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ABSTRACT	  

Understanding the age and distribution of shallow ice on Mars is valuable for interpreting 

past and present climate conditions, and has implications on habitability and future in situ 

resource utilization. Many ice-related features, such as lobate debris aprons and concentric crater 

fill, have been studied using a range of remote sensing techniques. Here, I explore the 

distribution of expanded craters, a form of sublimation thermokarst where shallow, excess ice 

has been destabilized and sublimated following an impact event. This leads to the collapse of the 

overlying dry regolith to produce the appearance of diameter widening. The modern presence of 

these features suggests that excess ice has remained preserved in the terrain immediately 

surrounding the craters since the time of their formation in order to maintain the surface. High-

resolution imagery is ideal for observing thermokarst features, and much of the work described 

here will utilize data from the Context Camera (CTX) and High Resolution Imaging Science 

Experiment (HiRISE) on the Mars Reconnaissance Orbiter (MRO). Expanded craters tend to be 

found in clusters that emanate radially from at least four primary craters in Arcadia Planitia, and 

are interpreted as secondary craters that formed nearly simultaneously with their primaries. 

Crater age dates of the primaries indicate that the expanded secondaries, as well as the ice layer 

into which they impacted, must be at least tens of millions of years old. Older double-layer ejecta 

craters in Arcadia Planitia commonly have expanded craters superposed on their ejecta – and 

they tend to be more expanded (with larger diameters) in the inner ejecta layer. This has 

implications on the formation mechanisms for craters with this unique ejecta morphology. 

Finally, I explore the distribution of expanded craters south of Arcadia Planitia and across the 

southern mid-latitudes, along with scalloped depressions (another form of sublimation 

thermokarst), in order to identify the modern excess ice boundary in this region and any 
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longitudinal variations. This study identifies some potential low-latitude locations with patchy 

excess ice, possibly preserved during a past climate. Through these studies, I will infer regions 

that contain abundant ice today and consider the implications that this ice has on both the martian 

climate and future exploration.  
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1   INTRODUCTION	  

There is an abundance of evidence for widespread ground ice on Mars, particularly in the 

polar regions and mid-latitudes of both hemispheres. Some of the earliest indications of martian 

ground ice come from Viking orbiter observations, where latitude-dependent topography 

relaxation was observed and inferred to be the result of ice-related creep deformation (Squyres 

and Carr, 1986). Specific geomorphic features used to infer the presence of ice were lobate 

debris aprons (LDAs), concentric crater fill (CCF), and terrain softening, all of which are 

concentrated between 30–55° in both hemispheres. LDAs are accumulations at the base of steep 

slopes with rounded edges and lineations that suggest the flow of material. CCF shows lineations 

similar to LDAs and likely forms from a similar process, but is confined to crater interiors. 

Lineated valley fill (LVF) is a similar feature confined to channels. The geographic distribution 

of these features, which are centered near the latitudes of 39.3°N and 40.7°S, has been well 

documented (e.g. Squyres, 1979; Souness et al., 2012). 

Mars Odyssey’s Gamma Ray Spectrometer (GRS) and Neutron Spectrometer (MONS) have 

indicated high hydrogen content in the uppermost meter of the martian regolith at mid- to polar 

latitudes (Boynton et al., 2002). While this signature can suggest hydrated minerals, hydrogen at 

high latitudes is likely in the form of water ice – specifically, excess ice poleward of ±60° 

(Feldman et al., 2004) and perhaps lower latitudes (Feldman et al., 2011). Thermal inertia 

measured by Mars Global Surveyor’s Thermal Emission Spectrometer (TES) indicates a buried 

ice-rich permafrost layer between 50–80°N at a depth of a few to tens of centimeters (Bandfield 

and Feldman, 2008), largely consistent with distribution of ice detected by MONS. The Mars 

Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) on Mars Express, with a 
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vertical resolution of 50–100 meters (Picardi et al., 2004), has detected subsurface reflections 

consistent with ice at the spatial scale of decameters throughout the high latitudes of both 

hemispheres (e.g., Mouginot et al. 2010; Mouginot et al., 2012), and the Shallow Radar 

(SHARAD) instrument on MRO has observed sub-surface reflections consistent with excess ice 

in the northern plains at depths of approximately tens of meters (Bramson et al., 2015; Sturmann 

et al., 2016) and confirmed that some mid-latitude LDAs, hundreds of meters thick, are mostly 

ice (Holt et al., 2008; Plaut et al., 2009).  Polygonal-patterned ground, thought to form by 

thermal contraction cracking and indicative of subsurface ice, has also been observed at a range 

of scales throughout the northern and southern middle and high latitudes on Mars (e.g., Mellon et 

al., 2009b; Levy et al., 2010b). The Phoenix lander verified these inferences of widespread 

ground ice by directly excavating both pore-filling and nearly pure ice within centimeters of the 

surface (Smith et al., 2009; Mellon et al., 2009a). All of these observations are consistent with 

theoretical models which indicate that water ice should be stable in the martian subsurface 

poleward of ~45–60° (e.g., Leighton and Murray, 1966; Mellon et al., 2004; Chamberlain and 

Boynton, 2007; Schorghofer, 2007).  

Pore-filling ice is thought to form by vapor deposition within porous soil, whereas excess ice 

likely forms as a result of buried snow (Head et al., 2005; Fastook et al., 2011) or thin films of 

water forming ice lenses (Mellon et al., 2009a; Sizemore et al., 2015), although Fisher (2005) 

proposed an alternative mechanism where temperature-driven thermal cracking and diffusive 

migration of water vapor can build a subsurface cryoshell over many seasonal temperature 

cycles. Ice lens initiation should be common at high martian latitudes, where the expected rate of 

growth is most rapid in clay sediments or in the presence of deliquescent salts like perchlorates, 

producing centimeters-thick layers of excess ice on timescales of hundreds to tens of thousands 
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of years. However, this cannot easily account for thicker, meter-scale ice deposits, which are 

most likely the result of compacted snowfall. 

Impact craters can act as "windows" to provide context for subsurface properties such as 

layering and the presence/abundance of volatiles like water ice. Bright material has been exposed 

by several small, recently-formed primary craters as far equatorward as 39°N (Byrne et al., 2009; 

Dundas et al., 2014), and the largest bright regions contain clear H2O ice spectra in data from the 

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

observations demonstrate that near-surface excess ice is present today, and extends farther 

equatorward than the limits of high water-equivalent hydrogen in the uppermost meter of 

regolith from Feldman et al. (2004). Models of the fading timescales of these bright exposures is 

consistent with sublimation from a relatively pure water ice layer, perhaps overlying pore-filling 

ice-rich regolith (Dundas and Byrne, 2010; Kossacki et al., 2011). However, the depth, thickness, 

and composition (in terms of fractional dust content and porosity) of the subsurface ice layer are 

less well constrained. Some ice-exposing impact craters have also been identified in the southern 

hemisphere of Mars, but the detection of new impact craters is challenging in regions with little 

surface dust (Daubar et al., 2013). 

Certain impact ejecta morphologies on Mars have been shown to correlate with latitude, and 

presumably subsurface ice content (Barlow 2005). Models simulating impacts into icy terrains 

provide an additional theoretical basis for some of the unusual crater morphologies that we 

observe on Mars, and suggest that the martian cratering record reflects the planet’s climatic 

history (Senft and Stewart, 2008). Craters with layered ejecta morphologies (double- and 

multiple-layered ejecta, common on Mars) tend to be found in regions where ground ice is 

predicted to be stable (Mouginis-Mark, 1981; Barlow and Bradley, 1990), and it has been argued 
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that ground ice is involved in their formation (e.g., Barlow 2005). Evidence for ice within the 

ejecta of a double-layer ejecta (DLE) crater will be discussed in Chapter 3. Other crater 

morphologies that tend to be found in ice-rich regions are excess ejecta craters, perched craters, 

and pedestal craters, where it is hypothesized that rocky ejecta material excavated from beneath a 

subsurface icy layer preserves some excess ice (Kadish and Head, 2011). Some interpretations of 

SHARAD data that suggests pedestal craters may not be ice-rich, possibly comprised of a mix of 

ice and silicates (Nunes et al., 2011), and eolian erosion has been proposed as a formation 

mechanism (e.g., Arvidson et al., 1976a). However, the recently-favored hypothesis is that 

pedestal craters result from an impact into an ice-rich material in a region that subsequently 

experienced a climate shift. The crater ejecta helps to armor the ice beneath it, protecting it from 

sublimation while ice loss deflates the surroundings and leaves the crater and ejecta elevated 

above the adjacent plains. Pedestal craters may therefore represent local regions of ice 

preservation and can act as indicators of past ice-rich layers that were mostly lost to sublimation 

sometime in the past. Previous studies have found that pedestal craters (D > 0.7 km) are largely 

concentrated poleward of 33°N and 40°S with equatorial exceptions in the Medusae Fossae 

Formation (Kadish et al., 2009), and that their crater retention ages suggest frequent ice 

accumulations over the past 200 Myr (Kadish and Head, 2014). 

Several lines of evidence support the hypothesis of extensive subsurface ice, including 

excess ice, in and around Arcadia Planitia, a smooth Amazonian-age plain in the martian 

northern mid-latitudes centered at 47°N, 184°E. These include widespread thermal contraction 

polygons (Barrett et al., 2013), neutron measurements from Mars Odyssey (Feldman et al., 

2011), an abundance of pedestal craters (Kadish et al., 2009), and the presence of terraced craters 

thought to result from impacts into icy layered targets that are associated with a SHARAD 
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subsurface reflector (Bramson et al., 2015). Arcadia Planitia will be discussed in greater detail in 

Chapter 2. Excess ice has also been noted in Utopia Planitia based on radar sounding (Stuurman 

et al., 2016) and high concentrations of periglacial, ice-related landforms, including polygonal-

patterned ground and scalloped depressions (Sejourne et al., 2012; Soare et al., 2012).  

Scalloped depressions, along with expanded craters (discussed below), are examples of 

sublimation thermokarst, and can be used as another line of evidence for the presence of excess 

ice. On Earth, “karst” refers to collapse features commonly associated with the dissolution of 

limestone (Jennings, 1985), and thermokarst is used to describe temperature-driven collapse 

features (not necessarily associated with carbonates). Terrestrial thermokarst typically involves 

the melting of ice in permafrost regions, producing thaw lakes and alases, and Viking 

observations revealed kilometer-scale depressions thought to result from thermokarstic 

processes, possibly involving liquid water in early martian history (Costard and Kargel, 1995, 

and references therein). However, for much of martian history, liquid water has not been stable at 

the planet’s surface. Therefore, ice that is exposed to the atmosphere or otherwise destabilized 

will sublimate, and can lead to the formation of collapse features. Throughout this work, the term 

“thermokarst” will refer to sublimation thermokarst. Specific formation mechanisms are 

described in the following sections.  

1.1   EXPANDED	  CRATERS	  

Some small craters located in ice-rich regions show evidence for expansion, where it 

appears that their diameter has increased since their formation (Figure 1-1). Although expanded 

craters have not been extensively studied previously, they appear concentrated near Arcadia 
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Planitia (see Chapter 2), and can also be found at high latitudes in other parts of the northern and 

southern hemispheres. 

We argue that these craters have been modified over time by sublimation thermokarst. 

Models have demonstrated that the expansion can occur due to the sublimation of relatively-

clean subsurface ice exposed or destabilized during impact events (Dundas et al., 2015). 

Expansion requires the presence of excess ice, which sublimates and drives the collapse of 

material overlying the ice-rich layer, and likely ceases when a sufficient lag has developed above 

the ice to prevent further sublimation. The sublimation of pore-filling ice would not produce 

collapse features since the surface would remain supported by the regolith grains that are left 

behind. 

Figure 1-2 shows an expanded secondary crater typical of the ones seen in Arcadia Planitia 

next to an unrelated crater, likely primary but possibly a distant secondary crater from a more 

recent impact. These two craters have comparable diameters (~0.25 km), but their elevation 

profiles, extracted from HiRISE stereo data, are different (Figure 1-2). Note that the primary 

crater is deeper and has a very apparent rim, whereas the expanded crater is shallow and tapers 

off to the surface in line with the overall SW-to-NE upward slope of the surface, and the inner 

crater slopes steepen into a central depression. The models of Dundas et al. (2015) found that the 

best fit for typical observed expanded crater profiles was one where a crater penetrated into or 

through a pure ice layer, and the timescale for expansion was a minimum of a few tens of 

thousands of years. Eolian modification can affect crater morphologies, but is unlikely, by itself, 

to produce the expanded profiles that we observe.  Impacts into layered targets can have some 

morphological similarities to expanded craters, but the elevation profiles and formation 

mechanisms of these types of craters are distinct (Bramson et al., 2015). Craters from impacts 
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into layered targets typically develop more discrete terrace levels, which form at the time of 

impact due to the responses of different target materials to the shock wave. Since fresh, un-

expanded craters can be found adjacent to expanded craters (Figure 1-2), this is an unlikely 

formation mechanism for the expanded crater morphologies discussed here. It is possible that 

younger craters are in the process of slowly expanding at a scale that we cannot resolve in the 

available data, since the expanded morphology develops over time, post-impact, on timescales of 

~10,000+ years.  

Throughout this work, the modern presence of sublimation thermokarst will be used to 

indicate modern ice in the terrains immediately surrounding these features. This is due to the fact 

that, if the entire ice layer were to sublimate, then the expanded crater morphologies would 

collapse. In order for these surface morphologies to be preserved, the excess ice layer must 

remain preserved in the elevated terrain surrounding the features.  

1.2   SCALLOPED	  DEPRESSIONS	  

Scalloped depressions, or scallops, are another form of sublimation thermokarst. They are 

rimless, ovoid depressions with a shallow equator-facing slope and a steep, pole-facing scarp, 

ranging in size from a few hundred meters up to ~3 km (Lefort et al., 2009). Although formation 

mechanisms involving liquid water have been proposed (e.g. thermokarst thaw lakes, Costard 

and Kargel, 1995; Soare et al., 2008), it is challenging to produce the melt volumes required to 

form these depressions in the modern climate and is therefore more likely that they originate 

from enhanced asymmetric sublimation due to local heterogeneities such as slight hills or 

depressions, where growth may be in the direction of the shallow slope (Lefort et al., 2009). 

Models have demonstrated the growth of scallops through sublimation processes, initiated by 
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small surface disturbances (Dundas et al., 2015), where lower obliquity promotes scallop 

development in the mid-latitudes (Dundas 2017). Previous studies have found scalloped terrains 

predominantly in Utopia Planitia (Lefort et al., 2009) and south of Hellas Basin in Malea Planum 

and the Amphitrites and Peneus Paterae (Lefort et al., 2010; Zanetti et al., 2010). 

1.3   OVERVIEW	  AND	  MOTIVATION	  

The overall aim of this work is to address the distribution of shallow, excess ice based on 

the presence of sublimation thermokarst features. To accomplish this goal, I will focus on 

expanded craters, which have not previously been studied in detail, as an indicator of near-

surface ice. In the case of Arcadia Planitia (Chapter 2), where many of the expanded craters are 

thought to be secondaries from identifiable source craters, the ice can be age-dated based on the 

crater retention ages of their associated primary impact craters. Expanded secondary craters in 

Arcadia Planitia also tend to be found coincident with the layered ejecta deposits of older craters, 

including a double-layer ejecta crater that is well-sampled with HiRISE stereo imagery (Chapter 

3). Variations in the degree of superposed crater expansion may be indicative of differences in 

ice content between the different ejecta layers, and can have implications on the formation 

mechanism of this unique, mostly-martian ejecta morphology. Finally, I will explore the 

distribution of sublimation thermokarst features in the southern mid-latitudes of Mars in order to 

better constrain the southern hemisphere ice boundary and to look for small-scale variations in 

ice content (Chapter 4). Understanding the modern presence of excess ice on Mars has important 

implications on the past and recent climate. Ice may further represent a past habitat or site of 

biosignature preservation, and is an abundant potential resource for future human exploration 

(Chapter 5). 
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1.4   FIGURES	  

Figure 1-1: Examples of expanded secondary craters.  

HiRISE images containing expanded secondary craters in Arcadia Planitia. Top: 

ESP_028411_2330, near 52.7°N, 216.3°E (illumination from the upper left). Bottom: 

ESP_017875_2305, near 50.2°N, 219.1°E (illumination from the left). 
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Figure 1-2: Crater elevation profiles. 

The typical elevation profile of an expanded (secondary) crater (blue), compared to a primary 

crater (black) with a similar diameter measured in a HiRISE Digital Terrain Model (DTM) 

located at 57.2°N, 225.8°E (DTEEC_018046_2375_017822_2325; image illumination is from 

the left). Note that the expanded crater is shallower with a more cone-shaped morphology, and 

does not show any evidence for a crater rim. Slight kinks in the slope indicate steepening at the 

central cavity of the expanded crater.   
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2   ARCADIA	  PLANITIA	  

Adapted from: Viola, D., A.S. McEwen, C.M. Dundas, and S. Byrne (2015). Expanded 
secondary craters in the Arcadia Planitia region, Mars: Evidence for tens of Myr-old shallow 
subsurface ice. Icarus, 248, 190–204 (https://doi.org/10.1016/j.icarus.2014.10.032). 

 

 

A range of observations indicates widespread subsurface ice throughout the mid and high 

latitudes of Mars in the form of both pore-filling and excess ice. It is generally thought that this 

ice was recently emplaced and is not older than a hundred thousand to a few millions of years old 

based on ice stability and orbital-induced climate change. We analyze the distribution of 

subsurface ice in Arcadia Planitia by mapping thermokarstically expanded secondary craters, 

providing additional evidence for extensive excess ice down to low latitudes (less than 40°N). 

We further infer the minimum age of this subsurface ice based on the ages of the four primary 

craters that are thought to be the source of a large portion of these secondaries, which yields 

estimates on the order of tens of millions of years old – much more ancient than anticipated. This 

estimated ancient age suggests that ice can be preserved in the shallow subsurface for long 

periods of time, at least in some parts of Arcadia Planitia where expanded secondary craters are 

especially abundant. We estimate the amount of ice lost to sublimation during crater expansion 

based on measurements of expanded secondary craters in HiRISE Digital Terrain Models. The 

loss is equivalent to a volume of ice between ~140 and 360 km3, which would correspond to a 

global layer of 1–2.5-mm-thick. We further argue that much more ice (at least 6,000 km3) is 

likely preserved beneath the un-cratered regions of Arcadia Planitia since significant loss of this 

excess ice would have caused extensive terrain dissection and the removal of the expanded 
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secondary craters. Both the loss of ice due to secondary crater expansion and the presence of this 

ice today have implications for the martian climate.  

2.1   INTRODUCTION	  

As described in Chapter 1, ice is abundant at middle to high latitudes on Mars. Here, we 

will describe the distribution and age of ice in Arcadia Planitia, in the northern mid-latitudes, 

based on the presence of expanded secondary craters. 

Secondary craters, which form when material is ejected and re-impacts the surface, can 

give an indication of subsurface properties.  They are typically found in rays or clusters of small 

craters that emanate from the primary (source) impact crater, and may, if sufficiently well 

preserved, have herringbone patterns due to interacting ejecta (Oberbeck and Morrison, 1973; 

Melosh, 1989). Secondaries can become difficult to distinguish from small primary craters at 

large distances from their source impact. Importantly, secondary craters can be very useful 

probes of target properties because large numbers of secondaries form nearly simultaneously 

(e.g., McEwen et al., 2005). Since the time for degradation to occur is identical, different 

secondary crater morphologies within a given secondary crater field can indicate variations in 

surface and subsurface conditions that can be explored over large spatial extents. Secondary 

crater fields appear to be rare at higher latitudes on Mars (Boyce and Mouginis-Mark, 2006), 

perhaps related to sublimation of ice (Weiss and Head, 2013). Arcadia Planitia is an exception, 

where we have found four craters with diameters ranging from 6–20 km, all with well-preserved 

secondaries. Many of these secondaries have “expanded” morphologies, described in Chapter 1. 

Kostama et al. (2006) previously identified these features as mantled pits in images taken 

by the Mars Orbiter Camera (MOC), and interpreted them as related to local geology. However, 
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with our analysis of broader coverage using MRO’s CTX, we see that these pits can be radially 

associated with the primary craters mentioned above, suggesting that they are in fact modified 

secondary craters. Figure 2-1 compares a cluster of expanded secondaries from Domoni crater to 

a cluster of Zunil secondaries at a similar distance from the respective primary craters, 

demonstrating this radial association. As discussed in Section 1.1, the modern presence of 

expanded craters suggests the long-term preservation of the regional excess ice from the time 

when the craters formed. Therefore, we suggest here that the distribution and minimum age of 

subsurface excess ice near Arcadia Planitia can be broadly constrained by mapping the expanded 

secondary crater fields of the well-preserved primary craters in the region. 

2.2   OBJECTIVES	  

The primary objective of this study is to better understand the distribution, history, and 

origin of subsurface ice in Arcadia Planitia by mapping expanded secondary craters. Because 

secondary craters and their source primaries form nearly simultaneously, we can derive estimates 

of the age of the expanded secondaries, and thus of the minimum age of the ice layer into which 

they impacted. Mapping was done using images from the Context Camera (Malin et al., 2007) on 

MRO. The use of high-resolution imagery (~6 m/pixel) allowed for mapping clusters of 

secondary craters with diameters on the order of several decameters, and since 75% of the region 

was covered by CTX at the time of this analysis (mid-2013), we were able to acquire a detailed 

understanding of the distribution of secondary craters throughout Arcadia Planitia and the nearby 

areas.  

We also estimate how much ice was lost during the expansion of these craters by 

investigating the three-dimensional structure of these features in seven Digital Terrain Models 
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(DTMs) produced from stereo images taken by HIRISE (McEwen et al. 2007) using the methods 

described by Kirk et al. (2008), and extrapolating the estimates of ice loss in specific regions 

across the entire Arcadia Planitia study area. 

2.3   STUDY	  REGION	  

The study area is between 35–65°N and 180–240°E (Figure 2-2), including most of 

Arcadia Planitia as well as adjacent terrains. Within this area, there are four primary craters with 

well-preserved secondary crater fields, summarized in Table 2-1. With the exception of two 

craters on the south polar layered deposits (Schaller et al., 2005), secondary crater fields appear 

uncommon at high latitudes, possibly due to periglacial processes erasing smaller craters. The 

reason why secondary crater fields are preserved here and not elsewhere is unclear, but since 

many Arcadia Planitia secondary craters show evidence for sublimation expansion that ceases 

once a sufficient lag deposit has developed, it may be related to the abundance and persistence of 

preserved excess ice. 

The primary craters that we focus on have diameters ranging from 6–20 km, and are found 

between 43–62°N (Table 2-1). Domoni crater is a 13.8-km-diameter multiple-layer ejecta (MLE) 

crater with a central pit, and has been further studied using a HiRISE DTM created from three 

overlapping pairs of stereo images (Section 2.4.1). Steinheim crater is an 11.3-km-diameter 

double-layer ejecta (DLE) crater with a central peak of diameter 2.8 km, and a previous detailed 

analysis of the crater’s ejecta and central peak suggest that the impact angle was fairly steep (> 

45°) (Pietrek et al., 2013). The largest primary crater in this study, with a diameter of 19.3 km, is 

Gan crater, a double-layer ejecta summit pit crater. The secondary crater field of this primary has 

previously been described by Robbins and Hynek (2011), who observed highly-linear chains of 



28	  
	  

craters using data from the Thermal Emission Imaging System (THEMIS) on Mars Odyssey and 

posited that the impact direction was from the southeast based on mapping the near-field 

secondary craters using eleven mosaicked CTX images. The fourth and smallest primary in this 

study, unnamed and henceforth referred to as “Crater α”, is a simple, double-layer ejecta crater 6 

km in diameter. The depth-to-diameter (d/D) ratios for all of the complex primary craters (Table 

2-1), while smaller than the commonly-accepted values for fresh craters of their respective 

diameters (Pike, 1980, Garvin and Frawley, 1998), are consistent with the shallower profiles 

expected for craters of their diameters at high latitudes (Mouginis-Mark and Hayashi, 1993; 

Stepinski et al., 2009; Robbins and Hynek, 2012b). Two smaller primary craters (D = 1.94 km at 

50.19°N, 184.49°E, and D = 3.15 km at 60.23°N, 236.27°E) with secondary fields extending 

several crater radii from their primaries were also identified in this study, although they only 

cover a small part of the total study area and will not be discussed in further detail. 

Table 2-2 describes the seven HiRISE DTMs containing expanded secondary craters that 

we use to topographically characterize these features. Many are concentrated near ~50°N, 

although there is one significantly farther north (57°N) and one significantly farther south 

(~38°N). Between 14 and 200 expanded craters were measured in each DTM.  In many cases it 

is challenging to determine from which primary crater each set of expanded secondary craters 

originated. 

2.3.1   Geologic	  Context	  

The geologic context (from Skinner et al., 2006) in the immediate vicinity of each 

primary crater is described in Table 2-1. The secondary crater fields that originate from these 

primary craters are largely concentrated within member 1 of the Arcadia Formation (Aa1), which 

is associated with Amazonian-age lava flows, and the lower member of what Skinner et al. 
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(2006) mapped as the Alba Patera Formation (Hal), the oldest and least distinct flows originating 

from Alba Mons during the late Hesperian/early Amazonian. There are also secondaries 

extending into other units of the Arcadia Formation (Aa 2–5) and Vastitas Borealis (ridged 

member, Hvr, and grooved member, Hvg), and overlying the older ejecta surrounding 

Milankovič crater (54.7°N, 213.3°E).  Although the distribution of secondary craters is 

inherently non-uniform, expanded and apparently non-expanded secondary craters are sometimes 

found in fairly close association, suggesting a heterogeneous distribution of excess ice. It should 

be noted that small landforms that might indicate subsurface ice are not resolved at the scale of 

the broader geologic mapping and are likely to relate to more recent surface processes. 

