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Abstract Comprehensive analysis of remote sensing data used to select the Interior Exploration using
Seismic Investigations, Geodesy and Heat Transport (InSight) landing site correctly predicted the
atmospheric temperature and pressure profile during entry and descent, the safe landing surface, and the
geologic setting of the site. The smooth plains upon which the InSight landing site is located were accurately
predicted to be generally similar to the Mars Exploration Rover Spirit landing site with relatively low rock
abundance, low slopes, and a moderately dusty surface with a 3-10 m impact fragmented regolith over
Hesperian to Early Amazonian basaltic lava flows. The deceleration profile and surface pressure
encountered by the spacecraft during entry, descent, and landing compared well (within 10) of the envelope
of modeled temperature profiles and the expected surface pressure. Orbital estimates of thermal inertia are
similar to surface radiometer measurements, and materials at the surface are dominated by poorly
consolidated sand as expected. Thin coatings of bright atmospheric dust on the surface were as indicated by
orbital albedo and dust cover index measurements. Orbital estimates of rock abundance from shadow
measurements in high-resolution images and thermal differencing indicated very low rock abundance and
surface counts show 1-4% area covered by rocks. Slopes at 100 to 5 m length scale measured from orbital
topographic and radar data correctly indicated a surface comparably smooth and flat as the two smoothest
landing sites (Opportunity and Phoenix). Thermal inertia and radar data indicated the surface would be load
bearing as found.

Plain Language Summary Orbital remote sensing data were used to select the landing site for
InSight and to confirm that the surface met the engineering constraints required for a safe landing and
successful instrument deployment. By relating remote sensing signatures to surface characteristics at
landing sites, these sites can be used as ground truth for orbital data and are essential for selecting and
validating landing sites for future missions. Models of the atmosphere that included monitoring during
approach by orbiting spacecraft compared well with the deceleration profile and surface pressure
encountered by the spacecraft during entry, descent, and landing, and the spacecraft landed successfully.
The smooth plains on which InSight landed are consistent with expectations made prior to landing. Remote
sensing data indicated that the InSight landing site would be similar to the Mars Exploration Rover Spirit
landing site. Both sites have relatively low rock abundance, low slopes, and a moderately dusty surface, with
a 3-10 m impact fragmented regolith over Hesperian to Early Amazonian basaltic lava flows.

1. Introduction

Selection of the Discovery program InSight landing site took over 6 years during which engineering con-
straints were identified and mapped onto Mars, remote sensing data were acquired from Mars
Reconnaissance Orbiter, Mars Odyssey, and Mars Express and evaluated, and ~20 sites were progressively
downselected, leading to final site certification (Golombek et al., 2017). Engineering constraints important
to the selection were elevation (< —2.5 km for sufficient atmosphere to slow the descent), latitude (3-5°N
for solar power and thermal management of the spacecraft), ellipse size (130 km by 27 km from ballistic
entry and descent), and a radar reflective (for altitude determination during descent) and load bearing sur-
face (for stable landing and placement of instruments on the ground). The selected ellipse also met all other
landing site constraints with slopes <15° at 84 and 2 m length scales for radar tracking and touchdown sta-
bility, low rock abundance (<10%) to avoid impact and spacecraft tip over, constraints to deploy the
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instruments, which included identical slope and rock abundance constraints at ~1 m scale, and a fragmented
fine-grained regolith ~3-5 m thick for full penetration of the heat flow probe (Golombek et al., 2017). Unlike
previous Mars landers and rovers, science objectives (outside of deploying the instruments) did not factor
into landing site selection. The final landing site is located in western Elysium Planitia (Golombek
et al., 2017).

The InSight lander is a slightly modified rebuild of the Phoenix lander, with three landing legs attached to a
central structure that contains electronics and a flat top (or “deck”) holding the science instruments, larger
circular solar panels, and an Instrument Deployment Arm (IDA) (Trebi-Ollennu et al., 2018) to deploy the
two instruments, the seismometer (SEIS) (Lognonné et al., 2019) and the Heat Flow and Physical Properties
Package (HP?) (Spohn et al., 2018) onto the surface. The lander carries two color cameras, the Instrument
Context Camera (ICC) and the Instrument Deployment Camera (IDC) inherited from the Mars
Exploration Rover and Mars Science Laboratory (MSL) Hazcams and Navcams, whose detectors were
replaced with Beyer-pattern color detectors (Maki et al., 2018). The ICC is a fish eye camera with a 124°
by 124° field of view that was attached to the lander just below the deck, providing a wide-angle view of
the workspace where the instruments were deployed. The IDC is a 45° by 45° field of view camera attached
to the upper forearm of the IDA (Trebi-Ollennu et al., 2018). The IDA is 4 degrees of freedom, 1.8 m long arm
that moved the IDC to take stereo images with horizontal overlap, take 360° panoramas, image the work-
space to select locations to place the instruments, and image under the lander. The arm placed the two
instruments within a crescent shaped workspace up to 1.65 m radially from the lander and about 1.5 m to
either side. The HP? also carried an infrared radiometer (RAD) mounted under the lander deck on the space-
craft that measured the surface brightness temperatures in two fields of view (“RAD spots”) facing north
(opposite of the workspace) (Spohn et al., 2018). These measurements allowed determination of the thermal
inertia of surface materials, which have been related to their grain size and/or cementation. Surface data
have been used to identify the geologic materials and features present, quantify their areal coverage, deter-
mine the basic geologic evolution of the area, and provide ground truth for orbital remote sensing data
(Golombek, Grott, et al., 2018; Golombek, Warner, et al., 2020).

The comprehensive evaluation of remote sensing data and entry, descent, and landing simulations con-
ducted during the selection of the landing site gave rise to predictions about the atmosphere and surface
(Golombek et al., 2017), which are tested here. If remote sensing data can be related to landing site surfaces,
they can be used as ground truth for orbital data (Golombek et al., 1997, 1999, 2005; Golombek, Grant,
etal., 2003, 2012), thereby improving the selection of future landing sites and the types of surfaces and mate-
rials found on Mars.

2. General Predictions

General predictions of surface characteristics made during landing site selection were that western Elysium
Planitia would be safe for the InSight landing system and that the instruments could be deployed onto the
surface in the workspace of the IDA. Evaluation of remote sensing data from orbit (Golombek et al., 2017;
Golombek, Grott, et al., 2018) indicated the smooth plains upon which the InSight landing site is located
would be generally similar to the Mars Exploration Rover Spirit landing site (Golombek et al., 2005;
Golombek, Crumpler, et al., 2006; Golombek, Grant, et al., 2003) with relatively low rock abundance, low
slopes, and a moderately dusty surface. Furthermore, the smooth plains have been interpreted to be com-
posed of an impact fragmented regolith 3-10 m thick underlain by Hesperian to Early Amazonian basaltic
lava flows. This is based on geologic mapping, exposures of scarps, rocky ejecta craters (RECs), CRISM spec-
tra, and the presence of wrinkle ridges (Golombek et al., 2017; Golombek, Grott, et al., 2018; Warner
et al., 2017; Pan et al., 2020). Observations of the Gusev cratered plains during the Spirit rover traverse
(Grant et al., 2004; Golombek, Crumpler, et al., 2006) also indicate an impact generated regolith about
10 m thick that overlies Hesperian basalt flows. Finally, analysis of 100 m scale fresh, RECs in the InSight
landing site (Sweeney et al., 2018), and retention ages from crater size-frequency distributions of craters
<1 km (Wilson et al., 2019) shows that the crater degradation rates are consistent with a surface shaped dom-
inantly by impact, mass wasting, and eolian processes (Golombek, Warner, et al., 2020; Grant et al., 2020;
Warner et al., 2020), similar to the Gusev cratered plains (Golombek, Crumpler, et al., 2006; Golombek,
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Figure 1. Surface mosaics of the InSight landing site (a, toward the southeast)

and Spirit landing site (b, toward the southwest) showing their general

similarity. Note that both sites have relatively low rock abundance, low slopes,

and moderately dusty surfaces that have been dominantly shaped by impact,
mass wasting, and eolian processes. Note exceptionally smooth Homestead

hollow surface at InSight with few rocks in the foreground and soil filled hollows

(degraded, filled in craters) in both scenes. Corinto secondary crater, Corintito
(3 m diameter) is about 20 m away from the InSight lander at the edge of
Homestead hollow. The InSight panorama was acquired on Sol 14. The Spirit
panorama was acquired on Sols 6-10 as part of the mission success pan.

Grant, et al., 2006). Thus, expectations prior to landing were that the
InSight landing site would likely have degraded impact craters that
have been filled in to form hollows.

InSight landed safely on 26 November 2018 at 4.502°N, 135.623°E at
an elevation of —2,613.426 m (Golombek, Warner, et al., 2020; Parker
et al., 2019) with respect to the Mars Orbiter Laser Altimeter (MOLA)
geoid (Smith et al., 2001). Images acquired by the High-Resolution
Imaging Science Experiment (HiRISE) (McEwen et al., 2007) based
on the initial radio tracking location show that the lander touched
down in the northwest central portion of the landing ellipse in wes-
tern Elysium Planitia (Golombek, Warner, et al., 2020; Parker
et al.,, 2019). The instruments were successfully deployed onto the
surface several months later.

Since landing, a large number of stereo color surface images, mosaics,
and panoramas from the IDC have been acquired (Golombek,
Warner, et al.,, 2020). To place the instruments on the surface,
mosaics of the instrument deployment workspace immediately south
of the lander at 0.5-2 mm/pixel were taken. Three complete panora-
mas during the morning, afternoon, and evening were also acquired
along with images of the lander, terrain beneath the lander, its foot-
pads, and the RAD spots. These surface images provide information
on the characteristics of the landing site that can be compared with
orbital measurements.

