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Abstract

Currently, Mars appears to be in a ‘frozen’ and ‘dry’ state, with the clear majority of the planet’s 

surface maintaining year-round sub-zero temperatures. However, the discovery of features 

consistent with landforms found in periglacial environments on Earth, suggests a climate history 

for Mars that may have involved freeze and thaw cycles. Such landforms include hummocky, 

polygonised, scalloped, and pitted terrains, as well as ice-rich deposits and gullies, along the mid- 

to high-latitude bands, typically with no lower than 20o N/S. The detection of near-surface and 

surface ice via the Phoenix lander, excavation of ice via recent impact cratering activity as 

monitored by High Resolution Imaging Science Experiment (HiRISE), Context Camera (CTX), 

and Compact Reconnaissance Imaging Spectrometer (CRISM), complemented by interpreted 

results from the SHAllow RADar (SHARAD) instrument, further unveil a landscape enriched in 

water/ice. Studies of the orbital behaviour of Mars have equally inferred that climate-forcing, 

triggered by cyclic shifts in the obliquity of Mars, controls the atmospheric stability of water-ice 

on the surface, allowing the mid- to high-latitudes to host a, so-called, periglacial environment. 

Still, there is much debate regarding just how ‘wet’ the paleoclimate of Mars has been, with 

concurrent water-related and ‘dry’ hypotheses having been put forth to explain the landscape 

evolution of the planet. We advocate that, considering the current limitations in studying Mars, 

geomorphological analysis is a reliable avenue in inferring the genetic nature of a landscape. As 

such, via a geomorphologic survey, we report on the landscape analysis of a region within Utopia 

Planitia. This region hosts a diverse abundance of potential periglacial features, including an 

intriguing ‘rimmed’ feature found within our study area. This feature, which we have dubbed 

‘Decameter-scale Rimmed Depression’, serves as a valuable stratigraphic marker for rebuilding 

the geologic history of Utopia Planitia within the recent late Amazonian period, as it is both 

relatively young and potentially periglacial in nature. Ultimately, our aim is to unveil an additional 

piece to the periglacial ‘puzzle’ of Mars, via focusing on the prevalent process(es), responsible in 

shaping the landscape in question, and suggest a scenario for the late-Amazonian climate history, 

specific to Utopia Planitia. 
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Epigraph 
 

 

“We have uncovered wonders undreamt by our ancestors who first 

speculated on the nature of those wandering lights in the night sky. We 

have probed the origins of our planet and ourselves. By discovering what 

else is possible, by coming face to face with alternative fates of worlds 

more or less like our own, we have begun to better understand the Earth. 

Every one of these worlds is lovely and instructive.  

When Voyager 1 scanned the Solar System from beyond the outermost 

planet, it saw, just as Copernicus and Galileo had said we would, the Sun 

in the middle and the planets in concentric orbits about it. Far from being 

the center of the Universe, the Earth is just one of the orbiting dots. No 

longer confined to a single world, we are now able to reach out to others 

and determine decisively what kind of planetary system we inhabit.  

During the Viking robotic mission, beginning in July 1976, in a certain 

sense I spent a year on Mars. I examined the boulders and sand dunes, 

the sky red even at high noon, the ancient river valleys, the soaring 

volcanic mountains, the fierce wind erosion, the laminated polar terrain, 

the two dark potato-shaped moons. We have just begun to search. We 

can't help it. Life looks for life. Maybe life is hiding on Mars or Jupiter, 

Europa or Titan. Maybe the Galaxy is filled with worlds as rich in life as 

ours. Maybe we are on the verge of making such discoveries.” 

 

- Carl Sagan, Pale Blue Dot 
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Chapter 1: Background & Literature Review 
 

 

1.1 Introduction 

The discovery of landform features such as valley networks, outflow channels [Baker et al., 

1983], lakes [Newsom et al., 1996], and deltas [Moore et al., 2003] on the Martian landscape, 

suggest that liquid water was a factor in its development. However, the answers to questions with 

respect to the abundance of water in both early and modern Mars, and the significance of water 

in the landscape evolution of Mars are still heavily debated. A number of concurrent hypotheses 

have been put forth, with some workers suggesting ‘warm’ and ‘wet’ geoclimatic conditions in 

early Mars [e.g., Craddock & Howard, 2002; McKay, 1997; Pollack et al., 1987], while others 

have challenged the veracity of such proposals with a ‘cold’ and ‘dry’ scenario [e.g., Fairén, 

2010; Head, 2012]. Resolutely, in efforts to reconstruct the paleoenvironmental conditions on 

Mars, as means to understand the lineage of water on the planet and informing the extent and 

magnitude of its role in Martian landscape evolution today, geomorphological analysis is an 

essential aid. More specifically, considering the limitations involved with studying Mars, the 

responsiveness of periglacial landforms to changes in geoclimatic conditions, prove them to be 

reliable paleoenvironmental markers [Karte, 1983], fit for reporting on the past climate history of 

Mars. Importantly, the presence of potential periglacial landscapes on Mars is a recurring 

hypothesis with previous workers having identified scalloped depressions [Costard & Kargel, 

1995], a variety of patterned ground (e.g., polygons) [French, 2013], and gullies [Malin & 

Edgett, 2000]; extending from the mid to high latitudes with none lower than 20o N/S. The 

presence of such features on Earth, would unequivocally indicate a periglacial environment, and 

is an indicator of the presence of water in the terrain, at a past and/or present time [Carr, 2006; 

French, 1993; Greeley, 1994; Gurney, 1998; Lucchitta, 1981; Mackay, 1979, 1998]. In addition, 

the history of obliquity shifts of Mars within the past 10 Myrs [Laskar et al., 2004], which 

control the latitudinal range of water-ice stability, further confirms that the mid-latitudes on Mars 

periodically hosted a periglacial landscape. Moreover, the presence of an ice-rich terrain is 

suggested in association with the interpreted results from the SHAllow RADar (SHARAD) 

instrument aboard the Mars Reconnaissance Orbiter (MRO) satellite [Bramson et al., 2015; 

Stuurman et al., 2016], periodic excavation of subsurface ice via recent impact cratering activity 

monitored by the Context Camera (CTX), High Resolution Imaging Science Experiment 
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(HiRISE), and Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) instruments 

(also onboard MRO) [Byrne et al., 2009; Dundas & Byrne, 2010], and experiments carried out 

by the Phoenix lander [Smith & the Phoenix Science Team, 2009], complementing the 

identification of periglacial features.  

 

Figure 1.1: Global coverage as of March 2017 by the Context Camera (CTX) instrument, aboard 

the Mars Reconnaissance Orbiter (MRO) satellite. Image credit: NASA/JPL-Caltech/MSSS. 

 

 In search of periglacial landforms on Mars, Utopia Planitia is a striking region for the 

aggregation of such features. This region contains the highest and most diverse instances of 

periglacial features, suggested to contain the largest concentration of scalloped depressions [e.g., 

Costard & Kargel, 1995; Soare et al., 2008, 2012, 2013], as well as accounting for a sizable 

cluster of gullies present in the northern hemisphere, with at least one instance that remains 

active to date [Dundas et al., 2015]. Moreover, the age of these landforms is believed to be 

young (i.e., 10–20 Myrs), with Utopia Planitia being a mildly to moderately cratered region (see 

section 1.4 in this chapter), and containing abundant satellite imagery coverage (Figure 1.1) [e.g., 

Costard & Kargel, 1995; Lefort et al., 2009; Soare et al., 2008]. Morphological analysis is a 

reliable step when uncertain about the genetic nature of a landscape [Komatsu, 2007]; thus, 

Utopia Planitia is an ideal study area to investigate further the claims on the climate history and 
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landscape evolution of Mars, specifically within the Late Amazonian period,.  

In this chapter, we review the morphological characteristics of dominantly recurring 

landscape features in the so-called periglacial landscape of Mars, their relationships to one 

another, as well as undertaking a comparative analysis with similar periglacial features found on 

Earth. In addition, we will review a summary of the geologic history of Utopia Planitia, a region 

on Mars with a high concentration in periglacial features discussed in this chapter. Lastly, we 

discuss an underreported feature observed in Utopia Planitia, which we believe will provide 

additional information in assessing the paleoclimate of this supposed periglacial environment. 

Through this, we aim to 1. consolidate claims for the presence of a periglacial landscape on Mars 

(specifically with respect to Utopia Planitia), 2. outline the key region-wide process or set of 

processes responsible for the formation of such a landscape, and 3. determine how such process 

or set of processes could be used to infer formation mechanism with respect to other 

underreported or highly debated landform features found within this landscape. To set the stage, 

we will begin with a summary of the climate history of Mars in the following section. 

 

1.2 Climate History of Mars  

 The geologic history of Mars is principally divided into three broad periods: 1. Noachian, 

2. Hesperian, and 3. Amazonian [Carr & Head, 2010; Head, 2012]. In absence of ground-truth 

data (with the exception of rover/lander findings) and having thus far been unable to explore the 

Martian geology at depth, the current geologic timescale is highly dependent on surface 

morphology of the planet, largely thanks to the science of crater counting and morphologic 

mapping.  

The Noachian period, extending from ~4.1 Ga to ~3.8 Ga [Carr & Head, 2010; Head, 

2012], marked one of the most dynamic times in both the climate and geologic history of Mars. 

During this time, the ‘heavy bombardment’ event rapidly changed the planetary surface with 

impact craters, alongside systematic formation of valley networks carving the landscape with 

features such as rivers, deltas, lakes, and possibly oceans, triggering open system weathering 

[Carr, 2006; Carr & Head, 2010; Clifford, 2001; Di Achille & Hynek, 2010; Hartmann & 

Neukum, 2001; Head & Wilson, 2011; Moore et al., 2003; Tanaka, 1986; Tanaka & Kolb, 2001]. 

In addition, periodic volcanic eruptions resulting in extensive lava flows that resurfaced large 

regions of Mars [Carr, 1973, 2006; Carr & Head, 2010; Tanaka, 1986]. Though, there is no 



4 
 

   

 

clear time transition to the Hesperian period (~ 3.7–3.1 Ga) [Carr & Head, 2010; Hartmann & 

Neukum, 2001; Head, 2012; Tanaka, 1986], it is generally believed that the volcanic activity 

progressed well into this period, infilling many of the large basins created due to impact events, 

frequency of which had been greatly reduced as the Late Heavy Bombardment had been subdued 

[Carr, 2006; Carr & Head, 2010; Gomes et al., 2005; Head & Wilson, 2011; Morbidelli et al., 

2005; Tanaka, 1986; Thomson & Head, 2001; Tsiganis et al., 2005]. Concurrently, water surface 

run-off had largely restricted to ephemeral bodies, resulting in the formation of outflow channels 

and perhaps subsurface flows [Barlow, 2010; Carr, 2006; Carr & Head, 2010; Clifford, 1993; 

Head & Wilson, 2011]. The Amazonian period (~ 3.1 Ga–Present) encompassed remnants of the 

aqueous landscape with comparatively minimal flow activity in its early years, possibly largely 

limited to sub-surface water; as well as volcanism that continued, in lower capacity, to as recent 

as 2 Ma [Carr & Head, 2010; Fuller, 2002; Neukum et al., 2004; Vaucher et al., 2009]. 

However, as far as our understanding of Mars geoclimatic history goes, this period is of more 

significance in terms of its part in shaping the proposed periglacial landscape of Mars. Unlike 

Earth, the obliquity shift of Mars has a high range, from 0 to 60o, and the extent of this shift has 

been fully exploited at least twice within the last 10 Ma (Figure 1.2) [Laskar et al., 2004; 

Mischna, 2003]. These shifts have a paramount influence on the climate of Mars, as they control 

the surface water/ice stability, and represent potential cycles of ice migration that can form 

planet-wide formation of ice-cover that extend from poles to the low latitudes [Levrard et al., 

2004; Mischna, 2003]. Additionally, the repetitive and frequent shifts in the obliquity of Mars 

has produced up to 20 shifts, with obliquities <30o, throughout the past few million years, while 

it currently resides at an obliquity like that of Earth at ~ 25o [Laskar et al., 2004; Mischna, 2003].  
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Figure 1.2: (a) Demonstration of redistribution of surface ice on Mars with shifts in obliquity, 

modified from an image by NASA/JPL-Caltech, (b) graph depicting the magnitude in degrees of 

changes in the obliquity of Mars within the past 10 Myr. From Levrared et al. [2004]. 

 

The evidence for this cyclic migration of ice is believed to have remained in the shallow 

substrate and has been detected via various means. The Gamma-Ray Spectrometer (GRS) aboard 

the Mars Odyssey satellite, capable of detecting neutron concentrations within a metre depth of 

the surface, has provided proof for the existence of oxygen-bound hydrogen (suggested to be 

water-ice) throughout regions of the mid-latitudes [Boynton, 2002; Feldman et al., 2004]. With 

the launch the MRO satellite, the SHARAD instrument, through measuring the dielectric 

response at the decameter-scale [Bramson et al., 2015; Stuurman et al., 2016], alongside 

CRISM, further supported the GRS observations [Byrne et al., 2009; Dundas & Byrne, 2010]. 

