
Space Sci Rev (2017) 211:147–190
DOI 10.1007/s11214-017-0352-x

Near Surface Stratigraphy and Regolith Production
in Southwestern Elysium Planitia, Mars: Implications
for Hesperian-Amazonian Terrains and the InSight
Lander Mission

N.H. Warner1 · M.P. Golombek2 · J. Sweeney1 ·
R. Fergason3 · R. Kirk3 · C. Schwartz2

Received: 17 August 2016 / Accepted: 15 March 2017 / Published online: 10 April 2017
© Springer Science+Business Media Dordrecht 2017

Abstract The presence of rocks in the ejecta of craters at the InSight landing site in south-
western Elysium Planitia indicates a strong, rock-producing unit at depth. A finer regolith
above is inferred by the lack of rocks in the ejecta of 10-m-scale craters. This regolith
should be penetrable by the mole of the Heat Flow and Physical Properties Package (HP3).
An analysis of the size-frequency distribution (SFD) of 7988 rocky ejecta craters (RECs)
across four candidate landing ellipses reveals that all craters >200 m in diameter and
<750 ± 30 Ma in age have boulder-sized rocks in their ejecta. The frequency of RECs
however decreases significantly below this diameter (D), represented by a roll-off in the
SFD slope. At 30 m < D < 200 m, the slope of the cumulative SFD declines to near zero at
D < 30 m. Surface modification, resolution limits, or human counting error cannot account
for the magnitude of this roll-off. Rather, a significant population of <200 m diameter fresh
non-rocky ejecta craters (NRECs) here indicates the presence of a relatively fine-grained
regolith that prevents smaller craters from excavating the strong rock-producing unit. Depth
to excavation relationships and the REC size thresholds indicate the region is capped by a
regolith that is almost everywhere 3 m thick but may be as thick as 12 to 18 m. The lower
bound of the thickness range is independently confirmed by the depth to the inner crater
in concentric or nested craters. The data indicate that 85% of the InSight landing region
is covered by a regolith that is at least 3 m thick. The probability of encountering rockier
material at depths >3 m by the HP3 however increases significantly due to the increase in
boulder-size rocks in the lower regolith column, near the interface of the bedrock.
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1 Introduction

Regolith production by impact gardening is one of the most fundamental geologic pro-
cesses that operates to modify planetary surfaces that lack thick atmospheres (e.g. Shoe-
maker et al. 1969; Hartmann 1973; Oberbeck and Quaide 1967; Hartmann et al. 2001;
Wilcox et al. 2005; Bart et al. 2011). The thickness of this surficial layer is directly related
to exposure age, impact production rate, crater size frequency distribution, and geologic
processes that have an additive (e.g. sedimentary deposition) or subtractive (e.g. eolian ero-
sion) effect on regolith production and stability. On the Moon, where regolith thickness and
production rates are well studied (e.g. Oberbeck and Quaide 1968; Shoemaker et al. 1968;
McKay et al. 1974, 1991; Shkuratov and Bondarenko 2001; Hartmann et al. 2001; Bart et al.
2011; Fa and Wieczorek 2012; Bart 2014), impact gardening, space weathering (e.g. solar
and cosmic rays), and topography are the primary factors that influence the formation and
stability of regolith. However, on Mars, the production of regolith is different from the Moon
and is complicated by additional surface processes (e.g. wind). For example, while impact
gardening is likely a major process by which regolith is produced on Mars (Hartmann 1973;
Hartmann et al. 2001), lunar-style micrometeorite bombardment has been prevented by the
(order of) 10 mbar-thick atmosphere. Rather, a fine-grained component of the martian re-
golith (Christensen and Moore 1992), including dust-sized up to sand sized particles, was
produced through physical (e.g. Bridges et al. 2011) and chemical weathering of crustal
rocks (e.g. Bishop et al. 2002; Banfield et al. 2003; Ruff 2004). The time-averaged rates of
these processes and their role in producing regolith locally are dependent on when the sur-
face was formed, the duration over which it was exposed, and it’s geologic and geomorphic
characteristics. Air fall dust accumulation for instance may have contributed significantly
to the formation of a fine-grained regolith component in some regions, while having little
to no influence in other areas. Global and regional dust surveys (Moore and Edgett 1993;
Banfield 2002; Mangold et al. 2009) and rover-based observations (Golombek et al. 1999,
2014a; Johnson et al. 2003; Ruff et al. 2006; Berger et al. 2016) indicate that the thick-
ness of the global dust layer is non-uniform, ranging from zero (e.g. Meridiani Planum)
to several tens of meters thick (e.g. Tharsis, Arabia Terra, Christensen and Moore 1992;
Mangold et al. 2009). Global circulation patterns, regional/local wind regimes, and topog-
raphy are largely responsible for this heterogeneity, influencing both dust and sand accu-
mulation/erosion (Bridges et al. 2011). Finally, volcanic (pyroclastic), fluvial, glacial, and
periglacial processes likely added a fine-component of sediment to specific terrains. In other
areas, these processes were responsible for the destruction or resurfacing of an unconsoli-
dated surface layer (Hartmann et al. 2001).

It is difficult if not impossible to generate a global regolith production model that in-
corporates these complicating factors. Rather, regolith thickness and production rates must
be constrained locally, accounting for the specific geologic processes that have operated at
that location through time. Here, we provide an analysis of regolith thickness and produc-
tion rates in a region of southwestern Elysium Planitia on Mars (Fig. 1), accounting for
local surface processes. This region was chosen as the final landing site for InSight (Inte-
rior Exploration using Seismic Investigations, Geodesy and Heat Transport), the 2018 Dis-
covery class mission (Banerdt et al. 2013). Given the scale of the area that was originally
under consideration for landing and the final size of each candidate landing ellipse (130
km by 27 km) (Golombek et al. 2014a, 2016b, this issue), this locality is uniquely covered
by a broad set of high resolution imagery and topography data from the Mars Reconnais-
sance Orbiter’s (MRO) High Resolution Imaging Science Experiment (HiRISE) and Context
Camera (CTX). These include abundant 25 cm pixel−1 resolution HiRISE orthoimages and
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Fig. 1 Mars Orbiter Laser Altimeter (MOLA) gridded digital elevation map (463 m grid spacing) showing
the location of the general InSight landing site region in southwestern Elysium Planitia

digital elevation models (DEMs) with 1 m elevation postings. We constrain regolith thick-
ness, thickness variability, and production rates with implications for other Hesperian to
Amazonian-age surfaces on Mars. Our analysis also provides a framework for understand-
ing the surface processes that will be encountered by InSight and will be used for predicting
the operational success of a specific lander instrument, namely the Heat Flow and Physical
Properties Package (HP3) (Spohn et al. 2014).

1.1 The InSight mission and landing site

The InSight lander is scheduled to launch in May, 2018. It will constrain the interior evo-
lution of Mars through seismology, heat flow and precision tracking measurements. The
HP3 is a percussive drill or mole that will measure the heat flow of Mars by penetrating
below the diurnal and seasonal skin depth. The desired depth of penetration to achieve this
measurement is 5 m, with a minimum acceptable threshold of 3 m (Spohn et al. 2014). How-
ever, the HP3 requires an unconsolidated or very weakly bonded, sand to gravel-dominated
soil that lacks greater than decimeter-scale, tabular rocks that can stop penetration. As a
result, the presence of a loose surface regolith, formed partially through impact gardening
and composed of poorly-sorted sand, gravel, and occasional cobble to boulder-sized clasts,
is required for the HP3 to be successful.

The general landing region for InSight was chosen in southwestern Elysium Planitia
(Fig. 1) based on low elevation and latitudinal constraints that relate to power and thermal
considerations (Golombek et al. 2016b, this issue). Further investigation identified 22 pos-
sible landing ellipses located on Hesperian plains that appeared smooth in 100 m pixel−1

global Thermal Emission Imaging System (THEMIS) infrared (IR) images and had low
rock-abundance in thermal differencing remote sensing datasets. The final landing ellipse
(E9) is centered at 4.4°N, 135.8°E (Golombek et al. 2016b, this issue) on the Early Hes-
perian Transition Unit (eHt) (Tanaka et al. 2014) (Fig. 2). Regolith production models that
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Fig. 2 Portion of the Tanaka et al. (2014) geologic map showing the location and geologic units at the
InSight landing region. An outline of the Hephaestus Fossae region is also shown. Hephaestus Fossae exposes
stratigraphy that is likely similar to what is beneath the landing site

account for the size-frequency distribution (SFD) of craters of a certain size on the surface
suggest that Early Hesperian terrains should be capped by a regolith with order of 10-m-scale
thickness (see Hartmann et al. 2001). These models have been generally confirmed by in situ
rover (Spirit) observations of Hesperian cratered plains at Gusev crater (Grant et al. 2004;
Golombek et al. 2006a). The floor of Gusev crater for instance is covered by an Early
Hesperian-age basaltic plains unit (Tanaka et al. 2014). The unit remains largely unmodified,
except by impact cratering and minor eolian re-working (Golombek et al. 2006a). Observa-
tions at the 210-m-diameter, 10 to 14-m-deep Bonneville crater confirmed that the Gusev
plains are capped by an unconsolidated regolith that is at least 10 m thick (Grant et al. 2004;
Golombek et al. 2006a). This upper unit is underlain by poorly sorted, (up to) 6-m-diameter
boulder-rich material. No intact bedrock was observed.

Mapping during the InSight landing site selection process indicated that the Early Hes-
perian Transition Unit is most closely analogous in both surface morphology and near sur-
face stratigraphy to the Gusev basaltic plains (Golombek et al. 2014b, 2016b, this issue).
Multiple wrinkle ridges are visible across the landing region (Fig. 3), and degraded lobate
landforms that are consistent with a lava flow morphology are visible along the northern
edge, but outside of, the general landing region, including the final landing ellipse. Im-
portantly, there is no evidence for fluvial, glacial, or periglacial modification in any of the
candidate landing ellipses. Aside from the rims of impact craters and the margins of rem-
nant highland terrains, regional slopes are low. Regolith development and re-working at this
location on Mars is therefore most likely the result of impact gardening, dust accumulation,
and eolian modification processes that followed the emplacement of Hesperian-age lavas.
Our study therefore is most relevant to one end member surface type on Mars, the post
Noachian (Hesperian-Amazonian) surface environment that was characterized by low rates
of surface modification (Golombek et al. 2006b; 2014a). This kind of surface is arguably
the most abundant of all terrains north of the planetary dichotomy and below the upper
mid-latitudes. It is also common on the floors of topographic lows throughout the southern
highlands (Tanaka et al. 2014).
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Fig. 3 Context Camera image (CTX) P15_006710_1843 displaying multiple wrinkle ridges on the Smooth
Terrain in E17. Wrinkle ridges have been interpreted to be fault-propagation folds, in which slip on thrust
faults at depth is accommodated by asymmetric folding in strong, but weakly bonded layered material (i.e.,
basalt flows) near the surface (e.g. Mueller and Golombek 2004). Wrinkle ridges are common across all
Hesperian-age plains units (Tanaka et al. 2014), which has been used to argue that most are basaltic lava
plains

Fig. 4 Surface terrain map of the final four InSight landing sites (Golombek et al. 2016b, this issue) on a
THEMIS daytime IR mosaic. The terrain map was produced for the landing site selection efforts using a near
complete CTX mosaic at 1:40,000 scale. See terrain descriptions in the text. Landing ellipses are 130 km by
27 km oriented mostly east-west as shown. E9 is the landing ellipse selected for InSight

1.2 Terrains and Type Stratigraphy for the InSight Landing Region

Landing site selection and terrain safety evaluation for InSight involved a 4 year pro-
cess of geologic mapping using CTX and HiRISE imagery. Golombek et al. (2014a,
2016b, this issue) provide details of the terrain mapping. Here, we summarize our terrain
descriptions from that work for the final four landing sites (E5, E8, E9, E17) that were se-
lected from the previous 22 candidates to provide a geologic and stratigraphic framework
for this study. Figure 4 provides the terrain map. A generalized east-west orientation of
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Fig. 5 Example HiRISE images displaying the four dominant terrain types in the InSight region. (a) Smooth
Terrain has a muted surface texture and moderate albedo. (b) Etched Terrain has a rougher texture, exhibits
high albedo bedforms, and a higher rock abundance. (c) Gradational Terrain represents a transitional terrain
type between Smooth and Etched with fewer bedforms and rocks than Etched Terrain. (d) Dark Terrain is
similar in morphology to Gradational Terrain but has fewer high albedo bedforms and fewer rocks. Note the
population of small secondary craters with bright ejecta from Corinto crater in figure (a) (Golombek et al.
2016b, this issue)

the 130 km by 27 km ellipses is shown here, which is representative of the ellipse orienta-
tions for the 2018 launch period. The map was produced at 1:40,000 using a near complete
6 m pixel−1 CTX mosaic, georeferenced to a 100 m THEMIS Daytime IR mosaic basemap.
Unique terrains were characterized first in CTX and described later in HiRISE based on
their (1) albedo characteristics, (2) surface texture, (3) abundance of rocks, and (4) presence
of bedforms.