The lander is located within a quasi-circular depression, interpreted
to be a degraded ~27 m diameter impact crater, informally named
Homestead hollow (Figure 1), with a smooth sandy granule- and

pebble-rich surface adjacent to a slightly rockier and rougher terrain (Golombek, Warner, et al., 2020).
About ten 1-10 m diameter impact craters can be seen within 20 m of the lander (Grant et al., 2020;
Warner et al., 2020). Some of these craters have very little relief and are filled with fine-grained material.
In contrast to the smooth surface of Homestead hollow, the surface to the west of the lander that extends into
the distance at most azimuths away from the lander is rougher and rockier with more centimeters to tens of
centimeters size rocks. Many of the larger rocks closest to the lander have a dark gray color and appear very
fine grained, consistent with aphanitic, dark mafic rocks (basalts) as expected. A fuller description of the
geology of the landing site can be found in Golombek, Warner, et al. (2020) and companion papers in this
issue (e.g., Grant et al., 2020; Warner et al., 2020; Weitz et al., 2020).

All of the predictions of the general physical characteristics of the surface appear correct as determined by
investigations based on data from the lander (Figure 1). At the broadest level, the surface appears similar
to the Spirit landing site with relatively low rock abundance, low slopes, and a moderately dusty surface.
In addition, we have compared the specific remote sensing data at the landing site to the surface character-

istics observed by the lander.

3. Atmosphere

The state of the atmosphere is a strong factor in successfully landing on Mars. There must be sufficient atmo-
sphere for the lander to decelerate and reconfigure itself for touchdown before reaching the surface. In addi-
tion, atmospheric variations on short length scales can drive oscillations and resonances that can cause the
landing system to exceed its design envelope (Grover et al., 2011). To make sure the landing system is able to
perform properly over the range of possible atmospheric conditions, atmosphere models were prepared for
Monte Carlo testing of the landing system (e.g., Desai et al., 2006; Prince et al., 2011). In addition, to avoid
late surprises, the atmosphere was monitored in the period prior to landing to confirm that current condi-
tions match the expectations and atmospheric models used for design.
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The InSight landing season at Ls = 295° (determined by the launch opportunity and orbital mechanics) is
particularly difficult in terms of the range of potential atmospheric conditions (Golombek et al., 2017). It
is shortly after the summer solstice and perihelion, when Mars is closest to the Sun and thus receiving max-
imum insolation. Southern spring and summer are known as the dusty season (Kahre et al., 2017). During
this period, not only can small local dust storms occur but larger regional and the largest global dust events
(GDEs) also occur. Large regional events can modify the temperatures, and thus atmospheric density profile,
across broad regions of Mars, and the rare GDE can drastically modify it everywhere. Large regional storms
have not occurred at the landing season in recent years (Kass et al., 2016); however, there is some evidence
for their occurrence at Ls ~ 295° from telescopic observations (Martin & Zurek, 1993; McKim, 1999).
Multiple GDEs have occurred during the InSight landing season in the past (Shirley et al., 2019; Zurek &
Martin, 1993). Four primary atmospheric models were developed to accommodate the range in possible con-
ditions when the spacecraft arrived (Golombek et al., 2017). These models are the background, representing
the seasonal atmospheric behavior at times without large regional or global dust storms; a large regional dust
storm; a global dust storm; and a decaying dust storm. These four models resulted in significantly different
performances and landing locations relative to the entry point at the top of the atmosphere. Changes in the
entry target, by trajectory correction maneuvers prior to landing day, and changes to the parameters control-
ling the descent significantly improved the performance (and reduced the risk of failure) for the atmosphere
that was predicted on landing.

The Martian weather during the dusty season in 2018 was eventful. In early June, a GDE started (Guzewich
et al., 2019; Kass et al., 2020). The storm began early in the dusty season at Ls = 186° and evolved to even-
tually encompass the entire planet. The Curiosity rover, in Gale crater only ~600 km away from the
InSight landing site, measured a significant enhancement of dust (Guzewich et al., 2019), and column opa-
cities above Curiosity and Opportunity reached values in excess of 8 and 10.8, respectively (among the high-
est measured from the surface). The very early seasonal start to the 2018 GDE was favorable for InSight. The
landing season was beyond the longest known duration for a GDE and in particular it was later than the end
of the 2001 GDE (Smith et al., 2002) that started at almost the same season. However, the early start and
expected end before landing did not eliminate the risk. In 1977, the Viking mission observed two GDEs in
the same dusty season. One that started early and one that started around the solstice (Zurek &
Martin, 1993) and reached its peak atmospheric impact right at the InSight landing season.

As expected, the GDE ended by early November, prior to the InSight landing (Guzewich et al., 2019; Kass
et al., 2020). At this time, four months after the event reached its mature phase, all of the enhanced dust
had sedimented back onto the surface. Atmospheric dust loads had returned to seasonally expected back-
ground conditions, as had global atmospheric temperatures. All were within the range of values seen in pre-
vious Mars years without a GDE, albeit conditions were among the dustier cases for previous years at the
landing season. The lack of atmospheric “memory” of the GDE was expected due to the very short radiative
timescale for the thin Martian atmosphere (Wolff et al., 2017).

Global observations of the atmosphere by Mars Climate Sounder (McCleese et al., 2007) and Mars Color
Imager (Malin et al., 2001) on Mars Reconnaissance Orbiter (Zurek & Smrekar, 2007) and surface observa-
tions by Rover Environmental Monitoring Station (REMS) (Gémez-Elvira et al., 2012) on Curiosity started in
early November. This was delayed to wait for the GDE to finish clearing. (Otherwise, observations would not
match the expected conditions on landing day.) Monitoring continued through to landing day. Fortunately,
no additional large dust events occurred during this timeframe. Conditions were very close to the back-
ground conditions predicted during development and remained near the climatological average. There
was some modest day-to-day variability or weather. The observations continued to landing day to allow
the comparison of the remote sensing and REMS data with measurements derived from the InSight entry
and surface observations.

There are no instruments on InSight to directly measure the atmosphere during entry and descent. However,
the deceleration profile was used to reconstruct the density (temperature and pressure) profile as has been
done on previous missions (Blanchard & Desai, 2011; Chen et al., 2014; Magalhaes et al., 1999; Withers &
Smith, 2006). The reconstruction (Karlgaard et al., 2020) compared well to the climatological background
as well as the atmosphere models. The models do not show any systematic bias in the temperature profile,
although as expected the reconstructed profile has higher frequency vertical structure not captured in the
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model ensemble (some of it is captured in individual profiles). The reconstructed temperature profile gener-
ally lies within the 1o variability envelope of the models. It is always within the 3o variability envelope,
except for the lowest few kilometers of the reconstructed profile which has very large uncertainties (that
encompass the model profiles).

Although InSight has a pressure sensor (Banfield et al., 2019), it did not record data during landing or for
several sols after landing (Banfield et al., 2020). The initial relevant pressure observations are influenced
by the seasonal pressure trend (Smith et al., 2017). Using a linear extrapolation from data over Sols 5 through
40 (primarily Sols 14 through 40) at the landing local mean solar time results in an outstanding match to the
REMS climatological and landing day data. All of the models are within 0.3%, and some are within 0.1% of
the extrapolation. The 1o uncertainty in the extrapolation is 0.3%, and there is also a day-to-day variability of
up to 0.6% due to weather in the InSight data. The model surface pressure variability was 4.4% (10) to
account for the uncertainty, the extrapolation from Curiosity to InSight, and weather.

Despite the close correspondence between the model and reconstructed temperature profiles as well as the
surface pressure, the reconstructed density profile is consistently around 1o below the mean model density.
It is within the 20 envelope for both the climatological and approach models at all altitudes. Furthermore,
there are individual profiles from the model that are a much closer match to the reconstructed profile.
The difference between the model and the actual atmosphere leading to the density difference is most likely
in the lowest ~7 km, below the lowest point in the reconstructed profile (where the parachute deployed). The
atmosphere encountered by InSight was well within the capabilities of the landing system as evidenced by
the successful landing, within the desired landing region (Golombek, Warner, et al., 2020), and within the
expected model conditions for the background atmosphere.

4. Thermal Inertia and Albedo

Thermal inertia is a measure of how rapidly (or slowly) materials change temperature and is related to mate-
rial properties such as bulk density, particle size, and cementation. On Mars, loose, very fine grained dust
changes temperature rapidly during the diurnal cycle and so has low thermal inertia (and high albedo). In
contrast, rocks or duricrust (cemented soil-like materials) change temperature more slowly and have higher
thermal inertia (Christensen & Moore, 1992; Mellon et al., 2008). Large portions of Tharsis, Elysium, and
Arabia Terra have very low thermal inertia and high albedo indicating surfaces that are dominated by
fine-grained bright dust that could be meters or more thick (Christensen & Moore, 1992). Such areas have
been eliminated as possible landing sites for all previous spacecraft (Golombek et al., 2017; Golombek,
Grant, et al., 2003, 2012) due to concerns about dust coating the solar panels and reducing power, as well
as sinkage, as meters-thick dust is neither load bearing nor trafficable (Golombek, Haldemann, et al., 2008).
All these missions (including InSight) have had requirements that the thermal inertia be greater than
100-140 Tm 2K sV 2 to ensure a radar reflective and load bearing surface.

The InSight landing site is generally similar in global thermophysical properties to the Viking, Spirit,
Phoenix, and Curiosity landing sites with moderate thermal inertia and intermediate to relatively high
albedo. All of these sites fall into Unit C of the three global thermal inertia-albedo units (or modes) that make
up ~80% of Mars (Putzig et al., 2005; Putzig & Mellon, 2007). The thermal inertia and albedo of the InSight
landing site is most similar to the Viking Lander 2 (VL2) site, which has slightly higher albedo and slightly
lower thermal inertia than the Viking Lander 1, Spirit, and Curiosity landing sites (Golombek et al., 2017)
that has been attributed to more drift (dust) deposits at VL2 (Golombek, Haldemann, et al., 2008).

Orbital Thermal Emission Spectrometer (TES, 3 km/pixel resolution) nighttime thermal inertia (Putzig &
Mellon, 2007) of the landing site is ~230 J m ™2 K~' s™/2 (average of a 236 J m~2 K~' s™"/? that the lander
is in and the adjacent pixel 130 m to the south). Thermal Emission Imaging System (THEMIS,
100 m/pixel) thermal inertia (Golombek et al., 2017) is 166 J m 2 K" s~12. Both are about average for
the landing site. Figure 2 shows the THEMIS thermal inertia map at 100 m/pixel of the region around the
lander (Golombek et al., 2017). The pixel containing the lander is near the median of the thermal inertia,
which increases around the RECs in accordance with their higher rock abundance (Golombek et al., 2017).

