following fluvial and stratigraphic history for 

the SMB and Melas plateau. The valley networks on the Ius plateau are discussed in the next 

section. Overall, the results here broadly agree with the works of Quantin et al. (2005), Le Deit et 

al. (2010), Weitz et al. (2010; 2015), and Williams and Weitz (2014). The formation of ML began 

in the early Hesperian (Quantin et al., 2005), after the SMB opened, likely as an airfall deposit of 

aeolian or volcanic ash materials. Aqueous processes, primarily driven by precipitation, but 

perhaps also supported by emerging groundwater from the canyon wall and runoff from the 

plateau, began not long after, beginning the formation of the SMB valley networks.   

Repeated “wet and dry” phases led to episodic accumulation and erosion of ML. During the wet 

phases, fluvial incision, erosion, and possibly the mineralogical alteration of ML occurred. The 

bright-toned layers within ML may represent materials that were altered during fluvial phases. 

Eroded material was transported downstream to the main palaeolake and into Melas Chasma. 

Additional, smaller palaeolakes elsewhere in the basin also may have existed during this time, 

possibly pre-dating the main palaeolake. During the dry phases, ML continued to accumulate 

through aeolian processes, but was not altered by aqueous activity. It was during the dry phases 

that fluvial channels were exhumed and inverted due to differential erosion. 

After ML deposition ended, the magnitude of fluvial activity started to wane or paused entirely. 

LD then began to form, likely also as airfall deposits. LD was aqueously altered (Weitz et al., 

2015) and transported down slope, possibly by fluvial activity. The magnitude of the fluvial 

activity, while still relatively widespread, appears to have been significantly reduced during this 

time, as indicated by the partially filled valleys in the Western and Eastern Drainage Networks. 

Fluvial processes were probably not active in the Far West and Extreme West drainage networks. 

This reduction in fluvial activity could be due to transitions from a perennial to an ephemeral 

setting, in conjunction with a drying climate. Sometime after this, fluvial activity ceased entirely 

and the valley networks were subsequently modified by aeolian processes alone.  
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5.5.7 Regional Fluvial Activity 

Further west, the presence of wide, branching valleys (hundreds of metres in width; Figures 5.12 

and 5.20), which drain into the amphitheatre-headed tributary canyons on the southern wall of Ius 

Chasma (including the East Ius drainage network), suggest that precipitation and surface-runoff 

was involved in canyon formation and modification. Amphitheatre-headed canyons on Mars 

(including those leading into Ius Chasma) have been associated with groundwater seepage erosion 

(e.g., Lucchitta et al., 1992; Goldspiel, 2000; see Chapter 1 for discussion). The presence of newly 

identified branching valleys at the heads of these canyons, which originate at multiple elevations, 

is inconsistent with the point origin of a groundwater outlet, such as, for example, at the base of 

a scarp. Instead these valleys are more consistent with precipitation-driven runoff originating 

across a wide area (e.g., Craddock and Howard, 2002).  

The presence of such amphitheatre-headed tributary canyons on the northern wall of Ius Chasma, 

is also inconsistent with northern-draining regional groundwater (Figure 5.1). Indeed, terrestrial 

studies of the closest analogues for amphitheatre-headed canyons which incise into basalt (e.g., 

Box Canyon in Idaho; Lamb et al., 2006) find that groundwater seepage plays a secondary role to 

runoff, and that high magnitude flash floods are a more likely candidate for eroding and 

transporting large volumes of material. The canyons converging on Ius Chasma also appear to be 

composed of coherent, solid rock (e.g., Figure 5.20C), which would require high rates of 

discharge to incise into (Lamb et al., 2006). The presence of branching valleys at the canyon heads 

would be consistent with flash floods, and the occurrence of flash floods would make it difficult 

to exclude the occurrence of more perennial episodes of runoff.  

Moreover, within the East Ius drainage network, dense networks of valleys and channels originate 

from within the tributary canyon itself (in addition to the plateau; see Figure 5.12). These systems 

are similar to those within the SMB and appear to be consistent with localised sources of 

precipitation and runoff from within the canyon. Many of the tributary canyons further west of 

the East Ius network (Figure 5.20) have had their walls and floors obscured by talus materials; 

often only the broad valley or canyon floor remains visible. The existence of smaller, denser 

networks of valleys and channels that originate within the tributary canyons, which have been  

buried by talus materials, cannot, therefore, be ruled out.  

It can therefore be inferred that (1) precipitation and runoff from the Melas and Ius plateau drained 

into the tributary canyons west of the SMB, probably in conjunction with emerging regional 

groundwater; and (2) precipitation and runoff may have originated within at least the East Ius 

drainage network, and also within the other tributary canyons further west in Ius Chasma. Both 

local and regionally sourced fluvial processes may have played a significant role in widening Ius 

and Melas Chasma. 
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5.5.8 Summary of Fluvial Processes 

The results here point to long-lived fluvial activity originating within the SMB (over a ~ 120 x 30 

km area), consistent with precipitation-induced runoff. In addition, water may have also been 

sourced as runoff from the plateau, also supported by precipitation, and as emerging groundwater 

on the canyon wall. Outside of the SMB, runoff from the Ius plateau drained into the Ius Chasma 

tributary canyons, probably in conjunction with emerging regional groundwater (Lucchitta et al., 

1992). This is consistent with observations of fluvial systems elsewhere on Valles Marineris 

plateaus (Weitz et al., 2015). In addition, it is also possible that runoff from precipitation was 

sourced within the walls of Ius Chasma tributary canyons as well, although it is difficult to say 

how far this extended, as tributary canyons carry on for ~ 500 km westward of the SMB, and I 

have not yet investigated these areas. 

5.6 Conclusions 

In summary, I have produced fluvial maps of the south-western Melas Chasma basin that indicate 

long-lived and episodic fluvial activity. The fluvial systems appear to have supported at least one 

palaeolake within the basin (Quantin et al., 2005; Williams and Weitz, 2014) and possibly more. 

There were repeated episodes of “wet and dry” phases, during which fluvial activity was 

interspersed with the deposition of airfall material and periods of aeolian erosion. The fluvial 

morphometrics are consistent with formation by widespread precipitation (probably rainfall) and 

runoff across a 120 km section of Melas Chasma, a much more extensive area that previously 

recognised (Quantin et al., 2005; Williams and Weitz, 2014). In addition, the fluvial networks 

were probably supported by aqueous input from both emerging groundwater and runoff from the 

Melas plateau. Fluvial systems also appear to have drained from the Ius plateau into tributary 

canyons that lead into Ius Chasma. The contents of many of these tributary canyons in Ius Chasma 

has been buried; denser systems of valleys and channels could therefore have since been obscured 

by burial. Finally, it is possible that the SMB fluvial systems owe their existence to exceptional 

preservation factors, and that SMB-style fluvial systems were once more widespread throughout 

this part of Valles Marineris. 
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Chapter 6. Lake Level Changes in the South-western Melas Basin, 

Valles Marineris 

6.1 Introduction 

The previous chapter investigated the geomorphology, stratigraphy, and evolution of the fluvial 

systems within the south-western Melas Chasma basin (SMB), and those more regionally on the 

Melas and Ius plateaus. This second chapter on the SMB focuses on the geomorphology and 

sedimentary assemblages within the main palaeolake (Figure 6.1), and how these deposits can be 

used to constrain changes in the water level of the palaeolake. Like the supporting fluvial systems, 

the palaeolake is also thought to have been active during the Hesperian (Quantin et al., 2005). 

Previous work indicates that the palaeolake has multiple potential shorelines, based on current 

topography (Quantin et al., 2005; William and Weitz, 2014), which gives a maximum water level 

of several hundred metres. The complex stratigraphy within the palaeolake contains a variety of 

different sedimentary fans, interpreted as forming in alluvial, deltaic, and deep, sub-aqueous 

environments (Quantin et al., 2005; Metz et al., 2009; Williams and Weitz, 2014). Many of these 

fans are interfingered with a sequence of layered deposits interpreted as lacustrine in origin 

(Williams and Weitz, 2014). Unusually for Mars, this palaeolake is not found in an impact crater, 

but instead in a depression presumably created when Melas Chasma opened (Quantin et al., 2005).  

The time period estimate to fill the palaeolake and form some of the deposits in the palaeolake 

ranges from 102-105 years (Quantin et al., 2005; Metz et al., 2009; Williams and Weitz, 2014). 

However, there is evidence for at least one lake level regression and/or hiatus within the lacustrine 

deposits (Williams and Weitz, 2014), complicating the history of the palaeolake. Superposing the 

layered deposits are bright-toned mounds, which contain hydrated silica (Williams and Weitz, 

2014; Weitz et al., 2015), evidence of possible late stage aqueous activity once the water level of 

the palaeolake had dropped.  

Building on previous work, in this chapter I aim to further understand (1) the stratigraphic 

relationships between different sedimentary deposits in the palaeolake and (2) how this 

stratigraphy can be used to reconstruct the history of water level changes in the palaeolake.  In 

addition, this chapter seeks to tie the history of the palaeolake to the broader fluvial history of the 

SMB discussed in Chapter 5, as well as considering the past climate implications for the SMB. 

Observations have been made primarily using HiRISE and CTX data, as well as topographic data 

from HiRISE and CTX DEMs.  
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6.2 Palaeolake Background 

This section will first review the previous studies that have investigated the palaeolake in the 

south-western Melas basin. In the eastern half of the SMB, the West Basin and East Basin 

drainage networks (see Chapter 5) converge on a topographic depression (Figure 6.1). At MOLA 

resolution, the depression is enclosed up to the -1,550 m contour line (Quantin et al., 2005), which 

is consistent with a former shoreline and indicates the presence of a possible palaeolake (referred 

to in Chapter 5 as the main palaeolake; Quantin et al., 2005; Williams and Weitz, 2014). The 

existence of a palaeolake is strongly supported by a complex assemblage of sedimentary fans and 

layered deposits within the depression (Quantin et al., 2005; Metz et al., 2009; Williams and 

Weitz, 2014). As there are no obvious outlet valleys or channels, the palaeolake is a closed basin 

system (see Chapter 1; Fassett and Head 2008b).  

When using higher-resolution HRSC DEM data, Williams and Weitz (2014) observed several 

potential shorelines based on the current topography and geomorphology of the depression; the 

highest of these would give a maximum water level of ~ 415 m. (“Water level” here is defined as 

the depth to the surface with the lowest exposed elevation from an assumed shoreline. Water level 

is not equal to lake depth, as material on the surface could have been deposited and removed, 

during and after the lake formed. However, water level can give a useful indication of how deep 

the lake might have been and how its depth might have changed). 

 

Figure 6.1: CTX mosaic of main south-western Melas palaeolake. The black boxes show the locations of 

figures throughout the chapter. 
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6.2.1 Palaeolake Layered Deposits 

There is 80 to 150 m thickness of layered material in the palaeolake, divided into about 40 

packages of beds, which are interpreted as sedimentary in origin (Figure 6.2; Quantin et al., 2005; 

William and Weitz, 2014). These beds vary widely in thickness, from decametres to the likely 

sub-resolution level (for HiRISE, this value is generally ~ 1 m), and also in brightness. The beds 

form a stepped topography up the sequence, indicating variations in resistance to erosion, which 

is consistent with a textural or compositional variation between the different layers (William and 

Weitz, 2014). The beds are generally exposed such that those at centre of the palaeolake are 

topographically and stratigraphically lowest; the beds go up sequence towards the edges of the 

palaeolake (Figure 6.2C). The beds are laterally extensive and can be traced for tens of kilometres 

across the palaeolake, which is consistent with, although not unique to, clastic sediment deposited 

in a lacustrine setting (e.g., Schnurrenberger et al., 2003) or possibly evaporites. Only a few other 

postulated palaeolakes on Mars have such extensive and well-exposed lacustrine deposits (e.g., 

Jezero Crater; Goudge et al. 2016b; Eberswalde Crater; Rice et al., 2013). 

Midway up the sequence, Williams and Weitz (2014) identified what they interpreted as a series 

of indurated aeolian bedforms (Figure 6.3) preserved on a bedding surface (location outlined in 

yellow in Figure 6.1). These bedforms are not modern but are part of the palaeo-surface. The 

wavelength of the bedforms is north-south, perpendicular to the presumed direction of flow into 

the basin, supporting their origin as aeolian dunes, rather than as sub-aqueous ripples. Williams 

and Weitz (2014) thus hypothesised that the dunes formed when the lacustrine sediment was 

exposed to the air, and were then later buried and fossilised. The palaeo-dune field has since been 

exposed by subsequent erosion. Importantly, as the palaeo-dunes are confined to one layer surface 

within the sequence and are bound stratigraphically between layers of lacustrine sediment, they 

are interpreted as evidence of a regression (William and Weitz, 2014). Such a regression could 

have involved a fall in the water level, or even the complete desiccation of the palaeolake, before 

it was refilled at a later point (William and Weitz, 2014). It is not possible to determine from the 

palaeo-dune field alone how long this regression episode lasted (William and Weitz, 2014). 

Towards the top of the sequence and around the northern rim of the palaeolake, much of the 

laminated structure of the lacustrine deposits disintegrates until it is no longer recognisable. Here, 

the material has probably been eroded and reworked by aeolian processes (Quantin et al., 2005). 

Distinctive blocky and rounded structures also found around the northern rim of the palaeolake 

point to potential mass wasting from the canyon wall (William and Weitz, 2014), similar to that 

in Figure 5.5D. 
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Figure 6.2: (A-B) HiRISE images of layered deposits in the south-western Melas palaeolake. The deposits 

form a stair-step topography up the sequence (north) and vary in colour. Bright-toned mounds which 

contain hydrated silica superpose the layered deposits (dashed red line highlights contact); (C) Projected 

HiRISE DEM of the layered deposits, facing north-east with 5 x vertical exaggeration. Centre of the 

palaeolake is to the right of the image. See Figure 6.1 for context location. 
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Figure 6.3: (A) HiRISE image of indurated aeolian bedforms on a palaeo-surface that is bound by layered, 

lacustrine sediment; (B) The bedform crests are up to a metre high, with a wavelength of ~ 50-100 m on a 

north-sloping surface. The wavelength of the bedforms is perpendicular to the likely direction of flow into 

the palaeolake, indicating they may have formed in a period of sub-aerial exposure as aeolian dunes, during 

a lake lowstand (William and Weitz, 2014). See Figure 6.1 for context location. 

6.2.2 Sedimentary Fans  

At both the western and eastern inlets to the palaeolake, there is a complex series of superposing 

sedimentary fans, interpreted as a variety of alluvial, deltaic, and deep, sub-aqueous fans, which 

formed in a lacustrine or near-lacustrine environment (Quantin et al., 2005; Metz et al., 2009; 

William and Weitz, 2014). Many of these fans are associated and interfingered with the lacustrine 

deposits in the palaeolake (Metz et al., 2009; William and Weitz, 2014). Collectively, these fans 

can be broadly divided into the western and eastern fan complexes (found at the western and 

eastern edges of the palaeolake, respectively). Isolated deltas are also found around the southern 

rim of the palaeolake (William and Weitz, 2014). Additional fans, interpreted as debris flows or 

landslides, are found stratigraphically above the main fan complexes (William and Weitz, 2014). 

Williams and Weitz (2014) detailed the morphology of the fans throughout the palaeolake, 

identifying 11 distinct structures, which they labelled A through K (Figure 6.1; this nomenclature 

is used in this chapter). Fans A through D compose the western fan complex (Figure 6.4). Fans A 

and B (Figure 6.4B and C) are both the stratigraphically and topographically lowest fans within 

the palaeolake, found within an erosional window (Williams and Weitz, 2014), and which have 

branching, finger-like terminations. These fans are interpreted as having formed in an entirely 

sub-aqueous setting on the basis of (1) their morphological similarity to deep, sub-aqueous fans 

(e.g., in the Mississippi fan complex), (2) their distributary channel geometries, and (3) their depth 

within the palaeolake (Metz et al., 2009). Alternatively, fans A and B could also be deltaic (Metz 

et al., 2009; Williams and Weitz, 2014). 
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Fan C makes up the bulk of the western fan complex (Figure 6.4D and E). It is defined by positive 

relief inverted channels which radiate outwards from the termini of the western valley networks 

and is interfingered with lacustrine deposits. Williams and Weitz (2014) interpreted this structure 

as a fan-delta, an alluvial fan that has prograded outward into a body of water (McPherson et al., 

1987). Quantin et al. (2005) found the volume of this fan consistent with the material eroded from 

the western valley networks. Fan C is superposed by fan D (Figure 6.4A), which, in contrast, has 

a flat surface (on which large boulders are visible) and rounded lobate terminations. Fan D appears 

to originate from a scour on the main canyon wall, south-west of the palaeolake, and spreads out 

into the palaeolake downslope. Williams and Weitz (2014) interpret fan D as a debris flow fan, 

possibly formed in one or more event/s by the slope failure of saturated sediment. A series of 

inclined strata resembling clinoforms are found to the north-west of and stratigraphically above 

fan C; these are interpreted by Dromart et al. (2007) as either a channel-levee structure (part of a 

deep-water depositional complex; Wynn et al., 2007) or as part of a delta complex.  

