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Abstract 

Geomorphological features potentially related to subsurface ice, such as scalloped 

depressions, expanded craters, pedestal craters, lobate debris aprons, and banded terrain, are 

present in Hellas Planitia, Mars. We surveyed the region using the Shallow Radar instrument on 

the Mars Reconnaissance Orbiter to identify candidate subsurface reflectors that may be due to the 

presence of ice-rich layers. We found that the majority of possible subsurface returns are likely 

caused by reflections from off-nadir surface topography. However, there are some candidate 

reflectors in which we have higher confidence, including several adjacent reflectors likely 

associated with an ice-rich unit mantling a plateau. We also identified basal reflectors of a lobate 

debris apron consistent with a dielectric constant of relatively pure ice. Additionally, we 

characterized the candidate reflectors near scalloped depressions, expanded craters, and pedestal 

craters, and calculated the depths of the reflectors assuming endmembers of pure ice and basalt in 

order to constrain the possible range of thicknesses for an ice-rich layer. The ice could be thicker 

than 100 m if the reflectors originate from the base of a pure ice layer. A mixed ice and rock layer 

would be thinner. We do not find evidence of reflectors associated with banded terrain. 
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1. Introduction 

Throughout the Amazonian period of the past 3 billion years, Mars’ obliquity has varied 

substantially, between more than 45° to less than 15° just in the last 10 Myr (Laskar et al., 2004). 

These variations affect ice stability and inventorying the locations of ice on Mars today can 

illuminate these past climatic variations. In addition to insights into Martian climate, characterizing 

subsurface ice in the mid-latitudes is of interest for in-situ resource utilization for future human 

exploration.  

At high obliquities, there is greater insolation at the poles (Laskar et al., 2004), leading to 

sublimation of ice that increases the atmospheric water content (Mellon and Jakosky, 1995, 1993). 

This, along with decreased temperatures at lower latitudes, leads to increased diffusion of water 

vapor into pore spaces in the regolith, forming “pore-filling” ice (Mellon and Jakosky, 1995, 1993). 

However, these variations may also involve the emplacement of “excess ice”, defined as ice which 

exceeds the amount that can be stored in the regolith pore space (Harris et al., 1988). As used 

herein, the term does not imply any specific origin for the ice. Several processes could produce 

high ice contents on Mars, including snowfall, ice lens formation (Sizemore et al., 2015) and vapor 

diffusion coupled with thermal contraction (Fisher, 2005). Also, at high obliquities, ice sublimed 

from the poles may be deposited on the surface at lower latitudes, forming the latitude dependent 

mantle (LDM), a layer of ice and dust found poleward of 30° latitude in the northern and southern 

hemispheres (Head et al., 2003; Madeleine et al., 2014).  

At lower obliquities, there is greater insolation at low and middle latitudes, and between 

±30–60° latitude ice sublimes from the LDM (Head et al., 2003) and is likely redeposited at the 

poles. At lower latitudes, complete removal occurs in localized areas, while at higher latitudes 

features like scalloped depressions are formed from incomplete sublimation which does not expose 
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the underlying substrate (Dundas et al., 2015; Milliken and Mustard, 2003). Under current 

conditions, at latitudes poleward of ~40-50° north and south, ground ice may be stable within a 

meter or less below the surface (Mellon et al., 2004).  

 Evidence for subsurface excess ice in the mid-latitudes is found in both hemispheres from 

observations of ice-exposing impacts (Byrne et al., 2009; Dundas et al., 2014) and thermokarst 

features such as scalloped depressions (Costard and Kargel, 1995; Dundas et al., 2015; Lefort et 

al., 2010, 2009; Morgenstern et al., 2007; Séjourné et al., 2011; Soare et al., 2015, 2008; Ulrich et 

al., 2010; Zanetti et al., 2010) and expanded craters (Viola et al., 2015; Viola and McEwen, 2018). 

In Arcadia Planitia and Utopia Planitia, regions in the northern hemisphere where some of these 

features were found, the Shallow Radar (SHARAD; Seu et al., 2007) instrument onboard NASA’s 

Mars Reconnaissance Orbiter (MRO) was used to find the dielectric constant of the material 

causing subsurface radar reflections, inferred to be the interface between the ice-rich layer and 

underlying rocky units. In Arcadia Planitia, this indicated a ~50 m thick layer with a dielectric 

constant of 2.5, consistent with a 75% volume fraction of ice (Bramson et al., 2015), and in Utopia 

Planitia, this indicated a layer 80–170 m thick, with a dielectric constant of 2.8, consistent with 

50–85% ice (Stuurman et al., 2016), although loss tangents may indicate a lower ice content in 

these areas (Campbell and Morgan, 2018). Several ice-exposing scarps over 100 m thick have been 

identified in visible images taken by the HiRISE (High Resolution Imaging Science Experiment; 

McEwen et al., 2007) camera on the MRO. Most of these icy scarps are in the southern hemisphere, 

with one cluster also found in the northern hemisphere (Dundas et al., 2018).  

Radar studies in other regions thought to have excess ice could potentially constrain the 

thickness and purity of that ice. Knowing these properties can provide constraints on how the ice 

might have been emplaced, and in turn indicate possible climate scenarios conducive to this 
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emplacement. For instance, less pure layers (higher volumetric concentrations of rock than ice) are 

likely to be pore-filling ice emplaced by diffusion into the subsurface, while more pure layers may 

have been emplaced by precipitation and later buried.  

 

2. Background 

2.1 Ice-related features in/around Hellas Planitia 

Hellas Planitia (centered at 70°E, 42°S) is an ~2000 km diameter impact basin (Wood and 

Head, 1976). It and surrounding areas (such as Malea Planum, centered at 63°E, 66°S) exhibit 

geomorphological features that are potentially indicative of subsurface ice (Figure 1), including 

scalloped depressions (Lefort et al., 2010; Zanetti et al., 2010), expanded craters (Viola and 

McEwen, 2018), pedestal craters (Kadish et al., 2008), lobate debris aprons (Squyres, 1979), and 

banded terrain (Diot et al., 2014; El Maarry et al., 2012; Thomas et al., 2010). 
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Figure 1. Types of geomorphological features in Hellas Planitia, Mars that may be indicative of subsurface excess 

ice: a) Scalloped depressions (HiRISE image ESP_038610_1230). b) Expanded crater (HiRISE image 

PSP_010312_1235). c) Pedestal craters (CTX image J04_046431_1231_XN_56S322W). d) Lobate debris apron 

(THEMIS Day IR Mosaic). e) Banded terrain (CTX image B18_016642_1371_XN_42S307W). 