Presently, the high-resolution imaging instruments aboard the MRO, CTX and HiRISE, 

frequently image recent impact sites in the mid-latitudes, revealing the excavation of water-ice 

[e.g., Byrne et al., 2009; Dundas & Byrne, 2010].   
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In conjunction with satellite data, the Phoenix lander reported confirmation of shallow-

subsurface ice at its landing site in Vastitas Borealis on Mars [Smith & the Phoenix Science 

Team, 2009]. The obtained high-resolution satellite imagery (e.g., HiRISE, CTX), have 

additionally revealed morphologies that are suggested to be expressive of a periglacial landscape 

and confirm the initial claim of the presence of water-rich terrain at the present (or past) time. 

The noteworthy mentions include Concentric Crater Fills (CCF) [Squyres, 1979], Lineated 

Valley Fills (LVF) [Squyres, 1979], Lobate Debris Aprons (LDA) [Squyres, 1979], Latitude 

Dependent Mantle (LDM) [Head et al., 2003], polygonised terrain [French, 2013; Levy, Head, 

Marchant, et al., 2009], past and present-day gully activity [e.g., Dundas et al., 2015; Malin & 

Edgett, 2000], and scalloped depressions [Costard & Kargel, 1995]. The potential of such 

features to support the idea of a ‘water-rich’ climate and geologic history, at least specific to the 

mid-latitudes of Mars, is associated with periglacial feature’s high sensitivity to environmental 

changes (e.g., hydrologic, thermal) [French, 2013; Karte, 1983; Nelson et al., 2002]. In the 

following section, we discuss the morphology, geographic distribution, and the relationships of 

the prevalent periglacial landforms on Mars. 

 

1.3 The Periglacial Landscape of Mars 

 A periglacial environment is a landscape with cold climate conditions that encompasses 

an spectrum of geologic processes and landform features, irrespective of their spatial or temporal 

ties to a glacier [French, 1996]. While glacial regions constitute cold, freezing conditions; a 

periglacial environment allows for seasonal thaw and subsequent freezing [French, 1980, 2013; 

Pidwirny, 2006; Slaymaker, 2011]. The influence of this cyclic process on the affected region, 

results in the production of geomorphologic landform features, and ultimately a landscape, 

indicative of the presence of water  within the associated environment, at a past or present time  

[Carr, 2006; French, 1993; Greeley, 1994; Gurney, 1998; Lucchitta, 1981; Mackay, 1979, 1998]. 

Such a scenario on Earth, may not be deemed unconventional, with liquid water being present in 

abundance throughout the planet. In contrast, on Mars, given that current atmospheric conditions 

do not allow the long-term sustenance of liquid water on the surface, the presence of a periglacial 

landscape has significant implications with regard to the geoclimatic history and landscape 

evolution of the planet. With the launch of NASA’s Mariner program in the early 1960’s, the 

first evidence for a periglacial landscape on Mars was observed on the resulting imagery 



7 
 

   

 

[Belcher et al., 1971]. Still, studies on the landscape of Mars were limited, until recent high-

resolution data was made available through subsequent missions (e.g., Mars Odyssey, MGS, 

MRO). Today, the potential periglacial landscape on Mars remains an active area of research, as, 

in respect to past or present suitability of the planet for life, it suggests that liquid water was and 

may still be a factor in shaping the planet.  

 Nearly all of these potentially periglacial landforms are found, latitudinally restricted, in 

the mid- to high-latitudes of Mars. Albeit, the global distribution of these periglacial landforms is 

not homogenous within the mid- to high-latitudes. Instead, regions on Mars host an aggregation 

of these features, with Utopia Planitia being an epicentre of a diverse concentration of such 

features. In the following section, we will examine the prevalent landform features of the 

suggested periglacial landscape of Mars, followed by providing a synopsis of Utopia Planitia.  

 

1.3.1 Latitude Dependent Mantle 

The so-called Latitude Dependent Mantle (LDM) is believed to be a depositional ice-rich 

‘apron’ that partially shields the surface of Mars, in mid- to high- latitude regions [Kreslavsky & 

Head, 2000; Mustard et al., 2001]. This layer covers ~23% of the surface of the planet, 

discontinuously between 30-50o, and completely at ≥50o, in either hemisphere [Head et al., 

2003; Kreslavsky & Head, 2000]. LDM is suggested to be metres-thick and, at least at locations 

where partial-coverage allows for direct comparison between LDM and the underlying units, it 

exhibits a smoothing cover of the underlying terrain [Head et al., 2003; Kreslavsky & Head, 

2000, 2002]. The LDM average thickness is believed to vary between 10–20 metres, though it is 

suggested to  increase as high as 40 metres in some areas [Head et al., 2003; Kreslavsky & Head, 

2000]. Furthermore, in places where the dissected edges of LDM are visible (Figure 1.3), 

workers have noted that internal layering at a metre-scale can be observed, indicative of episodic 

emplacement [Dickson et al., 2015; Kreslavsky & Head, 2002; Milliken, 2003; Schon et al., 

2009]. In fact, the formation of this layer has been attributed to atmospheric deposition of ice, 

derived by changes in obliquity; subsequently cemented together with aeolian by-products 

available on the surface [Kreslavsky & Head, 2002; Mustard et al., 2001]. As such, the internal 

layering of LDM is believed to be suggestive of some numerous successive episodes of 

atmospheric deposition on million-year timescales [Kreslavsky & Head, 2002; Mustard et al., 

2001; Schon et al., 2009].  
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Figure 1.3: Sample image outlining the smooth surfaces containing LDM coverage, while in 

areas this layer has been dissected exposing a portion of the underlying deposits. Note the 

layering visible on boundaries between LDM coverage and dissected terrain, suggesting an 

episodic deposition. Portion of HiRISE ESP_037167_1445. Image credit: NASA/JPL/University 

of Arizona. 

 

As the name suggests, LDM coverage is controlled by latitude, thus both its thickness and 

morphology vary with latitude. The classification of morphology and erosional patterns of LDM 

(Figure 1.4) [Milliken & Mustard, 2003; Zanetti et al., 2010], is thought to be representative of a 

direct relationship between LDM preservation state and latitude. That is, with a decrease in 

latitude, LDM appears generally more dissected/weathered and only shows partial coverage of 

the terrain with areas displaying complete removal (~30o to 50o N/S) [Milliken & Mustard, 2003; 

Mustard et al., 2001; Zanetti et al., 2010]. Conversely, with an increase in latitude, the erosional 

patterns become more continuous, displaying ‘knobby & wavy’ (~30o to 55o N/S) and eventually 

‘scalloped’ (~40o to 65o N/S) textures (see section 1.3.2 in this chapter). Ultimately, at high 

latitudes (i.e., >50 o N/S) LDM coverage becomes fairly consistent exhibiting polygonization 

(see section 1.3.3), with terms such as ‘dragon-scale’ or ‘basketball’ textures having been used to 

describe its morphology [Head et al., 2003; Kreslavsky & Head, 2002].  

 Despite the suggested formation mechanism and previous characterization of LDM, it 

remains a poorly understood landscape feature, with key questions either remaining unanswered 

or heavily debated. For instance, how exactly did changes in obliquity and/or atmospheric 
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deposition result in ground ice? Do these deposits contain a dust/debris matrix or is ice the 

responsible medium for the cementation processes? Subsequent scientific research, derived by 

the insight produced from future planetary missions to Mars, will allow these questions to be 

answered with a high degree of certainty, and provide a better understanding of the nature of 

LDM.  

Figure 1.4: Distribution pattern of LDM dissection and erosional patterns as initially created by 

Milliken and Mustard [2001], and subsequently modified by Zanetti et al. [2010]. White dots 

represent heavily dissected terrain with instances of complete removal, grey dots displaying 

locations of gradual erosion with ‘knobby & wavy’ textures, and black dots are samples of 

mantled regions with ‘scalloped’ textures. From Zanetti et al. [2010]. Basemap image credit: 

NASA/JPL/ESA/PDS Geosciences. 

 

1.3.2 Scalloped Depressions 

Scalloped depressions are morphologic landscape features, appearing as circular to 

elliptical rimless depressions, with relatively flat floors and an asymmetric North-South profile. 

Their overall size, measured by the diameter of a best-fit circle, can be highly variable from tens 

of metres to tens of kilometres, at times coalescing, with relatively small depth-to-diameter ratio 

ranging from a few metres to tens of metres [Costard & Kargel, 1995; Morgenstern et al., 2007; 

Séjourné et al., 2011; Soare et al., 2007].  
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Their irregular profile consists of a more degraded and flattened equator-facing wall, 

relative to their pole-facing counterparts [Lefort et al., 2009; Morgenstern et al., 2007; Soare et 

al., 2007; Ulrich et al., 2010]. Like gullies, some equator-facing walls exhibit morphology 

consistent with alcoves, which are, at times, accompanied by etched forms, similar to channels, 

downstream [Costard, 2002; Malin & Edgett, 2000]. On the pole-facing wall, semicircular 

terraces/bright-rings can be observed, propagating perpendicular to the equator-facing wall 

(Figure 1.5). The occurrence of terraces/bright-rings has a positive relationship with the size of 

depressions; that is, in small depressions, no rings are discernible, while the number of detected 

rings increases in large depressions [Costard & Kargel, 1995; Morgenstern et al., 2007; Séjourné 

et al., 2011]. As well, their elongation also appears to be in direct correlation to their size. As 

reported by Séjourné et al. [2011], small depressions generally depict a more circular form, while 

with an increase in size, the circumference of the depressions transforms to more elongate 

shapes. The exception to this observation is the coalescence of depressions, which is a common 

occurrence in Utopia Planitia. 

Figure 1.5: (a) close-up of an scalloped depression in Utopia Planitia, with outlined equator-

facing heavily subsided wall, and pole-facing steep-sloped wall, (b) Outlined bright bands 

concentric to the pole-facing wall. From Séjourné et al. [2011]. Image credit: 

NASA/JPL/University of Arizona. 
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The formation mechanism for these landforms remains debated, with prominent 

hypotheses involving a differential solar insulation model [Lefort et al., 2009, 2010; 

Morgenstern et al., 2007; Plescia, 2003], or conversely thermokarst thaw lakes [Costard & 

Kargel, 1995; Soare et al., 2007, 2008]. As discussed previously (see section 1.3.1 in this 

chapter), the occurrence of scalloped depressions is believed to be tied to the presence of LDM, 

frequenting between ~40o to 65o in either hemisphere. The differential solar insolation model 

builds on this theory, proposing undulating topography causing changes in solar insolation and 

therefore selective sublimation of interstitial subsurface ice, resulting in the formation of 

scalloped depressions. The higher solar insolation received by equator-facing walls relative to 

pole-facing walls results in a higher net-sublimation and subsequently a smoother, gradational 

slope [Morgenstern et al., 2007; Plescia, 2003]. Alternatively, the formation of thermokarst 

lakes is attributed to the collapse of ice-rich terrain, initiated by melting of either interstitial or 

massive ground ice. Sequentially, the meltwater would occupy the depression and a lake basin 

would form as a result, leaving episodic concentric bands of water-height marks upon 

evaporation, sublimation, and/or infiltration (Figure 1.5b) [Soare et al., 2007, 2008].  

Similar to LDM, the hypotheses put forth for the formation mechanism of scalloped 

depressions are not without challenges. Production of thermokarst lakes on Earth requires the 

presence of regions with reasonably massive ground ice, where thermal/physical breach of the 

insulating cover has taken place [Anderson & Anderson, 2010]. How was this scenario replicated 

on Mars? Given that the atmospheric conditions of Mars do not support the long-term 

sustainment of liquid water on the planet’s surface, how was such large quantity of water 

sustained on the surface? Regardless, the presence of an ice-rich terrain, and therefore the 

potential for the existence of a periglacial landscape, is a requirement in both of these scalloped 

depression hypotheses [e.g., Costard & Kargel, 1995; Lefort et al., 2009; Morgenstern et al., 

2007; Soare et al., 2007, 2008]. This is with the assumption that either one or the other of these 

suggested scenarios is in fact the correct hypothesis. 

