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Abstract 

‘Inverted channels’ on Mars are sinuous ridges that represent ancient river systems which 

were buried, preserved and then exhumed. Many inverted channels occur in Arabia Terra, 

one of Mars’ oldest regions (about 3.7 Gyr), but precise information about their 

morphologies, spatial variation, settings, and associated terrain attributes is missing. Since 

these channels date from a period when Mars’ environment was very different than 

today’s, understanding how and when they formed can help us interpret Mars’ ancient 

fluvial and paleo-climatic history.  

This thesis presents new results about the morphology, distribution, erosion-styles, and 

pervasive fracturing of fluvial inverted deposits in Arabia Terra. It reports the results of a 

regional morphological classification of fluvial ridges, and concludes that many were 

aggradational fluvial systems, formed within the downstream portions of valley networks, 

or other basins and topographical lows. These locations are analogous to ‘Transfer’ and 

‘Depositional’ zones in fluvial systems on Earth. Next, detailed morphostratigraphic 

mapping (scale 1:2000) of four Mid-Late Noachian martian inverted fluvial systems 

reveals the presence of long-lived (104-106 years) stable fluvial stystems, where valley 

network incision is not preserved.  

The volume of alluvial material was estimated for each detailed mapping site and 

extrapolated to the regional survey database. At least 549-1591 km3 of fluvial-alluvial 

deposits are still preserved in Arabia Terra. This supports the interpretation that Arabia 

Terra hosted widespread fluvial activity during parts of the Noachian. Finally, extensive 

networks of indurated veins and infilled fractures, and “pitted channel” type were found to 

occur in the study area. I interpret these to have formed by groundwater flows, which 

demonstrate the influence of groundwater on the landscape, after the development of the 

inverted channel deposits. 

The study favours the existence of a stable hydrological cycle driven by precipitation in a 

warmer and wetter climate than seen today on Mars. 
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“Be brave, be curious, be determined, overcome the odds. It can be done.”  

- Stephen Hawking. 
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Chapter 1: Introduction to the current understanding of 

aqueous processes, inverted channels, Arabia Terra 

region, and project aims and objectives. 

1.1 Introduction 

At present, Mars has surface a mean annual temperature and pressure of 215 K and 6.1 

mbar respectively (Haberle et al., 2008). Hence, liquid water cannot exist at the surface or 

it is present only temporarily and in local areas of exceptional conditions (Carr & Head, 

2010a). However, the complex geological record of surface water observed at different 

scales by numerous missions reveals that the environment of ancient Mars was different 

from today, with a thicker atmosphere and liquid water running on its surface, possibly 

under a warmer and wetter climate. 

The understanding of how climate has evolved on Mars is relevant both to understanding 

environmental changes that profoundly alter planets, and to evaluate habitability outside 

Earth. Thus, one of the key aims of Mars science is to understand what the climate was like 

during the ancient ‘Noachian’ (> 3.7 Gyr; Michael, 2013) period on Mars, at the same time 

as life on Earth was thought to have begun (Michalski et al., 2013). Determining when and 

for how long liquid water flowed on Mars’ surface is particularly important. One of the 

main landforms which could provide an overview about the past fluvial activity of the 

planet are inverted channels, sinuous ridges naturally inverted by differential erosions 

between the materials composing the final ridge structure and the softer surroundings. 

Arabia Terra is the area I focus on in this thesis. It was chosen as a target area 

because the inverted channels here occur  mainly in terrains dated from the middle 

Noachian to the late Hesperian (3.94 to 3.37Ga; Michael, 2013). This period represents the 

moment of greatest surface water activity, as recorded by systems of fluvial channels and 

valleys (e.g., Carr, 1987). Consequently, it represents also the period when Mars was most 

likely to be habitable (e.g., Michalski et al., 2013; Westall et al., 2015).  

Recently, Davis et al. (2016) presented evidence for a network of inverted channels 

in the Arabia Terra region of Mars suggestive of a possible late-Noachian alluvial 

environment. Because inverted channels are built primary by ancient river and floodplain 

systems, studying these in more detail may allow us to identify morphological 

characteristics of those channels which in turn could give a better understanding of the 
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style, location, duration and timing of fluvial or general aqueous activity during the 

Noachian period. It can also help understand the erosional history of Arabia Terra.  

This chapter summarises the main lines of evidence for the presence of liquid water on 

Mars through the geological record of Arabia Terra. It then includes a summary of the 

early Mars climate debate and describes in more detail the current understanding of both 

terrestrial and martian inverted channels, the main targets of this work. At the end of the 

Chapter, project aims and objectives are described. 

1.2 Martian history and Arabia Terra development  

One of the most distinctive global characteristics of Mars is the hemispheric dichotomy 

(Smith et al., 1999; Watters et al., 2007), which has a sharp boundary between the younger, 

low-lying, smoother northern hemisphere plains and the older heavily cratered  southern 

highlands (clearly visible in Fig. 1.1a). More locally, parts of the martian surface are 

further characterized by differences in geological features, elevation, crater density, and 

crustal thickness (Tanaka et al., 2014a; Watters et al., 2007). Based on these differences, 

the geological history of Mars has been divided into three periods (Hartmann & Neukum, 

2001; Platz et al., 2013). The Noachian (4.1-3.7 Gyr) is characterised by the formation of 

the largest crater on Mars, the Hellas impact basin (Fig. 1.1a) in Noachis Terra. The 

Hesperian  (3.7-3.0 Gyr) is defined by volcanic plains of Hesperia Planum (Fig. 1.1a) and 

the Amazonian (3.0 Gyr, to the present) is defined by the smoothest plains on Mars, 

Amazonis Planitia (Fig. 1.1a), in the northern plains (Carr & Head, 2010a, 2010b).  

 

Arabia Terra is a low-relief, gently-sloping upland region, extending from ~ -20° E 

to ~ 60° E in longitude and from ~30° S to ~50° N in latitude (~1×107 km2 area, Fig. 1.1), 

positioned at the boundary between the northern lowlands and the older southern highlands 

(e.g., Craddock & Maxwell, 1993; Edgett & Parker, 1997; McGill, 2000). Because it is 

densely cratered and heavily eroded, Arabia Terra is presumed to be one of the oldest areas 

on Mars (e.g., Anguita et al., 1997; McGill, 2000; Tanaka et al., 2014) with Noachian-

Hesperian terrains (e.g., Hynek & Achille, 2017; Tanaka et al., 2014, Fig. 1.1b) that record 

wide variations in geomorphological features (e.g., Carr, 1987, 2000; Carr & Head, 

2010b), indicative of substantial environmental conditions during this timeframe (e.g., Carr 

& Head, 2010b; Hynek & Phillips, 2003; Phillips et al., 2001a). Thus, the geological 

record of Arabia Terra, and associated water-related features within it, play a central role in 

the understanding of the causes of martian environmental changes. 
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Figure 1.1: a- MOLA topographic map showing the main Martian geological features (white 
colours indicate highest elevations). b- Global geological map (Tanaka et el. 2014b), where the 
brown colour indicates Noachian highlands units. In -b green colours indicate Amazonian 
lowlands (smooth plains with scarcity of craters), and rusty or reddish colours indicate volcanic 
units (mainly in the Tharsis region).  
 

1.2.1 The Noachian and the early cratering and resurfacing stage 

During the Early Noachian period, heavy impact cratering and extensive volcanic flows 

(Carr & Head, 2010b; Hartmann & Neukum, 2001; McGill, 2000; Tanaka et al., 2014a) 

with basalt composition (Bibring et al., 2006;  Poulet et al., 2007) characterised all martian 

regions, including Arabia Terra (McGill, 2000; Tanaka et al., 2014a). This activity resulted 

in the formation of the Highland terrains (mixtures of lava and pyroclastic flows) and the 
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oldest preserved crust (Basement in Fig. 1.2) in Arabia Terra (McGill, 2000; Hynek & 

Achille, 2017; Tanaka et al., 2014a; Carr & Head, 2010b). The Noachian crust was heavily 

impact cratered (Hartmann & Neukum, 2001; Platz et al., 2013; Robbins & Hynek, 2012), 

with consequent formation of ejecta and impact breccias (Squyres et al., 2006a; Carr & 

Head, 2010b). Impacts continued throughout the Noachian but with a decrease in both 

crater size and frequency (Hartmann & Neukum, 2001; Platz et al., 2013; Robbins & 

Hynek, 2012). 

The Mid-Late Noachian was characterised globally by intense resurfacing events 

(Craddock & Maxwell, 1993; Irwin et al., 2013; Michael, 2013), but the reason for this 

erosional event (or events) and the responsible process are still unclear (Carr & Head, 

2010b; Irwin et al., 2013; McGill, 2000; Michael, 2013; Tanaka et al., 2014a). The Late 

Noachian records the peak in water activity (Carr & Head, 2010a, 2010b) as shown (Fig. 

1.2) by: (i) terrains dissected by valley networks (e.g., Carr, 1995; Hynek et al., 2010), (ii) 

widespread presence of hydrated silica and phyllosilicates (Bibring et al., 2006), (iii) 

paleo-lakes interlinked with the valley networks (e.g., Cabrol & Grin, 1999), (iv) candidate 

deltas and alluvial fans (Goudge et al., 2017; Kraal et al., 2008; Wilson et al., 2021), (v) 

candidate alluvial plains, sedimentary rocks and craters infilled by layered fluvio-lacustrine 

deposits (e.g., Malin & Edgett, 2000b) mixed with aeolian, or volcanic products (e.g., 

Hynek & Achille, 2017).  

1.2.2 The Hesperian and the Post Plateau erosion 

Between the Late Noachian and the Early Hesperian a distinct global change is 

recorded (Carr & Head, 2010a, 2010b). Formation of valleys decreased (Carr, 2012; 

Fassett & Head, 2008), impacts declined (Hartmann & Neukum, 2001; Michael, 2013) but 

catastrophic floods (outflow channels in Fig. 1.2), possibly driven by groundwater 

movements (e.g., Andrews-Hanna et al., 2007), supported the formation of large bodies of 

water (e.g., Carr & Head, 2010b).  
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Noachian to the early Hesperian (Fig. 1.2), influencing both the global topography and the 

groundwater flows (Andrews-Hanna et al., 2007, 2010; Carr & Head, 2010a, 2010b; 

Phillips et al., 2001). 

In Meridiani Planum (the south western part of Arabia Terra), Mid Hesperian-aged 

smooth and extensive Plains units (filling in topographic lows) interpreted as low viscosity 

lava flows (Hynek & Achille, 2017) formed. The lower part (~10 m thick) of these plains 

(Hynek & Achille, 2017) contain a high proportion of hematite, (Fig. 1.2) likely formed by 

a combination of aeolian and evaporitic processes, and later alteration by groundwater 

(Grotzinger et al., 2005). 

1.2.3 The Amazonian and the late Stage of Mass Wasting 

During the Amazonian, another significant change occurred (Bibring et al., 2006; Carr & 

Head, 2010a, 2010b). The surface generally became dry and cold (Carr & Head, 2010b), 

recording the lowest rates of meteorite impacts (Michael, 2013). Mass wasting events, 

aeolian processes and those involving accumulation of ice (eskers, gullies, slope lineae) 

and melting  (e.g., Balme et al., 2013; Butcher et al., 2016; Malin & Edgett, 2000a; Mirino, 

et al., 2018a) became predominant on the martian surface (Carr & Head, 2010a, 2010b). 

Ice melt may form transient liquid water, which origin is possibly related with orbital 

cyclical changes related to Mars’ obliquity (Laskar et al., 2004; Richardson & Mischna, 

2005).  

1.3 Arabia Terra and geological record of water-related 

products 

The geological record of Arabia Terra includes evidence for the presence of both liquid 

water and environmental changes on Mars. These include: fluvial activity (Craddock & 

Maxwell, 1993; Davis et al., 2016, 2018; Hynek et al., 2010), groundwater upwelling (e.g., 

Andrews-Hanna et al., 2007), deltas and alluvial fans (Di Achille & Hynek, 2010; Wilson 

et al., 2021), hydrated minerals (e.g., Ehlmann & Edwards, 2014) and candidate ocean 

shorelines (e.g., Dickeson & Davis, 2020; Parker et al., 1989; Webb, 2004). Details on 

each feature are reported in this section.  

1.3.1 The distribution of valley networks and Arabia Terra case 

The existence of martian valley networks, first observed in Mariner and Viking Mission 

images (Carr, 1995; Masursky, 1973), is considered the main evidence for liquid water on 

the surface of ancient Mars (Carr, 1995; Hynek et al., 2010; Phillips et al., 2001; Stepinski 
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& Stepinski, 2005). Martian valley networks are branching networks of negative-relief 

valleys (Fig. 1.3a), which may extend for up to hundreds or even thousands of kilometres 

(Hynek et al., 2010). The valleys (5 km wide and up to hundreds of metres deep) usually 

begin near the top of topographic divides and follow the regional slopes (Howard et al., 

2005; Hynek et al., 2010). Hence, they resemble terrestrial river systems set within 

drainage basins (Carr & Head, 2010a; Hynek et al., 2010; Stepinski & Stepinski, 2005). 

These characteristics suggest a formation driven by precipitation (e.g., Stepinski & 

Stepinski, 2005), rather than ice sheets melting (Carr & Head, 2003b) or groundwater 

flows (Squyres & Kasting, 1994). Furthermore, models (e.g., Baker, 1990; Carr & Clow, 

1981) which consider groundwater sapping as the main responsible for the rectangular 

cross-section of many of the valleys, also highlighted that precipitation or hydrothermal 

circulation were needed to recharge the groundwater system (Carr & Head, 2010a).    

Using higher resolution data sets, including visible, infrared, and topographic data, 

Hynek et al., (2010) mapped valleys on a global scale (Fig. 1.3-b, black lines). They found 

valleys mainly incised into the terrain of the Martian southern highlands (Hynek et al., 

2010) and some examples at the boundary between Arabia Terra and the northern lowlands 

(Fig. 1.3b). However, few valley networks were mapped within Arabia Terra. This strong 

interruption in valley networks is unusual considering that Arabia Terra region is at the 

boundary between the northern lowlands and the southern highlands (Craddock & 

Maxwell, 1993; Edgett & Parker, 1997; McGill, 2000) and most of valley networks seem 

to have formed at the Noachian-Hesperian boundary (∼3.8–3.6 Gyr), the same age as the 

Arabia Terra terrains (Carr & Head, 2010a; Hynek et al., 2010; Tanaka et al., 2014a). 

The lack of valley networks in this region was used to argue against there having 

been a global warm and wet climate in the Noachian and instead for an “Icy Highlands” 

model in which high altitude ice sheets were the water source for the valley networks (e.g., 

Wordsworth et al., 2015). However, within Arabia Terra, sinuous ridges interpreted as 

inverted channels are common, even if valleys are rare (Davis et al., 2016). Inverted 

channels represent fluvial features created by a combination of deposition, armouring 

processes and erosion, suggesting that the absence of valleys in Arabia Terra indicates not 

that there was a lack of fluvial activity here, but instead that this was likely an area of 

deposition rather than erosion (Davis et al., 2016, 2017, 2019).  
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Figure 1.3: a- Examples of martian valley networks in The Warrego Valles (42° S, 267° E) in 
THEMIS image (after Carr & Head, 2010a). This specific example is not in Arabia Terra but it is 
relevant as it has been used as evidence for river flows on Mars since it was photographed by 
NASA’s Viking missions. The networked organization and the valleys tributaries move from high 
topography into low elevation regions. This exemplifies surface erosion by liquid water (which 
moves following gravity) and that craters could have once hosted temporary lakes. b- MOLA 
topographic map of Mars where valley networks (indicated with black lines) mapped by Hynek et 
al. (2010) are shown. The valley networks have a South-North pattern moving from the Southern 
Highlands to the Northern Lowlands. The white box indicates Arabia Terra region and the surface 
covered in image  –c. c- MOLA topographic map (463 m/pixel) of Arabia Terra (yellowish colour) 
along the boundary between the northern lowlands (green colour) and the southern highland 
(brown-white colour). In the image, the lack of valley networks (Hynek and Di Achille, 2010) in the 
Arabia Terra region is clear. 
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1.3.2 Martian paleolakes, deltas and alluvial fans 

On Mars, hundreds of craters and other depressions (e.g., Wilson et al., 2021) present 

geomorphological evidence (layered sedimentary deposits, sediment fans, deltas and 

surrounding inlet or outlet valleys etc.; e.g., Edgett & Sarkar, 2021) which suggests they 

likely hosted stable lakes during the Noachian-Hesperian time (Carr & Head, 2010a; Di 

Achille & Hynek, 2010; Fassett & Head, 2008). These paleolakes must have been sourced 

by liquid water (transported by valleys) and regulated by groundwater levels (e.g., 

Erythraea Fossa, Buhler, 2011; Jezero crater, Fassett & Head, 2005) for long enough (e.g., 

Mangold et al., 2021; Rivera-Hernández & Palucis, 2019) to allow overflowing, deposition 

of layered deposits (Fassett & Head, 2008) and candidate delta strata (Mangold et al., 

2021). 

Fan-shaped sediments identified within craters are interpreted as both alluvial fans 

and deltas (Kraal et al., 2008; Tebolt & Goudge, 2022; Wilson et al., 2021). Alluvial fans 

represent continental deposits of alluvium (gravel, sand, and silt) created by water floods 

flowing down from nearby hills, mountains, or steep walls (Ventra & Clarke, 2018). Deltas 

are similar in shape to alluvial fans. However, deltas form at the rivers’ mouths, into large 

bodies of water (i.e., sea, ocean, lake), where sediments carried by rivers accumulate (e.g., 

Di Achille & Hynek, 2010).  

In Arabia Terra, many fan-shaped features are distributed along the boundary of the 

northern lowlands at the terminating part of valley networks (Di Achille & Hynek, 2010; 

Fawdon et al., 2018; Parker et al., 1989; Rodriguez et al., 2016) as would be expected for 

terrestrial deltas, deposited within liquid water bodies such as seas and oceans. This 

distribution was used (Di Achille & Hynek, 2010) as evidence for a northern ocean 

shoreline (more details in section 1.3.4). 

1.3.3 Mineralogical evidence for water and groundwater in Arabia Terra 

region 

1.3.3.1 Global and Regional overview 

The composition of the martian surface has been studied by two visible and near infrared 

mapping spectrometers: (i) the Observatoire pour la Mineralogie, l'Eau, le Glace e 

l'Activité (OMEGA; Poulet et al., 2005) and (ii) Compact Reconnaissance 

Imaging Spectrometer (CRISM; Murchie et al., 2007). The spectral instruments have 

globally detected (Fig. 1.4) phyllosilicates, sulphates, silica, chloride and carbonates in 

Noachian terrains (Le Deit et al., 2012; Ehlmann & Edwards, 2014; Poulet et al., 2005, 
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Figure 1.4: Global distribution of selected minerals on Mars, detected using 
spectroscopy (source: Ehlmann & Edwards 2014)
areas where valley networks or other water products are present. The Hesperian regions, where 
these minerals are not detected, are mainly volcanic areas
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1.3.3.2 Meridiani Planum and groundwater 

The NASA Opportunity Rover discovered outcrops of sulphate (up to 40%) and hematite-

rich sandstone unit (Grotzinger et al., 2005; Squyres et al., 2006), named the ‘Burns 

Formation’. This is stratigraphically near the top of the Etched units (Hynek et al., 2019), 

the upper member of which (HNm3, in Hynek & Achille, 2017) also contains inferred 

presence (Hynek et al., 2019) of hydrated sulphates (e.g., Fig. 1.4) across Meridiani 

(Flahaut et al., 2015). 

Volcanic ash flow, aeolian lag deposits, fluvial or groundwater upwelling inputs 

have been all proposed to explain the formation of the Etched units (e.g., Hynek et al., 

2019). The most accepted interpretation is that these units represent groundwater-cemented 

aeolian deposits (Grotzinger et al., 2005; Hynek et al., 2019). In this scenario aeolian sand-

size sediments derived by altered, eroded and transported basaltic deposits (formed from 

an unknown source) would have been cemented by sulphate-evaporate, precipitated as a 

result of groundwater evaporation in interdune depressions (Hynek et al., 2019). Then, the 

cemented deposit would have been diagenetically modified further by the fluctuating 

groundwater table (Andrews-Hanna et al., 2007, 2008, 2010; Grotzinger et al., 2005; 

Squyres et al., 2006a; Arvidson, et al., 2004; Squyres & Knoll, 2005).  

The interpretation is supported by the presence of fluvial features at the border with 

the units (Hynek & Achille, 2017), reported evidence for cementation and induration of the 

Etched units (e.g., Fassett & Head, 2007b) and the presence of the sulphate and hematite-

rich sandstone (minerals usually formed by aqueous alteration). However, no source for the 

altered basaltic sediments or sulphate for the fluids has been proposed yet to confirm this 

(e.g., Hynek et al., 2019). 

Since inverted channels are often found below the Etched units (Balme et al., 2020; 

Davis et al., 2016, 2019), similar cementation processes could have occurred to preserve 

the inverted relief. Further studies about the connection between groundwater and inverted 

channels may support a deeper comprehension about the role of groundwater in Meridiani 

and across the region. 

1.3.4 Proposed shorelines in Arabia Terra: Oceans on Mars? 

An ongoing debate in Mars science is whether a large ocean once occupied the northern 

plains of Mars (Carr & Head, 2003a; Clifford & Parker, 2001; Parker et al., 1989, 1993). 

Evidence of potential shorelines (representing an ocean high stand) have been proposed in 

Arabia Terra since Viking Orbiter images (Parker et al., 1989), and have received 

subsequent support from: 
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(i) The northern lowlands-southern highlands altitude boundary (e.g., Aharonson 

et al., 2001; Smith et al., 2001), 

(ii) The presence of candidate deltas localized at the border between the northern 

lowlands and southern highlands (Di Achille & Hynek, 2010; Fawdon et al., 

2018; Parker et al., 1989; Rodriguez et al., 2016; Webb, 2004), 

(iii) The presence of many valleys, outflow channels and inverted channels which 

appear to be discharging from south to north (Baker et al., 1991; Davis et al., 

2016; Di Achille & Hynek, 2010; Hynek et al., 2010). 

(iv) Evidence for candidate tsunami events in the northern hemisphere (Rodriguez 

et al., 2016). 

(v)  Calculations (Clifford & Parker, 2001) suggest that the ancient global 

inventory of water (possibly stored as sub-permafrost acquifer) was sufficient 

to cover one-third of the planet (∼ 26–32% of the surface)  in water and ice 

(∼470–1200 m depth) . 

With improvements in image resolution from more recent missions, other possible 

shorelines were observed/proposed (e.g., Citron et al., 2018; Clifford & Parker, 2001; 

Webb, 2004), but they remain controversial and contested (e.g., Carr & Head, 2003b) since 

the differences in the shoreline position and altitude cover a vertical variation of several 

kilometres (Wordsworth, 2016), inconsistent with a fluid in hydrostatic equilibrium (i.e., 

an equipotential surface). However, polar wander (Perron et al., 2007) caused by the 

emplacement of Tharsis (TPW) volcanic region, and late-stage Tharsis-driven warp, may 

have caused enough surface and crustal deformation (Citron et al., 2018; Perron et al., 

2007), to modify Arabia Terra topography (Phillips et al., 2001), and so induce shorelines 

fluctuations with changes in elevation (e.g., Dickeson & Davis, 2020; Laskar et al., 2004). 

This crustal deformation likely occurred at the same time of valley networks and deltas 

formation (Davis, 2017). In fact, recent studies on candidate deltas along the proposed 

northern shoreline (Di Achille & Hynek, 2010) show stratigraphical sequence consistent 

with a lowering-retreating shoreline (Hypanis delta, Adler et al., 2019), and evidences of 

slope breaks in the exposed layers (Hargraves fan; Tebolt & Goudge, 2022). However, not 

all the candidate deltas found along the crustal dichotomy present the same evidence and 

still challenge a definitive interpretation that the dichotomy-deltas actually formed in a 

northern ocean (Rivera-Hernández & Palucis, 2019).  

The preservation of geomorphic evidence of a Noachian ocean in a region as 

strongly eroded as Arabia Terra is very hard. Nevertheless, if Arabia Terra hosted mobile 
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shorelines, then this could tie into the observations of inverted channels here. In fact, if the 

northern ocean on Mars was subjected to changing shoreline locations, Arabia Terra (and 

the “missing” valleys in northwest of the region), could have been covered by younger 

sediments in similar way to the Emery County (Utah, USA) context. Here, Early-

Cretaceous alluvial plains, channels and flood plains (alluvial setting) have been 

temporarily covered by ~2400 m Late-Cretaceous shallow-sea sediments, subsequently 

removed by uplift and erosion in the Tertiary (Williams et al., 2011). Strong erosion 

exhumed the paleo alluvial deposits to form inverted paleo-channels, which preserved sign 

of indurations due to burial and shallow water mineralization into the coarse-grained facies 

(Williams et al., 2011). By analogy, hypothetical sediments deposited in Arabia Terra by 

the ancient martian ocean could have temporarily covered the fluvial deposits, and then 

could have been removed (Carr & Head, 2010a; Howard et al., 2005). Signs of such event 

may be preserved in the inverted relief geological record (Davis, 2017).  

1.3.5 Climate evolution of Mars 

The spatial and stratigraphic relationships of the mineralogical and geomorphological 

evidence have led to a general agreement that the climate of Early Mars was different from 

today (summary in Fig. 1.5; table 1.1), and that there was a transition from a late Noachian 

to early Hesperian global climate. However, many palaeoclimate models (e.g., Forget et 

al., 2013; Palumbo & Head, 2018, 2020; Wordsworth et al., 2013) find it hard to explain 

both the geomorphological observations and the estimated amounts of liquid water thought 

to be needed to shape the surface (Kite, 2019). For this reason, the debate continues 

relating to what past climate conditions are required to explain the Noachian/Hesperian 

geology (e.g., Kite, 2019).  

Based on models and geomorphological observations, several hypotheses have 

been proposed to explain the early martian climate and how it evolved. Two end-models 

are the “warm and wet” and the “cold and dry” scenarios (e.g. Wordsworth, 2016; 

Wordsworth et al., 2015). The “warm and wet” model (e.g., Craddock & Howard, 2002) 

suggests that Mars once sustained a thicker (~1 bar or greater) atmosphere capable of 

supporting a sustained hydrological cycle (Ansan  & Mangold, 2006). Hence, this model 

favors widespread precipitation and flow of liquid water on the martian surface. This 

model is supported by many observations such as the widespread presence of fluvial-

aqueous features in Noachian terrains (Bhattacharya et al., 2005; Davis et al., 2016; 

Howard et al., 2005; Hynek & Phillips, 2008), the variation in mineral weathering products 
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(Bibring et al., 2006) and evidence for a putative northern hemisphere ocean (Di Achille & 

Hynek, 2010; Parker et al., 1989; Rodriguez et al., 2016; Webb, 2004). 

 

 

Figure 1.5: Graphic visualization of the main global changes highlighted by water-related 
features and aqueous alteration (extended from Bibring et al., 2006; Kite, 2019). Based on the 
rover analysis of the Gale crater, the alteration of basaltic sediments forming clay minerals could 
be extended until the Early- Hesperian (Tu et al., 2021). 
 
Table 1.1: Summary of geomorphological observations demonstrating climate changes for Early 
Mars. 

Geological observations 

The decrease in the rate of valley networks in favour of large floods (e.g., Carr & Head, 2010a). 
The presence of evaporating playa lakes indicative of variation in water table level (Grotzinger et 
al., 2005). 
Transition from phyllosilicates to sulphates-rich deposition (Bibring et al., 2006).  
Inferred erosion rates, which dropped by 2–5 orders of magnitude (Golombek et al., 2006). 
In situ observations of conglomerates (Williams, et al., 2013a) and evidence for later ice-covered 
lake in Gale crater (Kling et al., 2020).  
Deltaic sedimentary succession which show a transition from sustained fluvial activity (inclined 
layers) to highly energetic (boulder conglomerates) short-lived fluvial flows (Mangold et al., 2021). 

 

The complexity and density of Noachian valley networks (Hynek et al., 2010) is 

arguably the most critical factor in support of  the “warm and wet” model. The mean 

drainage densities for Noachian valley networks (~ 0.01-0.5 km-1) are similar (Craddock & 

Howard, 2002; Ramirez & Craddock, 2018) to the ones calculated for terrestrial systems 

formed after prolonged precipitation (Carr & Chuang, 1997).  
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However, most climate model studies which simulate a putative CO2–H2O 

atmosphere have found that achieved temperatures and pressures are insufficient to support 

warm, wet conditions and precipitations (Carr & Head, 2010a). This is mainly because of: 

(i) low solar energy input (~ 75% less than today) at this time of martian history (e.g., 

Haberle, 1998), (ii) its distance from Mars (difficulties in warming up the surface), and (iii) 

the formation, sustainability, and low interaction with the surface (more carbonates should 

have been detected) of CO2 clouds (Carr & Head, 2010a). 

Warm surface conditions could have potentially been sustained (Ramirez & 

Craddock, 2018) by others phenomena (e.g., supplementing atmospheric CO2 and H2O 

warming with either secondary greenhouse gases or clouds). Even so, these model outputs 

suggest nearly permanently cold conditions on the early Martian surface, and are hard to 

reconcile with the geological evidence (e.g., Kite, 2019), so a new model with transiently 

warm climate periods was proposed. 

This “cold and dry” model suggests that liquid water was formed mainly from 

sporadic melts of ice sheets and glaciers preserved in higher topographic regions 

(Wordsworth et al., 2015). In this scenario, both valley networks incision and lakes are 

formed during moments of climate warming possibly triggered by transient volcanic events 

or large impacts (Ehlmann et al., 2011; Segura et al., 2002; Toon et al., 2010; Wordsworth 

et al., 2015; 2016; 2017). This model is supported mainly by the lack of observations of 

carbonates (Bibring et al., 2006; Niles et al., 2013), some channel morphologies which are 

consistent with groundwater incision (Carr & Head, 2010a), the absence of valley networks 

in Arabia Terra where precipitations have been predicted, and the inability of greenhouse 

climate models to support long-term precipitation (Forget et al., 2013; Wordsworth et al., 

2013, 2015). To date no past climate scenario has been widely accepted (Wordsworth, 

2016, 2015) and many questions still need to be addressed to clarify the history of water on 

Mars, and the nature of the Noachian climate (Kite, 2019).  

1.4 Inverted channels on Earth 

Inverted channels represent fluvial systems that have developed an inversion of relief with 

respect to their surrounding areas (as opposed to the original negative relief of the fluvial 

channel; Fig. 1.6). The consensus (e.g., Burr et al., 2010; Pain et al., 2007; Pain & Oilier, 

1995; Williams, 2007; Lefort et al., 2014) is that the relief inversion occurs because valley 

or channel fill or valley and channel floors somehow become more resistant to erosion than 

the neighbouring terrains. Processes suggested to cause this include cementation to form a 

hardened layer, clast armouring, or lava infilling (Zaki et al., 2021).  
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Figure 1.6: Example of a preserved inverted channel near Hanksville (Utah, USA). In the picture 
the upper most layer is a resistant sandstone which protected the lower siltstone layers from 
erosion. The surrounding material (siltstone) was removed.  

 

 

Figure 1.7: Generic schematic cross section showing the evolution of a landscape to form an 
inverted channel (from burial to exhumation). a- Deposition of the resistant material in the fluvial 
system. b- Interruption of the fluvial activity and burial. c- Strong period of erosion and 
exhumation. d-Removal of the surrounding more erodible materials. 
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Subsequently, surrounding areas are preferentially deflated because they are less 

resistant to erosion, and the more resistant materials within the channel or valley protect 

the underlying strata (Burr et al., 2010; Newsom et al., 2010; Pain et al., 2007; Williams, 

2007). This differential erosion leaves the more fluvial pathway as upstanding features in 

the landscape, and often leaves channel forms preserved as sinuous ridges (Fig. 1.7). 

1.4.1 The Characteristics and distribution of terrestrial inverted channels 

Inverted channels are primarily found in arid or desert locations, which have undergone 

extensive periods of erosion and denudation (e.g., Friend et al., 1981; Mann & Horwitz, 

1979; Williams, 2007; Reeves, 1983). Sinuous or linear flat-topped planform shapes (Fig. 

1.8) are most common for inverted channels but also linear, meandering or dendritic ridges 

are observed (e.g., Zaki et al., 2021). Terrestrial inverted channels are usually composed of 

segments tens of metres to tens of kilometres in length, tens to hundreds of metres in width 

with ridge heights reaching a few tens of metres (Zaki et al., 2021). The case of exhumed 

channel belts is even more complex due to lateral channel migration, aggradation, and 

avulsion which can create thick and wide deposits (wider than a single active paleo-

channel) with complex 3D geometries (e.g., Hayden et al., 2019).  

1.4.1.1 Structure of terrestrial inverted channels 

Terrestrial inverted channels are associated with a variety of sedimentary structures that 

relate to the geological setting and hence the paleoclimatic conditions (Zaki et al., 2021). 

They are therefore important for paleo-dynamic reconstructions of the area where inverted 

channels are located. Inverted channels usually present a layering structure with fluvial 

facies. These may include: (i) poorly to well sorted conglomerates (e.g., Matter et al., 

2016;  Zaki et al., 2018), (ii) cross-bedded structures (or ripple marks) preserved mainly in 

sandstone bodies (e.g., Williams, 2007; Williams et al., 2011; Zaki et al., 2018), (iii) un-

cemented clasts which compose the paleo-channels beds or lags (e.g., Hayden et al., 2019; 

Williams, 2007; Williams et al., 2011), (iv) cemented structures which represent a more 

resistant capping unit (or duricrust) usually on the top of the ridges (e.g., Williams et al., 

2011), and (v) siltstone or clays when overbank alluvial material is still preserved in the 

stratigraphy (e.g., Hayden et al., 2019; Williams, 2007; Williams et al., 2011). All these 

features may be preserved in more complex 3D structures called channel belt (e.g., Hayden 

et al., 2019). This set of features is usually connected to the deposition period, when the 

fluvial system was still active and modified by running liquid water (e.g., Fig. 1.9). 

 



 
 

Figure 1.8: Example of terrestrial inverted channels in Utah 
(image credits: Dr. Rebecca Williams). The image scale has not been provided. 
system presents anabranched morphologies with rectangula
 

Figure 1.9: a- Lateral view of an inverted channel 
(Mirino, et al., 2018b).  b- Stratigraphic log of the outcrop. The vertical succession (multiple 
conglomerates, sandstones, and siltstone or mudst
sequence (channel and point bar). In term of fluvial deposition, it represents the moment of the 
imposition of the channel in the bedrock. Variations in grainsize represent variations in the flow 
regime (image from personal archive).  

 

 

restrial inverted channels in Utah (USA) as seen from aerial view 
The image scale has not been provided. The inverted fluvial 

morphologies with rectangular cross section shapes and a flat top

Lateral view of an inverted channel studied in Utah (USA) near Green 
Stratigraphic log of the outcrop. The vertical succession (multiple 

conglomerates, sandstones, and siltstone or mudstones) represents the bottom of a meander 
In term of fluvial deposition, it represents the moment of the 

imposition of the channel in the bedrock. Variations in grainsize represent variations in the flow 
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as seen from aerial view 
The inverted fluvial 

top.  

 

 River 
Stratigraphic log of the outcrop. The vertical succession (multiple 

ones) represents the bottom of a meander 
In term of fluvial deposition, it represents the moment of the 

imposition of the channel in the bedrock. Variations in grainsize represent variations in the flow 
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These sedimentary features are not always preserved or present, and may vary in 

thickness, strata components or grainsize (Zaki et al., 2021). Additionally, these features 

are usually observed at fieldwork-observation levels and so are difficult to be seen in 

remote sensing datasets. However, since cemented sandstones or conglomerate, and 

floodplains are preserved in terrestrial inverted channels (e.g., Zaki et al., 2021), it is likely 

that similar facies also compose martian inverted relief derived by fluvial deposition 

(Balme et al., 2020). 

1.4.1.2 The formation of inverted channels 

The development of the terrestrial inverted channel features can be summarised by four 

main stages: (i) development and deposition of the fluvial features, (ii) burial, (iii) 

consolidation, (iv) exhumation and secondary erosion. Stages ii and iv may be controlled 

by tectonic actions (burial-uplift). Although there is good evidence to support these stages 

of development for terrestrial inverted channels (e.g., Hayden et al., 2019; Williams, 2007; 

Zaki et al., 2021), the causes and the interactions between these stages are still under 

debate. This is even more true for Mars where the interpretation lacks field data and is 

mainly based on remote sensing observations. 

1.4.1.2a Stage 1 – Initial fluvial deposition 

Inverted fluvial ridges start as negative relief (such as a channel) excavated by flowing 

water (Fig. 1.10). The shape of the final inverted channel produced is strongly connected 

with the type of fluvial system, the variety of deposits associated with it and their 

thicknesses. 

The complexity of fluvial system evolution and inversion of relief is demonstrated 

by the channel-belt model. These represent extensive and thick fluvial sediments formed 

by lateral migration and aggradation (Fig. 1.11) of a river over time (e.g., Hayden et al., 

2019). This model suggests that currently visible fluvial ridges are the result of an 

inversion of relief which occurred in channel belts (e.g., Hayden et al., 2019) mainly 

preserved after subsidence and sea-level change (e.g., Chamberlin & Hajek, 2019; Leeder, 

1977; Williams, 2007; Zaki et al., 2021). These types of inverted features do not represent 

the original channel geometry but are useful to learn about the geometry of the formative 

rivers (Cardenas et al., 2020).  

1.4.1.2b Stages 2 – Burial 

The burial of the fluvial materials from younger deposits strongly influences the 

preservation of inverted relief. During this stage, the fluvial facies are both protected, 



 
 

compacted and lithified by the weight of younger overlying sediments 

2019). The terrestrial record shows that the overlying sediments may correspond to other 

alluvial facies (e.g., in case of channel belts), volcanic material (pyroclastics or lava), or 

shallow sea deposits (Zaki et al., 2021)

compacted coarse-grained facies or cemented (e.g., in 

will be more resistant to erosion than 

differential erosion (e.g., Cardenas et al., 2020; Williams et al., 2021)

 

 

Figure 1.10: Schematic of an active fluvial system which was influenced by one aggradation stage. 
On the bottom, the deposits of a buried paleo
system most likely to undergo inversion of relief (after burying, armouring and erosion) are the 
point-bar, the channel floor material and the coarser overbank deposits. These features may be 
inverted depending on the induration process (cemen
produce very different morphologies. (Modified from: A. Sutter, 2008, Sedimentology, Depositional 

Environments and Sequence Stratigraphy, accessed 28/09/2020, 

 

1.4.1.2c Stage 3 – Consolidation processes

The consolidation process is probably the most discussed of the four stages as it is 

responsible for relief inversion. There are three main hypotheses proposed for terrestrial 

fluvial channel/valley consolidation (Hayden et al., 2019; Williams et al., 2011; Zaki et al., 

2021): (i) valley floor induration and gravel armouring

al., 2021), (ii) infilling (Burr & Williams, 2009)

section 1.4.1.2a; Cardenas et al., 2020; Hayden et al., 2019)

compacted and lithified by the weight of younger overlying sediments (Hayden et al., 

The terrestrial record shows that the overlying sediments may correspond to other 

e of channel belts), volcanic material (pyroclastics or lava), or 

(Zaki et al., 2021). Whatever the nature of the overlying deposits is, 

grained facies or cemented (e.g., in case of groundwater  circulations) 

resistant to erosion than lithified flood plains allowing the occurrence of 

(e.g., Cardenas et al., 2020; Williams et al., 2021).  

of an active fluvial system which was influenced by one aggradation stage. 
the deposits of a buried paleo-channel are shown in cross section. The parts of the 

system most likely to undergo inversion of relief (after burying, armouring and erosion) are the 
bar, the channel floor material and the coarser overbank deposits. These features may be 

inverted depending on the induration process (cementation, gravel armouring and others) and can 
Modified from: A. Sutter, 2008, Sedimentology, Depositional 

Environments and Sequence Stratigraphy, accessed 28/09/2020, http://www.seddepseq.co.uk).

Consolidation processes 

The consolidation process is probably the most discussed of the four stages as it is 

There are three main hypotheses proposed for terrestrial 

(Hayden et al., 2019; Williams et al., 2011; Zaki et al., 

duration and gravel armouring (Marchetti et al., 2012; Williams et 

(Burr & Williams, 2009), and (iii) channel belts (already reported in 

Cardenas et al., 2020; Hayden et al., 2019).  
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a. Valley floor hypothesis

 Here, inversion of relief is caused by induration and consolidation of valley floor materials 

(Summerfield, 1991; Lefort et al., 2014)

characteristics and good estimation of erosion rates and thickness of the surrounding 

materials can be performed. This consolidation

cementation, (ii) gravel armouring and (iii) deep burial lithification 

Secondary cementation 

sediments (e.g., gravel or sand in bed or river floor) evaporate, filling 

minerals or larger pore spaces

al., 2021; Zaki et al., 2021

carbonate (Nash & Ullyott, 2008; Pain & Oilier, 1995; Worden & Burley, 2003)

 

 
Figure 1.11: Schematic diagram showing the cross
The type of fluvial system activity and the aggradation influence the spaces and the thicknesses of 
the resulting resistant material and its distribution, which consequently influence the shape of the 
final inverted channel body. (
Environments and Sequence Stratigraphy, accessed 28/09/2020, http://www.seddepseq.co.uk)

 

Valley floor hypothesis 

Here, inversion of relief is caused by induration and consolidation of valley floor materials 

(Summerfield, 1991; Lefort et al., 2014). The process preserves some paleo

characteristics and good estimation of erosion rates and thickness of the surrounding 

materials can be performed. This consolidation process may occur by: (i) secondary 

cementation, (ii) gravel armouring and (iii) deep burial lithification (Zaki et al., 2021)

Secondary cementation occur when intra-pore accumulated water

gravel or sand in bed or river floor) evaporate, filling 

larger pore spaces by consequent geochemical precipitation 

al., 2021; Zaki et al., 2021). Cements are mainly calcium, silica, gypsum, iron, or 

(Nash & Ullyott, 2008; Pain & Oilier, 1995; Worden & Burley, 2003)

.11: Schematic diagram showing the cross-section evolution of channel belts on Earth. 
The type of fluvial system activity and the aggradation influence the spaces and the thicknesses of 
the resulting resistant material and its distribution, which consequently influence the shape of the 

d channel body. (Modified from: A. Sutter, 2008, Sedimentology, Depositional 
Environments and Sequence Stratigraphy, accessed 28/09/2020, http://www.seddepseq.co.uk)

45 

Here, inversion of relief is caused by induration and consolidation of valley floor materials 

. The process preserves some paleo-channel 

characteristics and good estimation of erosion rates and thickness of the surrounding 

process may occur by: (i) secondary 

(Zaki et al., 2021). 

pore accumulated water in coarser 

gravel or sand in bed or river floor) evaporate, filling the cavities of 

precipitation (e.g., Williams et 

Cements are mainly calcium, silica, gypsum, iron, or 

(Nash & Ullyott, 2008; Pain & Oilier, 1995; Worden & Burley, 2003). 

 

 

tion evolution of channel belts on Earth. 
The type of fluvial system activity and the aggradation influence the spaces and the thicknesses of 
the resulting resistant material and its distribution, which consequently influence the shape of the 

odified from: A. Sutter, 2008, Sedimentology, Depositional 
Environments and Sequence Stratigraphy, accessed 28/09/2020, http://www.seddepseq.co.uk). 
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If the consolidation occur near the surface (before burial; Worden & Burley, 2003) 

the cementation is limited to tens of meters  (i.e. ‘early diagenesis’ in Zaki et al., 2021). If 

it occurs in deep subsurface (~1 km depths at 30–70°C; Worden & Burley, 2003), all the 

sediments associated with the fluvial system can potentially be compacted and cemented 

(i.e. ‘burial diagenesis’, Zaki et al., 2021).  

Gravel armouring is a surface process which creates inversion of relief of 

unconsolidated fluvial sediments (e.g., Williams et al., 2021; Zaki et al., 2021) as 

compacted coarse grains (pebbles, cobbles, in some cases, boulders) form an armour which 

protect the underlying deposit from erosion (e.g., Pain & Oilier, 1995; Zaki et al., 2018).  

b. Infilling hypothesis 

Induration by infilling occurs when channels/valleys are pervaded by intrinsically resistant 

material such as lava (e.g., Bridge, 2003; Burr & Williams 2009; Gorny et al. 2009), which 

flow down the abandoned course, preserving the shape of the river channel (or valley) at 

some instant in time (Zaki et al., 2021).  

1.4.1.2d Stages 4 – Exhumation and erosion 

Both exhumation and secondary erosion are essential to obtain inverted relief. Exhumation, 

mainly driven by tectonic events (uplift) and wind/water deflation (e.g., Williams, 2007; 

Zaki et al., 2021), allows the buried alluvial-fluvial sediments to be re-exposed on the 

surface. Secondary differential erosion, mainly induced by a combination of wind abrasion 

(e.g., Zaki et al., 2018), precipitation and surface runoff (strongest erosional agents on 

Earth) allow the final up-standing of the ridges (Zaki et al., 2021). Depending on the 

climate conditions the erosion rates may be different (from 1.6 to 10 mm per year to 0.21–

0.28 mm/year; Zaki et al., 2021).  

1.4.2 How might we distinguish channel inversion from deposit inversion? 

Lacking fieldwork on Mars, it is likely to be difficult to distinguish between inverted filled 

channels (channel inversion in Zaki et al., 2021) and inverted channel belts (deposit 

inversion in Zaki et al., 2021) using remote sensing alone, especially when part of the 

ancient fluvial system is still buried. However, it is relevant to distinguish between these 

two inversion processes for the different geological meaning that they have as that could 

constrain ancient surface hydrology of Mars. An important distinguishing feature is that 

infilled inverted channels preserve the shape and characteristics of the original paleo-

channels in a specific moment of time of its history (Zaki et al., 2021). Channel belts do 

not represent a paleo-channel (e.g., Hayden & Lamb, 2020; Hayden et al., 2019) but a 
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more complex package of fluvial sediments (channel fills and alluvial material) 

constructed over a longer period of deposition (Zaki et al., 2021). 

It has been proposed that measuring the width of the inverted feature and, when 

possible,  the thickness of the capping unit (Fig. 1.12), could provide indicators of which of 

these two scenarios is the most likely (Hayden et al., 2019). Deposit inversion leads to 

higher and wider ridges (although ridge width can be >30 times greater than ridge height; 

Hayden et al., 2019), compared with inverted channels formed by infilling proccesses 

(Hayden & Lamb, 2020). However, no proper tests have been done yet to evaluate the 

effectiveness of this approach using more inverted channel samples. Recent terrestrial 

inverted channel databases (Zaki et al., 2021) may provide a prelimary asset to compare 

different width-thicknesses of terrestrial inverted channels and validate the method.  

Another geometry that might distinguish inverted channel belts from infilled 

channels is the presence of branching ridges that cross at different stratigraphic levels 

(Balme et al., 2020; Hayden et al., 2019). This can only happen if the system represents 

resistant channel fills formed at different stratigraphic positions, which is common in 

deposit inversion of channel belts, but seems very unlikely in a channel infill scenario. 

 

 

Figure 1.12: Schematic diagram from Hayden et al., 2019; comparing the two inversion hypothesis 
a- channel fill and b- channel belts with their expected parameters relationships. In the case of 
inverted channel belts, the paleochannel is usually not preserved so the sinuous geometry does not 
reflect the path of any specific original channel. 
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1.5 Identifying Inverted channels on Mars 

Fluvial inverted channels may be mistaken for other similar sinuous ridges shapes derived 

from different processes (Butcher et al., 2021; Davis, 2017). These include mainly eskers 

(Butcher et al., 2021) and candidate exhumed lava tubes (Fassett & Head, 2007a). Eskers 

are sinuous ridges composed of stratified sand and gravel, deposited in postglacial 

channels or subglacial tunnels (Shreve, 1985). Compared to inverted channels, eskers 

generally do not present a layering organization and have narrower aspect ratios than 

inverted channels (Davis et al., 2016; 2017; Pain et al., 2007). Eskers usually present a 

rounded cross-section or sharp crests (Butcher et al., 2016) but are not reported as flat-

topped features. Additionally, inverted channels conform to the topography but do not 

cross topographic divides as eskers do (Butcher et al., 2021; Davis, 2017; Jacobsen & Burr, 

2017b)  However, from a planimetric point of view, the easier way to distinguish these two 

features is to evaluate the geological context (Davis et al., 2016, 2017, 2019) and the 

absence or presence of glaciated associated features (e.g., Gallagher & Balme, 2011). 

Additionally, meanders, point bars and terminal fan-shaped deposits support recognition of 

alluvial setting (Cardenas et al., 2018; Jacobsen & Burr, 2017a; Lefort et al., 2012) but are 

hardly visible in remote sensing data. 

Lava tubes, or channels filled in or capped by volcanic flows should have darker 

albedo and association to leveed channels (Newsom et al., 2010). Lava tubes should not 

present layered structures and are associated with volcanic areas and lava filled channels. 

The absence of volcanic structures, fractures or volcanoes in proximity to the inverted 

channels may help exclude a lava fill or lava tubes (Davis et al., 2016, 2017, 2019). 

1.5.1 Martian inverted channels: distribution and associated features 

Inverted channels with a  wide range of morphologies (e.g., Chuang & Williams, 2018) 

have been identified in different locations around Mars including the border with the 

northern lowlands, such as in Aeolis Dorsa (Burr et al., 2010; Cardenas et al., 2018) or 

inside craters, such as the case of Miyamoto crater (Newsom et al., 2010). Inverted channel 

forms may appear as isolated features within alluvial landscapes (Williams & Chuang, 

2012), or be associated with alluvial fans and deltas (e.g., Gale Crater, Goudge et al., 2017; 

Hypanis Valles region, Fawdon et al., 2018; the Eberswalde delta, Bhattacharya et al., 

2005; Malin & Edgett, 2003), and valley networks (Chuang & Williams, 2018;  Davis et 

al., 2016, 2019). Some of these inverted channels have shown both morphological and 

spectral evidence in favour of an interpretation towards inverted channel belts in both 
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Arabia Terra (Balme et al., 2020) and Temple Terra (Liu et al., 2020), Many of the 

inverted channels recognised so far formed during Mid-Late Noachian (e.g., Chuang & 

Williams, 2018; Davis et al., 2016; Howard et al., 2005; Newsom et al., 2010) suggesting 

the presence of stable aqueous systems active during early martian history. 

1.5.2 Inverted channels in Arabia Terra 

Noachian-Hesperian dated inverted channels, have been observed throughout the Arabia 

Terra region (e.g., Burr et al., 2009; Pain et al., 2007; Williams et al., 2013b). Davis et al., 

(2016) mapped this extensive network of sinuous ridges which are generally oriented 

northwest-southeast (Fig. 1.13). 

In this area, the ridges are interpreted to be exhumed topographically inverted 

channels due to: (i) their conformity to regional topography, (ii) the presence of 

subhorizontal layers, (iii) anabranching geometries and tributary junctions, (iv) the strong 

correlation with valley networks  and (vii) the absence of glacial or volcanic features which 

argue against a different origin (Davis et al., 2016; 2019). The preservation of so many 

inverted channels in the area is due to the coverage of the younger etched units (Zabrusky 

et al., 2012; Davis et al., 2019) which likely protected the inverted features from wind 

abrasion and deflation (Davis et al., 2016, 2019).  

Inverted channels in Arabia Terra (e.g., Fig. 1.14) have been found as single ridges 

as well as branches or anabranching geometries (Davis et al., 2019), showing variability in 

organization, morphometry and morphology (Chuang & Williams, 2018). Differences in 

processes, induration agent and resistance to the secondary erosion for the sub-horizontal 

layers have been proposed to justify such variability based on terrestrial analogues (e.g., 

Williams et al., 2013b), but specific regional studies to determine spatial patterns in the 

region, association or dependence of these different morphologies are missing. Deeper 

high-resolution studies are also missing on candidate inverted channels with different 

geometries to develop a clearer understanding of their meaning. Inverted craters, paleolake 

systems, knobs, pitted channels and polygonal features were all found associated with 

inverted channel systems in Arabia Terra (Balme et al., 2020; Chuang & Williams, 2018; 

Davis, 2017; Davis et al, 2019) suggesting a strong, but not yet-studied, correlation 

between them.  
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Figure 1.13: Regional database from Davis et al., (2016) who interpreted the positive relief ridges 
in Arabia Terra as fluvial inverted channels. 

 

 

Figure 1.14: HiRISE image (PSP_005355_2125, centre at 46.01°N, 32.12°E) of an inverted 
channel in Arabia Terra on Mars. From top to bottom it is possible to appreciate the inversion of 
relief from a valley (negative relief) to a ridge (positive relief). 
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1.5.3 Induration of inverted channels in Arabia terra 

Cementation (e.g., Williams et al., 2018), lava infilling (e.g., Burr et al., 2010), induration 

(Weitz et al., 2010), and armouring processes (Pain & Oilier, 1995) are all proposed and 

accepted as induration agents on Mars. Surface armouring is a potentially suitable 

induration process (Pain et al., 2007; Pain & Oilier, 1995; Williams et al., 2018) as this 

inversion mechanism would have been driven mainly by preferential aeolian erosion, 

which is a current active phenomenon on Mars. However, measurements of the thermal 

inertia of ~ 20 candidate inverted channel tops (Williams et al., 2018) appears to exclude 

them from being gravel armoured surfaces. On Mars, the most likely and proposed 

cementing materials are iron oxides, sulphates and silica (Pain et al., 2007), which have 

been detected across the planet (Le Deit et al., 2012; Ehlmann & Edwards, 2014; Poulet et 

al., 2005, 2007). 

1.5.4 Inverted channel mineralogy 

As inverted channels are found in areas with high rates of erosion, and the detection of 

minerals is made difficult by the presence of dust or sand-deposits, there are few deep 

studies about Martian inverted channel mineralogy. However, phyllosilicates in proximal 

areas to a paleochannel in Miyamoto crater (Marzo et al., 2009) have been detected. Even 

though phyllosilicates were not detected on top of the ridge, Fe/Mg-smectites are 

associated with polygonally-fractured deposits exposed on both sides of the sinuous ridge 

(Marzo et al., 2009; Newsom et al., 2010). A recent study of an inverted channel in Tempe 

Terra (Liu et al., 2020), reported the same hydrated minerals (Fe/Mg smectites) under the 

capping unit of the ridge. Though this area is distant from Arabia Terra, it provided more 

evidence for the presence of water with these sinuous ridges. 

1.5.5 Exhumation and erosional processes in Arabia Terra 

On Mars, inverted channels and their surrounding sediments appear to have been eroded by 

aeolian abrasion and deflation (e.g., Pain et al., 2007). Post-Noachian erosion rates are 

calculated to be ~ 0.01-100 nm/yr (Golombek et al., 2006). Thus, erosion rates are low 

compared to the terrestrial regions where inverted channels have been studied (Zaki et al., 

2021). This relatively inefficient erosion mechanism means inverted channels are likely to 

be more widely preserved across Mars than Earth (Davis, 2017; Zaki et al., 2021). 

However, the denudation of the buried landforms may not happen equally in an area and 
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the relief inversion is visible only in locations that exhibit considerable erosion of above 

younger strata (Balme et al., 2020; Davis et al., 2016, 2019). Some portion of the buried 

feature may be exposed earlier than others creating discontinuity in the shape of the 

resulting inverted channel. 

1.5.6 Relevance of inverted channels to Mars science 

Inverted channels are important in reconstructing the past climate of the areas where they 

are found, and are also useful indicators of paleo-drainage systems (Wang et al., 2017; 

Williams et al., 2009). By analogy with terrestrial samples (Zaki et al., 2021), the presence 

of many inverted channels in an area indicates significant environmental changes (Davis et 

al., 2016; 2019) moving from a humid (precipitation and burial usually by unknown 

processes) to more arid environments (erosion and deflation).  

Since, martian inverted channels were formed during the Late Noachian to Early 

Hesperian (e.g., Chuang & Williams, 2018; Davis et al., 2016; Howard et al., 2005; 

Newsom et al., 2010) their presence in Arabia Terra (Davis et al., 2016; 2019), where 

fluvial valley networks are generally absent (Hynek et al., 2010), negates climate 

arguments that hinge on an absence of precipitation and surface run off in this regions ("icy 

highlands scenario"; Wordsworth et al., 2013). By constraining their duration, formation 

time and amount of deposited fluvial material, these features represent a key landform for 

understanding both the evolution through time of fluvial sedimentary processes on the 

planet and their environmental setting. Additionally, the type of induration agent and 

surrounding terrains erosion rates, are important keys to understand the evolution of the 

environment through time.  

Inverted channels might also have strong astrobiological relevance. Both the 

capping layer (if from fluvial origin) and the fine-grained overbank deposits (found 

alongside inverted channels) present a strong association with phyllosilicates and chlorite  

(Glotch et al., 2010; Liu et al., 2021; Marzo et al., 2009). These minerals on Earth can 

preserve organics and biosignatures. 

1.5.7 Terminology debate and nomenclature adopted in this Thesis 

Both terrestrial and martian positive-relief features have been described with different 

terms, such as “sinuous ridges”, “ curvilinear ridges”, “serpens” and “dorsum” (e.g., Balme 

et al., 2020; Burr et al., 2010; Williams et al., 2018). The confusion of this wide 

terminology highlight a stronger need to find a common and official nomenclature (e.g., 

Hayden et al., 2019; Zaki et al., 2021)-but a definitive guide is not yet available. To avoid 
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confusion and contrast with previous work, in this Thesis, I am going to use the term 

sinuous ridge to indicate un-interpreted positive relief features which have curvilinear 

patterns. The term inverted channel will be used referring to sinuous ridges which have 

been interpreted as fluvial landforms or result of fluvial deposition. This generic term will 

be applied with no distinction for deposit inversion and channel belts. Terms such as 

serpens/serpentes and dorsum/dorsa are used only when an official IAU (International 

Astronomical Union) name has been assigned to the specific feature. 

Since the term ‘channel’ usually refers to topographic troughs that host water flow, 

I also adopt the term paleo-channel to indicate the fluvial system which was once filled by 

liquid water and so formed the materials and deposits which eventually gained positive 

relief. The term valley instead will refer to any current trough-like features, formed by 

fluvial erosion, and visible from satellite data.  

1.6 Aims and Objectives  

1.6.1 Project aims and research questions 

The wider aim of the project is to better understand Mars’ ancient climate. This can be 

achieved by developing deeper knowledge of the ancient aqueous and fluvial activity in 

Arabia Terra through a deeper analysis of the fluvial geological record preserved as 

inverted relief. My primary concern is to probe more deeply into the ridges’ morphological 

and morphometric aspects to constrain regional or local dependencies in primary 

formational stages and secondary modification of the sinuous ridge structures, and to 

consider both regional and local scales. This characterization aims to identify 

characteristics which allow a better understanding of their development and evolution of 

Arabia Terra and its geological history, as well as provide a tool for comparison with 

similar features on other regions on Mars, and perhaps also on Earth. 

To do that, I seek to answer these questions: 

1- What can be learnt about Arabia Terra’s paleo-drainage from the current 

morphology and morphometry of inverted channels? 

2- Can morphometric measurements and inverted channel morphology be linked to 

their formational processes? How much influence does post-depositional erosion 

have in changing the primary shape and controlling the morphological development 

of inverted channels? 

3- For how long was fluvial activity active, and how much alluvial material was 

deposited and is still preserved?  
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4- Are inverted channels associated with other features which could support the 

recognition of fluvial activity? If so, what is the connection between inverted 

channels and the observed associated features? Is there any regional stratigraphic 

coherence? How are they are distributed and formed? 

5- What can inverted channels in Arabia Terra tell us about Mars’ palaeoclimate? 

1.6.2 Project objectives 

To achieve the aim described above, this project has four specific objectives: 

(i) Study the variation of morphological and morphometric parameters of 

inverted channels regionally, evaluating regional distributions, statistics and 

associations of the different characteristics. To complete this objective I 

developed a classification scheme that can also be applied to other regions 

on Mars and used on terrestrial analogues. This classification includes 

several of the main parameters used to classify river systems on the Earth, 

including primary morphology, channel length and sinuosity. I applied the 

scheme to a regional-scale survey of inverted channel landforms. The 

survey mainly used Mars Reconnaissance Orbiter (MRO) ConTeXt images 

(CTX; Malin et al., 2007), which have 6 m/pixel spatial resolution. This 

work is described in chapters 2 and 3. 

 

(ii) Evaluate the local development of the most representative inverted channel 

types in Arabia Terra, examining them with very high resolution imaging 

and topography data. Highly detailed observations have highlighted 

inverted channels recurring characteristics and associated features to 

establish the processes which were responsible for creating and modifying 

the morphology of the selected inverted channels. Furthermore, 

measurements of inverted channels’ morphometry allowed me to estimate 

time of activity and volume of deposited fluvial sediments. To address this 

point, I created geomorphic/geological maps of several systems using 25 

cm/pixel High Resolution Imaging Science Experiment (HiRISE, McEwen 

et al., 2007) images and Digital Elevation Models (DEMs). These were used 

to evaluate thicknesses and stratigraphic relationships of the different 

geological units and to develop an understanding of the order of events and 

stages by which the development of the selected channel occurred, and to 

insert them into the regional context of Arabia Terra. The maps and HiRISE 
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images were also used to compare the main characteristics, features and 

morphologies of inverted channels with Aram Dorsum, the well-

characterised inverted channel in the studied area (Balme et al., 2020) and 

with terrestrial analogues (Zaki et al., 2021). This work is described in 

chapter 4. 

 

(iii) Evaluate if polygonal-patterned terrains observed in association with Aram 

Dorsum inverted system (Balme et al., 2020) occur in association with other 

inverted channel deposits, and if they present similar spatial and 

stratigraphical relationship observed in Aram. Regional and detailed studies 

are performed to assess the polygonal-patterned terrains possible 

development. To complete this objective I classified the polygon terrains 

based on their morphology and I studied their distribution within the 

mapped detailed units. Then, I performed a regional survey on the available 

HiRISE images (observation scale 1:2000) in the region covering at least a 

portion of the inverted channels in Arabia Terra. This work is described in 

chapter 5. 

 

(iv) Evaluate how the overall results fit with prior studies on inverted channels 

and the Arabia Terra context. To complete this objective, I discuss 

similarities in morphology with candidate terrestrial analogues in support of 

the interpretations provided for both each studied inverted system and the 

recognised polygonal grounds. I discuss my recent findings with the overall 

aqueous processes associated with the ancient Noachian terrains to finally 

explore their meaning for the Arabia Terra region, and for the climate of 

early Mars.  
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Chapter 2: Arabia Terra Inverted Channel 

Morphological Classification: method and justification  

2.1 Introduction 

On Earth, geomorphological remote sensing analysis is often used, in the absence of field 

data, to collect, analyse and monitor streams and rivers. In these circumstances, stream 

classifications schemes are widely used to learn and evaluate current channel conditions 

(from river maintenance to flood control), as well as to establish and monitor possible 

spatial modification (temporal or permanent) based on hydrological changes (e.g., Brierley 

et al., 2002; Palmer et al., 2005; Hohensinner et al., 2018). Classification schemes of rivers 

are used to divide them into types based on their physical characteristics and  morphologies 

which in turn give insight about the formative processes that shape them (e.g., Lave, 2009; 

Palmer et al., 2005; Rosgen, 1994; Schumm & Lichty, 1965; Hohensinner et al., 2018).  

Based on these assumptions, I decided to create a classification framework for the 

inverted channels on Mars, considering the many samples and candidates found in Arabia 

Terra region. The aims of this scheme were to: (i) identify the variety of morphologies 

associated with inverted channels on Mars (through literature review and personal 

observations), (ii) discover more about their fluvial history and hence to increase our 

understanding of the fluvial development of the Arabia Terra region, and (iii) support 

future studies about inverted channels on both Mars and Earth. 

In this Chapter, I introduce the main classification frameworks adopted to classify 

terrestrial river systems, with specific attention to the Rosgen classification (Rosgen, 

1994), which includes many of the parameters that I considered in my own classification. I 

highlight the different meaning of these parameters and how I used them in my analysis of 

inverted channel bodies. I also summarise the previous inverted channels classifications 

used for Mars, explaining the improvement that I have made compared to the previous 

observations, and explaining and justifying the decision to create this classification scheme 

for inverted channels. I outline the datasets I used to study the inverted channels in the 

studied area and describe the software and techniques used to analyse these data. Finally, I 

provide details about each morphological class of the final classification framework which 

represents the starting point of my work. 
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2.2 Terrestrial stream and river classification framework 

models 

2.2.1. Different types of scheme 

On Earth, there are many objectives of stream classification, such as the prediction of a 

river’s behaviour from its current state, and morphological differences in channel forms 

and shapes are the result of a combination of factors (Fig. 2.1) including climate and 

geomorphological variables (e.g., Brierley et al., 2006, 2013). 

The  primary controlling variables which influence the morphology of a river are: 

topography and channel slope, discharge, valley confinement, bedrock lithology, sediment 

supply and bank strength (Beechie & Imaki, 2014) which influence the derivate variables 

such as  stream power and carrying capacity, dimensionless discharge, velocity and erosive 

force of the water and relative bank strength (Beechie & Imaki, 2014). The combination of 

all these variables could  create many unique fluvial systems which differ from one another 

(Brierley et al., 2006, 2013). However, when more of these controlling variables are 

similar, the fluvial systems show common characteristics which can then be grouped and 

summarised into classification schemes. There are numerous schemes for classifying 

terrestrial streams, which usually differ in spatial and temporal output scales. Some of the 

most widely used terrestrial stream classifications are the River Styles Framework (RSF; 

Brierley & Fryirs, 2005), the Natural Channel Classification system (NCC; Beechie & 

Imaki, 2014), the Rosgen Classification System (RCS; Rosgen, 1994). 

The RSF is used in hydrology and ecology for river management and restoration of 

rivers to predict their changes based on the ecosystem behaviour at multiple spatial scales 

(Brierley & Fryirs, 2005). The RSF system is divided into 4 main steps: (i) river behaviour 

and pattern is described using a catchment-wide baseline survey to evaluate possible 

landscape and lithological controls which influence the river system at regional level, (ii) 

geomorphic river conditions and evolution of its style are assessed at local level in terms of 

its natural capacity to adjust within its boundary, varying conditions of sediments supply, 

flow regime etc., (iii) future trajectory of the river is assessed to evaluate a potential 

recovery of any given reach with individual streams, and (iv) the prioritisation of the 

catchment management is evaluated (Brierley & Fryirs, 2005). 

The NCC system is a framework proposed for river management that predicts changes of a 

river behaviour thought the time (Beechie & Imaki, 2014).  
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Figure 2.1: Image from Hohensinner et al., (2018). Top: typical channel pattern sequence that 
can be found along a fluvial system’s course from up- to downstream. The morphological 
diversity is expressed as a succession of fluvial patterns that vary as a consequence of landscape 
parameter variation which include upstream catchment size, lateral valley confinement, flow 
regime and sediment types, transportation and deposition (Hohensinner et al., 2018). These 
parameters are also influenced by topography, which can be expressed as a change in slope 
values. Topographical changes are divided into three areas (according to Miller, 1990): (i) 
Headwaters or Source zone, with steep slopes where fluvial systems usually have lower values of 
sinuosity, V-shaped valleys and low values of deposition; (ii) Transfer zone, which represents 
rivers with gentle slope and moderate values of sinuosity, alluvial U-profile valleys, and low 
amounts of material deposition where valleys broaden and coalescing rivers start to present 
meander-shapes; and (iii) Depositional or accumulation zone, with lower slopes, higher sinuosity 
values and characterized by huge amounts of material deposition. Rivers move from partially 
confined (wide shallow U-valleys) to un-confined alluvial valleys. In the lowest elevations flat 
valleys and floodplains may evolve into braided rivers. At the end of the pattern a delta made of 
fluvial sediments is usually created at the sea. Bottom: graph which shows the variation in fluvial 
parameters along the fluvial path (Hohensinner et al., 2018). Here, it is obvious that channel 
geometry, morphometry and patterns; reflect the progressive adjustment to fluctuating flow and 
sediment yields (balance of erosional and depositional processes). 
 

It is a predictive model of four alluvial channel patterns (straight, meandering, 

anabranching, and braided) which were studied across the 674,500 km2 Columbia River 

basin in USA using the large availability of GIS-products (created based on field analysis) 

available for the area. It is based on a multivariate statistical model, created using possible 
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combination and relationships of the known controlling variables, in relation to 

geomorphic, landscape and ecological controls which dominate the area of analysis 

(Beechie & Imaki, 2014). The authors selected the best model that gave results consistent 

with the regional geology and topography. This model included variables like slope, slope 

discharge, relative slope, percentage of the basin which produce fine grained sediments, 

and percent of the basin in alpine terrain (Beechie & Imaki, 2014), being therefore strongly 

dependent on the accuracy of all these parameters. 

The RCS, is a standardized workflow for river classification based on field survey 

of the geomorphic characteristics of stream systems (Rosgen, 1994). This type of scheme 

is popular in geomorphology and includes: physical attributes that reflect the form of 

channels and floodplains (e.g., channel planform, bed material, valley confinement), a 

wide spatio-temporal range of their outputs (evolution of the shape during the time), and 

that they link the morphology of channels and floodplains to the processes operating on 

them.  

All these types of classification methodologies are informative and can be applied 

to study the same aspects of a fluvial system. In fact, it has been shown that agreement 

exists between the frameworks (both qualitative and quantitative) adopted by each 

classification, reaching similar conclusions about hydro-geomorphic settings, distributions 

of in-channel geomorphic units, and bed sediment characteristics (Kasprak et al., 2016). 

The agreement between these different classification schemes means that observations of 

morphology and measurements of physical channel characteristics (like the Rosgen 

approach) could be used to determine information about the fluvial processes that formed 

the channels because process and form are intrinsically linked in rivers (Kasprak et al., 

2016). This characteristic is useful in the interpretation of inverted channels because part of 

the paleo-fluvial story of a region will be preserved in these features. Hence, the summary 

of all the possible morphological aspects of inverted channels and their organization into a 

well-structured framework can provide a robust interpretation and prediction for other 

parameters that could not be measured. Ultimately, this can then help us better understand 

the paleo-environment these features represent. 

The best classification system for which to develop a new, martian inverted channel 

classification is the Rosgen framework because it considers many parameters which can be 

calculated in remote sensing analysis, which is the first mandatory step to identify 

similarities and differences in features as variable as fluvial bodies. Using a Rosgen-like 

model it is possible to compare the morphometric parameters between terrestrial river 
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systems and inverted channels, exploring also the different meaning of these parameters 

when a channel is preserved in positive relief, compared to being an active river or stream. 

2.2.2 The Rosgen Classification System 

The RSC classifies streams and rivers based on common patterns of channel morphology, 

making the qualitative descriptions consistent also with quantitative measurements. This 

characteristic makes this framework a useful tool for communicating stream morphology 

and comparing them. The classification framework divides the rivers into four hierarchical 

levels (I-IV): 

 Level I is the geomorphic characterization based on a river’s geomorphic 

characteristics which represent the result from the combination of landscape 

factors, such as channel relief and valley morphology. This level requires 

interpretation of valley features, evaluation of stream patterns and profiles. This 

can be determined through remote sensing imagery and topographic maps 

(Rosgen, 1994) so is very relevant to martian inverted channels (Fig. 2.2).  

 Level II is the morphological description which includes the evaluation of the 

channel cross-section profile (streams entrenchment ratio, width/depth ratio, 

and bed material), slope and plan-form pattern (stream bed features, sinuosity, 

and meander width ratio). Some of these parameters can be determined using 

remote sensing data, so when possible can be relevant for inverted channels 

(Rosgen, 1994). 

 Level III is the assessment of stream flow condition and stability. This 

assessment requires the calculation and prediction of sediment supply, channel 

bank erosion, flow regime, deposition pattern, riparian vegetation and stability 

measurements (Rosgen & Silvey, 1996). These parameters are not relevant to 

martian inverted channels classification. 

 Level IV is the field data verification where the process relationships inferred 

from the previous three levels of classification are verified (Rosgen & Silvey, 

1996). Again, this cannot be done for martian inverted channels. 

 

Using remote sensing data for inverted channels it is possible to calculate many of 

the morphometric parameters needed for Levels I and II. We can measure channel and 

valley length to calculate the sinuosity and we can measure the slope of the channel body. 

However, it is not possible to measure the depth of a channel which has subsequently been 

inverted. Creating a similar framework for inverted channel bodies, which is simple 
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comparable to the Rosgen scheme, will facilitate the correct interpretation and meaning of 

the same parameters applied to inverted channels bodies. 

 

 
Figure 2.2: Summary of Rosgen morphological classification for river systems (from Bae et al., 
2018, after Rosgen, 1994). Determining whether a version of this system can be applied to inverted 
channels in my study area, including the sinuosity values (determined by plan view measurements), 
cross sections and slope range which can be determined using MOLA data, is an aim of this 
project. 

 

The morphology of a river changes depending on the topographic conditions 

(which influence the sediment carrying capacity, erosive force of the water, and its 

velocity; e.g., Hohensinner et al., 2018; Beechie & Imaki, 2014). Thus, stream morphology 

(considering both, planview and  cross-section) is dynamic and constantly changing in both 

space and time (Trainor & Church, 2003; Hohensinner et al., 2018). However, inverted 

channels represent a record of a specific time of a fluvial system’s development, or (if the 

inverted channel represents a channel-belt, or amalgamation of many channels) the 

accumulated morphological signatures of the fluvial system’s development. This is 

expressed in the planview shape (although noting that later erosion can also affect this). 