The bulk of the region in the four ellipses is represented by a uniform terrain type called
Smooth Terrain. Smooth Terrain is noted for its muted surface texture in CTX and HiRISE
(Figs. 5a and 6), constant moderate albedo, and moderate THEMIS daytime IR signature.
There are no obvious geomorphic (e.g. flow lobes) or thermophysical indicators that the
Smooth Terrain is anything but a continuous geologic unit. The bulk thermal inertia of the
Smooth Terrain is about 200 J m−2 K−1 s−1/2, which is consistent with a surface composed
of cohesionless fine sand size particles or a mixture of slightly cohesive soils (cohesions
of less than a few kPa) that extends at up to a depth of 0.5 m depth (Golombek et al.
2016b, this issue).

The consistent appearance of the Smooth Terrain is interrupted by fresh impact craters
that exhibit bright halos in the CTX imagery (Fig. 6). These same halos correspond with a
dark daytime thermal signature and a bright nighttime signature, indicating that the ejecta
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Fig. 6 CTX image
D09_30814_1839 showing the
higher relative albedo in the
ejecta blankets of the larger
Rocky Ejecta Craters (RECs) and
eolian bedforms in the largest
crater. The higher albedo is
produced by bright eolian
bedforms that are temporarily
trapped between the rocks in the
ejecta blanket and the crater rim.
The rocky and sandy ejecta
blankets on the larger RECs form
an annulus that is approximately
one crater diameter from the rim

Fig. 7 HiRISE images display important differences in the rock abundance of rocky ejecta craters (RECs)
and non-rocky ejecta craters (NRECs). (a) A 200 m diameter Class 2 REC showing a near continuous
rocky ejecta blanket with bedforms. The maximum rock abundance (cumulative fractional area) in the
ejecta of >200 m diameter RECs is approximately 30% near the rim and <10% at the ejecta edge. Im-
age ESP_032660_1845. (b) Zoomed in view showing the size and abundance of the boulder-sized clasts in
the ejecta blanket of (a). Bright bedforms are also visible. (c) Image showing a relatively fresh (similar to
Class 3 REC), 50 m diameter NREC. Image ESP_035996_1835. (d) Zoomed in view showing a general lack
of rocks in the one diameter annulus of this crater’s continuous ejecta blanket

has a higher thermal inertia than the surrounding surface. HiRISE imagery over these halos
reveal both bright eolian bedforms and abundant boulder-sized rocks that extend approxi-
mately 1 crater diameter from the crater rim (Fig. 7a and b). We interpret these rocks as
ejected material from a rock-producing layer at depth. We use the term rock as a generic
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Fig. 8 (a) HiRISE orthoimage
ESP_035073_1840 and (b) the
derived 1 m elevation posting
DEM showing the morphologic
characteristics of Etched Terrain.
Etched is characterized by a
patchy higher albedo relative to
the more muted Smooth Terrain.
The DEM reveals patchy
topography, represented by
multiple ∼5 m deep topographic
depressions. The rims of some
impact craters appear as elevated
pedestals over the surrounding
Etched Terrain, suggesting
surface deflation, likely by eolian
erosion

description of what can be seen in the images, even though most are boulders. We refer to
these craters throughout this study as Rocky Ejecta Craters (RECs). While this observation
might initially argue against a loosely consolidated surface layer, further inspection during
the landing site selection activities revealed that not all small, relatively fresh craters exhibit
rocks in their ejecta (Fig. 7c and d) (Golombek et al. 2016b, this issue; Warner et al. 2016).
This initial observation led to the hypothesis that the smaller impacts were impacting into a
(order of) meters-thick regolith that overlies the rocky layer and thus do not have rocks in
their ejecta. We refer to this throughout as the regolith buffering effect.

Within the southern-most ellipses (E8 and E5), three additional terrain types were iden-
tified that exhibit a variety of albedo and textural characteristics. Coupled with observations
of the Smooth Terrain, the Etched, Gradational, and Dark terrains provide insight into the
subsurface vertical stratigraphy. Etched Terrain is characterized in HiRISE and CTX im-
agery by a relatively high albedo (Fig. 5b). In THEMIS IR data the Etched Terrain shows a
variable thermal signature, showing both cool and warm daytime temperatures (Golombek
et al. 2014a, 2016b, this issue). The etched surface texture is characterized by 10 to 100-m-
wide, partially closed, <5 m-deep topographic depressions that are surrounded by remnants
of Smooth Terrain. The depressions are commonly infilled with higher albedo bedforms and
show a generally higher rock abundance (Figs. 5b, 8) (Golombek et al. 2016b, this issue).
RECs that are brighter in Smooth Terrain still appear in the Etched and other terrain types,
yet lack the same albedo and thermal contrast. Furthermore, some of these craters form re-
sistant pedestals that are elevated by as much as 10 m above the patches of Etched Terrain.
The most plausible hypothesis for the incomplete removal of Smooth Terrain and isolation
of pedestal craters is by eolian deflation of loosely consolidated material at the surface. The
higher rock abundance in the Etched Terrain might therefore represent a coarse lag or an ex-
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posure of a rockier unit that is stratigraphically below the Smooth Terrain (Golombek et al.
2014a, 2016b, this issue; Warner et al. 2016).

The interpretation for the Etched Terrain as a modified form of the Smooth Terrain is
strengthened by the observation of transitional terrain types between them, called Grada-
tional and Dark terrains (Fig. 5c and 5d). The Gradational Terrain has an intermediate rock
abundance, elevation, albedo, and surface roughness relative to the Smooth and Etched Ter-
rains. Gradational Terrain is named because it commonly exists as a gradational contact
between the Etched and Smooth Terrains. Dark Terrain is noted for its low albedo in CTX
imagery, cool THEMIS daytime signature, and warmer nighttime signature. The Dark Ter-
rain also occurs as a transitional unit between the Smooth and Etched surfaces, yet it lacks
the light-toned bedforms of the Etched and Gradational types. It has an overall lower rock
abundance in comparison to Gradational and Etched terrains. We interpret the Dark Terrain
as a similarly modified version of the Smooth Terrain where eolian deflation of overlying
higher albedo material has exposed a lower albedo, possibly more indurated surface. This is
consistent with its generally higher thermal inertia. Collectively, these terrain observations
represent only surficial variations in the textural and physical characteristics of the Hes-
perian plains in this region and support the presence of an unconsolidated surface unit or
regolith that may overly a rockier unit.

2 Methods

2.1 Size-Frequency Distribution of RECs

In the absence of direct stratigraphic observations along exposures or cuts, fresh impact
craters and their ejected material represent the primary window into the subsurface. Dozens
of HiRISE images were targeted and acquired through the landing site selection process
over the final four ellipses (Golombek et al. 2016b, this issue). For this analysis we mapped
and recorded the diameter of all RECs in 44 HiRISE images using ArcMap 10.2, which
includes 7988 craters within the four ellipses (Fig. 9). Using depth of excavation versus
crater diameter relationships (e.g. Melosh 1989; Hermalyn and Schultz 2011; and Grieve
et al. 1981), the diameter of RECs can be used to evaluate the depth to the rocky unit as well
as a cutoff diameter at which rocks stop appearing in the ejecta. A similar method has been
used by other authors (e.g. Thompson et al. 1979; Bart and Melosh 2010; Catling et al. 2012)
to characterize the near surface stratigraphy of the Moon and Mars, including the original
lunar study by Shoemaker and Morris (1969).

The cutoff diameter serves as a proxy for regolith thickness based on the assumption that
a lack of ejected rocks indicates impact into finer-grained or less indurated material. The
appearance of boulder-sized clasts further suggests that the regolith has been punctured, and
a rocky unit has been accessed. The excavation depth of ejecta within the continuous blan-
ket of a simple crater is approximately 0.1 times the transient crater depth (Melosh 1989).
The transient crater diameter is 0.84 times the diameter of the final crater, indicating that
ejecta is sourced from 0.084 times the crater diameter. Research supporting this suggests
that the depth of excavation varies from 0.06 to 0.09 depending on the angle of impact and
on properties of the impactor and target. Vertical gun tests into colored, layered sand indi-
cate that ejecta in the continuous ejecta deposit comes from about 0.06 times the final crater
depth (Stoffler et al. 1975). A review of terrestrial impact craters by Grieve et al. (1981)
indicates that the depth of excavation for simple craters is about 0.07–0.09 times the final
crater diameter. Vertical gun experiments using different impactors show that the depth of
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Fig. 9 THEMIS daytime IR mosaics displaying (a) the HiRISE image coverage before the second landing
site downselection (Golombek et al. 2016b, this issue) and (b) REC classification map over the final four
landing ellipses. The color code for the different crater morphologic classes is used throughout the analysis.
The three blue images in (a) are the locations of the DEMs used in this study. Background is THEMIS
daytime thermal image mosaic (100 m pixel−1) showing the dark annuli of the higher inertia rocky ejecta
craters

excavation is around 0.06 times the final crater diameter for polyethylene and nylon im-
pactors and increases to 0.07 for pyrex, aluminum, titanium and steel impactors (Hermalyn
and Schultz 2011). Finally, Schultz and Anderson (1996) show that the excavation depth is
reduced uprange and downrange for oblique impacts. Here, we assume that the continuous
ejecta blanket is derived from a depth of 0.084 times the diameter as reported by Melosh
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(1989), but discuss variations in the depth of excavation from 0.06 to 0.09 times the final
crater diameter.

Because it is impossible to visually survey and measure all RECs to determine depth
of excavation individually, we use crater cumulative and incremental size frequency dis-
tributions (SFD) to constrain the diameter at which the RECs decrease in abundance and
eventually disappear. In the absence of a regolith and/or surface processes that removed
craters as well as rocks from the ejecta, a cumulative size frequency histogram that only
includes RECs should generally follow a crater production function. Furthermore, even in
the presence of surface processes that can modify or eventually destroy craters and rocks,
if these processes operated at low rates, the rocky craters may remain over long timescales.
RECs in the InSight landing region range from 10 m to 1.4 km in size. Therefore, as an
example from a cumulative SFD histogram over this diameter range, a log N (cumulative
number of craters per area) versus log D (diameter) plot of RECs should follow a crater
production slope if all impact events struck a rock-producing unit and if these rocky craters
were not obliterated over time. In reality, surface processes operate to destroy small craters
and the rocks in their ejecta.

It has been suggested that at some diameter that is dependent on surface age and local
surface modification, a steady state or equilibrium is reached where craters below a cer-
tain size are destroyed at or near the same rate as they are produced (e.g., Melosh 1989;
Hartmann 1984). This may be due to a combination of processes on Mars that include
impact gardening and some component of eolian modification. On a logN vs. logD

plot the slope of the steady state equilibrium function is close to −2 (Hartmann 1984;
Hartmann 2005). But, under more vigorous surface modification, the size-dependent de-
struction of small craters results in SFDs whose slopes are often lower than the equilibrium
model (Golombek et al. 2014b; Fassett and Thomson 2014; Xiao and Werner 2015). There-
fore, even in the absence of a regolith, the slope of the cumulative SFD histogram should
decrease and may reach, approach, or go lower than the equilibrium function at smaller
diameters as a result of surface processes. Therefore, a cumulative SFD plot of our REC
dataset in the absence of a regolith should include a steeper production branch for larger
crater diameters and a shallower branch over a range of smaller crater diameters. However,
we hypothesize that if a regolith is present then a SFD that tracks only RECs should exhibit
a decrease in slope that exceeds that represented by both production and the influence of
small crater modification at some cut off diameter that is reflective of the maximum regolith
thickness. Here we compare the SFD of all rocky ejecta craters to the Ivanov (2001) pro-
duction function and the Hartmann (1984) equilibrium functions accounting for the effects
of small crater degradation.