Fans F through I compose the eastern fan complex (Figure 6.5). Like fan C, fan F is made up of 

inverted channels, which radiate outwards from the eastern edge of the palaeolake and is also 

interfingered with lacustrine deposits. Williams and Weitz (2014) also interpreted this structure 

as a fan-delta. Fans G and H are generally similar in morphology to fan F, although they comprise 

single-threaded inverted channels which flow downstream into the palaeolake before bifurcating 

into multiple lobe structures, rather than radiating out from an outlet. As such, fans G and H are 

interpreted as bird’s foot deltas (Metz et al., 2009; Williams and Weitz, 2014). Fan I (Figure 6.5C) 

superposes fan F and is made up of inverted channels which radiate out from eastern edge of the 

basin; Williams and Weitz (2014) similarly interpreted this structure as a fan-delta, or 

alternatively that it was emplaced entirely sub-aerially as an alluvial fan. 

 

 

 

 

 

 

Figure 6.4: (A) CTX image of the western fan complex, composed of fans A-D. Flow direction was west to 

east; (B) HiRISE image of fan A, which has bifurcating finger-like terminations, and interpreted as a deep 

sub-aqueous fan (Metz et al., 2009); (C) HiRISE image of fan B, superposing fan A and similarly interpreted 

as forming in a deep water environment (Metz et al., 2009); (D & E) HiRISE images of parts of fan C, 

showing branching channel and lobe systems. Fan C is interpreted as a fan delta and has since been 

preserved as inverted relief (William and Weitz, 2014). Downslope is to the east in all images. See Figure 

6.1 for context location. 
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Figure 6.5: (A) CTX image of the eastern fan complex, composed of fans F-I, and fan J2. Flow direction 

was south-east to north-west; (B) HiRISE image of fan H, which is composed of inverted and bifurcating 

channel and lobe systems, and is interpreted as a delta (William and Weitz, 2014); (C) HiRISE image of 

fan I (dashed line), which has a conical shape and is interpreted as a fan delta (William and Weitz, 2014). 

Downslope is to the west in all images. See Figure 6.1 for context location. 



Chapter 6 Water Level Changes in South-western Melas 

173 

 

Several other smaller, isolated fans are present on the southern rim of the palaeolake, not part of 

the larger fan complexes. Fans E2 (Figure 6.6A) and J2 (Figure 6.5A) are interpreted as delta 

deposits, whereas fans J1 and K (Figure 6.6B) and fan E1 are interpreted as landslide and debris 

flow deposits, respectively (Williams and Weitz, 2014). Fans E2 and J2 are at a similar elevation 

and are stratigraphically above all other deltaic deposits in the palaeolake, except Fan I (Williams 

and Weitz, 2014). All of these isolated fan deposits appear to originate from the southern canyon 

wall of Valles Marineris. The source region for fan J is discussed in more in Chapter 5 (Section 

5.5.5). The landslide and debris flow deposits are likely to postdate the main lacustrine phase 

within the palaeolake (Williams and Weitz, 2014). The stratigraphy of the fans and lacustrine 

deposits is summarised in Figure 6.7 and an updated catalogue of the fans is presented in Table 

6.3. 

 

Figure 6.6: Miscellaneous fans throughout the palaeolake. (A) HiRISE image of fans E1 and E2. Fan E2 

is interpreted as a delta deposit, with rounded terminations, whereas fan E1 superposes fan E2, and is 

interpreted as a landslide deposit (William and Weitz, 2014); (B) HiRISE image of fan K, which is 

interpreted as a landslide deposit (William and Weitz, 2014). Downslope is to the north in both images. See 

Figure 6.1 for context location. 

6.2.3 Hydrated Mineralogy  

Hydrated spectral features that correspond to jarosite and opaline silica have been identified in 

limited locations within the palaeolake (Milliken et al., 2008; Metz et al., 2009;Weitz et al., 2015). 

The lack of hydrated spectral features more widely in the palaeolake could be due to dust cover 

obscuring detection (Murchie et al., 2007). The jarosite was detected in the clinoform-like features 

in the north-west of the palaeolake (Metz et al., 2009). Jarosite, a sulphate, is consistent with 

having precipitated under low-temperature acidic conditions and having a non-hydrothermal 

origin (Milliken et al., 2008; Metz et al., 2009), although it is difficult to establish whether it 

formed in situ or was transported from elsewhere. 
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Figure 6.7: Stratigraphic columns for various sections of the palaeolake. Approximately 150 m thickness 

of material is present. Fans C and F are at similar positions in the stratigraphy. Jagged lines show 

uncertain contacts. Redrawn from Williams and Weitz, 2014. 

Opaline (hydrated) silica was identified near the western sub-aqueous fans (fans A & B; Metz et 

al., 2009) and in isolated mounds in the central and eastern portion of the basin (Williams and 

Weitz, 2014). Hydrated silica deposits can form in several ways: as a primary sedimentary deposit 

(McLennan, 2003); as a reworked ash deposit; a precipitate from pore-filling cement; or a 

precipitate from evaporating bodies of water (Milliken et al., 2008). The opaline silica deposits 

in the basin appear to correspond to a bright-toned material that forms roughly circular mound 

shaped deposits (Figure 6.2; Weitz et al., 2015). Furthermore, these deposits cut across multiple 

beds and elevations and are stratigraphically above the main lacustrine sediment (Williams and 

Weitz, 2014), therefore postdating the main lacustrine phase. The circular shape of these deposits 

could indicate that the silica has formed as an aqueous alteration product, produced by the low-

temperature, localised hydrothermal activity associated with impact events (Williams and Weitz, 

2014; Weitz et al., 2015).  

6.2.4 Aqueous Evolution of the South-western Melas Palaeolake 

Williams and Weitz (2014) used the stratigraphy of the fans and lacustrine deposits to constrain 

the timing and water level changes within the palaeolake. They observed that the presence of fans 

A and B, which formed in a deep lacustrine setting (Metz et al., 2009) low down in the 

stratigraphy, indicates an early lake highstand (possibly with a water level up to - 1,550 m). This 
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was followed by a drop in water level, leading to the formation of the palaeo-dune field in a period 

of sub-aerial exposure (Williams and Weitz, 2014). It is not clear whether this was merely a 

lowstand or if lake was completely desiccated at this point (William and Weitz, 2014). As many 

fan deposits (e.g., fans C-I) postdate the formation of the palaeo-dune field, the water level rose 

again, possibly through several intermediate levels before reaching an eventual highstand 

(Williams and Weitz, 2014). A postulated plunge pool at the eastern edge of the lake (Figure 

6.5A), which cuts across the lacustrine deposits, may indicate a final drop in lake level (Williams 

and Weitz, 2014).  

Estimates of the formation timescales for fans and lacustrine deposits range from 102-105 years 

(Metz et al., 2009; Williams and Weitz, 2014), however, these timescales are complicated by the 

possibility of lake hiatuses, and thus the overall duration of aqueous processes in the palaeolake 

may have been longer. The presence of opaline silica deposits indicates that aqueous processes in 

the basin continued after the main lacustrine phase (Williams and Weitz, 2014; Weitz et al., 2015). 

Sedimentation in the palaeolake continued after the water level fell, with the formation of 

landslides and debris flows (Williams and Weitz, 2014).  

The water level changes in the palaeolake are clearly complex and warrant examination, as do the 

stratigraphic relationships of the sedimentary fans and the lacustrine deposits.  Recent HiRISE 

and HiRISE stereo acquisition (the result of the SMB’s candidacy as landing site for MSL 

(Quantin et al., 2006) and Mars 2020 (Williams et al., 2015; Davis et al., 2017)) mean that 

coverage of the palaeolake is significantly better than even that available for the Williams and 

Weitz (2014) study. The palaeolake can thus be investigated in greater detail than in previous 

studies. Water level changes in the palaeolake and the stratigraphy of the sedimentary fans and 

layered deposits, investigated throughout this chapter, can be used to further constrain the history 

and evolution of the palaeolake. 

6.3 Methods 

I have used a variety of different datasets to examine the geomorphology and stratigraphy of the 

palaeolake. HiRISE data were primarily used as coverage of the palaeolake is near continuous 

(Figure 6.8). Where HiRISE data were not available, CTX data were instead used. As mentioned 

in Chapter 5, a series of HiRISE and CTX stereo digital elevation models (DEMs) were produced 

that cover much of SMB. HiRISE stereo DEM coverage is near continuous for the palaeolake 

(Figure 6.8). CTX DEM coverage is continuous across the palaeolake. The DEMs were used to 

help determine stratigraphic and topographic relationships throughout the palaeolake, as well as 

the maximum and minimum elevation of fans and layered deposits. A full list of the HiRISE and 

CTX DEMs along with their associated image numbers can be found in Tables AII.2 and AII.3. 

In addition, an HRSC DEM (50 m/pixel) that entirely covers the palaeolake was used for 
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topographic profiles across the palaeolake, so as to avoid any elevation offsets at the seams of the 

CTX DEMs. Dip and strike values for the layered deposits were measured from the HiRISE 

DEMs using the ArcGIS plug-in LayerToolsNET. However, the values were generally found to 

be very low (i.e., the beds were near horizontal) and often within the error margin of the 

measreument. As such, the dip and strike values were not included in the results. 

As in Chapter 4, a geological map of the palaeolake surface (~ 40 x 20 km in area) was also 

produced, primarily using HiRISE data. The contacts between different morphological units were 

digitised as polylines in ArcGIS at a scale of 1:5,000, and then converted to polygons for each 

mapping unit. The purpose of this map was to show the stratigraphic relationships between the 

different sedimentary assemblages in the palaeolake, and to provide broader context for the 

discussion. Craters as small as 20 metres in diameter were counted systematically across the 

palaeolake surface (~ 460 km2). CraterStats2 (Michael and Neukum, 2010) software was then 

used to produce cumulative crater size-frequency distributions for the palaeolake surface in order 

to determine surface crater retention ages (which will either be modelled formation ages or 

exposure ages). 

 

Figure 6.8: HiRISE (light red) and HiRISE DEM (orange) coverage extent for the south-western Melas 

palaeolake overlaid on a CTX basemap. 
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6.4 Results  

I have divided the results for this chapter in five sub-sections: the topography of potential 

shorelines around the palaeolake (Section 6.4.1); a geological map of the palaeolake deposits 

(Section 6.4.2); new observations of the layered deposits (Section 6.4.3); new observations of the 

sedimentary fans (Section 6.4.4); and crater counting results of the palaeolake surface (Section 

6.4.5). 

6.4.1 Palaeolake Shorelines 

I have estimated the shorelines of the palaeolake using CTX and HRSC DEMs. Given the current 

topography of the palaeolake, there are multiple potential shorelines at different elevations in the 

palaeolake, many more so than recorded in previous studies (Quantin et al., 2005; Williams and 

Weitz, 2014). Six potential shorelines which intersect different sedimentary structures around the 

palaeolake are shown in Table 6.1, however, structures such as terraces that would demonstrate 

episodes of incision were not identified. The highest candidate shoreline that makes a fully 

enclosed depression extends up to -1,180 m, which is a significantly higher elevation than 

previous estimates (- 1,550 m; Quantin et al., 2005; Williams and Weitz, 2014). A shoreline at 

this elevation would give a maximum water level of ~ 750 m and a water volume of ~ 280 km3. 

This water level is comparable to some of the deepest freshwater lakes on Earth (e.g., Lake Vostok 

in Antarctica is around 900 m deep). By contrast, one of the lowest candidate shorelines is at -

1,880 m, which gives a maximum water level of 50 m and a water volume of just 0.9 km3.  

Shoreline 

elevation (m) 

Max. water 

level (m) 

Lake area 

(km2) 

Water volume 

(km3) 

Notes 

 -1,180 750 681.2 279.9 Maximum 

potential 

shoreline. No 

layered deposits 

observed. 

-1,300 630 579.1 204.4 Highest observed 

extent of layered 

deposits. 

-1,560 370 408.9 76.1 Similar elevation 

to fans E2, J2, and 

N. 

- 1,700 230 260.3 29.3 Similar elevations 

to fan C, F, G, and 

H. 

- 1,820 110 124.2 6.3 Minimum 

elevation of fans 

C and F. 

- 1,880 50 48.3 0.9 Beneath palaeo-

dune field and 

indurated craters. 

Table 6.1: Potential shorelines and associated lake morphometrics. 
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Figure 6.9: (A) Potential shorelines around the Melas palaeolake on a CTX basemap. Given the current 

topography, there are multiple shorelines that intersect different sedimentary structures throughout the 

palaeolake. (B) Projected CTX DEMs of Melas palaeolake (looking west; 1.5 x vertical exaggeration). The 

shaded blue area shows the approximate extent of a lake shoreline at - 1,560 m. 
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6.4.2 Geological Map of the Palaeolake 

Figure 6.10 shows the HiRISE-scale geological map and cross-section of the palaeolake. The 

geological map units are described in the following sections and in Table 6.2 below. 

Unit 

Label 

Description Additional 

Characteristics 

Interpretation 

BD Blocky Deposit unit—Blocky 

and rounded deposits. Flowed 

downslope. Unconsolidated. 

Tens of metres thick. (e.g., lat -

9.41°N., long 283.70°E.) 

Overlies palaeolake units. Mass wasting material. 

Possibly re-worked ML. 

MMl Mass Movement landslide 

unit—Unconsolidated deposits. 

Flowed downslope. Bulbous 

terminations. Tens of metres 

thick. (e.g., -lat 9.58°N., long 

283.7°E.) 

Originates from canyon walls. 

Overlies palaeolake units. 

Boulder-sized clasts present 

on surface. (Fans K, J1) 

Landslide† 

BM Bright-toned Mound unit—

Bright-toned layered mounds. 

Ten to twenty metres thick. 

(e.g., -lat 9.49°N., long 

283.59°E.) 

Contains hydrated silica (from 

CRISM). Overlies Pl.  

Post-lacustrine aqueous 

alteration product. †∞ 

Possible results of local 

hydrothermal activity or 

groundwater ponding 

after impact events. 

MMdf Mass Movement debris flow 

unit—Flat and smooth surface 

with bulbous terminations. 

Flowed downslope. (e.g., lat -

9.49°N., long 283.60°E.) 

Originates from canyon walls. 

Boulder-sized clasts present 

on surface. Sub-horizontal 

layering sometimes exposed 

in flanks. Clearly overlies 

most palaeolake units. (Fan 

D). 

Debris flow† 

Fa Fan alluvial unit—Conical-

shaped fan structure. Radiates 

out from a point. Flowed 

downslope. Variable 

brightness. Tens of metres 

thick. (e.g., lat -9.56°N., long 

283.59°E.) 

Channels sometimes present 

on surface. Sub-horizontal 

layering sometimes exposed 

in flanks. Superposes other 

palaeolake units. Not clearly 

interfingered with Pl. (Fans I, 

L, M). 

Alluvial fan† 

Fd Fan delta unit—Fan unit with 

flat surface. Sometimes with 

rounded terminations and 

finger-like channels, exposed as 

inverted relief. Tens of metres 

thick. (e.g., lat -9.45°N., long 

283.87°E.) 

Found near top surface of the 

lake. Sub-horizontal layering 

sometimes exposed in flanks. 

(Fans E2, J2, N). 

Delta†. Distal deposits 

removed by erosion. 

Fbfd Fan bird’s foot delta unit—

Fan unit composed of inverted 

channels, which bifurcate in the 

palaeolake, away from the 

shore. Tens of metres thick. 

(e.g., lat -9.49°N., long 

76.12°E.) 

Found near top surface of the 

lake. Interfingered with Pmdl. 

(Fans G, H). 

Bird’s foot delta†. 

Distal deposits removed 

by erosion. 

Ffd Fan fan delta unit—Fan unit 

composed of multiple, cross-

cutting inverted distributary 

channels and lobes. Multiple 

points of bifurcation. Tens to 

hundreds of metres thick. (e.g., 

lat -9.52°N., long 283.86°E.) 

Progrades out into the basin. 