For this reason, these parameters, if compared with terrestrial river scheme, can provide 
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information about the type and relative timing of fluvial activity in Arabia Terra, since so 

many inverted channels are preserved in this region.   

Because a wide variety of inverted channel morphologies has been observed on 

Mars, I have expanded previous observations (e.g., Chuang & Williams, 2018) to look for 

more variations in morphology across Arabia Terra, and hence to find information about 

the processes that formed and then altered the inverted channels, by classifying variation in 

cross sections and planimetric view shapes. Moreover, I also calculate values of sinuosity 

and slope for inverted channel bodies to build-up a Rosgen-like framework (Fig. 2.2) 

having a direct link of comparison with active terrestrial fluvial systems characteristics. 

2.3 Classification justification 

On Mars, a classification for inverted channels in Arabia Terra can create a better 

understanding of how the channels formed, secondary processes such as cementation, and 

also perhaps how they were buried, exposed and then eroded. Such a classification should 

take into account both qualitative and quantitative parameters. 

Examining the initial subset of inverted channels in Arabia Terra, I have noticed 

that inversion of relief does not always occur in the same way. Presumably, the variation in 

morphology has been created by a combination of different factors (e.g., Williams et al., 

2013b), including depositional processes (related to the formation of the channel), the 

armouring/cementation process (in which a channel fill becomes more resistant to erosion) 

and the differential erosional processes (which create the ridge and are still active today). I 

have also observed that the topmost parts of the inverted channels have a variety of 

morphologies, which may also contribute to the differences in ridge morphology.  

 

I suggest that by classifying inverted channel morphologies across a large study 

region like Arabia Terra, more information can be gained about the three main phenomena 

(deposition, armouring/cementation and erosion). In this Thesis I have developed a broad 

scheme to classify inverted channel morphology, and adopted many of the terms that 

previous authors (Burr et al., 2009, 2010; Chuang & Williams, 2018; Davis et al., 2019; 

Williams et al., 2013b) used in their work to propose a final terminology which could be 

generically applied. Building a morphological classification which goes further than 

previous studies, looking at more aspects of each channel system, is the best way to 

understand the population of inverted channels in Arabia terra as a whole. Furthermore, 

this scheme should be extendable to other inverted channels elsewhere on Mars. My new 

channel classification scheme is based on both qualitative and quantitative analysis of a 
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subset of the features, and I have applied it to 757 inverted channel segments in Arabia 

Terra, producing a new regional database. 

The advantages of such a martian inverted channel classification systems include: 

(i) allows inference of hydrologic and sediment transport properties for each recognized 

channel type, (ii) provides possible information about formation mechanisms, (iii) provides 

a consistent scheme for describing and communicating inverted channel morphology, (iv) 

allows comparison between Martian and terrestrial fluvial bodies, (v) can help discriminate 

between the widely varying hypotheses and timing of geological activity which have 

affected the inverted channel’s evolution, (vi) allows comparison of both quantitative and 

qualitative parameters of inverted channels with the same parameters considered for other 

similar landforms (such as eskers) to highlight their differences and similarities in support 

of their recognition.  

2.4 Previously used Martian inverted channel classification 

schemes 

Martian inverted channel morphologies have been previously observed and classified (Burr 

et al., 2009, 2010; Chuang & Williams, 2018; Davis et al., 2019; Mirino et al., 2020b, 

2020a; Williams et al., 2013b) to support their identification and interpretation on Mars 

(Burr et al., 2009, 2010; Chuang & Williams, 2018; Williams et al., 2013b) identified 

differences in planimetric view and cross section of the inverted channel bodies, describing 

the following channel classes: (i) Thin, (ii) Rounded, (iii) Flat, (iv) Multi-level, (v) 

Isolated, (vi) Sub-parallel, (vii) Branched, and (viii) Fan-shaped. Burr et al. (2009, 2010) 

emphasized the observed differences, but did not propose a fuller framework which could 

support further interpretations of the recognised morphologies. Also, many of their 

identified and proposed classes could be applied to the same channel body. 

More recently, a more organized framework proposed mainly based on the cross-

section characteristics (Chuang & Williams, 2018). These authors described the different 

morphologies of inverted channels in Greater Meridiani Planum (as mapped by Hynek & 

Achille, 2017). Chuang & Williams (2018) included some of the channels and valley 

networks mapped by Hynek et al. (2010) and the inverted channels already mapped by 

Davis et al. (2016), within their study area. Building on previous classifications work 

Chuang & Williams (2018) divided the channel bodies into five top-level types, with 

various sub-types classifications: (i) Channel (with the typical V-shape cross section), (ii) 

Trough (with negative relief, 2 types recognized), (iii) Ridges (with positive relief, 7 types 
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recognized), (iv) Pitted (based on planimetric view, negative relief), (v) Knobs (based on 

planimetric view, positive relief).  

In their classification Chuang & Williams (2018) noticed that few channels 

presented more than one cross section shape which was an interesting observation that I 

wanted to examine in further detail. When considering these classifications, I included in 

my framework only the shapes linked to ridges or other examples possibly associated with 

inversion of relief. Using these two main works (Burr et al., 2009; Chuang & Williams, 

2018) I started to build up a new classification scheme (described in section 2.6) to include 

all these observations and adding new observed characteristics. I applied this classification 

to all the inverted channels mapped in Arabia Terra. 

2.5 Data and approach used in the classification studies 

Since Arabia Terra region occupies a large area on Mars, data must have sufficient spatial 

coverage for exploring the region and allowing many examples of the inverted channels in 

the study area to be identified and described. For this reason, the work developed in this 

Thesis is primarily remote sensing based, using data returned primarily from the NASA 

Mars Reconnaissance Orbiter missions (MRO) and ESA Mars Express mission (MEX). In 

this way, it was possible to study the region and the inverted channel features at different 

detail scales, while trying to understand both their regional and local context. To study and 

classify the morphologies of inverted channels on Mars, the image data used must be of 

high enough resolution for these morphologies to be identified.  

2.5.1 ArcGIS software and Project introduction 

To process, compare and study all the required datasets I used a Geographical Information 

System (GIS) which allow me to work with all the required datasets, and to create digitised 

shapes (‘shapefiles’) for the application of the classification to all the inverted channel 

bodies in the area. All datasets were uploaded into the ESRI software package ArcGIS in a 

consistent coordinate system. ArcGIS software is widely used in planetary science and 

remote sensing Earth observations. It allows a user to co-register files and manually 

georeferenced images when it is necessary. However, as most data are now available as 

calibrated and map-projected products, data processing, image mosaic production, and 

geo-referencing was largely unnecessary for my project.  

The GIS-ready data I used are listed in Table 2.1. Data were downloaded from on-

line available services including the Mars Orbital Data explorer, Mars Image Explorer site 

(https://ode.rsl.wustl.edu/mars/).  
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2.5.2 DATA details, characteristics and use 

I provide here an explanation about the main characteristic of each dataset which has been 

used. Table 2.1 gives information about each dataset including names, acronyms, and 

spatial resolution. Paper references, credits and links from where each dataset was 

downloaded are provided (web-site links are updated as of December 2020). 

 

Table 2.1: Characteristics of the datasets that are included in the ArcGIS project. 

Data name 
(acronym) 

Characteristics 

Mars Orbiter 
Laser 

Altimeter 
(MOLA) 

Type: Laser altimeter 
Pixel Resolution:  463 m/pixel 
Horizontal uncertainty: ~100 meters   
Vertical uncertainty: ~1 meter (respect to the planet's centre of mass) 
Objective:  Global map of the topography of Mars and basemap for larger regional areas 
Reference: (Smith et al., 2001; Zuber et al., 1992) 
Package download from:  
DEMs:https://astrogeology.usgs.gov/search/details/Mars/GlobalSurveyor/MOLA/Mars_MG
S_MOLA_DEM_mosaic_global_463m/cub 

High 
Resolution 

Stereo 
Camera 
(HRSC) 

Type:  High resolution images  
Pixel Resolution: 12-25 m/pixel 
Objective: Base map mosaic, for smaller study areas 
Reference: (Gwinner et al., 2016; Neukum et al., 2004) 
Downloaded from: https://ode.rsl.wustl.edu/mars/ 

Mars MGS 
MOLA - 

MEX HRSC 
Blended 

DEM Global 
200m v2 

 

Type: Blend of DEM data derived from MOLA and HRSC 
Pixel Resolution:  200 m/pixel  
Objective:  Improve topographical observation for more detailed mapping and 
interpretation.  
Reference: (Fergason et al., 2018) 
Download from: 
https://astrogeology.usgs.gov/search/map/Mars/Topography/HRSC_MOLA_Blend/Mars_H
RSC_MOLA_BlendDEM_Global_200mp 

Context 
Camera 
(CTX) 

Type: High resolution images  
Pixel Resolution: 6 m/pixel 
Objective: Detailed regional survey of inverted channels in Arabia Terra  
Reference: (Malin et al., 2007). 
Package download from: https://ode.rsl.wustl.edu/mars/ 
CTX mosaic package from Caltech Murray Lab: 
http://murray-lab.caltech.edu/CTX/index.html 
CTX mosaic credits and reference: (Dickson et al., 2018) 

High 
Resolution 

Imaging 
Science 

Experiment 
(HiRISE) 

Type: High resolution images  
Pixel Resolution: 30 to 60 cm/pixel  
Objective: Detailed analysis   
Reference: (McEwen et al., 2007) 
Package download from: https://ode.rsl.wustl.edu/mars/ 
Single download: https://www.uahirise.org/ 

Geological 
map of 

Meridiani 

Type: GIS-ready shapefile 
Mapping scale: 1:2,000,000 at 0° latitude, Mercator Projection  
Objective: Information about the characteristics of the deposits which were deposited 
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Planum before, during and after the formation of inverted channels.  
Reference: (Hynek & Achille, 2017) 
Downloaded from: https://pubs.er.usgs.gov/publication/sim3356 

Global 
geological 

map of Mars 

Type: GIS-ready shapefile 
Mapping scale: 1:20,000,000 at 0° latitude, Mercator Projection  
Objective: Information about Arabia Terra geology outside Meridiani Planum.  
Reference: (Tanaka et al., 2014b) 
Downloaded from: https://pubs.usgs.gov/sim/3292/ 

Inverted 
channels 

preliminary 
database 

Type: GIS-ready shapefile database 
Objective: Location of inverted channels in Arabia Terra  
Reference: (Davis et al., 2016) 
Downloaded from: requested from the author; also available online at 
https://doi.org/10.1130/G38247.1 

 
Valley 

networks 
database 

Type: GIS-ready shapefile database 
Objective:  Location of valley networks to study their relationship with the inverted 
channels 
Reference: (Hynek et al., 2010) 
Downloaded from: https://planetarydatabase.wordpress.com/2016/04/21/martian-valley-
networks/ 

Digital 
Elevation 
Models 
(DEMs) 

Type: Topographic datasets created using stereo photogrammetry 
Resolution: Variable depending on the used images, type of instrument and used technique 
to collect topographical data. In this Thesis I used mainly used HiRISE DEMs with 
uncertainty of ~0.25 m and spatial resolution of 1 m/pixel (Kirk et al., 2009) 
Objective: Detailed information about the morphologies of the studied features. 
Data product credits: Joel M. Davis 
Downloaded from: 
https://figshare.com/collections/CTX_and_HiRISE_Digital_Elevation_Models_-
_Arabia_Terra/4330838/1 

 

2.5.2.1 Mars Orbiter Laser Altimeter  

The MOLA instrument onboard the NASA Mars Global Surveyor (MGS) spacecraft 

collected information about the shape of Mars until June 2001. The instrument collected 

altimetry data (total elevation uncertainty ±3 m; Neumann et al., 2001) in the form of 

linear ‘tracks’ of spot height measurements that were merged to create global topographic 

maps (Smith et al., 2001; Zuber et al., 1992).  

I have used two MOLA-derived DEM products: (Mars MGS MOLA DEM 463m 

v2, Spatial resolution 463 meters per pixel), and the Mars MGS MOLA - MEX HRSC 

Blended DEM Global 200m v2 (spatial resolution 200 meters per pixel). The first DEM 

was used in the first part of the project to evaluate general characteristics of Arabia Terra 

and it supported the mapping of inverted channels at regional scale. The second DEM is a 

combination of the MOLA measurements and HRSC data which increased the pixel 

resolution and allowed a better evaluation of topographical characteristics of inverted 

channel systems at local scale. 
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2.5.2.2 High resolution images 

HRSC is a stereo camera onboard ESA’s MEX (Gwinner et al., 2016; Neukum et al., 

2004). It is a multi-sensor pushbroom scanning instrument composed of nine Charge 

Coupled Devices (CCD) line detectors mounted in parallel (Gwinner et al., 2016) which 

allows the collection of 9 superimposed images (one image for each CCD detector). This 

data set was useful as it covered the entire Arabia Terra region (and the overall martian 

surface), closing the gap between the low resolution of the Viking MDIM data and the 

smaller spatial coverage of the very high-resolution images such as CTX and HiRISE (Fig. 

2.3). 

CTX is one of the two cameras onboard the MRO mission (Malin et al., 2007) 

which collected images of the surface of Mars from an altitude of ~400 km. CTX consists 

of a telescope (350 mm focal length) coupled with a CCD which detects visible light with a 

bandpass of 0.5–0.7 µm and 7 mm/pixels (Malin et al., 2007). The final product is 

represented by greyscale images generally ~30 km wide and 160 km long, with a 

resolution of ~6 m/pixel (Malin et al., 2007). The camera stopped acquiring images in 

2022, but it almost covered the entire martian surface, allowing the production of global 

mosaics in recent years (Dickson et al., 2018). This dataset has been used to provide a 

higher resolution context for the used HiRISE images. The list of CTX images used for this 

Thesis is provided in Appendix 1. 

HiRISE is the other camera onboard the MRO mission, which collects details of 

the overall surface area covered by the CTX instrument, from an altitude with varies from 

200 to 400 km above the surface of Mars. HiRISE consists of a camera that features a 0.5 

m diameter primary mirror, 12 m effective focal length, and a focal plane system that can 

acquire images (generally ~ 5 km wide and 25 km long) via 14 CCD detectors with a 

resolution of ~0.3 m/pixel (McEwen et al., 2007). The images are collected in three color 

bands 0.4-0.6 µm (blue-green), 0.55-0.85 µm (red), and 0.8-1 µm (near-infrared). Thus, 

valid color images can be obtained. Furthermore, the camera is capable to produce 

stereopairs images from which topographical information can be measured and both 3D 

images (anaglyphs) and Digital Elevation Models (DEMs) can be produced. The almost 

simultaneous acquisitions and observations of the Context CTX images with the ones 

collected by the HiRISE instrument allow an accurate overlapping between them in 

ArcGIS projects. The list of HiRISE images used for this Thesis is provided in Appendix 

2. 
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Figure 2.3: Comparison between HiRISE image on the left (ESP_034932_1900) and CTX image on 
the right (d16_033442_1915_xi_11n330w) of 
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they cover a larger part of an inverted channel body. CTX image coverage was generally 

sufficient to encompass an entire inverted channel system, but HiRISE data were not 

available to cover more than a very small part of most of the inverted channels. HiRISE 

images were instead used for limited, but in-depth studies of inverted channel 
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associated with inverted channels. Combining HRSC, CTX and HiRISE, I was able to 

study inverted channels at different scales. 
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(Hynek & Achille, 2017), the martian global valley network 

, and the inverted channel database (Davis et al., 2016)
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.3: Comparison between HiRISE image on the left (ESP_034932_1900) and CTX image on 
the right (d16_033442_1915_xi_11n330w) of the same inverted channel feature in Arabia Terra

centre at  9.85°N, 29.40°E). The polygonal fractures in the top 
of the inverted channel cannot be observed in CTX images. 
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2.5.2.3a. Geological map of Meridiani Planum 

The geological map created by Hynek & Achille (2017) was uploaded in my project as a 

GIS-ready data product (Fig. 2.4). This map of Meridiani Planum is the most detailed map 

produced of a large region within Arabia Terra, (Hynek & Achille, 2017), built mainly 

based on 100 m/pixel THEMIS data. The map covers the south-west area of the Arabia 

Terra region, in the Meridiani Planum area, bordered by Iani Chaos to the west, 

Margaritifer to the southwest, Noachis Terra to the south, and Terra Sabaea to the east 

(from lat -5° to 15° N. and from long 345° to 15° E).  

Since the broader context of inverted channels and their stratigraphic and structural 

framework within the geological units in Meridiani Planum has been already defined by 

previous authors (Chuang & Williams, 2018; Davis et al., 2019), I was mainly interested to 

understand the  possible connection between the history of water-driven processes 

recorded in the geological record of Meridiani Planum and the possible alteration and 

modification of inverted channels, recorded in their geo-morphological aspects. In other 

words, I tried to evaluate the possibility that changes in inverted channel morphology, or 

their preservation, have been influenced by a change in bedrock lithology (represented by a 

change of geological units in the map).  

Understanding the presence or the absence of a correlation can help discriminate 

between the primary processes involved in the formation of inverted channels and can help 

to constrain the processes involved in their structural modification, physical and chemical 

alteration. This was accomplished by detailed mapping of the inverted channels based on 

their morphologies (summarised in my framework) specifying their distributions within the 

units mapped by Hynek & Achille (2017). 
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Figure 2.4: a- Location of the Geological map of Meridiani Planum in Arabia Terra. b- Detail of 
the map by Hynek & Achille (2017). From the map it is possible to observe the inverted channels 
(blue sinuous lines in the map) and their distribution (after Davis et al., 2016) within the geological 
units  of the area which are dated as Late Noachian (brow-yellow colours) to Early Hesperian 
(pink-purple colours).  
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2.5.2.3b. Inverted channels database 

The inverted channel database produced by Davis et al. (2016) was provided directly by 

the author as a starting point for this project. This database enabled me to identify 

candidate inverted channels in the study area. The database was obtained as an ArcGIS 

ready shapefile, with information about the inverted channels’ positions and distribution. 

The original mapping was performed mainly using HRSC and CTX images. Even having 

access to the Davis et al. (2016) database I had to digitize the inverted channel features 

again in more detail, as explained in Section 2.5.5. 

2.5.2.3c. Valley networks database 

The martian valley networks database of Hynek et al (2010) was included in my study area 

ArcGIS project. The database for this product was 230 m/pixel global THEMIS daytime IR 

data (temperature product) and MOLA topographic data. The valley networks database is 

useful for evaluating the connection between them and the inverted channels in Arabia 

Terra. For example, some inverted channels have been identified within valley networks 

(Davis et al., 2019), showing a strong correlation between these two features. Here, I was 

interested in studying the morphological variation of inverted channels related with valley 

networks and evaluate possible correlation between the inverted channel’s shape variations 

when recognized within valleys. 

2.5.2.4d. Digital Elevation Models-DEMs 

DEMs of Mars have been used in this project to analyse some of the inverted channel 

bodies and their topographical context in more detail. DEMs can be created from datasets, 

such as laser altimeters (e.g., MOLA, resolution > 400 m/pixel; Fig. 2.4a) or radars, 

interpolating all the collected height measurements (Smith et al., 2001; Zuber et al., 1992).  

DEMs with higher resolution can also be obtained from high resolution stereopair 

images that represent a couple of images that cover the same portion of a surface but from 

different agles (difference of > 5°). Stereopairs are available for both CTX and HiRISE 

images and both CTX and HiRISE DEMs of inverted channels in Arabia Terra have been 

created and become available as GIS-ready georeferenced geotiff product (Davis, 2019). 

The DEMS used in this Thesis project have been produced by Davis (2019) using the 

approach described in Kirk et al. (2009) and following the guidelines provided by the 

United States Geological Survey (USGS).  

Here, I summarise the main steps that have been followed to produce the used 

dataset (Davis, 2017, 2019). The raw stereopairs (CTX or HiRISE) have been 
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radiometrically calibrated with the Integrated Software for Imagers and Spectrometers 

(ISIS). Then, the calibrated images have been ingested into the BAE Systems 

photogrammetric software package SOCET SET for processing. During the processing the 

pair of images are tied togheter in two steps called ‘relative triangulation’ and ‘absolute 

triangulation’. During the ‘relative triangulation’ the images’pixels are automatically 

matched by a SOCET SET algorithm (Davis, 2017). During the ‘absolute triangulation’, 

(manually done by the operator) the images are match with the groung control points 

represented by MOLA gridded data and track points (Davis, 2017). Then, an algorithm 

(called NGATE) extracts the information about individual pixel elevations and the final 

orthorectified DEM is produced. The used HiRISE DEMs have a horizontal resolution of 1 

m/pixel and CTX DEMs have a resolution ~ 20 m/pixel (Davis, 2017). 

Detailed tutorials about DEMs production are available on the USGS website 

(https://astrogeology.usgs.gov/search/map/Docs/Photogrammetry/TUTORIALS_JUNE200

9; accessed the 19 May 2022). 

2.5.3 Use of data in the classification scheme 

A key dataset used in the survey was the inverted channel database (from Davis et al., 

2016), which was uploaded  as a shapefile and  examined  in  ArcGIS. To find other 

datasets, I used the product coverage shapefiles for CTX and HiRISE (available at: 

https://ode.rsl.wustl.edu/mars/coverage/ODE_Mars_shapefile.html). I downloaded all the 

images which overlapped the inverted channel database. I used both HRSC and CTX 

images for the primary survey, where I performed preliminary studies of the characteristics 

of inverted channel bodies. I created a few drafts of the classification framework using 

these data until I reached the version presented in this Thesis. The majority of the 

morphologies that I included are visible at CTX resolution (6 m/pixel). Many more recent 

CTX images were available than used by Davis et al., (2016), so I was able to add to, and 

reassess, the inverted channel features in their database. Recently, a CTX mosaic was also 

published by the Bruce Murray Laboratory as a GIS-ready dataset (Dickson et al., 2018). 

This could reduce the data searching process in future analysis, but it should be noted that 

the image quality of the mosaic is not as good as that of individual images. 

2.5.4 Methodology for building the classification scheme 

Building on the Burr et al. (2009), Chuang & Williams (2018), Davis et al., (2019) 

descriptions, and my own observations based on a re-examination of the  Davis et al. 

(2016) inverted channel inventory, I developed a wider scheme to classify the morphology 
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of the inverted channels and  related features in western Arabia Terra. As mentioned in 

Chapter 1 (section 1.6.1) I acknowledge that the “inverted channels” described here could 

in fact be inverted “channel-belts” – that is, the amalgamation of the products of several 

small active channels that have aggraded laterally and/or vertically when active. However, 

for the purposes of this thesis the term “inverted channel” is used throughout for sake of 

simplicity.  

My new channel classification scheme is based on both qualitative analysis and 

quantitative analysis of a subset of the features. The qualitative parameters are described in 

section 2.6 of this chapter, where the morphological classification scheme that I have 

developed. The classification scheme, based on the qualitative observations, consists of 

three different criteria: (i) planimetric morphology (this includes sub-classifications of 

“network shape” and “planview network complexity”), (ii) inferred cross section type, and 

(iii) upper surface morphology. Where possible, each inverted channel example was 

classified under each of these different criteria. For each part of the classification, ‘type-

examples’ are shown in this chapter as well as descriptions of sub-classifications. The 

quantitative parameters (section 2.7) are similar to the ones included in the Rosgen 

classification, with specific attention paid to values of sinuosity and slope. The aim of this 

part of the classification is to compare the obtained values with those of terrestrial river 

systems, and to evaluate any correlation with the observed planimetric view morphologies. 

2.5.5 Creating new databases of inverted features In Arabia Terra 

To record the results of the classification and the variety of terrains associated with 

inverted channels in Arabia Terra, two new databases were created. The first includes all 

the inverted channels recognized and second their associated polygonal terrains features. 

Both new databases are produced as a GIS-ready shapefile that allows further geospatial 

analysis.  

The first database is an extension of the database created by Davis et al. (2016). 

The database records the position and classification scheme characteristics (planimetric 

morphology, cross section shape and others) defined for each inverted channel based on 

the Level 1 and 2 of the Rosgen (1994) framework. In this database, morphometric and 

quantitative parameters were also calculated, including measurements of length, slope and 

sinuosity (more details in section 2.7 in this Chapter). 

My first database was created by re-mapping the inverted channels (Fig 3.5), 

including some new sinuous ridges which could not previously be identified in CTX 

images. The decision to re-digitise the inverted channel database was due to the need to 



 
 

calculate more precise quantitative parameters for the inverted channel features. Looking at 

the shapefile of Davis et al. (2016) I noticed that the lines representing the inverted channel 

features were made as straight lines linked by vertices positione

where the channel was curving. This is a common mapping technique to represent features 

in a database when the intent is only to show the position of the mapped features. 

However, this mapping method would make parameters calculati

sinuosity values inaccurate. To reduce the measurement errors I used use more precise 

tracks for inverted channel to be sure that the calculation of the parameters was going to be 

as accurate as possible (e.g., Fig. 2.5).  

 

Figure 2.5: CTX mosaic image of an inverted channel
indicated an example of the inverted channel in the database realised by Davis et al 2016. The
green line shows the current mapping. 

 

The second database contains the 

with inverted channels terrains in the area. This database was created to evaluate the 

stratigraphic association between inverted channels and their associated features to better 

interpret the stratigraphic history of Arabia Terra. Features and deeper studies are 

described in more detail in Chapter 5. Creating the new databases allowed me to perform 

calculate more precise quantitative parameters for the inverted channel features. Looking at 

the shapefile of Davis et al. (2016) I noticed that the lines representing the inverted channel 

features were made as straight lines linked by vertices positioned at different distances 

where the channel was curving. This is a common mapping technique to represent features 

in a database when the intent is only to show the position of the mapped features. 

However, this mapping method would make parameters calculations too approximate and 

sinuosity values inaccurate. To reduce the measurement errors I used use more precise 

tracks for inverted channel to be sure that the calculation of the parameters was going to be 

 

.5: CTX mosaic image of an inverted channel (10.10°N, - 7.41°E,). With the red line is 
indicated an example of the inverted channel in the database realised by Davis et al 2016. The

The second database contains the position polygonal features which are associated 

with inverted channels terrains in the area. This database was created to evaluate the 

stratigraphic association between inverted channels and their associated features to better 

history of Arabia Terra. Features and deeper studies are 

. Creating the new databases allowed me to perform 
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the shapefile of Davis et al. (2016) I noticed that the lines representing the inverted channel 
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where the channel was curving. This is a common mapping technique to represent features 

in a database when the intent is only to show the position of the mapped features. 
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with inverted channels terrains in the area. This database was created to evaluate the 

stratigraphic association between inverted channels and their associated features to better 

history of Arabia Terra. Features and deeper studies are 

. Creating the new databases allowed me to perform 
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regional distribution, association and statistical studies related to each parameter or feature 

inserted in the databases. 

2.6 Classification scheme description 

Here, I describe the framework used to create the final inverted channel database 

(summary in Fig. 2.6). This part of the classification scheme includes Planimetric 

morphology, Inferred cross sections evaluation and Upper surface morphology.  

 

 

 
Figure 2.6: Summary of the morphological framework to classify inverted channels.  

 
 

2.6.1 Criterion 1: Planimetric morphology 

The planimetric view represents the section of the channel bodies which can be observed 

from the top (vertically above), based on the shape that would be generated by digitising a 

single line down the centre of each channel section. Based on the regional survey and the 

identified characteristics of the inverted channels, the planimetric morphology 

classification was divided into two parts: primary ‘Network Shape’, and secondary 

‘Planview Complexity’.   
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2.6.1.1. Primary Planimetric morphology: Network shape 

Primary ‘network shape’ describe the whole exposure of an inverted channel segment (i.e., 

at the ~10 km scale) and include only two types: ‘single channels’ and ‘networked 

channels’.  

 ‘Single channels’ represent channel bodies which appear isolated from other 

systems (e.g., Fig. 2.7). Part of their length may be still covered by younger 

sediments which do not allow the proper tracks of their path and the correct 

estimation of their length, but this classification still reflects a lack of visible 

branching in the channel.  

 ‘Networked channels’ represent inverted channels with multiple branched patterns 

or tributaries (e.g., Fig. 2.8). 

 

I do not exclude the idea that features classified as ‘single channels’ might be part 

of larger networks which might have been eroded or covered by younger materials.  

 



 
 

Figure 2.7: Examples of 
g09_021602_1950_xn_15n008w
centre at 29.23°N, 47.44°E

 

: Examples of inverted isolated single channels seen in CTX images (a
g09_021602_1950_xn_15n008w centre at 15.05°N, -8.89°E, b- g23_027059_2097_xn_29n312w

44°E). 
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nverted isolated single channels seen in CTX images (a- 
g23_027059_2097_xn_29n312w 
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Figure 2.8: CTX images with inverted networked channels (a- j07_47696_2054_xi_25n311w 
centre at 26.03°N, 48.91°E; b- p17_007702_1920_xi_12n312w centre at 10.83°N, 46.84°E). 

 

2.6.1.2. Secondary Planimetric morphology: Planview complexity 

In Arabia Terra, both single and networked inverted channel systems may present 

particular complex, multiply-branched patterns at the km-scale. For this reason, a 

secondary planimetric class, “planview complexity”, was included in the classification. It 

includes: i), ‘multi-level’, ii) ‘anabranched’, iii) ‘parallel’, and iv) ‘linear’ inverted 

channels. Note that most of these kilometre-scale sub-classifications can be attached to 
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either of the two primary planview classifications (e.g., a ‘simple, multi-level’ channel 

system, or a ‘linear networked’ channel system). 

 ‘Multi-level’ inverted channels present inverted segments organized at different 

stratigraphic levels (e.g., Fig. 2.9a).  

 “Anabranched” inverted channels present a morphology composed of two or more 

inverted segments which are connected by one or more branching rejoining points 

(e.g. Fig., 2.9b). 

 “Parallel” inverted channels represent single channels which are almost parallel to 

each other (e.g., Fig. 2.10). 

 “Linear” inverted channels are more complex than the other types. They are often 

developed within a shallow valley and present several linear positive relief features, 

visible at the km scale, which can be sub-parallel, or as shown in Fig. 2.11. 

2.6.2 Criterion 2: Inferred cross section types 

The cross-section represents a ‘cut’ through the inverted channel body. This aspect of the 

classification gives information about the relationship between ancient river’s deposition 

style and subsequent erosion history. Despite there not being high-resolution DEM data for 

more than a few of the inverted channels in Arabia Terra, their cross-section shape can still 

be inferred from their texture and patterns of shade and highlights.  

In the cross-section classification I adopted the nomenclature of different classes 

described in Greater Meridiani Planum area and in Aeolis Serpens (Chuang & Williams, 

2018; Williams et al., 2013b) as these cross-section shapes can be found also in other areas 

of Arabia Terra region. I modified the classification of Chuang & Williams, (2018) by 

changing some of the terminology and sub-divisions. Although mainly focused on inverted 

relief-ridges, negative relief-channels and combinations of the two are also included.  

Since a few inverted channels have been found within valley networks or 

associated with them (Davis et al., 2019), I studied the possible morphological variation of 

inverted channel cross section associate with valleys cross section type (when possible) to 

understand if there were possible correlation between the two features. Therefore I report 

when the valley related with the inverted relief presents a “U-shaped” or “V-shaped” 

profiles (following the definition from Yan et al., 2018 for alluvial settings). 
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Figure 2.9: Anabranched, simple and networked channels in Arabia Terra as seen in CTX images 
(a- d18_034340_1872_xi_07n010 centre at 8.04°N, -10.99°E; b- d_05_028986_1813_xi_01n352w 
centre at 1.35°N, 7.65°E). 

 

 

 



 
 

Figure 2.10: Parallel channel examples 
centre at 13.44°N, -11.39°E; 
 
 

 

: Parallel channel examples seen in CTX images (a- g04_019611_1929_xn_12n011w
11.39°E;  b- p07_003799_1961_xn_16n311w centre at 16.24°N, 49.02°E
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g04_019611_1929_xn_12n011w 
centre at 16.24°N, 49.02°E).  
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Figure 2.11: Channel body with linear features seen in HiRISE (PSP_006872_1985; 17.98°N, 
30.32°E). 
 

Pitted channels (Fig. 2.12) are defined as negative relief channels or chains formed 

by aligned pits, which represents circular features with an axis ranging 10-100 m (Chuang 

& Williams, 2018; Williams et al., 2017). These shapes are also organised and 

interconnected forming proper branches and networks (Chuang & Williams, 2018; 

Williams et al., 2017). These features are particularly interesting since are found in 

transition with both inverted relief and small-scale valleys and have been interpreted as 

dissolution features along relict buried stream courses, which have been reactivated by 

groundwater action (Chuang & Williams, 2018; Williams et al., 2017). Many have been 

found within Meridiani Planum, and for this reason I included them in my mapping to 

evaluate the relationship with inverted channels, and their possible presence in other areas 

of Arabia Terra. 

2.6.2.1 Ridges 

The ridge types builds on cross sections recognized in previous works (Burr et al., 2010; 

Chuang & Williams, 2018; Davis et al., 2019; Williams et al., 2013b). Here, though, I 

propose a different sub-division for the same cross-section types, dividing them based on 

the location of the inversion (main body inverted or only the borders), and by adding a new 

cross section type (Valley-bottom ridge), not present in the Greater Meridiani Planum. The 

final division presents as three groups: (i) distinct ridges, (ii) complex ridges, (iii) inverted 

borders (Fig. 2.13). 
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Figure 2.12: Examples of both positive and negative relief channels within Arabia Terra as seen 
from CTX mosaic (beta01_E030_N06). a-General overview (centre at 7.68°N, 30.62°E). b- Detail 
on the inverted relief found within the flat-bottom Valley included in the Hynek et al (2010) 
database (image centre at 7.83°N, 30.47°E). c-Transition into a negative-pitted channel (image 
centre at 7.59°N, 30.53°E). 



 
 
 

Figure 2.13: Schematic graph (modified and extended after Chuan
al., 2013b) summarizing ridge shapes as seen from a cross section for inverted channels in Arabia 
Terra. a-Distinct ridges, b- Complex ridges, c

 

a. Distinct Ridges 

The ‘distinct ridges’ group include the most

far for the inverted channels in Arabia Terra. In this section I included the following cross 

section types: (i) rectangular, (ii) concave

Chuang & Williams, 2018; Williams et al., 2013b)

 Rectangular cross sections (named flat

characterized by a well-defined rectangular shape (e.g.

 Concave cross-sections are characterized by having higher main ridge margins with 

an overall concave-up appearance (e.g.

 Incised cross sections present a rectangular shape with

the inverted channel body (e.g.,

 Rounded cross-sections describe inverted channels with a convex

2.14d).  

 Pinnate (Chuang & Williams, 2018)

sections are characteristic of narrow inverted channels which present very steep 

borders (e.g., Fig. 2.14e). 

 

 

(modified and extended after Chuang & Williams, 2018; Williams 
summarizing ridge shapes as seen from a cross section for inverted channels in Arabia 

ridges, c-Inverted borders. 

The ‘distinct ridges’ group include the most frequent kind of cross-sections recognized so 

far for the inverted channels in Arabia Terra. In this section I included the following cross 

section types: (i) rectangular, (ii) concave, (iii) incised, (iv) rounded, (v) pinnate (after 

Chuang & Williams, 2018; Williams et al., 2013b). 

cross sections (named flat-topped in Chuang & Williams, 2018)

defined rectangular shape (e.g., Fig. 2.14a). 

sections are characterized by having higher main ridge margins with 

appearance (e.g., Fig. 2.14b). 

cross sections present a rectangular shape with an incision in the centre of 

, Fig. 2.14c).  

sections describe inverted channels with a convex-up body 

(Chuang & Williams, 2018) or pinnacle (Williams et al., 2013b) cross

ristic of narrow inverted channels which present very steep 
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Figure 2.14: Example of cross section types identified in Arabia Terra region for inverted channel 
features. a- HiRISE image (PSP_009966_1735; -6.45°N, 151.13°E) of an inverted channel body 
with a rectangular cross section. b- Inverted channel seen in CTX image with a concave cross-
section style (f04_037162_1891_xn_09n011w; 7.77°N, -11.50°E). c- Channel body with incised 
profile in HiRISE (ESP_044085_1900; 10.05°N, -7.55°E). d- Inverted channel body with rounded 
profile in HiRISE (ESP_035658_1815; 1.38°N, 7.51°E).  e- Pinnate inferred cross section of a 
portion of an inverted channel in CTX (f18_042699_1978_xi_17n331w; 15.05°N, -8.89°E). The 
cross sections were inferred from CTX or HiRISE images. 
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b. Complex Ridges 

This section includes the lower, poorly-developed or really rare sinuous ridge cross section 

styles which include “Valley-bottom Ridges, “Trace”, and “Dual Ridges”. 

 Valley-bottom Ridges are represented by a sinuous ridge developed within a valley. 

The central ridge may assume a cross section type from the distinct ridges group, 

such as rectangular (Fig. 2.15a), rounded or pinnate.   

 Trace ridges (Fig. 2.15b) describe inverted channels in which the ridge is very 

poorly developed, and it is detected only from shading, shadows and has no 

noticeable relief except in the most high-resolution images.  

 Dual Ridges cross section style present an additional ridge developed on the top of 

an inverted channel body (e.g., Fig. 2.15c).  

c.  Inverted Borders 

This group describes examples where inversion of relief does not occur across the entire 

channel body, but is instead localized specifically in the border areas or along the channel 

sides. This group includes the cross sections: (i) doublet, (ii) ridged. 

 ‘Doublet ridge’ cross sections (Fig. 2.16a) are defined by a well-formed channel or 

valley which developed an inversion of relief localized on the border of the central 

trough, or as described by Chuang & Williams, (2018): “where two conformal 

ridges make up the overall ridge form, analogous to the shape of a terrestrial 

leveed river valley”. The two border ridges can be symmetric or asymmetric 

(Williams et al., 2013b). 

 ‘Ridged’  type cross sections (Fig. 2.16b) are similar to the ’Doublet ridge‘ types 

but the valley at the centre of the ridge is usually lower than the terrain around it 

and the borders.  
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Figure 2.15: a- CTX image of an inverted channel located in a valley floor with rectangular cross 
section (f02_036607-2065_xn_26n342w; 27.26N, 16.84°E). b- CTX image 
(d18_034340_1872_xi_07n010w; 7.80°N, -11.11°E) of  trace and rectangular inverted channel. c- 
CTX mosaic (beta01_E004_N08; 11.34°N, 4.45°E) of complex dual ridges. In –c the arrows 
indicate the boundary of the lower level. 



 
 

Figure 2.16: a- CTX image (f03_036832_1891_xi_09n005w
channel where the inversion of relief mainly occurred on the borders (doublet cross section). b
Inverted channel seen in CTX image (p22_009576_1903_xn_10n004w
preserved valley and inverted ridged borders.

 
 

 

CTX image (f03_036832_1891_xi_09n005w; 9.40°N, -5.37°E) with an inverted 
channel where the inversion of relief mainly occurred on the borders (doublet cross section). b
Inverted channel seen in CTX image (p22_009576_1903_xn_10n004w; 10.00°N, -4.85°E) with 
preserved valley and inverted ridged borders. 
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2.6.3 Criterion 3: Upper surface morphology 
The upper surface morphology criterion refers to the meter–scale morphology of the upper 

surface of the inverted channel and includes: i) smooth, ii) rugged, iii) cratered, or iv) 

polygonised.  

 Smooth upper surfaces are mainly homogeneous with no, or few, superposing 

impact craters. Many inverted channels preserve this type of top surface shape 

along their entire body (e.g., Fig. 2.17a). 

 Rugged top surfaces show chaotic and non-uniform textures. In some examples, 

linear shapes are seen, which have different directions along the inverted channel 

(e.g., Fig. 2.17b) 

 Cratered types contain many impact craters along the majority of the channel body 

(e.g., Fig. 2.17c). The craters are often all of similar size. Sometimes the cratering 

is located just in a portion of the channel body. 

 Polygonised ridge surfaces present polygonal structures their upper surface, formed 

by fractures or ridges at ~10 m scale (e.g., Fig. 2.17d). This specific type of upper 

surface can only be recognized in HiRISE images. 

2.7. Morphometric measurement methods 

Terrestrial river systems show a dependency between plan view morphology, cross section 

types, sinuosity and topographic slope as indicated in many frameworks such as Rosgen 

(1994). For this reason, morphometric data and fluvial parameters were calculated for 757 

inverted channels in Arabia Terra.  

The calculated parameters for all inverted channels in the database are length and 

sinuosity of the inverted feature body, and current surface slope where the inverted body is 

found. My aim was to study possible correlation between these parameters (mainly 

sinuosity-slope), and search for association with the morphologies included in the 

classification framework . Here, I present the calculation methods applied to the final 

inverted channel database. 

 

 



 
 

90 
 

 

Figure 2.17: a- HiRISE image (PSP_009966_1735; -6.45°N, 151.13°E) showing a smooth flat 
surface. b- Rugged upper surface in HiRISE image (ESP_037674_2090; 28.91°N, 46.18°E). c- 
Cratered upper surface of an inverted channel in CTX image (g09_021733_1849_xi_04n346w; 
6.41°N, 13.34°E). d- Inverted channel seen in HiRISE image (ESP_046047_2105; 30.21°N, 
69.77°E) with polygonal upper surface.  
 

2.7.1. Length Calculation 

The inverted channel bodies are recorded as GIS shapefile line features. Each line was 

mapped following the middle point of each ridge. The length (le) of each feature was 

calculated from the mapped line using the “Calculate Geometry tool” in ArcGIS software. 

The tool can calculate coordinate values, lengths, and areas, depending on the geometry of 

the input layer using the coordinate system of the data. 

The coordinate system Equicylindrical Mars has been used to project the data and 

the shapefiles. Because this Arabia Terra study area is located between latitude of~ 0°-30°, 

projection distortions are small.  
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2.7.2. Sinuosity Calculation 

Inverted channel ridge Sinuosity (S) is defined as the ratio between the length of the 

inverted channel ridge (le) and the direct length (Fig. 2.18), the distance of a straight line 

between the starting and ending points of the inverted channel ridge.  

𝑆 =        (2.1) 

 

To calculate inverted channel sinuosity I applied the approach of Storrar et al. 

(2014) for remote sensing analysis of eskers. In their study the sinuosity was calculated 

using equation (2.1), using le and the length of a straight line (ls) between the co-ordinates 

of the inverted channel start (xstart and ystart) and end (xend and yend) points (red and green 

arrows in Fig. 2.19a), where: 

 

𝑙𝑠 =  (𝑥 − 𝑥 ) + (𝑦 − 𝑦 )     (2.2) 

 

Based on these criteria, inverted channels were categorized as either: 

 Straight (Sinuosity<1.05) 

 Sinuous (1.05<S<1.50)  

 Meandering (S>1.5) 

 

The sinuosity values have been compared with the values recorded in the Rosgen 

(1994) classification (Fig. 2.19b). Since inverted channels present a wide range of length, 

and most have been truncated in some way by erosion or burial, sinuosity values were 

calculated considering different segment lengths (5, 10, 20, or 40 km) to isolate different 

stream orders, assuming that longest sections are generally the highest order streams 

(further details are provided in Chapter 3).  

 



 
 

 

Figure 2.18: Schematic drawing showing part of an inverted channel body and how to calculate 
sinuosity values. The dotted line indicates the mapped segment.

 

 

: Schematic drawing showing part of an inverted channel body and how to calculate 
The dotted line indicates the mapped segment. 
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: Schematic drawing showing part of an inverted channel body and how to calculate 



 
 

93 
 

 

Figure 2.19: Examples of sinuosity calculation for an inverted channel in Arabia Terra in HRSC 
image (h9435_0009_nd3; 10.09°N, -7.40°E). a- Mapped line in the middle of the inverted channel 
feature. The red and green arrows indicate the starting and ending point of each line. When a 
branching geometry was found, the segment was mapped until the join point. b- Final result of the 
sinuosity calculation for each segment of the inverted feature. 

 



 
 

2.7.3 Slope Calculation 

To calculate the slope for inverted channel samples, I approximated the inverted channel 

feature as a squared triangle with the base as the inverted feature 

points of the mapped segment (for straigh

the inverted channel) and height as the difference 

lowest value of slope recorded at the starting and ending points of the inverted feature (Fig. 

2.20). The resulting value is an approximation of the current surface slope where the 

inverted channel body is distributed, however it should be close enough to the correct slope 

value to make a regional estimation for the surface slopes values of areas with mapped 

inverted channel samples in Arabia Terra.

Figure 2.20: Schematic representation of the slope calculation for the areas with mapped inverted 
channel bodies.  

 

To calculate the Slope angle (𝛼

𝛼 = arctan

Where h = difference in elevation from 

(Eq. 2.4) and le = distance between 

difference in elevation (h) was calculated from the start point (z

inverted channel segment, by sampling the MOLA gridded elevation data at z

 

To calculate the slope for inverted channel samples, I approximated the inverted channel 

feature as a squared triangle with the base as the inverted feature distance between the two 

points of the mapped segment (for straight and sinuous ridges this is close to the length of 

and height as the difference in elevation between the highest and 

lowest value of slope recorded at the starting and ending points of the inverted feature (Fig. 

value is an approximation of the current surface slope where the 

inverted channel body is distributed, however it should be close enough to the correct slope 

value to make a regional estimation for the surface slopes values of areas with mapped 

annel samples in Arabia Terra. 

 

: Schematic representation of the slope calculation for the areas with mapped inverted 

𝛼) I used: 

arctan      

= difference in elevation from the highest topographic point to the lowest point

distance between start to end point. For each inverted channel the 

difference in elevation (h) was calculated from the start point (z1) and end point (z2) of the 

by sampling the MOLA gridded elevation data at z1and z2.  
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To calculate the slope for inverted channel samples, I approximated the inverted channel 

distance between the two 

t and sinuous ridges this is close to the length of 

between the highest and 

lowest value of slope recorded at the starting and ending points of the inverted feature (Fig. 

value is an approximation of the current surface slope where the 

inverted channel body is distributed, however it should be close enough to the correct slope 

value to make a regional estimation for the surface slopes values of areas with mapped 

: Schematic representation of the slope calculation for the areas with mapped inverted 

 (2.3) 

the highest topographic point to the lowest point 

. For each inverted channel the 

) of the 
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ℎ = 𝑧 − 𝑧      (2.4) 

 

The slope values were calculated to evaluate a possible relationship with inverted 

channel sinuosity and make a first attempt to obtain information about paleo-topography 

using inverted channel bodies and their sinuosity values. In the evaluation it was important 

to remember that these slope values have measurement errors due to both method 

(sampling from an interpolated gridded dataset) and the MOLA data vertical resolution 

itself (although this is generally small compared to the height difference).  

2.7.4 Width Calculation 

Width calculations were made using a simple digitized line across the ridge, and then 

averaging 5-10 measurements per section depending on the length of the system. The 

width measurements were made to evaluate possible changes of width which occurs within 

the same inverted channel body and evaluate possible correlation with the variation in 

cross section style.  

2.8. Summary 

Based on a preliminary regional survey and an assessment of past literature, I produced a 

classification scheme to summarize the morphological characteristics of inverted channels 

in Arabia Terra. The complexity of the classification scheme demonstrates that the 

interpretation of the development and evolution of an inverted channel body is complex. 

Detailed analysis of each identified part of the classification can be required for 

interpretation of each example, and for analysis of the whole population. The final 

classification was applied to all the identified inverted channels, demonstrating that the 

scheme is widely applicable, and could even be used for comparison with terrestrial 

analogues. The results of the classifications scheme applied to the Arabia Terra inverted 

channel database are reported in Chapter 3. 

Sinuosity-Slope values calculated for the morphological sub-classes of the 

classification may supply information about the paleo-systems and their characteristics 

when liquid water was still active in Arabia Terra, by comparison with similar terrestrial 

frameworks, specifically the RSC (Rosgen, 1994). This may allow an evaluation of the 

state of a fluvial system based on the correlation of the slope with the resulting sinuosity 

and morphology of the plan view shape. 

 
 



 
 

96 
 

Chapter 3: The distribution and morphological classes of 

Inverted channels in Arabia Terra 

3.1 Introduction  

The distribution of inverted channels in Arabia Terra region is well known (Davis et al., 

2016), but the spatial variations in morphology are not. Some observations have been 

reported about morphological variability in Meridiani Planum (Chuang & Williams, 2018; 

Williams et al., 2017), but the association and correlation between the different 

morphologies have not been studied. 

This chapter explores classification of the inverted channels to evaluate regional 

trends of the ridge morphology in Arabia Terra. I present statistics describing the spatial 

distribution of ridge shapes (following the framework presented in Chapter 2) and then 

calculate quantitative parameters to help evaluate presence or absence of correlations and 

determine possible influences on inverted channel morphology. I then present preliminary 

interpretations of the studied morphologies, exploring the genesis of the martian inverted 

channels. 

3.2 Methods used in this chapter 

The variation in ridge shapes was recorded across the studied region following the 

approach described in Chapter 2. Attention has been focused on morphological variation in 

relation to topographical changes (possible erosion windows, slopes etc.), and geological 

map units to evaluate the possibility that changes in inverted channel morphology, or their 

preservation, have been influenced by a change in bedrock lithology or elevation/slopes. 

The observations have been divided in two parts: (i) regional (Fig. 3.1), considering Arabia 

Terra topography (e.g., Fig. 3.1 basemap) and global geological map (Tanaka et al., 2014b; 

which covers the whole studied area included in Fig. 3.1), and (ii) local, considering the 

area of Meridiani Planum (white box in Fig. 3.1) mapped by Hynek & Achille (2017).  

Statistics are provided for the regional case and are expressed in percentages, where 

the presence of a parameter is counted each time it occurs on each of the mapped inverted 

channel systems (n = 757). Samples may present more than one qualitative parameter of 

the same class (e.g., two or three types of cross section styles in the same). 

Later in the chapter, I provide figures of case study examples for each studied morphology. 

Locations of detailed case studies of each image are indicated in Fig. 3.1. 
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Figure 3.1: Overview of the study area that indicates locations of inverted channels in the database 
(blue lines) and the case studies included in this Chapter from both CTX and HiRISE images (black 
dots; the area of each dot has been amplified 10 times to allow a clearer visualization). The white 
box indicates the Meridiani Planum area covered by the geological map realized by Hynek & 
Achille (2017). MOLA basemap. 

 

3.2.1 Sinuosity and slope 

The calculation methodology of morphometric measurements has been provided in detail 

in Chapter 2. Here, graphic correlation studies of the main quantitative parameters 

(sinuosity and slope) have been performed to evaluate if the dependence morphology-slope 

observed in terrestrial river systems (Rosgen, 1994) is preserved or not, and what type of 

information could be inferred for Arabia Terra and inverted features in the area.  

The channel segments present differences in preservation and so have a large range 

of lengths. To perform systematic and comparable calculations for all of them, the digitised 

channels were split into a range of different segment lengths (5, 10, 20, and 40 km) and 

values of sinuosity and slopes calculated for each interval (Fig. 3.2). This means that: (i) 

inverted segments with lengths lower than 5 km have been excluded, (ii) calculations made 
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for the longest segments consider only a small number of inverted channels, (iii) the 

longest inverted channels are multiple samples. 

Although shorter segment lengths provide more data, the comparison of different 

segment lengths is relevant to determine any scale-dependence, as this could isolate 

different stream orders (assuming longest sections are generally the highest order streams). 

The relationship between inverted channels slope and sinuosity was studied separately for 

all segments lengths. 

3.2.2 Spatial associations 

To analyse the spatial association between the ridge types and to evaluate possible 

correlations or patterns, a statistical association study was performed to constrain the 

possible dependences of morphological variability. A correlation was calculated using: 

Nc =
𝐴∩𝐵

𝐴∪𝐵
      (3.1) 

Where: 

Nc = correlation number 

A = first qualitative parameter 

B = second qualitative parameter 

𝐴 ∩ 𝐵= parameters intersection (when both parameters are present within same inverted 

channel). 

𝐴 ∪ 𝐵= parameters union (when either parameter A or B or both A and B are present). 

The Nc is a value in the range 0-1 (or 0-100%), where Nc~0 indicates absence of a 

correlation (or anti-correlation) and a Nc~1 indicates a perfect correlation and dependence 

between the two parameter types. However, the critical significance values which indicate 

the presence of a correlation or anti-correlation vary depending on the number of samples 

and by the parameters union (A∪B). To consider the most accurate critical values and test 

the proper statistical significance of the obtained values, I compare my results (final Nc 

and A∪B) with a table of significance values (Real, 1999), using probability level 99%. 

The table (Table 1 in Real, 1999) provides the critical values for when with 1≤A∪B≤100 

(where A∪B expresses the number of examples of either class found). When A∪B>100 I 

used a conservative approach considering that: 

 Nc>0.49 means the two classes are correlated (at >99% probability) 

 Nc<0.18 the two classes are anti-correlated 

 0.18<Nc<0.49 shows non-correlation 
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Figure 3.2: a- Inverted channel sample in HRSC (h7311_0000_nd3; 16.90°N, 20.56°E), b-c-d-e- 

different length split of the same feature to calculate sinuosity and slope values. Segments shorter 
than the chosen lengths are removed from the sample. 
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The presence of anti-correlated values in this study may indicate that the considered 

parameters reciprocally inhibit each other’s presence, the number of samples with a 

specific parameter are too low to evaluate the presence of a correlation, or that the two 

morphologies have simply been rarely found together. Non-correlated values may indicate 

randomness in the parameters’ presence, but closer values to the upper critical value still 

indicate a higher association between the considered parameters. 

Correlated values can be used to evaluate possible parameter co-dependency since 

they may indicate the possibility that some physical phenomenon causes the presence of 

both morphologies in the same channel system. 

A similar approach has been used also for a deeper study of the cross section styles’ 

spatial association and dependencies, since a single ridge often presents a great variability 

in this parameter (Mirino et al., 2020b). The correlation between cross section types was 

calculated using the same method as the general association study (Eqn. 3.1). Since this 

specific case study is associating the same type of qualitative parameter (cross section 

type1-cross section type 2) the Nc assumes a slightly different meaning compared to the 

first part of analysis: it evaluates which specific observed shapes are likely to co-exist 

within the same ridge. 

3.3 Morphological observations 

3.3.1 Planimetric morphology 

The database includes 870 linear features interpreted as fluvial systems, compromising 

2400 digitised segments. 757 have been classified as inverted channels, and the others 

represent pitted channels or ‘transitional inverted channels’ (transition positive-negative 

relief).  

3.3.1.1 Regional network shape 

Of the inverted features, 89.6% are classified as single channels and 9.4% of them as 

branching structures (networked). In both cases they are observed to follow a general 

regional pattern downstream from south to north (Fig. 3.3a). However, many exceptions 

occur and are mainly visible when preserved ridges are within craters or low topographic 

areas (e.g., Fig. 3.3b) following a pattern more influenced by the local topography.  

Although many of the single inverted channels appear separated or isolated from 

other inverted bodies or ridges (and so classified as single channels), looking at their 

regional distribution (Fig. 3.3a) many of these single channels are often aligned or occur 
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close to one another (e.g., Fig. 3.3b) and present the same or similar flow direction (black 

arrow 2-3 in Fig. 3.3b). Thus, many channels classified as ‘single’ probably once formed 

larger networks. Applying this type of visualization to the whole region considering: (i) 

channel inferred flow direction, (ii) same basin candidate or depressions, (iii) inverted 

channel segments spatially close to networked shapes, (iv) congruence in local topography, 

at least 39 larger candidate networks can be identified (Fig. 3.4). Candidate networks in the 

southern highlands border of Arabia Terra seems better preserved and easier to identify 

compared to the ones in the middle of the studied region, where connected segments are 

more difficult to infer. 

Both networks and single channels are found mainly within the middle Noachian 

highland massif unit (mNh unit in Tanaka map, Fig. 3.5) as well as within or surrounding 

basin-forming impact craters. Only a few examples are preserved in Hesperian and 

Noachian highland undivided unit (HNhu) in Meridiani Planum (detail in section 3.3.1.2) 

as well as isolated cases visible within the locally degraded and (or) deformed Late 

Noachian highland unit (lNh; Tanaka et al., 2014). In the eastern part of the map four 

systems are developed in the Early Hesperian volcanic unit (eHv unit, violet in Fig. 3.5). 
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Figure 3.3: a- Regional distribution of the planimetric classification for the inverted channels in 
Arabia Terra region based on the topography. b- Detail of the eastern part of the studied area at 
the border between Arabia Terra and the highlands, almost centred in the Flammarion crater. In 
the image, flow directions are indicated by the black arrows.  1- Direction south-north visible as 
general trend in a, 2- trend west-east down flow within Phison Patera, c- local variable trends 
within an un-named depression. The transparency in elevation in a (which allow a better 
visualization of the morphological classification applied) has been removed in b to allow a better 
visualization of surfaces proprieties (MOLA basemap). This variation in transparency between 
regional and local view is maintained in the entire Chapter. 
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Figure 3.4: a- Candidate larger networks obtained inferring the direction of single segments and 
networked when possible, mainly following the local MOLA topography, b- the black arrows 
indicate the inferred flow direction of the networks. 
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Figure 3.5: Most recent global geological map of Mars (Tanaka et al., 2014b). The inverted 
networked channels morphologies do not present a different pattern since both single channels and 

network types are all mainly distributed within the mNh unit. 
 

3.3.1.2 Network shape in Meridiani Planum 

Both Single channel and network shapes are exposed within Noachian ancient cratered 

terrain (Nhc1 and Nhc2 in Fig. 3.6a). Less frequently, examples are visible within 

erosional windows (Fig. 3.6b), below the Noachain-Hesperian ‘etched’ units 

(NMe1, NMe2, HNMe3, in Fig. 3.6a). Some segments also cross-cut unit boundaries, or 

are interrupted at the borders, which also correspond to variation in elevations. Similar 

patterns are present in the eastern part of the mapped site where segments are mapped in 

the stratigraphically and elevated highest Hesperian plains units (Hp or HMh). 

3.3.1.3 Regional planimetric complexity 

Secondary planimetric morphologies are found in many areas across Arabia Terra and 

characterise 11% of channels in the database. Of 757 mapped inverted channels 

(networked and single), 42 channels (5%) have anabranched shape, 73 inverted channels 

are multi-level structure (7%), 8 channels have linear secondary morphology (1%), and 23 

channels (2%) are parallel systems composed of three-four inverted channels close 

together. Since some planimetric complexity requires HiRISE images for recognition, 
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these primary statistics would probably increase with the inclusion of more high resolution 

coverage. 

 

 

Figure 3.6: a- Geological map of Meridiani Planum (Hynek & Achille, 2017), b- MOLA elevation 
data with the inverted channels networked organization indicated. Majority of features are within 
geologic the unit Nhc1, interpreted as exposed ancient cratered terrain, the lowermost unit in the 
mapped region. Nhc2, younger Noachian-aged cratered terrain, and NMe1, NMe2, HNMe3 are 
Noachian-Hesperian ‘etched’ units. The most eroded areas provide windows into ancient cratered 
terrain where the inverted features are actually developed.  
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Some systems have more than one class of planimetric complexity (Fig. 3.7a-b-c-d) 

within the same channel body. For example, among the 73 multi-level channels, only 29 

have no other secondary planimetric morphology (40% of multi-levels and 4% in total) at 

the available image resolution, the others are related with anabranched or linear 

morphologies. The combination of these parameters could have different meanings. 

For example, among the 42 anabranched multi-level channels, the multi-level 

structure could be provided by two or more ridges potentially found at different 

stratigraphical levels, with connection and disconnection also creating a characteristic 

anabranched shape (e.g., Aram Dorsum Fig. 3.7c). In this case, the anabranched 

morphology likely represents a consequence of the multi-level ridges and their interaction 

in the stratigraphy. In other cases, the multi-level ridges do not necessarily converge-

diverge to form anabranched shapes, but are visible in a portion of the inverted channel 

structure separated by the anabranched morphology, which is instead visible in another 

port of the ridge (e.g., Fig. 3.7c). In these cases, the anabrached morphology could indicate 

a possible primary morphology of the upper ridge, but the relation is not clear. The same is 

observed for the linear channels, where the multi-level structure may represent one or more 

of the ‘lineations’ organised at different levels (e.g., Fig. 3.8). Fully unpicking these 

differences would require HiRISE imaging of many more channel candidates than at 

present, and is unlikely to occur. 

Multi-level structures are most common at the borders with the southern highlands 

(Fig. 3.9a), in the south-western part of the studied region and within Meridiani Planum 

(Fig. 3.9a-b). The 23 channels with ‘parallel’ morphology are present in five main 

locations distributed across Arabia Terra (light blue in Fig. 3.9a) which are characterized 

by consistent slope direction and connection to a common material or a crater (e.g., 

Chapter 2). 

A pattern is visible in the planview complexity distribution within global geological 

units (Fig. 3.9b). Multi-level anabranched channels are mainly found in mNh unit and 

these segments are usually sharply interrupted at the border with other units. Only two 

examples are visible in Meridiani area, within the Hnhu (more details in section 3.3.1.4). 

All the other shapes are present also within the lNh unit.  
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Figure 3.7: Examples of plan-view complexity related with multi-level structures and the other 
classes in the group. a- Multi-level structure which has been observed only at HiRISE-scale 
(ESP_022312_1905; 10.32°N, 47.50°E) where the apparent single structure exhibits another 
partially buried branch below. b- Candidate multi-level structure in HiRISE (ESP_020020_2000; 
19.52°N, -17.28°E), c- Aram Dorsum multi-level branched ridges detail (CTX 
d18_034340_1872_xi_07n010w; 7.87°N, -11.16°E). d- Multi-level anabranched structure where 
several branches overlap (CTX mosaic; 15.89°N, 49.75°E). 
 

 
Figure 3.8: Example of linear multi-level features as seen in HiRISE images, a- PSP_006872_1985 
(17.97°N, 30.30°E), b- PSP_002032_1965 (16.30°N, 49.79°E). The connection and disconnection 
of the lineations may also create anabrached-like shapes. The multi-level structure is visible when 
the linear features overlap. 
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Figure 3.9: Distribution of the planimetric morphology complexity sub-classes in Arabia Terra. a-
MOLA-DEM. b- Most recent global geological map of Mars (Tanaka et al., 2014b). 

 



 
 

109 
 

3.3.1.4 Planimetric complexity in Meridiani Planum 

In Meridiani Planum anabranched multi-level features are distributed all the main mapped 

Noachian units (Nhc1 andNhc2 in Fig. 3.10a), the Noachain-Hesperian ‘etched’ units 

(NMe1, NMe2, in Fig. 3.10a), and elevated (Fig. 3.8b) Hesperian plains units 

(Hp or HMh). The only exception is for the HNMe3 which is mainly characterised by 

linear type morphologies. The few examples of Parallel ridges seen are also mainly found 

in unit Nhc1 and NMe1 at the border with younger units (Fig. 3.10a).  

 

 

Figure 3.10: a- Most recent geological map of Meridiani Planum. In this area linear features are 
mainly visible within etched unit HNMe3. b- MOLA elevation data. No visible pattern in 
planimetric complexity distribution is visible.  
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3.3.2 Inferred cross section morphology 

3.3.2.1 Regional distribution of ridge cross-sections 

The different types of cross section styles are found across all of Arabia Terra (Fig. 3.11a-

b). As expected, the longest inverted channels present a higher variation in morphology 

and some have up to five different cross sections styles. 65% of the inverted channels in 

the database are characterized by at least two different cross section types. 23% have three 

cross section styles, 10% four different types and 2% five ridge shape types. 
The rectangular type is the most frequent (61%; Fig. 3.12), while ~30% of the 

channels have pinnate cross sections, ~24% have rounded cross sections, and 19% concave 

ridge (Fig. 3.12). The other types are rarer.  

Other than a wider variation of cross section styles found in the longest channels 

and, more variation being seen within Meridiani Planum (Fig. 3.11a-b, more details in 

section 3.3.2.2), it is hard to identify specific spatial patterns of cross section, perhaps due 

to the fact that multiple cross section styles are found in the same ridge samples (e.g., Fig. 

3.13). I could not identify a clear pattern or recurrent spatial order of appearance (e.g. Fig. 

3.13a-b-c) even in the larger “trunk” ridges. Some styles often occur together in a ridge 

(e.g. Rectangular and Concave cross sections in Fig. 3.13). Usually, the wider parts of the 

body is characterised by rectangular shapes and narrower sections present a rounded or 

pinnate style (e.g., Fig. 3.13a-b-c), but many exceptions are visible. This combination of 

cross section types within inverted channel systems creates a significant variation of 

inverted channel morphologies, making classification difficult.  

3.3.2.2 Ridge cross-sections in Meridiani Planum 

The longest, morphologically more variable inverted channels are those in the western part 

of the region (Fig. 3.14): Aram Dorsum, Cantabras Dorsum and Thymiamata Serpens. 

These systems are developed within erosional windows surrounded by etched units (NMe1 

in Fig. 3.14a). However, other shorter segments found in Nhc2, HNme3, and Hp also 

present a wide variability in cross section styles and are also mainly found in erosional pits, 

depressions or within small craters (Fig. 3.14b). 
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Figure 3.11: Distribution of the inverted channels which presented the wider cross-section 
variability (Cs) along their path (4-5 styles). Both MOLA topography -a and Geological map -b do 
not present a pattern in the distribution of the most variable ridges but a little more variation is 
observed for the ridges in Meridiani Planum where many of the longest and well-preserved 
channels are. 



 
 

Figure 3.12: Inferred cross section type frequencies observed in inverted channels in Arabia Terra 
region. 
 

Figure 3.13: Examples of inverted channels 
b18_016670_1954_xn_15n357 (12.71°N, 2.77°E
4.14°E). c-  b03_010697_1875_xi_07n007w

 

 

 

ross section type frequencies observed in inverted channels in Arabia Terra 

inverted channels with multiple cross section types as seen in CTX
12.71°N, 2.77°E). b- j03_046155_1933_xi_13n356w (11.27°N, 

b03_010697_1875_xi_07n007w (5.42°N, -7.35°E). 
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ross section type frequencies observed in inverted channels in Arabia Terra 

 
seen in CTX. a- 

11.27°N, 
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Figure 3.14: a- Distribution within Meridiani Planum of the inverted channels which presented the 
wider cross-section variability along their path (4-5 cross section styles, Cs in legend). a-
Geological map of Meridiani Planum, b- MOLA topographic data.  

 

3.3.2.3 Complex ridges and Negative relief 

11% of inverted channels have sections that are developed within valleys, presenting a 

‘Valley-bottom Ridges’ cross section style, 7% present a ‘dual ridge’ morphology and 15% 
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are associated with ‘trace ridges’ or are still partially buried. Here, I describe the first two 

types, as few observations can be performed for the Trace ridges.  

Both Valley-bottom ridges and the Dual ridges are found across the region (e.g., 

Fig. 3.15a-b). Valleys of all scale host inverted relief, and this morphology can be seen in 

valleys identified in both CTX and HiRISE observation scale (fine-scale valleys, as named 

by Williams et al., 2017), and in larger valleys visible in MOLA, THEMIS, or Viking 

resolution and included in the Hynek et al., (2010) global valley database. In both cases, 

the valleys present a wide (2-3 km) flat bottom (Fig. 3.16) that creates an inferred 

rectangular negative-relief profile. Fine-scale valleys are usually shallower than valley 

networks. From now on I refer to these valleys as ‘U-shape’ or ‘U-profile’ valleys (not to 

be confused with erosional U-shaped glacial valleys). 

Dual ridges usually present a combination of all the shapes classified in the ridges 

group (Fig. 3.17). The higher ridges usually present pinnate-rounded or rectangular shapes 

(e.g., Fig. 3.17b-c), and the bottom level is instead characterised by flatter, rectangular-

incised surfaces (Fig. 3.17). Transitions to inverted borders are also observed (Fig. 3.17a). 

They have been identified in the eastern part of Arabia Terra, along the border with the 

highlands, and in some samples in Meridiani Planum.  

3.3.2.4 Regional distribution of Pitted channels 

14% of the mapped channels have negative relief with pitted morphology. Pitted channels 

occur as single features or in a network. Single pitted channels represent 10% of the total 

channels mapped, and ‘pitted networked’ represents 4%.  

A clear pattern is seen in the distribution of pitted channels. They are found in the 

southern part of Arabia Terra. This is a higher topographic area along the border with the 

highlands (Fig. 3.18a). They present a south-north orientation and are found in specific 

highland Early Hesperian-Middle Noachian units (mNh and Hnhu; sedimentary, volcanic, 

and impact rocks, in Tanaka et al., 2014b; Fig. 3.18b; and Nhc1, Nhc2; in Hynek & 

Achille, 2017). The main abundance of pitted networks is in Meridiani Planum (Williams 

et al., 2017) but their distribution extends further east where they are found within valleys, 

or downstream of topographic depressions following the local topography (from high to 

low elevations). 

Pitted channels are found associated, connected or transitioning to inverted 

channels (Fig. 3.18), which sometimes also evolve into fine-scale valleys. When the 

association is present a sudden change from positive to negative relief occur (Fig. 3.19a) or 

the ridge itself may present a more pitted-like upper surface inverted channel body (Fig. 
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3.20). The first type of morphology is more common and characterises the south-western 

Meridiani Planum part of the studied area. In the south-eastern part of the studied area, 

both types are present. Possible pitted-ridge transitions are also observed in areas further 

north Arabia Terra, but I was not able to identify a well-defined networked organization as 

seen at the border with the highlands. 

When the transition occurs following the first type, the pitted channels or the fine-

scale valleys appear to be upstream (and of lower stream order when in a network) when 

transiting to a ridge shape (Fig. 3.19). The transition may occur within wider valleys (e.g., 

Fig. 3.20) and generally the pitted morphology (when not visible on the upper surface of 

the ridge) is found at the higher elevations (Fig. 3.21). However, exceptions to this rule 

occur where the transition occurs multiple times in one system (e.g., Fig. 3.16b).  

3.3.2.5 Pitted channels in Meridiani Planum 

In Meridiani Planum, pitted channels and pitted channels transitioning into ridges are 

found mainly within specific Noachian cratered units (Nhc1-2) or are visible in depressions 

and erosional windows created within the etched terrains (Fig. 3.22a-b). Some cross units 

boundaries (e.g., Hp unit in the eastern part of the map) but they mainly disappear below 

the contact with the youngest member of the etched units HNMe3 (Fig. 3.22a). The valley 

networks are found at higher elevations but are also interrupted at the southern border of 

the same younger etched units. 
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Figure 3.15: Regional distribution of complex ridges a- ‘Valley bottom ridge’ and b- ‘Dual ridges’ 
(MOLA topographical data). 
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Figure 3.16: Wide valleys (at different scale) with a flat-bottom with inverted channels developed 
at the bottom floor. a- CTX image of an inverted channel located in a valley floor with rectangular 
cross section (f02_036607-2065_xn_26n342w, 27.15°N, 16.51°E) b-Valley network in CTX mosaic 
(6.64°N, 30.89°E). Here, the inverted channels present a variation between rounded-pinnate and 
negative pitted shapes. 
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Figure 3.17: Example of dual ridges shapes complexity and combination of the ridges cross section 
types within the two levels. a- ESP_064668_1880 (7.71°N, 25.99°E), b- CTX Mosaic (5.35°N, 
26.07°E), c- CTX Mosaic (11.34°N, 4.42°E). 

 

 



 
 

119 
 

 

 

Figure 3.18: Distribution of pitted channels in Arabia Terra region. a- 85 Single Pitted channels 
and 79 Pitted Networks on top of MOLA topographic data. b- Regional distribution in the global 
geological map of Mars (Tanaka et al., 2014b).  
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Figure 3.19: Spatial shape variation from ridges to pitted or fine-scale valleys in Meridiani area. 
a- CTX  g09_021786_1837_xi_03n351w (3.07°N, 9.19°E). b- f03_036977_1856_xi_05n002w 
(4.43°N, -2.15°E). 
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Figure 3.20: Examples of inverted channels within valleys with pitted shape in CTX images a- 
p15_006833_1869_xi_06n343w (6.71°N, 16.47°E), b- p04_002758_1880_xi_08n329w (6.9°N, 
30.73°E). 
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Figure 3.21: Distribution of pitted channels associated with inverted channels in Arabia Terra 
region. a- Topographical MOLA data, b- Global geological map (Tanaka et al., 2014b).  
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Figure 3.22: a- Most recent geological map of Meridiani Planum. A clear distribution is visible 
where pitted channels are mainly found within the Nhc1 unit. b- MOLA elevation data. Transition 
is pitted-ridge morphology only occurs at high elevation in the area. 
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3.3.3 Upper surface morphology 

3.3.3.1 Regional distribution of upper surface morphology 

The longest inverted channels show the greatest variation in ‘upper surface’ morphologies, 

where a combination of the four classes may be present. ~37% of the inverted channels 

present smooth surfaces, ~40% rugged, and ~34% are cratered. Thus, no single upper 

surface style is dominant. Polygonised surfaces are found in just 1% of the ridges. 

However, as HiRISE images are often required to see polygonal shapes, and not all the 

inverted channels are covered by HiRISE images, this is perhaps not surprising. 

Additionally, even if a polygonised morphology is not visible on the upper surface of the 

inverted channel, surrounding terrains, or lower layers in the ridge stratigraphy were 

sometimes observed to have this morphology.  

There is no clear spatial pattern in the distribution of upper surface styles which 

could be related with topographic characteristics or global geology (Fig. 3.23a-b), since all 

the common styles are observed across the region. However, rugged style is less common 

in the north-west and at the south of the studied area (dotted areas 1-2 Fig. 3.23a), and the 

cratered style also seems less common in the eastern part (dotted areas 3 Fig. 3.23a). 

Additionally, neighbouring inverted systems seem to present the same or similar upper 

surfaces. 