 
Scalloped depressions (Figure 1a) are rimless depressions dissecting the latitude dependent 

mantle, with steep pole-facing scarps and shallower equator-facing slopes (Dundas et al., 2015; 

Lefort et al., 2010, 2009; Morgenstern et al., 2007; Séjourné et al., 2011; Ulrich et al., 2010; Zanetti 

et al., 2010). In the southern hemisphere, they are primarily found in the region between 50°S and 

60°S, although some are found as equatorward as 45°S (Viola and McEwen, 2018; Zanetti et al., 

2010).  Their latitude dependence and morphology, as well as modelling of the features, suggest 

that they form due to the collapse of surface material following sublimation of subsurface excess 

ice  (Dundas et al., 2015; Lefort et al., 2010, 2009; Morgenstern et al., 2007; Séjourné et al., 2011; 

Ulrich et al., 2010; Zanetti et al., 2010). 
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Expanded craters (Figure 1b) lack an apparent rim and have a cone or funnel shaped 

morphology, with a lower depth-to-diameter ratio than “normal” (non-expanded) craters (Viola et 

al., 2015). They are thought to have an impact origin due to their radial arrangement like secondary 

craters to clearly identifiable primary craters (Viola et al., 2015). This morphology is thought to 

form when surface material on the walls and floor of the crater collapses due to sublimation of 

subsurface excess ice (Dundas et al., 2015; Viola et al., 2015). Similarly to scalloped depressions, 

they are found between 45–60°S in the southern hemisphere (Viola and McEwen, 2018). 

Pedestal craters (Figure 1c) and their ejecta are raised 20–80 m above the surrounding 

terrain (Barlow et al., 2000; Kadish et al., 2009). In the southern hemisphere, the pedestal diameter 

is typically ~2.5 times the diameter of the crater (Kadish et al., 2009). They are found primarily 

between 45°S–65°S in the southern hemisphere (Kadish et al., 2008). One model for pedestal crater 

formation is that impacts occur into ice rich targets during high obliquity periods and the surface 

surrounding the crater is armored by some mechanism, possibly related to an atmospheric blast 

and thermal pulse caused by the impact (Kadish et al., 2009; Wrobel et al., 2006). In subsequent 

low-obliquity periods, the unarmored ice in the surroundings sublimates, leaving the crater and its 

ejecta raised above the surroundings (Kadish et al., 2009). The formation of pedestals by 

sublimation of an ice-rich substrate is supported by their latitude dependence and circularity, and 

the presence of marginal sublimation pits interpreted as due to sublimation (Kadish et al., 2009, 

2008). Nunes et al. (2011) used SHARAD to constrain the dielectric constant of the pedestal 

material, assuming that the thickness of the deposit associated with the pedestal is equal to the 

height of the pedestal above the surface. For pedestal craters >30 km in diameter, they found 

dielectric constants of 3–5, consistent with a mixture of ice and silicates, while for smaller 
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pedestals, they found dielectric constants of around 6, although those detections were fewer and 

more ambiguous (Nunes et al., 2011). 

Lobate debris aprons (LDAs; Figure 1d) are lobe-shaped masses of material that extend 

from the base of steep slopes in mid-latitude bands in both hemispheres (Carr and Schaber, 1977; 

Squyres, 1978), including to the east of Hellas Planitia (Squyres, 1979). The inferred dielectric 

constant and amount of radar attenuation in these features supports the theory that LDAs are 

glaciers composed of relatively pure water ice covered by a thin layer of surficial debris (Baker 

and Carter, 2018; Holt et al., 2008; Petersen et al., 2018; Plaut et al., 2009).  

Banded terrain (Figure 1e) is a unique surface morphology composed of adjacent bands 

with linear, lobate, and concentric forms found primarily in the northwest of Hellas basin (Diot et 

al., 2014; El Maarry et al., 2012; Thomas et al., 2010). The nature of this terrain is highly debated. 

Some models suggest a relation between the banded terrain and deformation involved in nearby 

honeycomb terrain (Kite et al., 2009; Mangold and Allemand, 2003; Moore and Wilhelms, 2001), 

one such possibility being that the banded terrain is related to deformation caused by salt diapirs 

forming the honeycombs (Kite et al., 2009; Mangold and Allemand, 2003). However, this 

interpretation is challenged by banded terrain superposing honeycomb terrain in some areas, as 

well as occurring far from it (Bernhardt et al., 2019, 2016). Observations of linear and lobate bands 

starting at topographic high points, and of features associated with the terrain that have been 

interpreted to be related to the presence of ice, such as polygons, depressions, and mounds, led 

Diot et al. (2015, 2014) to suggest banded terrain may be due to the viscous flow of a subsurface 

ice layer. However, Bernhardt et al. (2018) found that band orientation does not correlate with 

local slopes, thus gravity driven flow is unlikely, and numerous small-scale stresses, rather than 
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regional stresses, deformed the terrain. They proposed that the terrain is a relatively thin layer 

formed by the subglacial deformation of a wet/ice-rich till (Bernhardt et al., 2019).    

2.2 Ice thickness 

Zanetti et al. (2010) found that scalloped depressions in southern Hellas basin and Malea 

Planum are typically 10–20 m deep, although some are 35 m deep or more, and noted that scallops 

do not typically erode through the entire mantle deposit to reveal bedrock, which suggests that the 

icy mantle thickness is at least as deep as the scallops. Zanetti et al. (2009) measured the diameter 

of completely or partially mantled craters in a portion of Malea Planum and southern Hellas basin, 

and used it to find the expected rim height of the craters. This height was taken as a proxy for 

mantle thickness, giving between 13 and 39 m, with the thickest mantling being on the southern 

wall of Hellas basin. They note that this could be an underestimation for craters that are completely 

mantled or that were formed after the deposition of mantle material began, or could be an 

overestimation for incompletely mantled craters.  

Boulder halos are circles of clasts which may have been excavated by impacts into a rocky 

layer beneath an ice mantle and that have outlasted the associated craters. Measurements of boulder 

halo diameters have been used to infer that the thickness of ice mantle excavated to reach a 

boulder-bearing substrate is 15 m for the southern hemisphere as a whole (Levy et al., 2018). 

However, boulder halo size-frequency distributions indicate that the impacts causing boulder halos 

occurred prior to the most recent deposition of ice (Levy et al., 2018), so this depth may not 

represent that of the most recently emplaced ice layer.  

In contrast with these estimates, several scarps that expose mid-latitude ice sheets have 

been found between 55–60°S, and measurements of one indicate an ice sheet thickness of at least 

130 m (Dundas et al., 2018). This suggests that, at least in some areas, ice deposits an order of 
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magnitude thicker than the estimates above may be possible. The relationship between these 

thicker deposits and the emplacement episode(s) that formed the LDM is still unknown. 

SHARAD can theoretically detect dielectric interfaces associated with subsurface layers 

that are at least 10–20 m thick (Seu et al., 2007), providing a remote sensing dataset from which 

we may be able to identify the base of ice layers in Hellas Planitia. Here, we present a radar survey 

covering Hellas Planitia and surrounding areas to place additional constraints on the thickness of 

possible ice-rich layers found in the vicinity of the ice-related morphologic features discussed 

above. 

 

3. Methods 

SHARAD is an orbital ground-penetrating radar with a 20 MHz center frequency, a 

bandwidth of 10 MHz, and a vertical resolution of 15 m in free space and 15er-1/2 in a material with 

dielectric constant er (Seu et al., 2007). Its horizontal resolution is 3–6 km cross-track and 0.3–1 

km along-track (Seu et al., 2007). 

