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Abstract 

 
We report results of an in-depth study of the morphology of small (km-scale and smaller) craters over a 

4000 km
2
 region on Mars that includes the Phoenix landing ellipse, focused on the nature and timing of 

geological processes that have been active in the region.  The study seeks to constrain regolith depositional 

rates, thickness of ground ice layer, abundance of ice in the subsurface, and the rate of crater degradation. 

Measurements of the size of ejecta blocks around craters show that the region has not been a net-

depositional site over the last billion years.  Most craters smaller than 200-350 meters lack ejecta blocks 

regardless of age, indicating that there is a layer approximately 20-35 meters deep that either does not form 

or does not retain ejecta blocks.  This layer is expressed both within and outside the extended ejecta blanket 

of Heimdal crater, implying that it is not associated with the ejecta blanket.  We propose that this 

unconsolidated layer consists dominantly of ice-cemented soil, which raises questions about the 

emplacement of ice at depth.  We also note clear progression in crater degradation morphology, which 

allows us to place constraints on the rate and style of crater degradation.  Small craters (20 to 200 meters in 

diameter) appear to lose their relief due to slow infilling of the bowl over time scales of 5 – 100 Kyrs.  The 

infilling of small craters, perhaps by a combination of ice and dust, presents a mechanism by which ice is 

buried down to a few tens of meters.  On the other hand, larger craters (~200 meter to 1 km) do not exhibit 

evidence for infilling, but do exhibit concentric sets of fractures within and outside the rim.  We propose 

that loss of relief of the larger craters is due to viscous creep over time scales of a few to tens of Myr.  This 

latter interpretation would require the presence of water ice in abundances greater than pore-filling down to 

depths of at least tens of meters. 

 

Keywords: Mars; Ices; Cratering 

1. Introduction 
The high-latitude regions of Mars constitute a unique latitudinal band where 

observational evidence suggests that water ice occurs at shallow depths and in significant 

quantities (e.g., Mellon et al., 2008a, Smith et al., 2009, Maurice et al., 2011).  Although 

the depth of stability of water ice at these latitudes was expected from modeling work 

(e.g., Mellon et al., 2004 and references therein, Mellon et al., 2008a), the marked spatial 

variability in water ice abundance and ice table depth observed at the Phoenix landing 

site was unexpected (e.g., Mellon et al., 2009a).  Water ice abundances were found to 

vary significantly between trenches excavated by Phoenix, with some trenches exposing 

soils with ice abundances of 30 +/- 20 vol.% (e.g., Snow White) (Cull et al., 2010; 

Gyalay et al. 2019) and other trenches exposing bright patches of practically pure water 

ice (e.g., Goldilocks).  Water ice was also inferred using epithermal neutron data from 

Mars Odyssey’s Gamma Ray Spectrometer (GRS - Maurice et al., 2011) at abundances 

of about 60 wt% down to at least 1-meter depth.  Whereas the lower ice abundance found 

with Phoenix in some trenches (e.g., Snow White) is consistent with pore-filling ice, 

higher abundance exposed by Phoenix in other trenches (e.g., Goldilocks) and also 
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inferred from GRS implies excess ice (greater than pore-filling).  Mellon et al. (2009) 

argued that a layer consisting of 60% pure ice and 40% pore-filling ice only a few cm 

thick distributed over 60% of the area encompassed by a single GRS measurement could 

also explain the GRS observations.  Putzig et al. (2014) identified a subsurface reflector 

in the region where Phoenix landed and on the basis of the lower power of the SHARAD 

detections, argued that the ice is largely interstitial to the regolith. 

 

It is not yet clear what mechanism could be responsible for the emplacement of excess 

water ice in the martian regolith.  Multiple candidate processes have been proposed, 

including thin film migration (Mellon et al., 2009a; Cull et al., 2010; Sizemore et al., 

2015), periodic groundwater melting during high-obliquity periods (Richardson and 

Mischna, 2005), snow deposition (Head et al., 2003), freezing and burial of floodwaters 

resulting from the catastrophic outflows (e.g., Carr, 1990), or ice-sheet melting (e.g., 

Casanelli and Head, 2016); although the latter two deal with more ancient emplacement 

of ice.  In particular, Fisher (2005) described a model via which vapor diffusion processes 

in combination with thermal fracturing can emplace excess ice into a regolith over many 

temperature cycles.   

 

Understanding the abundance, emplacement mechanism, and distribution of ground ice in 

the northern lowlands is also important from an astrobiological point of view.  Proposed 

missions such as the Discovery Program Icebreaker mission seek to sample environments 

that may have been habitable in relatively recent times, and which may yet harbor well-

preserved evidence of life (e.g., McKay et al., 2013).  The ice-rich regolith found in the 

northern plains at latitudes poleward of 60º, as was documented and investigated in situ 

by the Phoenix Lander, is such an environment (Stoker et al, 2010). 

 

In order to adequately contextualize the water ice abundances determined from the 

Phoenix mission and from GRS, a detailed understanding of the role of water in the 

geological history of the region is needed.  Here, we seek to better constrain the 

abundance, depth, and emplacement mechanisms of ground ice.  In this work we present 

observations that imply the presence of a thick (several tens of meters) ice-rich layer 

within Green Valley, the region of the Phoenix Landing site, and show that craters in this 

region exhibit a rapid degradation rate.  We investigate correlations between crater age, 

size, ejecta block presence, and crater degradation rates and provide new constraints on 

depositional rates, ice abundance, and thickness of the ice-rich layer within the Phoenix 

landing ellipse. Our approach rests on the premise that the degree of crater degradation in 

the region is expressed in the morphology of the craters, and that this can be related to 

known crater production rates on Mars to establish constraints on the timing and rates of 

geological processes at a regional scale. 

2. Background 
Geology of the Phoenix landing site 

A thorough description of the geology of the Phoenix landing site is given by Arvidson et 

al., 2008, Heet et al., (2009), and Mellon et al. (2008b) and summarized herein.  The 

Phoenix landing site is located on the floor of the informally named Green Valley, a 

roughly 50 km wide trough located in the northern plains north of the distal edges of Alba 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Patera.  Geologically, the basement material of Green Valley belongs to the Vastitas 

Borealis Unit (HBv in Tanaka et al., 2011), which is thought to underlie most of the 

northern plains (e.g., Heet et al., 2009).  The origin of the Vastitas Borealis Unit is not 

well known.  However, it has been suggested that its members constitute a complex 

interbedding of episodic volcanic, fluvial, and marine deposits (e.g., Tanaka and Scott, 

1987; Fishbaugh and Head, 2000; Kreslavsky and Head, 2002).  Mouginot et al., (2012) 

showed that these deposits exhibit a dielectric constant that is consistent with sedimentary 

deposits, massive deposits of ground-ice, or a combination of the two.   Overlying the 

Vastitas Borealis unit within Green Valley are deposits of the Scandia unit (Unit Abs in 

Tanaka et al., 2011), which exhibit regularly spaced boulder piles in this region (termed 

rubble piles in Mellon et al., 2008b).  Based on geological mapping of the Scandia sub-

basin, Tanaka et al. (2011) argued that much of the region was resurfaced during the Late 

Hesperian to Early Amazonian.  Resurfacing processes included deposition of 

volcaniclastics from Alba Patera, fluvial sedimentation, and accumulation and removal of 

older polar plateau materials.  They further argued that the fluvial sediments could be 

interbedded with volcanic and massive ice lenses.  Superposed on this is the ejecta 

blanket of the 600 Myr old Heimdal crater, a 10 km diameter double layered rampart 

crater whose secondary ejecta blanket has been mapped out 30 to 60 km radial distance 

from the crater rim (Heet et al., 2009).  In contrast with the Scandia formation that 

underlies it, this ejecta blanket exhibits a low rock abundance (e.g., Golombek et al., 

2008; Bonfiglio et al, 2011), and appears deflated or even removed in places (Arvidson et 

al., 2008). 