 

1.3.3 Polygons 

Polygons are a morphological classification of patterned ground, often exhibited by 

striking symmetrical geometric patterns, in this case, polygonal in shape, that occupy surfaces of 

landscapes that undergo recurrent freeze-thaw cycles (Figure 1.6) [French, 1993; Washburn, 
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1956]. On Earth, the most readily observed type of polygonised terrain is thermal-contraction 

polygons found in periglacial environments [French, 2013; Lachenbruch, 1962]. Put simply, the 

expansion and contraction of a water-rich ground through repeated episodes of freezing and 

thawing results in the formation of fractures and crevices [French, 1993, 2013; Lachenbruch, 

1962; Washburn, 1956]. Subsequently, the infilling of these fissures by a variety of different 

material such as water (i.e., Ice-wedge polygons) or loess to coarse-grained sand (i.e., sand-

wedge polygons) further evolves the landscape into polygonised terrain [French, 1993, 2013; 

Lachenbruch, 1962; Washburn, 1956]. In comparison, on Mars, polygons are a common 

landform observed throughout regions of mid- to high-latitudes [e.g., Lefort et al., 2009; 

Morgenstern et al., 2007; Seibert & Kargel, 2001; Soare et al., 2008]. While ice-, sand-, and 

composite-wedge polygons have been proposed to exist on Mars, given that liquid water is not 

sustainable on the surface due to current climate conditions of Mars, polygons resulting from the 

sublimation of ice have also been suggested [e.g., Levy et al., 2010, 2011; Marchant & Head, 

2007]. Morphometrically, two classes of polygonised terrain have been thus far identified on 

Mars: polygons 5 to 10 metres in best-fit-circle diameter, specific to scalloped depressions 

[Lefort et al., 2009; Levy, Head, Marchant, et al., 2009; Morgenstern et al., 2007; Séjourné et 

al., 2011; Soare et al., 2008], and polygons few tens of metres to 100 metres in best-fit-circle 

diameter, occurring elsewhere [Lefort et al., 2009; Morgenstern et al., 2007; Seibert & Kargel, 

2001; Soare et al., 2008]. Along with their diversity in size, polygons have also been suggested 

to morphologically vary on Mars. Two types of morphologically distinct polygons have been 

identified [Séjourné et al., 2011]:  low-centre polygons that exhibit a depressed centre with 

distinctive outer ridges, and high-centre polygons that are flat or exhibit a pronounced convex-

like cross profile. At times, the border between polygons ~<50 metres in best-fit diameter, 

appears as a circular to elongate incision 10’s to few 100’s of metres in length [Lefort et al., 

2009; Morgenstern et al., 2007; Soare et al., 2005, 2012]. These features have been previously 

referred to as ‘polygon-junction pits’ [Séjourné & Soare, 2014], with an extension of their long-

axis dominantly parallel to the North-South direction [Morgenstern et al., 2007].  
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Figure 1.6: (a) Desiccation pattern polygons as observed on Earth, (b) polygonised terrain on 

Mars. Image credit: NASA/JPL/University of Arizona/Google. 

 

On Earth, a water/ice-rich terrain is a requirement for the production of patterned ground, 

and similarly on Mars they are suggested to be spatially tied to LDM. Specifically, within 

scalloped depressions, low-centre polygons typically occupy the floor and pole-facing walls; 

while high-centre polygons mainly occur on the equator-facing wall [e.g., Lefort et al., 2009; 

Levy et al., 2009; Morgenstern et al., 2007; Séjourné et al., 2011; Soare et al., 2008]. That being 

said, similar to the polygon-junction pits, the polygons occurring in scalloped terrain, have a 

long-axis that is dominantly parallel to the North-South direction [e.g., Lefort et al., 2009; Levy 

et al., 2009; Morgenstern et al., 2007; Séjourné et al., 2011; Soare et al., 2008]. Additionally, 

some gully systems have also been reported to be stratigraphically linked to polygons  [e.g., Levy 

et al., 2009]. In these scenarios, it’s suggested that polygonised terrain behaves as a reserve of 

ice, and upon melting it gives way to the channelized transport of liquid water on high-sloping 

terrain and therefore the formation of gullies. 

 

1.3.4 Gullies 

Gully is a term used to describe a channel incision, etched by flow from surface-runoff, 
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and/or interflow, typically occurring on sloping terrain [Malin & Edgett, 1999]. The morphology 

of gullies typically consists of a source alcove, accompanied with one or more downstream 

channels, followed by a depositional apron (Figure 1.7) [Balme et al., 2006; Harrison et al., 

2015; Heldmann et al., 2007; Heldmann & Mellon, 2004; Kneissl et al., 2010; Malin & Edgett, 

1999]. The highest point of a gully channel, referred to as the flow front, is usually the widest 

part of the channel; which decreases in width downstream [Iverson et al., 1997]. However; more 

often than not, the coalescence of gully channels, or the flow front part of the channel, can make 

their distinction difficult [Iverson et al., 2010]. The morphological characteristics of these 

channels can vary in association with different terrain properties. For instance, in rough terrain, 

gully channels form levees; and depending on the mixture of sediment present in the terrain, they 

can form thinner and longer channels [Iverson et al., 2010]. 

Figure 1.7: Gully on a crater wall on Mars with its main morphological break-down outlined. 

Note the placement of the alcove, followed by carved channel(s) and the depositional apron. 

Image credit: NASA/JPL-Caltech/MSSS. 
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On Mars, gullies are abundant in a variety of preservation states in both hemispheres (Figure 

1.8). They are observed on slopes of valleys, massifs, central peaks, and dunes, with the vast 

majority of them appearing on crater walls (>80%) [Harrison et al., 2015; Heldmann et al., 

2007; Kneissl et al., 2010].  Consequently, present-day gullies have been reported in multiple 

regions of Mars, with at least one present-day gully activity observed and reported in Utopia 

(58.7oN, 82.3oE) [Dundas et al., 2015]. Generally, gully frequency decreases with increasing 

latitude; however, in the southern hemisphere, gullies reach a minimum at ~60o and increase in 

numbers poleward [Harrison et al., 2015; Heldmann & Mellon, 2004]. In the northern 

hemisphere, they extend from ≥28o to ≤76.6o; while the southern hemisphere hosts much greater 

numbers from ≥27o to ≤83o [Balme et al., 2006; Bridges & Lackner, 2006; Harrison et al., 2015; 

Heldmann et al., 2007; Heldmann & Mellon, 2004; Kneissl et al., 2010; Malin & Edgett, 1999]. 

Moreover, in the northern hemisphere, gullies indicate a preference for poleward-facing slopes 

until ~40o, where this preference shifts to equator-facing slopes up to ~50o, beyond which they 

are equally distributed on either slope [Harrison et al., 2015; Heldmann et al., 2007; Kneissl et 

al., 2010]. The same behaviour is observed in the southern hemisphere, where this transition is 

observed at ~45o, and shifted back to pole-facing preference at ~58o [Balme et al., 2006; 

Harrison et al., 2015; Heldmann & Mellon, 2004].  

Figure 1.8: Global distribution of gullies on Mars based on mapping by Harrison et al. [2015]. 

Colours signify the orientation of gullies at the respective site with red: equator-facing, blue: 

pole-facing, yellow: east-/west-facing, and purple: no preference. From Harrison et al. [2015]. 

Basemap image credit: NASA/JPL-Caltech/MSSS. 
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Gullies on Mars are spatially correlated with CCFs/LVFs/LDAs (see section 1.3.5 in this 

chapter) and LDM (including scalloped depressions and polygons). These landforms, assuming a 

feasible atmospheric and climate condition, are, based on their suggested hypotheses, sources of 

liquid water upon melt; and liquid water is what terrestrial gullies on Earth are initiated by. 

Respectively, the frequency of gullies on Mars appear highest in locations where LDM is most 

dissected [Balme et al., 2006; Bridges & Lackner, 2006; Harrison et al., 2015; Head et al., 2003; 

Heldmann et al., 2007; Heldmann & Mellon, 2004; Kneissl et al., 2010; Malin & Edgett, 1999]. 

LDM dissection reaches a maximum at ~40o S/N (see Figure 3 of Head et al. [2003]), which 

roughly corresponds to the gully frequency maximum (see Figure 2 of Dundas et al. [2015] or 

Figure 2.5 of Harrison et al. [2015]). In fact, it has been suggested that, in some examples, 

gullies appear dissecting the LDM coverage (see Figure 2 of Dickson et al. [2013]).  

Gullies on Earth are not restricted to periglacial environments; however, this may not be the 

case on Mars. As discussed here, there is a strong correlation between gullies and latitude, and 

landforms proposed to be suggestive of an ice-rich terrain (e.g., LDM, CCFs/LDAs/LVFs). 

While there are proposed ‘dry’ gully formation mechanism [e.g., Treiman, 2003], the majority of 

gully formation hypotheses put forth involve the presence of water (e.g., groundwater: Malin and 

Edgett [2000], snowmelt: Christensen [2003], ground ice: Costard et al. [2002], H2O or CO2 

frost: Kossacki and Markiewicz [2004], Dundas et al. [2010]). As such, the significance of the 

co-location between gullies and ice-rich terrains on Mars, is that a periglacial landscape would 

potentially provide the meltwater required for, at least initial, gully formation. In comparison, 

however, while water flow is a requirement for the initiation of gullies on Earth, their further 

development can result from ‘dry’ processes such as rock avalanches or dry debris flows. 

Therefore, it’s important to note that active or ‘young’ gully systems on Mars, do not necessarily 

correspond to a connection with water under current conditions [Harrison, 2016]. Instead, they 

are suggested to have been initially incised by water and may have morphologically evolved with 

or without the presence of water.  

 

1.3.5 Concentric Crater Fill, Lineated Valley Fill, and Lobate Debris Aprons 

Concentric Crater Fill (CCF), Lineated Valley Fill (LVF), and Lobate Debris Aprons 

(LDAs) are terms used to describe genetically concurrent landform morphologies, believed to 

represent by-products of glacial flow, in the form of debris-covered ice-rich deposits found in 
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low lying land or scarps [Carr, 2006; Kress & Head, 2008; Squyres, 1979]. For the sake of 

simplicity, when referring to these landforms collectively, we will use the term ‘ice-rich fills’ 

(IRFs) going forward. In the case of LDAs, its morphology appears as convex-shaped, stemming 

outward from a higher elevation into a low-lying land downslope (e.g., from crater wall to crater 

floor) [Carr, 2006; Squyres, 1979]. LDAs exhibit pronounced lateral termination, distinctly 

separating them from the underlying material (Figure 1.9b) [Carr, 2006; Kress & Head, 2008; 

Squyres, 1979]. Texturally, the fill itself is heavily dissected, or ‘fretted’, at finer scales; 

however, an overview of the apron reveals lineations, at times chaotic, ‘etched’ into the surface 

[Carr, 2001; Squyres, 1978, 1979]. Alternatively, IRFs that cover the floor of an impact crater, 

with similar etched lineations observed in LDAs, concentric to the crater walls, are referred to as 

CCFs [Squyres, 1979]. Crater fills are most commonly found in degraded small craters in Utopia 

Planitia, as a fill covering the floor with distinct undulations that appear ‘hacked’ or ‘carved’ into 

the surface (Figure 1.9a) [Carr, 2006; Squyres, 1979]. IRFs found restricted to, alternatively, a 

channelized stream or valley, with lineations parallel to the direction of channel elongation are 

known as LVFs (Figure 1.9c) [Carr, 2006; Squyres, 1979].  
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Figure 1.9: (a) Concentric Crater Fill (CCF) with undulations concentric to crater walls (HiRISE 

ESP_046622_1365), (b) Lobate Debris Apron (LDA) with the black arrow pointing out the 

termination edge (HiRISE ESP_023497_1395), (c) Lineated Valley Fill (LVF) occupying a 

valley floor with distinctly hacked ridges within the fill (HiRISE PSP_009033_2155). Image 

credit: NASA/JPL/University of Arizona. 

Like all landform features previously discussed in this chapter, IRFs exhibit latitudinal 

restrictions. Altogether, within the mid-latitudes, they occur from 29o to 59o N/S, while they are 

most widespread between ~30o to ~60o N/S [Fastook & Head, 2014; Squyres, 1979]. However, 

the distribution pattern of IRFs are not uniform, and alter with longitudinal changes as well 

(Figure 1.10) [e.g., Levy et al., 2014]. That is to say, similar to the case of gullies, differential 

solar insolation, as well as atmospheric conditions, are believed to both be key factors in 

determining where IRFs aggregated on Mars. While genetically different, IRFs and LDM are 
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similar in that, they are landform features believed to represent debris-covered ice-deposits, 

though they remain controversial and poorly understood. Moreover, the possibility that IRFs 

represent glacial features (e.g., rock glaciers), rather than periglacial features, should not be 

ignored. All the same, regardless of their specific genetics, based on the current leading 

hypothesis, they represent an ice-rich feature.  

 

Figure 1.10: Global distribution of Ice-rich Fills (IRFs) based on Levy et al. [2014]. Modified 

from an image by Levy et al. [2014]. Basemap image credit: NASA-Goddard Flight 

Center/JPL/MOLA Science Team/USGS. 