3.3.3.2 Upper surfaces morphologies in Meridiani Planum 

Smooth surfaces are visible mainly in the inverted channels found within the borders of the 

NMe1 unit and rugged surfaces are visible mainly in inverted channels within the Nhc1, 

commonly near the border with the etched units. Cratered surfaces are equally present in 

all the units (Fig 3.24a) and at the north west of the map, smooth and cratered seems more 

frequent. Again, neighbouring inverted channels present similar surface styles, although 

many exceptions are also visible. 
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Figure 3.23: Regional distribution of the upper surfaces styles in inverted channels. a- Within 
MOLA topographic data and b- within most recent global geological map of Mars (Tanaka et al., 
2014b). Dotted areas a-b-c represent clusters where one of the types is less well represented. Both 
areas -1 and -2 show a lack of rugged surfaces. The area -3 shows a lack of cratered surfaces. The 
different styles are present in the whole region but nearby inverted channels tend to present similar 
upper surfaces to one other. Cratered surfaces are less common in the north-east of the studied 
region.  
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Figure 3.24: a- Geological map of Meridiani Planum (Hynek & Achille, 2017), b- MOLA elevation 
data with the inverted channels upper surface style variation indicated. Smooth surfaces are more 
common on inverted channels developed in the erosional windows below the etched unit NMe1m in 
the northwest and at lower elevations. Rugged surfaces are more common in Nhc1 units at higher 
elevations.  
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3.3.4 Summary of observations 

Based on the statistics and general distribution study some key results can be drawn: 

(i) Overall, 87% of the channels in Arabia Terra could be classified as isolated, 

single inverted channels, (10% are actually pitted channels). Thus, at least 

13% of the features in the database present a clear preserved networked 

organization (4% are pitted). 

(ii) Many of the single and networked segments appear co-aligned or follow 

similar directions, and appear to be the remnants of a once wider network or 

networks.  

(iii) Clusters of inverted channels present similar morphological attributes 

(upper surface style or the stream direction, although this may change 

locally for smaller clusters). 

(iv) A topographical control of inverted channel direction is visible at both 

regional (South-North) and local scales (e.g., inverted channels within 

craters) but in general no correlation is visible between topographical 

variation and the morphological characteristics. The exception is the pitted 

channels and their transition to ridges, which are almost always observed 

only at the border between Arabia Terra region and the Highlands, and 

multi-level features (likely indicative of aggradation) which are mainly 

found in depressions, at the boundary between Arabia and highlands, and in 

Meridiani Planum. 

(v) Inverted channels are mainly found in middle Noachian units, but their 

morphologies show little dependence on the geological units they are 

developed into (although the currently available maps were made using low 

resolution data). Only a few cases, present a slight association with some of 

the Meridiani Planum units, such as linear types in the lower etched units, 

and the higher variability in cross section in the longest channels in 

erosional windows below the etched units. 

(vi) Channels with pitted morphology are most common in Meridiani Planum, 

and also to the east of this area. This is the only morphology which presents 

a strong correlation with geological mapped units (possible bedrock control) 

and geography, forming mainly at slope variations at the border between the 

Southern Highlands and Arabia Terra (i.e. a possible topographic control) in 

Noachian-Hesperian material, but below the etched units. 
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(vii) Multi-level structures are the most frequently seen example of planview 

complexity and are found across the region combined with other complex 

planimetric shapes. The combination of planview complexity and different 

cross section styles channels creates a wide diversity of inverted channel 

morphology.  

(viii) Upper surfaces that are smooth, rugged or cratered are almost equally 

common. These are probably erosion controlled or controlled by local 

events since closer features seems to be more likely to present similarity in 

upper surface proprieties. Polygonal surfaces are less common on the upper 

surface of channels, but identification is strongly dependent on the 

resolution of the images used in the survey (mainly CTX images). 

(ix) Cross section styles do not show any clear regional spatial pattern. 

3.4 Quantitative results 

3.4.1 Morphometric parameters 

3.4.1.1 Length Calculations 

Inverted channel lengths are variable, from perhaps a hundred meters to ~150 km. The 

average length in this survey is ~10 km, but segments with length 15-25 km are also 

common. Clearly, the length of exposed segments is an underestimate of original channel 

length. This is supported by the presence of several segments close to one another and 

aligned with the main ridge, as well as the presence of many co-aligned knobs and mesas 

that have similar characteristics and height to adjacent ridges. Also, some ridges are broken 

by fresh craters (e.g., Fig. 3.25). Both represent portions of the ridge that are more eroded.  
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Figure 3.25: Examples of a ridge (Cantabras Dorsum) that has been likely shorted due to 
secondary erosion which removed entire portions as testified by the presence of aligned knobs 
which suggest how the parts were likely linked (CTX mosaic, 9.49°N, -5.30°E). 

 

3.4.1.2 Sinuosity Calculations 

Inverted channels in Arabia Terra are mainly sinuous. A minority have straight shapes, and 

meandering examples are rare (Fig. 3.26). Sinuosity values are generally between 1-1.25 

(Fig. 3.27, Table 3.1). This is true regardless of the segment lengths used to calculate 

sinuosity values (Fig. 3.27, Table 3.1). The proportion of channels classed as meandering 

tend to remain almost unchanged between 5 and 10 km segment lengths, but shorter 

segments increased the number of Straight channels, and longer segments are nearly all 

Sinuous or Meandering. So, the longer the segment length the more sinuous the result is, 

suggesting that the sinuosity occurs at a scale of ~ > 5 km, or that there are significant river 

bends that have wavelength of at least several km. No pattern is visible in inverted channel 

sinuosity regional distribution (Fig. 3.28-29).  

 

 

 

 

 



 
 
 

 

Fig. 3.26: Bar chart showing the variation in sinuosity 
sampling distance.  

 

Table 3.1: Minimum, maximum and mean 
distances.  

Segment 

lengths 

(km) 

Sinuosity 

value (n) Min 

 

Sinuosity 

value (n)

5 1.0 3.2

10 1.0 2.8

20 1.0 2.8

40 1.0 2.3

 

 

 

 

 

 

 

 

variation in sinuosity sampled channels in relation to the 

 values of sinuosity calculated for different sampling 

Sinuosity 

value (n) Max 

Sinuosity value (n) 

Max peak 

distribution range 

Sinuosity value (n) 

best fit peak values 

graphs-inferred 

3.2 1.0-1.5 ~1.07 

2.8 1.0-1.5 ~ 1.12 

2.8 1.0-1.5 ~ 1.10 

2.3 1.0-1.3 ~ 1.18 
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values of sinuosity calculated for different sampling 
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Figure 3.27: Kernel Density estimation graphs for the 4 main groups of sampling segments 5-10-
20-40 km which show the distribution of the sinuosity values recorded for inverted channels in 
Arabia Terra. The graphs have been built using the “Kernel Density Estimation” function with the 
Python programming language. Individual kernel followed the distplot function (Gaussian 
distributional function), while the bandwidth for each graph has been determined using the ‘Scott 
bandwidth selector’ which is the one provided as default in the seaborn data visualization library. 
The y-axis is in terms of probability density, and the histogram is normalized so that it has the 
same y-scale as the density plot (area below the curve is = 1). Since it represents a probability 
density and not a probability the y-axis can take values greater than one. The sinuosity range 
calculated for inverted channels is reported in Table 3.1. For all the calculations the peak is 
between 1.1-1.5. Thus, the majority of the inverted channels are classified as Straight and Sinuous. 
 



 
 

132 
 

 

Figure 3.28: Straight-Sinuous-Meandering inverted channel distribution in Arabia Terra 
calculated for 5 and 10 km segment lengths. 
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Fig 3.29: Straight-Sinuous-Meandering inverted channel distribution in Arabia Terra calculated 
for 20 and 40 km segment lengths.  

 

 



 
 

3.4.1.3 Slope calculations 

Inverted channel segment slopes, represented by starting and ending of the sinuosity 

segments lengths, generally range between 0

most common slopes are between 0.1°

longest samplings. Longer segments seem to have lower slopes (Table 

 

Figure 3.30: Bar chart showing the variation in slopes 
inverted channels in Arabia Terra are preserved in terrain slopes <
segment length. 

 

Table 3.2: Minimum, Maximum and Average values of slopes calculated 
and ending point of different segments intervals 5
sampling distances.  
Segment lengths 

(km) 

Min slope 

(degrees) 

Max slope 

(degrees) 

5 0.03 4.28 

10 0.04 3.66 

20 0.07 1.78 

40 0.08 0.55 

 

 

represented by starting and ending of the sinuosity 

range between 0 to 2° (Fig. 3.30, 3.31, and Table 3.2). The 

between 0.1°-0.6° for samplings of 5-10 km, and 0.2°-0.4° for 

Longer segments seem to have lower slopes (Table 3.2). 

 

: Bar chart showing the variation in slopes of inverted channels. The majority of the 
Arabia Terra are preserved in terrain slopes <1° regardless of sampling 

, Maximum and Average values of slopes calculated considering the starting 
segments intervals 5-10-20-40 km corresponding to the sinuosity 

Max slope 

 

Slope (degrees) 

distribution best 

fit peak range 

Slope (degrees) 

best fit peak 

values graph-

inferred 

Mean slope 

(degrees)

0.1-1.0 0.25 0.50 

0.1-1.0 0.27 0.50 

0.1-0.6 0.23 0.30 

0.1-0.4 0.17 0.21 
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represented by starting and ending of the sinuosity 

2). The 

0.4° for 

channels. The majority of the 
sampling 

considering the starting 
40 km corresponding to the sinuosity 

slope 

(degrees) 
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Figure 3.31: Kernel Density estimation graphs for the 4 main groups of sampling segments 5-10-
20-40 km which show the distribution of the slope values recorded for inverted channels in Arabia 
Terra. The graphs have been built using the “Kernel Density Estimation” function with the Python 
programming language. Individual kernel followed the distplot function (Gaussian distributional 
function), while the bandwidth for each graph has been determined using the ‘Scott bandwidth 
selector’ which is the one provided as default in the seaborn data visualization library. The y-axis 
is in terms of probability density, and the histogram is normalized so that it has the same y-scale as 
the density plot (area below the curve is = 1). Since it represents a probability density and not a 
probability the y-axis has values greater than one. Most of the measured slopes are in the range 0-
0.6°. 

 

3.4.1.4 Sinuosity and Slope correlation 

Comparing the sinuosity and slope parameters (Fig. 3.32-3.33) there is no clear correlation 

between inverted channel sinuosity and slope across all the sampling lengths. However, the 

median values in the box plots for 10-20 km lengths (Fig. 3.32), suggest that the highest 

slopes are associated to lower sinuosity and vice versa, as would be expected for terrestrial 

streams and rivers (e.g., Rosgen, 1994). The scattering though (Fig. 3.33) is still too high to 

confirm the presence of any correlation in the calculated values. 



 
 

 

Figure 3.32: Box plots (built with the Python programming language
sinuosity values for inverted channels, calculated at different sampling segment lengths. 

Figure 3.33: Sinuosity-slope scatter plots 
data. No correlation is present between 
language).  

 

with the Python programming language) showing the slope and 
sinuosity values for inverted channels, calculated at different sampling segment lengths.  

 
catter plots of the four sampling lengths to evaluate the dispersion of 

 the two properties (built with the Python programming 
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showing the slope and 

of the four sampling lengths to evaluate the dispersion of 
with the Python programming 
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3.4.2 Parameter associations and relationships 

Here, I report possible correlations and non-correlations (higher Nc values = better positive 

correlation) of the observed morphological parameters to constrain the possible co-

dependences of morphological variability in the classification.  

The analysis contains two parts. The first considers the regional association of the 

parameters in all the mapped ridges to provide an overview about possible regional 

dependence between morphological parameters. Next, a more detailed study is dedicated 

only to the cross section morphology. This also has two parts. Firstly, I calculated the Nc 

between cross sections ridges styles considering all the classified inverted channels in the 

database. Then, I considered the cross section association only in the longest inverted 

channels (length within 20-40 km) that have at least 4 cross sections types, since they 

represent the data where more variation and associations are recorded. 

3.4.2.1 Morphological parameters: general association 

Considering the full database (Fig. 3.34), a statistically significant (99%) positive 

correlation is spotted only between two main morphologies: Single channels with 

rectangular cross sections, and multi-level structures associated to anabranched 

morphologies (black squares in Fig. 3.34). All the other associated parameters result are 

anti-correlated (all red-yellow colours Fig. 3.34) or non-correlated (green colours in Fig 

3.34). Among the non-correlated values, relative high indexes (0.2<Nc>0.3) are present 

when both single channels and the rectangular cross section shape are associated with all 

the upper surfaces (exception the polygonal morphology), or to Pinnate, Rounded and 

Concave shapes. 

3.4.2.2 Cross section types: all-data regional association  

Considering the full database (Fig. 3.35), the cross sections styles associated within the 

same ridges present anti-correlated or non-correlated Nc. Non-correlated values (Nc<0.2) 

highlight the associations of Pinnate, Rounded and Concave shapes with the Rectangular 

style. Among the anticorrelated relationships, closer values to the lower critical values are 

recorded between (i) the most frequent rectangular cross section type and the other ridges 

shapes, (ii) the two classes of Inverted borders (doublet, ridged), (iii) Dual ridges with the 

incised types. Trace and Valley Bottom ridges are rarely associated with other 

morphologies (Nc=0). 

 

 



 
 

Figure 3.34: Association study between all morphological classes. The association has been 
evaluated using all inverted channels (757 samples). Since the majority 
parameters present A∪B>100 the correlation is present with Nc>0.49. 
the two main correlations found for this subset of data. 
values in Real, (1999). Correlations have been 

 

3.4.2.3 Cross section types regional association in longest 

Considering a reduced database where the cross section association is studied only within 

the longest, more variable inverted channels (Fig. 

borders group still presents the highest Nc values. A statis

found for two pairs of cross section types: (i) Rectangular

borders classes. All the other associations are non

Trace shape with the majority of the 

bottom ridge-Incised, all of which are anti

 

: Association study between all morphological classes. The association has been 
evaluated using all inverted channels (757 samples). Since the majority of the associated 

B>100 the correlation is present with Nc>0.49. The black squares indicate 
the two main correlations found for this subset of data. For A∪B<100 I referred to specific critical 

orrelations have been highlighted with the black squares. 

.4.2.3 Cross section types regional association in longest inverted channels 

Considering a reduced database where the cross section association is studied only within 

the longest, more variable inverted channels (Fig. 3.36), the ridges types and inverted 

borders group still presents the highest Nc values. A statistically significant correlation is 

found for two pairs of cross section types: (i) Rectangular-Incised and (ii) the two Inverted 

borders classes. All the other associations are non-correlated, with the exception of: (i) 

 other parameters, (ii) Rounded-Incised, (iii) Valley 

Incised, all of which are anti-correlated.  
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: Association study between all morphological classes. The association has been 
of the associated 

The black squares indicate 
specific critical 

Considering a reduced database where the cross section association is studied only within 

), the ridges types and inverted 

tically significant correlation is 

Incised and (ii) the two Inverted 

correlated, with the exception of: (i) 

Incised, (iii) Valley 



 
 

Figure 3.35: In the graph the association study between cross section types considers all inverted 
channels in the database. Since A
evaluate correlations. 

 

Among the non-

(≥0.3) are visible between the rectangular shape and all the other ridges cross section styles 

(Fig. 3.36). Incised-pinnate and rounded

other ridges types (in line with the all

study is the association of rounded

 

: In the graph the association study between cross section types considers all inverted 
channels in the database. Since A∪B>100 always, the conservative approach has been used to 

-correlated pairs in long complex channels, relative high Nc

≥0.3) are visible between the rectangular shape and all the other ridges cross section styles 

pinnate and rounded-concave present the lowest Nc when paired with 

other ridges types (in line with the all-data study). A main difference with the full database 

study is the association of rounded-pinnate which is slightly higher. 

139 

 

: In the graph the association study between cross section types considers all inverted 
always, the conservative approach has been used to 

correlated pairs in long complex channels, relative high Nc values 

≥0.3) are visible between the rectangular shape and all the other ridges cross section styles 

concave present the lowest Nc when paired with 

data study). A main difference with the full database 



 
 

Figure 3.36: In the graph the association study between cross section types considers the channels 
with at least 4 different cross section styles. A
critical values have been defined separately for each parameter
indicate presence of correlation. 

 

3.4.3 Summary of results 

Based on the morphometric parameters and the slope calculations performed for inverted 

channels some key results can be drawn:

(i) Inverted channels can be preserved and ex

(longest measured), but erosion has reduced the original length of many of 

the ridges, separating the primary inverted structure into multiple parts.

(ii) Longer segments (Fig. 3

with terrestrial analogues).

(iii) Most of the studied inverted channels are Sinuous or Straight (Fig. 

and are associated with low or gentle slopes (0.1°

 

: In the graph the association study between cross section types considers the channels 
with at least 4 different cross section styles. A∪B is always below 100 for all the pairs. So, the 
critical values have been defined separately for each parameter association. Black squares 

Based on the morphometric parameters and the slope calculations performed for inverted 

channels some key results can be drawn: 

Inverted channels can be preserved and exposed over lengths of ~150 km 

(longest measured), but erosion has reduced the original length of many of 

the ridges, separating the primary inverted structure into multiple parts. 

3.31) appear to present at lower slope values (in line

with terrestrial analogues). 

Most of the studied inverted channels are Sinuous or Straight (Fig. 3.26

and are associated with low or gentle slopes (0.1°-0.6°; Fig. 3.30-3.31). This 
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: In the graph the association study between cross section types considers the channels 
B is always below 100 for all the pairs. So, the 

Black squares 

Based on the morphometric parameters and the slope calculations performed for inverted 

~150 km 

(longest measured), but erosion has reduced the original length of many of 

 

) appear to present at lower slope values (in line 

6-29), 

). This 
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holds true regardless of the number of samples and the sampling lengths 

(Fig. 3.27, 3.31). 

(iv) No clear correlation has been found between slope and sinuosity due to the 

data scattering (Fig. 3.32-3.33), but evidence for a possible slope-control 

(steeper sloped channels are also less sinuous) is present for sampling 

lengths 10-20 km. 

(v) When including all the shorter segment lengths, more of the inverted 

channels have steeper slopes than when considering only longer segments. 

Similarly, a larger percentage of inverted channels have high sinuosity 

when considering longer segments only. I suggest that the original channels 

would have had shallower slopes and higher sinuosity than the fragmented 

population now visible that has undergone erosion and burial. 

(vi) Sinuosity calculations are dependent on the sampling length. Gradual 

decreasing of both samples with straight sinuosity and slope ranges greater 

sampling lengths (Fig. 3.31). Sampling only the longest segments loses data 

content (excludes all the shorter examples), but shorter sampling distances 

may miss the typical bend length of the features.  

(vii) For this specific study the more representative sampling length seems to be 

10-20 km), and records river/valley bends that have wavelength of at least 

several km. 

 

Based on the association study some statistically significant (99% probability) correlations 

have been found between parameters. These are:  

(i) Single channels with rectangular cross-sections (regional 

correlation),  

(ii) Multi-level structures associated with anabranched morphologies 

(regional correlation), 

(iii) Rectangular and Incised cross section styles (in longest more 

variable samples) , 

(iv) The two inverted borders types (ridged-doublet, in longest more 

variable samples). These are also more likely to be found together 

regionally than to be associated with other ridge group types, 

All the other morphometric parameters present Nc values which indicate anti-correlated or 

non-correlated associations. 
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3.5 Discussion 

3.5.1 Discussion of Morphological observations 

The combinations of the classification parameters allow inverted channel systems to have 

unique morphologies (e.g., Fig. 3.7-8-13-14-17-19), making analysis hard. The lack of 

HiRISE images means not all the inverted channels can be observed at the same scale. 

Thus, inferred cross sections, upper surface morphologies and planimetric view complexity 

could be misinterpreted when observed only in CTX images. Thus, deeper studies of 

candidate inverted channel features were performed using HiRISE data (Chapter 4). 

3.5.1.1 Distribution and Morphological parameters 

The longest inverted channels show greater variation in both ‘upper surface’ morphologies 

and cross section styles, and combinations of two or more classes may be present. 

Although clusters of channels with similar upper surface morphologies are present in the 

region, similar patterns have not been recognised for the cross section types variability. 

This suggests that upper surface morphology could possibly be more dependent on recent 

local events. This suggests also that there is no direct link between upper surface 

morphology and cross section styles, as also shown by the association study were no 

correlation has been found between the two morphologies (Fig. 3.34). On the other hand, 

the transition between different upper surfaces types is better observed in rectangular 

ridges. Hence, this cross section shape seems more likely to have preserved morphological 

information (possibly because it represent a less modified shape, details in section 3.6.1). 

Few inverted features present polygonised upper surfaces in CTX data. However, 

polygonal surfaces were found in almost all HiRISE images of the inverted channels. In 

these cases, the polygonal morphology is not visible always on the upper surface of the 

inverted channel but instead often in surrounding terrains, or lower layers in the ridge 

stratigraphy. Balme et al. (2020) also linked polygonal terrains to different stratigraphic 

parts of the Aram Dorsum inverted channel system. Detailed regional studies could 

therefore help develop an understanding of the relationship between polygonal features and 

inverted channel bodies in general. For this reason, further studies focussing on this 

polygon association are presented in Chapter 5. 

Cross section styles in general do not present a clear spatial pattern, but some of 

them appear to be found together (e.g., Fig. 3.13). Variations in cross sections are observed 

in both low lying (e.g., Meridiani Planum) and higher topographic areas (e.g., Highlands), 

and inside and outside craters or depressions (e.g., Phison Patera). Thus, topographical 
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variations do not influence this morphological aspect. The longest and best-preserved 

inverted channels have higher variability in cross section styles, and are located around 

Meridiani Planum. This area also has the best examples of pitted channels. For this reason, 

two candidates for deeper analysis were selected from this area (Chapter 4). 

Multi-level structures are the most frequent planimetric complexity shapes in the 

region and are often found associated with other complex shapes. Many multi-level 

structures are recognisable in CTX images, but HiRISE images (e.g., Fig. 3.7a-b) allowed 

the recognition of even more samples. Thus, some of the mapped inverted channels not 

covered by HiRISE images could potentially present these types of structure. Based on the 

association study, these features are likely to present more branches developed at different 

levels when organised in networks and may present only two levels, similarly to Dual 

Ridges cross section types. Since multi-level and anabranched structures are strongly 

associated in the region (section 3.4.2), I selected one feature with this type of organization 

for further studies (Chapter 4). 

Changes in morphology were not generally observed at the boundary of mapped 

units (see section 3.3). The majority of the classification parameters seem uninfluenced by 

a change in bedrock lithology (if this is indeed represented by a change of mapped 

geological units). Topographical influences instead seem more influential in term of 

networked organization: many clusters of inverted channels have similar stream direction 

influenced by the local topography, although they may not have been identified as 

networks as they could be partially covered by younger materials (section 3.3.1). However, 

it should be noted that both the global (Tanaka et al., 2014b) and Meridiani Planum 

(Hynek & Achille, 2017) maps were built on very much lower resolution data compared to 

the images used for the survey (e.g., Vikings images, THEMIS data, both > 100 m/pixel), 

so more detailed mapping using high resolution data is needed to constrain possible 

dependence of channel type on a lithology which may influence the shape variation.  

Only Pitted morphologies are clearly distributed in specific units and this could 

suggest a possible bedrock control, or a strong relation to a specific depositional period. 

Pitted channels seem related to slope variation, since they have been mainly identified at 

the border between highlands and Arabia Terra. So, it is hard to determine if the observed 

distribution is actually topography-controlled, lithology-controlled or both of them. Since 

this morphology is also strongly related to, and transition into, inverted channels, a deeper 

study was carried out on a candidate with good HiRISE coverage (Chapter 4). 
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3.5.1.2 Network shapes and negative relief in Arabia Terra 

In section 3.3.1.1 I suggested that single ridge segments close to others or to preserved 

inverted networks could be part of wider networks. Comparing the local and regional 

trends of these wider networks (black arrow in Fig. 3.37) with the Valley networks 

distribution (Hynek et al., 2010) shows that not only are the larger candidate networks in 

line with the valley network trends, but some of them represent continuation of the valleys 

within lower topographical areas. Additionally, the Valley networks are clearly linked to 

some inverted networks, (e.g., green systems and purple systems in Fig. 3.37) robustly 

demonstrating (i) the fluvial nature of the inverted channel deposits and (ii) that these 

separated larger networks actually represent parts of an even more extended network. 

Many other single channels in my study area also linked to flat bottom valley networks, 

being within the valley or at the terminating part of the valleys, suggesting that these single 

channel segments are also probably part of a hypothetical larger network(s). These 

networks could still be connected underneath the coverage of younger materials, or 

evidence for them might have been eroded away or simply not preserved, leaving some of 

the inverted channels isolated. 

Other negative relief morphologies (pitted-fine scale networks and the cross-section 

style ‘valley bottom ridge’ showing inverted channels within valleys) are also present. 

Their distribution within Arabia Terra shows a continuity in trend with the wider candidate 

networks and with the valley networks (Fig. 3.38). Valleys, or at least extended linear 

negative relief features, appear to be an enduring feature from southern highlands to the 

northern lowlands and often connect to inverted channels across the region.  

Direct transitions between pitted, inverted channels and fine-scale valleys (e.g., Fig. 

3.19, Fig. 3.39a) are seen mainly in Meridiani Planum (Fig. 3.39b location a) but these 

morphologies are also present in the eastern part of Arabia Terra (Fig. 3.39b locations b-c). 

In these two areas a different trend is present. In Meridiani Planum the pitted network 

appear strongly connected to the local topography: the lowest steam orders occur at high 

elevations in proximity to old crater rims (Fig. 3.40a). The transition into ridges usually 

occurs at lower elevation and at highest stream orders where they present similar widths to 

fine-scale valleys or the pitted shapes. In the eastern part, the pitted channels follow the 

same pattern of valley networks downstream in lower depressions (Fig. 3.40b-c), or 

transition into inverted channels within the Valleys networks themselves, following the 

trend of the valley (e.g., Fig. 3.16b, 3.20). The connection between valley networks, pitted 

and inverted channels, suggest a continuous formation process and a genetic link between 
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the three morphologies, which likely reflect changes in aqueous processes that occurred in 

different time periods throughout the Arabia Terra history. 

 

 
Figure 3.37: Distribution of 39 candidate networks and the single or networked channels left 
“unattached”. These include some of the longest and better-preserved channels in Meridiani 
Planum, and the majority of the single channels in the eastern Arabia Terra.  

 

Figure 3.38: Distribution of the ‘negative relief’ record in Arabia Terra. At the boundary with the 
highlands, inverted channels are found with the valley networks, all the others represent inverted 
channels within fine-scale valleys. 
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Figure 3.39: a- Regional distribution of inverted-pitted-transitional channels compared with the 
distribution of Valley Networks. b- Detail of the area most rich in pitted morphologies. Squares a-
b-c indicate the position of images in Fig. 3.40. 
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Figure 3.40: a- Detail of pitted channels and transition to ridges in Meridiani Planum where black 
arrows indicate the flow direction trend inferred by the stream orders of the pitted morphology. b-c 
positions indicated in Fig. 3.39. b- Pitted channels follow the same trend of valley networks. c-
Transition pitted-ridge occurs within the valley. 
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3.5.1.3 The negative to positive relief transition 

Since both fine-scale and wider valleys host both inverted and pitted channels I interpret 

the fine-scale valleys and the valley networks as the primary fluvial courses, in line with 

previous studies (Chuang & Williams, 2018; Hynek et al., 2010; Williams et al., 2017). 

These are the shapes which represent erosion by liquid water (e.g., Carr, 2012; Hynek et 

al., 2010), prolonged for valley networks and relatively short-lived for fine-scale valleys, 

as suggested by their difference in size and vertical depth (e.g., Fig. 3.20). Based on 

terrestrial comparison, these erosional features probably correspond to headwaters areas 

where the streams flow down slopes and cut deep valleys (e.g., Hohensinner et al., 2018; 

Miller, 1990).  

Inverted channels are seen within the valleys and at the downstream part of valley 

networks, and present extended network organization. I speculate that these features 

indicate the passage between the erosional area and the beginning of deposition in a 

‘transfer zone’ and, as suggested also by other authors (e.g., Balme et al., 2020; Davis et 

al., 2019), represents the fluvial products (i.e., mixtures of channel fills and overbank 

deposits) of fluvial systems. This area is usually characterised by lower-elevation streams 

merging to flow down gentle slopes (in line with the slope calculations), and represent the 

area where the rivers start to meander (although not fully) and migrate (e.g., Hohensinner 

et al., 2018). These areas are usually related with wide and shallow U-shape alluvial 

valleys (as defined by Yan et al., 2018), which are in line with the shapes observed in this 

study (e.g., Fig. 3.16, 3.17) and the presence of candidate terraces reported in previous 

works (Davis et al., 2019). More transfer zones are likely to be present (Fig. 3.41). 

Additionally, the presence of inverted complex multi-level features channels in the 

study area occurs from the downstream part of valley networks in the southern part of the 

studied areas and terminate within low elevation areas, in this case depressions (candidate 

basins, dotted circles in Fig. 3.41). Lower areas likely represent sites of deposition at the 

border between the transfer zone and the depositional zone (e.g., Fig. 3.41). Other multi-

level features, not related with the valley networks like in Meridiani, could possibly 

represent inverted meandering deposits in a depositional area representing periods of 

deposition and aggradation (e.g., Balme et al., 2020; Davis et al., 2019). This scenario 

would be also in line with the presence of deltas identified at the borders between Arabia 

Terra and the northern plains (e.g., Di Achille & Hynek, 2010) which would represent the 

final part of the depositional zone, into an even lower elevation, terminal basin (e.g., 

Hohensinner et al., 2018).  
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Figure 3.41: Planimetric complexity distribution compared to Valley networks in Arabia Terra 
region. Dotted lines indicate a preliminary- strongly approximated- interpretation of fluvial 
depositional versus eroded areas based on the general regional trend of the studied features. The 
interpretation referred to Noachian-Hesperian period. 

 

Pitted channels and their specific transition to fine scale valleys and inverted relief, 

are difficult to interpret. As inverted channels and valleys, they are also observed in 

Noachian units, but in Meridiani they also cross cut Hesperian dated-unit boundaries (e.g., 

Fig. 3.22), suggesting that they may have formed later compare to valleys and inverted 

fluvial deposits. Their part-burial by etched units shows that the formation and deposition 

of the etched units occurred later than the formation of pitted channels. Similar studies on 

these features in Meridiani also reached the same conclusions in term of depositional order 

(Chuang & Williams, 2018; Williams et al., 2017). 

Pitted channels in Meridiani: (i) transition downslope to curvilinear depressions and 

channels (e.g., Fig. 3.40a), (ii) are “steep-sided depressions with a curvilinear arrangement 

consistent with a structurally controlled undermining process” (from Williams et al., 2017) 

and (iii) their shape, transition to valleys and ridges, network organization and spatial 

distribution contrasts with deflation hollows generated by erosion processes (Williams et 

al., 2017). They have therefore been interpreted as groundwater dissolution collapse 
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features confined to a former fluvial flow conduit (Chuang & Williams, 2018; Williams et 

al., 2017), based on similarity to terrestrial analogues (Salar de Llamara, Atacama Desert; 

Williams et al., 2017). 

 Extending the observations outside Meridiani area, pitted morphologies have been 

also found on top of inverted relief, within the valleys, and I have found the same 

transitions to ridges, supporting this interpretation and extending the evidence for this 

groundwater process across a much wider area. High resolution studies of these features 

are missing so I chose a pitted-inverted transition example for large scale mapping to test 

this interpretation (Chapter 4).  

3.5.2 Discussion of Morphometric results 

3.5.2.1 Morphological parameters association: method discussion 

The identified correlations suggest that at least some of the parameters included in the 

morphological frameworks may influence each other’s presence and a co-dependence 

between them is possible. Nonetheless, the presence of so many anti-correlated 

associations do not mean that the associated parameter couples have not been or cannot be 

found associated in Arabia Terra, instead it indicates that a unique common physical 

phenomenon which causes or controls the coexistence of two or more morphologies in all 

samples is unlikely or cannot be identified. In fact, the method is extremely sensitive to: (i) 

small samples, (ii) the different number of samples between different types and (iii) data 

sets with missing observations (when parameters are not found together). This implies that 

less frequently seen classes likely have lower Nc values, so rarer morphologies (e.g., 

polygonal upper surfaces, linear and parallel complexity, complex ridges ridges) may not 

have enough representative samples to determine the presence of a co-dependency with the 

other parameters. Cross section analysis with two different subsets of samples, as done 

here, is useful to reduce or test for this effect. It allows a better interpretation, since it 

highlights the most significant associations. 

Furthermore, since all the qualitative parameters included in the framework are 

subject to visual interpretation or have been inferred by images, the used method is also: (i) 

operator dependant and (ii) resolution or data type dependant. These could have 

contributed to misinterpretations or under-estimation of some of the morphological 

parameters. However, the use of morphological classes, instead of interpretive classes, 

means that there should be good matches in the final outcomes between different 

observers. 
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Some aspects, like cross sections, were inferred from planview images, due to the 

absence of CTX or HiRISE DTMs, and there is always the possibility that smaller features 

might have been missed in the 6 m/pixel CTX data. The polygonal upper surfaces which 

can be detected only at HiRISE-resolution level is a good example. Other parameters, only 

just visible at CTX resolution for smaller systems, may be also affected by the image 

resolution, leading to underestimation of abundance. For example, Fig. 3.7 shows 

examples of multi-level structures visible only at HiRISE resolution scale. Overall, the 

survey data are the best that could have been achieved with the data available. As there are 

many new HiRISE images being acquired of inverted channels all the time, future studies 

should concentrate on this dataset.  

3.5.2.2 Sinuosity calculations: method discussion 

Sampling sinuosity values every 5 km allowed me: (i) to consider more inverted channel 

structures, (ii) to provide more precise calculations (since it considers more representative 

values for each system), (iii) cover a wider portion of the studied area (e.g., Fig. 3.28a). 

However, the gradual decreasing of samples with ‘straight’ or low sinuosity by progressing 

to greater lengths, suggests the calculations are affected by the length of the sampled 

segments. I conclude that at shorter sample distances, the true shape variation in shape is 

missed (e.g., Fig. 3.28). On the other hand, sampling every 40 km reduces the number of 

inverted channels studied, excluding all the features characterised as having planimetric 

complexity. Measurements performed each 10-20 km, are arguably more representative 

since these values are close to the mean lengths of the inverted channel sections (section 

3.7.1), and allow a better spatial coverage (Fig. 3.28b, 3.29a) and sample number. 

Sampling each 10 km means more features with morphological variability are included 

than the 20 km sampling, so for further comparison with terrestrial analogue channels 

values (included in the Rosgen framework) I use the results from the 10 km samplings.  

3.6 Interpretations 

Here, I provide some specific interpretations based on work presented in this chapter only. 

Due to the variability in morphological and morphometry seen here, more detailed studies 

are provided in Chapter 4 on selected candidates with the most representative and common 

morphologies chosen based on the results of work done in this chapter.  
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3.6.1. Interpretation of morphological parameters 

I interpreted the cross section morphology variation as being mainly the result of 

secondary erosion, extending from exhumation to today, and which acted differently across 

the ridges. I also interpret the most frequent rectangular shape as the primary starting shape 

from which all the other are then consequently formed. This interpretation is supported by 

(i) their widespread distribution and statistics and (ii) the association study, as discussed 

next. 

As variation in cross sections is found across the region, this suggests that the 

phenomena responsible occurred similarly across Arabia Terra. The absence of a spatial 

pattern and limited correlations between the shapes suggest that the physical phenomena 

involved act randomly, or randomly cause the concomitance of the cross sections 

considered. This is also supported by the absence of consistent patterns of varying cross-

section styles along the inverted channel bodies. All this evidence suggests that the 

identified differences are part of the inverted channel’s evolution rather than a consequence 

of primary processes. 

The rectangular cross-section shape is the most frequent, is associated with more 

other morphological features and other cross section types than any other, is present in 

many of the best preserved, longer channels, is often seen transitioning into valleys and is 

the only shape which present a correlation with the all the inverted channels which present 

a single networked organization (the majority in the database). This suggests that 

formation or preservation of this shape in Arabia Terra happens more often and that it is 

the common starting point for most inverted channel bodies. 

Since the main active phenomenon on Mars is aeolian erosion, this is probably the 

process responsible for modifying the cross section shape of the ridges. Different amounts 

and styles of wind erosion acting on rectangular ridges could lead to different erosional 

paths and alter the primary morphology and morphometry. Specifically, using the Nc 

numbers, it is possible to organise the cross-sections in a more visual way (Fig. 3.42) 

ordering from the top the best associated (and correlated) and frequently occurring styles, 

and at the bottom the less frequent or less commonly associated ones. 

On the top rows, are cross-section types better associated (high Nc) with the 

rectangular shape. Lower rows indicate lower association (low Nc) with the rectangular 

shape. Then, I indicate the type of correlation found for each of the closest shapes. The 

final organization show a clear progression which I interpret as the advancement of the 

erosion as a ridge begins to upstand from the surrounding terrains. Cross sections at the top 
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of the image represent less eroded morphologies; those on the bottom are more eroded.  

Using this visualization method, two possible evolution scenarios for the inverted channels 

on Arabia Terra are proposed (Fig. 3.42).  

The first (1 in Fig 3.42), follows a Rectangular type as the primary shape after 

exhumation, and which is then modified approximately equally across the ridge (A1-B1-

C1). The second scenario illustrates advancement of erosion when inversion of relief 

occurs mainly at the borders of the ridge. Since rectangular and concave shapes are found 

associated with both inverted borders types (mainly doublet), I do not exclude that scenario 

1 and 2 could be linked. However, samples with this association are rarely highlighted in 

the association study and deeper analyses on channels with this specific transition are 

necessary to support this. 

 

Figure 3.42: State of degradation of the inverted channel body starting from a primary rectangular 
shape. The scheme presents different evolutionary scenarios mainly driven by erosion. Cross 
sections on top of the image represent less eroded morphologies. The cross-sections on the bottom 
of the image are more eroded. Cross sections organised at the same horizontal position represent 
similar level of ridge degradation. The correlation index refers to the studied performed on longest 
channels where more variability and transitions have been observed, and where more precise 
critical values have been defined. Incised and Rounded shapes are anti-correlated. 

 
The different scenarios A-B-C-1 and 2 are a consequence of the position and 

thickness of one or more resistant materials within the ridge structure (Williams, et al., 
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2013b). Zones within the inverted channels characterised by thicker or more resistant 

material will erode more slowly than other zones. Specifically, the erosional scenario 2 can 

be explained if resistant material is thicker/more resistant at the borders of the channel belt 

or channel fill. In scenario 1, the resistant material is thicker or more resistant towards the 

centre of the ridge.  

The variation of resistant material (or more than one resistant layer) along the ridge, 

and the consequent erosion, are likely to cause the presence of multiple cross section styles 

with no specific spatial order. In other words, the different erosional scenarios may occur 

in the same ridge structure if position and thicknesses of resistant material vary along the 

inverted channel.  

I interpret the occurrence of the different upper surface morphology types, and the 

absence of a correlation with all the other parameters, also as a consequence of secondary 

processes driven by or influenced by local events like aeolian erosion or impact cratering. 

In fact, these would pseudo-randomly affect the upstanding ridge population, allowing 

sample clusters to present a local spatial trend, as observed in their regional distribution 

(Fig. 3.23), and at the same time could justify the variation in upper surface morphology 

across the ridge. For example, cratered surfaces are likely to have been caused by random 

impacts, when only few craters are present on the surface of the ridge, or by ejecta from 

larger impacts which would cover only a portion of the exhumed closest ridges. The ejecta 

blanket could protect parts of the ridge from erosion prior to being eroded away itself, or it 

could leave rugged textural remnants. The same is true of aeolian or ice-related covering 

materials. The presence, absence or removal of upper, more resistant layers may be 

involved in these differences too. For example, the presence of a resistant material on top 

of the ridges could protect its surface from aeolian erosion. Its removal may expose weaker 

lower layers in the ridge stratigraphy, which may create irregular shapes when eroded. 

In the specific case of Meridiani Planum (Fig. 3.24), rugged surfaces seem more 

common in inverted relief exposed near but below the etched units. This specific case 

suggests that possibly after the exposure the top of the ridge could still have some etched 

material on them, or that the secondary erosion could have affected the upper surface of the 

ridge. In this scenario, the smooth surfaces likely represent primary shapes, and cratered 

and rugged surfaces are the ones which indicate a major modification by secondary 

processes. Future studies may provide further evidences in support of this preliminary 

interpretation. 
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Planimetric ‘Network types’ and ‘Planimetric view complexity’ are likely to be 

parameters representative of primary fluvial deposition, but the absence of a significant 

correlation suggests that they have a different meaning in terms of inverted channel 

development (perhaps indicating different proprieties of the fluvial system).  

The Planimetric complexity classification provides an indication about the variation 

of the fluvial system through geological time. The multi-level structures indicate multiple 

or prolonged deposition events which built-up these structures. Usually on Earth these 

types of fluvial structures are created by aggradation and migration/avulsion of river 

systems forming channel belts. The number of channel fills will be (to a first 

approximation) proportional to the time of activity of that specific system. The presence of 

so many ‘multi-level’ features across Arabia Terra indicates that multiple events of 

deposition in the same systems occurred regionally. This interpretation, plus the correlation 

with the anabranched shapes, suggests these probably represent the expression of 

variations in channel migration style, and results in channel fills at different levels in the 

stratigraphy. To confirm this interpretation a candidate with this morphology has been 

studied in detail (chapter 4). 

The other planimetric view complexity parameters are difficult to interpret due to 

low sample numbers. Parallel channels are rare, but where present are usually linked to a 

common deposit (probably extensive alluvial deposits that draped the existing valley-inter 

valley topography) found at lower elevations. Some of these channels are found at the 

terminal part of the Valleys. Thus, parallel channels likely represent an expression of a 

wider network with deposition occurring at slope-breaks. This could provide evidence for a 

switch from an erosional (valley network formation) to a depositional (alluvial plains with 

parallel aggradational channel belts) environment here. 

Linear planimetric features are also very rare and difficult to interpret. The 

lineations could represent smaller indurated or cemented ridges (possible cemented aeolian 

features, or large veins) very fine-scale valleys, or may represent smaller-scale channel fills 

which migrated within fine-scale valleys. The resistant nature of the features is only 

supported by the presence of the multi-level organization which would unlikely be 

preserved in non-lithified aeolian material. However, detailed studies are necessary to 

properly interpret this peculiar and rarely seen morphology. 

3.6.2. Sinuosity-Slope interpretation 

The spatial distributional studies show how a pattern in the networked organization (e.g., 

section 3.5.1) has been influenced by both regional and local topography, but there is little 



 
 

156 
 

evidence for spatial control of slopes on inverted channel morphology. A slight trend for 

measurements performed using 10 km sampling is seen but not significant correlation is 

observed and variations are also not observed for the various morphological variation 

subsets (Table 3.3). 

Inverted channels in Arabia Terra are mainly Sinuous with gentle slopes (0.1°-

0.6°). In terrestrial river systems, lower values of sinuosity are associated with higher 

values of slope and vice versa  (on Earth, river channels have slopes of 0.02° to 0.2° 

outside of mountainous areas; e.g., Rosgen, 1994) so it is a little surprising that so few 

meandering channels were seen in Arabia Terra. 

 

Table 3.3: Sinuosity and slope for inverted channel bodies to compare with Rosgen-like framework 
(Fig. 2.2) as a direct link of comparison with active terrestrial fluvial systems characteristics. 

10km 

segment 

sampling 

Single 

channels 

Networked 

channels 

Anabranched 

Multi-level 

Linear 

Multi-level 

Only Multi-

level 

Parallel 

Sinuosity 

(n) 

1<S>2.8 

Avg=1.15 

1.02<S>2.7 

Avg=1.16 

1<S>1.9 

Avg=1.14 

1<S>1.35 

Avg=1.06 

1<S>2.53 

Avg=1.13 

1.01<S>1.3 

Avg=1.10 

Slope 

(°) 

0.08<s>5.2 

Avg= 0.70 

0.05<s>2.14 

Avg= 0.61 

0.11<s>2.53 

Avg= 0.56 

0.13<s>1.36 

Avg= 0.54 

0.1<s>3.4 

Avg= 0.66 

0.21<s>1.25 

Avg=0.62 

 

These results and the absence of a correlation between the sinuosity of the ridges 

and the slope they are developed might be explained by: 

(i) The ridges, or at least the majority of them, do not only represent channel 

fills but are a combination of overbank deposits. In fact, the combination of 

channel fill and point bars within the final ridge would reduce the sinuosity 

values in areas characterised with lower slope (Jacobsen & Burr, 2017). On 

Mars, similar scenarios have been already proposed for inverted channels in 

Aeolis Dorsa (e.g., Jacobsen & Burr, 2017), 

(ii) The paleotopography where the inverted channels were formed was 

strongly different from the current one (steeper at the time of deposition), 

and strongly modified by burial and subsequent erosion (Golombek& 

Bridges, 2000) and Tharsis topographical warping (e.g., Dohm et al., 2007), 

making the slope of an exhumed channel ridge unlikely to correspond to 

slope of the original river channel, 

(iii) Lateral channel avulsion and migration occurred within incised valley 

systems in the past (e.g., Singh et al., 2017), decreasing the final sinuosity 
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of the current ridge. On Mars, similar scenarios have been already proposed 

for inverted channels in Meridiani Planum (Balme et al., 2020). 

 

Considering that multi-level shapes are present and visible within valleys, and 

many inverted channels also present complex relation with surrounding terrains (e.g., 

Parallel channels), and so fluvial overbank materials seem common, scenarios (i) and (ii) 

seem most possible.  

3.7 Conclusions 

Based on the distribution, statistics and association study, I conclude: 

(i) The final classification framework was applied to all the different inverted 

channels, demonstrating that the scheme is widely applicable, and could 

even be used for terrestrial features. 

(ii) The absence of a specific pattern in the distribution of inverted channel 

morphologies through Arabia Terra region and its boundary with the 

highlands, suggests that the identified differences are part of the regional 

inverted channels evolution rather than a consequence of local phenomena. 

(iii) The absence of a correlation between the parameters indicates that more 

than one phenomenon is involved to create the final ridge morphology. 

(iv) The commonly seen ‘multi-level’ planview complexity parameter suggests 

that these channel systems were likely stable for long periods, and are 

important for past climate and hydrological interpretation. Their position 

and relationship with valley networks and deltas strongly supports the idea 

of an evolution from ‘erosional zone’ to ‘transfer zone’ to ‘depositional 

zone’ moving from the highlands into and across Arabia Terra. 

(v) Multi-level shapes are candidate aggradational systems. They are present 

across the region and are associated with many other classes in the 

planimetric view classification scheme. Their presence within Valleys, and 

partial dependence on image resolution, suggest that even more of these 

features could be present in Arabia Terra than recognised here.  

(vi) Cross section and upper surface morphologies express the differential 

secondary erosion acting on the ridges in all Arabia Terra region. Variation 

in cross section styles within a same inverted channel likely express the 

modification from a primary shape in relation to the position of thicker 

resistant deposits (at their edges vs. those that are thicker at the centre). 
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(vii) Transitions between inverted relief, fine-scale valleys, pitted channels and 

Valley networks, likely represent a variation in water activity in the whole 

region. Moving from areas driven by water erosion with valley networks, to 

deposition with inverted channels, and possible consequent reactivation of 

partially buried conduits (possibly by groundwater) expressed by the pitted 

morphology (in line with Williams et al., 2017). 

(viii) The sinuosity-slope comparison does not show a significant correlation, and 

at the regional scale I cannot directly link the inverted channels seen here 

with the Rosgen classification framework. This could reflect later 

topographic warping or erosion/burial that affects slope calculations. 

However, the lack of meandering systems suggests that this is because the 

ridges are built up by different fluvial deposits (channel fills and overbank) 

over time and represent the combined expression of fluvial deposition in 

that system, rather than being a ‘snap shot’ of an active river system. Thus, 

the primary channels were likely characterized by shallower slopes and 

higher sinuosity. 
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Chapter 4: HiRISE-scale mapping of four inverted 

channels system within Arabia Terra  

4.1 Introduction 

Chapters 2-3 documented the morphology, morphometry and associations of inverted 

channels’ on the regional scale of Arabia Terra. In order to understand the possible 

meaning of both differences and similarities of the reported parameters, this chapter 

provides deeper analysis and detailed geomorphic studies performed on four inverted 

channel systems, which are representative of the morphological variety observed for 

inverted channels within Arabia Terra region.  

For each inverted channel system, I have produced a geomorphic map, performing 

the geomorphic mapping and unit-recognition at HiRISE resolution scale. Observations 

have been made with a focus on (i) their morphological units and stratigraphy to evaluate 

potential evolutionary and depositional scenarios, (ii) the type of terrains associated with 

inverted channel bodies, (iii) testing my previous regional survey interpretations.  

The Aram Dorsum system provides a “type example” to compare other systems to 

as it is also located within the Meridiani Planum area and has been previously mapped at 

CTX scale and studied at HiRISE scale the main characteristics, features and morphology 

of the Aram Dorsum system are summarised in the first part of this Chapter. The second 

part of the chapter is dedicated to the mapping results. Then, morphological, and 

morphometric parameters are analysed.  

4.1.1 Question to address 

In Chapter 3, I show that the morphological differences in inverted channels summarised in 

my classification scheme are found across Arabia Terra and how a common regional 

phenomenon should be considered to justify their presence and distribution in such an 

extensive region. To explore this, and to identify formation scenarios for inverted channels 

development in Arabia Terra I: (i) understand if inverted channels which present different 

morphologies formed by the same or different processes depending on the areas they have 

developed, (ii) identify similarities and differences of the mapped systems when examined 

at high resolution, (iii) compare their morphometric parameters with terrestrial analogues 

in order to evaluate possible trends which could support the interpretation of formation 

processes and (iv) estimate the volume of fluvial sediments deposited by the different 

studied systems.  
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4.1.2 The Aram Dorsum type example 

Aram Dorsum is a ~ 85 km long, smooth-topped, sinuous, networked, branched ridge (Fig. 

4.1). It has been interpreted to be a fluvial channel-belt system composed of layered 

sedimentary deposits (40-60 m vertical extent) created by an extensive aggradations of the 

paleo-fluvial system in a narrow corridor, active for ≃ 105-107 years in the mid-late 

Noachian (Balme, et al., 2020). 

In support of the interpretation, Aram Dorsum shows: (i) layering of the flanks of 

the main ridge (probably sedimentary) below a more resistant capping unit, (ii) branching 

geometry and well-developed sinuous segments, (iii) development of these branched 

segments at different stratigraphic levels in some case but not others, (iv) the recognition 

of secondary buried channels segments in marginal units, (v) the recognition of minor 

resistant layers within the flanks of Aram Dorsum, (vi) the presence of  ribbon-like 

sediment bodies (similar to terrestrial sandstone sheets attributed to bar deposits and 

channel-fill sediment accumulation) in the border of the ridge formation and the marginal 

units, (vii) consistent contributory networks that interpenetrate marginal deposits which 

have been interpreted as overbank sedimentary deposits (Balme, et al., 2020). 

Since these features have been recorded also in other sinuous ridges on Mars (e.g., 

Burr et al., 2010; Davis et al., 2018; Newsom et al., 2010), Aram Dorsum represents a 

good example of well-preserved inverted channel-belt system in Arabia Terra. For this 

reason, I focus on comparing landscape and morphologies in my mapped systems with 

Aram Dorsum.  

4.2 Detailed studies: Approach to Mapping  

Four inverted channel candidates within Arabia Terra region were selected based on the 

variety of morphologies and distribution across the region to exemplify wider stratigraphy. 

The focus of the mapping process was to determine the relationships between the sinuous 

ridge segments (mapped at CTX scale in the Regional Survey) and the proximal terrain 

surrounding the ridges (at HiRISE scale). These maps and stratigraphy are then compared 

to the Aram Dorsum type example case study site.  

I constructed each morpho-stratigraphic map at a scale of 1:10.000 (same as Aram 

Dorsum). The morpho-stratigraphic units (which I refer as ‘geomorphic units’ or just 

‘units’ for simplicity) were mapped based on their consistency in surface morphology and 

texture, relief, apparent relative albedo (referred to as ‘tone’ in the next sections), and 

apparent stratigraphic position (following the approach of  Balme et al., 2020).  
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Figure 4.1: Example of Aram Dorsum morphologies (from Balme et al., 2020) a- CTX mosaic 
(7.89°N, -11.24°E) of the Aram Dorsum inverted system, the black squares correspond to the detail 
images presented in this figures in the boxes c-d-e. b- MOLA topography of Aram Dorsum system 
indicated with the black lines. The white square corresponds to the study area -a. c- Detail of the 
Aram Dorsum main ridge (vertical ×2) where both the capping more resistant material (white 
arrow) and the layering structure under it are visible. d- three connected branches of Aram dorsum 
system which look at the same stratigraphic level. e- Branches at different stratigraphic level from 
top to bottom A-B-C. 
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When a change in any of these components was identified, the unit boundary was tracked. 

Scarps and breaks were also used to track the unit boundaries and to help in determining 

the stratigraphic relationships of the units’ sequence. 

Each map represents my interpretation of the study area, and each unit is 

interpreted as a material deposited in a consistent stratigraphic position in the study area. 

Although each system presents unique morphologies and characteristics, I have grouped 

the units into three mains based on their relationship with the inverted channel ridge: (i) 

The ‘Ridge formation units’, (ii) ‘Basal units’, (iii) ‘Miscellaneous units’. These divisions 

have been applied to all the mapped areas to facilitate comparison when evaluating 

similarities with the Aram Dorsum case where similar distinctions were applied. 

The Ridge Formation group includes all units which present a strong association 

with the main ridge of the area and probably represent fluvial-deposited material. The 

Basal units include the terrains stratigraphically below the inverted systems, or materials 

which are not related to the inverted system. The Miscellaneous units group includes 

heterogeneous materials, impact craters and ejecta, aeolian material and overlying 

erosional remnants. Any further division or any exception to this general trend are 

specified for each map. 

The unit division differs for each site, but when similar names have been used, it 

must be considered that the geological material deposition is (probably) different for each 

site, since their locations are hundreds of kilometres apart, although there may (likely) 

have been similar processes operating all these different sites in a similar period of time.  

4.2.1 Inverted channel locations within Arabia Terra 

The first case study is located within Arago crater (1 in Fig. 4.2). This location is 

interesting for two main reasons: (i) the inverted system is found at higher elevation than 

the Aram Dorsum system, but it presents similar morphologies (Mirino et al., 2021a; 

discussed in more details in the section 4.4), (ii) it is an inverted system developed within a 

crater surrounded by many valley networks. These two points are unusual, since many 

inverted channels in Arabia Terra are not linked with valley networks and are found in 

erosional windows in lower elevation areas. Case study two (2 in Fig. 4.2) is located within 

Meridiani Planum area and is close to Aram Dorsum. This site has been selected to allow a 

better comparison with Aram Dorsum and increase our understanding of the paleo-fluvial 

processes and possible paleo-network of the Meridiani area. Case study three (3 in Fig. 

4.2) is also close to location 2 and Aram Dorsum, but in this case several differences have 

been noticed. Firstly, it is located at the boundary with the Southern Highlands at a higher 
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elevation than the other two systems, and secondly, it presents a strong connection with 

‘pitted channels’, which in turn often trend into inverted channels. This site was selected to 

understand the relationship between inverted and pitted channels. The last site (4 in Fig. 

4.2) is further north in a basin close to Marwth Vallis. This system has been selected for its 

differences in both surface morphologies and relative reflectance to nearly all other 

inverted channels in my database.   

 

 
Figure 4.2: MOLA elevation data for Arabia Terra region. The numbers 1-4 indicate the four 
locations of the selected inverted channels. Case -1 is within the Arago crater, 2-3 are within 
Meridiani Planum where Aram Dorsum is also found, and case-4 is proximal to Mawrth Vallis. 

 

4.2.2 Data and Methods for mapping 

The study areas were mapped using high resolution images and topographic datasets, 

ingested into separated ArcGIS projects for analysis. The general setting of each study area 

was described using HRSC and CTX images and MOLA altimetry data. The mapping 

itself was performed on HiRISE images. Other products were used to map and recognised 

geomorphic units, including HiRISE DEMs (when available) and HRSC DEMs 

(information about datasets and sources have been provided in Chapter 2). A list of images 

used for each mapped area is provided in Table 4.1. 
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Table 4.1: Datasets used for the inverted channels’ mapping. 

Site Data  

1 

Location: Arago Crater 

Centre: 9.69°N, 29.37°E  

HiRISE images: ESP_034932_1900  

HiRISE DTMs: Not available  

CTX images: d16_033442_1915_xi_11n330w 

CTX mosaic: MurrayLab_CTX-Mosaic_beta01_E028_N08 HRSC  

HRSC  

DTMs: Mars_HRSC_MOLA_BlendDEM_Global_200mp_v2.tif 

2 

Location: Meridiani Planum 

Centre: 9.43°N, -5.36°E  

HiRISE images: ESP_036898_1895 

HiRISE DTMs: credits J. M. Davis 

CTX images: f03_036832_1891_xi_09n005w.tiff 

HRSC DTMs: HMC_11E40_da5.tif 

https://maps.planet.fu-berlin.de/#map=3/2074498.35/0 

3 

Location: Meridiani Planum 

Centre: 4.60°N, -1.17°E  

HiRISE images: PSP_004091_1845  

ESP_048489_1845 

ESP_048990_1845 

HiRISE DTMs: Not available 

CTX images: p08_004091_1841_xi_04n001w.tiff 

CTX Mosaic: Murray-Lab_CTX-Mosaic_beta01_E-002_N04.tif 

HRSC DTMs: HMC_11E40_da5.tif 

https://maps.planet.fu-berlin.de/#map=3/2074498.35/0 

4 

Location: Mawrth Vallis 

Centre: 19.56°N, -17.03°E  

 

HiRISE images: ESP_036028_2000 

HiRISE DTMs: credits J. M. Davis 

CTX images: f03_036806_1990_xn_19n017w 

HRSC DTMs: HMC_11E10_da5.tif 

https://maps.planet.fu-berlin.de/#map=3/2074498.35/0 

 

4.2.3 Nomenclature 

All the names used for the mapped inverted systems have been officially accepted by the 

International Astronomical Union (IAU) the 25th of August 2021. The only unofficial name 

used here (not yet adopted by the IAU) is Mawrth Dorsa. For the descriptor term, both 

Serpens/Serpentes (SE) and Dorsum/Dorsa (DO) have been adopted. Dorsum or Dorsa are 

used for ridges and Serpens or Serpentes are used for sinuous features with segments of 

positive and negative relief along their length. The plural has been used when the studied 

system presents several ridges or forms a network plan view. 
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4.3 Results 

For each site, I present: (i) a general overview about the geography, the general regional 

context (at HRSC detail level of description) and geological setting of the study area (using 

the geological maps of Tanaka et al., 2014b or Hynek & Achille, 2017 when possible), (ii) 

a detailed description of the morphology of the inverted system adopting my classification 

framework (CTX level of description), (iii) a brief description of the morpho-stratigraphic 

units mapped at 1:10000 scale (HiRISE level of description), the stratigraphy constructed 

using MOLA altimetry data (HRSC or HiRISE DTMs when available) and observations of 

superposition relationships, (iv) my interpretation of the system, its units and their 

development. 

4.3.1 Case study 1 –Inverted system within Arago Crater  

4.3.1.1 General Context and Setting 

The inverted channel system within Arago Crater (a degraded and partially buried crater 

about 150 km diameter) is in southern area Arabia Terra along the border with the southern 

highlands of Terra Sabaea (Fig. 4.3a). Arago crater is developed within terrains defined as 

‘Middle Noachian Highland unit’ in the global-scale Mars geological map (Tanaka et al., 

2014b) and is partially covered (on the west side) by younger impact craters units of 

Amazonian-Hesperian age. 

The valley networks (Hynek et al., 2010) which border the edges of the crater’s 

rims at north and south suggest that in the past the area was strongly shaped by running 

water, which may have infilled Arago and the surrounding craters, evolving into paleo-

lakes basins (Fig. 4.3b). To support this interpretation, examining the MOLA elevation 

map (Fig. 4.3a-b), Arago crater appears to be topographically linked with the unnamed 

depression to its east that I refer to as the Arago-proximal basin (Fig. 4.3b). 

The valley networks system at the south of the Arago crater (Fig. 4.3b black lines) 

flow into the Arago-proximal basin (flow direction south-north), as suggested by the 

topography and network pattern, and outflow north of both Arago crater and the Arago-

proximal basin. Both the crater and the basin host inverted channel systems (Fig 4.3b blue 

lines) which are linked to the valley networks, supporting the fluvial origin of the sinuous 

ridges in this area.  

 



 
 

Figure 4.3: a- MOLA topographic map of Arabia Terra region where the location of the Arago 
crater study area is indicated by the black square. b
in a. Arago crater is visible at the centre of the image and is connected 
basin (dotted white line) to the east. The black lines indicate the Valley Networks 
2010) and which flowed from south to north and border the Arago Crater. The blue lines indicate 
inverted channel systems as mapped in my database. The number 1
channel systems within Arago crater presented in Fig. 

 

 

MOLA topographic map of Arabia Terra region where the location of the Arago 
crater study area is indicated by the black square. b- Area which corresponds to the black square 
in a. Arago crater is visible at the centre of the image and is connected to the Arago-proximal 
basin (dotted white line) to the east. The black lines indicate the Valley Networks (Hynek et al.

and which flowed from south to north and border the Arago Crater. The blue lines indicate 
inverted channel systems as mapped in my database. The number 1-2-3 indicate the three inverted 
channel systems within Arago crater presented in Fig. 4.4 (1), Fig. 4.5 (2), Fig. 4.6, 4.7(3). 
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MOLA topographic map of Arabia Terra region where the location of the Arago 
to the black square 

proximal 
(Hynek et al., 

and which flowed from south to north and border the Arago Crater. The blue lines indicate 
3 indicate the three inverted 
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4.3.1.2 Inverted channels within the Arago crater 

The first system (not included in the detailed mapping) is in the southern area of the crater, 

where the inverted system shows a strong connection with the valley fluvial networks. 

Based on the classification proposed in this Thesis, I define this first inverted system as a 

continuous, networked, multi-level system, with rectangular or pinnate cross sections with 

a cratered upper surface (Fig. 4.4). 

 

 

Figure 4.4: Portion of the CTX mosaic (9.27°N, 30.26°E) showing the inverted channel network 
developed in the south of Arago Dorsa. The network also shows some buried secondary inverted 
channels, suggesting a multi-level structure for the system.  

 

The second discontinuous inverted system is in the east of the crater (Fig. 4.5). 

Here, two parallel networked systems can be observed. The first one is more discontinuous 

and presents the inversion of relief mainly at its borders (Doublet cross-section style) with 

an irregular top surface. The second is a multi-level branched network with a rectangular 

cross section and a cratered top surface. The third system, called Arago Dorsa, is in the 

west of the crater and is the one that I selected for the mapping study and is more complex 

than the previous ones.  
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Figure 4.5: Second inverted channel system within Arago crater as seen from a portion of the CTX 
image (p05_002903_1923_xn_12n329, 10.31°N, 30.99°E) showing the inverted channel network 
developed in the east of Arago crater.  

 

4.3.1.3 Arago Dorsa morphology 

Looking at its plan form (Fig. 4.6a), Arago Dorsa is a continuous, inverted network which 

present a multi-level branched shape (one of the best examples of multi-level morphology 

in all Arabia Terra). Each branch of the system presents a variation in cross section style, 

from Rectangular, Concave or Rounded, with smooth or cratered upper surface, and the 

longest segments are connected to secondary smaller ridges (e.g., Fig 4.6a). Four long, 

main branches can be recognised, and each is exposed for a length of about 20 km (in Fig. 

4.6a, Ridge 1 is 21 km in length, Ridge 2 about 20 km, Ridge 3 is 25 km, Ridge 4 is 22 

km). The junction points between branches are vertically overlapping one another, 

suggesting a different stratigraphical development for each ridge (four main levels 

recognizable at CTX scale, Fig. 4.6). Arago Dorsa is developed in an elevated material 

which make the entire structure upstanding compared to the surrounding floor materials of 

the crater (Fig. 4.6b). 

At CTX observation level, Arago Dorsa inverted system is possibly connected with 

other features in the study area including three parallel inverted channels which are 

developed in the same rugged cratered material (Fig. 4.7a-b) and inverted craters, 

suggesting a complex depositional and erosional scenario for the study area.  
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The mapping area includes only a portion of the Arago system (Fig. 4.8a-b) and is 

defined by the available HiRISE image (ESP_034932_190). Looking at the entire HiRISE 

image (Fig. 4.9), the morphological features that stand out include: (i) a sinuous ridge, (ii) 

the surrounding cratered material bounded by scarps, (iii) smoother basal terrains, and (iv) 

a relative fresh unnamed crater (about 2 km diameter), centred at (9.99°N, 29.29°E). These 

features formed the basis of the morphological map of the area, which is presented in detail 

in the next section (4.3.1.4).  

At the mapping scale 1:10,000, the single sinuous ridge presents an anabranches 

morphology about the centre of his exposed length (Fig. 4.9). The cross-section style varies 

from Concave, Rounded, Concave and Pinnate (e.g., Fig. 4.10a) suggesting the presence of 

a more resistant material mainly located at the border of the ridge. The thickness of the 

resistant layer (when present) is quite thin, about 3-4 m. Lateral small-scale mass-wasting 

and the presence of boulders (about 1m) falling from the top of the ridge to the flanks (Fig. 

4.10b) are visible. The width of the ridge ranges from 50-80 m. At the extreme borders of 

the mapping area the ridge presents as sharp pinnate smaller ridges (Fig. 4.11a) which 

intersect the main structure (Fig. 4.10a and 4.11a) or look like smaller parallel segments 

(Fig. 4.11b). These secondary ridges are developed at different stratigraphic levels (Fig. 

4.11b). 

Polygonal surface patterns are visible where the ridge presents a rounded cross 

section, at the central anabranching morphology when the resistant material has been 

probably removed or absent and the ridge exhibit the lower material less resistant to the 

erosion. The polygonal patterns are caused by a network of fractures (Fig. 4.10b). 

The morphology of the lower ridge is peculiar. The borders of the main body look 

upstanding compared with the surrounding units, and are delimited by scarps, as suggested 

also by the shadows (Fig. 4.9). The borders of the structure look less eroded than the centre 

of the body (Fig. 4.12). Here, specifically at the tip of the feature, it is possible to recognise 

several sharp crests (both linear and sinuous, which likely represent other smaller thin 

ridges) which also overlap one another (connecting and disconnecting) which developed at 

different levels (Fig. 4.12a).  

On the flanks of the ridge (Fig. 4.12a-b), small mass wasting flows (bright lines) 

are visible, which connect to high relief deposits (Transverse Aeolian Ridges, TARs; 

Balme et al., 2008) which represent the reorganization of the material falling from the 

ridge to lower elevations, on the site of the ridge flanks. Polygons patterns have been 

observed mainly on top of the ridge.  
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Figure 4.6: a- CTX image (d16_033442_1915_xi_11n330w; 9.75°N, 29.35°E) on top of 
topographic MOLA data, showing the elevation of the inverted structure around Arago Dorsa. 
From the image it is possible to observe that the main ridges are developed at different elevation 
levels, creating a multi-level structure. b- The main ridges of the Arago Dorsa system, indicated 
with black lines. Four main continuous ridges are indicated with numbers based on my 
interpretation of their stratigraphical order. Smaller numbers correspond to ridges on top of the 
stratigraphy (youngest ridges).  
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Figure 4.7: a- Northern portion of the inverted system developed at the west of Arago crater as 
visible in the CTX image (d16_033442_1915_xi_11n330w; 10.12°N, 29.30°E). Here three main 
groups of inverted systems, inverted craters are visible and some buried channel areas are seen. b- 
Detail of the northern most inverted system (10.23°N, 29.27°E). Here, it is possible to observe two 
main levels of the system which appear to be connected to the inverted crater present nearby. Part 
of the system is also covered by the material surrounding the crater. The structure of the inverted 
system is mainly composed of closely aligned knobs. 
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Figure 4.8: a- The location of Arago Dorsa system (black square, image b) and the mapping area 
(black square c). Image shows MOLA elevation. From this view is visible how the area is 
developed within an erosional window within the crater, suggesting that part of the system might 
still be buried. b- CTX image (d16_033442_1915_xi_11n330w; 9.88°N, 29.37°E) showing Arago 
Dorsa and the surrounding areas. At the north north-east of the image a portion of the northern 
inverted system and the inverted crater is visible. These two are linked by the cratered material 
suggesting that the two systems might be part of a larger network. The black rectangle indicates 
the position of the HIRISE image (ESP_034932_1900; 9.89°N, 29.35°E) which has been used for 
the mapping.  
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Figure 4.9: HiRISE image (ESP_034932_1900; center at 9.89°N, 29.35°E) which has been used to 

map the Arago Dorsa system.  
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Figure 4.10: HiRISE image ESP_034932_1900 details of the western portion of the upper ridge 
where I have observed: boulders, a concave inferred cross section, the cross-cutting ridge with 
pinnate cross section, candidate layers and polygonal features. a-centre at 9.84°N, 29.30°E. b-
centre at 9.82°N, 29.35°E. 

 



 
 

175 
 

 
Figure 4.11: HiRISE image ESP_034932_1900 details. a- Eastern portion of the ridge (9.80°N, 
29.38°E); here it is possible to observe the change of cross section style from concave to pinnate, 
and the secondary parallel ridges distributed within the Urf unit. b- Different location along the 
Arago system (9.82°N, 29.33°E), where smaller parallel ridges, developed within the Marginal 
Unit (Mrf1) at the border with the Upper most ridge units, are present.  
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Figure 4.12: HiRISE image ESP_034932_1900 details. a- Borders (9.90°N, 29.36°E) between the 
Lower ridge units (1-2). The limit is defined by scarps which delineate the flanks of the main ridge 
structure (Lrf1). b- Details of the unit where smaller ridges are visible (9.87°N, 29.37°E). The 
scarps appear to host mass movement deposits, visible as bright lines from the top of the ridge to 
the bottom. Their connection with the TARs suggests that the TARs might have formed by aeolian 
re-organization of the material deposited by these lateral mass wasting events. 

 

4.3.1.4 Arago Dorsa map units 

I grouped the units into the three main groups: (i) Ridge formation, (ii) the Smooth Plains 

units, (iii) Miscellaneous units (Fig. 4.13). The Ridge Formation includes the main ridges 

and the units linked to the surrounding materials which have been interpreted to be in 

association with it (blue in Fig. 4.13). The Smooth Plains units group include materials 

which are not related with the inverted channel development but cover part of the units 

related with it (brown Fig. 4.13). The Miscellaneous units include mainly secondary 

features such as impact crater materials and aeolian materials, which preclude the 

identification of the main units’ borders (orange in Fig. 4.13).  Miscellaneous units and 
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Smooth Plains units are grouped mainly for their inferred position or respect to the Ridge 

Formation units, so they should not be considered as a formal geological ‘group’ (two or 

more formations that share lithological characteristics). This decision has been made to 

facilitate the visualization of data and my personal interpretation of the area.  

Ridge Formation (rf) - Observations 

The Ridge Formation includes 13 different units, which have been divided when a change 

in at least one of the morphological characteristics was observed. The characteristics that 

have been considered include, the presence of scarps, different erosional patterns, 

variations in tone and texture, presence of specific features (e.g., layering) not observed in 

the surrounding materials. 

The units which have been interpreted as part of the Ridge formation, covers about 

the 60% of the mapped area. The Final subdivision reported in stratigraphical order is 

summarised in Table 4.2 from top to bottom (youngest to oldest unit). 

Ridge Formation (rf) - Interpretation 

I interpret the Arago Dorsa Ridge formation group to represent the expression of an 

aggradational fluvial system, now preserved as an inverted channel belt. This interpretation 

is based on: (i) the recognition of different minor resistant parallel layers in both the flanks 

of the uppermost ridge and the top of the lower ridge units, (ii) the presence of sinuous 

ridges at different stratigraphical levels and with branched geometry, (iii) the presence of 

smaller and secondary ridges (which connect and disconnect).The alternation of sinuous 

ridges (presumably expressed because they form from more resistant material), and the 

presence of thin more resistant layers with less resistant units (e.g., The Marginal units and 

Transitional units) is in line with a flood plain sequence alternated with well-preserved 

channel deposits (possibly channel fills). The three main ridges identified in the mapping 

area and developed at different stratigraphic levels, represent three periods of deposition. 

Since other ridges have been recognised at CTX observation scale, the sequences reported 

here include only part of the Arago Dorsa Ridge Formation stratigraphy, which may be 

even more complex, and probably more long lived. 
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Figure 4.13: Simplified geomorphic map of the Arago Dorsa system showing the main mapped 

groups of units. Basemap HiRISE image (ESP_034932_1900; center at 9.89°N, 29.35°E). 
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Table 4.2: Arago Dorsa Ridge Formation geomorphic unit characteristics. 

Ridge Formation 

Unit Label Description Additional 

information 

Figure 

Upper most 

ridge unit 1 

Urf1 Top most part of the anabranched ridge. The top 

of the ridge exhibits a mid-toned rough 

uppermost surface texture.  

Polygonal fracture 

patterns are visible 

when the resistant 

material is absent or 

has been removed. 

4.10  

4.11 

4.14 

Upper most 

ridge unit 2 

Urf2 Seen at the flanks of the anabranched ridge 

below Urf1. Mapped as a separate unit and 

presents a more erodible nature compared with 

the Urf1. It has a mid-toned and rugged texture 

in more eroded areas which present vertical and 

lateral fractures or boulders from the Urf1 unit. 

Presence of more resistant thin layers at the 

bottom of the unit separate the ridge structure 

(Urf1-2) from the units below.  