The relatively low thermal inertia of the InSight landing site (~200 J m~2 K~ s7"/?) was interpreted to be due
to surface materials composed predominantly of unconsolidated sand size particles or a mixture of slightly
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Figure 3. HiRISE image acquired on 6 December 2018 showing the InSight
lander and the ~20 m radius low-albedo spot around the lander. The areal
extent of the spot and ~35% reduction in albedo relative to the surroundings can
be explained by the removal of a thin coating of surface dust similar to other
landers. White arrow points to Corintito crater shown in Figure 1. Portion

e
THEMIS Thermal Inertia
00 within 1 km of InSight

Pixel Count

0
150 160 170 180
Thermal Inertia (tiu)

o, S

135.6°E 135.625°E "~ 135.65°E

Figure 2. Thermal inertia map of InSight from predawn temperature data acquired by THEMIS (100 m spatial scale)
between MY 30 and 32 during low-dust seasons to minimize the atmospheric impact on the derived values that was

created during landing site selection (Golombek et al., 2017). Note the limited range of thermal inertias across the site
(145-185171 m 2K s7V2 or thermal inertia units, tiu), with a mean of ~164 J m~2 K~ ! 572 within 1 km of the lander,

1nd1cat1ng2 falrlly homogeneous physical properties. The lander is located in a pixel with a thermal inertia of
166 Jm “ K 2. Note higher thermal inertia associated with the rocky ejecta crater (REC).

consolidated or cohesive soils (cohesions of less than a few kilopascals), some rocks, and thermally thin
coatings of dust (e.g., Golombek et al., 2017). The lack of pronounced seasonal variations in the
THEMIS-derived thermophysical properties suggests an absence of a steep inertia contrast within the top
few tens of centimeters (Golombek et al., 2017). The relatively high albedo of the InSight landing site:
0.24, TES at 7.5 km/pixel (Christensen et al., 2001) and 0.25, infrared thermal mapper (IRTM) at
60 km/pixel (Pleskot & Miner, 1981) argues for a thin coating of dust similar to the VL2 landing site and
dusty portions of the Gusev cratered plains. The InSight and VL2 landing sites also both have dust cover
indices (DCI) of 0.94, due to thin surface coatings of dust (Ruff & Christensen, 2002).

These interpretations from orbital remote sensing data are all consis-
tent with observations made from the surface. The HP® RAD diurnal
temperature measurements yield an average thermal inertia of
~200 ] m™2 K V2 (Mueller et al., 2019; Golombek, Warner,
et al., 2020), which is very similar to the higher-resolution orbital
measurements (TES and THEMIS). This thermal inertia corresponds
to an unconsolidated particle size of fine sand (~150 um). Pebble and
rock counts in the RAD spots and on the surface surrounding the
lander (section 5) show little area (<2%) covered by rocks large
enough (>3 cm diameter) to noticeably increase the thermal inertia
(Golombek, Haldemann, et al., 2003), indicating that the surface is
dominated by sand size particles. Although duricrust has been
observed in pits beneath the lander, any cementation does not appear
to significantly influence the bulk thermal inertia and the duricrust is
only thought to be ~10 cm thick (Golombek, Warner, et al., 2020;
Hudson et al., 2020). A shallow subsurface of predominantly uncon-
solidated fine-grained material is also consistent with the low seismic
velocities measured by SEIS (Lognonné et al., 2020).

The expectation of a moderately dusty surface similar to the dusty
portion of the Gusev cratered plains is consistent with the reddish

of HiRISE image ESP_057939_1845_RGB NO MAP. North is up, and image has color of the landscape (Golombek, Warner, et al., 2020) and the

been stretched for contrast.

extensive dark spot produced by the landing thrusters that removed
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Figure 4. Portion of color surface panorama to the north of the InSight lander

acquired on Sol 14. The darker surface where dust has been removed extends
out to 20 m from the lander, with brighter, dustier surface beyond. Note the
rockier surface to the west, smooth plains to the east to the rim of Homestead

the dust (Williams et al., 2019) (see also section 10). A large, low
albedo spot centered on the lander is present in HiRISE images taken
about a week after landing (Golombek, Warner, et al., 2020)
(Figure 3). The dark spot reaches north about 20 m (Figure 4).
Using the method of Daubar et al. (2016), it has ~35% lower relative
albedo, compared to a background sample in HiRISE RED images
before and after landing (Golombek, Warner, et al., 2020). Note that
the albedo derived from fitting the RAD diurnal curves to derive
the thermal inertia is 0.15-0.16, which is also 35% lower than the
TES albedo of 0.24. The reduction in relative albedo and the size of
the dark spot is not unlike those observed around Phoenix and some
of the hardware from the Mars Science Lander spacecraft (Daubar

hollow, and three rocks (The Pinnacles) and eolian bedform (Dusty Ridge) on the

horizon.

et al., 2015). Those sites also both have broadly similar regional pre-
landing albedos (~0.20-0.24; Golombek et al., 2017). The prelanding
dust cover index (DCI) of the InSight landing site (0.94; Golombek
et al., 2017) indicates a surface with a thin coating of dust. For comparison, MSL has a similar DCI of
0.95. This indicates that the dark spot resulted from disturbance or removal of that dust from the retrorockets
used during the descent and landing of the spacecraft, similar to previous landers.

5. Rock Abundance

Orbital estimates of rock abundance in the landing ellipse indicated a surface with a very low average rock
abundance (Golombek et al., 2017). Measurements of rocks in HiRISE images utilizing the rock shadow seg-
mentation, analysis, and modeling method that was successfully developed for the Phoenix landing site
selection (Golombek, Huertas, et al., 2008) and improved upon for the MSL landing site selection
(Golombek, Huertas, et al., 2012) shows that rocks are concentrated around sparse RECs (Golombek
et al., 2017). Counts of rocks and their size-frequency distributions in 150 m? areas fit to exponential models
of the cumulative fractional area (CFA) of rocks versus diameter on Mars (e.g., Golombek, Huertas,
et al., 2008, 2012) show the CFA varies from around 35% adjacent to RECs to ~1% in smooth plains away
from RECs (Golombek et al., 2017) (Figure 5). Average rock abundance (or CFA) of the 150 m by 150 m
square tiles across the ellipse is 1.2%; a single size-frequency distribution of all of the rocks within the ellipse

135°E 136°E

Figure 5. The cumulative fractional area covered by all rocks (0-40%) from the fit of rocks between 1.5 and 2.25 m
diameter (or rock abundance) in HiRISE images to the exponential model in 150 m tiles for the InSight landing
ellipse. Rock abundance is concentrated around sparse rocky ejecta craters with most smooth terrain having zero rock
abundance. The average cumulative fractional area covered by rocks of these 150 m tiles is 1.2%. Note that InSight landed
(white X) in a rocky portion of the ellipse. Rock measurements are from Golombek et al. (2017). Background is the
THEMIS daytime mosaic in which dark halo craters have higher thermal inertia from rocky ejecta.
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135.7°E

135.75°E

Figure 6. Individual rocks (mostly >1 m) detected (yellow dots) using the
semiautomated machine vision shadow technique in sharpened HiRISE images
shown used to create the rock abundance map (Golombek et al., 2017)

(Figure 5). (a) is area nearby the lander, and (b) is about 8 km to the east
characterized by more smooth terrain and fewer rocks. Note the rocks are
dominantly surrounding rocky ejecta craters (RECs), with the closest RECs to
the lander located about 400 m to the east-southeast of the lander. Also note the
relatively high concentration of rocks nearby the lander that are not

associated with RECs. The top half (a) includes parts of images
ESP_036761_1845 (center), ESP_039135_1845 (left), and ESP_032014_1985
(right). The bottom half (b) includes ESP_040203_1845 in all but the bottom left
corner, which is covered by ESP_032014_1985.

yields a rock abundance of around 6% and is generally comparable
with rock distributions measured at the Phoenix and Spirit landing
sites (Golombek et al., 2017). These low rock abundances are also
consistent with thermal differencing estimates of rock abundance
(<5%) from IRTM and TES data (Christensen, 1986; Nowicki &
Christensen, 2007).

InSight landed in a rockier than average portion of the ellipse with a
number of large RECs nearby (Figure 5). The percentage of rocky ver-
sus total number of fresh craters 30-60 m diameter is 60-70% within
the 5 km? that includes the lander (Golombek, Grott, et al., 2018). In
addition, there are five RECs within 3 km of the lander that produce a
higher than average background rock abundance on the plains. This
is illustrated in Figure 6, which shows all the HiRISE detected rocks
measured within a 5 km box near the lander versus those detected
about 8 km to the east of the lander. Within the 150 m? area that con-
tains the lander in which rocks were counted in HiRISE, no rocks lar-
ger than 1.5 m diameter were measured, which was interpreted as 0%
rock abundance (6% CFA in the landing simulations) (Golombek
et al., 2017). The closest HiRISE detected rock >1.5 m diameter is
250 m away from the lander.

To further evaluate how rock abundance varies around the lander,
Figure 7 shows the CFA in 150 m counting areas with radial distance
out to 12 km. The lander is located in an area with no detected rocks
and has very few rocks within a few hundred meters. About 4-5 large
RECs are found between 1 and 2 km from the lander, about three are
found about 3 km away, and about three are found about 6 km away.
Graphs of CFA in 150 m tiles measured radially (Figure 8) show that
CFA is very low within a few hundred meters from the lander and
then peaks at distances with large RECs at about 0.5 km
(Figure 6a), 3 km, and 5.5 km before becoming close to the average
rock abundance for the ellipse (1.2%) beyond 8 km. These plots show
that the lander is located in a 7 km radius area that is rockier (1.5-2%)
than the average (1.2%) for the ellipse, but within a few hundred
meter radius is less rocky than the average.