 

The dominant geomorphic feature that overprints all geology in the region is the evenly 

distributed patterned ground that forms polygons of scales of roughly 5 and 20 meters 

across (e.g., Levy et al., 2008; Mellon et al., 2008b).  The 5-m scale polygons are found 

pervasively throughout the region and are thought to be formed by thermal contraction 

and expansion cycles of the underlying ice (e.g., Korteniemi and Kreslavski, 2013).  On 

the basis of their scale and seasonal thermal inertia, Mellon et al. (2008a) estimated a 

depth-to-ice of 2-6 cm, which is consistent with the findings by Phoenix (Smith et al., 

2009).  Levy et al. (2009) noted that the morphology of the polygons observed there was 

consistent with that of sublimation polygons and argued that the morphology observed at 

the Phoenix landing site was most consistent with buried excess ice.  Orloff et al. (2011) 

performed a survey of craters in the 60ºN - 70ºN latitude band using HiRISE data and 

found that the floors of all craters 100 meters in diameter and larger exhibited 5-meter 

scale patterned ground, regardless of longitude.  They argued on the basis of cratering 

formation statistics that the timescale for the formation of 5-meter scale patterned ground 

must be shorter than 0.8 Myr.   

 

Mellon et al. (2008b) also identified larger-scale (~20 meters) polygons exhibiting dark, 

circular to hexagonal perimeter depressions (Fig. 1).  The distribution of these larger 

polygons is not as homogeneous and pervasive as that of the 5-meter scale polygons.  

Heet et al. (2009) noted that these occurred on the better-preserved portions of the 

Heimdal inner rampart blanket, and that their dark perimeters were responsible for the 

dark tone of those portions of the ejecta in CTX images.  The nature of the tone of the 

dark material forming the rim of dark polygons is unknown.  The tone may result from 
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shading, shadows cast by rocks smaller than those resolvable with HiRISE, or from a 

difference in particle size, soil porosity, or albedo of the material forming these rims 

relative to the surrounding terrain.  Within the Heimdal ejecta, boulders observed at the 

resolution of HiRISE appear randomly scattered and do not align with the rims 

mentioned above.  Regardless of the nature of these polygons, their association with the 

better-preserved Heimdal ejecta shows that they actively formed since the Heimdal 

impact.   

 

In contrast to the 20-meter scale polygons, rubble piles are observed outside the Heimdal 

ejecta and occur broadly throughout most of the high latitude terrains of the northern 

lowlands, but do not occur on the Heimdal ejecta.  Orloff et al. (2011) noted that ejecta 

boulders of craters appeared to be increasingly organized into boulder piles as a function 

of degree of crater degradation and used this to estimate a time scale of the order of a 

million years or shorter for the organization of boulders into piles.  Subsequent modeling 

work by Orloff (2013) suggested that the rate of boulder migration is of the order of 0.1 

mm/year.  These rates are inconsistent with the lack of boulder organization in the 600 

Myr-old Heimdal ejecta.   

 

Given the partly deflated state of the Heimdal ejecta, the published work also suggests 

that the region has been a net erosional site (Arvidson et al., 2008).  This state of 

deflation is consistent with Armstrong and Levy (2005), who predicted intensive wind 

erosion of the Northern Lowlands.  Additional evidence for deflation is the ubiquitous 

presence of pedestal craters (Fig. 2 - e.g., Meresse et al., 2006; Kadish et al., 2009). 

3. Approach 
We inspected all HiRISE images acquired to date over the Phoenix landing ellipse, 

covering a total contiguous area of about 4000 km
2
 (Fig. 3), with the aim of cataloguing 

every identifiable crater within the ellipse on the basis of size, presence of ejecta, and 

degree of crater degradation.  Crater size was defined as the average rim-to-rim distance 

measured along the longest and shortest axes of the crater, rounded to the nearest 5m.  

With the exception of two images acquired at Ls 5º and 331º, the data span a period from 

Ls = 20º to 180º and have a pixel scale of ~30 cm/pixel.  We compared images that 

overlapped spatially but were acquired at different Ls in order to determine the effects of 

season on our ability to detect and measure boulders and craters.  We found that, 

although small patches of thin mantling endure into the late spring (obscuring the 5-m 

polygon texture), meter-scale features are similarly detectable in all images acquired 

between Ls ~ 30º and 180º (Fig. 4).  Some of the most degraded craters were more easily 

seen in images where frost highlights their fracture pattern, which could impose a bias in 

our ability to detect the oldest craters.  However, since crater degradation rates were 

based on counts of craters that still exhibited relief, this bias did not affect our 

interpretation. 

 

Degree of crater degradation - The degree of crater degradation was initially established 

by the degree of infill (i.e. presence or absence of a bowl), presence of a rim, ejecta 

blocks, radial and concentric fractures, and modification of the interior by the formation 

of patterns or rock piles.  However, as the investigation progressed it was realized that the 
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presence of a rim and ejecta blocks was related primarily to crater size and only 

secondarily to age, with smaller craters lacking rims, ejecta, or sets of concentric 

fractures.  Hence, the degree of crater degradation for small craters was established solely 

by the presence or absence of a bowl.  To simplify the analysis, we grouped the craters 

into three degradation categories and four size categories.  Degradation categories were 

“lightly degraded” (Figs. 5A,D,J), “intermediate” degradation (Figs. 5B,E,H,K), and 

“heavy” degradation (Figs. 5C,F,I); and size categories were grouped into 1) less than 

100 m, 2) 100-300 m, 3) 300-1000 m, and 4) greater than 1000 m.  We note that, 

consistent with Orloff et al. (2011), we found no craters with a “fresh” appearance as 

defined for low latitude craters.  Hence, we use the term lightly degraded to indicate the 

presence of a bowl, which allows us to distinguish them from “intermediate degradation” 

craters, which exhibit muted relief but have not reached the stage of “heavy degradation” 

(complete loss of relief). 

 

Ejecta blocks – Ejecta blocks were identified visually on the basis of one or more of the 

following parameters: an increase in the spatial density of boulder-like features with 

proximity to the rim of the crater, emplacement of boulders in the form of an arch on the 

rim of the crater, or radially with respect to the crater.  These boulders needed to be 

distinguished from boulders that dotted the terrain and which were not part of the crater’s 

ejecta.  The density and arrangement of terrain boulders varied throughout the region, 

from sparse to high density, and from disorganized to arranged into periodic piles.  

Hence, the effect of terrain boulder density on the potential for ejecta identification had to 

be assessed on a case-to-case basis.  In some cases, if the relationship between boulders 

and the crater was ambiguous, these were set in a separate category.  Figure 5 shows 

examples of craters with ejecta (E-F, H, J-K), and without ejecta (A-C, F, I).  

 

Some areas exhibited few to no terrain boulders, whereas others exhibited a high spatial 

density of boulders.  Likewise, the distribution of boulders was random on the Heimdal 

ejecta blanket, and organized into boulder piles outside the ejecta blanket.  Hence, 

identifying variations in boulder density relative to crater rims could vary in difficulty 

from straightforward in areas of low overall boulder density and areas where boulders 

were otherwise organized into piles (ejecta boulders disrupted this patterning); to 

ambiguous in areas where the density of boulders was high and the arrangement was 

disorganized.  In many cases, ejecta boulders perched on the rim of the crater helped to 

disambiguate the more difficult assessments.  Cases where ambiguities could not be 

resolved were not considered. 