The material which 

makes up the Urf2 unit 

presents deep fractures 

in both sides of the 

ridge.  

Polygonal patterns 

created by the dense 

fracture network have 

been observed. 

4.14 

Marginal 

unit 1 

Mrf1 Represents the material which surrounds the 

branched ridge and stratigraphically below Urf2.  

It is very thin (difficult to measure but probably 

<6m) and easy to erode as suggested from the 

presence of many flat irregular remains on top 

of the Marginal unit 2 at the north-west of the 

branched ridge. 

Many craters (<100 m 

in diameter) are 

present, and polygonal 

fracture patterns (up to 

45 m across). These 

are not seen close to 

the main upper ridge. 

Some minor smaller 

parallel ridges have 

been identified. 

4.13a-b 

Marginal 

unit 2 

Mrf 2 Below Mrf 1. Mid-toned, smooth but more 

rugged in the most eroded parts. At the border 

with the Smooth Marginal unit, close to the 

three aligned craters, present scarps and sinuous 

smaller ridges which border the craters and 

follow their rim morphologies. 

Eroded areas reveal the 

unit below which is 

characterised by 

polygonal patterns. 

4.15a-b 

Secondary 

ridge unit 1 Srf 1 

A mid- to dark-toned surface with a smooth to 

highly fractured texture. On the west side of the 

central ridge in the south-west of the mapping 

area. This unit represent the uppermost material 

of two parallel secondary ridges. It is also found 

as isolated eroded units located stratigraphically 

below Mrf1 and above Mrf2. It forms an 

The material which 

represents this unit is 

highly polygonised. 

The polygons have 

different sizes, and the 

margins are 

represented by 

4.16  

4.17 
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unconformity with the Marginal units. The two 

parallel single straight ridges, have a rectangular 

cross section and a polygonised upper surface. 

The border of the unit is defined by the presence 

of small scarps delineated by a thin (about 3m) 

less-eroded layer. 

fractures or cracks. 

 

Secondary 

ridge unit 2 

Srf 2 Visible only in the south-west. Consists of 

rugged mid- to dark-toned terrain below the Srf1 

unit visible at the flanks of the secondary 

parallel ridges, and below Mrf2 in some 

erosional pits.  

The unit’s upper 

surface contains 

irregular polygonal 

patterns, formed of 

extensive fractures. 

4.16 

Lower 

ridge unit 1 Lrf 1 

Upper portion of the Lower ridge which crosses 

the HiRISE image from south-east to northwest. 

It is found at lower elevation compared with the 

other mapped ridges.  

 

In the northern part of 

the unit, several sharp 

crests (both linear and 

sinuous) have been 

identified. Polygons 

patterns have been 

observed both in the 

smooth areas and in 

erosional pits, with 

fractures of different 

dimensions present.  

4.12 

Lower 

ridge unit 2 Lrf 2 

Lrf2 represents the material below the unit Lrf1 

and is distributed mainly on the east side of the 

ridge or visible in erosional pits on the main 

body of the third ridge. 

Mid-tones and smooth textures characterise this 

unit specifically in the parts closer to the ridge.  

 

On the flanks of the 

ridge, small mass 

wasting flows are 

visible. Polygonal 

features are developed 

in the part of the unit at 

the border with the 

Transitional units as 

well as within the 

erosional pits visible 

on the main ridge. 

Polygon occurrence is 

mainly at the border 

with other units.  

 

Lower 

ridge unit 3 Lrf 3 

Lrf 3 represents the lower unit interpreted to 

relate to the third ridge. It is found mainly below 

the 2 km-diameter craters at North-west of the 

mapping area, and at the border with the 

Transitional units. Below the main crater the 

Polygons have been 

also identified mainly 

at the border with other 

units. 

4.17 
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ridge has a branched, partially buried 

morphology with a smooth surface. 

Transitional 

unit 1 Trf 1 

Trf1 represents the less eroded of the 

Transitional units. Mid to dark-toned, with 

smooth surfaces in less eroded areas. Rugged or 

polygonised when more eroded, or better 

exposed.  

 

Some small curvilinear 

ridges (probably 

related to small crater 

rims now eroded or 

partially buried) have 

been identified. Also, 

small craters (<40 m) 

are present. Highly 

polygonised with a 

large range of sizes. 

4.18 

Transitional 

unit 2 Trf 2 

Trf2 represents the lower eroded portion of the 

unit Trf1, and it is found below Trf1, at the 

bottom of the third ridge, as well as at the north-

west of the mapping area. 

Trf2 presents a bright to mid-toned smooth 

texture in the less eroded parts. Where more 

eroded, the third Transitional unit, Trf3, is 

visible within pits.   

Polygons are visible 

within or at the 

margins of erosional 

pits, or at the border 

with the Trf3 unit.  

 

4.18 

Transitional 

unit 3 Trf 3 

Trf 3 is the unit at the bottom of the Ridge 

formation stratigraphy and extends north out of 

mapping area. It is partially covered by the 

Smooth Plains units, and the crater material, as 

suggested by outcrops found in erosional 

windows. It is the most eroded portion of the 

Transitional unit. It has a dark to mid-toned 

appearance and, when preserved, a smooth 

surface texture.  

 

Extensive network of 

polygonal ridges 

developed at different 

levels. This network 

disappears below the 

other units and is 

usually visible in pits. 

Many knobs of 

upstanding material are 

associated with this 

unit, confirming its 

advanced state of 

erosion. Many knobs 

associated with this 

unit appear to have 

formed by secondary 

erosion (mainly due to 

aeolian action) which 

eroded the Ridges units 

to form the isolated 

knobs, as suggested by 

4.18 
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the presence of similar 

features (such as 

polygons) in both. 

Smooth 

marginal 

unit 

Smrf 

Found at the border with the basal unit and 

below the Marginal units.  Mid-toned, rugged 

texture.  

Includes buried craters 

and polygonal features 

at the borders of other 

units. 

4.16 
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Figure 4.14: HiRISE image (ESP_034932_1900) details. a- Branched part of the main ridge 
(9.82°N, 29.35°E) where the unit Urf1-2 are indicated. b- The boundary between the Upper most 
ridge units (Urf1-2) and the Marginal units (Mrf1-2) is presented (9.82°N, 29.36°E).  
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Figure 4.15: HiRISE image (ESP_034932_1900) details. a- Marginal ridge unit 2 (Mrf2) 
morphology (9.85°N, 29.32°E). Here it is possible to observe the smooth texture when the unit is 
not eroded and the erosional windows which present a rugged polygonised surface. b- Mrf2 scarps 
(9.87°N, 29.30°E) at the border with the Smooth marginal unit (Smrf). Here, secondary ridges are 
observed. 
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Figure 4.16: HiRISE image (ESP_034932_1900; 9.79°N, 29.31°E). At the southwest of the 
mapping area are secondary smaller ridges. These ridges were not visible from CTX observations. 
In the image, the Secondary ridges units’ borders are indicated (Srf1-Srf2). 

 

 

Figure 4.17: HiRISE image (ESP_034932_1900; 9.95°N, 29.31°E). The lower portion of the Lower 
ridge unit (Lrf3). Lrf3 has a branched geometry. It is difficult to understand if this morphology 
corresponds to a lower stratigraphy of the inverted channel system or if the morphology was 
created by erosion. Here also the three Transitional units are visible. The arrow indicates the 
trough developed within the Bbu. 
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Figure 4.18: HiRISE image (ESP_034932_1900) details showing the three members of the 
Transitional units. a- The Transitional units 1-2 are visible (9.92°N, 29.37°E). The Trf1 present a 
less smooth surface compared to the Trf2 and a fractured polygonal network. The Trf2 unit is 
smoother and erosional windows exhibits a positive relief polygonal network which instead up 
stands within the Trf3 visible in image –b (9.95°N, 29.36°E), suggesting that this type of network 
likely continues below the Arago Dorsa structure. 
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Smooth Plains group  (sp) - Observations 

The Smooth Plain units group refers to units which are not interpreted to be part of the 

Ridge Formation group and are more extended compared to the Miscellaneous units. The 

group includes two identified units: (i) the Basal Plains and (ii) the Upper Plains units. Unit 

characteristics are reported in Table 4.3. These were grouped for their similar morphology 

and texture rather than their stratigraphical relationship. 

Smooth Plains group (sp) - Interpretation 

These units are difficult to define and have unknown origin (no detailed mapping has been 

performed within the crater). The Basal Plains might correspond to the crater basement 

since it is found at the bottom of the stratigraphy and looks continuous in CTX images 

around Arago crater. The Upper Plains might be the result of secondary erosion of some 

materials at the walls of Arago crater (not visible in the mapping area). Or it might be 

composed mainly of continuous ejecta materials from local impact craters created within 

Arago crater, since they also border the mapping area. 

 

Table 4.3: Summary of the Smooth Plains units related with the Arago Dorsa area. 

Smooth Plains Group 

Unit name Label Observations/Description Additional 

information 

Figure 

Basal Plains Bsp Found at the north-east of the mapping area 

and below the 2 km-diameter craters. It forms 

the base of the local stratigraphy. Uniformly 

mid-toned material with a very smooth surface. 

The portion of the 

basal unit found 

below the main 

crater presents a 

sinuous linear 

tough, which 

appears and 

disappear within 

the unit. ( 

4.17 

Upper Plains Usp This unit occurs below the 2 km-diameter 

craters in the western part of the mapping area, 

and it extends from the Marginal units and the 

Lower ridge.  

Mid to dark-toned with a smooth texture. 

It includes three 

partially buried 

craters. 

 

4.17 

4.19 
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Miscellaneous Units (mu) - Observations 

This group (described in Table 4.4) includes units which formed more recently than the 

Ridge formation or Smooth Plain units. This includes fresh craters, aeolian products and 

other isolated materials not clear associated with any other group. 

Miscellaneous group (mu) - Interpretation 

I interpret this group to be the result of phenomena more recent than those that formed the 

Ridge Formation or the Smooth plain units. I interpret the craters in the areas as the result 

of fresh impacts, which the exception of the three co-aligned craters which present peculiar 

flat and wide rims. These craters were probably formed at a similar time to the fluvial 

activity and somehow the borders have been cemented, or at least protected. This 

interpretation is also in line with the presence of inverted craters observed in the areas 

surrounding the mapping site. The aeolian features are TARs formed by wind action. They 

could be formed because the wind blows the sediment here where the ridge traps it though 

or could be composed of material eroded from the ridges, since many mass wasting 

deposits falling from the ridge borders have been found connected to the TARs. 

 

Table 4.4: Characteristics of the Miscellaneous units related with the Arago Dorsa area. 

Miscellaneous Units 

Unit name Label Observations/Description Additional information Figure 

Aeolian 

material 

a Found mainly at the border with the 

ridges, or in proximity of the main 

crater. The unit comprises TARs. 

Because of their 

proximity to the ridges, 

they have been probably 

created by the re-

organization of material 

eroded from the ridge 

scarps. 

 

Impact 

crater 

interior 

c This unit includes all the portion of 

the crater (floor, rims, scarps etc) 

excluding the material distributed 

outside of the crater. Eroded or 

fresh materials have been mapped 

differently. Craters below 100 m 

diameter or craters which did not 

cover unit contacts have been 

excluded from the mapping. 

 

The three partially 

buried craters developed 

in the Sbu unit. Their 

rims have a width ≥100 

m, present a flat smooth 

surface with a layering 

structure and upstanding 

compared with the 

surrounding material.  

On the scarps of the 

three linearly aligned 

4.19 
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craters, at the border 

with the Smrf unit, 

polygonal surface 

textures have been 

identified. 

Impact 

crater ejecta 

e This unit includes material outside 

the mapped craters, including the 

rims of the three co-aligned craters 

to distinguish them from the internal 

portion. Smooth material which 

covers other units. 

In erosional pits, the 

units below are visible. 

 

4.19 

 

 

Figure 4.19: Detail of one of the three co-aligned craters in HiRISE image (ESP_034932_1900; 
9.87°N, 29.34°E). Here, it is possible to observe the layering structure developed on the inverted 
flat rim of the crater. 
 

4.3.1.5 Stratigraphy 

I studied the stratigraphical order of deposition, assisted by the topographical information 

from the MOLA-HRSC DEM. Using the profile track, A-A1 (Fig. 4.20) I included all the 

main units and plotted their surface boundaries on the top of the profile. Firstly, since I did 

not find evidence for important unconformities or tectonic events, I drew their boundaries 

as straight lines (Fig. 4.21a-b), following Steno’s principles (superposition, continuity, and 

original horizontality).  
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However, since other HiRISE images are not yet available for the area, it is hard to 

be sure that these units are so continuous and extended in the subsurface. It might be that 

the Lower ridge units (Lrf 1-2-3) are developed in a similar way to the uppermost ridge 

units (Urf 1-2), with the main ridge material less extended and surrounded by the 

associated flood plains (Fig. 4.21c-d). This version is probably more reasonable, and in 

agreement with a channel belt morphology development.  

Based on the obtained profiles, a stratigraphical order of deposition has been defined, with 

the Transitional units (Trf1-2-3) at the bottom of the stratigraphy superposed by the Lower 

ridge units (Lrf1-2-3), and on top of the stratigraphy the Upper ridge (Urf1-2) and 

Secondary ridge (Srf1-2) units. Using the Profile Tool, I also inferred the thicknesses of the 

units and created a schematic stratigraphical log (grainsize excluded) shown in Fig. 4.22. 

 

Figure 4.20: Geomorphic map of the Arago Dorsa inverted system based on HiRISE observations 
scale (1:10.000). The cross-section A-A1 is reported in Fig. 4.21. Basemap HiRISE image 
(ESP_034932_1900). 
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Figure 4.21: Morpho-stratigraphic profile of the study area presenting the main units (indicated 
with both colours and labels used for the map) recognised in the area and my personal 
interpretation of the three main ridges material. The cross-section A-A1 track is indicated in Fig. 
4.20. The surface unit boundaries have been plotted on the profiles calculating their distance along 
the profile. The vertical axis has a vertical exaggeration×20 to allow a better track of the units 
below the surface. a- The profile has been drawn based on the Steno’s principles. b- Same 
representation but the units have been grouped to facilitate the visualization. c- My personal 
interpretation of the units which limits were not visible on the profile track. The Unit Lrf3 is not 
visible along the profile track, so it was difficult for me to track a possible sub-surface pattern.  d-
My interpretation of the units based on the morphological aspect of the Arago system. 
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Figure 4.22: Stratigraphic inferred log of the studied area. In the log I excluded the Miscellaneous 
units. The Basal units only cover a portion of the boundaries between units, so I decided to draw 
them only as half of a layer. This drawing strategy should not be confused with material included 
within the units. The thicknesses have been inferred using the HRSC-MOLA Profile Tool which 
resolution might not be enough to evaluate thicknesses of units identified at HiRISE level. The 
inferred vertical thickness of the entire structure is about ~70 m, where at least 50-60 m are 
related with fluvial material.  
 

4.3.1.6 Arago Dorsa history summary 

My interpretation of the events which shaped the study area can be summarised as follow:  

(i) During Mid-Noachian, the Arago crater was formed. 

(ii) In the Mid-late Noachian, valley networks formed by running water on the 

surface of the planet. Arago crater was filled by the sediment and water 

transported from the valley networks.  

(iii) The Arago Dorsa sediments were deposited within the crater, probably 

during the same period, when liquid water was still present on the surface of 

Mars and are the result of at least four main events of deposition, with 

fluvial systems inflowing into the crater. I interpret the Transitional units to 

be flood plains material deposited by a fluvial system not visible in the 

mapping area (probably still buried), which was possibly connected with the 

other inverted channels identified in the north portion of Arago crater. After 

this, the Lower ridge units were deposited on top of the Transitional units. 
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Later, the Marginal units (Mrf1-2) and the Upper most ridge units (Urf1-2, 

which correspond to the Ridge 3 in Fig. 4.6a) formed, probably due to 

lateral migration of the fluvial system. Still migrating, the fluvial system 

deposited the materials of the Secondary ridge units (Srf 1-2), which are 

probably subsidiary ridges of the main Ridge 2 (in Fig. 4.6a).  

(iv) As Mars’ climate changed occurred at beginning of Hesperian (e.g., 

Wordsworth, 2016), it is likely that Arago system was affected too by this 

change. So, at some point (between Late Noachian-Early Hesperian) the 

fluvial system ceased to be active, and deposition ended. It was possibly 

buried by the material formed by the impact of nearby craters formed during 

the Amazonian-Hesperian (Tanaka et al., 2014b). Even if inverted channel 

belts do not necessarily need cementation to be preserved, the presence of 

inverted craters so strongly connected with the inverted channel system, 

suggest that groundwater, and hence burial and exhumation, played an 

important role in the preservation of the fluvial systems here.  

4.3.2 Case study 2–Inverted system within Meridiani Planum 

The second studied inverted channel system, called Cantabras Dorsum, is in the Meridiani 

Planum area (Fig. 4.23a) in proximity to the 56 km diameter Danielson crater (-6.98°N  

7.87°E), and represents one of the longest and better preserved inverted channel systems 

included in my database. It is found close to Aram Dorsum and Cantabras Serpens system 

(designated 1 in Fig. 4.23b). Since both Cantabras Serpens and Aram Dorsum have been 

studied in previous work (Balme, et al., 2020; Williams et al., 2018) I will use them for 

morphological comparisons to the studied Cantabras Dorsum, considering the different 

processes which led to the current morphologies.  

In this section detailed analysis and mapping will be focused on Cantabras Dorsum, 

since its presence a wide variation in morphology which could support the observations 

and interpretations reported in Chapter 3. At the end of the section a small analysis of 

Cantabras Serpens is also provided with a map built after Williams et al., (2018), to 

facilitate comparison between the two systems. In fact, although Cantabras Serpens and 

Cantabras Dorsum are close to one another (1 km distance looking at the closest point), but 

there are many differences between them in both morphology and morphometry. These 

systems, and Aram Dorsum, are therefore good candidates to evaluate possible reasons for 

these differences and evaluate the possibility for them being part of a once continuous 

ancient network. 
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4.3.2.1 General Context and Setting 

Both Cantabras Dorsum and Cantabras Serpens systems are developed within shallow 

depressions (erosional windows of about 100-200 m relief) and are included in the 

geological map of Meridiani Planum by Hynek & Achille (2017). Although the two 

systems are close to one another, they occur within different mapped units (Fig. 4.24a).  

Cantabras Serpens is within the Mid-Noachian Subdued crater unit (NhC1 in Fig. 

4.24a), which include terrains formed by a complex mixture of volcanic deposits, impact 

breccias, and sediments modified by fluvial and aeolian processes (Hynek & Achille, 

2017). Cantabras Dorsum instead is within the Lower member of the Etched units (NMe1 

in Fig. 4.24), dated Late-Middle Noachian (Hynek & Achille, 2017; Hynek & Phillips, 

2008). From both their distribution within different geological units, and from their 

different elevation positions within the profile in (Fig. 4.24 vertical exaggeration x30) we 

can speculate that the Cantabras Serpens may be older than the Cantabras Dorsum. 

However, since the contact between the two units Nhc1 and NMe1 is approximate (legend 

in Fig. 4.24), the mapping was performed using low-resolution data, and the profile shows 

50 m height difference over 15 km (Fig. 4.24), the possibility that these two systems could 

developed at the same time within the same stratigraphic level cannot be excluded.  

Valley networks are not present in this area, but the presence of other inverted 

channel systems interpreted as paleo-fluvial, such as Aram Dorsum and Thymiamata 

Serpens (Fig. 4.23, 4.25); suggest a similar formation scenario for the mapped features. 

Looking at the orientations and elevations of Thymiamata Serpens, Aram Dorsum and 

Cantabras Dorsum, it could be argued that those systems might once have been connected. 

The different segments might now be separated due to younger overlying sediments (e.g., 

NHc2, Fig. 4.25) or erosion. Looking at the profile B-B1-B2 (Fig. 4.25), Aram Dorsum, 

Thymiamata Serpens and Cantabras Dorsum are found at similar elevation levels (despite 

the 400 km distance). 
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Figure 4.23: a- MOLA topographic map of Arabia Terra region where the location of the studied 
area in Meridiani Planum is indicated with the black square. b- Area which correspond to the 
black square in a. Here, both Cantabras Serpens (1) and Cantabras Dorsum (2) are indicated. The 
blue lines indicate other inverted channel systems present in the area. Note the absence of valley 
networks. 
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Figure 4.24: a- Geological map of Meridiani Planum by Hynek & Achille (2017), on top of the 
MOLA hill shade data. The blue lines indicate the studied inverted channel. b- MOLA profile A-A1 
where the position of both Cantabras Dorsum and Cantabras Serpens are indicated.  

 

In the Cantabras Dorsum system the materials which are immediately adjacent to 

the ridge present a relative bright tone (Fig. 4.26), an attribute which also characterises the 

main ridge body, as well as the secondary smaller tributary ridges (Fig. 4.27), and three 

crater rims and materials (east to the ridge, Fig. 4.26), and the remains of a very eroded 

bright terrain (west of the ridge, Fig. 4.26 and 4.27). All these terrains and materials are 

developed on top of a darker toned, eroded basal terrain (Fig. 4.26 and 4.27).  

Based on the available mapping (Hynek & Achille, 2017), all these terrains have 

been included within the boundaries corresponding to the first member of the Etched units 

(NMe1), but in my detailed mapping I split these elements into various sub-units. All these 

materials within the NMe1 unit boundaries are stratigraphically below another extended 

area of dark toned material, visible at the south of the mapping area (Fig. 4.26). The dark 

southern covering material corresponds to the middle member of the Etched units (NMe2), 
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and erosion has presumably created the window in which the studied system is now 

visible. 

 

 

Figure 4.25: a- Geological map of Meridiani Planum as realised by Hynek & Achille, (2017) 
superposed onto the MOLA Hillshade model. The blue lines indicate the inverted channels present 
in the area. The track B-B2 has been drawn considering Cantabras Dorsum (close to point B), 
Thymiamata Serpens (close to B1) and Aram Dorsum (close to B2). b- HRSC-MOLA profile B-B2 
(vertical exaggeration ×30) the positions of the three systems are indicated. 
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Figure 4.26: CTX general view (f03_036832_1891_xi_09n005w; 9.01°N, -5.50°E) of the main 
elements of the studied site. Here, the Etched units (NMe1-2) are visible and characterised the 
area. The NMe1 unit is highly eroded as suggested by the presence of many plateaus, mesas, and 
knobs, visible in the northern part of the image, within craters and on top of the main ridge. The 
figure also shows the southern, wider part of the Cantabras Dorsum ridge. Here, also are visible 
the smaller tributary secondary ridges. 
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Figure 4.27: Detail of the secondary ridges (f03_036832_1891_xi_09n005w; 9.00°N, -5.61°E). 
Here, a stratigraphical relationship between the elements can be seen which informs the mapping. 
The Dark-toned material is superposed by the brighter-toned ridges and the remains of the Etched 
units, which themselves appear to be stratigraphically above the ridges. The presence of knobs of 
similar appearance to the NMe1 material on top of the main ridge body further supports this 
assumption. 
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4.3.2.2 Cantabras Dorsum morphology 

Cantabras Dorsum is a well-preserved sinuous single channel of about 100 km in length 

surrounded by terrains which have been highly eroded, as suggested by the presence in 

these terrains of many mesas and knobs. Its ridge body varies in morphology as shown in 

Fig. 4.28. Its width is variable, changing from 2 km in the southern part of the ridge 

segment (Fig. 4.26) to 300 m further north (Fig. 4.28 a-b-c). The wider part presents a 

smooth upper surface in CTX images and a Rectangular cross section style (Fig. 4.26), 

with a transition to inverted borders (Doublet, Fig. 4.28a). Moving further north, the width 

of the inverted channel is irregular, changing from narrow sections to wider ones (Fig. 4.28 

a-b). In some cases, a trace on the surrounding surface shows where erosion removed part 

of the ridge, testifying that erosion continues to modify the inverted system Fig. 4.28 a-b).  

The ridge is divided into segments by fresh impact craters (e.g., Fig. 4.28b) or by 

the secondary erosion that has removed parts of the main body (e.g., Fig. 4.28b). 

Throughout the visible reach, a central negative relief section in the middle of the main 

body (Fig. 4.28) is always visible. However, even if the central part looks like a valley, it is 

topographically elevated compared to the basal materials which surround the ridge 

structure. 

The mapping area includes only one HiRISE image (Fig. 4.29) which covers the 

southern part of the Cantabras Dorsum inverted system. The mapping area includes the 

portion of the ridge where the main channels transitions from a flat rectangular cross 

section form to one with inverted borders (Fig. 4.29). Looking at the entire HiRISE image 

(Fig. 4.29), a few morphological characteristics stand out: (i) the difference in elevation in 

the materials which border the main ridge structure (south-east versus south-west 

materials), (ii) a bright tone on the material which form the ridge, (iii) irregular material 

which crosscuts the HiRISE image at north-west. These main features have been the base 

to build the morphological map of the area. 

Using HiRISE data, more characteristics of the inverted channel system are visible. 

The ridge structure is organised into layers (Fig. 4.30), as can be seen in the flanks of the 

main structure (Fig. 4.30a-b). On top of the ridge a more resistant, smooth, flat, thin 

capping unit is present (Fig. 4.30a). Where this thin cap has been removed, the surface 

beneath exhibits a highly polygonised pattern which correspond to another specific part of 

the layering structure, found below the more resistant thin capping material and which 

differs in relative reflectance proprieties and possibly represent a less resistant layer (Fig. 

4.30a).  
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Figure 4.28: Images from CTX mosaic showing the morphologies of Cantabras Dorsum. a- Single 
channel, with inverted borders and marginal preserved material, which testify that the units were 
more extended than now (9.40°N, -5.39°E). b- Part of the original ridge has been eroded or not 
well-preserved as the ridge here is discontinuous (9.52°N, -5.27°E). A younger crater that removed 
part of the ridge is clearly seen. Older, partially buried and filled craters are also present. The 
bright toned filling material could represent a remain of Etched units or material derived from the 
paleo-fluvial system. c- Anabranched morphology (9.94°N, -5.07°E). The image resolution is not 
good enough to determine if the branches formed at the same or different stratigraphic levels. d- 
Downstream end of the Cantabras Dorsum ridge (10.04°N, -5.27°E). 
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Figure 4.29: HiRISE image (ESP_036898_1895; 9.13°N, -5.48°E), used to map part of Cantabras 

Dorsum.  
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In the centre of the main ridge, at the top of the local stratigraphy, a smaller, 

secondary ridge is visible (Fig 4.30b, 4.31a). This ridge is covered by younger materials in 

its southern portion but in places exhibits anabranched morphology. The resolution does 

not allow layering to be seen on the secondary ridge flanks but a distinct topmost layer is 

visible (Fig. 4.31b). Further north of the map, it links to a more extended flat-topped ridge-

like material. Where the material linked to the anabranched secondary ridge have been 

removed, a negative relief in the middle of the ridge starts, and the ‘Inverted borders’ cross 

section style begins. This part of the ridge is also heavily polygonised and similar in 

appearance to that observed below the thin capping unit in the proximity of the ridge 

flanks. This suggests that the material visible at the northern portion of the mapping site is 

found below the thin capping unit along the entire inverted structure. 

The mapping area includes examples of tributary ridges (Fig. 4.32). These are 

found mainly in higher elevation areas, surrounded by the dark-toned material. The ridges 

exhibit a different erosional stage, mainly indicated by the visibility on their flanks of 

layering (Fig. 4.32a-b).  

4.3.2.3 Cantabras Dorsum map units 

I grouped the map units into four groups (Fig. 4.33): (i) The ‘Overburden units’, which 

includes materials found stratigraphically above the ridge system, (ii) The ‘Ridge 

formation’, which include all the units which compose the main ridge body and which I  

interpreted to be fluvial-derived materials, (iii) the ‘Basal units’, extended materials below 

the Ridge Formation units (iv) the Miscellaneous units, which have been formed by 

secondary, more recent processes than the main studied ridge, or remain of units which 

have been strongly eroded and found in the surroundings of the main ridge structure. 

 



 
 

204 
 

 

Figure 4.30: Details of the mapping area extracted from the available DEM. a- Thin capping unit 
showing layering structure and polygonised layers below the capping unit (9.19°N, -5.45°E), b- 
anabranched upper most ridge (9.11°N, -5.47°E). HiRISE image (ESP_036898_1895) 
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Figure 4.31: Details from the HiRISE-DEM. Vertical exaggeration = 5 times. a- The entire 
Cantabras Dorsum ridge structure (9.13°N, -5.47°E) as seen from an oblique point of view. The 
position of the anabranched upper ridge is shown. b- Lateral oblique view of the upper ridge 
(9.13°N, -5.48°E). It is developed at the centre of the main structure and it also upstands compared 
to the surrounding material.   
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Figure 4.32: Oblique view extracted from the HiRISE-DEM. Vertical exaggeration = 5 times. The 
Overburden units are found on top of both the ridge and the dark toned unit (Lower transitional 
unit). a- A region with less advanced erosion (9.00°N, -5.49°E): the ridge tributary branch only 
shows the uppermost bright toned unit above the surrounding material. b- A more advanced stage 
of erosion, as seen from the layering structure visible in the ridge flank (9.08°N, -5.50°E). 
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Figure 4.33: Geomorphic map of the Cantabras Dorsum system showing the main mapped groups 

of units. Basemap HiRISE image (ESP_036898_1895; 9.13°N, -5.48°E). 
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Overburden units (o) - Observations 

The Overburden group include two units (described in Table 4.5), which represents 

material with the highest local elevation, and which are found stratigraphically on top of 

the Ridge Formation units.  

 

Table 4.5: Overview and description of the Overburden units of Cantabras Dorsum studied area. 

The Overburden units 

Unit name Label Description/Observation Additional characteristics Figure 

Upper 

overburden unit 

Uo 

 

On top of the stratigraphy in 

the southern area of the 

mapped site. Found at 

highest elevations. Mid-

bright toned and smooth 

texture. 

Mainly preserved in knobs or small 

mesas. Some remains of this unit 

organised in small knobs are found 

on top of the ridge. Some of the 

knobs appear to be forming an un-

conformity with the ridge flank 

visible in the eastern ridge site of the 

mapping area. 

4.34a 

Smooth 

overburden unit 

So Dark toned smooth-rugged 

texture. Mapped on top of 

the ridge formation between 

the higher elevation units. 

Presence of a polygonal network 

with positive relief margins. 

4.34b 

 

Overburden units (o) - Interpretation 

This group includes features which are stratigraphically above the inverted channel system. 

Some remains of the Upper overburden unit have been found on top of the Ridge 

Formation, mainly on the side of the southern portion where they form an unconformity 

with the Ridge Formation units. These characteristics suggest that these units have been 

deposited later than the inverted channel system, burying it and possibly protecting it from 

the erosion. The outliers (knobs) of this unit highlight the erodible nature of the material 

composing the unit. The texture and stratigraphical relationship match those of the oldest 

member of the Etched units (Hynek & Achille, 2017). The Smooth overburden unit (So) is 

also found in proximity to the Etched unit knobs on top of the Ridge formation units, and 

between the two highest parts of the Transitional units. So appears thin and not compacted 

or cemented, so I interpret this unit to be a mixture of erosional products created by the re-

organization of material from the Marginal unit, remains of Etched units, and possibly the 

products of mass wasting from scarps of Transitional unit which characterised the high 

elevated areas surrounding the ridge. 
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Figure 4.34: a- At left (9.10°N, -5.50°E), a portion of elevated transitional basal unit (Tbu) 
superimposed by knobs of the Upper overburden unit (Uo). These knobs are found also on top of 
the ridge units (Mrf). b- The Smooth overburden unit (So) is present at the centre of the image 
(9.09°N, -5.48°E). The Upper ridge anabranched portion (Urf) at centre is covered by the Smooth 
overburden unit. The delineation of this unit was complicated by the presence of linear aeolian 
features on top of the Ridge. Superposing the Ro are preserved knobs of Upper overburden unit 
(Uo). 
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Ridge Formation (rf) - Observations 

The Ridge Formation group comprises five units, distinguished from one another by 

differences in at least one of the morphological characteristics observed. In stratigraphical 

order from top to bottom (youngest to oldest unit) this group includes: (i) Upper ridge unit, 

(ii) Marginal resistant unit, (iii) Upper Polygonised layer, (iv) Lower Polygonised layer, 

(v) Lower ridge unit. Descriptions are provided in Table 4.6. 

 

Table 4.6: Overview and description of the Ridge Formation units of Cantabras Dorsum studied 
area. 

The Ridge Formation 

Unit name Label Description/Observation Additional characteristics Figure 

Upper ridge 

unit 

Urf 

 

Smooth mid-toned material, visible in 

the middle of the mapping area. This 

unit corresponds to (i) the secondary 

anabranched ridge developed in the 

middle of the main ridge structure and 

(ii) the more extended region visible in 

the northern part of the mapping area, 

where the ridge changes in cross section 

style from Rectangular to Inverted 

Borders.  

Polygonal network visible on the 

anabranched portion. Portions of the 

unit are covered by Miscellaneous 

material group units. Presence of 

buried and now re-exposed craters. 

4.34b, 

4.35b, 

4.36b. 

Marginal 

resistant unit. 

. 

 

Mrf Smooth textured bright to mid-toned 

material. When strongly eroded it 

presents a rugged knobby aspect (5.35a). 

It forms a thin “capping” layer of 

resistant material at the margin of the 

main ridge structure. It is found at 

locally high elevation but is 

stratigraphically below the Urf. 

Buried filled craters are visible on 

the unit.  

4.35a-b, 

4.36a. 

Upper 

polygonised 

layer 

UPrf Bright to mid-toned material. It is found 

stratigraphically immediately below the 

capping unit Mrf and is visible mainly in 

the northern part of the map. It occurs 

where the main structure gains an 

‘inverted borders’ cross section style and 

is visible within the portion of negative 

relief. 

Highly polygonised.  

 

4.35a 

Lower 

polygonised 

layer 

LPrf Mid to dark-toned with smooth texture. 

It is visible where the Upper polygonised 

layer, and the above units, have been 

removed.  

Highly polygonised 

Wider fractures compared to the 

upper polygonised unit 

4.35a 

Lower ridge 

unit 

Lrf Mid to -dark toned, variable texture. 

This unit comprises a package of several 

The uppermost part of this unit 

includes part of the lateral side of the 

4.35a 
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layers, which are visible on the flanks of 

the ridge. The full sequence is visible in 

the northern part of the mapping area, 

where all the surrounding terrains have 

been removed.  

UPrf and LPrf, since it was not 

possible to divide them in the lateral 

view (flanks) from the other layers 

during the mapping process.  

 

Ridge formation (rf) - Interpretation 

I interpret the Ridge formation group to represent the package of sedimentary materials 

(channel fills and alluvial material) laid down by fluvial deposition. The presence of: (i) 

different layers in the flanks of the main ridge structure, (ii) the presence of a secondary 

smaller anabranched ridge found in the middle of the main studied body, (iii) the presence 

of a capping unit and other more resistant layers about the same thickness visible on the 

flanks of the ridge are all observations like those reported for Arago Dorsa and Aram 

Dorsum. 

Even if I did not find evidence of a multi-level structure, or branches which connect 

and disconnect, the similarities with Aram Dorsum suggest that Cantabras Dorsum system 

represents a fluvial channel body composed by vertical stacking of sediments within and 

around mainly low-sinuosity channels, and across more than one cycle of deposition and 

erosion (due to the alternation of more resistant layers with less resistant ones). Instead of 

representing a channel belt, the presence of a less wide ridge on top of the Ridge formation 

stratigraphy may indicate the progressive infilling of a relatively narrow channel by 

deposition on its floor and accretionary banks, progressively reducing the cross-sectional 

area. However, I do not exclude that with the availability of more HiRISE images, 

covering other portions of the studied inverted channel, more evidence in support of a 

channel belt evolution will be reported. What is certain is that both case scenarios needed a 

long-lived sediment supply and a stable, long lived fluvial system to create the system seen 

preserved here. 

The capping layer and other more resistant parallel layers form a down dipping 

boundary with the unit beneath them (transitional unit) which looks very similar to some 

inverted fluvial deposits observed in the Green River, Utah (Fig. 4.37) which correspond to 

layers in a river channel sequence. The Upper ridge unit, the Marginal resistant unit, the 

Upper polygonised layer, and the Lower polygonised layer, each represent four distinct 

depositional periods in the development of the main inverted channel system. The flanks 

exhibit even more layers, which cannot be mapped separately as they are not visible in 
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planview. They do, though, suggest further individual periods of deposition during the 

formation of this inverted channel feature. 

 

 

Figure 4.35: a- Northern and more exposed part of the Ridge within the mapping area (9.23°N, -
5.47°E). Here, many of the main units composing the upstanding Ridge are visible. b- Here, the 
Upper ridge unit is visible (9.13°N, -5.48°E). The black arrow indicates the presence of a buried-
filled crater, included within the Marginal resistant unit (Mrf). 
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Figure 4.36: Possible buried-filled craters, which are included within the mapped unit. a- Buried-
filled crater (9.12°N, -5.49°E) present within the Marginal resistant unit (Mrf). b- Buried-filled 
crater (9.17°N, -5.48°E) set within material linked to the Upper ridge unit (Urf).  
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Figure 4.37: a- Sequence of an inverted channel found in Green River, Utah (about 10m of vertical 
thickness). 1- Alternating strata of mudstone-sandstone, 2- Massive and well cemented sandstone 
with inverse grading. 3- Laminations and ripple marks are seen in this thin, fine-grained sandstone 
body. 4- Sandstone with Cross beddings developed. b-Lateral overview (Vertical exaggeration = 5 
times) of the Cantabras Dorsum ridge (25 m of vertical thickness), where the mapped units are 
indicated (9.11°N, -5.45°E). Some elements in common with the Utah example include layering 
structures, and the presence of more resistant layers. However, the scale of the two features is 
different (10 vs.25 m thickness, and the Cantabras Dorsum ridge is ~ ten times wider). This may be 
due to differences in sediment supply, stability of the paleo-fluvial system, duration of events, or a 
combination of all these. 
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Basal units (bu) - Observation 

The Basal units group include two units stratigraphically below the Ridge formation units. 

Summary provided in Table 4.7. 

 

Table 4.7: Overview and description of the Basal units of Cantabras Dorsum studied area. 

 

Basal units (bu) - Interpretation 

I interpret the Transitional unit as an eroded material, which hosted the fluvial deposition 

of the paleo-system (during Mid-Late Noachian). It is hard to establish its formational 

mechanism (fluvial, aeolian, volcanic), since little morphological evidence is available, and 

perhaps only regional observations could help explain this. From its morphological 

characteristics, it appears to be a friable material, easy to erode. The bottom part of the unit 

presents layering, suggesting that multiple events of deposition built up the unit. In the 

flanks of the ridge, it is possible that part of the visible layering belongs not to the fluvially 

deposited units but is instead to the remains of the uppermost parts of the Transitional unit. 

In the mapped area, it has been protected from complete erosion by the later deposition of 

the Etched units, which covered the area, and due to the deposition of the more resistant 

layer of the inverted channel system. Since this material is found below and on the sides of 

the Ridge formation units (candidate unconformity, no-conformity), as also observed in 

Basal units 

Unit name Label Description/Observation Additional characteristics Figure 

Transitional 

unit 

Tbu Dark toned, rugged texture. Found below 

the main ridge, forming an unconformity 

with the ridge material. This appears 

eroded and is better preserved in 

proximity to the Upper unit. In areas 

where it is thinner (northern part of the 

map), it is difficult to distinguish it from 

among the ridge layers visible on the 

flanks.  

Contains polygonal features in 

proximity to knobs, erosional 

pits, and also in regions close 

to the main ridge. The 

polygonal patterns are mainly 

characterised by fractures.  

4.37b, 

4.38 

Lower 

Plain unit 

Pbu Dark toned, smooth texture. It is partially 

covered by miscellaneous units in the 

western part of the mapping area.  

 

Include circular features that 

are probably filled or buried 

craters and knobs of overlying 

etched terrain or Tbu. Some 

vein-like linear features (10m 

long) are also present. 

4.35a, 

4.36b, 

4.37b 
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Utah, it could also represent a mixture of fluvial sediments which may correspond to flood 

plains. However, there is not enough information to confirm this. This unit therefore 

represent either a terrain present before the fluvial activity here, or laterally extensive, 

early deposits associated with the fluvial system. The Lower Plains unit has no evidence to 

link it with fluvial deposition, so it probably represents local basement onto which all the 

other units developed. 

 

 

Figure 4.38: Oblique view of the southern part of the mapping site (9.10°N, -5.50°E). In the figure, 
I show only the boundaries between the Ridge units and the Transitional unit (Tbu). Here, is visible 
how the Tbu is present below the ridge material, which up stands. Tbu exhibits layered flanks only 
in the most eroded area. Vertical exaggeration = 5 times. 

 

Miscellaneous units (mu) - Observations 

This group (Table 4.8) includes mainly products derived from: (i) impact craters, (ii) mesas 

and knobs that cannot be associated with specific overlying units, (iii) other material which 

I interpreted as products of erosion. 

Miscellaneous units (mu) - Interpretation 

I interpret the Knobby unit to be the result of secondary erosion acting on one material 

once more extended and thicker. Based on the observed relationships between the 

Cantabras Dorsum ridge and the other mapped units, it is likely that the Knobby unit 

represents remains of Etched units or the Transitional unit. Based on the observed 

relationship between the Ridge and the Transitional unit (found on top of the Pbu unit, and 

unconformable with the Ridge), it is likely that the knobby unit derives from the erosion of 
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the Transitional unit. The current information is not enough to verify one of these 

hypotheses. 

 
Table 4.8: Overview and description of the Miscellaneous units of Cantabras Dorsum studied area. 

The Miscellaneous units 

Unit name Label Description/Observation Additional characteristics Figure 

Aeolian 

material 

a Found in the northern part of the 

map. It is composed of linear positive 

relief features which are interpreted 

as TARs.  

Similar features are present on top 

of the ridge. However, they have 

been ignored in the mapping to 

allow the Ridge units relationships 

to be seen more clearly. 

4.39a 

Impact 

crater 

interior 

c 

Includes all portions of young craters 

(floor, rims, scarps etc) except ejecta. 

The crater interior present a dark 

toned and a central deposit, which 

does not look filled in by the Etched 

units. The rims are usually bright 

toned. 

Filled craters, or the craters within 

the Basal units or within the Ridge 

formation units, have been 

excluded from this unit since they 

are part of the characteristic of a 

specific unit. 

4.39b 

Impact 

crater 

ejecta 

e This unit represents young impact 

crater ejecta.  

 

 

The ejecta materials may present 

both brighter and dark toned 

material.  The bright tone is mainly 

associated with the biggest crater. 

4.39b 

Knobby 

unit u 

Brighter toned, rugged texture. 

Found on the north-west of the 

mapping site.  

Possibly represents remains of 

wide eroded ejecta material from 

the un-named crater present at 

north-west of the mapped area. Or 

the erosion of one of the mapped 

units (possibly other remains of 

etched units). Knobs cannot always 

be linked to specific units. 

4.39a 

 

I interpreted and mapped the knobs in the area as linked to the Etched units when 

suggested by the presence of similar features (such as polygons) developed in the knobs. I 

interpret the larger crater, at the south of the mapping area, as result of an impact which 

occurred before the deposition of the Ridge formation units, since similar bright material 

has been observed between the Ridge and the crater. The aeolian linear ridges features are 
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probably TARs might be composed of material eroded from the ridges, since they are 

found along their borders and on top of the Ridge. 

 

 

Figure 4.39: Details of the Miscellaneous units. a- The knobby unit (ku) is developed (9.33°N, -
5.49°E) on top of the Plain basal unit (Pbu). b- Detail of the two biggest craters in the mapped 
area. The smaller one (8.94°N, -5.44°E) is developed on the crater material of the bigger one, 
which is only partially covered by the HiRISE image. 
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Figure 4.40: Presentation of the Final geomorphic map of the Cantabras Dorsum inverted system 
based on HiRISE observations scale (1:10.000). The cross-sections tracks are reported in Fig. 
4.41. Basemap HiRISE image (ESP_036898_1895; 9.13°N, -5.48°E). 
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4.3.2.4 Stratigraphy 

The stratigraphical order of deposition of the studied area has been studied using mainly 

the topographical information from the available HiRISE DEM, which covers the main 

part of the mapping site, and which allowed me to produce four main profiles (Fig. 4.41). 

The profile A-A1 (Fig. 4.41) has been made to display most of the Ridge 

Formations units and represents the best method to calculate layer thicknesses and to 

understand how they form the inverted borders cross section style (Fig. 4.41). The profile 

B-B1 (Fig. 4.41) also presents the Ridge formation and was used to form my interpretation 

of the unit variation from the portion of the ridge where the surrounding areas have been 

more eroded (northern part of the mapping area) and the southern part of the map where 

the surrounding areas are less eroded. The profile C-C1 shows the relation between the 

main ridge and the high elevation surrounding materials (Fig. 4.41). The profile D-D1 

presents the Basal units (Fig. 4.41). 

In the profile A-A1 (Fig. 4.41), the cross section with inverted borders Doublet 

style can be seen. As expected, the middle of the ridge exhibits a material which looks 

more friable and less cemented (LPrf and UPrf) compared to the Marginal resistant unit 

(Mrf) which represents the more resistant capping layer. The Mrf has also been found as 

remnants in mainly located on the sides of the ridge. Here, it can be seen how the materials 

under the Mrf are less eroded than the middle of the ridge where the unit is no longer 

preserved. This is seen also in profile B-B1. Here, to track some of the sub-surface 

boundaries, such as the unit LPrf, I assumed that the units maintained a constant thickness 

(mainly calculated with the profile A-A1), and since no tectonic features have been 

recognised, I also assumed that all the units have original horizontality and lateral 

continuity. Since the Ridge formation material forms an unconformity with the 

Transitional basal unit (Tbu), as also visible in profile C-C1, I assume that part of this unit 

should be found below the ridge. In this scenario, it is possible that the layers which are 

visible on the Lower ridge unit (Lrf) unit may belong to the Transitional unit instead, or it 

was already strongly eroded before the fluvial material deposition, and it is not present in 

this portion of the studied area. This second scenario seems reasonable since the unit is not 

present in the northern part of the mapping area and the ridge or its tributaries ridges are 

clearly developed at different elevations on top of the Transitional unit. 

The Overburden units are found on top of the Main ridge and on the Transitional 

unit. Some knobs on top of the Lower Plain basal unit are probably also remains of the 

same, suggesting that this unit has been strongly eroded, was likely once more extensive 
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and covered the studied area, barring parts of the ridge. The Knobby unit (ku) also looks 

like an extended eroded material; however, it is hard to identify its origin. 

 

 

Figure 4.41: Morpho-stratigraphic profiles of the study area presenting the main units (indicated 
with both colours and labels used for the map). The surface units’ boundaries have been plotted on 
the profiles calculating their distance along the profile. The cross-sections tracks are indicated in 
Fig. 4.40. Vertical exaggeration ×15 in profile A-A1, ×20 in B-B1, ×10 in C-C1, ×15 in D-D1. The 
inferred thickness for fluvial material is ~35 m. 
 

I calculated or inferred the thicknesses of the units using the topographic cross 

profiles, creating three schematic stratigraphical logs shown in Fig. 4.42a. Studying the 

three logs, which represent three portion of the mapped site, I created a final stratigraphic 

log (Fig. 4.42b) where I indicated three possible periods of strong erosion which affected 

the area. 
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Figure 4.42: Stratigraphic inferred logs of the studied area. In the log -a I included all the units 
which appeared in the tracked profiles (in order from left to right A-A1, B-B1, D-D1). In the final 
log -b, I excluded the Miscellaneous units and the materials which I interpreted to be formed by the 
erosion of other units. The thicknesses have been inferred using the HiRISE-DEM and the Profiles. 
The dotted lines represent units of which thickness calculation include eroded parts inferred by 
profiles and presence of knobs in the mapped area. 

 

4.3.2.5 Cantabras Dorsum history summary 

Based on the obtained profiles and the stratigraphy, the main events which affected the 

area can be summarised as follow: 

(i) The Plains units, a resistant basement, formed at a time before the water-

related products (Noachian).  

(ii) The Plain units were covered by the Transitional unit material, the origin 

of which is uncertain (possibly from volcanic events very active during 

Noachian). 
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(iii) The Transitional unit was eroded, in part by the action of liquid water, 

which both excavated transitional material and deposited the layers 

which are now part of the Ridge formation (forming the observed 

unconformity). 

(iv) The Upper overburden unit was deposited across the entire area (or most 

of it). Since remains of this unit are found on top of the Ridge and at high 

elevations, I conclude that the Cantabras Dorsum system was not already 

inverted at the time of the Upper ridge unit deposition, or at least not all 

the current upstanding ridge was inverted.  

(v) The highest stratigraphical units of the Ridge Formation were left 

partially upstanding due to another period of erosion, at the end of which 

the Overburden units (etched units, Mid-Noachian) were deposited filling 

the lower topographic areas.  

(vi) Based on the status of the Upper unit, a last and current period of erosion 

occurred, removing a large portion of this unit, as well as the Transitional 

unit materials not protected by the Ridge material or the Overburden 

units, and leaving the Ridge upstanding. 

(vii) Ongoing erosion has affected the entire area, with depth of erosion 

depending on the material strength. This created the inverted borders and 

removed all the portions of the ridge not protected by the Marginal unit. 

4.3.2.6 Cantabras Serpens and Cantabras Dorsum comparison 

Cantabras Serpens is a sinuous, continuous single inverted channel, well-preserved for a 

length of 108 km. The width of this inverted body does not change much along the ridge 

(range 200-360 m across). It presents a rugged-cratered upper surface and a variation in 

cross section from Pinnate, Rectangular, to Inverted Borders (Ridged). At the eastern part 

of the inverted segment, there is a clear transition into a sinuous, well-preserved valley 

which crosscuts a partially buried crater (e.g., Fig. 4.43).  

Two HiRISE images (ESP_053236_1905, ESP_047909_1900, Figure 4.44), 

include the northern part of the Cantabras Serpens system. Looking at the entire HiRISE 

images (Fig. 4.44), a few morphological characteristics stand out: (i) the difference of 

surface texture between the centre of the ridge (rugged-cratered) and the smooth 

surrounding materials, (ii) the cross section style transition from north to south, (iii) the  

scarps on the border of the ridge-surrounding materials in the north and their absence in the 

south, (iv) the topographical variation between the ridge and its surrounding materials with 
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the basal terrains. These features have been represented within a simplified morphological 

map of the area, which is presented in Figure 4.45 and represent the interpretation based on 

both personal and previous publications for comparison (summary in Table 4.9). 

If the Cantabras Dorsum inverted borders cross section style was due to the 

distribution of the most resistant upper layer, which likely correspond to overbank deposits 

on top of flood plains or less resistant deposited layers, a different scenario is involved to 

justify the inversion of relief localised on the borders of the Cantabras Serpens.   

 

 

Figure 4.43: a- CTX image (b10_013611_1894_xn_09n004w; 9.92°N, -4.07°E) and b- DEM 
(credits: Joel M. Davis) including the Cantabras Serpens system. From the images is visible how 
the pattern of Cantabras Serpens changes from positive to negative relief (ridge-valley). Vertical 
exaggeration = 5 times. 
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Figure 4.44: HiRISE images (ESP_053236_1905 centre at 10.24°N, -4.92°E; ESP_047909_1900 
centre at 10.07°N, -4.92°E) showing a detail of the Cantabras Serpens system. Here, the transition 
positive-negative relief is included. 
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Figure 4.45: Simplified geomorphic map (centre at 10.12°N, -4.92°E) highlighting only the 
materials related with the Cantabras Serpens system and the surrounding material. From the 
mapping the cross-section shape is controlled by the remains of the surrounding Marginal units. 
More details are provided in table 4.9. HiRISE basemaps (ESP_053236_1905, 
ESP_047909_1900). 
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Table 4.9: Interpretation of the units presented in Fig. 4.45 based on both personal interpretation 
and literature review. 

Unit name Label Interpretation Figure 

Miscellaneous 

materials 
m 

From (Williams et al. 2018): Mixture of erosional remains of Etched 

units, possible fluvial sediments traces (candidate overbank remains), 

impact material. 

4.46a- 

b 

Main Ridge 

Upper unit 
Urf Personal interpretation: Possible infilling material 4.46a-b 

Main Ridge 

Lower unit 
Lrf Personal interpretation: Fine-scale valley floor, not filled in. 4.46b 

Marginal unit Mu 
From (Williams et al. 2018): Contiguous over bank deposit or rock 

substrate incised by the river. 
4.46a 

Basal units Bu 
From (Williams et al. 2018): Topographically lower terrains with 

possible traces of fluvial sediments remains. 
4.46b 

 

Cantabras Serpens appears different to Cantabras Dorsum for many reasons: 

(i) The inverted borders are created by the remains of the surrounding Marginal 

unit (interpreted as the rock substrate the river incised into, instead of being 

overbank deposits, Williams et al., 2018). The Cantabras Dorsum system cross 

section was a consequence of the distribution of the more resistant layers across 

the main ridge body (the middle had been eroded more). 

(ii) The width of the Cantabras Serpens is constant compared to the Cantabras 

Dorsum case, where significant variation is seen.  

(iii) No anabranched morphology or secondary branches are visible. 

(iv)  Cantabras Serpens presents a distinct transition from a ridge to a negative relief 

fine-scale valley. Cantabras Dorsum is always upstanding compared to the 

surrounding areas.  

(v) There is not a layering structure, but a material (unit Urf, Fig. 4.46) developed 

within the valley floor (unit Lrf, Fig. 4.46) is the one developing the positive 

relief, looking as an infilling deposit rather than a layer. 

These differences suggest that the two inverted channels did not develop in the 

same way. Instead, they suggest that these features, although close to one another, formed 

and were inverted due to different mechanisms. I speculate that Cantabras Serpens, has 

been partially filled in, by the dark pockmarked material (Main ridge upper unit, Fig. 4.44) 

when the fine-scale system was still active rather than be the result a stacking of fluvial-

sediments (derived by channel belt evolution or overbank deposition). The resistant 
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material, making part of the system upstanding may derived by impact material transported 

and deposited by the paleo-channel. 

 

 

Figure 4.46: HiRISE details of the Cantabras Serpens ridge. a-The image (ESP_053236_1905; 
10.27°N, -4.91°E) shows the Upper Ridge unit (Urf), which is a dark toned material with 
pockmarked texture. Some small craters may contribute to give this type of texture to the unit. The 
Marginal unit appears developed in three different levels. On top of the first level, ribbon-like 
traces of the Urf type material can be seen. Both second and third levels of the Mrf instead present 
circular features, which look like buried-filled craters. b- The ridge morphology transitions from a 
ridge to a fine-scale valley (ESP_047909_1900; 10.02°N, -4.92°E), where the borders present a 
positive relief due to the remain of the Marginal unit. Here, it is also interesting that the material 
on the top right corner (m) presents a similar texture to the Urf unit. 
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4.3.3 Case study 3– Piscinas Serpentes, an inverted-pitted channel network 

Pitted channels show variations in morphology and transitions to inverted channel shapes 

(Williams et al., 2017), as discussed in Chapter 3. A terrestrial analogue (Williams et al., 

2017) has been used to infer that that the pits formed via groundwater dissolution collapse 

confined to a former buried flow conduit (Williams et al., 2017).  

The new database I created shows that pitted channels and their association and transition 

to inverted channels occurs also in other areas of Arabia Terra, mainly at the borders with 

the southern Highlands and mainly distributed in Noachian terrains (chapter 3), where  

groundwater upwelling has been predicted (Andrews-Hanna et al., 2010). Pitted channels 

could be the key to a clearer stratigraphical sequence of the events which involved inverted 

channels and possible groundwater actions. 

To explore the connection between inverted and pitted channels, the third mapped 

and studied system was selected to include both inverted and pitted channels. The selected 

system in Meridiani Planum represents one of the best examples of clear transition 

between inverted and pitted channels in Arabia Terra. It also has good HiRISE coverage to 

allow the mapping to be performed at HiRISE scale and to compare the interpreted 

stratigraphy with that for wider Meridiani (Hynek & Achille, 2017) and for Aram Dorsum 

(Balme et al., 2020) and other inverted systems in my study. 

4.3.3.1 General Context and Setting 

The studied system is in south-west Arabia Terra (Fig. 4.47a) within an erosional window 

in central Meridiani Planum (4.61° N, -1.16° E; Fig. 4.47b). Here, several pitted and 

inverted networks occur, often showing a transition in morphology (green in Fig. 4.47b, 

4.48a). In this area, two main terrain types can be distinguished based on their difference in 

reflectivity: a basal dark material, and a bright material mainly found at the borders of the 

erosional window. The dark material exposed in the erosional window has been mapped 

previously as the Noachian cratered terrains (Nhc1 in Hynek & Achille, 2017) in which 

both inverted systems and pitted channels are developed (Fig. 4.48a). The brighter, less-

eroded material represents the Lower part of the Etched units (Hynek & Achille, 2017), 

which still partially cover all the alongside mapped pitted systems (Fig. 4.48a).  

The system is separated from other pitted channel networks at the north of the area 

by an outlier of Etched units, transitioning into an unnamed crater (Fig. 4.48b). To 

facilitate the explanation and descriptions in the following sections, I refer to the crater 

crossed by the Etched unit as Piscinas crater (Fig. 4.48b), and the studied inverted-pitted 

system as Piscinas Serpentes (Fig. 4.48b). At the south area of Piscinas Serpentes, part of 
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the central system is covered by three unnamed Noachian-Hesperian aged craters. These 

probably cover a more extensive network of pitted/inverted systems (Fig. 4.48a), as is seen 

for the areas where the Etched units are almost totally removed (e.g., Fig. 4.49a).  

The surrounding networks of Piscinas Serpentes exhibit a transition in morphology 

from inverted to pitted channels, and this occurs for both single channels and networks 

(Fig. 4.49b, 4.50). Where the morphological transition occurs in this area it usually occurs 

within a transitional mid-toned material, as observed at CTX observation scale (Fig. 4.50). 

In the Piscinas Serpentes mapping area these three terrains (dark, mid toned, and bright 

material), represents the basis on which I constructed the morphological map. 
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Figure 4.47: a- MOLA topographic map of Arabia Terra where the location of the inverted-pitted 
system is indicated with the black square. b- Area which corresponds to the black square in a. The 
studied system is visible at the centre of the image, and it is surrounded by other networks of pitted 
channels where in some areas there is a transition from a pitted morphology to an inverted one. 
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Figure 4.48: a- CTX mosaic(5.01°N, -1.13°E) of the erosional window in which the inverted-pitted 
channel is found (same extent as Fig. 4.47b). The four black squares represent the areas of the 
images showed in detail in Fig. 4.49 and 4.50. b- Detail of the Piscinas system (4.53°N, -1.33°E) 
which is characterised by a crater on which are superimposed the eroded remains of the Etched 
units, now presented as curvilinear ridges. The black square indicates the area in which Piscinas 
Serpentes ridges and pitted channels are found.  
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Figure 4.49: a- The area corresponding to square number 1 in Fig. 4.48a (CTX mosaic; 5.74°N, -
1.37°E). Example of remains of Etched units, which look like a knobby bright deposit, superposing 
the channels in the area. b- Square number 2 in Fig. 4.48a (CTX mosaic; 4.59°N, 0.06°E). 
Example of a morphological transition (from north-east to south-west) of inverted-pitted channel. 
The pitted channels in this image show a variation in morphology. b- The pitted channel elliptical 
features are more extended and evolve in to a proper negative relief channel (‘fine-scale valley’ in 
Williams et al., 2017). 
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Figure 4.50: a- Square number 3 in Fig. 4.48a (CTX mosaic; 4.23°N, -2.24°E). Here, a few 
interesting features can be distinguished including (i) an inverted crater and possible inverted 
channel both still partially covered by the etched units, the variation in morphology of pitted 
networks connected to single inverted channels, both with branched shapes, and the presence of a 
transitional mid-toned material where the pitted channels are developed. b- Square number 4 in 
Fig. 4.48a (CTX mosaic; 4.26°N, -0.48°E), with pitted channel networks. 

 

4.3.3.2 Piscinas Serpentes and its linked pitted channel morphologies 

In the study area (Fig. 4.51) the remains of the Etched units close to Piscinas crater (rim 

visible at the south-west of Fig. 4.51) are upstanding and represent the highest topographic 
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terrains locally (white colours in Fig. 4.51a), and have a tortuous, curvilinear ridged 

morphology. The topographically lower parts of the map (north-east of Fig. 4.51) are 

characterised by the Noachian cratered terrains. Piscinas Serpentes is visible between the 

Etched units and the Noachian Terrains (Fig. 4.51b). It appears to have developed within a 

now-eroded material characterised by green-yellow colours in the topographical map (Fig. 

4.51a). The southern part of the study area presents high elevation values, probably due to 

impact materials of the Noachian craters, from which pitted channel networks branch out 

(following a flow direction south north), connecting to the inverted channels at lower 

elevations (Fig. 4.51a). 

The mapping area is defined by three HiRISE images (Fig. 4.52) which cover the 

Piscinas Serpentes system (including both inverted-pitted channels). The northern part of 

the Piscinas system is a sinuous single ridge (Northern ridge, Fig. 4.53a) with a 

Rectangular cross section and a smooth upper surface. Its morphological characteristics are 

consistent for a length of 5 km, after which it diverges into two separate ridge segments, 

which I call the Western ridge and Eastern ridge in the mapping area (Fig. 4.53b). The 

Western ridge presents anabranched morphology and is visible for 2 km from the join point 

(Fig. 4.53c). Both Western and Eastern ridges then evolve into a pitted-negative relief 

network morphology (Fig. 4.54, 4.55), which characterises the southern part of the studied 

system. The Western ridge does not show the direct transition into a pitted channel as well 

as the Eastern one, possibly because the less resistant surrounding materials have not been 

yet eroded. The Eastern ridge presents a clear variation in morphology, at a similar 

distance of 2 km after the join point.  

A variation in morphological characteristics has been observed also for the pitted 

channels. The pitted channel morphology in proximity to the transition from positive relief 

looks like a well-defined small valley system that contains infill material mainly 

distributed in the centre, leaving the borders empty (Fig. 4.56a). In some segments an 

anabranched-like morphology has been observed, making the segments appear similar in 

plan view morphology to the Western ridge. In some places, pitted channels appear to have 

left older branches abandoned (Fig. 4.56a). In at least one example a pitted channel present 

at the southern part of a region with complex branched morphology is composed of several 

partially buried pitted segments (Fig. 4.56b-c). 
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Figure 4.51: a- CTX image (p08_004091_1841_xi_04n001w; 4.56°N, -1.19°E) coloured by MOLA 
topographic data, showing the elevation of the area around Piscinas Serpentes. The main ridge 
and the pitted channels are developed at different elevation levels, with pitted channels in high 
elevation regions.  b- CTX image (p08_004091_1841_xi_04n001w; 4.56°N, -1.19°E) showing 
where main terrains and channel morphological changes are indicated.  
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Figure 4.52: Piscinas Serpentes mapping area showing inverted relief and pitted networks 
segments. The mapping area includes part of the Etched units in the northern part, characterised 
by a bright reflectance value. The HiRISE image used are PSP_004091_1845 (top), 
ESP_048489_1845 (bottom-left), ESP_048990_1845 (bottom-right). HiRISE mosaic centre at 
4.56°N, -1.17°E. 
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Figure 4.53: Morphological variation in the Piscinas Serpentes inverted system. a- Northern area 
where the ridge is visible at the border with the Etched units (PSP_004091_1845; 4.66°N, -
1.17°E). b- Detail of the inverted single channel splitting in two main ridges (PSP_004091_1845; 
4.60°N, -1.17°E). c- Anabranched morphology developed in the western ridge (ESP_048489_1845; 
4.59°N, -1.18°E). 
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Figure 4.54: Change in morphology in the Eastern ridge (ESP_048489_1845; 4.51°N, -1.17°E), 
from positive inverted relief in the northern part of the image to negative relief in the south. The 
morphology at the central part of the ridge, looks very similar to the one observed in Cantabras 
Serpens, exactly when the ridge moved to a fine-scale valley. The difference is mainly that 
Cantabras Serpens did not evolve to present a pitted network as Piscinas Serpentes but remained 
as single channel along its whole visible path. 
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Figure 4.55: Change in morphology in the Eastern ridge (ESP_048489_1845; 4.58°N, -1.20°E), 
from positive inverted relief in the northern part of the image to pitted and negative relief in the 
south. Here, the transition in morphology is not as direct as observed for the Eastern ridge, but it 
occurs within the transitional material which separates the highest part of the Etched units and the 
Noachian cratered unit.  

 

4.3.3.3 Piscinas Serpentes map units 

I again grouped the units into four main groups: (i) The Overburden units, (ii) Ridge 

formation, (iii) the Basal units and, (iv) the Miscellaneous units (Fig. 4.57). The 

Overburden units (pink in Fig. 4.57) include materials within the boundaries mapped by 

Hynek & Achille (2017) which correspond to the Etched units, and also the southern high-

elevation materials. The Ridge Formation includes the main ridges, its marginal materials, 

and the pitted channels (blue in Fig. 4.57). The Basal units include materials below the 

Ridge formation units (brown Fig. 4.57). The Miscellaneous units include secondary 

features such as impact crater materials, aeolian materials, and overlying mesas and knobs 

that cannot be spatially linked to other groups (yellow in Fig. 4.57). 
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Figure 4.56: Morphological variation in pitted channel network morphology. a- Pitted channels 
may present as well-defined valleys, which appear infilled in their centres. In the studied area 
(ESP_048489_1845; 4.53°N, -1.17°E), this morphology usually evolves laterally into an inverted 
channel. The white arrow indicates a branch that looks abandoned and is stratigraphically below 
the wider one. b- Example of a pitted network,  found at the southern portion of the mapping area 
(ESP_048990_1845; 4.45°N, -1.12°E). These morphologies are usually surrounded by bright toned 
materials. c- Example of a pitted network with morphological variation from a pitted, partially 
buried network in the south of the image, to single well defined pitted channel at the north 
(ESP_048489_1845; 4.48°N, -1.19°E).  
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Figure 4.57: Geomorphic map of the Piscinas Serpentes system showing the main groups of units. 
HiRISE mosaic basemap (PSP_004091_1845, ESP_048489_1845, ESP_048990_1845; centre at 
4.56°N, -1.17°E). 
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Overburden units (o) - Observations 

The Overburden units include four main units, two of which belong to the Etched units. 

They are defined by (i) presence of scarps, (ii) different erosional patterns, and (iii) 

presence of specific features described below. The subdivision presented here do not 

correspond to the subdivision reported by Hynek & Achille (2017) of the three Etched 

units members (Lower-NMe1, Middle-NMe2, Upper-HNMe3). In fact, the current 

subdivision is within the Upper member of the Etched units (HNMe3). To avoid confusion 

I use different labels from the ones adopted by Hynek & Achille (2017). The group also 

includes the higher elevation material in the southern area of the map. The final 

subdivision reported in stratigraphical order from top to bottom is provided in Table 4.10. 

Overburden units (o) - Interpretations 

This group includes features found at higher stratigraphic position than the inverted 

channel system. The Etched units have been studied extensively (e.g., Fassett& Head, 

2007; Hynek & Achille, 2017) and I follow these interpretations of the etched terrains 

being groundwater-cemented aeolian deposits or ice-dust deposits, and/or volcanic ash 

possibly mixed with fluvial-related sediments (e.g., Fassett& Head, 2007; Hynek & 

Achille, 2017). The Overburden bright units found in the southern part of the mapping 

area, and I interpret this as a mixture of impact materials coming from the craters outside 

of the mapping area, but possibly including some remains of the Etched units. 
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Table 4.10: Overview and description of the Overburden units of Piscinas Serpentes studied area. 

The Overburden units 

Unit name Label Description/Observation Additional characteristics Figure 

Etched unit 

1 

Eo1 

 

Uppermost part of the Etched unit 

outcrop. Bright toned and a 

smooth texture. At top of the 

stratigraphy in the northern area 

of the mapped site at high 

elevation.  

Linear features which probably 

represent less eroded portions, as 

testified by the presence of 

boulders on the flanks of unit-

bounding scarps. Appears poorly 

indurated. 

4.58a 

Etched unit 

2 

Eo2 

 

More extensive and forms an un-

conformity with the ridge flanks. 

Bright to mid-toned and with a 

rugged texture, it exhibits 

layering on the scarp flanks. 

 

 

Some remains of this unit are 

found in proximity to the ridges. It 

presents a polygonised upper 

surface, mainly characterised by a 

fractured polygonal network which 

has the same directionality as 

polygons observed within the 

ridge. A different polygonal 

organization is found at the bottom 

of this unit. 

4.58a-b 

Transitional 

unit 

To Found between the Etched units 

and the ridges. It is located at the 

bottom of the Etched unit 

stratigraphy and above the other 

Basal units. Its present a mid to 

bright-toned, smooth texture. It 

includes many aeolian features 

which are likely to be formed by 

the erosion of both the Etched 

units and the Main ridges. 

It includes a few filled craters, 

which likely still include part of 

the Etched unit material. It presents 

linear features probably created by 

wind action. Many knobs related to 

the Etched units, are found above 

this unit 

 

4.58 

Overburden 

bright unit 

Bo Located at the southern area of 

the map, at high elevation. It has 

a bright and a rugged texture. 

Partially covered by TARs and 

other smaller ripple-like forms. 
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Figure 4.58: Detail of the mapped Etched units and the unconformity with the ridge material. a-
Here the upper, less-eroded part of the Etched units contains sinuous shapes (PSP_004091_1845, 
4.66°N, -1.19°E). Below can be seen the layering structure of Etched unit level 2. b- Detail of the 
contact between the northern ridge and the lower part of the Etched unit level 2 
(PSP_004091_1845; 4.67°N, -1.19°E). Here is also visible the Transitional unit To. 
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Ridge formation (rf) - Observations 

The Ridge Formation includes two units reported in Table 4.11. 

 

Table 4.11: Overview and description of the Ridge Formation units of Piscinas Serpentes studied 
area. 

The Ridge Formation 

Unit 

name 

Label Description/Observation Additional 

characteristics 

Figure 

Main 

ridges 

unit 

Rrf 

 

Includes the visible ridge areas which cross the 

mapping area from north to south. The top of the ridge 

exhibits a rough, mid-toned, surface texture. The cross-

section style is mainly Rectangular, and there is some 

evidence of layering. A capping layer looks thin but 

resistant. The Western ridge presents a more fractured 

upper surface which becomes polygonised at the 

transition to the branched morphology. The presence 

of some boulders on top of the ridge, suggest that part 

of the resistant upper material has been removed.  

Polygonal fracture 

networks. 

 

4.59 

Pitted 

channels 

unit. 

 

Prf Single pitted segments are dark toned. The terrains 

around the partially buried networks present a 

pockmarked-like texture and are brighter toned. 

 

At the border with 

the Lower basal 

unit, some other 

brighter pitted 

channels are 

visible. 

4.60 

 

Ridge formation (rf) - Interpretations 

The group includes only those channels features which are connected in formation and 

development to one another. The Rrf unit include the main ridges and was identified based 

on (i) layering structures, (ii) the upstanding ridges shape, (iii) the anabranched 

morphology of the Western ridge (possibly developed at different stratigraphic levels), (iv) 

presence of boulders within these layers (which could indicate coarse-grained deposition in 

fine-grained material). 

I interpret these ridges as fluvial channel fills, deposited on the valley floor. 

Piscinas Serpentes is unlikely the result of a mobile channel belt (e.g., Aram Dorsum) but 

the consequence of a more fixed floodplain paleo-channel network (made by single ribbon-

like channels). This interpretation is supported by: (i) the absence of a multi-level 

structure, (ii) the association and transition between the Rrf ridges and pitted channels 
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(positive-negative relief) which does not show clear evidence for avulsion or migration, 

(iii) the absence of surrounding terrains which could be interpreted as flood plains or other 

fluvial deposits.  

 

Figure 4.59: Details of the Northern most ridge which exhibits a broad stair stepped structure 
(indicated with arrows) which might represent layering and perhaps a migration of deposition with 
a reduction in the paleo-channel size. Both images –a (PSP_004091_1845; 4.64°N, -1.17°E) –b 
(PSP_004091_1845; 4.64°N, -1.16°E) show boulders on top of the ridge, possibly representing 
remains of the Etched units, or an upper layer of the ridge structure, now removed. 
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Figure 4.60: Detail of the Pitted channel unit (Prf) developed within the Cratered Brighter Basal 
Unit (CBbu). Here the more pockmarked-like texture is shown (ESP_048489_1845; 4.47°N, -
1.20°E). 

 

I do not exclude the possibility that some overbank deposits linked with the 

Piscinas Serpentes system could be still preserved or mixed with the lower part of the 

Overburden units (Etched units). Another hypothesis is that the Cratered Brighter Plains 

upper layer (presented with the Basal units), which presents a fractured network, could 

represent these flood plains. Further studies looking in the remaining erosional window 

area could help test this.  

The pitted channels (Prf unit) create a more complex network which is still buried 

in places. These features clearly developed within the Cratered basal units and are linked to 

the inverted channels. In some areas, where the pitted channels became wider or present a 

network organization, the borders of the pitted channels present a pockmarked surface 

texture, which is clearly distinct from the Cratered units which host the channels. This 

change in texture may represent a buried portion of the pre-existing paleo-channel 

materials which represented a wider area for groundwater flow if that was the mechanism 

that these pitted featured formed. The pathways for groundwater movement probably 

followed a pre-existing weakness pattern provided by the buried inverted channels. 
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Basal units (bu) - Observations 

The Basal unit’s group (Table 4.12) includes two units recognised within the boundaries of 

the previously mapped Noachian cratered terrains unit (Nhc1in Hynek & Achille, 2017). 