The size-frequency distributions of rocks binned by distance from the

lander (not in 150 m tiles) show a similar pattern (Figure 9). The size-frequency distribution versus diameter
plots for areas within 2 km of the lander falls below the average produced from all rocks in the landing ellipse
with fewer detections and a steeper distribution above 4 m diameter. At 3-7 km distances, the size-frequency
distributions versus diameter plots generally exceed the average and the slope of the distribution is similar to
the average for diameters larger than 4 m. This increase is consistent with the inclusion of large RECs at
these distances. These results are consistent with the results based on the CFA in 150 m square tiles.

Average rock abundances of <2.5% (CFA) in 150 m square tiles nearby the lander are consistent with ther-
mal differencing estimates for the location of the lander (which are averages over larger pixel areas). The
IRTM rock abundance (Christensen, 1986) is 4% (~60 km pixel), and the nearest TES rock abundance, about
10 km to the east, is 3.3% (7.5 km pixel) (Nowicki & Christensen, 2007). The average TES rock abundance
within 20 km of the lander is 3.7% (11 pixels).

Measurements of rocks in lander images indicate low rock abundance (Figure 10) that is consistent with
orbital estimates. Rock counts were made in areas around the lander that include the lowest abundance
(the smooth plains in the instrument deployment workspace to the south), the highest abundance (5 m
south in the rocky terrain), and those in between (rocky terrain northwest and southwest of the lander
and the RAD spots) (Golombek, Warner, et al., 2020). For rocks 6-20 cm diameter, the CFA versus diameter
size-frequency distributions (Figure 10) is comparable to exponential rock size-frequency models for 1-4%
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Figure 7. Map of the CFA as determined in 150 m square tiles from

measurements of shadows in HiRISE images (with the lander at the center). The

immediate area around the lander (within 0.5 km) has few detected rocks.
Rocks farther away are concentrated around rocky ejecta craters. Rock
abundances are from Golombek et al. (2017).

rock abundance, which have been used to model rock populations for
landing sites on Mars (Golombek & Rapp, 1997; Golombek,
Haldemann, et al., 2003; Golombek, Huertas, et al., 2008, 2012).
Rocks cover 1-3% of the area, and the distributions are steeper than
the exponential models for diameters smaller than 4 cm. Only ~2%
of the surface in the far RAD (and 0% in the near) spot are covered
by rocks >3 cm, which cover too little area and are too small to have
any effect on the thermal inertia (Golombek, Haldemann, et al., 2003).
The rock distributions around the lander are similar to those
measured at the Phoenix (2%) and Spirit (4%) landing sites
(Golombek, Crumpler, et al., 2006; Golombek, Huertas, et al., 2012)
and are consistent with orbital estimates prior to landing. For rocks
less than 4 cm diameter, the steep increase in the size-frequency dis-
tributions most closely resembles the pebble-rich counts at the Spirit
(Golombek, Crumpler, et al., 2006) and Phoenix landing sites
(Golombek, Huertas, et al., 2012) and was inferred from the radar
brightness (section 7) at the InSight landing site (Golombek
et al., 2017; Putzig et al., 2017). The ~1% workspace rock abundance
meets the requirement for deploying the instruments (<10%) and so
posed no problem in placing the instruments in their optimal posi-
tions (maximum distance from the lander and each other).

Prior to landing, fragmentation theory (Charalambous, 2014) was
also used to model the particle size-frequency distribution of the rego-
lith (including the rock abundance) based on the rocks and craters

measured in HiRISE images (Golombek et al., 2017). Two fragmentation negative binomials were fit to all
rocks measured in the landing ellipse as well as all rocks between 1.5 and 2.25 m diameter, because this is
the size range that excludes many false positive detections used to define the CFA in 150 m by 150 m count-
ing areas (Golombek et al., 2017; Golombek, Huertas, et al., 2012). These fits are shown in Figure 9 and are
similar to the Phoenix and Spirit landing site rock size distributions for diameters smaller than about 1 m
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Figure 8. Graphs of the CFA shown in Figure 7 with radial distance from the lander. Graph (a) shows the cumulative
average rock abundance with distance calculated by taking the average of all of the 150 m CFA measurements

within the distance shown. Graph (b) shows the incremental average rock abundance in 150 m annuli calculated by
taking the average of all 150 m CFA measurements at 150 m annuli at the distance shown. Rock measurements are from

Golombek et al. (2017).
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Figure 9. Plot of rocks color coded by radial distance in 500 m steps from the
lander (a) and the corresponding size-frequency distribution of CFA versus
diameter (b). Rock shadow detections of all diameters (gray circles in b) as well
as those between 1.5 and 2.25 m over 35 complete HiRISE images in the landing
ellipse are from Golombek et al. (2017). The solid black and black dashed lines in
(b) are the predictions from fragmentation theory for all diameters and those
between 1.5 and 2.25 m prior to landing, respectively (Golombek et al., 2017).
The blue lines indicate distributions within a 4 km radius, yellow around 7 km
radius, and red beyond 9 km radius from the lander (in b). The fragmentation
predictions for the CFA and slope of the size-frequency distribution matches
measurements from the lander for diameters <0.05 m shown in Figure 10.

(Golombek et al., 2017). The rock distributions measured from the
InSight lander generally fall in between those two landing sites and
have a similar slope (Figure 10), which argues that the fragmentation
theory predictions regarding rock abundance at the landing site are
correct (Charalambous et al., 2019).

6. Slopes

Engineering constraints on slopes (<15°) at the landing site were
evaluated at ~100 m length scale relevant to the radar tracking of
the surface (actually at 84 m length scale) and at 1-5 m relevant to
lander stability at touchdown and instrument deployment. Initially,
slopes at 100 m length scale were evaluated in MOLA data, and
later in digital elevation models (DEMS) made from stereo High-
Resolution Stereo Camera (HRSC) (Gwinner et al., 2016), CTX, and
HiRISE images (Fergason et al., 2017). All the data show the
InSight landing site to be among the smoothest landing sites on
Mars at this length scale (Golombek et al., 2017).

Relief and slopes at 100 m scale were estimated by extrapolating indi-
vidual MOLA shot points along track from 1.2-0.3 km to 100 m from
the Allen deviation and Hurst exponent, under the assumption of
self-affine statistics (Anderson et al., 2003). Root-mean-square
(RMS) slopes and the Allen deviation (relief) at 100 m length scale
for the landing location averaged in 12 km bins are 0.4° and 0.7 m,
respectively, which is among the lowest measurable in the ellipse
(Golombek et al., 2017). The MOLA pulse spread, which is sensitive
to the RMS relief within the ~75 m diameter laser shot point after
removal of regional slopes (Garvin et al., 1999; Neumann et al., 2003)
is 0.9 m at the landing site, averaged in 15 km bins; this is equivalent
to a slope of <1° over 75 m. One hundred meter slopes within a 1 km
square area of the lander in the HiRISE DEM indicate an RMS slope

of 1.0°; CTX RMS slopes within a 1 km square area of the lander at

this length scale are 1.4°. All of these measures indicate an exception-
ally smooth surface that is consistent with the low relief surface and flat horizon, which is comparable to the
smoothest landing sites at this length scale (Figures 1 and 11).

To estimate slopes at the 1-5 m length scale across the landing site, eight HIRISE DEMs (Fergason
et al., 2017) were used to tune the photoclinometry (shape from shading) of 56 HiRISE images
(Beyer, 2017). At the meter length scale, the smooth terrain in the landing site is extraordinarily smooth
with the RMS slope in the DEMs of 3.9° and 0.4% of the area with slopes >15° (Fergason et al., 2017).
Photoclinometry 2 m bidirectional slopes at InSight are less than those at the Viking, Pathfinder, Spirit,
or Curiosity landing sites with <0.5% of the surface exceeding 15° (Beyer, 2017). At the 5 m length
scale, RMS slopes of the InSight landing site are 2-3° and comparable to the smoothest landing sites
(Phoenix and Opportunity) (Golombek et al., 2017) (Figure 11). Because InSight landed in one of the
HiRISE DEMs (InSightE17_C in Fergason et al., 2017), the RMS slope of the area within a 1 km square
area of the landing location at 2 and 5 m length scale was calculated to be 2.9° and 2.4°, respectively
(3.6° for the entire DEM; Fergason et al., 2017) with no area >15°, which is smoother than average
for the smooth terrain (Fergason et al., 2017) and for the ellipse (Golombek et al., 2017). A DEM of
the workspace from stereo lander images at a resolution of 1 mm per elevation posting was used to cal-
culate the 2 m RMS slope of smooth terrain on the floor of Homestead hollow. The 2 m RMS slope of
the workspace is 1.6°, which is less than the HiRISE slope of the area within 1 km of the lander and
consistent with the floor of Homestead hollow being much smoother than the surrounding rougher ter-
rain (e.g., Figures 1 and 4). Slopes within the workspace were not a factor in the placement of the
instruments on the surface.
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Figure 10. Cumulative fractional area versus diameter of rocks near the InSight
lander and the Spirit (Spirit CMS for Columbia Memorial Station) and

Phoenix (PHX) landing sites. Exponential model size-frequency distributions are
shown for rock abundances (k) of 1%, 2%, 3%, 5%, and 10% (Golombek &
Rapp, 1997). Rocks smaller than 10 cm diameter in the workspace fall just below
the 1% model to about 2 cm diameter, where the distribution steepens and

just exceeds 1% rock abundance at 1 cm. The size-frequency distribution of
rocks to the southwest are similar for diameters <7 cm, with one rock >10 cm
near the 2% model. Rocks with diameters of 20-7 cm to the northwest fall just
below the 2% model; the distribution rises to ~3% rock abundance at 2 cm
diameter and is similar to the rock size-frequency distribution at the Phoenix
landing site. The largest rocks with diameters of >10 cm toward the south fall
between the 2% and 3% model curves. At smaller diameters the rock distribution
is similar to the Spirit landing site (~4%). Taken together, the smooth terrain
near the lander has a rock abundance of 1-2% and the rockier terrain has a rock
abundance of 2-4%. Surface rock counts are the area to the northwest (NSYT
NW) and southwest (NSYT SW), the area to the south with the largest rocks
(NSYT LRG), the workspace (NSYT WS), and the near and far RAD spots (NSYT
NF RAD and NSYT FF RAD, respectively). Spirit CMS rocks are from Golombek,
Crumpler, et al. (2006), Phoenix largest rocks (PHX LRG) are from

Golombek, Huertas, et al. (2012), and Phoenix intermediate area (PHX INT) is
from Heet et al. (2009). All InSight counts are described in Golombek, Warner,
et al. (2020), except for NYST SW, which consists of 271 rocks identified

over 5.74 m> ranging in diameter from 0.4 to 15.4 cm measured in
D019L0119_607101993EDR_F0103_0100M3.