 

Where present, ejecta blocks were identified in HiRISE images down to the pixel scale 

and their heights were measured via shadow lengths.  In observational settings, an object 

that is sub-pixel in size is considered a point source and exhibits a point spread function 

(PSF) that is characterized by a bright central pixel surrounded by an airy disk of less 

bright pixels.  The spatial resolution of the imager is defined by the diameter of this airy 

disk and is dependent on the aperture of the optics.  Conversely, shadows whose sizes are 

comparable to the pixel scale appear as a single bright or dark pixel surrounded by a ring 

of darker or lighter pixels, respectively.   For HiRISE, this would be about 50 cm from 

300 km altitude if the observations were diffraction limited.  However, other issues may 
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also affect the PSF.  Mc Ewen et al. (2007) reported a PSF of about 1.5 m at full width at 

half max.  We note that the resolution is different from the pixels scale (e.g., Table 1), 

which is a measurement of the size of the pixel projected onto the target.  Golombek 

(2012) argued that rocks >1.5 meters across are fully resolvable in HiRISE images (or 

roughly 3 resolution elements) using an automated segmentation algorithm.  However, 

Golombek (pers. comm.) also stated that it is possible that a human could do a bit better.  

We therefore measured shadows down to two resolution elements, or about 1 meter.    At 

the Phoenix landing site, solar incidence angles vary between 50° and 70°, and hence the 

smallest rocks that can be measured are about 40 to 80 cm tall.  Although shadows and 

objects smaller than a pixel can be demonstrably detected in HiRISE images (e.g., MER 

rover wheel tracks), they can realistically only be measured down to the limit of 

resolution.      

 

Crater degradation timescales – Craters and crater rims in this region lose relief over 

time and become topographically indistinguishable from the surrounding terrain. As such, 

the identification of lightly degraded craters is relatively straightforward on the basis of 

their modification state. Based on known rates of crater formation and size frequency 

distribution expected for Mars as described in Hartmann et al. (2005), we were able to 

place craters displaying different degrees of degradation on a temporal scale, and from 

that derive relative rates of crater degradation and ejecta burial as a function of crater 

size. 

4. Results 
Degree of crater degradation 

We catalogued every crater greater than 20 meters in diameter within and around the 

Phoenix landing ellipse and classified them on the basis of diameter, the presence of a 

bowl, a rim, ejecta blocks, radial and concentric fractures, and modification of their 

interior by the formation of patterned ground or rock piles.  Table 2 lists the 

characteristics for each category described below, and Figure 5 shows examples of these.   

 

Very small craters (<100 m) were characterized by a simple bowl shape and no 

noticeable rims.  Ejecta blocks around these craters were rarely present, with few 

exceptions (e.g., small craters occurring on the rims or on the floors of larger 1+ km 

craters).  In winter images, the bowls of very small craters were filled by frost, and in 

summer images they contained a fresh-looking deposit that exhibited muted or absent 

small-scale patterning and was patchy in tone (Figs. 5A-B, 6).  This deposit was observed 

even in summer time images.  Intermediate degraded craters exhibited a loss of bowl 

relief (Figs. 5C, 6).  Heavily degraded craters exhibited no apparent relief, and were 

distinguishable only by the presence of a smooth circular area with little to no ground 

patterning at the 5 meter scale.  Eventually, even these disturbances in regional patterning 

became overprinted.  Remnants of the oldest craters were identified in spring images only 

by a circular fracture highlighted by frost (Fig. 5C). 

 

Small craters (100-300 m) represented a transition in crater morphology.  At the lower 

end of this size range (<~200 m), lightly degraded craters typically exhibited a bowl 

shape and no rim or ejecta, whereas at the top of the size range (>~200 m) lightly 
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degraded craters exhibited bowls, evidence for a rim, and ejecta blocks.  As with craters 

smaller than 100 m, the smaller craters in this size range also exhibited deposits of 

material in their interiors, suggesting a progressive loss of relief due to infilling (Fig. 

5D).  On the other hand, craters on the larger size range did not contain infilling deposits 

in their interiors, but instead exhibited a flattening of the bowl, the formation of 

concentric fractures in their interiors, and eventually the loss of the rims until there was 

no detectable relief (Figs. 5E-F).  Craters in the most advanced stages of degradation 

showed no evidence of relief and were distinguished from the surrounding terrain only by 

the presence of concentric and radial fractures (Fig. 5F). 

 

Medium craters (~300-1000 m) were characterized by a flat floor, some evidence for a 

rim, and the presence of ejecta blocks.  No lightly degraded bowl-shaped impact craters 

were observed in this size range.  Instead, even the freshest-looking craters exhibited a 

flat, concentrically fractured interior with limited relief (Fig. 5H).  As these craters 

became further degraded, they lost all relief to the bowl and rim (Fig. 5I).  Ejecta blocks 

were seen in association with most craters of this size range. 

 

Large craters (>1 km) were characterized by the presence of a simple bowl, a well-

defined rim, and ejecta blocks (Fig. 5J).  Large craters that have undergone modification 

processes exhibited a flat floor and little to no discernible rim (Fig. 5K).  However, they 

could still be identified by the presence of concentric and radial fractures as well as the 

presence of ejecta blocks.   

 

Ejecta blocks 
We consistently detected ejecta block fields with the size down to the resolution limit. 

The presence of ejecta blocks was found to be dependent on crater diameter and degree 

of modification.  Ejecta blocks were observed in association with the younger population 

of craters larger than 200-300 m in diameter.  They were rarely observed for craters 

smaller than 200 m in diameter or for highly degraded craters.  For craters smaller than 

300 m, 87% of craters lack ejecta blocks.  For craters of all sizes, this percentage also 

rounds to 87% because there are many more craters smaller than 300 meters.  Figure 7 

compares the histogram for craters with and without ejecta blocks as a function of crater 

diameter and shows that although both exhibit similar distribution for crater diameters 

greater than about 300 meters, craters that do not exhibit ejecta blocks dominate the 

population for crater sizes smaller than about 300 meters.  The lack of ejecta blocks 

associated with small, lightly degraded craters is noteworthy.  The distribution of these 

lightly degraded craters lacking in ejecta did not appear to correlate spatially with any 

major geomorphic feature (e.g., the Heimdal ejecta – Fig. 8) as it did with size.  A 

striking example is shown in Figure 9, where a 330 m crater with evidence of 

“intermediate” modification (flat floor) and associated ejecta blocks are found 2.6 km 

from a 190 m crater that exhibits a bowl shape and no discernible ejecta blocks.  On the 

other hand, highly “degraded” craters lacking ejecta blocks occurred dominantly outside 

the Heimdal ejecta.  (Fig. 10).  Of these, some appeared to be pedestal craters that 

potentially predate Heimdal and may have been spared burial by the extended ejecta due 

to their higher elevation.   
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In order to quantify the crater diameter transition in the region between craters that do not 

exhibit ejecta and those that do, we performed a non-parameteric regression.  Non-

parameteric regression overcomes the rigidity of parametric regression, as it assumes that 

the regression function belongs to a smooth family of functions, and offers a way of 

estimating the regression function without specifying a parametric model.  

Given that the presence of ejecta blocks in each crater is a binary parameter, we used the 

Nadaraya-Watson kernel regression (Nadaraya, 1964; Watson, 1964).  A good 

description of the Nadaraya-Watson kernel regression method is given by Fengping et al. 