 

Table 4.12: Overview and description of the Basal units of Piscinas Serpentes study area. 

The Basal units 

Unit 

name 

Label Description/Observation Additional characteristics Figure 

Cratered 

Brighter 

Plains 

CBbu Unit in which both inverted and pitted 

channels are developed. It occupies 

about 50% of the studied area and 

presents a mid to bright-toned and 

smooth to cratered to polygonised 

texture. The unit is brighter toned in 

the southern part of the mapping area. 

It is topographically and 

stratigraphically higher than the Lower 

Cratered Darker Plains. 

 

 

A polygonal pattern created within 

two levels (with different 

morphology) can be seen at larger 

observation scales (1:2000). The 

upper part contains an extended 

network of polygonal fractures, 

which present the same direction as 

those within the ridge. Below, the 

network presents a positive relief, 

which create a pockmarked-like 

morphology when partially buried. 

Both fractured and positive relief 

polygons follow a similar pattern 

and, in a few cases, the small ridges 

fill in the fractures. Some filled dark 

craters are also visible in the unit. 

4.61 

Cratered 

Darker 

Plains 

CDbu Occurs stratigraphically below the 

Cratered Brighter Plains and generally 

at lower elevation. It is visible mainly 

where the Transitional unit and the 

Cratered Upper plains are not present. 

It presents a mid-dark toned surface 

with a smooth-cratered texture. 

Polygonal patterns are observed 

where pits of the upper Cratered 

Brighter Plains are preserved. 

4.61 

 

Basal units (bu) -Interpretations 

Both mapped Basal units are found within the boundaries of the Noachian Cratered terrains 

as mapped by Hynek & Achille (2017). However, the high-resolution observations (e.g., 

polygonised network within the CBbu and its absence within the CDbu), the different 

reflectance, and the different elevation trend made me consider these materials as two 

separated units. There is no clear origin for these terrains. 
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I speculate that the upper fractured polygonised level of the Bright Cratered Plains, 

on top of the positive relief polygons, could be the remains of flood plains from the 

Piscinas Serpentes system, mainly due to its proximity to the ridge and the presence of 

similar terrains associated with other studied system (e.g., Aram and Arago Dorsum).  

 

 

Figure 4.61: Border between the Cratered Darker unit and the Cratered Brighter unit. Here, the 
differences in texture and tone are clear. Both the units have craters developed within them. The 
pitted, negative relief, fine-scale valley (Prf) is better preserved in the Cratered Brighter unit but 
also cuts the Cratered Darker unit. HiRISE ESP_048990_1845 (4.51°N, -1.14°E) 

 

Miscellaneous units (mu) - Observations 

This group includes units (Table 4.13) created by subsequent and more recent secondary 

events (e.g., aeolian products) or those isolated and not of great extent (e.g., mesas, knobs). 

Miscellaneous units (mu) – Interpretations  

The knobs in the area seem to have formed by secondary erosion (mainly due to aeolian 

action) which has left them as small outliers detached from the Etched units. This group 

includes fresh impacts and their dark-toned ejecta (dark-toned due to the composition of 

the units the craters form in). The aeolian linear ridges features are probably TARs (Balme 

et al., 2008) formed by wind action and maybe composed of material eroded from the 

Etched units, since they are found mainly along their borders. 



 
 

251 
 

Table 4.13: Overview and description of the Miscellaneous units of Piscinas Serpentes studied 
area. 

The Miscellaneous units 

Unit 

name 

Label Description/Observation Additional characteristics Figure 

Aeolian 

material 

a The unit is composed by bright toned 

transverse ridges (TARS). Found mainly 

between the Etched units, in topographic 

lows.  

 

Because of their proximity 

to the Etched units, they 

have probably been created 

by the re-mobilisation of 

material falling from 

scarps. 

 

Impact 

crater 

interior 

c 

The unit c indicates the interior of the craters 

(floor, rims, scarps etc) excluding the material 

distributed outside of the crater after the 

impact. Filled craters or the craters within the 

Cratered units have been excluded, since they 

are part of the characteristic of a specific unit. 

The crater interiors usually present a dark-

toned central deposit, and the rims by contrast 

appear bright. 

Dark-toned material is 

visible on the walls of the 

crater as well as in their 

impact products. 

4.62a-

b 

Impact 

crater 

ejecta 

e 

This unit comprise the material outside the 

mapped craters. Usually dark-toned and 

smooth textured. Covers other units. 

 

 

The ejecta materials may 

present both brighter and 

dark tones than 

surroundings. The bright 

tone is mainly associated 

with the biggest crater 

which present also signs of 

indurations. 

4.62 a-

b 

Knobs 

k 

They occur at the same stratigraphical level of 

the Etched units and are visible above the 

Transitional unit in the northern part of the 

mapping area. The knobs have several 

characteristics in common with the Etched 

units, including texture, shape, tone, and a 

visible layering structure. I conclude they are 

eroded remains of the Eo1-2. 

The layering structure of 

the Etched units is 

preserved 

 

4.62c 

 

Bright unit 

b 

Brighter toned unit with rugged texture. 

Found below the Etched units and above the 

Transitional unit. It is found in proximity of 

the unconformity between the ridge and the 

Etched units 

Probably derived by the 

erosion of the Etched units 
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Figure 4.62: a- Example of no fresh impact crater (~500 m diameter) developed within the mapped 
units, possibly infilled by remains of Etched units or mass wasting products (ESP_048489_1845; 
4.53, -1.18). Here, the external material presents a brighter tone compared to other fresher impact 
materials (e.g., in b). b- Example of fresh impact material developed within the Basal units. Note 
the dark tone of the ejecta (ESP_048990_1845; 4.54°N, -1.28°E). c- ‘Etched units’ knobs. Note the 
preserved layering structure (PSP_004091_1845; 4.60°N, -1.21°E). 
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Figure 4.63: Geomorphic map of the Piscinas Serpentes system. The profile tracks A-B-C are 
discussed in section 4.3.3.4. HiRISE mosaic basemap (PSP_004091_1845, ESP_048489_1845, 
ESP_048990_1845; centre at 4.56°N, -1.17°E). 

 

4.3.3.4 Stratigraphy 

To visualise the stratigraphical evolution of the area and the relationships between inverted 

channels and pitted network, I present three topographic profiles shown in Fig. 4.64, 

derived from the MOLA-HRSC DEM.  
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The profile track A-A1 (Fig. 4.64) shows the relationship between the Etched units 

and the single inverted channel at the north of the map. The unconformity boundary 

between these two features is visible, showing that the Etched units have been deposited 

later than inverted channel formation, and that the inverted relief, and the erosion of the 

surrounding areas, also occurred earlier than the Etched terrain formation. Here, it is also 

clear that the Transitional unit is best interpreted as being the remains of the lower part of 

the Etched units or was at least created by the erosion and reorganization of the material 

derived from the Etched units.  

The profile B1-B4 has been drawn to study the relationship between the inverted 

segments. Here, is visible that the ridges are found at the same stratigraphical level. This 

evidence suggests that the three main ridges identified in the mapping area represent the 

same period of deposition. 

The profile C1-C3 was made to evaluate the stratigraphical distribution of the pitted 

channels compared to the inverted segments. Pitted channels are also found at different 

elevations, distributed in both Cratered Basal units. They change from a partially buried 

network at high elevations in the southern part of the map, to a single negative-relief 

partially filled channel at the boundary with the inverted relief.  

Using the DEM, I also inferred the thicknesses of the units and created schematic 

logs (Fig. 4.65). To understand the relationship between units which have been found at 

the opposite side of the mapping area, I created at first separated logs (Northern, Centre, 

and Southern areas) and then I constructed a final log which represents the mapping 

relationship of the units and the sequence of formation. 

The Noachian Cratered Darker terrains at the bottom of the stratigraphy are 

superposed by both ridges and pitted channels which characterise the Piscinas Serpentes 

system. However, the Upper part of the Noachian Cratered units (CBbu in this study) is the 

one actually crosscut by the pitted channels (Prf). The Transitional unit (To) partially 

covers the boundaries between units and is found in unconformity with the ridges, below 

the knobs, and usually linked with the Etched units. The Overburden Bright unit (Bo) is 

developed at similar stratigraphic level to the Etched units, superposing both Ridge 

Formation units and the Basal units. It probably represents a mixture of crater impact 

material and the part of the material eroded from outcrops of Etched units.  
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Figure 4.64: Morphostratigraphic profiles of the study area presenting my interpretation of the 
stratigraphy as interpreted from the map. The profile tracks have been obtained using the HRSC-
MOLA DEM.  The profile A-A1 (vertical exaggeration ×30) is in the northern area of the map. The 
profile B1-B4 (vertical exaggeration ×20) represents the union of three different profile tracks (B1-
B2, B2-B3, B3-B4) to allow a better view of the distribution of the inverted channels within the 
Noachian Cratered units. The C1-C3 profile (vertical exaggeration ×30) also represents the union 
of two profiles, to visualise the distribution of the pitted channels together with the inverted 
segments.  
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Figure 4.65: a- Stratigraphic inferred logs presenting the relationship of the main units based on 
three portions of the study areas. In the log I excluded the Miscellaneous units. b- Final log of the 
area. The thicknesses have been inferred using the HRSC-MOLA DEM and assuming 
approximately flat lying strata. Piscinas Serpentes ridges present inferred thicknesses between 5-
10 m.  
 

4.3.3.5 Piscinas Serpentes history summary 

I interpret the area hosting the Piscinas Serpentes ridge as an erosional window within the 

regional scale Etched units. Based on the profiles, logs, and elevations of the mapped 

geomorphic units, the knowledge from prior studies about both Meridiani Planum and 
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pitted channels in terrestrial analogues (Salar de Llamara, Williams et al., 2017), my 

interpretation of the formation history of the study site is:  

(i) Somewhere between Early-Middle Noachian, the now cratered units 

(Cratered Darker unit and Cratered Brighter unit) of unknown origin 

formed. The presence of many smaller craters (≤ 200m) compared to the 

ones formed in Early Noachian  unit (50-100 km in diameter, Tanaka et al., 

2014b) suggest that these units have at times been exposed to the surface 

environment for periods long enough to justify intense impact cratering. 

The upper Cratered Brighter unit was also modified by subsequent aqueous 

events. 

(ii) In the Middle Noachian, incision by surface overland flow shaped the 

Noachian cratered units, forming channels and channel networks which 

would have flowed following the paleo-topography.  

(iii) Since the Etched units form an unconformity with the current inverted 

feature, it is likely that Piscinas Serpentes became inverted before the oldest 

Etched unit was emplaced (Late Noachian). It was possibly buried by a 

combination of its own overbank deposits or flood plains from other fluvial 

systems (possibly represented by the current network of inverted and pitted 

channels within the erosional window) that were then eroded away before 

the emplacement of the Etched units (depositional-erosional hiatus).  

(iv) As climate change at the Noachian-Hesperian boundary, the study area, as 

well as all Meridiani, experienced a change in depositional environment. 

Surface water flow was substituted by groundwater movement and up-

welling. The Etched units formed, covering burying, and protecting the 

Piscinas Serpentes system and any related more extended networks.  

(v) The pitted channels formed by removal of material from groundwater flow 

in the shallow subsurface, following and reactivating former fluvial channel 

conduits (i.e., ribbon sand bodies). In eastern Meridiani, pitted channels 

postdate both most of the regional exhumation and the formation of the 

capping hematite-bearing Meridiani plains (Williams et al.2017) and have 

been found associated with the higher Etched units (Williams et al.2017). 

For this reason, I assume that also the studied pitted channels have 

reactivated the sub-surface conduits, after the deposition of the Etched units 

(older member) in the mapping area, this implies that groundwater 
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processes have active from the Noachian to the early Hesperian (during the 

climate transaction).  

(vi) Secondary erosion was active after the formation of the pitted channels, 

eroding the Etched units, creating the current erosional window, exhuming 

the Noachian cratered terrains, as well as the buried pitted channels. During 

this last erosional stage, the Transitional unit formed by the erosion of the 

Etched units, covering part of the contacts, and partially covering the 

Piscinas system. Knobs and aeolian features are also of more recent 

formation and show ongoing modification of the landscape. 

4.3.4 Case study 4–Mawrth Dorsa, dark inverted channels in the Mawrth 

Vallis area 

4.3.4.1 Previous studies in the Mawrth Vallis area 

The fifth mapped and studied inverted channel is located within the Mawrth Vallis region 

in north-west Arabia Terra, at the border with the lowlands of Chryse Planitia (Fig. 4.66a). 

In this region the most distinct feature is the Mawrth Vallis valley (flow direction south-

east to north-west, Fig. 4.66b), which is developed mainly in heavily degraded materials 

dated to the Early-Mid Noachian (Tanaka et al., 2014b). This area has been widely studied 

(e.g., Bishop et al., 2008; Loizeau et al., 2012; Loizeau et al., 2007), as Mawrth Vallis 

presents exposures of minerals linked to formation in aqueous environments (e.g., 

amorphous silica, aluminium and smectite clay minerals, sulphate minerals and others) in 

layered outcrops which are spread across ∼1000 × 1000 km (e.g., Noe Dobrea et al., 

2010). The presence of so many different water-related minerals, a vertical variation of 

phyllosilicates (iron-rich clays bottom and aluminium-rich clays top), and their large 

extension within Marwth Vallis area, suggest a variation in wet environmental conditions 

in the region (Bishop et al., 2008; Loizeau et al., 2012, 2007; Noe Dobrea et al., 2010). 

Stratigraphical studies have recognised three main units based on both 

morphological and spectral observations (e.g., Loizeau et al., 2015; Noe Dobrea et al., 

2010): 

(i) Fe/Mg‐phyllosilicate assemblage (called red member in Loizeau et al., 

2015) developed within a layered light‐toned material (100-140 m 

thick), with both massive to irregular polygonal texture (polygons shape 

and size variable). 



 
 

259 
 

(ii) Al‐phyllosilicate and hydrated silica assemblage (called upper blue 

member in Loizeau et al., 2015), which is a light‐toned layered unit (tens 

of meters thick and layered at m-scale).  

(iii) A dark capping unit (5-10 m thick) which presents a weak signature of 

pyroxene (Loizeau et al., 2007). This may presents an indurated 

relatively unaltered resistant cratered upper surface (which is 

characteristic also of sinuous ridges in the area) or a smooth 

hummock‐forming shapes (Noe Dobrea et al., 2010) indicating a less 

cemented rocks (Loizeau et al., 2015).  

Although a general stratigraphy has been proposed for the Mawrth Vallis region 

and inverted channels have been observed (e.g., Noe Dobrea et al., 2010), a more detailed 

understanding of the inverted fluvial features and their relationship with the surrounding 

material is missing. For this reason, I selected an area with many inverted channels to try to 

fill the gap. 

Since the Fe/Mg‐phyllosilicate and the Al‐phyllosilicate units boundaries are hard 

to identify from gray scale images, and spectral data comparisons are usually necessary 

(Loizeau et al., 2015), I will focus on mapping the boundaries between possible fluvial-

related events and the other surroundings units, which are  more likely to be part of the 

regional stratigraphy. 

4.3.4.2 General Context and Setting 

The site was presents both spectral signatures of hydrated minerals (Fig. 4.67a) and several 

inverted channels (Fig. 4.67b, 4.68) which trend into a lower topographic area (Fig. 4.68a), 

and was formed during the Middle Noachian (Tanaka et al., 2014b). All the mapped 

inverted channels in the area present a dark capping layer, and are connected to a central, 

circular, smooth dark material at lower elevation (Fig. 4.68b). I refer to this area as the 

Mawrth basin (borders are indicated with the dotted black lines in Fig. 4.68a). Another 

distinct element is a bright toned material, which surrounds and fills the basin (Fig. 4.68b). 

Similar dark terrains (Fig. 4.69a), younger than the phyllosilicates, have been found 

in other areas across the Mawrth Vallis plateau and suggested to be the remains of a once 

more extensive volcanic ashfall deposits (Loizeau et al., 2007), as it does not show 

hydrated spectral signatures, although the nature of the dark material is still very uncertain. 

The bright material in the study region is similar to material close to the Mawrth Vallis 

channel, and it is morphologically the same as the unit which presents phyllosilicate 

spectral signatures (e.g., Loizeau et al., 2015; Loizeau et al., 2007). 
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Figure 4.66: a- MOLA topographic map of Arabia Terra region where the location of the Mawrth 
region studied area is indicated with the black square. b- Area which corresponds to the black 
square in a. The blue lines in the figure represent inverted channels. These features are found at 
the southwest of Mawrth Vallis channel south of two 45 km-diameter unnamed crates. The black 
box c indicates the study area location. 

 

The basin has good HiRISE coverage (Fig. 4.69) allowing me to investigate 

inverted channel morphology at HiRISE scale. For the mapping, I selected 

ESP_036028_2000 (red rectangle in Fig 4.69) as this has an available DEM and includes 

the border of the basin, a portion of the dark material where all the inverted channels 

connect, and two parallel inverted segments. 
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Figure 4.67: a- Image modified from (Bishop et al., 2008) showing the areas where Fe- and Al-
phyllosilicates have been detected. The red square indicates the location of b. b- MOLA 
topographic map of the area where inverted channels (blue lines) have been recognised. Black 
arrows indicate areas where phyllosilicates have been recognised. Elevation data show that the 
inverted channels are developed within a lower topographic area, and flow into a basin with (flow 
direction generally from north to south following the topography).  
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Figure 4.68: a- MOLA elevation detail of the lower topographic area where inverted channels 
have been mapped. b- CTX mosaic view of the same area (19.63°N, -17.06°E). The material at the 
lower elevation presents a dark tone, as do many other terrains around the Mawrth Vallis region, 
including the inverted channels, which appear to be connected to this central region of dark 
material.  
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Figure 4.69: The white, red areas represent location of the available HiRISE images. The red 
rectangle is the HiRISE image (ESP_036028_2000 ) selected for the detailed mapping. CTX 
mosaic (centre at 19.74°N, -17.08°E). 

 

4.3.4.3 Inverted channels characteristics within the Mawrth basin  

At the CTX mosaic scale of observation, all the inverted channels look like sub-parallel, 

continuous, dark-toned, sinuous segments ‘flowing’ into the basin, and superimposed on 

the surrounding materials (Fig. 4.70). There are seven main channel segments. The longest 

preserved segments (a and g in Fig. 4.70) present a sinuous to meandering shape with a 

length of about 40 km. Both have variable width: a (in Fig. 4.70) varies from 600 m wide 

at the highest elevations to about 200 m in the bottom of the basin, g (in Fig. 4.70) varies 

from 120 m wide in the high elevation area to 970 m wide, close to the main dark material. 

The other sub-parallel segments present similar values of width and similar morphology 

but are shorter and more eroded. All these inverted channels appear connected to the 

central dark material within the basin, as well as to a more distributed dark toned material 

located at higher topographic area. I refer to the entire structure (inverted channels and the 

central connected material) as the Mawrth Dorsa and I will use the terminology Mawrth 

Dorsum Ridge ’X’  when I refer to a single ridge. 
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Figure 4.70: CTX mosaic (centre at 19.74°N, -17.08°E) about the studied area. In the figure the 
seven longest main preserved inverted channels are indicated (a-g). The labels mark the beginning 
(outer part of the basin) of the segments. 
 

The Mawrth Dorsa inverted channels do not show such a variation in cross section 

shape as the other studied sites. These inverted channels instead present a rectangular cross 

section (e.g., Fig. 4.71), which can appear more concave in a few places, with a cratered 

upper surface.  

From HiRISE observations, the inverted features show more complex features. The 

dark-toned surface observed from a plan view perspective is distinct and is a thin resistant 

capping layer (2-5 m) with a cratered (Fig. 4.71a) or a smooth upper surface (Fig. 4.71b). 

When eroded, it generates very dark lateral mass wasting flows which can cover the ridge 

flanks (e.g., Fig. 4.71b). Where the resistant layer has been removed, brighter, mid-toned 

material is present below (Fig. 4.72). In some cases, polygonal features have been 

observed developed in this brighter material and a distinct layering structure (layers ≤ 1m 

thick) is also visible.  

Layering in the materials below the dark capping unit occurs also within the wall of 

a recent crater which impacted the longest segment of the channel at the western part of the 

study area (Fig. 4.73), and in association with the several circular dark features present in 

the area (Fig. 4.74). These features are clearly distinct from the brighter surrounding 

material, and, like the inverted channels, these features present a positive relief and contain 

the same dark capping unit (Fig. 4.74a). The more circular ones are likely to be filled 
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inverted craters. All the others are likely to be knobs or mesas eroded from the main 

inverted channels. Below the resistant unit, the knobs have distinct layering (Fig. 4.75), 

with some layers thicker than the capping unit (~ 2-3 m). In some areas, other circular and 

partially layered buried features are observed (Fig. 4.74b). Based on these observations, a 

channel inversion scenario involving the exogenic emplacement of an erosion-resistant 

capping layer (e.g., a volcanic-derived material) to create a more resistant dark layer, 

protecting the weaker strata below, could be possible (Loizeau et al., 2007). This could 

indicate the fluvial activity here was mainly erosional and short-lived. However, examples 

of multi-level-like inverted channels, not visible at CTX scale, are also found (Fig. 4.76). 

In these cases, resistant layers have developed at different stratigraphical levels. In a few 

cases, the different levels are defined by a stacking of smaller ridges (e.g., Fig. 4.76a and 

Fig. 4.76b) or, as in Fig. 4.76c, by a flat, resistant, and partially buried layer. This evidence 

suggests a more complex evolutionary scenario, like the other inverted channels presented 

in this chapter. 

4.3.4.4 Mawrth Dorsa mapped ridges morphology 

The mapping area includes portions of ridges f and g (in Fig. 4.70). I refer to the northern 

ridge as Mawrth Dorsum Ridge 1 (1 in Fig. 4.77), and to the meandering ridge in the 

southern part of the map as Mawrth Dorsum Ridge 2 (2 in Fig. 4.77).  

Both ridges have similar morphologies and are typical of other inverted channels on 

the area. They are single, almost parallel ridge features with a Rectangular cross section 

and a rugged-cratered dark upper surface (Fig. 4.78a). Both are surrounded by dark mesas 

and knobs and are linked to a similar dark material deposited at higher elevations outside 

the basin (Fig. 4.78a-b). This suggests that the outer material, the ridges, the mesas, and 

knobs which surround them, and the basin central dark material were plausibly deposited 

as part of the same depositional event.  

In the mapping area (Fig. 4.78), three main deposits stand out: (i) the dark material 

of the ridge tops, (ii) a bright-toned material, and (iii) a mid-toned material found in 

between.  
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Figure 4.71: Details of the dark capping unit (ESP_020020_2000), likely responsible for the 
inversion of relief of the inverted channels. a- Below the dark upper layer, layering is visible. 
(19.64°N, -17.34°E). b- Detail of capping unit thickness (19.64°N, -17.34°E). This material has 
steep sides, indicating a mechanically strong layer. 
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Figure 4.72: Areas where the capping unit has been removed and the lower layer is visible. It 
presents a brighter tone and some polygonal features are also visible. a- Lateral mass wasting 
deposits often obscure the flanks of the inverted channels (detail from the HiRISE image 
ESP_026679_2000; 19.82°N, -17.57°E). b- Detail of resistant unit. A brighter unit with polygons 
and possible different strata of the dark capping unit can be seen (detail from the 
ESP_020732_2000; 19.66°N, -17.40°E). 
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Figure 4.73: a- Young impact crater within a portion of an inverted channel in the area (crater 
centre at -19.67°N, 17.52°E). b- crater wall detail (ESP_023422_2000; 19.69°N, -17.52°E) where 
horizontal layers are visible and located at the bottom of the dark capping unit. 

 

 

 

 

 



 
 

269 
 

 

Figure 4.74: a- Circular upstanding dark features (ESP_022077_2000; 19.83°N, -17.34°E) present 
in the studied area. They may vary in shape and size, looking more like mesas which probably were 
linked to the main dark body at the bottom of the basin. Others are circular and I interpret them to 
be filled inverted craters. b- Example of a partially buried concentric layered features (centre at 
19.81°N, -17.32°E) which probably represents another filled crater in which layers have been 
formed by the deposition of sedimentary strata. 
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Figure 4.75: Details of mesas in the studied area. In both the images a and b is visible the same 
capping unit on top of the sequence and many horizontal layers below the dark unit are present 
and look like the ones observed for the inverted channels. a- ESP_022077_2000 HiRISE detail 
centre at 19.80°N, -17.33°E, b- same image at 19.83°N, -17.31°E.   
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Figure 4.76: a- Details from the ridges as visible in the HiRISE image ESP_020020_2000. a- More 
secondary ridges, with a similar dark capping unit are found associated with the main ridge. Below 
the main ridge, horizontal parallel layers are visible (19.65°N, -17.33°E). b- On the upper capping 
unit a multi-level structure has been observed (19.55°N, -17.31°E). c- Below the thick dark capping 
unit, a similar, almost parallel, thick resistant layer is identified (19.52°N, -17.28°E). 
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Figure 4.77: HiRISE image (ESP_036028_2000;; centre at 19.92°N, -16.90°E) used to map a 

portion of the Mawrth Dorsa system.  
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Figure 4.78: a- HiRISE image (ESP_036028_2000; centre at 19.92°N, -16.90°E) showing the main 
elements on the mapping area, including the two main ridges, the central material, and the three 
main materials which characterised the area, mainly based on their toned (bright-mid-dark). b- 
DTM of the mapping area with a vertical exaggeration x10. From this view, the border of the basin 
and the ridges’ rectangular cross-sections are visible. How the ridges, central materials and most 
of the dark features are upstanding compared to the surrounding areas can also be seen. 

 

4.3.4.5 Mawrth Dorsa map units 

I grouped the units into the two main groups: (i) Ridge formation and (ii) the Basal units. 

(Fig. 4.79). The Ridge Formation includes the materials which compose the ridges (blue in 
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Fig. 4.79). The units which belong to this group should not be considered as part of a 

fluvial system, but simply part of the ridge structure, and may include materials formed by 

other processes. The Basal units include all the materials below the ridge materials (brown 

in Fig. 4.79). 

Ridge formation (rf) - Observations 

The Ridge Formation comprises four different units reported in stratigraphical order from 

youngest to oldest in Table 4.14. 

 

 

Figure 4.79: Geomorphic map of part of the Mawrth Dorsa system showing the main mapped 
groups of units. The profile track A-A1 is presented in section 4.3.4.6. HiRISE basemap 
(ESP_036028_2000; centre at 19.92°N, -16.90°E). 
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Table 4.14: Description of the units for the Mawrth Dorsa Ridge Formation group. 

Ridge Formation 

Unit Label Observations/Description Additional 

characteristics 

Figure 

Smooth 

Capping 

unit 

SCrf 

Includes the topmost part of the Mawrth 

Dorsa central material, the upslope 

plateau region, and many of the mesas 

and knobs. Has a dark-toned but very 

smooth surface texture and contains 

small impact craters (≤25 m diameter). 

In the studied area, this unit is at the top 

of the stratigraphy and is no thicker 

than 1-2 m. 

The presence of similar 

smooth texture on the 

other studied HiRISE 

images suggest that is 

the remains of a once 

more extensive layer. 

The craters do not 

present traces of ejecta 

and are not fresh. Many 

knobs and mesas are 

associated with this unit. 

4.80 

Rugged 

capping 

unit 

RCrf 

The RCrf morphological unit represent 

a resistant layer found at the top of 

some ridges and mesas in the southern 

part of the mapping site, and on top of 

the central deposit. The unit presents a 

rugged texture and is dark toned. It 

includes many impact craters with 

diameters usually <100m, which make 

the upper surface irregular. 

This unit is thicker (~5 

m). than the SCrf. Many 

knobs and mesas are 

associated with this unit. 

 

4.80 

Quasi-

Circular 

dark 

unit 

Crf 

Occurs in the south-west of the 

mapping area or within circular knobs. 

Presents a circular or quasi-circular 

shape. Surface is smooth or rugged but 

always dark toned.  

When it presents a 

cratered surface, the 

crater diameters are <100 

m, similar to those in the 

RCrf unit. 

4.81a-b-c 

Lower 

dark 

unit 

LDrf 

This unit is found close to the two main 

ridges and within erosional windows 

developed in them, in the central dark 

deposit, and below the upslope plateau 

material at the north of the mapping 

area. Dark toned and rugged texture. 

This unit is visible when the capping 

unit has been removed. 

Stratigraphically below the RCrf. 

None-very few outcrops 

are present in the 

mapping area. 

 

4.82 
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Figure 4.80: Detail of the mapping site (ESP_036028_2000; 19.77°N, -16.90°E), which present 
both the Smoother capping unit (SCrf) and the Rugged cratered unit (RCrf). Both present a dark 
toned, but texture and crater dimensions are very different. 

Ridge formation (rf) - Interpretation 

I interpret the ridges as inverted channels that developed due to the infilling of a more 

resistant material which has been transported into the Mawrth basin (rather than be made 

of purely fluvial materials), creating the mapped Smooth Capping unit, Rugged capping 

unit and the Lower dark unit. This interpretation is based on: (i) the presence of the dark 

capping units both inside and outside the basin, (ii) the many knobs and mesas associated 

with these units both inside and outside the basin (which suggest a wider previous extent of 

the unit), (iii) the observation that all the ridges are found at higher elevations, but that 

there is the presence of a dark connected material within the basin at lower elevations.   

The mapped ridges do not present as well-developed a layered structure as the 

ridges located in the western side of Mawrth basin. However, since at least two different 

capping units have been recognised (smooth and rugged) at least two depositional events 

likely occurred to form the resistant material now located on top of the studied ridges. The 

Lower dark unit probably formed during one of these two events and was simply deposited 

within the lower elevation areas of the basin. If any alluvial material was present in the 

basin, it has been likely covered by the dark capping units or mixed with them. Thus, 

fluvial facies are not clearly distinguishable from the currently used images. 
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Figure 4.81: a- Examples and locations of the Quasi-Circular dark unit (Crf) within the studied 
area (ESP_036028_2000; 19.90°N, -16.89°E). b- Quasi-Circular dark unit developed within the 
Ridge 1. This represents a good example of the rugged cratered surface (ESP_036028_2000; 
19.89°N, -16.91°E). c- Example of a smooth surface for the Crf, found within a filled crater in the 
area (ESP_036028_2000; 19.92°N, -16.87°E). 
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Due to its shape and the similar dark-toned and texture to the capping units, I 

interpret the Quasi-Circular dark unit, to be the result of the infilling by the same resistant 

material of craters present in the basin at that time. It is hard to define how this dark 

material was transported and deposited. 

The Ridge formation units have many elements in common to the dark capping 

units recognised in proximity to Mawrth Vallis (e.g., Loizeau et al., 2015; Noe Dobrea et 

al., 2010). These include: (i) surface texture and tone, (ii) stratigraphical relationship, (iii) 

the presence of many circular features, probably filled craters, within the ridges, and (iv) 

the evidence of a more extended area covered by the same dark material (the presence of 

many mesas and knobs associated with the ridge units, and the sloping dark material). I 

interpret the studied ridges to be formed by the same material which infilled the paleo-

valley/channel. The material could represent lava, volcaniclastic, aeolian, flood deposits, or 

a combination of these. 

 

 

Figure 4.82: Example of Lower dark unit (LDrf) visible at the borders with the Ridge 1 
(ESP_036028_2000; 19.89°N, 16-94°E). 
 

Basal Units (bu) - Observations 

The Basal units group include three main identified units reported in stratigraphical order 

in Table 4.15. 
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Table 4.15: Description of the units for the Basal unit group of the Mawrth Dorsa studied area 
Basal units 

Unit Label Observations/Description Additional Figure 

Rugged 

basal 

unit 

Rbu 

The Rbu unit covers almost the 50% of 

the mapping area, and it extends from 

north-west to south-east. It has mid-tone, 

and a variable irregular rugged surface 

Presence of knobs suggest a wider 

extension of this unit below the ridges. In 

the southern part of the map, the texture is 

smoother. Layers have been identified 

only in the upper part of the Rbu below 

the Ridge formation units. 

Many polygons and 

fractures are visible 

specifically at the 

boundary with the 

Bbu, but not within 

knobs or in smoother 

portions. 

4.83 

4.84 

Bright 

basal 

unit 

Bbu Outcrops are visible in many places 

covered by the Rbu. However, in some 

places the Bbu looks to be directly in 

contact with the dark capping units. 

Bright-toned with a rugged texture. 

Layers are visible in the extreme south-

east of the mapped site (border with the 

Lbu) 

Many polygonal 

features (fractures and 

small domes), with a 

variety of shape and 

size, are found 

associated with this 

unit. Some circular 

features are presents 

within the unit 

(probably filled 

craters). 

4.83 

4.84 

Lower 

basal 

unit 

Lbu 

This unit is found in the southern-east part 

of the mapping area. It is located at the 

bottom of the local stratigraphy and is 

visible only in the lowest topographic 

points of the mapping area. It exhibits a 

mid- to bright-toned surface with a rugged 

texture. In HiRISE images, layers are 

visible. 

It includes polygons 

and fractures similar 

to those identified in 

the Bbu. 

4.83 
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Figure 4.83: Example region with all main Basal units superposed by dark ridge formation units 
(ESP_036028_2000; 19.70°N, -16.86°E). 

 

Basal units (bu) - Interpretation 

The basal units and their mapping are complex. The strong erosion, the remains of Rbu 

spread around the mapped site (e.g., Fig. 4.84), mass-wasting from the ridges, the rugged 

and irregular surface of the Bbu, and the presence of several polygonal shapes and 

fractures, make it difficult to identify contacts between the Rbu and the Bbu. In some 

erosional windows in the ridges, the Bbu is visible, suggesting that the Rbu could have 

been partially eroded even earlier than the deposition of the capping dark units.  

The Bright basal unit presents many similarities with the red member described by 

Loizeau et al., (2015), and the Fe/Mg‐phyllosilicate unit in Noe Dobrea et al., (2010), 

including: (i) the bright tone and variable texture, (ii) presence of different and massive 

fractures organised to form polygonal structures (same types have been recognised and will 

be described in Chapter 5), (iii) circular bright features (likely filled craters) and (iv) its 

stratigraphical position below the dark capping units. Consequently, I interpret the Lower 

unit to represent the part of the ‘red member’, since it also presents a very similar fractured 

network and texture, as described by Loizeau et al., (2015) for the lower part of the red 

member.    

The Rugged basal unit is more complex to interpret. This unit could represent: (i) 

an extended material preserved below the capping units, which present a different texture 
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when strongly eroded (as suggested by the several knobs, and its presence below the ridges 

in the mapped area), (ii) part of the Bright basal unit but mixed with eroded material from 

the ridges which would making this look to be a different material in Gray-scale images, 

(iii) an altered form or the upper part of the Bright basal unit (when Rbu is not strongly 

eroded it is hard to distinguish it from Bbu due to their similarity in texture and polygonal 

features). The first interpretation explains the stratigraphical relationships but fails to 

justify the variation in texture observed in the most eroded part of the unit. The second 

interpretation fails in justifying the presence of knobs and mesas not related with the 

capping material, developed above the Bbu and clearly below the ridge formation units 

(Fig. 4.84). The third interpretation looks the most reasonable and explains both 

similarities of the two units and examples of direct contact between the ridge formation 

and Bbu.  

An important outcome of this mapping is that there are significant similarities in 

stratigraphy and morphology between the units mapped here and those reported elsewhere 

in the Mawrth Vallis area. This suggests that the basin’s units are part of a regionally 

extensive sedimentary package, instead of being locally formed. 

The Rbu (where most eroded, Fig. 4.84) might instead represents the iron-horizon 

identified between the Fe/Mg‐phyllosilicate  and the Al‐phyllosilicate by Loizeau et al., 

(2015). The reddish toned visible in RGB images (Fig. 4.84) could indicate a material rich 

in Fe-oxides. This interpretation not only explains the stratigraphical relationship with the 

Bbu, but also the variation and similarity of texture and polygonal content with that unit 

and the upper part of the Rbu. The upper part of the mapped Rbu could be part of the 

Al‐phyllosilicate unit, which cannot be easily distinguished from the Fe/Mg‐phyllosilicate 

without the support of spectral analysis (Loizeau et al., 2015), explaining also the 

difficulties in the mapping of the area. However, I did not observe the characteristic bluish 

colour that characterised this unit in RGB HiRISE images from other studies. The only 

examples of a bluish shade I observed seem to be consequence of the erosion of the ridge 

material rather that an intrinsic propriety of the unit (Fig. 4.85). A definitive interpretation 

for this unit has therefore not been reached. 
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Figure 4.84: Details of the mapped area as seen from RGB HiRISE image (ESP_036028_2000; a- 
19.70°N, -16.88°E,  b- 19.75°N, -16.88°E). In the colour image is easier to identify the knobs of the 
Rbu unit, and its stratigraphical position below the main ridge but above the Bbu.  
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Figure 4.85: Details of the Rbu as seen from RGB HiRISE image (ESP_036028_2000; 19.80°N, -
16.90°E). The black arrow indicates an example of a portion of the unit which present a bluish 
shade, not present in the Bbu. However, the proximity of the mass wasting material from the ridge 
(close by the arrow) suggest that the shade is likely a consequence of the spread of the ridge 
material on top of the unit.  
 

4.3.4.6 Stratigraphy 

The stratigraphy has been evaluated using the DEM, cross sections (profile A-A1 and B-

B1), observations of cross cutting relations in the HiRISE image and, when the HiRISE 

DEM did not cover the area of interest, the HRSC-MOLA DEM (profile C-C1). The three 

profile tracks (Fig. 4.86) present different aspect of the study area.  
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Figure 4.86: Geomorphic map of the Mawrth Dorsa studied area. Profiles presented in the next 
section 4.3.4.6. HiRISE basemap (ESP_036028_2000; centre at 19.92°N, -16.90°E). 
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The profile A-A1 (Fig. 4.87) shows the boundaries of the main groups (Ridge 

Formation-Basal units) and covers the mapped area from north to south. Profile B-B1 (Fig. 

4.88) exhibits the main mapped units and explores the different interpretations I considered 

for the basal units (section 4.3.4.5). It also shows thicknesses and relationships between the 

two ridges. Profile C-C1 presents the stratigraphical relationship between the Basal units 

and the central dark material (Fig. 4.89). The unbroken lines represent boundaries between 

the units for which a surface clearly contact was visible in the geomorphic map. The dotted 

lines indicate a boundary between units based on my interpretation from the surface 

morphology and unit boundaries.  

 

 

Figure 4.87: Morpho-stratigraphic profile A-A1. Track visible in Fig. 4.79. The vertical axis has 
exaggeration×30.  

 
Profile A-A1 shows that the Ridge material is found at the locally highest 

topographic areas, including the basin wall, and is superimposing the Basal units which 

form the basin. The parts of the basin with higher local elevation all have the dark capping 

unit on top. The mesas and knobs, which present similar texture and tones to the capping 

unit, are also found in proximity to the ridges at the same stratigraphical level, confirming 

that the upper dark material was once more spatially extensive, and these mesas were 

probably created by secondary erosion.  
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Figure 4.88: Morphostratigraphic profiles of the two main ridges in the mapping area. B-B1 refers 
to the track indicated in Fig. 4.86 and presents the relationship between the Ridge Formation units 
and part of the Basal units. The label Ccrf indicate both the capping units (SCrf+RCrf). The 
vertical axis has a vertical exaggeration ×20. The profile -a represents the projection of the units’ 
boundaries considering the mapped units, -b-c-d-e profiles are a different representation of the 
same profile based on interpretations of the mapped units as reported in section 4.3.4.5.  
 

The profile B-B1 presents a detail of the mapping area, using an elevation profile 

that connects the two main ridges. In Fig. 4.88a, a few important characteristics of the 

studied units can be observed. Firstly, the Quasi-Circular dark unit (Crf) is located at the 

same stratigraphic level as the Capping units (CCrf). This and their similar texture and 

tone, are in line with an interpretation of a filled crater, which impacted the Basal units 

before the dark material infilled the basin. Secondly, the two separate ridges, which inflow 

from different part of the basin, exhibit the same stratigraphical relationship with the other 
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units in the area. Finally, the Rugged basal unit (Rbu), superposes the Bright basal unit 

(Bbu). 

In Ridge 1, I am not able to estimate how deep the filled crater could be, and so it is 

hard to trace the sub-surface unconformities/contacts and the units involved. My 

interpretation is that the crater, formed earlier and probably within the Basal units, so the 

contacts have been traced consequently.  

The boundary between the Rbu and the Bbu has been difficult to map due to 

similarities between the two units (as specified in section 4.3.4.5) making the interpretation 

difficult. Different possible interpretations are shown in Fig. 4.88: 

 In a, the Rugged basal unit has been tracked as a continuous unit below the 

Ridge formation, projecting the surface boundaries on top of the profile. 

Here, the Rbu and Bbu represent two distinct materials.  

 In b, the Rbu unit represents the upper part of the Bbu unit which has been 

covered by erosional material which influences its surface aspect. 

 Both c and d interpretations consider the Rbu as an upper portion of the Bbu 

unit (same member but different unit), which possibly was altered, probably 

after the deposition of the capping units or by weathering in the upper part.  

 In e, the mapped Rbu includes part of the Fe-horizon and the blue member 

(Al-phyllosilicate unit) as reported by previous authors (e.g., Loizeau et al., 

2015; Noe Dobrea et al., 2010). However, with no support from spectral 

data, the two units are hard to distinguish (Loizeau et al., 2015). The 

boundary is tracked with a discontinuous line since it does not represent a 

real boundary but just a 2D visualization of my interpretation. 

 

Profile C-C1 shows a clear linear transition between the Basal units visible at the 

southern area of the mapping site. Here, the Capping units (Ccrf) represent a portion of the 

central dark material. In Figure 4.89, the profiles a-b-c-d-e have been tracked following the 

same interpretations as indicated for the profile B-B1. 
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Figure 4.89: Morpho-stratigraphic profile which refers to the track C-C1indicated in Fig. 4.86 and 
presents the relationship between the Basal Units. The vertical axis has a vertical exaggeration 
×10. The label Ccrf indicates both the capping units (SCrf+RCrf). The profile -a represents the 
projection of the units’ boundaries considering the mapped units. The other profiles match 
interpretations described in section 4.3.4.5. 

 

Based on the morphological similarities between the Rbu and Bbu, the associated 

features such as fracturing and polygonal content which are the same reported by Loizeau 

et al., (2015), and the agreement in stratigraphy, I consider the interpretation provided in 

profiles c-d the most reasonable. However, I cannot exclude that I included some remains 

or small portion of the blue member and the Fe-horizon within the Rbu. Future spectral 

analysis could determine this. I consider the scenario b as being unlikely, since examples 

of the Rbu unit have been observed below the ridge’s material. 

Based on the obtained profiles, a depositional order is defined. The mapped Lower 

Basal unit (Lbu) and the Bright basal unit (Bbu) are found at the bottom of the stratigraphy 

superposed by the Rugged basal unit (Rbu), and on top of the stratigraphy, the Upper ridge 

capping material (consisting of SCrf-RCrf-Crf-LDrf units). From the profiles I inferred 
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thicknesses of the units, presenting them in stratigraphical logs a-b-c in Fig. 4.90. The logs 

represent three of the main interpretation of the area: 

 In Log a, for the thickness calculation I consider the Rbu and the Bbu as 

separated units following the profiles -a in Fig. 4.88 and 4.89.  

 For Logs b and c (based on the interpretations –d and –e in Fig. 4.88 and 

4.89),  both order of deposition and calculated thicknesses in are similar to 

those reported in previous work (e.g., Loizeau et al., 2015; Noe Dobrea et 

al., 2010). 

 

Figure 4.90: Stratigraphic inferred logs of the studied area. a- The log has been divided in two 
parts, based on the group of the mapped units, and the thicknesses are indicated. The thicknesses 
have been inferred using both HiRISE and HRSC-MOLA data. The vertical thickness of the Basal 
units is more than 100 m, considering that part of the Lower basal unit (Lbu) is not visible in the 
mapping area. The Ridge Formation material corresponds to a total thickness of 9-10 m. –b and –c 
logs represent two different interpretations based on previous Mawrth Vallis analyses (e.g., Loizeau 
et al., 2015). 
 

4.3.4.7 Mawrth Dorsa history summary 

My interpretation of the formation history of the site is informed by previous analyses and 

results from mapping. It can be summarised as: 

(i) In the Early Noachian (Loizeau et al., 2012) the mapped lower basal units 

(Lbu, Bbu interpreted as Fe-phyllosilicate rich units), were deposited in a 

wide-spread area at the north of Arabia Terra region, under a likely wet 

environment (e.g., Loizeau et al., 2015, 2012).  

(ii) In the Mid-Noachian, the studied paleo-basin developed within these units, 

possibly due to a prior impact crater (no longer visible). At this time (or 
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earlier), the upper part of the basal units were altered by weathering or 

diagenesis, forming the current Rbu (this alteration may have led to the 

formation of the Al-phyllosilicates and Fe-rich horizon).  

(iii) After the alteration, all the basal units were eroded and massively fractured 

(further details in Chapters 5).  

(iv)  Somewhere Late Noachian-Early Hesperian the capping units formed 

possibly in two or three episodes (Srf, Rrf, LDrf), and covered the region, 

infilling the basin and the smaller craters on top of the basal units (forming 

the Quasi-circular dark units, Crf). The indurated nature of the material, its 

dark-tone, and the detection of weak pyroxene spectral signature (Loizeau 

et al., 2007) mean that a volcanic origin has been proposed by previous 

authors. These could be lava flows, lag deposits derived from volcanism, 

aeolian processes, and impacts (Noe Dobrea et al., 2010) or a mixture of 

pyroclastic materials from large volcanic events (Loizeau et al., 2015). 

Recently, some craters in Arabia Terra, have been proposed as possible 

candidate calderas (Whelley et al., 2021). However, the closest candidate to 

Mawrth Vallis is Eden Patera, which is about 700 km from the studied 

region. Large impact craters could also be candidates for the origin of the 

capping materials, but it is not clear which crater(s) could have been 

responsible, as no obvious candidates can be seen linked to ejecta here. 

(v) Finally, the basin moved from a period of deposition to a period of erosion, 

which removed part of capping units (leaving knobs and mesas), and 

consequently part the upper portion of the basal units (Rbu). 

4.4 Discussion 

4.4.1 Summary and comparison of the four case studies  

To understand at least part of the inverted channels’ diversity in Arabia Terra, I now 

compare these mapped regions with Aram Dorsum (Balme, et al., 2020), and each other, 

considering both qualitative and quantitative parameters included in my classification 

framework and the associated features and landscape observed in each studied area 

(Tables; 4.16, 4.17, 4.18). 
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Table 4.16: Summary of the qualitative parameters for comparison between the four inverted 
channel system plus Aram Dorsum and Cantabras Serpens. 

Qualitative Parameters  

System Plan 

view 

Special shape Cross section variation Upper 

surface 

Aram Dorsum Network Anabranched, 

Multi-level 

Rectangular, Concave 

 

Smooth 

Cantabras 

Serpens 

Single 

channel 

x Rectangular, Inverted borders (Ridged), 

flat bottom fine-scale valley,  

Rugged, 

cratered 

Arago Dorsa Network Anabranched, 

Multi-level 

Concave, Pinnate, Rounded, Concave, 

Pinnate  

Smooth, 

Polygonised 

Cantabras 

Dorsum 

Single 

channel 

Anabranched 

(upper ridge) 

Rectangular, Concave, Inverted borders 

(Doublet) 

Smooth, 

Polygonised 

Piscinas Serpentes Network Anabranched, 

Pitted 

channels 

Rectangular, Rounded, pitted channels, 

fine-scale valleys 

Smooth, 

Polygonised 

Mawrth Dorsa Network Parallel Rectangular Smooth, 

Rugged 

 
Table 4.17: Summary of the features associated with the studied systems for comparison between 
the four inverted channel system plus Aram Dorsum and Cantabras Serpens. The questions marks 
indicate the presence of features which image resolution did not allow a clear recognition. 

Associated features 

System Layers Capping 

unit 

Ridges 

at 

different 

levels 

Buried 

channels 

Minor 

resistant 

layers on 

flanks 

Negative 

relief 

Polygonal 

ground 

Tributary 

ridge 

Aram 

Dorsum 
X X X X X 

 

X X 

Cantabras 

Serpens 
X ? 

   

X X 

 

Arago 

Dorsa 
X 

 

X X X 

 

X X 

Cantabras 

Dorsum 
X X ? 

 

X 

 

X X 

Piscinas 

Serpentes 
X 

  

X ? X X 

 

Mawrth 

Dorsa 
X X 

  

? 

 

X 
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4.4.2 Comparison and interpretation of morphological parameters 

Among all the considered parameters a few elements are in common to all the studied 

systems: (i) a layering structure, (ii) presence of resistant layers (visible on the flanks or as 

a capping unit) and (iii) the presence of polygonal grounds developed within the ridge units 

or surrounding materials. Layering and resistant horizons (especially ‘capping’ units) are 

common to all the studied systems and to many other inverted channels in Arabia Terra 

(e.g., Davis et al., 2019), and suggest that these elements should be found associated with 

inverted channels regionally. Polygonal networks are also strongly associated with the 

mapped materials and have been identified in other areas in the region (Chapter 3; Balme 

et al., 2020; Davis et al., 2019). For this reason, I performed a deeper study on these 

features (Chapter 5).  

Arago Dorsa and Aram Dorsum are the most similar systems in term of qualitative 

parameters. They present a wide variation in cross section style, branched and anabranched 

geometry, ridges organised in a network developed at different stratigraphic levels (multi-

level structure) and secondary minor inverted branches within marginal units. Since both 

systems have been interpreted as inverted channel belts, similarities in structures and 

associated feature are not surprising.  

Many of these elements are also common to Cantabras Dorsum except for the 

multi-level structure and the presence of more interconnecting ridges at different 

stratigraphical levels. So, the multi-level-network organization parameter is the one which 

better supports the detection of inverted channel-belt candidates form remote sensing 

studies. Although the absence of a multi-level shape does not preclude the absence of a 

channel belt since part of the structure could be still buried. I exclude that the presence of 

branches and tributary ridges is limited to inverted channel belts since it could be simply a 

consequence of the inverted network organization, following natural slopes and local 

topography, regardless of aggradation or avulsion. In fact, in Cantabras Dorsum, the 

branched morphology is visible only outside of the mapping area and at higher elevations, 

where the minor tributaries ridges follow the topography and connect to the main ridge 

found at lower elevations (same stratigraphical level). Piscinas Serpentes also, from a 

network morphology perspective, presents branched and anabranched segments, but all of 

them are found at the same stratigraphic level. Some buried channels are present in the 

studied area but it is hard to define if they represent segments developed at different 

stratigraphic levels. 
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Anabranched shapes are also visible in Cantabras Dorsum, but only within the 

upper most ridge, and in Piscinas Serpentes in relation to both ridges and pitted channels 

(negative relief) at the same stratigraphical level, suggesting that this type of shape is not 

necessarily created by the connection and disconnection of different ridges (e.g., Aram 

Dorsum). Instead,  it can represent a preserved natural shape of the paleo-system-valley. I 

cannot exclude entirely that with the advancement of erosion, or with higher resolution of 

future possible datasets, some other evidence in support of avulsion and/or aggradation 

could be found. 

The Mawrth Dorsa ridges are the ones that differ most from all the other studied 

systems since the evidence for exhumed fluvial channels and the presence of fluvial-

derived alluvial material is more tenuous. For example, all other systems present Marginal 

or Transitional units which could be linked to the paleo-fluvial system development. I was 

not able to identify similar terrains in Mawrth Dorsa which could separate the Ridge 

Formation from the Basal units. Instead, the dark capping units are developed directly on 

top of wide-spread regional material (iron-rich and aluminium-rich phyllosilicates). This 

difference is important since it suggests that among all the studied systems, the Mawrth 

Dorsa was made up after relative shorter-lived events (2-3 events of deposition of dark-

toned materials), and the capping layers could have been formed by exogenic material, 

instead of representing a fluvial channel fill-lithology.  

The dark material is spread across ∼1000 × 1000 km (e.g., Noe Dobrea et al., 2010) 

and it is hard to identify specific inverted paleo-valleys or paleo-channels’ deposits which 

have been likely covered or filled in by the dark capping unit at regional scale. However, 

the recognition of fine-scale valleys cutting through the aluminium-rich phyllosilicates in 

other areas close to Mawrth Vallis (prior deposition of dark capping unit; Bishop et al., 

2008; Loizeau et al., 2012, 2007; Noe Dobrea et al., 2010) could indicate the fluvial 

activity here was mainly erosional rather than depositional as seen in the other studied sites 

(justifying the absence of clear alluvial deposits in Mawrth Dorsa studied ridges). 

In Mawrth Dorsa all the branches are at the same stratigraphic level and are 

connected to the large patch of dark material at the centre of the basin. However, the 

western ridges studied in the Mawrth basin present both multilevel organization (Fig. 4.76) 

and layering structures (Fig. 4.73) which suggest that a channel inversion scenario 

involving the exogenic emplacement of an erosion-resistant capping layer could (Loizeau 

et al., 2007) could still be possible. 
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Differences can be observed also in the associated polygonal features. This is the 

only analysed case where the polygonal features are not developed within units linked with 

the Ridge Formation (capping units). Instead, all the polygonal features recognised in the 

area are developed within the Basal units. The absence of polygonal features associated 

with Mawrth Dorsa ridges keeps suggesting a different story or composition compared to 

the other studied sites. Thus, I conclude that Mawrth Dorsa differs from Aram Dorsum and 

all the other studied systems, and its formation is strongly related to events across the 

Mawrth Vallis region, making Mawrth Dorsa an example of different class of fluvial 

system in Arabia Terra. 

4.4.3 Comparison and interpretation of cross sections 

The ridges in Mawrth Dorsa have similar cross sections, all having a rectangular cross 

section style. This makes Mawrth Dorsa different from the other studied ridges which have 

a wider variability in cross section styles. Aram Dorsum is most consistent in shape across 

the exposure since it presents several ridges with a smooth upper surface and a rectangular 

cross section style (‘Flat-topped’ in Balme et al, 2020). Looking at the associated features 

(Table 4.17) one of the things they share is the presence of a distinct capping unit on top of 

the ridges. This consistency in cross section style could derive from its thickness and 

distribution across the ridges, as already suggested by previous authors looking at 

terrestrial analogues (Williams et al., 2013b). Due to limits in DEM resolutions and 

availability, precise measurements of the capping unit thicknesses cannot be made – but 

some observations, described next, are still possible. 

Mawrth Dorsa, presents the highest consistency in cross section style, and has the 

most distinct dark-toned capping unit (which I did not observe for any other inverted 

channel system included in my database). This has a maximum of 10 m of vertical 

thickness and is well distributed along all the ridges’ structure. The Aram Dorsum capping 

unit is thinner (m-thick), but still uniformly distributed across the ridges. In fact, only 

isolated branches of the Aram Dorsum structure trend into a Concave cross section or lack 

a resistant capping layer. 

Arago Dorsa has wider variation in Cross Section styles (Summary in Fig. 4.91, 

4.92) and does not have a clear resistant capping unit, but instead shows several thin 

resistant layers or smaller ridges, distributed within the structure at different stratigraphic 

levels and with different inferred dip inclination. The changes in cross-section styles 

happen when a variation in these two factors, or inclination of the more resistant smaller 

layers or ridges, occur (Fig. 4.91, 4.92).  The same has been observed for Cantabras 
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Dorsum, where the ‘Inverted borders’ cross section style starts in the areas where the most 

resistant unit discontinues.  

Piscinas Serpentes and Cantabras Serpens present a transition from positive to 

negative relief, with no clear evidence to support avulsion or migration. This aspect made 

me interpret them as having fixed paleo-channels (ribbon-like) compared to Aram, 

Cantabras Dorsum and Arago Dorsa. Capping units are not clearly recognised in Piscinas 

Serpentes (possible due to image resolution), but the transition of both systems into a 

rectangular-like ridge supports the idea that this shape reflects less alteration by erosion 

(Chapter 3). In fact, when transitioning into a ridge, the shape and size of the negative-

relief fine-scale valley is maintained (ridge width = valley width and approximate ridge 

vertical thickness ~ inferred valley depth) suggesting that the channel fill, more resistant to 

the erosion, likely filled the entire valley, preserving its original shape, with no apparent 

migration or aggradations. 
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Figure 4.91: Variation in cross section styles as seen in the branched upper most ridge of Arago 
Dorsa (ESP_034932_1900; 9.83°N, 29.34°E). The type of cross section is indicated in the figure. 
The upper most ridge shows a variation in cross section which varies from Pinnate, Concave, 
Rounded and Rectangular (not necessarily in this order). I studied 5 areas of the ridge. The most 
widespread cross section style is Concave. The distribution of resistant layers at different 
stratigraphic levels seems to influence the final shape. 
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Figure 4.92: Variation in cross section styles as seen in the lower ridge in Arago Dorsa 
(ESP_034932_1900; 9.89°N, 29.35°E). Further complexity is created by the presence of secondary 
ridges at the structure boundaries. Perhaps, smaller scale migration events occurring within the 
paleo-fluvial system.  
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4.4.4 Comparison and interpretation of quantitative parameters 

All the systems present well-preserved continuous ridges of ten kilometre-scale lengths 

(Table 4.18). Width shows a greater variation, specifically for the ridges associated with 

Aram Dorsum, Cantabras Dorsum and Mawrth Dorsa. Width values are more consistent 

for Piscinas Serpentes, Cantabras Serpens (both linked with fine-scale valleys) and ridges 

in Arago Dorsa. Since both width and length of inverted channels are strongly influenced 

by secondary erosion (as testified by presence of boulders and mass wasting reported in the 

maps), it would be hard to interpret these numbers alone. Nevertheless, a linear correlation 

between these two parameters exists (Fig. 4.93), where the longest inverted channels also 

present wider ridges. This strong correlation is unlikely to be exclusively due to the better 

preservation from erosion, but suggests a direct link with the deposition and accumulation 

capability of the paleo-channel, where the current wider-longer dimensions of the ridges 

reflect the higher sediment yields deposition of the paleo-system. In other words, even if 

erosion keeps modifying shape and size of inverted channels, their relative proportions 

are still preserved. This is further supported by the rectangular cross section style 

(indicating less erosion, Chapter 3) which directly transition into the fine-scale valleys in 

both Piscinas Serpentes and Cantabras Serpens, maintaining the same parameters. 

Aram Dorsum, Cantabras Dorsum, and Arago Dorsa are similar in vertical ridge 

thickness (range 40-60 m). Piscinas Serpentes presents a vertical thickness four times 

smaller than the others (Table 4.17) in line with the smaller length and width values. 

Mawrth Dorsa ridges are wider and thicker, however the material which could be linked 

with fluvial deposition comprises only the capping units: about 10m maximum thickness. 

A deeper study on the width-thickness relation are provided in the next section (section 

4.4.5) including comparison with terrestrial analogues. 

Interestingly, despite being interpreted as different types of fluvial packages, and 

formed by different processes (summary in Table 4.19), all the studied systems present 

similar sinuosity values.  
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Table 4.18: Summary of the quantitative parameters for comparison between the four inverted 
channel system plus Aram Dorsum and Cantabras Serpens. For the systems with both positive-
negative reliefs I indicate the total length of the segments (ridge valley) as well as the length of the 
inverted portion (ridge). 
 

Quantitative parameters 

System Exposed 

Length 

Width across main ridge or 

ridges (m) 

Vertical Thickness 

(m) 

Ridge/Fluvial 

Sinuosity 

Aram Dorsum 85 km 500-1000 40-60/40-60 Sinuous 

Cantabras 

Serpens 

Tot: 108 km 

Ridge: 40 

km 

200-360  35/35 Sinuous 

Arago Dorsa 25 km 200-230  50/50 Sinuous 

Cantabras 

Dorsum 

100 km 300 –2000 40-60/35-40 Sinuous 

Piscinas Serpentes Tot: 20 km 

Ridge:10km 

90  10/10 Sinuous 

Mawrth Dorsa 

(Ridge 1 and 2) 

Ridges: 40 

km 

120-970  34/9 Sinuous 

 

 

Figure 4.93: Scatter plot showing width and lengths of the studied martian inverted systems. The 
width values represent the average of the width ranges reported in Table 4.18. The length values 
consider only the length of the ridges where the inversion occurred. 
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Table 4.19: Summary of the development and evolution for each studied systems plus Aram 
Dorsum 

Interpretations/Inference 

System Formation Induration’s agent Secondary erosion Interpretation 

Aram 

Dorsum 

Lateral migration of 

a narrow channel 

Intrinsically resistant 

material and burial 

The Rectangular cross 

section indicates that the 

structure has been well 

preserved after exhumation. 

Upstanding channel belt 

sequence 

Cantabras 

Serpens 

Narrow, fine-scale 

valley, then partially 

filled by a resistant 

material. 

Intrinsically resistant 

material and burial 

Erosion of the surrounding 

units created an inverted 

borders cross section-like 

morphology 

Infilled fine-scale valley 

Arago 

Dorsa 

Lateral migration of 

channel belt mainly 

deposited by valley 

networks within 

Arago crater 

Intrinsically resistant 

material (e.g., 

sandstone) possibly 

cemented by 

groundwater. Partial 

burial by ejecta from 

nearby impacts 

Exposure of the lower more 

resistant layers in different 

ways resulted in different 

cross section styles across 

the ridge system. 

Channel-belt, developed 

on a possible alluvial fan  

Cantabras 

Dorsum 

Lateral accretion of a 

paleo-meandering 

channel. 

Armouring and 

possible cementation, 

lithified after burial 

(Etched units). 

‘Inverted borders cross 

section’ where the capping 

layer was removed, (or not 

present) in the centre of the 

ridge structure. The 

decrease in width of the 

ridge occurs where 

surrounding materials were 

removed exposing the 

ridges sides the most.  

Vertical stacking of 

fluvial sediments 

possibly created by 

progressive infilling of a 

relatively narrow channel 

by deposition on its floor 

and accretionary banks, 

progressively reducing 

the cross-sectional area.  

Piscinas 

Serpentes 

Narrow fine-scale 

network, with some 

abandoned preserved 

channels, filled by a 

resistant material 

(possible channel 

fill) or indurated by 

secondary processes 

Possible ground water 

cementation or 

armouring, burial by 

Etched units. 

Exhumation of both ridges 

and pitted channels.  

Channel fill  

Mawrth 

Dorsa 

Infilling of a channel 

or valley system by 

possible mixture of 

volcanic and fluvial 

material 

Intrinsically resistant 

material deposited 

within the 

channel/valley 

Several mesas suggest a 

wider extension of the 

capping units. But presence 

of mainly rectangular cross 

section for the ridges 

suggests less erosion for 

Mawrth Dorsa ridges than 

others studied systems. 

Channel-valley infilling 

with exogenic material.  
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4.4.5 Morphometric comparison with Terrestrial analogues 

I compared the calculated morphometric parameters (width and thickness) with terrestrial 

analogue data. Fluvial ridges on Earth present a wide range of width, length, height and 

thicknesses, so I selected a database (Table 4.20) which includes both single and multi-

story inverted channel bodies (alluvial fan, in filled channels, channel belts) with similar 

values of vertical thicknesses (range between 8-60 m) to the studied systems. The database 

represents a sample selection from the global inventory of fluvial ridges on Earth compiled 

by Zaki et al. (2021).  

To facilitate the comparison, I adopt the terminology used in Zaki et al., (2021), 

dividing the samples in landscape inversion and deposit inversion. Landscape inversion (as 

in Zaki et al., 2021) refers to single or branching channels which inversion is caused as a 

response to the higher resistance of erosion of the valley floors compared to the 

surrounding materials, leaving the channel fill higher than the original landscape (adjacent 

slopes and hillcrests). This category include induration of the valley floor from armouring, 

cementation of valley floor sediments (usually forming a capping duricrust) or external 

infilling processes (mainly lava flow in the paper). Deposit inversion (as in Zaki et al., 

2021) refers to the exposure of a fluvial sedimentary body (mainly channel belts, alluvial 

fans, or deltas) where former channel sediments (e.g., point bars, channel fill) are more 

resistant to the erosion than surrounding materials (e.g., overbank deposits) when exposed. 

This ‘inversion type category’ includes induration from burial diagenesis as well as 

secondary cementation of alluvium. 

 

Table 4.20: Selected analogues for the comparison with the studied systems. The dataset includes 
16 examples of terrestrial inverted channels. Data extracted from the summary by Zaki et al. 
(2021) including the main references for each location. When the width of the ridge was not 
specified, I inferred it using areal images included in the references. The inverted channels have 
been divided based on the type of induration mechanism. 

Terrestrial analogues 
Induration Location Type of deposits Type of 

inversion 

Width Thickness 

ridge/ 

fluvial 

Reference 

Volcanic 

rock 

capped 

ridges 

El Capitan 

Area, Australia 

Basalt flows capping 

Silurian fluvial deposits. 

Landscape 

inversion 

1-2 km 40 m / 15 

m 

 

(Cundari & 

Ollier, 1970)  

Table 

Mountain, 

Sierra Nevada, 

California, 

Fluvial deposits a few 

meters thick are covered by 

tens of meters of volcanic 

rocks. 

Landscape 

inversion 

1 km - 

500 m 

55 to 165 

m/few m 

(Gorny et al., 

2009) 
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USA 

 

Wright's Point, 

Oregon, USA 

Stream channel sandstone, 

mudstone, and 

conglomerates capped by 

two thin, basalt flows. 

Landscape 

inversion 

~180 to 

550 m 

wide 

~80 m 

high 

(Few 

meters 

volcanic) 

(Niem, 1974) 

Duricrust-

capped 

ridges 

Northern 

Arizona, USA 

The ridges consist of 

consolidated pebbles 

cemented by calcrete. 

Landscape 

inversion 

~500 m 50 to 

110/20 m 

(Lucchitta et 

al., 2011) 

Mirackina, 

South Australia 

 

Ridges are composed of 

fluvial conglomerate 

cemented by silcrete and 

silcrete. 

Landscape 

inversion 

50-100 

m 

30–40 m/ 

2-10 m 

(Williams,, et 

al., 2013b) 

West of Ghard 

Abu Muharik, 

Egypt 

The ridges are formed by 

channel-fill consisting of 

fine to coarse sand and 

cobbles. 

Landscape 

inversion 

50-100 

m 

33/5 m (Zaki et al., 

2018) 

Gravel 

armouring 

Escalante 

River, South-

central Utah, 

USA 

The ridge is composed of 

140–200 m of sandstone 

and 2–9 of boulder-sized 

stream-transported 

unconsolidated andesite 

boulders.  

Landscape 

inversion 

500-

600 m 

209-

202/140–

200 m  

(Marchetti et 

al., 2012) 

Egypt, Nubia The ridges are formed by 

channel-fill made of fine to 

coarse sand, cobbles, 

boulders cemented by 

silcrete, calcrete, and 

ferricrete. 

Landscape 

inversion 

~80 m 15/1.2 m (Zaki & 

Giegengack, 

2016) 

Exhumed 

ridges after 

burial 

diagenesis 

 

TassiliN'Ajjer, 

Libya and 

Algeria 

The ridges consist of thin-

bedded fluvial deposits, 

climbing-dune cross-

stratification, and thin-

bedded mouth bars 

sediments. 

Deposit 

inversion 

~200 m 50/30m (Girard et al., 

2012) 

Notom Delta in 

south-central 

Utah, USA 

The ridges are composed of 

meander channel-belt 

(about 440 m total width) 

fine to medium sandstone. 

The ridges are cemented by 

iron-oxide. 

Deposit 

inversion 

(Meander 

channel belts 

deposits) 

~200 m ~ 5 m/5 m (Wang & 

Bhattacharya, 

2018) 

CañadónAsfalto 

Basin, 

Argentina. 

The ridges consist of fluvial 

conglomerates and 

sandstones following 

Deposit 

inversion 

(Channel belt 

15 to 

490 m 

~6 /6 m (Foix et al., 

2012) 
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fining-upward trends. 

thickness of the ridges is up 

1.5 m for single channels or 

6 m for multi-story ridges. 

deposits) 

 

East-central 

Utah, USA 

The ridges consist of 

sandstones, pebbly 

sandstones, and 

conglomerates cemented by 

carbonates that were 

previously buried beneath 

2400 m of younger 

deposits. 

Deposit 

inversion 

~130 m 

wide 

40 /-~10m (Hayden et 

al., 2019) 

TassiliN'Ajjer 

(Algeria and 

Libya 

 

 

The ridges consist of thin-

bedded fluvial deposits, 

climbing-dune cross-

stratification, and thin-

bedded mouth bars 

sediments, channelized 

sandstone bodies. 

Deposit 

inversion(Point 

bars) 

60–

600 m 

50/30 m (Girard et al., 

2012)  

Karoo, South 

Africa 

The ridges consist of 

channel-belt pattern 

(average bank full width of 

277 m) and contain fine to 

coarse sand. 

Deposit 

inversion 

(Point bars) 

277 m ~11/11 m (Smith, 

1987) 

Mimbres 

drainage area in 

southern New 

Mexico. 

Fans sediments deposited 

during large flood events. 

The fans (16 km wide) 

exhibit anabranching 

distributary ridge patterns. 

Deposit 

inversion 

(Channel belts 

in Alluvial fan) 

200-

500m 

~5.5/5.5 

m 

(Love & 

Seager, 

1996) 

Wadi Wahiba 

in Oman 

Raised channel systems on 

an extensive (15 km across) 

fan, are composed by 

gravels <30 m thick, 

cemented in the 

surface/near-subsurface by 

calcite and silica originated 

from groundwater 

precipitation. 

Deposit 

inversion 

(Alluvial fans) 

50-100 

m  

 

~30/15 m (Maizels, 

1987) 

 

4.4.5.1 Constructing the Width/Thickness plots 

Width-Thickness plots were constructed using derived or measured data. It must be noted 

that ridge height and fluvial deposits thickness are not necessarily the same thing (e.g., 

Hayden et al., 2019), as the former depends mainly upon erosion (heights of fluvial ridges 
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may range from less than 5 m to ~500 m Zaki et al., 2021). Within the ridges, fluvial 

sediment may represent only a part of the total thicknesses and could be less than the 50% 

of the entire ridge (Zaki et al., 2021; Fig. 4.94). Since from remote sensing analysis this 

distinction cannot be made so precisely as in field work, I consider the average thickness of 

the Ridge formation units of the studied systems. I indicate the minimum value and the 

maximum thickness values inferred from the profiles (Fig. 4.95). The same has been done 

for terrestrial analogues, where I plot the mean, maximum and minimum thickness values 

(ridge thickness) reported in literature to evaluate the range of distribution of each type of 

inverted system and compare with the martian ridges. I also plotted width values since 

these can vary along the ridge length.  

In some cases, the range of width-thickness values was not provided in literature or 

was provided only for one of the two variables. In these cases, unique values (points) or 

only a range (lines) were plotted. This method may reduce precision but allowed a larger 

suite of examples to be considered. Because of the variability of the data precision, no 

statistical analysis was attempted, but envelopes have been constructed around terrestrial 

samples to see the trend and whether martian ridges fit into it. It is important to consider 

that current available morphometric data include only six martian inverted channels (data-

points in graphs) so clear trends may be hard to see compared to terrestrial inverted 

features where a wider suite of data has been used (16 samples). The data are presented in 

Fig. 4.95 and discussed in the next section. 

 



 
 

Figure 4.94: Terrestrial analogue thickness comparison between the total ridge thickness and the 
actual fluvial material thickness as summarised by Zaki et al., (2021). I used only the maximum 
values reported. The final ridge thickness could be made up of non
volcanic capped ridges over 50% of the structure can be made up of volcanic fills.
 

4.4.5.2 Width/Thickness plots discussion

The overall trend (Fig. 

Previous works (e.g., Gouw, 2007; Hayden et al., 2019)

width of the inverted feature and, when possible, the thickness of the capping unit, could 

provide indicators of whether channel

(chapter 1, section 1.4.2). For the studied s

recorded in Aram Dorsum and Arago Dorsa interpreted as channel belts, and lower values 

recorded in Cantabras Serpens and Piscinas Serpentes, interpreted as channel fills.

 

.94: Terrestrial analogue thickness comparison between the total ridge thickness and the 
actual fluvial material thickness as summarised by Zaki et al., (2021). I used only the maximum 

final ridge thickness could be made up of non-fluvial material. In case of 
volcanic capped ridges over 50% of the structure can be made up of volcanic fills.

.4.5.2 Width/Thickness plots discussion 

The overall trend (Fig. 4.95a) shows that wider inverted channels are usually thicker. 

(e.g., Gouw, 2007; Hayden et al., 2019) have suggested that measuring the 

width of the inverted feature and, when possible, the thickness of the capping unit, could 

provide indicators of whether channel-belt or channel-fill processes are appropriate 

.4.2). For the studied systems, highest values of width

recorded in Aram Dorsum and Arago Dorsa interpreted as channel belts, and lower values 

recorded in Cantabras Serpens and Piscinas Serpentes, interpreted as channel fills.
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.94: Terrestrial analogue thickness comparison between the total ridge thickness and the 
actual fluvial material thickness as summarised by Zaki et al., (2021). I used only the maximum 

fluvial material. In case of 
volcanic capped ridges over 50% of the structure can be made up of volcanic fills. 

d channels are usually thicker. 

have suggested that measuring the 

width of the inverted feature and, when possible, the thickness of the capping unit, could 

fill processes are appropriate 

ystems, highest values of width-thickness are 

recorded in Aram Dorsum and Arago Dorsa interpreted as channel belts, and lower values 

recorded in Cantabras Serpens and Piscinas Serpentes, interpreted as channel fills. 



