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1. Introduction
InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) is a Mars geophysical 
lander (Banerdt et al., 2020), managed by NASA with European space agencies (e.g., CNES—Center National 
d'Etudes Spatiales, France and DLR—Deutschen Zentrum für Luft- und Raumfahrt, Germany) payload contribu-
tions that touched down on the Western Elysium Planitia on Mars, on 26 November 2018. InSight aims at better 
understanding the structure of the planet through, among other instruments, the very sensitive SEIS seismometer 
(Seismic Experiment for Internal Structure, Lognonné et al., 2019). By analyzing signals from marsquakes (e.g., 
Banerdt et al., 2020; Giardini et al., 2020; Lognonné et al., 2020) and meteor activity (e.g., Garcia et al., 2022; 
Posiolova et al., 2022), the knowledge of Mars' structure has been significantly improved from the upper crust 

Abstract In an attempt to improve the quality of the seismic signals provided by the seismometer of the 
InSight mission (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) on Mars, part 
of the tether linking the seismometer to the InSight lander was buried by some regolith using the scoop of the 
articulated robotic arm. The regolith in a source area was scraped into piles, scooped and dumped by the scoop 
from a height of ∼50 cm above the surface onto the tether. Part of the regolith was carried away by the wind 
and dispersed 1–2 m downwind, as evidenced by the comparison between images taken from the lander before 
and after the regolith pouring. Using both ballistic trajectory and wind dispersion effects as a sorter, the grain 
size range was determined through numerical fluid mechanics simulations. The trajectory of the poured grains 
is determined by the Martian atmospheric and gravimetry conditions, the initial conditions of scoop pouring 
and grain lithology. The spatial grain distribution on the ground shows a downwind decrease in grain size from 
the pouring point, with a size ranging from 1 mm near the dump point to ∼100 μm at the farthest area observed 
on the images. We find that the deposit of grains coarser than 500 μm is controlled mainly by gravity. Grains 
finer than 100 μm are present in the regolith, but they are not quantifiable with this method because they are 
blown away by the wind.

Plain Language Summary The soil on which the lander of the geophysical InSight mission on 
Mars has landed is partially known, mainly through visual observations by the lander's cameras and calculations 
based on their thermal properties (derived from both orbiter and lander measurements). Some soil scraped 
by the scoop of the lander's robotic arm was dumped on the tether connecting the InSight seismometer, so 
as to improve the quality of the seismic signals. During these dumpings, it was observed that some particles 
were blown away by Martian winds that were simultaneously recorded by the lander instruments. Given that 
they are subjected to the combined effect of gravity and wind, larger particles rapidly fall below the scoop, 
whereas smaller ones are blown away; the smaller the particle, the larger the distance. The trajectory of the 
poured particles was numerically calculated using fluid mechanics to account for wind effects, and the resulting 
downwind deposit was compared to that given by photos. It was shown that particles larger than 500 μm fell 
close to the pile formed below the scoop, whereas smaller ones (>100 μm) fell at distances of 2–4 m. Smaller 
particles (<100 μm) including dust (<5–10 μm) were blown further away.
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Key Points:
•  The grain size distribution of the 

InSight Martian regolith is better 
constrained by using wind as a sorter 
during the burial of a tether

•  Based on image observations and 
numerical fluid mechanics simulations, 
the regolith mainly contains grains 
between 100 μm and 1 mm

•  Grains smaller than 100 μm are not 
quantifiable because they have been 
blown away by the wind
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down to the core (Khan et al., 2021; Knapmeyer-Endrun et al., 2021; Lognonné et al., 2020; Stähler et al., 2021). 
Reviews of SEIS results can be found in Lognonné et al. (2023), Knapmeyer-Endrun et al. (2022), and Giardini 
et al. (2022).

Figure 1 shows an artist’s view of the InSight lander with both the SEIS instrument (covered by Wind and Ther-
mal Shield—WTS) and the Heat flow and Physical Properties Package (HP 3 instrument, Spohn et al., 2018) 
with the thermal probe penetrated into the soil. Both instruments are connected to the lander by tethers that 
provide energy and transmit data. They were placed on the surface by the Instrument Deployment Arm (IDA, 
Trebbi-Ollenu et al., 2018), on which is fixed the Instrument Deployment Camera (IDC, Maki et al., 2018) and a 
scoop at its end that can be rotated by the wrist joint. In addition, the lander is equipped with temperature and wind 
sensors (TWINS) similar to the ones performed onboard Curiosity rover (Gómez-Elvira et al., 2012) described 
in Banfield et al. (2020) and an Instrument Context Camera (ICC, Maki et al., 2018). Energy is provided by two 
solar arrays (1.8 m diameter, 700 W power when they are clean and on clear days). Progressive dust accumulation 
on the arrays (Lorenz et al., 2021) resulted in the end of the mission for lack of energy on 15 December 2022.

InSight landed within a 27-m diameter depression with a relatively smooth surface dotted with some 
centimeter-sized pebbles without aeolian bedforms (Golombek, Warner, et  al.,  2020; Golombek, Williams, 
et al., 2020; Warner et al., 2020, 2022), in spite of permanent wind (Banfield et al., 2019, 2020). Previous esti-
mations of the average grain size at the surface from thermal inertia values measured by the THEMIS (Thermal 
Emission Imaging System, Christensen et al., 2004) instrument, on Mars Odyssey spacecraft, provided values 
between 160 and 230 J.m −2.K −1.s −1/2, corresponding to an average diameter of 170 μm categorized as fine sand 
(Golombek et al., 2018). The HP 3 thermal probe measured a thermal conductivity of 0.041 ± 0.013 W.m −1.K −1 
at surface, resulting in a density estimated around 1,200 kg.m −3, a rather low value (Grott et al., 2021). During 
landing, pulsed retrorockets removed surficial fine-grained particles and scoured granular material away from 
the lander to a depth of less than 1  cm around, suggesting that the surface material was composed of loose 
sand and granules (Golombek, Warner, et al., 2020; Golombek, Williams, et al., 2020; Weitz et al., 2020). In 

Figure 1. Artist view of the InSight lander and SEIS instrument (credit NASA –InSight mission and IPGP D.Ducros).

 21699100, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007707 by C
ochrane France, W

iley O
nline L

ibrary on [06/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

VERDIER ET AL.

10.1029/2022JE007707

3 of 26

addition, pits (up to 10  cm deep) observed beneath the retro rockets and 
around the partially penetrated HP 3 mole showed steep walls and overhangs 
with small  pebbles cemented in a cohesive finer grained matrix called duric-
rust (Delage et  al.,  2022; Marteau et  al.,  2022; Spohn, Hudson, Marteau, 
et al., 2022; Spohn, Hudson, Witte, et al., 2022; Warner et al., 2022).

Regolith results from the interaction of several surface processes, such as 
meteor impacts, weathering, erosion, grain saltation, and sorting by gravity 
and winds; it thus offers a unique opportunity to constrain the mechanics of 
these processes. There are few ground observations of grain-size distributions 
in Martian regolith. They show a great diversity of sizes ranging from blocks 
to sandy particles (e.g., at Viking landing sites (e.g., Mutch et  al.,  1976; 
Shorthill et  al.,  1976)), at Mars Pathfinder site (e.g., Moore et  al.,  1999; 
Yingst et al., 2007), at Spirit site (e.g., Grant et al., 2004; Ward  et al., 2005), 
at Opportunity site (e.g., Weitz et  al.,  2006), at Phoenix site (e.g., Heet 
et al., 2009) and at Curiosity site (e.g., Weitz et al., 2018; Yingst et al., 2013). 
However, few quantitative constraints of the regolith grain-size distributions 
have been carried out in situ on Mars, in particular for fine grains.

Since the first observations made with the photos provided by the Viking 
landers'cameras (e.g., Moore & Jakoski,  1989), various estimations of the 
regolith grain sizes, ranging from few μm to few cm, were made on vari-
ous surfaces, including aeolian bedforms. Data from orbiters (e.g., Lane & 
Christensen, 2013; Rogers & Bandfield, 2009) and cameras onboard rovers 
with sufficient resolution (e.g., Ehlmann et al., 2017; Jerolmack et al., 2006; 
Sullivan & Kok, 2017; Sullivan et al., 2005, 2008; Weitz et al., 2018) have 
shown that most of the Martian aeolian bedforms observed are composed of 
50 to 2,000 μm subrounded/rounded grains (e.g., Gough et al., 2021; Sullivan 
et al., 2005, 2008; Weitz et al., 2018), with a preferential range of 50–350 μm 
for mobile active grains in ripples.

Although not planned at the beginning of the mission, an opportunity to 
further constrain the grain size distribution (GSD) of the granular surface 
regolith (few centimeters deep) occurred during the burial process of the 
tether connecting the seismometer to the lander. Burial was carried out with 
the scoop of IDA (Golombek et al., 2023; Yana et al., 2021, 2023) so as  to 
reduce glitches (Scholz et  al.,  2020) in the seismic signals by improving 
the tether thermal insulation. Burying consisted of scraping, shovelling and 
dumping the surface regolith above the tether. This paper describes how the 
GSD of regolith was further constrained due to sorting by wind and gravity. 
This was done based on fluid mechanics calculations and quantifications of 
the regolith dumped either in piles or deposited along downstream plumes 
that were observed on images.

2. Operational Context and Analysis of Regolith From 
Spacecraft Data
Tether burial was monitored by two 1,024 × 1,024 pixel color cameras with a 
millimeter spatial resolution (Maki et al., 2018). The ICC is mounted on the 

underside of the lander deck (Figure 1) with its “fisheye” field of view (FOV) 120° wide pointed toward south 
of the lander, monitoring the instruments deployed on the Martian ground (Figure 2). The IDC, mounted on the 
forearm near the elbow of the IDA (Figure 1), provides a panoramic view of the terrain surrounding the landing 
site by moving the arm (Trebi-Ollennu et al., 2018). It allows typical ground stand-off distances to capture images 
at 1 mm.pixel −1 (Maki et al., 2018). When the robotic arm's scoop is placed on the surface, the IDC can achieve 
its closest position to the surface at a height of 0.65 m, with the best resolution of 0.53 mm.pixel −1.