2.2 Size-Frequency Distribution Roll-off and Crater Obliteration

Mechanisms that generate roll-offs or slope kinks in the crater SFD besides the regolith
buffering mechanism and surface processes include human counting errors and limits in the
resolution of the dataset. For this study each impact crater was mapped and its morphology
evaluated by two or more individuals. The lead author was involved with the final confir-
mation of the crater mapping and the morphologic classification. A conservative resolution
limit for identifying an object in HiRISE is approximately 3 to 4 pixels. The range of pixel
scales in our data set is approximately 25 cm to 30 cm (McEwen et al. 2007) indicating that
craters and rocks are identifiable above scales of 0.75 m to 1.2 m. However, as few as 1
to 2 pixels can be used to visually identify shadows that occur in patterns that are consis-
tent with ejected blocks (i.e. in a continuous annulus around the crater), particularly when
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Fig. 10 HiRISE images displaying the rock abundance and rock sizes in the ejecta blankets of relatively
small RECs. (a) Example of one of the smallest RECs in our dataset (10 m). (b) Zoomed in image of the
10 m REC showing 0.5 to 0.75 m diameter rocks that are noted by shadows that are 2 to 4 pixels across.
(c) Example 50 m diameter REC. (d) Image shows the typical maximum block size associated with a 50 m
crater. The boulder is 3 m wide by 5 m long and casts a large shadow that is many pixels across. The rock
abundance around this crater is discontinuous within a one diameter annulus, measured outward from the
crater rim. This is unique relative to larger >200 m diameter RECs that have rocks distributed throughout
their continuous ejecta blanket

the terrain contains no other roughness elements that cast shadows. This is particularly the
case for RECs that superpose the Smooth Terrain. The RECs evaluated here are >10 m in
diameter, and the majority are between 30 m and 200 m. The craters themselves are well
within the resolution limit for identification in HiRISE. From inspection of all 44 HiRISE
images, 0.5 m to 5 m diameter rocks create shadows that are >2 pixels wide across the
range of solar illumination angles (Fig. 10). The smallest RECs are 10 m in diameter and
have boulders that are at most 0.5 to 0.75 m in size (Fig. 10a, b). At solar incidence angles
of 30° to 55° that are typical of the HiRISE images in our dataset, these rocks cast shad-
ows that are 2 to 4 pixels wide. The maximum block size for a 50-m-sized crater in our
dataset is approximately 3 to 5 m in diameter (Fig. 10c, d), which casts a shadow that is
roughly 5 to 6 pixels in length. For comparison, the mean block size in the continuous ejecta
at Bonneville crater (210 m diameter) on the Gusev ridged plains is 2.95 meters, measured
from rover-based observations (Grant et al. 2004). Rocks approaching 6 m in diameter were
identified along the interior of the rim. Furthermore, the size of rocks around craters has
been studied extensively on the Moon (Shoemaker and Morris 1969; Moore et al. 1969;
Cintala and McBride 1995; Bart and Melosh 2007; Basilevsky et al. 2013). From these lu-
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nar observations, Melosh (1989) reports a relationship between the maximum block ejected
from a crater and its diameter; B = KD2/3, where B is the block size, D is the crater di-
ameter (in meters), and K is a constant. Data reported in Moore (1971) suggests that K

is typically 0.1 to 0.3 for primary lunar craters. For a 10 m diameter crater, similar to the
smallest REC in our dataset, the maximum block size should be 0.5 to 1.4 m depending on
the value of K . At 50 m, the maximum block size is approximately 1.4 m to 4.0 m. The max-
imum block-diameter relationship therefore predicts a similar maximum block size relative
to our observed maximum block sizes around the RECs. We conclude that for the bulk of
our REC dataset, meter-scale ejected rocks on fresh >10 m-sized craters should be readily
observable at HiRISE resolution across all relevant incidence angles.

To evaluate the rates of surface processes in this region we first classified the morphol-
ogy of each REC on a relative scale of 1 to 5 where 1 represents the freshest, rocky ejecta
craters and 5 represents the most degraded rocky ejecta craters. Table 1 provides the specific
morphometric characteristics for the RECs. Section 3.2 describes our morphologic and SFD
observations of these craters. We do not include the more degraded and more numerous
impact craters that lack rocks in their ejecta. The classification is based on our geomorphic
analysis of the entire crater with HiRISE imagery, including the characteristics of the rim,
interior slope, floor, and continuous ejecta blanket (Table 1). The classification is supported
by comparisons to measured morphometry using HiRISE DEMs with 1 m elevation post-
ings. The HiRISE DEMs were produced for the landing site assessment (Golombek et al.
2016b, this issue; Fergason et al. 2016, this issue) using the SOCET-SET stereogrammetry
program and standard United States Geological Survey (USGS) methods (Kirk et al. 2008;
Fergason et al. 2016, this issue). We chose to evaluate three DEMs in the selected landing
ellipse E9 that encompass 716 RECs (Fig. 9a). For each crater, 4 topographic profiles were
constructed to measure a mean depth and diameter. Rim height relationships were also eval-
uated by measuring the elevation of the rim at 8 points around the crater as it compares to
the elevation of the surrounding plains.

The morphologic classification scheme was used to break the craters into populations
based on inferred degradation state. The assumption here is that a crater’s morphometry is
reflective of the timescale over which it was exposed to surface processes. In other words,
Class 1 craters are considered here to be collectively younger than Class 2 craters, which are
also younger than Class 3 (and so on). This assumption is invalid when considering craters
with different degradation histories, as may be the case when comparing craters that span
multiple geologic units, latitudes, or elevations. However, the unusually large REC dataset
here comes from a spatially restricted region of Hesperian plains where the diversity of
surface processes has been limited to impact cratering and eolian modification (Golombek
et al. 2016b, this issue). These processes are considered here to have operated at steady rates
since the Hesperian.

Given the key assumption that morphology reflects age, we break our crater classes
into progressively younger groups to determine their size frequency distribution and thus
timescales of degradation. For example, the cumulative SFD of all craters in Class 1 to 5
(all RECs in the region), plotted against the chronology and production functions of Mars
(Hartmann and Neukum 2001; Ivanov 2001; Hartmann 2005), should provide the maximum
timescale over which craters preserve rocks in their ejecta. A SFD plot of craters from Class
1 to 4 however reveals the timescale over which this younger subset of rocky craters formed,
after the time of formation of Class 5 craters. The youngest subset we use here includes the
grouping of Class 1 with 2 craters, due to the limited number of Class 1 craters in our
dataset.
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Table 1 Descriptive morphologic classification scheme for the RECs

Class Crater morphology Ejecta characteristics

1 • rim defined entirely around crater
• rocks eroding into crater basin from rim, rocks exposed
on crater wall
• few bedforms present in crater floor
• no smooth infill present
• no impact craters present on crater floor

• completely surrounds crater
• continuous blanket approximately
one diameter of crater
• bedforms prominent throughout
ejecta blanket
• little collection of sediment
between bedforms

2 • rim defined around entire crater
• rim intermittently eroded or rounded
• rim exhibits few to no impact craters
• rim exhibits pronounced albedo, due to bedrorms
trapped against rim
• no smooth infill present
• bedforms present throughout crater floor

• completely surrounds crater,
covering 75% of annulus
• blanket approximately one
diameter of crater
• bedforms present throughout ejecta
blanket
• ejecta may exhibit superposing
impact craters

3 • rim defined around almost entire crater
• rounded rim with interior alcoves
• rim exhibits few impact craters
• rim exhibits pronounced albedo
• smooth sediment infill present, but does not cover entire
crater floor
• infill may exhibit impact craters or large rocks eroding
from rim
• bedforms partially exposed on crater floor

• ejecta becomes discontinuous,
cover 50–75% of annulus
• annulus of ejecta around crater is
approximately one half crater
diameter or more
• bedforms intermittently present
throughout ejecta blanket
• collection of smooth material
between distal bedforms and rocks,
causing irregular ejecta patterns
• ejecta exhibits superposed impact
craters

4 • rim may be eroded or degraded in multiple places
forming a notch or series of alcoves
• rim exhibits impact craters
• rim exhibits pronounced albedo due to bedforms
• smooth infill completely covers crater floor.
• Infill retains impact craters with sharp rims.
• few to no bedforms present in basin of crater

• intermittently surrounds crater,
covering 25–50% of annulus
• blanket extends less than half
diameter of crater
• bedforms present close to rim of
crater
• ejecta blanket is mostly smooth
• ejecta exhibits superposed impact
craters

5 • degraded rim with multiple notches and alcoves
• rim often completely eroded in places
• rim exhibits impact craters
• elevated rim segments maintain high albedo compared
to the most degraded craters
• crater is entirely filled with smooth infill sediment
• sediment fill exhibits impact craters with sharp rims
• no bedforms present in basin of crater

• not continuous around crater,
covers <25% of area in annulus
• distance from crater rim less than
half diameter of crater
• few bedforms present
• ejecta blanket is mostly smooth
• ejecta exhibits superposed impact
craters

2.3 Mapping of Non-rocky Ejecta Craters

If there is an onset diameter below which craters do not excavate rocks, then a significant
portion of smaller fresh craters should lack rocks in their ejecta blanket. To test this, we
mapped all ≥30 m size non-rocky fresh craters (NRECs) in the 3 HiRISE images that corre-
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spond with our DEMs (Fig. 9a). The NRECs were first visually classified and then charac-
terized with the DEMs to ensure their morphologic similarity to the relatively fresh, Class 1
to 5 RECs. We do not include non-rocky craters that are more degraded than the Class 1 to 5
examples. We hypothesize that if a roll off in the slope of the SFD of the RECs is the result
of regolith buffering and not some degradational surface process, then adding the morpho-
logically similar NRECs to that dataset should increase the slope of the SFD. However, if
crater obliteration plays a major role in destroying smaller craters systematically across the
region, then there may be very few fresh NRECs and a significant roll-off would still exist
regardless of their inclusion in the dataset.

2.4 Regolith Thickness from Crater Morphology

To test our results from the analysis of the distribution of the RECs we used an indepen-
dent method for estimating regolith thickness that is based on crater morphology. Loosely
consolidated, finer-grained regolith should have a significantly lower material strength than
intact or even brecciated bedrock. Energy from an impacting bolide as it collides with
a target is transferred to the excavation of that material (Quaide and Oberbeck 1968;
Bart et al. 2011; Senft and Stewart 2007). However, when a bolide impacts a mate-
rial of higher strength, some energy is required to initially fracture and then disaggre-
gate the rock before it can be excavated. The energy transferred to the actual excava-
tion and block ejection process is therefore lower for an impact into solid bedrock as
compared to regolith (for an impacting body of equal energy). In two-layer experiments
that model regolith over bedrock, central mound, flat-floored, and concentric craters have
been produced for impactors below a specific energy threshold where target strength
controls the resultant crater morphology (Quaide and Oberbeck 1968; Bart et al. 2011;
Senft and Stewart 2007). As the impactor enters the target, and if the energy required to
fragment and excavate the bedrock is insufficient to continue the crater forming process, a
mounded or flat floor is preserved. Concentric or nested craters represent those craters that
formed by excavation of both the overlying weak regolith and the underlying stronger layer.
Simple bowl-shaped morphologies dominate in these experiments where craters form solely
in a lithologically and structurally uniform stratigraphy or where the energy of the impactor
exceeds the threshold where target strength is no longer the controlling factor. Most flat-
floored, mounded, and concentric crater morphologies occur at D = 50 m to 200 m on the
lunar mare (Quaide and Oberbeck 1968).