(2016) and summarized here.  Nadaraya-Watson kernel regression estimates the 

regression function x(f) corresponding to any arbitrary x value: 

 

𝑓(𝑥, 𝐷, ℎ) =
∑ 𝑦𝑖𝐾ℎ(𝑥,𝑥𝑖)
𝑛
𝑖=1

∑ 𝑦𝑗𝐾ℎ(𝑥,𝑥𝑗)
𝑛
𝑗=1

 (1) 

 

where D represents the training set, k is the kernel function, and h is the kernel bandwidth 

parameter.  Multiple kernel functions can be used, but we used a Gaussian kernel because 

it is found to have a better prediction accuracy (e.g., Shaipai et al., 2010).  The expression 

for the Gaussian kernel is: 

 

𝐾ℎ(𝑥, 𝑥′) =
1

√(2𝜋)
exp(−

(𝑥−𝑥′)
2

2ℎ
) (2) 

 

The performance of this regression depends primarily on the choice of the bandwidth 

parameter, h (e.g., Fengping et al., 2016).  Given that the number of samples is small 

(~2000), we use the “leave one out” cross-validation (LOO-CV) method to estimate the 

optimum bandwidth (e.g., Racine, 2004; Cawley and Talbot, 2003).  The LOO-CV 

method is a cross validation method whereby n-1 samples are used as the training set and 

one sample is used to test the parameters generated with the training set.  Using this 

method, we established an optimal value of 87 meters for the sampling window.  We also 

performed the regression using bandwidths ranging between 50 and 200 meters and 

found the regression to be fairly consistent for bandwidths ranging between about 75 m 

and 150 m.  As the bandwidth value drops below 75 m, statistically insignificant variance 

contributes increasingly to the function, and above 150 m, significant variance 

information becomes diluted.  

 

Figure 11A shows the resulting regression function.  It gives the probability that a crater 

of a given diameter will exhibit ejecta blocks based on the current sample.  A sharp 

increase in the fraction of craters with ejecta blocks is noted around 200-300 m, and a 

second time at 800-1000 m.  Although the first increase is likely significant, there are 

only 5 craters with diameters greater than 1000 m in the sample, resulting in large one-

sigma uncertainties for the larger craters (red lines). Figure 11B shows the first 

derivative of the probability function.  The derivative allowed us to estimate the range of 

depths over which the transition occurs, and to show that the observed ejecta block 

transition diameter was statistically significant given the error bars.  Fitting for the 

derivative function using a linear combination of a Gaussian and a linear function with a 

range between 0 m and 470 m, we found a peak around 270 m and a standard deviation 
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of about 75 m, implying that most of the transition occurs approximately in the 200 m to 

350 m range.  The standard deviation was found to range between 67 m and 114 m for 

regression bandwidths of 75 m and 150 m, respectively, providing insight into the 

robustness of the analysis. 

 

Boulder piles 

Boulder piles occur primarily outside the Heimdal outer ejecta blanket. In a few 

instances, boulder piles were identified within the outer ejecta blanket, but only in 

association with pedestal craters (craters that are topographically elevated relative to the 

surrounding plains - Fig. 2).  The appearance of boulder piles within the Heimdal ejecta 

only in association with pedestal craters suggests that these craters may have pre-existed 

the Heimdal impact and have been embayed by the fluidized outer ejecta as it was 

emplaced.  We interpret this observation as consistent with the idea that whatever process 

formed boulder piles before the formation of Heimdal crater has not been active since 

then, although other explanations such as ice content, grain size, or boulder density may 

affect how these rock piles evolve. 

  

Crater degradation timescales 

The present-day cratering rate on Mars for small impacts has been modeled by both 

Neukum (2001) and Hartmann (2005), and has been subsequently constrained by 

observations with the Mars Orbiter Camera (Malin et al., 2006) and HiRISE (Daubar et 

al., 2013; Hartmann and Daubar, 2017). The Phoenix landing ellipse covers an area of 

approximately 4000 km
2
.   Based on the estimated rate of formation of different crater 

sizes, it is possible to derive a relative chronology for craters at different stages of 

degradation, and from that establish a rough estimate of the timing of geological 

processes in this region. Here, we consider the timescales for ejecta burial and for loss of 

relief. 

 

Ejecta burial – Ejecta blocks were typically not detected for craters smaller than 200 m or 

for the most degraded ancient craters.  The absence of boulders for the larger, degraded 

craters is interpreted as loss due to burial, although the same cannot be assumed in the 

case of smaller craters. An alternative interpretation is that the boulders associated to 

these ancient craters were shifted around by polygon activity, diluting their spatial 

density to the point where it became indistinguishable from that of the surrounding.  We 

estimate the timescale of ejecta burial (or dilution) by identifying all craters larger than 

250 m that still exhibit discernible ejecta and plotting their size-frequency distribution 

against a model crater frequency distribution (Hartmann et al., (2005) - Fig. 12).  We 

selected 250 m as the minimum size because it falls within the ejecta transition range 

(Fig. 11), and it is consistent with the binning adopted by Hartmann et al. (2005) in their 

model.   

 

The size-frequency distribution for all craters larger than 500 m is consistent with a 

surface age of approximately 3 Gyr.  Note that the count areas used are relatively small 

compared to the minimum areas suggested for statistical robustness (e.g., Warner et al., 

2015), therefore ages are subject to fairly large error (range ~2.8-3.5 Ga) and are only 

approximate. Ages of ~3 Ga are consistent however with those found by Kostama et al. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

(2006) and Orloff et al. (2011).   

 

A roll off towards small craters indicates progressive loss of small craters, which is 

typical of ice-bearing geological features (e.g., lobate debris aprons - Berman et al., 

2015).  We also note a difference in the size frequency distribution between all craters 

greater than 250 m and those that still have ejecta blocks, which translates to a difference 

in age of approximately ~ 1 Gyr.  These findings constrain past depositional rates, with 

ejecta being buried over time scales of ~1 Gyr. 

 

Loss of relief – We also estimated the timescale for crater degradation and loss by 

identifying and counting all craters whose bowls exhibited visually discernible relief in 

HiRISE images. The resulting crater frequency distribution is plotted against a Hartmann 

et al. (2005) model isochron (Fig. 12b).  The relatively flat size frequency distribution of 

small craters suggests that an equilibrium state exists (i.e., craters are being lost at the 

same rate as they are being formed).  Loss of relief occurs faster for smaller craters, with 

the smallest craters being removed in timescales of thousands of years.  Craters in the 200 

m range lose discernible bowl relief over time scales of a few million years.  Given the 

generally low relief of terrain in this region (sharp shadows are absent), visual 

determination of bowl relief is subjective. Slopes are typically shallow in small craters so 

shadows could not be used to estimate crater depths, and the presence of varying degrees 

of frost in most images make the use of photoclinometry impractical. With these 

limitations in mind we erred conservatively by possibly overinterpreting the presence of 

the bowl, which arguably resulted in a potential overestimate for the timescales for loss 

of relief.  