We surveyed 368 SHARAD tracks (see Figure 3b), which cover an area between 

approximately 20–70°S and 30–90°E, which includes the entirety of Hellas Planitia, as well as 

some surrounding areas, such as parts of Malea Planum. Candidate reflectors were identified by 

examining radargrams, which depict delay time versus distance along the spacecraft’s track, with 

the power returned at each pixel represented by its brightness. Reflections from off-nadir 

topographic features (“clutter”) may appear at time delays similar to subsurface reflections. 

Therefore, we compared the radargrams to simulations based on Mars Orbiter Laser Altimeter 

(MOLA) topography data (Choudhary et al., 2016). The MOLA Mission Experiment Gridded Data 

Records (MEGDRs) used for the simulations have 128 data points per degree of latitude/longitude 
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and can resolve clutter from features on scales of 10s of kilometers (Choudhary et al., 2016), which 

is larger than SHARAD’s horizontal resolution. We mapped reflectors in the radargrams that did 

not have corresponding returns in the clutter simulations using the Java Mission-planning and 

Analysis for Remote Sensing (JMARS) program (Christensen et al., 2009). It is important to note 

that because SHARAD can resolve smaller features than the MOLA-based clutter simulations can, 

these simulations do not necessarily represent all clutter. Therefore reflectors identified by 

comparison with these simulations are only candidate reflectors, and may be unresolved clutter. 

We categorized these reflectors based on several properties that affected our confidence that they 

are due to real subsurface returns. The “low confidence” categories are defined as follows, in no 

particular order: 

• LC1: reflectors that are contiguous with returns visible in the clutter simulation. These 

reflectors could represent clutter that was only partially resolved in the simulation.  

• LC2: reflectors that are curved. We have lower confidence in these because clutter often 

appears curved due to the geometry of the radar.  

• LC3: reflectors that are both contiguous with clutter and curved.  

• LC4: reflectors which appear at similar locations as possible clutter, but which were 

difficult to discern as clutter due to the power of the signal not being accurately modelled 

in the simulation. The power of the signal is affected by surface and subsurface properties 

and geometry which may cause the radar signal to coherently or destructively interfere in 

complicated ways that are not modeled by the simulator.  

• LC5: reflectors that closely match the shape and size of nearby clutter. These could be 

unresolved clutter from a similar source as the resolved clutter nearby.  
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• LC6: reflectors that appear to correspond to clutter whose positions are shifted slightly 

from where they are expected in the simulations, which might be caused by errors in the 

MOLA data used for the simulations.  

We deemed reflectors that did not have qualities described above to be of higher 

confidence. 

Where possible, we used digital terrain models (DTMs) from the High Resolution Stereo 

Camera (HRSC; onboard the European Space Agency’s Mars Express orbiter; Gwinner et al., 

2010; Neukum et al., 2004) to create more detailed clutter simulations to determine whether the 

high confidence candidate reflectors had a counterpart in these, which would indicate the reflectors 

are caused by clutter unresolvable by the MOLA-based simulations. We also created 4 Context 

Camera (CTX; onboard the Mars Reconnaissance Orbiter; Malin et al., 2007) DTMs using the 

NASA Ames Stereo Pipeline software (Beyer et al., 2018; Shean et al., 2016) for the same purpose. 

During processing, CTX DTM point clouds were tied to MOLA point shot data to reduce errors in 

the regional slopes (Beyer et al., 2018). 

We examined CTX images near the higher confidence reflectors to identify scalloped 

depressions, pedestal craters, lobate debris aprons, and banded terrain within 20 km of these 

reflectors. Additionally, we determined whether any candidate radar reflectors were within 20 km 

of scalloped depressions, expanded craters, and small pedestal craters identified in the HiRISE 

survey of Viola and McEwen (2018). 

For reflectors near scalloped depressions, expanded craters, and pedestal craters, we did 

further qualitative evaluation of the possibility that they could be due to unresolved clutter. We 

found the location the candidate reflectors would have originated from as surface clutter and 

examined CTX images of the area to look for features below MOLA resolution that could cause 
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clutter. We visually examined the MOLA topography data as well as echo power maps to 

determine whether the reflectors were near gaps in the MOLA data. Echo maps model the power 

received by SHARAD over the surface and display the nadir return (relative to SHARAD pointing) 

and the first return (at the earliest time delay) (Choudhary et al., 2016). We also examined the 

clutter simulations and echo power maps to see whether the nadir and first returns matched (in 

time delay or in space respectively); a mismatch indicates less than optimal radar geometry. We 

also took a second look at tracks adjacent to or crossing an identified reflector to determine if there 

were any previously unidentified adjacent reflectors or if was there was adjacent clutter that 

appeared similar to the candidate reflector. 

For reflectors identified near the five potentially ice-related types of features listed above, 

we used JMARS to mark the surface (nadir) return above the subsurface reflectors. We measured 

the one-way delay time, Dt, between surface and subsurface reflectors. This can be converted to a 

depth of the subsurface radar return, Dx, assuming a given dielectric constant (er):   

∆𝑥 =
𝑐∆𝑡
√𝜀(

 

where c is the speed of light. Alternatively, if the depth to the subsurface radar reflector can be 

found independently, the above equation can be rearranged to determine the dielectric constant 

and thus constrain the composition of the material. Dielectric constants are not uniquely 

interpretable, however; a particular dielectric constant may correspond to various materials and 

mixtures of materials. In this study, we assume various dielectric constants to place constraints on 

the depths to radar interfaces that may be associated with the base of candidate ice-rich units. For 

reflectors found near scalloped depressions, expanded craters, and pedestal craters, we constrain 

the range of depths to the reflectors assuming a composition that ranges from pure ice (er = 3.15; 

Matsuoka et al., 1997) to dense basalt (er = 8; Rust et al., 1999). Based on geomorphology, the 
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surface is unlikely to be well-preserved dense basalt in this region, but this provides a useful dense-

rock endmember. Low porosity materials may be unrealistic, but also provide useful endmembers. 

Increased porosity would lower the given dielectric constants. For reflectors associated with 

banded terrain, we found the depths to the reflectors assuming a composition that ranges from pure 

ice to basalt, in addition to halite (dielectric constant 5.57–5.9 at temperatures between 90–290 K; 

Lowndes, 1966) because of the possibility that banded terrain is related to nearby salt diapirs.  

 We used ArcGIS tools to calculate spatial statistics on the higher confidence reflectors, 

using a similar workflow to Viola and McEwen (2018). An equal area projection centered on the 

region was used and a grid of equal area 104 km2 polygons was created over the region (only 

including areas covered by the surveyed SHARAD tracks). Many (82%) of the grid squares include 

no candidate high confidence reflectors. Those that do have between 2 and 110, with a median of 

15. The spatial join function was used to find the number of SHARAD traces in each grid square 

and the number of traces at which a reflector was marked. The latter was normalized by the former. 

Incremental spatial autocorrelation, which checks the statistical significance of clustering for a 

range of distance scales, was used to determine the scale at which clustering was most prominent. 