For concentric craters, the ratio of the apparent diameter DA measured from rim crest to
rim crest of the primary outer crater, to the diameter of the inner nested crater DF (DA/DF )

is related to the ratio of DA and regolith thickness t (DA/t) (Quaide and Oberbeck 1968;
Bart et al. 2011). The DA/t ratio at each morphologic transition varies by + ∼1 due to
uncertainties in target strength and impact angle. Equation (1) solves for t using the ex-
perimental data and measured crater parameters (see discussion in Bart et al. 2011). The
non-dimensional empirically-derived k is a ratio of the actual crater diameter DT as it is
measured at the level of the ground surface to the apparent crater diameter DA(DT /DA).
This value is commonly given as 0.86 for simple bowl-shaped craters on the lunar surface
(Quaide and Oberbeck 1968; Bart et al. 2011). The angle of repose α for loose material
under gravity is also required. From a subsequent survey of lunar craters using LROC data,
Bart (2014) demonstrated that Eq. (1) is only useful for calculating regolith thickness where
the ratio of DF /DA is between 0.2 and 0.7 and within a range of 20 m to 100 m for crater
diameter. At lower or higher values there is no identifiable relationship between these pa-
rameters and the thickness of the regolith.

t = (k − DF /DA)DA tan(α)/2 (1)
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The results of the Quaide and Oberbeck (1968) work suggest that the development of
these crater morphologies is dependent on contrasts in the target strength and not parameters
that are unique to the planetary body (e.g. gravity). Thus, Eq. (1) for concentric craters
should be generally transferable to Mars for craters below a specific size threshold. For this
work, we scanned all 44 HiRISE images in the InSight landing region to visually identify
morphologic transitions that are consistent with concentric craters. Flat-floored or central
mound morphologies could not be distinguished from craters that were partially infilled by
eolian material. Where appropriate we used Eq. (1) to estimate regolith thickness. For those
craters that also correspond with HiRISE DEMs we determined the depth from the surface
to where the interior inner crater is expressed.

2.5 Regolith Thickness Variation

Local variations in regolith thickness may exist in the InSight region where the landscape
morphology or unique surface processes favor or prohibit significant accumulation. For ex-
ample, we hypothesize that the Etched Terrain developed in response to eolian stripping of
a smoother cover (the Smooth Terrain). This hypothesis implies that the regolith is locally
thin at locations of the Etched and transitional terrain types (Gradational and Dark). The
identification of km2-scale spatial variations in regolith thickness has implications for un-
derstanding the processes that influence regolith production, modification, and continuity
across Mars. Furthermore, this analysis is potentially an important predictive tool for pene-
tration of the HP3 mole towards understanding the regolith thickness at specific points inside
the final landing ellipse.

We evaluate thickness heterogeneity in two ways. First, we generated a subset of the
REC crater statistics for those craters that impacted into Smooth Terrain versus those craters
that impacted into Etched, Gradational, or Dark terrains. From these data we constructed
terrain specific SFD plots to compare variations in the diameter at which the RECs disappear.
Second, we generated a crater density map to visualize clusters or dispersed patterns in our
dataset that might indicate local variations in the depth to the rock-producing unit. To do this
we converted each digitized crater shape to a centroid point in ArcMap. The point data was
then used to generate a kernel density map. The kernel density tool calculates the number
of points per defined unit area and generates a raster with an assigned grid spacing. Here
we display our density data in units of craters km−2. The search radius or neighborhood
used to calculate the density was set to the default radius. The default radius is assigned by
ArcMap using the spatial configuration and number of data points, to reduce the impact of
point outliers. In this instance, the default radius calculated by ArcMap was ∼2 km. Edge
effects occur where the density calculation was carried out in an isolated HiRISE image as
opposed to a mosaicked set of images. At the edge of an image, the search seeks points
beyond the image boundary, at locations of no data. To limit the visual and statistical impact
of the resultant low density values beyond and at the edge of the image, we clipped the
data to display only those values that fall within the immediate boundary of the HiRISE
image. Low density edge effects still exist in our data, within a few hundred meters of each
image boundary. The width of these low density regions is variable along the perimeter of an
image and is dependent on the proximity and number of data points at the immediate edge
of the image. If non-random secondary cratering plays a minimal role in generating rocky
craters, spatial clusters of RECs might indicate a locally thin regolith. Kernel density maps
were constructed at specific diameter bins and using specific crater morphologic classes to
evaluate whether clusters or dispersed patterns can be attributed to non-random processes
like secondary cratering.
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Fig. 11 Size frequency distribution plots for all RECs in the dataset, excluding Corinto secondaries (Class 0).
(a) Cumulative crater size-frequency distribution plot with pseudo-log binning (Michael and Neukum 2010).
A fit to the Mars chronology function of Hartmann and Neukum (2001) provides a model age for all RECs
>200 m in diameter of ∼750 Ma. Error bars on the age represent model age errors that are related to
Poisson counting statistics and do not represent known uncertainty in mapping and interpreting the RECs.
The distribution rolls off at D < 200 m and flat lines below 30 m. (b) Incremental crater size-frequency
distribution plot with root-2 binning. The number of craters decreases below the production function (i.e.
rolls over) at D < 200 m

3 Results

3.1 Size Frequency Distribution of RECs

Initial mapping of the RECs revealed a general lack of rocks in the ejecta blankets of mor-
phologically fresh craters at diameters < 50 m (Fig. 7). Using the Melosh (1989) maximum
depth to excavation relationship of 0.084 times the diameter of the crater, and assuming a
vertical impact, rocks in the continuous ejecta blanket are ejected from a depth of 4.2 m
for a 50 m crater. For the minimum reported excavation relationship of 0.06 (Hermalyn and
Schultz 2011) and the maximum of 0.09 (Grieve et al. 1981), the values are 3 m and 4.5 m
respectively. Craters below this size threshold that do not excavate rocks provide an upper
limit on regolith depth. This first order observation suggests that a meters-thick regolith
exists across the InSight landing region. In addition, THEMIS images initially indicated
that there are few rocks in the ejecta blankets of >2 km-sized craters. Further analysis of
HiRISE and CTX imagery across the region confirmed this observation (Golombek et al.
2016b, this issue). This suggests that the strong rock layer from which the rocky ejecta is
sourced is less than 200 m thick with weaker sediments beneath.

Figure 11 displays the cumulative and incremental SFD plots for all Class 1 to 5 RECs
across the 4 ellipses. At bin sizes >200 m diameter the slope of the SFD closely follows
a crater production function. However, the plots illustrate a large slope reduction in the
SFD at approximately D < 200 m, dipping well below both the production and equilib-
rium functions. The slope flat-lines on the cumulative plot and rolls over on the incremental
plot at D < 30 m, indicating that there are almost no <30 m-sized RECs in this region.
We therefore conclude that some process is controlling or preventing the formation and/or
preservation of RECs below this size threshold.

A fit to the Mars chronology function (Hartmann and Neukum 2001) for the D > 200 m
diameter portion of the curve provides a model age of 750 Ma ± 30 Ma. The near production
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distribution of this population suggests that any impact that generated a > 200 m diameter
crater within the last 750 Ma impacted into a rock-producing unit. The data also suggest that
any crater of this size at this location that is <750 Ma in age still preserves visible rocks at
the resolution limit of HiRISE in its ejecta blanket, providing an upper limit on the timescale
of rock preservation and degradation.

3.2 Crater Degradation and the Size Frequency Distribution Roll-Off

Figure 12 shows a HiRISE orthoimage and DEM example of Class 2 to 5 craters. This
classification scheme is used to assess whether crater/rock degradation is responsible for
some component, if not all, of the SFD slope reduction at D < 200 m. Class 1 craters
are extremely rare in the region. By our definition, Class 1 craters represent the idealized
pristine morphology of a simple crater (Fig. 13a) (Table 1). A Class 1 crater has a sharp and
continuous rim, bowl-shaped interior, no interior eolian bedforms or thick dust infill, and
rocks in a one crater diameter annulus around the crater rim. As an additional classification,
we used the albedo of the area around the crater to indicate a recently formed crater. Fresh
craters with before and after orbital images are identified by dark splotches that represent
impact blast zones where dust has been removed from the surface, exposing lower albedo,
likely basaltic material (Dauber et al. 2013). Over some timescale, on the order of ten years,
the blast zone slowly accumulates dust until it disappears (Daubar et al. 2016). An obvious
albedo contrast caused by a fresh strike was only identified for one REC. Other Class 1
RECs show lower albedo rocks and debris in their ejecta blanket (Fig. 13a) but lack the
appearance of a blast zone.

Young, <2 Mya secondary crater chains from Corinto crater are ubiquitous across this re-
gion; some secondaries from Zunil are also present (Preblich et al. 2007; Bloom et al. 2014;
Golombek et al. 2014c; Hundal et al. 2017). It is therefore difficult to confirm whether all
small, fresh craters are primary craters. There is likely significant uncertainty in evaluating
the SFD of Class 1 craters. Class 0 RECs are identified here as known Corinto secondaries
and are excluded from all SFDs presented in this work. Corinto secondary craters are noted
across the four landing ellipses for their characteristically bright, lobate ejecta (Fig. 14), oc-
currence within and on the periphery of north-northeast trending chains that point back to
Corinto (Bloom et al. 2014), collectively low thermal inertia signature, pristine appearance
with little or no eolian infill, and shallow depth profiles relative to their diameter (Dauber
et al. 2016; Golombek et al. 2016b, this issue). We identified 632 rocky ejecta Corinto sec-
ondary craters in the 44 HiRISE images. Their diameters range from ∼10 m to 70 m, with
a mean of 25 m. However, a majority of the rocky Corinto secondaries do not show rocks
completely around the crater. Rather, only a few rocks are scattered down-range. It is not
clear in some cases whether these rocks were truly ejected from the subsurface given the
expected lower impact velocities compared with primaries or are preserved remnants of the
impacting material.

Class 2 craters (Fig. 12a, b) are noted for their near continuous rocky ejecta blankets,
bowl-shaped interiors, limited eolian infill, and occasional, small superposed impact craters
(Table 1). In this case, the infill is dominated by ripples and larger dunes. This indicates that
craters are important sediment traps for sand-sized particles (Fig. 7a). Rocks in the ejecta of
Class 2 craters also trap sand-sized materials (Fig. 7b). This creates the appearance of higher
albedo ejecta when observed in lower resolution CTX imagery (Fig. 6).

Progressing from Class 3 to Class 5 (Fig. 12c–h), the craters exhibit progressively more
modification where: (1) the rims become less continuous, displaying notches or breaks along
their circumference, (2) their interiors shallow and become more infilled, (3) the interior
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Fig. 12 HiRISE orthoimage ESP_037961_1845 and the stereo-derived 1 m elevation posting DEM display-
ing the different morphology classes of the RECs. Plates (a) and (b) represent a Class 2 crater, plates (c) and
(d) show a Class 3 crater, (e) and (f) are of a Class 4 crater, and (g) and (h) exhibit a Class 5 crater. The
elevation color bar shown in (b) is representative of all 4 DEM plates. Depth and diameter data for these
craters are also shown
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Fig. 13 HiRISE images showing
Class 1 craters. (a) Image
ESP_040124_1845 showing a
∼60 m diameter fresh crater that
has excavated dark boulders.
(b) Image ESP_036405_1850 of
a ∼20 m diameter fresh crater
that lacks boulder-sized clasts in
its ejecta

Fig. 14 HiRISE image
ESP_034506_1835 showing a
large Corinto secondary crater.
This crater, at 40 m in diameter,
has excavated a handful of
meter-sized rocks and exhibits
the characteristically bright ejecta
associated with Corintos.
Bedforms have also begun to fill
the interior

bedform morphology changes to a smoother surface, (4) the bedforms within the ejecta
blankets become trapped against the crater rim, (5) superposing impact structures appear
within the ejecta, on the rim, and on the fill, and (6) the rocks in the ejecta become less
pronounced and are more discontinuously distributed. However, by our definition, the Class
5 crater is the most-degraded class of crater to still exhibit rocks in its ejecta at the resolution
limit of HiRISE. Therefore, even Class 5 craters represent a relatively fresher class of crater
when compared to the older non-rocky degraded craters that dominate the crater population.