 

1.4 Utopia Planitia 

Utopia Planitia is a 3,300-km diameter basin, situated in the northern plains of Mars at 

49.7oN, 118.0oE (Figure 1.11) [McGill, 1989; Thomson & Head, 2001]. The basement of Utopia 

is believed to have been formed by a large impact, early in the Noachian period of Mars, which 

has been subsequently infilled to form the present-day Utopia [McGill, 1989; Thomson & Head, 

2001]. Volcanic infilling of this basin began in Early Hesperian and periodically continued, 

possibly, as late as the Late Amazonian [Thomson & Head, 2001; Werner, 2009]. As well, 

sedimentation from outflow channels in the Late Hesperian, forming the Vastitas Borealis 

Formation, are also believed to have aided in the infilling of this basin [Thomson & Head, 2001]. 

During the past 10 Ma (i.e., in the Late Amazonian), large obliquity shifts up to 60o [Laskar et 
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al., 2004], as well as ≥ 15 shifts < 30o during the past 2.1–2.5 Ma [Laskar et al., 2004; Mischna, 

2003], are believed to have resulted in atmospheric deposition in this region [Head et al., 2003]. 

The relatively young infilling material of the Late Amazonian in Utopia is believed to include 

mainly an ice-rich dust mixture, derived by the migration of ice from the poles to mid-latitudes 

[Levrard et al., 2004; Madeleine et al., 2009]. At least a portion of the ice-rich terrain of Utopia 

is believed to have been preserved in the shallow subsurface  to the present-day [Clifford, 1993, 

2001]. Evidence of this includes the excavation of the terrain carried-out by the Phoenix lander, 

resurfacing of ice from recent impacts, present-day gully activity in Utopia, and interpreted 

results from the SHARAD instrument aboard the MRO satellite [Byrne et al., 2009; Hess et al., 

1977; Kress & Head, 2008; Stuurman et al., 2016].  

 

Figure 1.11: Mars Orbiter Laser Altimeter (MOLA) colourized global elevation mosaic with the 

Utopia Planitia region outlined in the pink dashed line top-right corner. Basemap image credit: 

NASA-Goddard Flight Center/JPL/MOLA Science Team/USGS. 

 

 While the current diurnal air temperatures vary significantly in this region, by approximately 

50–60o C [Hess et al., 1977], sub-zero temperatures are sustained year-round [Mellon et al., 

2004]. The most recent ice-age, occurring between 2.1 to 0.4 Myr ago (Figure 1.2b) [Head et al., 

2003; Levrard et al., 2004], is a testament to the comparatively ‘young’ landscape of Utopia,, 
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geologically categorized as Amazonian in age, as its morphology, in contrast to Mars as a whole, 

has not undergone vast reworking and degradation. Moreover, under Utopia’s cold climatic 

conditions, identified landscape features such as latitude-dependent mantle (LDM) and scalloped 

depressions, a variety of patterned ground, gullies, and IRFs suggest that this region did not 

always maintain a frozen state in its recent past. Still, there exist hypotheses, put forth by 

previous workers, that suggest both a ‘wet’ and a ‘dry’ periglacial history in Utopia Planitia (e.g., 

see section 1.3.4). 

 

1.4.1 Introduction to Thesis 

Decameter-scale Rimmed Depressions (DRDs) are landform features, observed in Utopia 

Planitia, that appear as small-scale (i.e., decameter-scale) depressions contained by thin rims 

(Figure 1.12). The rims of the feature stand at higher elevation relative the surrounding terrain, 

while the interior of the feature is commonly in-sync with the elevation of the surrounding 

terrain outside of the enclosing walls. From a bird’s-eye perspective, DRDs are generally quasi-

circular, but like scalloped depressions they can coalesce, at times forming more complex 

labyrinthine patterns. Coalescence of DRDs are typically linked with low-lying and relatively 

flat terrain (e.g., crater floors); while in other cases, they do not show this topographic limitation. 

Aside from the instances where DRDs coalesce, their separation from one another can range 

from chaotic assortments, at times clustered or spread out, to near uniform spacing. Similar to 

polygons, within a confined locality (e.g., a crater) and/or stratigraphic layer, individual DRDs 

can appear similar, both morphometrically and orientationally (i.e., long-axis direction). 

Spatially, DRDs exhibit a close link with the presence of polygons. In fact, in every HiRISE 

image where we have observed DRDs, polygonised terrain was detected as well. Additionally, 

DRDs appear to favour proximity to ice-rich terrain, such as LDM and IRFs; while they 

stratigraphically superpose both of these landforms (including scalloped depressions).  
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Figure 1.12: Terrain dominated by Decameter-scale Depressions (DRDs) on Mars, with the 

white arrows pointing to several distinct individual DRDs (HiRISE ESP_037223_2235). Image 

credit: NASA/JPL/University of Arizona. 

 

The goal of this thesis is to provide an additional piece to the periglacial ‘puzzle’ of Mars, via 

identifying the prevalent process(es), responsible in the evolution of this so-called periglacial 

landscape, found on the Northern Plains of Mars. In the following chapter, we introduce our study 

area within Utopia Planitia, via which we conduct a thorough landscape survey based on available 

HiRISE imagery. Through this, we will describe the morphology, morphometrics, and distribution 

patterns observed with respect to DRDs. Subsequently, we will compare and contrast DRDs in 

relation to the periglacial landscape features discussed in this chapter. Ultimately, we will discuss 

the specific relationships of these potentially periglacial features to DRDs and use this as a 

framework upon which we will infer the formation mechanism for DRDs, as well as proposing a 

scenario for the Late Amazonian history of Utopia Planitia. 
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Chapter 2: Observation of Decameter-scale Rimmed Depressions, 

their inferred formation mechanism, and implications for the late 

Amazonian geologic history of Utopia Planitia 
 

 
2.1 Introduction 

Currently, Mars appears to be in a ‘frozen’ and dry state, with the clear majority of the 

planet’s surface maintaining year-round sub-zero temperatures [Arvidson et al., 1989; Hess et al., 

1977]. Together with the low pressure of the thin atmosphere of Mars, climate conditions do not 

accommodate the formation or long-term sustainment of liquid water on its surface [Carr, 1983; 

Martínez & Renno, 2013]. However, the Mariner missions gave birth to hypotheses that 

suggested the Martian climate had a much ‘wetter’ past, with the discovery of morphologies such 

as valley networks, tributary channels and delta deposits, and patterned ground including 

hummocky, polygonised, scalloped, and pitted terrain, closely resembling those found in 

periglacial environments on Earth [Balme et al., 2009; Gallagher et al., 2011; Levy, Head, 

Marchant, et al., 2009; Mangold, 2005; Séjourné et al., 2011]. The evidence for the potential 

periglacial landscape of Mars lies in these landform morphologies that extend from the mid to 

high latitudes, typically with none lower than 20o N/S [Balme et al., 2009; Gallagher et al., 

2011; Mellon et al., 2009]. Their distribution characteristic is suggested to reflect the nature of 

the obliquity shift of Mars, having a range from 0‒60o, with the extent of this range having been 

fully exploited at least two times within the last 10 Ma (i.e., late Amazonian) [Laskar et al., 

2004; Mischna, 2003]. These shifts have a paramount influence on the climate of Mars, as they 

control the surface water/ice stability, and results in cycles of ice migration that form planet-wide 

formation of ice-cover that can extend from poles to the low latitudes [Levrard et al., 2004; 

Madeleine et al., 2009]. Additionally, the repeated changes in  the obliquity of Mars has 

produced up to 20 shifts, with obliquities <30o, throughout the past few million years (i.e., 2.0‒

2.5 Ma), while it currently resides at an obliquity like that of Earth at ~ 25o [Laskar et al., 2004; 

Mischna, 2003]. 

The high-resolution satellite imagery from the surface of Mars, via instruments including 

High Resolution Imaging Science Experiment (HiRISE), and Context Camera (CTX) 

instruments aboard the Mars Reconnaissance Orbiter (MRO) satellite, commonly monitor 

excavation of surface ice by impact cratering activity. In conjunction, the Phoenix lander  



34 
 

   

 

reported shallow-subsurface ice at its respective landing site in Vastitas Borealis on Mars [Hess 

et al., 1977; Mellon et al., 2009; Smith, 2013]. Data from the Mars Odyssey satellite, equipped 

with the Gamma Ray Spectrometer (GRS), has provided substantial evidence for the presence of 

oxygen-bound hydrogen, within the upper metre of the mid-latitude regions [Boynton, 2002; 

Dundas & Byrne, 2010; Mellon et al., 2004]. With the launch of the MRO satellite, the Shallow 

Radar (SHARAD) instrument, through measuring the dielectric response at the decameter scale, 

alongside Compact Reconnaissance Imaging Spectrometer for Mars (CRISM), further solidified 

the GRS observations [Mustard et al., 2008; Smith et al., 2013]. Moreover, the potential of such 

features provides evidence of a ‘water-rich’ climate and geologic history, at least specific to the 

mid-latitudes of Mars, based on their high sensitivity to environmental changes (e.g., hydrologic, 

thermal, etc.) [French, 2013; Nelson et al., 2002]. The spatial analysis and relative stratigraphy 

of these features is key to understanding climate change on Mars. While these potentially 

periglacial landforms can be ubiquities across the planet, their clustering in certain regions of 

Mars has attracted the attention of the scientific community. For this reason, Utopia Planitia, 

amongst the regions situated in the northern plains of Mars, in conjunction with increase in 

availability of high-resolution imagery thanks to the HiRISE and CTX instruments, has been a 

great region of interest to researchers [e.g., Kerrigan, 2013; Lefort et al., 2009; Séjourné et al., 

2011; Soare et al., 2005]. 

We recognize and advocate that morphological analysis is a reliable step when uncertain 

about the genetic nature of a landscape [cf. Komatsu, 2007]. As such, in an attempt to investigate 

further the claims on the climate history and landscape evolution of the Martian northern plains 

within the Late Amazonian period, we have studied an area in Utopia Planitia. We begin with a 

thorough morphologic and morphometric description of an underreported feature in Utopia 

Planitia, which we have dubbed ‘Decameter-scale Rimmed Depressions’ (DRDs). Subsequently, 

we describe the spatial and stratigraphic relationship of DRDs to the most relevant landscape 

features (i.e., those potentially periglacial in nature). Previous workers have identified 

morphologically similar landscape features, such as ‘brain coral’ [Williams et al., 2008], ‘brain 

coral terrain’ [Noe Dobrea et al., 2007], and ‘brain terrain’ [Levy et al., 2009]; however, these 

features continue to be an active area of research, and thus the relationship (if any) between the 

previously studied features and DRDs will be investigated in this study. We believe DRDs serve 

as valuable stratigraphic markers, similar to those utilized in prior studies (e.g., scalloped 



35 
 

   

 

depressions) [Soare et al., 2012]; via which we will suggest a late Amazonian geologic history of 

Utopia Planitia and consolidate our claims. 

 

2.2 Methods 

Our study area contains 105 HiRISE images providing local coverage, and 229 CTX images 

providing complete coverage of the study region. Due to significant overlap in the available CTX 

imagery, and to narrow down the CTX selection and fine-tune georeferencing, the Mars Orbiter 

Laser Altimeter (MOLA) global mosaic [Albee et al., 2001; Smith et al., 2001] was used as a 

base layer. Subsequently, day infra-red imagery from THermal EMission Imaging System 

(THEMIS Day IR), at a resolution of 100m per pixel [Christensen et al., 2004] was used to 

create a mosaic of the study area, georeferenced to MOLA, to bridge the gap between MOLA 

and CTX resolutions. Finally, the production of the CTX mosaic followed the same procedures 

as the THEMIS Day IR mosaic, but instead using the THEMIS Day IR mosaic as the base-layer 

for georeferencing purposes, as opposed to MOLA. In both of these mosaics, while full coverage 

of the study area is available, there are data gaps within our created mosaic, specifically in regard 

to CTX. This is because the mosaic sorting order was adjusted to prioritize imagery with regard 

to; 1. Lowest emission angle; 2. Least difference in emission angle relative to 

overlapping/neighbouring images; 3. Least difference in time of captured imagery relative to 

overlapping/neighbouring images; and 4. Least difference in band statistics relative to 

overlapping/neighbouring images. This ensured that imagery with high emission angles or with a 

high difference in emission angle to their neighbouring images did not result in a  

skewed or unaligned mosaic. As well, the similarity in the time the image was taken and band 

statistics assured that the consistency in terms of lighting and seasonal conditions was 

maintained and that post-processing colour-corrections, which may increase overall error, were 

not needed. In cases where an image contained significant data gaps, or vastly differed in the 

variables discussed above from its neighbouring images, it was discarded from the mosaic. 