Figure 2. Images taken by the Instrument Context Camera at different steps 
of the tether burial operations. (a) Image taken on 14 March 2021, Sol 816 
of the InSight mission (local mean solar time—LMST—was 15:33:15.648 
p.m.). Note the arrow indicating the tether hump above the ground. Some dust 
stuck all over the WTS is observed; (b) Image taken at 15:37:09.227 p.m. (Sol 
816), few minutes after the first regolith dump. Note the cleaning of the WTS 
resulting from the dumped regolith flowing over the WTS. (c) Image taken on 
16 May 2021 (Sol 877) at 16:30:39.688 p.m., after the sixth dump, with more 
scrapes observed at the left of the WTS.
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As observed on the ICC images (Figure 2), the tether connecting the lander 
to the seismometer is fixed to the soil by means of a 288-g pinning mass. 
Between the pining mass and the field joint (i.e., the connection between the 
two tether sections, one from the lander and one from the seismometer), a 
tether hump (indicated by a white arrow) is observed, breaking the tether 
adhesion on the ground (Figure 2). This hump is suspected to be at the origin 
of recurrent, short but large signals (i.e., glitches) polluting the SEIS data. 
The back-azimuth source for some of them pointed toward the lander and 
the tether, especially during late afternoon when the temperature drop causes 
a thermal contraction of the tether (Scholz et  al.,  2020). The hump is also 
suspected to result in a significant sensitivity with respect to Martian winds 
that can reach velocities up to 20 m.s −1 during gusts 1 m above ground, as 
measured by the wind sensors (Banfield et al., 2020; Spiga et al., 2021). It was 
considered that both thermal and wind issues could be solved by covering the 
tether by a layer of regolith scraped and poured by the IDA scoop. As shown in 
Figure 2b, regolith extraction could be done because of the low cohesion of the 
surface material over the first few centimeters of depth (Golombek, Warner, 
et  al.,  2020; Golombek, Williams, et  al.,  2020; Spohn, Hudson, Marteau, 
et al., 2022; Warner et al., 2022). The surface material would be composed of 

sand and loose granules (Golombek, Warner, et al., 2020; Golombek, Williams, et al., 2020; Weitz et al., 2020), 
but the exact GSD could not be further quantified due to the insufficient spatial resolution of IDC images (i.e., 
>0.5 mm.pixel-1 for the very close range IDC images). As aphelion was approaching, the power supplied by the 
solar arrays was decreasing due to dust cover coming from dust storms (Banfield et al., 2020; Beish, 2023). It was 
decided to make the most of what was possible before the power was too low to support the robotic activities of 
the IDA movement. To guarantee a sufficient volume of regolith dumped on the tether, the tether burial operations 
required four steps: (a) scraping enough regolith to form piles; (b) scooping the regolith into the shovel; (c) carry-
ing it over the tether (shoveling phase); and (d) dumping it as accurately as possible onto the tether, taking into 
account wind conditions. They were planned and carried out (Golombek et al., 2023; Yana et al., 2021, 2023) from 
28 February 2021 (sol 803) to 16 May 2021 (sol 877), with six dumps beginning at sol 216 (Figure 2b). Only the 
last four were considered for the grain size assessment because the two first ones were dumped on the WTS. The 
covering was partially successful, with the tether covered between the hump and the WTS (sol 877, Figure 2c).

2.1. Scraping

Scraping was carried out by using the scoop fixed at the extremity of the IDA (Figure 3). The scoop is 7.6 cm 
wide with a notch in the middle of the front edge. It can rotate around the wrist joint, allowing for scraping, shov-
eling and pouring the regolith from a height that was fixed at 45 cm.

Prior to the six dumps, six scraps were performed east of the WTS, as seen in Figure 4a. Due to better lighting, 
Figure 4b clearly shows the shape of the trenches with the imprint of the notch in the middle of the trenches. One 
can also see, at their end, the conical shaped piles of regolith pushed by the scoop. The surface material mobilized 
using this process is made up mostly of fine-grained material (i.e., <0.5 mm in diameter) with few pebbles.

By moving the robotic arm (Trebi-Ollennu et al., 2018), IDC images are acquired at different positions, with a 
horizontal post spacing ranging from 0.5 to 2 mm.pixel −1 (Abarca et al., 2019; Maki et al., 2018). These ground 
data are mosaicked and projected in Cartesian coordinates in the lander frame (see Abarca et al., 2019 for details), 
with local height oriented downwards. This provides mosaics of orthorectified images and Digital Elevation 
Models (DEM) with a gridding of 1 mm.pixel −1 and height accuracy of 1 mm for areas near the lander. However, 
the heights of some areas on the DEMs may be inaccurate due to shadows that affected the stereo correlations and 
disparities in the mean slope of the DEMs. In order to minimize these effects, the shadowed areas were removed 
from the volume calculations. An accurate estimation of the shape of the trenches and piles was made by DEM 
(Figure 4c), that showed that each excavated trench has an area around 8 cm wide and 25 cm long, with an average 
depth of 1.5 cm.

The volume of scraped regolith was calculated from the DEM differencing between each scraping. To minimize 
the effect of average slope on each DTM in the volume calculation, relative restoration of heights was performed 
locally by taking homologous points located a few centimeters around the area (points that were not affected 

Figure 3. (a) This image was acquired by IDC on 5 December 2018, Sol 8  
of the InSight mission. It shows the wrist of the robotic arm (Instrument 
Deployment Arm) with the grapple (i.e., the 5-finger clip) and the scoop. (b) 
Sketch of the 7.6-cm-wide scoop with a notch in the front edge. The scoop can 
rotate around a horizontal axis at the wrist joint at the top of the scoop.
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by the deposition or excavation of regolith between the two DTMs). To calculate the volume uncertainty, a 
2-mm-wide buffer was defined around the deposit or excavation area due to the imprecision of the area bordering. 
Then, the volume was calculated over the whole area, including the buffer, by differentiating the DTMs before/
after deposition or excavation. The difference in the volumes, including or not the buffer, corresponds to the 
volume uncertainty. The volumes of troughs and ridges at the end of scraping are reported in Table 1. The total 
volume of regolith available from the six dumps carried out for tether burial is 1,745.6 ± 407.1 cm 3.

2.2. Shoveling

The processes of shoveling and dumping are described in Figure 5. Once the trenches and piles are made, some 
regolith was shoveled from the piles by the scoop by first moving the IDA and the scoop close to the terrain, with 
the back of the scoop approximately parallel to the surface (Figure 5, 11h04). Then, the scoop was moved into 
the pile of regolith by rotating only the IDA elbow joint (11h08). Finally, the wrist joint was rotated to trap the 
regolith into the bucket of the scoop (11h12).

As the arm does not have a sensor to measure the mass of the regolith contained in the scoop, it was necessary to 
estimate the volume contained in the scoop from the difference in DEMs before and after shoveling, as seen in 
Figure 6 (last shovelful (6) carried out on day 877). Figures 6a and 6b are orthorectified images prior (sol 870) 
and after (sol 877) shoveling #6 respectively, with a larger view also taken on sol 877 (Figure 6c). In the asso-
ciated DEMs (Figures 6d and 6e, respectively), the area of extracted regolith is outlined by the dashed red lines 
derived from the differentiated DEMs presented in Figure 6f. During shoveling #6, the regolith was extracted 
from a bump of 4 cm height, covering a surface of ∼12 cm × 8 cm (Figure 6d).

To evaluate the extracted volume, the volume of the ridge formed in front of the scoop was substracted from the 
volume of the trough (see Table 2). However, the volume contained in the scoop is not very well constrained 
due to the noise of the DEMs, the precision of their height (1 mm for each pixel), and the spatial delimitation of 
the extraction area whose width is estimated to be close to 2 mm. The average volume contained in the scoop is 
around 100 cm 3, with a total volume reaching 652.5 ± 326.8 cm 3 for the six shovelings.

Figure 4. (a) IDC Photo of the 6 trenches of regolith scraped by the scoop (sol 829 at 15h20), acquired by the IDC camera 
mounted on the robotic arm. The trenches are located on the east side of the SEIS wind shield (WTS). A pile of regolith is 
generated by scraping the top layer of unconsolidated clastic soil with the tip of the scoop. Numbers correspond to scraping 
order. (b) A mosaic of orthorectified images is performed with a spatial resolution of 1 mm.pixel −1. (c) An associated Digital 
Elavation Models shows the topography of the area with a gridding size of 1 mm.pixel −1. The height h (oriented downwards) 
is given in meters with an accuracy of 1 mm. The interval of contour lines is 1 cm. Blue is trench area and red is pile area.

Table 1 
Volumes of Troughs and Ridges During Scraping Step

Sol 803 Sol 803 Sol 822 Sol 822 Sol 829 Sol 851

Scrap1 Scrap2 Scrap3 Scrap4 Scrap5 Scrap6

Ridge (cm 3) 285.3 ± 60.6 367.3 ± 65.4 214.3 ± 95.0 275.5 ± 67.3 376.6 ± 75.8 226.5 ± 43.0

Trough (cm 3) 254.0 ± 61.2 324.2 ± 60.8 210.0 ± 84.0 201.2 ± 40.1 315.0 ± 50.4 184.0 ± 59.6
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Figure 5. Process timeline for dump 6 through IDC images taken on sol 877: The Instrument Deployment Arm moves the 
scoop to extract regolith (11h04–11h08–11h12). Then, it carries regolith above the SEIS tether (t on image) at 11h19 before 
dumping it (11h23). Dashed contours are the location of shoveling (11h12) and dumping (11h23) areas, captured by the IDC 
later (16h22). One can still see the pin fixing the tether to the soil in the middle of the pile of dumped regolith (11h29).