7. Radar

As part of the landing site evaluation process, two radar data sets were
evaluated to assess radar reflectivity to confirm the descent altimeter
and velocimeter on InSight would function properly, that the surface
was load bearing, and that the surface roughness was within the cap-
abilities of the lander (Golombek et al., 2017; Putzig et al., 2017).
Arecibo 12.6 cm radar imaging (Harmon et al., 2012) and same-sense
polarization were evaluated because the wavelength is most similar to
the InSight C-band (7 cm) altimeter. Arecibo radar images with a
lateral resolution of ~3 km show a radar reflective surface with
moderate backscatter strength and no anomalous returns that might
compromise the altimeter. In addition, the backscatter strength is
inconsistent with rock-poor, porous material (Putzig et al., 2017),
suggesting that the landing site is load bearing with average
normal reflectivity and bulk density (>1,300 kg/m3) (e.g., Golombek
et al., 1997). The Arecibo same-sense polarization echoes of the
InSight ellipse, which are most strongly affected by the small-scale
surface roughness and rock abundance, are higher than the Viking
landing sites and similar to surfaces adjacent to Halemaumau crater
on Kilauea volcano whose rocks were emplaced by phreatomagmatic
eruptions (Campbell, 2001). Rock size-frequency distributions for
diameters <10 cm for these surfaces are steeper than exponential
model rock distributions for Mars (and the Viking lander sites)
(Campbell, 2001; Craddock & Golombek, 2016), suggesting that the
InSight landing site has a greater abundance of 2-10 cm rocks than
the Viking sites (Putzig et al., 2017) as discussed in section 5.

SHARAD data were used to determine a roughness parameter from
the ratio of echo power integrated over a range of incidence angles
to the peak echo power and is related to the RMS slope of the surface
at scales of 10 to 100 m (Campbell et al., 2013; Putzig et al., 2017). The
SHARAD-derived roughness parameter for the InSight landing site
(~3) overlaps that for the Opportunity and Phoenix landing sites,
indicating the InSight landing site would be similar to these two sites
in roughness at the 10 to 100 m length scale. This result is consistent
with the similar HiRISE and MOLA RMS slope results at 5 and 100 m
length scales discussed in section 6.

InSight landed safely and entry, descent, and landing reconstruc-
tions indicate the radar altimeter and velocimeter worked properly
(Karlgaard et al., 2020; Maddock et al., 2020) and that the landing
site is radar reflective as indicated by Arecebo radar images. The
surface where InSight landed is clearly load bearing as the lander
did not sink appreciably into the surface as indicated by both the
radar reflectivity (and inferred bulk density) and the thermophysi-
cal properties (section 2). The SHARAD roughness at 10 to 100 m

length scale is consistent with the similar HiRISE and MOLA RMS slope results at 5 and 100 m length
scales discussed in section 6. The similarity in roughness at these length scales is also evident in the
lack of relief in the panoramas of the landing sites (Figure 11). Finally, rock size-frequency distributions
measured near the InSight lander show a pebble rich surface with much higher abundance and a stee-
per distribution for rocks smaller than 8 cm than either Viking landing site or the exponential models
and are similar to the pebble rich surfaces at the Spirit and Phoenix landing sites (section 4) as pre-
dicted by the Arecibo same-sense polarization echoes.
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Figure 11. Portions of surface panoramas from the InSight (a), Phoenix (b) and

Opportunity (c) landing sites, which are the three smoothest at 100 to 5 m

length scales. Note similar roughness at these length scales as measured prior to
landing in HiRISE DEMs and photoclinometry, and SHARAD. All mosaics have

been contrast stretched and are not true color. The InSight panorama was
acquired on Sol 14, the Phoenix image was acquired on Sol 15, and the
Opportunity mosaic was acquired on Sol 21.

8. Corinto Secondaries

During the evaluation of prospective InSight landing sites, it was
recognized that secondary craters from the fresh rayed crater
Corinto, about 700 km northeast were omnipresent in the region
(Golombek et al., 2017). Corinto is among the youngest rayed craters
on Mars, having formed after a young 2.5 + 0.2 Ma Elysium lava flow
but before Zunil secondaries (0.1-1 Ma) (Bloom et al., 2014;
Golombek, Bloom, et al., 2014; Hundal et al., 2017). Corinto second-
aries have distinctive bright ejecta, and their density was estimated by
comparison with samples of measured density in 2.5 km by 2.5 km
square areas in HiRISE images of the landing sites to help understand
potential risks to the spacecraft. Five density classifications were
defined, with the middle three covered by 0.6%, 1.6%, and 5.1% of
secondary craters (Golombek et al., 2017). InSight landed within a
2.5 km square area with a medium-high density (~5% of the surface
covered by secondary craters), immediately adjacent to a sample with
low density (~0.6%), so it is likely that Corinto secondaries would
be common nearby. To evaluate the risk to landing on Corinto
secondaries, an extensive measurement campaign of their morpho-
metry was undertaken in HiRISE DEMs and photoclinometry.
Measurements of over 900 secondaries showed very low depth/
diameter ratios (0.05) that had parabolic and conical cross-sectional
shapes with slopes well below the 15° lander engineering constraint
(Golombek et al., 2017).

The diameter of all fresh craters within a 500 m square area centered on the lander was measured in a
HiRISE image to determine the areal coverage (density) of Corinto secondaries (Figure 12). Results show
that 2% of the surface in this area is covered by Corinto craters. This measured abundance of secondaries
is consistent with estimates made in 2.5 km square areas prior to landing.

Because Corinto secondaries are expected to be common based on their density in HiRISE images, it is not
surprising to have two Corinto secondaries within view of the lander. One Corinto secondary, dubbed
Corintito, is located about 20 m to the southeast, just beyond the smooth terrain of Homestead hollow
(Figures 1 and 12). Another Corinto secondary, dubbed Corintitwo is located about 40 m to the
west-southwest of the lander. In HiRISE images, both have the bright ejecta characteristic of Corinto second-
aries (Figure 12). From InSight, only the rim of Corintitwo can be seen. However, Corintito is close enough to
reveal a shallow bowl shape with a sandy interior. It appears fresh, with no bedforms, and its sandy interior
suggests that no subsequent impacts have deposited rocks on it. The sandy interior suggests that the impact
occurred in dominantly sandy material with few rocks. The diameters of Corintito and Corintitwo are both
~3 m measured in the HiRISE image and as estimated from lander images.

A preliminary DEM of Corintito from lander stereo images shows the crater has a maximum depth of
14.7 cm, which for a 2.95 m diameter indicates a depth/diameter ratio of 0.05 (Figure 13). In addition, the
shape of the crater appears parabolic with steeper slopes near the rim. Parabolic models of a crater with a
depth/diameter ratio of 0.05 yield maximum wall slopes of <11°, with most interior slopes of <5° (1-5°)
(Golombek et al., 2017). Maximum near rim wall slopes for Corintito are around 10° with most interior
slopes of 1-5°. In summary, observations from the surface of the areal density of Corinto secondaries, their
depth/diameter ratio, shape, and interior slopes all agree with expectations prior to landing.

9. Regolith Thickness

A requirement for the landing site is 3-5 m of poorly consolidated, relatively fine grained material conducive
for penetration by the HP® mole (Golombek et al., 2017). Measurements of the onset diameter of RECs and
nested or concentric craters indicate that a near-surface fragmented regolith 3-17 m thick exists at the land-
ing site (Warner et al., 2017), which is also indicated by fragmentation theory (Golombek et al., 2017).
HiRISE images of nearby Hephaestus Fossae show a relatively fine grained near-surface regolith that
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grades into coarse breccia overlying intact bedrock (Figure 14) and
are consistent with expectations from fragmentation theory
(Golombek et al., 2017). Thickness variations of the regolith were
estimated from the fraction of RECs versus all fresh craters and the
fraction of non-RECs versus all fresh craters 30-60 m diameter
(Golombek, Grott, et al., 2018). Results show a higher percentage of
rocky versus non-rocky craters of this size are present in the west
central portion of the ellipse, suggesting a generally thinner regolith
there than elsewhere. InSight landed in a 5 km by 5 km square grid
where 60% of all craters are RECs and 40% of all craters are
non-RECs <60 m diameter (Golombek, Grott, et al., 2018), suggesting
a somewhat thinner than average regolith beneath the lander.

To map the thickness of the fragmented regolith, the location, dia-
meter, and the presence or lack of rocks of all fresh craters in the
landing ellipse were mapped (Golombek, Grott, et al., 2018; Warner
et al., 2017). The continuous ejecta from a simple crater is sourced
from a depth of about 10% of the transient crater diameter or about
0.084 times the diameter of the final crater (Melosh, 1989). A fresh
non-REC indicates that the fine-grained regolith must be at least as
thick as 0.084 times its diameter. This is a measure of the minimum
thickness of the regolith at that point (Figure 15). Conversely, a fresh
REC indicates that the intact basalt (or possibly very coarse basalt
breccia) is at 0.084 times its diameter beneath the crater and that
the fine-grained regolith must be less than this depth (Warner
et al., 2017). As a result, the actual depth of the base of the
fine-grained regolith must be below the ejecta source depth from
non-RECs and it must be above the ejecta source depth from RECs
(Figure 15). Contouring the non-REC source depth and the REC
source depth separately shows a similar pattern of thick and thin

Figure 12. Square portion of HiRISE image (0.5 km sides) centered at the  rego]ith thickness across the ellipse as estimated from the percentage

InSight lander (yellow dot). (a) Corinto secondaries circled in red. (b)
unannotated image. Note distinctive bright ejecta of Corinto secondaries. All
fresh craters with distinctive bright ejecta or craters with similar morphology
(fresh bowl shape) but little or no bright ejecta (typical of very small craters) were
measured down to 2 m diameter. HiRISE image ESP_036761_1845_RED taken
before InSight landed. North is up. Note Corinto secondary crater, Corintito,

of RECs and non-RECs but also produces overlaps of inconsistent
depths in areas with closely spaced RECs and non-RECs.