The distances found were input as the fixed distance band (scale at which clustering is examined) 

for hot spot analysis, to identify statistically significant spatial clusters of grid spaces with high 

numbers of reflectors (hot spots) and low numbers of reflectors (cold spots) using the Getis-Ord 

Gi* statistic (Bennet et al., 2015; Getis and Ord, 2010).  
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4. Results 

 

Figure 2: Map of candidate subsurface radar reflectors. The colored dots indicate reflectors. HC refers to higher 

confidence reflectors; LC1-LC6 refer to reflectors in lower confidence categories (see section 3 for descriptions). 

HRSC Fail refers to reflectors that correspond to clutter in the HRSC clutter simulations; HRSC Pass refers to 

reflectors that do not correspond to clutter in the HRSC clutter simulations. The white boxes indicate locations of 

later figures. 

By comparison of the radargrams to the MOLA clutter simulations, we initially identified 

593 candidate radar reflectors (Figure 2), with higher confidence in 187. However most of the 

candidate reflectors, including those that we otherwise have higher confidence in, are short along-

track (86% are <10 km long) and often do not have a counterpart in adjacent tracks. This gives us 

lower confidence that these reflectors correspond to real subsurface interfaces, and is unexpected 

if they are due to a widespread layer of material. Radar interfaces identified in other flatter regions 

(e.g., northern plains regions) generally cover a greater along-track distance and are often detected 
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in several tracks adjacent to each other (e.g., Bramson et al., 2015; Stuurman et al., 2016). 

However, identification of subsurface reflectors is more challenging in regions such as Hellas 

Planitia and across much of the southern hemisphere due to the greater prevalence of clutter caused 

by off-nadir topography returning signals at the same time-delays as subsurface reflectors. 

Therefore many of the candidate reflectors are likely due to clutter that is insufficiently simulated 

due to resolution limits and gaps in the MOLA topography data. 

We made higher-resolution clutter simulations using 37 HRSC DTMs that overlapped 

sufficiently with a SHARAD track near one or more of the higher confidence reflectors and we 

were able to check 40 reflectors. Of these, 27 (67.5%) clearly appeared to be clutter in the HRSC 

simulation. This supports the idea that many of the candidate reflectors identified overall 

(including those that we had higher confidence in) are likely clutter. Most of these DTMs were to 

the north of Hellas Planitia, which is rougher than other parts of the region. However 3/5 reflectors 

in smoother areas to the south also corresponded to clutter in the corresponding HRSC simulation. 

Therefore, the high prevalence of clutter unresolved in MOLA but resolved in HRSC simulations 

is likely to hold throughout the region. We also created 4 CTX DTMs. Three of these had too little 

overlap with a SHARAD track to be useful. The fourth showed that the candidate reflector in 

question was clutter. 

Incremental spatial autocorrelation identified multiple scales at which clustering was 

prominent. The values found depended on how many distances were checked and what the lowest 

distance was. A distance of ~700 km was found to be both the first peak (shortest distance at which 

there is significant clustering) and maximum peak (distance at which the most significant 

clustering occurs) when 10 distance bands were checked, starting at 100 km, and ~700 km was the 

maximum peak when a larger number of bands were checked (in this case, the first peak was ~300 
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km). The results of the hot spot analysis using all of the reflectors initially identified as higher 

confidence using the MOLA clutter simulations and with a fixed distance band of 700 km is shown 

in Figure 3a. They indicate a hot spot around 50–60°S, similar to the hot spots for expanded craters 

in the region (Viola and McEwen, 2018), although this is also a smoother region where clutter 

might be less likely to obscure reflectors. 
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Figure 3: a) Map of hot and cold spots for a grid over the study region. The black dots (labelled HC) indicate higher 
confidence reflectors. b) Map of SHARAD tracks surveyed in the study region 
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4.1 Scalloped Depressions 

 

Figure 4: a) Portion of radargram for SHARAD track 4889601, b) the corresponding MOLA clutter simulation, c) the 
echo power map and d) CTX images G19_025490_1268_XI_53S306W, J14_050096_1266_XN_53S306W, and 
G14_023723_1272_XN_52S305W (illumination from northwest). The cyan lines in (b) and (c) correspond to the 
location of the nadir return, and the pink line in (c) corresponds to the location of the first return of the radar signal. 
The arrows in the radargram, clutter simulation, and CTX image indicate one of the reflectors found in the vicinity of 
scalloped depressions (one scalloped depression is circled). 
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Figure 5: a) Locations and one-way time delays of subsurface radar returns within 20 km of scalloped depressions, 

with boxes indicating locations of Figures 4 and 6.  b) Histogram of one-way time delays from higher confidence 

reflectors (counts are in terms of number of individual radar returns, not number of reflectors). 
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We initially identified 22 reflectors in which we had higher confidence near scalloped 

depressions. An example of one is shown in Figure 4. Table S1 shows our evaluation of the factors 

described related to clutter. For 6 of the reflectors, there was clutter in an adjacent track that 

appeared to correspond to the reflector. These are excluded in map and values given below. Many 

of the other reflectors satisfied one or more other factors that increase our skepticism that they are 

due to real subsurface interfaces, but they are included in the results. For instance, for over half of 

the reflectors, there was a nearby feature below MOLA resolution that could potentially cause 

clutter, but only if large enough (within SHARAD resolution). In some cases, adjacent reflectors 

appeared to be at somewhat different time-delays (relative to the nadir return), potentially 

indicating that the reflectors are clutter caused by some topographic feature at different distances 

from each track, although this could also be due to an inhomogeneous layer thickness.  

Figure 5a shows the locations of these reflectors and their time delay from the nadir return. 

The median depth of the reflectors assuming er=3.15 is 101 meters, while the median depth with 

er=8 is 64 m  (Table 1). 

 One-way Time 
Delay (ns) 

Depth with er=3.15 
(m) 

Depth with er=8 (m) 

Mean 642 108 68 
Standard Deviation 366 62 39 

Median 600 101 64 
Mode 585 99 62 

Table 1: Mean, standard deviation, median, and mode (center of the peak of the histogram) of the one-way time delays 
between surface and subsurface reflectors near scalloped terrain, and of the depths calculated with dielectric 
constants 3.15 and 8. 
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Figure 6: Locations and one-way time delays of subsurface radar returns associated with a plateau in Malea Patera. 
The CTX image on the right is G13_02322_1164_XN_63S305W and on the left is F10_039679_1165_XN_63S305W.   
 

 

Figure 7: a) CTX images G13_02322_1164_XN_63S305W and F10_039679_1165_XN_63S305W with reflectors and 
MOLA elevation profile track. b) MOLA elevation profile. c) Part of CTX image G13_023222_1164_XN_63S305W 
showing scalloped depressions on the plateau. d) Part of HiRISE image ESP_014018_1175 showing layering at the 
edge of the mound. Illumination from northwest (upper left) in both CTX and HiRISE images. 
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Figure 8: a) Portion of track 4510501 radargram, b) corresponding clutter simulation, c) portion of track 4554702 
radargram, d) corresponding clutter simulation. Arrows indicate the reflectors. 
 