Figure 6. Quantification of the volume extracted by the scoop during dump 6. (a) Orthorectified IDC image taken on sol 870 
before shoveling. (b) Orthorectified IDC image, sol 877 after shoveling. (c) IDC image acquired on 16 May 2021, Sol 877 
(local mean solar time for the image exposure was 16:06:13.981 p.m.). The scoop-extracted regolith is located at the center of 
scraping areas (dashed red line contour). Images d and e represent DEMs generated from IDC images (a) and (b). (e) Digital 
Elavation Models differencing showing the area of regolith extracted by scoop. The interval of contour lines is 1 cm.
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2.3. Dumping

Many trial tests were necessary prior to successfully dumping the regolith over the tether due to various issues. 
First of all, technical difficulties were met with respect to: (a) the movement of the arm; (b) the rotation of the 
scoop along the wrist joint to dump the regolith without touching the WTS; and (c) the determination of the drop 
and impact points, taking into account the quantity of regolith contained in the scoop, without disconnecting the 
tether by either stretching it or by moving the pin toward the lander (Golombek et al., 2023; Yana et al., 2023). 
Other issues were related to properly accounting for the direction and amplitude of the winds to plan the dump in 
an efficient way, without any excessive dispersion of the dumped regolith.

Replicas of the instruments of the InSight mission were used in test beds at both JPL and CNES. To properly dump 
the regolith onto the SEIS tether, the IDA group designed a sequence as follows: first, the scoop was moved above the 
tether as shown in (Figure 5); then, the scoop was rotated around the scoop tip, keeping the tip in the same location 
throughout the rotation, while the rest of the scoop had to be moved around it (Figure 7). To do so, the three IDA pitch 
joints had to be simultaneously mobilized. The first motion rotated the scoop until the back of the scoop was almost 
parallel to the lander deck. The second motion rotated the scoop until the back of the scoop was just past the lander 
deck plane. The third motion rotated the scoop along the remainder of the way until the scoop back was mostly vertical.

Using scoop replica and regolith simulant (Cannon et al., 2019) in the testbed (Figure 8), the dumping height had 
to be several tens of centimeters above the terrain (Table 3) to guarantee there would be no contact with the WTS 
and reduce wind dispersion during dumping (Lapeyre et al., 2022; Yana et al., 2023). For the two first dumps (sols 
816 and 850) that were poured onto the top of the WTS, the scoop tip was placed 55 cm above the terrain. The 
remaining four dumps (sols 856, 863, 870, and 877, see Table 2) were no longer poured on the WTS. The scoop 
started the dumping close to the WTS, from a height of 45 cm above the terrain (Table 3).

A total of six dumps were performed before entering the winter season and stopping the arm activities. In order 
to monitor the operations by the cameras, dumps were first performed in the afternoon, during the least windy 

Table 2 
Volume of Regolith Extracted and Dumped by the Scoop Calculated From Digital Elavation Models Differencing

SOL 816 SOL851 SOL857 SOL864 SOL870 SOL877

Shovel1 Shovel2 Shovel3 Shovel4 Shovel5 Shovel6

Ridge volume (cm 3) 108.2 ± 26.4 119.7 ± 30.4 91.7 ± 30.1 76.1 ± 18.1 45.9 ± 24.4 60.4 ± 21.6

Trough volume (cm 3) 210.2 ± 27.1 183.0 ± 26.1 167.3 ± 24.0 272.8 ± 38.7 135.1 ± 27.3 186.2 ± 32.4

Scoop volume (ridge - trough) (cm 3) 102.0 ± 53.5 63.2 ± 56.5 75.6 ± 54.2 196.7 ± 56.8 89.2 ± 51.8 125.8 ± 54.0

DUMP1 DUMP2 DUMP3 DUMP4 DUMP5 DUMP6

Pile volume (cm 3) 61.8 ± 29.0 52.0 ± 35.9 56.9 ± 26.7 102.7 ± 56.7 44.2 ± 37.9 71.4 ± 48.1

Dispersed material (pile - scoop) (cm 3) 40.2 ± 82.5 11.2 ± 92.5 18.6 ± 80.9 94.0 ± 113.5 44.9 ± 89.7 54.4 ± 102.1

% volume dispersed material (dispersed/scoop) 39.40 17.78 24.64 47.79 50.41 43.23

Figure 7. Simulated side view of the Instrument Deployment Arm and WTS, showing the scoop rotating around the 
dumping location while keeping the scoop tip in the same location. No images from Mars are available from the side due to 
the location of the cameras.
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times of the Martian daytime (Banfield et al., 2020). As shown in various 
orthorectified photos taken by the IDC above the regolith piles (Figure 9), 
the tether was completely covered between the WTS (white area in the upper 
right corner of the images) and the pinning mass (blue circular contour line 
in the center of the images) by a 4 cm high pile of sand above the Martian 
ground with a basal surface of ∼334  cm 2. From the difference in DEMs 
before and after deposition, the mean volume of regolith deposited on the 
tether at each dump was around 55 cm 3 (Table 2), with a total amount of 
389.0 ± 234.3 cm 3 at the end of the dump #6 (Figure 9).

2.4. Investigation of the Regolith Fraction Dispersed by Wind

Despite the relatively high spatial resolution of the IDC images (0.5  mm.
pixel −1), the grain size contained in the piles could not be precisely determined 
(Figure 9), except for a few very coarse sand grains (>1 mm), and granules 
with a diameter greater than 2  mm (Wentworth's classification,  1922), in 
good agreement with other data from the InSight landing site (Golombek, 
Warner, et al., 2020; Golombek, Williams, et al., 2020; Weitz et al., 2020). 
The shapes and slopes of piles have the same characteristics as a sand pile 
made of coarse sand (Marteau et al., 2022), suggesting a sandy grain size.

Surprisingly, a significant deficit between the volume of regolith extracted 
by shoveling and that deposited on the tether was observed. When comparing 

the total volume of regolith deposited (i.e., 389.0 ± 234.3 cm 3) and that contained in the scoops during shoveling 
(i.e., 652.5 ± 326.8 cm 3), we observe that about 40% of the material is missing, with no evidence of deposition 
beyond the piles on either the ICC and IDC images or the DEMs (Figures 2, 5 and 8–10). This discrepancy led 
the group to consider a possible effect of wind dispersion on the finer fraction of the dumped regolith.The local-
ization of the plume made up of the fraction of regolith moved away by the wind from the pouring scoop and 
deposited was made possible by observing the wide-angle images provided by the ICC. Figure 10 illustrates such 
observations from sol 877 before (a) and after (b) dump #6, with a time period between both images of 10 min. 
Although no significant change between both images could apparently be detected, their subtraction and magnifi-
cation following a method developed by Charalambous et al. (2021) clearly evidences the changes that occurred. 
As seen in Figure 10c, the dispersed regolith appears like a dark plume, longer than the 1.25 m observed in the 
figure. The plume starts close to the deposited sand pile and is oriented along the wind direction provided by the 
TWINS sensor, that is, coming from N140° (ESE) to N320° (WNW), with a mean wind speed of 5 m.s −1. The 
widening shape of the plume along the wind direction is typical of aeolian plume deposits.

This method was used for all the dumps, but only dumps 3 to 6 were considered in this paper (Figure 11). The 
dark plumes show different sizes and elongation orientations, consistent with the various wind directions and 

Figure 8. Dump performed taking advantage of the WTS curvature to guide 
the regolith as close as possible to the insulation skirt connecting the WTS 
with the soil. (a) Mimicking the dump on Earth on the CNES testbed (credit 
CNES). A qualification model of the WTS was used along with a 3D printed 
scoop. (b) Dumping on Mars: Instrument Context Camera picture taken on 
sol 816 from the lander (Credits NASA/JPL/CalTech). A lander foot can be 
seen at the bottom right corner. The tether goes from the bottom left to the 
center, where the WTS stands. At the top center of the image, a section of the 
robotic arm can be seen, with the scoop at its extremity. The picture was taken 
some seconds after the dump.

Table 3 
List of Dumps Performed and Their Associated Regolith Deposits

Acquisition and dump dates (in 
sols and LMST)

Pile summit distance to pinning mass 
along the tether (cm)

Pile name Dump # Acq Dump Targeted Achieved Dump height (cm)

Aneto 1 816 816 15:34 N/A (indirect) +6.90 +55.00

2 836 850 17:05 N/A (indirect) +6.90 +55.00

Canigo 3 856 856 16:56 +0.00 +5.00 +45.00

Bastan 4 863 863 16:46 +0.00 −0.50 +45.00

5 870 870 11:21 +0.00 +0.00 +45.00

Carlit 6 877 877 11:30 +5.00 +5.00 +45.00

Note. Name of pile, dump number, dumping date, horizontal distance between pinning mass and pile summit, height of scoop 
above the ground during dumping.
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speeds recorded by the TWINS sensors. Note the curved shape of the plume of dump 4, showing the effect of the 
spheric shape of the WTS on the wind flow around it.

3. Grain Size Determination by Numerical Modeling and Simulations
Given that it was not possible to directly constrain the GSD of the scraped regolith by image analysis due to the 
insufficient resolution, it was found relevant to determine it by using the wind as a natural sorter. The principle 
of sorting the poured regolith particles submitted to wind is based on the fact that particles are simultaneously 

Figure 9. (a) Orthorectified image centered on pile #5 after dumping, sol 870. Color lines correspond to height contour 
lines with an interval of 1 cm. (b) Orthorectified image centered on pile #6 after dumping, sol 877. Note that the tether has 
been totally covered between the WTS (white area at the top of image) and the pin (circular blue contour line at the center 
of image) with regolith forming a 4 cm high sandy pile above the Martian ground. (c) Relief of sandy pile between sol 877 
(dump 6) and sol 870 (dump 5). The interval of contour line is 1 cm. (d) Location of sandy deposit at different sols: 1.  
Sol 816 (blue contour line), 2. Sol 851 (blue green), 3. Sol 857 (green), 4. Sol 864 (green yellow), 5. Sol 870 (yellow) and 
6. Sol 877 (red).