2.3.2   Crater	  Statistics	  

Using the Hartmann (2005) production function for Mars over the map area of 3.3 × 106 

km2, we found that the time for four primary craters of this size to accumulate is expected to be 

~37	  $%&'() Myr. Assuming these are all of the youngest craters larger than 5.66 km in this region, 

we expect that their formation dates spanned this interval.  This is a rough estimate due to the 

small number of craters, but is consistent (within a factor of two) with ages from superimposed 

small craters described below, and serves as a check on those ages. The age of each individual 

primary crater was estimated from counts of small, superimposed craters, the results of which are 

summarized in Table 2-3. Crater-retention ages ranged from 18.6 to 70 Ma from crater counts 

over the area of each primary crater and its continuous ejecta, with the exception of Domoni 

crater, where we excluded the interior of the crater due to extensive pitting on the crater floor. 

These may be lower limits on the primary crater ages because many processes erase small 

craters. Regardless, both approaches suggest that these four craters and their secondaries formed 

tens of millions of years ago.  We observe clusters of expanded secondaries that can be radially 
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associated with each of the four primary craters of interest, which implies that the excess ice that 

the secondary craters formed within is also tens of millions of years old and has survived the 

climate variations that have occurred since formation. 

2.4   MAPPING	  SECONDARY	  CRATER	  FIELDS	  

Mapping of secondary craters was done using ESRI’s ArcGIS; a total of nearly 500 CTX 

images were examined at a scale of 1:63,360, covering an area of ~3 million km2. Clusters of 

expanded and “normal” (non-expanded) craters were delineated, their secondary origin apparent 

due to their clustered nature and similar degradation states; locations where secondaries with 

both expanded and non-expanded morphologies were found in close association, typically where 

the smaller craters had not been expanded, were denoted as “mixed” clusters. The secondary 

craters immediately surrounding each primary (within several crater radii) can be clearly 

associated with their source impact; however, at greater distances from the primary craters, the 

crater fields overlap and it becomes challenging to distinguish their origin. In some instances 

clusters that appear non-expanded at CTX resolution actually appear to have undergone a lesser 

degree of expansion in higher-resolution HiRISE images, so it is important to note that the 

classification of “normal” clusters only applies to their appearance at CTX resolution. An 

additional complication is that, most likely, some of the secondary craters that we identify 

originated from impacts other than the four study primaries. Although no other obvious large (D 

> 4 km), well-preserved primaries with secondary crater fields were identified within the bounds 

of the study area, one particular section in the southeastern-most extent of the region contains 

expanded secondaries that are radial to and might have originated from Tooting crater (23.1°N, 

207.1°E), a young primary crater previously dated at < 2 Ma (Mouginis-Mark and Garbeil, 

2007). These clusters of secondaries are more than 1,000 km northwest of Tooting crater, whose 
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secondary crater field has previously been mapped out to 540 km and appears to be asymmetrical 

and more concentrated northeast of the crater (Boyce and Mouginis-Mark, 2012). Therefore, it is 

conceivable that other distant secondary craters from unrelated impact events are included in our 

dataset. Nevertheless, it is not necessary to definitively identify the source impact to use 

expanded secondaries as indicators of the spatial extent of excess subsurface ice. It is also 

possible for primary impact events to create small clusters, or elongated chains in the case of an 

oblique entry, but many of the larger and highly elongated clusters are most likely secondaries 

(Popova et al., 2007). 

We further noted the locations of non-clustered, expanded craters that we interpret to be 

secondaries based on their relative proximity to other craters with similar apparent degrees of 

expansion/degradation (and therefore, presumably the same formation time). However, it is 

likely that some of these are small primaries that formed under similar conditions as these 

secondary craters and underwent similar expansion processes. This possible mixing has no effect 

on our conclusions.  

We found that approximately 3% of the total mapped area was heterogeneously covered by 

clusters of secondary craters, 50% of which contained apparent expanded morphologies at CTX 

resolution (Figure 2-3). Secondary craters within a few crater radii of each primary impact 

largely tend to have normal, non-expanded morphologies at CTX resolution, whereas more 

distant secondaries appear to have undergone expansion. 

A total of > 17,000 clusters with areas ranging from 0.03–1,600 km2 (median ~2 km2) were 

mapped, along with 75,000 isolated expanded craters. In order to estimate the total number of 

secondary craters within the clusters, the study area was divided into 100 km by 100 km grids, 

and the number of craters within a sample of clusters of each type (non-expanded, mixed, and 
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expanded) per grid unit were counted to estimate the number of craters per km2. These crater 

densities were extrapolated to the clusters within each grid using the cluster surface area to 

approximate the total number of craters in each cluster. The mapping and counting methods used 

account for most secondaries with diameters > 50 m (> 8 CTX pixels), and the approximate 

number of secondary craters that meet this criterion within the mapped study area is estimated to 

be > 106. It is important to note that this only includes the secondary craters within the area 

covered by CTX; given the heterogeneous nature of the secondary crater distribution, we do not 

extrapolate the number of secondary craters within the 25% of the study region that had not been 

covered by high-resolution imagery at the time of this study. This uncertainty is irrelevant to the 

order-of-magnitude nature of our conclusions. Of the mapped area, 36% of the total number of 

secondaries were expanded, compared to ~45% with normal morphologies (and ~19% found in 

mixed clusters), even though the total areal extent of expanded secondaries is larger than that of 

non-expanded secondaries. This reflects the marked difference in the average crater density 

within clusters of each type; non-expanded clusters tend to contain the most craters per area, with 

an average of 11.9 km-2. Mixed clusters have an intermediate average density of 7.1 km-2, and 

expanded clusters contain the fewest craters per area, with 5.5 km-2. However, expanded craters 

also tend to be larger than apparently non-expanded craters, and the decreased crater density may 

be the result of crater expansion merging with or erasing smaller associated secondaries, perhaps 

ones that were too small to expand themselves or which have expanded beyond recognition since 

the time of their formation. 

Few secondary craters, expanded or otherwise, are found at latitudes greater than ~65°N. 

Even in the case of Gan crater at 62°N, the concentration of secondary craters drops off rapidly 

towards more northern latitudes. This may be because periglacial processes such as thermal 
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contraction polygons have been modifying the surface throughout recent climatic history, and 

remain active to the present day (Mellon et al., 2008), although polygonal ground is also found 

throughout the mid-latitudes. An alternative possibility is that ice or atmospheric dust is 

deposited more frequently at higher latitudes, effectively erasing craters from the terrain.  Note 

that all craters become rare at such high latitudes over Mars, so they must be actively erased 

(Korteniemi and Kreslavsky, 2013). 

Another trend evident in the data is a correlation between expanded secondary craters and 

higher-standing ejecta associated with older, pre-existing impact craters. Although only about 

9% of the mapped area is on or immediately surrounding the ejecta of older craters (including the 

large expanse around Milankovič crater), 40% of the total area of expanded secondary crater 

clusters (and 55% of the total number of expanded secondary craters) mapped in Arcadia Planitia 

are found associated with these materials. One reason for this trend may be that excess ice had 

been preferentially preserved beneath older craters and/or their ejecta as described by Kadish and 

Head (2011); MOLA elevation profiles of older craters with overlying expanded secondaries 

reveals that about half are either perched or pedestal craters, and therefore may have preserved 

an ancient icy mantle layer (Meresse et al. 2006; Kadish and Barlow 2006). However, this does 

not account for the expanded secondary craters found on other crater types, within excavated 

crater cavities, or in other parts of the northern plains. An alternate possibility is that crater ejecta 

and interiors either trap snow (e.g., due to surface roughness) or are favorable locations for ice 

lens growth (strongly dependent on regolith properties; Sizemore et al., 2015). 
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2.4.1   Domoni	  Crater	  

2.4.1.1   Volume	  of	  Ejected	  Material	  

We have acquired a constraint on the volume of material responsible for the formation of 

the Domoni crater secondaries using a DTM created from six HiRISE images of the impact 

crater.  (ESP_016846_2320, ESP_016569_2320, ESP_016213_2315, ESP_016714_2315, 

ESP_016780_2315, and ESP_016490_2315). The total rim-to-floor volume was 81 km3, and the 

volumes of excavated material and the ejecta blanket were estimated using a MOLA 

interpolation of a pre-impact surface based on the topography outside the ejecta blanket. The 

respective ejecta and excavated volumes were 53.9 km3 and 60.6 km3, corresponding to a 

Vejecta/Vcavity ratio of 0.88, which is consistent with MOLA observations of martian impact craters 

(Garvin and Frawley, 1998). If the entirety of the volume deficit in the ejecta contributes to the 

production of the observed secondary crater field, it would suggest that approximately 7 km3 of 

material contributed to the production of the observed secondary craters. However, this order-of-

magnitude estimate is complicated by material compression and escape during impact, post-

impact surface rebound, and the likely ice-rich nature of the surface that would have resulted in 

vaporization during impact and sublimation shortly afterwards. 

2.4.1.2   Size-‐Frequency	  Distribution	  

Two radial regions of secondary craters emanating from Domoni crater were selected, 

only one of which contained secondaries that underwent expansion (Figure 2-4). Secondary 

crater diameters were measured (outer diameters in the case of expanded craters) wherever there 

was CTX coverage along each 140-km-long, 2-km-wide track, and the size-frequency 

distributions (SFDs) were compared. Along the northeastern track, 2,637 secondary craters with 

diameters ranging from 35–425 m were measured, and 1,380 secondaries with diameters from 
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45–500 m were measured along the southeastern track. The innermost parts of both tracks, being 

close to the primary crater, did not show evidence for expansion as previously mentioned, so 

each track was split into the inner and outer regions shown in Figure 2-4, where the outer regions 

contained Domoni secondary craters that were either expanded (in the southeast track) or non-

expanded (in the northeast track). In both tracks, the inner region extended from the edge of 

Domoni crater’s continuous ejecta to ~80 km from the crater center and the outer region 

extended from ~100–140 km from the center of the crater. Figure 2-5 shows the SFDs for this 

dataset, where the secondary craters in each surveyed region (within the green tracks in Figure 

2-4) were binned in multiplicative diameter intervals of 21/2. SFDs over small size ranges 

typically follow a power law trend of the form Ninc = kD-b, where Ninc is the number of craters 

between D and √2D, D is crater diameter, k is a constant, and b is the slope of the SFD. There is 

a sharp drop-off in the incremental crater frequency at smaller diameters, but this can be 

attributed to resolution limits and the erasure of smaller craters through periglacial and eolian 

processes. Some of the regions have SFDs that follow the power law described above (Figure 

2-5); however, the size-frequency distribution of the region containing expanded craters (Region 

D in Figure 2-4) appears to have a parabolic shape in log space (i.e. not a power law), and the 

SFD of the innermost region of the northeast track (Region A in Figure 2-4) does not strongly 

follow a power law trend. Table 2-4 shows the equations to describe the SFD of each region. The 

exponents for the power law SFD tend to increase with increasing distance from the primary 

crater, but all have a value of b between 3 and 5, which is typical for secondary craters on 

planetary bodies (McEwen and Bierhaus 2006, and references therein). The SFD for the region 

containing expanded secondaries is shifted towards larger diameters relative to the outer non-
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expanded region, which is expected since we can only measure expanded diameters rather than 

the original diameters at the time of formation.  

We assume that the original size distribution of secondary craters before expansion was 

comparable to the existing distribution of non-expanded secondaries in the outer region, and that 

expansion has a similar effect on craters with similar initial diameters (although it may vary for 

different initial diameters). This assumption is necessary to estimate the original sizes of the 

expanded secondaries, and we consider this an appropriate initial approximation since the 

regions of interest in this comparison are at the same distance from the primary crater and the 

slopes of their respective SFDs are similar (Table 2-4). However, it is important to note that the 

SFD for different secondary crater rays associated with a single impact, even at comparable 

distances from their primary crater, can vary greatly (Arvidson et al., 1976b; Preblich et al., 

2007), and we may be sampling regions with different crater densities. Therefore, this 

comparison only gives a crude estimate of secondary crater expansion. This analysis is further 

limited by the small number of regions that we compare, but future work can explore these initial 

observations in more detail. 

In order to compare the SFDs of the two outermost regions, we used the equations in Table 

2-4, solving for the crater diameters over a range of Nincremental values. Assuming that, for any 

given Nincremental, the initial and final diameters can be calculated using the equations fit to the 

non-expanded northeastern region and the expanded southeastern region, respectively, we can 

estimate the diameter change associated with expansion and determine the percent diameter 

change. Figure 2-6 shows the result of this method, demonstrating that the degree of expansion is 

non-uniformly dependent on diameter, reaching a maximum for craters with an initial diameter 

of ~150 m. If there were no diameter dependence and every crater expanded by the same linear 
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distance, we would expect the results shown in the dotted line in Figure 2-6, and if every crater 

expanded by some fraction of its initial diameter these results would be a straight horizontal line. 

However, our results suggest that less expansion relative to the initial diameter is taking place in 

both smaller and larger craters. It is unclear why smaller craters appear to experience less 

expansion, but this may be an observational effect: if smaller craters underwent extensive 

expansion and modification, then they would be difficult or impossible to recognize in the 

landscape today, or could be recognizable as craters but lack a distinctive expanded morphology. 

In this case, our identification of craters as “non-expanded” is conservative and underestimates 

the importance of this process. Alternatively, we may in fact expect to see a peak like this in the 

degree of expansion if the larger craters have penetrated all the way through an icy layer. In that 

case, the amount of subsurface ice exposed and susceptible to sublimation would be limited to a 

certain thickness of ice exposed only at the walls of the craters, and would result in a smaller 

fractional diameter change associated with expansion. Moreover, the amount of expansion 

required to create a stabilizing lag of a given thickness is proportionally less in a larger crater. 

Smaller craters, which penetrate into but not through an icy layer, would expose ice on both their 

walls and floors, and would experience more sublimation relative to their size. The smallest 

craters would be expected to expand significantly, but expansion in small craters might be cut off 

if a sufficiently thick surface lag develops. This could more effectively coat the walls of small 

craters with regolith. The measured peak in initial diameter (~150 m) corresponds to an 

excavation depth of ~15 m, (Melosh, 1989). Therefore, we suggest that the subsurface ice layer 

that produced the expanded secondaries within the southeastern track was at depths generally 

shallower than ~15 m.  This is comparable to the depths of scalloped depressions interpreted as 
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thermokarst landforms in both the southern hemisphere (Zanetti et al., 2010) and Utopia Planitia 

(Morgenstern et al., 2007), which are found to be up to tens of meters deep. 

2.5   PARAMETERS	  OF	  EXPANDED	  SECONDARY	  CRATERS	  

Seven HiRISE DTMs were used for detailed mapping of individual expanded secondary 

craters. Expanded craters were approximated as ellipses, and planar parameters (major and minor 

axis diameters, major axis azimuth) of each were collected using ArcGIS. Three-dimensional 

parameters such as depth, volume, and surface area were measured using several tools in 

ArcMap’s 3D Analyst toolkit. Since the expanded secondary craters that were studied here no 

longer have any recognizable rim or ejecta, a pre-impact surface was interpolated based on the 

topography just outside the perimeter of each expanded crater. Depths were calculated by 

subtracting the elevation of the crater’s center from the average elevation around the crater edge, 

and volumes were measured by subtracting the DTM surface from the interpolation of the pre-

impact surface. Crater wall slopes were also measured along lines in a range of orientations from 

the crater center to rim using the ArcMap 3D Analyst tools to interpolate the minimum, 

maximum, and average slope from the DTM surface.  

More than 400 expanded craters were measured from seven HiRISE DTMs within the 

study region (Table 2-2). The DTMs were spread spatially throughout the study area (Figure 

2-2), although many were concentrated near ~50°N, and they contained a range of expanded 

morphologies, from very expanded and degraded to smaller and more symmetric (Figure 2-7, a-

c). We only measure a sampling of expanded secondary craters in most of these DTMs, avoiding 

ones which overlapped neighboring expanded craters since, in such cases, it was not possible to 

produce a reasonable interpolation of the pre-impact surface. Assuming that we measured a 
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representative sample of expanded secondary craters, we extrapolate our findings over the entire 

area of each DTM as well as across the entire Arcadia Planitia study area. 

We suggest that the volumes of expanded craters are, to first order, a lower bound on the 

volume of ice that must have been sublimated from each crater. This is a reasonable first 

approximation because most of the material excavated during crater formation remains as 

continuous ejecta, thus there is no significant volume change (apart from possible density 

changes due to compaction or expansion). Since any raised rim and ejecta that was once present 

around expanded craters has since collapsed into the crater itself during expansion, the volume 

difference should roughly correspond to the amount of ice sublimated, although the volume of 

ice lost could be larger if the craters have been partially infilled by eolian deposits. We tested this 

assumption by measuring both the crater bowl and rim volumes, relative to an interpolated pre-

impact surface, of several non-expanded Zunil crater secondaries with well-preserved rims that 

were identified in HiRISE DTM DTEEC_004375_1815_003874_1815. The secondary crater 

volumes ranged from ~1–4 times the volume of their respective rims (with a mean and median of 

~2), suggesting that this hypothesis is at least correct to within a factor of 2. 

Not surprisingly, length parameters (i.e., depth and major and minor axis diameters) were 

positively correlated with each other and with crater volume (Figure 2-8). Expanded craters also 

tend to be somewhat elliptical, with eccentricities ranging from ~0.17–0.82 (median ~ 0.56), 

although there does not appear to be a strong correlation with latitude, which suggests that the 

expanded crater shape may be more highly influenced by the angle of impact or regional winds 

rather than any latitude-dependent expansion direction. If sublimation is the dominant control on 

expansion, parameters such as eccentricity and azimuth may be expected to vary with solar 

insolation angles and intensities, and therefore with latitude; however, since most of the DTMs 
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analyzed are located at similar latitudes (~50° N), we are not confident that we can detect such 

latitudinal variations. Also, with the exception of DTM c (Table 2-2), where the azimuth 

direction of the major axis for most of the secondaries measured were between 0–45° east of due 

north, the expanded secondary craters within each individual DTM studied do not appear to have 

a strong azimuthal preference; this may be due to local topography effects on crater expansion or 

local variations in ice table properties. Furthermore, expansion may be affected by wind 

direction and the preferential removal or deposition of wind-blown material inside these craters. 

2.5.1   Crater	  Volumes	  

The total volume lost from all the measured expanded craters in each DTM ranged from 

~1 × 106 m3 (from 24 craters in DTM b in Table 2-2) to ~2.1 × 107 m3 (from 197 craters in DTM 

d in Table 2-2). When divided across the total planar area of the expanded craters measured 

within each DTM, we find that this volume translates into an average thickness of ~1.9–4.7 

meters. These are lower limits on the thicknesses due to the possibility for eolian infill 

subsequent to crater expansion and because it assumes uniform sublimation throughout the 

whole crater, although it is more likely that sublimation was not entirely symmetric along all 

aspects of the crater. 

2.5.2   Crater	  Depths	  

Expanded crater depths may be related to the depth to or thickness of the subsurface ice 

layer involved in their thermokarstic expansion. The expanded craters that we measured tend to 

have depths between ~2 and 20 m, although there are a few shallower and deeper craters in a 

small number of the DTMs analyzed. Crater depth increases nearly linearly with diameter over 

the range of expanded craters measured, roughly following the equation: D = 12.4 × d + 105. 

Most of the DTMs had a median crater depth around 5.7 m, although one of them, DTM b (Table 
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2-2), contains expanded craters that appear consistently shallower than that of the other DTMs 

(median ~ 3.15 m). This location also represents a morphological exception to the observed 

pattern where expansion appears more concentrated overlying older ejecta; although this DTM 

contains a small, 1-km-diameter crater, it appears that the smaller secondary craters overlying the 

ejecta of this crater have undergone little to no expansion, whereas expanded craters are seen 

around and at the fringes of the ejecta (Figure 2-9). This dichotomy in expansion morphologies 

may be due to the presence of relatively deeper regolith above subsurface ice in this location, so 

not all of the overlying secondary craters penetrated deeply enough to expose and sublimate ice. 

At the steeper edge of the ejecta, less overlying regolith may be present, allowing these craters to 

expose ice and undergo expansion.   

When crater depths are averaged over binned diameters to minimize the effects of 

location and crater size, we find that depths increase steadily with increasing diameter until ~10 

m, at which point the depths start to level off, with averages around 10–12 meters (Figure 2-10). 

There are a few exceptions at larger diameters, but those bins also contain fewer craters and have 

larger errors. Note that this leveling off of expanded crater depths occurs near the maximum 

depth of the ice layer that was estimated from the comparisons of expanded and non-expanded 

secondary craters in the vicinity of Domoni crater (~15 m). This may further suggest that a 

widespread ice layer at around this depth or thickness is present throughout Arcadia Planitia in 

the areas where expanded secondary craters are found; however, the precise relationship between 

the depth or thickness of the icy layer and the expanded morphology is presently unclear, and it 

is alternatively possible that the larger craters more effectively trap atmospheric dust and ice, and 

are more easily infilled. 
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2.5.3   Depth/Diameter	  Ratios	  

Crater depth-to-diameter (d/D) ratios are a common measure used when comparing 

impact craters. It is widely accepted that the d/D ratio for small, fresh, simple craters is typically 

around 0.2 (Pike , 1980), although secondary craters tend to have lower d/D ratios. Pike and 

Wilhelms (1978) found that secondary craters on the moon have d/D ratios around 0.11, and 

McEwen et al. (2005) observed a typical d/D ratio of ~0.08 for craters interpreted to be 

secondaries on Mars. We calculated d/D ratios for the expanded craters using both the major and 

minor axis diameters, and consistently found that the ratios were lower than the previously-

observed values for secondary craters. This is expected since the expansion process increases the 

crater diameter and, due to infilling, also makes the crater shallower. It would therefore seem 

reasonable that the lower the d/D ratio for an expanded crater, the more it has been 

expanded/degraded over time. 

We identified the average and range of d/D values that were measured within each DTM 

analyzed, as well as the average d/D ratios for binned diameters across all DTMs to correct for 

any effects of latitude or diameter range. The individual averages for each DTM are shown in 

Figure 2-11a, and the diameter-binned average d/D ratios are shown in Figure 2-11b. DTM c 

(Table 2-2) is the lowest-latitude DTM in this study; it also has the lowest range of d/D values 

and appears to have been the most degraded (Figure 2-7a). However,  when averaged over all 

DTMs, the average d/D ratio for nearly all diameter bins collapses to ~0.035  (Figure 2-11b). 

This may be due to sublimation effects that are proportional to diameter or more rapid infilling of 

larger craters. 



43	  
	  

2.5.4   Crater	  Wall	  Slopes	  

Wall slopes from the center to the edge of each crater were measured in six orientations: 

due north and due south, and in both directions along the major and minor axes (since each 

expanded crater was approximated as an ellipse). Slight asymmetries between north- and south-

facing slopes were observed in some of the DTMs analyzed. However, many of the DTMs did 

not show a strong directional preference, nor were there apparent trends with latitude. This may 

be because crater expansion takes place over climatic changes that can have an averaging effect 

or because creep can become the dominant force over time. It is notable that the slopes of 

expanded crater walls are not as asymmetric as scalloped depressions, another feature commonly 

associated with sublimation processes and similarly observed in the mid-latitudes (40–50°N; 

Morgenstern et al., 2007). We consider it possible that, given more time, expanded secondary 

craters could develop stronger slope asymmetries and evolve into scalloped depressions. 

Alternatively, scallops might become more symmetric if lag development halts sublimation on 

the warm surface while creep continues to reduce the slope of the colder slopes. 

2.5.5   Preservation	  of	  ice	  beneath	  ejecta:	  A	  DTM	  Case	  Study	  

One of the DTMs studied, letter d in Table 2-2, is particularly interesting because it 

straddles the edge of the inner and outer ejecta layers of an older primary DLE crater (D = 15 

km), and there are distinct morphological differences between the expanded secondary craters 

within the two topographic regions (Figure 2-12). Another transition to craters that do not appear 

expanded occurs at the edge of the outer ejecta and the surrounding terrain (see HiRISE image 

ESP_018007_2305). Since these secondary craters are all found in close association, it is likely 

that they all resulted from the same impact event, and thus have had an identical amount of time 

to undergo expansion. If the surface and subsurface properties throughout this DTM were 
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effectively identical, then we would expect that thermokarstic expansion would alter all 

secondary craters of a given size in similar ways. However, as Figure 2-12 demonstrates, the 

secondary craters in the northern part of the DTM, overlying the inner ejecta, appear to be more 

expanded than those in the southern part of the DTM, which overlies the outer ejecta. Therefore, 

we hypothesize that this dichotomy is the result of different subsurface volatile abundances 

within the two layers of crater ejecta. An alternative explanation for this dichotomy is that the 

two populations sample different regions of a secondary crater ray with different initial size 

distributions, but the association of the transition with the layered ejecta boundary makes it 

difficult to rule out the effect of variations in surface properties. Differences in regolith 

properties within the two ejecta layers may also play a role if the inner layer is better suited for 

ice lens growth.  

Measurements of the expanded craters within the DTM confirm the dichotomy described 

above. A comparison of the size-frequency distributions of the expanded craters within the two 

regions reveals that there are more large-diameter craters and a shallower SFD slope in the 

northern section of the DTM (Figure 2-13), likely due to the greater degree of expansion 

observed.  There were a total of 134 craters measured in the elevated, northern region, which had 

an areal extent of ~42 km2, and 54 measured in the southern region (area ~ 21km2), while 11 

expanded craters were found on or close to the elevation dichotomy and were not included in the 

SFD. We also calculated the thickness of ice lost in both the northern and southern regions as per 

Section 2.5.1, above, and found a very clear difference. A total volume of 1.8 × 107 m3 (1.4 × 105 

m3/crater) was lost from the craters measured in the northern region, whereas only ~1 × 106 m3 

(1.9 × 104 m3/crater) was lost from those in the southern region, corresponding to approximate 

average thicknesses of ice lost of 2.93 and 1.48 m, respectively. This may suggest that more ice 
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was initially present beneath the older crater’s ejecta or that there was a thinner covering lag, 

allowing for more extensive expansion. 

Chapter 3 describes a more in-depth study of this site, including the analysis of all craters 

present on three DTMs that span from the inner ejecta layer into the surrounding terrain, and 

discusses the implications of this ice distribution on the formation mechanisms of DLE craters. 

