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Abstract This article discusses relevant physical properties of the regolith at the Mars In-
Sight landing site as understood prior to landing of the spacecraft. InSight will land in the
northern lowland plains of Mars, close to the equator, where the regolith is estimated to be
> 3-5 m thick. These investigations of physical properties have relied on data collected from
Mars orbital measurements, previously collected lander and rover data, results of studies of
data and samples from Apollo lunar missions, laboratory measurements on regolith simu-
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lants, and theoretical studies. The investigations include changes in properties with depth
and temperature. Mechanical properties investigated include density, grain-size distribution,
cohesion, and angle of internal friction. Thermophysical properties include thermal inertia,
surface emissivity and albedo, thermal conductivity and diffusivity, and specific heat. Re-
golith elastic properties not only include parameters that control seismic wave velocities in
the immediate vicinity of the Insight lander but also coupling of the lander and other po-
tential noise sources to the InSight broadband seismometer. The related properties include
Poisson’s ratio, P- and S-wave velocities, Young’s modulus, and seismic attenuation. Fi-
nally, mass diffusivity was investigated to estimate gas movements in the regolith driven
by atmospheric pressure changes. Physical properties presented here are all to some degree
speculative. However, they form a basis for interpretation of the early data to be returned
from the InSight mission.

Keywords Mars - Regolith - Physical properties - InSight landing site

1 Introduction

The InSight mission is the first dedicated geophysical mission to another planet. InSight
(Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) will place
a single geophysical lander on Mars to study its deep interior and to provide information
relevant to the fundamental processes of terrestrial planet formation and evolution (Banerdt
et al. 2013). This article discusses physical properties of the Mars regolith at the InSight
landing site based upon information available approximately one year prior to launch, and
eighteen months prior to touchdown of the InSight lander. The InSight mission represents
many years of engineering and scientific design and preparation, based to some degree on
the properties of the regolith at the landing site. Most of the scientific data to be collected by
instruments on the InSight lander will be filtered by the regolith in the immediate vicinity
of the landing site. Therefore to design these instruments and to make realistic predictions
of the range of data characteristics that should be recorded by the instruments, a model of
the physical properties of the landing site regolith has been required. As the science team
approaches the final stages of preparation for first data return from the InSight Mission, we
saw benefit in using a consistent set of regolith physical property values for any required
data processing and early publications across the project. At least some of these property
values will be revised at a later date with new data from the InSight instruments.

The InSight lander is based on a lander used for the successful Phoenix mission that
was launched to Mars on August 4, 2007 and investigated near-surface ice in the Martian
Arctic (Smith et al. 2009). Scientific instruments on the Phoenix lander have been replaced
by a broad-band seismometer that will be placed on the surface of Mars, a heat-flow probe
with an internal hammer mechanism that will hammer itself into the Martian regolith with
an accompanying radiometer to determine the radiative surface temperature of the regolith
close to the lander, and a precision tracking system. Additional instruments on the lander
will measure orbital and local atmospheric parameters of Mars. Some regolith properties,
such as radioactivity and magnetic properties have been omitted in this discussion because
they were either not pertinent to the InSight Mission instruments or they lacked data at the
regolith scale.

12°School of Earth Sciences, University of Bristol, Wills Memorial Building, Queens Road,
Clifton BS8 1RJ, UK



Fig. 1 Topographic map of the
region around the InSight landing
site (NSY) showing major
physiographic features,
mentioned in the text, as well as
the Viking Lander 2 (VL2), Mars
Science Laboratory (MSL), and
Mars Exploration Rover (MER) 30°
Spirit landing sites. Spirit landed
in Gusev crater and Curiosity
(MSL) landed in Gale crater. The
map is a portion of the Mars
Orbiter Laser Altimeter (MOLA)
topographic map of Mars (Smith
et al. 2001)
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The InSight landing site is shown on a portion of Mars topography in Fig. 1. The gen-
eral landing area was chosen for basic operational reasons of being close to the equator for
year-round solar power for the lander and smooth topography for the landing site. More
specific details of landing site selection are given in the Landing Site Overview in Sect. 2.1
below. Mars has two basic terrains, smooth northern lowland plains (“planitia”) and south-
ern cratered highlands (“terra”), separated by the dichotomy boundary. Four geologic eras
have been assigned to terrains on Mars based on crater densities: Pre-Noachian, 4.5-4.1 Ga;
Noachian, 4.1-3.7 Ga; Hesperian, 3.7-3.0 Ga; and Amazonian, 3.0 Ga—present. The landing
site is in lowlands terrain of Early Hesperian or younger age, just north of the dichotomy
boundary.