Figure 10. (a) Instrument Context Camera (ICC) image taken on sol 877 at 11:22 a.m. before dump 6. (b) ICC image 
acquired on sol 877 at 11:33 a.m., after dump 6. (c) ICC image difference showing the dark plume made up of wind dispersed 
and transported particles. The plume extends to the right from the WTS, and its orientation corresponds to the wind direction 
from N14° (ESE) to N320° (WNW).
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subjected to the effects of weight, buoyancy, and wind drag. As a consequence, finer and lighter particles will 
be transported and deposited further than larger and heavier ones. This physical consideration is the basis of the 
computational fluid mechanics models developed and implemented in this work.

In order to compute the trajectory and the distance at which the grains are 
settled on the Martian ground from the scoop, we have used two independ-
ent numerical modeling packages: the first model solves the first-order force 
equations using a multi-physics system modeling software called “Simulink” 
integrated in Matlab (Moler,  1980); the second one uses a comprehensive 
general purpose computational fluid dynamics (CFD) software package for 
engineering analysis and design optimization of enterprise applications, 
based on ENGYS' own open-source CFD simulation engine (ENGYS, 2022).

3.1. Methods

3.1.1. Basic Model for Grains Ballistic Range Estimation

3.1.1.1. Theoretical Background

The trajectory of a grain released by the scoop and submitted to wind is 
determined by different forces projected along 3 axis, with the vertical “z” 
axis aligned with the gravity vector (opposite direction), the “x” axis along 
the wind direction 𝐴𝐴 𝐴𝐴𝑑𝑑 and the “y” axis along the tip of the scoop (Figure 12). 
The angular value between x and y axes hence depends on the wind direction.

Assuming no particle-particle interaction and no action from the particles on 
the fluid, and applying Newton's laws of motion for each (spherical) grain, 
we obtain

𝜌𝜌𝑠𝑠 ⋅ 𝑉𝑉 ⋅

𝑑𝑑 ⃖⃗𝑣𝑣

𝑑𝑑𝑑𝑑
= ⃖⃖⃗𝑃𝑃 + ⃖⃖⃗𝐵𝐵 + ⃖⃖⃖⃖⃗𝐹𝐹𝑤𝑤 + ⃖⃖⃖⃖⃖⃖⃗𝐹𝐹atm (1)

Figure 11. Image processing steps for the last four dumps, showing the dark plumes corresponding to particles dispersed and transported by the wind. The difference 
in orientation, shape and length of the plumes corresponds to different wind orientations and speeds. (a) Difference Images following a method developed by 
Charalambous et al. (2021) (b) Vertical images provided by the JPL-MIPL team (c) Image processing done by the author (see Section 3.1.3).

Figure 12. Initial geometric and kinematic conditions of the model defined 
by the height 𝐴𝐴 𝐴0 of the scoop above the ground, the position 𝐴𝐴 𝐴𝐴0 of the grain 
along the scoop tip, the initial grain velocity 𝐴𝐴 𝐴𝐴0 and the angle 𝐴𝐴 𝐴𝐴0 of the grain 
trajectory relative to the vertical when the grain leaves the scoop.
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with 𝐴𝐴 ⃖⃖⃗𝑃𝑃  the weight of the particle, given by

⃖⃖⃗𝑃𝑃 = −𝜌𝜌𝑠𝑠 ⋅ 𝑉𝑉 ⋅ 𝑔𝑔 ⋅ ⃖⃗𝑧𝑧 (2)

where 𝐴𝐴 𝐴𝐴 is the Martian gravitational acceleration (3.72 m.s −2), 𝐴𝐴 𝐴𝐴  is the grain volume (m 3) and 𝐴𝐴 𝐴𝐴𝑠𝑠 the grain density 
(kg.m −3). As Elysium Planitia is mainly composed of volcanic flows with probable basaltic composition from 
orbital imagery (Golombek, Warner, et  al.,  2020; Golombek, Williams, et  al.,  2020; Golombek et  al.,  2018; 
Viviano et al., 2019; Warner et al., 2022), the grain density of basalt (𝐴𝐴 𝐴𝐴𝑠𝑠  = 3,000 kg.m −3) was used. For a spherical 

grain with a diameter D (m), 𝐴𝐴 ⃖⃖⃗𝑃𝑃  is given by:

⃖⃖⃗𝑃𝑃 = −

𝜌𝜌𝑠𝑠 ⋅ 𝜋𝜋 ⋅𝐷𝐷
3

⋅ 𝑔𝑔

6

⋅ ⃖⃗𝑧𝑧 (3)

The buoyancy force 𝐴𝐴 ⃖⃖⃗𝐵𝐵 is derived from Archimedes theory defined as

⃖⃖⃗𝐵𝐵 = 𝜌𝜌atm ⋅ 𝑉𝑉 ⋅ 𝑔𝑔 ⋅ ⃖⃗𝑧𝑧 =
𝜌𝜌atm ⋅ 𝜋𝜋 ⋅𝐷𝐷

3
⋅ 𝑔𝑔

6
⋅ ⃖⃗𝑧𝑧 (4)

where 𝐴𝐴 𝐴𝐴atm is the Martian atmospheric density (Mg.m −3).

The drag forces 𝐴𝐴 ⃖⃖⃖⃖⃗𝐹𝐹𝑤𝑤 and 𝐴𝐴 ⃖⃖⃖⃖⃖⃖⃗𝐹𝐹atm due to the wind and atmospheric friction, respectively, are defined as

⃖⃖⃖⃖⃖⃖⃗�atm =
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2
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 (5)

⃖⃖⃖⃖⃗𝐹𝐹𝑤𝑤 =
𝜌𝜌atm ⋅ 𝐶𝐶𝑑𝑑 ⋅ 𝑆𝑆 ⋅𝑤𝑤𝑠𝑠(𝑧𝑧)

2

2
⋅ ⃖⃗𝑥𝑥 =

𝜌𝜌atm ⋅ 𝐶𝐶𝑑𝑑 ⋅ 𝜋𝜋 ⋅𝐷𝐷
2
⋅𝑤𝑤𝑠𝑠(𝑧𝑧)

2

8
⋅ ⃖⃗𝑥𝑥 (6)

where �
(

= � ⋅�2

4

)

 is the reference area, 𝐴𝐴 𝐴𝐴𝑑𝑑 the drag coefficient, 𝐴𝐴 𝐴𝐴𝑧𝑧 the vertical particle speed and 𝐴𝐴 𝐴𝐴𝑠𝑠(𝑧𝑧) the magni-
tude of the horizontal wind speed component.

Finally, the lift force is neglected here because the particles are considered spherical in the grain size range 
(i.e., 100–1,000 microns) of our model, in conjunction with the sub-rounded to rounded shapes of sand grains 
observed at the surface of Mars (e.g., Goetz et al., 2010 in the Phoenix landing site); so, at low Reynolds number 
Re as in the Martian conditions due to atmospheric pressure, temperature, and density, the flow is stationary.

Given that Equation 1, which can be rewritten as a differential equation for particle velocity, is nonlinear, a Matlab 
Simulink model was developed to solve it using the projected equation derived from Equation 1 as follows:

𝑑𝑑𝑑𝑑𝑧𝑧

𝑑𝑑𝑑𝑑
=

(

𝜌𝜌atm

𝜌𝜌𝑠𝑠
− 1

)

⋅ 𝑔𝑔 +

3

4

⋅

𝜌𝜌atm

𝜌𝜌𝑠𝑠
⋅

𝐶𝐶𝑑𝑑

𝐷𝐷
⋅ 𝑑𝑑𝑧𝑧

2 (7)

𝑑𝑑𝑑𝑑𝑥𝑥

𝑑𝑑𝑑𝑑
=

3

4

⋅

𝜌𝜌atm

𝜌𝜌𝑠𝑠
⋅

𝐶𝐶𝑑𝑑

𝐷𝐷
⋅

(

𝑤𝑤𝑠𝑠(𝑧𝑧)
2

− 𝑑𝑑𝑥𝑥
2

)

 (8)

𝑑𝑑𝑑𝑑𝑦𝑦

𝑑𝑑𝑑𝑑
= −

3

4

⋅

𝜌𝜌atm

𝜌𝜌𝑠𝑠
⋅

𝐶𝐶𝑑𝑑

𝐷𝐷
⋅ 𝑑𝑑𝑦𝑦

2 (9)

By integrating Equations 7–9, the position of the grain can be known until reaching the final condition 𝐴𝐴 𝐴𝐴 = 0 , that 
ends the simulation of the trajectory.

3.1.1.2. Determination of the Parameters

The density of Mars' atmosphere 𝐴𝐴 𝐴𝐴atm can be calculated by using the meteorological data provided by the on-deck 
mounted Auxiliary Payload Sensor Suite (APSS) instruments (Banfield et al., 2019) when the dumps occurred. 
According to the ideal gas law, it depends on the local pressure 𝐴𝐴 𝐴𝐴𝑎𝑎 and temperature 𝐴𝐴 𝐴𝐴𝑎𝑎 of the Mars atmosphere:

𝜌𝜌atm =
𝑃𝑃𝑎𝑎 ⋅𝑀𝑀𝑎𝑎

𝑅𝑅 ⋅ 𝑇𝑇𝑎𝑎

 (10)
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in which R is the ideal gas constant (8.314 J.K −1.mol .−1). The molar mass of the atmosphere, 𝐴𝐴 𝐴𝐴𝑎𝑎  = 43.35 g.mol −1 
can be directly calculated assuming a Martian atmosphere made up of 95.1% carbon dioxide, 1.9% argon and 
2.6% nitrogen (Trainer et al., 2019).