2.6   DISCUSSION	  

We find that there are an estimated > 106 secondary craters with diameters greater than ~50 

m within our study area in and around Arcadia Planitia, mostly associated with four primary 

impact craters ranging from 6–19 km in diameter and 18–70 Ma in age. This estimate is roughly 

consistent with previous studies of Zunil crater on Mars, a 10-km-diameter impact crater in 

Elysium Planitia (7.7°N, 166.2°E), which was found to have > 107 secondary craters > 15m in 

diameter and ~105 secondary craters greater than 50 m in diameter (McEwen et al., 2005; 

Preblich et al., 2007). However, a unique feature of many of the Arcadia Planitia secondary 

craters is that they show evidence for thermokarstic expansion, which suggests that there must 

have been extensive excess ice throughout the area at the time of their formation. These 

expanded secondary craters have been linked to at least four source impact craters (Domoni, 

Steinheim, Gan, and Crater α), which have ages that range from 18–70 Ma. Recent orbital 

measurements show a present abundance of excess ice in Arcadia Planitia (e.g. Boynton et al., 

2002; Bramson et al., 2015) and little terrain dissection due to ice loss is observed compared to 

comparable latitudes around the planet (Mustard et al., 2001). Broad-scale loss of subsurface ice 

through sublimation-induced terrain dissection would have resulted in the destruction of the 

expanded craters (Dundas et al. 2015); since these morphologies remain preserved, we argue that 
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the ice in Arcadia Planitia antedates the formation of the source primary impact craters, and is at 

least tens of millions of years old.  

Orbital instruments such as GRS and radar detectors (SHARAD and MARSIS) have 

previously observed evidence of subsurface ice on different vertical scales (< 1 m and tens to 

hundreds of meters, respectively). However, there is an intermediate depth range that remains 

inaccessible to these direct means of measurement. The study of expanded secondary craters 

allows us to probe that depth indirectly; typical depths of expanded craters in Arcadia Planitia lie 

in this intermediate range, up to about 15 m. Since the formation mechanism for expanded 

craters involves the thermokarstic loss of excess ice, we use these features to infer the presence 

of an excess ice layer of uncertain thickness within the uppermost 20 m of the surface in the 

region of Arcadia Planitia.  

By extrapolating the measured estimates of ice lost from the expanded craters measured in 

the HiRISE DTMs (with approximate average ice thicknesses ranging from 1.86-4.74 m) across 

the entire study region using the total area of expanded craters that were measured by the CTX 

mapping (7.5 × 1010 m2), we estimate that the total ice lost from sublimation during the 

formation of all the mapped expanded craters in Arcadia Planitia was ~140–360 km3, equivalent 

to a global layer of 1–2.5 mm. This is at least 100 times more water than the 10 precipitable 

microns (pr-µm) present in the martian atmosphere today, and if all the water vapor released by 

the sublimation expansion of the Arcadia Planitia secondary craters were to have been re-

deposited on the north polar layered deposits, it would have produced a layer ~17–45-cm-thick, 

although spread over at least four events. It is challenging to estimate the total volume of ice 

remaining in Arcadia Planitia because the distribution of expanded secondary craters is 

heterogeneous due to the combined effects of the original distribution of the secondary craters 
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formed by the primary impacts of interest and heterogeneities in the distribution of subsurface 

ice in the region. However, it seems likely that there is still extensive ice present to this day: even 

if only 20% of the study region retains a 10-m-thick layer of excess subsurface ice, an ice 

volume greater than 6,000 km3 is currently buried in the Arcadia Planitia, equivalent to a global 

ice layer > 4.1-cm-thick. 

It has been suggested that impacts can liberate subsurface water and cause widespread 

environmental effects (Segura et al., 2002; Colaprete et al., 2004) which may have played a 

strong role in the climate of early Mars, during the late heavy bombardment period and when 

most of the martian valley networks are thought to have formed. Secondary craters can also 

liberate large amounts of near-surface ice in excess of the amount of water liberated by their 

associated primary impact (Zahnle and Colaprete, 2007), which could remain relevant on Mars 

during the present epoch. Indeed, the sublimation of 140–360 km3 of water ice, as estimated to 

have been produced in the formation of the Arcadia Planitia expanded secondary craters, would 

have increased atmospheric water vapor content during the time periods over which they formed. 

The timescale for crater expansion itself, based on thermal and landscape evolution models, is at 

least tens to hundreds of thousands of years (Dundas et al., 2015), suggesting that the release of 

water vapor from these expanding secondary craters would have taken place gradually, but the 

effect would have been strongest immediately after impact when sublimation was most rapid. 

The secondary craters closest to each primary impact do not appear to have undergone 

much or any expansion as compared to the more distant secondaries, although it is not entirely 

clear why this would be the case. It is possible that the region was so highly disturbed at the time 

of the impact that most of the ice present then may have been vaporized, or that it is a function of 

the lower impact velocities expected for nearby secondary craters. Alternatively, these secondary 
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craters may have undergone so much expansion over time that the central bowl-shaped region 

common in expanded craters was not preserved in these regions, or debris surges from 

interacting ejecta could have covered exposed ice and precluded sublimation. It should be noted 

that, at HiRISE resolution, some secondary craters close to Crater α did appear to have 

undergone slight expansion, which suggests that CTX resolution may not always be sufficient to 

detect the expanded morphologies. 

Mapping expanded secondary craters also revealed that a disproportionate fraction of the 

preserved secondary craters in Arcadia Planitia are localized within or on the ejecta of older 

primary impact craters, some of which have been identified as perched or pedestal craters. This 

is consistent with the idea that these types of craters may have preserved ice beneath their ejecta, 

which could have been exposed at a later time when the overlying secondary craters were formed 

and subsequently expanded. This would also suggest that the ice, at least in some locations, is 

even older than our minimum estimate of tens of millions of years old; Kadish and Head (2014) 

use superposed craters to constrain the ages of pedestal craters and argue that widespread ice 

deposits have likely recurred frequently over the past 250 Myr, although few of their dated 

pedestal craters appear to coincide with our study area. However, there is some uncertainty in 

regards to the presence of expanded secondary craters within the bowls of older impact craters, 

since ice within the craters cannot have had the same protective ejecta cover and must have been 

deposited afterwards. It is possible that later events of ice deposition may have either coincided 

with or been the primary cause of post-impact infilling of these older craters, which could 

account for the presence of post-dated secondary crater expansion. Additional observations of 

the expanded crater populations in this region, focused on those that coincide with older ejecta, 

may offer further insights about multiple episodes of ice deposition. 
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The orbital evolution of Mars implies that the planet’s climate should have undergone 

significant fluctuations even in relatively recent history, and that the stability of ground ice 

should have similarly varied across the planet. Models have shown that the obliquity of Mars has 

fluctuated greatly over the past 20 million years (Laskar et al., 2004), and that the distribution of 

insolation and the regions and depths at which ice is stable have varied accordingly (Mellon and 

Jakosky, 1995; Chamberlain and Boynton, 2007). Several hypotheses have been proposed in 

regards to the climate and obliquity conditions, as well as ice source locations, associated with 

the formation of the mid-latitude ice sheet. These include the transport of polar ice to the mid-

latitudes during periods of high obliquity (Jakosky and Carr, 1985; Head et al., 2003) and the 

transport of equatorial ice during periods of moderate (25–35°) (Madeleine et al., 2009) or low 

obliquity (< 25°) (Levrard et al., 2004). Regardless, it is largely thought that, given the relatively 

short-period fluctuations in orbital parameters, mid-latitude ice should not be stable for longer 

than a few hundreds of thousands of years, especially not in the uppermost meters of the regolith. 

It has been argued that the ice found in the martian mid-latitudes formed during a geologically-

recent ice age, ~2.1–0.5 Ma ago, and that it must be retreating due to its current instability (Head 

et al., 2003). This work, on the other hand, suggests that the ice in Arcadia Planitia is in fact 

much older, on the order of tens of millions of years old (perhaps > 70 Ma, based on the 

estimated age of the oldest primary crater to have been a source for expanded secondary craters, 

but we caution that the crater age estimates are imprecise), and it is unclear how the subsurface 

ice layer could remain intact over such long time scales. However, Schorghofer and Forget 

(2012) have modeled the evolution of an ice sheet to explore the presence of shallow excess ice 

in the mid- to high-latitudes on Mars, and suggest that a lag deposit should form rapidly over an 

ice sheet if a small fraction of dust was intermixed with the ice at the time of deposition. This 
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mechanism could have allowed for the rapid burial of an ancient ice layer emplaced in Arcadia 

Planitia, preserving thick, excess ice at some depth over long timescales. Schorghofer and Forget 

(2012) also argued that the best explanation for the presence of lower-latitude (< 43°N) ice-

exposing impact craters is a recently-deposited ice sheet that has not reached equilibrium with 

the atmosphere. Some of these low-latitude, icy impacts are located in Arcadia Planitia, so our 

results are incongruous with such a young ice sheet if they are exposing the same ice layer into 

which the expanded secondary craters impacted. However, we cannot rule out the possibility of 

later depositions of ice after the formation of the secondary craters we discuss here, as long as 

any subsequent deposition did not infill and erase the expanded craters.  

A candidate explanation for this excess ice layer is surface deposition in the form of ice or 

snow, which was subsequently buried and compressed. This formation mechanism would have 

required widespread snowfall tens of millions of years ago, which could have been buried by the 

development of a lag deposit, as discussed above, and was preserved in the subsurface to this 

day. Another mechanism for the formation of excess ice is the initiation and growth of ice lenses, 

which can build up a thick layer of ice over many seasonal cycles depending on climatic and soil 

properties (Sizemore et al., 2015). This process is thought to be commonplace during the 

Amazonian period, and likely produced some degree of excess subsurface ice in Arcadia Planitia 

even after the formation of the expanded secondary craters that we observe today. However, the 

timescales and depths that this mechanism affects suggest that it cannot solely account for the 

deeper ice sheet in Arcadia Planitia; some models indicate that ice lens initiation and growth 

only occurs within the uppermost tens of centimeters of regolith, and that it takes on the order of 

tens of thousands of years to develop centimeters to decimeters of excess ice (Sizemore et al., 

2015). 
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Based on our observations, and on the previous discussion, we propose that a massive ice 

sheet, perhaps the result of snowfall, was deposited in Arcadia Planitia > 20 million years ago 

and that it was preserved beneath a lag deposit that likely developed quickly.   Much of the ice 

was gradually lost, except in special circumstances such as below impact ejecta.  The secondary 

impact craters that we observe in this study formed concurrently with their primary craters, 

locally exposing this massive ice sheet and undergoing expansion over tens to hundreds of 

thousands of years.  Significant loss of the remnants of this ancient, massive ice sheet could not 

have occurred, since a widespread deflation of the surface would have also destroyed the 

expanded morphologies that we observe today. However, our study does not necessarily preclude 

the later formation of near-surface excess ice in the uppermost centimeters to decimeters due to 

ice lens formation or more recent snowfall, which may account for the excess ice that has been 

observed in the uppermost meter of the martian surface. 

2.7   CONCLUSIONS	  

Extensive regions of expanded secondary craters are found in Arcadia Planitia and 

correlate well with regions where shallow (< 1-m-deep) excess ice has been detected by orbital 

measurements, although some heterogeneity is observed. The leading hypothesis for crater 

expansion is thermokarstic ice loss via sublimation following an impact into excess ice. The 

preservation of expanded craters over time suggests that the excess ice layer must pre-date the 

formation of the craters without significant loss in the terrain surrounding these features, 

indicating that this ice is still present throughout the subsurface of Arcadia Planitia. The 

secondary craters in this region appear to be largely sourced from four primary craters ranging 

from 6 to 20 km in diameter and 18 to 70 million years in age. Since these secondary craters 

formed at the same time as their source primary and remain preserved to this date, we can 
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constrain the age of the subsurface ice layer associated with their formation to a minimum of tens 

of millions of years old. It is notable that expanded craters are more abundant overlying older 

craters, including perched and pedestal craters, providing further evidence that these features 

preferentially preserve ice.  

The persistence of ice over such long timescales is unexpected, since climate and ice 

stability models indicate that obliquity cycles should lead to periodic loss and accumulation of 

ice in the mid-latitudes on timescales much shorter than the lifetime that we find here. It is 

possible that Arcadia Planitia is unique in its preservation of ancient ice – secondary crater fields 

appear uncommon in other mid-latitude terrains, which also seem to have undergone more 

extensive dissection attributed to ice loss, indicating more recent sublimation-associated 

resurfacing. Surface properties likely contribute to preserving ice in this region; since Arcadia 

Planitia has a high albedo and more dust cover than other mid-latitude terrains, we would expect 

the shallow subsurface to be colder and that ice should therefore be more stable. Utopia Planitia 

has also been noted for its abundance of excess ice due to the presence of scalloped terrain and 

subsurface reflections in SHARAD (Stuurman et al., 2016), but has lower albedo and therefore 

ice may be less stable or younger in that region of the northern plains. 

Large quantities of ice were likely liberated during the expansion of these secondary 

craters. We estimate that the minimum volume of ice sublimated during the expansion of the 

Arcadia Planitia expanded secondaries is approximately 140–360 km3. This water vapor would 

have been released to the atmosphere slowly over time, but may have had a temporary impact on 

the martian climate. A conservative estimate suggests that the amount of ice remaining in the 

subsurface of Arcadia Planitia is > 6,000 km3, equivalent to a global ice layer > 4.1-cm-thick. 
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Much of this is likely buried below dry regolith and does not interact with the atmosphere, but 

could be a water resource for future human exploration of Mars. 
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2.8   FIGURES	  
 

Figure 2-1: Domoni and Zunil secondary craters. 

Secondary craters from Domoni crater (left) and Zunil crater (right), both at a distance of 

~130 km from their source primary. Note that expansion can be seen in some of the 

Domoni secondaries (and that some appear to have degraded beyond the appearance of 

craters), whereas the Zunil secondaries have crisp edges with no sign of expansion. 
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Figure 2-2: Arcadia Planitia study area. 

MOLA shaded relief map of Arcadia Planitia study area (inset at top left shows global 

context). White circles show the locations of four primary impact craters with well-

preserved secondary crater fields (Table 2-1). Black triangles are HiRISE DTMs that 

contain expanded secondary craters (Table 2-2). 
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Figure 2-3: Secondary crater clusters in Arcadia Planitia. 

Map showing CTX coverage (orange footprints) within the Arcadia Planitia study area, 

along with mapped secondary crater clusters. Colors denote clusters of non-expanded 

craters (yellow), expanded craters (blue), and a mix of the two (red). 
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Figure 2-4: Domoni crater and nearby secondary craters.  

Green tracks are 140-km-long and 2-km-wide, within which secondary crater size-frequency 

distributions were measured. Inner and outer regions of each track are enclosed in black boxes. 
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Figure 2-5: Size-frequency distributions of Domoni secondary craters.  

Each line represents a different region identified in Figure 2-4. Light yellow and light blue 

are the innermost regions, and are relatively similar. Dark yellow is the outermost part of 

the track with non-expanded secondaries, and dark blue is the outermost part of the track 

with expanded secondaries. Dashed lines show the best-fit equation for the outer two 

regions from Table 2-4. Note the shift towards larger diameters between these outermost 

regions. 
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Figure 2-6: Percent diameter change during crater expansion. 

The estimated percent diameter change associated with the expansion of secondary 

craters, calculated by comparing the best-fit equations of the SFDs for regions B and D 

(Figure 2-5, Table 2-4). There is a maximum peak in expansion (relative to the initial 

crater diameter) at an initial diameter of 150 m. The dotted line, for reference, 

demonstrates what we would expect to see if craters were to expand by a fixed diameter 

(in this case, 60 meters). See also discussion in the text (Section 2.4.1.2). 
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Figure 2-7: Variations in expanded crater morphologies. 

Examples of expanded secondary crater morphologies spanning the latitude range of the 

analyzed DTMs. (a) 38°N, 192°E, from DTM c; (b) 49.5°N, 231°E, from DTM f, and (c) 

57°N, 231° E, from DTM e. 
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Figure 2-8: Expanded crater volumes and diameters 

The relationship between expanded crater volume and rim diameter. As expected, these 

parameters show a positive correlation. Letters correspond to DTM designations in Figure 

2-2 and Table 2-2. 
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Figure 2-9: Terrain-isolated expanded craters. 

Expanded secondary craters in (a) HiRISE DTM 027027_2325_027370_2325_A01 (52 N, 197 

E), compared to those in (b) CTX image B20_017506_2325_XN_52N147W (51.5 N, 214 E). 

Note that expanded craters in (a) are concentrated near the edges of the small primary crater’s 

ejecta, whereas expanded craters cover both the infill and the surrounding ejecta of the larger 

primary crater in (b). 
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Figure 2-10: Depth vs. diameter for expanded craters. 

The average expanded crater depth split into diameter bins at intervals of 21/8D. With the 

exception of very small and very large diameters, each bin contained more than 30 craters. 

Error bars are one standard deviation. 
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Figure 2-11: Expanded crater d/D ratios. 

Average d/D ratios for each DTM, ± 1 standard deviation, compared to typical secondary crater 

values on the Moon and Mars (a) (letters correspond to DTM designations in Figure 2-2 and 

Table 2-2), and the d/D ratio from all DTMs averaged over diameter bins at intervals of 21/8D to 

remove possible latitudinal influence, where error bars are one standard deviation (b). 
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Figure 2-12: DLE crater case study. 

DTM d (Table 2-2) in context (right), showing the elevation dichotomy where the DTM overlies 

the ejecta boundary of an older crater (right). Insets at left show expanded craters from the ejecta 

(A) and the surrounding terrain (B) at the same scale, for comparison. 
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Figure 2-13: DTM case study size frequency distributions. 

The size frequency distributions of expanded crater populations in the northern and southern 

region of DTM d. Note the shift towards larger diameters for expanded craters in the northern 

section overlying the ejecta of an older crater. 
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2.9   TABLES	  
 

Table 2-1: Parameters of study primary craters. 

 Primary 
Crater Latitude Longitude Diameter Depth d/D 

Geologic context 
(ref. Skinner et al., 
2006) 

(1) Steinheim 54.57°N 190.65°E 11.3 km 600 m 0.053 

Arcadia Formation 
(member 1); near 
edges of Arcadia 
Formation (member 
3) and Vastitas 
Borealis (ridged and 
knobby members) 

(2) Gan 61.7°N 229.0°E 19.3 km 900 m 0.0466 Arcadia Formation 
(member 1) 

(3) Domoni 51.4°N 234.4°E 13.82 km 800 m 0.058 
Alba Patera 
Formation (lower 
member) 

(4) 
Unnamed 
(“Crater 
α”) 

43.2°N 225.8°E 6 km 700 m 0.117 

Alba Patera 
Formation (lower 
member); near edge 
of Arcadia 
Formation (member 
3) 
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Table 2-2: HiRISE DTMs containing expanded secondary craters. 

 HiRISE Stereo Pair Center 
Latitude 

Center 
Longitude 

# Expanded Craters 
Measured 

a ESP_025366_2305 and 
ESP_025498_2305 50°N 185.5°E 14 

b ESP_027027_2325 and 
ESP_027370_2325 52°N 197°E 24 

c ESP_025735_2185 and 
ESP_025801_2185 38°N 192°E 15 

d ESP_027158_2305 and 
ESP_026446_2305 50°N 220°E 197 

e ESP_018046_2375 and 
ESP_017822_2375 57°N 225°E 86 

f ESP_017413_2300 and 
ESP_017334_2300 49.5°N 231°E 39 

g ESP_026076_2320 and 
ESP_026419_2320 52°N 237°E 37 
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Table 2-3: Age estimates of primary craters from superposed crater counts. 

Primary 
Crater 

Age (est., 
Ma) 

# craters 
(superposed) 

Diameter 
range (km) 

Area (km2) 

Gan 70 ± 10 45 0.1 – 2.1 2370 

Crater α 24.3 ± 5.5 19 0.08 – 0.17 189 

Steinheim 18.6 ± 3.2 34 0.08 – 0.291 616 

Domoni 19.2 ± 5.3 13 0.1 – 0.2 562 
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Table 2-4: Parameters from best-fit power laws for Domoni size frequency distributions. 

Location Cutoff 
diameter 

Equation 

A. NE, inner 128 m Ninc = 6 × 107 ×	  Dmeters
-3.572 

B. NE, outer 90 m Ninc = 4 × 1010 × Dmeters
-5.027 

C. SE, inner 128 m Ninc = 7 × 109 ×	  Dmeters
-4.567 

D. SE, outer 128 m log(Ninc) = -7.515 × log(D)2 + 30.784 × log(D) 
– 30.944 
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3   DOUBLE	  LAYER	  EJECTA	  CRATERS	  

Adapted from: Viola, D., A. S. McEwen, C. M. Dundas, and S. Byrne (2017). Subsurface 

volatile content of martian double-layer ejecta (DLE) craters. Icarus, 284, 325–343 

(https://doi.org/10.1016/j.icarus.2016.11.031). 

 

Excess ice is widespread throughout the martian mid-latitudes, particularly in Arcadia 

Planitia, where double-layer ejecta (DLE) craters also tend to be abundant (e.g., Barlow and 

Perez, 2003). In this region, we observe the presence of thermokarstically-expanded secondary 

craters that likely form from impacts that destabilize a subsurface layer of excess ice, which 

subsequently sublimates. The presence of these expanded craters shows that excess ice is still 

preserved within the adjacent terrain. Here, we focus on a 15-km-diameter DLE crater that 

contains abundant superposed expanded craters in order to study the distribution of subsurface 

volatiles both at the time when the secondary craters formed and, by extension, remaining today. 

To do this, we measure the size distribution of the superposed expanded craters and use 

topographic data to calculate crater volumes as a proxy for the volumes of ice lost to sublimation 

during the expansion process. The inner ejecta layer contains craters that appear to have 

undergone more expansion, suggesting that excess ice was most abundant in that region. 

However, both of the ejecta layers had more expanded craters than the surrounding terrain. We 

extrapolate that the total volume of ice remaining within the entire ejecta deposit is as much as 

74 km3 or more. The variation in ice content between the ejecta layers could be the result of: (1) 
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volatile preservation from the formation of the DLE crater; (2) post-impact deposition in the 

form of ice lenses; or (3) preferential accumulation or preservation of subsequent snowfall. We 

have ruled out (2) as the primary mode for ice deposition in this location based on 

inconsistencies with our observations, though it may operate in concert with other processes. 

Although none of the existing DLE formation hypotheses are completely consistent with our 

observations, which may merit a new or modified mechanism, we can conclude that DLE craters 

in Arcadia Planitia contain a significant quantity of excess ice today. 

3.1   INTRODUCTION	  

Impact craters can act as windows into planetary surfaces to provide insights about 

material properties. On Mars, the morphological characteristics of primary craters, including 

interior and ejecta traits, are known to vary with location, and particularly correlate with latitude 

and differing subsurface volatile content (e.g., Mouginis-Mark, 1979; Barlow and Bradley, 1990; 

Barlow et al., 2001; Barlow, 2015; Jones and Osinski, 2015; Li et al., 2015). Here, we focus on 

double-layer ejecta morphology, which has long been associated with the presence of subsurface 

volatiles such as water ice.  

Secondary craters can similarly provide information about the properties of planetary 

surfaces and shallow subsurfaces. Since secondary craters from a particular impact form nearly 

simultaneously, morphological variations within a single secondary crater field can offer a 

broader understanding of the variations in the initial surface and near-surface properties across 

large regions. One example is thermokarstic alteration (expansion) of secondary craters, which 

involves the sublimation of impact-exposed excess ice in the shallow subsurface (Viola et al., 

2015a; Dundas et al., 2015). 



73	  
	  

3.1.1   Double	  Layer	  Ejecta	  Craters	  

Layered ejecta deposits are common on Mars, and their morphologies suggest formation 

by fluidization of ground-hugging flows. In fact, most fresh craters greater than 5 km in diameter 

are surrounded by these fluidized ejecta deposits (Barlow, 2005). Layered ejecta deposits can be 

divided into three types: single-layer, double-layer, and multiple-layer ejecta (SLE, DLE, and 

MLE, respectively). SLE and MLE craters are thought to form in similar ways based on 

morphological characteristics, where MLE craters tend to be larger than SLE craters (e.g., Boyce 

and Mouginis-Mark, 2006). However, DLE craters, with two distinct layers of ejecta, are more 

enigmatic. Recently, DLE craters have been divided into two different groups: Type 1 and Type 

2 (Barlow, 2015). Type 2 DLE craters have ejecta deposits with thin, sinuous layers that end in 

low ramparts, which are more similar to SLE and MLE craters and likely form in a similar 

fashion (Barlow, 2015). However, much of the previous research on DLE craters has focused on 

the more common Type 1 DLE craters, which account for > 70% of the DLE craters in the 

northern hemisphere of Mars (Barlow, 2015). Type 1 DLE craters are typically characterized by 

a thicker inner ejecta layer with an annular moat outside of the crater rim and a rampart at the 

outer edge of the inner ejecta (Boyce and Mouginis-Mark, 2006), along with a thinner, more 

sinuous outer ejecta layer (Barlow, 1994) which also terminates in a low rampart. Bacolor crater, 

shown in Figure 3-1, is a well-preserved example of this type of DLE crater. Two parameters are 

used to quantify these lobate ejecta morphologies: the extent of the fluidized ejecta (ejecta 

mobility, or EM, ratio) and the sinuosity of the ejecta layer (lobateness, or G). EM is the ratio of 

the distance traveled by the ejecta to the crater radius, so higher values represent longer ejecta 

runout distances. Lobateness, defined by the equation below, takes into account the perimeter (P) 
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and area (A) of an ejecta deposit, where G = 1 is a circular deposit and higher values have 

increasingly sinuous ejecta edges. 

Γ =
𝑃

(4𝜋𝐴)%/( 

For type 1 DLE craters, the median values of ejecta mobility and lobateness for the inner 

ejecta layer are 1.4 and 1.11, respectively. For the outer ejecta layer, the median values for ejecta 

mobility and lobateness are 3.1 and 1.15, respectively (Barlow, 2015).  This shows that, in 

general, the inner ejecta layer of a type 1 DLE craters is more circular than its outer layer, and 

that the outer ejecta layer generally travels about twice as far as the inner ejecta layer. 