 
 

306 
 

 

Figure 4.95: Width-thickness values for inverted channel systems. Terrestrial datasets are shown 
as points and martian inverted channels as triangles. The lines link the minimum-medium-
maximum values calculated for both terrestrial analogues (continuous lines) and the studied 
martian system (dotted lines). b- Envelopes constructed dividing the terrestrial ridges by 
indurations mechanism. c- Envelopes constructed considering the type of inversion adopting the 
terminology of Zaki et al., (2021). 
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However, the width-thickness parameters may not necessarily be helpful to 

distinguish the type of relief inversion, or at least are not enough from remote sensing 

observations. Firstly, both martian and terrestrial features present a wide range of width 

values along their bodies, since the dimension of the paleo-channels (in case of landscape 

inversion) and their deposited materials (deposit inversion) for both terrestrial and martian 

samples were probably different when the systems were still active with liquid water. 

Additionally, erosion is constantly removing material (as testified by the presence of mass 

wasting along the ridges flanks of the studied systems or boulders) and may reduce the 

original width.  

Secondly, morphometric parameters are unique to all the considered terrestrial 

inverted channels as well as the nature of the infilling and its thickness (Zaki et al., 2021), 

that highest values of width-thicknesses are not always found associated to channel-belts 

and fluvial deposits (deposit inversion in Fig. 4.95 b-c), but in channels infilled by 

exogenic material (e.g., lava infilling in Fig. 4.95b). Fig. 4.95b shows how the volcanic 

capped ridges are likely to be the ones which present more variation in morphometric 

parameters, as this depends on the size and shape of the valley they infilled, and the 

amount of filling volcanic material. The gravel armouring also present a sizeable variation 

in thicknesses based on the selected samples. Instead, the ‘duricrust capped ridges’ 

(indurated by cementation or surface burial) and the exhumed ridges after deep burial are 

more consistent in term of width/thickness values. This trend is interesting, since it looks 

very similar to the martian samples but at a smaller scale. 

The terrestrial samples present a greater variation in thicknesses compared to the 

martian ones. This depends on the combination of sediments derived by both fluvial and 

non-fluvial activity, (Table 4.20, Zaki et al., 2021); the terrains the rivers were set in, the 

climate during deposition and erosional environment and rate which were all vastly 

different. The martian inverted channels instead are found in the same wider region and, 

although water and sediment supply was probably different for each as they formed, it is 

likely that they formed during the same period (e.g., Davis et al., 2016; 2019) which 

recorded less variability in geological settings compared to Earth.. Also, the erosion rates 

were potentially quite similar for each system and mainly driven by the same erosional 

agent (aeolian abrasion). 

Aram Dorsum, Cantabras Dorsum, and Arago Dorsa have larger thicknesses, and I 

have interpreted all of these to be comprise fluvial deposit packages, which are then likely 

to be deposited by long-lived fluvial systems. Piscinas Serpentes is instead more likely to 
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have been formed by a shorter-lived fluvial system as supported by: (i) the relative narrow 

ridges (90 m), (ii) minor vertical thickness, (iii) and the morphological evidence reported 

in section 4.3.3.3. This is also in line with the interpretation of Piscinas being formed by a 

more fixed paleo-channel (ribbon-like). I interpret the Mawrth Dorsa ridges’ capping units 

to be created by a shorter-lived or temporary event rather than being deposited by long-

lived stable fluvial systems. To constrain the timing of deposition of each system, further 

analysis is required (section 4.4.6.2). 

In Figure 4.95 plot b and c, an association is present between the inverted channels 

which have been indurated after compaction by deep burial and the type of deposit 

inversion, since the majority of the systems fall within these envelopes of inverted deposits 

(Fig. 4.95c), suggesting that for this type of relief inversion more precise constraints could 

be drawn even if the database is relatively small. These terrestrial analogues present a 

similar trend to the martian ones (noting the imprecision of measurements and the wide 

range of values). This similarity suggests that even if their morphology and morphometry 

are different, similar development processes could have occurred for the martian ridges. 

Aram, Cantabras Dorsum and Arago, which present a larger variation in width and a 

relatively lower variation of thickness, have all been interpreted as inverted deposits. Since 

they all present more resistant capping layers or duricrust (following definition by Zaki et 

al., 2021), it is possible that these have been cemented by secondary processes (such as 

evaporation or groundwater) or they have been compacted by burial as also suggested by 

previous authors (Balme, et al., 2020). Future studies considering a wider range of width-

thickness parameters of both terrestrial and martian inverted channels may allow to better 

constrain the dependence of these parameters from the type of inversion processes. 

4.4.6 Estimating the fluvial deposition attributes of the studied systems 

4.4.6.1 Fluvial depositional volume estimation  

An estimation of alluvial volume has been performed using thickness and width values of 

the exposed sequence in the ridges. The calculation is not considering the total channel 

length but only the exposed length of the inverted channels. Also, parts (or even the 

entirety) of some ridges have also been removed by erosion, so this is clearly an 

underestimate. For Cantabras Serpens and Piscinas Serpentes, which present both positive 

and negative relief, I consider only the positive-relief segment. 

To reduce the underestimation for those systems which present a wide range of 

width, I consider the maximum value of width, since this probably represents the least 
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eroded portion of the feature. For Arago Dorsa, I use the width of the delta-shape structure 

to consider the fuller deposits. A similar calculation has been made for the Mawrth Dorsa, 

where I considered both the ridges and the central material within the basin. 

For terrestrial analogues, the vertical thickness of the ridges may not correspond to 

only fluvial deposits, but some other elements may be included. To reduce the 

overestimation, I consider only the thicknesses of the ridge units which have been 

interpreted as fluvial deposits (channel fills, alluvial material, etc.). Results are reports in 

Table 4.21. 

 

Table 4.21: Values considered to estimate the deposit volume for the studied inverted systems 

System Exposed 

Length (m) 

Width across all the 

structure (m) 

Vertical 

Thickness (m) 

Volume 

(km3) 

Aram Dorsum 85,000 1000  40 3.4 

Cantabras Serpens 40,000 360  35 0.5 

Arago Dorsa 25,000 18,000 50 22.5 

Cantabras Dorsum 100,000 2000 35 7 

Piscinas Serpentes 10,000 90 10 0.009 

Mawrth Dorsa 

(Ridge 1 and 2) 

40,000  970  9 0.35 

Mawrth Dorsa 

Central deposit 

42,600 24,000 9 9.2 

Total Volume 

   

42.9 

Volume excluding 

Mawrth 
   

33.4 

 

Form the calculations (Table 4.21), even systems which have shown many 

similarities in both morphology and morphometry (including same vertical thickness) 

present a very different volume of deposited sediments. The biggest volumes of fluvial 

sediments are seen at Aram Dorsum and Arago Dorsa. Arago Dorsa present a volume of 

sediments eight times bigger than Aram Dorsum mainly because this amount is not related 

only to the ridges, but also to the surrounding terrains which I have interpreted as flood 

plains. The minor amount of sediments is recorded in Piscinas Serpentes and Cantabras 

Serpens interpreted as channel-fills ridges (where part of the system is still preserved as 

negative relief). 
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The sediment volume for the wider Mawrth Dorsa is underestimated, since I 

considered only the central deposit and the two studied ridges, but part of the capping units 

is visible in other ridges as well as outside Mawrth basin. However, since the nature of the 

dark capping unit is uncertain, and likely it does not correspond entirely to fluvial deposit, 

I will not provide further volume calculations outside the basin. 

Since ~757 inverted systems have been mapped, a huge volume of fluvial 

sediments, must be preserved in the Arabia Terra region. Since each mapped system 

present unique morphometric parameters, precise calculations of width and thickness of 

any single mapped inverted channel system would be necessary to estimate the proper 

volume of fluvial sediments preserved in form of inverted relief. However, a quick 

extrapolation can be provided using the total length of the mapped fluvial ridge segments 

(chapter 3), and an average of the thickness from the detailed studies presented here. 

For the calculation (Table 4.22), I assume the width value, considering the 

minimum value of width calculated (90 m, Piscinas Serpentes), the average width of the 

studied inverted systems (690 m, Mawrth excluded), and the maximum width measured (2 

km in Cantabras Dorsum). 

 

Table 4.22: Volume of fluvial sediments preserved in inverted relief, considering different value of 
width. 

Fluvial sediments  
Width (km) Thickness (km) Total length (km) Volume (km3) 

0.09 0.034 23,404 71 

0.69 0.034 23,404 549 

2.00 0.034 23,404 1591 

 

The assumed thickness is the average of the calculated thicknesses (34 m, Mawrth 

excluded), and the total length of all the inverted channels in Arabia Terra (Chapter 3). The 

minimum of 71 km3 is clearly too low, since the five systems I studied here cover 33.4 

km3. The 549-1591 km3 estimates for fluvial sediments seem more realistic. Of course, this 

measurement considers only the ridges without considering the volume of possible 

surrounding flood plains.  

4.4.6.2 Fluvial deposition duration of the inverted studied systems  

Using the thicknesses of the studied inverted channels and terrestrial fluvial sedimentation 

rates calculated for comparable systems, it is possible to estimate the inferred time of 

fluvial activity. Aram Dorsum’s duration was estimated to be 0.04–6 Myr (Balme, et al., 
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2020), considering sedimentation rates of 0.01-0.7 m/Kyr from terrestrial comparisons 

(Colombera et al., 2015). I applied the same rate to all the studied systems (Table 4.23), 

although these values provide only an approximation of the activity duration of the fluvial 

systems since: (i) sediment accumulation rates can be highly variable (e.g., Colombera et 

al., 2015; Ferring, 1986), and (ii) fluvial sedimentary deposits preserved in inverted relief 

are eroded and may not be entirely preserved making the estimated duration of the alluvial 

system shorter than it was. On Earth sedimentation rates vary in response to internal 

dynamics, geomorphic controls, and external factors including climate and tectonics, 

which may not affect the martian paleo-channels, so a proper terrestrial analogue is hard to 

be found for each system, and a clear direct comparison is not possible (Balme et al., 

2020).  

Still, an estimation of the ‘boundary’ of fluvial activity can be evaluated and more 

easly compared with the terrestrial counterparts. All the systems studied were probably 

active for at least 104-106 years to deposit the associated sediments (Table 4.23). Since the 

obtained timeframes of fluvial activity are in line with their terrestrial analogues (102-104 

Yr for channel fills, 103-106 Yr for channel belts; Zaki et al., 2021) the obtained results are 

reasonable and can be used to infer timing of fluvial stability in Arabia Terra. Further 

discussions are provided in Chapter 6. 

 

Table 4.23: Formation time scale estimates of the martian inverted systems. 

System Vertical 

Thickness (m) 

Terrestrial analogues 

sedimentation rates 

Colombera et al (2015) 

Formation time 

scale (Myr) 

Approximate 

fluvial activity 

(Yr) 

Aram Dorsum 40-60 

0.01–0.7 m/kyr 

 

0.04–6  104-107 

Cantabras Serpens 35 0.05-3 104-106 

Arago Dorsa 50 0.07-5 105-106 

Cantabras Dorsum 35 0.05-3.5 104-106 

Piscinas Serpentes 10 0.01-1 104-106 

Mawrth Dorsa 9 0.01-0.9 104-106 

 

4.5 Chapter conclusions 

Based on the results reported in  this Chapter I conclude that: 

(i) The inverted channels analysed present different morphological and morphometric 

characteristics which seem strongly influenced by the areas they are developed 

into. So, a unique formation process or type of inversion (deposit vs. landscape) 
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cannot be directly or correctly identified without considering the context where 

the ridge is found. 

(ii) Similarities in morphology such as multi-level structures or presence of both 

negative-positive relief represent a good indicator for the type of inversion which 

affected the features. Furthermore, wider-longer ridges indicate higher sediment 

yields deposition of the paleo-system. 

(iii) When multi-level branched-network ridges are present, it is likely that a deposit 

inversion occurred, and an exhumed inverted channel belt is present.  

(iv) Structures with both positive-negative relief are good indicators of presence of 

channel fill, however lateral migration or aggradations may be present but not 

visible due to image resolution or burial of part of the older system. 

(v) Common features have been identified, and their dependence of regional and local 

processes has been deduced (Summary Table 4.24). Morphological similarities 

include a layering structure, presence of resistant layers and polygonal grounds. 

Morphometric similarities include: the presence of a Rectangular cross section 

style for the less eroded ridges which present a thicker capping unit or resistant 

layer and similar values of vertical thicknesses.  

Table 4.24: Summary of the studied morphological and morphometric parameters and their 
possible dependence from regional or local characteristics. Associated features are also included. 

Parameters dependant 
on nature of sediments 

(fluvial). Regionally 
common. 

Parameters dependant on local 
environment during deposition 

(formation) 

Parameters dependant on erosion 
and preservation state 

Layers organization 
Resistant layers 
Polygonal ground 

Plan view 
Special shapes 
Transition to negative relief 
Presence of tributary ridges 
Buried channels 
Sinuosity 
Width 
Thickness 

Upper surface 
Cross section 
Length 
Width 
Thickness 

 

(vi) Martian inverted channels formed by landscape inversion trend to present a higher 

and wider range of width and thicknesses, with highest values recorder in volcanic 

capped ridges, likely due to the stronger resistant to erosion. Inverted channels 

formed by deposit inversion, have a lower variability in term of width-thicknesses 

in both analysed terrestrial and martian ridges.  
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(vii) Range of morphometric parameters may differ from Earth and Mars, and are very 

variable likely because the differences of climate, gravity, lack of vegetation, lack 

of continental scale tectonics and the type of secondary erosion acting on them.  

(viii) The total volume of fluvial sediments considering all the studied systems is about 

43 km3 deposited in ~ 106 years. Between 549-1591 km3 of alluvial material are 

likely to be preserved on Mars as inverted relief.  
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Chapter 5: Inverted channels and polygonised terrains 

5.1 Introduction  

Polygonal terrains have been recognised on Mars, since Viking missions (Mutch et al., 

1977). They are found at different observation scales in a variety of geological settings 

(section 5.1.1). Small decametre-scale polygons are associated with inverted channels 

(section 5.1.2), as seen in each of the sites mapped in Chapter 4. In this chapter, I explore 

their distribution and relationship with the mapped units, and compare to the Aram Dorsum 

case where polygonal features have shown consistency in both spatial and stratigraphical 

organization. I also consider the results of a Regional HiRISE Survey to evaluate the 

regional associations of polygonal landscapes and inverted channels. 

5.1.1 Polygonal terrains on Mars 

On Mars, polygonal terrains have been recognised in orbital (e.g., Levy et al., 2009a, 2010; 

Mangold, 2005; Mirino et al., 2021b, 2022; Fig. 5.1a-m) and rover data (e.g., Kronyak et 

al., 2019; Squyres et al., 2006), ranging in scale from two metres to ten kilometres (El-

Maarry et al., 2014; 2010; Levy et al., 2009a; 2010; Mangold, 2005; Poulet et al., 2020). 

These polygonal terrains (Fig. 5.1) have been studied because their morphology indicates 

different stress regimes from which formation conditions could be inferred, and they can 

also inform about the lithology (rock vs. soil) of the surface material.  

In Arabia Terra (e.g., Fig. 5.2) polygons are associated with inverted channel 

systems (Balme et al., 2020; Burr et al., 2010; Davis et al., 2018; Newsom et al., 2010) but 

variation in the size and morphologies of polygons in general makes classification of 

inverted channel-related polygons challenging. Some authors classify by size and the shape 

of the fracture networks, considering metrics like fracture width and lengths, and polygon 

diameters or areas (Balme et al., 2020; Levy et al., 2009a; 2010; Mangold, 2005). Others 

quantify the intersection angles between edges of the polygons (e.g., Brooker et al., 2018) 

since intersection angles are related to the ‘maturity’ or reworking of the fracture system 

(i.e., several fracturing cycles; Goehring, 2013) and can provide insight about 

environmental conditions they set in (e.g., Brooker et al., 2018), or insights about terrains 

composition or mineralogy (Bowen et al., 2022; Tang et al., 2021; Zeng et al., 2019). 

However, convergence of form and incomplete contextual information make it difficult to 

identify formation processes from remote sensing alone.  
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Based on terrestrial analogues, three main groups of Mars-relevant processes have 

been proposed: (i) areal or sub-areal polygons, where the fractures or cracks occur on the 

surface of the materials (surfaces or paleosurfaces), (ii) near-surface polygons, where joins 

or fractures developed within the few meters below the surface, and (iii) sub-surface 

polygons, where rock-mass fractures form and are then exposed at the surface by erosion. 

 

 

Figure 5.1: Polygonal ground diversity on Mars a-b-c are thought to be desiccation polygons 
(from El-Maarry et al., 2014), d-e-f are proposed to be thermal contraction polygons (from Levy et 
al., 2009), g-h-i are related to volcanoclastic unit (from Fawdon et al., 2015), l-are giant polygons 
in Utopia Planitia (from Cooke et al., 2011), m-are irregular polygons, potentially formed by 
hydrofracturing (from Poulet et al., 2020) and possibly dependant on repeated wet to dry cycles, n-
polygons in Meridiani Planum from the MER-Opportunity rover (from El-Maarry et al., 2014). The 
shape and scale of many of these polygonal features (and even more diverse morphologies are also 
present on Mars), make the distinction of the processes difficult to identify in remote sensing 
studies without additional contextual evidence. 

 

Sub-areal examples include desiccation polygons (e.g., McKeown et al., 2013; El-

Maarry et al., 2014), fracture networks formed in volatile‐rich fine-grained soils (e.g., Neal 

et al., 1968) due to the evaporation of the volatile (almost always water) contained, which 
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changes the surface tension between the soil grains. They are found in areas characterised 

by intense evaporation such as lacustrine deposits in playa environments (e.g., Neal et al., 

1968), flood plains (e.g., Franchi et al., 2020), or tidal flats (e.g., Dionne, 1974). On Mars, 

desiccation cracks (e.g., Fig. 5.1a-b-c) have been interpreted in the high latitudes, and in 

areas with water-related sedimentary contexts (El-Maarry et al., 2014), such as crater lake 

floors, sediment fans and other paleosurfaces. They often occur in areas with spectral 

evidence of aqueous alteration minerology (El Maarry et al., 2010; 2014).  

Near surface polygons include thermal contraction polygons (e.g., Mellon, 1997), 

which are fracture networks formed by changes in volume due to cooling in ice-cemented 

soils. This creates an accumulation of tensile stress, fracturing the material (Lachenbruch, 

1962). Temperature increases cause thermal expansion, which drives the lateral 

propagation of cracks to form the final polygonal shapes (French, 2007; Lachenbruch, 

1962). Fractures are often then filled by external material (ice or sand) which results in 

raised fracture margins (ice wedge, sand-wedge, Mackay, 2000) as the crack are prevented 

from closing. On Mars, thermal contraction polygons (e.g., Fig. 5.1d-e-f) have been found 

in ice-rich mantling deposits, mainly in the mid-high latitude (Fig. 5.2a) and Polar regions 

(e.g, Levy et al., 2009a, 2009b; 2010; Mangold, 2005; Mellon, 1997; Seibert & Kargel, 

2001).  

Subsurface polygons include fracture networks associated with tectonic processes, 

hydraulic, unloading and release (e.g., Engelder, 1985; Hiesinger& Head, 2000; 

Moscardelli et al., 2012). Tectonic joints form in response to regional or local stress and 

are not as predominant on Mars as they are on Earth, where jointing occurs in response to 

tectonic events. Joints formed by hydrofracturing are a consequence of elevated 

compressive intra-pore stress and pressure created by fluid circulation at depth (e.g., 

Philipp et al., 2013). The growth of hydrofractures depends on the fluid pressure and the 

host rock’s mechanical properties (e.g., Philipp et al., 2013). On Mars, hydrofracturing has 

been interpreted to explain extended polygonal fractured networks (Fig. 5.1m) localised 

within phyllosilicate units in the Mawrth Vallis area (Poulet et al., 2020) in north west 

Arabia Terra, and to explain veins developed within mudstones in Gale crater (Kronyak et 

al., 2019). 
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Figure 5.2: MOLA shaded relief maps showing HiRISE surveys of polygons. a- thermal contraction 
polygons from Levy et al., (2010). White dots indicate polygons, black dots indicate absence of 
polygons. Polygons in this survey are mainly found above 30°N and below 30°S, coincident with 
glacial and periglacial terrain. Dotted lines indicate the study area of this project. The dotted 
circle indicates the location of Utopia Planitia basin, where giant polygons have been observed 
(e.g., Cooke et al., 2011), and the continuous circle indicates the location of Nili Patera, where 
polygonally-fractured ignimbrites have been mapped. b-Potential desiccation polygons from El-
Maarry et al., (2014b), this includes cracking patterns in phyllosilicate-bearing deposits that are 
found either in horizontal beds (yellow), crustal outcrops (red), or deltas/alluvial fans (light blue), 
in chloride-bearing terrains (green) and in impact crater floors (white). These are clustered in 
certain localities where many water-related features (such as paleo-lakes and valleys) are found. 
From these images is clear that fracturing and polygonal patterns are common on the surface of 
Mars regardless of the processes involved.   

 
Joints formed by unloading are a response to erosion and uplift. When exhumation 

reduces the confining pressure, rock expansion overcomes the tensile strength creating 

brittle failures (Engelder, 1985). The surface expression of such fractures may form 

polygonal shapes, and may also be modified by a regional stress field. On Mars, this 

processes (accompanied by hydrofracturing) has been proposed as a formation mechanism 
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for polygons in areas where there is also evidence of substantial burial and erosion such as 

inverted channel systems such as Aram Dorsum (Balme, et al., 2020).  

The processes that create sub-surface joints are usually cumulative and in 

sedimentary rocks joints likely propagate during several different stages of a tectonic 

history (Engelder, 1985) instead of being a consequence of one process only.  

 

5.1.2 The Aram Dorsum case study 

The Aram Dorsum inverted channel system contains many polygonalised terrains, and 

mapping shows that the polygons occur in a distinct spatial and stratigraphic distribution 

(Balme, et al., 2020). These correlations indicate a link between the type of polygonal 

pattern and the lithology and/or composition of the ridge units. Here, I summarise the 

polygonal terrain and geological unit of the Aram Dorsum and then apply this 

classification to the polygons in my four case studies in different geological settings 

(Chapter 4). 

5.1.2.1 Classification and Interpretation 

Polygonal patterns in Aram Dorsum are classified into five classes based on area and 

margin morphology: 

Narrow fracture polygons (Fig. 5.3a) are delineated by troughs <1 m across and 

have rectilinear to polygonal patterns, each cell being ~10–20 m across. These are 

proposed to be a consequence of burial and/or re-exposure unloading or hydrofractures, 

acting on lithified paleo-fluvial sediments. 

Wide Fracture polygons (Fig. 5.3a) are delineated by flat-bottomed troughs ~2–5 m 

across which represent the margin of ~25–50 m wide polygons. This type of fractures is 

also found as rectilinear forms or defined by small pit-like depressions. These polygons 

may represent similar fracture-types to the Narrow-Fracture polygons, but developed in a 

material of different composition, lithology or thickness. 

Narrow ridge polygons (Fig. 5.3b) are defined by low (<1 m) ridges on their 

borders. Their shape and size are comparable to Narrow fracture ridges, which, in a few 

examples, have been reported to transition into the ridge shapes (Balme, et al., 2020). They 

are probably erosion-resistant fills of minerals (deposited by groundwater) within pre-

existing fractures, i.e., inverted forms of the Narrow-Fracture polygons. 

Metre-scale polygons (Fig. 5.3c) are smaller and rare compared to the other types 

of polygonal ground. They look like small domes or plateau-like forms (1–2 m wide) 

separated by troughs of ~1 m (Balme, et al., 2020). They probably are degraded forms of 
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the material in which the Wide-Fracture polygons formed, or are separated polygonal type 

developed in the underlying Basal units. 

Vein-like systems (Fig. 5.3c) are narrow ridges <1 m wide and generally>100 m 

long. They are distinguished from the Narrow-ridged polygons by their length and relief 

relative to the underlying material. This type of feature can be found singularly (as isolated 

lineaments or with curvilinear shapes) or in groups (Balme, et al., 2020). They have been 

interpreted to be mineralized veins, similar information to the Narrow-Ridge polygons, but 

occurring within longer, less organised fractures.  

5.1.2.2 Distribution of polygons 

Narrow fracture and the relatively rare Narrow Ridge polygons in Aram Dorsum are 

mainly associated with the fluvial materials linked with main channel belt; the ‘Aram 

Dorsum formation’ (‘Smooth Marginal’, and ‘Transitional Marginal’ units). Wide fracture 

polygons and the Vein-like ridges are found within erosional windows exposing Basal 

units, which include materials below or at the base of the Aram Dorsum formation (Fig. 

5.4).  

In the sequence (Fig. 5.4), the Narrow Ridge-bearing grounds are youngest and superpose 

Narrow Fracture bearing materials. The Wide-Fracture, Vein-like and Meter-scale 

polygons are located below the ridge formation and consequently below both Narrow 

fractures and ridges (Balme, et al., 2020). The Vein-Like and Meter-scale Polygons form 

beneath materials contain Wide-fracture polygons, and seem to be at the very bottom of the 

local stratigraphy (Balme, et al., 2020). Metre-scale polygons also occur within degraded 

margins of the erosional pits where the Wide Fracture polygons have been mapped (Balme 

et al., 2020). 

 

 

Figure 5.3: HiRISE scale examples of polygonal pattern ground in Aram Dorsum (from Balme et 
al., 2020). 

 



 
 

320 
 

 

Figure 5.4: Image from Balme et al., (2020). On the left the stratigraphy of the Aram Dorsum area 
is presented. On the right a detail of the Aram Dorsum formation (ADf) unit stratigraphy is 
presented with the polygonal type distribution within each unit is indicated. From this image a 
clear overlapping is visible with the Narrow fractures developed on the materials on top of the 
ridge, the Narrow ridges usually below them and the other types developed in underlining 
materials visible mainly in erosional pits.  

 

5.2 Data and Methods 

5.2.1 Mapping Polygons 

To explore the relationship between polygonised terrains and inverted channels I 

conducted a deeper analysis of the four different inverted channel systems presented in 

Chapter 4. To test whether the polygonal terrains found in the Chapter 4 case studies have 

an Aram-like distribution, I mapped the different types of polygonal terrains at a scale of 

1:2000. I digitised a point for every region of regions of ≃100 m in which metre or 

decametre-scale polygon were present. I also classified them by shape, relief and the size 

of the margin. 

Each site has been studied individually and to mitigate false equivalence in this 

interpretive method the polygons are assigned a generic class within each site. As the 

classes are applied on a site-by-site basis, the same generic classes (Type 1, Type 2 etc.) do 

not correspond to the same type of polygonal ground in other sites. After this initial, 

independent round of classification, all polygon classes were re-evaluated and assigned an 

‘Aram-like’ polygon-type. This stage explores whether the polygons are comparable or if 

unique polygonal forms are observed in each area. 
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5.2.2 Regional survey: polygons and inverted channels systems 

To explore the regional relationship between polygonal grounds and inverted channel 

systems, 241 HiRISE images intersecting with inverted channel database (Chapter 3) 

where analysed (Fig. 5.5a). To evaluate whether polygonal networks are present also in 

some areas away from inverted channels 43 additional images, randomly selected at 

different distances from the mapped inverted channels, were also analysed (Fig. 5.5b). The 

identification and mapping of polygons was conducted at a scale of 1:2000, the same as 

used in Balme et al., (2020) and a simplified Aram-like morphological classification was 

applied: 

(i) Fracture polygons, polygons margins formed by troughs (includes Narrow 

fracture polygons and Wide fracture polygons). 

(ii) Ridged polygons, polygons margins formed by positive relief ridges,  

(iii) Metre-scale polygons, polygons made by small domes separated by a space. 

(iv) Vein-like systems, represented by curvilinear or linear and upstanding thin 

ridges, which do not necessarily form polygonal shapes. I do include these 

shapes in the database since they represent associated features to both Aram 

Dorsum area and the polygonal terrains. 

5.3 Case studies of Polygonal terrain 

The description of polygonal types follows the case studies in Chapter 4: (1) Arago Dorsa. 

(2) Cantabras Dorsum, (3) Piscinas Serpentes and (4) Mawrth Dorsa. For each site I 

provide a general description (including the margin type), size range of margin types 

(troughs-fractures or ridges), the size range of polygons. For this classification irregular 

polygons are features with a network of cracks which intersect at a range of orientations 

(usually 60°-120° are the most common) and regular polygons are networks where cracks 

intersect to form more rectilinear shapes (e.g., orthogonal intersections at 90°). Finally 

‘Aram-like’ names are assigned and where polygons fall outside that classification 

described. 

5.3.1 Site 1: Arago Dorsa (AD) 

In Arago Dorsa I identified 10 types of polygonal ground plus one vein-like feature 

candidate associated with the geomorphologically mapped unit. Descriptions are provided 

in Table 5.1, and examples are shown from Fig. 5.6 to 5.9. 
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5.3.1.1 AD: Distribution  

The mapping shows a consistent association between types of polygonal patterns and 

mapped units (Fig. 5.10; Table 5.2). My comparison to Aram-like classes (Fig. 5.10), 

suggests the majority of polygon types (7/11) are Wide fracture polygons. Narrow ridge 

polygons extend into the northernmost part of the mapping area, in the Lower Transitional 

unit. These are also seen in erosional windows formed in the Middle Transitional unit, 

suggesting they are pervasive throughout the unit below the raised, inverted part of the 

channel belt.  

 

Table 5.1: Arago Dorsa polygonal terrains characteristics. 

Type Description Margin 

width(m) 

Polygon 

diameter(m) 

Aram-like classification and 

description of 

similarities/differences 

 

Figure 

1 Irregular polygons, ridged margins 

with flatter or sharper crests. 

Associated with knobs or mesas. At 

the margin of the network ridges 

sometimes transition into fracture 

type polygons of comparable size. 

<1-2  10-40  Narrow ridge polygons. 

Polygons and ridges are larger; 

ridges present flatter crests. 

5.6a-b-

c 

2 Irregular polygons, trough margin. 

Margin troughs are deeper and 

polygons smaller where the unit is 

more eroded. 

1-2  5-25  Wide fracture polygons*. 

Polygons more variable in size; 

meter scale polygons visible in 

eroded areas. 

5.7a 

3 Irregular polygons trough margins, 

more consistent size than type 2. 

Polygons transition into Type 1.  

<1-2  16-28  Narrow fracture polygons. 

Polygon and fracture sizes are 

variable. 

5.7b 

 

4 Irregular polygons, troughs margins. 

Similar to Type 2-3 but 

stratigraphically lower. Fractures are 

also generally wider relative to 

polygon size and, and the fracture 

network is poorly preserved. More 

eroded areas have smaller polygons 

with deep curvilinear fractures. 

1-3  10-20  Wide fracture polygons*. 

Polygon and fracture sizes are 

variable. 

5.7c 

5 Irregular polygons, trough margins, 

variable size with smaller polygons 

in more eroded areas. 

2-3  8-25  Wide fracture polygons*. 

Polygon and fracture sizes are 

variable. 

5.7d 

6 Irregular polygons, trough margins. 

The largest polygons in the study 

area. 

2-4 m 20-45  Wide fracture polygons*. 

Similar to Aram Dorsum 

morphologically. Polygons 

observed in well-defined ridge 

5.7e 
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unit instead of erosional pits. 

7 Regular polygons, trough margins. 

Polygons found on the upper part of 

the ridge. Fractures are seen 

horizontally and vertically. 

<1-2  7-25  Narrow fracture polygons. 5.7f 

8 Irregular polygons, trough margins. 

Similar to the Type 2 but more 

consistent size and larger fractures at 

a different stratigraphic level. 

1-3  13-24  Wide fracture polygons*. 5.8a 

9 Irregular polygons, trough margins. 

Similar to Type 8, but smaller meter-

scale type polygons are developed 

between the fractures. 

2-3  5-24  Wide fracture polygons*.  

More variable size. 

 

5.8b 

10 Non-polygonal isolated positive-

relief curvilinear ridges.  

  Vein-like features 5.9a 

11 Irregular polygons with dome 

centres, developed in degraded 

margins of other materials, erosional 

windows, or within larger types of 

polygons. 

 
2-3 m Metre scale polygons.  

not found in a specific unit, but 

are always associated with 

other types of degraded 

polygons 

5.9b 

*The Wide fractures reported here do not show the characteristically flat bottom observed in the wide fractures related with 

the Aram Dorsum pit material. The most similar and possibly comparable ones are the Type 2-6 (a-e in Fig. 5.9). 

 

 

Table 5.2: Polygonal types association with the Arago Dorsa units. 

Type Associated unit 

1 Lower Transitional unit 3 (Trf3), and in erosional pits within the middle Transitional unit (Trf2), 

crater impact material, and the border with the basal plains. 

2 In the upper portion of the less eroded Transitional unit (Trf3) and borders of the Lower ridge units 

(Lrf2). 

3 Transitional unit 2 (Trf2) at the border with the Trf3.  

4 Transitional unit 2 (Trf2), might be an eroded version of Type 3. 

5 Below the Lower ridge and Marginal unit 2 scarps. Where the unit is more eroded the polygon 

diameter is smaller. 

6 Marginal unit 1 furthest from the upper ridge.  

7 Flanks of the upper ridge (Urf2).  

8 On top of the Secondary ridge system (Srf1).  

9 Erosional remnants of the Secondary ridge (Srf1). 

10 Unique, found only within the Upper plains (Usp).  

11 In degraded margins, erosional windows, or within larger polygons. 
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Figure 5.5: MOLA-DEM basemaps with distribution of the studied HiRISE images to detect the 
presence of polygonal ground in the region. a- Distribution of HiRISE images (blue dots) 
intersecting inverted channels. b- 44 HiRISE images selected for a check in the areas with no 
inverted relief channels.  

 

 

 



 
 

325 
 

 

 

Figure 5.6: HiRISE image (ESP_034932_1900) showing the Type-1 polygonal network. a- 
Polygonal shapes are created by a network of ridges. This image shows the ridges at different 
stratigraphic levels (10.02°N, 29.33°E). b- A polygonal network where the ridge crests vary from 
flatter to sharp. Type 1 polygons are overlain by Transitional unit 2 as evidenced by erosional pits 
hosting the Type 1 polygons (9.94°N, 29.32°E). c- The ridges which transition into fractures 
(9.94°N, 29.32°E). The size of the polygons formed by the ridges corresponds to the size of the 
closest fractured network of polygons. 
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Figure 5.7: Details from HiRISE ESP_034932_1900. a- Type-2 fractured polygons (9.87°N, 
29.37°E). The most eroded areas are characterised by smaller polygons, and the eroded areas are 
usually in proximity to the secondary ridge. b- Type-3 (black arrows) polygons (9.94°N, 29.33°E) 
along with Type 1 (narrow ridges) filling the fractured network. c- Type-4 polygons here are less 
regular and present wider fractures. With a large variation in polygon size (9.93°N, 29.31°E). d- 
Type-5 polygons present are more consistent in shape and size but only develop in specific 
materials (indicated by arrows) along the border of a very smooth unit (9.86°N, 29.36°E). e- 
Fractured network forming Type-6 polygons. These are the largest polygons in Arago Dorsa and 
form smaller polygons within them (9.83°N, 29.38°E).  f- Polygonal terrains Type-7 (9.82°N, 
29.36°E) found on the flanks of the Upper most ridge (white arrow) and may continue on top of the 
structure (black arrow). 
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Figure 5.8: Details from HiRISE ESP_034932_1900. a- Type-8 polygons, similar to Type-6 (Fig. 
5.8e) in shape and polygonal organisation of the fractures. However, the size polygon size is 
smaller for Type-8 and they are found on the Secondary ridges and associated material (9.8°N, 

29.31°E). b- Type-9 polygons, appear to be a more degraded form of Type-8 polygons with 
additional smaller secondary polygons. Again these are found on top of material associated with 
the Secondary parallel ridges (9.82°N, 29.32°E). 
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Figure 5.9: Details from HiRISE ESP_034932_1900. a- Curvilinear small ridge developed in the 
Upper basal unit (9.92°N, 29.29°E). Note the small (probably) aeolian bedforms anchored on the 
ridge. b- Smaller polygonal dome shapes usually developed at the margin of erosion windows or 
eroded areas within the study area (9.93°N, 29.39°E). 
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Figure 5.10: Polygonal Types and the Aram like-classification polygon types applied to Arago 
Dorsa. HiRISE basemap ESP_034932_1900 (center at 9.89°N, 29.35°E). 

 

5.3.1.2 AD: Stratigraphy  

There is a strong correlation between the geomorphic units and polygon types. Polygonal 

terrains are distributed within the Ridge Formation units, with the ridge material associated 

with Fracture polygons and Transitional units more strongly associated with Narrow 

ridges. These relationships are also seen when the ‘Aram like’ classification is applied. 

Each type of polygonal ground is associated to specific units, and this follows the 

stratigraphy of Arago Dorsa. However, the interpretation is more complex than for Aram 

Dorsum because a larger variety of fractured polygons have been classified. 



 
 

330 
 

In Arago Dorsa (Fig. 5.11) Fracture-bearing materials superpose the Narrow Ridge 

bearing materials (Type 1, in Trf3-bottom of Trf2) at the bottom of the stratigraphy (Fig. 

5.11) and appear to be developed in older terrains (interpreted as flood plains). This is 

consistent with Aram Dorsum where similar relationships are seen, even including smaller 

fracture polygons filling larger one (e.g., Fig. 5.6). 

The relationship between the Wide and Narrow fracture polygons is complex. 

Narrow fractures are found at the top of the stratigraphy, developed within the upper most 

ridge, as well as at the bottom of the stratigraphy. Some of the Wide fracture polygons 

(Types 4-5-8) in Arago Dorsa are not the same as the Aram-like Narrow fracture or Wide 

fracture types. Both differences in marginal troughs and lack of clear flat bottoms make 

this comparison difficult.  

Similarly, the only features which could be Vein-Like curvilinear ridge (found in 

the Upper Plain Units) present a flatter top compared to those in Aram Dorsum. The 

polygons I classified as Meter-scale, occur in erosional areas, at different stratigraphic 

levels, and appear to form as a consequence of advancing erosion of pre-existing polygonal 

materials. Again there are no exact analogues seen in Aram Dorsum. Two key points 

emerge: 

(i) In the case of Arago Dorsa, the Aram-like classification is not enough for 

the variety of polygonal-grounds associated with the Arago system. 

(ii) The general trend is that the fracture polygons are stratigraphically above 

ridge polygons. When using the Aram-like classification, the Wide fracture 

polygons are the most frequently seen and occur on terrains stratigraphically 

above the Narrow Ridge polygons (in contrast to Aram Dorsum; Balme, et 

al., 2020).   
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Figure 5.11: The stratigraphy of Arago Dorsa (Chapter 4) and associations with polygonal 
features. With the exception of the metre-scale polygons (which are found associated with eroded 
areas throughout the stratigraphy), all the other type of polygonal terrains occur in specific 
stratigraphic levels.  
 

5.3.2 Site 2: Cantabras Dorsum (CD) 

In Cantabras Dorsum, 8 types of polygonal ground (Table 5.3, Fig. 5.12) were identified in 

association with the geomorphologically mapped units. 

5.3.2.1 CD: Distribution  

At Cantabras Dorsum there is a consistent relationship between polygon terrain types and 

the geomorphological units (Fig. 5.13, Table 5.4). Polygon-bearing grounds are found 

associated with both the main ridge material and the surrounding units. Type 1-2-3-5 

polygons characterise the Ridge formation visible on the surface of units, not covered by 

the Marginal resistant unit (Mrf, the only Ridge Formation unit without a polygonal 

pattern). The Basal units host types 4-6 and type 8 polygons (3/8) including those with 

positive and negative relief margins. The Type 4 (classified as Wide fracture polygons), 

have been found developed on the Transitional unit at a variety of elevations and at the 

foot of the main ridge where it bordered the Lower Plain unit. Type 6 (Narrow ridge 

polygons) are visible at the higher elevations of the Transitional unit where it borders the 

ridge formation. Type 8 (Vein like) occur across all elevations and transition to the Wide 

fracture polygons Type 4 in places (transition visible at both high and low elevations). 



 
 

332 
 

Within the Miscellaneous units are erosional windows that expose polygonal ground in the 

Transitional unit. Metre-scale polygonal ground is also seen within a crater in the south of 

the site. No polygonal ground is seen in the knobby unit. 

 

Table 5.3: Cantabras Dorsum polygonal terrains characteristics. 

Type Description Margin 

width (m) 

Polygon 

diameter 

(m) 

Aram-like classification 

and description of 

similarities/differences 

 

Figure 

1 Irregular polygons, fracture 

margins. Polygons are in the 

Transitional unit at the transition 

to inverted borders cross section 

style. Margins up to 3 m wide 

1-3  8-30  Wide fracture polygons. 

Larger variability in size 

than Aram examples 

5.12a 

2 Irregular polygons trough 

margins. 

1-2  10-18  Narrow fracture 

polygons. 

5.12b 

3 Irregular polygons wider trough 

margins.   

1-4  10-30  Wide fracture polygons. 5.12c 

4 Regular polygons trough margins. 

larger than Type 3 and at a lower 

stratigraphic levels. 

1-7  10-20  Wide fracture polygons. 5.12d 

5 Regular polygons delineated by 

troughs.  

1-5  18-20  Wide fracture polygons. 5.12e 

6 Irregular polygons ridged 

margins, variable size.  

1-2 10-30 Narrow ridge polygons. 5.12f 

7 Regular polygons with small 

domed centres.  
 

1-2 Metre scale polygons. 

Strong association with 

other polygon types, 

particularly in more 

degraded areas, instead a 

specific unit. 

5.12g 

8 Sub-polygonal, narrow 

curvilinear. Polygons formed by 

ridge intersection forming ridges 

40 m across. Sometimes they 

terminate within the Type 4 

fractures. 

<1m wide  

 

40 m Vein-like system. 5.12h 
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Figure 5.12: Polygonal terrain at Cantabras Dorsum in HiRISE image (ESP_036898_1895). a- 
Type-1 (9.25°N, -5.46°E). b- Type-2 (9.23°N, -5.47°E). c- Type-3 developed in a dark toned 
material visible within an erosional window (9.19°N, -5.49°E). d- Type-4 on the main ridge margin 
(9.27°N, -5.46°E). The transition between types occurring at different stratigraphic levels is clear. 
e- Type-5 (9.11°N, -5.48°E). f- Type-6 (9.01°N, -5.49°E) dark toned positive relief ridges. g- Type-
7 (9.17°N, -5.49°E) formed of small domes (subtly visible in the arrowed region). h- Type-8 
curvilinear ridges (arrowed) which transition into Type-4. These features follow the fracture 
patterns and in some cases they terminate within the fractures (9.11°N, -5.51°E). 
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Table 5.4: Polygonal types and association with the Cantabras Dorsum units. 

Type Description 

1 Lower polygonised layer of the Ridge formation, visible at the transition to inverted borders. 

2 Upper polygonised layer of the Ridge formation. visible in erosional windows in the Marginal 

resistant unit (Mrf). 

3 Eroded areas on the ridge exposing the Lower unit (Lrf).  

4 Transitional unit, and the foot of the ridge. in high elevation areas south of the mapping site. At the 

Marginal resistant unit to Transitional unit boundary, and the border between the Transitional unit 

and crater material.  

5 Upper ridge unit (Urf) with fractures starting and ending in the upper secondary anabranched ridge. 

6 In erosional windows through the Smooth overburden unit, below the Marginal resistant unit 

(Mrf).TARs do not allow a clear recognition of the full distribution. 

7 Margins of eroded units, and within the bigger southern crater. 

8 The bottom of the main ridge and Lower plain units, within the Transitional unit. In high elevation to 

the west, the border of the Marginal resistant unit. At the border between the Lower Plain unit and 

the Transitional unit Type 8 transitions into Type 4. 

 

5.3.2.2 CD: Stratigraphy 

At Cantabras Dorsum, polygon types are linked to the units they are found in (Fig. 5.14). 

Ridge formation units (younger than Basal units) have Wide Fractures Type-3 and Type-1 

bearing materials on the bottom of the Ridge sequence, superposed by Narrow Fracture 

Type-2 bearing materials, with the exception of the Wide fracture polygons Type-5 which 

is developed in the Upper most anabranched ridge, at the very top of the stratigraphy.  

Within the Basal units, the Vein-like systems (Type-8) connect to or transition into 

the Wide Fracture polygons (Type-4) developed on the Transitional unit at high elevations 

in the western part of the map. This suggests that the Type-4 fractures formed before the 

type 8. However, at lower elevations, in the eastern side of the main ridge, Vein-Like 

curvilinear ridges are visible on the surface of the Lower Plain unit (Pbu), and the Wide 

Fracture polygons (Type-4) preserved in remains of the Transitional unit appear 

stratigraphically higher. Thus, Vein-like systems are developed across the elevation range, 

throughout the Transitional unit, along with Wide fracture polygons (Type-4). Meter-scale 

Polygons occur in eroded regions of other units suggesting they develop from other 

fracture networks by degradation. There is a strong similarity in the shapes and types of the 

polygonal ground found here with those in Aram Dorsum. Again, though, there is a more 

complex stratigraphy. 
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Figure 5.13: Polygonal Types and Aram-like polygon classification in the Cantabras Dorsum 
mapping area (ESP_036898_1895; mapping center at 9.13°N, -5.48°E).  
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Figure 5.14: The Stratigraphy of Cantabras Dorsum showing polygonal feature associations. All 
types of polygonal terrain are found at specific stratigraphic levels and units, with the exception of 
the metre-scale polygons which are associated with erosional areas throughout the stratigraphy. 
Fracture polygon types are stratigraphically above the Narrow Ridge polygons and Vein-like 
system, with the exception of the Type 4 Wide Fractures, which are observed in transition with the 
Vein-like systems and are therefore probably older. 

 

In summary: 

(i) In the case of Cantabras Dorsum, the Aram-like classification is very 

effective to describe the majority of polygonal-grounds associated with the 

system but the stratigraphical order is more complex. 

(ii) The general trend is that the Wide fracture polygons and Vein like ridges 

are stratigraphically at the same level and below Narrow fractures and ridge 

polygons (similar to Aram Dorsum; Balme, et al., 2020) but more variation 

is present. When using the Aram-like classification, the Wide fracture 

polygons are the most frequently seen. 

5.3.3 Site 3: Piscinas Serpentes (PS) 

In Piscinas Serpentes five types of polygonal ground were found (Table 5.5, Fig. 5.15 and 

6.16) associated with the geomorphologically mapped units. 

5.3.3.1 PS: Distribution  

At Piscinas Serpentes (Fig. 5.17) Type-2 and -3 polygons are found on the surface of the 

Basal units surrounding the ridges. Type-2-Narrow ridge polygons are found at the bottom 

of the Basal Plains where the upper part is removed (Fig. 5.15a-b-d) and in the base of 
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pitted units (Fig. 5.15c). The Type-4-Narrow Fracture polygons cross cut the Main ridge 

and the surrounding remains of the Etched units (Fig. 5.16c). The Type-1 polygons are 

found in the lower part of the Etched units in the northern portion of the mapping area 

between the TARs in the surface of the Transitional units. The Metre-scale Type-5 

polygons are found in various units following patterns of erosion. 

 

Table 5.5: Piscinas Serpentes polygonal terrains characteristics. 

Type Description Margin 

width 

(m) 

Polygon 

diameter(m

) 

Aram-like classification 

and description of 

similarities/differences 

Figure 

1 Irregular polygons, fracture 

margins. Large areas overlain by 

aeolian material.  

≤1-2 6-10 Narrow fracture polygons 5.16a 

2 Irregular polygons, ridge margins. 

Ridges can be sharp or flat topped. 

Flat topped ridges have a small 

medial fracture and ridges 

transition into fractures. Smaller 

examples (6-10 m) are more 

regular, close to pitted channels 

(Fig. 5.15c). In the Cratered unit, 

they are darker toned and are 

infilled by brighter material similar 

to the Marginal unit (Fig. 5.15d).  

1-2 10-20 Narrow ridge polygons.  

More variability in crest 

morphology than Aram  

5.15a-b 

3 Irregular polygons, wide trough 

margins. 

1-3 10-30 Wide fracture polygons. 

Not seen in erosional 

windows but on a thin layer 

covering part of the Basal 

unit. No flat bottoms. 

5.16b 

4 Irregular polygons, trough margins, 

variable in size. Wider on the Main 

ridge compared to Marginal units. 

Follow the same orientation as 

narrow ridges seen in the Basal 

unit.  

1-2 3-15 Narrow fracture polygons. 5.16c 

5 Irregular polygons formed by 

smaller domes of 2-4 m across.  

Small domes of  2-4 m 

across 

Metre-scale polygons. 

Found with other polygon 

types in more degraded 

areas, not erosional 

windows. 
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Figure 5.15: Type-2-Narrow ridge polygons in Piscinas Serpentes. a- A polygonal network (black 
arrow) of flat-topped ridges (PSP_004091_1845, 10.23°N, -4.88°E). The yellow arrow indicates 
un-eroded material developing into ridges. b- Type-2 network found at the border between the 
main central Ridge and the Basal units (PSP_004091_184, 54.60°N, -1.18°E). The white arrow 
indicates sharper crests in this part of the network and remains of the material from the ridged 
network (red arrow). Here polygonal fractures Type-3 are developing  morphology similar to the 
adjacent network of narrow ridges. c-Narrow ridges at the transition with the pitted channels 
(PSP_004091_184, 54.58°N, -1.16°E). d- Narrow ridges within the thin eroded layer 
(ESP_048489_1845, 4.54°N, -1.17°E). 
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Figure 5.16: a-Type 1 polygonal terrain (PSP_004091_1845, 4.73°N, -1.20°E). b-Type 3 polygons 
on the basal units (ESP_047909_1900, 10.18°N, -4.91°E). c- Type 4 polygons on the Upper basal 
unit (Ubu). Here, these smaller troughs cross-cut buried craters within the unit 
(ESP_047909_1900, 10.05°N, -4.92°E). d- Type 5 polygons in the eroded margins of the Basal 
units (ESP_048990_1845, 4.58°N, -1.12°E). 

 

Table 5.6: Polygonal types and association with the Piscinas Serpentes units. 

Type Associated units 

1 Transitional unit. 

2 Cratered Brighter unit, surrounding the main inverted channel system and part of the pitted network. 

The ridges are stratigraphically below the upstanding Ridge. 

3 On top of the Cratered Brighter unit. 

4 In remains of the Etched units close to the main ridge. These fractures also transition into the Main 

ridge, where they look wider.  

5 Margins of eroded units with fracture polygons or highly degraded areas in some units. 
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Figure 5.17: Polygonal Types and the Aram like-classification applied to the type of polygonal 
grounds and their distribution within Piscinas Serpentes geomorphic units. HiRISE mosaic 
basemap (PSP_004091_1845, ESP_048489_1845, ESP_048990_1845; centre at 4.56°N, -1.17°E). 

5.3.3.2 PS: Stratigraphy 

In Piscinas Serpentes the associations (Fig. 5.18) between polygon types and geomorphic 

units shows that both Wide and Narrow fracture bearing materials superpose the Narrow 

Ridge polygons. Narrow fracture polygons (Type 1) are found in Etched units and are at 

the top of the stratigraphy. Narrow fracture polygons (Type 4) developed within the ridges 

and superpose units containing the Wide fracture polygons (Type3) which characterised 

the upper part of Cratered Brighter unit, and superposed the Narrow ridge polygons (Type 

2) found in the lower part of the same unit. 
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Figure 5.18: Stratigraphy of Piscinas Serpentes and associations with polygonal features. Here 
Wide fracture polygons are stratigraphically above the Narrow Ridge polygons and metre-scale 
polygons are found through gout the stratigraphy in association with degraded and eroded areas. 
 

In summary: 

(i) In Piscinas Serpentes, the Aram-like classification is partially effective due 

to the differences in morphology of the Wide fractures (no flat bottom) and 

Narrow ridges also show a more complex organization.  

(ii) The general trend is that both fracture polygons are above the Narrow ridge 

polygons (partially similar to Aram Dorsum; Balme, et al., 2020) but more 

variation is present since the wide fracture polygons are the ones above the 

Narrow ridges.  

5.3.4 Site 4: Mawrth Dorsa (MD) 

In Mawrth Dorsum six different types of polygonal terrains (Table 5.7, Fig. 5.19) occur in 

association with the geomorphologically mapped units. In addition to the mapped HiRISE, 

other 8 adjacent HiRISE images (extended study) have been analysed for future contextual 

evidence. 

5.3.4.1 MD: Distribution 

In Mawrth Dorsa, polygonal grounds are mainly found within the Basal units (Fig. 5.20, 

Table 5.8), surrounding, and at the very bottom of, the Ridge formation. This pattern is 

consistent throughout Mawrth Dorsa (Fig. 5.21). 
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Table 5.7: Mawrth Dorsa polygonal terrains characteristics. 

Type Description Margin 

width (m) 

Polygon 

diameter (m) 

Aram-like classification 

and description of 

similarities/differences 

Figure 

1 Regular sized rounded metre-

scale domes bounded by 

rectilinear fractures. This is the 

most frequent type within the 

study area and occurs in two 

sizes. 

1-2 m.   <1-2 m,  

Or 2-5 m 

 

Meter scale polygons. 5.19a 

2 Irregular polygons, narrow 

trough margins. 

<1 m 2-5 m 

or 10-15 m 

when 

transitioning to 

larger types. 

Narrow fracture 

polygons. 

5.19b 

3 Irregular polygons, wider trough 

margins. 

2-3  5-25  Wide fracture polygons. 5.19c 

4 Composite irregular polygons. 

Small fracture margin polygons 

form a pattern within larger 

polygons that have wider trough 

margins.  

2-4 5-40  

 

Wide fracture polygons. 

Absence of the flat bottom 

and variable sizes of both 

polygons and fractures. 

5.19d 

5 Irregular polygons curvilinear 

ridge margins. 

~1-2 m wide and ~100-200 m 

long. 

Vein-like system. 5.19e 

6 Irregular polygons, sharp ridge 

margins.  May transition into 

Type-2 fractures. 

ridges 1-2 m wide, polygons 4-

10 m wide. 

Narrow ridge polygons 5.19f 

 

Table 5.8: Polygonal types and association with the Mawrth Dorsa units. 

Type Associated units 

1 Upper part of the Rugged basal unit (Rbu). Remains of the Rbu unit on top of the Bright basal unit 

(Bbu). 

2 Rbu, in areas between dark capping units on mesas, or within erosional windows in the capping 

dark units. The fractures also cross the Lower unit (Lrf) into the Rbu. 

3 Bottom of the ridges, and between the Rbu and the Lrf. They transition into Type-2, but are 

stratigraphically lower. 

4 The Lower basal unit in the south-east of the mapping area.  

5 The upper Rbu, filling the wider fractures of the Type-1 polygons. Only seen in the northern part of 

the mapping area. 

6 Within erosional windows on the dark capping units of the Mawrth Dorsa Ridge 2, exposing the Lrf 

and Rbu 
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Figure 5.19: Polygonal terrain in Mawrth Dorsa (HiRISE ESP_036028_2000). a- Type-1 
(20.01°N, -16.96°E). b- Type-2 (19.75°N, -16.88°E). c- Type 3 indicated with arrows (19.92°N, -
16.92°E). d- Type-4 (19.70°N, - 16.85°E). e- Type-5 curvilinear ridges indicated with black arrows 
formed within between Type-1 polygons (19.98°N, -16.94°E). f- Type-6 polygons with raised 
margins indicated with black arrow when transitioning into fractures (19.83°N, -16.89°E). Vein-
like systems present more curvilinear ridges compared to the narrow ridge polygons (Type-6) and 
form wider polygons when more ridges cut each other. 
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Figure 5.20: Polygon Types and the Aram like-classification applied to Mawrth Dorsa. HiRISE 
basemap (ESP_036028_2000; centre at 19.92°N, -16.90°E). 
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Figure 5.21: Polygons in Mawrth Dorsa basin (CTX mosaic; 19.63°N, -17.06°E). a- Polygonal 
types have been recognised is all the available HiRISE covering the area (ESP_036028_2000 the 
mapped site, ESP_042081_2000, ESP _021866_2000, ESP_023422_2000, ESP_026679_2000, 
ESP_020732_2000, ESP_020020_2000, ESP_022077_2000, ESP_022222_2000). b- Aram 
Dorsum-like classification. Both panels show that polygons are within Basal units and not within 
ridges. 
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Expanding the observations to a wider area, a larger network of narrow ridge 

polygons (Fig. 5.22, ESP_02866_2000) has been identified. This polygonal network, 

which I included in the Type-6 polygonal style, present smaller shapes compared to the 

one identified in the detail mapping, with ridges <1 m wide, which form polygons 2-6 m 

across. The network is developed within the Rugged basal unit (Rbu in Fig. 5.22a-b), 

stratigraphically below the ridges’ units, and below the Type-2 Narrow fracture polygons, 

in line with the observations made for the network observed within the mapped area. Once 

again, the ridges shape, direction and size are in line with the above fracturing style. 

 

 

Figure 5.22: Detail of Narrow ridge polygons in HiRISE image (ESP_021866_2000 a-19.90°N, -
17.69°E; b-19.90°N, -17.68°E). The network is developed below the Ridge Formation units, at the 
boundary between the Lower unit (Lrf) and the Rugged basal unit (Rbu, it is mainly visible below 
the Type 2 fracture polygons).  
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5.3.4.2 MD: Stratigraphy 

The distinct capping units in Mawrth Dorsa do not exhibit polygonal patterns, although 

they do host some non-polygonal fractures which also cross-cut units lower in the 

stratigraphy (Fig. 5.23a). Other fractures at Mawrth Dorsa are also found to cross unit 

boundaries and transition to other types (e.g., Fig. 5.23, 5.24). Wider fractures occur in the 

lower Rbu (Type-3) and the other basal units (Type-4 in Bbu-Lbu). Except where wide 

fractures cross-cut smaller polygons at the top of the stratigraphy (e.g., Fig. 5.23b), the 

Type-3 Wide fractures are found stratigraphically below the Type-2 and above the Type-4. 

In the Lower unit of the ridge formation, and the upper part of the Rugged basal unit 

(Rbu), polygons with variable size and shapes (Type-4) are created where wide fractures 

are intersected by smaller ones, commonly near the bottom of the stratigraphy. These 

observations suggest that polygons, and the fractures that form them, are a deep fracture 

system with shallower fractures creating smaller more regular polygons (e.g., Metre-scale-

Type-1 and Narrow fractures-Type-2).  

Type-2 Narrow fracture polygons are stratigraphically above the Type-6 across the 

basin area (Narrow ridges, e.g., Fig. 5.23, 5.24a). This is also seen in erosional windows at 

the border between the lower member of the ridge formation and the top of the Bbu unit 

(Fig. 5.23a). Type-1 (Metre-scale) polygons are common at higher elevations in the 

northern part of the mapping area. These appear to be stratigraphically above the Type-2 

Narrow fractures but the relationship is unclear (e.g., Fig. 5.23b). The Vein-like systems 

(Type-5) cross-cut Metre-scale polygons (Fig. 5.19e) and follow wider fractures (Fig. 

5.23b, 5.24b) at the same stratigraphical level. 

This complexity is visible also in other part in the southern part of the basin (Fig. 

5.24). Here Type-2 polygons appear in erosional windows, with Type-1 small polygons 

stratigraphically above in erosional remnants of Rbu (Fig. 5.23a). However, Type-2 

fracturing style is also seen in the Lower unit of the ridge formation (Fig. 5.23a), 

stratigraphically above the Rbu. This configuration could be a consequence of the erosion 

which removed Type-1 polygons in that specific area, or Type-2 fracturing style modifying 

a wider part of the stratigraphy (Fig. 5.25).  
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Figure 5.23: a- The Mawrth Dorsa ridge 1 (ESP_036028_2000; 19.82°N, -16.89°E) with Narrow 
fractures and ridges seen through erosional windows in the capping units. This fracture fabric is 
also seen in the capping units, below the Rbu unit (arrow). b- The complex transitions between 
Type1 and Type2 polygons (ESP_036028_2000;19.94°N, -16.93°E).  
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Figure 5.24: The complex relationship between the Type 1 and 2 polygonal patterns in the area. 
Color HiRISE ESP_036028_2000 (a- 19.80°N, -16.89°E; b- 19.85°N, -16.91°E) 
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Figure 5.25: a- The Stratigraphy of Mawrth Dorsa and associations with polygonal features. b-
interpretation of how the fracture style changes through the stratigraphy. The black lines represent 
fractures and the white lines fractures that have surface expressions as ridges. (Orientations for 
illustrative purposes only). 

 

The key results from this study area are: 

(i) The polygonal features and their relationships found here appear 

very different to the other study areas. In fact, they do not properly 
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represent separate polygonal types developed in specific unit 

boundaries as seen on the other sites (with some fractures 

transitioning to units). Instead they usually transition to one another 

due to variation in the fracturing styles. 

(ii) Their distribution only within basal units strongly differ from Aram 

Dorsum (Balme, et al., 2020) and other study cases, but the Metre-

scale polygons found here are the most similar to the ones reported 

by Balme, et al., (2020). 

5.3.4.3 MD: Comparison with Mawrth Vallis polygons 

I found strong similarities in both characteristics and distribution of the studied polygons 

within the Mawrth Dorsa area, with those described in previous works which have 

analyzed Mawrth Vallis stratigraphy and spectral attributes (e.g., Loizeau et al., 2015, 

2012; 2007; Noe Dobrea et al., 2010). Irregular polygons about 2–5 m across are found to 

develop on the surface of the Fe/Mg-smectite-bearing unit (e.g. Loizeau et al., 2015, 2012; 

2007; Noe Dobrea et al., 2010) and are very similar to those mapped as Type-2-Narrow 

fracture polygons. These are stratigraphically below the Al phyllosilicate-bearing unit 

which instead presents a predominant fractured network that creates regular polygons 

measuring 0.5–1.5 m across (e.g. Loizeau et al., 2015, 2012; 2007; Noe Dobrea et al., 

2010). Their morphology is the same as the Type 1-Metre scale polygons found in the 

studied area. 

Veins and bright fracture fills also have been observed within the Fe/Mg-smectite-

bearing unit (e.g. Loizeau et al., 2015) as well as at the boundary between the Fe/Mg 

phyllosilicates and the Al-phillosilicates units (e.g. McKeown et al., 2013), in line with the 

observations reported here. 

The similarity in unit texture and morphologies (Chapter 4 section 4.3.4), as well as 

the presence of the same polygonal pattern in similar stratigraphical order, support the 

interpretation scenario proposed in Chapter 4 (section 4.3.4.6) where the mapped Rugged 

basal unit (Rbu) includes part of the Al phyllosilicate-bearing and the Fe-horizon (Loizeau 

et al., 2015). Both Bright basal unit (Bbu) and Lower Basal unit (Lbu) likely represent 

different levels of the Fe/Mg-smectite-bearing unit (red member in Loizeau et al., 2015).  

The results highlight: (i) the relevance of polygonal types in the identification of 

units, (ii) their link to terrains’ lithology (in this specific case clay-rich sediments), and (iii) 

Mawrth Vallis units are widely spread in the northern Arabia Terra (and possibly further; 

Bowen et al., 2022). 
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5.4 Regional Survey of polygonal terrain 

5.4.1 Polygon types and associations with inverted channels  

The regional survey identified a variety of polygonal morphologies associated with 

inverted channels in Arabia Terra. 61% (148/241) of the HiRISE images inspected had at 

least one region of polygonal landforms on the ridge surface. Where inverted channels are 

not associated with polygonal terrains, the inverted channels often have a smooth or 

cratered surface on top of the ridge (statistics in Chapter 3), or the ridges are surrounded by 

smooth mantling deposits characterised by TARs or impact ejecta. This shows that the 

association between polygonal terrains and inverted channels is not unique to Aram 

Dorsum. 

I present the results of the regional polygon survey, including the morphology of the 

different polygon types found linked to inverted channels and their spatial distribution 

across Arabia Terra. 

5.4.1.1 Fracture polygons 

Fracture polygons are the most common (visible in the 79% of images) type associated 

with inverted channels and are commonly found on top of and on the flanks of the main 

ridge (Fig. 5.26a-b) and on surrounding plains (Fig. 5.26b) across the region (Fig. 5.27a). 

The fractures (~<1 to 3 m in width) and polygons (~5 to 40 m across) range in width 

consistent with the studied cases. These changes in dimensions often follow changes in 

terrain type but with fractures commonly crosscutting terrains (Fig. 5.26b). This indicates 

that fracturing permeates the bedrock and they are not limited to the surface. 

5.4.1.2 Metre-scale polygons 

Metre-scale polygons as the ones seen in Aram Dorsum are rare. In fact, many of the 

samples reported in the detailed studies are likely to represent different features (more 

details in section 5.5.3.2). Proper Aram-like samples have been only identified in three 

locations in addition to the Mawrth Dorsa and Aram Dorsum regions (site 1-2 in Fig. 

5.28b), where they have been seen stratigraphically below the main ridge (Fig. 5.28a, site 3 

in Fig. 5.27b), on top of a ridge developed within a valley (Fig. 5.28b), or on a valley wall 

(Fig. 5.28c).  
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Figure 5.26: a- Examples of Fracture polygons on the top of inverted channels. TARs obscure 
observation of the surrounding terrain (ESP_035658_1815; 1.38°N, 7.51°E). b- A pervasive 
fracture network developed through both a ridge and the surrounding terrain. Black arrows 
indicate smaller fractures developed among the larger network. White arrows indicate fractures 
cutting both ridge and surrounding terrains (ESP_046047_2105; 30.26°N, 69.77°E). 
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Figure 5.27: The distribution of a- fracture polygons and b- metre-scale polygons in Arabia Terra 
region. In b, locations 1- Mawrth Dorsa, 2- Aram Dorsum, 3- ESP_044085_1900, 4-
ESP_057177_2080, 5- ESP_046852_2050, details in figure 5.29. Basemap MOLA DEM. 
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Figure 5.28: Metre scale polygons (indicated with white arrows) found in a- ESP_044085_1900 
(10.07°N, -7.55°E), b-ESP_057177_2080 (27.81°N, 51.16°E),  c-ESP_046852_2050 (24.78°N, 
52.53°E) respectively locations 3-4-5 in Fig. 5.28. a- Polygons found below the main ridge similar 
to the Mawrth Dorsa detailed study area. Both b and c occur on Valley floors where inverted 
channels also developed.  
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5.4.1.3 Ridged polygons 

Ridged polygons are common in Arabia Terra (visible in 34% of images; Fig. 5.29) and 

generally range in diameter from 10-40 m. However, the marginal ridges are constant in 

shape and size (1-2 m across; Fig. 5.30a). Ridged polygons are found in terrains 

surrounding and directly below the inverted channel ridges (Fig. 5.30a). They are 

associated with the smooth materials in which fracture polygons develop (Fig. 5.30b). In 

these cases, the fracture polygons generally occur above, or at the same stratigraphic level 

as the ridge polygons. Ridges are observed transitioning into fractures at unit boundaries 

(Fig. 5.30b). In these cases the scale of the polygonal pattern is preserved between the 

fracture and ridge polygons. Examples of these multi-level polygonal networks are found 

within possible basins and geomorphological units with a strong connection to fluvial 

landforms and below capping materials (Fig. 5.31-33). 

 

 

Figure 5.29: Distribution of ridge polygons in Arabia Terra. They are mainly visible within basins 
(including old craters such as Arago), or within erosional windows where inverted channels are 
exposed. 
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Figure 5.30: a- Ridged networks surrounding inverted channels. Black arrows indicate the network 
of narrow ridges and smaller polygons at the bottom of the main ridge (ESP_028881_1855; 
5.51°N, -7.53°E). b-Terrains where both fractures and ridged polygons occur together 
(ESP_046047_2105; 30.14°N, 69.73°E). The fracture polygons occur stratigraphically above the 
ridged network. Black arrows indicate incidents of transitions between the two types of margin. 
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Figure 5.31: a- Basin with Valley networks around the edge and inverted channels in the middle. b- 
CTX mosaic (10.67°N, 47.09°E) showing that the inverted channels are linked to a central inverted 
crater, and at the basin margins are set within valleys. Black boxes indicate HiRISE images with of 
ridged polygon networks (see Fig. 5.33, 5.34).  
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Figure 5.32: HiRISE data of ridged polygons in basin Fig. 5.31 (a- 10.92°N, 46.77°E; b- 10.65°n, 
46.92°E; c- 10.38°N, 47.52°E; d- 10.70°N, 47.23°E). The polygons are stratigraphically below the 
ridges and central plateau material. Details in Fig. 5.33.  
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Figure 5.33: Details of a- PSP_005421_1910 (10.89°N, 46-78°E), b- ESP_023301_1910 (10.77°N, 
46.87°E), c- ESP_022312_1905 (10.29°N, 47.51°E), d-ESP_064720_1910 (10.67°N, 47.22°E). 
Showing ridged polygons below the upstanding ridges (a-b-c-d), within the plateau material. (a), 
the valley floor (b), the boundaries of partially exhumed inverted channels (c and d). 
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5.4.1.4 Vein-like ridges 

Vein-like ridges are very rare (Fig. 5.34a) and occur associated with inverted channels 

only in four locations (total 28 HiRISE images, 16 of which cover Aram Dorsum area, and 

the others cover the detailed studied areas) at the abundance seen in Aram Dorsum (Fig. 

5.34b). However many other ridge-like features with vein-like or curvilinear forms were 

observed, and occur at very different sizes (e.g., some are visible even in CTX images). 

These multi-scale vein-like networks (Figs. 5.35-37) cross-cut one another at several 

stratigraphic levels and have a variety of shapes (Fig. 5.37). Many of these are also 

associated or close to inverted channels and usually observed below the inverted channels 

(e.g., Fig. 5.37a and c).  

5.4.2 Polygons away from inverted channels 

To test whether the association of polygonal ground with inverted channels is true, I 

surveyed 42 additional ‘control’ HiRISE images (Fig. 5.38a-b) in terrains with no inverted 

channels at a range of distances from the inverted channel networks (Table 5.9). Fractured 

polygons were identified in 9.5% (4/42) of the control images, but they were always found 

in valley floors or local basins, many of which appear to be influenced at some point in the 

past by fluvial processes. Ridged-like polygons were identified in 11.9% (5/42) of the 

control images. However, where they are observed they are substantially larger (~50-70 m 

across) compared to type examples associated with inverted channels (~10-30 m across). 

No Metre-scale polygons or Vein-like systems were seen in additional HiRISE survey 

images. Overall, a much smaller percentage of the control images contained polygons, than 

images that intersect inverted channels. Of those control images that do contain polygons, 

these either contain deposits that are likely to be of fluvial origin, or contain ridge-type 

polygons that are much larger than those seen in the inverted channel deposits. I conclude 

that of the polygonally patterned grounds seen in Arabia Terra are genetically linked to 

inverted fluvial channel deposits. 
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Figure 5.34: a- Distribution of the Vein-like systems. Locations 1- Mawrth Dorsa, 2- Aram 
Dorsum, 3- Cantabras Dorsum, 4- Cantabras Serpens (Basemap MOLA DEM). b- Detail of the 
identified system below the main ridge of Cantabras Serpens (HiRISE image ESP_047909_1900; 
10.08°N, -4.93°E). 
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Figure 5.35: a- Distribution of features similar in form to (but larger than) ridged polygons and 
vein-like systems, as observed in CTX images (basemap MOLA DEM).  
 



 
 

Figure 5.36: a- Example of ridged-like polygons as observed in CTX 
Here, polygonal features are found at the same stratigraphical level as the main inverted channel 
ridge, but are developed or visible only in the material linked to the ridge. b
polygons found in Arabia Terra terrains close to mapped inverted channels (
12.96°E). Here, the polygon network is mainly visible below the bright material (e.g.
arrows), within erosional pits.  

like polygons as observed in CTX mosaic (15.92°N, 7.06°E). 
Here, polygonal features are found at the same stratigraphical level as the main inverted channel 
ridge, but are developed or visible only in the material linked to the ridge. b- Ridged network 

ins close to mapped inverted channels (CTX mosaic; 5.39°N, 
96°E). Here, the polygon network is mainly visible below the bright material (e.g., 
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(15.92°N, 7.06°E). 
Here, polygonal features are found at the same stratigraphical level as the main inverted channel 

Ridged network 
39°N, 

 white 
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Figure 5.37: Examples of extensive vein-like systems types observed at larger scales than the Aram 
Dorsum features. a- Multi-level system with cross-cutting ridges, (CTX mosaic; 28.19°N, 68.63°E). 
b- Almost circular features formed by the connection of ridges found at different stratigraphic 
levels (HiRISE image ESP_036316_2015; 21.46°N, 41.94°E), c- Large, vein-like ridges developed 
in terrain below a fluvial ridge (CTX mosaic; 15.46°N, 21.50°E). 
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Figure 5.38: a- Comparison and distribution of all HiRISE images with no-inverted channels and 
the ones which presented polygonal grounds (pink). b- Distribution of Aram Dorsum-like 
polygonal terrains linked with inverted channels in Arabia Terra. Basemap MOLA DEM. 
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Table 5.9: ‘Control’ HiRISE survey to explore the presence of polygonal ground away from 
inverted channels. Descriptions from https://www.uahirise.org/ 

Images ID Description (UoA website) Polygons? Distance to 

inverted 

channels 

(Km) 

Notes 

ESP_016591_2015 Fresh Crater with Central Pit in 

Arabia Terra. 

No 200  

ESP_024435_2045 Material on Crater Floor West of 

Flammarion Crater. 

No 131  

ESP_025491_1950 Double-Layered Crater Ejecta and 

Secondary Craters. 

No 31  

ESP_025833_1915 Ring Trough in Crater surrounded 

by Valley Networks. 

No 

 

259 Some cross cutting fractures form  

polygons, but no systematic clear 

organization. 

ESP_033929_1910 Central Uplift of a Large Impact 

Crater. 