Following this introduction is a description of the regolith at the landing site including
the criteria and process of landing site selection. This section is followed by four regolith
physical property sections: Regolith Soil Mechanical Properties; Regolith Thermo-Physical
Properties; Regolith Elastic Properties; and Mass Diffusivity. The paper closes with a sum-
mary and conclusions section. Sections were contributed by different authors or groups of
authors according to their specialty. We have endeavored to make the document flow as
smoothly as possible, but it is primarily an informational article. However, what the paper
lacks in style we hope that it contributes in utility.

2 Regolith at the InSight Landing Site

This section describes properties of the regolith essential for safe landing and operation of
the spacecraft and instrument deployment.

2.1 Landing Site Overview

InSight will land in western Elysium Planitia on Hesperian plains just north of the dichotomy
boundary (Golombek et al. 2017). This location satisfies the three dominant landing site en-



gineering constraints, which are latitude (3°N-5°N), elevation (< —2.5 km with respect
to the MOLA geoid), and a large smooth, flat surface to place a 130 km by 27 km land-
ing ellipse. Other engineering constraints that are relevant to the geologic setting include:
(1) a load bearing, radar reflective surface with thermal inertia > 100-140 J/(m?>Ks'/?),
slopes < 15° and rock abundance < 10% for safe landing and instrument deployment, and
a broken up regolith > 3 m thick to facilitate deployment of the heat flow probe (Golombek
et al. 2017).

The InSight landing ellipse is located on smooth plains with Noachian highlands to the
south and west, a ridge of Medusae Fossae Formation to the southeast and very young lavas
from Athabasca Valles to the east (Golombek et al. 2017). The ellipse is located at 4.5°N,
135.9°E, about 540 km north of the Mars Science Laboratory landing site. The plains sur-
face on which the InSight ellipse is located is mapped as Early Hesperian transition unit
(eHt) by Tanaka et al. (2014) in the global geologic map of Mars, which could be sedimen-
tary or volcanic. A volcanic interpretation of the plains is supported by: (1) the presence
of rocks in the ejecta of fresh craters ~ 0.4 to 20 km diameter suggesting a strong com-
petent layer ~ 4 to 200 m deep with weaker material above and below (e.g., Golombek
et al. 2013; Catling et al. 2011, 2012; Warner et al. 2017); (2) exposures of strong, jointed
bedrock overlain by ~ 10 m of relatively fine grained regolith in nearby Hephaestus Fos-
sae in southern Utopia Planitia at 21.9°N, 122.0°E (Golombek et al. 2013, 2017); (3) platy
and smooth Late Hesperian to Early Amazonian lava flows up to 200 m thick mapped in
6 m/pixel visible images south of the landing site (Ansan et al. 2015); and (4) the presence
of wrinkle ridges, which 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 (such as basalt flows) near the surface (e.g., Mueller and Golombek 2004;
Golombek and Phillips 2010).

The landing ellipse has very low rock abundance (Golombek et al. 2017). Most rocks at
the landing site are concentrated around rocky ejecta craters larger than 30 to 200 m diam-
eter, but not around similarly fresh smaller craters (Golombek et al. 2013, 2017). Because
ejecta is sourced from shallow depths, ~ 0.08 times the diameter of the crater (Melosh
1989), and based on the assumption that the surface morphology is fresh and not highly
eroded, the onset diameter of rocky ejecta craters has been used to map the thickness
of the broken up regolith. Results indicate a regolith that is 3—17 m thick (Warner et al.
2014, 2016, 2017), that grades into large blocky ejecta over strong intact basalts (Golombek
et al. 2013, 2017). Because fresh craters larger than 2 km do not have rocky ejecta, material
below the basalts at ~ 200 m depth is likely weakly bonded sediments.