A system of radial grooves superposed on the innermost ejecta layer has also commonly 

been cited as a characteristic of DLE craters (e.g., Carr et al., 1977; Schultz and Gault, 1979; 

Mouginis-Mark, 1981; Boyce and Mouginis-Mark, 2006; Weiss and Head, 2013; Wulf and 

Kenkmann, 2015). However, the survey conducted by Barlow (2015) found that only 27% of 

both Type 1 and Type 2 DLE craters possess this feature, and that the radial texture is more 

common in DLE craters at lower latitudes. It is possible that the radial texture is less likely to 

form at higher latitudes, or that it tends to be rapidly erased by post-impact processes in these 

regions. The inner ejecta is generally thought to superpose the outer ejecta, suggesting sequential 

formation where the outer layer was emplaced first (Carr et al., 1977; Schultz, 1992; Barlow and 

Perez, 2003; Osinski et al., 2011). However, the opposite case, where the inner ejecta layer is 

emplaced first, has also been argued based on apparent radial grooves spanning both ejecta 

layers (Mouginis-Mark, 1981; Boyce and Mouginis-Mark, 2006). 

DLE craters are preferentially found in mid- to high-latitude regions on Mars, and tend to 

have diameters of less than 50 km (Barlow and Bradley, 1990). These morphologies are broadly 
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found in two latitude bands, between 30–50°S and 25–60°N (Boyce and Mouginis-Mark, 2006), 

although they are most abundant in the northern plains of Mars, including Arcadia, Utopia and 

Acidalia Planitiae (Barlow and Perez, 2003). This distribution of DLE craters correlates with 

areas of high water content as detected by MONS (Boynton et al., 2002; Barlow and Perez, 

2003). Therefore, it is generally thought that the presence of ground ice plays a role in the 

formation of DLE craters. It is also interesting that DLE craters are often located in regions that 

contain SLE and MLE-type craters of about the same size and age (Barlow, 2005; Boyce and 

Mouginis-Mark, 2006), which has implications for the local and regional factors that influence 

ejecta fluidization. 

Some work has been done to characterize the thermal properties of lobate ejecta deposits. 

Christensen et al. (2003) found that lobate ejecta morphologies can have different thermal 

properties between ejecta layers, although there is some variation that may be due to differences 

in emplacement or post-impact modification. There have been multiple subsequent observations 

of DLE craters using THEMIS nighttime IR to characterize particle sizes and thermal inertia. 

Baratoux et al. (2005) observed that, in particular, the distal edges of lobate ejecta deposits of 

SLE and DLE craters in Syrtis Major tend to be brighter in nighttime IR. Their observations 

were inconsistent with post-impact dust mantling or removal, suggesting that the observed 

thermal properties are controlled by the initial ejecta particle size distribution, where the edges of 

ejecta flows are most likely comprised of larger particles. A mechanism of “kinetic sieving” 

(Middleton, 1970) was proposed to explain this observation, where smaller particles tend to 

percolate downward in a flow while larger particles accumulate at the top of the flow and fall out 

closer to the flow front (Baratoux et al., 2005).  Observations of another DLE crater found that 

the inner ejecta layer was warmer, and concluded that this layer must have a higher thermal 
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inertia and be composed of coarser-grained materials (Komatsu et al., 2007). HiRISE 

observations of Steinheim crater revealed that the inner ejecta contains clusters of coarser 

material with radial orientations found close to the crater, whereas the outer ejecta layer tends to 

have blocky material towards the distal edges (Wulf et al., 2013). A survey including 12 DLE 

craters in Chryse Planitia observed in THEMIS nighttime IR claims to reveal an inconsistent 

trend, where 5 DLE craters were “inversely graded” (transitioning from fine-grained to coarse-

grained materials with increasing distance from the crater), 3 DLE craters displayed the opposite 

pattern, and 4 DLE craters had no discernible trend in particle size (Jones et al., 2016). However, 

it is possible that some of the DLE craters used in this study have been misclassified (Robbins 

and Hynek, 2012a). 

Several mechanisms have been proposed to explain the formation of DLE craters on 

Mars, based largely on the presence of volatiles and/or an atmosphere. It is, however, worth 

noting that DLE-like craters have also been identified on Ganymede and possibly Europa (Boyce 

et al., 2010), which may indicate an ejecta fluidization mechanism that is similar to the martian 

DLE craters. This suggests that an atmosphere is not necessary for this type of fluidization. In 

addition, layered ejecta has recently been proposed for some craters on Mercury (Xiao and 

Komatsu, 2013), although it is possible that these are  the result of mass wasting rather than 

ejecta emplacement. Furthermore, the apparent lack of DLE craters on other ice-rich worlds like 

Enceladus may indicate that the presence of subsurface volatiles alone may not be sufficient for 

ejecta fluidization (Boyce et al., 2010).  

The specific formation hypotheses that have been proposed for martian DLE craters are 

described below: 
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3.1.1.1   Atmospheric	  Effects	  

Since layered ejecta patterns had not been found on bodies like the Moon or Mercury, it 

was originally proposed that the presence of an atmosphere, including atmospheric drag effects, 

may play a key role in the impact cratering and ejecta emplacement processes (Schultz and 

Gault, 1979). Interactions between the ejecta curtain and atmospheric vortices in particular have 

been cited as a possible explanation for the double-layer ejecta morphology. Experimental and 

numerical techniques have been used to observe the interaction between the ejecta curtain and 

the atmosphere and to determine the ejecta entrainment capacity of impact-generated winds 

under various atmospheric conditions (Barnouin-Jha et al., 1999a, 1999b). Laboratory 

experiments demonstrated that ejecta patterns vary as a function of atmospheric pressure, and 

that lobate ejecta flows terminating in distal ramparts (including those with two layers of ejecta) 

can be produced when fine-grained material is entrained in turbulent atmospheric eddies that 

flow outward behind the ejecta curtain, scouring over the initial ejecta deposits and being 

deposited in long run-out flows (Schultz, 1992). This formation mechanism is generally 

independent of the presence of water, although volatiles can increase the run-out distance of the 

ejecta. However, HiRISE images clearly show boulders in the layered ejecta deposits (e.g., Wulf 

et al., 2013), so the ejecta is not entirely fine-grained materials entrained by atmospheric eddies. 

3.1.1.2   Presence	  of	  Volatiles/Base	  Surge	  Hypothesis	  

Surfaces with varying volatile content and possible subsurface layering could lead to the 

formation of layered ejecta. Since DLE craters are commonly found in locations with periglacial 

features, Mouginis-Mark (1981) proposed a formation mechanism where an impact excavates 

through a dry upper layer into a volatile-rich layer underneath. In this model, the inner ejecta 

layer would first form from the uppermost dry material, and the more mobile, volatile-rich ejecta 
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plume would collapse and scour over the inner ejecta layer, creating the radial grooves before 

being deposited farther away as the outer ejecta layer. The base surge hypothesis, a two-step 

mechanism proposed by Boyce and Mouginis-Mark (2006), builds on this idea by incorporating 

additional details. The updated model states that the emplacement of the inner ejecta layer is 

similar to that of single-layered ejecta (SLE) craters and likely involves a ballistic and/or flow 

process. An impact-generated explosion column similar to those generated in volatile-rich 

explosive volcanism then collapses in a base surge of lofted fine-grained material, creating the 

outer ejecta that flows over and etches radial patterns into the inner ejecta before being 

deposited. This model would suggest that the bulk of the inner ejecta is comprised of dry 

materials, and if any volatiles were deposited with the base surge, they would more likely be 

found in the outer ejecta. 

3.1.1.3   Impact	  Melt	  and	  Melting	  of	  Ground	  Ice	  

Early work first suggested that impact melting of ground ice may play a role in the 

formation of layered ejecta patterns (Carr et al., 1977). Wohletz and Sheridan (1983) 

demonstrated experimentally that ejecta emplacement is strongly controlled by the mass ratio of 

water to impact melt and developed a conceptual  model that invokes both impact melt and 

subsurface water.  Their observations found that, when the mass ratio of water to impact melt is 

> 0.2, the corresponding increase in vapor expansion upon impact results in the fluidization and 

longer ejecta runout distances that are characteristic of rampart ejecta morphologies (Wohletz 

and Sheridan, 1983). In the case of craters with more than one ejecta layer, they state that outer 

ejecta layers can be ballistically-deposited, driven by inertia, whereas the inner ejecta layer is 

deposited as a water-rich, viscously-driven flow. Osinski (2006) also proposed that the driving 

factors of ejecta fluidization are subsurface volatile content and impact melt. This model argues 
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that, during the crater excavation stage, the outer ejecta is first deposited ballistically, and the 

inner ejecta is subsequently deposited as a ground-hugging flow comprised of overflowing 

impact melt during the modification stage as the central peak is uplifted.  Osinski (2006) further 

suggested that additional ground-hugging flows can lead to the multiple layered ejecta patterns 

also observed on Mars, where the degree of ejecta fluidization depends on the amount of ground 

ice melting that takes place. Osinski’s arguments were supplemented by observations of 

terrestrial impact craters, Haughton and Ries, where he suggested that they appear to have 

formed in two episodes akin to martian DLE craters. However, numerical models have 

demonstrated that, at least in the case of Ries crater, this formation mechanism may be unlikely 

(Artemieva et al., 2013) 

3.1.1.4   Ballistic	  Sedimentation	  

Commonly attributed to the formation of continuous ejecta on the Moon, ballistic 

sedimentation involves ejecta particles that can mobilize “secondary ejecta” as they impact the 

surface, integrating pre-existing surface materials into the final ejecta deposit (Oberbeck 1975). 

In the case of layered terrains containing some fraction of subsurface ice, as is expected for 

regions of Mars during different points in the planet’s obliquity cycle, it is possible for ballistic 

sedimentation to incorporate this subsurface ice to produce ejecta blankets with layered patterns 

such as the SLE, DLE, and MLE craters observed on Mars (Oberbeck 2009). Furthermore, 

Oberbeck (2009) suggested that water/ice could have locally comprised up to ~21% of the 

subsurface between 0.27 and 2.5 km in depth. 

3.1.1.5   Combination	  Effects	  

Some combination of volatiles and an atmosphere has also been suggested to explain the 

formation of DLE craters and the other layered ejecta types (e.g., Barlow, 2005). Komatsu et al. 
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(2007) proposed a more detailed combination mechanism, where the inner ejecta layer forms by 

ballistic emplacement and water-rich ground-hugging flows, with possible influences from 

atmospheric interactions. The outer ejecta forms from a combination of three processes largely 

driven by impact-generated shockwaves and winds: (1) near-surface sediment liquifaction, (2) 

water-rich ballistic emplacement, and (3) atmospheric vortices and/or base surges. The relative 

significance of each of these mechanisms on the final ejecta morphology may be driven by 

variations in surface and impact properties. 

3.1.1.6   Granular	  Flow	  

The model of Wada and Barnouin-Jha (2006) has suggested that neither volatiles nor an 

atmosphere are required to initiate flow as a dry granular medium to produce the fluidized 

morphology of martian crater ejecta. This formation mechanism would be independent of the 

presence of volatiles. However, while this model demonstrated evidence for flow, it failed to 

produce the layered ejecta patterns commonly observed on Mars, including common 

characteristics of DLE craters such as terminal ramparts and annular depressions around the 

crater rim. 

3.1.1.7   Subsurface	  and	  Surface	  Icy	  Layers	  

Model simulations of impacts into surface and subsurface icy layers reveal interesting 

variations in crater and ejecta morphologies due to the strength differences between rock and ice 

(Senft and Stewart, 2008). In the case of an impact into a surface with a buried ice layer, a thick 

inner region of ejecta and a thin outer region were produced, similar to the layers observed in 

martian DLE craters (Senft and Stewart, 2008). 
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Weiss and Head (2013) proposed that DLE craters could be formed by an impact directly 

into a snow/ice substrate, where the inner layer is actually produced when material overlying the 

ice near the crater rim landslides downslope shortly after impact. This would expose some of the 

ice, which would be expected to subsequently sublimate. This glacial substrate model requires 

surficial ice deposits present at the time of DLE-crater formation, and relies on the history of 

glaciation in the martian past, where glacial deposition can be correlated with obliquity-driven 

changes in the climate (Laskar et al., 2004; Dickson et al., 2008). The glacial substrate model 

suggests that some of the initial ice/snow layer remains preserved beneath the crater ejecta, and 

that the ejecta protected the ice from subsequent climate shifts that led to widespread volatile 

loss across the broader regions where they are found. It has been demonstrated that thicker ejecta 

deposits (≥ 10m) are more capable of inhibiting ice sublimation than thinner deposits over 

timescales of tens of millions of years under present surface temperatures (Black and Stewart, 

2008), which would suggest that more ice may be preserved by the thicker inner ejecta deposits. 

However, Senft and Stewart (2008) also modeled the case of an impact into a surface ice layer 

and did not observe the distinct ejecta layering that was seen in the case of a buried ice layer, 

although this model does not account for post-impact modification of the ejecta deposits (such as 

landsliding events). 

3.1.1.8   Other	  Landslide	  Effects	  

It has also been argued that landslide effects can produce DLE morphology in the 

absence of a significant deposit of ice at the surface. Wulf and Kenkmann (2015) propose that an 

impact into a rock/ice mixture can produce high ejection angles and a water-rich ejecta curtain 

due to shock-induced vaporization and melting of ice. The vaporization and melting produces the 

outer ejecta as a liquid-rich debris avalanche or debris flow. High ejection angles would lead to 
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thicker proximal ejecta deposits, which can produce the inner ejecta layer in a translational slide 

driven by basal melting. This hypothesis suggests that there would initially be high water content 

in the outer ejecta, and lower water content in the inner ejecta. 

3.1.2   Expanded	  Secondary	  Craters	  

Expanded craters are commonly found in Arcadia Planitia and the plains north of Alba 

Mons, in the northern mid-latitudes of Mars (Chapter 2). These unique craters lack extant rims 

and have a central crater bowl surrounded by a shallow extension to the surrounding surface such 

that their diameters appear to have increased. The expansion of these craters is most likely 

related to the presence of excess subsurface ice, which is generally comprised of relatively pure 

water ice. As described in Chapter 2, the widespread loss of excess ice by terrain dissection 

would also result in the loss of the surface expanded craters. Therefore, the modern presence of 

these thermokarstic features implies the presence of extensive excess ice throughout the broader 

region in which they are found. In this study, we extend the survey discussed in Section 2.5.5 of 

a DLE crater with secondaries superposed on it, many of which show evidence for thermokarstic 

expansion. The differences in the expansion morphology of these overlying secondaries can be 

used to infer the properties of the two ejecta layers as well as in the surrounding terrain, and offer 

constraints on the amount of ice present today and at the time of secondary crater formation. 

3.2   STUDY	  AREA	  

This work focuses on a 15-km-diameter DLE crater in Arcadia Planitia, centered at 

50.4°N, 219.6°E (Figure 3-2), which contains abundant superposed expanded secondary craters 

(Figure 3-2c). The crater is found within the late Hesperian lowlands (lHl) unit identified by 

Tanaka et al. (2014). It has a sharp crater rim, with an annular depression outside the rim and a 
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rampart at the outer edge of the inner ejecta layer, all of which are characteristic of double-layer 

ejecta craters and can be seen in the elevation profile in Figure 3-2b. The crater also appears to 

have superposed the ejecta of a 30-km-diameter SLE crater that lies to the northeast, such that 

the ejecta of the 15-km-diameter DLE crater seems shortened in that direction. The lobateness 

for the inner and outer ejecta layers is 1.6 and 1.9, respectively (Robbins and Hynek, 2012a). 

These values indicate that there is an inherent noncircularity to the ejecta layers and that the 

outer layer is more sinuous than the inner layer. This is consistent with the characteristics of 

Type 1 DLE craters (Barlow, 2015). However, the inner ejecta layer has a lobateness that 

appears anomalously high compared to typical DLE craters, which have values that are typically 

in the range of 1.03–1.31 with a median value of 1.11 (Barlow, 2015). This may be related to the 

fact that the inner ejecta layer is noticeably asymmetric where it superposes the ejecta of the 

nearby 30-km-diameter crater. 

There is no radial groove pattern identifiable on the inner ejecta. However, as noted 

previously, this is not necessarily a prerequisite feature of DLE craters. Furthermore, the surface 

of the crater and ejecta is covered with small, mostly secondary, craters, and has undergone some 

degree of periglacial alteration that may have contributed to the erosion of some of the primary 

crater’s original characteristics. The source of the overlying secondary craters is not entirely 

apparent and it is possible that they were produced by multiple impacts, although the degree of 

degradation and expansion for most of the secondaries appears to be similar, suggesting a 

common source. Likely candidate source craters include Gan crater (61.7°N, 229°E; D = 19 km) 

and Domoni crater (51.4°N, 234.4°E; D = 14 km), both situated to the northeast of the study 

DLE crater and consistent with the general northeast-to-southwest orientation of the secondary 

crater ray. In either case, these two potential source craters are likely on the order of tens of 
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millions of years old (~70 Ma old in the case of Gan crater; Table 2-3), and the presence of these 

secondaries superposed on the study DLE crater indicates that the DLE crater must pre-date the 

source crater of the secondaries.  It is worth noting, however, that we cannot rule out the 

possibility that the secondaries were sourced from a more distant, unidentified impact event of 

uncertain age.  

The DLE crater is approximately 400 m deep, and has a depth-to-diameter (d/D) ratio of 

~0.027. This d/D ratio is low compared to the commonly accepted values for fresh, complex 

impact craters (Pike, 1980, Garvin and Frawley, 1998), even when accounting for latitudinal 

variations in fresh crater depths (Mouginis-Mark and Hayashi, 1993; Stepinski et al., 2009; 

Robbins and Hynek, 2012a). However, crater-filling material is apparent within the crater, which 

alters the depth-to-diameter ratio. Expanded secondary craters are found within this infilling 

material, and the regions that are not heavily covered in craters contain concentric lineations 

similar in appearance to concentric crater fill (Figure 3-2d). CCF has been connected to glacial 

activity (Levy et al., 2010a), so both of these observations offer indirect evidence for the 

presence of ice in the infilling material. The ice-rich nature of the infilling material was 

confirmed by a small, new impact crater that was observed in CTX image 

G21_026446_2327_XN_52N141W_120318 (shown in Figure 3-2d) and bright material likely to 

be exposed ice was found in follow-up HiRISE image ESP_026802_2305 (Dundas et al., 2014).  

If we assume that the change in crater depth over time is due only to the ice-rich infilling 

material, we can acquire constraints on the maximum depth of ice preserved in the crater today. 

This further requires an assumption on the initial crater d/D ratio. If the initial d/D ratio was 

similar to the estimated global range of 0.05–0.18 for complex craters (Pike, 1980), then the 

initial crater depth would have been between 0.75–2.7-km-deep. This would suggest that 
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between 350 m and 2.3 km of infilling material was deposited and remains today if all of the 

change in depth is due to infilling processes, although it is likely that there has also been some 

erosion of the rim over time. Garvin and Frawley (1998) proposed a diameter-dependent 

equation for d/D ratio, where depth is proportional to D0.49 for complex craters, which would 

suggest that the initial depth of a 15-km-diameter crater would be 942 meters, indicating that up 

to 540 meters of infilling material was deposited in the crater. If we use the relationships derived 

by Robbins and Hynek (2012a) for fresh, complex craters in the northern plains, the initial depth 

would have been 1065 m. This indicates that up to 665 meters of fill is present in the crater 

today, given the same assumption that the present depth is solely the result of infilling. This is 

well within the bounds expected from Pike (1980): either way, the DLE crater likely contains as 

much as several hundred meters of icy infill, although other erosional processes may have 

contributed to the shallowing of the crater. 

Figure 3-3 shows THEMIS nighttime IR of the study DLE crater, where red indicates 

higher temperatures and blue represents lower temperatures. Most of the area covered by the 

HiRISE DTMs of interest (which are described in the next section) is fairly uniform and dark in 

IR, suggesting more fine-grained materials without large variations between the ejecta layers. 

There are some brighter, warmer regions at the distal edge of the outer ejecta layer, as well as a 

region of the inner ejecta to the north of the crater, that appear to have higher rock abundances or 

rougher surface textures. However, the overall appearance of more fine-grained materials is in 

contrast to the observations described above. This may be due to post-impact processes, since the 

primary crater itself is on the order of at least tens of millions of years old. For example, it is 

possible that the initially-rougher inner ejecta could have trapped more dust (and ice) than the 

outer ejecta, leading to the overall equalizing of the particle sizes that we observe. 
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3.3   OBJECTIVE	  

A preliminary “case study” of a sampling of expanded secondaries overlying this 15-km-

diameter DLE crater found that there is a dichotomy in the crater diameters between the inner 

and outer ejecta layers (Section 2.5.5). This initial work was done using a single HiRISE DTM, 

made from stereo pair ESP_027158_2305/ESP_026446_2305 and which spans only the two 

ejecta layers. This study builds upon that work by analyzing the same DTM and two additional 

HiRISE stereo pairs in greater detail, as we will describe. All DTMs were produced using 

SOCET Set and the methods described in Kirk et al. (2008), and have vertical precisions on the 

order of tens of centimeters. The additional HiRISE stereo pairs are 

ESP_017875_2305/ESP_018007_2305, spanning the two ejecta layers and part of the 

surrounding terrain, and ESP_034384_2300/ESP_033738_2300, which spans the outer ejecta 

layer and the surroundings.  

We provide a more accurate quantification of the ice loss during the secondary crater 

expansion process by using the volumes of expanded craters as a proxy for ice loss. This 

assumption was justified in Section 2.5, where the crater cavities of non-expanded Zunil crater 

secondaries had volumes that were roughly the same as the total volume of their preserved rims 

and ejecta (to within a factor of 2). This can then be used as a means of estimating how much ice 

must be present within each ejecta layer and in the surrounding terrain in the present day. 

Clarifying the volatile composition of each ejecta layer has implications on the formation 

mechanism of martian DLE craters. We focus on a single DLE crater in this study because it is 

so densely covered by secondary craters and is well covered in HiRISE stereo imagery. 

However, it has been observed that expanded craters tend to be preferentially found on the ejecta 
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and within the infilling material of older craters within the region of Arcadia Planitia (Chapter 2), 

broadly suggesting that many craters have preserved excess ice (see also Section 3.4.5). 

3.4   SUPERPOSED	  SECONDARY	  CRATER	  MORPHOLOGIES:	  DISTRIBUTION	  AND	  PARAMETERS	  

All small craters within each DTM were approximated as ellipses using the Crater Helper 

Tools add-in for ArcGIS (Nava, 2011), and their geographic coordinates and planar parameters 

(major and minor axis diameters, eccentricity, azimuth) were measured. For non-overlapping 

craters, 3D parameters such as volume (described in Section 2.5), three-dimensional surface area, 

and depth were also measured. Depths were estimated from the average elevation at the edge of 

the crater and the elevation of the crater center, and were used to calculate d/D ratios.  

Each crater was characterized as: (1) expanded, non-expanded, or ambiguous; (2) 

overlapping or non-overlapping; and (3) primary crater or likely secondary crater. Since the 

focus of this study is thermokarstically-expanded secondary craters, a small number of suspected 

primary craters (as evidenced by sharper crater boundaries and the presence of a rim/ejecta) were 

removed from the data set. However, it is likely that there is some primary crater contamination 

within the data set if small primary craters in the region underwent sufficient erosion and/or 

thermokarstic expansion. The “ambiguous” designation was used to describe craters that did not 

clearly fit into either morphological category, either because they were too small to distinguish a 

type or they appeared too heavily degraded to be definitively classified. This could include 

craters that have been so modified by expansion that they lack distinctive morphologies. 

A total of > 10,800 secondary craters were mapped and classified in this study. Table 3-1 

describes the three HiRISE DTMs used, including the number of craters of each morphology 

mapped in each and a description of the regions that the DTM spans. Table 3-2 shows the 
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numbers of craters with each morphology found in each region of interest: inner ejecta, outer 

ejecta, and surroundings. 

3.4.1   Geographic	  Distribution	  and	  Abundance	  of	  Expanded	  Craters	  

The geographic distribution of expanded, non-expanded, and ambiguous secondary 

craters can be seen in Figure 3-4, where the boundaries between ejecta layers and the 

surrounding terrain are delineated. In addition to the overall distribution of the morphological 

types within the ejecta layers themselves, features of note include several hummocks in the 

surrounding terrain that are similar in appearance and texture to the ejecta layers and contain 

anomalous abundances of expanded craters suggestive of subsurface ice. Figure 3-5 compares 

the different textures found in the study area, including the ejecta, the surrounding plains, a 

hummock within the plains, and the material that infilled the crater. 

Figure 3-6a compares the number of expanded and non-expanded craters in each region. 

The inner ejecta layer contains the highest percentage of expanded craters (96%), whereas the 

surrounding terrain contains the lowest percentage of expanded craters (35%). The outer ejecta 

also contained a high percentage of expanded craters (80%), although it was lower than that of 

the inner ejecta. This trend persists when craters with “ambiguous” morphologies are included, 

as shown in Figure 3-6b. The percentage of expanded craters (relative to all superposed 

secondaries, including those with ambiguous morphologies) on the inner ejecta, outer ejecta, and 

surrounding terrain is 80%, 55%, and 18%, respectively. 

3.4.2   Size-‐Frequency	  Distributions	  

Size-frequency distributions of the mapped secondary craters in each region also 

demonstrate that, when considering all secondary craters, the SFD of the inner layer (which 
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includes the highest percentage of expanded craters) is slightly shifted towards larger diameters 

at the same incremental frequencies (Figure 3-7a), although there is some overlap between the 

inner and outer ejecta layers at the smaller crater bins. The same trend can be observed when 

only considering the expanded craters within each region, and expanded craters are shifted to 

much greater diameters when compared with non-expanded craters in both the outer ejecta and 

surrounding terrain (Figure 3-7b), although there were not enough non-expanded secondaries on 

the inner ejecta to generate a meaningful SFD. 

3.4.3   Depth-‐to-‐diameter	  ratios 

Figure 3-8 shows the relationship between crater diameter and d/D ratio split by crater 

type for all non-overlapping craters (craters were binned in intervals spaced geometrically by a 

factor of 21/8, where most bins except the largest and smallest contained > 10 craters).  

Overlapping craters were not used for this analysis since overlaps lead to errors in the elevation 

of the crater edges (and therefore lead to erroneous depth measurements), so it is important to 

note that this does not account for some of the largest craters. The d/D ratio increases with 

binned diameter for both non-expanded and expanded secondary craters, and that the non-

expanded craters have a steeper increase in this ratio. 