No 167  

ESP_035855_2090 Arabia Terra terrains. No.  

 

63 Smooth material with a few fractures 

which follow the underlying rough 

material. 

ESP_036317_1915 Candidate New Impact Site. No 53  

ESP_037517_1925 Arabia Terra smooth terrains. No 90  

ESP_037715_1945 Arabia Terra rough terrains, with 

mesas, knobs and an eroded impact 

crater. 

No 52  

ESP_037728_2030 Impact crater and ejecta. No 115  

ESP_037965_2020 Wrinkle Ridge in Arabia Terra. No 30  

ESP_042015_1950 Bedrock Exposed on Floor of 

Crater in Arabia Terra. 

No 115  

ESP_046259_1915 Arabia Terra channels with smooth 

valley terrains and Noachian 

bedrock. 

No 135 A few fractures in the valley but no 

network. 

ESP_046431_1895 Crater rim. No 72  

ESP_062981_1790 Radial Features in Shallowed Crater 

in Sinus Meridiani. 

No 23  

ESP_066938_1990 Layering in Rutherford Crater. NO 200  

ESP_068809_2045 

 

Rocky Terrain in Syrtis Major, 

connected to a big depression which 

could represent a remain of a 

straight Valley. 

YES 

 

167 Fracture Polygonal Network. 

PSP_005882_2140 Clanis and Hypsas Valles. NO 124  

PSP_006689_2000 

 

Upper Mawrth Vallis. YES,  160 Fracture polygons. 

PSP_007531_1935 

 

Slope Streaks in Tikhonravov 

Basin, exposing several parallel 

layers below crater material. The 

area, presents many valleys in the 

surroundings. 

YES 

 

250 Many fractures are present in the upper 

layer, with occasional polygons. 

PSP_007688_2075 Mesas in Huo Hsing Vallis. YES 

 

127 Fracture polygons on the Mesa of a terrain 

likely deposited by fluvial action. 



 
 

368 
 

 

ESP_064511_1865 

 

Layers in Western Arabia Terra, 

very close to inverted channels. 

YES 

 

12 Ridged polygons. 

ESP_032373_2060 Reimaging New Impact Site. NO 3  

ESP_046852_2050 Layers in Northeast Arabia Terra. NO 42  

PSP_008599_1910 Pedestal Craters in Arabia Terra. NO 71  

ESP_036501_1890 Arabia Terra Sample (dust area). NO 4  

ESP_037569_1890 Basin in Central Arabia Terra (high 

dust coverage). 

NO 7  

ESP_067926_1885 Candidate Recent Impact Site. NO 3  

ESP_032373_2060 Reimaging New Impact Site. NO 4  

ESP_070288_1960 Ridges Northwest of Henry Crater. YES 

 

6 Large scale ridged polygons. 

ESP_057784_2015 Buttes and Mesas and Other 

Landforms in Eastern Arabia Terra. 

NO 29  

ESP_055213_1930 Layers in Arabia Terra NO 10  

/ESP_037227_2070 Channel in Arabia Terra (high 

dust). 

NO  6 Only fractures usually parallel to one 

another. 

ESP_013281_1930 Linear Ridge Features. NO 47  

ESP_067320_1960 Sample in Arabia Terra (presence 

of smooth plateau and dust). 

NO 4  

ESP_058366_1890 Western Arabia Terra Intercrater 

Layered Material. 

NO 6  

ESP_050744_1840 Southwest Arabia Terra Landforms. YES  35 Large scale ridged polygons. 

ESP_066595_1835 Ridge Network in Western Arabia 

Terra. 

YES  36 Large scale ridged polygons. 

ESP_027481_2040 Mound on Crater Floor (very dusty 

area). 

NO 2  

ESP_018593_1850 Terrain in Syrtis Major. NO 500   

ESP_046694_2015 Double Crater. NO 34  

ESP_056744_1840 Narrow Ridges in Meridiani 

Planum. 

YES  15 Large scale ridged polygons. 

 

5.5 Summary and considerations of results 

Here, I provide preliminary analysis and interpretations related only with results reported 

in the Chapter. Final interpretations and meaning for the regional context is provided in 

Chapter 6. 

5.5.1 Classification and nomenclature 

The case studies and regional survey reveal great variability in polygonal feature size and 

morphology. Consequently the classification used in Aram Dorsum (Balme, et al., 2020) 

cannot be fully applied to the other studied sites. 
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The majority of the fracture polygons in the studied areas have an average 

bounding trough width of~ 2-4 m and would be classified as Wide fractures based on the 

Balme, et al., (2020) system. Measuring these quantitative parameters may help describe 

the materials the polygons are set in. However, polygons sizes and shapes does not seem 

enough to determine their origin in remote sensing studies without considering the context, 

since similar morphologies may be created by different processes (e.g., Goehring, 2013). 

Therefore, a more detailed classification to distinguish all the type of polygons based on 

the identified margin size and range seems unnecessary, and further sub-division may 

generate confusion.  

I also suggest that the distinction between Narrow fracture and Wide fracture 

classes are not necessary. In Aram Dorsum this reflected a unique setting and morphology, 

not found in my study. However, the distinction between Narrow Ridge polygons and 

Vein-like systems appears clear since Vein-like systems may not form polygons but may 

be organised in parallel ridges, or curvilinear ones, and although they can cross-cut one 

another, they appear more often as isolated features, not networks. Metre-scale polygons 

like the one found in erosional pits close to Aram Dorsum, are found only associated with 

Mawrth Dorsa basal units and are rarely found elsewhere in Arabia Terra. All the other 

examples I found within the mapping areas could be better classified as “Eroded 

polygons”. 

The simplified version of the classification I used is widely applicable, since the 

size of both fractures and polygons may have a wider range but observation scale (1:2000) 

is the same. For this reason, I would recommend describing the size of polygons and 

margins in support of formation processes and interpretations but apply the simplified 

classification Fracture polygons or Ridge polygons when the scale of observation is the 

same (1:2000). 

5.5.2 The spatial distribution of polygonal ground and geomorphic units 

Comparing the spatial distribution of polygonal grounds for the four studied systems 

(Table 5.10), reveals that each mapped units generally presents a distinctive polygonal 

network, meaning that polygons type appears connected to the different mapped units. 

Only Arago Dorsa has polygons of the same pattern and size recognised in two or more 

units of the Ridge Formation group. 

The units with polygonal patterns belong mainly to Ridge Formation and Basal 

units groups, with a few exceptions. Of the 30 polygonal materials recognised in the four 

locations, 12 have been found in correlations with Basal Units (which I interpreted not to 
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be associated with the fluvial depositional events), 18 within Ridge Formations units 

(associated with fluvial events and the current ridge structure), two linked with the 

Overburden units (at lower elevations and at the bottom of the Overburden units 

stratigraphy) and two have been found related to crater materials (in Cantabras Dorsum 

area).  

 

Table 5.10: Spatial distribution summary of the polygonal types recognised within the four studied 
areas. The table reports the group and the units label used for each mapped site and the associated 
polygonal type in stratigraphical order. The majority of the recognised polygons are associated 
with units mapped as linked to the Ridge Formation units or the basal units. The general trend is to 
have fractures above the ridged polygons. 

Spatial distribution comparison 

 Arago Dorsa Cantabras 
Dorsum 

Piscinas Serpentes Mawrth Dorsa 

Group Unit 
label 

Poly type Unit 
label 

Poly type Unit 
label 

Poly 
type 

Unit 
label 

Poly 
type 

Overburden 
units 

X X X X To Narrow 
fracture 

X X 

Ridge 
Formation 

Urf1-2 
Mrf1-2 
Smrf 1-2 
Lrf1-2 
Trf1-2 
Trf3 

Narrow f. 
Wide-
Metres. 
Wide f. 
Wide-
Metres 
Narrow- 
Metres. 
Narrow 
ridges 

Urf 
Uprf 
Lprf 
Lrf 

Wide f. 
Narrow f. 
Wide f. 
Wide f. 

Prf 
Rrf 

Narrow 
ridges 
Narrow 
fracture 

Lrf Narrow 
fracture 

Basal units Sbu Wide f. Tbu 
Pbu 

Narrow 
rid Wide 
f.-Vein 

CBbu Wide-
Metre-
scale 
Narrow 
ridges 

Upper 
Rbu 
 
Lower 
Rbu 
 
Lbu 

Metre-
scale 
Vein-
like 
Narrow 
fracture 
Narrow 
ridges 
Wide 
fracture 

Miscellaneous 
material 

X X c 
e 

Wide f. 
Metre 

X X X X 

 

Fracture-type polygons are often recognised on the ridges or ridge flanks. They are 

mainly classified as Wide fracture polygons (10/18), even if the dark flat bottom troughs 

type examples from Aram Dorsum are found only associated in Catabras Dorsum possibly 

as Type-3 polygons in Mawrth Dorsa. Fracture-type polygons have been recognised on top 

and on the flanks of both the upper most ridge (Arago Dorsa, Cantabras Dorsum), its 
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marginal materials (Arago Dorsa, Cantabras Dorsum, Piscinas Serpentes, Aram Dorsum), 

and associated with the secondary ridges (Arago Dorsa, Aram Dorsum). However, the 

largest fractures recorded have been associated with Basal units in all the systems with the 

exception of Arago Dorsa, where wider fractures and polygons have developed on 

marginal units close to the upper most ridge. 

The fluvial ridges in Mawrth Dorsa only exhibit polygonal networks visible within 

erosional windows, where the lower member of the ridge formation present fracture 

polygons and narrow ridges at the border with the Basal units. In fact, none of the mapped 

resistant units or layers present a visible polygonised network, but fractures may still 

present as observed in Mawrth Dorsa Ridge 2 

In general, the Basal units (below the fluvial deposits) contain a mix of polygon 

types. Of the 11 mapped polygonal types associated to Basal units, two are Narrow ridge 

polygons, two are Vein like systems, four are Wide fracture polygons and three are Metre-

scale. Narrow ridge polygons and Vein-like systems are common and found mainly within 

Basal units (Cantabras Dorsum, Piscinas Serpentes, Mawrth Dorsa) or at least at the very 

bottom of the Ridge formation stratigraphy which surround the ridges (Arago Dorsa, Aram 

Dorsum). Both features are sometimes observed within fractures, and usually they present 

the same shapes and sizes as the closest fracture network. 

Metre-scale polygons similar to those in Aram Dorsum are found only in the 

Mawrth region. The regional survey has shown that Aram-like Metre-scale polygons are 

very rare. Similar polygons in Arago Dorsa and Cantabras Dorsum are more likely to be an 

advanced erosional stage of pre-existing fractures (e.g., Fig. 5.9b).  

Overall, the spatial distribution observed in the four detailed studied systems is in 

line with the pattern observed in the regional survey, and partially in agreement with the 

Aram Dorsum case. However, important differences with the Aram Dorsum case study 

have been recognised.  

(i) The majority of the fractured networks have been defined as Wide fracture 

polygons, suggesting that wider fractures may be more common in inverted 

channels related units. However, the Fracture-type polygons present a greater 

variation in size and shape, making the comparison of the polygonal terrains found 

in systems extremely difficult.  

(ii) Wide fractures are found at different stratigraphic levels, developed in both ridges 

and their associated units, unlike Aram, where they are seen within erosional pits at 

the bottom of the ridge stratigraphy.  
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(iii) Narrow fracture polygonal ground has been identified in both ridges and 

surrounding terrains in the mapped areas, unlike Aram where they have been found 

rarely in the ridge and mainly in the Marginal units.  

(iv)  Metre-scale polygons settings are also different since Aram Dorsum is the only site 

(among the other rare examples) which exhibits them within erosional pits. 

5.5.3 Stratigraphic position of polygonal ground 

Since the majority of polygonal types developed within specific mapped units there is 

clearly some stratigraphical control of polygonal type. However, when comparing the four 

sites with the stratigraphical pattern reported in Aram Dorsum (Table 5.11), the studied 

systems present more variability and complexity, making a direct comparison harder than 

expected, due to the many types of polygonal ground recognised. 

It is also clear that the stratigraphical pattern in the Aram Dorsum area is not 

respected within the newly mapped sites (Table 5.10). The only system which presents a 

strong similarity to Aram Dorsum is Cantabras Dorsum. These two systems not only 

present similarities in term of morphologies, thicknesses and development, but also 

exhibits similar polygonal stratigraphical trend. Interestingly, Aram and Cantabras Dorsum 

are relatively close to one another (about 280 km apart). 

The presence of similar polygonal grounds found in all the studied systems but in 

different stratigraphical order, could also be justify considering that the type of terrains 

(e.g., claystone, siltstone, sandstone) are similar in term of lithology for the studied 

systems (since they all have fluvial origin), but they probably differ in the order of 

deposition and thickness of units deposited (and now exposed), depending on the 

sediments supply in the area and the morphology of the paleo-fluvial system (e.g., 

sinuosity). This is supported by both global and local terrestrial analogue studies which 

show variability in term of ridge stratigraphy in several areas of Earth (Zaki et al., 2021), 

but also within same areas like Utah, where inverted channels are made up of different 

layered facies or beddings (Hayden, et al., 2019; Williams et al., 2011) and so presenting 

unique preserved ridge sequences.  
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Table 5.11: Summary of the stratigraphical order of the polygonal grounds in the studied areas 
and Aram Dorsum. The table provide the stratigraphical order based on their type-x nomenclature, 
the Aram-like classification and their calculated proprieties. In each row, younger materials are at 
the top of the list 

Stratigraphical order comparison 

 Polygon types 
stratigraphy 

summary 

Aram like-
classification 
stratigraphy 

Margin size 
Range (m) 

Polygonal size 
Range (m) 

Aram Dorsum X Narrow f. 
Narrow r.  
Wide f.-Vein-like, 
Metre-scale  

<1  
<1  
2-5  
4. ~1  

10-20  
10-20  
 25-50  
1-2  

Arago Dorsa 7, 
6-11 
9, 
8, 
2-11,  
5 
2-11,  
3 
4, 
1 

Narrow f. 
Wide f.-Metre scale 
Wide f. 
Wide f. 
Wide f.-Metre scale 
Wide f.- 
Wide f.-Metre scale 
Narrow f. 
Wide fracture 
Narrow r. 

1-2  
2-4  
2-3  
1-3  
2-3 /1-2 
1-3  
2-3 /1-2 
0.5-2 
1-3  
1-2 

5-25 
25-45/2-3 
10-30 
13-24 
5-25/2-3 
8-25 
5-25/2-3  
16-28 
10-20 
10-40  

Cantabras 
Dorsum 

5 
2 
1, 
3, 
6? 
7-4--8, 

Wide f. 
Narrow f. 
Wide f. 
Wide f. 
Narrow f.? 
Metre-scale-Wide  
Vein-like 

1-5 
1-2 
1-3 
1-4 
1-2 
1-7 
 

18-20 
10-18 
8-30 
10-30 
10-30 
1-2/10-30/30-40 

Piscinas 
Serpentes 

1- 
4 
3-2 
5 

Narrow f. 
Narrow f. 
Wide f. 
Narrow r.-Metre scale 

<1-2 
1-2 
1-3 
 

6-10  
3-15  
10-30-2-4 
10-20 ,  

Mawrth Dorsa 1-5 
2  
6 
3 
4 

Vein-like- Metre scale 
Narrow f. 
Narrow ridges 
Wide f. 
Wide f. 

<1-3 
1-2 
1-2 
2-3 
2-4 

2-5/30-40 
2-10  
6-10 
8-25 
8-40  
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5.5.4 The relationship between Polygons and the mapped units 

The presence of many (20/25) irregular orthogonal fracturing styles (intersecting at 90° or 

120°), and less frequent (5/25) rectangular patterns (intersecting at 90°), suggest that 

multiple events of fracturing have likely occurred (e.g., Goehring, 2013), or the processes 

leading to these fracturing styles have influenced some layers more than others. This 

suggests a strong control of the polygonal network morphology by the unit lithology or 

thicknesses occurs as seen in terrestrial soils or bedrocks (e.g., Philipp et al., 2013; Zeng et 

al., 2019).  

Here, I explore this possible connection of polygon morphologies with the 

thickness of the associated units for the four in-depth studies. I consider the width 

measured across the toughs of the Fracture polygons (fracture-width) and the polygon 

diameters (polygon-size). Since both the measured fracture-width and polygon-size 

measured ranges considered the minimum and maximum value found within a network 

type (without considering the frequency of the measurement), I plotted the mean values 

seen in each range. I then compared fracture-width and polygon-size and both their 

correlations with the unit thicknesses (Table 5.12). 

Fig. 5.39 shows a positive correlation between the width of the margin fractures 

and the diameter of the polygons. Except for a few outliers, most of the points lie on an 

approximately linear trend of increasing polygon size with increasing fracture width. In 

Cantabras Dorsum, outliers correspond to wider fracture ranges recorded in the area 

(Types 4-5 in Tab. 5.12). The Arago Dorsa outliers appear to be large diameter polygons 

(Types 2-3 in Tab. 5.12), and are found in units at the bottom of the ridge stratigraphy. The 

trend shown in Fig. 5.39 includes all the studied areas, suggesting that other regions in 

Arabia Terra with similar polygonal terrains would have similar margin width-polygon 

size relationships.  

A similar positive upward pattern is observed between the polygon diameter and 

the units’ thickness and consequently between the fracture width and the unit thickness 

(Fig. 5.40a-b), although the points are more scattered. Considering the overall trend, unit 

thickness appears to influence these polygonal fracture styles. Positive linear correlations 

are visible for Piscinas Serpentes and Mawrth Dorsa and so a direct dependence of the 

three parameters (fracture width, space and unit thickness) possibly exists. This has been 

seen for join on Earth (e.g., Philipp et al., 2013).  

 

 



 
 

Table 5.12: Comparison between the polygon size and the thickness of the unit where the Fractured 
network has been mapped. The Polygon type number refers to the one applied for the classification 
of each site (Type1 site X ≠
40. 

Study area Unit label

Arago Dorsa 
 

Urf 1-2 

Lrf 1-2-3 

Smrf 

Trf3 

Srf 2 

Trf2 

Srf1 

Mrf1 

Cantabras 
Dorsum 

 

Uprf 

Tbu 

Urf 

LPrf 

Lrf 

Piscinas 
Serpentes 

 

To 

Rrf-Eo 
remains 
Cbbu 

Mawrth Dorsa 
 

Lrf 

Rbu 

Lbu 

 

Figure 5.39: Scatter plots 
polygon sizes in the four studied 
been plotted. 

 

2: Comparison between the polygon size and the thickness of the unit where the Fractured 
network has been mapped. The Polygon type number refers to the one applied for the classification 

≠ Type 1 site Y). The values reported here, have been plotted in Fig. 

Unit label Unit 
thickness 

Polygon 
type 

Polygon 
size range 

Aram

1-2 m Type 7 5-25 m Wide fractures

 15 m Type 2 5-25 m Wide fractures

3-4 m Type 5 8-25 m Wide fractures

6 m Type 4 10-20 m Wide fractures

8 m visible Type 8 13-24 m Wide fractures

10 m Type 3 16-28 m Wide fractures

8 m Type 9 10-36 m Wide fractures

10-15 m Type 6 20-45 m Wide fractures

15 m Type 2 10-18 m Narrow fractures

60 m Type 4 10-20 m Wide fractures

5-10 m Type 5 18-20 m Wide fractures

10 m Type 1 8-30 m Wide fractures

10-20 m Type 3 10-30 m Wide fractures

1-2 m Type 1 6-10 m Narrow fractures

5 m Type 4 3-15 m Narrow fractures

5-10 m Type 3 10-30 m Wide fractures

25 m Type 2 2-10 m Narrow fractures

35 m Type 3 8-25 m Wide fractures

40 m visible Type 4 8-40 m Wide fractures

.39: Scatter plots showing an approximately correlation between fracture width
the four studied areas. When a range of values is present, the average value has 
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2: Comparison between the polygon size and the thickness of the unit where the Fractured 
network has been mapped. The Polygon type number refers to the one applied for the classification 

, have been plotted in Fig. 5.39-

Aram-like Fractu
re size 
range 

Wide fractures 1-2 m 

Wide fractures 2-3 m 

Wide fractures 1-3 m 

Wide fractures 1-3 m 

Wide fractures 1-3 m 

Wide fractures 0.5-2 

Wide fractures 2-3 m 

Wide fractures 2-4 m 

Narrow fractures 1-2 m 

Wide fractures 1-7 m 

Wide fractures 1-5 m 

Wide fractures 1-3 m 

Wide fractures 1-4 m 

Narrow fractures 0,5-2 m 

Narrow fractures 1-2 m 

Wide fractures 1-3 m 

Narrow fractures 0,5 m 

Wide fractures 2-3 m 

Wide fractures 2-4 m 

  

correlation between fracture width and 
areas. When a range of values is present, the average value has 



 
 
Cantabras Dorsum and Arago Dorsa present more variability and scattering. This 

difference in pattern could be explained by

locations creating a different response to the same fracturing process (e.g., Philipp et al., 

2013), (ii) different local fracturing processes were involved in the areas, (iii) a 

combination of the two.  

 

Figure 5.40: Scatter plots which present a
the units they are developed into, b-the correlation between fracture width
developed into. When a range of values is present, the average value h

 

5.5.5 Polygons in the regional survey

61% of the analysed images present 

HiRISE scale (size ranges between 2

Cantabras Dorsum and Arago Dorsa present more variability and scattering. This 

explained by: (i) variation in lithologies in the different 

a different response to the same fracturing process (e.g., Philipp et al., 

2013), (ii) different local fracturing processes were involved in the areas, (iii) a 

.40: Scatter plots which present a- correlation between polygon size and the thickness of 
the correlation between fracture width-unit thickness they 

developed into. When a range of values is present, the average value has been plotted.  

survey 

 polygonal ground which can be observed only

2-50 m and fractures width between <1-7 m).

376 

Cantabras Dorsum and Arago Dorsa present more variability and scattering. This 

in the different 

a different response to the same fracturing process (e.g., Philipp et al., 

2013), (ii) different local fracturing processes were involved in the areas, (iii) a 

correlation between polygon size and the thickness of 
unit thickness they 

only at 

m). The 
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identification of so many other polygonal features in Arabia Terra associated with: (i) 

inverted channels’ upper surfaces, flanks and material at the bottom of the ridges (fracture 

polygons), (ii) valley floors (metre-scale, ridged polygons, fracture polygons), (iii) possible 

alluvial fans (ridges polygons), (iv) materials surrounding the ridges which may have been 

affected by water alteration or represents remains of floodplains (e.g., detailed studies), 

suggest that a link between polygon formation and the nature of water-deposited sediments 

(not necessarily limited to inverted channels) is possible and occurs at regional scale. This 

has been also confirmed by the ‘control-HiRISE survey’ where polygons have been found 

associated mainly within valleys (see Table 5.8, ESP_064511_1865, PSP_007688_2075, 

PSP_007531_1935, PSP_006689_2000, ESP_068809_2045, ESP_029013_1830). 

The studied polygons likely have a common origin, or at least they are facies-dependant 

since: (i) polygonal features are distributed mainly in candidate alluvial terrains (e.g., Fig. 

5.38), (ii) fractures’ morphology changes at the boundary with different terrains (e.g., Fig. 

5.33b), and (iii) ridged networks are observed within boundaries of partially buried 

channels (e.g., Fig. 5.36). The presence of multi-level-complex ridged polygons within 

basins and below alluvial fans may indicate that this type of network is more extended than 

expected in the subsurface of Arabia Terra and possibly is also extended below part of the 

highlands, since many of these features have been identified there too and at bigger scale. 

 The presence of similar morphologies found in CTX-scale features could indicate 

that the formation processes should be link to something that occurs at regional scale. 

However, further future and deeper studies on these specific features are necessary for 

clarification. 

5.5.6 Interpretation of the polygonal terrains  

5.5.6.1 Vein-like ridges 

Vein-like ridges have not been recognised in all the mapped areas. When present they 

been found as curvilinear isolated features with no connection to other polygonal types 

(e.g., bottom of Cantabras Dorsum stratigraphy, Fig. 5.12h) as well as transitioning into 

Wide fractures (e.g., Balme, et al., 2020, top of the Cantabras Dorsum stratigraphy, and 

Mawrth Dorsa, Fig. 5.19e). Their positive relief morphology (which show resistance to 

erosion) and their transition into other fractures suggest that they are likely be fracture fills, 

or mineral veins, possibly cemented when fluids solidify or precipitate in the fracture once 

it has formed. Fluids could be driven by groundwater flow (e.g., Balme, et al., 2020) or 

other the fills could be formed by others intrinsically resistant materials such as lava dikes 
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intrusions. Both these processes would make the fill more resistant to erosion, explaining 

why they present a positive relief compared to the terrain around them. This would also 

explain why, in the regional survey, I found them in many areas in Arabia Terra, organised 

also into complex systems with larger dimensions compared to the ones observed for Aram 

and the other studied systems (e.g., Fig. 5.36, 5.37). In fact multi-level structures which 

characterised both Vein-like systems and Narrow ridge polygons reflect the potential for 

multiple generations of veins at different orientations, which could have cause the cracking 

or more likely have filled pre-existing fractures, and possibly contributed to initiate new 

ones under strongly elevated fluid pressure.  

5.5.6.2 Narrow-Ridge polygons 

Narrow-Ridge polygons have been recognised in all the 4 studied sites and based on the 

regional survey they are also very common in Arabia Terra (Fig. 5.29). The mapped 

networks look very similar to those in Balme et al. (2020), but with bigger size and a wider 

network which penetrate more deeply into the units they are developed into. In the Arago 

Dorsa area, this network type has been found within units about 10-15 m thick at the 

bottom of the Ridge formation, within material interpreted as overbank deposits. These 

were both stratigraphically and topographically below the ridges. In Cantabras Dorsum, 

they have been developed in Basal units, and visible only in few areas stratigraphically 

below the main ridges. Here, the unit they are developed in has a total thickness about 60 

m. However, the Narrow ridge polygons have been found only in the topographically high 

areas of the unit, which suggest that the network may be confined within the uppermost 20 

m or less.  

Piscinas Serpentes, like Cantabras Dorsum, present an extensive network of 

Narrow ridge polygons, developed within the Basal units, stratigraphically below the 

ridges, and at similar topographic elevations to the ridges, since the ridge up stands only 

~5-6 m. Since Narrow ridge polygons have been found also within a portion of the pitted 

channels (e.g., Piscinas Serpentes, Fig. 5.15c), they likely formed after the formation of the 

pitted channels themselves, and consequently after the material related to the inverted 

channels. Since they have been also observed transitioning into fractures with similar size 

and direction (e.g., Fig. 5.6, 5.15b, 5.30b), formed within mapped units (e.g., in Piscinas 

Serpentes and Arago Dorsa), or found at specific stratigraphical levels below the main 

ridges (from Fig. 5.30a-5.33), or buried inverted channels (Fig. 5.33), I interpret them as 

resistant fills which filled fractures within the units or other conduits within the subsurface, 

likewise the vein-like features. 
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5.5.6.3 Fracture polygons 

Fracture polygons have been recognised in all studied areas. With the exception of 

Mawrth Dorsa, where all the polygon types have been recognised within the Basal units, 

all the other systems have units in the Ridge formation group which present a fractured 

polygonal network. Here, both Narrow and Wide fractures are seen on the surface of units 

which make up the inverted channels or the units below them. When both fracture types 

are present, the trend is for Narrow fracture polygons to be developed in units 

stratigraphically above the Wide fracture polygons bearing materials (similar to Aram 

Dorsum). Exceptions occurred, but from the Regional Survey, I found that Fracture 

polygons are usually above the Ridged polygons. Furthermore, Fracture polygons are 

found within both the ridges and their surroundings (both deep analysis and regional 

trend), and their size usually change when a variation of terrains occurred. For all these 

reasons, I believe that the Fracture polygons represents the results of a tensile stress acting 

on different lithologies in which both cementation state and grain size vary, and therefore 

influence the size and shape of the final polygons. Irregular shapes reported here, are also 

in line with more fracturing stages or events (e.g., Goehring, 2013) occurring in the studied 

sites. 

5.5.6.4 Meter-scale polygons 

Meter-scale polygons are rare and more difficult to interpret. In Arago Dorsa, Cantabras 

Dorsum and Piscinas Serpentes, the only features which present a small-dome shape are 

found in degraded areas, and usually are linked or transition to other fracture polygons, 

which support the interpretation that they likely represent an eroded final stage of the 

polygonal fractured type they transition into. Instead, the polygons found associated with 

Mawrth Dorsa and the other three locations in Arabia Terra (Fig. 5.27, 5.28), look really 

similar to the morphology observed in Aram Dorsum (section 5.1.2). However, in these 

other areas, Metre-scale polygons are not found within erosional pits, instead developed on 

top of bedrock below the main ridges (e.g., Fig. 5.28a), or the surface of an inverted 

channel or within valleys walls horizons (Fig. 5.28b-c). Likely these polygons linked to 

spectral geomorphic units as observed in Mawrth Vallis (e.g. Loizeau et al., 2015, 2012; 

Noe Dobrea et al., 2010). Based on their peculiar positions, the different morphology and 

characteristics, suggest that they are probably formed by different formation processes than 

the other fracture polygons.  
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5.6 Conclusions 

Based on the results reported in this Chapter I conclude that: 

Polygonised ground similar to that in the Aram Dorsum are common in 

Arabia Terra and mainly associated to fluvial-related materials (correlation 

between fluvial facies and the fracture style) and mainly with inverted 

channels (60% which are covered by at least one HiRISE image).  

(i) There is a wider variety of polygonal features associated with inverted 

channel sediments compared to Aram Dorsum case.  

(ii) The fracturing style and the resulting polygonal variation have a strong 

spatial association with specific units. Their morphology is likely influenced 

by the lithologies and mechanical proprieties of the unit’s material.  

(iii) Narrow ridge polygonal networks are found across Arabia Terra. The 

ridges usually terminate at the boundary with ridge materials. However, 

ridged polygons have been recognised within pits or negative relief valleys 

in Piscinas Serpentes site. Thus, the ridged network likely formed after the 

pitted channels. 

(iv)  Narrow ridges transition into fractures likely because the infills are formed 

later or during the formations of the fractures themselves. 

(v) The same correlation between polygonised ground and the stratigraphical 

position of geomorphic units observed within Aram Dorsum study area is 

observed only in the closest mapped system, Cantabras Dorsum. This is 

most likely because they are formed in a comparable lithological context. 
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Chapter 6: Discussion 

6.1 Introduction 

In this chapter I synthesize and discuss the main evidence extracted throughout both 

regional and high resolution studies of inverted channels morphology, morphometry and 

associated terrains (chapters 3-4-5), highlighting how their formation, secondary erosion 

and interpretations support both surface and groundwater fluid circulations. Firstly, in 

section 6.2 I further explore the interpretation of the four case studies of chapter 4, drawing 

on all the available evidence to explain the most likely geological processes that have 

formed and preserved these different inverted landscapes. Then, in section 6.2 I use the 

main characteristics of these four studied cases to understand and support the regional 

survey results and interpretations from chapter 3. Sections 6.3 and 6.4 present final 

interpretations about the most likely formation processes of the polygonal features and 

their relevance for the broader context in Arabia Terra. Finally, in sections 6.4 and 6.5 I 

bring these findings together and discuss what they mean for the ancient aqueous 

environment of Arabia Terra region and for the environment of ancient Mars. 

6.2 A Geological history inverted channel case studies 

In Chapter 4 I reported on four case studies, each exploring how the different 

morphologies of inverted channels systems are influenced by the context they are 

developed. Here, I discuss each of these considering similarities in morphology with 

candidate terrestrial analogues in support of the interpretations provided for each system. I 

will then discuss their meaning for the Arabia Terra region in section (6.3). 

6.2.1 Arago Dorsa: A fluvial fan 

In Chapter 4, I interpreted Arago Dorsa (section 4.3.1.4) as a candidate aggrading alluvial 

fan made up of fluvial-derived sediments. I made no distinction between alluvial fans 

(largely recognised within craters on Mars, e.g., Kraal et al., 2008; Wilson et al., 2021) and 

fluvial fans (also known as distributive fluvial systems) as proposed for terrestrial 

analogues (Cardenas et al., 2020; Williams et al., 2021). However, a distinction is 

important in term of landscape evolution and interpretation. 

 On Earth, both alluvial fans and fluvial fans are common depositional features at 

the margins of sedimentary basins and transfer zones of continental highlands (Zhang et 

al., 2020). Continuous intakes of clastic loads are transported from elevated mountain 
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ranges and deposited in subdued, open lands, when the source encounters a topographic 

transition (Ventra & Clarke, 2018 and references therein). 

Since these landscapes are fed by long-term sediment-routing systems, the 

stratigraphic records usually preserve aggrading successions (e.g., Cardenas et al., 2020; 

Gouw, 2007; Karssenberg & Bridge, 2008) because of (i) sediment gravity flows at the 

transition to a lower gradient topography and (ii) the transition from laterally confined 

catchments/valleys in source areas to more open plains or broader valleys, where 

sediments are spread laterally (Ventra & Clarke, 2018). Aggradational events raise the 

alluvial surface locally and induce successive events to occur at different, topographically 

lower positions or along different trajectories (Ventra & Clarke, 2018).  

Arago crater provide an ideal landscape for either type of feature to form since: (i) 

it is surrounded by valleys networks (Fig. 4.3b) which would represent a confined source 

of fluvial materials, (ii) its floor is a subdued relief, open depression with a topographic 

slope transition at the inner crater wall, (iii) craters on Mars are themselves local basins 

(Kraal et al., 2008; Wilson et al., 2021), and (iv) the crater is developed within the 

highlands where drainage catchment outlets are widely seen (e.g. Carr & Head, 2010b). I 

now consider whether Arago represents a fluvial or alluvial fan. 

Alluvial fans are usually (Ventra and Clarke, 2018): 

(i) Fed by small, short duration runoff flow events with poorly integrated, 

areally restricted catchments, 

(ii) Developed and aggraded directly in proximity to their source relief,  

(iii) Present poor organization of the sedimentary facies constructed by a mix of 

concentrated bedloads and suspended loads. 

In contrast, fluvial fans are (Ventra and Clarke, 2018):  

(i) Fed by river systems with well-integrated catchments,  

(ii) developed over much larger surfaces (up to 105 km2) and aggrade much 

larger volumes of clastic sediments over a distance of up to a few hundred 

kilometres from the source,  

(iii) Present hierarchically well-organized fluvial deposits developed over long 

time spans, with distinct channel belt and overbank domains. 

Considering the characteristics of both Arago crater and Arago Dorsa, I observe that:  

(i) Arago Dorsa was fed by valley networks with well-integrated catchments, 

as seen in Fig. 4.3b, 
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(ii) One specific valley is observed to cut through the rim of the crater (Fig. 

4.5), suggesting that the material transported by the valley was deposited at 

similar elevation as the crater floor (on relative low values of slopes), rather 

than transported  from the top of the crater rim and then deposited at lower 

elevations, 

(iii) Arago Dorsa developed over 68 km away from the possible source, 

(iv) Arago Dorsa presents a well-organized, multi-level, anabranched, 50 m-

thick structure made of candidate channel fills (25 km long ridges) and 

overbank deposits, estimated to be deposited in 104-107 years, 

(v) The presence of two or three other inverted systems (Fig. 4.4, 4.5) within 

Arago crater suggests that the aggradation occurred across the crater (150 

km diameter) and they were likely part of a wider system (e.g., Fig. 4.7). 

The majority of the morphometric and morphological characteristics are in line 

with an aggrading fluvial fan deposited in a continental highland basin at the boundary 

with a transfer zone. Therefore, long duration fluvial inputs are needed for feeding the 

basin and building the Arago Dorsa structure. This would be true also if the studied multi-

generational landscape would have been made by several alluvial fans (bajada-like). 

However, this type of features can enlarge and aggrade only after several depositional 

cycles (wetter periods), followed by depositional hiatus during hyperarid climates 

(Williams et al., 2021).   

6.2.2 Cantabras Dorsum: Fluvial aggradation  

I interpret Cantabras Dorsum ridge (chapter 4, section 4.3.2.3) as a vertical stack of fluvial 

sediments progressively deposited on the floor of a valley. This led to vertical aggradation 

and deposition of materials on its bed and banks, progressively reducing the cross-sectional 

area, terminating in a smaller channel now expressed by a top-most inverted anabranched 

ridge (candidate uppermost channel fill; e.g., Fig. 4.30b). This interpretation implies (i) a 

formation of a valley due to fluvial erosion, (ii) progressive vertical filling of the valley 

through time, which require a long-lived deposition of sediments, possibly driven by 

variation in downstream water level, (iii) a period of burial (in this case from etched units) 

which lithified the material, and (iv) subsequent erosion. Thus, long-lived fluvial 

deposition and continuous water intakes are essential, especially at the beginning of 

Cantabras Dorsum development for points (i) and (ii). 

Similar interpretations have been proposed for Aram Dorsum (Balme et al., 2020) 

and Aeolis Dorsa (e.g., Cardenas et al., 2018; Jacobsen & Burr, 2017; Kite et al., 2013; 
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Williams et al., 2013b), and an unnamed system in Tempe Terra (Liu et al., 2021) in 

support of long-lived fluvial systems. This type of formation mechanism induration and 

relief inversion appear to be comparable to those seen also in Utah (e.g., Cardenas et al., 

2020; Hayden, et al., 2019), where channel-belt complexes (five or six stacked channel 

belts) formed and aggraded within wider valleys (Cardenas et al., 2020), have been 

identified.   

However, Cantabras Dorsum does not present many branches at different levels as 

other martian systems (e.g., in Arago Dorsa, Aram Dorsum). This characteristic makes the 

studied system unique in term of stable martian fluvial deposition. Other channel fills 

(which could result in ridges) might still be buried by the surrounding overbank deposits, 

or the system could have been characterised by more frequent rapid avulsions (Cardenas et 

al., 2020), with larger deposition of floodplains and a minor amount of total lateral 

migration driven by fast subsidence rates. The rapid avulsion and the fast subsidence 

would have favored re-occupations of the channel planform geometry rather than hiding 

the channel as would occur by lateral migration of channel belts (Cardenas et al., 2020).  

Morphologies similar to Cantabras Dorsum have been observed along an inverted 

channel system close to the Mirackina paleo-river (South Australia). The Mirackina ridge 

is formed of weakly silicified-indurated lenses of channel sands preserved on the sides of 

the ridge (dipping toward the ridge centre) and un-cemented alluvial channel deposits 

found in the centre of a valley surrounded by bedrock (Fig. 6.1; Williams et al., 2013b). 

This structure is very similar to Cantabras Dorsum, where alternation of resistant and more 

erodible layers are present (e.g., Fig. 4.30a), with resistant material  mainly preserved on 

the side of the ridge, as horizontal layers (e.g., Fig. 4.30a) which sometimes dip into the 

ridge centre (Fig. 4.31a, 4.32, 4.37).  

In the Mirackina paleo-river, the indurated lateral lenses create ‘inverted borders-

doublet’ cross sections (described as ‘double ridges’ by Williams et al., 2013b) across the 

ridge, alternating with rectangular shapes (‘flat-topped’ in Williams et al., 2013b) which is 

precisely what has been observed in Cantabras Dorsum (Fig. 4.31-4.32-4.41). The 

Mirackina ridge lenses have been indurated by the groundwater discharge fluctuating 

seasonally, causing the water table to oscillate throughout the year, resulting in different 

dip horizons at the margins that were cemented over time (Williams et al., 2013b).  Since 

vein-like features, interpreted as indurated infillings influenced by groundwater (details in 

section 6.4), have been found on the side of the ridge (Fig. 5.14), and in the exact position 

found for Mirackina, it is likely that groundwater fluctuations may have occurred and 



 
 

385 
 

influenced Cantabras Dorsum’s development. I suggest that Cantabras Dorsum had very 

similar development stages to the Mirackina terrestrial analogue (Fig. 6.1). 

 

 

Figure 6.1: a- Formation scenario (from Williams et al., 2013b) summarising the formation of the 
resistant silcretes on the site of Mirackina analogue, b- Cantabras Dorsum structure which 
resemble the terrestrial analogue. In this scenario the relief is an approximation of the thickness of 
the valley fill (rather than channel fill) and a minimum estimate of valley incision depth. Unit 
labels from Chapter 4  (see profiles in Fig. 4.41). 

 

6.2.3 Piscinas Serpentes: Groundwater interactions 

Piscinas Serpentes ridge has been interpreted as the result of channel fill in a ribbon-like 

channel, which now presents also pitted morphology likely due to re-occupation of the 

buried conduit by groundwater (chapter 4, section 4.3.3.3). This feature is relevant since: 

(i) it demonstrates that groundwater likely had played a major role in martian inverted 

channel development and preservation after the fluvial deposition and (ii) it represents a 

new type of feature analysed on Mars. In fact, pitted channels were only recently reported 

by Williams et al., (2017) and little work has been performed since then.  

For this reason, I could not identify further terrestrial analogues, models or studies 

for comparison not also identified in that paper and its follow-on (Chuang & Williams, 

2018). Thus, I discuss here general mechanisms proposed for martian pitted-shapes based 

on terrestrial analogues (e.g., Wyrick et al., 2004) and why all these mechanisms can be 
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excluded for the studied case. Then, I discuss how the detailed mapping reported in this 

study fits with the interpretations of these morphologies and with the terrestrial analogue 

reported by Williams et al., (2017). Finally, I conclude with the meaning behind these 

features in the studied site. 

 

Proposed processes for pitted morphologies on Mars can be summarised as: 

(i) Lava tube collapse. Lava flows contain linear voids that represent drained lava 

transport pathways. Over time, parts of the roof over the void collapse, leaving 

circular or void openings on the surface (Wyrick et al., 2004).  

(ii) Dikes injections and magma chamber collapse (mainly suggested in Tharsis 

region). An ascending rising dike propagates upward and interacts with 

groundwater or the cryosphere, mobilising liquid water and producing void 

space into which overlying rock can collapse (Wyrick et al., 2004). Magma 

chamber collapse can also create near-surface voids that can become pits at the 

surface (Wyrick et al., 2004). 

(iii) Dilational faulting (e.g., Ferrill et al., 2004, 2011). Dilation of mechanically 

different segments (e.g., competent layers beneath unconsolidated surficial 

material) in an extensional setting could produce dilational faults which would 

produce a void into which unconsolidated collapses, forming pit chains (Wyrick 

et al., 2004). 

(iv) Chemical dissolution of soluble rock, similar to Karst landscapes on Earth 

(Spencer & Fanale, 1990). Karst topography is characterized by sinkholes and 

solution valleys often controlled by faults and fractures. Groundwater flows 

along fractures and high porosity zones, dissolving or weakening bedrock and 

subsequently causes collapse pits. 

(v) Voids generated from wind erosion, such as deflation hollows (also called 

blowouts) that typically create shallow saucer-shaped depressions within pre-

existing  sand  deposits (e.g., Hugenholtz & Wolfe, 2006; Williams et al., 

2017). 



 
 

387 
 

I exclude these processes for various reasons: firstly, dikes, lava tubes, magma 

chamber collapse, and both dilational or compressional faulting are all associated with 

tectonic features, parallel fracturing or grabens (e.g., Wyrick et al., 2004), which should be 

visible on the surface, but have not been recognised in association to the specific case of 

Piscinas Serpentes. Also, Piscinas Serpentes presents metre-size pits which are small 

compared to the pitted chains (e.g., Wyrick et al., 2004) seen in volcano-tectonic settings. 

The Piscinas Serpentes pits also have a sinuous organization and transition into ridges or 

fine-scale valleys, rather than having a linear pattern. 

Secondly, although lava tubes have similar sinuous shapes, a positive relief 

transition such as that seen in Piscinas Serpentes seems unlikely (Fig. 4.56). Furthermore,  

no evidence for volcanic flows, dikes or lava tubes have been reported in Meridiani 

Planum so far (e.g., Hynek & Achille, 2017; Hynek & Phillips, 2008). 

Thirdly, I exclude the formation similarly to blowouts, since these continental 

features on Earth are strongly related with the presence of vegetation cover (e.g., 

Hugenholtz & Wolfe, 2006) and are not linked in sinuous network patterns. 

Finally, although carbonates have been detected on ancient martian highlands 

sediments (e.g., Wray et al., 2016) as well as in Noachian-aged lacustrine Jazero crater 

where an inverted fluvial delta is found (Horgan et al., 2020), no spectral evidence of 

carbonates have been reported in this area (Ehlmann & Edwards, 2014). I see no evidence 

that in the studied area in Meridiani, there are thick carbonate rocks (necessary in a karst 

landscape), since the Piscinas Serpentes basement is represented by the Noachian cratered 

units interpreted to be volcanic in origin (Tanaka et al., 2014b).  

However, evidence shows that sapping valleys can occur in basalt bedrock and not 

only in unconsolidated sediments (Salese et al., 2019). Furthermore, the Salar de Llamara 

terrestrial analogue (Williams et al., 2017), which has comparable transitions between fine-

scale valleys, pitted shapes and inverted channels in a hyperarid, wind-eroded setting, 

shows that the associated pits represent collapsing features not created by faulting but 

instead by localized groundwater fluctuations. These generated solute mobilization and 

localised salt dissolution, with consequent creation of voids and armouring of surfaces 

along flow paths (Williams et al., 2017). 

By analogy, the pitted channels in Meridiani could have formed by similar 

processes of subsurface groundwater dissolution collapse along relict buried stream 

courses (Chuang & Williams, 2018; Williams et al., 2017), represented by the fine-scale 

valleys that were later covered by etched units. This is in line with the groundwater 
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circulation and oscillations already proposed in Arabia Terra (e.g., Andrews-Hanna et al., 

2010; Flahaut et al., 2015; Grotzinger et al., 2014; Niles et al., 2013; Zabrusky et al., 2012; 

Palumbo & Head, 2020). Considering that Piscinas Serpentes presents: 

(i) similarity with Salar de Llamara terrestrial analogue in both pits 

dimension (10-50 m across) and pitted alignment (sinuous patterns), 

suggesting a similar scale for the processes involved, 

(ii) transition into valleys and inverted channels, which suggest similar 

formation processes to those that operated in Salar de Llamara, 

(iii) the presence of pitted-like morphology on the sides of the raised ridge 

(Fig. 4.55), as well as on top of still partially filled fine-scale valleys 

(Fig. 4.56a), consistent with a process controlled by the structure of the 

original valley conduits, 

(iv) an upstream network organization (Fig. 4.51) possibly resembling a 

partially buried system (Fig. 4.56), which suggest a dependence on the 

paleo-topography as it would be expected for surface fluvial system 

organization, 

(v) the tendencies to enlarge (Fig. 4.56) and transition into fine-scale 

valleys, suggesting that pits are aligned following a pattern driven by 

relict features in the subsurface, 

 

I conclude that its characteristics are in agreement with that proposed by Williams et al. 

(2017), for pitted channels in Meridiani. Additionally, within the pitted channels, and in 

the surroundings an extensive network of candidate veins has been recognized (Fig. 5.15c), 

suggesting that circulation of water and precipitation of minerals likely occurred in the 

subsurface after or during the formation of pitted channels. Neither Williams et al. (2017) 

or Chuang & Williams, (2018) report or discuss these vein-ridge interactions, since their 

observations were mainly CTX-based, but I consider it as a strong evidence of 

groundwater circulation in the area (more details in section 6.3-6.4). Furthermore, the 

presence of candidate extended vein-like systems within the pitted channels and in the 

surrounding cratered terrains (Fig. 5.15a-b-c), but not within the inverted relief (Fig. 

5.15b), suggest that (i) the bedrock or the surrounding terrains allowed subsurface water 

circulation, and (ii) the vein network was created within some of the pits and so was 

formed after the pit collapse or when the conduits were still buried by the etched units. 
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6.2.4 Mawrth Dorsa: Exogenously filled channels 

Marwth Dorsa represents a unique inverted feature distinct to the other studied cases with 

several inverted channels linked to a thick regionally extended dark capping material and 

ridges set within a topographic low. As reported in Chapter 4, the nature of this capping 

material (possibly deposited in intermittent or one-off events) remain a mystery (e.g., 

Loizeau et al., 2015; Noe Dobrea et al., 2010) and is possibly a mixture of fluvial (from 

Mawrth Vallis) volcanic and aeolian material, since regional evidence of volcanism has 

been reported (e.g., Michalski & Bleacher, 2013) and aeolian processes are globally 

widespread. 

Using the inventory of terrestrial analogues provided by Zaki et al., (2021) two 

main morphological similarities between Mawrth Dorsa ridges and volcanic capped 

inverted channels appear. They share a very thick capping material (Fig. 4.71): 9 m in 

Mawrth Dorsa ridges (thickest among the studied systems) and even greater in terrestrial 

samples (between 10-100 m, see also width-thickness plot Fig. 4.95). They also preserve a 

characteristic rectangular cross section shape, probably due to the thick resistant layer 

which is more likely to preserve this shape than thinner resistant layers (further discussion 

in section 6.3.3).  

However, similar thicknesses and shapes are observed also for duricrust capped 

ridges (e.g., Zaki et al., 2021) so this cannot be used to infer a volcanic nature (Chapter 4, 

section 4.4.5). Furthermore, volcanic ridges are higher (about 100m), and those ridges do 

not present so many knobs and mesas associated as seen in Mawrth area. Additionally, 

terrestrial samples tend to preserve fluvial facies at the bottom of the ridge stratigraphy 

under the volcanic capping. The ridges in Mawrth Dorsa generally are composed of 

materials which resemble the general lithology of Mawrth Vallis area (e.g., Loizeau et al., 

2015; Noe Dobrea et al., 2010). Additionally, even if erosive channels are visible in areas 

not covered by the dark units, the fluvial origin of the ridges in Mawrth Dorsa is strongly 

uncertain (Chapter 4, section 4.3.4.7).  

Ridges, knobs and mesas present patterns which suggest that the general flow 

filling the Mawrth-basin was filling the basin from different directions oriented mainly 

west-east, north-south (Fig. 4.67) which is in disagreement with the regional flow direction 

of valley networks and inverted networks (mainly from south to north). On the other hand, 

in the western ridges, evidence of multi-level structures in the ridges is visible (Fig. 4.76). 

These look similar to multi-level shapes recognised in other areas of Arabia Terra (e.g., 

Fig. 3.7a-d), and which link to valley networks. I consider these morphologies to be more 
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indicative of aggradation (Chapter 4, section 4.4, Balme, et al., 2020; Davis et al., 2019). 

Also, the presence of Fe/Mg-smectites and  Al-phyllosilicate assemblage (Loizeau et al., 

2015; Noe Dobrea et al., 2010), and small layered craters in the basal units (Fig. 4.74), 

which are similar to layers in lacustrine deposition, suggest that there was aqueous 

alteration and possible deposition in the basin. However, the morphological evidence in the 

specific studied ridges is not enough to support a hypothesis of long-lived fluvial activity 

within the basin. Future high-resolution mapping and characterizations of these specific 

multi-level ridges could explain the presence of these shapes in the area.  

6.2.5 Summary of interpretations 

In conclusion, terrestrial analogues support interpretation for fluvial aggradations or 

avulsion (within a crater/basin, and in a valley) for two of the studied systems (Arago 

Dorsa, Cantabras Dorsum). Ridges in Mawrth Dorsa, (formed by infilling from exogenic 

material) have shown also multi-level structures but further studies on other ridges should 

be performed to confirm the fluvial origin. Finally, Piscinas Serpentes is more likely to be 

an infilled fine-scale valley, influenced by groundwater fluctuations. Groundwater table 

fluctuations are also likely involved in the preservation of Cantabras Dorsum. 

6.3 Applying case studies to the regional survey 

The detailed mapping shows that inverted channels in Arabia Terra are found associated 

with different landscapes whose different settings are associated with different formation 

mechanisms. Consequently interpretations of the detailed studies can be applied to the 

interpretations from Chapter 3 to consider the regional view of fluvial activity and the 

distribution of different fluvial contexts in Arabia Terra. 

6.3.1 Aggradation in a fluvial landscape 

The mapping of Arago Dorsa and Cantabras Dorsum systems shows that the “anabranched 

and multi-level” shapes in the regional survey represent multi-generational fluvial systems 

and the identified differences in morphologies are probably indicative of a diverse avulsion 

timeframe and other local factors. This is also strongly supported by previous studies on 

martian inverted channels in various regions (Balme, et al., 2020; Cardenas et al., 2018; 

Davis et al., 2019; Lefort et al., 2012; Liu et al., 2021; Williams et al., 2013b).   

Multi-level shapes (aggrading systems) are found at the downstream part (Fig. 

3.41) of flat-bottomed valley networks (Hynek et al., 2010; sections 3.3.2.3, 3.5.1.3; Fig. 

3.16-3.20). In alluvial settings, these type of valleys with U-shape cross-section (following 
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the definition of Yan et al., 2018) are formed due to the combination of widening of the 

valley wall and channel aggradation within the valley bottom (Yan et al., 2018). When this 

occurs, terraces in the valley may be developed if: (i) the valley widens as the river incised 

over time or (ii) when the river aggraded and has incised back through its alluvial deposits 

(Yan et al., 2018). Recent studies (Davis et al., 2019) reported evidence of terraces within 

the flat-bottom valley networks which host inverted channels. Additionally, terraces within 

martian valleys have been reported by Hynek et al. (2010) in support of sustained flows 

which have carved the bedrock. Thus, the regional distribution of multi-level candidate 

inverted channels at the terminating part of flat, terraced, U-shape profiled valleys is in line 

with a terrestrial fluvial evolutionary development of aggradational floodplains sequences 

with a sustained and stable groundwayer table.  

Considering that the valleys (Hynek et al., 2010) observed in association to inverted 

relief seem deeper than wider, they likely represent a portion of the fluvial system pattern 

where erosion was still very high. Furthermore, extended groundwater sapping (Williams 

& Phillips, 2001), secondary lateral mass wasting and aeolian erosion, or the presence of a 

strongly resistant or highly permeable substrate (Mangold et al., 2008) could have 

contributed to the increase of lateral erosion that would have widened martian valleys.  

Sustained erosion and beginning of aggradations at the downstream area of a valley 

is usually achieved in transfer zones proximal to the boundary with depositional areas (e.g., 

chapter 2; Fig. 2.1). Furthermore, rivers in these zones are expected to present low 

sinuosity values, since they would be valley-confined with high or moderate slopes. This is 

in line with the results and interpretation reported in Chapter 3 (sections 3.5.1.2, 3.6.2) 

where: (i) the majority of inverted channels (multi-level or not) are mainly classified as 

Sinuous, and (ii) multi-level structures (candidate aggradational and migrating systems) are 

found at the terminating part of the valleys, in candidate basins or within low elevation 

areas. 

The presence of two aggrading systems in western Meridiani Planum (Cantabras 

Dorsum and Aram Dorsum), support what has been proposed in Chapter 3, and also 

hypothesized by previous authors (Balme, et al., 2020; Davis, 2017), that this region was 

likely a depositional area (Fig. 3.41) characterised by floodplains, overbank deposits and 

channel fills. This matches some spectral observations too, where phyllosilicates have been 

detected in Meridiani Planum (Ehlmann & Edwards 2014) and in association to inverted 

channels (e.g., Liu et al., 2021). On the other hand, sinuosity would be expected to increase 

within low-relief depositional areas, especially where unconfined inverted channels are 
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found (e.g., Meridiani Planum), creating more meandering shapes. This does not occur in 

the identified candidate depositional areas. However, Cantabras Dorsum and Aram 

Dorsum (Balme et al 2020), are both sinuous multi-level fluvial packages and, instead of 

being formed in unconfined depositional areas as the current landscape would suggest, I 

propose that they were laid down within valleys, which somewhat controlled the sinuosity 

of the channel belts now observed. Furthermore, within candidate inverted fans such as 

Arago Dorsa, the sinuosity of channel fills would have been low, in line with terrestrial 

analogue observations (e.g., Singh et al., 2017) and inverted channels in other regions of 

Mars (e.g., Aeolis Dorsa, Jacobsen & Burr, 2017).  

I also argue that, for Cantabras Dorsum and Arago Dorsa (but also probably for 

other systems with aggradational morphologies like Aram), lateral channel avulsion and 

migration occurred that created a reduction in the apparent sinuosity (e.g., Singh et al., 

2017), since the final ridges do not preserve the paleo-channel alone, but instead preserve a 

mixture of both channel fills and overbank deposits. Similar explanations have been 

proposed for inverted channels in Aeolis Dorsa (e.g., Jacobsen & Burr, 2017), suggesting 

‘sinuosity value reduction’ is likely to have occurred specifically for the multi-level 

features. Furthermore, the combination of floodplains and channel fills in these ridges, and 

the strong erosion (Golombek & Bridges, 2000) highlighted by the presence of knobs, 

mesas, and lateral mass waiting, are agents that could have further reduced the sinuosity of 

the ridges (Jacobsen & Burr, 2017). 

It could also be argued that multi-level features represent a minority of the mapped 

segments, so a higher correlation should have been detected between slope and sinuosity. 

Since HiRISE images have revealed more multi-level structures not recognised by CTX 

(e.g., Fig. 3.7a-b) it is likely that more of these structures are actually present but covered 

by sediments, not yet exhumed, or not visible within CTX data. 

In conclusion, the two case studies (Arago Dorsa and Cantabras Dorsum) support 

interpretation of avulsion and migration occurring in inverted channels which present 

multi-level anabranched shapes. The sinuosity of these shapes, their distribution in the 

region, the associated sediment and their position in the terminal portion of terraced valleys 

are coherent with the model proposed in Chapter 3 (supportive of Erosive-Transfer-

Depositional zones configuration). Hence, fluvial aggradation was an important part of the 

geological history of Arabia Terra.  

Since an increase of both deposited material and the water level is required to allow 

the occurrence of migration and aggradation in a system, the presence of a hydrological 
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cycle is necessary to justify the characteristics of the studied inverted channels as well as to 

justify the presence of aggradation in such a large region like Arabia Terra. The 

hydrological cycle involved should include: (i) a fluctuating groundwater table that would 

allow the constant presence of water in both valleys and basins, (ii) precipitations that 

would recharge the aquifers and would increase the erosive and carry capacity of valleys, 

and (iii) an atmosphere dense enough to allow precipitations to occur. 

6.3.2 The timescale of fluvial activity  

The presence of large aggradational fluvial systems which form about 40 m vertical 

thickness of fluvial-derived sediments are best explained by long-lived paleo-fluvial 

systems with a stable period of deposition.  

In Chapter 4, I estimated that aggrading systems like Arago Dorsa and Cantabras 

Dorsum should have been stable for between 105-106 and 104-106 years respectively. This 

result is in line with: (i) the formation timescales calculated for martian valley networks in 

the Noachian (from 105-106 years; Hoke et al., 2011), (ii) similar timeframes reported for 

other inverted channels on Mars (Balme et al., 2020; Davis, 2017; Kite et al., 2013), and 

(iii) terrestrial analogues (Zaki et al., 2021). The vertical thicknesses of the studied systems 

(40-60 m) is close to both previous measurements and also estimations of the accumulated 

fluvial sediments that could have been created after the erosion of the larger valleys 

networks (50-100 m thickness of fluvial deposits for 100-200 deep incision; Davis, 2017; 

Davis et al., 2019; Di Achille & Hynek, 2010).  

Furthermore, the similarity in thicknesses and volumes of three of the six systems 

considered (Table, 4.23) also show that fluvial sediments in Mid-Late Noachian (inferred 

age for studied systems; Table 6.1) terrains in Arabia Terra are common and possibly far 

more extensive than previously recognised. In fact, many other candidate aggradational 

inverted channels have been mapped (Fig. 3.9), suggesting that similar fluvial sedimentary 

successions are likely to be present. The estimate of at least 549-1591 km3 (section 4.4.6.1) 

of ~Mid-Late Noachian fluvial material-now expressed as inverted relief terrains, and 

likely derived from valley networks supports the idea of huge depositional zones (e.g., 

Meridiani Planum Chapter 3). Since the estimation of formation time for both inverted 

channels and most of the valley networks is dated Mid-Noachian Early-Hesperian (Hynek 

et al., 2010), the surface runoff and the fluvial deposition in Arabia Terra mostly occur in 

this time range. 

The presence of aggradational systems in different locations requires stable sources 

of water, active over geologically significant time (either as rain or as repeated snow 
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melts). Furthermore, the presence of many valley networks feeding the Arago basin, the 

series of smaller ridges feeding Cantabras Dorsum from various heights in the study area 

(similar to Aram Dorsum; Balme et al., 2020), the presence of pitted fine-scale channels 

linked to Piscinas Serpentes and the multiple ridges feeding the Mawrth basin, also suggest 

a local distributed source of water for all the studied systems with their own local 

catchment areas. Thus, both local, and regional sources of water must have been present. 

This is supportive of a stable climate with precipitation rather than impact cratering or 

volcanic outgassing temporarily altering the climate and melting regionally distant ‘point 

source’ ice-caps (Wordsworth et al., 2015). Additionally, sustained precipitation and 

presence of a terrestrial-like hydrological cycle at the end of Noachian is supported by 

some aspects of valley networks morphology including: (i) presence of braided channels, 

(ii) presence of the terraces which indicate multiple periods of formation, (iii) calculated 

drainage densities and complex network morphology, and (iv) correlation with chloride 

salts (Hynek et al., 2010).  

 

Table 6.1: Inferred age for the studied systems, using both the global geological map of Mars (Tanaka et 
al., 2014b) and the Meridiani Planum map (Hynek & Achille, 2017) when possible. 

Studied 

system 

Location Used map and stratigraphical positions based 

on the dated units 

Inferred ages based on 

available geological maps 

Cantabras 

Dorsum 

Meridiani 

Planum 

Meridiani Planum map 

Between the Late Noachian middle member of 

Etched units (NMe2) and the Late-Middle 

Noachian lower member of Etched units (NMe1) 

Middle-Late Noachian 

Piscinas 

Serpentes 

Meridiani 

Planum 

Meridiani Planum map 

Between Late Noachian- Early Hesperian upper 

Etched units (HNMe3) and the Early-Middle 

Noachian Cratered unit (Nhc1) 

Middle-Late Noachian 

Arago Dorsa Arago 

crater 

Global geological map 

Fluvial material on top of Middle Noachian 

highland unit (mNh) 

Middle-late Noachian 

Mawrth 

Dorsa 

100 km 

from 

Mawrth 

Vallis 

Global geological map 

Resistant materials on top of Early-Mid 

Noachian highland units (eNh- mNh). 

Middle-late Noachian 

 

Since Piscinas Serpentes and Cantabras Serpens valleys are smaller compared to 

the valley networks, the resulting inverted channels are also smaller and likely formed in 

response to relatively shorter periods of fluvial activity. It is likely that a reduction in both 
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water and sediments supply occurred in Arabia Terra. Perhaps these features relate to 

intermittent or sporadic fluvial events linked with seasonal variations. This scenario is 

strongly in line with the proposal of multiple wet events occurring in the area of Meridiani 

Planum (Williams et al., 2017).  

Relatively shorter periods of fluvial activity could be a consequence of local 

topography and smaller, local catchments areas.  It is also possible that some fluvial ridges 

were caused by isolated local events (such as groundwater upwelling and movements, 

volcanic activity, landslides, catastrophic melting due to seasonal changes, close-by 

impacts etc.).  

6.3.3 Formation, erosion and cross section shape 

In Chapter 3, I proposed that the distribution and shape of resistant layers likely affects the 

overall cross section morphology of inverted channels giving similar erosion processes 

(mainly aeolian on mars) and can be summarised in two main erosional sequences which 

begin from a primary common rectangular shape (Fig. 3.42).  

Interpretations are supported by detailed morphological observations on Piscinas 

Serpentes and Cantabras Serpens (transition from fine-scale valleys to rectangular-shaped 

ridges, Chapter 4, section 4.4.3) as well as terrestrial analogues (e.g., Utah Fig. 6.2, Franchi 

et al., 2020; Williams et al., 2007). Fig. 6.2, shows two examples of inverted channels near 

Hanksville, USA, which are characterised by the same lithologies (sandstones and 

siltstones) but organised in a different stratigraphical order and with different thicknesses. 

Some ridges have rounded or pinnate shapes, others more rectangular cross sections. Fig. 

6.2a shows a flood plain sequence with thin but preferentially cemented layers of 

sandstone and thicker layers of weakly indurated to uncemented siltstone. When the 

degradation of the upper resistant layer is total in a local area, the less resistant underlying 

material is exposed and subsequently more easily eroded compared to other parts still 

protected by the same resistant layer. This results in different macro-scale ridge 

morphologies (in this case rectangular-rounded). In the figure it is very clear that the 

downwards progress of the erosion was interrupted when the lower resistant sandstone 

layer was found. Here, the rectangular shape is again visible.  

The ridge shown in section in Fig. 6.2b has a more uniform morphology and 

maintains a rectangular shape for the entire ridge exposure. The ridge present several thick, 

cemented, coarse sandstone layers at the very top of the ridge, and siltstones and clays 

layers on the bottom.  
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Figure 6.2: Inverted channels seen in Hanksville, Utah (Mirino et al., 2018b). a- Effect of the 
differential erosion in sculpting the shape of an inverted channel body composed mainly of 
preserved flood plains material. Deposits are composed of thin sandstone layers alternating with 
clay deposits as shown (different colors are likely a consequence of groundwater related redox 
processes). In the areas where the sandstone is still preserved and on top of the structure, the 
inverted channel present a rectangular shape, the parts with the clays on top acquire a more 
rounded shape instead. This suggests that position and thickness of the resistant material influence 
the shape of the final inverted channel, which could present variation in shape along their body 
over a relatively short distance. b- Rectangular ridge with thick, well-cemented sandstone.Images 
from personal archive. 

 

Based, on these erosion sequences it is clear that the rectangular shape does not 

only reflect the portion of the channel which has been less eroded, but it reflects the less 
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‘modified’ stage from the exposure (or exhumation) of an upper resistant capping material. 

The consequent differential removal of the material lead to the morphological variability of 

the same or nearby inverted channel features. 

Other inverted channels in different areas on Earth show a similar pattern. For 

example, the inverted channel-fill of the fan delta in the Makgadikgadi (Botswana) 

evaporitic basin has morphological variation (alternation of gentle relief and depressions), 

which depend upon the combination of preferential erosion and distribution of calcretes 

and silcretes, deposited from groundwater in sediments (Franchi et al., 2020).  

Variations in morphology have been observed along inverted channels close to the 

Mirackina palaeoriver which are also consistent with differential erosion of variably 

cemented deposits related to differential groundwater cementation mechanism (Williams et 

al., 2013b). However, unlike the Utah case (inverted channels with mainly rectangular and 

rounded cross sections), the Mirackina inverted relief presents an inverted borders-doublet 

cross section, that  alternates with rectangular shapes (Williams et al., 2013b). The 

alternation of rectangular-doublet shapes is due to the non-uniform localized cementation 

in the system, and the thickness variation of the cemented sandstone and conglomerate 

(Williams et al., 2013b), as proposed in Chapter 3 and revealed in Cantabras Dorsum (Fig. 

6.1). 

This is true in single inverted channels wherever they are created by erosion of 

overbank deposits (e.g., flood plains sequences as seen in Utah, Fig. 6.2a), indurated 

channel fills (as seen in Mirackina palaeoriver and Utah Fig. 6.2b), and for inverted 

channel networked systems developed within alluvial fan (as reported for Makgadikgadi 

basin), wherever a more resistant material is present in the structure. 

Consequently, the erosional scenarios (Fig. 3.42) could be applied for current 

ridges, irrespective of whether they represent isolated channel fills, networked channel fills 

or channel fills stacked within channel belts structures (Fig. 6.3). Furthermore, less eroded 

rectangular shapes could preserve information regarding paleo-channels shapes and 

discharge, or for the wider cases (e.g., Cantabras Dorsum) they could preserve aggrading 

channel sections within valleys. This means that calculations and estimations about paleo-

discharge on martian inverted channels should be more focused on this rectangular shape.  

 



 
 

Figure 6.3: Schematic diagram showing the cross section evolution of 
deposits. The type of fluvial system activity and the aggradation influence the spaces and the 
thicknesses of the resulting resistant material and its distribution which consequently will influence 
the final shape of the inverted channel body. (
Depositional Environments and Sequence Stratigraphy, accessed 28/09/2020, 
http://www.seddepseq.co.uk). 

 

Recent studies of inverted channels at the terminating

Atacama Desert (Chile), show that adjacent inverted channels can develop relief inversion 

caused by two disparate mechanisms: sulfate

interesting in the comparison of the two cases, is that 

and correspond to morphologies ‘rounded’ and ‘incised’ which represent the only shapes 

which have shown a statistically significant anti

This suggests that not only erosion an

mechanisms seem more likely to develop certain shapes.

Based on terrestrial analogue comparisons, e

likely lead to more complex discontinuous ridges 

2013b, 2021; Zaki et al., 2021), and erosion of un

gravel armouring is more likely to produce a rounded surface 

et al., 2021). Since, the proportion of inverted channels on Mars inverted by deep burial 

sediment diagenesis, surface/near-surface cementation, or gravel armouring is still 

unknown, my classified database provide

on induration mechanisms for ridges in remote sensing observations, and erosional model 

implementations for inverted relief.  

 

.3: Schematic diagram showing the cross section evolution of burial channel belts 
deposits. The type of fluvial system activity and the aggradation influence the spaces and the 
thicknesses of the resulting resistant material and its distribution which consequently will influence 

el body. (Modified from: A. Sutter, 2008, Sedimentology, 
Depositional Environments and Sequence Stratigraphy, accessed 28/09/2020, 

Recent studies of inverted channels at the terminating part of bajadas in the central 

djacent inverted channels can develop relief inversion 

caused by two disparate mechanisms: sulfate-capped and gravel-capped. What is 

interesting in the comparison of the two cases, is that their shapes are different (Fig. 

and correspond to morphologies ‘rounded’ and ‘incised’ which represent the only shapes 

which have shown a statistically significant anti-correlation in my study (Fig. 3.36, 3

This suggests that not only erosion and resistant layer thicknesses, but some induration 

mechanisms seem more likely to develop certain shapes. 

Based on terrestrial analogue comparisons, erosion of cemented ridges is more 

complex discontinuous ridges (Hayden et al., 2019; Williams et al., 

, and erosion of un-cemented material, like the case of 

gravel armouring is more likely to produce a rounded surface (Pain et al., 2007; Williams 

. Since, the proportion of inverted channels on Mars inverted by deep burial 

surface cementation, or gravel armouring is still 

unknown, my classified database provides a promising support for future studies focused 

on induration mechanisms for ridges in remote sensing observations, and erosional model 
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Figure 6.4: Image from Williams et al., (2021) showing the development of the ridges in two 
proximate inverted channels which were inverted following different process a-armouring, with a 
final rounded associated ridge shape, and b-cementation, with an incised shape. These two shapes 
formed due to different formational-indurated mechanisms are the ones which were anti-
correlated.   

 

6.3.4 Estimation of post deposition erosion rate 

Considering only inverted systems developed in the Mid-Late Noachian (inferred age in 

Table 6.1, range 3.9-3.7 Gyr) in Meridiani Planum (which are more likely to be at a similar 

stratigraphy levels), it is possible (e.g., Davis, 2017) to estimate the minimum amount of 

surrounding materials removed (Table 6.2) prior to deposition of etched units 

(depositional-hiatus). Thus, it is an estimation between the time of deposition and the point 

at which erosion rates appear to become much lower (Golombek et al., 2006). To estimate 

the erosion rate I use: (i) the calculated thicknesses for each system studied in the area and 

(ii) 200 Myr as an estimate for the erosion period, before the later deposition and erosion 

(~270Myr) of the Etched units (Zabrusky et al., 2012). The 200 Myr is the difference in 

time between range 3.9-3.7 Gyr (Mid-late Noachian) where the full development of 

inverted channels (fluvial deposition + inversion) likely occurred (Davis, 2017).  

My results (Table 6.2) are close to estimates of Davis, (2017) for this region (~ 50-

300 nm/yr) and comparable to global erosion rates during the mid- to late Noachian (~100s 

to 1000s of nm/yr; Golombek et al., 2006). Considering that the estimated erosion rates for 

the etched units are also high (~3000nm/yr; Zabrusky et al., 2012), a sustained erosion 

should have occurred from Mid-Noachian (inferred age for the studied systems and 
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beginning of valley network dissection and erosion; Hynek et al., 2010) to Early Hesperian 

(when etched units have been fully emplaced; Hynek & Achille, 2017) to justify the 

inferred rates. 

 

Table 6.2: Comparison of erosional rates for systems in Meridiani Planum 

System Vertical 

Thickness (m) 

Approximate surrounding 

erosional rate (nm/Yr) 

Aram Dorsum 40-60 300 

Cantabras Serpens 35 175 

Arago Dorsa 50 250 

Cantabras Dorsum 35 175 

Piscinas Serpentes 10 50 

 

The higher erosional rates for the Noachian period can be justified with a thicker 

atmosphere (relative to today) for the Early Mars, which then dried out in the Early or 

Mid-Hesperian (e.g., Zabrusky et al., 2012). A thicker atmosphere would support a stable 

hydrological cycle which in turn is consistent with the higher drainage densities of 

Noachian valley networks (Hynek et al., 2010), presence of the studied long-lived fluvial 

systems and the large volume of alluvial sediments deposition estimated in this work.  

6.4 Polygonal fractures and ridges: formation mechanisms 

6.4.1 Constraints from observations 

It is difficult to ascertain the origin of polygonally patterned ground using remote sensing 

data, because different formation processes can lead to similar polygonal organization 

shape and size in many geological settings (e.g., McKeown et al., 2013, Engelder, 1985). 