To avoid this, a Delaunay triangulation algorithm finds a triangular
plane of like closest points such that no points are inside the

20 m to the southeast (Figure 1a) and Corintitwo, ~40 m to the west-southwest of circumcircle of any triangle (Bern & Eppstein, 1992). The algorithm
the lander are pointed out with black arrows in (b). Dashed line is the rim of finds the three vertices of the closest non-REC and REC source

Homestead hollow.

depths and tests to be sure that no REC source depth triangular plane

is above a nearby non-REC source depth triangular plane. The
Delaunay triangulation maximizes the angles of the triangles to avoid thin slivers and determines the
three-dimensional planar surfaces that are confidently in the fine-grained regolith (minimum thickness)
and the bedrock.

The Delaunay triangulation source depth of all fresh non-RECs <60 m diameter is shown in Figure 16. This
represents the minimum fine-grained regolith thickness and shows that 86% of the ellipse and most of the
central part has a minimum regolith thickness of 3 m. The area beneath the lander has a minimum
fine-grained regolith thickness of 2.6 m. The Delaunay triangulation source depth of all RECs <60 m dia-
meter also shows the rock layer is shallower in the center of the ellipse (Figure 17). The area beneath the
lander has rock at 3.9 m depth. As a result, the thickness of the fine-grained regolith must be between 2.6
and 3.9 m beneath the lander. If the actual base of the fine-grained regolith is halfway between the minimum
regolith depth and the rock depth, then ~70% of the ellipse has a regolith thickness of >3 m (Figure 18); the
thickness of the regolith beneath the lander would be 3.3 m.

Observations near the lander are consistent with an ~3 m thick fine-grained regolith (Warner et al., 2019,
2020). The nearest relatively fresh crater is about 315 m to the southwest of the lander and is 45 m diameter.
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Figure 14. HiRISE image of steep exposed scarp of Hephaestus Fossae in
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Figure 13. Digital elevation model and topographic cross sections of Corintito crater located about 20 m southeast of
the InSight lander, which is shown from the lander in Figure 1 and in HiRISE in Figures 3 and 12. The depth/
diameter ratio is 0.05, the crater shape is parabolic, and the inner wall slopes are generally 1-5°, with a maximum of
around 10°, all of which are similar to morphometric measurements made from HiRISE images. Topographic
elevation postings (2.5 cm) in the profiles are the blue points; the red lines are second degree polynomial least squares
fits. Note the streakiness (noise) in the elevations is downrange from the camera and thus due to range error. However,
elevations perpendicular are dominated by camera resolution and thus relative elevations along the profiles are
reasonably accurate.

It is not a REC, indicating the regolith is at least 3.8 m thick at this location, which is consistent with the
ellipse wide estimate. The closest REC is 100 m diameter about 400 m to the east-southeast (Golombek,
Warner, et al., 2020), indicating that rock is at 8.4 m depth. The 3 m diameter Corintito crater has a sandy
interior, indicating that it impacted a sandy substrate at least 15 cm deep at 0.1-2.5 Ma. Finally, the preero-
sion diameter of Homestead hollow is estimated to be around 22 m (Warner et al., 2020). When it formed, its
fresh crater depth would have been ~3.3 m, assuming a fresh depth/diameter ratio of 0.15 (Sweeney
et al., 2018). Most of this would have been filled with sand since around 400-700 Myr (its crater retention
age), which is also consistent with an ~3 m thick regolith beneath the lander (Grant et al., 2020). Finally,
measured seismic velocities near the surface are consistent with unconsolidated relatively fine grained mate-
rials that are a few meters thick (Lognonné et al., 2020).

Even though there is strong evidence that an impact fragmented
regolith at least 3 m thick exists beneath the lander, the HP? mole
has struggled to penetrate deeper than its length of 40 cm 1.5 years
after landing (Hudson et al., 2020). Prior to landing, synthetic rego-
liths from fragmentation theory and mean free path statistics for
observed surface rock abundances indicated a high probability of suc-
cessfully penetrating at least 3 m for cases tested where the mole can
move rocks <10 cm and divert around larger rocks if it encounters a
rock at angles <45° (Golombek et al., 2017). After deployment of the
HP?, the mole only partially penetrated before halting. Removal of
the HP® Support Structure revealed an open, steep sided pit without
adjacent surface piles of soil (Golombek, Warner, et al., 2020). This
suggests that the underlying soil is either low density and/or particu-
larly porous that was compressed and allowed displaced surface
material to drain down. Further, an illuminated wall of the pit shows

southern Utopia Planitia at 21.9°N, 122.0°E. The image shows cratered plains
in the upper right, with the scarp exposing ~10 m thick, relatively fine grained
regolith that grades into blocky, coarse breccia that overlies strong, jointed
bedrock below. The talus is below the bedrock in the exposed scarp. This
near-surface stratigraphy is indicated by rocky ejecta craters, concentric or

nested craters, and fragmentation theory for the InSight landing site (Golombek

et al., 2017; Warner et al., 2017). Portion of HiRISE image PSP_002359_2020.

horizontal resistant layers composed of fines and pebbles with verti-
cal edges and overhangs suggesting cemented material with cohe-
sions up to ~10 kPa (Golombek, Warner, et al., 2020; Hudson
et al., 2020), similar to other strongly cemented soils on Mars typi-
cally referred to as duricrust (Christensen & Moore, 1992;
Golombek, Haldemann, et al., 2008). To penetrate, the mole uses

GOLOMBEK ET AL.

14 of 25



A~ .
N\\JI Journal of Geophysical Research: Planets 10.1029/2020JE006502
Non Rocky Ejecta Crater Rocky Ejecta Crater
NREC=30m REC=60m
Regolith thickness > 2.5 m Regolith thickness <5 m
*\\_/ Regolith ‘\
Rocky Material

Figure 15. Conceptual cross section of a 30 m diameter non-rocky ejecta crater (left) and a 60 m diameter rocky ejecta
crater (right). Ejecta is sourced from 0.084 times the crater diameter (marked by the asterisk, *), so the non-REC
indicates the fragmented regolith is at least 2.5 m thick. The REC indicates the regolith must be thinner than its ejecta
source depth of 5 m. The actual thickness of the regolith must be between these two (i.e., >2.5 and <5 m).

an internal hammer whose force must be resisted by friction provided by soil around the hull (Spohn
et al., 2018). The leading hypothesis is that the regolith (including the duricrust) has not provided the
necessary friction (Hudson et al., 2020). To aid the mole, the scoop on the end of the arm has both pinned
the side, providing friction, and pushed the top of the mole so that it has hammered fully below the
surface. This indicates that a rock or other obstruction did not impede the mole (Hudson et al., 2020). It is
not known why the duricrust does not show up as a steep inertia contrast in the top few tens of
centimeters (from the lack of orbital seasonal variation), although a combination of low density, thin low
inertia surface materials, extremely small but highly cemented regolith particles, or unmodeled seasonal
clouds are possibilities (Mueller et al., 2020; Piqueux et al., 2020; Vasavada et al., 2017).

Figure 16. Delaunay triangulation of the source depth for non-RECs 30-60 m diameter (Warner et al., 2017), which is
the minimum regolith thickness at the InSight landing ellipse (in white). The minimum regolith thickness beneath
the InSight lander (white X) is 2.6 m. We selected craters 30-60 m diameter to focus on 3-5 m depths relevant to the HP®
mole and because almost all larger craters (e.g., >200 m) are RECs. Latitude and longitude in planetocentric degrees;
minimum regolith thickness. Background is the THEMIS daytime mosaic in which dark halo craters have higher thermal
inertia from rocky ejecta. Note generally north trending wrinkle ridges.
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Figure 17. Delaunay triangulation of the source depth for RECs 30-60 diameter (Warner et al., 2017), which is the depth
to rock in the InSight landing ellipse (in white). The base of the regolith must be above this depth so this is the maximum
regolith thickness. The depth to rock beneath the InSight lander (white X) is 3.9 m. Latitude and longitude in
planetocentric degrees; depth to rock. Background is the THEMIS daytime mosaic in which dark halo craters have higher
thermal inertia from rocky ejecta.

10. Surface Alteration

Surface alteration by the InSight retropropulsive thrusters was expected as the plumes interact with the sur-
face during landing (Golombek et al., 2017). Extensive modification beneath the lander was a concern for
InSight during development, because the thrusters are pulsed, which leads to shock waves that fluidize soils
leading to substantially more erosion than conventional jets (Mehta et al., 2011, 2013; Plemmons et al., 2008).
The same pulsed thrusters on Phoenix excavated 5-18 cm of soil beneath the lander to uncover hard subsur-
face ice that prevented further erosion (Mehta et al., 2011). Furthermore, because the subsurface of the
InSight landing site was selected to have 3-5 m of unconsolidated or poorly consolidated soils, it would be

135°E 136°E

Figure 18. Delaunay triangulation of estimated regolith depth assuming that the base of the regolith is half way (mean)
between the minimum regolith thickness (Figure 16) and the depth to the rock (Figure 17) based on the ejecta source
depth of 30-60 m diameter fresh non-RECs and RECs (Warner et al., 2017). The thickness of the regolith beneath the
InSight lander (white X) is 3.3 m based on this determination. Latitude and longitude in planetocentric degrees; ellipse in
white. Background is the THEMIS daytime mosaic in which dark halo craters have higher thermal inertia from rocky
ejecta.
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Figure 19. IDC image of the soil surface near the lander acquired on Sol 8. The

radial striations in the soil and elongated hills that have pebbles at the

lander-facing ends suggest they protected the tails of material behind. The radial

pattern suggests dispersal of unconsolidated sand by the retrorockets away
from the lander. The relief of the ridges and grooves suggests that only

millimeters of sand has been removed around the lander. The scoop at the end of

the arm is the dark rectangle 7.1 cm wide in the center of the image.

an issue if craters were eroded beneath the thrusters during landing
that were large enough to alter surface topography under the foot-
pads and thus destabilize the lander. An approximate model, based
on the total amount of momentum imparted to the surface by the
thrusters, was evaluated during development (Golombek et al., 2017).
Results showed that craters were expected beneath the thrusters, but
they would not be large enough to appreciably alter the surface topo-
graphy beneath the lander footpads. Also, like Phoenix (Arvidson
et al., 2009), it was expected that surface dust, sand, granules, and
pebbles would be moved in the area around the lander but that this
would not modify the surface sufficiently to impact instrument
deployment (Golombek et al., 2017). Finally, because the surface of
the InSight landing site is moderately dusty, it was expected that
the thrusters would remove the dust and create a dark spot
(Golombek et al., 2017) (also see section 4).