Figure 15 presents the morphometric data of a subset of RECs obtained from three
HiRISE DEMs (see Fig. 9 for the location of the DEMs), including depth versus diame-
ter and rim height versus diameter. The data show that there is a progressive shallowing
of craters with increasing morphologic class. Similarly, rim height decreases progressively
with increasing morphologic class. In both cases, depth and rim height show a linear rela-
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Fig. 15 Morphometric data from HiRISE DEMs for the different crater classes, excluding Class 1. Class 1
craters are rare and exhibit a broad range of depth and rim height characteristics that might suggest contami-
nation by secondaries. (a) Log–log depth and diameter plot showing Class 2 to Class 5 RECs. Fresh NRECs
are also included and span all class types. NRECs dominate below 100 m in diameter and are most commonly
similar to Class 4 and 5 craters. Several Class 2 and Class 3 type NRECs are however evident. (b) Log–log
plot showing rim height data for Class 2 to Class 5 craters. (c) Linear depth to diameter plot showing fit to
the Class 2 distribution. (d) Linear rim height to diameter plot showing fit to the Class 2 distribution

tionship (Fig. 15c, d) over the limited 10 m to 100-m-scale diameter range, consistent with
the observations of similar-sized lunar craters (Pike 1977). The linear function of depth (d)
versus diameter (D) for our dataset of Class 2 craters (most abundant near pristine class) is
d = 0.082D + 0.31. For depth versus rim height (r) the function is r = 0.025D + 0.031.
Note that these relations indicate that Class 2 craters are likely more degraded than fresh
bowl shaped craters that typically form with d = 0.2D and r = 0.04D (Pike 1977). The
progressive decrease of crater depth and rim height with morphologic class supports our
classification scheme and is consistent with the expected degradation of craters with time
(e.g. Golombek et al. 2014b; Sweeney et al. 2016). The depth and rim-height data also pro-
vide critical information regarding the total amount of degradation between each class. For
instance, a single 200 m diameter Class 2 crater in our dataset has a depth of 22 m. Class 5
craters of equivalent diameter have depths ranging from 7 to 11 m. This indicates a total of
11 to 15 m of infill and crater degradation between these two class end members.
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Fig. 16 Cumulative crater size frequency distribution plots for Class 1 to 5 RECs. Purple circles indicate
Class 1 to 5. Blue stars represent Class 1 to 4. Green triangles are Class 1 to 3 and yellow squares are the
Class 1 to 2 craters. (a) Plot showing the data for all 44 HiRISE images in all 4 landing ellipses. (b) Data
from a subset of 3 pairs of HiRISE images in the final landing ellipse E9 that correspond with 3 DEMs

Plotting each classification group (e.g., 1 to 2, 1 to 3) on a cumulative SFD plot provides
a timescale for the degradation between each crater class (Fig. 16a). For all RECs >200 m
diameter we find a good fit to the isochron indicating an age of 750±30 Ma. When including
only those craters in the three DEMs we get a similar, but slightly older age of 910±100 Ma.
For Class 1 to 4, 1 to 3 and 1 to 2 RECs >200 m diameter, we find good fits to the isochrons
for ages of 480 ± 30 Ma, 390 ± 30 Ma, and 290 ± 30 Ma, respectively, with similar ages for
the RECs in the three DEMs (Fig. 16b). These data indicate that a pristine crater degrades
to a Class 5 crater in approximately 480 to 750 Ma, with approximately 100 Ma separating
each morphologic class.

The plots also illustrate that the observed slope reduction in the SFD at D < 200 m
occurs even when older classes are not included. The Class 1 to 4 plot for example excludes
the most degraded RECs, yet still exhibits a major slope reduction in the data. The roll-off
is also present for the Class 1 to 2 craters, although this distribution shows a kink that might
indicate multiple crater populations. A steeper portion of the Class 1 to 2 SFD is present
from 20 m to 50 m (Fig. 16), which is exactly within the dominant-size range of Corinto
REC’s. It is possible that not all Corinto secondaries have an obvious bright ejecta blanket
and therefore were mistakenly classified as Class 1 or possibly 2. It is also possible that
random Zunil secondaries were included in the dataset, although a majority of Zunil’s at
this range are smaller than the 10-m-scale craters included in this analysis (Preblich et al.
2007).

As stated previously, the slope of the SFD for all RECs at D > 200 m indicates that
they are all <750 Ma ± 30 Ma in age. For >200 m diameter craters that are older than
750 Ma, rocks in the ejecta have disappeared. For craters <200 m in diameter, the slope
roll-off suggests that, one or all of the following may have occurred: (1) smaller craters
have been obliterated through some size-dependent degradation process, (2) smaller craters
associated with smaller ejecta block sizes have lost their rocks, also through some size-
dependent degradation process, and/or (3) a regolith is preventing rocks from forming. Using
the model ages from the class specific SFDs, the maximum age of a Class 2 crater is 290 Ma
±30. From the DEM, the total degradation between a 200 m diameter Class 2 and Class 5
crater is 11 m to 15 m. Using a plausible timescale of 450 Ma that separates the maximum
age of Class 2 craters from the maximum age of Class 5 craters, we calculate a degradation
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rate of 0.02 to 0.03 m Myr−1, which is consistent with erosion rates estimated on Mars
over hundreds of Myr timescales (Golombek et al. 2014b). Using depth to diameter scaling
relationships from our dataset and these degradation rates, a 100 m Class 2 crater could
have been completely obliterated over the 450 Ma timescale. For example, at the higher end
degradation rate of 0.03 m Myr−1 it would require only ∼270 Ma to completely degrade an
8 m deep, 100 m diameter Class 2 crater. At 0.02 m Myr−1 it would require ∼400 Myr. If
the depth-dependent crater obliteration rates are reflective of the overall rates of obliteration
of ejected rocks and crater rims then surface processes may be responsible for a significant
component of the roll-off in the REC SFD, especially at D < 100 m.

In terms of rock obliteration, the maximum observed block size in our dataset for 200 m
diameter Class 2 craters is approximately 5 m. For 100 m, 50 m, and 10 m-sized craters
it is 4 m, 3 m, and 1 m respectively. The similarity of the observed maximum block sizes
in Class 2 craters to the modeled maximum block sizes of pristine craters (Melosh 1989)
suggests that block obliteration is minimal during the time frame of degradation to Class 2.
Based on the SFD of all >200 m diameter Class 1 to 5 craters, it takes >750 Ma to destroy
all observable blocks in the ejecta of a 200 m diameter crater. This timescale of obliteration
is significantly slower than recent estimates for the preservation timescales of meter-sized
lunar rocks by Basilevsky et al. (2013). In their analysis, 99% of all >2 m-sized rocks are
removed from a crater over maximum timescales of 150–300 Ma. A comparison of these
results to our martian example most likely indicates the importance of micrometeorite bom-
bardment in the breakdown of lunar rocks, a process that does not operate on Mars. Using
the SFD-derived timescale for RECs in the Elysium region, a time-averaged degradation
rate of ∼0.007 m Myr−1 is required to completely degrade a 5 m-sized rock. For a 4 m, 3 m,
and 1 m size block the rates are ∼0.005 m Myr−1, ∼0.004 m Myr−1, and ∼0.001 m Myr−1.

The rates of rock obliteration calculated here are an order of magnitude slower than the
degradation rates based on infill. This is consistent with results by Golombek et al. (2014b)
who suggest that burial by eolian material plays a significant role in modifying the interiors
of 10 to 100-m-scale craters while playing less of an important role in modifying their rim or
ejecta. Morphometric calculations based on crater infilling may therefore over-estimate the
true rate of surface modification of the rocks in ejecta blankets and the rims of craters. Our
image-based observations here indicate that the crater interiors are major sediment traps to
mobile eolian material (Fig. 12). Sediment trapping must therefore account for a significant
portion of the calculated depth-dependent degradation. Eolian materials only remain in the
ejecta blankets of the freshest craters temporarily. Starting in the ejecta, the bedforms of a
Class 2 crater migrate either away or towards the rim of the crater depending on the seasonal
prevailing wind direction (NW-SE, SW-NE) (Reiss and Lorenz 2016). Class 2 and 3 craters
exhibit bedforms trapped against the exterior of the elevated rim as well as bedforms on the
crater floor (Fig. 12a–d). Eventually, by Class 4 and 5, the majority of the trapped bedforms
are gone and the crater shows near complete infill while still maintaining rim relief and
preserved ejecta rocks (Fig. 12e–h). This same sequence of infill is observed on the Gusev
cratered plains (Golombek et al. 2006a). The Elysium craters indicate that time-averaged
burial rates are higher inside of a crater than outside of the crater. We suggest that it is more
appropriate to compare rock degradation rates in the ejecta to crater rim degradation rates
which are modified under similar surface conditions and are likely composed of similar ma-
terials to the ejected blocks. By comparison, the total rim degradation between a Class 2
crater and a Class 5 crater at a diameter of 200 m is at most 6 m. This equates to a maximum
rim degradation rate of ∼0.01 m Myr−1 over the 450 Myr timescale that separates Class 2
from Class 5. While this rate is sufficient to remove 5 m sized blocks from the ejecta over
>450 Ma, this rate is too low to explain the magnitude of the roll-off in the SFD for the
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Fig. 17 Example crater count
from a HiRISE image showing
all counted crater classes,
including Class 0 to 5 RECs,
similarly fresh NRECs (orange),
and all other more degraded
craters that lack rocks (white)

younger morphologic classes. In other words, 5-m-size blocks could not have been com-
pletely removed from the ejecta of a 200 m diameter impact crater that is <450 Ma in age.
The data also indicate that the total rim degradation between all classes declines with de-
creasing crater diameter, possibly because their lower rims are less of a topographic obstacle
to eolian abrasion and sediment trapping. For 50 m-sized craters that produce ejecta blocks
up to 3 m in size (Fig. 11), the total rim degradation from Class 2 to Class 5 is at most 1 m
(0.002 m Myr−1), which is an insufficient total amount of degradation to completely oblit-
erate 3 m rocks from the ejecta over the Class 2 to Class 5 timescale. At this crater diameter
range, the relief of the crater rim (Fig. 15) is similar to the relief of 1 meter-sized ejecta
blocks and offers similar resistance to air flow. The crater rim degradation rates calculated
from smaller craters with meter-high crater rims is therefore more reflective of the degrada-
tion rates that would have modified meter-sized boulders. We conclude that the magnitude
of the slope reduction observed on the SFD plots at D < 200 m for all morphologic classes
cannot be completely explained by the obliteration of rocks from the ejecta of craters or the
destruction of the rim expression of the crater.

3.3 Fresh, Non-rocky Ejecta Craters

If a regolith is buffering and preventing the formation of small RECs, then fresh non-rocky
ejecta craters (NRECs) should be abundant across the landing region below the 200 m di-
ameter roll-off threshold in the SFD of the RECs. A portion of the fresh NREC crater count
taken across one of the three HiRISE images that correspond with DEMs is shown in Fig. 17.
The NRECs are morphologically similar to Class 1 to 5 craters yet lack rocks in their ejecta
blanket. The depth to diameter plot in Fig. 15 includes a sample of 176 NRECs. The data
confirm the morphologic similarity of the NRECs to the RECs and demonstrate that NRECs
are most abundant at diameters <200 m. The largest NREC in the three HiRISE images is
180 m which corresponds to the <200 m roll-off on the REC plot. Like the REC dataset, the
bulk of the NRECs can be classified as Class 4 and 5 craters although several NRECs are
morphologically similar to Class 2 and 3 craters.

Here we compare the cumulative and incremental size frequency distribution histogram
of the RECs to the histogram that includes both the RECs and the NRECs together (Fig. 18).
The data here is only derived from the three images that correspond with the three HiRISE
DEMs. We also provide a crater count from one of the HiRISE images that includes all
craters for comparison, regardless of the preservation state and presence or absence of rocks.
Importantly, the inclusion of NRECs significantly increases the slope of the distribution
above that of the REC only plot for craters <200 m in diameter. While the slope of the
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Fig. 18 Cumulative (a) and incremental (b) plots comparing the slopes of the REC, NREC+REC, and all
craters size frequency distributions. These data were derived from the three HiRISE images that correspond
with DEMs in the final landing ellipse E9. The slope of the REC plot rolls-off (decreases) at D < 200 m
while the slope of the NREC+REC dataset follows the equilibrium slope (−2) at that same diameter range.
This indicates that some component of the REC roll-off is due to crater obliteration. However, obliteration
cannot account for all of the roll-off. A comparison of the crater frequency between the REC only plot and
the NREC+REC plot provides an estimate of the total area covered by regolith. See Table 2 for more data

distribution steadily declines with decreasing diameter for the REC plot (in a manner similar
to the bulk dataset), the slope of the NREC + REC cumulative frequency plot stabilizes
near −1.8, which is a similar slope to the Hartmann (1984) equilibrium function. This near-
constant slope of the NREC+REC cumulative function at smaller diameters implies that
size-dependent degradational surface processes are important here. In other words, smaller
craters (and likely the rocks associated with them) are degrading at a faster rate as compared
to larger craters. However, this degradation cannot account in total for the more significant
roll-off that is observed at small diameters on the REC-only plot. We therefore suggest that
the REC roll-off is partially a function of a regolith that is preventing smaller rocky craters
from forming.