Sub-horizontal layering 

sometimes exposed in flanks. 

Radiates out from drainage 

outlet. Interfingered with 

Pmdl. (Fans C, F).  

Fan delta†. Prograded 

out into lake. Distal 

deposits removed by 

erosion. 
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Fds Deep sub-aqueous fan unit—

Low relief sedimentary fan unit. 

Narrow distributary channels 

and finger-like terminations. 

(e.g., lat -9.48°N., long 

283.7°E) 

Exposed in erosional 

windows. Found at low- 

elevations in the basin. (Fans 

A, B). 

Deep sub-aqueous fan*, 

possibly formed by 

turbitity currents. 

Pmdl Palaeolake mixed deltaic 

lacustrine unit—Sub-

horizontal layered deposits. 

Interfingered with sedimentary 

fans. Variable brightness. Up to 

hundreds of metres thickness. 

(e.g., lat -9.52°N., long 

283.69°E.) 

Sometimes forms channel and 

lobe morphologies. Contact 

with Pl is gradational. 

Mixed deltaic (possibly 

distal) and lacustrine 

deposits. Transitional 

unit. 

Pl Palaeolake layered lacustrine 

unit—Sub-horizontal layered 

deposits circumventing the 

palaeolake. Variable brightness. 

Hundreds of metres thickness. 

(e.g., lat -9.52°N., long 

283.78°E.) 

Forms a stair-step topography. 

Overlies and is likely 

interbedded with ML.  

Lacustrine 

ML Medium Layered unit∞—

Sub-horizontal layered deposits 

outside the palaeolake. Drapes 

topography. Variable 

brightness. (e.g., lat -9.40°N., 

long 283.56°E.) 

Contact with W unclear. 

Likely draping. 

Combination of airfall 

and fluvially deposited 

material.  

W Canyon Wallrock unit—Dark 

unit. Forms canyon walls. 

Composed of blocky, layered 

deposits and unconsolidated 

material. Thickness unknown. 

Likely kilometres. (e.g., lat -

9.42°N., long 283.87°E.) 

Underlies palaeolake units. Valles Marineris 

wallrock (likely lava 

plains) and talus 

materials. 

*Metz et al., 2009 

†Williams and Weitz 2014 

∞Weitz et al., 2015 

Table 6.2: Geological map unit descriptions for Figure 6.10. Where description and interpretation from 

previous studies have been included, this has been indicated. 
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Figure 6.10: (A) Geological map of the south-western Melas Chasma basin, Mars
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Figure 6.10: (B) Cross-section A-A’ showing north-west south-east section of the south-western Melas Chasma basin, Mars. See geological map (Figure 6.10A) for explanation of 

map units. All map units fall within the Noachian highland undivided (Nhu) unit in the stratigraphy of Tanaka et al. (2014). Topography from HRSC DEM. Approximately 12x vertical 

exaggeration.
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6.4.3 Palaeolake Layered Deposits 

Sub-horizontal layered deposits are pervasive throughout the palaeolake, both laterally and 

vertically (Figure 6.11), consistent with the results of previous studies (Quantin et al., 2005; 

Williams and Weitz, 2014; Section 6.2.1). However, I have made several new observations about 

their extent as described below. As well as being exposed in vertical sections throughout the 

palaeolake, layered deposits are also found on the interior walls of impact craters. At the northern, 

western, and eastern edges of the palaeolake, the layered deposits form a stair-stepped erosional 

topography. However, in contrast, at the southern boundary of the lake, the layered deposits form 

a more distinct vertical section (Figure 6.12B). There is a prominent topographic step between 

the top of the layered deposits at the southern edge of the palaeolake, and the talus material derived 

from the Valles Marineris walls (Figures 6.11B and 6.12), possibly due to enhanced erosion by 

the canyon winds. At the northern wall of the palaeolake, the layered deposits are largely obscured 

by aeolian dunes, the products of mass wasting, and talus materials. 

 

Figure 6.11: Elevation of layered deposits around the boundary of the palaeolake. (A) HiRISE image of 

the south-eastern boundary of the palaeolake, where layered deposits are exposed up to -1,350 m; (B) 

HiRISE image of southern boundary of palaeolake, where layered deposits are exposed up to -1,450 m. 

There is a prominent topographic step (an upward facing scarp) between the layered deposits and the talus 

material from the southern wall. See Figure 6.1 for context location. 

The lowest elevation that layered deposits are observed is at -1,950 m in the centre of the 

palaeolake, although it is likely that they extend below this depth. There is no obvious base for 

the layered deposits and the material underlying them is not exposed throughout the palaeolake; 

it is therefore difficult to say how deep they go. As noted in Section 6.2.1, the layered deposits 

become progressively more eroded and lose their structure higher up in the palaeolake 

stratigraphy (Figure 6.12), and so the highest elevation that the layered deposits are recognisable 

varies around the palaeolake. The sequence of layered deposits is generally continuous up to -

1,300 m around the eastern edge of the palaeolake (Figure 6.11A); at the southern edge of the 
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palaeolake, layered deposits are observed up to -1,450 m (Figure 6.11B). At the western edge of 

the palaeolake, it is difficult to discern the contact between the layered (lacustrine) deposits and 

the material identified as “ML” in the previous chapter. The maximum exposed thickness of the 

layered deposits is therefore 500-650 m.  

 

Figure 6.12: Profile A-A’ (see Figure 6.1 for location), south-north across the palaeolake. The highlighted 

blue area shows the -1,560 m shoreline, and the tick marks shows the elevation at which the layered deposits 

lose their structure at these locations in the palaeolake. 

There are significant variations in the albedo of the layered deposits throughout the sequence, and 

this is reflected in changes in the geomorphological and erosional profile (Figure 6.13). Dark-

toned beds tend to form topographic benches, suggesting a resistance to erosion, and are generally 

covered in fields of modern aeolian bedforms (Figure 6.13B). In contrast, bright-toned beds are 

generally exposed in cliffs, and contain rectilinear polygonal fractures (Figure 6.13A). Other than 

those identified by Williams and Weitz (2014), no fossilised aeolian bedforms were identified.  

However, on the same stratigraphic surface as the palaeo-dune field (Williams and Weitz, 2014), 

there are several infilled and degraded circular structures, which resemble impact craters (Figure 

6.14). They are tens to hundreds of metres in diameter and all contain layered, sedimentary infill, 

and are distinct from modern crater populations on the same surface. These structures are 

interpreted as infilled and inverted craters, whereby the craters originally formed in the same 

period of sub-aerial exposure as the palaeo-dune field (Williams and Weitz, 2014), during the 

lowstand in the lake. Once the lake level later rose and lacustrine deposition resumed, the craters 

were then infilled. The craters were then exposed by erosion after the cessation of aqueous 

processes; differential erosion may have led to the partial topographic inversion of the crater infill 

(e.g., Pain et al., 2007). 
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Figure 6.13: HiRISE images of layered deposits in the eastern part of the Melas palaeolake. (A) Light-

toned layers contain distinctive polygonal fractures; (B) Aeolian dunes are prominent on dark-toned layers. 

These textural and geomorphological variations suggest there are lithological and compositional 

differences between layers. See Figures 6.2 and 6.5 for conext locations. 

 

Figure 6.14: Degraded and infilled crater structures on the same surface as the palaeo-dune field. Like the 

palaeo-dune field, these craters are unique to the surface, and are supportive of a period of sub-aerial 
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exposure. The craters could have been infilled when lacustrine deposition into the palaeolake resumed. See 

Figure 6.5 for context locations. 

6.4.4 Geomorphology and Stratigraphy of the Sedimentary Fans 

To describe and discuss the fans, I continue to use the nomenclature of Williams and Weitz 

(2014); this is summarised in Table 6.3. Fans A and B have been well-studied (Metz et al., 2009; 

Williams and Weitz, 2014) and no new significant observations were made. Fan C is composed 

of multiple inverted channels which bifurcate into finger-like lobes, and within fan C, two of these 

are particularly distinctive. The main northern lobe is stratigraphically and topographically higher 

than the main southern lobe. Fan C appears to originate from the western edge of the palaeolake, 

although not from any of the fluvial systems that are currently exposed in the West Basin drainage 

network (Figure 6.15). This indicates the presence of an unconformable contact; fan C has been 

exhumed and inverted before the formation of these later fluvial systems in the West Basin 

drainage network. It is unlikely that fan C would be exhumed and inverted, whilst not eroding the 

adjacent valleys and channels (Figure 6.15). Thus, the fluvial systems presently exposed in the 

West Basin drainage network postdate fan C. 

Three additional fan structures not recognised in the Williams and Weitz (2014) stratigraphy were 

also identified at the top of the western fan complex, termed fans L, M, and N. Fans L and M 

(Figure 6.15) are conical-shaped deposits which radiate out from the West Basin drainage 

network. Fans L and M are found unconformably above fan C (Figure 6.15C); this is supported 

by the presence of inliers of fan C within fan L. Fans L and M also superpose the lacustrine 

deposits and do not appear to be interfingered with them. Valleys and channels from the West 

Basin network are present on the surfaces of fans L and M, indicating that these fans are 

conformable with the West Basin network (Figure 6.15B). Fans L and M are consistent with 

alluvial fan deposits; they do not have any bifurcating channel or lobe deposits that would be 

associated with delta or fan delta deposits. Thus fans L and M are likely alluvial fans that formed 

during the later stages of fluvial processes in the West Basin network, after the exhumation of fan 

C. 

Fan N is found at the south-western edge of the palaeolake, also near the top of the western fan 

complex (Figure 6.16). Fan N is again preserved as inverted relief and is stratigraphically above 

fan C. The upslope, western end of fan N is truncated by an impact crater, making its source 

regions unclear, although its apparent flow direction suggests that it originates from the south-

western edge of the palaeolake. Fan N is made up of branching, distributary channels, which are 

narrower than those in fan C (tens of metres vs. hundreds of metres wide). These distributary 

channels appear to have multiple avulsion nodes, rather than originating from a single outlet, and 

have finger-like terminations. The morphology is fan N is similar to fan J2 and is generally 

consistent with formation as a delta deposit. 
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Figure 6.15: (A) CTX image of fans C, L, and M at the western boundary of the palaeolake; (B) HiRISE 

image of area marked by white box in (A). The channels on the surfaces of fans L and M suggest that they 

are late stage features, sourced from the West Basin network; (C) Topographic profile showing the contract 

between the fan L and C. The step in topography indicates that fan C has been exhumed prior to the 

formation of fan L. This observation supports the interpretation that fans L and M are late stage alluvial 

fans that formed after the water level in the palaeolake had dropped. See Figure 6.1 for context location. 

As in the western fan complex, the fans in the eastern fan complex are made up of multiple, 

superposing inverted channel and lobe systems (Figure 6.5). Fan F is broadly similar to fan C and 

is interpreted as a fan-delta (Williams and Weitz, 2014). Although fan F originates from the 

eastern edge of the palaeolake, it does not clearly connect with any of the fluvial systems that are 

currently exposed in the East Basin network. This is also the case for fans G and H. A large 

topographic depression (~ 2 km in diameter) at the outlet of the East Basin network, interpreted 
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as a plunge pool (Figure 6.17; Williams and Weitz, 2014), cuts across fan H and the layered 

deposits. The circularity of the depression as well as its location at outlet of the East Basin network 

appears generally consistent with a plunge pool, formed due to erosion by a waterfall. There is a 

250 m wide trough at the outlet of the East Basin which leads into the depression (Figure 6.17C), 

which could be where headward erosional retreat has occurred, consistent with a waterfall eroding 

a plunge pool. However, much of the trough is covered by unconsolidated material, which makes 

the origin of the depression difficult to clearly establish. In addition, the large size of the 

depression (~ 2 km in diameter) would require significant volumes of water to form, making its 

origin as a waterfall plunge pool uncertain. 

 

Figure 6.16: (A) CTX image of Fan N (outlined by the black dashed line), part of the western fan complex, 

which seems to originate from the south-western edge of the palaeolake; (B) HiRISE image showing the 

finger-like terminations originating from fan N, which are consistent with a delta deposit. See Figure 6.1 

for context location. 

If this depression is a plunge pool, it could have formed due to a late stage drop in water level. As 

the plunge pool truncates fan H and the layered deposits (Figure 6.17C), this indicates that there 

was a period of erosion, possibly caused by a drop in water level; headward erosion by a waterfall 

could explain the discontinuity between the outlets of the East Basin network and the beginning 

of the Fans F-H. Fans F-H may have been exhumed and inverted during this period. Thus, the 

fluvial systems which are presently exposed in the East Basin network are late stage features, 

which formed after fans F-H.  

In contrast to fans F-H, which sit directly on the top of bedding surfaces (e.g., Figure 6.5B), fan I 

cross-cuts the layered deposits at the eastern edge of the palaeolake and inliers of the layered 

deposits are exposed within erosional windows into fan I (Figure 6.17B). These stratigraphic 

contacts indicate that fan I probably formed after the period of erosion discussed above. Fan I 

cross-cuts around 400 m vertical thickness of the layered deposits; at least this much material 

must have been removed prior to its formation. As fan I is conical shaped and clearly originates 
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from the fluvial systems in the East Basin network at the south-eastern edge of the palaeolake 

(Figure 6.17B), it is interpreted as an alluvial fan deposit (rather than a fan-delta (Williams and 

Wetiz, 2014)). Thus fan I may have formed as a late stage alluvial fan deposit, after the water 

level in the palaeolake dropped and the period of sub-aerial erosion. The relationship of fan I to 

the plunge pool is unclear, although as they are both late stage features, they probably formed at 

similar periods in the palaeolake’s history. The stratigraphy of the sedimentary fans is shown in 

Figure 6.18. 

Fan label Location Classification Maximum 

elevation (m) 

Minimum 

elevation 

Lake level 

indicator 

A -9.81°N, 

283.49°E 

Deep sub-

lacustrine* 

- 1,890 - 1,920 Deep 

B -9.83°N, 

283.51°E 

Deep sub-

lacustrine* 

- 1,855 - 1,910 Deep 

C -9.84°N, 

283.40°E 

Fan delta† - 1,480 - 1,900  

D -9.83°N, 

283.33°E 

Debris flow† - 1,290 - 1,750  

E1 -9.93°N, 

283.36°E 

Landslide† - 1,490 - 1,530  

E2 -9.91°N, 

293.37°E 

Delta† - 1,540 - 1,630 Near lake 

surface 

F -9.88°N, 

283.73°E 

Fan delta† - 1,630 - 1,770  

G -9.79°N, 

283.78°E 

Delta† - 1,680 - 1,760 Near lake 

surface 

H -9.83°N, 

283.79°E 

Delta† - 1,590 - 1,720 Near lake 

surface 

I -9.88°N, 

283.79°E 

Fan delta† or 

alluvial 

- 1,160 - 1,650 Near lake 

surface/sub-

aerial 

J1 -9.98°N, 

283.79°E 

Delta† - 280 - 1,260  

J2 -9.94°N, 

283.77°E 

Delta† - 1,280 - 1,580 Shallow 

K -9.95°N, 

283.50°E 

Landslide†    

L -9.75°N, 

283.30°E 

Alluvial - 1,350 - 1,670 Sub-aerial 

M -9.73°N, 

283.35°E 

Alluvial - 1,350  - 1,650 Sub-aerial 

N -9.88°N, 

283.3°E 

Delta - 1,550 - 1,630 Shallow 

Table 6.3: Locations and attributes of fans in the south-western Melas basin. Where fan classification from 

previous studies has been included, this has been indicated. Modified and updated from Williams and Weitz, 

2014, Table 2. 

Figure 6.17: (A) HiRISE mosaic of the south-eastern boundary of the palaeolake, showing fan I (dashed 

line) and the postulated plunge pool; (B) HiRISE mosaic of fan I cross-cutting the layered deposits in the 

palaeolake; (C) HiRISE image of a depression and possible plunge pool cross-cutting the palaeolake 

layered deposits. The trough at the eastern edge of the depression may have formed due to headward 

erosion by a waterfall; (D & E) HiRISE DEM profiles, showing the change in gradient at the boundary of 

the palaeolake. Up to 400 m of layered deposits (shown by grey lines) has been removed prior to the 

formation of fan I and the plunge pool. See Figure 6.1 for context location. 
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Figure 6.18: Proposed stratigraphy for the palaeolake. Sections show different stratigraphic exposures 

across the palaeolake. The thickest exposed section is ~ 400 metres thick, although there may be up to 500-

650 m total thickness of deposits within the palaeolake. The letters denote the different fans; the wavey 

lines show unconformable contacts. Note some fans have been excluded for simplification and the fans 

shown have been simplified to highlight their range of elevations. Zero (0 m) thickness has been chosen 

arbiturarily. 