3.4.4   Crater	  morphology	  and	  elevation	  

Figure 3-4 reveals isolated hills that seem to preferentially contain expanded craters 

within the surrounding terrain (one such feature can be seen in Figure 3-5c). There are also 

regions within the outer ejecta at lower elevations, even when accounting for the elevation of the 

ejecta itself, that seem to concentrate non-expanded craters. In the case of the outer ejecta, this 

may suggest localized ice loss or intrinsic variation in ejecta thickness in those regions. The 

heights of the hummocks in the surroundings (as measured from HiRISE DTMs) are typically in 
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the range of 11–25 m (the tallest is ~56-m-high), and they are hundreds of meters in diameter. 

We infer that the hummocks contain ice based on the preferential presence of expanded craters. 

3.4.5   Evidence	  from	  Additional	  DLE	  craters	  

We conducted a survey of primary craters throughout Arcadia Planitia in order to 

demonstrate the applicability of the detailed study of a single DLE crater to the broader 

population of DLE craters. Well-preserved primary craters with diameters greater than 5 km that 

lie within the Arcadia Planitia secondary crater fields mapped in Chapter 2 were identified from 

the Robbins crater database (Robbins and Hynek, 2012a), and some of the layered ejecta 

morphologies were updated to be consistent with the ejecta classifications described in Barlow 

(2015). We looked at CTX coverage for each crater, where available, to determine whether ice 

was present within the crater infilling material and/or within the ejecta layer(s) based on 

superposed expanded secondary craters. Figure 3-9 shows the results of this survey. In order to 

maintain consistency with the present study, other indications of ice in the older primary craters, 

including CCF, were not accounted for here. Figure 3-9 clearly shows that thermokarstically-

altered secondary craters are found on the ejecta of many preserved craters, including not only 

DLE craters but also SLE and MLE craters. However, since the expanded craters in the region of 

Arcadia Planitia are largely thought to be secondaries in origin and the overall distribution of 

secondary craters is fundamentally heterogeneous (with a radial orientation to the source primary 

crater), it is important to note that the lack of superposed expanded secondary craters is not 

necessarily diagnostic of a lack of subsurface ice. Furthermore, this metric is unable to identify 

features that contain pore-filling ice, although this type of ice is likely abundant, especially 

towards higher latitudes. 
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We also conduct a lower-resolution analysis of four additional DLE craters (labeled a–d in 

Figure 3-9) with superposed expanded craters in the vicinity of the Arcadia Planitia study area. 

We measured the diameters of a sampling of these expanded craters using a single CTX image of 

each additional primary crater. These results are summarized in Figure 3-10. In all cases, mean 

and median expanded crater diameters were higher in the inner ejecta, although only two of them 

(craters A and B, marked with asterisks in Figure 3-10) had a difference that was statistically 

significant using the Mann-Whitney U-test (p < 0.05). Due to the coarser mapping resolution 

used in this overview, far fewer craters were used in this analysis compared to the more detailed 

study DLE crater. Nevertheless, these results suggest that other DLE craters have similar 

variations in excess ice content between ejecta layers. 

3.5   QUANTIFICATION	  OF	  SUBSURFACE	  ICE	  CONTENT	  

The volumes of all non-overlapping, expanded secondary craters were measured using the 

methods described in Viola et al. (2015a), summarized here: a pre-impact surface was 

interpolated over the crater from the terrain immediately surrounding the edge of the crater using 

the Natural Neighbor technique in ArcGIS’s 3D Analyst tools, and the DTM topography of the 

crater was extracted. Crater volumes were calculated by subtracting the topography of each 

crater from the pre-impact interpolation. We infer that the volume of expanded craters is an 

appropriate approximation of the volume of subsurface excess ice that was sublimated, as 

described previously. 

A total of 6,826 secondary craters within the three DTMs were non-overlapping, and 2,453 

of them were classified as expanded and could therefore be used in the crater volume analysis. It 

is important to note that non-overlapping craters do not fully represent the complete data set, 
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since larger or more expanded craters are more likely to intersect with neighboring craters. 

Statistical tests have demonstrated this bias, showing that the non-overlapping subset is skewed 

towards smaller diameters compared to the complete dataset.  

The use of current expanded volumes as a proxy for ice loss results in a conservative 

estimate due to two primary factors that would reduce the apparent amount of expansion: (1) 

ejecta tends to be more porous than the initial target material; and (2) eolian infill, which would 

contribute to shallowing the crater over time. It is also likely that some of the material initially 

ejected from the secondary craters was composed of excess ice, which would sublimate directly 

instead of collapsing into the crater during expansion. This would suggest that the current crater 

volume is the sum of the initial volume plus the volume of ice lost to sublimation during 

expansion. However, given the assumption that initial crater and rim volumes were 

approximately the same, the volumes would still reflect the total amount of ice sublimated even 

though not all of that volume was due to expansion-related sublimation. 

3.5.1   Volume	  of	  Expanded	  Craters	  

The median volume of non-overlapping expanded craters in all three regions was rather 

similar: 76.4 m3km-2 on the inner ejecta, 31.6 m3km-2 on the outer ejecta layer, and 39.2 m3km-2 

in the surrounding terrain. However, the mean values are skewed towards higher volumes: 216 

m3km-2 on the inner ejecta, 65.5 m3km-2 on the outer ejecta, and 65.8 m3km-2 in the surroundings. 

This suggests that all regions contain abundant small expanded craters, but also that more excess 

ice was generally lost from the inner ejecta secondary craters during the expansion process.  

We find that the relationships between expanded crater volumes and diameters are 

roughly the same among the three regions of interest, as demonstrated by Figure 3-11, where the 
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expanded crater volume is roughly proportional to the diameter cubed.  This suggests that the 

crater expansion mechanism has operated in a similar fashion regardless of location. We can 

therefore perform a polynomial regression on the data in Figure 3-11, which results in the 

equation below (where V is the expanded crater volume in cubic meters and D is the expanded 

crater diameter in meters).  

𝑉 = 0.0018𝐷9.99%)	  

This equation allows us to estimate the volumes of the expanded craters that were 

overlapping in order to help mitigate the inherent biases of the volume measurement procedure, 

including extrapolations of the volumes of some of the largest craters in the data set. Accounting 

for all overlapping expanded craters shifts the median and mean crater volumes in each location 

to larger values due to the fact that larger craters are more likely to experience overlaps with 

neighboring craters. The adjusted median volume for craters in the inner ejecta layer, the outer 

ejecta layer, and the surrounding terrain is, respectively, 116.7 m3km-2, 41.7 m3km-2, and 44.5 

m3km-2, while the mean values for each location are 589 m3km-2, 84.6 m3km-2, and 68.7 m3km-2. 

3.5.1.1   Inner	  Ejecta	  Layer	  

The inner ejecta layer accounts for a total mapped DTM area of 67.9 km2. The expanded 

craters themselves cover 15% of the area of the inner ejecta layer that was mapped. The total 

volume of non-overlapping craters was 7.39 × 106 m3, and a total volume loss when accounting 

for overlapping craters is 3.67 × 107 m3.  We can approximate the equivalent depth of ice lost 

from all expanded craters in this region from the total volume and the areal coverage of 

expanded craters. This calculation estimates that ~3.24 m of ice was lost from the inner ejecta 

layer. This is an underestimate of the total thickness of excess ice in the region, as it assumes that 

the same depth of ice was lost from all expanded craters and, similarly, that all points within 
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each crater lost the same thickness of ice. In reality, we would expect a smaller thickness of ice 

to be lost from the smaller craters, and the deepest expanded craters (with depths that are greater 

than this 3.4-m-thickness) must have lost much more ice. However, this approximation offers a 

minimum constraint on the amount of ice lost, and has implications on the amount of ice that is 

presently inflating the terrain immediately surrounding the expanded craters. 

3.5.1.2   Outer	  Ejecta	  Layer	  

The outer ejecta layer accounts for a total mapped DTM area of 195.6 km2. The expanded 

craters themselves cover 10.6% of the section of the outer ejecta layer that was mapped. The 

total volume of non-overlapping craters was 1.73 × 107 m3, and a total volume loss when 

accounting for overlapping craters is 3.77 × 107 m3. This translates to an estimated minimum 

depth of 1.80 m of ice lost from the expanded craters in the outer ejecta layer and remaining in 

the un-cratered regions of the outer ejecta layer, although this is again most likely a significant 

underestimate of the actual amount of ice present. 

3.5.1.3   Surrounding	  Terrain	  

The surroundings account for a total mapped DTM area of 146.6 km2. The expanded 

craters themselves cover only 4.9% of the part of the outer ejecta layer that was mapped. The 

total volume of non-overlapping craters was 5.73 × 106 m3, and a total volume loss when 

accounting for overlapping craters is 1.02 × 107 m3. This suggests that an estimated 1.45 meters 

of ice was lost from the expanded craters in the surrounding terrain. When the hummocks that 

contain high concentrations of expanded craters are removed from the dataset, a similar 

calculation yields an estimated 1.42 m of ice lost throughout the plains region, which is only 

slightly lower than the estimate above. 
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3.5.2   Crater	  Depths	  

Expanded crater depths may relate to more than just the initial penetration depth of the 

impact event; the deepest craters may, in fact, provide an estimate of the thickness of the ice into 

which they impacted. This is due to the fact that significant expansion requires that the ice is of a 

thickness that is at least roughly comparable to the crater depth (Viola et al., 2015a) as opposed 

to penetrating through an ice layer that is only a small fraction of its depth, which would not 

experience sufficient material loss to produce the substantial diameter expansion that we 

observe. Expansion can also occur in ice layers much thicker than the crater depth (Dundas et al., 

2015). Many of the smaller expanded craters likely only impact into the uppermost meters of the 

ice layer, but some of the largest might actually penetrate through the ice layer and into the 

underlying material. Evidence for this can be found in the depth-to-diameter ratios of the 

expanded craters, which increases with increasing diameter (Figure 3-8). This suggests that there 

is proportionally less diameter expansion taking place relative to the crater’s depth, which is the 

expected result for a case where the ice layer is thinner than the crater depth but still comprises a 

significant fraction of the crater’s initial depth, although this could also be due to the smaller 

fractional growth required to produce a lag of a given thickness in a larger crater. Therefore, we 

posit that crater depth can be a useful metric for assessing ice content. While the median and 

mean crater depths from the non-overlapping craters in each region are low (~1–3 m, Table 3-3), 

the many smaller craters likely only penetrate into the uppermost part of the excess ice layer. The 

largest expanded craters, however, are much deeper, and can provide an estimate of the thickness 

of the subsurface ice layer. Among the non-overlapping craters in each region of interest, the 

deepest were 17.9 m, 12.8 m, and 12.2 m in the inner ejecta, outer ejecta, and surrounding 

terrain, respectively (Table 3-3). However, the largest few expanded craters within the ejecta 
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layers were overlapping, as well as the largest crater in the surrounding terrain. Therefore, we 

manually measured the depths of the two largest craters in each region based on the elevation of 

points that did not intersect with neighboring craters (Table 3-3). Here, we find that the deepest 

two overlapping expanded craters on the inner ejecta are 57 m and 27.1-m-deep, compared to 

21.7 m and 14.3 m in the outer ejecta and 14.8 m and 9.4 m (shallower than the largest non-

overlapping crater) in the surrounding terrain. Measuring individual craters may be significantly 

affected by smaller-scale heterogeneities in ice thickness, so to obtain a more conservative 

estimate of the maximum ice thickness, we averaged the depths of the two deepest craters in 

each region: 42.1 m in the inner ejecta, 18 m in the outer ejecta, and 13.5 m in the surrounding 

terrain. The largest craters may have penetrated through the excess ice layer and been 

proportionally less affected by expansion, but it is also reasonable to expect that the initial 

(deeper) depths would provide a more valid metric rather than the present, modified depths that 

we can observe and describe here.  

Expanded crater depths have further implications on the depth to the top of the subsurface 

ice. Since thermokarstic expansion requires the exposure or destabilization of excess ice, the 

shallowest craters that underwent expansion must have penetrated close to or into the upper part 

of the ice layer. Expanded craters with depths of < 0.5 m can be found in all three regions of 

interest (inner ejecta, outer ejecta, and surrounding terrain), suggesting that the ice layer begins 

fairly close to the surface. It is worth noting that this depth to ice is significantly less than the 

ejecta thicknesses that Black and Stewart (2008) predict are necessary to armor ice from 

sublimation on long timescales, although ice may be more stable at this latitude. Therefore, it is 

plausible that the presently-accepted models may be insufficient to describe the observations 

here, where excess ice appears to be preserved at shallow depths on timescales that span multiple 
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climate cycles. Updated modeling that accounts for the formation of lag deposits and deposition 

of pore-filling ice may help to resolve these inconsistencies. Preliminary results suggest that 

these processes increase the stability of excess ice, allowing it to persist for longer periods of 

time at shallower depths (Bramson et al., 2016). 

3.5.3   Summary	  of	  Observations	  

These results demonstrate that there were differences in the amount of ice present in each 

region at the time when the superposed secondary craters formed. Since the expanded craters are 

present today, significant dissection of the excess ice layer that they impacted into could not have 

taken place. Therefore, it is likely that these differences persist to this day, where measurements 

of expanded crater volumes provide a lower limit on the amount of ice remaining, suggesting 

that a thicker layer of excess ice remains in the near-surface of the inner ejecta layer (at least 3.4 

m) and that the surrounding terrain contains a thinner ice layer, at least 1.4 meters in thickness.  

An alternative method for estimating ice thickness is based on crater depths. It has been 

hypothesized that expanded crater depths may be related to the depth/thickness of excess ice and 

that they may require an excess ice layer at least comparable to, if not deeper than, the depth of 

the crater. Therefore, the maximum depths of expanded craters could be connected to the amount 

of ice that was present when the craters formed, although these are possible overestimates since 

the largest craters may penetrate through the subsurface ice layer. In all three regions of interest, 

manual measurements of the largest expanded craters suggest that this DLE crater may contain 

ice thicknesses much greater than the lower limits described above. 

Finer-scale heterogeneities in the ice content of each region may also play a role in the 

total amount of ice present within the DLE crater, particularly in the case of the individual 
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craters measured. Nevertheless, these two methods offer both lower and possible upper limits of 

the ice content within the DLE crater and the surrounding terrain. 

3.5.4   Extrapolations	  of	  Present	  Ice	  Content	  in	  Ejecta	  

The estimates of ice thickness in this section suggest that a thickness of at least ~3.4 m 

(and potentially 42.1 m or more) of excess ice must remain throughout the un-cratered parts of 

the inner ejecta layer. The inner ejecta covers a total spatial area of 900 km2 and assuming the 

same rate of superposed cratering as was measured in the DTMs, we estimate that a total of 2.8 

km3 (and possibly ≥35 km3) of excess ice remains preserved in the inner ejecta. The outer ejecta 

covers a total area of 2400 km2 and has an ice thickness of at least 1.8 m (up to 18 m). This 

translates to a total of 3.9 to 39 km3 still preserved in the un-cratered parts of the outer ejecta. 

Therefore, the entire extent of the ejecta deposit may contain as much as 74 km3 of ice, or more if 

the largest expanded craters did not penetrate the ice-rich layer. 

3.6   DISCUSSION	  

Since expanded secondary craters are found throughout the entire region in which this 

DLE crater is found, excess ice must be widespread. However, since the number of expanded 

craters and the degree of expansion varies among the inner ejecta layer, the outer ejecta layer, 

and the surrounding terrain, we posit that the amount of excess ice in each region (depth, 

thickness, and/or regolith content) similarly varies. It is possible that the initial size frequency 

distribution of secondary craters may have varied along the length of the secondary crater ray. 

However, the stark differences in expanded crater diameters that correlate with the bounds of 

each ejecta layer are unlikely to be a coincidence. This suggests that at least part of the observed 

difference in secondary crater expansion is the result of differences in the material properties of 
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the surface and shallow subsurface of each layer of ejecta and the surrounding terrain. Since 

crater expansion requires the presence of subsurface excess ice, it is therefore likely that the 

degree of crater expansion should be correlated to the depth and volume of ice present in the near 

subsurface. The results shown in Figure 3-4 and Figure 3-6 indicate that there are more expanded 

craters overlying the inner ejecta layer, and that there are the fewest expanded craters in the 

surrounding terrain. This suggests that the most excess ice was present in the inner ejecta layer at 

the time when the superposed secondary craters formed. It is also likely that there is more ice 

present there today (as much as ≥ 35 km3 in the inner layer, and ≥ 75 km3 for the entire ejecta 

deposit), since there is no apparent terrain dissection in the region that would have resulted in the 

loss of the superposed expanded craters. 

It is clear that the study DLE crater has been modified after its formation by 

glacial/periglacial, impact, and erosional processes, demonstrated in part by the presence of 

expanded craters overlying the ejecta layers and within the crater itself. Infilling material is 

evident within the crater bowl, with concentric lineations most apparent in the sections of the 

bowl that are not heavily modified by superposed expanded craters (Figure 3-2c). CCF has been 

observed throughout the mid-latitudes on Mars, and while a variety of hypotheses have been 

proposed, including a purely eolian mechanism (Zimbelman et al., 1989), CCF is most likely the 

result of glacial processes influencing atmospherically deposited ice. Levy et al. (2010a) relate 

CCF to other martian glacial morphologies, including LVF and LDAs, and extend the hypothesis 

of debris-covered glaciers to explain all three morphologies (LVF, LDA, and CCF). Dickson et 

al. (2010) propose that CCF is composed of remnant ice from past glaciation events, where 

kilometer-scale ice sheets were deposited during climate shifts and preferentially remain within 

craters as the climate shifts back. It has also been suggested that the accumulation of CCF 
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requires multiple ice deposition events, where only ice on the steep crater slopes can flow into 

the crater and is protected from sublimation by debris from the crater wall, and the entire crater is 

filled over successive glaciation events (Fastook and Head, 2014).   

Since a new ice-exposing impact (Site 16 in Dundas et al., 2014) has been observed within 

the infilling material in this DLE crater, it is clear in this case that ice is still present to this day.  

Furthermore, the DLE crater fill contains expanded secondary craters (Figure 3-2d) that were 

likely sourced by the same impact event that produced the secondaries on the ejecta, indicating 

that the CCF-forming event must have pre-dated the formation of the superposed secondary 

craters. It is possible that there are multiple layers of excess ice, and that the thermokarstically-

altered secondary craters and the recent ice-exposing impact sample two different regions of 

excess ice. Nevertheless, this adds an extra layer of complexity to the history of the study DLE 

crater, as we will describe. 

We also note the presence of several small hills in the terrain surrounding the DLE crater. 

Small hummocks with fine-grained surfaces were also identified near several DLE craters in 

Acidalia Planitia by Komatsu et al. (2007). Several hypotheses were proposed to explain these 

features based on their mound-like morphology, including pingos (ice-cored mounds) and mud 

volcanoes. Pingos, which are commonly found in terrestrial periglacial regions and form from 

pressurized groundwater that freezes to produce an ice core, have been hypothesized on Mars, 

particularly in the northern hemisphere (Burr et al, 2009) and notably in Utopia Planitia (Osinski 

and Soare, 2007; Soare et al., 2005; de Pablo and Komatsu, 2008; Dundas et al., 2008). Fractured 

mounds consistent with pingos have further been identified in the mid-latitudes of both 

hemispheres (Dundas and McEwen, 2010). However, the mounds surrounding this DLE crater 

do not possess fractures similar to those that develop on terrestrial pingos, and much previous 
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work concedes that it is unclear whether the high water volumes required to form terrestrial-style 

pingos were present on Mars (e.g., Dundas and McEwen, 2010).  Mud volcanoes would also 

suggest high volatile content, but this hypothesis would require high enough subsurface 

temperatures for liquid water that may be unrealistic for Mars unless the activity were shock-

induced and related to the impact event itself (Komatsu et al., 2007). These would both suggest 

high volatile content consistent with observations of both Acidalia and Arcadia Planitiae and by 

the presence of fluidized ejecta deposits. However, the simplest explanation for these hills is that 

they are simply remnants of a past icy layer that was once more extensive. This would be 

consistent with the glacial substrate model (Weiss and Head, 2013), which posits that DLE 

craters form from impacts into surface ice that is subsequently lost on broad scales. 

There are several potential sources of ice that can account for the volatile distribution seen 

in the different ejecta layers. First, it is possible that the ice present in the ejecta has been there 

since the original impact and was preserved differently within the ejecta layers. However, this 

would not explain the presence of concentric crater fill, since the deposition of glacial infill must 

post-date the DLE-forming impact and predate the formation of the expanded secondaries. This 

would suggest additional ice deposition took place after the crater formed. Second, if the excess 

ice was formed from ice lenses in the subsurface, then it is possible that the original material 

properties of the crater ejecta differed such that the inner ejecta layer was more conducive to ice 

lens development and growth. This also would not account for concentric crater fill. However, if 

the CCF-forming event was more localized (for example, ice was preferentially deposited only 

on the shadowed crater wall and slowly flowed into the rest of the crater) or if it resulted from 

the deposition and loss of ice on the ejecta that did not alter the subsurface deposits, the first two 

hypotheses for ice deposition can still be valid. Third, it is possible that all of the ice was 
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deposited after crater formation in the form of snowfall or large-scale glaciation. This may be 

consistent with the observation of ice-rich concentric crater fill within the crater bowl, but such 

large-scale ice deposition means that the entire crater would have been buried in ice at some 

point in its past. In this case, it is unclear why more ice would have been deposited and/or 

preserved in the inner ejecta as compared to the outer ejecta and surrounding terrain, although it 

is conceivable that material properties could have contributed to this difference.  

An intriguing alternative source of ice may be related to hydrothermal activity. . Some 

terrestrial craters contain mineralogical evidence for impact-induced hydrothermal activity (e.g. 

Osinski et al., 2001; Zurcher and Kring, 2004), and has also been proposed for Mars (Abramov 

& Kring, 2005). However, it is thought that most of this activity may be concentrated within the 

central peak or peak-ring structures (Abramov and Kring, 2005), consistent with observations of 

Hesperian-aged Toro crater (Marzo et al., 2010). Hydrated silicates have been observed within 

crater ejecta, and although several studies attribute this to impact-excavated material, it has been 

argued that terrestrial (and possibly martian) craters contain evidence for hydrothermal alteration 

(Osinski et al., 2013). If hydrothermal activity could concentrate water/ice closer to the crater, 

then the present distribution of these materials in the study DLE crater may be unrelated to the 

ejecta emplacement mechanism. However, there is no clear mechanism for hydrothermal activity 

to produce and preferentially preserve excess ice within the ejecta layers.  

An ejecta-armoring mechanism has been suggested for low-aspect-ratio layered ejecta 

(LARLE) craters, which have both normal layered ejecta and a more extensive, thin outer 

deposit. Barlow et al. (2014) propose that water migration within the LARLE deposit transports 

salts to the surface, which forms a duricrust that protects the deposit from rapid removal. 
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However, we do not observe a LARLE deposit around the primary DLE crater, and it is unclear 

whether this mechanism can operate for non-LARLE craters. 

The expanded craters found in the surrounding terrain indicate that there was excess ice 

throughout the region at the time of secondary crater emplacement. It is also conceivable that, in 

the case of the surrounding terrain, the subsurface ice may be older than the DLE crater, 

suggesting the presence of volatiles at the time that the DLE crater formed.  

While this analysis only considers a single double-layer ejecta crater based on the 

fortuitous presence of extensive thermokarstic alteration, there are broader implications for the 

formation of DLE craters in general that we will investigate. This is particularly true in light of 

the fact that many other DLE craters show similar evidence of being ice-rich today (Figure 3-9), 

and that some appear to have similar variations in the ice content between the ejecta layers 

(Figure 3-10). Table 3-4 briefly summarizes our results, compared to the expectations of the 

different DLE-formation hypotheses. Each possibility is described in further detail below. 

3.6.1   Ice	  Preserved	  from	  Impact	  

The first section of Table 3-4 summarizes the case where the ice was preserved from the 

time of impact and DLE-crater formation, which is strongly dependent on the formation 

mechanism. The glacial substrate model implies that ice from the time of impact is preserved 

beneath the crater ejecta, and it is worth noting that the estimated ice thicknesses for the ejecta 

layers discussed in Section 3.6.2 are roughly comparable to the estimated thickness of surficial 

deposits predicted for DLE craters in Weiss and Head (2014), consistent with that model.  

However, it is possible that the preserved ice would be at a depth that is greater than the depth to 

which the superposed craters penetrated. Modeling results suggest that thicker ejecta is more 
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efficient at protecting subsurface ice from sublimation, where ejecta thicknesses of > 10 m were 

able to preserve ice for tens of millions of years (Black and Stewart, 2008). Applied to the glacial 

substrate model, it would be expected that the thicker, inner ejecta layer of DLE craters is more 

likely to preserve abundant ice, consistent with our qualitative observations. However, while the 

timescales presented by Black and Stewart (2008) are consistent with the estimated age of the 

superposed expanded craters, it requires overlying ejecta deposits that are thicker than the 

expected depth to the ice layer proposed in Section 3.6.2. This issue may be resolved by more 

sophisticated modeling (Bramson et al., 2016), which suggests that the deposition of pore-filling 

ice within the regolith above a mid-latitude excess ice layer can help to protect the excess ice 

from sublimation on longer timescales.  

In the case of subsurface ice-rich layers (Senft and Stewart, 2008), we may similarly 

expect more ice in the inner ejecta layer due to the fact that thicker inner ejecta is clearly 

produced. However, it is again possible that this ice would also need to be buried under thicker 

ejecta deposits in order to remain preserved. If the preserved ice is a relic of volatiles involved in 

DLE crater formation, our findings would also be fundamentally incongruous with the model 

proposed by Wulf and Kenkmann (2015), where the outer ejecta is expected to be wetter than the 

inner ejecta.  

The presence of volatiles as proposed by Mouginis-Mark (1981) suggests that the inner 

ejecta layer would have formed from dry materials and the outer ejecta formed from wet 

materials, which is also inconsistent with our observations. The updated base surge hypothesis 

suggests that the inner ejecta forms in a manner that is similar to SLE craters. Since observations 

show that SLE craters are widely distributed on the martian surface (Barlow, 2015), this does not 

necessarily require high concentrations of water for formation. Ballistic sedimentation in 
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ice/water-rich layered deposits (Oberbeck, 2009) also argues that both SLE deposits and the 

inner ejecta layer of DLE craters is emplaced ballistically akin to lunar craters, and is thus 

expected to be dry. 