The wind velocity and direction given by the TWINS sensors were averaged over the dump duration, while the 
standard deviation feeds the error budget. Because the wind is measured on the lander at 1.2 m above the ground, 
a logarithmic correction is applied, as described by Spiga et al. (2018), with the following expression for vertical 
profile of the magnitude of the horizontal component of the wind:

𝑤𝑤𝑠𝑠(ℎ) = 𝑤𝑤0

ln

(

ℎ

𝑟𝑟

)

ln

(

ℎ𝑠𝑠

𝑟𝑟

) (11)

where 𝐴𝐴 𝐴 is height above ground, 𝐴𝐴 𝐴𝐴0 is the wind speed measured by the TWINS sensors at 𝐴𝐴 𝐴𝑠𝑠  = 1.2 m above the 
ground and 𝐴𝐴 𝐴𝐴  the surface roughness. This parameter has been estimated by Charalambous et al. (2021) at the 
Insight landing site, with r = 1 cm.

In a neutral atmosphere, the drag coefficient of a sphere Cd mainly depends on the density and viscosity of the 
fluid and varies widely depending on the Reynolds number Re defined by

𝑅𝑅𝑒𝑒 =
𝑣𝑣 ⋅𝐷𝐷 ⋅ 𝜌𝜌atm

𝜇𝜇(𝑇𝑇 )
 (12)

Where 𝐴𝐴 𝐴𝐴 is the velocity measured in the direction of motion, 𝐴𝐴 𝐴𝐴(𝑇𝑇 ) is the dynamic viscosity of the Mars atmos-
phere, defined by Sutherland's law (Sutherland, 1893):

𝜇𝜇(𝑇𝑇 ) = 𝜇𝜇0

𝑇𝑇0 + Υ

𝑇𝑇𝑎𝑎 + Υ

(

𝑇𝑇𝑎𝑎

𝑇𝑇0

)

3

2 (13)

where 𝐴𝐴 𝐴𝐴0   =  273  K, 𝐴𝐴 Υ   =  222  K is independent of temperature, being determined only by the parameters of 
the intermolecular attraction (Chapman & Cowling,  1970), and 𝐴𝐴 𝐴𝐴0 is the dynamic viscosity at 𝐴𝐴 𝐴𝐴0 , with 

𝐴𝐴 𝐴𝐴0  = 1.37 × 10 −5 N.s. m −2.

Considering the pressure, temperature, and density encountered on the surface of Mars, the Reynolds number 
remains below 10. For such a low number, the drag coefficient of the sphere can be expressed according to Stokes' 
Law (1845):

𝐶𝐶𝑑𝑑 =
24

𝑅𝑅𝑒𝑒

 (14)

yielding:

𝐶𝐶𝑑𝑑 =
24 ⋅ 𝜇𝜇(𝑇𝑇 )

𝑣𝑣 ⋅𝐷𝐷 ⋅ 𝜌𝜌atm
 (15)

The drag coefficient from Equation 15 is substituted into Equations 4 and 5.

3.1.1.3. Initial Conditions

The initial geometric and kinematic conditions of the model are defined by 
the height 𝐴𝐴 𝐴0 of the scoop above the ground, the position 𝐴𝐴 𝐴𝐴0 of the grain 
along the scoop tip, the initial grain velocity 𝐴𝐴 𝐴𝐴0 and the angle 𝐴𝐴 𝐴𝐴0 of the grain 
trajec tory relative to the vertical when the grain leaves the scoop (Figure 12). 
The position 𝐴𝐴 𝐴𝐴0 of the grain is arbitrarily defined by the simulator within a 
range of 7 cm corresponding to the scoop width. Table 4 shows the initial 
parameters used for all dumps.

The precise estimation of the grain initial velocity 𝐴𝐴 𝐴𝐴0 is challenging. It is 
controlled by the friction angle of the regolith and results from the mutual 
sliding of the grains at the surface of regolith contained in the scoop when 

Table 4 
Initial Constant Parameters for Simulations

Dumps

Parameters Value Accuracy Variability

Soil roughness (cm) 1 −0,07 –

Gravity (m/s 2) 3,72 – –

Particle density (kg/dm3) 3 – ±0.2

Release height (cm) 45 ±1.5 –

Initial velocity (m/s) 0,15 ±0.07 –

Atmosphere molar mass (g/mol) 43,34 – –
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a critical inclination of the regolith slope triggers the slope instability at the 
surface. It was determined on Earth by measuring the speed of many surface 
grains of a Martian regolith simulant within the scoop using a camera when 
the critical inclination was reached and instability triggered (Figure 13). Ten 
colored grains were identified in the movie and their velocity determined. By 
repeating the test multiple times, a mean speed value of 0.15 m.s −1 was calcu-
lated together with the corresponding standard deviation. Note that a large 
error bar of ±50% was applied to this parameter. Given that this phenomenon 
is mainly governed by the friction angle, the same value was adopted in Mars 
conditions.

The angle of ejection 𝐴𝐴 𝐴𝐴0 is derived from correlating the arm motion (moni-
tored through the change in wrist angle with time) and the seismic data (Mars 
SEIS data service, 2019) monitored by the SP seismometer during dumping. 
As shown in Figure 14, that presents both data together, the seismic signal 
is not continuous, suggesting a regolith deposit by successive impacts of the 
grains. The signal is however clear enough to estimate with good accuracy 
the start and end times of the regolith dumping and impact on the surface, 
that occurred between 16:47:16.500 and 16:47:21.000, (i.e., a duration of 
4.5 s for dump #4, see Figure 14). The signal also enables the determination 
of related angle α0 of scoop tilt: the scoop tilt relative to the horizontal plane 

was −21.3° at the beginning of dumping and reaching −35.7° at the end of dumping (see Figure 14). Because 
this value is done in the local arm frame, additional calculations are necessary to express the angle 𝐴𝐴 𝐴𝐴0 relative to 
the horizontal plane.

3.1.1.4. Simulations

We used the numerical solver Simulink™ integrated in Matlab™ to solve Equations 7 to 9 because (a) these 
equations are not linear, and (b) to take into account the initial conditions on Mars (Section 3.1.1.3). Simulink is a 
block diagram environment used to design systems with multidomain models, to simulate before moving to hard-
ware, and to deploy without writing any code. The simulation is launched automatically by a Matlab script for 
each grain and stopped when the grain reaches the floor. The main outputs of the simulation are the coordinates 
of grain impacts on the floor in the scoop frame (Figure 15). In addition, the ballistic range of the grain, that is, 

Figure 13. A dump of regolith simulant is performed on Earth (CNES 
lab) with an Insight 3D printed scoop. Up to 10 regolith colored grains 
were identified in the movie and their velocity determined. By repeating 
the test various times, a mean speed value was calculated together with the 
corresponding standard deviation.

Figure 14. Superimposition of the seismic signal measured by the SP seismometer for dump #4 with the extrapolated scoop angle versus horizontal. The start and stop 
time of the regolith impact can be extrapolated by considering the calculated fall time of the particles, so as to give the related scoop angular values.
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the horizontal distance of the impact relative to the scoop can be reported (Figure 16) with error bars taking into 
account the variability and accuracy of the input parameters. These error bars are useful to determine the optimal 
size classes. Note that grains coarser than 500 μm fall near the pouring zone and are not carried away by the wind.

3.1.2. CFD Simulation for Grains Ballistic Range Estimation

In parallel to the modeling with Simulink, the CFD solver HELYX was used with the aim to consolidate, by using 
a second method, the relation between size and ballistic impact of grains. The HELYX solver encompasses a 
Lagrangian particle tracking approach (Amsden et al., 1989; Gousbet & Berlemont, 1999; Nordin, 2001), which 

Figure 15. Simulation output for dump 6, the impacts of the 5,500 grains (500 grains for each 11 size mentioned in the legend) are represented. The color of each grain 
depends on its size in the 100–1000 μm range. The x axis is in the mean wind direction, and the scoop is the small black line (top left).

Figure 16. Distance from scoop versus grains and settled diameters for dump 6.

 21699100, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007707 by C
ochrane France, W

iley O
nline L

ibrary on [06/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

VERDIER ET AL.

10.1029/2022JE007707

15 of 26

is perfectly suited to model the trajectory of the grains in a fluid. The equa-
tions used to model the grain trajectory are presented below:

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

∇ ⋅ 𝑈𝑈 = 0

𝜕𝜕𝑈𝑈

𝜕𝜕𝜕𝜕
+ ∇(𝑈𝑈 ⋅ 𝑈𝑈 ) − (𝜇𝜇 + 𝜇𝜇𝜕𝜕)Δ𝑈𝑈 + ∇𝑃𝑃𝑃𝑃 = 0

𝜌𝜌𝑠𝑠
𝑑𝑑𝑈𝑈𝑝𝑝

𝑑𝑑𝜕𝜕
=

1

𝑉𝑉𝑝𝑝

∑

𝐹𝐹𝑖𝑖

𝑈𝑈𝑝𝑝 =

𝑑𝑑𝑑𝑑𝑝𝑝

𝑑𝑑𝜕𝜕

 (16)

With:

•  𝐴𝐴 𝐴𝐴𝑝𝑝 : particle velocity
•  𝐴𝐴 𝐴𝐴 : fluid velocity
•  𝐴𝐴 𝐴𝐴𝐴𝐴 : fluid pressure
•  𝐴𝐴 𝐴𝐴𝑝𝑝 : position of the particle
•  𝐴𝐴 𝐴𝐴𝑡𝑡 : turbulent dynamic viscosity
•  𝐴𝐴

∑

𝐹𝐹𝑖𝑖 : Sum of forces applied to the particles including drag, gravity and buoyancy forces

All parameters and initial conditions are similar to those used in the Simulink solver.

The CFD simulation consists in solving Equation 16 for up to 100,000 grains distributed along a large size range 
from 1  mm to 1  μm. It significantly increases the number of modeled particles compared to that injected in 
Simulink (i.e., 5,500 grains). The CFD simulation is a 1-way coupling equation of the Eulerian-Lagrangian part, 
since only the force from the fluid acting on the particles is modeled. The particles are injected into the fluid 
domain by a source term in equation [16] through a 7 cm × 3 cm surface corresponding to the scoop size and a 
variability of ±1.5 cm on the release height (45 cm). The 3D mesh is composed 50 × 200 × 200 cells, correspond-
ing to a volume of [0.1 m; 10 m; 10 m], in which the X axis is oriented along the height of the 3D mesh (Figure 17).