The surface alteration observed around the InSight lander is consis-
tent with expectations prior to landing (Golombek et al., 2017). As
described more fully in section 4, HiRISE images taken about a week
after landing show a large dark spot (Williams et al., 2019) (Figure 3)
that extends to the north around 20 m (Figure 4). The spot is 35%
lower in albedo than the surrounding surface but is more gradational
and extended to the south (Golombek, Warner, et al., 2020). This dar-
kening is similar in size and relative albedo change to the
lander-induced albedo changes around Phoenix and Mars Science

Lander, all of which have been attributed to the removal of dust (Daubar et al., 2015; also see section 4).
Around the lander, the surface has radial, millimeter-scale ridges indicative of surface scour (Garvin
et al., 2019) (Figure 19). Tails behind pebbles that extend away from the lander suggest scour by unconsoli-
dated sand at the surface. Surface divots and elongated depressions leading to a 5 cm pebble indicate that it
hopped and skipped ~1 m across the surface (Golombek, Warner, et al., 2020). These observations are con-
sistent with the pulsed descent rocket exhaust removing bright surficial fine-grained dust to create the dark
spot and scouring dark loose sand and granules as expected from prelanding analysis (Golombek et al., 2017).

Figure 20. InSight IDC image under the lander showing pits ~50 cm diameter

and ~10 cm deep dug by the pulsed retro rockets. The image was acquired on
Sol 18 and has been contrast stretched to better show the surface in shadow
beneath the lander.

Retrorockets excavated three pits ~50 cm diameter and ~10 cm deep
beneath InSight (Figure 20). Material from the pits appears scattered
across the surface, and one footpad is buried by this material. None of
the pits extend to the footpads and are thus consistent with models of
surface alteration done prior to landing. Furthermore, surface altera-
tion by the thrusters did not negatively impact instrument deploy-
ment (Banerdt et al., 2020). These modifications are similar to those
at the Phoenix landing site, where pulsed retrorockets removed dust,
scoured the surface, and dug pits beneath the lander (Arvidson
et al., 2009; Mehta et al., 2011).

11. Planetary Protection

The InSight landing site had to pass planetary protection require-
ments consistent with its designation as a Category IVa mission that
could not go to a special region and carries no life detection instru-
ments. For InSight, the landing site cannot have water or ice within
5 m of the surface (i.e., it cannot be a special region, e.g., Rummel
et al., 2014), subsurface discontinuities, high concentrations of water
bearing soils or minerals, or liquid water created by the HP* mole that
could mobilize a 50 nm particle (Golombek et al., 2017). Nearly com-
plete high-resolution image coverage of the landing ellipse revealed
no geomorphic features that could be interpreted as due to liquid
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water or ice within 5 m of the surface (Golombek et al., 2017). In addition, there is no evidence that surface
materials have high concentrations of water bearing minerals (e.g., Pan & Quantin, 2018; Pan et al., 2020). In
fact, the formation of a fragmented regolith overlying basalt flows was viewed as a barrier for the generation
of special regions and no subsurface reflectors were identified in SHARAD data (e.g., Putzig et al., 2017).
Finally, orbital data show that the surface was only affected by impact, mass wasting, and eolian processes
(Golombek et al., 2017), and a review of the literature revealed no other proposed aqueous activity in the
region since the basalt was emplaced.

The evaluation of the surface prior to landing with regard to planetary protection requirements is consistent
with observations from the surface after landing. Observations of the geology of the surface from the lander
only show evidence for impact, mass wasting, and eolian processes (Golombek, Warner, et al., 2020). No geo-
morphological evidence for subsurface water or ice has been found. Rocks are dark and fine grained, consis-
tent with mafic, aphanitic basalts. Finally, surface investigations are consistent with surface materials
composed of poorly sorted, dominantly sandy soils with lesser granule, pebbles and rocks that formed via
impact, mass wasting and eolian processes (section 9) (Golombek, Warner, et al., 2020).

12. Comparison to the Gusev Cratered Plains

The interpretation of the smooth plains in the InSight landing ellipse as being composed of an impact gen-
erated regolith overlying basalt flows being similar to the Gusev cratered plains from the Spirit rover traverse
suggested that the landing sites would be dominated by impact craters in various stages of degradation and
that hollows (filled craters) would be common (Golombek et al., 2017; Golombek, Grott, et al., 2018;
Sweeney et al., 2018; Warner et al., 2017). In this section, we assess the similarities between the two sites.

Prior to landing, the smooth plains of the InSight landing site were interpreted to be a 3-10 m thick, impact
generated regolith underlain by Hesperian to Early Amazonian basaltic lava flows based on the following
observations. Geologic mapping in CTX images showed volcanic vents and flow fronts that partially fill large
craters (Golombek, Grott, et al., 2018). HiRISE images of Hephaestus Fossae in southern Utopia Planitia
(Figure 14) show ~10 m of regolith with few rocks over coarse breccia and steep, jointed bedrock below
(Golombek et al., 2017; Warner et al., 2017). Rocks in the ejecta of fresh craters ~0.5-2 km diameter indicate
competent rock ~5-200 m deep with weaker material above and below (e.g., Golombek et al., 2017; Warner
et al., 2017). Shallow exposed outcrops in fresh crater walls have mafic mineral spectra consistent with basal-
tic material (Pan & Quantin, 2018; Pan et al., 2020). Wrinkle ridges on the plains (Figure 16) have been inter-
preted as fault-propagation folds where slip on a thrust fault at depth results in asymmetric folding in weakly
bonded but strong layered material (such as basalt flows ~200-300 m thick) near the surface (e.g., Golombek
& Phillips, 2010; Mueller & Golombek, 2004).

Observations of 100 m scale impact craters in the InSight landing area showed that they are in a variety of
degradation states from fresh, bowl shaped craters to nearly, flat filled in circular hollows (Warner et al., 2017;
Sweeney et al., 2018). Analysis of the size-frequency distribution of these craters and the morphometry of the
different degradational states from DEMs yielded timescales and amounts of erosion. Results show that the
crater degradation rates are slow (1072 to 10~* m/Myr) (Sweeney et al., 2018; Warner et al., 2020) and con-
sistent with a surface shaped predominantly by impact, mass wasting, and eolian processes, similar to other
Hesperian surfaces on Mars (e.g., Golombek, Grant, et al., 2006; Golombek, Warner, et al., 2014).
Constraints on the age of the volcanic flows from the size-frequency distribution of craters indicates
Hesperian ages for craters larger than 5 km (Golombek, Grott, et al., 2018), but craters smaller than 2 km
indicate volcanic resurfacing in the Early Amazonian (~1.7 Ga) (Warner et al., 2017, 2020; Wilson
et al., 2019). In addition, craters smaller than 150 m diameter fall along a —2 power law slope (Warner
et al., 2020; Wilson et al., 2019) indicating that they are in equilibrium with surface processes eroding and
filling them in (i.e., new craters form at about the same rate at which they are destroyed)
(Hartmann, 1984). Finally, our analysis of regolith thickness (section 9) shows that most of the ellipse has
a regolith 3-5 m thick. These orbital observations are consistent with our observations and interpretations
made from the lander (Golombek, Warner, et al., 2020). In particular, within view of the lander are a large
number of craters, with many appearing as hollows (nearly flat, filled in craters).

Observations of the Gusev cratered plains during the Spirit rover traverse (Grant et al., 2004; Grant,
Arvidson, et al., 2006; Golombek, Crumpler, et al., 2006) also indicate a similar origin as an impact
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Figure 21. HiRISE images of the InSight (a) and Spirit (b) landing sites at the same scale. The white crosses (X) show the
location of the landers. Note smoother surface and more degraded craters at the InSight landing site compared with

the Spirit landing site. Bonneville crater is the largest, freshest crater (210 m diameter) with continuous rocky

ejecta blanket investigated by the Spirit rover to the northeast. Compare with the freshest crater near InSight, which is the
100 m diameter REC around 400 m to east. HiRISE image (a) is ESP_036761_1845; HiRISE image (b) is PSP_001777_1650.

generated regolith about 10 m thick that overlies Hesperian-Early Amazonian basalt flows that has been
degraded by mass wasting and eolian processes. The Gusev cratered plains are named because of the
ubiquity of craters in a variety of degradation states and the preponderance of hollows, which are low
relief circular features with relatively smooth soil filled interiors surrounded by rockier terrain (Figure 1).
The rocks are olivine basalts (McSween et al., 2006), and field observations identified vesicular clasts and
rare scoria similar to original lava flow tops, consistent with an upper inflated surface of lava flows with
adjacent collapse depressions (Golombek, Crumpler, et al., 2006). The measured size-frequency
distribution of impact craters >20 m diameter in Mars Orbital Camera images shows they also are on a
—2 power law distribution (Golombek, Crumpler, et al., 2006), suggesting that they are in equilibrium
with surface processes eroding them (Hartmann, 1984). Hollows down to ~2 m diameter measured from
the Spirit rover while traversing from the landing site to Bonneville crater are continuous with the —2
power law distribution for larger craters but have a lower power law slope of —1.5 indicating that smaller
craters are being destroyed more rapidly than larger ones. Two-toned or patinated rocks and elevated
ventifacts indicate eolian deflation of the Gusev cratered plains surface of ~5-25 cm and the transported
sand filled the craters to form the hollows (Golombek, Crumpler, et al., 2006; Golombek, Grant,
et al., 2006). Further constraints on the erosion of fines based on the rock distributions limits the total
deflation from tens of centimeters to less than 1 m (Golombek, Grant, et al., 2006), which constrains the
rate of erosion to <107 to 10~* m/Myr (Golombek, Crumpler, et al., 2006; Golombek, Grant, et al., 2006).
The size-frequency distribution of craters >1 km in HRSC images for the Gusev surface indicate a
Hesperian age of ~3.65 Ga (Greeley et al., 2005). Smaller craters (0.2-1 km) in higher-resolution images
follow a production function for a 2.2 Ga, Early Amazonian age (Wilson et al., 2020), consistent with
younger resurfacing. The thickness of the regolith on the Gusev plains is estimated at around 10 m from
the morphology and morphometry of the largest, freshest crater visited by the Spirit rover. Bonneville
crater is a 210 m diameter, 10 m deep, flat floored fresh crater, with a rocky continuous ejecta blanket
(Figure 21). Modification is limited to thin (few meters) drift deposits, and jumbled rocks make up the
constant inward sloping walls, with the largest blocks (2.5 m) suggesting Bonneville crater formed in
loose rubble ~10 m thick but may have excavated some rocks from deeper more intact rock (Grant
et al., 2004; Grant, Wilson, et al., 2006; Golombek, Crumpler, et al., 2006).