Using the Melosh (1989) maximum depth of excavation relationship and the ∼200 m cut-
off diameter, we suggest an approximate maximum regolith depth in southwestern Elysium
Planitia of 17 m. Other excavation models (Hermalyn and Schultz 2011; Grieve et al. 1981;
Stoffler et al. 1975) provide a maximum regolith depth range of 12 m to 18 m. Because
these relationships assume a steep impact, it is possible that some craters excavated rocks
from shallower depths (Schultz and Anderson 1996). We therefore treat these constraints
as representatives of the thickest possible regolith at southwestern Elysium Planitia. Impor-
tantly, the data indicate that there are multiple RECs below this diameter, suggesting that
the regolith is possibly slightly thinner throughout the study region. To better estimate the
thickness of the regolith, we compare the frequency of craters (number of craters area−1) at
each diameter bin below 200 m on the REC plot (subset in DEMs) to the crater frequency on
the NREC+REC plot (Fig. 18). A comparison of the crater frequency between the two plots
accounts for crater degradation (indicated by the near equilibrium slope of the NREC+REC
plot) and therefore reveals the number of rocky craters per area that were prevented from
forming by the presence of a regolith. For example, using the incremental plot of the sub-
set dataset (Fig. 18) there are 213 NREC + REC craters in the 63–87 m (root 2 binning,
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Hartmann 2005). Craters of this size excavate material into their continuous ejecta from a
maximum depth of approximately 4 m to 8 m using the various excavation relationships. In
that same bin, there are only 103 RECs. This indicates that 52% (error +8% / −9%) of all
relatively fresh, Class 1 to 5 impact craters of this size lack rocks in their ejecta blanket, or
did not access the rock-producing unit. In other words, 52% of this sample set area has a
regolith that is at least 5 m to 7 m thick, assuming the Melosh excavation relationship, which
represents a plausible median range of all excavation depth relationships. Table 2 highlights
the crater data at each root-2 incremental bin with the estimated excavation depth using
different excavation relationships. The data suggests that the largest disparity between the
number of RECs and the NREC+RECs per km2 occurs within the 31 m to 43 m diameter
bin. For this size range, 85% (error +2% / −2%) of all mapped craters lack rocks in their
ejecta. This indicates that the region has a regolith that is at least 3 m thick over that coverage
area using the Melosh (1989) excavation relationship. Using the low end member and high
member excavation relationships, this diameter bin implies regolith at least 2 m to 4 m thick.

3.4 Crater Morphology and Regolith Thickness

Each HiRISE image in the InSight landing region was scanned for evidence of concen-
tric craters that indicate a material strength transition at depth (Quaide and Oberbeck 1968;
Senft and Stewart 2007; Bart et al. 2011; Bart 2014). Concentric craters exhibit an exte-
rior crater with a typical bowl-shaped interior wall and elevated crater rim. The floors of
these craters contain a second, smaller crater that is entirely concentric to the exterior crater
rim. This smaller nested crater marks the depth transition into a more competent unit and
serves our study as an independent method for estimating regolith thickness. Flat-floored
or mounded craters, which are representative of smaller impact events that did not excavate
the more competent material, are difficult to distinguish from craters that have been infilled.
We therefore present regolith thickness estimates using the morphometric properties of only
concentric craters.

The mapping analysis across the InSight region revealed dozens of concentric craters,
providing independent evidence for a material strength transition that is consistent with
regolith over more competent material. Figure 19 shows representatives of the morpho-
logic range of these craters. They are strikingly similar to lunar mare concentric craters,
both in scale and morphology (Oberbeck and Quaide 1967; Quaide and Oberbeck 1968;
Bart et al. 2011). Here, we describe the morphometry of 32 examples of Class 0 to 2 con-
centric craters which represent the youngest, most morphologically pristine craters in our
dataset. The concentric crater dataset includes mostly rocky ejecta craters. However, a mi-
nority of young non-rocky craters also show the nested crater morphology. We analyzed the
youngest crater classes to avoid the effects of crater infilling, which partially or completely
masks the inner crater. More heavily modified Class 3 to 5 concentric craters however were
also identified (Fig. 19h, i). The range of diameters in the concentric crater sample set is
17 m to 96 m with a mean and median of 41 m and 47 m, respectively. Importantly, the
smaller interior craters in all examples exhibit clearly defined rocky margins. This supports
the hypothesis that a rock-producing unit is causing the material strength transition at depth.
For the more degraded Class 3 to 5 craters, rocky margins within an inner crater can be seen
in some rare cases where the interior is exposed (Fig. 19h, i).

Using the measured interior and exterior diameters of the concentric craters and the con-
stant k of 0.86 from Quaide and Oberbeck (1968) we provide regolith thickness estimates
for the Class 0 to 2 examples using Eq. (1) (Table 3). The DF /DA values for all craters
occur within the range of 0.2–0.7 (Bart 2014). The k constant, which is the ratio of the ex-
terior crater diameter (DT ) as it is measured at the level of the ground to the apparent crater
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Fig. 19 Examples of concentric or nested craters in the InSight landing region in various states of degrada-
tion in HiRISE images. Plates (a)–(g) represent Class 0 to 2 concentric craters. Plates (h) and (i) represent
degraded concentric craters, showing inner craters that are marked by a more resistant, rocky unit. Image (h)
represents a Class 4 crater. Image (i) is too degraded to be classified as a REC yet still shows an inner ring
that is associated with a rockier unit

diameter (DA) as it is measured from rim to rim, was derived experimentally by Quaide and
Oberbeck (1968) to best match lunar surface properties. However, its applicability to Mars
is uncertain. We conducted a sensitivity analysis of the k constant by measuring DT and DA

using the HiRISE DEMs. This allowed us to more accurately measure DT from a ground
level, determined by fitting a plane across the width of the crater at the elevation of the sur-
rounding terrain. While our results indicate that 0.86 is reasonable as a mean value for k, the
extremes of possible measured values include 0.7 and 1.0, although a 1 to 1 ratio of DT to
DA is extremely rare and does not conform to the typical bowl-shaped morphology of sim-
ple craters. This range results in a factor of 1 to 4 uncertainty in regolith depth where smaller
values of k result in a thinner estimated regolith thickness and larger values of k (however
unlikely) result in a thicker estimate. Although larger Class 0 craters (Corinto secondaries)
that show concentric craterforms are rare, a preliminary analysis of their ground level and
apparent diameters reveals a slightly lower ratio range between 0.7 and 0.8. A likely angle
of repose of 30° for sand-sized materials is used, although crater interior slope data for Class
1 to 2 craters indicate a possible range from 25° to 35°. Furthermore, where rocky outcrops
are observed, slopes can exceed 35°. A 10° variation in angle of repose results in a factor of
1.4 difference in the regolith thickness estimates.

The data using the Quaide and Oberbeck (1968) model (Eq. (1)) indicate a range in the
regolith thickness estimates between 1.6 m and 7.7 m with a mean of 4.3 m and a median of
4.1 m (Table 3). Importantly, the values are entirely consistent with the REC size frequency
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Table 3 Morphometric data of sample of concentric, nested craters, including an analysis of the regolith
thickness using equation (1)

Crater
ID

Figure Apparent
diameter,
DA (m)

Inner
diameter,
DF (m)

DA/DF Regolith
thickness, t

k =
0.86 (m)

Regolith
thickness, t

k =
1.0 (m)

Regolith
thickness, t

k =
0.70 (m)

7592 17 8 0.46 1.9 2.6 1.2

8173 24 15 0.63 1.6 2.6 0.5

2416 25 16 0.64 1.6 2.6 0.4

6836 26 15 0.58 2.1 3.2 0.9

6728 26 13 0.50 2.7 3.8 1.5

3671 31 13 0.42 4.0 5.2 2.5

6257 19g 31 12 0.39 4.3 5.5 2.8

6628 32 12 0.38 4.5 5.8 3.0

6365 33 19 0.58 2.7 4.1 1.2

6245 33 15 0.45 3.9 5.2 2.3

9907 34 18 0.53 3.3 4.6 1.7

6390 36 17 0.47 4.0 5.5 2.4

6409 36 19 0.53 3.5 4.9 1.8

1670 37 24 0.65 2.3 3.8 0.6

8803 19a 38 22 0.58 3.1 4.6 1.3

6186 19f 41 21 0.51 4.1 5.8 2.2

5114 41 17 0.41 5.3 7.0 3.4

5023 43 14 0.33 6.7 8.4 4.7

9906 19e 44 21 0.48 4.9 6.7 2.8

6937 45 28 0.62 3.1 4.9 1.0

5315 45 22 0.49 4.8 6.7 2.8

6766 46 27 0.59 3.6 5.5 1.5

10 48 28 0.58 3.9 5.8 1.6

8894 19c 52 30 0.58 4.3 6.4 1.9

5135 64 33 0.52 6.4 9.0 3.4

5288 66 31 0.47 7.5 10.2 4.4

5958 72 39 0.54 6.6 9.6 3.3

8652 74 37 0.50 7.7 10.7 4.3

2075 87 55 0.63 5.7 9.3 1.7

7637 92 60 0.65 5.5 9.3 1.3

6737 93 65 0.70 4.3 8.1 0.0

5110 96 57 0.59 7.4 11.3 3.0

Mean 4.3 6.2 2.1

Median 4.1 5.7 1.8

distribution data presented in the previous sections across the full range of models for depth
of excavation. Using a k constant of 1.0, the mean and median regolith thickness values are
6.1 m and 5.7 m, respectively. Using a k value of 0.7 results in a much lower mean regolith
thickness of 2.1 m and median of 1.8 m.
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Fig. 21 (a) Cumulative and (b) incremental crater size frequency distribution plots comparing the distribu-
tion of RECs on Smooth Terrain versus the more modified terrain types of Etched, Gradational, and Dark. The
data show similar slopes, however the noticeably lower slope of the modified terrain distribution at D < 50
is likely related to obliteration of the smaller RECs here, either by erosion or burial

Topographic profiles were also taken across the concentric craters from the HiRISE
DEMs to compare to the empirical model. Unfortunately, most concentric craters are too
small and the interior walls are spanned by only a handful of DEM (1 m) postings. Some
profiles however show minor slope inflections that correspond with the observed inner crater
(Fig. 20). Slope maps also reveal evidence for slope changes along the interior that correlate
with the occurrence of an inner crater. In many instances, the interior slope of the inner crater
is steeper than the interior slope of the outer crater suggesting a change from a less compe-
tent upper unit to a more resistant lower unit. Crater 2075 (ID number derived from ArcGIS
shapefile database) exhibits an obvious slope change at a depth of 5 to 6 m, measured verti-
cally from the top of the crater rim (Fig. 20a, b, c). Measured from the surrounding plains,
the depth to the slope break is 2 to 5 m depending on the elevation that is used to define
the plains. Using the Quaide and Oberbeck (1968) model, the estimated regolith thickness is
5.7 m using k = 0.86, 9.3 m for k = 1.0, and 1.7 m for k = 0.7. Crater 5135 is another type
concentric crater that shows a slope inflection in all profiles at a depth of 3 to 5 m measured
from the rim and 2 to 4 m from the surrounding plains (Fig. 21d, e, f). For comparison, the
modeled regolith thickness of this crater is 6.4 m for k = 0.86, 9.0 m for k = 1.0, and 3.4
for k = 0.7. The topographic profiles suggest that the competent unit is at a depth that is
consistent with the model-based prediction of regolith thickness for both craters (Eq. (1)),
specifically for k values between 0.7 and 0.86. However, for other example concentric craters
including Crater 6186 and 5114 in our database the modeled regolith thickness exceeds the
measured depth of the crater. Crater 6186 for example is ∼3 m deep, yet the model-based
regolith thickness is 4.1 m at k = 0.86. Furthermore, the observed inflection in the slope on
the topographic profiles occurs at a much shallower depth of 1.0 m to 2.5 m. A better match
between the observations and the model in this case occurs when the k constant is adjusted to
lower values, however, other sources of uncertainty may be responsible, including the depth
of eolian infill, impact angle and target properties (Quaide and Oberbeck 1968). Crater 6186
and 5114 are both ∼40 m in diameter, which falls within the dominant diameter range of
rocky ejecta Corinto secondaries. A lower impact angle and different k constant relative to
primaries might play a role in the deviation between observation and the model.
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3.5 Regolith Thickness Variability

The previous sections demonstrate that a meters-thick regolith exists across the InSight land-
ing region. However, it is unclear whether this regolith is continuous in thickness across the
final landing site and the broader area. Terrain mapping (Golombek et al. 2016b, this issue)
revealed a variety of landform morphologies that suggest an overlying smoother unit
(Smooth Terrain) has been partially stripped to create a more etched landscape (Etched,
Gradational, and Dark terrains). We posit that this smoother unit represents a region with a
fully intact regolith, while the more modified terrains represent regions where the regolith
has been partially removed. Here, we isolate the SFD data of the RECs on the Smooth Ter-
rain from the REC dataset that corresponds with the Etched, Gradational and Dark terrain
types to test this hypothesis (Fig. 21). We combined the data from these more modified
terrains onto one SFD plot due to their limited areal coverage and low number statistics.
We compare the cut-off diameters at which the SFD rolls over between the different terrain
datasets.