Within some places within our study area (e.g., the large impact craters), seasonal 

monitoring via the HiRISE instrument had taken place. This means that multiple images 

covering the same locality, with difference in time and image parameters, were available. In 

these cases, we chose the image with the most similarity in image parameters and time of 

day/year, relative to the rest of our HiRISE images in our database, provided that, such an image 
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had no errors/artefacts and showcased good visibility (e.g., no atmospheric haze). From 105 

HiRISE images, 26 containing DRDs were selected as summarized in Table 2.1. Within the 

locality of each available HiRISE image utilized in our study, we classified the DRDs into 3 

different type of distribution classes: 1. Cluster, 2. Random, 3. Dispersed. These classes were 

based on using a 500 x 500-metre moving window, within a HiRISE image, to analyze the 

nearest neighbour ratio of DRDs within each window using the geostatistical analyst toolbox of 

ArcGIS 10.5 (Figure 2.2). The term ‘moving window’ refers to the statistical method of data 

analysis, whereby a ‘window’ of pre-determined size is moved across the data, in this case 

HiRISE images, to reveal spatial variability. The location of individual DRDs (represented by 

red dots in Figure 2.2), were manually mapped and inputted into the ‘Nearest Neighbour 

Average’ tool available through ArcMap 10.5. The program then measured the separation 

between a point to its nearest neighbour, for every point in the ‘window’. Within one ‘window’, 

the average of these nearest neighbour distances was then compared to an arbitrary random 

distribution, where an average lesser than the arbitrary random distribution was considered 

clustered, while a value greater would have been considered dispersed [Ebdon, 1985; Mitchel, 

2005]. The value of the arbitrary random distribution is simply the expected average nearest 

neighbour distance, calculated based on the number of points within the sample (in this case 

DRDs) and the total sampling area (in this case ‘window’) [Ebdon, 1985; Mitchel, 2005]. The 

nearest neighbour ratio, as reported in Figure 2.2, is the numeric representation of the observed 

average nearest neighbour distance being divided by the expected average nearest neighbour 

distance [Ebdon, 1985; Mitchel, 2005]. The assumption here was that there were no topographic 

or stratigraphic barriers that controlled the location of where DRDs appeared [c.f. Ebdon, 1985; 

Mitchel, 2005]. This is also another reason why a moving ‘window’ was used to calculate the 

nearest neighbour ratios, as opposed to calculating the nearest neighbour ratio for the entirety of 

a HiRISE image at once. That is, we used smaller subsamples to minimize the error in our 

calculation due to changes in elevation or structural barriers. Furthermore, the p-value and the z-

score reported represent the possibility of error in the calculated nearest neighbour ratio. The p-

value represents the probability that the observed distribution is random, where a small p-value 

would indicate a low likeliness for randomness, while the z-score reports the standard deviation 

[Ebdon, 1985; Mitchel, 2005]. In simple terms, a low p-value in combination with a high z-score 

(either negative or positive), suggests that it is highly unlikely for the results to be random. 
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In combination, ISIS3 [Anderson et al., 2013], an open-source planetary image processing 

software provided by USGS, and ‘StereoPipeline’[Shean et al., 2016], an open-source tool as 

part of NASA’s Neo-Geographic Toolkit (NGT), were used to generate two DEM products that 

were utilized in geometric data collection (e.g., height, aspect, etc.). The tools, and their 

explanation, used to produce these DEM products, using ISIS3, are summarized, in respective 

order, as follows (for the detailed explanation see Shean et al. [2016]): 

1. ‘hiedr2mosaic.py’ 

a. Transformation of HiRISE .IMG to ISIS .cub format 

b. Calibration using spacecraft imaging parameters 

c. Arranging channels from instrument sensors to assemble the whole image 

d. Fine-tuning alignment of channels and reducing noise or ‘jitter’ 

e. Mosaicking the two stereo images into a single file 

2.  ‘cam2map4stereo’ 

a. Determines minimum overlap between stereo-pair images 

b. Determines worst common resolution between stereo-pair images 

c. Map-projects the two stereo-pair images to identical overlap and resolution 

3. ‘stereo’ 

a. Preprocessing of stereo-pairs 

b. Disparity map creation between stereo-pairs 

c. Sub-pixel refinements 

d. Filling holes in the point cloud and discarding outliers 

e. Triangulation of the point cloud 

4. ‘point2dem’  

a. Production of DEM from point cloud 

b. .tif file output with header files 
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Figure 2.1: Overview of the study area, indicated by the white dotted rectangle. 

The points represent locations of available HiRISE imagery, with the colour 

black outlining observations of DRD, while the white ones indicate no DRD 

presence. Basemap image credit: NASA-Goddard Flight Center/JPL/MOLA 

Science Team/USGS/JMARS. 

Table 2.1: Summary of HiRISE images containing DRDs 

 within our study area.

HiRISE Image ID Resolution/Pixel 
Longitude 

(+E) 

Latitude 

(+N) 

ESP_027610_2205 25 125 40.1 

PSP_010679_2205 50 120.1 40.3 

PSP_006249_2210 25 116.6 40.6 

PSP_006908_2215 25 124.1 41.1 

ESP_026041_2215 50 118.4 41.4 

PSP_005972_2220 25 120.6 41.7 

ESP_046032_2225 25 116.8 42.2 

ESP_025632_2225 50 122.7 42.2 

ESP_036366_2235 50 115.4 43 

ESP_037223_2235 50 115.8 43 

ESP_028929_2240 50 117 43.5 

ESP_027821_2245 25 124.7 43.9 

PSP_006882_2245 25 112 44 

ESP_045610_2245 25 118.5 44.2 

ESP_026621_2250 25 123 44.4 

ESP_026410_2250 50 123.3 44.5 

ESP_026265_2250 25 122.2 44.7 

PSP_006618_2250 25 120.9 44.8 

ESP_027808_2255 25 119.2 45 

ESP_028072_2255 50 111.5 45.4 

ESP_034164_2260 25 110.8 45.5 

ESP_027650_2275 50 112.2 46.5 

ESP_026450_2270 50 110.9 46.8 

ESP_046757_2270 50 122.7 46.9 

ESP_035614_2280 50 122.3 47.6 
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Figure 2.2: Examples of Nearest Neighbour (NN) analysis. The box in each sub-image outlines 

the 500 x 500-metre moving window, while the dots outline the centre of each individual DRD 

within the moving window. The nearest neighbour analysis result of each sub-image, (a) 

Dispersed, (b) Random, and (c) Cluster, is displayed to its right. Credit: NASA/JPL/University of 

Arizona/ESRI. 

A 

B 
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2.3 Observations and Results 

The term Decameter-scale Rimmed Depression is only used to describe the morphologic 

nature of the feature, and not to infer any geologic process(es). These features are small-scale 

basins surrounded by a thin rim or wall, no more than few metres in width, that stands at a higher 

elevation relative to the terrain surrounding the feature. The height of these rims extends from 

less than 1 metre, in degraded instances, to no higher than a few metres, in well-preserved 

examples (e.g., Figure 2.3). The interior depth of these features is similar to the local elevation 

surround the feature, and depending on preservation state is no lower than a few metres 

measured from the top of the feature’s rims. While the overall aerial-view of DRDs is generally 

quasi-circular, their shape can highly vary when these features coalesce. As such, we have 

classified their morphology into two different categories: Ellipse, (Figure2.4) and Labyrinth 

(Figure 2.4). The ellipse morphology exhibits a clear separation between individual DRDs with 

flatter terrain between the features. Ellipse morphologies observed on the steep slopes of crater 

walls, commonly lack a completely enclosing rim (Figure 2.4c) and are ‘tear-drop’ shaped. 

Morphologically, they bear similarity to the apron of gullies, where the ‘U’ shaped enclosure of 

the apron faces towards the down-slope direction. For clarity, in this study we specifically 

consider ‘ellipse morphologies’ (e.g., Figures 1.12 and 2.4a) as DRDs; while ‘labyrinth 

morphologies’ (e.g., Figure 2.4b) and ‘tear-drops’ (e.g., Figure 2.4c) are reported only as an 

extension, or morphologic transitions, of DRDs. 
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Figure 2.3: An example of a 2D vertical profile graph used to calculate the vertical and 

horizontal displacement of a DRD, in this case, an ellipse morphology. The white line in the 

image corresponds to the white profile line in the graph, while the dotted black line portion is 

equivalent to the long-axis length of the feature measured by rim to rim separation. This is a 

normalized elevation profile, assuming an elevation of 0 at the interior floor of the feature. 

Portion of HiRISE image PSP_001528_2210. Image Credit: NASA/JPL/University of Arizona. 
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 Figure 2.4: (a) Ellipse DRDs on relatively flat terrain (HiRISE ESP_026450_2270), (b) 

Labyrinth DRDs on a flat valley floor (HiRISE PSP_005972_2220), (c) Ellipse DRDs on high-

sloping crater wall. The white arrow points downhill and there is a net elevation change of ~40 

metres from bottom to top (HiRISE PSP_006908_2215). Image credit: NASA/JPL/ University of 

Arizona. 

 

Alternatively, the labyrinth morphology is composed of coalescing DRDs, that are directly 

adjacent to one another, sharing rims, and often shaping complex sinuous channels which form a 

maze-like overview (Figure 2.4b). These types of morphologies are strictly found in low-lying, 

relatively flat terrain, and never observed on slopes. Within our observations, ~28% were found 

on crater floors, while the remaining were observed on some type of locally low-lying 

topography, in between scarps, on etched out or dissected pockets in the landscape, at times 

within continuous ejecta of mantled impact craters (Figure 2.5). In fact, in many examples, the 

transition from labyrinth to ellipse morphologies can be observed, for instance, morphing from 

the slopes of crater walls to the crater floor (Figure 2.6).  

 

a c 

b 
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Figure 2.5: An example of the distribution of labyrinth morphologies that are not restricted to 

crater floors, where the white lines outline the labyrinth morphologies. (HiRISE 

PSP_006249_2210). Image credit: NASA/JPL/University of Arizona. 
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Figure 2.6: (a) Overview of a section of HiRISE PSP_006882_2245 showing an example of the transition between labyrinth and 

ellipse morphologies. (b) and (c) show changes in labyrinth morphology and transition to (d) ellipse morphology. Image credit: 

NASA/JPL/University of Arizona.
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Geographically, no DRDs were found north of 48oN within our study area, with their 

maxima appearing at ~44oN (Figures 2.1 and 2.7). In terms of their spatial distribution within 

individual HiRISE images, one image could contain all three distribution classes (i.e., cluster, 

random, dispersed). In dispersed distributions, DRDs appear in near uniform spacing from one 

another, while in clustering distributions the distance between individual DRDs is variable, 

typically forming multiple groups of closely-spaced DRD’s within a moving window. In random 

distributions, the number of DRDs within the statistical moving window is comparatively sparse 

with large and variable separations between individual DRDs (Figure 2.2). That being said, a 

Factor Analysis of Mixed Data (FAMD) on the type of distribution(s) found within each HiRISE 

image revealed that with increasing latitude, random distribution becomes more dominant, while 

dispersed and cluster distributions became prevalent with decreasing latitude (Figure 2.7). 

Having said that, dispersed distributions remained the dominant pattern observed for DRDs 

within the entirety of our study area. 
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Figure 2.7: A kernel smoothened layer overlaying the extent of our study area. The red regions 

correspond to the highest concentration of DRDs found, as well as correlating with the maxima 

of cluster and dispersed distributions. Conversely, the shift of the colour ranges from red to blue 

depicts the transition of DRD distributions to random and outlining regions where DRDs were 

not observed in HiRISE images. The dots showcase the location of the available HiRISE 

imagery within our study area, where the colour black is appointed to imagery that contained 

DRDs. A mosaic created from the Thermal Emission Imaging System (THEMIS) Day Infra-red 

(IR) imagery is used for the base map in this image. Basemap image credit: NASA/JPL/Arizona 

State University/USGS/JMARS. 
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For any geometric measurement carried out within our study, except for height and 

elevation measurements, we limited our sampled DRDs to ellipse morphology. This is because in 

labyrinth morphologies, coalescence of DRDs are quite common and, therefore, the delineation 

of individual DRDs for geometric measurement proved difficult. To this end, we used a sample 

of 50 randomly chosen DRDs per HiRISE image for all of the measurements reported here. Put 

simply, the random sampling of DRDs were done via executing the ‘RAND’ function on a table, 

containing a list of mapped DRDs within an image, in Microsoft Excel. As such, with an average 

long- to short-axis ratio of 2/1; the long-axes, measured by rim to rim separation, ranged from 5 

to 48 m, while their short-axis ranged from 3 to 24 m. Moreover, the average DRD measures ~18 

by 9 m in length (Figure 2.8). As well, in all instances where the ellipse morphology is observed, 

the orientation of the long-axis of individual DRDs, on a local-scale (i.e., per HiRISE image), are 

roughly parallel in direction, which broadly extends from South-East to North-West (Figure 2.9). 

Figure 2.8: Long- and short-axis measurements example from a sample of 125 DRDs. This sub-

sample was selected as the representative of the results from the entire measured sample of 1300 

DRDs, for better visualization. Note the line-of-best-fit for both the long- and short-axes, which 

was used to estimate the ratio (i.e., the trend of their overall shape).  
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Figure 2.9: (a) The average long-axis orientation of DRDs, generalized based on 50 DRDs 

within each individual HiRISE image that was identified to contain DRDs. (b) Rose diagram 

showing the long-axis orientation data from 1300 DRDs. A mosaic created from the Thermal 

Emission Imaging System (THEMIS) Day Infra-red (IR) imagery is used for the base map in this 

image. Basemap image credit: NASA/JPL/Arizona State University/USGS/JMARS. 