The main outputs of the CFD simulation are the coordinates of grain impacts on the ground, which are compared 
to those observed on the vertically projected differentiated ICC image. In addition, the ballistic range of the grains 
(i.e., the distance of the impact relative to the scoop) can be reported with a distribution taking into account the 
variability and accuracy of input parameters.

3.1.3. Volume Estimations

Additional simulations were performed to estimate the spatial distribution of grains transported by the wind 
and deposited downwind with a distance from the scoop linked to their diameters. Starting from the subtracted 
ICC images before and after the dump (Figure 11a), a vertical projection was performed on each image at the 
Multi-mission Instrument Processing Laboratory of JPL (Figure 11b) with a pixel of 1 mm × 1 mm. On each 
image, one can infer a mean axis on each plume that corresponds to the wind direction and will correspond to 
the x-axis in the modeling. The images are rotated with their axis parallel to horizontal and carefully cropped to 
include all the dispersed material. Finally, all images are converted in 4 Gy level bitmap and optimized to enhance 
the contrast and to compensate different light expositions due to the different acquisition dates (Figure 11c). In 
the first approach, the two lower gray levels are considered without grains, the third as a thin layer filled at 50% 
by dispersed regolith and the upper like a full layer (in black). This approach refines the estimation compared to 
a binary image.

The next step consists of defining areas on the images which contain the portion of regolith for each size range 
(Figure 18). The class boundaries for the final histogram are selected in such a manner that all classes don't have 
necessarily the same width. Thus, the left and right edges of the sub-images correspond to the upper and lower 
sizes of grains, respectively, for a given class. The number of sub-images is the number of classes for the gran-
ulometry histogram. Some images include the shadows of the SEIS or tether, which jeopardizes the individual 
grain density estimation. As a result, the sub-image images do not start necessarily at the left border of the main 
one, somewhat compromising the estimation of large grains.

Because each pixel is larger than most of the grains, it is not possible to count them individually. Nevertheless, a 
pixel 𝐴𝐴 𝐴𝐴 meters away from the scoop represents a volume 𝐴𝐴 𝐴𝐴𝑝𝑝(𝑥𝑥) of dispersed regolith, given by:

𝑉𝑉𝑝𝑝(𝑥𝑥𝑝𝑝) = 𝑑𝑑(𝑥𝑥𝑝𝑝) ⋅ 𝜂𝜂𝑝𝑝 ⋅ 𝑆𝑆𝑝𝑝 (17)

Figure 17. Mesh and position of the particle injection into the domain (scoop 
position).
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where 𝐴𝐴 𝐴𝐴(𝑥𝑥) is the diameter of grains given by the model (Section 3.1.1.4) at x meters from the scoop, 𝐴𝐴 𝐴𝐴𝑝𝑝 the 
surface of the pixel (1 mm 2) and 𝐴𝐴 𝐴𝐴𝑝𝑝 the filling coefficient (1 for a dark pixel, 0.5 for a gray pixel, 0 for white or 
light gray pixel).

For a given area 𝐴𝐴 𝐴𝐴  , the volume of dispersed material 𝐴𝐴 𝐴𝐴𝑎𝑎𝑖𝑖
 is:

𝑉𝑉𝑎𝑎𝑖𝑖
=

∑

𝑛𝑛

𝑑𝑑(𝑥𝑥𝑝𝑝) ⋅ 𝜂𝜂𝑝𝑝 ⋅ 𝑆𝑆𝑝𝑝 (18)

Where 𝐴𝐴 𝐴𝐴 represents all the pixels 𝐴𝐴 𝐴𝐴 in the area 𝐴𝐴 𝐴𝐴  .

Considering all areas, the volume of dispersed material defined for each dump using DEM (Section 2.2 and 
Table  2) should be retrieved by summation of all areas. Unfortunately, this proved challenging for various 
reasons. First, because an unknown volume 𝐴𝐴 𝐴𝐴0 of fine grains are likely to be dispersed in the Mars atmosphere; 
second, because the plume is too large to be fully captured by the ICC camera (see dumps #5 and #6 for instance, 
Figure 11); third, because the volume estimation 𝐴𝐴 𝐴𝐴𝑎𝑎𝑖𝑖

 of each area is sensitive to the image contrast.

Nevertheless, if this sensitivity affects the total volume restitution 𝐴𝐴 𝐴𝐴𝑑𝑑 , the relative dispersed volume between areas 
remains relevant with respect to the GSD, with an error equals to 𝐴𝐴 𝐴𝐴0 divided by 𝐴𝐴 𝐴𝐴𝑑𝑑 , where

𝑉𝑉𝑑𝑑 = 𝑉𝑉0 +

∑𝑚𝑚

𝑖𝑖=1
𝑉𝑉𝑎𝑎𝑖𝑖 (19)

with a relative ratio 𝐴𝐴 𝐴𝐴𝑖𝑖 for each class 𝐴𝐴 𝐴𝐴  among 𝐴𝐴 𝐴𝐴 equals to:

𝑟𝑟𝑖𝑖 =
𝑉𝑉𝑎𝑎𝑖𝑖

𝑉𝑉𝑑𝑑

 (20)

The last step consists of relating the distance from the scoop to the grain size in order to obtain the relative ratio 
for each size class. Finally, this relation size-vs.-distance relationship, associated with Equation 17, allows us to 
propose the GSD of Mars regolith at the InSight landing site.

3.2. Results

Here, we present the grain sizes and their spatial distribution on the ground near the InSight WTS, deduced from 
numerical simulations, taking into account the Martian atmospheric conditions prevailing during the four scoop 
dumps.

3.2.1. Comparison Between Matlab-Simulink Basic Model and CFD Simulations

The main output of the CFD simulations is the map of grain impact locations on the ground superimposed 
on the vertically projected differentiated ICC image (Figure 19). We observed a good correlation between the 

Figure 18. Instrument Context Camera image of dump #4 vertically projected on which seven sub-images (color boxes) have 
been plotted. The dark blue box on the left side includes the larger grains, while the brown one on the right side captures 
the smallest ones. The scoop is at the left image border. The size range of grains in each box is defined by the left and right 
border distance from the scoop.
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direction of the main deposit area and the wind direction for each dump. A small discrepancy between the width 
of  the deposited grain areas observed on the ICC images and that computed by the CFD model is observed. This 
discrepancy is likely due to the 1-way coupling approximation (i.e., no particle-particle interaction or no action 
from the particles on the fluid is taken into account in the simulation). As observed in the Simulink simulation, 
the distribution of grains on the ground shows a decrease in grain size with distance from the pouring point, 
with a size ranging from 1 mm near the dump point to ∼100 μm in the farthest area observed in the ICC images 
(Figure 19).

In addition, the ballistic range of the grains (i.e., the distance of the impact relative to the scoop) is plotted as a 
function of their size (Figure 20). The CFD simulation performs a random draw in the ranges of variations of 
input parameters (Tables 2, 4, and 5) and on the grain size for 100,000 grains. The result is a point cloud on the 
grain size range curve. For each grain size, a probability density function (pdf) is visualized as the number of 
points in the vicinity. The maximum of the distribution is then compared with the same initial conditions as the 
Matlab Simulink model (black line in Figure 20) for the whole size range.

For all dumps, we observe that the Matlab model gives results close to the CFD model, with Matlab curves 
remaining within the probability distribution of the CFD model, which is satisfactory and provides some confi-
dence in both approaches. This is particularly true within the 100–500 μm range. Beyond this range, we observe 

Figure 19. The grain size distribution projected on vertically projected differentiated Instrument Context Camera (ICC) 
images during different dumps using computational fluid dynamic simulations. The left column shows the ICC images and 
the right column shows 100,000 grains plotted on the ICC images with the color corresponding to the grain size ranging from 
1 micron (blue) to 1 mm (red).
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a small divergence of the models, which can be explained by a greater sensitivity of the ballistic range to the 
initial conditions. Indeed, for the heaviest particles, the wind has little effect, whereas the speed and direction of 
the grains at the time of release are decisive. However, this has no impact on the overall study since these grains 
within the 500 μm-1 mm range are not carried downwind.

In summary, as expected, grains are transported further away in relation to their smaller size in windy conditions. 
Based on these four dumps, the numerical simulations enable to better constrain the GSD of the Martian regolith 
at the InSight landing site: Grain sizes range from coarse sand (900 μm) to fine sand (i.e., 115 μm) with, however, 
possible content of smaller particles blown away by the wind and not quantifiable with the available data.

Figure 20. Distance from scoop versus grain size for each dump, with the probability density function (pdf) associated with 
the computational fluid dynamics (CFD) simulation, compared to the calculated curve from the Matlab model. The dark 
blue line is the mean curve obtained by CFD simulation. Dashed lines represent the mean distribution curves obtained by the 
Simulink model.

Table 5 
Initial Simulation Parameters for the Dumps #3 and #4

Dump #3 16:57:19.5 to 16:57:32 LMST Dump #4 16:47:16.5 to 16:47:21 LMST

Parameters Value Accuracy Variability Value Accuracy Variability

Wind direction (°) -TWINS 106,6 ±22.5 ±18.9 83,3 ±22.5 ±2.5

Wind direction (°)—vertical projection 94 −5 75 −5

Wind speed (m/s @ 1.2 m above ground) 5,3 1 ±1.1 5 1 ±0.1

Temperature (K) 227 5 – 228,3 5 –

Pressure (hPa) 7,2 – – 7,2 – –

Soil roughness (cm) 1 −0,07 – 1 −0.07 –

Gravity (m/s 2) 3,72 – – 3,72 – –

Particle density (kg/dm3) 3 – ±0.2 3 – ±0.2

Release angle (°) −11.2 to −51.3 −1 – −21.3 to −35.7 −1 –

Release height (cm) 45 ±1.5 – 45 ±1.5 –

Initial velocity (m/s) 0,15 ±0.07 – 0,15 ±0.07 –

Atmosphere molar mass (g/mol) 43,34 – – 43,34 – –

Note. “Wind Direction—Vertical Projection” Is the Value of Wind Direction Assessed by Measuring Plume Mean Direction on the Vertical Images
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The Matlab Simulink method, that can be carried out on a standard desk 
computer, is more cost-effective than the CFD approach. The calculation 
time of the trajectories of the 5,500 grains (11 runs of 500 grains each) lasts 
45 min on an Intel I7-6500@2.5GHz, 8 GB RAM, while the CFD model, 
that simultaneously calculates the trajectories of 100,000 particles of size 
between 100 and 1,000 microns, runs during 2.5 hr using a 2x AMD EPYC 
7351, 16 × 8 GB DDR4 2666 MHz computer with 32 cores. Because the 
results are comparable, the results of Matlab Simulink simulation were less 
consuming and were used to feed the granulometry estimation process.