6.4.5 Crater Counts 

The crater size-frequency distribution plot for the palaeolake as a whole is shown in Figure 6.19. 

The count area (approximately enclosed by the -1,560 m shoreline) is ~ 460 km2. As in previous 



Chapter 6 Water Level Changes in South-western Melas 

192 

 

chapters, the results from the crater count have been used with caution because of the small size 

of the count area (Warner et al., 2015) and the continual erosion of the palaeolake surface. The 

maximum surface age is 3.8 +0.1/-0.3 Ga (mid-Noachian; Michael, 2013), although this result 

has been derived from a fit of just two craters. The large error on this fit spans through to the early 

Hesperian (~ 3.5 Ga). Note that as all the craters count superpose the lacustrine deposits, this age 

postdates the dessication of the palaeolake, making fluvio-lacustrine processes at least this old. 

The crater count plot does not convincingly follow any other isochrons. Since the early Hesperian, 

the region has been extensively re-surfaced and eroded, as indicated by the deviations from the 

isochrons. Two possible resurfacing events can be interpreted from the Figure 6.19, as there are 

two different slopes to the plot, suggesting that erosion rates may have decreased with time. 

 

Figure 6.19: Crater size-frequency distribution plot of the south-western Melas palaeolake. The maximum 

surface age is 3.8 Ga (mid-Noachian; Michael, 2013). Since then, the lake has been continually re-surfaced. 

6.5 Discussion  

The elevation, geomorphology, and stratigraphy of the layered deposits and sedimentary fans can 

be used to constrain the history of the water level in the palaeolake. The layered deposits in the 

palaeolake extend over a range of elevations and have a much greater overall thickness than that 

presented in previous studies: 500-650 m vs. 150 m (Williams and Weitz, 2014). Previous studies 
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estimated that the episodes of aqueous processes lasted 102-105 years (Quantin et al., 2005; Metz 

et al., 2009; Williams and Weitz, 2014); the larger volumes of sediment found in this study could 

mean the palaeolake was active over a much longer period. 

6.5.1 Lacustrine Sequence 

In the layered deposits, the palaeo-dune field identified by Williams and Weitz (2014) is 

indicative of a water level regression, before a later transgression. The infilled and degraded 

craters (Figure 6.14) identified on the same surface also support a period of sub-aerial exposure, 

before a later water level rise. The accumulation of several craters (30-260 m diameter range) on 

this surface, indicates that the duration of this period may have been significant, although given 

the small area of the surface (~ 24 km2), a crater count is likely to be unreliable (Warner et al., 

2015). However, the observed crater production rate on modern Mars can be used to make a rough 

approximation of the duration of this period (Daubar et al., 2013). When scaling for the area of 

the palaeo-surface, craters on modern Mars (with diameters < 35 m), have been observed to 

accumulate at a rate of one per 25,000 years (Daubar et al., 2013). Even assuming a greater crater 

production rate in the Hesperian (Hartmann and Neukum, 2001), the formation of several craters 

up to hundreds of metres in diameter indicates that the period of sub-aerial exposure may have 

been at least this long, and possibly significantly greater. The palaeo-dune field and the degraded 

structures provide some of the clearest evidence of water level change in the palaeolake. Further 

evidence within the lacustrine sequence is discussed below. 

The variation in albedo and erosional texture within the layered deposits is suggestive of 

lithological and compositional differences between layers, which can be explained through 

multiple reasons. As the dark-toned beds tend to form topographic benches (Figure 6.13B), they 

may be more resistant to erosion than the bright-toned beds, which are generally exposed in cliffs 

and do not form large benches (Figure 6.13A). The polygonal fractures observed in bright-toned 

beds in the palaeolake (Figure 6.13A) have been associated with thermal contraction fracturing 

or the desiccation of hydrated minerals in bright-toned beds as seen in the nearby Valles Marineris 

plateaus (e.g., Le Deit et al., 2008b; Weitz et al., 2010) and elsewhere on Mars (e.g., Wray et al., 

2008; El-Maarry et al., 2014). The lack of detected hydrated signatures in the palaeolake, 

however, means that there is no corroborating evidence for this hypothesis (Weitz et al., 2015). 

The combined textures and erosional differences could be explained if the dark-toned beds are 

composed of resistant sandstones, and the bright-toned beds are composed of now-desiccated 

mudstones. The aeolian dunes present on the surfaces of the dark-toned beds are also supportive 

of the dark-toned beds having a sand-sized composition. These differences are generally 

consistent with a fluctuating water level in a lake (e.g., Van Wagoner et al., 1988), and may be 

similar to changes in packages of interbedded sandstones and mudstones in transgressive-
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regressive sequences in basins on Earth (e.g., Van Wagoner et al., 1988) and elsewhere on Mars 

(e.g., in Gale Crater; Grotzinger et al., 2015). 

Variations in the lacustrine sequence can alternatively be explained again through similarities to 

sedimentary sequences found on the Valles Marineris plateaus. Weitz et al. (2010) postulated that 

the anhydrous, dark-toned beds on the Valles Marineris plateaus could be aeolian material derived 

from the erosion of dark-toned, basaltic lava plains, and the bright-toned beds were hydrous 

phases mineralogically altered during periods of aqueous activity. Similarly, the bright-toned beds 

in the palaeolake could be material mineralogically altered to hydrous phases during lacustrine 

episodes (e.g., sulfates, phyllosilicates), and some of the dark-toned beds could have formed from 

aeolian or airfall-derived material in lacustrine hiatuses or lowstands, given that craters had time 

to accumulate This makes the presence of volcanic ash (a potential chronological marker) within 

the palaeolake layered deposits much more likely. This formation mechanism was similarly 

postulated in the previous chapter, whereby within ML the bright-toned beds could represent 

layers altered during fluvial phases, and the dark-toned layers are primarily airfall material. 

However, given that many of the dark-toned beds within the palaeolake are interfingered with 

deltas, it seems more likely that much of this material is of deltaic or lacustrine origin. 

6.5.2 Water Level Changes in the Palaeolake 

The following water level changes in the palaeolake can be inferred based on the current exposure, 

building on the work of Williams and Weitz (2014). These changes are shown graphically in 

Figure 6.20. The changes are described in stratigraphic order, starting with the oldest exposures. 

Fans A and B are the lowest fans exposed in the stratigraphy. If fans A and B (Figure 6.4B and 

C) are deep, sub-aqueous fans (Metz et al., 2009), then there was likely a highstand in the early 

history of the lake. It is difficult to constrain the water level at this period; in terrestrial marine 

environments, deep, sub-aqueous fans are found at water depths of tens of metres to several 

kilometres (Shanmugam et al., 2015). Based on topography, the maximum elevation the shoreline 

could have extended up is -1,180 m, giving a water level of 750 m, although there is little 

corroborating evidence it extended this high. The water level then dropped at least as low as the 

-1,880 m level, possibly causing the lake to dry out entirely. During this period of sub-aerial 

exposure, both the palaeo-dune field (Figure 6.3) and the degraded crater structures (Figure 6.14) 

formed.  

This lowstand was followed by a period of water level rise, to at least the -1,820 m level, as 

indicated by the formation of fans C (Figure 6.4) and F (Figure 6.5), both fan deltas, at this 

elevation. Fans C and F make up the bulk of the sedimentary volume within the western and 

eastern fan complexes, and are the largest fans in the palaeolake. Given that fans C and F both 

extend significantly into the palaeolake, the water level may have been static at this elevation as 
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these fans prograded into the palaeolake. In the eastern fan complex, fans G and H (Figure 6.5), 

both interpreted as deltas, are both topographically and stratigraphically above fan F. Therefore, 

after the formation of fans C and F, the water level must have risen to at least the -1,700 m level, 

forming fans G and H. After the formation of fans G and H, the water level then rose further, up 

to at least the -1,560 m level, leading to the formation of Fans E2, J2, and N around the southern 

rim of the palaeolake (Figures 6.5A, 6.6A, and 6.16). Fans E2, J2, and N are all interpreted as 

deltas, and their fronts are all within 50 m in elevation of one another (Table 6.2). 

Layered deposits are exposed up to -1,300 m (Figure 6.17), indicating that the water level may 

have risen to this elevation, possibly even up to -1,180 m, which is the highest potential lake 

shoreline, given the current topography of the palaeolake, although there is little corroborating 

evidence the shoreline extended this high.  This was likely to have been the final highstand of the 

palaeolake, after which the water level began to drop. At least 400 metres thickness of the 

lacustrine deposits was removed by erosion (Figure 6.17), likely sub-aerially, during this period, 

leading to the exhumation of the western and eastern fan complexes, exposing much of the 

coarser-grained channel and lobe deposits, whilst likely removing the finer-grained, distal fan 

deposits. It is unclear how low the water level dropped, or whether it dried out entirely at this 

point. 

Fans I, L, and M (Figures 6.15 and 6.17B) all cross-cut the layered deposits (unlike many of the 

other fans, they are not clearly interfingered with the layered deposits) and have clear source 

regions in the East Basin and West Basin drainage networks. This suggests that they are late stage 

deposits, which formed sub-aerially as alluvial fans after the water level dropped. However, given 

the similar elevation of the fronts of the fans (~ -1,650 m), it is conceivable that Fans I, L, and M 

could have formed as fan deltas, which prograded into the palaeolake. The drop in water level 

may have also led to the formation of the postulated plunge pool at the eastern edge of the 

palaeolake (Figure 6.17C); it is possible that this was coeval with the formation of the fan I, 

although the relative timing is unclear.  

The relative timing of the emplacement of fan D is also uncertain; it clearly formed after fan C as 

a debris flow (Williams and Weitz, 2014), however it is unclear whether it formed prior to or after 

fans L and M. This is also the case for fan E1, which is similarly interpreted as a debris flow 

(Williams and Weitz, 2014). The drop in lake level may have triggered debris flows if the material 

surrounding the palaeolake was still saturated with water. The bright-toned mounds of hydrated 

silica are indicators of late stage aqueous processes, probably after the lake dried out completely, 

as they superpose the lacustrine deposits (Williams and Weitz, 2014; Weitz et al., 2015). There is 

no further evidence for lacustrine or aqueous processes within the lake. Fans J1 and K later formed 

as landslide deposits (Williams and Weitz, 2014).  
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Figure 6.20: Possible history of water level changes in the palaeolake. The solid black shows the water 

level throughout the history of the palaeolake. Question marks show uncertainty in the water level. Note 

that the graph does not show periods when the water level may have been static and assumes there were 

no intermittent periods where the lake was completely dry. 

6.5.3 Relationship to Local and Regional Processes 

The above history is a simplification of water level changes in the palaeolake; the evolution of 

the palaeolake is likely to have been more complex than indicated by what is preserved and visible 

from orbit today. Nevertheless, the general trends in the palaeolake and the changes in water level 

can be tied to several local and regional processes, suggesting that this overview interpretation is 

robust. It was previously mentioned that of the fans exposed in the palaeolake, only fans I, L, and 

M are conformable with the valleys and channels that are presently exposed in the drainage 

networks. This can be explained by the complicated history of burial, erosion, and water level 

change, which is observed in both the palaeolake and the drainage networks.  

As discussed in Chapter 5, outside the palaeolake, there is evidence for multiple phases of fluvial 

activity that were interspersed with “dry” phases (within ML; see Section 5.5.1). Episodic 

aqueous processes in the drainage networks are consistent with the complex history of water level 

changes within the palaeolake. For example, the channel systems now preserved in inverted relief 

in the drainage networks (e.g., Figure 5.10) may have been exhumed and inverted when the lake 

level was low or had dried out completely, possibly in the period of sub-aerial exposure when the 
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palaeo-dune field and the degraded craters formed. Episodes of erosion in the palaeolake have 

also clearly occurred in between lacustrine phases, indicated by the ~ 400 m thickness of layered 

deposits removed from the eastern edge of the palaeolake (Figure 6.17). In the later stages of 

aqueous processes in the SMB, the fluvial systems may have been active (forming fans I, L, and 

M), while the lake level was low or dry completely.  

The potential shorelines in the palaeolake compare favourably to the shorelines of the west 

palaeolake, discussed in Chapter 5. The west palaeolake has shorelines that range in elevation 

from -1,800 to -2,060 m (although possibly as high as ~ -1,200 m), similar to many of the potential 

shorelines within the main palaeolake. Both the West Basin and West Chasma drainage networks 

(which supplied the main and west palaeolake, respectively) are well-developed and integrated 

drainage systems (Figure 5.9), indicating that they were likely active at the same time. Therefore, 

it is conceivable that both palaeolakes were also active at the same time. The east palaeolake, 

found in the East Basin drainage network, forms a shoreline around -1,200 m, similar to maximum 

shorelines for both the west and main palaeolakes, although its stratigraphic relationship to the 

other palaeolakes is unclear. 

 

Figure 6.21: Potential palaeolakes shorelines throughout the SMB (blue shaded areas). The west 

palaeolake has a -1,800 m shoreline; the main palaeolake has a -1,560 m shoreline; the east palaeolake 

has a -1,200 m shoreline. 

6.5.4 Timing and Duration of Aqueous Processes 

The crater size-frequency distribution plot shown in Figure 6.19 gives a maximum age for the 

palaeolake surface of 3.8 +0.1/-0.3 Ga (mid-Noachian; Michael, 2013), indicating that the 

palaeolake was active prior to this. This result is within error of previous crater counting results 

for the SMB which used coarser-resolution data (~ 3.5 Ga; Quantin et al., 2005), and supports an 

early-late Hesperian transition age (Michael, 2013) for aqueous processes in the SMB. It is, 
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however, difficult to constrain the onset of aqueous processes, as the small size of the SMB limits 

the accuracy of crater dating, both due to the exclusion of large craters (Warner et al., 2015), and 

because the SMB landforms have been extensively modified.   

The regional crater count for the Ius plateau (Figure 5.21; Chapter 5) covers a much larger area 

than the counts from within the SMB (Figure 6.19 and Quantin et al., 2005); ~ 50,000 km2. These 

results suggest that fluvial processes on the Ius plateau occurred between 3.7-3.5 Ga (early 

Hesperian; Michael, 2013), in general agreement with the results from Figure 6.19. An early 

Hesperian age (3.7-3.5 Ga ) would mean that fluvial activity in the SMB and surrounding region 

postdated the global valley-forming phase at the end of the Noachian; ~ 3.7 Ga (Irwin et al., 

2005a; Fassett and Head, 2008a). 

As discussed in Chapter 5, hundreds of metres of ML appears to have been eroded from the 

drainage networks by a combination of fluvial erosion and aeolian abrasion. Similarly, in the 

palaeolake, at least 400 metres of lacustrine deposits were removed, prior to the later emplacement 

of fans I, L, M (alluvial fans), which indicates that the drainage networks in the SMB were still 

active after the erosion of this sediment. Given current understanding of early Hesperian erosion 

rates (~ 1000 nm/year; Golombek et al., 2006), it would take 4 x 108 years (400 Ma) to remove 

such a thickness. This provides a minimum bound for the duration of aqueous processes in the 

SMB that is significantly greater than previous estimates (102-105 years; Quantin et al., 2005; 

Metz et al., 2009; Williams and Weitz, 2014).  

However, it is likely that erosion rates in the SMB were locally enhanced due to aqueous 

processes. If erosion rates in the SMB were greater, the period in which aqueous processes could 

have occurred would be reduced. Terrestrial erosion rates are typically much greater than these 

values; on Earth, arid (e.g., the Namib Desert) and semi-arid (e.g., rangelands of southern Kenya) 

environments can have erosion rates between 5000-8000 nm/year (Dunne et al., 1978; Cockburn 

et al., 1999). These settings make a useful analogy to the SMB in the Hesperian, if erosion rates 

were above the martian average; both environments are generally dry and subject to episodic 

fluvial erosion (Dunne et al., 1978; Cockburn et al., 1999). Using these higher erosion rates, 

removing 400 metres of material would take 5-8 x 107 years (50-80 Ma), which is again still a 

significantly greater period for the duration of aqueous processes in the SMB than previous 

estimates (Quantin et al., 2005; Metz et al., 2009; Williams and Weitz, 2014). It is also possible 

that the erosion rates in the SMB were significantly greater than even these values. 