The slope of the SFD on both curves (Fig. 21) is similar over most diameter bins and
almost identical for diameters >200 m. However, at D < 50 m there are more RECs on the
Smooth Terrain per area relative to the modified surfaces. Surface modification associated
with the formation of Etched, Gradational, and Dark Terrains may have played a role in
removing or burying the smaller RECs. Meter-scale bedforms in the Etched Terrain for
example could easily mask small rocks. Furthermore, the overall rock abundance is much
higher in the Etched Terrain than in the Smooth Terrain (Golombek et al. 2016b, this issue).
This makes it difficult to definitively identify a uniquely rocky ejecta blanket for smaller
craters on the Etched Terrain.

To more broadly capture regolith thickness variations across the region we generated
a density map of the RECs using the kernel density tool in ArcGIS. The kernel density
analysis reveals that there are regions of higher REC density at locations that are independent
of terrain boundaries. In other words, there is no obvious correlation, above the scatter of
the density data, between terrain type and REC density. In a map that includes all RECs
(Class 0 to 5), the highest density occurs in the northern-most ellipses (E9, E17) within the
Smooth Terrain (Fig. 22a). Density variations are also evident in other ellipses. Removing
the Class 0 Corinto secondaries from the dataset illustrates that some but not all of these
higher density locations are associated with dense secondary crater chains (Fig. 22b). These
chains are easily identifiable in THEMIS nighttime IR imagery as dark, low thermal inertia,
north-south trending streaks (Fig. 23). The point data were also divided by crater diameter to
identify diameter-dependent density trends. The data indicate that even when Class 0 craters
are excluded, the variations in the data are largely caused by craters between 20 m and 60 m
in diameter (Figs. 22c, d, e). The high-density concentrations largely disappear above 100 m.
This range is entirely consistent with the dominant size of Corinto secondaries and may be
reflective of contamination in our dataset where the Corinto craters were included as Class
1 or 2 craters. The size range is however too large to be related to distal Zunil secondaries
(McEwen et al. 2005; Preblich et al. 2007). We used the characteristically bright, lobate
ejecta patterns to identify Class 0 Corinto secondaries. It is possible that not all Corinto
secondary craters are associated with this pattern. However, the high-density concentrations
are still evident in E9 and E17 when fresh, Class 1, 2, and even 3 craters are removed from
the dataset (Fig. 22f). Because Class 4 and 5 craters are significantly more degraded than
the young Corinto secondaries, it is unlikely that the higher density of these craters can be
attributed to their contamination. Rather, the higher density could be attributed to a locally
thin regolith. The highest density zone in E9 and E17 in all cases is spatially correlated to a
north-south trending wrinkle ridge (Fig. 24).
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Fig. 22 ArcMap kernel density maps showing the density distribution of RECs across the final 4 landing
ellipses. (a) Density map of all Class 0 to Class 5 craters. (b) Map excludes Class 0 craters. (c) Density of all
20 m to 40 m diameter RECs, excluding Class 0. (d) Density of all 40 m to 60 m diameter RECs, excluding
Class 0. (e) Density of all 60 m to 80 m diameter RECs, excluding Class 0. (f) Data for only the Class 4
and 5 RECs, including all sizes. These maps suggest that not all high density regions are associated with
known Corinto crater secondaries. They also demonstrate that the higher density locations are predominately
associated with craters <60 m in diameter but are not exclusive to only the freshest small craters.

4 Discussion

4.1 Near Surface Stratigraphy at Southwestern Elysium Planitia

The SFD and crater morphology methods both independently confirm the presence of a
meters-thick regolith across the InSight landing region in southwestern Elysium Planitia.
However, the detailed stratigraphy of the regolith and the rock-producing unit at depth re-
mains uncertain. The material strength, internal structure, thickness, and lateral continuity
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Fig. 23 Kernel density maps over the northern portion of ellipse E9 overlain on the THEMIS nighttime
mosaic. (a) Density map of all RECs including Class 0 to Class 5 craters. (b) Density map of only Class
1 to Class 5 RECs. Subtraction of the Class 0 RECs from the dataset removes some of the higher density
locations. The higher density locations that were removed closely correspond with NE-SW trending Corinto
secondary rays that show up in THEMIS nighttime images as dark streaks (c). However, removing the Class
0 craters from the dataset did not remove all of these higher density locations. A high density region persists
in the west-central region of E9

Fig. 24 Kernel density map
overlain on the THEMIS daytime
IR mosaic showing the
correlation between a higher
density REC location and a
north-south trending wrinkle
ridge (white arrows). The wrinkle
ridge appears to have a locally
thin regolith near the center of
the E9 ellipse

of both units could be variable. The SFD plots, crater morphology, and density maps for ex-
ample hint at heterogeneity in the depth to the rock-producing unit. Furthermore, not every
REC of equal class shows an identical rock abundance. HiRISE images reveal that any 200 m
to 1.4 km diameter Class 2 REC exhibits a relatively high rock abundance in its ejecta, with
a maximum cumulative fractional area (CFA) of rocks of >30% nearest to the crater rims
(Golombek et al. 2016b, this issue). Furthermore, the rocks extend outward from the rim by
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approximately one crater diameter, forming a continuous annulus of rocky ejecta (Fig. 7a,
b). However, smaller Class 2 RECs, specifically in the range of 30 to 50 m often exhibit
only a handful of ejected rocks that are discontinuously distributed (Fig. 10). The maximum
CFA of rocks surrounding a 50 m Class 2 crater for example is only ∼10% near the crater
rim. This includes the nested craters (Fig. 19). The meter-sized blocks that are present in the
ejecta of concentric craters suggest that these events had sufficient energy to disaggregate
the strong lower target and lift large blocks beyond the crater rim. However, the low rock
abundance associated with many of the freshest concentric craters might suggest that the tar-
get strength transition is not associated with a continuous, competent, rock-producing layer
at depth. In fact, some concentric craters completely lack rocks in their ejecta. It is there-
fore possible that the smaller impact events are re-working only a few isolated boulders that
occur within the column of finer regolith. The SFD plot from the entire dataset indicates
that there are few <30 m diameter rocky craters. This suggests that craters of this size only
excavated an upper, finer-grained regolith, while craters in the concentric crater size range
(mean of 41 m) excavate some rocks from a slightly deeper depth. Furthermore, from 30 m
to 200 m in diameter, the proportion of RECs relative to NRECs increases (Fig. 18) as the
continuity of rocks in the ejecta blankets of the RECs increases. These observations sug-
gest a vertical stratigraphy that is represented by an increase in rock abundance and material
strength with depth.

To aid in our subsurface interpretations we searched the Elysium region for vertical expo-
sures in terrains of similar surface morphology (e.g. lava plains) and age (Early Amazonian
to Hesperian). Located ∼900 km to the northwest of the InSight landing region, Hephaestus
Fossae provides a ∼650-km long continuous exposure of Hesperian-age strata (Fig. 2 for re-
gional context). Hephaestus Fossae is a fracture system that extends radially off the western
edge of the Elysium volcanic rise with a regional northwest strike. Several orthogonal frac-
ture sets within the larger northwest trending fracture system expose a three dimensional
view of the shallow subsurface. The fracture exposes Late Hesperian-age strata along its
entire length, crossing a contact between the Late Hesperian Transition unit (lHt) at the sys-
tem’s southeastern end and the Late Hesperian Lowland unit (lHl) at its northwestern end
(Tanaka et al. 2014). HiRISE imagery over Hephaestus Fossae reveals three distinct units
in the shallow subsurface that include, from stratigraphically lowest to highest: (1) a mas-
sive, strong fractured unit, (2) a coarse boulder-rich brecciated unit, and (3) a finer-grained,
largely boulder-free (at the resolution limit of HiRISE) upper unit (Fig. 25).

The fracture spacing and orientation of the lower most massive unit are similar to orthog-
onal to hexagonal columnar joints in thick basaltic lavas. The unit outcrops in what appears
to be a steep sloped escarpment, with talus below. The steep slope suggests a strong, coher-
ent unit that is steeper than the angle of repose, with talus on the slope below at the angle of
repose. The lack of bedding at HiRISE resolution within this unit and its steep, vertically-
jointed outcrop suggests igneous rock. The presence of basaltic lava within the shallow
stratigraphy of the northern plains is consistent with findings by Catling et al. (2011, 2012),
who interpreted the presence of large, competent boulders in the ejecta of northern plains
craters as evidence for shallow lava flows. Impact craters on the terrain surrounding Hep-
haestus Fossae also exhibit boulder-sized rocks in their ejecta. Immediately on top of the
massive unit, we observe a thin, coarse brecciated unit that contains meter to ten-meter scale
boulders. This unit fines upwards into the uppermost finer-grained unit and shows a hint of
stratification at the resolution limit of HiRISE (Fig. 25c). The uppermost unit shows no ob-
vious bedding or interior stratigraphy, although the occasional lower-albedo, boulder-sized
rock is observed within or on the exposure. It is not clear whether these rocks are perched on
the slope of the unit, representing surface rocks that rolled off onto the exposure as the slope



182 N.H. Warner et al.

Fig. 25 HiRISE image PSP_002359_2020 over a portion of Hephaestus Fossae. (a) Zoomed-out context of
the fracture and the inset region of (b). (b) Zoomed-in view of laterally-continuous, horizontally-stratified
material exposed along the south-facing wall of Hephaestus Fossae. Note the steep exposure of a fractured
bedrock unit and the talus below (lower half of image), which is likely at the angle of repose. (c) Zoomed
in view of the upper 20 to 30 m of the exposure. The more competent, fractured bedrock unit is overlain
by brecciated material. This brecciated unit is coarser than the overlying unit. The overlying finer material
generally lacks evidence for boulders above the resolution limit of HiRISE. However, some boulder-sized
clasts and possible coarser horizons are visible within the upper unit (arrows). It is unclear whether these
coarser materials have rolled down the slope onto the exposure of the finer unit, or whether they are contained
within the unit. The rock abundance of these boulders in/on the finer unit is similar to the overlying flat terrain.
We interpret the brecciated unit and finer-grained unit as a stratified, fining upwards sequence of regolith that
rests on top of competent bedrock (likely a lava flow)

back-wasted, or are wholly contained within the stratigraphy of the finer material. The latter
interpretation would suggest that boulders are present, however at a very low abundance,
within the stratigraphic column of the upper unit. The low rock abundance in the exposed
section of the fine-grained unit is consistent with the overall low rock abundance on the
nearby, relatively smooth cratered plains surface.
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We interpret the transition from the massive basal unit to the uppermost finer-grained
unit along the Hephaestus exposure as a transition from bedrock to regolith. The brecciated
unit may be indicative of a lava flow or other competent bedrock body that was broken into
boulder-sized clasts through impact gardening. The fining upwards structure suggests an
increase in fracture density that is likely due to size-dependent penetration of progressively
smaller, but larger number of impacts as would be expected for an impact generated regolith
(Hartmann 1973; Hartmann et al. 2001). The measured width of the fine-grained unit along
the south-facing exposure in Fig. 25 is 8 to 15 m. Assuming that the slope of the finer unit is
close to the angle of repose for sand to gravel-sized material (∼30°–40°), and because the
emission angle of HiRISE is roughly normal to this exposure, we estimate a thickness of 4 m
to 10 m for the fine-grained unit using trigonometric relationships (no HiRISE stereopairs
at time of observation). Our evaluation of all HiRISE images across the Hephaestus fracture
system reveals that this stratigraphy is laterally continuous in structure and thickness in all
compass directions for hundreds of kilometers, regardless of the strike of the outcrop or
look angle of the camera. This is consistent with both a flood lava flow hypothesis for the
competent bedrock unit and a regolith hypothesis for the uppermost unit.