5. Discussion 
One of the motivations for this investigation was to understand the depositional history at 

the Phoenix landing site, which could inform possible follow-up missions (e.g. McKay et 

al., 2013).  Specifically, we sought to constrain the amount of deposition that has 

occurred since the last high obliquity period (HOP). Our analysis of ejecta blocks around 

impact craters of various sizes exhibiting different degrees of modification showed that 

we can identify ejecta blocks and their shadows down to the limit of resolution in HiRISE 

images (~50 cm from 300 km).  Given a pixel scale of 30 cm/pixel, each resolution 

element is covered by a little over a pixel.  Depending on the solar incidence angle at 

these latitudes, we could measure rock heights by their shadows and we identified rocks 

as small as 40 to 80 cm tall.  We observed blocks of these sizes for most craters larger 

than 250 m.  Craters in this size range where ejecta blocks are not seen typically 

constitute some of the most modified craters (ghost craters or palimpsests).  The analysis 

of the size distribution function suggests that there was a period about 3 Gyr ago that 

lasted about 1 Gyr during which there was net deposition, burying the boulders of craters 

formed during that time period.  Since then the region has not experienced a net 

deposition of anywhere near 1 meter for the amount of time it takes craters to lose their 

relief (~10 Myr for craters around 300 m in size, as inferred from Figure 12). This 

finding is consistent with Arvidson et al., (2008) and Heet et al. (2009), who concluded 

that there was limited or no net deposition over long time-scales on the basis that the 

Heimdal ejecta exhibits a deflated morphology. Therefore, near-surface regolith (i.e. <1 
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m deep) in this region has likely been affected by changes in environmental conditions 

driven by HOPs during the last 10 Myr. As noted before (e.g. McKay et al., 2013) such 

HOPs could lead to transient habitable conditions by warming-up the ice-rich regolith to 

temperatures compatible with microbial growth.  Missions seeking evidence of biological 

activity linked to such HOPs could recover astrobiologically relevant samples using a 1-

meter drill such as the one on Icebreaker (McKay et al., 2013). 

 

The absence of ejecta blocks in most craters smaller than about 200-350 m is particularly 

intriguing because it suggests impacts into a layer of ice-cemented, friable, or 

unconsolidated soil approximately 20-35 m thick (assuming an excavation depth of 1/10 

of the crater diameter).  This layer seemingly overlies a basement of more competent 

material that generates ejecta blocks in most craters larger than 300 m.  Given that the 

transition diameter for the occurrence of ejecta occurs primarily in the 200-350 m range 

throughout the study region, the thickness of this unconsolidated layer appears to be 

relatively constant throughout the study region.  This inferred stratigraphy is consistent 

with observations from SHARAD (Putzig et al., 2014), which identifies a subsurface 

reflector at depths of 15-66 meters within the Phoenix landing ellipse; as well as with 

models for the formation of the 5-20 meter scale polygons, which suggest that the base of 

ground ice at the Phoenix site extends to depths of at least ~10 m (Mellon et al., 2008a).    

 

The presence of an unconsolidated layer of fine-grained material cemented by pore or 

excess water ice inferred from modeling and observations by GRS and the Phoenix 

lander (Mellon et al., 2008a; 2009a), could explain the lack of ejecta boulders as the 

result of sublimation of cementing ice post-impact.  This layer is consistent with 

epithermal neutron observations, which indicate abundances of approximately 60% water 

in the top meter of soil (Maurice et al., 2011; Pathare et al., 2017), and suggest that these 

high ice abundances may extend throughout the thickness of this layer.  The hypothesized 

layer is also consistent with observations of ground ice brought up by impact craters at 

lower latitudes (e.g., Byrne et al., 2009; Dundas et al., 2014) where, in some cases, the 

ice stays bright and distinct for months to years, suggesting that it has a low regolith 

content.  In other cases, blocks of icy ejecta are observed to disappear.   

 

The possibility that there is a high abundance of ice mixed with the soil down to depths 

of several tens of meters raises questions with respect to its origin and stability.  Levy et 

al. (2008) and Pathare et al., (2017) argued for excess ice (ice abundances in excess of 

pore fill) on the basis of morphological and neutron data, respectively.  On the other 

hand, Putzig et al. (2014) suggested on the basis of the lower power of the SHARAD 

detections, that the ice is largely interstitial to the regolith, favoring a vapor-diffusion 

mechanism.  Using the thermal model of Mellon et al. (2004), they found that the base of 

the diffusively emplaced ice could only be at about 15-20 meters deep, below which the 

geothermal gradient makes it difficult for water vapor to condense into ice.  Although the 

thickness of this layer would depend on the geothermal gradient (a shallower gradient 

would allow for condensation at greater depth), it is worth noting that the subsurface 

reflector was not observed in SHARAD observations of other areas at the same latitude, 

hence complicating a latitudinal-dependent explanation for the origin of the putative ice-

rich layer.  If vapor diffusion models alone cannot account for the inferred amount of ice 
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nor the depth to which it has been emplaced into the subsurface, then a different 

mechanism needs to be invoked.  One such mechanism involves the formation of ice 

lenses.  Morphological evidence for such processes may exist in the presence of rubble 

piles.  However, even if the observed rubble piles are evidence for ice lensing, these may 

have been active pre-Heimdal.  A second potential mechanism is emplacement of ice by 

the Heimdal ejecta blanket. However, we note that the lack of ejecta blocks in association 

with small craters is irrespective of location and is not correlated with the Heimdal ejecta.  

A third potential mechanism that could deposit ice/dust mixtures is accumulation of 

snowfall over geologic time.  The hypothesis that snow accumulation is a mechanism for 

the sequestration of water ice in the martian regolith has been previously proposed for the 

mid-latitudes (e.g., Viola et al., 2017; Weiss, 2019), and it conceivable that a similar 

process may occur at high latitudes as well.  Here, we propose a fourth mechanism that 

extends the snowfall idea by providing a mechanism that allows accumulation in modern 

times.  In this mechanism, an ice/dust mixture accumulates inside craters every winter 

and the ice fails to fully sublimate in the summer, resulting in a yearly accumulation of 

ice and dust.  Alternatively, dust could be incrementally deposited over time, with vapor 

diffusing into the pore spaces and freezing as the airfall dust layer thickens within the 

crater.  Given a crater retention time of about 10 Myr for a 200 meter-wide crater, dust 

accumulation rates are estimated to be of the order of several 10s of µm/yr.  Over a long 

enough time scale, the entire surface becomes saturated with craters up to a threshold 

crater size.  For example, using the crater isochron given by Hartmann and Daubar 

(2016), saturation occurs in about 100 Myrs for craters of diameters about 8 m and 

smaller, 1 Gyr for craters with diameters 63 m and smaller, and 3 Gyr for craters with 

diameters of about 200 meters and smaller.  If a crater forms at the location of a 

previously infilled crater, this crater will fill in with material as well and hence the 

thickness of the layer will not be affected if the penetration depth is less than the layer 

thickness, or will result in a thicker layer if the penetration depth is greater than the layer 

thickness.  The local thickness of the layer is hence dependent of the depth of the largest 

crater at that location, so we would expect varying thickness throughout the region.  This 

thickness is described by the variance shown in Fig. 11B. 

 

According to Heet et al (2009) as well as the findings in this work, the floor of Green 

Valley is approximately 3-3.3 Gyr in age.  A surface of this age will be saturated with 

craters of diameters up to about 150 meters.  Assuming a 1:5 depth-to-diameter ratio for 

the final crater shape (not the excavation depth), we find that the layer could be as deep 

as 30 meters.  However, there are several caveats that need to be considered:  In the first 

place, only the deepest point of each 150-meter crater will be 30 meters deep.  

Additionally, saturation at 150-meter diameter craters in the isochron does not imply that 

the surface is entirely covered by 150-meter craters.  Rather, it implies that the surface is 

covered by craters 150 meters and smaller.  These two caveats imply that the layer 

thickness should be smaller.  On the other hand, larger craters will also have formed, and 

these will locally lead to pockets of greater layer thickness, hence increasing the average 

value of the layer’s thickness.  A more detailed calculation of this is beyond the scope of 

this work.  However, we point out that, in a somewhat analogous but more thorough 

exercise, Hartman (2001) estimated about 3-14 m of cumulative impact gardening for 

Hesperian surfaces, and tens to hundreds of meters for Noachian surfaces. 
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It is also worth noting that if the layer of ice-rich soil is 10s of meters thick and the ice 

abundance is greater than pore-filling, any major loss of ice must result in observable 

effects on the morphology.  However, in contrast to the plains at mid-latitudes, where 

proposed thermokarst features are ubiquitous (e.g., Morgenstern et al., 2007; Séjourné et 

al., 2012; Dundas et al., 2015; Viola and McEwen, 2018), the terrain in Green Valley 

exhibits no evidence for thermokarst-like features, suggesting that if present in quantities 

greater than pore-filling, the ground ice found in this layer must be stable.  