Surficial thermophysical properties of the landing site indicate that the soil that makes
up the surface materials is similar to common weakly bonded soils on Earth and conducive
to penetration by the heat flow probe (Golombek et al. 2017). The thermal inertia of the
landing ellipse is about 200 J/(m? Ks!/?), the albedo is 0.25, and dust cover index is 0.94
(see Sect. 4.2, and Golombek et al. 2017). Comparison with the thermal inertias of previ-
ous landing sites and the soils at these sites (Golombek et al. 2008a) suggests the InSight
landing site surfaces are composed of cohesionless sand or low cohesion soils (cohesions of
less than a few kPa, angle of internal friction of 30-40°), with bulk densities of ~ 1000 to
1600 kg/m?, particle sizes of ~ 150-250 um (fine sand), that extend to a depth of at least
several tens of centimeters, and with surficial dust layer less than 1-2 mm thick (Golombek
et al. 2017).

The albedo and dust cover index are similar to dusty and low-rock abundance portions of
the Gusev cratered plains, which are Hesperian lava flows with an impact generated regolith,
modified by eolian processes (Golombek et al. 2006). Mapping of surface terrains in high-
resolution images of the InSight landing site and surrounding areas, shows these terrains
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Fig. 2 Left: An example of the shallow structure of the InSight landing site. HIRISE image PSP_002359_
2020 of a portion of the exposed steep scarp of the Hephaestus Fossae in southern Utopia Planitia at 21.9°N,
122.0°E showing ~ 10 m thick, fine grained regolith, that grades into coarse, blocky ejecta that overlies
strong, jointed bedrock (arrows show each). Right: Stratigraphic model of the shallow subsurface in the
InSight landing region based on geological interpretation of orbital data and analysis of rocky crater ejecta.
Figure modified from Knapmeyer-Endrun et al. (2017)

are similarly Hesperian lava flows with an impact generated regolith modified by eolian
processes (Golombek et al. 2017; Warner et al. 2017).

An exposed escarpment of nearby Hephaestus Fossae (Fig. 2) shows this near surface
structure with ~ 10 m thick, relatively fine grained regolith, that grades into coarse, blocky
ejecta with meter to ten-meter scale boulders that overlies strong, jointed bedrock. The
grading of finer grained regolith into coarser, blocky ejecta is exactly what would be ex-
pected for a surface impacted by craters with a steeply dipping negative power-law size
distribution in which smaller impacts vastly outnumber larger impacts that would excavate
more deeply beneath the surface (e.g., Shoemaker and Morris 1969; Hartmann et al. 2001;
Wilcox et al. 2005).

2.2 Rock Abundance

The contrast between measurements of thermal emission from the surface at various wave-
lengths using the Viking Orbiter Infrared Thermal Mapper (IRTM) and the Mars Global
Surveyor spacecraft Thermal Emission Spectrometer (TES) data have been used to deter-
mine the rock abundance (the fractional area covered by high thermal inertia rocky mate-
rial) at about 60 and 8 km/pixel scales (Christensen 1986; Nowicki and Christensen 2007).
With the rock abundance and the bulk thermal inertia, the thermal inertia of the remaining
soil, referred to as the fine-component thermal inertia (Kieffer et al. 1977), has also been
determined (Christensen 1986; Nowicki and Christensen 2007). Rock abundance estimated
from thermal differencing is 4% and 9% for IRTM pixels of ~ 60 km (Christensen 1986)
and around 4% (1%-7%) for TES pixels of ~ 8 km (Nowicki and Christensen 2007) in the
landing ellipse. Because the thermal differencing estimates of rock abundance are relatively
low for this area (Christensen 1986; Nowicki and Christensen 2007), the fine component
thermal inertia is only slightly lower than the bulk thermal inertia.