Considering the fracture styles, based on their irregular shapes and size scale (2–40 m wide 

polygons) and the random to orthogonal network organization of cracking, which 

expresses a hierarchical evolution, the polygonally patterned ground could be formed by 

build-up of tensile stresses in the subsurface, due to subsurface hydrofracturing or pressure 

(possibly during burial-exhumation cycles, e.g., Balme, et al., 2020), or on the surface by 

desiccation (e.g., El Maarry et al., 2010; 2014), by thermal contraction cycles (e.g., Levy et 

al., 2009a) or by stresses caused by impacts (Loizeau et al., 2015; Osinski et al., 2013) all 

processes proposed for other similar polygonal features of similar size found on Mars.  

Any candidate process for formation of the polygons in this study should justify:  
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(i) The transition between polygon types (e.g., ridge-fracture polygons) with 

same shape, size and trend,  

(ii) The association of specific types with specific units,  

(iii) similar fracture size but different polygonal sizes which vary in 

correlation to the geomorphic units they are developed into (specifically 

with mechanical proprieties and thickness),  

(iv) Their presence in both thin and thick layers,  

(v) Their presence in fluvial lithologies, and variation of fracturing style in 

the stratigraphy,  

(vi) The abrupt arrest of many of the narrow ridge networks below ridge-

related units,  

(vii) The cross cutting of some fractures across unit boundaries,  

(viii) The absence of well-developed positive relief polygonal networks in 

many of the recognised mapped units related with fluvial deposition,  

(ix) Their similar morphologies and wide distribution across Arabia Terra. 

 

The characteristics and depositional environment of the units hosting polygons are 

also important for interpretation. The studied systems and the majority of the recognised 

polygons have been found within equatorial and mid-latitude areas. The majority of the 

units where polygons formed were once fluvial systems (interpretations in Chapter 4, 

exception may be for Mawrth Dorsa) and so they should represent fluvial facies. Since 

inverted channels on Earth (e.g., Hayden, et al., 2019; Williams et al., 2011; Zaki et al., 

2021), have shown both layering and bedding structures with a variability of alternated 

fine-grained materials (flood plains and overbank deposits) to more coarse- fluvial 

lithologies grained (e.g., channel fill sandstones), it is likely that at least for the longer-

lived studied systems (Arago Dorsa, Cantabras Dorsum and possibly Piscinas Serpentes 

too) similar successions are present (Balme et al., 2020).  

The burial of sediments in Piscinas Serpentes, Cantabras Dorsum and possibly in 

Arago Dorsa, have probably affected the terrains making some of the sandstones bodies 

compacted or cemented, and the flood plains well-lithified, but still less resistant to erosion 

than cemented/compacted channel fill (e.g., Balme et al., 2020). Since differential erosion 

is observed between the largest ridges, the secondary smaller ridges, and the associated 

marginal materials, this suggests a stronger consolidated structure for the ridges and a less 

resistant structure for the associated materials alongside them (e.g., Balme et al., 2020).  
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6.4.2 Unlikely formation processes 

6.4.2.1 Regional tectonism 

I exclude for all the recognised fracture types a formation due to large-scale tectonic 

events, like the ones proposed for Utopia Planitia polygons (e.g., Hiesinger & Head, 2000) 

since (i) wider fractures and polygons (respectively 100s m wide and kms in diameter) 

should be also observed, (ii) I did not identify large faults in the studied areas, (iii) not all 

the mapped units or surroundings present fractures and (iv) very different orientations of 

the fracture distribution are visible across the four studied sites (Fig. 5.5, 5.6, 5.11, 5.14, 

5.15, 5.18).  

However, the observed small scale fractures could have been influenced by 

differential stress fields occurred in Arabia Terra during Noachian (Anderson et al., 2008; 

Dohm et al., 2007). Even though the majority of the fracture polygons presents a random to 

orthogonal network of cracks, the largest diameter polygons (wider fractures) shows 

preferred patterns of orientations (Fig. 5.5, 5.11, 5.14, 5.15, 5.18) within each site. This 

suggests that a control by local stresses patterns (rather than regional), are more likely to be 

involved (e.g., Yoshikawa, 2002). 

6.4.2.2 Thermal contraction in ice-rich material 

Similarities in morphologies are seen between thermal contraction cracks and the studied 

features, including fracture scale and the presence of positive relief margins (e.g., Fig. 5.1), 

which could correspond to analogues of ice-wedge or sand-wedge processes. However, 

thermal contraction cracking (and their consecutive infilling by possible sand or ice) 

mainly occur on the surface of ice-rich mantling deposits above 30° latitudes in both 

hemispheres (e.g., Levy et al., 2010) or with occurrences of ground ice, distributed above 

55° latitudes in both hemispheres (e.g., Mangold, 2005). This demonstrates a climatic 

control on of this type of polygon formation (Mangold, 2005). The polygons in the 

inverted channel systems are mainly found in local topographic lows (craters or erosional 

areas) in equatorial and mid-latitudes (between 0°-35°N, Fig. 5.2 dotted area, Fig. 5.27b) 

where thermal polygonal cracking is highly unlikely (Mellon & Sizemore, 2022). 

Furthermore, the strong erosion that has occurred to exhume these channels is unlikely to 

have preserved shallow features on exposed paleosurfaces (Balme et al., 2020). I conclude 

that formation by thermal contraction in ice-rich material is unlikely. 



 
 

403 
 

6.4.2.3 Thermal contraction in volcanic material 

I also exclude fracture polygonal formation for volcanic thermal cooling since (i) all 

evidence reported in Chapter 4 suggests these fluvial deposits, (ii) no clear evidence has 

been found to support close-by volcanic activity and volcanic provinces are too far from 

many of the mapped features (Fig. 6.5). Furthermore, common volcanic polygonal shapes 

are linked with volcanic columnar joints which tend to form (quasi)-hexagonal patterns in 

plan view (e.g., Grossenbacher & McDuffie, 1995) which are also not in line with what is 

observed in this study.  

 

 

Fig. 6.5: Image from Michalski & Bleacher, (2013) showing the main volcanic provinces on Mars, 
and features interpreted to be related to volcanism such as fretted terrains or sulphates. The purple 
area indicates the location where narrow ridge polygons and vein-like systems have been 
identified. With the exception of the south-western part of the purple area indicated with the black 
arrow, no other volcanic structures have been identified at a reasonable distance to justify volcanic 
infilling.  

 

Mawrth Dorsa may represent an exception since (i) it differs from all the other 

studied systems, (ii) volcanic ash has been proposed as part of the composition of the dark 

capping units (e.g., Noe Dobrea et al., 2010) and (iii) some of the polygon with positive-

relief margins, look similar to those, identified in Mawrth Vallis stratigraphy (e.g., Loizeau 

et al., 2015). Hydrothermal fluid circulations have been proposed to explain vein-like 

features found within the Mawrth Vallis stratigraphy (closer to the studied system) and the 
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massive fracturing (Poulet et al., 2020). Thus, similar events are likely to be involved in 

the study area too.   

6.4.3 Likely formation processes 

6.4.3.1 Hydro-fracturing 

The tensile stress leading to fracturing (and then polygonal ground) could have been 

caused by extensional hydro-fracturing processes, generated by internal fluid pressure 

from subsurface groundwater movements (e.g., Pozzobon et al., 2019). On Earth, flow 

paths follow natural weakness points or areas with higher porosity, creating a consequent 

sub-surface network of cracks development, variation and orientation of which is largely 

controlled by: (i) the local stress field created by the exceeding pressurized fluid, (ii) the 

mechanical properties variations of the subsurface layers, (iii) discontinuities that fluid 

could fill and follow with possible formation of veins (Philipp et al., 2013). 

Elevated fluid pressure could result from several processes, including: (i) 

overburden pressure which then could lead to compaction and lithification (reduction of 

intra-pore accommodation space), (ii) temperature increases with depth (thermal 

expansion, dehydration of water-enriched minerals), and (iii) other chemical reactions (i.e., 

mineralization and diagenesis) which could have liberated volatiles at high pressures 

increasing the volume of fluids in the system (Kronyak et al., 2019). Since many of the 

inverted fluvial systems in Arabia Terra, including some of the studied samples (e.g., 

Piscinas Serpentes, Cantabras Dorsum), have been buried by 100s m-thick etched units 

(Balme, et al., 2020; Chuang & Williams, 2018; Davis et al., 2019), or by fluvial sediments 

deposited by natural river migration and aggradation (Balme, et al., 2020, Arago Dorsa, 

Cantabras Dorsum), increases of both temperature and overburden compressional pressure, 

due to advancement of burial depth, are likely to have occurred providing a primary setting 

for inverted channels subsurface hydro-fracturing.  

The mechanical properties involved in variation of fracture styles are mainly the 

ones which influence the permeability of the rock, which in turn influence their response 

(ductile or elastic) to a certain stress (Philipp et al., 2013). These are grain size and 

porosity, the mineral content and degree of cementation, or degree of homogeneity or 

heterogeneity of the facies (Philipp et al., 2013), which are all parameters that vary widely 

when considering coarse-grained sandstones, and finer-grained siltstones or clays in fluvial 

settings. Thus, development of more interconnected fractures in some of the layers rather 

than others but with similar pattern and trends, as observed in the studied systems, would 
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likely occur, with frequency mostly controlled by the state of fluid stress in the differential 

mechanical host rock and its thickness (Philipp et al., 2013).  

Consequent depressurization and cooling of fluids filling and cementation within 

these fractures would create veins (e.g., Kronyak et al., 2019; Philipp et al., 2013) with 

same patterns and dimensions as the fractures, similarly to what is observed in this study 

(e.g., Fig. 5.5, 5.11h, 5.14, 5.33b). The studied networks of ridged polygons are 

constrained within buried features (e.g., Fig. 5.35, 5.36, 5.38), pitted networks (e.g., Fig. 

5.14c), specific units (e.g., Fig. 5.5, 5.14a, 5.14d), below the ridges or below capping units 

(e.g., Fig. 5.14b, 5.18f, 5.33a). Even when transitioning to fractures, abrupt terminations 

are visible (e.g., Fig. 5.21). 

On Earth, this pattern is observed when a very high contrast in mechanical 

properties at layer contacts and discontinuities occur (Philipp et al., 2013), and partially 

stops the transfer of the water into upper layers, acting as a ‘stress barriers’ where veins do 

not propagate, or are confined to layers below (e.g., Kronyak et al., 2019). Since the 

studied systems present volcanic basement and fluvial deposits, (Piscinas Serpentes Fig. 

5.15c), or porous channel fill (when not cemented) and low permeability surroundings 

floodplains (e.g., possibly Fig. 5.14b, 5.18f, 5.33a), variation in mechanical proprieties are 

almost certainly present and occurrence of stress barriers specifically at the boundary with 

floodplains (likely low-permeability clays or siltstones) seems reasonable and very much 

in line with observations. 

6.4.3.2 Desiccation 

Both size of fractures and their irregular polygonal morphology (chapter 5) are similar to 

terrestrial examples of multiple generations of desiccation cracks (e.g., Costa et al., 2013; 

Goehring, 2013) where secondary cracks approach pre-existing ones in the direction 

perpendicular to the local maximum tensile stress, at about 90°, up to about 150° 

(Goehring, 2013; Peron et al., 2009; Tang et al., 2021), which is strongly similar to many 

patterns observed in this study.  

Desiccation cracks occur in volatile‐rich fine-grained soil materials, usually 

enriched with clay mineral (e.g., Tang et al., 2021; Zeng et al., 2019, 2020). Thus, 

desiccation cracks in arid locations (e.g., playas, El-Maarry et al., 2013) are likely to be 

formed on the surface of floodplains rather than coarse in sandstone. This matches my 

general observation that resistant capping units (candidate indurated sandstones) present 

few extended polygonal fractures, which in contrast are strongly distributed in units 

interpreted as floodplains.  
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Additionally, candidate desiccation polygons on Mars are associated with 

phyllosilicate-bearing materials in latitudes ≤35°, near the Valles Marineris (e.g., Le Deit 

et al., 2012), within valley systems in Noachis Terra (Buczkowski et al., 2010) and within 

Mawrth Vallis (e.g., McKeown et al., 2013), suggesting a possible control by the 

composition of fluvial-related deposits, and matching my regional survey observations. 

Inverted features found in Makgadikgadi area in central Botswana (Franchi et al., 

2020) show an association with polygonal desiccation cracks (up to 100 m wide), formed 

by rapid water evaporation from delta deposits, within environments characterised by 

cyclical groundwater upwelling, evaporation and later wind deflation (Franchi et al., 2020). 

These are the exact stages proposed for the Meridiani Planum area from rover analysis 

(e.g., Eagle crater, Squyres et al., 2004a, 2004b) and  models (Andrews-Hanna et al., 

2010). Both types of study predict massive amounts of ground water upwelling and intense 

evaporation in Arabia Terra (Andrews-Hanna et al., 2007), specifically during the 

Noachian-Hesperian. Thus, the studied area seems to represent a good candidate site to 

allow similar cracking mechanism as seen in Botswana. However, it is hard to explain 

preservation of desiccation cracks in the studied inverted channel samples, (e.g., Piscinas 

Serpentes, Cantabras Dorsum) which have been buried by 100s of metres of younger 

sediments (Hynek & Achille, 2017) and later undergone tens of meters of erosion (Balme, 

et al., 2020).  

On the other hand, I cannot fully exclude this formational mechanism for all the 

other areas (chapter 5, regional survey, section 5.4) which exhibit the same cracking 

pattern and have not been buried by the etched units (e.g., polygons within valleys, Fig. 

5.26b, 5.28b, metre-scale polygons in Mawrth Dorsa). Based on terrestrial studies, 

hexagonal crack patterns (angles between cracks at a vertex are near 120°), could occur in 

layers a few metres thick only if the cracking undergoes many opening cycles and 

advances by many intermittent steps (e.g., Goehring, 2013). Hence, to justify such putative 

desiccation cracking into 20-60 m of vertical thickness of sediments (e.g., Arago Dorsa), 

cycles (possibly seasonal) of deposition of sediments, evaporation of shallow water and 

cracking from each cycle, would have had to occur repeatedly while the fluvial system was 

active.  

6.4.4 Desiccation, hydrofracturing or both? 

I consider it unlikely that only one process could be responsible for the formation of the 

variety of polygons observed here, since none can fully explain all the morphological 

variation, connection, context, hierarchy and spatial or stratigraphical distribution of the 
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recognised polygonal types. However, among all the processes, cycles of surface 

desiccation caused by groundwater evaporation and sub-surface hydrofracturing (by 

groundwater or hydrothermal processes), seems most reasonable for terrains in Arabia 

Terra. Hydraulic fracturing during the burying of sediments is supported by rover evidence 

such as at Yellowknife bay and in the Murray formation in Gale Crater (Caswell & 

Milliken, 2017) where positive relief polygons are interpreted as modification of fractures 

due to groundwater depositing erosional-resistant infills (Kronyak et al., 2019). These 

occurred syn-depositionally or post-depositionally to the surrounding host rock (Kronyak 

et al., 2019). Since all the detailed mapped ridged polygons have the same size, shape and 

trends as the closest fractures, it is likely that fractures were formed or enlarged by 

subsurface hydrofracturing.  

Desiccation explains: (i) the morphology of the polygons, (ii) the distribution and 

spatial correlation with specific units interpreted as floodplains, and the absence of a clear 

polygonal pattern in the more resistant layers interpreted as candidate sandstones bodies in 

the same areas, (iii) the linear correlation with fracture width to polygon size, (v) later vein 

formation by infilling of pre-existing fractures. 

However, desiccation does not explain well some of the fractures which cross unit 

boundaries, and the presence of fractures with similar pattern and morphologies in some 

overburden units (in Piscinas Serpentes) and basal units (Tbu in Cantabras Dorsum), which 

are unlikely to host clays.  

Hydrofracturing explains well: (i) the variety of fractures observed (material with 

different mechanical proprieties respond to the same stresses in different ways), (ii) 

preferred patterns of orientations seen in each site  (Fig. 5.5, 5.11, 5.14, 5.15, 5.18) which 

suggests local differential stresses, (iii) their spatial correlation with the mapped units 

(variation of mechanical proprieties and thicknesses produce variation in  fracturing), (iii) 

as well as the distribution and characteristics of the ridged networks and the vein-like 

systems (flow in units with high permeability interrupted at the boundary with ‘stress 

barriers), and (iv) the transition from fractures to ridges (infilling and cementation).  

In conclusion, several cycles of fluvial deposition, water evaporation and fracturing 

likely occurred within the studied systems in Meridiani Planum and within Arago crater. 

The action of sub-surface hydro-fracturing, which would have filled and cemented 

fractures, seems necessary whether prior desiccation in the area occurred or not (e.g., 

Mawrth Dorsa), to explain the presence of vein-like features and ridged polygons, as well 

as the fracturing in basal or overburden non-fluvial units. Thus, the studied features 
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support regional fluid circulation within the martian crust (Highlands and Arabia Terra) 

and within mechanically different terrains at elevated pressures. This was probably derived 

by perturbation of groundwater systems. Considering the large removal of overburden 

etched units (at least for Meridiani Planum studied systems) and the proximity of fresh 

craters (e.g., Arago Dorsa), I do not exclude that secondary fracturing may have been 

created by a combination of unloading brittle failure (Balme, et al., 2020) and local stress 

caused by impacts (Osinski et al., 2013), but this is much harder to test. 

6.5 Groundwater activity 

6.5.1 Ground water, Polygons and Pitted channels  

Fluids circulation and pervasive water-related activity on Arabia Terra has been widely 

reported (e.g., Andrews-Hanna et al., 2010; Flahaut et al., 2015; Grotzinger et al., 2014; 

Niles et al., 2013; Zabrusky et al., 2012; Palumbo & Head, 2020) and evidence for 

groundwater upwelling in the region is supported by several models and simulations (e.g., 

Andrews-Hanna et al., 2007, 2010). An extended underground fracture network has also 

been proposed to allow both the mobilization and upwelling of subsurface fluids (e.g., 

Pozzobon et al., 2019).  

I speculate that the positive-relief ridged polygonal networks identified in this study 

represent in-filled and then indurated parts of this assumed sub-surface fractured network, 

now mainly exposed at equatorial latitudes (0-30°N) at the border between Arabia Terra 

and the highlands (in Fig. 6.5). The ridged polygonal networks are visible in erosional 

windows formed mainly below the etched units and inverted channel materials, which 

represent candidate barriers for fluid and stress propagations (interrupted veins at the 

bottom of candidate floodplains).  

The timing of groundwater activity is impossible to determine, however, since 

positive-relief polygonal networks are mainly associated with Mid-Noachian units 

(following the mapping of inverted channels in Chapter 3) and below inverted ridges, I 

conclude that this fracture network, and hence the subsurface groundwater circulation, 

formed after the burial of inverted channels by the etched units (also fractured) in 

Meridiani Planum. Since, outside Meridiani, vein-like features have been observed to fill-

in fractures in material related to inverted channels (e.g., Arago Dorsa); it is likely that 

groundwater activity also occurred in other areas after the lithification of fluvial sediments. 

Recent work on mounds in the western part of Arabia Terra suggests the presence 

of pressurized fluid reservoirs at depths of between ∼2.5 and 3.2 km below the surface 
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(Pozzobon et al., 2019). The ridged network or vein like systems observed here, are usually 

found below a few meters to ~60-80 m of fluvial inverted channel deposits. However, the 

depth of water reservoirs could have been changed depending on the slope of Arabia Terra 

(Andrews-Hanna et al., 2007). The strong erosion which affected this region (Golombek et 

al., 2006) has probably exposed features which were deeper in the subsurface, such as the 

inverted channels themselves. This occurs for example in Meridiani, where many inverted 

channels (Chuang & Williams, 2018; Davis et al., 2019; Hynek & Achille, 2017; Williams 

et al., 2017) including three of the studied features, were once covered by Etched units 

(Hynek & Achille, 2017; Zabrusky et al., 2012). These units also present signs of 

indurations (e.g., Hynek & Achille, 2017) linked to groundwater upwelling and 

evaporation (Zabrusky et al., 2012). Thus, I suggest that in the studied areas pressurized 

fluid reservoirs where found at least to depths of ~200 to 1000 metres. This depth is 

consistent with the one inferred for the occurrence of hydrofracturing in Gale crater 

(Caswell & Milliken, 2017). 

Both mapped CTX- and HiRISE- positive relief polygons present irregular shapes 

and near-orthogonal intersections with different orientations. Since they are visible in areas 

relatively close to each other, a common formational mechanism is possible considering 

that both features could represent infilling of fractures (HiRISE-survey) or faults (CTX-

survey) occurring in heterogeneous host rocks (Pascuzzo et al., 2019). Recent analysis of 

some of the large CTX-scale vein samples (white dots in Fig. 6.6), have also favoured 

mineralised veins formed by groundwater circulation (Khuller et al., 2022; Pascuzzo et al., 

2019) rather than volcanic infilling (Khuller et al., 2022), supporting chemical alteration or 

precipitation of minerals in or along pre-existing fractures. 
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Figure 6.6: Distribution of candidate groundwater-influenced features in Arabia Terra. These 
include positive relief margin polygons at different scale and pitted channels. These features look 
strongly aligned in Meridiani Planum and are mainly found in between the highlands and Arabia 
Terra, suggesting a possible topographical and latitude control. 

 

Considering (i) that pitted channels are distributed mainly at the boundary between 

Arabia Terra and the Highlands, and at the same latitudes and in proximity to HiRISE-

scale ridged networks (Fig. 6.5), (ii) the strong analogy between Piscinas Serpentes and 

terrestrial analogues (Williams et al., 2017), and (iii) the small ridges developed within the 

pitted negative relief morphology of Piscinas, I conclude that groundwater influenced the 

formation of both these morphologies. The presence of candidate extended vein-like 

systems within the pitted channels and in the surrounding cratered terrains, but not within 

the inverted relief, suggests: (i) the bedrock allowed subsurface fluid circulation, and (ii) 

the vein network is seen within the pits and so formed after pit collapse, or when the 

conduits were still buried below the etched units. 

6.5.2 What could have caused groundwater circulations and fluid 

movements?  

Both perturbation of groundwater and the consequent flow of subsurface fluids have been 

likely caused by a combination of two main factors: (i) cratering, and (ii) the formation of 
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the Tharsis bulge and volcanic activity (Carr & Head, 2010a). The high density of large 

craters (with diameters between 50-100 km) recorded in Noachian terrains in the highlands 

and Arabia Terra (Segura et al., 2002) would have been sufficient to (i) warm the impact 

sites enough to melt rocks and putative ground ice stored in the subsurface (with 

consequent hydrothermal activity in proximity of the impacts) and (ii) to affect deep 

groundwater movements below the regolith (Abramov & Kring, 2005; Osinski et al., 

2013). The stress caused by the impacts may have created a network of fractures,  

mobilizing the fluids with the possibility to create temporary lakes within the craters  

(Osinski et al., 2013). Furthermore, these impacts would have distributed huge amounts of 

ejecta (about 300 m) planet-wide increasing the porosity of near-surface brecciated 

materials (Segura et al., 2002) which in turn have possibly influenced the storage capacity 

of the aquifers planet-wide (Carr & Head, 2010a). This effect was probably more 

important during the Noachian than Hesperian, as Mars was subject to more intense impact 

cratering events during that period (Segura et al., 2002). 

Similarly, perturbation of aquifers with consequent deep groundwater movements and 

release could have been caused by compressional stress triggered by Tharsis bulge 

formation (e.g., Abramov & Kring, 2005; Dohm et al., 2007) and other putative super-

volcanoes (Fig. 6.5; Michalski & Bleacher, 2013) which would have deformed the crust (as 

testified by the presence of wrinkle ridges and fossae) from Noachian to Early Hesperian 

(Anderson et al., 2008; Carr & Head, 2010a; Dohm et al., 2007; Werner, 2009).  

6.5.3 Could groundwater be the cause of induration for inverted channels? 

Piscinas Serpentes and Catabras Dorsum both appear to have been strongly linked to 

groundwater movements. They were possibly indurated by groundwater action, combined 

with lithification of their alluvial material after burial. The influence of groundwater is 

strongly supported by the similarities of these two systems with terrestrial analogues 

(Williams et al., 2013b; 2017; e.g., Fig. 6.1). This analogy supports cementation as the 

main indurations mechanism for inverted channels, at least in the wider Meridiani Planum 

area where both these systems are. 

The majority of the terrestrial inverted channels I have considered all have in 

common several features, including fluctuations in the water table that dissolve and 

precipitate solutes to indurate the most coarse sediments, tectonic uplift, climate variations 

resulting in alluvial aggradation, and erosion and surface abandonment  (Williams et al., 

2011, 2013b, 2017 2021; Cardenas et al., 2018, 2020; Franchi et al., 2020). I conclude that 

also the majority of the studied martian systems were probably derived from similar multi-
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generational landscapes influenced by base-level changes and groundwater. For example, 

even if the continuous deposition of sediments could have compacted the buried material 

in Arago Dorsa, groundwater upwelling in Arabia Terra could have filled the crater 

(Andrews-Hanna et al., 2010) cementing only some of the layers in the fan structure. This 

agrees also with observations made on some inverted channels in Arabia Terra, using 

THEMIS images, which disfavour clast armouring as an induration agent in favour of 

groundwater cementation (Williams et al., 2018). 

I do not exclude that groundwater was always the dominant process affecting 

induration mechanism in Arabia Terra. For example, Mawrth Dorsa was possibly filled by 

intrinsically more resistant material. However, groundwater cementation (possibly by 

sulphate precipitation) explains the preservation of so many inverted channels, and also 

their location within topographic areas where groundwater upwelling and evaporation has 

been predicted (e.g., Andrews-Hanna et al., 2010).  

6.6 Synthesis of aqueous activity in Arabia Terra 

Chapter 3 showed that the current regional distribution of channels exposed by inverted 

relief, pitted channels, fine-scale valleys and the valley networks is consistent with a single 

aqueous story, (Fig. 3.38) in which the fine scale valleys represent a link between the 

valley networks and the northern lowlands. The estimated time for the formation of valley 

networks at the Noachian-Hesperian boundary (∼3.8–3.6 Gyr; Hynek et al., 2010) is in 

line with the estimated formation time for alluvial deposits now represented by inverted 

relief (Mid-Noachian Early-Hesperian in this study; Mid-Late Noachian in Balme et al., 

2020). Several estimations of the time of fluvial activity on both valley networks (Hoke et 

al., 2011; Hynek et al., 2010) and inverted relief (Balme et al., 2020; Davis, 2017; Davis et 

al., 2019; Kite et al., 2013; this study) agree with the timeframe for fluvial activity 

estimated in this study, as well as other water-related features such as Eberswalde delta 

(Irwin et al., 2015). Hence, results from different geomorphological studies (Balme et al., 

2020; Davis, 2017; Hynek et al., 2010; Irwin et al., 2015; Kite et al., 2013) agree in 

considering liquid water on Mars (including Arabia Terra) present on the surface for at 

least 104-106 years. Since fluvial erosion and deposition occurred at the same time, it is not 

surprising that also the majority of the terrains with spectral evidence for aqueous 

alteration (Le Deit et al., 2012; Ehlmann & Edwards, 2014; Poulet et al., 2005, 2007) are 

Noachian in age.  

Additionally, the distribution and relationships (transition from a morphology to 

another) suggest both local and regional transitions between erosional areas, transfer zones 
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and depositional areas are consistent with the overall topography. Specifically, high-

elevation erosional areas are mainly carved by valley networks at low to mid latitudes 

(Hynek et al., 2010). Downslope areas represent transfer zones where fluvial-derived 

material (now expressed by inverted relief) began to be deposited. Finally depositional 

areas such as Meridiani Planum (at regional scale) or local basins such as large craters, are 

found in flat open sites.  

Thus, formation timeframe, distribution of features, and morphological transition suggest 

that both fluvial erosion and alluvial deposition in Arabia Terra have been mainly driven 

by the valley networks' flows, starting from the southern cratered Noachian-aged 

highlands. 

I now consider both the features reported in this study and other available database 

of water-related features (Fig. 6.7) including (i) deltas (Di Achille & Hynek, 2010), (ii) 

valley networks (Hynek et al., 2010), (iii) alluvial fans within craters (Wilson et al., 2021), 

(iv) candidate veins from groundwater circulations (Khuller et al., 2022), (v) both inverted 

and pitted channels and (iv) Arabia Terra shorelines (Dickeson & Davis, 2020).  

The distribution of valley networks, inverted channels and some alluvial fans at the 

border with Arabia, are consistent with (but do not prove) a shoreline interpretation for 

Arabia Terra shoreline (Clifford et al., 2001) at the boundary with the northern lowlands. 

This is in agreement with the interpretation reported in Chapter 3 (Fig. 3.41), where the 

boundary of the Arabia Terra-lowlands represents a final depositional area for material 

transported by fluvial action. This configuration is strongly in line with terrestrial  systems 

(Hohensinner et al., 2018) supported by an active hydrological cycle. 

Looking at the other martian ocean putative shorelines (Dickeson & Davis, 2020) 

there is no clear agreement with the distribution of water-related features. Considering the 

‘plan view complexity’  inverted channel classification alone, though, shows an interesting 

pattern (Fig. 6.8a). These types of inverted structure (many interpreted in this thesis to 

indicate fluvial aggradation), are mainly located where shorelines in Meridiani and Arabia 

Terra have been suggested (Fig. 6.8).  

Whilst these observations have not been investigated further in this thesis, if base 

level changes of a putative northern ocean occurred in line with the proposed shorelines, 

extensive fine-grained sediments deposited in a shallow ocean floor, or extensive flood 

deposits (representing the growth and retreat of a northern ocean controlling deposition 

within upstream fluvial systems), should be present (Carr & Head, 2003) at the 
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downstream part of valleys, similarly to what observed in  Fig. 6.8b (which might still 

represent alluvial material).   

In the detailed studies in Meridiani Planum, I did not observe such deposits above 

the studied systems. However, a depositional-erosional hiatus was observed between the 

etched units and the studied systems in Meridiani Planum (in line with other areas, e.g., 

Davis, 2016, 2017), where high erosional rates have been estimated (50-300 nm/Yr). This 

suggests that whatever sediments were covering the inverted channels prior to etched units 

emplacement in the area, they have probably now been removed.  

 

Figure 6.7: Regional view of all the features linked to martian water in the studied areas. The 
putative shorelines in the map are from Dickeson & Davis, (2020), specific references are reported 
in the legend. From the image it is clear how Arabia Terra and the proximal areas have been 
strongly shaped by water and groundwater circulation.  
 

The boundary between the alluvial deposits and the etched units is dated about 

Late-Noachian (Davis, 2017; Davis et al., 2019), when topographic changes and crustal 

deformation in Arabia Terra was induced by the Tharsis bulge (and associated with 

approximately 20° of True Polar Wander; Citron et al., 2018 model). These and possible 

variation in orbital cycles, and their effects on climate, could have been enough for base-

level changes to occur (e.g., Laskar et al., 2004) side by side with the valley networks 
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evolution and their downstream aggradation fluvial systems in the Late Noachian (Davis, 

2017).  

Thus, if changes in elevation occurred in line with the Meridiani shorelines, their signs 

may be recorded either in the valley-confined multi-level inverted channels or those in the 

downstream parts of valleys (e.g., Fig. 6.8a). Further studies focused on these specific 

boundaries may detect evidence of water level changes with a major impact on the debate 

of a northern martian ocean.  

Irrespective of any events that occurred during the period represented by the 

erosional hiatus, secondary aqueous events (e.g., Williams et al., 2017) occurred to form 

pitted channels and resistant veins, after alluvial deposition. My observations show that 

subsurface candidate vein networks are widespread in the border between the highlands 

and Arabia Terra. Thus, deep groundwater upwelling and circulations could have flowed 

flow long distances in the subsurface (Andrews-Hanna & Lewis, 2011). Based on 

distribution of both pitted channels and candidate vein networks (Fig. 6.7), the 

groundwater upwelling seems sourced from the highlands and controlled by regional 

topography all the way to Meridiani Planum, as proposed by simulations (e.g., Andrews-

Hanna & Lewis, 2011). 

Seasonal variation of groundwater upwelling and consequent evaporations 

proposed by models (e.g., Andrews-Hanna et al., 2007) are also supported by candidate 

hydrofractures and candidate desiccation cracks (section 6.4.4). Evidence reported here 

suggests that the fracture infilling occurred after the induration of the studied inverted 

channels, therefore in agreement with perturbations in the hydrological landscape after the 

fluvial deposition. Tharsis‐induced volcano-tectonism, and bulge during the Noachian 

(Carr & Head, 2009) is the main candidate for perturbation of the groundwater reservoirs 

and consequent upwelling, since it also justify the disagreement between slope and 

sinuosity of the studied inverted samples. 

The reduction in valley size (fine-scale valleys) is also in agreement with a 

decrease in both water and sediment supplies, but to define a specific time frame is hard. 

Future crater counting analysis may help to constrain if the observed change and the 

hydrological transition (surface water- groundwater upwelling) occur at the boundary 

Noachian-Hesperian where variation in climate has been proposed (e.g., Carr & Head, 

2009). 
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Figure 6.8: a- Trend between the Planimetric view complexity and the Meridiani shoreline 
proposed by Clifford et al 2001. b- Example of parallel channels in CTX Mosaic (7.53°N, 26.34°E) 
found at the downstream part of a wider valley network. The overall area looks similar to a 
Transfer zone- gentle slope and moderate or low values of sinuosity- where erosion decrease and 
deposition beginnings. 
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6.7 Implications for Mars’ ancient climate  

One of the main arguments against a warmer and wetter climate for early Mars, was the 

absence of valley networks in Arabia Terra region, since some climate models predict 

precipitation and valley formation in the area for warm, wet conditions (Wordsworth et al., 

2015). However, this study has shown the presence of negative relief (fine-scale valleys) 

occurring across the region (Fig. 3.38), as well as evidence for long-term (104-107 years) 

fluvial aggradation and migration within wider paleo-valleys (e.g., Cantabras Dorsum) or 

open basins (e.g., Arago crater) at different distances from valley networks. This supports 

extended fluvial deposition in the region with sustained and widespread fluvial activity 

which cannot be justified by limited episodic melting (e.g., Wordsworth et al., 2015), but 

requires a more stable climate to allow precipitation and repeated refilling of ground water 

reservoirs. The networks of light-toned widespread candidate groundwater mineralised 

veins also suggest pressured fluid circulations from deep reservoirs in the subsurface. 

Additionally, the regional presence of inverted channels in what appear to be 

transfer and deposition areas mainly controlled by the topography is a direct analogue to 

terrestrial river systems (Hohensinner et al., 2018), and consistent with warmer and wetter 

equatorial ancient environments. 

The high estimated erosional rates of the studied inverted channels (Table 6.2) and 

etched units (~3000nm/yr; Zabrusky et al., 2012), suggest a sustained erosion occurring 

between Noachian-Hesperian that could be justified by a thicker atmosphere (than the 

current one), and which potentially sustained the precipitation and warming needed for an 

active hydrological cycle (with additional water erosion) that could have further enhanced 

erosion rates.  

The relative lower erosion rates recorded for Piscinas Serpentes (Table 6.2), 

presence of fine-scale valleys (smaller compared to valley networks), and erosional 

unconformities between inverted relief and etched units, are consistent with a decrease in 

surface water activity over time and temporary hiatuses in deposition accompanied by 

erosion of deposits already proposed for Arabia Terra (e.g., Grotzinger et al., 2005). These 

are in agreement with an overall long-term change in the hydrologic or climatic 

environment.  

In conclusion, evidence of widespread valley networks with deposition of Mid-Late 

Noachian fluvial material (over 549-1591 km3 just in currently visible inverted channel-

related deposits), and the many aggradational fluvial systems seen in Arabia Terra, suggest 

the past action of abundant near-surface and subsurface water, and hence precipitation in 
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the region. This is more in line with a warm and wet climate for early Mars. The 

progressive reduction in water-related activity (reduction in valley size, relatively lower 

water activity in Piscinas Serpentes), followed by high erosion rates (300 nm/yr), and 

widespread groundwater flows, support climatic variations in the geological record of 

Arabia Terra. 
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Chapter 7: Conclusions and Future work   

7.1 Conclusions 

Here, I summarise the key results from this thesis. I have divided the conclusions into six 

main themes: (i) Regional trends of fluvial erosion and deposition, (ii) Morphological and 

morphometric interpretations from high-resolution geological mapping, (iii) The formation 

and exhumation processes in the development of inverted fluvial systems, (iv) The origin 

of polygonal terrains, (v) The role of groundwater in the evolution of the polygonal terrains 

and pitted channels, (iv) Implications for the Noachian climate. 

7.1.1 The utility and results from the classification scheme  

I developed a new classification framework (Chapters 2-3; Fig. 7.1; Tab. 7.1) and applied 

it to 757 inverted channel systems identified in Arabia Terra. The classification has 

allowed me to: 

 Perform regional (from~30° S to ~50° N in latitude) and local (Meridiani Planum) 

studies on the distribution and variation of inverted channel morphology. 

 Identify the most frequent co-associated morphologies to evaluate the erosional 

evolution of inverted channels through evaluating dependences found in correlation 

between morphological parameters. 

 Explore the link between sinuosity and slope variations over the whole populations 

of channels in Arabia Terra. 

I have also explored the context of the inverted channel network by analysing the 

relationships between positive relief (inverted channels) and negative relief (valleys and 

pitted channels), and I compared remote sensing data of martian inverted relief with 

terrestrial river system frameworks and patterns to constrain the most plausible 

environmental controls on inverted channel formation on Mars in the Noachain. 

From the regional survey more aggradational systems than expected were found 

and they are predominantly seen within terraced flat-bottomed valley networks, within 

other basins and topographical lows in Arabia Terra and North of the southern highlands. 

The characteristics support an evolutionary development in line with multiple stages of 

deposition comparable to terrestrial valley-confined aggradational floodplains sequences at 

the boundary of the ‘transfer’ and ‘depositional’ zones. 
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Figure 7.1: Presentation of the final morphological framework to classify inverted channels with  
values of sinuosity and slope included. Values of sinuosity and slopes refer to this study only, but 
are reported to provide an easier comparison for future studies on martian inverted channels in 
other areas on Mars. 
 

The deposition of fluvial material was a significant component of the paleo-

drainage system (now preserved as inverted relief). I identified 39 large inverted channel 

networks, now discontinuous, that would have been previously continuous. This 

demonstrates long-distance transport of water and sediments across the region. 

Negative relief valleys containing inverted channel deposits are a common feature 

across Arabia Terra, proving that this region has been strongly influenced by fluvial 

activity and deposition, not just erosion. The position of valley networks in the highlands, 

the inverted channels in Arabia Terra, short valleys and deltas at the boundary with the 

lowlands support fluvial system draining towards Arabia Terra shorelines (e.g., Webb, 

2004) and the concept of a northern ocean in Mars’ ancient past. 

I identified 113 examples which show transitions between long lived-valley 

networks, shorter lived narrower valleys, inverted relief, and pitted channels. The 

morphological transition represents a variation from areas driven by water erosion 

(valleys), to deposition (inverted channels), and possible consequent reactivation of 

partially buried conduits by groundwater (pitted morphology, Williams et al., 2017). The 

transition between pitted to inverted channels is mainly recorded at the boundary of Arabia 

Terra and the southern highlands, a topographical control (possibly due to levels of 

groundwater upwelling) is likely.  
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Table 7.1: Summary of the classification parameters and their interpretation. 
Group Class Interpretation 

Primary Planimetric 

morphology: 

Network shapes 

Single channels 
Isolated fluvial channel products which were possibly part of wider 

networks. 

Networked channels Inverted relief which preserved part of the tributary channel deposits 

Primary Planimetric 

morphology: 

Planview complexity 

Multi-level 
Candidate channel belts and aggrading channels that express multiple 

or prolonged fluvial deposition events. 

Anabranched Candidate aggrading channel fills. 

Parallel 
Expression of fluvial deposition occurring at slope breaks or tributary 

channel fills. 

Linear 

Smaller indurated or cemented ridges (possible cemented aeolian 

features, or large veins) within very fine-scale valleys, or smaller-scale 

channel fills which migrated within fine-scale valleys. 

Cross section 

Negative relief 

Valley networks: Long-lived fluvial valleys which represent the 

primary source of water and sediments which fed the studied inverted 

channels. 

Fine-scale valleys: Primary pathways for liquid water and sediments 

at a smaller scale compared to Valley networks. 

Pitted channels: Expression of voids and collapses caused by 

groundwater fluctuations within buried fluvial pathways. 

Distinct ridges 

Expression of the advancement of secondary differential erosion acting 

on an exhumed inverted channel. The less modified shape is expressed 

by the Rectangular cross-section. 

Complex ridges 

Valley-bottom ridge: Inverted channel fills preserved within valleys. 

Dual ridges: Evidence of lateral and vertical migration of paleo-

channels. 

Trace ridges: Inverted channels which are not fully exhumed. 

Inverted borders 
Expression of differential erosion acting on an exhumed inverted 

channel of which resistant material is found at the borders of the ridge. 

Upper surface 

Smooth Less modified upper surface. 

Rugged Modified upper surface after removal of overburden units. 

Cratered Modified upper surface caused by random impacts. 

Polygonised 
Evidence of lithification and brittle response to stress, or exposure of 

less resistant material enriched with clays. 

 

7.1.2 Interpretations from high resolution geological mapping 

I completed morphostratigraphic mapping (scale of 1:10.000) exploring four 

morphologically distinct inverted channel systems (Cantabras Dorsum, Piscinas Serpentes, 

Arago Dorsa and the informally named ‘Mawrth Dorsa’). The mapping allowed me to: 

 Explore in detail the characteristics of inverted channel defined in the CTX 

classification framework. 
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 Constrain the formational and depositional processes occurring for martian 

inverted channels that now express very different morphologies, through 

comparisons with terrestrial analogue databases of inverted channels (e.g., Zaki 

et al., 2021). 

 Obtained precise measurements of ridge length, width and vertical thicknesses 

of martian inverted channels, and hence to estimate the volume of alluvial 

sediments and the time scale of these ancient martian river systems. 

My mapping links the variety of inverted forms in Arabia Terra to different 

formational processes including: a relict fluvial fan (Arago Dorsa), a complex stack of 

sediments developed from an avulsed channel within a wider alluvial valley (Cantabras 

Dorsum), and as channel fills for which evidence of aggradation has not been recognised 

(Piscinas Serpentes). By analogy with terrestrial analogues, resistant layers in the systems 

are thought to represent coarser fluvial facies cemented and indurated by groundwater 

fluctuations (syn or post fluvial activity). In the specific case of the two systems in 

Meridiani Planum, the inversion of relief occurred before the deposition of the Mid-Late 

Noachian ‘etched units’, suggesting a complex story of deposition, burial and erosion for 

the fluvial systems around Meridiani Planum. Furthermore, Mawrth Dorsa testifies that 

inverted channels formed due to infilling or covering by exogenic material as well as by 

induration of fluvial channel fill. Contextual analysis is important for correct 

interpretations. 

Morphometric comparison of martian inverted channels with terrestrial analogue 

ridges show a wide range of width and vertical thicknesses regardless of induration 

mechanism or type of inversion (deposit vs. landscape). Hence, formational and 

development mechanisms cannot be identified from morphometric data alone. Again, 

considering the context of the studied feature is vital. However, a key conclusion is that 

systems I inferred to be aggradational are thicker and larger compared to others which 

other evidence suggests formed as channel fills. 

Comparison between the mapped systems showed that layering structures, resistant 

layers, polygonal shapes and rectangular cross sections are recurring features of inverted 

channels systems and represent key observations to discriminate them from other ridge or 

land forms on Mars (e.g., eskers or lava tubes).  
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7.1.3 The exhumation of fluvial channel bodies: the evolution of the ridge 

The morphological results of degradation of inverted channels were studied for the first 

time using my classification scheme. I conclude that, beginning from a primary rectangular 

shape, ridges evolve and are further modified by the combination of the distribution of 

resistant layers within them and external variations in differential erosion (in line with 

previous interpretations, Williams et al., 2013b). The combination of different fluvial 

deposition styles (caused by variation in regional and local topographic setting) and 

erosion creates a wide variety of ridge morphologies for martian inverted channels. 

Approximate erosional rates calculated for ridges surrounding materials in Meridiani 

Planum (chapter 6) range between 50-300 nm/Yr suggesting: (i) a rapid removal of 

sediments prior to the deposition of etched units (in line with prior studies such as Davis et 

al., 2016, 2019) and (ii) the presence of an atmosphere thick enough to likely support 

fluvial activity in the Mid-Noachian and sustained aeolian erosion in Late Noachian. 

7.1.4 Polygonally patterned ground 

My study of polygonally patterned ground building on observations made for Aram 

Dorsum (Balme, et al., 2020) and extended it to the wider Arabia Terra region. The 

analysis allowed me to: 

 Produce a new-GIS database showing the position of different types of polygons 

across Arabia Terra. 

 Study polygonal patterns, morphometry and their relationship with mapped units. 

 Identify both local and regional trends in polygonal terrains and to compare them 

with the inferred stratigraphy.  

Detailed studies of the polygonal patterned ground associated with the four mapped 

systems, revealed that the different polygon types are consistently associated with different 

geomorphological units. Polygon size (fracture width and polygon diameter) appears to 

scale positively with the units’ thicknesses, as also observed in terrestrial settings (e.g., 

Philipp et al., 2013; Zeng et al., 2019). The observed spatial and stratigraphical distribution 

of the reported variety of polygons is complicated, differing from the Aram Dorsum study 

case with only Cantabras Dorsum presenting comparable distribution of morphologies and 

stratigraphic relationships. Hence, local stress, geological setting and similarity in 

lithologies are likely the strongest influences on the type and shape of polygonal networks. 

My regional polygon survey showed that fracture polygonal terrains occur in 61% 

of the analysed images of inverted channels. They are present regionally in fluvial-related 
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deposits (e.g., inverted channels ridges, valley floors, candidate alluvial fans, remains of 

floodplains). Martian fluvial facies (mudstone, siltstone, sandstone) are therefore likely to 

be those associated with fractured polygonal terrains. 

The presence of widespread irregular orthogonal fractures suggests that multiple 

events of fracturing propagation occurred in the fluvial facies after their deposition. Two 

processes seem the most likely to explain the polygonal observed associated with inverted 

channel deposits (i) repetitive desiccation cycles acting mainly on floodplains and (ii) a 

combination of un-loading (due to erosion) and sub-surface hydrofracturing acting on 

some layers more than others. 

7.1.5 The role of groundwater in the evolution of the inverted channels 

Evidence for regional fluid circulation is supported by the discovery of extensive networks 

of positive-relief ridge polygons. The ridges present similar trends, patterns and polygon 

diameters to nearby fracture polygons and where present at the same stratigraphical level, 

they may in-fill and transition into them. The positive-relief ridge polygons probably 

represent in-filled, indurated mineralised veins that formed in pre-existing fractures. The 

ridge polygons often seem to terminate at the boundary with candidate floodplains unit so 

could indicate ‘stress barriers’, with grain size-controlled permeability gradients affecting 

fluid flow below the inverted channel terrains.  

The timing and depth of groundwater activity and fracturing are impossible to 

precisely determine. However, some constraints based on the detailed mapping include: (i) 

positive-relief and fracture polygonal networks being mainly associated with Mid-

Noachian units, and (ii) that fractures are observed in the lower part of the younger 

member of etched units that are similar to those found in the inverted channel deposits they 

bury (the etched units are Late Noachian-Early Hesperian). I conclude that pressurized 

subsurface groundwater circulation occurred after the burial of inverted channels by the 

etched units at the end of the late Noachian or the beginning of the Hesperian at depths of 

~200 to 1000 m (estimated thickness of etched units). 

Groundwater fluctuations seem also to be involved in the development and 

preservation of both Cantabras Dorsum and Piscinas Serpentes morphologies (chapter 6). 

Groundwater cementation explains the preservation of so many inverted channels, as well 

as their  location within topographic areas where groundwater upwelling and evaporation 

has been predicted (e.g., Andrews-Hanna et al., 2010). If this cementation is responsible 

for the majority of the preserved inverted channels, such fluctuations and consequent 
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induration should have occurred prior the formation of the etched units (depositional-

erosional hiatus), which provides a key regional stratigraphic marker.   

7.1.6 Climate implications 

My calculations estimate a minimum volume range of 549-1591 km3 of alluvial sediments 

still preserved as inverted relief in the studied area (Fig. 7.2). These were deposited by 

long-lived fluvial systems in the Mid-Late Noachian, each probably active for 104-106 

years. The widespread fluvial deposition suggests accordingly a widespread source of 

water across Arabia Terra (better explained with precipitations). Furthermore, extensive 

fluvial dissection developed mainly at the end of Noachian (supported by the presence and 

transition of valley networks, inverted channels, pitted channels, and fine-scale valleys) is 

consistent with higher erosion rates (due to fluvial erosion) estimated for this period (e.g., 

Golombek & Bridges, 2000; Hynek et al., 2010). The pattern and distribution of (often) 

aggrading fluvial systems in transitional or depositional zones are in line with stable 

terrestrial active rivers. Both the long-lived fluvial activity and the higher erosion rates are 

better supported by the presence of a thicker atmosphere during the Mid-Late Noachian.  

Thus, evidence in this work favors the concept of an ancient stable (probably at least for 

millions of years) martian hydrological scenario with aquifers recharged by rainfall and 

widespread precipitation that would allow fluvial activity and deposition on the surface of 

Mars. This is more similar to a “warm and wet” early Mars climate than by highlands 

snow/ice accumulation and occasional melt predicted by the “icy-highland” models (e.g., 

Wordsworth et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure 7.2: Modified log (from Chapter 2
erosional-depositional hiatus, and period of groundwater upwelling and fracturing reported in this 
thesis. 
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7.2 Future work  

The work presented in this thesis has inspired new questions and opened up new areas of 

future investigation. These include: 

Detailed investigation into pitted channels. Pitted channels are newly recognized 

represent features on Mars (first detected by Williams et al., 2017), and they seem strongly 

related with groundwater movements. No spectral studies, nor numerical or laboratory 

simulations have been done/reported to test this. However, exploring the processes that 

form pitted channels could provide a deeper understanding into deep groundwater 

chemistry and upwelling on Mars. Meridiani Planum hosts the majority of pitted channels 

but dust coverage here is severe. My study finds this pitted channel morphology also in 

other areas, and within valley networks, so these could be ideal targets for in depth 

investigation. The samples found within valley networks could have recorded variation and 

fluctuation of groundwater upwelling in the valley and may represent the best targets. 

 

Multispectral and hyperspectral remote sensing analysis of fractured terrains and 

ridged polygonal networks. The newly recognised fracture and positive-relief polygons 

seem strongly influenced by the presence of floodplains and alluvial material. No 

widespread and systematic analysis on the spectral characteristics of these terrains has been 

reported, but Fe/Mg-smectites have been found in association with other polygonally-

fractured deposits (Mandon et al., 2021; Marzo et al., 2009; Newsom et al., 2010). Similar 

detections would strongly support the interpretations provided in this thesis and would be 

beneficial for understanding of aqueous martian settings. The spectral survey could be 

performed with the available CRISM images (Murchie et al., 2007) which have suitably 

high resolution to distinguish the studied terrains and features. Since this dataset tend to be 

noisy in Meridiani Planum, the polygonal terrains identified at the border with the 

highlands, represent a better target. In absence of spectral data, some idea of grainsize or 

lithologies could perhaps still be evaluated using nighttime and daytime THEMIS images 

(Christensen et al., 2004), similarly to what has been done for  CTX-scale candidate 

groundwater mineralised vein features (Khuller et al., 2022). Analysis with the same 

datasets on ridged polygonal networks could provide a good comparison with this wider-

scale vein families and improve the regional understanding of groundwater activity across 

the highlands. 
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Detailed crater counting of geological units to constrain the ages of terrains 

containing inverted channels in Arabia Terra. Mid-Noachian ages for the studied 

inverted channels have been inferred in this and other studies (Chuang & Williams, 2018; 

Davis et al., 2016, 2019) using the current available geological maps of Mars (Tanaka et 

al., 2014b), and Meridiani Planum (Hynek & Achille, 2017). However, the scale of 

observations and the resolution of the datasets used to build up the geological maps are far 

from the scale of observation used to study inverted channels. Furthermore, the detailed 

mapping has revealed some inconsistencies with the boundaries of the mapped units. Thus, 

more detailed regional maps using images with higher resolution seem necessary to 

advance our understanding. Estimation of more precise age of terrains and units related 

with inverted channel features (emplacement ages vs. exposure ages) would be beneficial 

for a better understanding of fluvial deposition in Arabia Terra and the whole martian 

geological history. For reliable impact crater size frequency statistics, mapped unit within 

inverted channels candidates should cover at least 1000 km2 (Warner et al., 2015), so this 

might be a challenge for all but the largest examples. 

 

More detailed sediment volume calculations. Detailed high-resolution studies and 

mapping of inverted channels have allowed me to constrain information about the fluvial 

settings and amount of material deposited. Therefore, further HiRISE-detailed mapping 

and DEM analysisis a promising area of future investigation. This would benefit the 

overall picture of their formation, indurations agents and more precise volume estimations 

of the alluvial material in the region. 

 

Deeper morphological studies on Meridiani shorelines and base-level changes in 

Arabia Terra. The main proposed transfer zone at the boundary Arabia Terra-Highlands 

defined by the distribution of aggrading inverted channel systems, has revealed an 

interesting match to proposed shorelines in Meridiani (summaried in Dickeson & Davis, 

2020). This observation has not been further investigated in this thesis but could be taken 

forward with more detailed studies. Evidence of base level changes, possibly induced by 

Tharsis bulge or variation in orbital cycles (e.g., Laskar et al., 2004), might be recorded 

and observable by detailed studies, especially in the aggrading systems found at the 

downstream parts of the valley networks. The presence or absence of evidence of base 

level changes could have a major impact on debates about the former presence or absence 

of a northern martian ocean.  
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Appendix 1: List of CTX images used in this study 

 
CTX ids CTX ids 

b01_009891_1865_xn_06n322w b18_016512_1904_xi_10n003w 
b01_009905_1800_xn_00s344w b18_016629_2112_xi_31n320w 
b01_010076_2025_xi_22n335w b18_016631_1771_xn_02s008w 
b01_010089_1875_xi_07n328w b18_016656_1880_xn_08n334w 
b01_010101_2053_xn_25n298w b18_016670_1954_xn_15n357w 
b01_010207_2051_xi_25n311w b18_016710_1843_xn_04n007w 
b02_010273_2121_xi_32n315w b18_016748_1887_xn_08n326w 
b02_010313_1862_xi_06n323w b18_016761_2065_xn_26n323w 
b02_010366_1863_xn_06n330w b18_016762_2032_xn_23n350w 
b02_010379_1846_xn_04n325w b18_016774_2122_xn_32n319w 
b02_010446_1920_xi_12n355w b19_016894_1930_xn_13n352w 
b02_010473_1885_xi_08n012w b19_017012_1877_xn_07n333w 
b02_010486_1920_xn_12n007w b19_017066_1872_xn_07n008w 
b03_010657_1927_xi_12n356w b19_017143_1957_xn_15n311w 
b03_010669_1880_xi_08n323w b20_017435_1902_xn_10n002w 
b03_010684_1893_xi_09n012w b20_017488_1856_xn_05n009w 
b03_010697_1875_xi_07n007w b21_017749_1976_xn_17n296w 
b03_010722_1863_xn_06n330w b21_017934_2024_xn_22n306w 
b03_010880_2023_xn_22n326w b22_018345_1915_xn_11n007w 
b05_011409_1837_xi_03n006w d01_027416_2037_xn_23n337w 
b05_011500_1863_xn_06n330w d01_027443_2024_xn_22n353w 
b05_011541_1944_xi_14n011w d01_027522_1856_xi_05n346w 
b05_011658_1876_xn_07n324w d02_027943_2057_xn_25n322w 
b05_011686_1902_xn_10n009w d02_028101_1909_xi_10n312w 
b06_011843_1988_xi_18n336w d02_028127_1965_xn_16n304w 
b06_011963_1921_xi_12n012w d04_028590_1846_xi_04n342w 
b07_012266_1902_xn_10n003w d04_028591_1864_xi_06n010w 
b07_012306_1916_xn_11n016w d04_028867_1856_xi_05n346w 
b07_012411_1907_xi_10n002w d04_028905_2161_xi_36n304w 
b09_013031_1838_xn_03n008w d04_028920_1813_xi_01n352w 
b10_013532_1835_xn_03n006w d04_028972_1875_xi_07n333w 
b10_013611_1894_xn_09n004w d05_028973_1981_xn_18n000w 
b10_013675_2007_xi_20n313w d05_028986_1813_xi_01n352w 
b11_013741_2013_xi_21n314w d06_029421_1841_xi_04n349w 
b11_013821_1959_xn_15n338w d06_029698_1813_xi_01n352w 
b11_013861_2069_xi_26n352w d07_030107_1916_xi_11n000w 
b12_014321_2095_xn_29n310w d07_030120_1810_xi_01n356w 
b16_015932_1884_xn_08n008w d08_030226_1914_xi_11n008w 
b16_015970_2133_xn_33n329w d10_030923_1965_xi_16n317w 
b16_016075_2091_xn_29n314w d10_030951_1903_xi_10n005w 
b17_016143_1909_xi_10n008w d10_031134_2086_xn_28n322w 
b17_016194_2117_xn_31n324w d12_031886_2012_xn_21n332w 
b17_016288_1919_xn_11n008w d13_032190_1843_xi_04n347w 
b17_016326_1833_xn_03n324w d13_032467_2019_xn_21n354w 
b17_016327_1864_xn_06n352w d15_033072_1950_xn_15n311w 
b17_016354_1963_xn_16n010w d16_033375_2073_xi_27n308w 
b17_016406_2000_xn_20n350w d16_033404_1999_xn_19n017w 
b17_016471_1890_xn_09n324w d16_033428_1994_xi_19n309w 
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CTX ids CTX ids 
d16_033574_2002_xn_20n338w f09_039428_2041_xn_24n307w 
d17_033771_1915_xi_11n313w f09_039481_2002_xn_20n312w 
d17_033969_1837_xn_03n319w f12_040352_1934_xi_13n328w 
d18_034220_2059_xn_25n335w f13_040959_1962_xi_16n344w 
d18_034285_2129_xn_32n310w f17_042357_1864_xi_06n349w 
d18_034338_1968_xn_16n315w f17_042555_1843_xi_04n358w 
d18_034340_1872_xi_07n010w f18_042699_1978_xi_17n331w 
d18_034404_2025_xn_22n318w f18_042872_1879_xn_07n012w 
d19_034484_1943_xi_14n339w f19_043095_2059_xi_25n342w 
d19_034787_2049_xi_24n335w f21_043833_2040_xi_24n327w 
d19_034827_1861_xn_06n345w f21_043887_1844_xi_04n359w 
d20_034919_1942_xi_14n339w f21_044003_2084_xn_28n291w 
d20_035077_2045_xi_24n334w f23_044955_1919_xi_11n359w 
d21_035260_2111_xn_31n290w g02_019096_1815_xn_01n350w 
d21_035288_2052_xi_25n334w g04_019611_1929_xn_12n011w 
d21_035301_1961_xn_16n328w g04_019622_2034_xn_23n313w 
d21_035459_2131_xn_33n323w g04_019662_2092_xn_29n326w 
d21_035499_1880_xn_08n332w g04_019663_1819_xn_01n349w 
d21_035579_2036_xn_23n358w g04_019716_1916_xn_11n357w 
d22_035617_1911_xn_11n314w g04_019807_2075_xn_27n324w 
d22_035815_2083_xn_28n322w g04_019874_1793_xn_00s350w 
d22_035829_1950_xn_15n342w g04_019899_2026_xn_22n315w 
d22_035961_1826_xn_02n344w g04_019978_2057_xi_25n312w 
f01_036067_1987_xn_18n000w g05_019991_2056_xn_25n307w 
f01_036198_2045_xn_24n336w g05_020189_2057_xi_25n312w 
f01_036317_1997_xn_19n344w g05_020216_2093_xn_29n330w 
f01_036329_1996_xn_19n312w g05_020242_2064_xi_26n319w 
f02_036409_2041_xn_24n336w g06_020426_2140_xn_34n304w 
f02_036462_2078_xn_27n343w g06_020466_2002_xi_20n315w 
f02_036515_2026_xn_22n350w g06_020479_2144_xn_34n311w 
f02_036528_1829_xn_02n342w g06_020546_1842_xn_04n337w 
f02_036528_1965_xn_16n344w g06_020652_1793_xn_00s350w 
f02_036607_2065_xn_26n342w g06_020718_2040_xn_24n355w 
f02_036726_1889_xn_08n349w g06_020730_2115_xn_31n324w 
f03_036806_1990_xn_19n017w g06_020757_1847_xn_04n337w 
f03_036832_1891_xi_09n005w g07_020875_2045_xn_24n321w 
f03_036872_2006_xn_20n017w g07_020954_2005_xi_20n317w 
f03_036977_1856_xi_05n002w g08_021508_1999_xn_19n323w 
f03_037069_1902_xi_10n354w g08_021509_1846_xn_04n348w 
f04_037162_1891_xn_09n011w g09_021602_1950_xn_15n008w 
f04_037199_2094_xn_29n306w g09_021694_1924_xi_12n359w 
f04_037227_2083_xi_28n351w g09_021706_1977_xn_17n328w 
f04_037252_2019_xn_21n312w g09_021733_1849_xi_04n346w 
f04_037253_2044_xi_24n339w g09_021773_1941_xi_14n357w 
f04_037451_1828_xi_02n343w g09_021786_1837_xi_03n351w 
f05_037596_1961_xi_16n343w g10_022088_2088_xn_28n319w 
f05_037648_2100_xn_30n324w g11_022406_1919_xi_11n359w 
f05_037768_1885_xi_08n357w g11_022472_1892_xi_09n000w 
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CTX ids CTX ids 
g11_022694_2106_xn_30n304w j05_046932_1903_xi_10n327w 
g12_022973_1916_xi_11n358w j07_047459_1981_xn_18n319w 
g16_024356_1935_xn_13n315w j07_047696_2054_xi_25n311w 
g17_024712_2061_xi_26n316w j08_047777_1985_xn_18n002w 
g17_025015_2129_xn_32n310w j08_047790_1855_xi_05n357w 
g18_025095_2056_xn_25n333w j08_047802_1881_xi_08n325w 
g18_025148_2035_xn_23n340w j08_047948_1942_xi_14n351w 
g18_025266_1940_xn_14n320w j10_048819_1892_xn_09n012w 
g18_025280_1803_xn_00n341w j12_049582_1979_xi_17n325w 
g18_025292_2010_xn_21n311w j13_049805_2031_xi_23n293w 
g18_025346_1938_xn_13n344w j14_050149_1966_xi_16n325w 
g19_025530_2093_xn_29n329w p01_001386_1996_xi_19n322w 
g19_025609_2085_xn_28n326w p02_001821_1958_xn_15n309w 
g19_025622_1945_xn_14n319w p03_002150_2110_xi_31n294w 
g19_025623_1834_xn_03n345w p03_002192_1829_xn_02n356w 
g19_025662_2024_xn_22n332w p04_002522_1879_xi_07n007w 
g19_025674_2055_xn_25n300w p04_002599_1958_xn_15n310w 
g20_025872_1943_xn_14n304w p04_002758_1880_xi_08n329w 
g20_025914_1984_xn_18n011w p05_002889_2089_xn_28n309w 
g20_025940_1890_xi_09n000w p05_002891_1837_xi_03n000w 
g20_026190_1850_xi_05n347w p05_002903_1923_xn_12n329w 
g21_026388_1890_xn_09n351w p05_003089_1890_xn_09n006w 
g21_026453_2074_xn_27n327w p06_003232_2087_xn_28n313w 
g21_026466_1814_xn_01n319w p06_003272_2079_xn_27n325w 
g21_026466_2120_xn_32n323w p06_003338_2078_xn_27n326w 
g21_026467_2033_xn_23n349w p06_003377_2088_xn_28n311w 
g21_026479_1884_xn_08n315w p06_003405_1824_xi_02n353w 
g21_026492_2094_xn_29n313w p06_003470_1931_xi_13n328w 
g21_026532_2041_xn_24n324w p06_003483_2079_xn_27n325w 
g21_026586_1905_xn_10n356w p07_003588_1958_xn_15n310w 
g22_026637_2110_xn_31n311w p07_003602_2078_xi_27n334w 
g22_026703_2094_xn_29n312w p07_003654_2082_xn_28n314w 
g22_026863_1999_xn_19n001w p07_003706_2000_xi_20n294w 
g22_026876_1903_xn_10n353w p07_003799_1961_xn_16n311w 
g22_026980_2042_xn_24n314w p07_003933_1862_xn_06n008w 
g23_027059_2097_xn_29n312w p07_003946_1869_xn_06n003w 
g23_027073_2036_xn_23n333w p08_004089_1995_xn_19n308w 
g23_027363_2093_xn_29n330w p08_004091_1841_xi_04n001w 
j02_045509_1845_xi_04n000w p08_004221_2082_xn_28n313w 
j03_045995_2076_xn_27n310w p11_005382_1973_xi_17n329w 
j03_046047_2097_xn_29n290w p12_005593_2012_xi_21n330w 
j03_046089_1923_xi_12n355w p12_005632_2076_xn_27n315w 
j03_046155_1933_xi_13n356w p12_005726_1854_xi_05n001w 
j04_046206_2057_xi_25n312w p12_005752_2082_xn_28n352w 
j04_046234_1855_xn_05n352w p12_005765_1866_xn_06n344w 
j05_046642_1920_xn_12n332w p12_005777_2125_xi_32n314w 
j05_046801_1796_xi_00s351w p12_005792_1846_xi_04n001w 
j05_046932_1903_xi_10n327w p13_005975_2068_xn_26n320w 
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CTX ids CTX ids 
p13_005989_1932_xn_13n340w p16_007267_1959_xn_15n315w 
p13_006121_1876_xn_07n344w p16_007346_1980_xn_18n312w 
p13_006160_1977_xn_17n330w p16_007360_1851_xn_05n334w 
p13_006199_2045_xn_24n315w p16_007374_1960_xn_16n357w 
p13_006200_1934_xn_13n341w p16_007387_1982_xn_18n352w 
p13_006213_1949_xn_14n336w p17_007702_1920_xi_12n312w 
p13_006227_1818_xn_01n357w p17_007730_1855_xi_05n356w 
p13_006267_1962_xn_16n011w p17_007741_2069_xi_26n300w 
p13_006279_2035_xn_23n339w p17_007743_1978_xn_17n353w 
p14_006528_1984_xn_18n297w p17_007794_2122_xn_32n308w 
p14_006634_2130_xi_33n313w p18_008006_1828_xi_02n333w 
p15_006741_1806_xi_00n351w p18_008058_2127_xi_32n314w 
p15_006805_2012_xi_21n301w p19_008532_1984_xi_18n298w 
p15_006833_1869_xi_06n343w p20_008864_1874_xi_07n002w 
p15_006978_1805_xn_00n342w p20_008877_1990_xn_19n359w 
p15_007084_1858_xi_05n357w p21_009377_1869_xn_06n329w 
p15_007096_1975_xn_17n326w p21_009390_2040_xi_24n327w 
p16_007111_1997_xn_19n016w p22_009576_1903_xn_10n004w 
p16_007161_2011_xn_21n301w p22_009746_1875_xn_07n324w 
p16_007162_1904_xi_10n328w p22_009747_1956_xn_15n352w 
p16_007190_1950_xn_15n012w p22_009774_1916_xn_11n009w 
p16_007254_1943_xi_14n320w  
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Appendix 2: List of HiRISE images used in this study 

HiRISE ids HiRISE ids 
ESP_014017_2085 ESP_020732_2000 
ESP_014124_1975 ESP_020863_1830 
ESP_014164_1870 ESP_021654_1855 
ESP_015943_1960 ESP_021866_2000 
ESP_016143_1910 ESP_022021_2085 
ESP_016603_2100 ESP_022077_2000 
ESP_016631_1770 ESP_022115_1860 
ESP_018488_2120 ESP_022221_1850 
ESP_018581_2085 ESP_022222_2000 
ESP _018593_1850 ESP_022312_1905 
ESP_018726_2085 ESP_022367_2000 
ESP_018937_2085 ESP_022749_1855 
ESP_018978_1865 ESP_022960_1855 
ESP_019767_2065 ESP_023301_1910 
ESP_019847_1860 ESP_023422_2000 
ESP_019874_1835 ESP_023567_2000 
ESP_020020_2000 ESP_025583_1875 
ESP_020388_1870 ESP_025635_2040 
ESP_020400_2040 ESP_026085_1915 
ESP_020560_1835 ESP_026347_2100 
ESP_026679_2000 ESP_034749_2000 
ESP_027008_1820 ESP_034787_2055 
ESP_027059_2055 ESP_034894_2000 
ESP_027481_2040 ESP_034932_1900 
ESP_027852_1820 ESP_034960_2000 
ESP_028246_2090 ESP_035077_2050 
ESP_028551_1835 ESP_035354_1855 
ESP_028591_1880 ESP_035658_1815 
ESP_028747_2055 ESP_035672_1995 
ESP_028787_2000 ESP_035817_2000 
ESP_028881_1855 ESP_035962_1880 
ESP_030212_1855 ESP_036028_2000 
ESP_030714_1875 ESP_036066_2045 
ESP_031149_1875 ESP_036067_1825 
ESP_031753_1995 ESP_036316_2015 
ESP_032190_1845 ESP_036343_2080 
ESP_032373_2060 ESP_036384_1880 
ESP_033296_2065 ESP_036423_1825 
ESP_033586_2065 ESP_036462_2100 
ESP_034655_1885 ESP_036516_2000 
ESP_036529_1880 ESP_037030_1880 
ESP_036633_2085 ESP_037069_1915 
ESP_036712_1890 ESP_037162_1880 
ESP_036740_1880 ESP_037214_1810 
ESP_036832_1895 ESP_037253_2040 
ESP_036898_1895 ESP_037266_2045 
ESP_036898_1895 ESP_037452_1880 
ESP_036923_2085 ESP_037463_2085 

 
 



 
 

454 
 

HiRISE ids HiRISE ids 
ESP_037529_2085 ESP_044691_1860 
ESP_037596_1960 ESP_044795_2090 
ESP_037674_2090 ESP_044916_1880 
ESP_037874_1880 ESP_044979_2110 
ESP_038151_1880 ESP_045549_1880 
ESP_038428_1880 ESP_045746_1860 
ESP_038982_1855 ESP_046047_2105 
ESP_039085_1990 ESP_046694_2015 
ESP_039667_1850 ESP_046828_1875 
ESP_039747_1880 ESP_046852_2050 
ESP_040459_1880 ESP_046867_1820 
ESP_040881_1880 ESP_046946_1960 
ESP_041237_1880 ESP_047395_1885 
ESP_041382_1880 ESP_047461_1880 
ESP_041949_1880 ESP_047685_1880 
ESP_042081_2000 ESP_047909_1900 
ESP_042160_1880 ESP_048052_2065 
ESP_042305_1880 ESP_048489_1845 
ESP_042516_1880 ESP_048515_1820 
ESP_043162_1880 ESP_048856_1940 
ESP_043332_2010 ESP_044691_1860 
ESP_043729_1875 ESP_044795_2090 
ESP_044003_2085 ESP_044916_1880 
ESP_044085_1900 ESP_044979_2110 
ESP_048964_1880 ESP_060857_1930 
ESP_048990_1845 ESP_062808_2085 
ESP_049320_1880 ESP_062874_2085 
ESP _049346_1845 ESP_063337_1820 
ESP_049676_1890 ESP_063403_1820 
ESP_049900_1885 PSP_001981_1825 
ESP_049979_1830 PSP_002032_1965 
ESP_052180_2065 PSP_002060_1820 
ESP_052287_1875 PSP_002150_2110 
ESP_052300_1855 PSP_002282_2110 
ESP_053236_1905 PSP_002403_1820 
ESP_054157_2040 PSP_003405_1825 
ESP_054831_1850 PSP_004091_1845 
ESP_055280_1905 PSP_004447_1845 
ESP_055385_1815 PSP_005355_2125 
ESP_055425_1905 PSP_005370_1845 
ESP_057177_2080 PSP_005382_1980 
ESP_057298_1865 PSP_005421_1910 
ESP_057575_1865 PSP_005436_1850 
ESP_057733_1845 PSP_005448_1980 
ESP_058524_1820 PSP_005526_1980 
ESP_058696_1880 PSP_005554_1870 
ESP_058721_1875 PSP_005937_1830 
ESP_059671_1805 PSP_006872_1985 

 
 
 
 
 



 
 

455 
 

HiRISE ids HiRISE ids 
PSP_007083_1980 ESP_016591_2015 
PSP_007704_1765 ESP_024435_2045 
PSP_007717_1860 ESP_025491_1950 
PSP_007874_1885 ESP_025833_1915 
PSP_007888_1835 ESP_033929_1910 
PSP_008520_2085 ESP_035855_2090 
PSP_009180_1840 ESP_036317_1915 
PSP_010235_1825 ESP_037517_1925 
PSP_010339_2120 ESP_037715_1945 
ESP_037569_1890 ESP_037728_2030 
ESP_067926_1885 ESP_037965_2020 
ESP_032373_2060 ESP_042015_1950 
ESP_070288_1960 ESP_046259_1915 
ESP_057784_2015 ESP_046431_1895 
ESP_055213_1930 ESP_062981_1790 
ESP_037227_2070 ESP_066938_1990 
ESP_013281_1930 ESP_068809_2045 
ESP_067320_1960 PSP_005882_2140 
ESP_058366_1890 PSP_006689_2000 
ESP_050744_1840 PSP_007531_1935 
ESP_066595_1835 PSP_007688_2075 
ESP_027481_2040 ESP_064511_1865 
ESP_018593_1850 ESP_032373_2060 
ESP_046694_2015 ESP_046852_2050 
ESP_056744_1840 PSP_008599_1910 
ESP_036501_1890  

 