 

A thorough landscape survey within our study area, via the help of the available HiRISE 

imagery, as well as custom-made CTX and THEMIS Day-IR mosaics, revealed 5 dominantly 

occurring features that appear in spatial correlation with DRDs (summarized in Table 2.2). This 

survey included the dissection of LDM, an ice-rich depositional ‘apron’ [e.g., Kreslavsky & 

Head, 2002]; Scalloped Depression bearing terrain, rimless degradational by-products of LDM 

[e.g., Mustard et al., 2001]; IRFs (i.e., CCF/LVF/LDA), debris-covered ice-rich glacial flow 

deposits [e.g., Squyres, 1979]; LCP and HCP, polygonal patterned ground [e.g., Drew & Tedrow, 

1962]; and gullies, channel incisions on high-sloping terrain [e.g., Malin & Edgett, 2000]. 



49 
 

   

 

Table 2.2: Summary of results from our landscape survey. Note that for ‘Distribution’, C corresponds to cluster, D corresponds to 

dispersed, and R corresponds to random. For ‘Morphology’, E corresponds to ellipse, and L corresponds to labyrinth. The 

abbreviation of the name of features correspond, respectively, to the following: LCP = low-centre polygon, HCP = high-centre 

polygon, Scallop = scalloped depressions, LDM = latitude-dependent mantle dissection, CCF = concentric crater fill, LVF = lineated 

valley fill, and LDA = lobate debris apron. With respect to ‘CCF/LVF/LDA’ column, a ‘Y’ indicates the presence of at least 1 of these 

features. In the case of gullies, it may appear that there is no strong spatial correlation since there is more imagery where they are 

absent than present; however, gullies were found to be strongly correlated with ellipse morphologies on high slopes (i.e., ‘tear-drops’). 
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2.4 Discussion 

 Decameter-scale Rimmed Depression (DRD) is terminology that we have opted to 

describe objectively the geomorphology of a landform feature observed in Utopia Planitia. DRDs 

are evident as decameter-scale depressions in the terrain, either entirely or partially encompassed 

by a rim, no more than a few metres high (e.g., Figure 2.4). These features occur in communities, 

generally closely-packed together, though they are found with different arrangement 

distributions (i.e., random, dispersed, clustered) (see Table 2.2). Their overall shape is quasi-

circular when distinct from one another (i.e., ellipse morphology), while in instances where they 

coalesce, they can appear complex, forming labyrinthine channels (e.g., Figures 2.4b and 2.6). 

Regardless, within a community, DRDs are nearly uniform in size, shape, and long-axis 

orientation direction.  

Topographic lows, such as crater and valley floors, or pitted, pocked, and dissected 

terrain (e.g., Figure 2.5), appear as favourable areas for aggradation of labyrinth morphologies. 

On the other hand, ellipse morphologies do not show topographic restrictions in their assembly. 

In many examples, distinct transitions between these two morphological groups can be observed 

across an undulating landscape (e.g., Figure 2.6). Notably, on high slopes, ellipse morphologies 

morph into elongated ‘tear-drop’ shapes, at times, with rims partially encircling only the lobate 

portion of the feature (Figure 2.4c). 

Geographically, DRDs, alike other potentially periglacial landscape features, occur 

predominantly in the mid-latitude bands, while more morphologically muted examples can be 

found in high-latitudes as well (Figure 2.7). Importantly, DRDs always occur spatially associated 

with patterned ground, specifically polygonised terrain (Table 2.2). As well, their proximity of 

occurrence to ice-rich remnants, such as LDM, including dissected and degraded instances (e.g., 

scalloped depressions), and IRFs (i.e., CCF/LDA/LVF), is another notable correlation. In respect 

to DRD development in craters, ‘tear-drops’ were always found accompanied by gully presence; 

although, not all DRD occurrence in craters were accompanied by ‘tear-drops’ (Table 2.2).  

Previous work on Mesoscale Raised Rim Depressions (MRRDs) [Burr, Bruno, et al., 

2009], provides some overlap with our observations with respect to DRDs. MRRDs account for a 

variety of landscape features, coherent in morphology, which either have a hydrovolcanic, 

sedimentary, or ice-related origin. Considering the overlap in genetics between MRRD features 

and taking into account the proximity of morphology and spatial statistic parameters of 
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individual members of MRRDs in respect to DRDs, only a subset of these features that exhibit 

the most affinity to DRDs, with at least one from each genetic subcategory, will be discussed 

here. In the case of pseudocraters, modernly referred to as rootless cones, on Mars they possess 

diameters from 20 to 300 m, and are always found in closely-packed arrangements (i.e., clusters 

or group distributions) [Lanagan et al., 2001]. More than that, rootless cones on Earth bear the 

same distributions and identical range of hectometre-scale diameters (roughly between 5 to 250-

m), with decameter-scale net-heights [Chapman et al., 2000; Greeley & Fagents, 2001]. In 

comparison, DRDs have diameters that range as low as 6 to as high as 20 m, with heights of, at 

most, 1 to 2 m, and found in ‘isolated’ (referred to as ‘random’ in this study), as well as clustered 

and group distributions (referred to as ‘dispersed’ in this study).  

Moreover, pingos, which have been an area of research particularly in Utopia Planitia 

within the recent years [Burr, Tanaka, et al., 2009; de Pablo & Komatsu, 2009; Dundas et al., 

2008; Soare et al., 2005, 2013], are not known to commonly occur in clustered distributions, 

with heights that can reach in excess of 60 m and diameters up to 300 m [Embleton & King, 

1975; French, 2013; Gurney, 1998; Mackay, 1978, 1994; Porsild, 1938]. Furthermore, with the 

exception of collapsed pingos, domal shapes are a common morphology associated with pingos 

[e.g., de Pablo & Komatsu, 2009] and while dome-shaped morphologies were observed within 

our study area, the lack of correlation and large gap in size and spatial distribution with respect to 

DRDs, rules out a pingo origin for DRDs. Mud volcanoes share the same distributional 

predicament as pingos, with basal diameters that can reach tens of kilometres and heights 

ranging in the hectometre-scale [Davis & Tanaka, 1995; Skinner & Tanaka, 2007]. Ultimately, 

given the expansive and intricate volcanic and sedimentary history, and considering the 

extensive presence of (at least) near-surface ice in Utopia Planitia, the formation of any of the 

MRRD features within this region cannot (at least currently) be ruled out. However, seeing that 

the geometric and distribution patterns of these features do not correspond with our observations 

of DRDs, we do not find them to be a likely candidate to explain DRD formation mechanism.  

Considering that aeolian processes are widespread across the planetary surface of Mars, 

we found it necessary to entertain the possibility that DRDs may have an Aeolian origin. In fact, 

the ‘tear-drop’ morphologies can resemble some terrestrial dune examples [c.f. Hersen et al., 

2002]. However, we do not see the same latitudinal restrictions that DRDs exhibit, with aeolian 

processes on Mars. Furthermore, in the case of ‘tear-drops’, these morphologies are strictly 
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restricted to high-sloping terrain. Additionally, dunes on Mars, as observed in high-resolution 

imagery (e.g., HiRISE), typically appear distinct from the surrounding landscape. This is often 

due to the difference in their spectral signatures, derived by their contrasting mineralogical 

composition, relative to their encompassing terrain. For instance, many examples of dunes on 

Mars, appear as some derivation of blue in an enhanced-colour photo of HiRISE, meaning a 

sharp peak at roughly thein the 500 nm that corresponds to the Blue/Green band of HiRISE [e.g., 

McEwen et al., 2010]. We did not find DRDs exhibiting such considerable distinction in visible 

imagery or their spectral signature. In any case, we cannot explain the topographic/latitudinal 

restrictions observed with DRDs for an Aeolian process, and thus, we find an Aeolian origin to 

be an unlikely scenario in explaining DRD formation mechanisms. Though, it is more than likely 

that Aeolian reworking has evolved or altered the preservation state of DRDs to some extent. 

Another noteworthy mention, is the striking resemblance of DRDs to what has been 

commonly referred to as – at least in some variation of the terms – ‘brain coral’ or ‘brain terrain’  

[e.g., Levy, Head, & Marchant, 2009a, 2009b; Noe Dobrea et al., 2007; Williams et al., 2008] 

which has been identified previously in Utopia Planitia (Figure 2.10). These features remain an 

active area of research, with multiple hypotheses put forth to explain their formation, including 

sorted ground [Noe Dobrea et al., 2007], glacial ‘veiki’ moraine [Johnsson et al., 2016], or 

modification of glacial-flow [Levy, Head, & Marchant, 2009a].  
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Figure 2.10: (a) snapshot obtained from [Levy, Head, & Marchant, 2009a] depicting ‘brain 

terrain’ (b) DRDs on the right for comparison (HiRISE ESP_025632_2225). (c) an overview of 

our study area in the white dotted rectangle, and Levy et al.’s study area as denoted by the black 

circles (see figure 1 of Levy, Head, & Merchant, 2009a). Image credit: NASA-Goddard Flight 

Center/JPL/University of Arizona/MOLA Science Team/PDS Geosciences. 

 

‘Brain’ textures have been reported in assortments similar to that of the labyrinth 

morphology. That is, while at times exhibiting clear distinction of single members, as opposed to 

interlocking or coalescing ‘cells’, they are generally bound together within a locality [Levy, 

Head, & Marchant, 2009a]. Spatially, ‘brain-terrain’ has been reported to occur homogenously 

with at least one type of IRF [Levy, Head, & Marchant, 2009a]. In terms of geometrics, ‘brain-

terrain’ can have widths of 4–20 m, are 10–100 m in length, with heights up to 5 m [Levy, Head, 

& Marchant, 2009a]. In contrast, within our study, we only measured lengths of individual 

DRDs that showed clear separation from one another. In other words, when DRDs overlap (i.e., 

labyrinth morphology), they form complex and, at times, long lineations or ring-shaped 
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landforms, often making it difficult to indicate the number of DRDs that have coalesced to arrive 

at such a composite landform (e.g., Figures 2.4b, 2.6b and c). This may explain the separation of 

measurements between DRD and ‘brain-terrain’ length. It could be argued that our morphology 

classes represent entirely different landscape features; however, the observed modification and 

transition between morphologies (e.g., Figure 2.6), along with overlapping geometric 

measurements and geographic distribution, suggest otherwise.  

 

Figure 2.11: (a) DRDs with polygonization as pointed out with the white arrows (HiRISE 

ESP_046322_2230). (b) close-up view of the bottom section of (a). Image credit: 

NASA/JPL/University of Arizona.  

Moreover, while DRDs show a high geographic relationship with IRFs (Table 2.2), their 

occurrence is not bound to the confines, or the proximity, of these features. In fact, within our 

study area, less than 30% of HiRISE images containing DRDs were within crater interiors 
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(Figure 2.1), and IRFs were completely absent in ~25% of HiRISE images containing DRDs 

(Table 2.2). Contrary to Levy et al.’s [2009a, 2009b] ‘brain terrain’, we could not confirm any 

measurable orientation of DRDs that occurred within crater interiors, that were in concentric 

formations relative to the crater. Similar to the case of width measurements of labyrinth 

morphologies, we found it challenging to measure long-axis orientation of DRDs that appear to 

have coalesced. However, the measurement of the orientation of the long-axis based on DRDs 

that show clear separation, distinct in morphology (as reported in Figure 2.9), depicted an overall 

East to West facing orientation. If DRDs and ‘brain terrain’ are in fact the same landscape 

feature, it could be that when they occur within craters that contain CCFs, their orientation is 

biased to the morphology and texture of the antecedent layer on which they are superimposed 

(i.e., crater fill). Furthermore, similar to what has been reported by Levy et al., [2009a, 2009b], 

in every case where we observed DRDs, polygonised ground was detected as well (Table 2.2). 

This is with the difference that, in some cases, we observed polygonization occurring on DRDs, 

suggesting the superposition of polygons with respect to DRDs (Figure 2.11). 