The impact melt hypothesis of Osinski (2006) argues that the outer ejecta layer is 

emplaced ballistically, and is not necessarily water-rich, while the inner ejecta layer forms as a 

ground-hugging flow comprised of impact melt and water derived from both the target rock and 

subsurface ice. This may be consistent with our observations of present-day ice distributions if 

the ice is a remnant of DLE crater formation. 

The dry granular flow mechanism proposed by Wada and Barnouin-Jha (2006) does not 

require the presence of volatiles, and therefore would not necessarily suggest preservation of 

water/ice from the time of impact. The atmospheric effect hypothesis first proposed by Schultz 

and Gault (1979) also does not require the presence of water at the time of DLE crater formation.  

It is unclear how the presence of water might affect these two models. However, the combination 

volatile/atmospheric mechanism proposed by Komatsu et al. (2007) suggests that water is 

involved in the formation of both ejecta layers: the inner ejecta forms as a water-rich flow, and 

the outer ejecta forms ballistically from water-rich materials that interact with the atmosphere. 

Since it is unclear which layer would be expected to form from more water-rich materials, this 

mechanism cannot be ruled out. 

It should be noted that more than one process may have operated. For instance, base 

surges or impact-melt processes could occur in concert with a glacial substrate. 
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3.6.2   Ice	  Lenses	  

The second section of Table 3-4 summarizes the case where the excess ice actually 

formed after the DLE crater, in the form of subsurface ice lenses. Sizemore et al. (2015) found 

that regolith with abundant perchlorate salts or smaller particle sizes tended to allow for more ice 

lens growth. Applied to this scenario, we would posit that, if ice lenses sourced the excess ice, 

then the inner ejecta layer would have been composed of more salt-rich or finer-grained material 

than the outer ejecta layer. However, it is difficult to justify different salt concentrations 

associated with the ejecta layers, and the observations of particle size variations within the ejecta 

of a few DLE craters generally indicate that the outer ejecta layer is composed of finer-grained 

particles compared to the inner ejecta. Furthermore, many of the formation mechanisms agree 

with this particle size distribution. For example, in the base surge hypothesis, the outer ejecta 

layer is formed from the collapse of lofted fine-grained materials (Boyce and Mouginis-Mark, 

2006). The outer ejecta layer is also expected to be largely comprised of finer-grained materials 

in the combination mechanism (Komatsu et al., 2007), the atmospheric effects hypothesis 

(Schultz and Gault, 1979), and ballistic sedimentation in layered targets (Oberbeck, 2009).  The 

models that invoke landslide events to form the inner ejecta (Weiss and Head, 2013; Wulf and 

Kenkmann, 2015) would suggest coarser-grained materials in the landslide deposits, particularly 

because larger ejecta fragments tend to be deposited closer to the crater while smaller particles 

are deposited further away (Horz et al., 1983; Melosh, 1989). Senft and Stewart (2008) suggest 

that the presence of subsurface icy layers modifies the trajectories of ejecta emplacement, where 

most of the material is deposited close to the crater rim, but similarly, larger ejecta fragments 

would still likely be deposited nearest the crater. These are all inconsistent with the smaller 

particle sizes required for the inner ejecta to be more conducive to ice lens growth. Additionally, 
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it is unlikely that ice lenses would produce excess ice thicknesses approaching the overall ejecta 

thickness, as suggested by the non-terraced primary crater discussed above. Therefore, we infer 

that ice lenses are likely not the primary mode of ice deposition within the shallow subsurface of 

this DLE crater, unless particle sizes are controlled by post-impact processes. However, they 

may have influenced the near-surface ice distribution. 

It is conceivable that different patterns of ice lens growth would be possible if post-

impact processes altered the initial particle sizes present at the time of formation. For example, in 

volcanic terrains, observations have found that dust and fine-grained particles tend to be 

preferentially trapped in regions that are rougher at fine scales (Malin et al., 1983; Zimbelman, 

1990), perhaps analogous to the rougher inner ejecta here. In this case, we might expect that the 

inner ejecta would have captured more dust, making it more conducive to ice lens growth over 

time. However, while this may help account for the current particle size homogeneity observed 

today (Figure 3-3), it is unclear whether sufficient dust could have been trapped in the inner 

ejecta to be able to account for the differences in ice content between the two ejecta layers. 

3.6.3   Subsequent	  Snowfall/Post-‐Impact	  Deposition	  

Cycles of obliquity-driven climate change on Mars have led to fluctuations in the regions 

where surface and subsurface ice is stable (Mellon and Jakosky, 1995; Laskar et al., 2004; 

Chamberlain and Boynton, 2007). This leads to net transport of ice from the poles to the mid-

latitudes during periods of high obliquity (Jakosky and Carr, 1985; Head et al., 2003) or from the 

equator during moderate to low obliquity periods (Madeleine et al., 2009; Levrard et al., 2004). It 

would therefore seem reasonable that some deposition has taken place in this study area since the 

formation of the DLE crater. In fact, it is clear from the presence of expanded secondaries within 

the concentric crater fill of the DLE crater that some ice deposition took place after the formation 
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of the DLE crater but before the emplacement of the superposed secondary craters. However, 

this does not necessarily mean that there was widespread ice deposited over the entire region; it 

is alternatively possible that, during CCF formation, ice was preferentially deposited on cooler 

slopes on the crater walls and then flowed downslope to fill the crater bowl. If ice was widely 

distributed over the entire area during a period of high obliquity and effectively removed 

everywhere except within the crater bowl during a period of lower obliquity (Fastook and Head, 

2014), then either the surficial deposits did not affect the presence of excess ice preserved within 

the ejecta, or the ice in the ejecta post-dates the CCF-forming event, perhaps in the form of ice 

lenses. This ultimately suggests that ice was deposited in different regions of the crater by 

multiple mechanisms over time, further complicating the history of this crater’s formation and 

modification. 

Factors that could affect ice deposition on the crater ejecta include variations in surface 

roughness, porosity, grain size, ejecta thickness, or other physical characteristics that can lead to 

more ice becoming trapped in some units as compared to others. However, it is unclear how fine-

scale textures and physical properties could affect the deposition of ice such that it would 

account for the differing amounts of ice that we see in the two ejecta layers today. It is similarly 

unclear how the two ejecta layers could have preferentially preserved different amounts of ice, 

assuming uniform deposition, particularly when the estimated ice thicknesses are enough to 

totally blanket the pre-existing substrate.  As previously mentioned, dust retention on lava flows 

does vary with surface roughness, but this process relies on wind-transported material deposited 

in rougher regions that is trapped from future eolian removal, and ice/snow deposition may not 

follow the same trend. Another possibility is that variations in thermal properties may have 

contributed to differential preservation between the ejecta layers. However, little work has been 
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done to broadly characterize the temperatures and thermal inertias of fresh, un-modified DLE 

craters. 

Post-impact ice deposition may be most consistent with the observations based on the 

clear evidence for ice deposited within the crater. However, disentangling all the uncertainties of 

differential deposition or preservation between the ejecta layers is complex, and we leave this 

task to future study. 

3.6.4   Summary	  of	  DLE	  crater	  formation	  mechanisms	  

It is possible that different modes of ice deposition may have contributed to the distribution 

observed today. For example, the crater fill is possibly unrelated to the ice preserved in the 

ejecta, due to a later ice deposition event that did not necessarily affect the ice preserved in the 

ejecta layers. However, after reviewing the expectations of the different formation mechanisms 

in the context of several types of ice deposition events, we find that none of the existing models 

seem to completely fit our observations of the volatile content within the ejecta layers, although 

some remain plausible. Therefore, it may be necessary to devise a new or modified model for 

DLE crater formation. 

3.7   CONCLUSIONS	  

We observed expanded secondary craters superposing a double-layer ejecta crater in the 

vicinity of Arcadia Planitia. The crater expansion process requires the presence of near-surface 

excess ice in order to take place. Furthermore, the long-term preservation of expanded craters 

such that we observe them today requires the persistence of excess ice from the time that 

expansion occurred. We consider the degree of superposed secondary crater expansion, as 

measured from crater diameters and volumes, to be a metric for the abundance of near-surface 
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excess ice at the time that the expanded craters formed and which has persisted to the present 

day. Our measurements reveal that the degree of expansion is greater on the inner ejecta as 

compared to the outer ejecta, which suggests that the inner ejecta layer contained a higher 

abundance of excess ice at the time when the superposed secondary craters formed. However, it 

is challenging to discern when and why this difference originated. Some ice in the ejecta may 

have predated the DLE-crater forming event, while ice in the crater fill must post-date the event, 

and both must have occurred. The superposed secondary craters are on the order of tens of 

millions of years old, suggesting that the ice in the ejecta layers has persisted for at least that 

long, but we cannot determine the age of the DLE crater itself due to the significant secondary 

crater contamination.  

Several mechanisms may have contributed to the deposition or development of excess ice. 

The mechanisms that we specifically consider are water or ice preserved from the time of impact, 

the initiation and growth of ice lenses, and the preferential deposition or preservation of ice 

during post-impact glacial activity. If the ice is relict from the time that the DLE crater formed, 

then the impact melt hypothesis (Osinski, 2006) is potentially consistent with our observations of 

this DLE crater. However, our observations are inconsistent with ice lenses as the sole method of 

excess ice formation due to the fact that finer grained materials are more conducive to ice lens 

growth (Sizemore et al., 2015) and the outer ejecta tends to be comprised of smaller particle sizes 

than the inner ejecta. Post-impact glacial activity clearly occurred based on the presence of 

glacial infill within the crater bowl, although it is difficult to assess the extent and duration of 

such activity and whether it affected the ejecta layers in such a way that it would lead to 

variations in ice content between the two ejecta layers. 
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The broader trend, where layered ejecta deposits tend to be ice-rich based on the presence 

of superposed expanded secondary craters in Arcadia Planitia, may suggest that the ejecta has 

armored subsurface ice, protecting it from atmospheric losses. Tentatively, this may be most 

consistent with the glacial substrate model, which proposes that DLE craters form from impacts 

into surface ice deposits. However, the observed variation in ice content between the ejecta 

layers remains incompletely explained for this DLE formation mechanism, and could provide 

insights into the detailed dynamics of the ejecta. 
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3.8   FIGURES	  
 

Figure 3-1: DLE crater example 

An example of a well-preserved double layer ejecta crater, Bacolor crater, located at 33N, 242 E 

with a diameter of 20 km using images from CTX (P17_007752_2140_XN_34N242W; 

P21_00904_2132_XN_33N241W; P22_009677_2133_XN_33N241W; 

G22_026674_2133_XN_33N242W; G22_026819_2155_XN_35N241W; 

D04_028718_2124_XN_32N240W). 
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Figure 3-2: Study area overview. 

(a) CTX coverage of the study double-layer ejecta crater. The inner ejecta layer lies within about 

2.5 crater radii, and the outer layer extends to approximately 5 crater radii. The rim of a 

neighboring crater can be seen in the upper right of the image. (b) Elevation profile from the 

center of the crater to the surrounding terrain, showing the moat near the crater rim and the 

ramparts at the edge of each ejecta layer. (c) HiRISE subset of expanded craters on the inner 

ejecta layer of the DLE crater. (d) CTX close-up of concentric crater fill with some expanded 

craters and a dark-colored new small impact crater observed in the crater fill. 
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Figure 3-3: Study area in THEMIS IR. 

DLE crater with nighttime THEMIS IR overlay. Red indicates higher temperatures, and blue 

indicates cooler temperatures. The outer ejecta shows warmer temperatures towards the distal 

edges in the right part of the figure and around the crater rim. These regions may have higher 

rock abundances or rougher surface materials. The DTM locations (shown as footprints; numbers 

correspond to HiRISE stereo pairs listed in Table 3-1) are largely uniform and low in 

temperature, with the exception of very close to the crater rim and a couple of smaller primary 

craters. Background CTX images are: B20_017308_2313_XN_51N140W, 

B21_018007_2306_XN_50N140W, and G22_026802_2283_XI_48N139W. 
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Figure 3-4: The distribution of mapped secondary craters mapped. 

The three HiRISE DTMs, displayed in colorized elevation, are superposed on CTX images of the 

DLE crater. The numbers at the upper right of each DTM corresponds to the numbers in Table 

3-1. The rim of the study DLE crater can be seen in the upper right. Dark blue points represent 

expanded craters, yellow points represent non-expanded craters, and red points represent craters 

with an ambiguous morphology. The inner and outer ejecta layers are delineated by black lines, 

and arrows indicate the locations of hummocks in the surrounding terrain (discussed in Section 

3.5.4). 
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Figure 3-5: Textural differences within the study area. 

Surface texture comparisons between (a) the inner ejecta layer; (b) the surrounding plains; (c) 

one of the hummocks in the plains; and (d) the primary crater infill (lower right). Note in 

particular the similarities between the ejecta and the hummocks. 
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Figure 3-6: Secondary crater morphology by location. 

(a) The percentage of expanded and non-expanded secondary craters mapped on the inner ejecta 

layer, outer ejecta layer, and surrounding terrain. The relative number of expanded craters is 

much greater on the inner ejecta layer, and decreases markedly in the surrounding plains. (b) 

Same as left, including secondary craters with "ambiguous" morphologies. It is still apparent that 

the percentage of expanded craters decreases as the location moves farther from the crater rim. 
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Figure 3-7: Secondary crater size frequency distributions. 

(a) Log-incremental size-frequency distribution of all secondary craters overlying each region of 

interest: inner ejecta layer (navy), outer ejecta layer (purple), and surroundings (green). (b) Log-

incremental size frequency distributions for expanded craters (solid lines) and non-expanded 

craters (dashed lines) in each region: navy = inner, purple = outer, green = surroundings. (Note: 

there were not enough non-expanded craters in the inner ejecta to produce meaningful results). 

Error bars are √N (per bin) normalized over the areas of interest. 
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Figure 3-8: Mean d/D by crater type. 

Diameter-binned depth-to-diameter ratios for superposed secondary craters of each type. d/D 

ratio increases with increasing diameter for both expanded and non-expanded craters. 
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Figure 3-9: Ice preservation in Arcadia Planitia primary craters. 

This map shows the distribution of ice in the central bowl and ejecta layers well-preserved 

primary craters (D > 5km) in Arcadia Planitia. Each center point represents crater infilling 

material, and each subsequent ring represents an ejecta layer. Center points and ejecta layers are 

colored based on whether ice can be inferred by the presence of superposed expanded secondary 

craters, where light blue represents the presence of ice, yellow represents a lack of superposed 

expanded craters, and dark gray represents locations where there was insufficient CTX coverage 

to make a determination. The black arrow near the center of the map (labeled with a star) shows 

the location of the DLE crater used in this study, and the craters marked (a) – (d) correspond to 

the geographic locations of the craters analyzed in Figure 3-11. 
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Figure 3-10: Survey of four additional DLE craters. 

Four other examples of DLE craters in the vicinity of Arcadia Planitia where a sampling of 

superposed expanded craters were measured using CTX data. (Top) Boxplot showing the 

variation in crater diameters on the inner and outer ejecta layer of each crater. Yellow points 

represent mean values. In all cases, the mean expanded crater diameters are higher in the inner 

ejecta layer, although only craters A and B show a statistically significant difference between the 

ejecta layers. Scale bars in each image are 5 km. CTX images used are: (a) 

P03_002316_2234_XN_43N147W; (b) P21_009344_2299_XI_49N155W; (c) 

B18_016767_2288_XI_48N129W; and (d) G23_027092_2332_XN_53N136W. 



122	  
	  

Figure 3-11: Expanded crater volumes vs. diameter. 

The relationship between expanded crater volumes and diameters. In each location (inner ejecta, 

outer ejecta, and surroundings) all follow roughly similar trends, as shown by the polynomial 

regression. 
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3.9   TABLES	  

	  
Table 3-1: Summary of DTMs mapped. 
  HiRISE stereo pair Area 

(km2) 
N 
(expanded) 

N (non-
expanded) 

N 
(ambiguous) Ejecta layer 

1 
ESP_027158_2305 and 
ESP_026446_2305 64.8 873 116 224 Inner, outer 

2 ESP_017875_2305 and 
ESP_018007_2305 199.9 2095 997 1491 Inner, outer, 

surroundings 

3 ESP_034384_2300 and 
ESP_033738_2300 147.3 1241 1394 2404 Outer, 

surroundings 
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Table 3-2: Summary of the number of secondary craters of each morphology mapped in each 
region. 

Location Mapped area 
(km2) N (expanded) N(non-

expanded) N (ambiguous) 

Inner Ejecta 67.9 917 (80.5%) 34 (3.0%) 188 (16.5%) 

Outer Ejecta 195.6 2280 (55.1%) 585 (14.2%) 1269 (30.7%) 

Surroundings 146.6 1012 (18.2%) 1888 (33.9%) 2662 (47.9%) 
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Table 3-3: Crater depths in each region of the DLE crater. 
 

Mean d Median d 
Largest d 
(non-
overlapping) 

Largest d 
(overlapping) 

2nd largest d 
(overlapping) 

Inner Ejecta 2.65 m 1.94 m 17.9 m 57.0 m 27.1 m 

Outer Ejecta 2.16 m 1.57 m 12.8 m 21.7 m 14.3 m 

Surroundings 1.49 m 1.10 m 12.2 m 14.8 m 9.4 m 
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Table 3-4: Summary of DLE formation hypotheses. 

Formation hypothesis 

Ice preserved from 
impact 

Ice lenses (particle-
size dependent) 

Inner 
Ejecta 

Outer 
Ejecta 

Inner 
Ejecta 

Outer 
Ejecta 

Results (this study)     

Atmospheric effects 
(Schultz and Gault 1979)     

Presence of volatiles 
(Mouginis-Mark, 1981)     

Base surge (Boyce and 
Mouginis-Mark 2006) ?    

Dry granular flow (Wada 
and Barnouin-Jha, 2006)   ? ? 

Impact melt (Osinski 
2006)  ? ? ? 

Combination effects 
(Komatsu et al. 2007) ? ?   

Subsurface icy layers 
(Senft and Stewart, 2008) *    

Ballistic sedimentation in 
layered targets 
(Oberbeck, 2009) 

    

Glacial substrate model 
(Weiss and Head, 2013) *    

Landslide ice/regolith 
(Wulf and Kenkmann 
2015) 

    

  
 

	   	   

	   	   

More Ice/water Less Ice/water 

Equal Ice/water No Ice/water 

?  Uncertain             * May require thicker ejecta deposit 
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4   SOUTHERN	  HEMISPHERE	  ICE	  

Adapted from: Viola, D., and A. S. McEwen. Geomorphological Evidence for shallow ice in the 

southern hemisphere of Mars.  Submitted to Journal of Geophysical Research: Planets. 

 

The localized sublimation of near-surface excess ice on Mars can produce collapse features such 

as expanded craters and scalloped depressions, termed sublimation thermokarst, which can be 

indicators of the preservation of regional shallow ice. We demonstrate this by identifying 

HiRISE images containing expanded craters south of Arcadia Planitia (25–40°N), and observe a 

correlation between regions with thermokarst and the lowest-latitude ice-exposing impact craters 

identified to date. We also observe localized thermokarst features that we interpret as patchy ice 

as far south as 25°N. We extend this survey into the southern mid-latitudes (30–60°S), where 

observational biases make it challenging to find new ice-exposing craters. Based on the presence 

of sublimation thermokarst, we infer that the present-day southern hemisphere excess ice 

boundary extends up to ~45°S regionally, although some isolated terrains (e.g., crater fill, pole-

facing slopes) also contain thermokarst, suggesting additional fine-scale local ice preservation at 

lower latitudes. We explore correlations with surface properties and ice table models to 

understand the present ice distributions that we observe, and find that our results are consistent 

with deposition during a period of higher relative humidity. Shallow ice deposits, particularly 

those at lower latitudes, are of interest for future exploration and in situ resource utilization. 
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4.1   INTRODUCTION	  

Understanding the distribution of excess water ice is valuable for its implications on the 

past climate history of Mars and for in situ resource utilization (ISRU) in future human 

exploration. However, the southern hemisphere ice boundary is poorly constrained due to 

resolution limits and observational biases. The Neutron Spectrometer on Mars Odyssey, which 

has detected high hydrogen content at latitudes poleward of ±60°, has very low resolution, with a 

footprint of approximately hundreds of kilometers, so it only captures broad trends in hydrogen 

content. SHARAD radar reflections have helped to put some constraints on ice, particularly in 

the northern plains (Bramson et al., 2015; Stuurman et al., 2016). However, SHARAD cannot 

detect ice that is shallower than ~10 m and topography can produce clutter in radar data (Seu et 

al., 2007), which may obscure deeper subsurface reflections in the rugged Southern Highlands 

terrain.  

Recent impact craters exposing ice have helped to constrain the ice table boundary in the 

northern hemisphere of Mars. However, due to an observational bias where new impact events 

are more easily discovered in high-albedo regions with abundant surface dust (Daubar et al., 

2013), few ice-exposing impacts have been identified in the southern hemisphere of Mars – in 

addition to the two ice-exposing impact craters reported in Dundas et al. (2014), four additional 

icy craters have been observed, all poleward of 55°S (65°S, 329.8°E; 62.5°S, 76°E; 58.5°S, 

207.3°E; and 57.4°S, 125.2°E). The terrain  It is plausible that the boundary in the southern 

hemisphere is closer to the equator than 55°S, as models have suggested that the ice table 

boundary would be closer to 45°S if its location is controlled by the argument of perihelion 

(Chamberlain and Boynton, 2007). Locating the ice table boundary provides a test of this and 

alternate models (Mellon et al., 2004; Schorghofer and Aharonson, 2005; Aharonson and 
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Schorghofer, 2006). Here, we will infer the southern hemisphere ice table boundary by mapping 

the distribution of sublimation thermokarst as a geomorphic indicator of excess ice.  

As described previously, sublimation thermokarst are collapse features driven by the 

destabilization and sublimation loss of a near-surface excess ice sheet. Two examples of martian 

thermokarst are expanded craters (Figure 4-1a) and scalloped depressions (Figure 4-1d). A key 

advantage of these features is that their presence not only indicates that excess ice was there at 

the time of formation, but also that ice must remain preserved today in order to maintain the 

terrain immediately surrounding them. Since thermokarst features tend to be small, we will use 

HiRISE images to identify their locations and infer the presence of modern excess ice. We also 

explore the distribution of small pedestal craters, where ejecta is thought to armor ice from a past 

epoch (Kadish et al., 2008), to look for correlations with thermokarst. 

4.2   METHODS	  

To understand the modern distribution of excess ice in the martian subsurface, we 

surveyed complete HiRISE images (those lacking large data gaps) to look for expanded craters 

and scallops, and note the locations of pedestal craters as evidence for regions with past ice 

sheets. Early in this study, it was noted that the locations of expanded craters within each image 

can be divided into several categories: (1) widespread, where they are found throughout the 

image; (2) slope-isolated (Figure 4-1b), where they are limited to pole-facing slopes (crater 

walls/rims, scarps); and (3) terrain-isolated (Figure 4-1c), or limited to certain settings within the 

image (e.g., crater floors/infill, mantled material/elevated mesas, low-lying smooth terrains, and 

glacial-like forms). Scalloped depressions are also occasionally limited to particular terrains, 
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such as pole-facing scarps and the margins of pedestal craters (Figure 4-1f). We will consider the 

distributions of each of these categories of thermokarst features.  

The identification of images containing thermokarstic features will allow for a potentially 

more accurate quantification of the latitudinal limits and longitudinal variations of the southern 

hemisphere ice boundary. Although HiRISE images only cover a small, non-random fraction of 

the planet’s total surface area (e.g., Figure 4-2), this data set has several advantages. Since 

thermokarstic features are relatively small-scale, high resolution (< 1 m/pixel for HiRISE) is 

ideal for identifying them. Furthermore, > 50,000 HiRISE images have been collected and 

sample a wide variety of martian terrains. Due to the higher-resolution nature of the data, this 

survey is also sensitive to smaller pedestal craters than previous studies, and although it lacks the 

spatial coverage to provide a comprehensive distribution map of small pedestals, we document 

trends between the presence of pedestal craters and thermokarst. 

We analyze the distribution of these ice-related features in two regions: (1) south of 

Arcadia Planitia (Section 4.3), and (2) the southern mid-latitude band of Mars (Section 4.4). 

Throughout this study, an image’s lack of thermokarstic features is not conclusively indicative of 

a lack of excess ice, since it may reflect the absence of an appropriate initiating mechanism for 

sublimation to take place. Nevertheless, the presence of thermokarst should provide an 

approximation of the modern-day excess ice boundary. 

4.2.1   Spatial	  Statistics	  

For each region of interest, spatial statistics are calculated using several ArcGIS tools (the 

full sequence of tools utilized can be found in Figure 4-3). This survey treats HiRISE image data 

as incident points, where each feature of interest is either present or absent from each image. 
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Since the distribution of HiRISE images is non-random, image data was aggregated in order to 

normalize incident data relative to the number of images in each region, using a polygon grid 

with a cylindrical equal area projection centered at the middle latitude of the region of interest 

such that each grid space covers the same spatial area. The Spatial Join and Summarize functions 

were used to collect the total number of images (and the total number of images with each class 

of features) for each grid polygon. The ArcGIS Incremental Spatial Autocorrelation function, 

which determines the distances at which spatial clustering is the most prominent, was used to 

identify an appropriate fixed distance band length for use in statistical analyses of each category 

of thermokarst features. Fixed distance bands create a sphere of influence around each grid space 

and analyze the features within the context of their neighbors. These distances were used as an 

input for the ArcGIS Hot Spot Analysis function for both the aggregated incident data (number 

of images with features of interest per grid square) and for the normalized data (the number of 

images with features of interest divided by the total number of images found in each grid 

square). We also conducted a Hot Spot Analysis on the total number of HiRISE images within 

each grid space in each region of interest to demonstrate the heterogeneity of this data set (Figure 

4-2). Hot Spot Analysis uses the Getis-Ord local statistic (Gi*) to produce an output gridded heat 

map showing confidence ranges for both hot- and cold-spots within the aggregated data. The Gi* 

statistic returns a z-score (standard deviation) and a p-value (probability) for each fishnet grid 

square based on the clustering of high or low values. Statistically-significant hot spots are grid 

spaces with high values (larger numbers of images with each feature of interest) that are 

surrounded by grid spaces with high values. Cold spots represent clusters of low-value grid 

spaces, containing fewer features of interest than expected. Grid spaces that are not statistically 

significant represent regions where the number of features of interest is consistent with a random 
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distribution. Additional detail about these spatial statistics tools can be found in Bennet et al. 