6.5.5 Significance of Palaeolake Deposits 

Unusually for Mars, the SMB palaeolake is not found in an impact crater, but instead in a small 

Valles Marineris trough. Elsewhere, palaeolakes with well-preserved deltaic and lacustrine 

deposits are almost exclusive found in impact craters (e.g., Jezero Crater; Goudge et al., 2016b; 
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Eberswalde Crater; Rice et al., 2013; Table 6.4). Although the drainage area for the SMB 

palaeolake is considerably smaller than other palaeolakes on Mars (103 vs 104-6 km2; Table 6.4), 

a vertical thickness of palaeolake deposits of up to 650 metres is exposed in the SMB palaeolake; 

significantly greater than other reported martian palaeolakes (Table 6.4). Similarly, lacustrine 

deposits are much better preserved and more abundant in the SMB palaeolake than in other 

reported martian palaeolakes (Table 6.4). 

This large stratigraphic thickness may be due to the continual creation of accommodation space 

for sediment as Melas Chasma opened and subsided, while the SMB drainage networks and 

palaeolake were active. Valles Marineris was likely being modified by erosion and sedimentation 

as it initially opened in the late Noachian or early Hesperian (Anderson et al., 2001; Andrews-

Hanna, 2012c), a similar period to when the drainage networks and palaeolake were most 

probably active. These coeval processes of subsidence and deposition are common in sedimentary 

basins on Earth, for example in rift zones (e.g., Einsele, 2000). By contrast, in most crater lakes 

on early Mars, given the absence of plate tectonic-like processes (e.g., Carr and Head, 2010), 

there are unlikely to have been any global forces driving the creation of accommodation space 

after the initial crater formation. Instead, the opposite is likely to have occurred, whereby erosion 

of the crater walls filled up the crater lake, reducing the accommodation space over time (e.g., 

Craddock et al., 1997). Once the crater lake had filled up with sediment, drainage would have 

been diverted and re-routed elsewhere.  

On Earth, lake sediments are important indicators of palaeoclimate (e.g., Leng and Marshall, 

2004); this is likely to be the case for Mars, too. Given the thicknesses of the lacustrine deposits, 

the palaeolake may therefore contain an extensive record of the early martian climate. The early 

Hesperian age of the palaeolake is also significant, as this is thought to be a transitional period 

for the martian climate, where liquid water was decreasingly abundant (e.g., Bibring et al., 2006). 

As indicated by the multiple changes in water level and the large volume of sediment, this deltaic-

lacustrine sequence may have captured evidence of many important climate transitions. In 

particular, the up-sequence transition from a deltaic-lacustrine setting to an alluvial one is 

consistent with a drying climate. 

Despite the relatively small drainage area of the SMB (~ 103 km2), sediment input from the Melas 

plateau (see Figure 5.21), much of which is composed of “eHv”, an early Hesperian volcanic unit 

(Tanaka et al., 2014), increases the chances of igneous material being found within the palaeolake 

deposits. Igneous float rocks may also be found on the current surface of the palaeolake deposits, 

having tumbled from steep outcrops above. In situ investigations of igneous material in the 

palaeolake could provide absolute ages of the eHv material and further constrain when these 

critical climate transitions occurred. 
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6.5.6 Implications for Local and Regional Climate 

The geological evidence from the palaeolake, the drainage networks, and the surrounding plateaus 

all indicates long-lived aqueous processes supported by precipitation (e.g., Craddock and 

Howard, 2002). The presence of developed river meanders and thick palaeolake deposits indicates 

that liquid water was stable here for prolonged periods of time, possibly up to 108 years, in the 

early Hesperian. However, the question remains: why was there precipitation and runoff here? 

Aqueous processes in the SMB postdate the climate optimum at the end of Noachian, which is 

co-incident with the main global valley forming phase (e.g., Irwin et al., 2005b; Fassett and Head, 

2008a). A changing climate in the Hesperian may have reduced the global availability of liquid 

water (e.g., Bibring et al., 2006). Thus, there could be significant local and regional factors around 

Valles Marineris causing precipitation and runoff. 

The simplest answer could be orography; evaporating water from inside Valles Marineris, 

delivered by the SMB fluvial systems, may have condensed on the wall slopes, generating 

localised orographic precipitation, after having initially been sourced from elsewhere (e.g., runoff 

from the plateau). Valleys and channels in the SMB are found only on the SMB side of the NW-

SE trending ridge (Figure 5.9), which divides the SMB from Melas Chasma, suggesting a possible 

orographic effect. Water could perhaps have remained liquid due to higher local pressures and 

temperatures within the depths of Valles Marineris, or perhaps due to elevated local geothermal 

heat (e.g., Kite et al., 2011b). 

Kite et al. (2011a and 2011b) found through modelling the surfaces of hypothetical lakes on Mars, 

including those around the Valles Marineris (e.g., in Juventae Chasma), that convection cycles 

could induce localised precipitation either as rainfall, or snowfall that later melted, with a modest 

greenhouse effect and favourable orbital conditions. However, the small size of the main Melas 

palaeolake may have been too small to initiate these convection cycles (Kite et al., 2011a). 

Furthermore, the valleys draining into the Ius Chasma tributary canyons are not associated with 

any palaeolakes, yet these systems also likely formed due to precipitation. The geological 

evidence is unclear as to whether a large lake could have existed within Valles Marineris itself 

(Andrews-Hanna, 2012c), and which could have initiated these precipitation cycles. 

Both the drainage networks and palaeolake reveal vertical transitions in the stratigraphic 

sequence, which may reflect the drying environment and changing climate. Whilst there is strong 

evidence that aqueous processes were episodic throughout the history of the SMB (e.g., the period 

of sub-aerial exposure in the palaeolake and the incised inverted channels in the drainage 

networks), the decrease in aqueous processes became terminal in the later history of the basin. 

Within the drainage networks, the valleys and channels which incise into ML are geographically 

widespread (Figure 5.9), and have meandering morphologies (Figure 5.4D). River meanders, in 
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particular, have been associated with perennial environments (e.g., Stark et al., 2010), indicating 

the availability and stability of surface water. However, the younger valleys and channels which 

incise into LD are geographically restricted (Figure 5.15), narrow, and mostly form single-

threaded morphologies. This is consistent with a decrease in the availability of surface water, as 

seen in more arid, ephemeral environments. Similarly, within the palaeolake, the deposits 

transition from a deltaic-lacustrine setting (fans A-H, N) to an alluvial one (fans I, L, and M), 

again indicating a terminal decrease in the availability of surface water. 

6.6 Conclusions  

In summary, I have shown that the south-western Melas palaeolake has a complex history of lake 

transgressions and regressions. My observations show that an extensive stratigraphy of up to 650 

m of lacustrine deposits occurs throughout the palaeolake, a value significantly thicker than 

previous studies (Quantin et al., 2005; Williams and Weitz, 2014). Multiple potential topographic 

shorelines suggest the water level of the palaeolake could have varied over time by several 

hundred metres, an observation supported by the existence of multiple deltaic systems, exposed 

at different elevations, as well as by variations in the texture of the lacustrine deposits. The highest 

potential shoreline gives a maximum water level of up to 750 m, similar to many deep, freshwater 

lakes on Earth, and like them, the south-western Melas palaeolake may preserve an extensive 

record of the martian palaeoclimate.  

The stratigraphy of the sedimentary fans indicates that an early highstand in the lake was followed 

by a regression, exposing many of the lacustrine deposits to the surface, and possibly allowing 

the lake to dry out entirely. The lake later refilled, gradually increasing in depth, as indicated by 

a series of superposing deltas and fan deltas, before reaching a final highstand. How the lake level 

then dropped is unclear; but the observations show that up to 400 metres of lacustrine deposits 

were removed by erosion before the emplacement of several late stage, sub-aerial alluvial fans. 

Further evidence of water level change may be buried within the lacustrine deposits or may have 

been eroded away. After this, the only evidence for further aqueous activity are the mounds 

containing hydrated silica superposing the lacustrine deposits, which likely formed due to 

localised groundwater or hydrothermal processes, possibly associated with impact events 

(Williams and Weitz, 2014).  

This history of the palaeolake is consistent with observations of multiple “wet-dry” phases in the 

drainage networks, discussed in Chapter 5. In both the drainage networks and the palaeolake, 

hundreds of metres of sedimentary material were removed, in between episodes of aqueous 

activity. This led to the development of wide variety of aqueous environments, now preserved in 

the stratigraphy that may have become interbedded with non-aqueous strata as the lake level 

fluctuated. Estimates of Hesperian erosion rates (Golombek et al., 2006) indicate that the duration 
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of aqueous processes in the SMB could be 108 years, before the basin finally transitioned into a 

dry environment. 

The complicated aqueous history of the SMB in the Hesperian postdates the climate optimum and 

global valley-forming phase at the end of the Noachian (e.g., Irwin et al., 2005b; Fassett and Head, 

2008a). This suggests that either local or regional factors (e.g., elevated geothermal gradients, 

topography) could have made conditions more favourable to liquid water here within a drying 

and cooling climate. The extensive record of palaeolake deposits within the SMB may be able to 

help determine whether the SMB is the exception or the rule when it comes to aqueous processes 

and climatic conditions within the Valles Marineris region during the Hesperian.  

Finally, favourable local conditions may mean that Melas Chasma could have been a suitable 

refuge for biota forced to adapt to an increasingly harsh martian climate. The thick sequence of 

accessible palaeolake deposits would provide a burial medium that could have shielded 

biosignatures from billions of years of irradiation. Although the SMB is no longer being 

considered as a landing site for NASA’s upcoming 2020 rover mission (Farley and Williford, 

2017), the above reasons would make the SMB a favourable site for future landed exploration 

that aims to identify possible ancient life on Mars or to constrain the climate and environment of 

early Mars. 
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Table 6.4: Characteristics of selected martian palaeolakes. Compiled by author; additional information from πMetz et al., 2009; *Miliken et al., 2010; ∞Rice et al., 2013; †Goudge et 

al., 2017; βGrotzinger et al., 2015; °Weitz et al., 2015; αWray and Irwin, 2017; ¥Warner et al., 2017. Information in italics is from this study or where I have made estimates where no 

published data were available

Location Aqueous 

environments  

Age Open or closed-

basin 

Lacustrine 

deposit 

abundance 

Potential 

lacustrine 

deposits 

thickness (m) 

Watershed Hydrated 

mineralogy 

Southwest Melas 

(main palaeolake) 

Deltaic, lacustrine, 

alluvial 
Early Hesperian Closed Pervasive 500-650 ~ 1,000 km2 

Hydrated silica°, 

jarositeπ 

Southwest Melas 

(west palaeolake) 
Lacustrine Early Hesperian Open Likely buried ? ~ 900 km2 ? 

Eberswalde 

Crater
∞
 Deltaic, lacustrine 

Late Noachian to 

lake Hesperian 
Closed 

Abundant, but 

buried 
~ 100-200 ~ 13,000 km2¥

 

Fe/Mg-

phyllosilicates, 

hydrated silica 

Holden Craterα 
Alluvial, lacustrine, 

possibly deltaic 

Late Noachian to 

lake Hesperian 
Closed 

Abundant, but 

buried 
~ 100-200 ~ 106 km2 

Mg/Fe-

phyllosilicates, 

bassanite 

Jezero Crater† 
Deltaic, lacustrine Late Noachian Open Inferred ~ 100-200 ~ 30,700 km2 

Fe/Mg-smecttite, 

Mg-rich carbonates 

Gale Crater
β
 Deltaic, lacustrine, 

alluvial 
Early Hesperian Closed Pervasive ~ 200-300 ~ 104 km2 

Fe -phyllosilicates, 

Mg/Ca-sulfates*β 
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Chapter 7. Synthesis, Conclusions, and Future Work 

7.1 Introduction 

This chapter brings together the broader discursive points made in previous chapters, and 

summarises the important discoveries made in this thesis, and their impact on the wider field. 

Recommendations are also made regarding the future research directions for understanding the 

evolution of aqueous systems on early Mars.  

7.2 Synthesis 

7.2.1 Drainage on Early Mars 

Chapters 3-6 demonstrate that drainage on early Mars was not simple. Aqueous systems display 

many long wavelength changes in morphology across the martian surface (Figures 7.1 and 7.2) 

as well as temporal changes in their stratigraphic evolution.  The Noachian valley networks 

throughout the southern highlands (Hynek et al., 2010) were not isolated systems; they were 

interconnected with palaeolake basins (Fassett and Head, 2008b; Goudge et al., 2016a) and with 

the depositional fluvial systems in Arabia Terra, now preserved as inverted relief channels. The 

downstream change from valley networks to unconfined alluvial channels set in low-relief plains 

demonstrates an important transition from an erosive regime to a depositional one, which is 

commonly observed in fluvial systems on Earth. Significant thicknesses of Noachian fluvial and 

alluvial sediment are probably preserved and buried within Arabia Terra, which were likely 

transported from the highlands. Further extensive networks of depositional channels may exist 

elsewhere on Noachian Mars, visible only in high-resolution datasets. 

Sinuous and anabranching fluvial geometries (e.g., Figure 3.5) indicate that the channels in Arabia 

Terra existed as stable rivers, in what were likely multi-channel river systems. In the absence of 

vegetation, bank stability may have been influenced by the presence of ice, a coarse-grained 

channel load, or a high clay content (Makaske et al., 2001). In this sense, the depositional channels 

in Arabia Terra, and perhaps those more widely on Noachian Mars, may have been similar to 

river networks on the Pre-Cambrian Earth, prior to the evolution of the first land plants in the 

Ordovician (Wellman et al., 2001). As indicated by their complex morphology, the depositional 

channels in Arabia Terra were not ephemeral systems; they likely developed over long periods of 

time. Formation timescales for martian valley networks range from 105-107 year episodes in the 

Noachian (Hoke et al., 2011), which may give an indication of formation timescales for the 

channels in Arabia Terra, as many of the valley networks transition into inverted channels (Figure 
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3.6). However, the aggradational setting in Arabia Terra may mean that further channels are 

buried beneath the surface, which potentially extends the total duration of fluvial processes.  

In northern Arabia Terra, it is not clear how the inverted channels relate to the dichotomy or the 

northern lowlands, or whether they could have been feeding a Noachian northern ocean. As 

discussed in Chapter 1, Noachian sedimentary fans systems, many of which are interpreted as 

deltaic, exist along the dichotomy forming an equipotential surface (elevation -2,540 m ± 177 m; 

Di Achille and Hynek, 2010), consistent with a former shoreline and possible ocean. However, 

many putative deltas also occur across a wider range of elevations along the dichotomy (Di 

Achille and Hynek, 2010), indicating that if such an ocean did exist, it may not have been static. 

Base level changes could have been induced, for example, by changes in orbital cycles (e.g., 

Laskar et al., 2004), and existed across a range of timescales, but probably within an overall 

drying trend since the Noachian. 

 

Figure 7.1: Simplified highland-lowland transition on early Mars, showing fluvial systems throughout 

Arabia Terra. Erosive river valleys are common in the highlands (the “valley networks”), and transition 

into depositional channels in Arabia Terra (now preserved as inverted channels). Delta systems occur 

around the dichotomy, supporting the presence of a possible northern ocean. Redrawn from Minnesota’s 

Natural Heritage by John R. Tester. 

Palaeolakes exist in a wide variety of sizes and preservation states across the martian surface. 

Whilst palaeolakes exist as large basins in Arabia Terra, and more globally across Mars (Fassett 

and Head, 2008b; Goudge et al., 2016a), smaller palaeolakes are also preserved in inverted relief 

(Figure 3.11). Because their smaller size is likely to have hindered their recognition and 
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identification, these inverted palaeolakes are probably more abundant across the martian surface 

elsewhere. If these inverted palaeolakes are composed of lacustrine sediment, they could provide 

access to exposed stratigraphic sections for landed missions, and, as in terrestrial settings (e.g., 

Leng and Marshall, 2004), their deposits could record important climate transitions throughout 

martian history. Lake delta deposits are seemingly rarer, as few have been found in the 

palaeolakes across Arabia Terra, although many are preserved in basins elsewhere on Mars (e.g., 

Di Achille and Hynek, 2010; Figure 1.12; Table 6.4). The south-western Melas basin palaeolake, 

in particular, is likely to provide access to a widely varying palaeolake stratigraphy, including an 

upwards transition from a deltaic-lacustrine setting to an alluvial one, which may help constrain 

the nature of the early martian climate.  

Evidence from this thesis and other studies (e.g., Craddock and Howard, 2002) show that aqueous 

systems appear to be well-integrated with the martian landscape. The extensive modification of 

impact craters (many appear entirely rimless) is consistent with widespread fluvial erosion on 

early Mars (Craddock et al., 1997; Howard et al., 2005). This indicates that fluvial processes were 

occurring contemporaneously with impact bombardments in the Noachian. The existence of 

inverted palaeolake deposits in Arabia Terra (Figure 3.11), which are probably infilled and eroded 

impact craters, demonstrates that the original impact crater rim was removed entirely. This 

indicates the importance of deposition in preserving the sites of impact craters. Many more 

Noachian impact craters may have been eroded (or buried) entirely.  