Despite these differences in observation, we recognize that these formation hypotheses 

are in-tune with the encompassing landscape, morphologic features, and climate history. In 

addition, the geological and geomorphological evolution of a landscape feature, is almost never 

due to the sole influence of one processes. Instead, it is commonly a combination of processes 

that morph an environment and its encompassing landscape features. Thus, we do not reject the 

possibility that there are ties in the formation mechanisms of DRDs and ‘brain’ textures. There is 

the possibility that ‘brain terrain’ and DRDs are genetically completely different features, but 

given the similarity in morphology and geographic distribution, we find this unlikely. In fact, our 

findings are much more in keeping with observations that have been reported in the work of Noe 

Dobrea et al. [2007]. They emphasize a transition zone between ‘circular’ and ‘labyrinthine’ 

ridges, which we believe is a critical observation in linking ellipse and labyrinth morphologies 

within our study. This transition is best captured by the model provided by Kessler & Werner 

[2003] (Figures 2.6 and 2.12). To complement Noe Dobrea et al.’s [2007] hypothesis, the first 

identification of sorted ground on Mars was reported shortly after [Balme et al., 2009], and 

specifically in the follow-up work done by Gallagher et al. [2011], they describe observations of 

a landscape that we have observed to be parallel to what we have found in our study area. In fact, 

within just one HiRISE image (Figure 2.12a) in our study area, we can observe linear downslope 
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striations like ‘sorted clastic stripes’, and horizontal banding/terraces and lobes (i.e., tear-drops) 

similar to that of ‘solifluction lobes’. 

 

Figure 2.3: (a) HiRISE ESP_028652_2210 with 4 close-ups (b) ‘tear-drops’, (c) clastic stripes, 

(d) sorted patterned ground, (e) Labyrinth and Ellipse DRDs. Note the similarity of (i) snapshot 

from the same HiRISE image used in Gallagher et al. [2011] to outline solifluction lobes and (b) 

tear-drops; as well as (j) Gallagher et al.’s [2011] clastic stripes – cf. (c), and (k) Gallagher et 

al.’s [2011] lobes and terraces – cf. (d). (l) LiDAR image from Lake Orbiter’s (Devon Island) 

[Hawkswell et al., 2018] sorted circles – cf. (e). (f) Data from Kessler & Werner’s [2003] model 

showing an increase in slope gradient from left to right, and its similarity to (b) and (i) at lower 

slope gradient, compared to (c) and (j) at higher slope gradient. (h) Data from Kessler & 

Werner’s [2003] model – lateral confinement increasing left to right – noting the similarity 

between (d) and (k). (h) Depicts data from Kessler & Werner’s [2003] model on top – increase 

in stone concentration right to left - with data from Kessler et al. [2001] on the bottom – 

evolution of sorted circles with age. Image credit: NASA/JPL/University of 

Arizona/FGI/Teledyne Optec.
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The distribution classes of DRDs, are highly correlated with the erosion pattern observed 

with periglacial features on Mars. That is, generally with an increase in latitude, the frequency of 

these features declines. On Mars, the latitude restriction of any potential periglacial feature is 

mainly explained by the climate history, derived by its periodic shifts in obliquity, during which 

the appropriate conditions for water/ice stability changes with latitude [Boynton, 2002; Carr, 

1983; Carr & Head, 2010; Head et al., 2003; Hess et al., 1977; Mellon et al., 2004]. Throughout 

times of low obliquity, ice deposits migrate and extend from the poles, where they are currently 

residing today, to the mid-latitudes [Levrard et al., 2004; Madeleine et al., 2009]. Alternatively, 

during times of high obliquity, the ice deposits recede and are highly concentrated and confined 

to lower- and mid-latitude regions [Carr & Head, 2010; Head et al., 2003; Kreslavsky & Head, 

2002]. The range of obliquity shifts of Mars is quite large (i.e., up to 60o) [Laskar et al., 2004; 

Levrard et al., 2004; Madeleine et al., 2009]; while the projected number of obliquity shifts 

within the late Amazonian is in the order of a couple of tens of cycles [Laskar et al., 2004; 

Levrard et al., 2004; Madeleine et al., 2009]. This frequent and large variations in obliquity, and 

therefore the climate and latitudinal migration of ice would have allowed for mid-latitude zones 

to periodically host a periglacial environment due to changes in solar insolation [Laskar et al., 

2004]. Accordingly, the mid-latitudes are precisely the regions where all potential periglacial 

landscape features have been reported [e.g., Hauber et al., 2011; Lucchitta, 1981; Mellon et al., 

2009; Ulrich et al., 2012].  

Considering the spatially correlated landscape features in respect to DRDs (Table 2.2), 

believed to be periglacial in origin, suggests the idea that DRDs have periglacial origins. For 

instance, the dissection of LDM, proposed to have been triggered by the same processes that 

derive the formation of gullies (i.e., freeze-thaw cycle erosion), reaches its maximum in the mid-

latitudes, roughly where there is the highest frequency of occurrence and where the best-

developed gullies appear [Balme et al., 2006; Bridges & Lackner, 2006; Harrison et al., 2015; 

Head et al., 2003; Heldmann et al., 2007; Heldmann & Mellon, 2004; Kneissl et al., 2010; Malin 

& Edgett, 1999]. This is also true for scalloped depression distributions [Head et al., 2003; 

Kreslavsky & Head, 2002], as well as IRFs being concentrated along ~35‒50o N/S [Carr & 

Head, 2010; Dickson et al., 2010; Fastook & Head, 2014; Squyres, 1979]. In comparison, within 

the confines of our study area, DRDs appear from 40o to 47o, with the highest concentration of 
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DRDs appearing at ~ 45o, where their distribution shifts from clustering at lower latitudes to 

dispersed distribution and finally to random distributions at higher latitudes within our study 

area. This is likely an indication of the increase in degradation/erosion and a decrease in the 

preservation state of DRDs.  At around 45o, DRDs appear much more striking and prominent in 

respect to their surrounding landscape (Figure 2.13a). In contrast, on the northern boundary of 

where DRDs were observed within our study area (Figure 2.13b), they appear much more muted, 

eroded and modified. This observation of transition in preservation state is also quite apparent in 

other landscape features, as well as the overall terrain texture. In images with degraded and 

isolated DRDs (e.g., Figure 2.13b) the surrounding land surfaces are strikingly heterogeneous in 

texture, with vast areas covered with patterned ground (e.g., polygons), pitted, with 

interchanging rough and smoothed plains. 

 

Figure 2.4: (a) image exhibits DRDs at 45o (HiRISE ESP_028072_2255), while (b) displays 

DRDs at ~47o (HiRISE ESP_035614_2280) latitude. Image credit: NASA/JPL/University of 

Arizona. 

 

The observations suggest that the process(es) responsible for the formation of DRDs 

involved a local- to regional-scale mechanism(s). This is because, the overall morphologic 

uniformity of individual DRDs, regardless of morphology and distribution, and the extensive 

areas that they cover, suggests that they were all formed via the same process(es) and at 

relatively the same time. An example of such a scenario is polygonised patterned ground, 

containing several individual polygons similar in size, shape, and orientation within a locality, 

which combine to form a polygonised terrain [e.g., French, 1993].  
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The transitions in the morphology of DRDs coincide with changes in slope, and lateral 

confinement. As DRDs transition from labyrinth morphologies to ellipse morphologies, each 

individual DRD begins to exhibit clear separation from its neighbours and becomes more 

morphologically defined from the overall landform and landscape (Figures 2.5 and 2.12). This is 

observed with changes in slope or the presence of a stratigraphic barrier (e.g., escarpments) 

between the two morphology types. This transition mirrors the sorting model created by Kessler 

& Werner [2003] (Figure 2.12h), simulating a decrease in stone concentration from left to right. 

Naturally, stone concentrations will increase downslope, increasing in accumulation with 

decreasing slope gradient. Additionally, their concentrations will not always remain constant 

across stratigraphic barriers, resulting in different morphologies. For instance, over time, a 

depression in the ground (e.g., impact craters) is likely to accumulate larger quantities of stone, 

relative to the surrounding terrain outside of the crater, undergoing processes that can result in 

stone migration across a landscape (e.g., mass-wasting, glacial).  

Labyrinth morphologies appear similar to models with high stone concentrations (Figures 

2.5, 2.12e), and are respectively found in confined and relatively flat-lying terrain; whereas 

ellipse morphologies resembling lower stone concentrations (Figures 2.5, 2.12e) are found in 

areas with relatively higher slope gradients and/or non-confined areas (e.g., outside of a crater, a 

valley, etc.). Furthermore, as DRDs transition to even steeper slopes (i.e., ‘tear-drops’), they 

become elongated (Figures 2.12c, f, and j) and are likely subject to mass-wasting processes over 

time (Figures 2.12b, f, and i). In fact, within the bounds of a HiRISE image, in every scenario 

where ‘tear-drops’ were observed, gullies were also observed (Table 2.2). Admittedly, DRDs are 

also in spatial correlation with at least one type of IRFs, when restricted to some type of low-

lying terrain (e.g., crater, valley). Nevertheless, we attribute the significance of DRD spatial 

correlation with IRFs to the fact that, topographically-sourced confinements in an undulating 

landscape (e.g., a crater), act as large traps for material. As an arbitrary example, if an ice-sheet 

moves over a crater, a portion of that ice will become entrapped within the confines of the crater 

walls, as well as the inventory of material that is embedded within that ice (e.g., rocks and 

boulders). As such, if DRDs are morphologies derived from ground sorting mechanisms, 

confinements such as craters, valleys, or any low-lying and/or dissected terrains, due to the 

accumulation and abundance of assortments of deposits, will pose as ‘hot-spots’ for the rapid 
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genesis of DRDs.  

Simultaneously, our observation of the transition in morphologies of DRDs mirrors the 

sorting models created by Kessler & Werner [2003] (Figures 2.5 and 2.12h). The evolution of 

textures in the models provided by Kessler & Werner [2003] are results of fluctuations in 

geological parameters including, slope, confinement, and supply of material, as opposed to a 

difference in the inherent formation mechanism. Similarly, the transitions observed within DRDs 

(see sub-images in Figure 2.12), are likely not a result of a unidirectional change in one variable 

(e.g., slope). Instead, alike Kessler & Werner’s [2003] models, they are a result of a 

multidirectional change in two or more variables (e.g., slope and confinement) that affect stone 

concentrations and therefore morphology. In conjunction with the terrestrial examples of sorted 

ground, in some cases specifically in comparison to Mars, that have been already provided in 

previous studies [e.g., Balme et al., 2009; Gallagher et al., 2011; Kessler & Werner, 2003; Noe 

Dobrea et al., 2007]; we have observed analogous morphologies on Devon Island (Figure 2.12l). 

These sorted circles bear similar geometric properties, as well as being encompassed in a 

landscape, that convey striking resemblance to DRDs.  

The challenge in comparing DRDs to the models proposed by Kessler & Werner [2003], 

is that while patterned ground is a distinct morphologic feature across periglacial landscapes, 

there is no clear, widely accepted, understanding of how these features form [c.f. Rowley et al., 

2015]. Generally, it is believed to be caused by freeze-thaw cycles, triggering frost heave 

processes, thereby influencing the active layer in permafrost and generating these unique 

morphologies [e.g., Marr, 1969]. In any case, regardless of the specific underlying process, 

sorted patterned ground, as the name implies, is the product of a size sorting mechanism of 

surficial deposits, which over multiple freeze-thaw cycles results in distinct division between the 

stone (i.e., course-grained deposits) and soil (i.e., fine-grained sediment) domains [e.g., 

Washburn, 1956; Kessler et al., 2001]. On Mars, the lack of comparable data (i.e., complete and 

high-resolution) on stone concentration and grain size distribution across our study area, makes 

direct comparison difficult. Still, it should be noted that we observed various instances of meter-

scale boulder fields in HiRISE images, where we confirmed the presence of DRDs; and based on 

Viking Lander 2 (VL2) experiments in Utopia Planitia [Arvidson et al., 1989], the presence of 

both coarse-grained/stone deposits and fine-grained/soils are likely throughout this region. In 
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past studies, infra-red signatures (e.g., THEMIS data) and spectral signatures (e.g., TES and 

CRISM) have been used to suggest grain sizes [e.g., Christensen et al., 2001; 2003]. However, as 

confirmed by this study, resolving decameter-scale features is beyond the resolution capabilities 

of these datasets. In any case, the subsurface insight required to inform the migration of coarse-

grained and fine-grained deposits below the surface, is also currently unfeasible on Mars. On 

Earth, sorting mechanisms have not been documented to produce a significant change in 

elevation, when compared to the rim heights of DRDs. However, it must be considered that, due 

to Mars being in a low mean obliquity period (see Figure 1.2), these potentially periglacial 

features would have undergone ― hundred-thousand orders of magnitude ― greater freeze-thaw 

cycles, in comparison to the examples of such features on Earth (e.g., sorted circles in Devon 

Island). Furthermore, the antecedent topography of the landscape on which DRDs are 

superimposed, and/or post-depositional processes, may have morphologically altered the state of 

DRDs to what we see today. As is commonly the case in nature, a landscape feature is a product 

of multiple processes, that may be separated across geologic time, as opposed to one single 

process. Thus, here we propose that a similar process to that of ground sorting mechanisms on 

Earth, has been a prominent influence in shaping these landscape morphologies (i.e., DRDs). It is 

highly probable that such a mechanism, was combined with others to arrive at the current 

morphologic state of DRDs. For instance, the DRD orientation pattern observed (Figure 2.9), 

may be indicative of a regional Aeolian process, or perhaps ‘footprints’ of previous glacial 

mechanisms, that have been factors in the morphologic evolution of DRDs. 