The Hephaestus exposure represents the type example of our proposed stratigraphy be-
neath the InSight landing site. The vertical variations in the stratigraphy that are visible in
the exposure are consistent with the observations of Etched and Smooth Terrain, the roll-
over diameters on the SFD plots, the morphology and rock abundance of the ejecta blan-
kets, and the presence of concentric, nested craters. These observations also suggest that
while many <200 m-sized RECs have rocks in their ejecta blankets, many smaller craters
may have excavated a deeper, coarser unit of the regolith that contains loose, boulder-sized
rocks, as opposed to a fully intact bedrock layer. The higher rock abundance in the topo-
graphically lower Etched Terrain may therefore be related to the exposure of this coarser,
boulder-rich unit by eolian deflation, which must have occurred relatively recently (Fig. 5b).
The target strength transition that is indicated by the concentric craters may be due to the
transition from the finer-grained surface material (material that can be moved by the wind)
to the boulder-rich, brecciated unit rather than a transition from weak regolith to intact, hard
bedrock. Our estimates of regolith thickness that compare the SFD of rocky and non-rocky
craters in Sect. 3.3 may therefore be more representative of only the finest, upper portion of
the regolith that lacks rocks that are larger than the resolution limit of HiRISE.

4.2 Regolith Production Rates for Hesperian to Amazonian Mars

Our data suggest that the finest-grained portion of the regolith is almost everywhere ≥
approximately 2 m to 4 m thick across the InSight landing region. However, the data
also indicate that not all 100 m to 200 m diameter craters accessed a rock-producing
unit. Furthermore, the rocky materials excavated by <200 m sized craters may actu-
ally be derived from a coarser-grained column of brecciated regolith. Therefore, a rea-
sonable maximum regolith thickness that includes even the coarser-grained fraction and
that assumes steep impact and excavation is 12 to 18 m. The full range of possible re-
golith thickness values for the Hesperian-age terrain here is consistent with the 3 m to
14 m estimate for Early Amazonian to Late Hesperian age terrains by Hartmann et al.
(2001) based on expected regolith production from the cratering rate. Crater statistics from
Tanaka et al. (2014) using all craters >5 km in diameter suggest an Early Hesperian age
(eHT) for the general region. To better constrain regolith production rates we indepen-
dently evaluated the age of the specific terrain at the landing site from crater statistics
using two different areas and minimum diameters. First, we counted all craters that are
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Fig. 26 (a) Cumulative size frequency distribution plot showing two crater counts over the InSight landing
region. A regional count (black squares), derived from craters >2 km in diameter reveals an Early Hesperian
model age that is consistent with the regional geologic mapping of Tanaka et al. (2014). A more localized
count (green circles) on the Smooth Terrain, derived from craters >200 m and <1 km in diameter over a
smaller area suggests a younger surface age in the Early Amazonian. (b) Incremental version with root-2
binning

>200 m in diameter on 3,310 km2 of the Smooth Terrain using a CTX mosaic. Sec-
ond, we counted all craters >1 km in diameter across a 126,000 km2 of eHt using the
THEMIS daytime IR mosaic. The data confirm an Early Hesperian model age of 3.6 Ga
for D > 2 km (Fig. 26). However, similar to other regions on Mars (Irwin et al. 2013;
Warner et al. 2015), the smaller area and smaller minimum diameter count reveals a sig-
nificantly younger, Early Amazonian model age of 1.7 Ga when fit to D < 1 km. The data
follow a Mars production curve over the diameter range of 200 m to 1 km along this younger
isochron. This indicates that longer-term, possibly steady state modification processes that
can reduce the slope of a SFD to near equilibrium are not influencing the 200 m to 1 km
diameter population. Rather, the younger Early Amazonian age could suggest abrupt, yet
relatively thin resurfacing of the older Hesperian-age terrain, possibly by Elysium-related
volcanism. The resurfacing age and diameter range of that resurfacing (<1 km) indicates
that our REC dataset, with a maximum crater size of 1.4 km, is Early Amazonian in age (1.7
Ga) and formed after resurfacing. It is therefore entirely possible that the RECs developed
solely within a unit that has been developing regolith only since 1.7 Ga. Using this minimum
age, a production rate of 1.8 × 10−3 m Myr−1 is derived for the upper finest portion of the
regolith using the 3 m thickness constraint from the Melosh (1989) excavation relationship.
A rate of 1.0 × 10−2 m Myr−1 is calculated accounting for a maximum 17 m thick regolith.
Seventeen meters of regolith production over 1.7 Ga is a slightly higher rate than gardening
models predict for Early Amazonian-age surfaces (Hartmann et al. 2001). Three meters of
regolith production in that time however falls within the gardening production rate models.
Higher regolith production rates here may be related to an additional input from airfall dust
and wind-blown sedimentary materials that become trapped in craters.

These rates are useful for evaluating regolith thickness at the majority of Hesperian to
Amazonian-age terrains where the surface processes are limited to impact gardening and
eolian modification. They are, for example, consistent with the apparent vertical stratigraphy
of the regolith at Hephaestus Fossae and in-situ observations at the Gusev plains by the Spirit
rover (Grant et al. 2004; Golombek et al. 2016a, 2016b, this issue). However, other regions
of Mars that experienced enhanced eolian, fluvial, glacial, and periglacial modification likely
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exhibit a broad range of possible regolith thicknesses and the regolith thickness is likely
quite variable, even for similar age terrains. As an example, the Mars Pathfinder landing
site is on Hesperian age catastrophic outflow deposits that retain primary flow features that
would have been destroyed by a thick regolith (Golombek et al. 1999; McEwen et al. 2005).
Finally, these rates are not transferable to Noachian-age terrains when regolith production
rates were significantly higher (Hartmann et al. 2001), owing to the higher impact rate.

4.3 Implications for the HP3

The HP3 is designed to measure the internal heat flow of Mars over one Mars year if it pen-
etrates to 5 m depth (Spohn et al. 2014). It can also make this measurement by penetrating
to 3 m depth, but it may take longer to fully remove the seasonal thermal wave, depend-
ing on the thermal conductivity of the regolith. For the mole to penetrate, the regolith must
be loosely consolidated, contain sand to gravel-sized clasts, and lack tabular rocks or rocks
whose flat face is >45° to the descending mole (Golombek et al. 2016b, this issue). The
mole can divert around flat rocks at shallower angles; rocks >10–15 cm diameter with flat
faces that are perpendicular to the entry angle of the probe could inhibit penetration. Mean
free path calculations for volumes with surface rock abundances of <∼5% and established
rock SFDs show a > ∼75% probability of penetrating 3 m; lower measured rock abundances
have higher probabilities (see Golombek et al. 2016b, this issue for additional probabilities
for different assumptions). Our SFD comparison between NRECs and RECs from three im-
ages in the final landing ellipse (E9) suggests that 85% of that region is covered by at least a
3-m-thick regolith. While this result is derived only from a subset of three HiRISE images,
the density map and subset SFD plots indicate that the three images have a distribution that
is representative of the larger dataset. Our stratigraphic analysis presented in previous sec-
tions indicates that this estimate refers to the portion of the regolith that lacks meter-scale
boulders. Therefore, not only is the minimum depth requirement achievable over a large
area of the final landing ellipse but meter-sized clasts should be largely absent. Further, the
overall lack of rocks in the exposed portions of the fine regolith in Hephaestus Fossae and
its similarity in rock abundance to the adjacent cratered plains surface indicates that the
regolith has a low rock abundance similar to the InSight Smooth Terrains, whose thermal
inertia argues that similar properties of dominantly sand size particles extend up to 0.5 m
deep (Golombek et al. 2016b, this issue). These properties indicate the Smooth Terrain will
be suitable for full mole penetration (Golombek et al. 2016b, this issue).

The percent area covered by this upper column of fine regolith decreases substantially
from ∼70% at 4 m and ∼50% at 5 m (using the Melosh 1989 excavation relationship) and
thus the chance of encountering a boulder-sized clast increases as the mole approaches the
desired 5 m depth. Furthermore, the density distribution of RECs suggest that specific re-
gions of the Smooth Terrain that correspond with north-south trending wrinkle ridges may
have a regolith that is locally thin relative to other areas. It is unclear how regolith devel-
opment could have been influenced by the presence of a wrinkle ridge. It is possible that
compression and uplift exposed rocky material throughout the time frame of regolith pro-
duction. However, as the ridge appears now, there is no obvious geomorphic characteristic
that might have prohibited regolith formation and preservation by impact gardening. There
are very few places along the eastern ridge flank that exceed the angle of repose for cohe-
sionless sand-sized materials (∼30°). The bulk of the ridge has slopes well below this value
suggesting that the slopes are stable under Mars gravity. Enhanced eolian erosion along the
crest of the ridge and enhanced deposition on the sides could have thinned the regolith along
the crest, relative to the sides, although we see no supporting evidence for this. Our esti-
mated crater degradation rates do suggest that impact craters fill faster than their rims erode
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in this region. Furthermore, Class 1 to Class 5 craters show a clear time series of infilling that
follows a pattern of bedform migration and deposition, stabilization, and surface induration.
Buried craters, filled with sand-sized materials should therefore exist within the stratigraphic
column here. These predominately fine-grained crater interiors represent an ideal target for
HP3 penetration.

5 Conclusion

The observed onset diameter of rocky ejecta craters at the InSight landing site in southwest-
ern Elysium Planitia confirms the presence of a meters-thick regolith. Roll-offs in the slope
of the size frequency distribution of the RECs provide a minimum measure of the regolith
thickness of 2 m to 4 m, and a maximum ranging from 12 to 18 m using different excavation
relationships. However, the lower constraint is more likely for the finest, boulder-free com-
ponent of the regolith. The estimated regolith production rates are 1.8 × 10−3 m Myr−1 to
1.0 × 10−2 m Myr−1. Comparisons between the SFD of the RECs to the SFD that includes
non-rocky fresh craters indicate that approximately 85% of the InSight landing area is cov-
ered with ≥3 m of regolith, while 50% of the area is covered with ≥5 m regolith. Observa-
tions of concentric craters from this region, comparisons to nearby stratigraphic exposures
at Hephaestus Fossae, and regolith production models by impact gardening (Hartmann et al.
2001) are consistent with these results.

Although the relatively broad range of regolith thickness estimates could be a result of
landform heterogeneities and surface processes, we conclude that a large portion of the
uncertainty is due to vertical stratigraphic variations and our inclusion of any crater with
ejected rocks as a rocky ejecta crater, regardless of rock abundance. We suggest that while
the regolith thicknesses here are within the engineering constraints of the HP3 that the mar-
tian regolith is not uniformly fine-grained throughout the vertical column as it rests on top of
bedrock. The near complete lack of ejected rocks in <30 m sized craters at the InSight land-
ing site and the very low rock abundance in the cross section of the upper unit at Hephaes-
tus Fossae confirms that a fine-grained regolith caps the stratigraphy of Early Amazonian
to Hesperian-age plains material. However, this unit likely grades at depth into a blocky,
brecciated unit that represents a coarser fraction of the regolith. The relatively lower rock
abundance in the ejecta of the smaller RECs (<10% CFA) relative to the >200 m diameter
RECs (<35% CFA) supports this conclusion. We therefore predict that the probability of
contact with boulder-sized clasts by the HP3 will increase significantly at depths above 3 m
to 5 m as the mole approaches the coarser fraction of the deeper regolith. At greater than
approximately 12 m to 18 m depth but less than 200 m depth, the InSight landing region is
everywhere underlain by bedrock of likely igneous origin.

Importantly, the regolith thickness estimates here account for surface processes that con-
tributed to SFD roll-offs through the preferential obliteration of smaller craters and ejecta
rocks. A similar methodology should be applied when estimating regolith thickness using
the SFD of rocky ejecta craters on other martian terrains because local degradational mecha-
nisms play an important role in masking the regolith buffering effect. At the InSight landing
site, surface processes are limited to eolian modification, mass wasting, and impact garden-
ing and our estimated crater degradation rates, rim and rock erosion rates are consistent with
other Hesperian to Amazonian-age terrains that have experienced very little geologic activ-
ity (Golombek et al. 2006a, 2006b, 2014b). Our analysis is therefore most representative of
regolith thickness and production rates for Hesperian to Amazonian plains units that have
experienced a limited range of surface processes. The regolith estimates represent a baseline
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for comparison for other plains units on Mars as well as regions that experienced additional
modification.
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