The above descriptions of the InSight smooth plains and Gusev cratered plains clearly indicate that both sites
share a similar origin as basalt flows with an impact generated regolith modified by mass wasting and eolian
activity. Both sites contain impact craters in a variety of degradational states and have abundant hollows
attesting to eolian infill. In this regard, the prediction that the InSight landing site would be similar to the
Spirit landing site appears largely correct.
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However, we also note interesting differences between the two sites that warrant further investigation. Side-
by-side HiRISE images of both surfaces at the same scale show that the InSight surface is smoother and cra-
ters are more subdued and degraded and has far fewer fresh craters tens of meters in diameter than the
Gusev cratered plains (Weitz et al., 2020) (Figure 21). The Gusev surface also has more eolian bedforms
and more dark bedforms, suggesting that they are more recently active. Both InSight and Gusev crater ages
indicate Hesperian surfaces that were resurfaced in the Early Amazonian. However, the erosion rates at the
InSight landing site are 1 to 2 orders of magnitude faster than at the Gusev cratered plains, which could
explain the smoother surface at InSight. Further research could help to better understand these differences.
The existence of two landing sites on Mars that formed in a similar way offers a rare opportunity to better
understand the cause of their differences.

The similar remote sensing properties and geologic settings of the InSight and Spirit landing sites do suggest
that Hesperian lava flow surfaces on Mars develop fragmented regolith-dominated surfaces modified by
mass wasting and eolian processes with generally low thermal inertia (e.g., Golombek, Crumpler, et al., 2006;
Golombek, Warner, et al., 2020; Grant, Arvidson, et al., 2006). In these terrains, the mechanically strong
blocks of basalt bedrock are fragmented by impact but otherwise resist further significant breakdown by
eolian activity (e.g., Rogers et al., 2018). On these types of surfaces, the sand produced by the impacts
(Golombek, Charalambous, et al., 2018, 2020) is trapped in the craters, producing a surface dominated by
sand with variable rock abundance and generally low thermal inertia (e.g., Golombek, Crumpler, et al., 2006;
Golombek, Warner, et al., 2020; Rogers et al., 2018). This is in contrast to surfaces with higher thermal iner-
tia that are composed of generally weak, friable clastic rocks that are easily eroded and cleared of commin-
uted material by eolian activity (e.g., Rogers et al., 2018). These surfaces generally have higher thermal
inertia than those composed of mostly sandy regolith. Examples of weak, friable clastic rocks include the sul-
fate sandstones of Meridiani Planum that have been easily planed off parallel to the surface by eolian activity
(e.g., Golombek, Warner, et al., 2014) and the rocks of the Columbia Hills that lack a regolith cover
(Golombek, Grant, et al., 2006; Rogers et al., 2018). Future landings on Mars and comparisons to geologic
interpretations of remote sensing data from orbit will further test and refine these relationships.

The successful prediction of both the surface characteristics important for landing safely (e.g., rocks, slopes,
load bearing, and radar reflective) and the geologic setting (in this case basalt flows overlain by fragmented
regolith) is only the third case (the other two being the Mars Pathfinder and Phoenix landing sites) where
both have been correctly predicted from orbital remote sensing data. Part of this success could be due to hav-
ing a similar site already explored on the ground (Spirit) and perhaps also to the fairly simple geologic setting
(basalt with overlying regolith for Spirit and InSight). With regard to just the surface characteristics impor-
tant for landing safely, the analysis of remote sensing data has correctly predicted the last six Mars landing
sites (Mars Pathfinder, Mars Exploration Rover Spirit, Opportunity, Phoenix, MSL, and InSight; Arvidson
et al., 2008; Golombek et al., 1997, 1999, 2005, 2017; Golombek, Grant, et al., 2003, 2012; Golombek,
Haldemann, et al., 2008). A significant factor in the last three successful site selections has been the ability
to detect rocks and slopes in HiRISE images and DEMs at close to the scale of the lander. This suggests that
future landing site selection efforts using these techniques and methods will be similarly successful.

13. Summary and Conclusions

Selection of the InSight landing site took place over 6 years in which targeted remote sensing data were
used to characterize the surface and atmosphere for safe entry, descent, and landing. The comprehensive
analysis of remote sensing data made predictions about both the atmosphere and surface that are tested
herein from data acquired by the spacecraft. We find a close correspondence between the expected atmo-
sphere and surface and those found by InSight. In addition, the expected geologic setting of the surface
and shallow subsurface structure inferred from orbital data is consistent with surface geologic and geo-
physical observations.

General predictions of the landing site before landing were that the landing site in western Elysium
Planitia would be safe for the InSight landing system and that the instruments could be deployed onto
the surface. Further, the smooth plains upon which the InSight landing site is located would be generally
similar to the Mars Exploration Rover Spirit landing site with relatively low rock abundance, low slopes, a
moderately dusty surface and be composed of an impact fragmented, relatively fine grained regolith
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3-10 m thick underlain by Hesperian to Early Amazonian basaltic lava flows that was modified by eolian
and mass wasting processes. InSight landed safely on 26 November 2018, and the instruments were suc-
cessfully deployed onto the surface in the workspace; all of these predictions are consistent with surface
observations.

InSight arrived at Mars about 5 months after a large global dust storm had initiated, by which time global
observations of the atmosphere indicated that it had reached expected background conditions. The
deceleration-derived temperature profile and surface pressure compared well with the envelope of modeled
temperature profiles (within 10) and the expected surface pressure. Although the reconstructed density pro-
file is consistently around 1o below the mean model density, the atmosphere encountered by InSight was
well within the capabilities of the landing system and the expected model conditions for the background
atmosphere.

InSight landed on a surface with moderate thermal inertia and intermediate to relatively high albedo gener-
ally similar to the Viking, Spirit, Phoenix, and Curiosity landing sites. Orbital TES and THEMIS thermal
inertia is ~230 and ~166 J m~2 K~' s~/2 respectively, interpreted to be due to a surface composed predomi-
nantly of poorly consolidated sand size particles or a mixture of slightly cohesive soils (cohesions of less than
a few kilopascals), some rocks and thermally thin coatings of dust, without a steep inertia contrast within the
top few tens of centimeters. The relatively high albedo (~0.24) and DCI argues for a thin coating of dust.
Surface RAD diurnal temperature measurements yield an average thermal inertia of ~200 J m 2K s
similar to orbital derivations, corresponding to poorly consolidated particles of fine sand (~150 um). The
expectation of a moderately dusty surface similar to the dusty portion of the Gusev cratered plains is consis-
tent with the reddish color of the landscape and the extensive dark spot where dust was removed by the land-
ing thrusters.

Orbital estimates of rock abundance from high-resolution images and thermal differencing in the landing
ellipse indicated a surface with a very few rocks. Surface rock counts indicate rock size-frequency distribu-
tions similar to Phoenix and the Spirit landing sites with 1-4% CFA covered as expected and consistent with
fragmentation theory predictions. The observed steep increase in number of rocks less than 4 cm diameter
was suggested by interpretations of radar polarization echoes.

Orbital estimates of slopes at 100 to 1 m length scale from MOLA extrapolations, HRSC, CTX, and
HiRISE DEMs, photoclinometry, and radar returns all indicated a very smooth landing site comparable
to the Opportunity and Phoenix landing sites that are consistent with surface observations.
Interpretations of radar data indicated no anomalous returns that would affect the proper functioning
of the radar altimeter and velocimeter, both of which worked properly. The load bearing surface that
InSight landed on was indicated from both the radar data and the thermophysical properties. Surface
alteration from retrorockets is as inferred from studies before landing, and no surface observations indi-
cate any violation of planetary protection requirements. Finally, the density of Corinto secondaries in
the landing region and their shape, slopes, and depth/diameter ratio as are as expected from HiRISE
images.

Orbital analysis of rocky and non-RECs argued for a poorly consolidated, relatively fine grained, regolith
around 3 m thick at the landing site. Geologic mapping, spectra, the Hesperian to Early Amazonian surface
crater age, and fragmentation theory argued that the regolith was generated by repeated impacts on basaltic
lava flows and that the surface was modified by eolian and mass wasting processes. This geologic origin and
shallow subsurface structure is supported by observations from the lander and by measured slow
near-surface seismic velocities. The origin and evolution of the InSight landing site is thus similar to the
Gusev cratered plains at the Spirit landing site as predicted.

Data Availability Statement

All data from NASA spacecraft are available in the NASA Planetary Data System archive. All InSight and
other remote sensing data discussed in this paper are in the Geosciences node (at https://pds-geosciences.
wustl.edu/missions/insight/index.htm). All imaging data are in the Cartography and Imaging Node
(at https://pds-imaging jpl.nasa.gov/). Rock data used in Figures 5-10, crater data in Figure 12, and the rego-
lith triangulation results in Figures 16-18 are available in Golombek (2020).
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