We have especially high confidence in a group of six adjacent reflectors (Figure 6) found 

in Malea Patera (in Malea Planum, to the southwest of Hellas Planitia). They are associated with 

a plateau approximately 36 𝗑 43 km across and 200 m tall (Figure 7). The reflectors cannot be at 

the depth of the base of this plateau without invoking an unrealistically small dielectric constant. 

Therefore, the interface must be due to some layer in/on the plateau rather than the base of the 

plateau. The reflectors have a median depth of 89 m assuming er=3.15 and a median depth of 56 

m assuming er=8. Three of the reflectors are similar in shape to the surface reflector, and appear 

as though they could be due to material draping some underlying topography. They do not follow 

the surface reflector exactly and have a greater time delay than would be expected for radar 
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sidelobes, which are at time delays of 0.24 µs and 0.42 µs (Putzig et al., 2014). In one of these 

reflectors (Figure 8c), the portion that drapes down and aligns with the side of the plateau is 

contiguous with clutter, so we have lower confidence in this portion of the reflector. Part of another 

of these reflectors is curved (Figure 8a), but a very similar curve is seen in the surface reflector so 

it is plausible that both are curved due to underlying topography. Although we categorized these 

reflectors as LC1 and LC2, respectively, due to these portions, we have higher confidence in the 

remainder, which is strengthened by the presence of the adjacent reflectors. In the other tracks, 

clutter is present that could obscure reflectors draping the sides of the plateau. There are scalloped 

depressions on top of the plateau, within 20 km of all but one of the reflectors, and a scarp at the 

edge which exposes layering. 
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4.2 Expanded Craters 

 

Figure 9: a) Locations and one-way time delays of subsurface radar returns within 20 km of expanded craters. b) 
Histogram of one-way time delays (counts are in terms of number of individual returns, not number of reflectors). 
 

We identified 5 reflectors in which we have higher confidence near expanded craters 

(Figure 9a), although for one of these, we identified likely corresponding clutter in an adjacent 

track, so it is excluded from the results in this section. See Table S2 for our other evaluation of the 

possibility of clutter for these reflectors. The distribution of time delays for these reflectors is 



 26 

bimodal (Figure 9b). For the lower time delay group (which includes 2 of the reflectors), the 

median time delay is 759 ns, corresponding to a median depth assuming er=3.15 of 128 m. For the 

higher time delay group (which includes the other two reflectors), the median time delay is 2437 

ns, corresponding to a median depth assuming er=3.15 of 412 m. Additional values are shown in 

Table 2.  

  One-way Time 
Delay (ns) 

Depth with 
er=3.15 (m) 

Depth with er=8 
(m) 

Lower time-
delay group 

Mean 751 127 80 
Standard 
Deviation 

116 20 12 

Median 759 128 80 
Mode 799 135 85 

Higher time-
delay group 

Mean 2540 429 269 
Standard 
Deviation 

196 33 21 

Median 2437 412 258 
Mode 2367 400 251 

Table 2: Mean, standard deviation, median, and mode of the one-way time delays between surface and subsurface 
reflectors near expanded craters, and of the depths calculated with dielectric constants 3.15 and 8. 
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4.3 Pedestal Craters 

 

Figure 10: a) Portion of radargram for SHARAD track 2620901, b) the corresponding MOLA-based clutter 
simulation, c) the corresponding HRSC-based clutter simulation and d) CTX image G12_022985_1218_XI_58S317W 
(illumination from the northwest). The arrows in the radargram, clutter simulations, and CTX image indicate one of 
the reflectors found in the vicinity of a pedestal crater. 
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Figure 11: a) Locations and one-way time delays of subsurface radar returns within 20 km of pedestal craters. b) 
Histogram of one-way time delays (counts are in terms of number of individual returns, not number of reflectors). 

 
We identified 16 reflectors near pedestal craters (Figure 11a), although these reflectors are 

not associated with the pedestals themselves. Five of these were checked with HRSC simulations 

and 3 of these were found to be clutter. These three reflectors, a reflector found to be adjacent to 

clutter, and a reflector found associated with a gap in MOLA data are excluded from these results. 
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Evaluation of other factors related to clutter is shown in Table S3. The median depth of these 

reflectors is 108 meters assuming er=3.15, and 68 m assuming er=8  (Table 3). 

 One-way Time 
Delay (ns) 

Depth with er=3.15 
(m) 

Depth with er=8 (m) 

Mean 660 111 70 
Standard Deviation 345 58 37 

Median 638 108 68 
Mode 736 124 78 

Table 3: Mean, standard deviation, median, and mode of the one-way time delays between surface and subsurface 
reflectors near pedestal craters, and of the depths calculated with dielectric constants 3.15 and 8. 
 

Four adjacent reflectors were found associated with a single pedestal crater, located at 

76.85 °E, 51.9 °S (Figure 12, Figure 14). Two of these are categorized as LC4. The reflectors are 

below the floor of the crater, which extends below the surface of the plains surrounding the crater. 

Therefore their depths cannot be found by assuming that the thickness of the associated layer is 

equal to the height of the pedestal above the surface, as was assumed in previous work such as that 

by Nunes et al. (2011). The pedestal is approximately 250 m thick on the west side and 175 m 

thick on the east side (Figure 13). The median depths (in meters) of each of the reflectors are shown 

in Table 4 assuming er=3.15 and er=6, which is the dielectric constant found for small pedestals 

by Nunes et al. (2011).  

 SHARAD Track Number 
 2537701 736501 1701701 2516601 
Depth assuming 
er=3.15 (m) 

200 193 421 757 

Depth assuming 
er=6 (m) 

144 140 305 548 

Table 4: SHARAD tracks in which reflectors were identified associated with a pedestal crater and the median depths 
of the reflectors assuming er=3.15 and er=6. Tracks listed from left to right in the table are in order west—east.   
 

The reflectors generally come at increasing time delays farther to the east. This can be 

partially accounted for by the fact that the depth of the reflectors beneath the crater are measured 

from the crater floor whereas the depth of the reflectors beneath the pedestal are measured from 
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the pedestal surface. The difference in elevation between the crater floor and the surface of the 

pedestal at the location of track 1701701 is ~300 m (greater than the difference in reflector 

depths). The difference in elevation between the crater floor and the surface of the pedestal at the 

location of track 2516601 is ~350 m (less than the difference in reflector depths). In addition, the 

difference in elevation between the surface of the pedestal at the location of tracks 1701701 and 

2516601 is only ~70 m, again less than the difference in depths. These inconsistencies (and the 

lower confidence we have in two of the reflectors) indicate that they may be clutter, with the 

differences in reflector depths between tracks due to differences in distance from the surface 

feature(s) causing the clutter. 

 

Figure 12: Locations and one-way time delays of subsurface radar returns associated with a pedestal crater. Arrows 
indicate the edges of the pedestal. 
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Figure 13: a) MOLA shaded relief showing the reflectors and MOLA elevation profile in red, b) MOLA elevation 
profile west-east over the pedestal. 
 