Rock abundance measured from shadows in HiRISE images fit to model exponential cu-
mulative fractional area versus diameter curves in 150 m bins (Golombek et al. 2008b, 2012)
also indicate a very low average rock abundance of 1-2% for the InSight landing site
(Golombek et al. 2017), although rock abundance can increase to ~ 35% around rocky
ejecta craters. Fragmentation theory in which the particle size distribution is described by
a negative binomial function (Charalambous and Pike 2014) was applied to the InSight
landing site using cratering size-frequency measurements to derive a synthesized regolith
with a size-frequency distribution similar to the exponential model for ~ 2-6% rock abun-
dance (Charalambous et al. 2011; Golombek et al. 2017). The measurements and models
of rock abundance combined with the thermal inertia observations all indicate a relatively
fine-grained regolith with low rock abundance in the upper 5 m of the regolith at the landing
site.

2.3 Regolith Structure Summary

In summary, the upper 5 m of regolith at the landing site are expected to be dominantly
composed of nearly cohesionless fine basaltic sand, which contains few rocks. The regolith
was produced by impact gardening of basalt flows with eolian sorting and transport of the
sand. In contrast with lunar regolith, the sand grains are rounded to sub-rounded by salta-
tion (e.g., McGlynn et al. 2011). With increasing depth, larger particles and rocks are ex-
pected to become more plentiful until the upper, relatively fine-grained regolith grades into a
coarse-grained breccia or blocky ejecta that overlies fractured basalt flows. In addition, with
increasing depth the effects of impact decreases and basalt would likely be less fractured.
Below ~ 200 m basalt would transition to sediments or weakly bonded sedimentary rocks.

3 Regolith Soil Mechanical Properties
3.1 Introduction

The parameters used to characterize the mechanical properties of the regolith at the In-
Sight landing site are considered in this section. They are also summarized in a table in the
Appendix.

The Martian regolith is expected to be a complex mix of weathered, indurated, and wind-
blown material (e.g., Putzig and Mellon 2007), and apart from engineering safety consid-
erations, the InSight landing site was chosen to facilitate penetration of the HP? thermal
probe to a depth of 3—5 m into a column of fragmented regolith (Golombek et al. 2017).
Comparison with data from other landed missions and orbiters indicates that the regolith is
largely cohesionless, has angle of internal friction close to that of sand (30—40°), and parti-
cles are expected to be rounded due to erosion by wind. Indeed, eolian activity on Mars has
occurred throughout geologic time. The surface layer has been subjected to eolian activity
and impacts: after each impact sand size grains have been saltated, rounded and sorted, and
the entire column of material has rounded (sub-rounded) grains. As such, the region may
be viewed as an eolian deposit which may be the result of potentially several inflation and
deflation periods. Given the values of thermal inertia (200 J/(m?K!s!'/2)), albedo (0.25)
and dust cover index (0.94) in the InSight landing place, and based on comparison with the
thermal inertias of previous landing sites, the InSight surfaces are composed of cohesionless
sand or low cohesion soils with particle sizes of ~ 0.15-0.25 mm (fine sand) (Golombek
et al. 2008a, 2017).



3.2 Density

Physical properties of regoliths, such as thermal conductivity, seismic velocity, penetration
resistance, shear strength, compressibility and dielectric constant, depend on bulk density,
which depends on grain size distribution, grain shape, particle surface texture and grain ar-
rangement (Carrier et al. 1973). In dust powders, repulsive effects of electrostatic forces
can result in densities as low as 1000 kg/m?; in fine sand, inter-particle forces are mainly
governed by gravity and inter-granular friction, resulting in higher densities. However, it is
likely that the lower gravity on Mars could result in looser arrangements of grains of same
shape and size distribution, compared to the gravity on the earth. Possible values of the re-
golith density can be further estimated by considering typical features of granular assemblies
and sands, together with the physical properties of some terrestrial sands and regolith simu-
lants (Mojave simulant, Eifelsand, and Mars Soil Simulant-D; Delage et al. 2017). A simple
illustration providing first order estimates can be obtained from geometrical considerations
of arrangements of spherical particles of the same diameter. In the densest possible arrange-
ment (tetrahedral), with a minimum void ratio e,,;, = 0.351, with terrestrial sands, often
composed of quartz grains with a density of 2670 kg/m?, this value corresponds to a max-
imum bulk density of 1980 kg/m?, a high density for (non-basaltic) terrestrial sands. For
basaltic sands, as on Mars and in some areas on the earth, the corresponding density would
be 2230 kg/m? with a grain density of 3310 kg/m? for basalt. Conversely, the loosest pos-
sible assembly of spheres (simple cubic) has a maximum void ratio e, = 0.908, yielding
a minimum bulk density of 1400 kg/m?® for quartz sands and of 1580 kg/m? for basaltic
sands. For non-spherical grain shapes, other configurations are possible. For example, elon-
gated grains, with aspect ratios significantly different from one, may exhibit rotational in-
terlocking, particles resting against each other building bridges that increase void space.
Limited overburden pressure can prevent particles from rotating and form statically stable
regimes, supported in the low gravity of Mars, and especially prevalent in particle packages
that have not been subject to strong external loading. Once loaded or subject to vibration,
these packages will tend to increase in density.