(2015). 

4.2.2   Comparison	  to	  Surface	  Properties	  

For the southern mid-latitudes, we also compared our results to a range of surface 

properties to establish whether there are any correlations with the presence of expanded craters 

(Section 4.4.4). We extracted the mean values of MOLA slope, TES day and night thermal 

inertia (Putzig and Mellon, 2007), dust cover index (DCI; Ruff and Christensen, 2002), and GRS 

water concentration (Feldman et al., 2004) for all HiRISE images surveyed. After correcting for 

null values where the datasets of interest do not intersect with the HiRISE images, we collected 

statistics on the distribution of each parameter and conducted a Kolmogorov-Smirnov 2-sample 

test to determine whether the value distributions for each category of expanded craters differs 

from the overall value distribution for both all HiRISE images surveyed and HiRISE images 

without expanded craters. The advantage of using this K-S test is that it allows for the direct 

comparison between sample distributions without assuming a normal distribution. Finally, we 

compared our results to a range of ice table models to understand to modern distribution of ice 

that we observe (Section 4.4.5). 

4.3   SOUTH	  OF	  ARCADIA	  PLANITIA	  

The lowest-latitude ice exposing impact crater identified on Mars is at ~39°N in Arcadia 

Planitia, a region that is of interest as a potential landing site for human exploration (Viola et al., 

2015b; Section 5.2.2). In order to demonstrate the viability of a thermokarst survey to infer the 

presence of ice, we first analyzed HiRISE images between 25–40°N, 180–240°E, including the 

southernmost part of Arcadia Planitia, Amazonis Planitia, and several volcanic units north of 
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Olympus Mons and west of Alba Patera, to determine whether the presence of thermokarst is 

correlated to ice-exposing impact craters. There were approximately 500 complete HiRISE 

images within this range, although ~200 were eliminated as redundant due to overlaps (including 

stereo and seasonal observations) and geographic similarities. The results of this survey are 

shown in Figure 4-4, where 87 images contained expanded craters. Although low-latitude 

expanded craters were identified, most expanded craters equatorward of ~35°N were isolated to 

particular terrains such as crater infill material, and are largely found in locally elevated units in 

Acheron Fossae and Lycus Sulci. This suggests that patchy ice may be present in regions where 

snow can accumulate during high obliquity climate cycles (e.g., Forget et al., 2006; Schorghofer, 

2007), possibly situated in locations with depositional or modification histories that are 

conducive to longer-term preservation. Above ~37°N, expanded craters tend to be more 

ubiquitous, suggesting that the local ice table boundary is near this latitude. It is also apparent 

that there is some geologic control over the presence of excess ice: these more ubiquitous 

instances of expanded craters are largely concentrated in low-lying Arcadia Units 4 and 5 from 

the Skinner et al. (2006) geologic map (Figure 4-4). This distribution is roughly comparable with 

the observations of recent ice-exposing impact craters found in this region and SHARAD-based 

studies (Bramson et al., 2015), indicating that thermokarstic features are a viable identifier of 

shallow, excess ice. 

We conduct a statistical analysis on the distribution of all expanded craters and terrain-

isolated expanded craters. Using fishnet polygons with an area of 9810 ± 16 km2, we find that 

each grid space contains 0–7 HiRISE images. Images in this area appear less clustered than in 

the southern mid-latitudes (Figure 4-2), although there is a moderately-sized hot spot in the 

northwestern corner. Figure 4-5 shows the results of the hot spot analysis for abundant expanded 
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craters using a fixed distance band length of 340 km, as well as a normalization using a fixed 

band length of 365 km. There is a significant hot spot between ~190–210°E, extending down to a 

latitude near the 35°N grid space, as well as a significant cold spot along the southernmost 

latitudes of the study area and, including the edge of the Olympus Mons/Alba Patera volcanic 

units in the normalized dataset. Although terrain-isolated expanded craters are present in this 

region, the Incremental Spatial Autocorrelation failed to identify any statistically-significant 

clustering length scale. 

Scalloped depressions were not found in this study area. This is fairly unsurprising, since 

previous studies in the northern hemisphere of Mars have only identified scallops in Utopia 

Planitia (centered at ~47°N, 118°E; e.g., Costard & Kargel, 1995; Morgenstern et al., 2007). 

However, excess ice is clearly present in Arcadia Planitia based on the presence of 

thermokarstically-expanded craters and ice-exposing impacts. This observation may have 

implications on the mechanisms and conditions required to form scalloped depressions. If scallop 

formation initiates from asymmetric sublimation associated with small topographic disturbances, 

the initial topography of Arcadia Planitia may have differed from Utopia Planitia. Since 

expanded craters initiate from impact events, their formation is independent of the initial surface 

topography. There are also many boulders in Utopia Planitia (≤ 4 m in size; Lefort et al., 2009), 

and it is possible that preferential warming of surface boulders could play a role in the local 

destabilization of shallow ice. It is plausible that differences in ice characteristics could drive 

variations in the regions where different thermokarst features form, although the dielectric 

constants of the Arcadia and Utopia Planitiae ice sheets are roughly similar (2.5 and 2.8, 

respectively), indicating reasonably pure ice with some degree of porosity (Bramson et al., 2015; 

Stuurman et al., 2016). 
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Only a single, small pedestal crater (D ~ 170 m, near 39°N) was identified in this region, 

within the Aa2 geologic unit (Figure 4-4) that lacks thermokarst features. Although HiRISE is 

not the ideal data set for identifying pedestal craters, as described, this is consistent with previous 

observations, where this geographic area was similarly devoid of pedestal craters (Kadish et al., 

2009). This observation also suggests that widespread loss of an ice mantle has not taken place 

over the northern part of this region, consistent with the tens of Myr minimum age estimates of 

the Arcadia Planitia ice sheet (Viola et al., 2015a). 

4.4   SOUTHERN	  MID-‐LATITUDES	  

Over 6,000 complete HiRISE images were identified between 30–60°S, and ~4,000 were 

analyzed for thermokarst after accounting for overlapping observations. Figure 4-6a shows the 

overall distribution of images analyzed and the locations of ice-exposing impact craters, and 

Figure 4-6b–d shows the locations of images that contain thermokarstic features and pedestal 

craters. Not all HiRISE image targets are in terrains that are conducive to the presence of 

thermokarst landforms (e.g., large dune fields or bedrock exposures). While those images were 

still analyzed over the course of this survey, the complex geologic history of the southern mid-

latitudes leads to small-scale variations in surface morphologies and, probably, in shallow ice 

content. Consequently, the latitudinal limits and longitudinal variations of excess ice discussed in 

the following sections are estimates that do not account for all possible geologic variations.  

4.4.1   Distribution	  of	  Expanded	  Craters	  

Expanded craters can be found over a range of latitudes (Figure 4-6b). Similar to south of 

Arcadia Planitia, they tend to be isolated to particular terrains in the more equatorward images. 

Poleward of ~50°S, expanded crater-bearing terrains become more ubiquitous (white points in 
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Figure 4-6b). Expanded craters on pole-facing slopes appear to extend close to 40°S, ~10° more 

equatorward than those found on flat or equator-facing slopes, which is unsurprising since pole-

facing slopes are colder and therefore may be able to support the presence of ice at lower 

latitudes. Expanded craters isolated to other terrains (e.g., crater interiors, mantled mesas) 

suggest the possibility of patchy, heterogeneous excess ice at latitudes approaching 30°S. 

Spatial statistics were calculated for the distribution of images containing expanded 

craters, as well as for the distribution of slope- and terrain-isolated expanded craters. Figure 4-7 

shows the heat map for all images containing expanded craters and a normalization over all 

images found in each grid space using a fixed band length of 590 km. Empty grid spaces in the 

normalized map lack HiRISE images. Similar trends are observed in both the overall and 

normalized heat maps. Expanded crater “hot spots” are largely concentrated poleward of 45–

50°S, with some longitudinal variations. Southern Hellas, Eridania, and Argyre Planitiae appear 

to have the highest concentrations of excess ice as inferred from the presence of expanded 

craters. 

Figure 4-8 shows the result of a hot spot analysis of the distribution of slope-isolated 

expanded craters, using a fixed distance band lengths of 300 km for the incident analysis (Figure 

4-8a) and 495 km (Figure 4-8b) for the normalization. Two hot spots emerge in the overall data 

(part of Terra Sirenum and Eridania Planitia, Figure 4-8a), but since this trend disappears in the 

normalized data, we do not attribute statistical significance to these observations. 

Terrain-isolated expanded craters also reveal a hot spot near eastern Terra Cimmeria and 

west-central Terra Sirenum in the overall dataset at a fixed band length of 495 km (Figure 4-9a). 

These are regions with a large concentration of HiRISE images and the hot spots shrink in the 

normalized data, but remain statistically significant. 
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The rough delineation of the excess ice boundary was inferred from the distribution of 

statistically-significant regions of non-isolated expanded craters (derived from Figure 4-7), 

which reaches 45°S in Hellas and Eridania Planitia and 47°S in Argyre Planitia. Trends for 

slope-isolated expanded craters appear to have less spatial significance (Figure 4-8), but a 

spatially-significant hot spot for terrain-isolated expanded craters is noted in part of Terra 

Cimmeria and Terra Sirenum (Figure 4-9), where ~50 out of 290 images contained expanded 

craters (largely restricted to smooth/mantled regions). 

4.4.2   Distribution	  of	  Scalloped	  Depressions	  

We identified 66 HiRISE images containing scalloped depressions, 42 where they are 

abundant and 24 where they are isolated to particular terrains (e.g., crater walls/rims, edges of 

mesas and pedestal craters). The southern hemisphere distribution of scalloped depressions is 

largely consistent with previous observations that used data from the High Resolution Stereo 

Camera (HRSC; Zanetti et al., 2010; Figure 4-6c), where they are ubiquitous south of Hellas 

Planitia. Our results show that scallops extend more equatorward along the western edge of 

Hellas Planitia and can be found in isolated terrains south of Argyre Basin and near Aonia Terra. 

While not all images with expanded craters contain scallops, most of the images containing 

scalloped depressions include expanded craters. However, there were too few images with 

scalloped depressions to provide statistically-meaningful results across the southern mid-

latitudes using the methods described in Section 4.2.1. 

4.4.3   Distribution	  of	  Pedestal	  Craters	  

Many pedestal craters (> 1.5 km) are included in the Robbins Crater Database (Robbins 

and Hynek, 2012a) and have been mapped in other works (Kadish et al., 2008; > 0.7 km). Figure 

4-6d shows the distribution of HiRISE images containing pedestal craters (N = 37) identified in 
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this survey, with diameters ranging from 200 m – 4.1 km. The locations of craters classified as 

pedestals from Robbins and Hynek (2012a) are also shown in Figure 4-6d, with pedestals 

ranging in size from 1.65–23.8 km. Due to the lack of high-resolution topography, it is uncertain 

whether the craters we identify are truly pedestals. However, most of the HiRISE images 

containing potential pedestal craters lack thermokarst features (33 instances), with the exception 

of three that had thermokarst features confined to the pedestal ejecta/margins and one where 

expanded craters were found both on the pedestal and in the surroundings, in a high-latitude 

location (58°S) where widespread ice is likely present. This has implications on the history of 

near-surface ice on Mars, and suggests that, while regions with pedestal craters likely 

experienced significant ice loss, other regions at similar latitudes which contain indications of 

modern ice either did not undergo the same loss or experienced re-deposition of ice afterwards. 

4.4.4   Trends	  with	  Surface	  Properties	  

We further assess correlations between expanded craters and a range of surface 

properties: thermal inertia from TES (Putzig and Mellon, 2007), dust cover index (DCI; Ruff and 

Christensen, 2002), GRS water concentration (Feldman et al., 2004), and slopes derived from 

Mars Orbiter Laser Altimeter (MOLA) elevation, using a Kolmogorov-Smirnov test. This test 

returns the KS statistic and p-values for each comparison analyzed, where p is the probability 

that the null hypothesis (that the two distributions being compared are the same) is true. The 

results of this analysis are shown in Table 1, where the boxes highlighted in green have p < 0.01, 

interpreted as statistically-significant differences between the distributions.   

While there is no significant difference between the values for all HiRISE images surveyed 

and those images that lack expanded craters (gray column in Table 1), some statistically-

significant trends emerged (Table 1). Slope-isolated expanded craters tend to be found in images 



139	  
	  

with greater overall MOLA slopes averaged over the image area (Figure 4-10a), with a mean 

slope of 5.7° (median = 5.3°) compared to a mean slope of 3.8° (median = 2.7°) for images 

without expanded craters. Images with expanded craters tend to have slightly lower thermal 

inertia values in both day and night TI. Figure 4-10b compares the distribution of mean TES 

night TI for images with expanded craters (mean = 237, median = 232) and all images surveyed 

(mean = 250, median = 242). Consistent with the lower TI values, images containing expanded 

craters also have slightly lower DCI values (mean = 0.9664, median = 0.9668) than all HiRISE 

images surveyed (mean = 0.9683, median = 0.9697). The distribution of DCI values for all 

images has a more prominent peak near 0.97, whereas the values for images with expanded 

craters are have a broader distribution (Figure 4-10c). Lower DCI values represent slightly more 

dust cover, although this region is still less dusty than the northern plains. More than half of the 

higher-latitude images containing expanded craters did not intersect with the water concentration 

data from Feldman et al. (2004). However, the value distribution for those that did intersect have 

slightly higher values (mean = 3.42, median = 3.41) than the distribution for all HiRISE images 

surveyed (mean = 3.21, median = 3.24) (Figure 4-10d). 

4.4.5   Comparison	  to	  Ice	  Table	  Models	  

We also compare our results to several ice table models. Figure 4-11 shows the results of 

this comparison with Mellon et al. (2004), Schorghofer and Aharonson (2005), and Aharonson 

and Schorghofer (2006). Figure 4-12 shows comparisons with Chamberlain and Boynton (2007), 

who varied a range of parameters to determine their effect on ice table stability. 

Mellon et al. (2004) modeled the presence of ground ice under several atmospheric water 

vapor pressure conditions (between 1–100 pr-µm) in order to explain the MONS data from 

Feldman et al. (2004) and predicted an atmospheric water column abundance of 10–20 pr-µm. 
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We compare our results to the model results for 20 pr-µm in Figure 4-11a, which includes the 

epithermal neutron boundary of 6 cm-s-1 (black line, where ground ice is likely too deep to be 

detected by MONS), and find that it is roughly consistent with the southern hemisphere 

boundaries from Figure 4-7, with a few exceptions: (1) expanded craters in Argyre Basin extend 

up to ~47°S, approximately 10° equatorward from the MONS observations; (2) southeast of 

Hellas Basin, the ice boundary inferred from the neutron spectrometer is near 47°S, whereas 

expanded craters are 5–10° further poleward, (although the absence of expanded craters is not 

necessarily indicative of a lack of ice); and (3) smaller deviations (~3–5° equatorward) from the 

MONS boundary between 185–216°E and 148–176°E. We also find some agreement between 

our southern hemisphere results and the slope-derived ice table boundary near where the 

predicted top meter filling fraction transitions to lower values (Figure 4-11c; Aharonson and 

Schorghofer, 2006), a water column abundance of < 10 pr-µm, and an obliquity of ~20–25° 

(Figure 4-12b, 11d; Chamberlain and Boynton, 2007). Models with different perihelion positions 

do not reproduce the more subtle variations that are seen in our data, but are broadly consistent 

with all values modeled (Figure 4-12d). Mellon et al. (2004) does not explain the boundaries 

defined in Arcadia Planitia or Terra Cimmeria/Terra Sirenum (Figure 4-11a). However, Arcadia 

Planitia may be consistent with ~50 pr-µm atmospheric water abundance or an obliquity near 

25–30° (Figure 4-12d), and Terra Cimmeria and Terra Sirenum may be consistent with an 

obliquity of ~30° (Figure 4-12d) or have a low fraction of slope-stable ice (Figure 4-11c). Our 

results are inconsistent with the equilibrium ice table depth derived from Schorghofer and 

Aharonson (2005) (Figure 4-11b) and the modern ice table depth from Chamberlain and Boynton 

(2007) (Figure 4-12a), which both fail to explain the boundaries in Arcadia Planitia and Terra 

Cimmeria/Terra Sirenum. Schorghofer and Aharonson (2005) also has notable deviations from 
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our results near Hellas and Eridania Planitiae. Varying the perihelion position also fails to 

describe Terra Cimmeria and Terra Sirenum, although a perihelion position between Ls 0–180° 

may help account for the boundary in Arcadia Planitia (Figure 4-12c). 

4.5   CONCLUSIONS	  

As demonstrated in Section 4.3, the presence of thermokarstic features can be roughly 

correlated to the presence of clean subsurface ice as indicated by ice-exposing impacts in the 

northern hemisphere, where the identification of new impact craters is not observationally-

limited. Therefore, we extend this survey into the southern mid-latitudes to use the presence of 

thermokarst to infer subsurface ice where new impacts are not easily observed. We find the 

presence of abundant thermokarst up to latitudes of ~45°S in some regions, roughly consistent 

with the MONS boundary defined by Feldman et al. (2004) and with the slope-derived ice 

stability model of Aharonson and Schorghofer (2006). Lower-latitude ice deposits are of 

particular interest for future human exploration, and we observe indications of patchy ice in 

small, localized regions approaching 25°N and 30°S that likely contain significantly less 

volumetric ice than higher-latitude regions. We also observe abundant ice in Arcadia Planitia 

down to a latitude of ~37°N. However, due to the complex geologic history of the southern 

highlands, where not all terrains are conducive to the presence and preservation of ice, these 

observations only offer minimal constraints on the distribution of excess ice. Therefore, 

particularly in regards to potential ISRU, we recommend case-by-case, high-resolution studies of 

regions of interest using thermokarst as one indicator of the presence of excess ice.  

  



142	  
	  

4.6   FIGURES	  

 Figure 4-1: Thermokarst examples. 
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(a) Expanded craters in HiRISE image ESP_041304_1320. (b) Slope-isolated expanded craters 

in ESP_027189_1320 (located on a pole-facing 6.7° slope). (c) Expanded craters isolated to the 

fill of a larger crater in PSP_003939_1429. (d) Scalloped depressions from the Amphitrites 

Patera region, ESP_041973_1220. (e) Pedestal crater, ESP_024290_1215. (f) Scallops at the 

edge of the pedestal (inset) in (e). 
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Figure 4-2: Hot spot analysis of all HiRISE images surveyed. 

Hot spot analysis of all HiRISE images surveyed in (a) Arcadia Planitia and (b) the southern 

mid-latitudes with grid spacing of approximately 100 × 100 km using a fixed distance band of 

260 km in (a) and 780 km in (b). 
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Figure 4-3: Cartographic model for spatial statistics methods. 

Sequence of ArcGIS tools used to aggregate HiRISE image data, determine the appropriate 

lengths scales of spatial clustering, and conduct a hot spot analysis to identify regions containing 

higher or lower concentrations of features of interest compared to an expected random 

distribution. 
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Figure 4-4: South of Arcadia Planitia results. 

HiRISE images containing thermokarstic features south of Arcadia Planitia, overlain on the 

Skinner et al. (2006) geologic map. Points represent HiRISE images with widespread expanded 

craters (white), terrain-isolated expanded craters (blue), and without thermokarst (black). Stars = 

ice-exposing recent impact craters; X = pedestal crater. 
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Figure 4-5: Hot spot analysis of expanded craters in Arcadia Planitia. 

Hot spot analysis of HiRISE images containing expanded craters for (a) the overall dataset using 

a fixed distance band of 340 km; and (b) normalized to the number of HiRISE images per grid 

space using a fixed distance band of 365 km (empty grids contained no HiRISE images). Grid 

spaces cover an area of 9,810 ± 16 km2. 
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Figure 4-6: Southern Mid-Latitudes Results. 

Southern mid-latitudes of Mars. Panels show the geographic distribution of (a) all surveyed 

HiRISE images and ice-exposing impact craters; (b) images with expanded craters (white 

points), including examples of slope-isolated (light blue points) and terrain-isolated (dark blue 

points) settings; (c) images containing scalloped depressions (white points), including those that 

are isolated to particular terrains (blue points), overlain on the results of Zanetti et al., (2010), 
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where gray regions are HRSC regions surveyed and black regions are those that contained 

scalloped depressions; and (d) pedestal craters identified in this survey (dark blue points) and in 

the Robbins crater database (light blue points; Robbins and Hynek, 2012). 
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Figure 4-7: Hot spot analysis of Southern Hemisphere expanded craters. 

Hot spot analysis of expanded craters (where each grid space has an area of 9,660 ± 30 km2, 

using a fixed band length of 590 km).  The same overall trends are apparent in both (a) the 

incident analysis and (b) after normalizing for the total number of images per grid space. 
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Figure 4-8: Hot spot analysis of slope-isolated expanded craters. 

Heat map for slope-isolated expanded craters (gridded to ~100 km × 100 km) for (a) the overall 

dataset (fixed band length = 300 km) and (b) normalized over the number of images per grid 

(fixed band length = 495 km).  
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Figure 4-9: Hot spot analysis of terrain-isolated expanded craters 

Heat map of terrain-isolated expanded craters (gridded to ~100 km × 100 km) using a fixed band 

length of 495 km for (a) the overall dataset and (b) normalized over the number of images per 

grid. 
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Figure 4-10: Histogram comparison of the distribution of thermophysical properties. 

 (a) Mean MOLA slopes of all HiRISE images surveyed and images containing slope-isolated 

expanded craters. (b) TES night TI of all HiRISE images surveyed and images containing 

expanded craters. (c) Dust Cover Index values of all HiRISE images surveyed and images 

containing expanded craters. (d) GRS H2O concentration values of all HiRISE images surveyed 

and images containing expanded craters. 
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Figure 4-11: Ice Table Model Comparisons. 

Ice boundaries inferred from Figures 4, 6, and 8 superposed on the model results of (a) Mellon et 

al. (2004), with an atmospheric water vapor pressure of 20 pr-µm, including the Feldman et al. 

(2004) MONS ice boundary (black line); (b) the modern equilibrium depth to ice from 

Schorghofer and Aharonson (2005), where ice was predicted to be unstable in white regions; and 

(c) Aharonson and Schorghofer (2006), accounting for MOLA slopes. 
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Figure 4-12: Ice Table Model Comparisons (Chamberlain and Boynton, 2007). 

Ice table model results from Chamberlain and Boynton (2007) varying a range of atmospheric 

and orbital conditions, compared to the ice table boundaries we infer in Figures 4, 6, and 8. 

Present-day ice stability (a) and ice table variations with different (b) atmospheric water vapor, 

ranging from 1–100 pr-µm; (c) perihelion positions at Ls 0°, 90°, 180°, and 270°; and (d) 

obliquity, from 10–40°.  
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4.7   TABLE	  

Table 4-1: Statistical analysis of surface properties. 

Results of a Kolmogorov-Smirnov test for multiple physical parameters, comparing the 

parameter distributions of images containing expanded craters, slope-isolated expanded craters, 

and terrain-isolated expanded craters to the parameter distributions of all HiRISE images 

surveyed and all HiRISE images that do not contain expanded craters. 

 
No exp. 
craters Exp. Craters Slope-isolated 

exp. craters 

Terrain-
isolated exp. 

craters 
KS p KS p KS p KS p 

MOLA 
slope 

All 0.01 0.98 0.09 0.04 0.35 3.74E-20 0.09 0.04 
No exp. 
craters N/A 0.09 0.03 0.36 4.89E-21 0.11 0.02 

TES 
night 

TI 

All 0.01 0.92 0.12 1.27E-03 0.12 0.02 0.06 0.34 
No exp. 
craters N/A 0.13 5.22E-04 0.13 7.82E-03 0.08 0.17 

TES 
day TI 

All 0.02 0.58 0.18 6.38E-08 0.15 1E-03 0.04 0.82 
No exp. 
craters N/A 0.20 3.46E-09 0.14 2.25E-03 0.04 0.95 

DCI 
All 0.02 0.45 0.18 1.62E-07 0.09 0.14 0.07 0.28 

No exp. 
craters N/A 0.20 4.14E-09 0.10 0.05 0.05 0.65 

H2O 
conc. 

All 0.01 0.97 0.17 9.36E-03 0.06 0.64 0.05 0.62 
No exp. 
craters N/A 0.17 7.49E-03 0.07 0.41 0.06 0.53 
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5   CONCLUSIONS	  

5.1   IMPLICATIONS	  ON	  RECENT	  MARS	  CLIMATE	  HISTORY	  AND	  SURFACE	  PROCESSES	  

The presence of shallow, excess water ice in the region of Arcadia Planitia is evident from 

many observations, such as recent impact craters exposing ice (as far equatorial as 39°N), 

terraced craters that suggest an ice-rich layer, and widespread thermokarstically-expanded 

secondary craters. The age of the ice as inferred from the age of the source primary craters, on 

the order of tens of millions of years old, is inconsistent with the expected timescale for ice loss 

due to obliquity-induced climate change. The obliquity of Mars oscillates on timescales of 

~100,000 years (Laskar, 2004), and the stability of shallow ice should similarly fluctuate, where 

lower-latitude ice deposition occurs at high obliquity and migrates back to the pole during low 

obliquity periods. Based on the timescales of expected instability, ice should not persist in the 

mid-latitudes for tens of millions of years.  

The age of this ice is similarly inconsistent with previous modeling efforts to quantify the 

thickness of dry overburden required to preserve excess ice, which suggested that ~10 m of 

material is required to protect 90% pure excess ice for > 10 Myr (Black and Stewart, 2008), 

whereas our observations indicate that ice is significantly shallower (< 1 m in some places). 