 
Figure 14: a) Portion of radargram for track 736501, b) the corresponding MOLA clutter simulation, and c) MOLA 
shaded relief showing the pedestal, with the four reflectors marked in light blue. The arrows in the radargram, clutter 
simulations, and MOLA shaded relief indicate the reflector in track 736501. 
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4.4 Lobate Debris Apron 

 

Figure 15: a) Portion of radargram for SHARAD track 4936301. b) Corresponding MOLA clutter simulation. c) depth 
corrected radargram assuming er=3.15 d) THEMIS Day IR mosaic showing the LDA with the reflectors indicated in 
light blue. The arrows indicate the reflector in track 4936301. 
 

We discovered 2 reflectors in which we have higher confidence associated with a lobate 

debris apron (LDA), as well as one categorized as LC4. This LDA is not among those examined 

by Holt et al. (2008). We created depth-corrected radargrams by converting the vertical axis of the 

radargram from time-delay to depth assuming dielectric constants of 3.15 and 8 below the nadir 
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return. Because the surrounding plains surface likely extends below the LDA, the interface causing 

the basal reflector of the LDA is expected to be horizontal and align with the surrounding surface 

reflector in this “depth-corrected” radargram (Holt et al., 2008; Petersen et al., 2018; Plaut et al., 

2009). For all three reflectors (including the LC4 reflector), this is the case for er=3.15, while for 

er=8 the reflector slopes steeply upward. Therefore er~3.15 is reasonable for this LDA, consistent 

with previous work (Holt et al., 2008; Petersen et al., 2018; Plaut et al., 2009). 
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4.5. Banded Terrain 

 

Figure 16: a) Locations and one-way time delays of subsurface radar returns within 20 km of banded terrain. b) 
Histogram of one-way time delays (counts are in terms of number of individual returns, not number of reflectors). 
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We identified 4 reflectors near banded terrain (Figure 16a): three of these are directly 

associated with banded terrain while the fourth is within 10 km of the terrain. All three of the 

reflectors directly associated with the banded terrain are categorized in one of the low confidence 

categories. One of the three that we found directly on the banded terrain is directly atop honeycomb 

terrain that is overlain by banded terrain. The median depth of the reflectors assuming er=3.15 is 

260 meters, while the median depth assuming er=5.9 is 190 m  (Table 5).  

 One-way Time 
Delay (ns) 

Depth with 
er=3.15 (m) 

Depth with 
er=8 (m) 

Depth with 
er=5.9 (m) 

Mean 1417 239 150 175 
Standard 
Deviation 

464 78 49 57 

Median 1538 260 163 190 
Mode 1556 263 165 192 

Table 5: Mean, standard deviation, median, and mode of the one-way time delays between surface and subsurface 
reflectors, and of the depths calculated assuming dielectric constants of 3.15, 8, and 5.9. 
 
 
5. Discussion 
   
5.1. Thicknesses of possible ice-rich layers 

The candidate subsurface reflectors found near scalloped depressions, expanded craters, 

and pedestal craters are at relatively similar depths. Those near expanded craters are in a similar 

latitude and longitude range to those near scalloped depressions, so it is plausible that the reflectors 

could be due to the base of the same layer or layers, although the depths of reflectors near expanded 

craters are somewhat higher (though by less than a standard deviation) than the depths for 

reflectors found near scalloped depressions. Layers could have heterogeneous thickness, and the 

few reflectors found near expanded craters might happen to exist in areas where the deposit is 

thicker. The locations of reflectors found near pedestal craters extend into higher latitudes than the 

reflectors near scalloped depressions or expanded craters. These reflectors may be associated with 
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the same layer as the nearby pedestal, if that layer has not completely deflated. However they could 

also be due to another layer of ice-rich material, such as the ice-dust mantle observed in the same 

latitude range (Milliken and Mustard, 2003). The depths of these reflectors are greater than those 

near scalloped depressions but less than those near expanded craters, though within the standard 

deviation of the measurements.  

One scenario is that the reflectors near scalloped depressions, expanded craters, and 

pedestal craters are due to the base of a variable ice-rich layer over 100 meters thick, meaning a 

thick ice-rich layer remains beyond what has already sublimed to form the surface 

geomorphologies. This scenario is consistent with the thickness of icy scarps identified in other 

areas of the southern hemisphere (Dundas et al., 2018). If instead, the reflectors are due to an 

interface associated with a layer of basaltic composition, this layer would be ~60–80 m thick. This  

material would be inconsistent with the inferred ice-rich nature of the layer, but provides a 

minimum depth to the reflector. Note that it is unknown what underlying material might be 

contrasting with basalt to cause the reflector, but basalts have previously been detected using 

SHARAD (Carter et al., 2009; Simon et al., 2014)  

A mixture of ice and rock would have a dielectric constant between 3.15 and 8 and the 

corresponding depth of the reflector would be between the values given above. Porosity would 

likely be non-zero and lead to a lower dielectric constant and greater thickness. Because the 

dielectric constant of the material causing these reflectors is unknown, the depth is not well 

constrained. However, the range presented here is not unreasonable given previous estimates.  

It is possible that the reflectors are associated with a layer other than the ice-rich layer 

associated with the observed surface geomorphological features. These features may be due to an 
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ice-rich layer that is undetectable by SHARAD (for instance, because it is too thin or has too 

gradual a boundary with the underlying layer). 

The surface echo power obtained from the Mars Advanced Radar for Subsurface and 

Ionospheric Sounding (MARSIS) has been used to derive the dielectric constant for the upper 60–

80 m of the subsurface (Mouginot et al., 2010). Using a binary ice-rock mixture, Mouginot et al. 

(2010) estimated that the ice : rock volume ratio for the upper 60-80 m of the subsurface is ~50% 

for the southern hemisphere. This interpretation would favor either a thinner ice-rich layer atop a 

rocky layer, or a layer in which ice is distributed throughout (such as pore-filling ice, although this 

is not consistent with the geomorphology).  

It is possible that the reflectors identified originate from multiple layers. For instance, the 

histogram of time delays for reflectors near scalloped depressions (Figure 5b) indicate that there 

are two peaks in the time delay. One peak is centered at 585 ns and another smaller one is centered 

around 294 ns. One possibility is that the earlier interface is associated with an ice-rich layer 50 m 

thick, while the later one is associated with an underlying basaltic unit. The time-delays for 

reflectors near pedestal craters also show two peaks, but at 736 ns and 455 ns (Figure 11b). The 

time-delays for expanded craters are also bimodal, with two widely separated groups at 751 and 

2540 ns (Figure 9b). The differences in peak time-delays for the three groups of reflectors could 

potentially be due to the different features being associated with different ice-rich layer 

thicknesses. However, these differences may not be significant, considering the relatively low 

number of data points, especially for reflectors near expanded craters, and the likelihood that many 

of the reflectors are due to unresolved clutter.  

Reflectors with different time delays are found near each other spatially (see Figure 5a). 