 

2.5 Conclusions 

Mars appears to be a frozen world today; however, it did not always sustain such conditions. 

The presence of periglacial features such as patterned ground [e.g., Balme et al., 2009; Gallagher 

et al., 2011; Mangold, 2005] (e.g., polygonised terrain), gullies [e.g., Malin & Edgett, 2000], 

fretted and dissected terrain (e.g., LDM and scalloped depressions) [e.g., Séjourné et al., 2011], 

and IRFs (i.e., CCF, LVF, and LDA) [e.g., Levy, Head, Marchant, et al., 2009] suggest that 

within the past few million years, the mid-latitudes were exposed to surface temperatures above 

the freezing point of water Earth. To complement the periglacial picture, at least specific to 

Utopia Planitia, here we report the observation of a landscape morphology, dubbed DRD. 
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Morphologically, DRDs show many areas of overlap, with previously reported features such as 

collapsed pingos [de Pablo & Komatsu, 2009], rootless cones [Lanagan et al., 2001], ‘veiki’ 

moraine [Johnsson et al., 2016], and ‘brain terrain’ [Levy, Head, & Marchant, 2009a, 2009b; 

Noe Dobrea et al., 2007; Williams et al., 2008]. Based on our observations via HiRISE images, 

geometrics, spatial statistics, geographic correlation with other landscape features, and 

considering the encompassing landscape and geologic history, we find that DRDs are likely a 

result of a ground sorting mechanism. In fact, in every HiRISE imagery where DRDs were 

present, polygons were also observed (see Table 2.2). Several terrestrial examples, in regard to 

sorted ground, have been already put forth [e.g., Balme et al., 2009; Gallagher et al., 2011; 

Kessler & Werner, 2003; Noe Dobrea et al., 2007]; yet, we complement these previous studies 

with our observation of sorted circles in Devon Island (Figure 2.12l). Stratigraphically, DRDs 

appear to superpose scalloped depressions, LDM, and IRFs (though not polygonised ground in 

all cases), which suggests they are a relatively young feature of this landscape, conveying a 

worthy, and possibly improved, stratigraphic marker. Ultimately, we advocate that DRDs, 

considering the formation mechanism suggested in this study, provides additional evidence for 

cyclic shifts in latitudinal water/ice stability, and ultimately the migration of ice deposits from 

the poles to mid- and lower-latitudes and vice versa. In respect to the late Amazonian history of 

Utopia Planitia, and based on the discussion in the previous section, we propose the following 

scenario extending from ~100Ma to the present: 

1. High Obliquity during period of high mean obliquity [Laskar et al., 2004; Levrard et al., 

2004] 

a. Migration of regional ice to Utopia Planitia [Harrison, 2016] 

b. Terrain enrichment of ice, with possible formation of ice sheets 

2. Shift to lower obliquity [Laskar et al., 2004; Levrard et al., 2004] 

a. The retreat of ice-sheet from Utopia Planitia to the poles 

i. Sublimation of surface ice 

ii. Dust-covered remnants preserved [Harrison, 2016] (e.g., CCF, LDA, 

LVF) 

b. Triggering of Interglacial Period [Head et al., 2003] in Utopia Planitia  

i. Sublimation of shallow sub-surface Ice with further atmospheric 
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instability  

ii. Terrain modification as a result of sublimation of ice [Shean, 2010] (e.g., 

scarps, ridges, hummocks, pits and pocks, etc.) 

3. Shift to a higher obliquity with transition to a lower mean obliquity period [Laskar et al., 

2004; Levrard et al., 2004] 

a. Seasonal replenishment of the terrain in water-ice through atmospheric deposition 

[Madeleine et al., 2009] 

i. accompanying seasonal dust storms [Madeleine et al., 2009], as well as 

volcanic activity producing ash deposits [Kerrigan, 2013; Soare et al., 

2015], resulting in the formation of layered dust-covered ice (i.e., LDM) 

b. Seasonal changes triggering episodic freeze-thaw cycles 

i. Dissection of LDM resulting in the formation of some scalloped 

depressions, and gullies 

4. Shift to a lower obliquity [Laskar et al., 2004; Levrard et al., 2004] 

a. Incomplete termination of water-ice atmospheric deposition 

i. Accompanied by a temporary halt in sublimation [Kerrigan, 2013], 

Aeolian deposition results in duricrust formation over the terrain 

b. Mass production of Periglacial landforms due to a further decrease in obliquity 

[Harrison, 2016] 

i. Formation of new Gullies and further development of older gullies 

ii. Formation of new Scalloped Depressions 

iii. Formation of patterned ground (e.g., polygons and DRDs) 

5. Present-day Obliquity [Laskar et al., 2004; Levrard et al., 2004] 

a. Complete termination of atmospheric water-ice and dust deposition, coupled with 

Aeolian erosion and reworking 

i. Further dissection and exposition of dust-covered ice deposits (i.e., CCF, 

LDA, LVF, and LDM) with very limited gully activity still remaining 

[Dundas et al., 2015] 

ii. Partial erosion of patterned ground (e.g., DRDs, polygons) 
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Chapter 3: Final Discussion, Conclusion, and Future Work 
 

 

3.1 Research Summary 

Investigation of an underrated landform morphology, found in Utopia Planitia, has 

provided yet another piece of insight to the past environment of this planet. With comparison to 

Earth, Utopia Planitia is widely accepted to illustrate a periglacial environment, at least at a past 

and/or present time. Reviews of some of the most prominent landforms (Chapter 1) within this 

region, believed to be genetically periglacial, and a thorough detailed landscape survey (Chapter 

2), provided the stepping stone to infer the evolution of the landform morphology (Chapter 2), 

dubbed DRDs, and to further suggest a scenario for the late Amazonian climate history specific 

to Utopia Planitia (Chapter 2). 

 

3.2 Discussion and Major Findings 

DRDs, at least within the extent of our study area and with respect to the Northern Plains, 

are co-located with other potentially periglacial landscape features that prevalently occur in the 

mid-latitude bands [e.g., Costard & Kargel, 1995; Kreslavsky & Head, 2002; Malin & Edgett, 

2000; Seibert & Kargel, 2001; Squyres, 1979]. That is, the highest frequency and the most 

morphologically outstanding examples are found above 40o and below 50o, while with an 

increase in latitude their morphology becomes degraded, muted, dwindling in numbers.  

With regards to their geographic proximity to periglacial landforms, they show the most 

correlation to polygons. In fact, in every HiRISE image that we observed DRDs, polygonised 

terrain was observed as well (see Table 2.2 in Chapter 2). Interestingly, though our conclusion of 

DRD formation mechanism was not influenced by their geographic correlation to polygons, it 

further solidifies our proposal that DRDs are a type of patterned ground. Specifically, we 

advocate that DRDs, based on classification of morphology, are a combination of sorted circles 

and clastic stripes.  

The factors that control DRD evolution are 1. abundance of stone vs. soil, 2. slope, 3. 

topographic barriers, 4. number of freeze/thaw cycles [cf. Kessler et al., 2001; Kessler & 

Werner, 2003]. Labyrinth morphology represents DRDs situated in relatively flat low-lying 
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topography (e.g., crater floor), that arrive at their labyrinthine form through age and multiple 

freeze/thaw cycles, and given a balance between the concentration of stone and soil [cf. Kessler 

et al., 2001; Kessler & Werner, 2003]. Alternatively, with stone concentrations greater in respect 

to soil, or visa versa, DRDs will evolve either into stone soil or stone islands respectively, which 

we have dubbed ellipse morphology [cf. Kessler & Werner, 2003]. With increasing slope 

gradient, ellipse morphologies transition to first solifluction lobes (i.e., teardrops)(see Figure 

2.12b in Chapter 2), and a further increase in slope gradient results in cases of sorted stripes (see 

Figure 2.12c in Chapter 2) [cf. Kessler & Werner, 2003]. Given an increase in lateral 

confinement, for instance within wall terraces of impact craters, ellipse morphology can develop 

into sorted polygonal shapes (see Figure 2.12d in Chapter 2) [cf. Kessler & Werner, 2003].  

In comparison to other morphologically similar features, we found DRDs to be distinct 

(refer to Chapter 2). Notably, in contrast to ‘brain’ textures [e.g., Levy et al., 2009a, 2009b], we 

found that the vast majority of DRDs occurred outside of crater interiors, while in many cases 

they did not occur bound onto any type of IRFs (i.e., CCFs/LDAs/LVFs). While, admittedly, 

there were areas of overlap, we found that distributionally, geometrically, and orientationally, 

DRDs and ‘brain’ textures, based on what has been previously reported, do not match. 

Moreover, DRDs superpose LDM, scalloped depression bearing terrain, as well as all 

IRFs. Stratigraphically, polygonised terrain and DRDs appear to occur co-located with one 

another; however, in one scenario we did observe polygonization atop of DRDs (see Figure 2.11 

in Chapter 2). Regardless, based on our observations, we believe that DRDs are valuable 

stratigraphic markers, effectively demonstrated by our suggestion of the climate history scenario 

in chapter 2. Our findings agree with suggestions that Mars, specifically Utopia Planitia, has 

been subject to numerous freeze-thaw cycles. Based on the observed stratigraphic relationship, 

and our suggested climate scenario in chapter 2, we believe this landform is quite young, and is, 

therefore, in complement to other compelling evidence from previous studies discussed in 

chapter 1, indicative of the presence of a water-ice enriched terrain and a periglacial environment 

at a past and/or present time. 
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Figure 3.1: (a) Overview of a portion of HiRISE PSP_006882_2245 showing an example of 

transition between labyrinth and ellipse morphologies. (b) and (c) show changes in labyrinth 

morphology with concentration of stone vs. soil and transition to (d) ellipse morphology. (e) 

model data from Kessler & Werner [2003]. Note high stone concentration and similarity to (c), 

balance of concentrations vs. (b), and finally low stone concentration vs. (d). (f) Diagram and 

data as inspired by Kessler et al. [2001] model, showing an increase in morphological 

complexity with cycles. Image credit: NASA/JPL/University of Arizona. 
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3.3 Final Comments and Future Research 

While our review of the periglacial landscape of Mars was extensive, one of the more 

important premises of this research was the small extent of the study area. This was set to 

effectively focus our investigation, oriented on the genetic nature of DRDs. By zooming-in on 

our periglacial landform of interest, the large-scale (i.e., planet-wide) influences on landscape 

evolution, were refined to only include localized controls [cf. French, 2013]. This, we believe, is 

crucial to define accurately the responsible process(es) for the formation of an individual 

landform feature. However, the trade-off of a fine-scale study such as ours, is the lack of a global 

context. Historically, studies on periglacial environments and their associated landforms lean 

onto more qualitative basis to not include in-depth investigations of their correlation to 

paleoenvironmental conditions and climate history [Karte, 1983]. This is except for the broad 

association suggested between cold climates and periglacial environments. Still, given the spatial 

limitations of a study such as ours, we accommodated by streamlining our interpretation to infer 

a climate scenario in respect to Utopia Planitia, as opposed to suggesting one scenario for the 

entirety of the planet. 

The identification and cataloguing of DRDs beyond our study area, specifically in the 

southern hemisphere, may provide additional insight into the relationship of DRDs to other 

periglacial features. This requires more high-resolution imagery (i.e., HiRISE stereo-pairs) 

suitable for DEM production and further geometric analysis. Alternatively, a study of DRDs at a 

larger scale, one that encompasses both the northern and southern hemispheres, would improve 

on our observation of geographic distribution, and the correlation between changes in latitude 

and the frequency and morphology of DRDs.  

Earth contains an abundance of sorted circles and clastic stripes; however, locating such 

features in environments and under climate conditions parallel to that of Mars, is both difficult 

and valuable for analogous studies. To this end, we briefly introduced similar landforms found in 

Devon Island on Earth, though we have only scratched the surface. There is still much room for 

the close comparison of geometrics, distribution, and transition in morphology between DRDs on 

Mars and sorted circles on Devon Island, yet to be studied. 
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Figure 3.2: (a) Overview of Lake Orbiter, an area North of the Haughton impact structure, in 

Devon Island (Canadian Arctic Circle) with an overlay of LiDAR image obtained via means of 

LiDAR and Mobile Scene Modeling (mSM) [see Hawkswell et al., 2018; Osinski et al., 2010], 

specifically using a combination of Polaris LiDAR and the Kinematic Mobile LiDAR scanner 

(KLS) – funded by the Polar Continental Shelf and the Northern Scientific Training programs. 

(b) A zoomed-in portion of the LiDAR image, with black arrows pointing out a few of the 

prominent examples of sorted circles (for comparison to Mars, see Figure 2.12 in chapter 2). 

Image credit: Google/FGI/Teledyne Optech. 
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