 

Another intriguing observation resulting from this investigation is the geologically short 

timescale for crater survival in this region.  Small craters are observed to be filled with 

frost in winter images.  In springtime and summer images, they still contain a deposit of 

material on their floors.  Often, the tone of this deposit is patchy, suggesting that it 

consists of more than one material.  This deposit is likely a combination of ice and dust, 

where the dust may have acted as a nucleation site for ice in the wintertime, resulting in 

its precipitation and subsequent retention in the crater’s bowl.  Additionally, dust and 

frost may be blown throughout the year into the bowls of small craters, from which it is 

difficult to remove.  We surmise that over geologic time scales, the seasonal accretion of 

this deposit eventually fills small craters.   

 

Mid-size and larger craters (>200 m) also lose relief and volume over time, although the 

process responsible for this is more difficult to ascertain.  One potential process for loss 

of relief is the same as that for small craters: seasonal infilling.  However, in contrast to 

the images of smaller craters, we note that the accumulation of a deposit inside crater 

bowls is not apparent in the images of these craters (however, we do note that there are 

very few lightly degraded craters >200 m).  Instead, mid-sized and larger craters exhibit 

multiple concentric fractures in the craters’ interiors.  We also observe ejecta boulders 

within the bowl area for many craters exhibiting no discernible relief (Fig. 13).  It is 

possible that boulders are maintained at the surface during dust deposition but the 

agradational process has to be slow. Here, we also consider that craters larger than 

approximately 200 meters lose relief due to viscous-relaxation.  This process would be 

consistent with the formation of concentric fracture systems within the craters’ bowls and 

with the presence of ejecta boulders within craters that exhibit no apparent relief.  The 

suggestion that craters as small as 200 meters may be experiencing viscous relaxation 

over timescales of millions of years is surprising and motivates a more quantitative study, 

which is beyond the scope of this work.   Here, we merely provide a rough first order 

estimate on the time scales involved.  A numerical analysis addressing the viscous 

relaxation of small craters at these latitudes is underway and preliminary results are given 

in Dombard and Noe Dobrea (2016), and additional work by Cunje et al., (2019) explores 

this idea further.  However, since the work is not yet under peer-review, we resort to the 

modeling work of Pathare et al. (2005) as a starting point. 

 

Pathare et al. (2005) modeled the polar layered deposits (PLD) as a viscoelastic material 

and showed that the Maxwell time is only 180 yr, implying that long-term PLD flow is 

dominated by viscous creep.  They estimated the e-folding relaxation time (time for crater 

depth to reach 1/e of the original depth) for a D = 2 km crater in the PLD to be   
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=1.84 Myr 

 

where η is the viscosity (which is dependent on several factors including temperature and 

ice fraction), ρ is the density of the material, and g is the surface gravity.  This 

approximation was then corroborated by modeling (Pathare et al.,2005).   

 

Using the same approximation, a 200 m crater would have an e-folding relaxation 

timescale of approximately 20 Myr.  However, there are two important competing 

parameters that likely vary between the SPLD and the Phoenix landing site, which affect 

the relaxation timescale: 1) mean annual temperature at the Phoenix landing site is 

warmer than at the SPLD and 2) the dust fraction in the top 20-35 meters at the Phoenix 

landing site may be higher.  If we adopt the definition of effective viscosity given in 

Pathare et al., (2005) and use the same parameters applied for the SPLD, we find that an 

increase in the dust abundance from the SPLD value of 25% to 50% and 75% increases 

the viscosity by a roughly a factor of 2.5 and 6, respectively; whereas increasing the 

mean annual surface temperature from the SPLD value of 165 K to 175K and 185 K 

decreases the viscosity by roughly a factor of 8 and 50, respectively.   Values of dust 

abundance greater than 75% are not considered because at that abundance the dust grains 

come into contact with each other and effectively “lock” the regolith, preventing viscous 

relaxation.  Hence, given a mean annual surface temperature of 175-185K, dust 

abundances of up to 75%, and otherwise similar parameters to those used for the SPLD, a 

200 m crater would have a minimum relaxation timescale of a few to 15 Myr.   

 

This value is consistent with that inferred from crater chronology (Fig. 12).  It is 

important to note that this value is the e-folding time, which likely represents a lower 

degree of modification than that observed for most craters where the bowl was still 

discernible.  Additionally, the above approximation assumes that the crater is found in an 

infinitely thick viscous homogeneous layer.  This assumption may not represent a good 

approximation to our problem, where a 20- to 35-meter-thick viscous layer sits on a rigid 

substrate. We do note, however, that significantly larger craters and topographic features 

also exhibit evidence for relaxation at these latitudes (e.g., Squyres and Carr, 1986), 

suggesting perhaps that the underlying substrate itself may exhibit some degree of 

viscous relaxation. Whilst numerical modeling of this process is beyond the scope of this 

work, preliminary numerical models by Dombard and Noe Dobrea (2016) suggest that 

these relaxation timescales are realistic for a case where a viscous layer several tens of 

meters thick sits atop a rigid layer.  More recently however, Chao et al. (2018) showed 

that at ice abundances lower than 94%, micron-sized soil particles can inhibit grain 

boundary sliding.  Cunje et al. (2019) modeled the effect of the removal of grain 

boundary sliding and showed that crater relaxation due to dislocation creep and diffusion 

creep is still significant over timescales of a few million years. 
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6. Conclusions 
We have conducted an in-depth study of the morphology of small (km-scale and smaller) 

craters in the Phoenix landing site region with the intent of understanding the nature and 

timing of geological processes that have been active in the region.  In particular, we 

sought to place constraints on the depositional rate in the region, the thickness of the 

ground ice layer, the abundance of ice in the subsurface, and the timescales of crater 

degradation processes.  

 

We found a clear association between morphology and degree of crater degradation.  In 

particular, we found that craters in the region lose relief over time until they become 

discernible by the presence of one or more concentric fractures representing the extent of 

the former bowl.  Craters with diameters up to ~200 meters appear to lose volume due to 

infilling, resulting in the loss of these small craters over time scales of kyr to a few Myr.  

Larger craters do not exhibit evidence for infilling, and are interpreted to lose relief due 

to viscous creep over time scales of a few to tens of Myr.   

 

We have also identified and measured the distribution of ejecta blocks around craters to 

show that the region has not been a net-depositional site for at least the last billion years, 

as only the most modified craters larger than 350 meters lack ejecta blocks in HiRISE 

images.  Alternatively, it is also possible that polygon-forming processes could dilute the 

spatial concentration of ejecta boulders over timescales of about 1 Gyr. 

 

A particular startling discovery is the fact that most craters smaller than 200-350 meters 

also lack ejecta blocks, suggesting that there is an unconsolidated layer approximately 

20-35 meters deep.  This unconsolidated layer is found both within and outside the 

extended ejecta blanket of Heimdal crater, implying that it likely predates the impact.  