There are several possible interpretations of this. There could be two separate layers causing radar 
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interfaces in the same region. There are no cases where two subsurface reflectors with different 

time delays are seen in exactly the same location, although this observation does not rule out the 

possibility of multiple overlying, subsurface layers. The reflectors could also be due to a single 

layer whose interface with the underlying layer has lots of relief. Adjacent reflectors with different 

time delays may be clutter, with the difference in time delays caused by differences in distance to 

the surface feature causing the reflection.  

The constraints presented here for the thickness of an ice-rich layer should be considered 

in light of the low confidence we have in many of these reflectors, including those that do not fit 

into the low confidence categories described. Most of the “higher confidence” reflectors are short 

or not adjacent to other reflectors, and many of the reflectors originally categorized as “higher 

confidence” based on MOLA clutter simulations were found to be clutter in HRSC clutter 

simulations. The results that provide the highest confidence constraints are those derived from the 

several adjacent reflectors in Malea Patera, which are ~10 m thinner than the values found for 

reflectors near scalloped depressions in general. 

5.2 Comparison between northern and southern hemispheres 

If the reflectors are due to an ice-rich layer, its thickness is similar to that of the ice-rich 

layer in Utopia Planitia and twice as thick as one in Arcadia Planitia (Bramson et al., 2015; 

Stuurman et al., 2016). However, there are some indications that ice layers in the southern 

hemisphere may be in general thinner than those in the northern hemisphere. The minimum 

boulder halo diameter, which may be related to the thickness of past ice-rich layers, is larger in the 

northern hemisphere (Levy et al., 2018). The dielectric constant derived for the upper subsurface 

in the northern hemisphere indicates an ice : rock ratio of 50%–100% in the north, compared to a 

ratio of ~50% in the south, which may indicate a higher average ice content (Mouginot et al., 
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2010). These factors suggest thinner and/or less icy layers may be more likely in our region of 

interest in and around Hellas Planitia. Given that scalloped depressions and expanded craters are 

interpreted to indicate an excess ice layer, rather than a pore-filling layer, the more likely scenario 

may be a thin (10s of meters) excess ice layer, with locally thicker deposits at LDAs and some 

other locations (such as those exposed in scarps). The properties could of course be more complex 

than the simple scenarios outlined here, with unresolved layering and variations in ice content; this 

is consistent with the occurrence of fine layers in the ice exposures reported by Dundas et al. 

(2018). 

5.3 Banded Terrain 

We do not find a consistent subsurface signature for banded terrain using SHARAD. If 

banded terrain is a relatively thin layer (as proposed by Bernhardt et al., 2018; Diot et al., 2015) 

this may indicate that it is too thin to be detected, or that the transition between it and the underlying 

layer is too gradual to be detected. However, if the four low confidence reflectors we identified 

are real (i.e., due to the base of the banded terrain unit), we note that they are a factor of ~2 deeper 

than the reflectors near the thermokarst features and pedestal craters. This would suggest the ice is 

thicker in these locations, which is unexpected given the banded terrain is at lower latitudes, where 

ice should be less stable. The depth of these reflectors is also not consistent with theoretical halite 

thicknesses of 1–3 km that would be needed to form honeycombs via salt diapirism (Weiss and 

Head, 2017). We therefore rule out the possibility that these reflectors represent the base of a salt-

rich banded terrain, although they could potentially be associated with a basaltic overburden of 

>50 m (Weiss and Head, 2017).  
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6. Conclusions 

We completed a radar survey of Hellas Planitia and surrounding areas, identifying many 

candidate subsurface reflectors. However, identification of these reflectors as due to interfaces 

between subsurface materials, such as the boundary between ice-rich and ice-poor layers, was 

challenging due to the high amount of radar clutter present across the area. Of the reflectors we 

were able to inspect in high resolution clutter simulations, the majority were found to be clutter. 

We therefore have low confidence in most of the candidate subsurface reflectors, including those 

originally deemed of higher confidence. This does not rule out the possibility of subsurface 

layering or ice, but indicates that it is not readily detected by SHARAD in this region. 

We found that some of the candidate subsurface reflectors are near surface geomorphic 

features associated with subsurface ice. In case the source of these reflectors is the base of an ice 

layer associated with the surface morphologies, we measured the time delays between the surface 

and candidate subsurface reflectors. Assuming dielectric properties of pure water ice yields ice 

thicknesses of at least 100 meters. If the reflectors are due to a mixed ice and rock layer, then the 

layer will be thinner, with the minimum depth being ~60 m if the layer is due to pure basalt. We 

found several adjacent reflectors in Malea Planum that are likely associated with an ice-rich unit 

which mantles a topographic plateau which exhibits scalloped terrain and layering at a scarp. We 

constrain the thickness of this unit to 89 meters if due to pure ice (or 56 m if due to a basaltic 

layer). Because the dielectric constant of the material causing the reflections isn’t known, the 

depths are not well constrained, though other work suggests that a thinner ice layer might be the 

more likely scenario. Additionally, we identify a new lobate debris apron at 81.8 °E, 57.2ºS with 

high ice content, similar to the LDAs found in other regions on Mars. We find no high confidence 

subsurface returns associated with the base of banded terrain, suggesting the base of the terrain 
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either is a gradual transition to the underlying unit, or exhibits minimal dielectric contrast with the 

material below. Therefore, we find no radar evidence for banded terrain being associated with a 

widespread ice-rich layer, though the candidate reflectors that we find near other ice-rich 

geomorphic terrains in the region are consistent with depths previously proposed for icy mantle 

units. Validation that these reflectors are not due to surface clutter when higher resolution 

topographic data becomes available will be necessary for any follow-up studies using SHARAD 

across the Hellas Planitia region. 
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Supplemental Tables 

Track Refl. 
# 

Topography in 
the vicinity of 
reflector 

Visible 
gaps in  
MOLA 
data? 

Difference 
between 
nadir and 
first 
return? 

Adjacent tracks 

695701 

1 

None No No Right: 4623901: adjacent HC 
reflector, earlier time delay. Left: 
1038501: no clutter or reflector 
clearly corresponding. 

723401 

2 

Edge of crater No Yes  Right: 3409401: adjacent HC 
reflector, earlier time delay. Left: 
1076101: no clutter or reflector 
clearly corresponding. 

1262701 

1 

None  No No Right: 2431001: no clutter or 
reflector clearly corresponding. 
Left:  693101: possible 
corresponding clutter  

3289301 

1 

Edge of crater 
(near part of 
reflector) 

No  Yes  Right: 3360501: no clearly 
corresponding clutter or reflector. 
Left: 681101: possible 
corresponding clutter 
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3409401 

3 

Small mound 
(near part of 
reflector)  

No Yes  Right: 4889601: adjacent HC 
reflector, earlier time delay. Left: 
723401: adjacent HC reflector, 
later time delay.  

3412001 

3 

Scallops (near 
part of 
reflector) 

No Yes  Right: 690401: possible 
corresponding clutter. Left: 
1726801: clutter in the vicinity, 
no clutter or reflector clearly 
corresponding 

3562301 

0 

None No No Right: 691701: clutter in the 
vicinity, no clutter or reflector 
clearly corresponding. Left 
4819001: New HC reflector, 
similar time delay 

4485401 

3 

Ridge (part of 
reflector 
crossing it) 

No No Right: 712801: possible 
corresponding clutter. Left: 
4953501: possible corresponding 
clutter. 