3.2.2. Volume Estimation of Regolith Deviated by Wind

The initial conditions of dumps #3 and #4 are close (Table 5) with a release 
height of 45 cm and a relatively low wind speed of 5 m.s −1, almost constant 
during pouring (wind was measured by the TWINS instrument located at 
1.2 m height at a horizontal distance of 1.5 m from the scoop). However, the 
release angle for dump #4 is smaller (i.e., −21.3° compared to −11.2° for 
dump #3) and the wind orientation differs by 23°, with a dominant direction 
coming from the East to the West (Table 5, Figures 20 and 21). Note also the 
high variability of wind directions for dump #3 (18.9 compared to 2.5° for 
Dump #4), probably due to a wind gust.

The extent of wind blow deposits can be seen in their entirety in the most 
differential ICC images (Figure 11), with an elongated plume along the wind 
direction. The plume length is about 1.5 m, with maximum widths of 0.15 m 
for dump #3 and 0.5 m for dump #4. The detailed view of the plume on the 
vertically projected differential ICC image for dump #3 (Figure 21a) shows 
that the plume splits into two branches near the WTS. This could be due 
to changes in wind direction during the dumping or due to the presence of 
eddies behind the pinning mass and the WTS.

As previously discussed, the vertically projected differential ICC images 
(Figures 11, 21, and 22) introduce some distortions, especially at the edges 
of the images. For dump #3 (Figure 21), the left side of the image is excluded 
from the analysis because of the brightness of the tether field joint. The right 
side is also excluded because of the strong distortion of the pixels, leading to 
an erroneous increase in the size of the deposited grains. Using the numerical 
simulation, six deposit areas are defined as a function of the grain size, rang-
ing from 145 μm (right side of image) and 900 μm (left side), that is, sand size.

The volume distribution (Figure 21b) shows that 30% of wind-blown grains 
are greater than 210 μm along a distance of 0.6 m from the dump impact, with 
the same volume in the three boxes. The next 0.25 m farther away account for 
15% of the volume of blown grains, with a size ranging from 180 to 210 μm. 
Beyond this distance, 55% of the volume of blown grains is composed of 
grains greater than 145 μm (i.e., fine sand). Note that the accuracy of the 
grain size is less in the furthest downwind, due to the distortion of pixel size. 
In any case, the majority of the wind-transported grains detected in the differ-
ential ICC image are of the size of sand particles.

For dump #4 (Figure 22), the shape of the plume is quite similar to that of 
dump #3, with two branches due to the relief of both the pinning mass and 
the WTS foot, that act as obstacles. The directions of the branches slightly 
deviate from the dominant wind direction (i.e., from ENE to WSW) beyond 
a distance of 1.5  m for the south branch, and of 0.7  m for the north one 
(Figures 11 and 22a). The grain size ranges from 130 to 900 μm, with good 
accuracy for grains smaller than 450 μm due to WTS and its shadow, on the 
left side of the projected differentiated ICC image. The volume distribution 

Figure 21. The grain size distribution for dump #3 was obtained using Matlab 
Simulink. (a) Spatial distribution of grain size along the plume direction 
(picture width represents 1.53 m). Wind speed is 5.3 m.s −1 The color of boxes 
is directly correlated to the grain size viewed in (b) (b) Volume frequency 
versus grain size.

Figure 22. The grain size distribution for dump #4. The same legend as 
Figure 20, picture width represents 1.9 m. Wind speed is 5 m.s −1.
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of grain size is quite similar to that of dump #4 for coarser grains, with 35% of grains greater than 180 μm, 10% 
of grains ranging from 180 to 210 μm. However, the volume ratio drops to 15% for 145–160 μm grains, instead of 
38% for dump #3. 45% in volume of wind-blown grains are composed of fine sand ranging from 130 to 145 μm.

For the next two dumps, the initial conditions were similar (Table 6), to a slightly higher wind speed for dump #5 
(i.e., 7 m.s −1) and different wind directions, coming from SE toward NW, with low variability during the dumps. 
Despite the presence of the WTS, the dispersion of the grains by the wind does not seem to be disturbed, leaving 
a long SE-NW trending plume whose tip is not imaged by the ICC camera (Figure 11).

For dump #5, the vertically projected differentiated ICC image only shows 
the area closest to the deposit, due to the FOV of the ICC camera (Figure 23). 
This alters the determination of the spatial distribution of grain sizes. In addi-
tion, the shadow of the robotic arm results in having an area excluded in the 
determination of grain size. Despite this, the grain size determination is better 
constrained between 160 and 370 μm, due to the very low pixel distortion in 
the projected ICC image (Figure 23). Almost 60% of the volume is composed 
of grains greater than 180 μm, which is twice higher than the volume ratio 
determined for dumps #3 and #4 for the same size range. 40% of the volume 
is composed of grains ranging from 160 to 180 μm, which is four times higher 
than those estimated for dumps #3 and #4. This increase in volume ratio for 
smaller grain class seems to show a spatial heterogene ity in the granulomet-
ric distribution of the surficial regolith near the SEIS instrument.

During dump #6, the atmospheric conditions were more favorable to image a 
large part of the grain deposit (Figure 11) with a lower wind speed (5 m.s −1) 
oriented SW-NE (Table 6). The vertically projected differentiated ICC image 
covers the deposit with great accuracy, except near the SEIS seismometer, 
where the shadows of the IDA and WTS prevent the determination of GSD 
(Figure 24). Thanks to the elongated and narrow shape of the deposit, a better 
determination of grain sizes is possible, ranging from 110 to 400 μm. ∼35% 
in volume of deposited grains are composed of grains greater than 160 μm. 
The next third of volume is made up of grains ranging from 132 to 160 μm. 
The last third of the volume is composed of very fine sand, with sizes 
between 115 and 122 μm. The grain size is probably much smaller further 

Table 6 
Initial Simulation Parameters for the Dumps #5 and #6

Dump #5 11:22:03.5 to 11:22:09 LMST Dump #6 11:30:34.1 to 11:30:35.9 LMST

Parameters Value Accuracy Variability Value Accuracy Variability

Wind direction (°) -TWINS 149,1 ±22.5 ±16.4 136,7 ±22.5 ±3.8

Wind direction (°)—vertical projection 121 −5 – 103 −5 –

Wind speed (m/s @ 1.2 m above ground) 7 1 −1 5 1 ±0.6

Temperature (K) 232,5 5 – 237,6 5 –

Pressure (hPa) 7,3 – – 7,3 – –

Soil roughness (cm) 1 −0.07 – 1 −0.07 –

Gravity (m/s 2) 3,72 – – 3.72 – –

Particle density (kg/dm3) 3 – ±0.2 3 – ±0.2

Release angle (°) −26.6 to −40.8 −1 – −19.9 to −25.7 −1 –

Release height (cm) 45 ±1.5 – 45 ±1.5 –

Initial velocity (m/s) 0,15 ±0.07 – 0,15 ±0.07 –

Atmosphere molar mass (g/mol) 43,34 – – 43,34 – –

Note. “Wind Direction—Vertical Projection” Is the Value of Wind Direction Assessed by Measuring Plume Mean Direction on the Vertical Images.

Figure 23. Grain size distribution for dump #5. Same legend as Figure 20, 
picture width represents 1.95 m. Wind speed is 7 m.s −1.
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away northwestwards, but unfortunately could not be estimated because of 
the limit of the ICC FOV.

4. Discussion
Significant wind sorting is inferred during the regolith pouring sequence of 
the SEIS tether covering operation, with a significant proportion (around 
40%) of smallest particles blown away by the wind, whereas only 60% of the 
poured regolith was deposited on piles above the tether. Since wind data were 
accurately monitored by the TWINS sensors, the tether covering process 
provided a unique opportunity to further constrain the grain size distribution 
(GSD) of the poured regolith thanks to wind sorting, with smaller particles 
deposited further away from the tether. The length of the plumes of trans-
ported and deposited particles, observed from image analysis, is comprised 
between 1, 5 and 3 m, with wind speeds between 5 and 7 m.s −1.

The two models used provided comparable data. Four GSD curves were 
derived with the MS model from dumps 3 to 6, with smallest particles having 
diameters between 115 μm (dump 6) and 145 μm (dump 3). Both calculations 
showed that, intuitively, smallest particles were deposited further away with 

stronger wind, at distances between 2 and 3 m. Extrapolating the Matlab Simulink data of Figure 20 shows that 
100 μm diameter particles would be deposited at 3 m under 5 m.s −1 and 5 m under 7 m.s −1. These results support 
the hypothesis that fine sand can be driven by low velocity wind on Mars when the grains are already detached 
from the ground and blown off (e.g., Andreotti et al., 2021; Kok, 2010; Sullivan & Kok, 2017).