The results from the Melas and Ius plateaus also show that sedimentation may have been an 

important component in the development of Melas and Ius Chasma. Groundwater seepage erosion 

alone is unlikely to have the high rates of discharge required to erode and remove consolidated 

rock from the tributary canyons here (Lamb et al., 2006; Figure 5.20). Runoff across the plateau 

is supported by the presence of branching valley networks at the canyon heads (Figure 5.20); 

combined runoff and groundwater from the plateau drained into Melas and Ius Chasma, probably 

contributing to the widening of the canyon (e.g., Figure 5.20), which is consistent with wider 

erosion and sedimentation across Valles Marineris (Andrews-Hanna, 2012c). The widespread 

deposition of sediment in Valles Marineris may have occurred contemporaneously with canyon 

subsidence, leading to the continual creation of accommodation space as Valles Marineris formed, 

as is commonly observed in terrestrial settings (Einsele, 2000). 

Within the two regions examined throughout Chapter 3-6, little geological evidence appears to 

exist for large-scale highland ice-sheets, which could source the valley networks and would be 

consistent with the icy highlands climate scenario (Wordsworth et al., 2013; Forget et al., 2013; 

Fastook and Head, 2014). This does not preclude the possibility that evidence could exist 

elsewhere on Mars; ice-sheets probably did exist at high elevations within the highlands of 

Noachian Mars. However, the results from both the Arabia Terra and Melas Chasma studies are 
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supportive of pro-longed periods of perennial surface runoff, and do not require such ice-sheets 

as source regions. As discussed more extensively by Craddock and Howard (2002), runoff and 

rainfall are rarely mutually exclusive; it is difficult for one to occur without the other. Therefore, 

if highland ice-sheets did exist in the Noachian, they are unlikely to be the sole sources of surface 

runoff (as meltwater), which is further supported by the distribution of inverted channels in Arabia 

Terra. 

As discussed in Chapter 1, the temporal distribution of aqueous features on Mars is not entirely 

limited to the late Noachian. Long-lived aqueous processes in the south-western Melas basin, and 

perhaps in wider Valles Marineris, appear to have continued into the Hesperian (between ~ 3.7-

3.5 Ga; Figure 5.21). Similarly long-lived fluvial and lacustrine systems are thought to have been 

active at Gale Crater (and other palaeolakes; see Table 6.4; Grotzinger et al., 2015), also in the 

Hesperian. Like the south-western Melas basin, the stratigraphic sequence at Gale is generally 

inconsistent with cold climate models, in particular, the lack of observed glacial dropstones (e.g., 

Grotzinger et al., 2015). These combined geological observations are best explained by perennial 

runoff, driven by precipitation, occurring in pro-longed, regular fluvial episodes throughout the 

Noachian and continuing into much of the Hesperian, before transitioning to a climate where 

sources of runoff became more ephemeral and episodic.  A sharp decrease in the amount of 

detected fluvial landforms in the late Hesperian and Amazonian suggests that aqueous processes 

became increasingly rare in Mars’ later history (Carr and Head, 2010).  Further study of new high-

resolution datasets will help validate this hypothesis.  

7.2.2 Considerations of Image Resolution 

Both the results from Arabia Terra and Melas Chasma indicate that the resolution of remote 

sensing data is a significant factor when understanding drainage systems and aqueous processes 

on Mars. Hynek et al. (2010) estimated that the mapping of fluvial landforms at a higher-

resolution than globally-mosaicked THEMIS-IR data (231 m/pixel) gives diminishing returns, 

when compared to the big increase in fluvial systems seen from Viking-era to THEMIS-IR data 

(Table 7.1). Indeed, the total number of valley networks increased eight fold from Viking (Carr, 

1995) to THEMIS-IR (Hynek et al., 2010) data and the total valley network length more than 

doubled. Contrastingly, Hynek et al. (2010) argued, when higher-resolutions (> 231 m/pixel) are 

used, only slight increases in the total number and length of valley networks are seen.  This is 

because additional valleys at smaller scales will be absent due to the effects of billions of years 

of resurfacing, through burial and erosion (Craddock and Howard, 2002; Hynek et al., 2010), and 

that therefore the THEMIS-IR map of fluvial landforms represents most fluvial systems on Mars 

(Hynek et al., 2010).
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Figure 7.2: Aqueous landforms across Mars on a MOLA topographic background, including the inverted channels in Arabia Terra. Data compiled from Kraal et al., 2008b 

(alluvial fans); Di Achille and Hynek., 2010 (deltas); Hynek et al., 2010 (valley networks); Goudge et al., 2012 (palaeolakes); and this study.
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Observation Carr (1995) Hynek et al. (2010) 
Number of valleys 10,748 82,217 

Total length (km) 342,384 781,393 

Highest stream order 5 7 

Highest network drainage density (km-1) ~ 0.02 0.14 

Age breakdown (Ga)   

> 3.7 90% 91% 

3.7-3.0 5% 6% 

< 3.0 5% 3% 

Table 7.1: Comparison of valley network characteristics identified from Viking data (Carr, 1995) and 

THEMIR-IR data (Hynek et al., 2010). Adapted from Hynek et al. (2010), Table 1. 

I would dispute the validity of these two conclusions. Firstly, the maps of fluvial landforms shown 

in Chapters 3 and 5 (Figures 3.6 and 5.9) clearly indicates that metre- to decametre-scale fluvial 

features do exist on the surface of Mars, which are only recognisable at very high-resolution (e.g., 

HiRISE and CTX). The identification of fluvial features at this scale can also change 

interpretations significantly: for example, the newly-identified valley networks draining into the 

tributary canyons off Ius Chasma (Figure 5.20) are more consistent with these canyons forming 

due to runoff, rather than solely groundwater, as previously thought (e.g., Lucchitta et al., 1992). 

Secondly, the maps of fluvial landforms also demonstrate that fluvial features exist in large 

regions where they were previously reported absent (e.g., Arabia Terra). The identification of 

metre- to decametre-scale fluvial features indicates that there may be significant regional variation 

in the size of fluvial features preserved across Mars. A third problem with these conclusions is 

that inverted channels have not previously been included in global maps of fluvial landforms, 

despite their association with fluvial processes. This may be because inverted channels have been 

previously misidentified as eskers and are rare in terrestrial settings (Pain and Ollier, 1995). 

Extensive fluvial systems (including networks of inverted channels) have also been recently 

mapped in the north-western Hellas region (Gullikson et al., 2016), again using CTX data. This 

is another Noachian region of Mars where valley networks are generally absent in the Hynek et 

al. (2010) map (Figure 7.2), and which has been compared to predictions of precipitation patterns 

from climate modelling (Wordsworth et al., 2015). The Gullikson et al. (2016) study indicates 

that there is abundant evidence for fluvial activity in north-western Hellas. Both the work reported 

in this study of Arabia Terra and the Gullikson et al. (2016) study of north-western Hellas 

indicates the importance of (1) high-resolution data as the basis for the mapping of fluvial 

landforms and (2) the importance of recognising a breadth of different fluvial features whilst 

mapping, not just valley networks. These studies serve to illustrate that the depositional 

component of fluvial systems (e.g., inverted channels) has largely been neglected in studies of 

martian drainage systems (with the possible exception of sedimentary fans). Global CTX 

coverage is likely to assist with mapping and understanding martian drainage systems in the 

future.  
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7.2.3 The Preservation of Ancient Martian Landforms  

In addition to image resolution, the recognition of ancient aqueous landforms on Mars will be 

affected by their preservation state and exposure. A strong example of this is in the south-western 

Melas basin (SMB), which is exceptionally well-preserved within Valles Marineris. This is in 

contrast to the poor preservation state of many other aqueous landforms reported within and on 

the plateaus around Valles Marineris (e.g., Juventae Chasma (Weitz et al., 2010) and the fluvial 

systems on the Melas and Ius plateaus (Figure 5.20)). The poor preservation state of these 

landforms, which are generally only recognisable at high-resolution, has led to aqueous systems 

in Valles Marineris being considered on a case by case basis, rather than the possibility that they 

were part of a wider, more integrated system. In other words, an unspoken assumption about 

aqueous systems in Valles Marineris is that they are isolated systems, rather than being 

representative of broader regional processes. Further investigation of Valles Marineris using high-

resolution datasets may reveal features not previously identified and challenge this assumption. 

Furthermore, most aqueous landforms on Mars are identified as the basis of their geomorphology. 

By contrast, on Earth, fluvial, deltaic, and lacustrine systems are preserved in the rock record, and 

are generally not recognisable in planform view from orbit. This is likely to be the case for Mars 

as well; Mars’ geology is three-dimensional, so water-lain sediments and fluvial landforms will 

be buried in the rock record. For example, in Arabia Terra, the etched units played a significant 

role in the preservation of the inverted channel systems (Figure 3.13); many more inverted 

channels are probably buried beneath the remnant etched units. Additionally, aggrading stacks of 

channels also exist in the south-western Melas basin (Figure 5.18B), indicating that more channel 

systems may still be buried beneath the surface. In a problem analogous to the incomplete state 

of fossil record on Earth, the current surface exposure on Mars does not necessarily reflect the 

complete geological record. However, Mars may have some advantages over the terrestrial 

geological record in this sense: the majority of sediments on Earth are preserved in basins, which 

only cover 16% of the Earth’s current land surface (Nyberg and Howell, 2015), as the land surface 

is subject to long-term erosion. Contrastingly, on Mars, low erosion rates (Golombek et al., 2006) 

throughout much of martian history, mean that ancient sediments are widely preserved across the 

surface (Figure 7.3). 

7.2.4 The Nature of the Early Martian Crust 

The Noachian was clearly a time when the martian crust was subject to major modification 

through a combination of impact, volcanic, aeolian, and aqueous-driven processes (Carr and 

Head, 2010). The results from Arabia Terra indicate that sedimentary rocks are extensive across 

parts of Noachian Mars, consistent with maps of sedimentary rock outcrops around Mars globally 

(Malin et al., 2010; Figure 7.3). The results from Melas Chasma also suggest that the formation 
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of sedimentary rocks continued during the Hesperian. One major observation from the CTX-scale 

mapping of Arabia Terra is the multitude and abundance of different sedimentary environments, 

but the absence of major Noachian igneous or volcanic provinces. Whilst major volcanic 

provinces do exist across Mars, with the major exception of Tharsis (Carr and Head, 2010), these 

are mostly Hesperian or younger in age (e.g., Syrtis Major; Fawdon et al., 2015).  

 

Figure 7.3: (A) Locations of sedimentary rocks across Mars (purple circles), as detected in MOC data 

(Malin et al., 2010) on a MOLA topographic hillshade basemap; (B) HiRISE IRB image of layered material 

exposed in a crater wall adjacent to the Mawrth Vallis outflow channels; (C) HiRISE IRB image light-

toned, layered material on the plateaus above Ius Chasma.   

As discussed extensively by Edgett (2005), the composition of Arabia Terra is not simple and 

does not appear monolithic; this may be true for much of Noachian Mars. Light-toned, layered, 

sedimentary material exists on the plateaus above Melas Chasma and the wider Valles Marineris 

region (Le Deit et al., 2010; Weitz et al., 2010) and much of this material may have formed in the 

Noachian (Figure 7.3). It is also difficult to assume that sedimentary material is therefore absent 

from within the walls of Valles Marineris itself (Edgett, 2005), which would challenge the 
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commonly held view that the material forming Valles Marineris had a solely volcanic origin (e.g., 

McEwen et al., 1999). Furthermore, Mawrth Vallis, a purported Noachian circum-Chryse outflow 

channel, incises into light-toned, layered bedrock, (e.g., Bishop et al., 2008; Figure 7.3), similar 

to that in Arabia Terra or on the plateaus around Valles Marineris (Edgett, 2005), indicating that 

a significant portion of the Noachian crust in these locations is likely sedimentary in nature. 

These locations and others demonstrate that, unlike on the Moon, primary, igneous crust on Mars 

has been extensively modified by sedimentary processes (summarised by Grotzinger and 

Milliken, 2012). No spacecraft has yet landed on the Noachian crust; the oldest landed-on sites 

are Hesperian in age, and thus there is not yet ground truth for these orbital observations. Ground-

based observations can significantly differ from orbital predictions: the predicted lacustrine 

deposits in Gusev Crater (Golombek et al., 2003) were revealed by MER Spirit to be lava plains 

that had infilled the lake basin (Crumpler et al., 2005); and the extensive fluvio-lacustrine deposits 

at Yellowknife Bay in Gale Crater revealed by MSL (Grotzinger et al., 2014) were not detected 

from orbit. The upcoming Mars 2020 and ExoMars rover missions, both due for launch in 2020, 

have candidate landing sites which are Noachian in age, and could provide insight into surface 

processes on early Mars and the nature of the Noachian crust. 

7.3 Main Conclusions 

The CTX-scale mapping of fluvial landforms in Chapter 3 demonstrates that there is extensive 

evidence for fluvial and lacustrine processes during the mid- to late Noachian in Arabia Terra. 

There are widespread, but discontinuous, networks of depositional channels and palaeolakes in 

Arabia Terra now preserved in inverted relief, and which were likely more extensive in the past. 

These networks transition from the highland valley networks further south, and the stratigraphy 

of Arabia Terra may record the aggradation of regional alluvial plains. When comparing the 

distribution of these channel networks to climate model predictions of rainfall and snow/ice 

accumulation in Arabia Terra, the “warm and wet” early Mars climate scenario provides a 

stronger explanation for these observations than the “icy highlands” scenario. Depositional 

channels were likely a significant component of drainage systems on early Mars. 

Chapters 3 and 4 both show that the etched units – regional sedimentary material – contributed to 

the preservation of the inverted channels throughout Arabia Terra, and many more inverted 

channels may be buried beneath the remnant etched units. Chapter 4 provides a detailed 

stratigraphy of an inverted fluvio-lacustrine system in south-western Arabia Terra in the form of 

a CTX-scale geological map. The fluvio-lacustrine systems here underwent a history of burial 

and erosion prior to later burial by the etched units in the late Noachian to early Hesperian, 

revealing a level of complexity not observed in previous geological maps of the region. This 
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stratigraphy is comparable to that of nearby inverted channels systems, making it likely that many 

of the inverted channels formed coevally, as part of an interconnected, regional system.  

The map of fluvial landforms in Chapter 5 covering the Hesperian-aged south-western Melas 

basin is indicative of long-lived and episodic fluvial processes. These fluvial systems supported 

up to three palaeolakes within the basin, and their morphometrics are indicative of widespread 

precipitation across the basin. Episodic fluvial processes were interspersed with dry periods, in 

which airfall material accumulated. Fluvial processes became decreasingly abundant in the later 

history of the basin, possibly as a drying climate drove the environmental conditions from a 

perennial to an ephemeral setting. Fluvial systems supported by preciptiation are also widespread 

on the Melas and Ius plateau, which drain into tributary canyons, and may be more widespread 

throughout the rest of Valles Marineris. These systems also demonstrate that runoff may have 

played an important role in widening Valles Marineris. 

Evidence for episodic aqueous processes is also reflected in the geomorphology and stratigraphy 

of the main palaeolake in the SMB, as demonstrated in Chapter 6. The water level is comparable 

to many deep water lakes on Earth, and the multiple potential shorelines of the palaeolake indicate 

that the water level could have varied by several hundred metres. There is a complex record of 

deltaic-lacustrine stratigraphy which gives evidence for multiple lake highstands and at least one 

major lake regression. The palaeolake deposits may be interbedded with non-aqueous strata, 

deposited as the water level fluctuated. Late stage alluvial fans indicate a gradual shutting down 

of aqueous processes in the palaeolake and in the wider SMB, part of a terminal transition into a 

dry environment. Both Arabia Terra and Melas Chasma demonstrate favourable characteristics 

of importance to future landed missions on Mars. 

7.4 Future Work 

7.4.1 Mapping and Understanding Global Drainage Systems on Early Mars 

Inverted channels represent an underreported component of drainage systems on early Mars. 