4485401 

5 

None  No No Right: clutter in vicinity, no 
clutter or reflector clearly 
corresponding. Left: 4953501: 
New LC2 reflector. 

4485401 

9 

Small mound 
and 
depression 
(near parts of 
reflector) 

No No Right: possibly corresponding 
clutter. Left: 4953501: no clearly 
corresponding clutter or reflector. 

4543501 

4 

Scallops No Yes  Right: 722101: no clutter or 
reflector clearly corresponding. 
Left: 4614701: adjacent HC 
reflector, similar time delay 

4559301 

1 

Ridge No Yes  Right: 5127601: no clearly 
corresponding clutter or reflector. 
Left: 2156701: no clearly 
corresponding clutter or reflector. 

4606701 

5 

Scallops (near 
parts of 
reflector) 

No Yes  Right: 5099201: New LC1 
reflector. Left: 4684501: no 
clearly corresponding clutter or 
reflector. 

4614701 

2 

None No No Right: 4543501: New LC1 
reflector. Left: 3620401: no 
clearly corresponding clutter or 
reflector. 

4614701 
4 

None No No Right: 4543501: Possibly 
corresponding clutter. Left: 
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3620401: no clearly 
corresponding clutter or reflector. 

4614701 

5 

Scallops No Yes Right: 4543501: Adjacent HC 
reflector, similar time delay. Left: 
3620401: no clearly 
corresponding clutter or reflector. 

4623901 

6 

None No No Right: 695701: Adjacent HC 
reflector, later time delay. Left: 
4554702: Adjacent LC1 
reflector, earlier time delay. 

4805901 

5 

None No No Right: 2473201: Possibly 
corresponding clutter. Left: 
4606801: Possibly corresponding 
clutter. 

4805901 

6 

Scallops (near 
part of 
reflector) 

No No Right: 2473201: New HC 
reflector, earlier time delay. Left: 
4606801: No clearly 
corresponding clutter or reflector. 

4820301 

2 

Scallops (near 
part of 
reflector) 

No Yes  Right: 693001: No clearly 
corresponding clutter or reflector. 
Left: 1729401: New HC 
reflector, later time delay. 

4889601 

4 

Ridge (part of 
reflector 
crossing it) 

No Yes  Right: 687801: No corresponding 
reflector, nadir in similar 
position. Left: 3409401: 
Adjacent HC reflector, later time 
delay from nadir.  

4896201 

3 

None No No Right: 1696501: Nearby (not 
adjacent) HC reflector, similar 
time delay. Left: 4510501: 
Adjacent LC2 reflector, similar 
time delay.  

Table S1: Qualitative evaluation of factors related to clutter for reflectors near scallops 
 
Track Refl. 

# 
Topography in 
the vicinity of 
reflector 

Visible 
gaps in  
MOLA 
data? 

Difference 
between 
nadir and 
first 
return? 

Adjacent tracks 

1765001 4 

Ridges (near 
part of 
reflector)  No No 

Right: 4834801: Adjacent LC3 
reflector, earlier time delay. Left: 
2790901: Adjacent HC reflector, 
later time delay. 

3289301 1 
Edge of crater 
(small part of No Yes  

Right: 3360501: No clearly 
corresponding clutter or reflector. 
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reflector 
crossing it) 

Left: 681101: Possible 
corresponding clutter 

3306601 0 None No No 

Right: 5067001: no clearly 
corresponding clutter or reflector. 
Left: 3653401: No clearly 
corresponding clutter or reflector. 

4559301 1 

Ridge (part of 
reflector 
crossing it) No Yes 

Right: 5127601: no clearly 
corresponding clutter or reflector. 
Left: 2156701: No clearly 
corresponding clutter or reflector 

Table S2: Qualitative evaluation of factors related to clutter for reflectors near expanded craters 
 
Track Refl. 

# 
Reflector 
corresponding 
to clutter in 
HRSC sims? 

Topography 
in the 
vicinity of 
reflector 

Visible 
gaps in  
MOLA 
data? 

Difference 
between 
nadir and 
first 
return? 

Adjacent tracks 

693001 0   None Yes No 

Right: 2664301: 
Adjacent HC 
reflector. Left: 
1729401: No clearly 
corresponding clutter 
or reflector. 

1709701 4   None No No  

Crossing: 1039201: 
New HC reflector. 
Right: 708901: New 
HC reflector. Left: 
1037201: No clearly 
corresponding clutter 
or reflector. 

1709701 5   None No Yes 

Right: 1039201: No 
clearly corresponding 
clutter or reflector. 
Left: 1037201: No 
clearly corresponding 
clutter or reflector. 

2620901 2 No None No Yes 

Right: 670701: 
Possibly 
corresponding clutter. 
Left: 4500001: 
Possibly 
corresponding clutter. 

3267702 0   None No No 

Crossing: 4776901: 
No clearly 
corresponding clutter 
or reflector. Right: 
2515401: No clearly 
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corresponding clutter 
or reflector. Left: 
2557601: No clearly 
corresponding clutter 
or reflector 

3306601 0   None No No 

Right: 5067001: no 
clearly corresponding 
clutter or reflector. 
Left: 3653401: No 
clearly corresponding 
clutter or reflector 

3621701 3   None No No 

Right: 723401: 
Possibly 
corresponding clutter. 
Left: 354201: 
Possibly 
corresponding clutter. 

4219001 1   

Trough and 
crater (near 
small part 
of reflector) No 

Yes (for 
part of 
reflector) 

Right: 3693501: No 
clearly corresponding 
clutter or reflector. 
Left: 671901: No 
clearly corresponding 
clutter or reflector 

4294301 3 Yes None No No 

Right: 654901: No 
clearly corresponding 
clutter or reflector. 
Left: 3298701: New 
LC2 reflector.  

4606701 5   

Scallops 
(near parts 
of reflector) No Yes 

Right: 5099201: New 
LC1 reflector. Left: 
4684501: No clearly 
corresponding clutter 
or reflector. 

4689801 1   None No 

Yes (for 
part of 
reflector) 

Right: 1720201 LC1 
reflector adjacent. 
Left: 3617701: No 
clearly corresponding 
clutter or reflector. 

4716801 0 Yes None Yes No 

Right: 695601: No 
clearly corresponding 
clutter or reflector. 
Left: 681101: no 
clearly corresponding 
clutter or reflector 

4824401 2 Yes None No No 
Right: 1733501: No 
clearly corresponding 
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clutter or reflector. 
Left: 4703101: 
Possibly 
corresponding clutter. 

4900701 2 No None Yes Yes 

Right: 737801: no 
clearly corresponding 
clutter or reflector. 
Left: 5056301: no 
clearly corresponding 
clutter or reflector. 

Table S3: Qualitative evaluation of factors related to clutter for reflectors near pedestals 
 