This finding is consistent with the shallow reflector identified in SHARAD data of the 

region (Putzig et al., 2014).  Based on the geographic location of this unit, the relatively 

rapid relaxation of craters greater than 200 m in diameter, we suggest that this 

unconsolidated layer consists dominantly of ice-rich soil.  This is consistent with the past 

identification of subsurface ice abundances of up to 60% by weight as measured by the 

neutron spectrometer aboard Mars Odyssey (Maurice et al., 2011).  This finding may 

imply that the high abundance of water ice extends to greater depths than those that can 

be probed by Mars Odyssey.  How high abundances of water ice may have been 

emplaced within a 20-35-meter-thick layer is not clear.  We propose a process by which 

water ice that is deposited along with dust each winter inside craters does not fully 

sublimate over the summer, and slowly accrues over time, slowly filling in craters.  The 

interior of these craters represents the only depositional setting in an otherwise erosional 

environment, but allow pockets of ice/dust to collect.  Over a long enough time span, 

sufficient craters have formed throughout the surface allow the net deposition of ice and 

dust throughout a layer of the thickness described here.   However, it is evident that 

additional work is needed to understand the true nature and extent of this layer. 
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Table 1 

 
HIRISE IMAGE LATITUDE

1 
LONGITUDE

2 
INCIDENCE 

ANGLE 

LS PIXEL 

SCALE 

(CM) 

PSP_001893_2485 68.29° 233.12° 64.81° 154.13° 31.5 

PSP_001906_2485 68.23° 233.57° 63.69° 154.66° 34.3 

PSP_001946_2485 68.25° 232.35° 67.50° 156.29° 33.0 

PSP_001959_2485 68.16° 232.63° 66.20° 156.8 31.3 

PSP_001972_2485 68.34° 231.79° 64.87° 157.35° 34.1 

PSP_002025_2485 68.17° 230.87° 67.33° 159.52° 31.3 

PSP_002104_2485 68.29° 233.87° 68.68° 162.79° 31.3 

PSP_002170_2485 68.24° 232.87° 70.05° 165.55° 31.3 

PSP_002328_2485 68.32° 234.18° 71.45° 172.25° 65.8 

PSP_002526_2485 68.05° 234.11° 76.40° 180.86° 62.7 

PSP_005717_2485 68.28° 235.05° 82.23° 331.38° 62.7 

PSP_006561_2485 68.22° 231.35° 68.93° 5.463° 31.3 

PSP_006996_2480 67.97° 233.84° 62.69° 21.71° 31.3 

PSP_007339_2485 68.25° 231.09° 59.60° 34.04° 31.8 

PSP_007497_2480 67.93° 233.67° 56.98° 39.60° 31.5 

PSP_007629_2485 68.43° 231.11° 56.60° 44.21° 31.6 

PSP_007774_2485 68.38° 231.53° 55.28° 49.24° 31.5 

PSP_007787_2480 67.98° 235.06° 54.49° 49.68° 31.4 

PSP_007853_2485 68.05° 234.37° 54.44° 51.96° 31.4 

PSP_007919_2485 68.16° 233.35° 54.37° 54.2° 31.7 

PSP_007932_2480 67.93° 235.34° 53.27° 54.673° 31.3 

PSP_007998_2485 68.02° 234.61° 53.29° 56.93° 31.2 

PSP_008064_2485 68.10° 233.06° 53.11° 59.19° 31.4 

PSP_008130_2485 68.48° 232.54° 53.45° 61.44° 32.1 

PSP_008196_2485 68.30° 232.14° 53.52° 63.69° 33.2 

PSP_008288_2490 68.51° 232.77° 51.15° 66.83° 31.9 

PSP_008301_2480 67.97° 234.86° 49.95° 67.27° 33.8 

PSP_008354_2490 68.51° 232.29° 51.39° 69.07° 31.5 

PSP_009092_2485 68.28° 235.18° 49.16° 94.31° 33.3 

PSP_009145_2485 68.32° 234.70° 51.22° 96.14° 31.7 
1
LATITUDE COORDINATES ARE IN PLANETOCENTRIC LATITUDE 

2
LONGITUDE COORDINATES ARE IN EAST LONGITUDE 
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TABLE 2. CLASSIFICATION OF CRATERS BASED ON MORPHOLOGY 

SIZE RANGE LEVEL OF 

DEGRADATION 

CHARACTERISTICS FIGURE 

VERY SMALL 

(<100 M) 

LIGHT BOWL IS APPARENT 

NO RIM 

4A 

 INTERMEDIATE SHALLOW BOWL 

NO RIM 

4B 

 HEAVY NO APPARENT RELIEF 

ONE OF MORE OF THE FOLLOWING: 

 SETS OF CO-CENTRIC AND RADIAL FRACTURES 
 CIRCULAR REGION OF ALTERED PATTERN FORMATION 
 CIRCULAR REGION OF SMOOTH UNPATTERNED MANTLE 

4C 

SMALL (100-

300 M) 

LIGHT EVIDENCE FOR BOWL 

EVIDENCE FOR RIM (DISCONTINUOUS AT BEST) 

4D 

 INTERMEDIATE FLAT FLOOR 

SOME EVIDENCE FOR RIM 

WHERE PRESENT, EJECTA BLOCKS HAVE NOT BEEN 

REWORKED 

4E 

 HEAVY 1A NO APPARENT RELIEF 

SETS OF CONCENTRIC AND RADIAL FRACTURES 

4F 

MEDIUM 

(~300-1000 M) 

LIGHT NO LIGHTLY DEGRADED CRATERS WERE OBSERVED, AS 

DEFINED BY THE PRESENCE OF A BOWL OR RIM 

N/A 

 INTERMEDIATE FLAT FLOOR 

SOME EVIDENCE FOR RIM  

SETS OF CONCENTRIC AND RADIAL FRACTURES 

4H 

 HEAVY  NO APPARENT RELIEF 

SETS OF CONCENTRIC AND RADIAL FRACTURES 

(SOMETIMES) 

4I 

LARGE (~ 

1KM) 

LIGHT WELL-DEFINED BOWL 

WELL-DEFINED RIM 

4J 

 INTERMEDIATE FLAT FLOOR 

POORLY DEFINED RIM 

4K 

 HEAVY NOT OBSERVED N/A 
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FIGURE 1. (A)  20-METER SCALE DARK-RIMMED POLYGONS CHARACTERISTIC OF THE INNER 

RAMPART OF THE HEIMDAL EJECTA. HIRISE IMAGE PSP_009145_2485. 

Figure 2.  (Left) Pedestal crater found on Heimdal extended ejecta blanket.  The crater 

sits topographically higher than the surrounding terrain and has been largely infilled.  

(Right) Inset showing Speckles on the ejecta blanket and the crater interior correspond to 

rubble piles. 

FIGURE 3.  DISTRIBUTION OF CRATERS IDENTIFIED IN THIS STUDY (YELLOW DOTS) 

OVERLAYED ON CTX IMAGE MOSAIC.  THE BLACK OUTLINE REPRESENTS THE CONTINUOUS 

EXTENT OF HIRISE IMAGES USED IN THIS STUDY AND THE YELLOW ELLIPSE IS THE PHOENIX 

LANDING ELLIPSE, WITH THE LANDING SITE MARKED BY A BLUE ASTERISK.  THE UNITS 

MARKED IN BLUE, RED, AND GREEN CORRESPOND TO THE HEIMDALL EJECTA UNITS AS 

MAPPED BY HEET ET AL. (2009) AND ARVIDSON ET AL. (2008).  HEIMDALL CRATER IS 

LOCATED IN THE RIGHT SIDE OF THE IMAGE. 