Many previous studies, both geological (e.g., Hynek et al., 2010) and climatological (e.g., 

Wordsworth et al., 2015) in nature, have focused on valley networks for understanding drainage 

and fluvial processes on early Mars. However, as indicated by Arabia Terra (and to a lesser extent 

Melas Chasma), inverted channels form a distinct component of drainage systems on Mars, and 

they can provide evidence for fluvial processes in places where valley networks are absent. Maps 

of fluvial landforms are critical for understanding how water, sediment, and possibly biomarkers 

were transported on early Mars, yet no comprehensive global maps of fluvial landforms which 

include inverted channels have been published.  
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The Williams (2007) study provides the global locations of inverted channels using high-

resolution MOC-NA data. However, the limited data coverage of MOC-NA (~ 5% global 

coverage) means that this map is far from exhaustive. Both the Arabia Terra map of fluvial 

landforms (Chapter 3) and the anticipated regional map of fluvial landforms in north-western 

Hellas from the work of Gullikson et al. (2016), which includes inverted channels, have been 

produced at CTX-scale, a resolution at which metre- to decametre-scale fluvial features can be 

identified. These regional studies, and others, could provide a basis for new global maps of fluvial 

landforms. Collating these datasets and producing further maps of fluvial landforms, which 

include inverted channels, in order to achieve global coverage, is likely to be an immense task 

and will require multiple investigators. As of 2017, there are ~ 78,000 CTX images (Table 2.2). 

Assuming it takes five minutes to inspect each image (excluding download time), it would take 

6,500 working hours to examine all these images. Citizen scientists could, for example, be used 

to identify features of interest, to be later confirmed by an investigator, such as in the Zooniverse 

Project (Simpson et al., 2014). However, such a dataset is likely to be widely used and could 

prove to be a useful means of collaboration between geologists and climate modellers. 

7.4.2 The Evolution of Arabia Terra and Base Level Changes on Early Mars 

The networks of inverted channels and the regional floodplain in Arabia Terra clearly warrant 

further investigation. Drainage systems on Mars have evolved during episodes lasting 105-107 

years (Hoke et al., 2011) in the Noachian, throughout which they may have been subject to base 

level changes, possibly induced by variations in orbital cycles (e.g., Laskar et al., 2004). Given 

its low-elevation and proximity to the northern lowlands, Arabia Terra may have recorded 

evidence of such changes. This begs the question of whether Arabia Terra was always a 

depositional plain, or whether it could have previously been a net erosive environment, which 

was later flooded due to rises in base level, and over what period did it evolve? Further detailed 

studies of Arabia Terra could help answer these questions. Evidence for such base level changes 

may be preserved within the valley-confined inverted channels (Figure 3.9) and in the palaeolake 

deposits across Arabia Terra (Figure 3.11). Regional base level changes have interesting 

implications for the existence of a Noachian northern ocean, which are discussed below. 

Whilst the newly identified channel networks in Arabia Terra provide further support to the 

northward-directed transport of water and sediment, the geomorphological evidence for a 

northern ocean in the Noachian is still tenuous (Carr and Head, 2003). The work of Di Achille 

and Hynek (2010) provides a basis for exploring the nature of the northern lowlands and base 

level changes on early Mars. Di Achille and Hynek (2010) found 52 delta deposits in a survey of 

CTX images, of which 17 were connected to the northern lowlands; however, the now global 

CTX coverage means that many more deltas may be identified. The identification, examination, 
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and characterisation of further fan deposits around the dichotomy may help determine whether a 

Noachian northern ocean could have existed.  

 

Figure 7.4: Results of preliminary survey showing distribution of newly identified fan-bodies (light blue 

circles) and those from the Di Achille and Hynek (2010) study (dark blue) around the dichotomy on a 

MOLA topographic map (centred on the north pole). Around 150 fans were identified, over three times as 

many as the Di Achille and Hynek (2010) study. 

In a preliminary survey of CTX images, my colleague and I have identified nearly 150 fan-shaped 

bodies around the dichotomy (Figure 7.4), and we expect to find many more. Significantly, many 

of these fan-shaped bodies are contiguous with the highland valley networks, indicating that they 

probably formed during the Noachian (Hynek et al., 2010). The majority of these fan-shaped 

bodies are found between -1,500 and -3,500 m elevation; the mean equipotential surface identified 

by Di Achille and Hynek (2010) is at -2,540 m. Further characterisation of these fan-shaped 

bodies is necessary, but if many of them are deltaic in origin, then to a first order this could provide 

additional evidence that a Noachian northern ocean existed over a wide range of elevations. 

Stratigraphic evidence within the fan bodies will be key in assessing this and preventing self 
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selection bias. The delta deposits themselves should also record evidence for transgressions and 

regressions, which tie different systems together, such as the downstream progradation of fan 

bodies and fluvial incision, both of which may have occurred during lowstands. The delta deposits 

at the terminus of Hypanis Valles, for example, show both of these characteristics (Sefton-Nash 

et al., 2015). 

7.4.3 The Identification of Aqueous Landforms in Valles Marineris 

The abundance of the valley networks which drain into tributary canyons, on the Ius and Melas 

plateaus, suggests that more fluvial landforms may exist across the wider Valles Marineris region. 

In addition, the results from Chapter 5 (Figure 5.20), indicate that runoff from the plateau may 

have played a role in widening Valles Marineris. Valley networks, channels, and sedimentary fans 

exist in a variety of chasmata and on plateaus throughout Valles Marineris (e.g., Mangold et al., 

2008a; Weitz et al., 2010; Grindrod et al., 2013). Given that many of these features are only visible 

at CTX or higher resolution, there is a high likelihood that many have yet to be detected. 

Understanding the distribution of aqueous features in and around Valles Marineris is important 

for determining (1) whether aqueous processes were integrated throughout the Valles Marineris 

region or whether they occurred in isolation and (2) constraining how aqueous processes and 

sedimentation modified and widened the canyon.  

A CTX-scale regional survey around Valles Marineris could map the locations of additional 

fluvial, deltaic, and lacustrine landforms, and provide broader understanding of how different 

landforms and processes relate to one another. While smaller aqueous landforms that are only 

visible at HiRISE resolution do exist (e.g., valleys and channels within the SMB and on the Melas 

plateau; Figures 5.9 and 5.19), the sparse coverage of HiRISE data (~ 3% global coverage) means 

that a CTX-scale survey is more practical. Given the variety of different aqueous landforms that 

could potentially exist around Valles Marineris and the size of the region, a grid-based mapping 

approach (detailed in Ramsdale et al., 2017) may be a quick and practical way of understanding 

the distribution of these features. Grid-based mapping involves dividing a region into smaller 

grids, and then “box-ticking” for the presence of a specific feature, rather than drawing polylines 

and polygons. This would vastly reduce the time spent mapping and specific regions of interest 

could be returned to once the survey was complete. 

Clearly there are multiple avenues of investigation into understanding the climate and 

environment of early Mars, as well as the evolution of aqueous systems. Remote sensing, using 

ever increasing volumes of returned data, will play a key role in the future understanding of these 

processes at a global scale, as more spacecraft with high-resolution cameras arrive in orbit of 

Mars (e.g., from TGO’s CaSSIS or a potential high-resolution camera on NASA’s planned 

2022/2024 orbiter). Landed spacecraft will also provide important ground truth, as more localities 
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across the martian surface are investigated. Of particular relevance to this thesis is the ExoMars 

rover, which is due land in either Oxia Planum or Mawrth Vallis in 2021. Both of these sites are 

located in northern Arabia Terra, near the dichotomy and proximal to some of the inverted channel 

systems identified in Chapter 3. What ExoMars finds at these sites could be key to understanding 

drainage processes across Arabia Terra, and more widely across early Mars.   
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Appendices 

Appendix I.        Drainage Density and Crater Count Areas 

 

Figure AI.1: Drainage area for Figure 3.5B and mapping area in Chapter 4. The blue lines show the length 

of inverted channels (314.4 km) which drain across the Noachian surface within the confines of the 

erosional window (shaded green area; 9,605.1 km2). The resultant drainage density is 0.032 km-1. 
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Figure AI.2: Drainage area for Figure 3.10 and window 2 in Chapter 4. The blue lines show the length of 

inverted channels (1717.3 km) which drain across the Noachian surface within the confines of the erosional 

window (shaded green area; 61,112.9 km2). The resultant drainage density is 0.028km-1. 
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Figure AI.3: Crater count area for south-western Arabia Terra regional crater count shown in Figure 4.14 

(shaded yellow area) on a THEMIS-IR Day basemap. The crater diameters (red circles) were extracted 

from the Robbins and Hynek (2012) global crater database, over a 170,000 km2 region surrounding the 

geological mapping area (black box at centre of image). 
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Figure AI.4: Crater count areas for different geological mapping units in Arabia Terra mapping area, 

shown in Figure 4.15 on a THEMIS-IR Night basemap. The crater diameters (coloured circles) were 

measured for all craters down to 50 m in diameter for selected geological units (colour outlined areas). 

 

Figure AI.5: Crater count area for Ius plateau crater count shown in Figure 5.21 (shaded green area) on 

a THEMIS-IR Day basemap. The crater diameters (red circles) were extracted from the Robbins and Hynek 

(2012) global crater database, over a 50,000 km2 region on the Ius plateau. All the craters fall on the unit 

“eHv”, an early Hesperian volcanic unit in the global geological map of Tanaka et al. (2014). 
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Figure AI.6: Crater count area for main Melas palaeolake crater count shown in Figure 6.19 (shaded blue 

area) on a HiRISE and CTX basemap. The crater diameters (black circles) were measured for all craters 

down to 20 m in diameter across a 460 km2 area of the palaeolake. 
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Appendix II. Imaging Instruments and ID Numbers 

Figure Instrument Image ID 

1.5A Mastcam 0027MR0001290050100755E01_DXXX 

1.5B Mastcam PIA19074; mosaic compiled from images 

taken on sol 712 

1.6A THEMIS-IR Day  

1.6B THEMIS-IR Day  

1.6C Colour MOLA hillshade  

1.7A Laser altimeter from 

National Center for 

Airborne Laser Mapping 

 

1.7B THEMIS-IR Day  

1.9A CTX P06_003407_1872_XN_07N047W 

1.9B HiRISE ESP_019038_1740 

1.10A THEMIS-IR Day  

1.10B CTX P06_003407_1872_XN_07N047W 

1.11A CTX B02_010408_1548_XI_25S033W, 

P06_003433_1548_XI_25S034W, 

P13_006123_1547_XN_25S034W, 

G04_019678_1548_XN_25S035W 

1.11B CTX G21_026601_1918_XN_11N046W, 

P13_006176_1918_XN_11N046W, 

P17_007534_1916_XN_11N045W 

1.11C CTX P01_001336_1560_XI_24S033W 

1.11D CTX P03_002387_1987_XI_18N282W 

1.12 MOLA  

2.1 HiRISE, CTX PSP_008669_1705,  

B10_013561_1704_XN_09S076W 

2.2A HiRISE PSP_007087_1700 

2.2B CTX P20_008735_1702_XI_09S076W 

2.2C HRSC h2138_0000_nd4 

2.2D THEMIS  

2.4A HiRISE (DEM), CTX 

(DEM), HRSC (DEM), 

MOLA 

ESP_037162_1880,  ESP_036384_1880,  

D09_030714_1876_XI_07N011W,  

D10_031149_1876_XI_07N011W, 

MC11E 

2.5A THEMIS-IR Day  

3.1  MOLA  

3.2A CTX P16_007203_1842_XN_04N006W 

3.2B CTX B10_013532_1835_XN_03N006W, 

 B03_010697_1875_XI_07N007W 
3.3 Colour MOLA hillshade  

3.4 MOLA hillshade  

3.5A CTX B03_010829_1892_XI_09N012W, 

B01_009840_1885_XN_08N010W, 

D09_030714_1876_XI_07N011W, 

G23_027180_1889_XI_08N011W 

3.5B CTX B10_013532_1835_XN_03N006W, 

D04_028881_1843_XI_04N007W, 

B03_010697_1875_XI_07N007W 

3.6 MOLA hillshade  

3.7A CTX and HiRISE (DEM) ESP_012714_1815, ESP_012714_1815, 

P04_002627_1808_XN_00N352W, 

G23_027298_1822_XI_02N352W 

3.7B CTX B10_013532_1835_XN_03N006W, 

D04_028881_1843_XI_04N007W, 

B03_010697_1875_XI_07N007W 
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3.7C HiRISE (DEM) ESP_012714_1815, ESP_012714_1815 

3.8A HiRISE ESP_033586_2065 

3.8B HiRISE ESP_022221_1850 

3.8C HiRISE ESP_028881_1855 

3.8D HiRISE ESP_041949_1880 

3.9A CTX P19_008375_1874_XN_07N329W 

3.9B CTX P15_006872_1983_XI_18N329W, 

P13_006160_1977_XN_17N330W 

3.10A THEMIS-IR Night  

3.10B HiRISE PSP_004091_1845 

3.11A CTX D04_028881_1843_XI_04N007W 

3.11B CTX P07_003799_1961_XN_16N311W, 

P03_002243_1962_XN_16N310W, 

P07_003588_1958_XN_15N310W, 

P03_002032_1959_XN_15N310W, 

P04_002599_1958_XN_15N310W 
3.11C CTX G15_024079_1913_XI_11N313W,  

 P14_006700_1907_XI_10N312W, 

G12_022945_1914_XI_11N312W, 

G21_026558_1909_XI_10N312W 

3.11D CTX B18_016761_2065_XN_26N323W 

G05_020163_2076_XI_27N323W 

G04_019807_2075_XN_27N324W 

P05_003061_2081_XN_28N324W 

P06_003272_2079_XN_27N325W 

P06_003483_2079_XN_27N325W 

   

3.12 CTX B19_017012_1877_XN_07N333W; 

D01_027627_1876_XI_07N333W 

3.13 MOLA hillshade  

4.1 THEMIS-IR Day, MOLA  

4.4 THEMIS-IR Night  

4.5 HRSC MC11E  

4.6 THEMIS-IR Day  

4.7A HiRISE ESP_028881_1855 

4.7B CTX D04_028881_1843_XI_04N007W 

4.7C THEMIS-IR Night  

4.8A  CTX D04_028881_1843_XI_04N007W 

4.8B  CTX B10_013532_1835_XN_03N006W 

4.9  CTX D04_028881_1843_XI_04N007W 

4.10  CTX D04_028881_1843_XI_04N007W 

4.11 CTX B09_013031_1838_XN_03N008W 

4.12A CTX B09_013031_1838_XN_03N008W 

4.12B CTX B05_011409_1837_XI_03N006W 

4.12C HiRISE ESP_038982_1855 

4.12D CTX P16_007348_1838_XN_03N006W 

4.12E CTX B05_011409_1837_XI_03N006W,  

P16_007348_1838_XN_03N006W 

4.13A CTX B22_018200_1849_XN_04N008W 

4.13B CTX B22_018200_1849_XN_04N008W 

4.13C CTX D04_028881_1843_XI_04N007W,  
B22_018200_1849_XN_04N008W 

4.13D CTX D04_028881_1843_XI_04N007W 

4.17A CTX B10_013532_1835_XN_03N006W, 

D04_028881_1843_XI_04N007W, 

B03_010697_1875_XI_07N007W 

4.17B CTX P04_002522_1879_XI_07N007W 

  B10_013532_1835_XN_03N006W 

4.17C CTX P04_002667_1880_XI_08N006W 
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4.18 HiRISE IRB ESP_028881_1855 

4.18A CTX D04_028881_1843_XI_04N007W,  
B18_016710_1843_XN_04N007W 

4.18C CTX G23_027404_1861_XN_06N008W 

4.20 MOLA, MOLA hillshade  

   

   