On the Moon, regolith density drastically increases at depths below 20 cm. This increase
has been attributed to the effects of continuing small meteoroid impacts, not filtered by an
atmosphere as on Mars. Small impacts generate a loose, stirred-up surface while at the same
time densifying the underlying soil (Carrier et al. 1973). Details of this process are not fully
understood (Heiken et al. 1991), but best estimates for typical average densities are 1450 to
1550 kg/m? at depths between 0 and 15 cm and 1690 to 1790 kg/m?> at depths between 30
and 60 cm. In addition, analyses of the heat flow experiment data emplaced at the Apollo 15
and 17 sites indicates that the bulk density must be approximately 1300 kg/m? at the surface
and must rise steeply in the upper few centimeters in order to be consistent with nighttime
surface temperature data (Keihm et al. 1973; Keihm and Langseth 1973, 1975; Langseth
et al. 1976). The situation is, however, quite different on Mars because micrometeorites are
stopped by the atmosphere. The primary shallow processes are wind transport and saltation
of sand-size particles.

In natural sands, a non-uniform grain size distribution provides denser arrangements,
with smaller grains filling voids between larger grains. Irregular angular grains allow for
looser packing than spherical grains. This is expected to be the case for the InSight land-
ing site, with surface densities estimated to be around 1300 kgm™ (see below). Bolton
(1986) provided the minimum (e,;,) and maximum (e,,,) void ratios and densities of a
series of terrestrial sands. The loosest sands were two river sands (Welland River, Canada,
and Chattahoochee River, USA) with bulk densities of 1390 and 1290 kg/m?, respectively.



Note that river sands are known to be rounded due to transportation in water. Sand on Mars
is rounded during saltation (McGlynn et al. 2011). Both the minimum (1290 kg/m?) and
maximum (1910 kg/m?) densities provided by Bolton (1986) are not too far from densi-
ties obtained from simple geometrical considerations on the ideal granular arrangements of
spheres. In addition, observations made by previous landers and rovers also showed bulk
densities in the range of 11001300 kg/m? and 1150 + 150 kg/m? for surficial sand and
sandy soil deposits (see, e.g., Golombek et al. 2008a; Herkenhoff et al. 2008, and references
therein). Based on the fact that surface thermal inertia values are most compatible with a
sand to crusty-cloddy soil deposits (Golombek et al. 2008a) and given the above considera-
tions on terrestrial sands, the current best estimate for the regolith surface density is close to
1300 kg/m?. In addition, a friction angle of about 30° would also correspond to this density
range (Delage et al. 2017).

In general, density is expected to increase with depth as a function of overburden pressure
following an exponential relation (e.g., Robinson and Gluyas 1992; Revil et al. 2002), but
compressibility of Mars analogue material was found to be small, with an increase in density
of around 20 kg/m? from the surface to 5 m depth (Delage et al. 2017), such that this effect
can generally be neglected for the depth range relevant here. Regolith particles on Mars
initially originate from the comminution caused by impacts on the surface, prior to being
affected by eolian transportation and saltation that result in reducing their initial angularity
to produce rounded or sub-rounded sorted grains. While repeated excavation, breakup, and
movement by wind would result in a rather loose packing of grains, subsequent vibrational
compaction due to, e.g., seismic events may compact the soil to significant depth, as is
observed on the Moon (Carrier et al. 1973; Carrier 1974; Heiken et al. 1991). In addition,
saltation of grains during the soil deposition can be a high energy process and compact
the soil, and relative densities in excess of 90% have been observed in accretional deposits
on terrestrial sand dunes (Denekamp and Tsur-Lavie 1981). Therefore, a model of regolith
density for the InSight landing site should allow for some compaction to be present.