On Mars, we find such fine sand grains in the aeolian bedforms (dunes, ripples, sand sheets…) like those meas-
ured by the various instruments on board Mars rovers (e.g., Ehlmann et al., 2017; Lapotre & Rampe, 2018; Weitz 
et al., 2018, 2022) showed that they have been mobilized by the wind. These results also show that some of the 
regolith at the InSight landing site is from wind-borne grains trapped in the landing depression. In the vicinity 
of the InSight landing site, no dune fields are observed but only a few isolated bedforms are observed (e.g., 
Golombek, Warner, et al., 2020; Golombek, Williams, et al., 2020; Warner et al., 2022). However, in the InSight 
landing region, wind directions vary throughout the Martian year (Spiga et al., 2018, 2021; Banfield et al., 2019) 
and may carry sand either from northern martian plains or Nepenthes Mensae and Aeolis Planum composed of 
the Medusae Fossae formation, interpreted as fluvio-volcanic fine grained material (e.g., Kerber et al., 2011; 
Lefort et al., 2012; Mandt et al., 2008; Scott & Tanaka, 1986; Zimbelman et Griffin, 2010), characterized by 
pervasive fields of yardangs (wind-scoured hills; Boyd, 2018; Ward, 1979) indicative of easily friable material 
(Kerber et al., 2012) and dunes (e.g., Boyd, 2018; Burr et al., 2012; Hayward et al., 2014).

Other particles finer than 100 microns were probably blown away, but our simulations do not allow us to char-
acterize their size or quantity. Although we cannot prove it, it is highly likely that particles smaller than 100 μm, 
including the dust fraction (5–10 μm), are contained in the regolith, similar to what has been observed in isolated 
aeolian bedforms and interdunes in Gale crater (e.g., Weitz et al., 2018, 2022) or in the regolith at the Phoenix 
landing site, where silt particles (10–60  μm) were observed (e.g., Goetz et  al.,  2010). The dust devil tracks 
observed in the surrounding plains (Lorenz, Lemmon, & Maki,  2021; Lorenz, Martínez, et  al.,  2021; Perrin 
et al., 2020) might also confirm the presence of dust in the regolith.

Conversely, calculations also showed that the largest particles deposited close to the tether at a distance of 10 cm 
have diameters comprised between 370 and 900 μm. We cannot either determine the GSD of those coarser grains 
in the piles, about which we only know the global proportion (∼60% of scoop content before dump). Based on our 
theoretical calculations, the regolith in the piles is supposed to be coarser (>900 μm) than that initially scraped 
by the scoop. Note however that the real particle segregation due to wind sorting during dumping might be less 
severe than that calculated due to some simplistic hypothesis of the models, as discussed below. The three GSDs 
derived from wind speeds around 5 m.s −1 (dumps 3, 4 and 6) are comparable, whereas that under 7 m.s −1 (dump 
4) provides a somewhat coarser GSD with a dominant grain population with a diameter around 170 μm, perhaps 
indicating some local heterogeneity of the scrapped regolith. The three other dumps provide finer GSDs showing 
well sorted materials with dominant diameters around 150 μm (dump 3), 138 μm (dump 4) and 119 μm (dump 

Figure 24. The grain size distribution for dump #6. The same legend as 
Figure 20, picture width represents 2.9 m. Wind speed is 5.3 m.s −1.
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6). These diameters are a little bit finer than those inferred previously (170 μm, e.g., Golombek et al., 2018) from 
orbital thermal inertia measurements (160 and 230 J m −2 K −1 s −1/2, see Spohn et al. (2018)) but quite similar 
to that derived from InSight radiometer measurements (183 ± 25 J m −2 K −1 s −1/2, Grott et al., 2021; Mueller 
et al., 2021; Piqueux et al., 2021; Spohn, Hudson, Marteau, et al., 2022; Spohn, Hudson, Witte, et al., 2022) 
corresponding to very fine to fine sand with a majority of particles smaller than 140 μm (Piqueux et al., 2021).

These values are consistent with those measured on various martian granular aeolian bedforms (ripples and 
dunes) from orbiters (e.g., Lane & Christensen, 2013; Rogers & Bandfield, 2009) and from cameras onboard 
rovers with sufficient resolution (e.g., Ehlmann et al., 2017; Gough et al., 2021; Jerolmack et al., 2006; Sullivan 
et al., 2005, 2008; Sullivan & Kok, 2017; Weitz et al., 2018, 2022). These investigations have demonstrated that 
most of the Martian aeolian bedforms observed are composed of 50 to 2,000 μm subrounded/rounded grains, with 
a preferential range of 50–350 μm for mobile grains in active ripples. The absence of bedforms and ripples in 
the vicinity of the InSight lander suggests that these particles are not mobilizable by the wind at this site because 
of their shape, the presence of smaller particles, or because their quantity is not sufficient to create aeolian 
bedforms. Note however that small displacements of individual coarse grains during gusts were observed (Baker 
et al., 2021; Charalambous et al., 2021).

The physical hypotheses adopted in both models are simplistic, in particular that of having spherical particles. 
However, this approximation appears reasonable, given the sub-rounded/rounded shape of fine regolith grains 
on Mars (e.g., Goetz et al., 2010; Weitz et al., 2018, 2020, 2022). In the models, we only considered the effects 
of gravity, buoyancy and drag force on individual grains, neglecting any (a) Possible mechanical interactions 
between grains (shocks/collision) during the fall; (b) Interactions of grains on the gas; (c) Wall effects. Neverthe-
less, the granulometry estimation is focused on particles blown, that is, particles separated by a distance greater 
than their diameter, which makes our hypothesis reasonable. However, one can expect that, in particular due to 
wall effects, piles contain smaller particles than what we calculated (>900 μm). This should not significantly 
affect the relative distribution of free particles blown and deposited in the plume. Moreover, the mechanical inter-
action between grains when they touch the ground has not been taken into account either. This can promote the 
mechanism of grain saltation and the detachment of fine particles (dust) aggregated with coarser grains releas-
ing them into the atmosphere (e.g., Greeley, 2002; Musiolik et al., 2018). However, neglecting grain/grain and 
grain/gas interactions could be the reason why the plumes modeled by CFD are thinner than those observed since 
interactions could result in more grain dispersion and larger plumes. Note, however, that the critical characteristic 
of the plume, depending on the particle size distribution, is the length, that has been successfully modeled by both 
approaches. Wind speed and direction are measured by the TWINS sensors of the lander (about 1.2 m above the 
ground and 1.3 m away from the scoop). Wind data could be somewhat different at the scoop level during pouring 
because of turbulence caused by the lander and the various instruments (seismometer, HP 3, IDA…), resulting in 
lateral spreading of the grains at the surface.

In our models, we considered that the composition of the grains was essentially basaltic with a grain density of 
3,000 kg.m −3. This may appear restrictive with respect to the chemical and mineralogical compositions of regolith 
at other Martian sites (e.g., Berger et al., 2016; Weitz et al., 2022) where fine grains could easily self-aggregate. 
Sand-sized dust aggregates, much lighter due to their porous nature, could represent a non-negligible fraction of 
surface materials. But, since their fraction is not constrained at the InSight landing site, we preferred not to take 
it into account in our models.

An unknown parameter in our estimation is the value of the expansion coefficient α that characterizes the change 
in volume between the intact regolith and that extracted in the scoop. It depends on the various states met in the 
various processes, for example, intact, scraped into the scoop, poured onto the pile for the larger particles, blown 
and deposited in the plumes for medium-sized particles and finally blown away for the smallest particles below 
100 μm. For current soils excavated on the Earth (densities between 1,500–1,700 kg.m −3), a 10% expansion is 
adopted in earthwork calculations. In our case, only the granular upper 1 cm thick unconsolidated layer was 
scraped (see Figure 5). As a consequence, it seems reasonable to consider that the scraped regolith in the scoop 
has a density close to that of the initial cohesionless upper layer, with no expansion (α = 1).

5. Conclusion
The tether covering operations, initiated by the InSight Science Team to improve the quality of the signal 
provided by the SEIS seismometer, showed that a non-negligible fraction of the regolith poured from the IDA 
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scoop at heights around 45 cm did not reach the tether. More detailed observation and analysis of the ICC images 
evidenced, by image differentiating, that a plume of blown particles was observed downwind of each pouring, the 
stronger the wind, the longer the plume. It was then decided to better constrain the GSD of the regolith by using 
the wind as a natural sorter, able to blow finer particles further.

The physical laws governing the phenomenon are relatively simple, and the effects of the various forces acting 
on the particles (gravity, buoyancy and drag) could be modeled through two approaches: a simpler one based on 
the MATLAB—SIMULINK tool, and another one using a Computational Fluid Dynamic tool. Both methods 
somewhat oversimplify the process, with no account of possible mutual interactions between the poured particles 
during the fall under the wind action.

For the 4 analyzed dumps, both methods provided comparable results in terms of plume orientation and length, 
confirming the validity of the approach through two different models. A satisfactory modeling of the trajectories 
of the particles blown by the wind was achieved in both cases. However, the modeled plumes appeared to be 
thinner than the observed plumes, probably because of neglecting the particle mutual interactions during the 
fall together with the effect of the gas. It was observed that the largest particles blown and deposited closer to 
the tether (around 10 cm for dumps #4 and #6) had a diameter of 900 μm, whereas the finest ones blown at the 
extremity of the plume (between 3 and 4 m) had a diameter of 115 μm, not far from that previously estimated from 
thermal inertia measurements (average diameter of 170 μm).

The analysis presented in this paper makes it possible to refine the estimation of the GSD of the Martian regolith 
from an experiment of opportunity. In spite of some limitations, particularly concerning the fraction of smallest 
particles blown away by the wind that cannot be estimated, one can consider that this promising technique could 
be further developed for future missions on Mars. Some improvements could be implemented, in particular with 
respect to better characterize the plumes by cameras. It would be good to use a high-resolution camera allowing 
a direct vertical shot above the plume in order to limit deformations. Further tests under other wind conditions 
(not possible on Insight due to the lack of energy) could also make it possible to explore other size ranges with 
smaller particles analyzed through smaller winds. Filming the deposits could also be interesting, since visualizing 
the particle trajectory would allow a recalibration of the model, and perhaps an estimate of the quantity of grains 
deposited outside the field.
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