Updated modeling that accounts for the growth of a sublimation lag and the deposition of pore 

ice to protect excess ice from further sublimation is in progress (Bramson et al., 2016), and may 

help to explain the persistence of excess ice in Arcadia Planitia over many martian climate 

cycles. 
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Regardless of the mechanism required for long-term preservation of excess ice, additional 

lines of evidence suggest that Arcadia Planitia represents a latitudinal exception to mid-latitude 

ice loss. Mustard et al. (2001) mapped the distribution of dissected terrain in the northern and 

southern mid-latitudes of Mars, thought to result from the gradual loss of an ice-rich mantle 

deposited during a recent period of high obliquity, and comparatively fewer images containing 

dissected terrain were identified within the longitudinal bounds of Arcadia Planitia. Some 

isolated expanded craters in lower-latitude locations have also been identified in this region, 

particularly in some of the elevated units north of Olympus Mons, which suggests regional, 

small-scale ice preservation below the detection limit of the Mars Odyssey Neutron 

Spectrometer.  

Some previous observations have suggested that few high-latitude impact craters preserve 

secondary craters (e.g., Boyce and Mouginis-Mark, 2006).  Robbins and Hynek (2011) identified 

twenty-four concentrations of craters with D > 1 km that correlate to the secondary crater fields 

of pristine primary craters, and Robbins and Hynek (2014) mapped the global distribution of 

primary and apparent secondary craters. In both cases, the distribution of secondary craters is 

non-uniform across the planet, and secondary craters are more abundant in equatorial regions as 

compared to in the mid- to high-latitudes. Therefore, it would seem reasonable that surface 

properties or resurfacing mechanisms are responsible for the lack of high-latitude secondaries, 

and that Arcadia Planitia’s four secondary-preserving impacts are somewhat anomalous. 

However, only one of the four primary craters in Arcadia Planitia (Gan crater) was captured by 

Robbins and Hynek (2011), and it is the smallest of the 24 primary craters they identified (the 

rest range in diameter from 24.2–222 km). Since smaller primaries do not produce sufficient 

secondaries above the 1-km-limit used by Robbins and Hynek (2011), it is unclear whether other 
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primaries (D < 20 km) at high latitudes also preserve secondary crater fields outside of Arcadia 

Planitia. More work should be done to quantify the population of smaller secondary crater fields, 

particularly at higher latitudes. 

The southern hemisphere of Mars also contains thermokarstic features that suggest the 

modern presence of near-surface excess ice. At lower latitudes, expanded craters tend to be 

smaller, less frequent, and found in fairly isolated settings (crater infill, local pole-facing slopes, 

mantled mesas, and low-lying smooth terrains), and it is less apparent whether they originated as 

secondary craters (perhaps from a very distant source) or small primary craters. At latitudes 

poleward of ~45–50°S (with some longitudinal fluctuations), expanded craters appear more 

abundant, but still do not reveal the same degree of clustering that was seen in Arcadia Planitia, 

and it is therefore challenging to argue that they are secondary craters or to infer an age for the 

southern hemisphere ice. Nevertheless, it is clear that excess ice is present in the mid-latitudes of 

both hemispheres today, where Section 4.4.4 demonstrates some consistency with deposition 

during a past climate cycle with greater water column abundance or the slope-derived ice 

stability models of Aharonson and Schorghofer (2006). 

5.2   IMPLICATIONS	  ON	  FUTURE	  MARS	  EXPLORATION	  

Water on Mars, in the form of both liquid and ice, is of increasing importance to the future 

of Mars exploration. Key themes of interest to NASA and the Mars Exploration Program 

Analysis Group (MEPAG) include astrobiology, planetary protection, and future human 

missions. The search for life/habitability has been a primary objective of NASA’s Mars program, 

although planetary protection restrictions make it challenging to study regions that currently 
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contain water ice. With human exploration on the horizon, understanding ice-rich regions is 

imperative since they represent a viable, potentially vital resource for future explorers. 

5.2.1   Astrobiology	  and	  Planetary	  Protection	  

The search for habitability on Mars has driven many recent and upcoming missions, 

including the Curiosity, Mars 2020, and ExoMars rovers. Water in any form, required for 

terrestrial life as we know it, has been intrinsically linked to the possibility of life elsewhere. 

Large Martian channel systems suggest that water may have been liquid on the surface for 

prolonged periods of time in the past (e.g., Malin and Edgett, 2003) and recurring slope lineae, 

which form seasonally on warm slopes, are hypothesized to involve modern liquid water brines 

(e.g., McEwen et al., 2011; Ojha et al., 2015). However, most – if not all – of the water on Mars 

today is frozen. 

On Earth, ice represents a habitat for microbial life, including active and dormant 

populations (e.g., Soina et al., 2004; Steven et al., 2006) and can preserve biomolecules 

(Willerslev et al., 2004). Terrestrial microbes, including those that are cold-adapted, can enter 

dormant states that utilize only enough energy to survive and repair cellular damage and “survive 

indefinitely” (Price and Sowers, 2004), where low-level metabolic activity has been found in 80 

Ma-old anaerobic shale sediments (Chapelle and Lovley, 1994; Phelps et al., 1994). Although 

the ice on Mars is much colder than terrestrial ice, it is plausible that it might serve as a 

preservation medium for biosignatures or dormant organisms, particularly in long-preserved ice 

such as in Arcadia Planitia, or that water-filled veins in excess ice (Price, 2000) could represent 

transient habitats during warmer epochs. Microbes have been found in terrestrial liquid veins in 

ice from Lake Vostok, preserved on timescales of > 140,000 years (Price and Sowers, 2004). Ice-

rich regions are therefore of interest to future exploration as possible records of both past climate 
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conditions and of potential past life, especially if the any of the ice in this region formed from the 

migration of thin films of liquid water (Sizemore et al., 2015).  

Planetary protection regulations, however, make it more challenging to access to ice-rich 

regions on Mars. Contamination is a concern when exploring potentially habitable environments, 

and shallow ground ice has the potential to become a “spacecraft-induced” habitat for microbes 

that can survive the interplanetary trip between Earth and Mars. It is therefore important to 

understand the risks posed by exploration in order to develop effective policies. The concept that 

terrestrial microbes can be transported to other planets is termed “forward contamination,” and 

its prevention requires the sterilization of spacecraft to eliminate microbes on components that 

will interact with the surface. Different planetary environments require different levels of 

decontamination, and evolving policies govern spacecraft cleanliness standards, but it has proven 

impossible to eliminate all microbial “passengers” on planetary missions (e.g., Moissl-Eichinger 

et al., 2012; La Duc et al., 2014). This is especially a concern for astrobiologically-relevant 

planetary bodies like Mars and Europa. 

For Mars, “special regions,” defined as places that may possess conditions in which 

terrestrial life can proliferate, have been specified to constrain the risk of forward contamination. 

Special regions may also be generated by a spacecraft that produces enough heat to create a 

potentially-habitable local environment (e.g., by melting near-surface ice). The present definition 

as defined by the Second Special Regions Science Advisory Group (SR-SAG2) is any location 

where temperatures are in excess of −23°C and water activity (aw) is greater than 0.5 (Rummel et 

al., 2014). These restrictions are based on our knowledge of terrestrial microbiology, with some 

added margin, as no known microbial organisms can reproduce at temperatures below −18°C 

and aw < 0.62. No concrete locations are currently known to be special regions, based in part on 
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the lack of sufficient information about the localized surface properties (especially water 

activity). However, “uncertain” regions were identified which could fit the criteria and should be 

treated as special regions until more data is available (e.g., recurring slope lineae, caves, and 

some martian gullies), and near-surface ice was noted as a potential spacecraft-induced special 

region (Rummel et al., 2014). A review of the conclusions of Rummel et al. (2014) conducted by 

the European Science Foundation and the National Academies of Sciences, Engineering, and 

Medicine affirmed a similar definition of Special Regions based on temperature ( > −25°C) and 

water activity (0.5–1.0) (Rettberg et al., 2016). This joint study further discussed additional 

evidence for Uncertain Regions that include sources of methane found by the Curiosity rover 

(Webster et al., 2015) and the identification of hydrated minerals in recurring slope lineae (Ojha 

et al., 2015), both discovered after the SR-SAG2 report. 

5.2.2   Human	  Exploration	  

NASA has started to investigate the possibility of sending humans to Mars, along with 

aerospace companies like SpaceX. With the First Landing Site/Exploration Zone Workshop for 

Human Missions to the Surface of Mars (HLS2) held in 2015, NASA brought together the 

relevant communities that would be required to achieve a sustainable human presence on Mars, 

including Mars scientists in all disciplines (e.g., geology, atmospheric science, astrobiology), 

engineers, and terrestrial mining specialists. True Earth-independence can only be achieved 

through in situ resource utilization to obtain construction materials like metals and regolith and – 

most importantly – water, for both consumption and fuel production. While regolith can be found 

anywhere on the surface, abundant, accessible water is more limited, and will be a key resource 

when assessing future landing sites. 
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For the HLS2 workshop, “exploration zones” (EZs) were limited to ±50° latitude ≤2 km 

in elevation, and preliminary EZs were designed such that a mission will be able to access a 100 

km range from their central landing site and habitation zone, with the intention of sending 

multiple missions/crews to the same location. Therefore, both resource potential and scientific 

merit/geologic diversity are essential to justify sending several missions to a single site. 

I identified two EZs within the southernmost extent of the Arcadia Planitia ice sheet 

(Viola et al., 2015b) that fall within the constraints described above: (1) Acheron Fossae (Section 

5.2.2.1); and (2) Erebus Montes (Section 5.2.2.2). These locations were selected for two primary 

reasons: (1) they are low enough in latitude to be within the criteria defined for the workshop, 

while still being poleward enough to have suspected excess ice deposits; and (2) they offer 

access to geologic units from multiple martian epochs within a 100-km-range. 

There are some limitations that affect both of these proposed landing sites. One potential 

challenge to is dust abundance; lunar dust is known to pose risks to both astronaut health (Cain 

2010) and to mechanical systems (Gaier 2005), and therefore less dusty regions are ideal targets 

for future martian landing sites. In addition, perchlorates have been found on Mars (Hecht et al., 

2009; Glavin et al., 2013), and pose an additional danger to humans. It is not clear at this time 

what amount or composition of dust would potentially complicate a mission, although it is likely 

that localized regions contain less dust than the bulk of these moderately-dusty EZs and would 

be more amenable to landing and construction of habitation units. Future study is needed to 

clarify this issue. 

A second limitation, more easily remedied, is a lack of significant high-resolution data 

coverage. Although CTX images are available over much of the EZ areas, there was minimal 

HiRISE coverage and virtually no CRISM information when these sites were proposed. As a part 
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of the HLS2 post-workshop imaging campaign, several images in each region were requested, 

with an emphasis on obtaining CRISM observations in order to better characterize the 

composition of the potential landing sites. These were selected such that they target locations 

that appear to minimize dust coverage as indicated by the DCI (Ruff and Christensen, 2002). 

Both landing sites are further limited in terms of knowledge about the presence and 

abundances of resources other than water that would be important for the development of a 

human base on Mars, such as metals and regolith. However, since the resource requirements for 

these ISRU sources are poorly defined in terms of abundance, composition, and accessibility, 

and because many of these substances are thought to be fairly widely available, we assume that 

the two EZs contain these resources in sufficient abundance to meet the requirements until 

additional limits are defined. 

5.2.2.1   Acheron	  Fossae	  

The Acheron Fossae landing site is centered at 39.8°N, 220.6°E (Figure 5-1), just 

northwest of the Acheron Fossae graben system, and within traverse range of the late Noachian 

highlands terrain of the grabens. The proposed landing site itself is within Tharsis lava flows that 

date to the Hesperian and Amazonian. There is significant evidence for glacial and periglacial 

activity during the Amazonian, in agreement with the hypothesis that there is abundant ice in the 

area. Additional indicators of ice include GRS detections of abundant hydrogen, likely in the 

form of excess water ice, within the uppermost meter of regolith (Feldman et al., 2011).  Other 

features of interest include small channel-like forms identified in HiRISE images (Figure 5-2), 

and glacial flows on the graben floors. 
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5.2.2.2   Erebus	  Montes	  

The Erebus Montes landing site is centered at 39.0°N, 192.1°E (Figure 5-3) and contains 

the lowest-latitude ice-exposing impact crater found to date (Dundas et al., 2014), confirming the 

presence of shallow ice in the region. The Erebus Montes units are identified as part of the 

Noachian-Hesperian transition unit (NHt in Tanaka et al., 2014), and two exposures are 

accessible within 100 km of the central landing site. These exposures both contain lobate debris 

aprons that were deposited in a later climate epoch surrounding the peaks of Erebus Montes. 

Follow-up HiRISE images of the Erebus Montes site reveal that the LDAs within the 

Erebus Montes units contain expanded craters suggestive of shallow ice (ESP_045159_2200). 

Some expanded craters can also be found in the HiRISE image near the central proposed landing 

site (ESP_045093_2195). 

5.2.2.3   Water	  ISRU	  

The HLS2 workshop identified three potential sources of fresh water on Mars: (1) 

glacial/subsurface ice; (2) minerals like phyllosilicates or hydrated sulfates that contain high 

water content; and (3) the regolith itself. The former two options require sending a mission to a 

specialized location with identified assets, whereas the third option could be accomplished 

anywhere. They also assessed several water resources as too uncertain or too challenging to 

utilize: extraction from the atmosphere, recurring slope lineae, high-latitude ice, and deep 

groundwater. The Mars Water In-Situ Resource Utilization Planning (M-WIP) Study conducted 

a preliminary investigation of the water sources proposed for human use at the HLS2 workshop 

(Abbud-Madrid et al., 2016). Their focus was on different types of hydrated minerals (poly-

hydrated sulfates and clays) and regolith processing at multiple temperatures. While ground ice 

was acknowledged as a potentially-viable source, the group articulated two primary challenges. 
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First, they concluded that the quantity of overburden above the ice was too uncertain, and that if 

≳	  5–6 m were present, it would be more cost-effective to process the overburdening regolith 

rather than excavating down to the ice. Second, they argue that the technology for processing 

martian ice is the least developed. In spite of these challenges, SpaceX has been considering 

mid-latitude shallow ground ice as a primary option for water ISRU (Foust, 2017) The state of 

technologies for drilling and mining ice based on terrestrial methods have been further reviewed 

Hoffman et al. (2016), who consider open pit mining and drilling technologies for both 

overburden and ice layers. They present the Rodriguez Well as a potential, existing technology 

that is used to process ice and store water, although future study is needed to determine the 

logistics and power requirements needed to access and process martian glaciers or ground ice 

(Hoffman et al., 2016).  

Abbud-Madrid et al. (2016) assumed that resource reserves were 5-cm-thick, and 

assessed the requisite areas of hydrated minerals and regolith needed to produce the 16 metric 

tons (MT) of water needed for a single human crew. In the case of a 5-cm-thick gypsum deposit, 

a highly-hydrated mineral, an area of 1,860 m2 would need to be processed in order to obtain 

sufficient water. The area increases to 5,839 m2 for smectite, a less-hydrated mineral, and to 

12,698 m2 and 20,513 m2 both low- and high-temperature regolith processing, respectively.  

In their discussion, Abbud-Madrid et al. (2016) assume that ground ice is ~90% water ice 

(with 10% dust/regolith). Further assuming that an ice resource to be processed is only 5 cm 

thick for consistency with Abbud-Madrid et al.’s assumptions, the area needed to obtain 

sufficient water for a human crew would only be 356 m2. The argument of uncertain overburden 

does not necessarily hold true based on observations of shallow, accessible ice in recent impact 

craters (excavating ice at depths of less than a meter; Dundas et al., 2014) and the fact that 
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expanded craters can be similarly shallow. Assuming one meter of overburden over the area 

required for a 5 cm ice deposit (volume = 356 m3, or ~390 MT) would yield 3–5 MT of water. 

However, 5 cm is a vast underestimate of the expected thickness of ground ice in Arcadia 

Planitia. Bramson et al. (2015) demonstrate based on SHARAD radar reflections and terraced 

craters that the ice is likely 10–40-m-thick. If we assume an ice thickness of 10 m, an area of 

1.78 m2 would need to be processed per human crew, and if the overburden is 1-m-thick, there 

would only be 1.78 m3 of material to excavate. Meanwhile, the estimated ice sheet volume from 

Chapter 2 is > 6,000 km3, and the areal extent estimated by Bramson et al. (2015) is 2.5 × 105 

km2. Therefore, shallow ground ice such as the ice sheet identified in Arcadia Planitia represents 

a significant resource that would require a comparatively small deposit in order to provide for 

multiple human crews. Research devoted to the development of ISRU technologies for 

processing ice deposits is required to utilize this resource, and should be strongly considered due 

to the high potential of shallow mid-latitude ice as a water resource for future exploration. 

5.3   OPEN	  QUESTIONS	  

There are several key questions that remain unanswered and represent areas for potential 

future study. These fall under the broader areas of ice persistence and processes; cratering, 

including both primaries and secondaries; and future exploration. 

5.3.1   Ice	  Persistence	  and	  Processes	  

One of the most prevalent open questions is how the ice in Arcadia Planitia can persist 

for tens of millions of years without being lost to obliquity-induced climate variations. Some 

climate models have suggested that Arcadia Planitia represents a region of high ice accumulation 

under appropriate obliquity conditions (Madeleine et al., 2009), but it nevertheless remains 
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uncertain how it has been preserved since before the formation of the expanded craters discussed 

in Chapter 2. Modeling in progress may help to address some of the questions of long-term ice 

preservation (Bramson et al., 2016), although in situ studies such as collecting and analyzing 

drill cores may be necessary. 

While the mapping of expanded craters allows for the identification of regions that 

contain excess ice preserved today, there are uncertainties in the conditions required for 

expansion to take place. Thermal and landscape evolution modeling has demonstrated that an 

impact crater into clean ice will undergo expansion on approximately tens of thousands of year 

timescales (Dundas et al., 2015). However, it has been noted that some craters that do not appear 

expanded can be found in proximity to expanded craters. It is likely that the relationship between 

crater depth and the depth of the ice (or the depth to the top of the ice layer) plays a role in 

whether expansion takes place. For example, in cases where smaller craters are not expanded 

while larger ones are, it is plausible that the smaller craters did not penetrate deep enough into 

the surface to destabilize the ice and allow for sublimation to take place. For larger non-

expanded craters, it is likely that they penetrate much deeper than the thickness of the subsurface 

ice layer and do not appear to undergo expansion, since the relative diameter change would be 

significantly smaller than for a crater that only impacts into ice (or primarily into ice). 

Comparing the diameters and depths of expanded craters and both smaller and larger, non-

expanded craters could help to constrain the depth to and thickness of the ice layer. It is 

alternatively plausible that certain atmospheric conditions are required for expansion to take 

place, where only ice exposed during particular climate cycles will undergo sublimation-driven 

expansion. Observations of crater size distributions and models of crater expansion could be used 

to clarify this question. 



169	  
	  

Landscape evolution models show that scalloped depressions can develop from fine-scale 

disruptions in the lag deposit above an icy layer (Dundas et al., 2015). Some images that contain 

scallops and expanded craters in close proximity to or overlapping each other have been 

identified in the southern hemisphere of Mars (Figure 5-4). In these cases, the textures and 

margins of scallops and expanded craters appear qualitatively similar. Small craters have been 

proposed as one possible natural initiating disturbance that could lead to the formation of 

scalloped depressions; if this is the case, is it possible that expanding craters can continue 

developing into scalloped structures under the right surface and atmospheric conditions? Further 

morphological analysis of scalloped depressions and model simulations may be able to address 

this possibility.  

The distribution of excess ice in the southern mid-latitudes suggests longitudinal 

variations, where the ice table is more equatorward near Hellas, Argyre, and Eridania Planitiae, 

as well as an abundance of isolated expanded craters in part of Terra Cimmeria and Terra 

Sirenum, perhaps representative of regional, small-scale ice preservation. The boundaries 

inferred in Chapter 4 may be beneficial in future studies to clarify the distribution of shallow ice 

using CTX, lower in resolution but with nearly-complete spatial coverage of Mars. CTX surveys 

have been valuable for studying thermokarst features over smaller areas (Chapter 2), and 

targeting lower-latitude regions can help to clarify ice variations over broader spatial scales. New 

impact craters can be identified using CTX, and searching for these impact events within smaller 

areas where ice is expected to be present may enable rapid enough detection to expand the 

number of new ice-exposing impacts identified.   
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5.3.2   Impact	  Craters	  

The preservation of high-latitude secondary craters in Arcadia Planitia is potentially 

anomalous, as described earlier in this chapter. It is plausible that expansion helps to preserve 

secondary craters where other ice-related or eolian infill processes might lead to more rapid loss. 

The dearth of secondary craters associated with DLE craters has been attributed to the 

widespread, climate-driven removal of an icy mantle along with any secondary craters formed 

within the ice (Weiss and Head, 2013), so the preservation of this ice mantle in Arcadia Planitia 

may promote the presence of secondaries around the primary craters we discuss, which include 

three DLE craters: Steinheim, Gan, and Crater α. However, a more comprehensive survey of 

smaller, high-latitude secondary crater fields is necessary to confirm the hypothesis that primary 

craters in these regions do not preserve secondaries as well as their equatorial counterparts. 

It is further uncertain how the modern-day preservation of excess ice is related to the 

formation of double-layer ejecta craters. While some of the proposed formation mechanisms are 

tentatively consistent with the trends expected for water/ice preserved from the time of impact, 

there are additional uncertainties, particularly in regards to whether the ice observed in the ejecta 

layers could have resulted from differential preservation of an ice-rich layer deposited post-

impact. The presence of shallow ice in ejecta deposits suffers from the same challenges of long-

term preservation on timescales that exceed those of obliquity-induced climate change. 

Furthermore, there has been no systematic survey of DLE craters associated with evidence of ice 

outside of Arcadia Planitia, so it is unknown whether DLE craters in other regions also tend to 

preserve ice. 

It also remains unclear whether expanded craters in the southern mid-latitudes of Mars 

are secondary or primary in origin. As described in Chapter 4, expanded craters seem to be less 
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clustered than in Arcadia Planitia, but since the survey only included local HiRISE snapshots, it 

is challenging to determine the broader extent of the expanded crater population. The excess ice 

boundaries defined in Chapter 4, however, offer a starting point for a CTX-level analysis of the 

distribution of expanded craters, which could help to determine whether clustering exists at 

scales greater than that of HiRISE images. A Large Crater Cluster tool has been developed 

(Laura et al., 2017) that can search for trends in the distribution of expanded craters and identify 

potential source craters if they are indeed secondaries in nature. 

5.3.3   Future	  Exploration	  

This work has broader implications on planetary protection, habitability, and future 

robotic and human exploration, but it remains challenging to characterize shallow ice, 

particularly from orbit. A better understanding of the composition and physical properties of the 

ice acquired from both orbital and, ideally, future ground-based assets would enable studies into 

potential past or present ice habitability. This will allow the determination of whether the ice is, 

in fact, a potential natural special region, and if/how the ice can be processed for human use. 

Previous studies (e.g., Byrne et al., 2009) have suggested that the ice is largely composed 

of water ice based on CRISM spectra, but it remains likely that some fraction of dust or regolith 

is included within, and plausible that salts that promote freezing point depression could also be 

present in or near the ice (e.g., Cull et al., 2014; Ojha et al., 2015). In terms of planetary 

protection, assessing the temperature and water activity would be required to establish whether 

the ice represents a special region. Surface and subsurface temperatures have been measured at 

the Viking 2 landing site, located in the northern mid-latitudes (48°N, 135°E). Surface 

temperatures vary strongly with season, reaching temperatures of ~260 K during late summer, 

whereas subsurface temperatures stabilize near 220 K at depths of tens of centimeters (Kieffer 
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1976). Water activity of martian brines has been estimated based on the presence of a range of 

salts identified on the surface, and is generally thought to be too low for microbial activity (e.g., 

Hecht et al., 2009; Martín-Torres et al., 2015). Evidence also suggests that once temperatures 

drop below freezing, the water activity of brine phases decreases with decreasing temperature 

(Tosca et al., 2008).  

It is further critical that the scientific understanding of the ice composition and properties 

informs the mining/ISRU technology development in order to capitalize on this valuable 

resource. A better understanding of the thermal and physical properties of the ice (e.g., 

temperature, hardness), as well as the thickness and composition of both the ice and the 

overburden material, can be utilized by the ISRU community to refine mining techniques that 

will be able to process ground ice resources on Mars. As with all potential resources, additional 

characterization will be required in order to confirm the presence, purity, and extent of the ice in 

this region before astronauts can rely on it during a future mission. Existing datasets, including 

high-resolution images, SHARAD, and THEMIS can help to clarify some of these questions, 

particularly the depth to and thickness of the ice layer. However, future missions will also likely 

be necessary to validate these potential resources. Orbital missions with higher-resolution 

ground-penetrating instruments (e.g., radar and neutron spectrometers) can contribute to these 

studies, but assessing the ice from landed missions would provide a more comprehensive 

understanding of the local properties and variations in ice content. 
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5.4   FIGURES	  

 

Figure 5-1: Acheron Fossae Exploration Zone. 

Resource regions of interest (RROIs) are suggested as tentative examples until specific 

requirements can be delineated and verified. Science regions of interest (SROIs) include the 

Acheron Fossae graben and glacial fill (SROI-1), channel features near the margin of Acheron 

Fossae (SROI-2), periglacial-type terrain (SROI-3) and a double-layer ejecta crater with 

concentric crater fill (SROI-4). 
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Figure 5-2: Channel feature in Acheron Fossae EZ. 

HiRISE image of channel feature in SROI-2 within the Acheron Fosase EZ, acquired during the 

post-workshop imaging campaign. From HiRISE image ESP_046582_2195. 
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Figure 5-3: Erebus Montes Exploration Zone. 

RROIs are again tentative examples. SROIs include the HNt exposures and lobate debris aprons 

of Erebus Montes (SROI-1 and SROI-2), the margins of multiple Amazonian volcanic terrains 

(SROI-3), a filled/buried crater with evidence for ice flow (SROI-4), and additional mounds with 

lobate debris aprons surrounded by later lava flows (SROI-5). 
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Figure 5-4: Expanded crater overlapping scalloped pit. 

Scallop-edge pit located at 57°S, 51°E in HiRISE image ESP_023077_1225, with an elliptical, 

expanded-looking crater intersecting the edge. There are some morphological similarities 

between the edges of the expanded crater and the scalloped depression. 
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