Regolith structure may locally deviate from the model proposed above in regions where
craters have been filled with fine grained material due to eolian activity. This has been ob-
served, for example, in the Gusev plains, where craters with diameters between 20 and 100 m
are abundant in all stages of erosion (Golombek et al. 2006). Given a depth to diameter ra-
tio of typically 0.2 for simple craters, filling by fine grained material could provide lens of
dominantly sand-sized material in the subsurface that have not been mixed with rocks or
other material by subsequent impacts.

To describe the lunar density data, a hyperbolic density relationship was established
which reasonably reproduces densities to a depth of 3 m. However, this description is based
on no physical model. Rather, it was chosen because linearly, superlinearly, or exponentially
increasing profiles yield unrealistic values at the surface or at larger depths (Heiken et al.
1991), although they also fit the available data. In its general form, density may then be
written as:

_ A+z
=P
where p(z) is density p as a function of depth, p;,s is the density at depth and z is the depth
below the Martian surface in meters. A and B are constants with the dimensions of length
that describe the chosen density profile, and example coefficients corresponding to the cases
shown in Fig. 3 are given in Table 1. As a reference, a surface density of 1300 kg/m? seems
to be most compatible with the available constraints, and three different compaction models
are shown. If void ratios between e,,;,, = 0.75 and e,,,, = 1.5 are assumed in accordance

p(z) ey
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Table 1 Parameters used to 3
calculate density profiles for the Case Pmax (kg/m”) A (m) B (m)
different cases shown in Fig. 3
Medium Compacted 1350 4.81 5
Densely Compacted 1500 433 5
Very Densely Compacted 1600 2.03 2.5

with measurements on Mars regolith analogue material (Vrettos et al. 2014), relative den-
sities between 0.6 (moderately compacted) and > 0.9 (densely compacted) are obtained at
5 m depth.

3.3 Cohesion

Cohesion, a component of the shear strength, of surface materials on Mars has been deter-
mined from soil mechanics experiments performed by arms and scoops on fixed landers and
by the interaction of wheels of rovers with surface materials by rovers. The two Viking lan-
ders and the Phoenix lander had arms that trenched surface materials while monitoring mo-
tor currents to yield force, and imaging systems to observe the deformed materials (Moore
et al. 1977, 1987; Shaw et al. 2009). The Mars Pathfinder rover, Sojourner, the two Mars
Exploration Rovers, Spirit and Opportunity, and the Mars Science Laboratory rover, Curios-
ity, performed wheel trenching and terramechanics experiments, while monitoring motor
currents to derive wheel torques, and imaged the deformed materials (Moore et al. 1999;
Herkenhoff et al. 2008; Sullivan et al. 2011; Arvidson et al. 2014). These experiments de-
termined basic soil mechanics measurements of cohesion and angle of internal friction.
Imaging and thermophysical properties and other relations were used to measure or con-
strain the particle size of the soils and the bulk density (e.g., Moore and Jakosky 1989;
Christensen and Moore 1992; Herkenhoff et al. 2008; Golombek et al. 2008a).

Results of these experiments revealed four probable different soil deposits on Mars based
on their mechanical properties and likely means of formation (e.g., Golombek et al. 2008a).
Two types of deposits that appear to have been deposited by the wind were found at the
landing sites. (1) Bedforms are composed of sand size particles that were sorted by the wind
and include sand dunes and ripples. They are either well sorted by size or poorly sorted and
typically cohesionless. Some of the ripples have a slightly cohesive near surface layer (few
kPa) a few centimeters thick (Sullivan et al. 2011). (2) Drift deposits appear to be very fine



grained dust (< 10 pm) that has settled out of the atmosphere (Christensen and Moore 1992;
Moore et al. 1999; Paton et al. 2016). This material is also effectively cohesionless (and not
load bearing). More cohesive soils have also been found. These soils have a cohesive surface
crust and/or break up into clods or blocks when deformed. Crusty and cloddy soils have
cohesions of less than 4 kPa and blocky soils have high