Figure 4.  Example of seasonal variations at three locations showing the variations in 

terrain contrast with Ls.  (A, C) Early to mid spring, sun is low in the sky and signal-to-

noise is low relative to other times of the year.  Terrain is muted due to translucent CO 

slab ice and only the shadows of the largest boulders can be seen. (B, D, E) By mid-

spring, the CO2 ice has sublimated and polygonal terrain can be distinguished due to 

shading.  Boulders can be detected down to the pixel scale due to the high contrast of 

their shadows.  Some frost still remains within troughs, and patches of a smooth, 

intermediate albedo mantle can be seen (yellow arrow in E).  (F) By mid-summer, the 

trough frost and smooth mantle are gone.  This contrasts with small lightly degraded 

craters, where smooth mantling deposits endure throughout the summer. 

Image locations: (A,B): 68º20’N, -128º34’E; (C,D): 67º49-126º11’E; (E,F): 68º17’N, -

128º51’E 

(A) PSP_006561_2485; (B) PSP_007774_2485; (C) PSP_006996_2480; (D) 

PSP_007497_2480; (E) PSP_008064_2485; 

(F) PSP_001893_2485. 

Figure 5.  Crater morphology observed as a function of size and degree of degradation.  

Size increases towards the right, and degradation increases down. No lightly degraded 

crater in the 300-1000 meter size range or highly degraded crater >1 km in diameter were 

observed.  North is up, and the sun direction is from the bottom-left.  HiRISE images: A) 

PSP_001959_2485  B) PSP_001959_2485  C) PSP007774_2485  D) PSP_001972_2485  

F) PSP_1959_2485  G) N/A  H) PSP_008064_2485  I) PSP_008288_2490  J) 

PSP_008130_2485  K) PSP_006561_2485 

FIGURE 6.  20-METER MODIFIED CRATER IMAGED IN (LEFT) SUMMER AND (RIGHT) WINTER 

SHOWING THE ABSENCE OF POLYGONAL FRACTURING IN THE SUMMER AND FROST FILL IN 

THE WINTER.  INFILL MATERIAL HAS EFFECTIVELY REMOVED THE RELIEF OF THE CRATER 

BOWL.  HIRISE IMAGES PSP_007339_2485 AND PSP_007629_2485. 

Figure 7. (Top) Size histograms for craters exhibiting ejecta blocks (blue) and craters not 

exhibiting ejecta blocks (red).  (Bottom) Same as top, zoom in y-axis.  The narrow line 

and dash-dot line represent the measurements (in 20 meter bin sizes), whereas the thick 

lines correspond to Gaussian fits.  Although craters with and without ejecta show similar 

histograms for crater diameters greater than ~300 meters, the craters without ejecta 

dominate the population for craters smaller than 300 meters. 
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FIGURE 8.  DISTRIBUTION OF CRATERS AND THEIR ASSOCIATED EJECTA.  LIGHTLY 

DEGRADED CRATERS THAT DO NOT EXHIBIT EJECTA ARE FOUND DISTRIBUTED BOTH INSIDE 

AND OUTSIDE THE HEIMDAL EJECTA BLANKET. 

FIGURE 9.  COMPARISON OF A SMALL (190-METER) CRATER WITH A LARGER (330-METER) 

CRATER.  (A) THE LARGER CRATER EXHIBITS MUTED RELIEF, BOULDERS LINING ITS RIM, 

AND NO APPARENT FRESH DEPOSIT. (B) THE SMALLER CRATER, ON THE OTHER HAND, DOES 

NOT EXHIBIT CLEAR EVIDENCE OF BOULDERS ASSOCIATED TO THE CRATER BUT IT DOES 

EXHIBIT A BOWL-SHAPE.  THE MORE PRONOUNCED RELIEF OF THE SMALLER CRATER 

SUGGESTS THAT IT IS YOUNGER.  HIRISE IMAGE PSP_007919_2485.  NORTH IS TO THE 

BOTTOM RIGHT, SUN IS FROM THE TOP.   

FIGURE 10. DISTRIBUTION OF CRATERS LARGER THAN 270 METERS AND THEIR ASSOCIATED 

EJECTA.  CRATERS LACKING EJECTA BOULDERS ARE THE MOST DEGRADED CRATERS AND 

ARE DOMINANTLY FOUND OUTSIDE THE HEIMDAL EJECTA. 

FIGURE 11.  RESULTS FROM NONPARAMETRIC REGRESSION.  (A) PROBABILITY THAT A 

CRATER EXHIBITS EJECTA BLOCKS.  (B) FIRST DERIVATIVE OF THE PROBABILITY FUNCTION 

SHOWING THAT THE TRANSITION PEAKS AROUND 270 METERS.  GAUSSIAN BOXCAR 

BANDWIDTHS OF 75 M (RED), 87 M (BLUE) AND 150 M (GREEN) ARRE USED TO ILLUSTRATE 

THE EFFECT OF VARYING THE BANDWIDTH.  NARROW BANDWIDTHS PICK UP STATISTICALLY 

INSIGNIFICANT VARIANCE WHEREAS BROAD BANDWIDTHS DILUTE THE SIGNAL TOO MUCH.  

AN 87-METER BANDWIDTH WAS IDENTIFIED AS OPTIMAL.  FOR CLARITY, ONLY THE 1-Σ 

ERROR BARS FOR THE 87-METER BANDWIDTH CASE ARE SHOWN.  THE RELATIVELY SMALL 

1- ERROR FOR THE 0-700 METER SIZE FRACTION IMPLIES THAT THE IDENTIFICATION IS 

STATISTICALLY SOUND.  THIS ERROR BECOMES LARGE FOR CRATERS > 1 KM DUE TO THE 

SMALL NUMBER OF CRATERS SAMPLED.   

FIGURE 12.  (TOP) HARTMANN-STYLE DIFFERENTIAL SIZE FREQUENCY DISTRIBUTION FOR 

CRATERS EXHIBITING EJECTA BLOCKS (RED SQUARES) AND FOR ALL CRATERS (WHITE 

SQUARES) COMPARED TO HARTMAN ET AL. (2005) MODEL SIZE-FREQUENCY DISTRIBUTION.  

(BOTTOM) HARTMANN-STYLE DIFFERENTIAL SIZE FREQUENCY DISTRIBUTION FOR CRATERS 

EXHIBITING EVIDENCE FOR A BOWL RELIEF COMPARED TO HARTMAN ET AL. (2005) MODEL 

SIZE-FREQUENCY DISTRIBUTION. 

FIGURE 13.  EXAMPLE OF A 350-METER CRATER THAT HAS LOST MOST OF ITS RELIEF, AND 

YET RETAINS EJECTA BLOCKS AT THE SURFACE, BOTH WITHIN AND OUTSIDE THE BOWL. 
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Highlights: 
An in-depth study of the morphology of small (km-scale and smaller) craters over a 4000 km

2
 region that 

includes the Phoenix landing ellipse identified the following: 

 

 Measurements of the size of ejecta blocks around craters show that the region has not been a 

net-depositional site over the last billion years.  

 Most craters smaller than 200-350 meters lack ejecta blocks regardless of age, indicating 

that there is a layer approximately 20-35 meters deep that either does not form or does not 

retain ejecta blocks.  This layer has been interpreted to consist of ice-cemented soil. 

 We also find that small craters (20 to 200 meters in diameter) appear to lose their relief due 

to slow infilling of the bowl over time scales of 5 – 100 Kyrs.   

 The infilling of small craters, perhaps by a combination of ice and dust, presents a 

mechanism by which ice is buried down to a few tens of meters.   

 Larger craters (~200 meter to 1 km) do not exhibit evidence for infilling, but do exhibit 

concentric sets of fractures within and outside the rim, which we propose may be is due to 

viscous creep of the ice-rich soil over time scales of a few to tens of Myr. 
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