5.1 THEMIS, MOLA  

5.2 THEMIS, MOLA  

5.4A CTX B18_016528_1713_XN_08S077W, 

B10_013561_1704_XN_09S076W 

5.4B HiRISE PSP_005452_1700 

5.4C HiRISE PSP_008669_1705 

5.4D HiRISE PSP_005452_1700 

5.4E HiRISE PSP_005452_1700 

5.5A HiRISE ESP_023332_1700 

5.5B HiRISE ESP_016528_1705 

5.5C CTX B10_013561_1704_XN_09S076W 

5.5D HiRISE ESP_016383_1705 

5.7 THEMIS  

5.8 THEMIS  

5.9 CTX, THEMIS B10_013561_1704_XN_09S076W, 

G18_025244_1704_XN_09S076W, 

P20_008735_1702_XI_09S076W, 

B07_012216_1704_XN_09S077W, 

G02_018875_1701_XN_09S076W, 

B19_017240_1701_XN_09S075W, 

G20_025877_1699_XN_10S077W, 

B18_016528_1713_XN_08S077W, 

B09_013126_1707_XN_09S078W, 

G22_026866_1710_XN_09S077W, 

P07_003685_1711_XI_08S076W, 

B09_012994_1700_XN_10S075W, 

B08_012638_1702_XN_09S076W, 

B08_012638_1702_XN_09S076W, 

P15_006942_1705_XI_09S077W, 

P15_006731_1676_XN_12S076W 

5.10A HiRISE ESP_018585_1700 

5.10B HiRISE ESP_012994_1700 

5.10C HiRISE ESP_016963_1680 

5.11A HiRISE ESP_020708_1700 

5.11B HiRISE PSP_008669_1705 

5.11C HiRISE ESP_018585_1700 

5.11D HiRISE ESP_017240_1700 

5.12A CTX B09_013126_1707_XN_09S078W, 

P15_006942_1705_XI_09S077W, 

F04_037415_1711_XN_08S078W, 

P06_003184_1704_XN_09S078W, 

5.12B CTX B09_013126_1707_XN_09S078W 

5.12C HiRISE ESP_012849_1705 

5.13A HiRISE ESP_017240_1700 

5.13B HiRISE ESP_017240_1700 

5.14A HiRISE ESP_018585_1700 

5.14B HiRISE PSP_005452_1700 

5.14C HiRISE ESP_020352_1710 

5.14D HiRISE ESP_012216_1705 

5.14E HiRISE PSP_008669_1705 

5.14F HiRISE ESP_012638_1700 
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5.15A HiRISE, CTX PSP_007443_1705,  ESP_012216_1705,  

ESP_020352_1710,  ESP_019218_1710,  

P15_006942_1705_XI_09S077W,  

B09_013126_1707_XN_09S078W,  

B07_012216_1704_XN_09S077W,   

B18_016528_1713_XN_08S077W 

5.15B HiRISE ESP_020352_1710 

5.16A HiRISE, CTX ESP_016528_1705,  ESP_016383_1705,  

ESP_024888_1705,  ESP_026866_1705,  

ESP_012493_1700,  

B18_016528_1713_XN_08S077W 

5.17 HiRISE, CTX ESP_012994_1700,  ESP_016106_1700,  

ESP_012638_1700,  ESP_017240_1700,  

ESP_018585_1700, 

  B21_017952_1701_XN_09S076W, 

  B11_014062_1697_XN_10S075W, 

  G02_018875_1701_XN_09S076W 

5.18A HiRISE ESP_012638_1700 

5.18B HiRISE ESP_018585_1700 

5.18C HiRISE ESP_012994_1700 

5.18D HiRISE ESP_012994_1700 

5.18E HiRISE ESP_017240_1700 

5.18F HiRISE ESP_016106_1700 

5.19A HiRISE PSP_009170_1695_RED 

5.19B HiRISE ESP_025877_1700 

5.20 CTX, THEMIS P15_006942_1705_XI_09S077W,  

B09_013126_1707_XN_09S078W,  

F04_037415_1711_XN_08S078W,  

F16_041978_1719_XI_08S079W,  

P18_008155_1728_XI_07S079W,  

P17_007654_1730_XN_07S080W,  

P10_005017_1701_XI_09S080W,  

P22_009658_1719_XN_08S080W 

5.20B CTX F16_041978_1719_XI_08S079W,  
F02_036558_1680_XN_12S080W,  
P18_008155_1728_XI_07S079W 

   

5.20C CTX F04_037415_1711_XN_08S078W 

5.24A CTX P07_003685_1711_XI_08S076W,  

G02_018875_1701_XN_09S076W 

5.24B CTX P07_003685_1711_XI_08S076W 

5.24C HiRISE ESP_018875_1700,  PSP_008379_1700 

6.1 CTX P20_008735_1702_XI_09S076W,  

G02_018875_1701_XN_09S076W 

6.2A  HiRISE ESP_044180_1700 

6.2B  HiRISE ESP_018875_1700 

6.2C HiRISE DEM PSP_007087_1700,  PSP_007667_1700 

6.3A  HiRISE PSP_002828_1700 

6.4A  CTX P20_008735_1702_XI_09S076W 

6.4B  HiRISE PSP_007667_1700 

6.4C HiRISE PSP_007667_1700 

6.4D HiRISE PSP_007878_1700 

6.4E  HiRISE PSP_007878_1700 

6.5A  CTX G02_018875_1701_XN_09S076W 

6.5B HiRISE PSP_007377_1700 

6.5C HiRISE PSP_007377_1700 

6.6A  HiRISE ESP_020708_1700 

6.6B HiRISE PSP_007087_1700 

6.8 CTX P20_008735_1702_XI_09S076W,  
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G02_018875_1701_XN_09S076W 

6.9A  CTX P20_008735_1702_XI_09S076W,  

G02_018875_1701_XN_09S076W,  
B09_012994_1700_XN_10S075W,  
G22_026866_1710_XN_09S077W 

6.9B  CTX DEM P20_008735_1702_XI_09S076W, 

P20_009025_1704_XI_09S076W, 

G02_018875_1701_XN_09S076W,  

B21_017807_1701_XN_09S076W 

6.10 HiRISE, CTX ESP_020708_1700, 

PSP_002828_1700, 

PSP_008379_1700, 

ESP_018875_1700, 

ESP_034514_1700, 

ESP_017807_1700, 

PSP_007878_1700, 

PSP_002828_1700, 

PSP_007087_1700, 

ESP_020708_1700, 

PSP_007667_1700, 

PSP_008735_1700, 

ESP_044325_1700, 

ESP_044180_1700, 

ESP_012005_1700, 

PSP_005452_1700, 

PSP_005874_1700, 

PSP_008669_1705, 

ESP_013561_1705 

P20_008735_1702_XI_09S076W,   

G02_018875_1701_XN_09S076W 

6.11A  HiRISE ESP_034514_1700 

6.11B  HiRISE PSP_007878_1700 

6.13  HiRISE ESP_017807_1700 

6.14 HiRISE ESP_018875_1700 

6.15A CTX P20_008735_1702_XI_09S076W 

6.15B HiRISE ESP_020708_1700 

6.16A CTX P20_008735_1702_XI_09S076W 

6.16B  HiRISE ESP_020708_1700 

6.17A HiRISE ESP_034514_1700,  PSP_008379_1700 

6.17B HiRISE ESP_034514_1700,  PSP_008379_1700 

6.17C HiRISE ESP_034514_1700 

6.21 CTX P20_008735_1702_XI_09S076W,   

G02_018875_1701_XN_09S076W,  

B18_016528_1713_XN_08S077W,   

B10_013561_1704_XN_09S076W,  

B19_017240_1701_XN_09S075W,  

B07_012216_1704_XN_09S077W, 

G22_026866_1710_XN_09S077W, 

P07_003685_1711_XI_08S076W, 

B08_012638_1702_XN_09S076W, 

P08_004107_1679_XI_12S076W 

7.2 MOLA  

7.3A MOLA hillshade  

7.3B HiRISE IRB ESP_028578_2025 

7.4C HiRISE IRB PSP_005149_1715 

7.4 MOLA  

AI.1 THEMIS-IR Day  

AI.2 THEMIS-IR Day  

AI.3 THEMIS-IR Day  

AI.4 THEMIS-IR Night  
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AI.5 THEMIS-IR Day  

AI.6 HiRISE, CTX ESP_020708_1700, 

PSP_002828_1700, 

PSP_008379_1700, 

ESP_018875_1700, 

ESP_034514_1700, 

ESP_017807_1700, 

PSP_007878_1700, 

PSP_002828_1700, 

PSP_007087_1700, 

ESP_020708_1700, 

PSP_007667_1700, 

PSP_008735_1700, 

ESP_044325_1700, 

ESP_044180_1700, 

ESP_012005_1700, 

PSP_005452_1700, 

PSP_005874_1700, 

PSP_008669_1705, 

ESP_013561_1705 

P20_008735_1702_XI_09S076W,   

G02_018875_1701_XN_09S076W 

Table AII.1: Figure instrument and image ID numbers. 
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Project File name Image 1 Image 2 Orthorectified 

image 

Centre 

Latitude 

(°N) 

Centre 

Longitude 

(°E) 

DEM 

spatial 

resolution 

(m/pixel) 

Additional notes 

Arabia Terra Ridge_1 ESP_012714_1815 ESP_012648_1815 ESP_012648_1815 1.39° 7.68° 1  

Arabia Terra Miyamoto_1 PSP_009985_1770 ESP_016631_1770 PSP_009985_1770 -3.00° 352.06° 1  

Arabia Terra ExoOxiaPalus_1 ESP_037162_1880  ESP_036384_1880 ESP_036384_1880 7.80° 348.46° 1  

Arabia Terra ExoOxiaPalus_2 ESP_037030_1880 ESP_036740_1880 ESP_036740_1880 7.79° 348.54° 1 ~ 200 m difference to 

MOLA 

Arabia Terra ExoOxiaPalus_4 ESP_036885_1880 ESP_037307_1880 ESP_037307_1880 7.65° 349.15° 1  

Arabia Terra ExoOxiaPalus_5 ESP_039470_1880 ESP_039536_1880  ESP_039536_1880  7.98° 348.32° 1  

Arabia Terra ExoOxiaPalus_6 ESP_041303_1880 ESP_038362_1880 ESP_038362_1880 7.70° 348.51° 1  

Arabia Terra ExoOxiaPalus_7 ESP_043162_1880  ESP_041949_1880 ESP_041949_1880 8.10° 349.02° 1  

Melas Chasma MelasHiRISE_1 PSP_007087_1700 PSP_007667_1700 PSP_007087_1700 -9.82° 283.50° 1  

Melas Chasma MelasHiRISE_2 PSP_005452_1700 PSP_005874_1700 PSP_005452_1700 -9.67° 283.24° 1  

Melas Chasma MelasHiRISE_3 PSP_007878_1700 PSP_008735_1700 PSP_007878_1700 -9.76° 283.40° 1  

Melas Chasma MelasHiRISE_5 ESP_017807_1700 ESP_018875_1700 ESP_017807_1700 -9.82° 283.73° 1  

Melas Chasma MelasHiRISE_6 ESP_020286_1700 ESP_020708_1700 ESP_020708_1700 -9.89° 283.35° 1  

Melas Chasma MelasHiRISE_7 PSP_008379_1700 PSP_007377_1700 PSP_008379_1700 -9.83° 283.80° 1  

Melas Chasma MelasHiRISE_8 ESP_012005_1700 ESP_012638_1700 ESP_012638_1700 -9.83° 283.92° 1  

Melas Chasma MelasHiRISE_9 ESP_034514_1700 ESP_034092_1700 ESP_034514_1700 -9.93° 283.88° 1  

Melas Chasma MelasHiRISE_10 ESP_028488_1705 ESP_024888_1705 ESP_024888_1705 -9.65° 283.00° 1  

Melas Chasma MelasHiRISE_11 PSP_002828_1700 PSP_002551_1700 PSP_002551_1700 -9.71° 283.62° 1  

Melas Chasma MelasHiRISE_12 ESP_013983_1705 ESP_013561_1705 ESP_013561_1705 -9.61° 283.16° 1  

Melas Chasma MelasHiRISE_13 ESP_018018_1705 ESP_026866_1705 ESP_026866_1705 -9.55° 283.04° 1  

Melas Chasma MelasHiRISE_14 ESP_016383_1705 PSP_009592_1705 PSP_009592_1705 -9.23° 283.90° 1  

Melas Chasma MelasHiRISE_15 ESP_012493_1700 PSP_005663_1700 ESP_012493_1700 -9.68° 282.92° 1  

Melas Chasma MelasHiRISE_16 ESP_016528_1705 ESP_016884_1705 ESP_016528_1705 -9.28° 282.80° 1  

Melas Chasma MelasHiRISE_17 PSP_002828_1700 ESP_019508_1700 PSP_002828_1700 -9.83° 283.63° 1  

Melas Chasma MelasHiRISE_18 PSP_007443_1705  PSP_007733_1705 PSP_007443_1705 -9.18° 282.68° 1  

Melas Chasma MelasHiRISE_19 ESP_016106_1700 ESP_011504_1700 ESP_016106_1700 -9.94° 284.37° 1 Poor on slopes 

Melas Chasma MelasHiRISE_20 ESP_016963_1680 ESP_018598_1680 ESP_016963_1680 -12.10° 286.72° 1  

Table AII.2: HiRISE resolution DEMs produced. 
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Project File name Image 1 Image 2 Orthorectified image Centre 

Latitude 

(°N) 

Centre 

Longitude 

(°E) 

DEM spatial 

resolution 

(m/pixel) 

Additional 

Notes 

Arabia 

Terra 

AramCTX_3 D04_028657_1885_XI_08N010W B01_009840_1885_XN_08N010W D04_028657_1885_XI_08N01

0W 
8.56° 349.27° 20 100 m difference 

with MOLA 

Arabia 

Terra 

AramCTX_4 D09_030714_1876_XI_07N011W D10_031149_1876_XI_07N011W D09_030714_1876_XI_07N01
1W 

7.65° 348.57° 20  

Arabia 

Terra 

AramCTX_8 F01_036239_1869_XI_06N011W D19_034617_1869_XI_06N011W D19_034617_1869_XI_06N01

1W 
6.92° 348.39° 20  

Melas 

Chasma 

MelasCTX_1 B11_013983_1704_XN_09S076W  B10_013561_1704_XN_09S076W  B10_013561_1704_XN_09S0

76W 
-9.67° 283.15° 20  

Melas 

Chasma 

MelasCTX_2 G18_025178_1704_XN_09S076W G18_025244_1704_XN_09S076W G18_025244_1704_XN_09S07

6W 
-9.69° 283.62° 20  

Melas 

Chasma 

MelasCTX_4 P20_008735_1702_XI_09S076W P20_009025_1704_XI_09S076W P20_008735_1702_XI_09S076
W 

-9.68° 283.36° 20  

Melas 

Chasma 

MelasCTX_5 B07_012216_1704_XN_09S077W B01_009948_1704_XI_09S077W B07_012216_1704_XN_09S07

7W 
-9.66° 282.62° 20  

Melas 

Chasma 

MelasCTX_6 B21_017807_1701_XN_09S076W G02_018875_1701_XN_09S076W G02_018875_1701_XN_09S07

6W 
-9.91° 283.74° 20  

Melas 

Chasma 

MelasCTX_8 B09_012994_1700_XN_10S075W B19_017240_1701_XN_09S075W B19_017240_1701_XN_09S07
5W 

-9.97° 284.24° 20  

Melas 

Chasma 

MelasCTX_9 G20_025877_1699_XN_10S077W P22_009803_1699_XN_10S077W G20_025877_1699_XN_10S07

7W 
-10.13° 282.95° 20  

Melas 

Chasma 

MelasCTX_13 B18_016528_1713_XN_08S077W B19_016884_1713_XN_08S077W B18_016528_1713_XN_08S07
7W 

-8.79° 282.72° 20  

Melas 

Chasma 

MelasCTX_15 B09_012994_1700_XN_10S075W B21_017952_1701_XN_09S076W B21_017952_1701_XN_09S07

6W 
-9.92° 284.04° 20 Noisy 

Table AII.3: CTX resolution DEMs produced
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CTX HiRISE MOC-NA 
B03_010697_1875_XI_07N007W, 

B05_011409_1837_XI_03N006W, 

B09_013031_1838_XN_03N008W, 

B10_013532_1835_XN_03N006W, 

B18_016710_1843_XN_04N007W, 

B19_017066_1872_XN_07N008W, 

B20_017488_1856_XN_05N009W, 

B22_018200_1849_XN_04N008W, 

D04_028881_1843_XI_04N007W, 

D13_032428_1850_XI_05N009W, 

G02_018978_1870_XN_07N009W, 

G09_021813_1870_XN_07N008W, 

G23_027404_1861_XN_06N008W, 

P04_002522_1879_XI_07N007W, 

P04_002667_1880_XI_08N006W, 

P05_003089_1890_XN_09N006W, 

P06_003366_1838_XI_03N008W, 

P06_003432_1852_XI_05N009W, 

P07_003933_1862_XN_06N008W, 

P16_007348_1838_XN_03N006W, 

P17_007559_1825_XN_02N007W, 

 

ESP_027404_1860,  

ESP_045417_1860,  

ESP_032639_1870,  

ESP_037953_1840,  

PSP_006557_1875,  

ESP_017000_1835,  

ESP_013677_1835,  

ESP_018978_1865,  

ESP_038982_1855,  

ESP_028881_1855 

M1200289, 

R0200566, 

R2200066, 

R2201462, 

S0300190, 

S0400734, 

S0600130, 

S1701228, 

S1801268, 

 

Table AII.4: List of CTX, HiRISE, and MOC-NA images used in geological mapping in Chapter 4 (Map 

Sheet 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 


